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Mr. William J. Dircks
Executive Director for Operations
U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

References: (1) W. G. Counsil letter to W. J. Dircks, dated
January 26, 1982.

(2) W. G. Counsil letter to W. J. Dircks, dated
April 2, 1982.

(3) W. Gammill letter .o 'd. G. Counsii, dated
August 27, 1979.

(4) D. L. Ziemann letter to W. G. Counsil, dated
April 18, 1980.

(5) W. C. Counsil letter to D. L. Ziemann, dated
Nosember 28, 1979.

(6) G. C. Lainas letter to All SEP Licensees, dated
May 7, 1981.

(7) W. C. Counsil letter to W. J. Dircks, dated
December 28, 1981.

Gentlemen:

Millstone Nuclear Power Station, Unit No. 1
Ccmbustible Gas Control Evaluation

In Reference (1), Northeast Nuclear Energy Company (NNECO) informed the
NRC Staff that since the requirement for hydrogen recombiner capability
was not known to us until the promulgation of the December 2, 1981 final
rule on " Interim Requirements Related to Hydrogen Control," we had not
yet been able to determine whether the requirement for such capability
is technically justified for Millstone Unit No. 1. Furthermore, we
indicated that we intended to submit our conclusions on this topic with-
in approximately two (2) months. The results of our preliminary eval-
uation and the status of our analyses still in progress at that time

were submitted in Reference (2).

>/<,
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j Our preliminary results showed that the actual extent of net radiolysis
! is substantially less than that required to obtain a flammable gas

mixture inside primary containment, the generation and control of post-
accident oxygen is the dominant concern in an inerted containment, and
large amounts of metal-water reactions tend to make the primary containment

| more inert since under inerted conditions hydrogen acts as an oxygen
: diluent. Subject to additional analysis and verification, we concluded

that only an inerted containment at Millstone Unit No. 1 is necessary to
adequately preclude the formation of a flammable gas mixture inside

; primary containment following a design basis LOCA. This conclusion
results in a situation where neither venting of the containment, post-

i. accident nitrogen addition, nor hydrogen recombiners are required as a
means of combustible gas control following a design basis LOCA.,

We also indicated in Reference (2) that by July 1, 1982 we intended to
finalize our preliminary results and establish a schedule for implemen-'

tation of plant modifications necessary to convert MSIV and S/RV control
air to nitrogen in order to eliminate the dominant post-accident oxygen
source. On June 18, 1982, we contacted the NRC Project ManaFer for

! ,, Millstone Unit No. I and informed him that our July 1, 1982 submittal
! would be delayed. Therefore, the purpose of this submittal is to provide

f the results of our evaluation, submit our conclusions regarding the
provisions of 10CFR50.44 in its entirety, and inform you of our currenti

schedule to implement those plant modifications necessary to convert
| control air to nitrogen during our next refueling outage. Based on our

plans to convert control air to nitrogen, post-accident air leakage from
the MSIVs and S/RVs is not considered a potential oxygen source.in our
evaluation.

A detailed technical description of our evaluation and our findings can
j be found in the attachments. Our evaluation consists primarily of
'

determining preaccident initial gas concentrations within the Millstone
'

Unit No. I nitrogen inerted containment, the extent of short-term generation
of hydrogen and oxygen from various values of metal-water reactions and

| boiling phase radiolysis, and the extent of long-term generation of
hydrogen and oxygen from non-boiling phase radiolysis. The hydrogen and
oxygen concentrations'inside containment that result.from our consideration
of metal-water reactions and both boiling and non-boiling phases of.
radiolysis are then compared with the flammability limits for hydrogen
and oxygen. The non-boiling phase radiolysis accounts for the very
significant recombination effects in pure and contaminated water at;

I

different water temperatures, volumetric flow rates through the core,

I and initial hydrogen and oxygen concentrations. Our consideration of
i the inherent natural recombination of hydrogen and oxygen is the major
! difference between our model and that which is identified in Regulatory

Guide 1.7.

|

I

i
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In most cases, equilibrium is reached shortly after cessation of boiling
such that no additional net hydrogen and oxygen is produced. In fact,

in many cases the hydrogen and oxygen concentrations in the primary
! containment are actually shown to leeresse after boiling ceases. For

metal-water reactions greater than approximately 0.2%, the reactor
coolant is stable against any further net radiolysis at the time boiling
ceases. For metal water reactions less than approximately 0.2%, therei

may be some additional net radiolysis if high levels of impurities are
postulated until the dissolved hydrogen level in the coolant increases-

to a level where equilibrium between radiolytic decomposition and recombination
is achieved. In either case, the peak hydrogen and oxygen concentrations
predicted are less than the flammability limits.

The most lLniting range of metal-water reactions is for very small
reactions (i.e., less than 1%). It is important to note that a 0.19%
metal-water reaction is postulated for a design basis LOCA. 10CFR50.44(d)(1)
requires that five (5) times this value, or approximately 1%, be assumed.
Therefore, the most limiting cases are actually within the design basis
of Millstone Unit No. 1. Metal-water reactions beyond 1% would reduce
flammability concerns since the additional hydrogen proportionally
reduces the oxygen concentration inside the primary containment and
yields a more inert condition.

The attached evaluation illustrates that the impact of chemical and
fission product impurities on the recombination effect is incufficient
to produce flammable mixtures. The fundamental basis for treating
fission product impurities is the knowledge that a significant fission
product release to the coolant water can only occur if extensive fuel
damage (substantially beyond the design basis LOCA) is postulated. Such
fuel damage necessarily implies an appreciable amount of metal-water
reaction and therefore evolution of excess hydrogen gas. This excess
hydrogen gas significantly promotes recombination and also reduces the
oxygen concentration inside the primary containment.

The most significant conclusion resulting from the attached evaluation,
which fully supports our preliminary evaluation submitted in Reference
(2), is that an inerted containment at Millstone Unit No. 1 is sufficient

; by itself to preclude the formation of a flammable gas mixture for an
indefinite period without the need for either containment purging, post-
accident nitrogen addition, or hydrogen recombiners. Our evaluation hasi

demonstrated that one of the key physical features for assuring combustible
gas control is the existence in all cases of a hydrogen gas overpressure
in the containment. This hydrogen gas overpressure assures a dissolved
hydrogen concentration in coolant' liquids which is sufficient to stabilize
radiolysis, but is insufficient to become fisemable.

In assessing the potential benefits of hydrogen recombiners, it is-
significantly noted that the removal of the hydrogen and oxygen gas from

* the containment by a hydrogen recombiner will reduce the overpressure
these gases exert on the reactor coolant water. The reduction of this

!

!
'

_ _ _
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!- overpressure decreases hydrogen and oxygen gas solubility in the coolant
I water, which causes more hydrogen and oxygen gas to. enter the contain-
! ment gas region and reduces the dissolved gas concentrations in the
| coolant. If a substantial reduction in dissolved hydrogen gas concentration i

; occurs, net radiolysis and generation of more. hydrogen and oxygen gas
! will ensue in an attempt to restore the equilibrium balance. Therefore,
!- the potential benefits of hydrogen recombiners in an inerted containment
: may be mitigated by the natural processes taking place in a post-LOCA.

environment.
.,

j Independent review of selected portions of our evaluation by personnel
i of the Argonne National Laboratory, AERE/Harwell in the United Kingdom, +

! General Electric, and Northeast Utilities Service Company (NUSCO) is'on-
j: going. Upon completion of such review, the NRC Staff will be informed.

j~
; Before discussing the status of our compliance with 10CFR50.44,'it.is
! appropriate to briefly review the licensing chronology included as

-

! Attachment No. 1. The attached chronology illustrates the substantial
amount of information that has been transmitted between the NRC and

| NNECO over the past several years.regarding combustible gas control at
j Millstone Unit No. 1. The chronology shows that combustible gas control

~

i at Millstone Unit No. I was being addressed by the NRC and NNECO long-
',

! before the first version of 10CFR50.44 was published as final in the
! Federal Register on October 27, 1978. The chronology also demonstrates

our responsiveness to-NRC concerns on this issue as well as our determination
;

to adequately resolve this problem.
I
i' It appears that the most significant impact of the promulgation of the

| October 27, 1978 version of.10CFR50.44 upon NNECO was that final regula--
tions existed which would then have allowed an Air Containment Atmospheric

i . Dilution.(ACAD) system to be utilized for combustible gas control and' *

; deinerting of the containment. To the best of our ability, we have been
| unable to determine _any implementation date for the October 27, 1978
(, version of 10CFR50.44. Although 10CFR50.44 was published on October.27,

.

1978 and became effective on November 27, 1978, it hardly.seems reasonable
| to assume that the NRC intended licensees to comply with this regulation'

!. within thirty (30) days. Therefore,.the record shows we were continuing'

.

our efforts to submit to the NRC final design details'of our ACAD
system when the TMI-2 incident occurred.

i

i Subsequent to TMI-2, we received correspondence from the NRC (Reference ~'
i. (3)) informing.us that any further NRC review work on our ACAD systeal

'

.

| - and deinerting submittals was being suspended until the Commission ~ acted-
'

~

.on the THI-2 Lessons Learned ~ Task Group's recommendations. .This. letter.
I; specifically states that we would "be informed when the Commission acts.
'

and of the impact on your request." Reference (3) could be interpreted~

such that implementation of any modifications to the then-current combustible;,

| . gas control systems was no longer required until'so' informed by,the NRC.
i.

_
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NNECO has responded to all NRC post-TMI items regardhg combustible gas!' I

control systems. Additionally, in Reference (4) we received confirmation
that all of our responses were acceptable to the NRO. One item (NUREG-
0578, Item 2.1.5a) was deferred to Systemaatic Evaluation Program (SEP)
Topic VI-5, " Combustible Gas Control." NNECO provided a significant
amount of information in respcnse to NRC questions on this topic in
Reference (5). The then-current method of combustible gas control at
Millstone Unit No. I was described in detail in that submittal. Additionally,

! specific requirements of then-current 10CFR50.44 were addressed.

In Reference (6), SEP Topic VI-5 was deleted from the SEP on the basis
of TMI Item II.B.7 and USI A-48. TMI Item II.B.7 involves short-term
and long-term rulemaking to amend 10CFR50.44. The final rule on "Interium
Requirements Related to Hydrogen Control," dated December 2, 1981,
represents such short-term rulemaking. Long-term rulemaking is currently
in progress (i.e., the proposed rule dated December 23, 1981). Therefore,
correspondence identified in Attachment No. I leads one to conclude that
we are now required to address all the requirements of 10CFR50.44 as it
exists as of January 4, 1982. References (1), (2), and (7) were previously
submitted specifically in response to the final rule published in the
Federal Register on December 2, 1981.

In conclusion, the attached evaluation demonstrates that the primary
means of combustible gas control at Millstone Unit No. 1 is a nir.rogen
inerted containment. Additionally, containment purging, post-accident
nitrogen addition, and hydrogen recombiners are not necessary for combustible
gas control following a design basis LOCA. Based on these results and
our plans to convert MSIV and S/RV control air to nitrogen during the
next refueling outage, we conclude that we will be in full compliance
with 10CFR50.44 in its entirety by the end of our next refueling outage.
This schedule is fully consistent with the schedule required by 10CFR50.44.
A detailed illustration of such compliance can be found in Attachment
No. 2. Therefore, requests for exemptions from any portion of 10CFR50.44
are not necessary.

We are willing to meet with you to discuss any questions you may have
| regarding this submittal.
|

Very truly yours,

NORTHEAST NUCLEAR ENERGY COMPANY

f NORTHEAST UTILITIES SERVICE COMPANY-

O d Ofa+ sty
W. G. Counsil
Senior Vice President

M
j~ By: g P. Cagngta' ~
' ViceW residentV '
; Nuclear and Environmental Engineering
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MILLSTONE UNIT NO. 1
COMBUSTIBLE GAS CONTROL

LICENSING CHRONOLOGY
,

i

! 1. JANUARY 1970:

Information was presented at the January 1970 ACRS meeting regard-
ing the radiological consequences of hydrogen generation post-LOCA.
Formal submission of such information was subsequently made by
referencing the Dresden Nuclear Power Station Unit 3, Amendment 23,
" Hydrogen Generation in a Boiling Water Reactor." Based upon the
referenced analyses, one could conclude that the radiological
consequences of containment venting are inconsequential compared to
the radiation dose received from normal containment leakage if
realistic values for the metal-water reaction and radiolytic hydrogen
production are assumed. *

*

2. MARCH 10. 1971:

; Atomic Energy Commission (AEC) published Safety Guide 7 which
provided guidance to be used in evaluating the consequences of
hydrogen generation following a LOCA.

3. OCTOBER 13, 1971:

AEC (Dr. Peter !forris) letter requested Millstone Point Company
; (MPC) to address the consequences of hydrogen and oxygen generation

following a LOCA based upon the parameters listed in Table 1 of
Safety Guide 7, which included an assumption of 5% metal-water
reaction.

4. APRIL 28, 1972:
,

In response to the AEC letter' dated 10/13/71, the NPC (subsequently.
changed to NNECO) submitted a detailed analysis based upon the *

assumptions in Safety Guide 7. . The MPC proposed adding nitrogen to-
che containment to maintain oxygen concentrations below the 5%,

| limit. The analysis indicated that it would take at least 40 days
following c LOCA before 50% of the-containment design pressure is,

'

attained assuming zero containment leakage.' If containment leakage
is 20% or greater than that allowed by the Technical Specifications,
no containment venting would be required. If the containment were
vented after one month under average meteorological conditions the
resulting inctemental radiation dose (thyroid dose controlling-
value) to any individual beyond the site boundary would be approximately
1% of.those exposures reported in the AEC Safety Evaluation for
Millstone due to containment leakage following a LOCA, and'about-2%
of the incremental dose guideline stated in the'AEC October 1971
letter. Therefore, NPC believed that the nitrogen addition concept

| provided a satisfactory alternative to containment' purging.-
,

,

i
|
1

.

1-
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5. SEPTEMBER 1, 1972:

MPC submitted a FTOL application. Section 7.2 of this application
addressed hydrogen control post-LOCA and was essentially identical
to the analysis provided in our April 28, 1972 submittal.

6. JUNE 22, 1973:

Question #6 of AEC letter (D. L. Ziemann) requested additional
information regarding containment atmospheric dilution system
including P& ids and other details.

7. JANUARY 24, 1974:

Appendix B to FTOL application was submitted which addressed
Question #6 in AEC's letter dated 6/22/73. A significant amount of
information regarding a nitrogen supplying containment atmospheric
dilution (CAD) system was provided.

8. MAY 29, 1974:

NUSCO submitted comments on proposed Revision 1 of Regulatory Guide
1.7. NUSCO indicated that the high degree of conservatism in Regula-
tory Guide 1.7 results in unnecessary design margin in the equipment
provided to control the combustible gases following a postulated
loss of coolant accident. Additionally, the operation of many boil-
ing water reactors would be burdened unnecessarily by the wording
of this Guide. The proposed revision fails to reduce conservatism
to a level which provides realistic margin. In several specific
instances, such a reduction to achieve realistic margins would not
compromise nuclear safety.

9. SEPTEMBER 19, 1974: '''

To continue its review of MPC's FTOL application,-the AEC requested
additional information (Question #3) on the CAD system including
details of the oxygen monitoring system.

10. OCTOBER 18, 1974:

NNECO submitted Appendix F to FTOL application which responded to
AEC's 9/19/74 letter. ~

11. FEBRUARY 19, 1975: ''

NRC (G. Lear) letter requesting additional information concerning
the proposed CAD system.

|

|

!
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' 12. MARCH 21, 1975:

NNECO responded to NRC letter dated 2/19/75. This submittal includ-
ed proposed technical specfication changes to limit oxygen concen-
tratien to be less than 4% by volume during normal' operation.

,

Design details regarding the oxygen monitoring system were also
; provided. NNECO again noted the proposed design wa's based upcti

then current regulatory criteria and that, therefore, the proposed'

CAD system was subject to modification upon revisions in. regulatoryi
,

criteria.7'

13. SEPTEMBER 1976: 3

,

I Revision 1 to Regulatory' Guide 1.7, which replaced Ssf~ety. Guide 7,
was published for comment.>

;

.|
t '-

1 ,

14. OCTOBER 21, 1976: t:
=1 .

NRC published the notice of proposed rule makin'g in'41 FR 46167 for-
'

10CFR50.44. This allowed for repressurization (nitrogen o_r, air)
as a primary means of conhustible gas control in plants of Millstone's!

vintage'.
i <

15. JANUARY 1977: s

Based on Revision 1 to Regulatory Guide 1.7 and proposed 10CFR50.44,
; a "Corbustible Gas Control System Design Report" was preparedJ

|
. describing an Air Containment Atmospheric Dilution (ACAD) system.
This report was planned to be submitted upon finalization of rulemaking
on 10CFR50.44. The combustible gas control _' system described in'

this report was designed in'accordance with guidelines contained in
. Branch' Technical Position CSB 6-2, " Control' of Combustible Gas
' Concentrations, in Containment Following'a| Loss-of-Coolant Acci-
ddnt." The' system was also designed.in)accordance with GDC'41, 42,
and 43. Additionally, the system would"c'ontrol combustible"gss m'

j _

concentrations with a minimum release ,of radioactive effluent to t
the environment. The resulting'~ doses would.have been a fraction of; *

10CFR100 regulations. A'

,

-,o,m

16. OCTOBER 27,1978N I s. .

4,(:, ' .
.

Final rule on 10CFR50.44 published in Federal Register 1with an
~

effective date of November 27,1978. A schadttle <for. implementation
of this final rule was not provided in the Federal Redister notice.4i

It appears that the most significant impactinf:the promulgation of ,
,

10CFR50.44 ppon NNECO.was that' final. regulations existed which. ,3J ,r

would allow an Air Containe.ent- Atmospheric Dilution (ACAD)- system i
~ '

2'

to be utilized for combustible gas contYol and.deinerting of theu F ' '

containment. Therefore, it is.. arguable"thatlif a licensee had s
.

3~

|
wished to maintain an inerEed'contain= mat,'such.inerting'would _jc..

constitute the primary means of combustible gas control and automatic.
i

6. 4
|

compliance with 10CFR50.44... 4 ,-
^yQC3

17. NOVEMBER 1978: J-]G
'

.g W ;

[. Revision 2 to Reg'ulatory Guide 1.7 was ublished. This revisioni'jf'J g (
i- was essentially the same as Revision;1'but' referenced the finall

~ U Z ' O[# 1- "W i
! 10CFR50.44. c,

i , jIL p n n tv
- W .. , ::W . - ., ..,
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18. MARCH 28, 1979: -

'
. >

,

TMI-2 incident.
4

4

'

1 ., 119. AUGUST 27. 1979: , ,.

,. 1 /. s
. +' I

NRC letter (W. Ganunill) suspeddig any further review work on
NNECO's CAD system and deinerting submittals until the Cossaission
acted on the TMI-2 Lessons Laarned Task Group's reconunendations. ^

This letter specifically stated that we would "be informed when the
Conunission acts and of'the impact on your, request." The NRC'si

! letter could be interpreted to imply that implementation of any
'.modifications to the then-current combustible gas control systems C

was no longer required until so informed by the ERC. "

ljf 420. SEPTEMBER 13, 1979 -

7#hNRC (D. G. Eisenhut) letter to All Operating Nuclear Power Pla$
-

;

; nts,

requesting implementation of NUREG-0578. Of particular interest
4 . were Items 2.1.5.a,b, and c.

~i'3,

21. OCTOBER 18, 19792 4 /

W. G. Ccunsil letter to D. G. Eisenhut responding to NRC's 9/13/79o

letter.

'

Post-Accident H drogen Control Systems for PWR and BWR Containments
, ,

2.1.5.a I4

)

; .

a. Dedicated. Penetrations for External Recombiner or Post-Accident
External Put ge Sy' stemi I

,

.,. . v

f", |NNECO Response ,d
.: -

,3<
i The actions required,for this item will be integrated withi,c g
( the Systemat(c Evcluation Program (SEP) under the topic "Cca-;f yi

,

bustible Gas Contre.1',' (Topic VI-5) . *

~| j' s es "

2.1.5.b & c-, f, id ,,

j /c
.-

| b. Inerting BWR Containmentsj fy
.-,y ., y

'c. Capability +to Install Hydecae Recombiner at Each Light Water y ;R .
Nuclear Power Plant 1 5= m/ii * ~ .

g w n>
NNECO Response; .c

|
/

,f ':f,., f ,/s 1

Theseitemshahebeende'ferredforevaluationbytheNRC. 4j'
,

|

4j;: %_
,.

- -
,

22. NOVEMBER 28, 1979: g| 2 4
f eg

W.,G.Counsil'(NNECO)letterto'D.(!ZiemannonSEP,TopicVI-5, ' >J''l " Combustible Gas-Contr$1".. This letter responded to questions- '

informally received 71Na the IEC staff. . A
[D

'
'

c . 1: ') ,

_[ +' *: j' ( s
_

,

I ;fh .h 0' ;{4
t.s >v . , ,. . r ; 7 .,; ; #:+ & "
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1

l The current method of combustible gas control at Millstone Unit No.,

I was described in detail in this submittal. The references for
SEP Topic VI-5 include 10CFR50.44, BTP CSB6-2, SRP 6.2.5, and DOR
Technical Activities, Category A, Items 8 and 14. Various 10CFR50.44
requirements were addresssed by NNECO in this submittal.

,

|

23. APRIL 18, 1980:

NRC SER for TMI Category A items. NRC concluded that we had satis-
factorily met all Category A requirements. Specifically, the NRC

,

Staff's evaluation for Items 2.1.5.a and 2.1.5.c follow:
1

2.1.5.a Dedicated Penetrations for External Recombiner or Post-
Accident External Purge System

|

The staff's position is that licensees whose plant uses
| external recombiners or purge systems for post-accident

control of combustible gas in the containment atmosphere
| should provide a penetration that is dedicated to that

function only. As stated in our letter dated October 30,
1979, this requirement is applicable to those plant whose
licensing basis includes requirements for external or

l purge systems for post-accident control of combustible
gas in the primary containment.

We have determined that this item is not directly appli-

cable to Millstone Unit No. 1. The question of post-
accident combustible gas control at Millstone will be

I reviewed by our ongoing Systematic Evaluation Program,
Item V1-5. Therefore, we find trat the licensee has

! satisfied the Category "A" requirements for this item.

2.1.5.c Recombiner Procedures

The NRC requirements for this item apply only to those
plants that include hydrogen recombiners as a design
basis for licensing. We have determined that this item
is not applicable to the Millstone Unit No. 1 Plant.

24. OCTOBER 2, 1980:

Proposed rule on 10CFR50.44,

25. NOVEMBER 17, 1980_:

Y NNECO comments on 10/2/80 proposed rule.

26. MAY 7,' 1981:
,

NRC letter (G. C. Lainas) to All SEP Licensees deleting SEP Topic
,

VI-5. The basis for the deletion was the following:'
'
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!

!

!

Basis for Deletion (i.e., related TMI Task, USI or other SEP Topic)

TMI Task Action Plan - NUREG-0660 - Task II.B.7a.
} Analysis of Hydrogen Control

As a result of 'IMI II.B.7, short and long term rulemaking to
'

amend 10CFR50.44 has been initiated. The short term rule-
; making (interim rule) requires that all Mark I and Mark II

containments be inerted. It also requires that the owners of'

all plants with other containments perform certain analyses of
; accident scenarios involving hydrogen releases and furnish the
j staff with a proposed approach for mitigating these hydrogen '

releases. i

The longer term rulemaking will address both degraded core and
melted core issues. In the area of hydrogen control it will
prescribe requirements that are appropriate for operating
plants as well as for plants under construction.

*
b. USI A-48 Hydrogen Control Measures and Effects of Hydrogen

Burns on Safety Equipment, NUREG-0703
i

Under USI A-48 a Task Action Plan has been defined and'is
being developed that encompasses the concerns in the Defini-
tion and the Safety Objective of SEP Topic VI-5.,

The evaluation required by TMI II.B.7 and USI A-48 is identi-
cal to SEP Topic VI-5; therefore, this SEP topic has been
deleted.

27. DECEMBER 2, 1981:

Final rule on " Interim Requirements Related to Hydrogen Control"
published in Federal Register. The effective date of this rule was-
January 4, 1982.

28. DECEMBER 23, 1981-

Proposed rule on " Interim Requirements Related to Hydrogen Control" "

; noticed for comment in the Federal Register.

|

29. DECEMBER 28, 1981:
,

W. G. Counsil (NNECO) letter to W. J. Dircks (NRC) regarding the
| manner by which the December 2,-1981 final rule was promulgated.

NNECO's concern was that the requirements in the final rule apparent-
ly were changed significantly from those in the proposed rule.
Specifically, it was NNECO's understanding that the proposed rulei

'

did not require hydrogen recombiner. capability for Millstone Unit
No.1; whereas, the ' final rule could be interpreted to require such

L capability..

I

l

i
l

|
. , - .. _ . .
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30. JANUARY 26, 1982

W. G. Counsil letter to W. J. Dircks informing the NRC Staff that
since the requirement for hydrogen recombiner capability was not
known to us until the promulgation of the December 2, 1981 final
rule on " Interim Requirements Related to Hydrogen Control," we had
not yet been able to determine whether the requirement for such
capability is technically justified for Millstone Unit No.1.
Furthermore, we indicated that we intended to submit our con-

clusions on this topic within approximately two (2) months.

31. APRIL 2, 1982:

W. G. Counsil letter to W. J. Dircks submitting the results of a
preliminary evaluation and the status of analyses still in progress.
Subject to additional analysis and verification, NNECO concluded
that only an inerted containment at Millstone Unit No. 1 is necessary
to adequately preclude the formation of a flanunable gas mixture
inside primary containment following a design basis LOCA. This
conclusion results in a situation where neither venting of the
containment, post-accident nitrogen addition, nor hydrogen recombiners
are required as a means of combustible gas control following a
design basis LOCA.

32. APRIL 8, 1982:

NNECO submitted comments on the proposed " Interim Requirements
Related to Hydrogen Control," dated 12/23/81. NNECO recommended
that this rulemaking process be deferred pending completion of
several ongoing studies.

33. APRIL 15, 1982:

R. W. Starostecki (NRC) letter to W. G. Counsil transmitting Inspection
Report No. 50-245/82-05. This inspection report discusses the
status of Millstone Unit No. l's compliance with 10CFR50.44.

34. MAY 24, 1982:

W. G. Counsil letter to D. M. Crutchfield regarding TMI Action Item
II.B.1, " Reactor Coolant System Vents." This letter describesi

| NNECO's compliance with 10CFR50.44(c)(3)(iii).

35. JUNE 4, 1982:

W. G. Counsil letter to D. G. Eisenhut providing information on TMI
Action Item II.F.1.6, " Containment Hydrogen Monitor." NNECO indicated

i that a value-impact evaluation of this TMI item was warranted. One
objective of this evaluation would be to determine the proper role
of hydrogen monitoring instrumentaion in accident scenarios involving
hydrogen generation.

. _ - - _ _ - _
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COMPLIANCE WITH 10CFR50.44

l
SECTION

50.44(a)

REQUIREMENT

|
Each boiling or pressurized light-water nuclear power reactor fueled
with oxide pellets within cylindrical zircaloy cladding, shall, as
provided in 10CFR50.44(b) through (d), include means for control of
hydrogen gas that may be generated, following a postulated loss-of-
coolant accident (LOCA), by (1) metal-water reaction involving the fuel
cladding and the reactor coolant, (2) radiolytic decomposition of the
reactor coolant, and (3) corrosion of metals.'

STATUS OF COMPLIANCE

A nitrogen inerted containment is our means for control of hydrogen gas
that may be generated following a design basis LOCA from (1) metal-water
reactions involving the fuel cladding and the reactor coolant, (2)
radiolytic decomposition of the reactor coolant, and (3) corrosion of
metals. In fact,'the more hydrogen generated, the more inert the containment
becomes and the more flammability concerns are reduced. Furthermore,
for inerted containments, flammability concerns center around oxygen
generation not hydrogen. See also Sections 50.44(b), (c), and (d),
below.

SECTION

50.44(b)

REQUIREMENT

Each' boiling or pressurized light-water nuclear power reactor fueled
| with oxide pellets within cylindrical sircaloy cladding shall be provided

| with the capability for (1) measuring the hydrogen concentration in the
|

containment, (2) insuring a mixed atmosphere in the . containment, and (3)
controlling combustible gas concentrations in the containment following
a postulated LOCA.

STATUS OF COMPLIANCE

| (1) Capability for measuring the hydrogen concentration inside primary
containment following a design basis LOCA currently exists by
means of our post-Accident Sampling System.

(2) See Section 2.1 in Volume I of Attachment No. 4 and Item Nos. 7 and
22 in' Attachment No. 1.

(3) As illustrated in Attachment No. 4, the inerted containment at
Millstone Unit No. 1 provides the capability for controlling
combustible gas concentrations inside the containment following
a design basis LOCA to below flammable limits.

|
? .

|

|
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SECTION

50.44(c)(1)

REQUIREMENT

For each boiling or pressurized light-water nuclear power reactor fueled
with oxide pellets within cylindrical zircaloy cladding,' it shall be
shown that during the time period following a postulated LOCA but prior
to effective operation of the combustible gas control system, either:
(i) an uncontrolled hydrogen-oxygen recombination would not take place
in the containment; or (ii) the plant could withstand the consequences
of uncontrolled hydrogen-oxygen recombination without loss of safety
function.

STATUS OF COMPLIANCE

Not only does Attachment No. 4 show that an uncontrolled hydrogan-oxygen
recombination would not take place, but Millstone Unit No. I also complies

with 10CFR 50.44(c)(2) below.

SECTION

50.44(c)(2)

REQUIREMENT

If the conditions set out in 10CFR50.44(c)(1) cannot be shown, the
containment shall be provided with an inerted or an oxygen deficient
atmosphere in order to provide protection against hydrogen burning and
explosions during the time period specified in 10CFR50.44(c)(1).

STATUS OF COMPLIANCE

| Millstone Unit No. 1 is provided with a nitrogen inerted concainment
atmosphere.

SECTION

50.44(c)(3)(i)
|
'

REQUIREMENT

Notwithstanding 10CFR50.44(c)(1) and (c)(2):

Effective May 4, 1982 or 6 months after initial criticality,

j vhichever is later, an inerted. atmosphere shall be provided for
each boiling light-water nuclear power r2 actor with a Mark I or'

Mark II type containment.
l

| STATUS OF COMPLIANCE
|

| Millstone Unit No. 1 is provided with a nitrogen inerted containment
atmosphere.

i
L
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SECTION

50.44(c) (3) (ii)

REQUIREMENT

Notwithstanding 10CFR50.44(c)(1) and (c)(2):

By the end of the first scheduled outage beginning after July 5,
1982 and of sufficient duration to permit required modifications,
each light-water nuclear power reactor that relies upon a purge /
repressurization system as the primary means for controlling combustible,

'

gases following a LOCA shall be provided with either an internal
recombiner or the capability to install an external recombiner
following the start of an accident. The internal or external recombiners
must meet the combustible gas control requirements in 10CFR50.44(d).
The containment penetrations used for external recombiners must
either be:

(A) dedicated to that service only, conform to the requirements of
Criteria 54 and 56 of Appendix A to 10CFR50, be designed against
postulated single failures for containment isolation purposes, and
be sized to satisfy the flow requirements of the external recombiners,
or

(B) of a combined design for use by either external recombiners or
purge / repressurization systems and other systems, conform ~to the

I requirements of criteria 54 and 56 of Appendix A to 10CFR50, be
designed against postulated single failures both for containment

I isolation purposes and for operation of the external recombiners or
; purge /repressurization systems, and be sized to satisy the flow
l requirements of the external recombiners or purge repressurization

systems.

| STATUS OF COMPLIANCE
~

As concluded in Attachment No. 4, the primary and only means necessary
for controlling combustible gases following a design basis LOCA at
Millstone Unit No. 1 is an inerted containment. Millstone Unit No. I
does not rely upon a purge /repressurization system to control combustible.
gases following a design basis LOCA. Therefore, this requirement is not
applicable to Millstone Unit No. 1.

SECTION

I 50.44(c) (3) (iii)

,
REQUIREMENT

|
Notwithstanding 10CFR50.44(c)(1) and (c)(2):

i

V
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To provide improved operational capability to maintain adequate
core cooling followJng an accident by the end of the first scheduled
outage beginning after July 1, 1982 and of sufficient duration to
permit required modifications, each light-water nuclear power
reactor shall be provided with high point vents for the reactor
vessel head, and for other systems required to maintain adequate
core cooling if the accumulation of noncondensible gases would
cause the loss of function of these systems. (High point vents are

not required, however, for the tubes in U-tube steam generators.)
The high point vents must be remotely operated from the control
pressure boundary, the design of the vents and associated controls,
instruments and power sources must conform to the requirements of
Appendix A and Appendix B to 10CFR50. In particular, the vent
system shall be designed to ensure a low probability that (A) the
vents will not perform their safety functions and (B) there would
be inadvertent or irreversible actuation of a vent. Furthermore,
the use of these vents during and following an accident must not
aggravate the challenge to the containment or the course of the
accident.

STATUS OF COMPLIANCE

Appropriate high point vents are provided at Millstone Unit No. I as
identified in Attachment No. 3.

SECTION

50.44(d)(1)
'

REQUIREMENTS

For facilities that are in compliance with 10CFR50.46(b), the amount of
hydrogen contributed by core metal-water reaction (percentage of fuel
cladding that reacts with water), as a result of degradation, but not
total failure, of emergency core cooling functioning shall be assumed
either to be five times the total amount of hydrogen calculated in
demonstrating compliance with 10CFR50.46(b)(3), or to be' the amount that
would result from reaction of all the metal in the outside surfaces of
the cladding cylinders surrounding the fuel (excluding the cladding
surrounding the plenum volume) to a depth of 0.00023 inch (0.0058mm),

| whichever amount is greater. - A time period of 2 minutes shall be used
as the interval after the postulated LOCA over which the metal-water
reaction occurs.

STATUS OF COMPLIANCE

The extent of metal-water reaction calculated in demonstrating compliance
with 10CFR50.46 is 0.19%. Five (5) times this value is approx-imately
1%. Our evaluation addresses metal-water reactions up to and beyond 1%.

SECTICN
;

50.44(d)(2)
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REQUIREMENT

For facitlities as to which no evaluation of compliance in accordance
with 10CFR50.46(b) has been submitted and evaluated, the amount of

. hydrogen so contributed shall be assumed to be that amount resulting
{ from the reaction of 5 percent of the mass of metal in the cladding

cylinders surrounding the fuel, excluding the cladding surrounding the
| plenum volume.

STATUS OF COMPLIANCE

See Section 10CFR50.44(d)(1) above.
i

SECTION,

t

50.44(e)

REQUIREMENT

For facilities whose notice of hearing on the application for a con-
struction permit was published on or after November 5, 1970, purging
and/or repressurization shall not be the primary means for controlling
combustible gases following a LOCA. However, the capability for controlled
purging shall be provided. For these facilities, the primary means for
controlling combustible gases following a LOCA shall consist of a combust-
ible gas control system, such as recombiners, that does not result in a

'
significant release from containment.

STATUS OF COMPLIANCE
|

This is not applicable since Millstone Unit No. I received its construction
permit (CPPR-20) on May 19, 1966.

SECTION

I

j 50.44(f)
l

REQUIREMENTi

|

| For facilities with respect to which the notice of hearing on the application
for a construction permit was published between December 22, 1968, and
November 5, 1970, if the incremental radiation dose from purging (and

; repressurization if a repressurization system is provided) occurring at
'

all points beyond the exclusion area boundary after a postulated LOCA~
calculated in accordance with 10CFR100.11(a)(2) is less than 2.5 rem to
the whole body and less than 30 rem to the thyroid, and if the combined
radiation dose at the low population zone outer boundary from purging!

| and the postulated LOCA calculated in accordance with 10CFR100,11(a)(2)
'

is-less than 25 rem to the whole body and less than 300 rem to the
thyroid, only a purging system is necessary, provided that the purging

i ' system and any filtration system associated with it are designed to
conform with the general requirements of Criteria 41, 42,.'nd 43 ofa

.

m -,,r -
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Appendix A to 10CFR50. Otherwise the facility shall be provided with
another type of combustible gas control system (a repressurization
system is acceptable) designed to conform with the general requirements
of Criteria 41, 42, and 43 of Appendix A to 10CFR50. If a purge system
is used as part of the repressurization system, the purge system shall

_ be designed to conform with the general requirements of Criteria 41, 42
i and 43 of Appendix A to 10CFR50. The containment shall not be repressurized

beyond 50 percent of the containment design pressure.

STATUS OF COMPLIANCE

This is not applicable since Millstone Unit No. I received its construction
permit (CPPR-20) on May 19,1966.

SECTION
J

50.44(g)

| REQUIREMENT

For facilities with respect to which the notice of hearing on the appli-
cation for a construction permit was published on or before December 22,
1968, if the combined radiation dose at the low population zone outer
boundary from purging (and repressurization if a repressurization system-
is provided) and the postulated LOCA calculated in accordance with 10CFR

!

100.11 (a)(2) is less than 25 rem to the whole body and less than 300
rem to the thyroid, only a purging system is necessary, provided that-_

| the purging system and any filtration system associated with it are
designed to conform with the general requirements of Criteria 41, 42,|

and 43 of Appendix A to 10CFR50. Otherwise, the facility shall be-
provided with another type of combustible gas control system (a repressur-

: ization system is acceptable) designed to conform with_the general
! requirements of Criteria 41, 42, and 43'of Appendix A to 10CFR50. If a

purge system is used as part of the repressurization system, it shall be
designed to conform with the general requirements of Criteria 41, 42 and
43 of Appendix A to 10CFR50.' The containment shall not-be repressurized
beyond 50 percent of the containment design pressure.

STATUS OF COMPLIANCE:

We interpret this section to require either a purging system designed to
conform with General' Design Criteria (GDC) 41, 42 and 43 ol another type
of combustible gas control system designed to conform with GDC 41, 42
and 43. The following illustrates our compliance with.the latter.

| 10CFR50.44 (h)(2) defines a combustible gas control system as a system
that' operates after a LOCA to maintain the concentrations of combustible'

gases within the containment below flammability' limits. _By definition,
to operate means to function effectively or to bring'about'a desired

.

effect. Based on our evaluation, the inerted containment:st Millstone
Unit No. I functions quite. effectively after.a LOCA to maintain the,
concentrations of combustible gases within the containment below-f1sama-
bility limits. An'inerted containment, which is a passive combustible
gas control system, is in general conformance with GDC 41, 42 and 43.

!

l-
, _ _ _ . _ _ _ _ _ _ _
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SECTION

50.44(h)

REQUIREMENT

( (h) As used in this section: (1) Degradation, but not total failure, of
emergency core cooling functioning means that the performance of the
emergency core cooling system is postulated, for purposes of design of ,

the combustible gas control system, not to meet the acceptance criteria '

in 10CFR50.46 and that there could be localized clad melting and metal-
water reaction to the extent postulated in 10CFR50.44(d). The degree of
performance degradation is not postulated to be sufficient to cause core
meltdown.

! (2) A combustible gas control system is a system that operates after a
LOCA to maintain the concentrations of combustible gases within the con- '

tainment, such as hydrogen, below flammability limits. Combustible gas
control systems are of two types: (i) Systems that allow controlled re-
lease from containment, through filters if necessary, such as purging
systems and repressurization systems, and (ii) systems that do not re-
sult in a significant release from containment such as recombiners.

(3) A purging system is a system for the controlled release of the con-
tainment atmosphere to the environment through filters if needed.

,

; (4) A repressurization system is a system used to dilute the'concentra-
| tion of combustible gas within containment.by adding inert gas or air to
i the containment. Dilution of the combustible gas results in a delay.in
'

time until a flammable concentration is reached and permits fission
product decay. Operation is limited to a containment repressurization
to 50 percent of the containment design pressure. A purging system is
normally part of the repressurization system.

STATUS OF COMPLIANCE

No specific requirements are contained in this section.

|

|

|

|

l

. _ - - .. . . . , . .- - . . . _ _ - -
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MAY 24, 1982
DOCKET No. 50-245

A02389

Director of Nuclear Reactor Regulation
Attn: Mr. Dennis M. Crutchfield, Chief

Operating Reactors Branch #5
U. S. Nuclear Regulatory Commission
Washington, D.C. 20555

References: (1) D. M. Crutchfield letter to W. G. Counsil,
dated March 25, 1982.

(2) W. G. Couasil letter to D. G. Eisenhut, dated
October 18, 1979.

! (3) W. G. Counsil letter to H. R. Denton, dated|

November 21, 1979.

| (4) W. G. Counsil letter to D. G. Eisenhut, dated
!

August 20, 1981.

(5) W. G. Counsil letter to D. G. Eisenhut, dated
December 31, 1981.,

|

| (6) T. D. Keenan letter to D. G. Eisenhut, dated
October 17, 1979.

(7) D. L. Ziemann letter to W. G. Counsil, dated
April 18, 1980.

(8) W. G. Counsil letter to D. M. Crutchfield,|

dated September 9, 1980.

Gentlemen:

MILLSTONE NUCLEAR POWER STATION, UNIT NO. 1
TMI ACTION ITEM II.B.1

REACTOR COOLANT SYSTEM VENTS

In Reference (1), Northeast Nuclear Energy Company (NNECO) was requested
to provide additional information regarding reactor coolant system high
point vents at Millstone Unit No. 1. Information was previously pro-
vided to the NRC Staff on this subject in References (2), (3), (4) and
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(5). In these references, we indicated that we supported the position
of the BWR Owners' Group (Reference (6)). Specifically we stated that
sufficient inherent venting capability already exists at Millstone Unit
No. 1 in the form of safety / relief valves (S/RV's), normally closed
vessel head vent valves and a normally open vessel head vent line to the
main steam line.

In response to a verbal request, we informed the NRC Staff in April 1980
that the tube side of the isolation condenser can be vented to the
downstream side of the outside main steam line isolation valves through
remote manual block valves. Based upon this information and that infor-
mation provided to the NRC Staff in References (2) and (3), the NRC
Staff indicated in Reference (7) that the TMI Category A requirements
for this item have been satisfied.

10CFR50.44(c)(3)(iii), which became effective on January 4,1982 and
which codifies NRC requirements on reactor coolant system vents, re-
quires that each light-water nuclear power reactor be provided with high
point vents for the reactor coolant system, the reactor vessel head andi

other systems required to maintain adequate core cooling following a!

l design basis loss-of-coolant accident (LOCA), if the accumulation of
non-condensible gases would cause the, loss of function of these systems.

Subsequent to receipt of Reference (1) and in light of 10CFR50.44(c)(3)
(iii), the need to vent the isolation condenser was evaluated further.

! The results of the re-analysis of both the design basis and small-break
' LOCA are contained in Attachment No 2, " Loss of Coolant Accident Analy-

sis Report for Millstone Unit 1 Nuclear Power Station," NEDO-24085-1,
July 1980, to Reference (8). The operation of the isolation condenser
is only credited in the small-break LOCA analysis and is, therefore, not
required to maintain adequate core cooling following a design basis
LOCA. Regarding a small-break LOCA cnd an assumed gas turbine failure,
the function of the isolation condenser is to enhance depressurization
prior to the actuation of the Automatic Depressurization System (ADS),.
which occurs in approximately 150 seconds. In this time interval,-the
peak cladding temperature would only be approximately 700 F and hydrogen
generation from a metal-water reaction as well as radiolysis, would not
yet be of concern. Pursuant to 10CFR50.44(c)(3)(iii), high point vents
on the isolation condenser are not required since accumulation of non-

I condensible gases will not cause the loss of function of the isolation
condenser during the very short period of time its operation is re-
quired. Therefore, responses to the various parts of Question No. 2 in
Reference (1) are not necessary.

Extensive efforts are currently underway to accurately model the genera-,

| tion of hydrogen and oxygen following a LOCA at Millstone Unit No. 1.
We intend to use the results of these efforts to evaluate whether modi-

. fications to the isolation condenser vent system would be desirable to
allow the operation of the isolation condenser following an accident
beyond the design basis of the plant.

i
.

e -- . _ . _. -
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In response to Question No. 1 in Reference (1), we have determined that
there are no other systems required to maintain adequate core cooling
where an accumulation of noncondensible gases could occur causing the
loss of function of those systema. In arriving at this conclusion, the
potential impact of non-condensible gases upon continued operation of
the Feedwater Coolant Injection (FWCI), Low Pressure Coolant Injection

! (LPCI) and Core Spray (CS) Systems was assessed.

For the particular case of the FWCI System, which takes suction from the
main condenser or condensate storage tank, the non-condensibles within
the reactor coolant system will not affect its continued operation.

Venting of non-condensible gases from the reactor coolant system through
the ADS valves will result in the accumulation of these gases in the
torus. The potential for these gases to be dissolved in the torus water
and to affect the operation of the LPCI and CS Systems, which take,

suction directly from the torus, was investigated. Even under design
basis accident conditions, the torus temperature and pressure are not
judged to be sufficient to dissolve significant quantities of non-

! condensible gases in the torus water. Further verification of this will

be obtained when our ongoing efforts regarding hydrogen and oxygen
generation following a LOCA are completed. Therefore, the accumulation
of non-condensible gases will not occur such to cause a loss of function
of either the LPCI or CS system. Additionally, the available net posi-
tive suction head, even under highly degraded conditions, is sufficient
to ensure proper operation of the LPCI and CS pumps.

We trust that this response adequately responds to the NRC Staff's
concerns raised in Reference (1).

Very truly yours,

NORTHEAST NUCLEAR ENERGY COMPANY

|

l *

t- JffL,

W.'G. Counail
Senior Vice Presidenti
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NOTICE

This report was prepared by Northeast Utilities Service Company (NUSCO)
pursuant to a contract with Northeast Nuclear Energy Company (NNECO).
Neither NUSCO nor NNECO, nor their employees, nor any other person acting
on behalf of those companies makes any warranty or representation,
express or implied, with respect to the use of any information, apparatus,
product or process disclosed in this report with respect to its accuracy,
completeness, or usefulness or that its use would not infringe privately
owned rights, nor do the companies nor their employees, nor any other
person acting on behalf of the companies assume any legal liability or
responsibility with respect to the use of, or for damages which might
result from the use of, any information, apparatus, product or process
disclosed in this report.!
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ABSTRACT

| -

-
,

l

In response to the December 2, 1981 final rule on " Interim Requirements

Related to Hydrogen Control," NUSCO on behalf of NNECO has conducted an

engineering evaluation of hydrogen generation scenarios at the Millstone

Unit 1 Boil.ing Water Reactor. The purpose of this evaluation was to

determine r;uantitatively the existing level of hydrogen flammability

control and to determine the incremental benefit (if any) of backfitting

internal or external hydrogen recombiners. Assuming the Millstone Unit 1

(Mark I) containment is initially inerted with excess N gas, (and,
2

hence, 0 e ntent is at or below the 4% volume concentration) the following2

results have been obtained:

a. Preinerting with excess N is so effective that H 8'"***tI " (*I*2 2

Zr-H O reactions) alone cannot yield flammable mixtures unless an
2

additional source of oxygen is provided.

b. With removal of oxygen in-leakage from the M.S.I.V. and S/R valve

| control air lines, radiolysis is the only credible oxygen source
i

!

present in the post-accident containment environment which could be

:

dealt with via use of-recombiners.

|

|

|

.



.

Radiolytic production of oxygen is in actuality limited to valuesc.

substantially below those predicted in NRC Regulatory Guide 1.7 due

to the fact that boiling within the core region ceases in a relatively
,

short time and liquid phase recombination in a radiation field is

significant.

Preinerting of the containment is thus sufficient by itself to prevent

hydrogen combustion. Hence, there is no need for either recombiners,

post-accideat purging or post-accident N2 addition.

!

I
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CHAPTER 1

INTRODUCTION AND SUMMARY
.

,.

1.0 INTRODUCTION

It is well recognized that the capability to control post-accident

combustible gases is a critical safety function which must be

present in order to assure containment integrity and long term decay

heat removal. The assurance ci post-accident combustible gas

control capability is most critical for Mark I containment Boiling

Water Reactors (B.W.R.s) due to their relatively small internal

contaiment volumes and amount of zircalcy which could potentially

become oxidized.

~

!

,

.

-1 -
,

.
.
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1.1 TdE COMBUSTIBLE GAS CONTROL RULE

The accident at Three Mile Island Unit 2 produced extensive oxidation
*

}

of the zircaloy cladding, and thus a large volume of hydrogen gas.
[

,

P

The,, fuel cladding failure also rer,ulted in the release of an appreciable ,

~

lquantity of airborne fission products within the containment. It j
,

,

was evident that venting as a means of hydrogen control in the event
i

of extensive fuel failure and resultant airborne contamination would ;

force an unwanted release of radior.ctivity to the environment. I

f
f

With this perspective in mind, the NRC promulgated additional |
!

requirements (10-CFR-50.44) for post-accident combustible gas

control in December 1981. These additional requirements mandated
;

I
inerting for all Mark I containment B.W.R.s. Also required was the |

i

installation of internal H -0 rec abiners (or the capability to
'

2 2
i

install external H -0 rec abiners immediately after a hypothetical
'

2 2

accident) for any reactor that relied on a purge / pressurization
'

based system as the grisary means for centrolling combustible gases
%-
'

following a LOCA. , , .,.

i- l-,

-NUSCO'c assessment-of this rule as it applies to the Millstone
i

UnitI.B.W.R.(MahNIContainment)consideredtheeffectivenessof

the N inerting. Ultimately,itisshownthatpurge/pressurizatihh'
2

is unnecessary at any time for combustible gas contral.
.

k

-2-
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1.2 CONTENTS OF THIS ANALYSIS

,

, f'
i

The analyses carried out 1h2 this report documents'the following:
,

(i) the pre-accident initial gas concentrations for an inerted

containment and their relationship to the limits of flammability.
t

(This material is discusred in Chapter 2).
/

,

.,
~

(ii) the short term generation of both hydrogen and oxygen as a '

| result of zircaloy oxidation and boiling phase radiolysis -
' '

,1 3 y
| and how these processes alter H , 0 , and N e acentrations

2 2 2
,

relative to the flammability limits. (This material is discussed ,.4

1..y 2
in Chapter 3). - d P,

, '
.\

*,

f.

I (iii) the long term radiolysis and recombination offsets in pure ,

'\1
( (and contaminated) water at different temperatures,

,j /

flowing thrcughethe core at various volumetric flow rates,

with different postulated initial H and 0 concentrations,
, 2 2

- and how these processes either stabilize or reduce the

| initial H and 0 e acentrations. (This material is2 2

discussed in Chapter 4). '

| ~

1.3 SUMMARY OF SIGNIFICANT FINDINGS
; i

is 1 - J
The key results of,'this' analysis may be susmarized as follows: ''

sj,
<>

(i) The most liriting combustible gas mixtures in the post-accidect a
,

' containment environment occur shortly after the time b' oiling

ceases in the core. 'Iollowing this time period, a net recombination
\

,
i + -3- lj

* ''y
-.
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i !
6 | a' ,'

-|g' f ' '
,

s, )<
,

'

/ .j' ,
"

!4

' >; ,

of H2.and 02 18 Predicted to varying extents due to the natural'

tendency of excess dissolved H and 02 gas t rec abine in the2

; mixed p, y radiation field of the reactor core.
I

|

(ii) Th recombination rates are sensitive to the postulated volumetric

core flow rates and water temperatures. (Higher flow rates and
;

elevated water temperatures tend to promote a faster net recombination).,

(iii) The impact of chemical and fission product impurities on

blocking the natural recombination of H and 02 ("I*, 2
'

~

scavenging of H and OH radicals) is shown to be insufficient.

This is true even when fission product contaminationt

approaches the levels observed at THI-2, and when metallic

corrosion product impurities are assumed that are substantially;

!

I higher than normally observed in B.W.R.s.
!
( ,

l (iv)Inertingofthecontainment(withinitial0 at 4% or less) is
2

'
- sufficient in itself to preclude flammable containment gas

,

|
- mixtures for an indefinite period without need for either

~

!
purge / pressurization, or H -0 recombiners.

2 2
I

l

-
t

'
.

_

t

!
.

D
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CHAPTER 2

DEFINITION OF FLAMMABILITY LIMITS AND

INITIAL (PRE-ACCIDENT) GAS CONCENTRATIONS

2.0 INTRODUCTION

In this section, the fImmnability limits utilized in the analysis

are defined. A flammability criteria based on a numerical curvefit

of the Coward-Jones flammability limits is presented along with data

defining the levels of conservatism present in this curvefit.

Additionally, the initial conditions on gas concentrations at the

start of an accident are defined and are related to the flammability

limits. This is done in order to define the existing safety margin

against flammability initially provided by containment inerting.

-5-



2.1 FLAMMABILITY LIMIT METHODOLOGY

In order to assess a wide range of scenarios where flassnable gas

mixtures are developed within the containment, it is first necessary '

to define what concentrations are needed to enter the flammable

mixture regime. Published values obtained by Coward and Jones and

reported in U.S. Bureau of Mines Bulletin No. 503 (Reference 1) are

utilized in this evaluation. This data is in terms of ternary

mixtures of H , 0 , and N . No data is presented for the additional2 2 2

effect of steam which is known to reduce the flammability potential.

Concentrations referred to in this report are in terms of nonconden-

sible gases and are defined as follows:

"H[H l = 2 (2.la)2c
H*"O*"N*"xn

2 2 2

n
[0 3 = 2 (2.lb)2'

H+"O*"N*"xn
2 2 2

"N
[N }c = 2 (2.1c)| 2

| nH * "O * "N * "x
| 2 2 2
.

j -where [ Gas]c is the concentration relative to other noncondensible
i

gases H , 0 , N , X found in thw coatainment, n ,, is the2 2 2

number of moles of gas, "X" subscript refers to all other

noncondensible gases found in the containment (e.g., CO , Ar,
2

etc.).
|

-6-



It is important to recognize the fact that the number of moles of

steam (nH 0) is a t included in any calculations used in this
1

report. This was done for three reasons:

1. The presence of steam reduces flammability potential; hence,

ito omission represents a significant conservatism in the
,

results of this analysis.

2. The specific amount of steam released in an accident is highly

scenario dependent ranging from a major pipe rupture to various

types of loss of feedwater events with an intact RCS. Eliminating

the n dependence provides a conservative analysis whichH0g
bounds the widest posrible spectrum of accident scenarios.

3. The accident scenarios evaluated in this report have the common

characteristic that steam is generated (during certain time

periods) within the core in the drywell volume and condensed

within the torus suppression pool. The addition of steam in

one volume and its removal in another gives an appearance of

nonuniformity of H e ntent among the two volumes; hence,
2

elimination of steam allows one to conservatively concentrate

on the critical H and 0 e acentrations.2 2
.

Having eliminated the steam concentration effects, the noncondensible

gases may be conservatively treated as uniformly distributed between

the drywell and torus volumes. Mixing of the gases between the

drywell and torum volumes is assured and is documented in Reference d .

-7-
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.

To facilitate numerical calculations, the existing flammability

limit data (Reference 1) was numerically fitted using a standard

IBM-370 curvefitting package (Reference 2). The resultant curvefit

is shown in Figure 1. The upper region curve is defined (within the

region of interest) by the following equation:

3 m

I 2}lia a[0 l2c (2.2)
*

n=0

2where: A,= -0.7119376 x 10-

A = 0.2020868 x 10
3

1
A2 = -0.10543 x 10

A3 = 0.1990303 x 10

Using this curvefit, flammability is conservatively assumed whenever:

0.04 { [H l2 c { [H2 lim (2.3)
|

for a given value of [0 ]c in the range 0.05 { [0 l2 c { 0.17-

2

The computer run and error analysis for this curve fit are found in the

| Appendix A in Volume II.
1

i

-8-
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As an additional note on the conservatism employed in using these flamma-

bility limits, it should be pointed out that hydrogen and oxygen concentra-

tions just inside the flammability limits were determined in vessels and

vertical pipes with a spark igniter provided as an ignition source.

Spontaneous ignition of hydrogen and oxygen mixtures requires significantly

higher concentrations (e.g., 18% H in air). Furthermore, actual experimental2

tests (References 3 and 4) indicate the existence of unstable flames and

an incomplete combustion process for hydrogen concentrations in normal

air less than 8%. Due to the unstable flames and incomplete combustion

processes, the actually observed pressure rises are substantially below

the theoretical pressure rise values calculated assuming a complete

adiabatic burn (e.g., 1 psi versus calculated values in the range of

23-40 psi). Hence, approach to the flammability limit lines does not

pose any inuninent threat to containment integrity as a result of hydrogen
burns. In view of this, the flanusability limits defined above may be

used directly as a conservatively biased acceptance level.

|

|

2.2 INITIAL CONTAINMENT GAS COMPOSITION

Having defined the limits of flammability, it is now necessary to

identify the initial starting points for sequences where flasunability

is approached. Normal (noninerted) air contains the following

concentrations of gases:

;

(Reference 3)

H 0.00005%2

N 78.084%2

- 10 -
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|
l

|
t

t

0 20.946%2

CO 0.033%' "X"2

Ar 0.943%,

'

l
6

Under inerted conditions, these concentrations are substantially

different.

While under normal operations, the containment. gas compositiono

is required by Technical Specification 3.7.A.6 to maintain

an 0 content of less than 5%. Procedurally, however, in2

order to avoid violation of plant technical specifications,

additional N is added to assure 02 "**** ***"*I17 **C''d*2

4%.

Based on operating experience at other plants, it has beeno

observed that small amounts of H2 (above normal atmospheric

concentrations) can be found in containment. This is

postulated to be a result of nominal long-tern H leakage
2

from the steam lines through the M.S.I.V.s and S/R valves.

It is conservatively * estimated that this may amount to as

much as 0.1%.

Nitrogen (N ) and other inert gases will comprise theo
2

remainder.

*
Inclusion of this'small amount of additicnal hyi+ is a cmservatism in

that it reduces the amount of net radiolysis rw to reach flamability
wh m a very small metal- e ter reaction has occurred.

- 11 -
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In order to calculate initial and post-accident containment gas

concentrations, it is noted that Millstone Unit I has the following

free air volumes. '

-

3Drywell: 146,900 ft

3Torus *: 108,200 ft (gg,1,,,)

3
110,600 ft (Maximum),

The number of liters of gas contained within the drywell can be
3obtained by multiplication of the volume in ft by the conversion

3factor 28.316 liters /ft . As an additional factor of conservatism,

the smaller torus gas volume is used yielding

6V ,, ,g,,,, = 7.291 x 10 liters (2.4)

The total number of moles of gas initially present in the containment

may be conservatively, determined via the Ideal Gas law assuming an

initial pressure of 1.0 atmosphere and a temperature of 3250K. **
i
!

V 5" gas = P containment = 2.7085 x 10 moles (2.5)
RT

*The gas space volume in the Torus Region is water level dependent.,

!

( Technical specification limits exist for allowable water level.
|

,

** If conservatively biased EEQ temperature and two region pressure values
|

were utilized,4% more initial gas would be available to dilute any
.

I
; generated gases.

.

- 12 -
|
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Using the previously defined initial concentrations, the corresponding

numbers of moles of the various gases will be:

2nH2 - 2.7 x 10 moles (or .1%) (2.6a)

'

no2 = 1.08 x 104 moles (or 4%) (2.6b)

"N2+n = 2.6 x 105 moles (or 95.9%) (2.6c)x

i

1

.

I

i

13 -
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2.3 INITIAL GASES DISSOLVED IN THE TORUS WATER

In addition to gases in the free air volumes, gases will also be

dissolved in the torus water up to the equilibrium limits of solubility

for the gas in question. Hence, the gas partial pressures in the

containment atmosphere represent an equilibrium effect. The extent

of these gases in solution may be calculated based on Henry's Law.

Assuming a net torus pressure of approximately 1.0 atmosphere, the
a

following mole fractions will exist.

"H
2 = 0.001 (2.7a)H+"O*"N*"xn

2 2 2

"O
= 0.04 (2.7b)

g+ng + n,2+ n,
n

2 2

"N
~ 0.959 (2.7c)

H * "O * "N * "xn
2 2 2

~

These values would correspond to the following gas partial pressures:

pH = .0147 psi (2.8a)
,

\ 2
|

| 588 psi (2.8b)=p0
2

; pN = 13.097 psi (2.8c)
l 2
| (assumes: N2 + X EGi )2

The solubilities based on Henry's Law may be defined:

i

- 14 -
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i

i

|

3 4 l

H O ) , 8.45 x 10 (2.9) ]
gas Pi3 (emik H2

3where S is the solubility in units of cm of dissolved-

g

gas per kg of H 0, p is the partial pressure in psi, and i
2 g

H is the Henry's Law constant for the temperature regiong

of interest.

For the temperature region of interest (T f 90'F) the Henry constants

(Reference 5) are respectively:
!

4H = 7.46 x 10
H

2

H '0
2

4
Hy = 10.26 x 10

2

! Use of these values yields the following solubilities which are

converted to molar concentration by multiplying by 4.46428 x
310' moles /cm :

!

I

H
|

S = 1.665 x 10 2 = 7.433 x 10 moles / liter (2.10a)H
2 k H0g 2

0
S = 9.482 x 10 2 = 4.233 x 10 soles / liter (2.10b)O

2 k HO
2

l

S = Ix 0 2 = 5.183 x 10 mles/ liter '(2.10c).

N
2 k HO

2

- 15 -i
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There is a total *of roughly 9.2 x 10' ft3 (2.605 x 106 liters) of

water in the torus; hence, the total number of moles of dissolved

gases in liquid would be as follows:

>.

(n
H ) liq

*8 V = 1.936 x 10* moles H (2.11a)H 22 2 lig

2(n
O ) liq

*8 V = 1.103 x 10 moles 0 (2.11b)0 22 2 lig

3(n
= N ) liq

* = 1.35 x 19 moles N (2.11c)N 22 2 liq
4

Thus, we note that the amount of gas dissolved in the torus water is

roughly a percent of the total gas within the containment volume.

*This is a 6% conservatism due to the fact Tech Spec. 3.7.A.1 requires

4 3a torus inventory of 9.8 x 10 ft . This analyses consistly uses the

smaller liquid inventory to minimize dilution effects of impurities.

,

|

|
;

>

|

|

|

!

- 16 -

_



|
t

;

CHAPTER 3-

i

DEFINITION OF SHORT 'fERM HYDROGEN AND OXYGEN SOURCE TERMS
| -

|
3.0 INTRODUCTION

.

In Chapter 2, the initial conditions for containment gas concentration

were defined and related to the limits of flammability. In Chapter 3,

the effects of various accident scenarios on containment H and 0
2 2

concentrations are defined by parametrically separating the effects

of the metal-water reaction from the radiolytic decomposition of

coolant water. This can be done by noting the fact that a metal-water

reaction is phenomenologically related to short-term (within the

first hour) overheating of the reactor fuel due to insufficient core

cooling, whereas radiolytic decomposition is due to long-term (over

many hours) exposure of. reactor coolant to radiation. Thus, as an

analytical technique, the effects of the short-term metal-water

reaction are treated first. For a given metal-water reaction,

additional analysis is then performed to define the. effects and

extent of longer-term radiolytic decomposition. The critical

parameter affecting radiolytic decomposition extent is'shown to be

the duration of boiling in the core. Short-term boiling is shown toi

_ result in containment gas concentrations which are substantially

| less.than the flammability limits.
l
i
!

!

.
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3.1 HYDROGEN GENERATION VIA METAL-WATER REACTION

When the reactor core is inadequately cooled (uncovered) for sustained
.

periods of time, the kircaloy cladding in the fuel assemblies will

begin to rapidly heat up, creating the potential for a high temperature

Zr-H O reaction. Numerous models have been developed to define the2

reaction kinetics. The specific kinetics of the Zr-H O reaction are
2

not as important as the net amount of Zr reacted. As this reaction

proceeds, H2 gas is generated according to the following chemical

reaction:

Zr + 2H O + Zr02 + 2H2 + AQ (3.1)2

For this reaction, it is noted that for each mole of Zr reacted, two

moles of H2 gas are generated. Hence, the net number of moles of H-

2

generated may be related to the fraction of the total Zr reacted.

Thus:

b 'Zr-H O "Zr (3.2)2 2

|

. where'f is the extent of the metal-water reaction-

Zr-H 0g

and lies between 0.0 and 1.0.

!

Assuming only the Zr-H O reaction as a short-tern H s urce, the2 2

impact on the containment gas concentrations is defined by the

| following equations.

,
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"H *b*
2c

H * 0"H * "O + "N * "xn
2 2 2 2

~"H
*I Zr-H O "Zr

2 2 (3.3a)
"H Zr-H O "Zr * "0 N *

* * +
2 2 2 2

n
[0 l *
2c

H + 0"H * "O * "N * "xn
2 2 2 2

= 2 (3.3b)
n * IZr-H O "Zr * "O N *2"x

#
H

2 2 2

The total amount of Zr in the cladding may be obtained by noting:

V = 2.45 x 10 g,3 (Reference 6). Assuming the zircaloy5
clad

cladding is all Zr (actually zircaloy is 98.5% Zr, Reference 7).

VeladOZr = 3.529 x 10 soles Zr
5

n = Zr =
# 91.22 gr/ mole Zr 91.22 gr/ mole Zr (3.4)

Utilizing the initial values of containment gases derived in Section 2.2,
;

Figure II was obtained by parametrically varying fZr-Hf)between0.0

| and 1.0. A simple computer program to obtain [H l and [0 ]c I'2c 2

shown in Appendix B in Volume II.

|
A significant observation to be drawn from this curve (Figure II) is

the fact that short-term metal-water reactions alone (which produce

only H gas) are insufficient t yield flammable gas mixtures in the
2

containment. Furthermore, more extensive metal-water reactions

yield states further away from the flammability limits.

- 19 -
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3.2 HYDROGEN AND OXYGEN GENERATION VIA RADIOLYSIS

Having independently assessed the effects on containment gases due
|

*

| to a short-term metal-water reaction, the effects of radiolytic

decomposition of reactor coolant must be assessed. Should net

radiolytic decomposition occur, it would proceed via the following

net reaction.

n, S, y
2H 0 2 2H2+O2 (3.5)2

Utilizing the fact that decomposition of 1 lb. of H O yields respectively
2

25.178 moles of H2 gas and 12.589 moles of 0 gas, the net increase2

in the containment inventories of H and 0 may be expressed via the
2 2

following relationships:

g' = c g g = 25.178 moles H2 (3.6a)
2 2 2 2 lb. H O

2

&' =c X X = 12.589 moles 02 (3.6b)0 0 02 2 2 2 lb. H O
2

l

Where c is defined as the extent of H O decomposed byHo 2t
radiolysis, defined in Ib. H 0.

2

l .

Using these relationships, the impacts of any net radiolysis

on containment gases (in addition to the metal-water reaction) is

given by the following equations:

- 21 -
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"H * 0"H + 0"H
[H I2c= 2 2 2

H * A"H + An + "O * "N * "xn *
H2 2 2 2 2

* I~

Zr-H O "Zr * EHOb"H= 2 2 2 2 (3.7a)
* I Zr-H O "Zr * *H O (b * 0 ) * 0 N *"H * +

2 2 2 2 2 2 2

'o* O
n

[0 }c = 2 22
n + an * 0"H * "O $ # "N + "x*
H H

2 2 2 2 2 2

0 0 0= 2 2 2 (3.7b)
D * f
H Zr-H 0 "Zr * EH 0 (b + 0 ) * "O N,* "x*

2 2 2 2 2 2 t

!

In the formation of these equations, no attempt is made at present
i

to assess the likelihood of achieving specific values of c
Hg0 *

(This assesment is provided in Section 3.3.) The purpose is to

| define the required extent of radiolysis needed to yield flammable "

|

mixtures. Using these equations which are scenario dependent (e.g.,'

l
dependent on the extent of metal-water reaction and extent of

radiolysis), specific scenarios yielding gas concentrations which

are flammable can now be identified. The specific scenarios leading
~

to flammable mixtures were defined by first assuming a specific

value of f and then varying c .gH 0 " 11 * * II*""" II'Y "IZr-H O2
defined by the curvefit (Equation 2.2) is reached. -

To facilitate a large number of these calculations, a short cos.puter

program was written (see Appendix C in Volume II). Utilizing this

code, the table in Figure III was generated. Figure III shows the

- 22 -
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flammability limiting values of c #* 8 "*" I Figure W1HO Zr-Hgo. i2
is a graph of these values.

I
1
.

Based on these scenario calculations, it is noted the minimal value,

l

of E results from a transition from the initial conditions:H0g

[H }c = .001 and [0 l2 2c = .04 to the point [H }c = 0.04, [0 }c *2 2

0.05. The changes in the number of moles of H and 0 '

2 (O"Hg' 0"H '2

and an0 ,, respectively) necessary to reach this limit are defined2

by the following simultaneous equations:

|
:

I

0.04 = 2 2 2 (3.8a)
+ + * + + +"H 0 *2 2 2

n + an '0 0O.05 = 2 2 (3.8b)

g' * 0 3+5+*+ '* *
"H H

2 2 2

Inserting the initial values of no ' "H ' "N ' "x ('" '" ' " *)
and algebraically solving yields the following:

!

4
AnH+ = 1.12 x 10 moles H (3.9a)2

2

3
An = 3.44 x 10 moles 0 (3.9b)0 2

t
.

Making use of the fact that oxygen is only produced via radiolysis

(along with hydrogen at the stoichiometric ratio), it may be concluded

3
| that production of 3.44 x 10 moles 0 is the result of radiolytic

2

decomposition of 6.88 x 10 moles of H 0, which would weigh 273.25 lbs.
2

| - 23 -
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FIGURE III

RADIOLYTIC DECOMPOSITION NECESSARY TO ACHIEVE
| FLAMMABILITY FOR A SPECIFIC Zr-H O REACTION

.2

Extent of Extent of
Zr-H O

2 Radiolytic
Reaction Decomposition

of H O
I 2
Zr-H O E

2 H (1bs.)2

.0050 304

.0055 290

.0058 281

.0059 278

.0060,

!
275

.007 276

.009 283

.01 286

.015 303

.02 369

.03 482

.04 600

.05 721

.06 845j .07 974
' .08 1,106

.09 1,242

.10 1,381,

'

.11 1,525
,

.12 1,673

.13 1,824

.14 1,980

.20 3,002
; .30 5,082
! .40 7,730

.50 11,067-

|

|

|~
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-

|

|
i

!
IAdditionally, the H n t produced by radiolysis would amount to2

34.32 x 10 moles. This would correspond to a metal-water reaction

extent of fZr-Hg0 * 0.00612.
,,

|
A number of significant observations may be drawn from the results

,

i

of these scenario calculations:

,

, o The most limiting range of metal-water reactions for the

inerted Millstone I containments is for very small metal

water reactions and not values in excess of 75% (Reference 8).

o The most limiting metal-water reaction is for fZr-H 0 *g

0.00612. This requires radiolytic decomposition of only ;

273.25 lbs. of H O in order to reach potentially flammable2

1 conditions. All other metal-water reactions will require

; more radiolysis to yield flammable mixtures.

t

o Containment flammability for metal-water reactions in the

| range of fZr-H 0 { 0.00612 are I M ted by the lower M
l

g
-

'

line defined by [H l = 0.04 for [0 }c } 0.05 (i.e., they2c 2

approach the flammable region.from the bottom).

.

I

o Containment flammability for metal-water reactions in the

range of f o ) 0.00612 are limited by the upperZr-Hg
flammability curve which varies as a function of [0 I2c

1

(i.e., these sequences approach the flammable region from

the side).

- 26 -
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3.3 ASSESSMENT OF THE POTENTIAL FOR POST-ACCIDENT RADIOLYSIS

:

In Section 3.2, specific scenarios leading to potentially flammable

gas mixtures were defined in terms of the parameters f and
Zr-Hz0

c It was noted at the time that a detailed evaluation wasHg .o

necessary to determine whether or not excessively large values of

E were, in fact, credible. To properly perform a detailedH0g
evaluation of radiolysis, it is necessary to understand the basic

physics involved in the process.

i

Net radiolytic decomposition of water into H and 0 ccurs when
2 2

water molecules interact with energetic a, p, y, or neutrons. As a

result of slowing down collisions, Compton electrons are generated,

I which have sufficient energy to break up the molecular bonds holding

water molecules together. The net result is the generation of a

! series of free radicals, molecules, and aqueous electrons (e ,H,

[ H , H 0 , OH, H0 ). Different radiation types are known to produce
2 22 2

different yields of these species. The table in Figure V summarizes

i the known yields based on a compilation by Cohen in Reference 9.
!
\

|
|

Neutron effects are known to dominate during normal power operation

and for the first several hundred seconds following reactor shutdown.

Following normal reactor shutdown, the y-dose would tend to become

the dominant effect with'a lesser contribution from S particles (the
1

majority of which are stopped by the fuel and cladding). Where fuel

failures are postulated to exist, the effectis of a and S-type

radiations can become larger due to the presence of dissolved
1

- 27 -
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i
i

AVERAGE ;e- H + e- H H H0 OH H02'
2 2 2 '

L.E.T

cix;d y, p 2.31- 2.86 0.55 0.44 0.70 2.34 0.00 .02 *E

0.55 0.45 0.70 2.60 0.02 .02 *EY 2.60 ----

*En- 0.36 0.72 0.36 1.12 1.00 0.47 0.17 4.0 -

EE0.04 0.20 0.16 1.70 1.30 0.10 0.30 24.010 (e, y)7LiB

i
;

r

I

'co
I

;

m ecu es
Initial Radiolytic Yields G in'

x 100 eV

Figure V

|
-
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l
'

|

i

1fission products in the; water. In view of the fact that the initial '

.

yields for a-particles is roughly four times the value for mixed S,

Y radiations, and that a-particles are roughly 1,200 times more
i i

ionizing, one might expect the results for cases where extensive ;

fuel damage has occurred to produce extensively more H and 0 ' ^

2 2

Haissinsky, however, notes in Reference 9 that a-particles do not

show significant differences in terms of net yields from those
|

exhibited by y-rays. The most likely explanation for this effect
a

lies in the fact that because a particles are so densely ionizing

and, thus, leave such short ionization tracks (or " spurs"), the

recombination effects are heavily affected by charged particles

diffusing over very short distances.*

Following the initial production of the aqueous electrons, free

radicals, and molecules, numerous chemical back reactions are
4

possible. These reactions promote a recombination back to H O
2

provided the radicals are allowed time and space to interact. It
i

has generally been recognized that boiling systems disrupt this ''

recombination due to the fact steam voids exist which prevent the

; diffusion processes. Boiling also causes the stripping of dissolved

i.

j H and 0 gases from solution. The net effect is that appreciable-
2 2

| quantities of H and 0 .are liberated during boiling. -This net
2 2

i

production occurs at ve n near the stoichicmetric ratio for H2 *"d -

i 2-

* Additionally in terms of net energy deposited in a unit of coolant
volume the total 8, y dose is higher than the total & dose.- on. i -

- 29 -
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|

.

'

For nonboiling systems, recombination is enhanced to the level that

essentially an equilibrium condition is found to exist between the

- net production and removal rates.
-

Because of the fact that all' SWR sccident scenarios inevitably

involve a transition from a boiling phase to a nonboiling phase,:

post-accident radiolysis may be modelled as a two-step process.

During the initial boiling phase, net decomposition of water occurs

dependent only on radiation dose intensity and the net yields. As

subcooling is achieved in the core and a nonboiling state is achieved,

a radiochemical equilibrium is achieved defined by the reaction

equation.

Y,@,

(3.10)2H O + 2H2+O22
4

During this phase,. equilibrium levels of H and 0 are achieved in
2 2

;

| both the coolant liquids and in the containment gases. Hence, what

becomes significant is the determination of precisely how long

boiling occurs.

As a part of the GE Owner's Group effort (Reference 11) on post-accident-
!

H e atr 1, a detailed review was conducted of a number of accident
2

|

| scenarios to determine a maximum upper bound on the boiling time for
|

'

[ design basis accidents. In this effort, boiling time was explicitly

defined as the time period between reactor vessel isolation and

attainment of a subcooled state in the reactor core. For large

- 30 -
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,

I

, break LOCA's with full ECCS operation, it was assumed * that

subcooling (and a cessation of boiling) could be expected within
3130 minutes' ( ~8 x 10 seconds). For the case of isolation transients

t. -

and ve'ry small break LOCA scenarios involving only the use of low

pres'sure ECCS (Core Sprays and Low Pressure Coolant Injection), a
t

time period of up to 7.0 hours (2.52 x 10' seconds) vould be required
J #

in order achieve sub' cooling. This seven hour bo6bd includes a
j

3 - t,

; ,

consideration of the scenarios involving operator actions to depres-

surizethevesselaccordinitorelevantemergency,procedureguiNelines.
. ,

. - se

For the purposes of analyzing radiolytic H and 0 Production, a
2 2

time period of 12 hours is assumed during which full core boiling is

.s

assumed to occur. Af ter this time peri,od, net subcooling within the
1:

core is assumed.
'y , e

j N,
I *

.r
s

\ I
1

(

(...
f

'
,

' '

4-
,
. .;

,/ i
-

*'i. .s .

I k

| /
~

t J' ? '' (?;: y
*

! 6, ,
, ,

<
,

'

tt
_

This assumption inedudes an additional 100-minutes for conservatism.| *

Actual LOCA analyses indicate that approximately 30-minutes would in-
general be. sufficient for a DBA LOCA for nominal injection flows.

+ ,

5
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3.3.1 RADIOLYTIC DECOMPOSITION DURING THE BOILING PHASE

During the boiling phase (post-accident), it is recognized that

the net radiolytic yield of H will e nservatively approach the2

initial yields of H fr a direct radiolysis (Reference 12).2

Oxygen (0 ) generation will conservatively proceed according to2

the stoichiometric ratio for decomposition of water. (This is

very conservative in view of the fact that vapor phase recom-

bination in the presence of y-rays is appreciable. The impacts

of vapor phase H -0 rec mbination is dirra. sed in Appendix D2 2

of Volume II.) Hence:

i
t

t G(H ) : G (3.11a)2 Hy

G(0 ) = G(H ) = bO ( }r
3 2 H

2

I

The rate at which water is decomposed (in units of lbs./sec.)

' cay be expressed as:
T

,

l

~*

MH0()= E~S. Y(t) (G2.2 x 10 P
H "H O "O )+G*

2 N 2 2 2 2
o

(3.12)

i.
r

where:-

P, is the initial core thermal power, or 2,051 MWg

(corresponding to the 102% licensed power value)-

-

f3e

- )?

.

.- .



23
N,is Avogadro's number, N, = 6.023 x 10 molecules / mole

l

E (t) is the p, y decay power as a function ofp

| time

Hg is the molecular weight of H ' "H = 2.106 grams / molem
2 ,g

0g is the molecular weight of 0 ' "0 '8# !'m
2 2

'

The $, y decay function defining the amount of energy absorbed

by reactor coolant is similar to that specified in NRC Regulatory

Guide 1.7 (References 13 and 14).

~

S, Y (t) = fS. Y o i
K Ike i (3.13)E

i

where:'
- ,

(
!

f is the fraction of energy absorbed in the
p

reactor coolant,

|
|

K = 1.0 x 10
o

i

l
'

The constants defining the decay energy curve are as follows:

~

k = 5.1912 A -= 9.8 x 10
3 3

i

-6
k = 0.8743 A = 6.5 x 10

2 2

- 33 -
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k3 = 0.6557 A3 = 5.7 x 10

-8
k4 = 0.4098 A4 = 7.4 x 10

k5 = 0.0150 = 8.0 x 10

By integrating $Hg0 (t), the net mass of water decomposed by
--

radiolysis can be defined as a function of time and compared to

the mass generated during the known boiling phase (e.g.,~ 8x
3 410 to 4.32 x 10 seconds),

t .

b0(')*I"H0(t)dt'2 o 2

= A, P, fp, v (GH "H 0 0} ( }*
2 2 2 2

(3.14)
-7where: A, = 3.6526 x 10-

To facilitate a large number of sensitivity calculations based
; on this equation, a short computer program was written to
t

evaluate H O decomposition vs. time. This program and sample2

outputs are discussed in Appendix E of Volume II. The range of

parameters studied in the sensitivity calculations are shown in

the table on Figure VI.

i

!

Two cases define the upper and lower limits of Radiolytic

decomposition of H O during the boiling phase. An upper limit2
!

case is defined by using the 102% licensed power value (e.g.,

2,051 MW ), and setting: f = 0.094, G O*4'' 0 -g p, Hg 0g'

l

- 34 -
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FIGURE VI

KEY PARAMETERS AFFECTING BOILING PHASE RADIOLYSIS

Pa rameter Defisition Upper Bound Lower Bound
'

P Core Power Level 2,051 MW 2,011 MW
(102%value) (100%value)

f -p, y Energy fraction absorbed
O) 0.05(2)in reactor coolant 0.094

G Radiolytic H yield 0.44(3) I0)0.20H 22

G ' ' 2 yield 0.22 0.100
2

0 3T Boiling Time 4.32 x 10 8 x 10B

(1) Corresponds to the energy fraction absorbed in reactor coolant for
coolant densities near the cold shutdown temperature.

(2) Corresponds to the energy fraction absorbed in reactor coolant for
coolant densities in the temperature range of full power operation.
The lower densities result in decreased energy absorption in the
reactor coolant.

(3) Basedoncontrolledlaboratorymeasurementsthisvakuewasusedasan
upper bound for GH2 in lieu f the Reg. Guide 1.7 value of 0.50.
(Reference 12).

(4) Based on experimental measurements and found to be conservative when
compared to data from actual operating reactors (Reference 11).

.

|

|

l

|
r

!
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0.22. The lower limit case is defined by using the nominal

licensed power value (e.g., 2,011 MW ) and setting: f =
p

0.094, G = 0.20, G = 0.10. Figure VII shows the results ofHg Og,

| these analyses including the time domain where boiling is

assumed to cease.

-

Based on a review of the results of these analyses, the following

conclusions may be drawn:

o The minimum amount radiolytic decomposition anticipated

during the boiling phase is 14.0 lbs. This value is

a result of assuming cessation of boiling at 30 minutes

(1.8 x 10 sec.); nominal licensed power, and use of

radiolytic yields of: G *" = 0.10.
Hz* Og

*

o The maximum credible amount of radiolytic decomposition

anticipated is 110.0 lbs. This value is a result of

assuming persistent boiling (without any vapor phase

recombination) until 12.0 hrs. (4.32 x 10' sec.),

102% licensed power, and use of radiolytic yields of:
,

l

G = 0.44 and G = 0.22.
H 10 sg

1

o The amount of radiolysis necessary to yield flammable

conditions for the most limiting metal-water reaction

i

is greater than 2.5 times the maximum credible amount

of radiolytic decomposition anticipated during the

boiling phase.

|

|- 36 -
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3.3.2 POST-ACCIDENT GAS CONCENTRATIONS AFTER THE BOILING PHASE

As a result of the postulated metal-water reaction and subsequent

radiolytic decomposition of coolant water during the boiling

phase, additional hydrogen and oxygen were produced. These

additional moles of gas enter the containment atmosphere and a
.

portion will have become dissolved into the torus water (which

is subsequently being reinjected into the core via action of

the Low Pressure E.C.C.S. Systems). In order to assess post-

boiling flammability, and the long-term effects of subcooled

radiolysis and recombination, it is necessary to develop an

accurate understariding 'of the gas concentrations both within

the torus water and in the containment atmosphere.

Based on information derived in Sections 2.2 and 2.3, it is

known that the following initial conditions existed.

Molar
Moles of Gas Moles of Gas Concentration

Gas in Containment in Torus Net Moles in Torus
Species Atmosphere Inventory * of Gas Inventory-

2 0 2 ~7| H 2.7085 x 10 1.936 x 10 2.72786 x 10 7.433 x 102-

0 1.0834 x 10' 1.103 x 10 1.09443 x 10 4.233 x 10
2 4 -5

2

5 3 5 -4N 2.59745 x 10 1.35 x 10 2.61095 x 10 5.183 x 102
:

* Based on Henry's Law Solubility Limits,

!

The number of moles of H Eas generated as a result of the
2

metal-water reaction was shown to be e:;; pressed as:
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t

'An * f
H Zr-H O "Zr (3.15)

2 2

| The number of moles of H and 0 generated by boiling phase2 2
|

radiolysis were respectively defined as:

hob , 25.178 moles (3.16a) .
,

lb. H O2 2 2 2 2

An ' =c X *0 H0 0 O Ib. H O2 g 2 y 2

|

As a result of the analyses and sensitivity studies carried out

in Section 3.3.1, it was determined that the upper and lower

bounds on c were respectively 110 lbs. and 14.0 lbs. H OHo 2g

decomposed. This imples that the range in the number of moles

of H and 0 added are between the following values.2 2
!

Minimum Maximum,

"H O *H O
2 2

Gas Species an (moles) An (moles)
2 3H 3.5249 x 10 2.7696 x 102
2 30- 1.7625 x 10 1.3848 x 102

|
!

From a worst case point of view, it may be assumed that all
t

gases generated do not become initially dissolved in the torus

water. The ranges of containment gas concentrations will then

lie between limit lines defined parametrically for different

f values as follows-
Zr-H 0g

.
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Upper Limit:

n + 2f
H Zr-H 0 "Zr * * * * 'H 0 b2 2 2 2

[H ]e (fZr-H O) = + 2f2
2 Zr-H O "Zr * *** 'H O (b * 0 ) * "0 N + "**

2 2 2 2 2 2

(3.17a)

n * ***0 *H O O
2

2 c ('Zr-H O) * n + 2f2 H Zr-H 0 "Zr * 0 ** 'N O (b + 0 ) * "O * "N * "x2 2 2 2 2 2 2

(3.17b)

Lower Limit

*
| "H Zr-H O "Zr * "I"' 'H O b2 2 2 2

[H ]c (fZr-H O) = n + 2f2
2 H Zr-H 0 "Zr * I"**H0(b *XO ) * "O * "N * "x2 2 2 2 2 2 2

(3.18a)

n * I"* #
O HO O

0l II2c Zr-H O) * n *
2 H Zr-H O "Zr * "* 'H O ( *0}+ O N+*

2 2 2 2 2 2 2
*

(3.18b)

A short computer program was written to evaluate these limit

lines. A program listing and sample outputs are discussed in
>

Appendix F of Volume II. the results for these calculation are.

!

j shown in Figure VIII. As can be seen, the region of possible
|

| gas concentrations is both sharply defined and sufficiently

( away from the limits of flammability to alleviate concerns over
.

a short-term H burn.
2

As a more realistic case,.it may be assumed that some portion

of the additional generated gases (H; and 0 ) are distributed2.

- 40 -,
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according to a solar gas / liquid partition coefficient. In this

case, the partition coefficient of gas "X" denoted as y, would

be defined as follows:

Y _
number of moles X in containment gas volume

number of moles X dissolved in containment liquidx

(3.19)

The number of moles of X in the containment gas volume denoted

(n,)g may be expressed as:

!

P Yx eont (3.20)
| RT

The number of moles of X dissolved in containment liquids may
I

be calculated based on solubility data contained in

-3Volume IIL Defining the solubility in 10 gr/ liter H O as S,2

and m, as the molecular weight, then:

S

(n ) liq = [X]V
* p* V (3.21)=

x .

lig m, liq

,

|

The partition coefficient may then be defined as:

_ "x cont]* dS RT V. (3.22)x 11q
|

- 42 -
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Use of this partition coefficient allows simplified calculations

of containment gas concentrations in the following manner:

1
-

n = (n ) + (n )g (3.23)

where:-

x lig * y +1 *
(3.24a)

("x)g * y +1 (3.24a)
l

|

Making use of these definitions, upper and lower limits of H
2

and 02 f 11 wing the cessation of core boiling may be defined

in the following manner:

Upper Limit:

! [H ],=2

L (),"*,)[ne2f,,.,,,n,4 MaxEy Yu, ]a

~|"')[n+zfe,.g,o(, n,+MnE ug 9,,PY g yn ,+ Max Eu,oXo,3+ ')nnt r o

(3.25a)

[0 3, *2

(%)[ne Ma Eu,o % 3E
Hg+ 2ffr-Hs Er* #b4N

a 0 b9 2 OjM1 +

o.2sh)-
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l
,

s.

|

Lower Limit:

:

(same as Equations 3.25a and b with Min. c rep acing Max.l

H .02

H O}*C

In addition to containment gas concentrations, the concentrations
.

of dissolved gases in the containment liquid (in moles / liter)

may also be defined as follows:

I
: Upper Limit:

[HJ= (y 4 ) Eh .4 2f,g,n ,. + Max Ego Xw,]H a

(3.2G a)
,

[()y= ( %.
)Dio,+ Max Eu,Xo ]g

| ''+ (3.s 6)
|

Lower Limit:

Op+ nEg,pL,.]bN l * j +t H z. + ar--W,ot

i
(3.27a)

[.0d = h*(,y,*4i) (n ,+ Min Eu,oX'o )o z

(3.27Q

A short computer program was written to evaluate the anticipated

ranges of dissolved gas concentrations (in moles per liter)-

|
; that will exist following cessation of boiling. A program

listing and sample outputs are discussed in Appendix F of

| Volume II. The results of these calculations are shown in

|
Figures IX and X for gas / liquid equilibrium at 25'c and 100*C

1 respectively.
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Figure X

Equilibrium Post-Boiling Phase Dissolved Gas Cmcentrations
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CHAPTER 4

DEFINITION OF LONG-TERM HYDROGEN AND OXYGEN

|
'

SOURCE AND REMOVAL TERMS

:

4.0 INTRODUCTION

In Chapter 3, the short-term (post-accident boiling phase) hydrogen

I and oxygen source terms were conservatively defined in terms of the

extent of the metal-water reaction and the extent of radiolysis.

Based on a conservative analysis of radiolysis during the boiling

phase (using methodology similar to that employed in Regulatory

Guide 1.7), upper and lower limits on the extent of radiolysis were

established based on upper and lower limits of the boiling times
|

| determined in Reference 11. Based on Solubility calculations
[
'

carried out in Section 3.3.2, the existing concentrations (wrich are

parametrically dependent on the extent of metal-water reaction and

extentofradiolysis)ofH and 0 at the end of boiling were also
2 2

determined. These concentrations define the initial conditions for

the long-term assessment of radiolysis/ recombination effects.

In this chapter, c model is developed for simulation of long-term

radiolysis/ recombination effects. The use of the computer code

FACSIMILE (Flow and Chemical Simulation Code) written and owned by

| the United Kingdom Atomic Energy Authority is discussed.
1

|
1

! - 47 -
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4.1 DEVELOPMENT OF A POST-ACCIDENT RADIOLYSIS/ RECOMBINATION

SYSTEM H0 DEL

4.1.1 REACTOR SYSTEM CONSIDERATIONS

Dependent on the specific accident scenario involved (e.g.,
.

LOCA vs. transient) the post-accident (nonboiling) mode of

decay heat removal will involve one of two generic options.

Figure XI shows a simplified schematic of the decay heat

removal options for a LOCA case. Inventory is maintained via

long-term usage of some combination of the low pressure ECC

Systems (comprised of 4 Low Pressure Coolant Injection Pumps

and 2 Core Spray Pumps). Long-term decay heat removal is

accomplished via cooling the injected ECC water in the torus

using the Low Pressure Coolant Injection containment spray

cooling loops (not shown). The Core Sprays discharge via ring

headers at the top of the core, whereas the Low Pressure

,
Coolant Injection trains discharge to the reactor vessel

l

through the recirculation headers. Figure XII shows a simplified

| schematic of the decay heat removal options for cases where
|

there is an intact reactor coolant system. Inventory can be

|

| maintained via cyclic operation of any one of the Low pressure
|

| ECC Systems, whereas decay heat removal will be primarily
|

| removed via the shutdown cooling systems. (Decay heat removal

through the torus represents a secondary albeit more complicated

path). In both cases, it is important to recognize that

long-term decay heat removal is accesplished via subcooled heat

- 48 -
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transfer processes. Hence, there is no voiding in the core

region which could potentially disrupt the chemical recombination

effects.
-

Another significant observation to be drawn from the systems'

utlizied for long-term decay heat removal is the chemical
-

dilution (or mixing) time constants involved in the injection

and bleedoff of coolant from the reactor core. It may be

estimated that in the post-accident decay heat removal process

3a volumetric inventory of 8.0 x 10 to 1.0 x 104 cubic feet of

coolant will exist in the core region. The critical time

constant for dilution and mixing of the radiolytically induced

chemical species in the core volume may be defined as the ratio
;

of the core liquid volume (V , ,) to the core volumetric flowc

rate (y ,,,)c

v
T = core (4.1)g

,

Vcore

This time constant may be compared to the time constants for

| build-up and decay of radiolytically induced species for pure

water. Figure XIII shows the build-up of radiolytically

induced species, whereas Figure XIV shows the decay (both

| figures taken from simulations carried out in Reference 15).

As shown in these figures only the H , 0 , and H 02 2 species2 2

persist for any substantial time period following cessation of

j radiation (e.g., greater than 1.0 sec.). Hence, water exiting

the core (where it has been irradiated) and entering the torus
-

| - 51 -
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region will only contain the species H , 0 , and H 02 2 22 in any

chemically significant quantities. Water entering the core

from the torus will similarly only contain the same species.

To enter a regime where other radiolytic species would become

significant, the volumetric flow tate would have to increase to

; a level whereby T becomes on the order of 1.0 second.g

Assuming an 8.0 x 103 to 1.0 x 104 cubic foot core inventory

this would correspond to flows on the order 8.0 x 108 3ft /sec.
to 1.0 x 104 3ft /sec. s(or 3.59 x lo gpm to 4.49 x 10s gp,),

j Clearly, these are orders of magnitude beyond the as-built

pumping capablities of the Millstone Unit I decay heat removal

systems.

Based on these considerations the noding of the containment

I model can be accomplished as a three node system with the
l

following features (as summarized in Figure XV).

i

Core liquid volume - The initial build-up of radiolyticallyo

| induced species occurs primarily in this volume. Water

containing H , 0 , and H 022 concentrations typical of the2 2

torus volume are added to this node (proportional to the-

volumetric flow rate) while water containing H , 0 , and2 2

H02 2 concentrations typical of the radiolytic induced

build-up in the core are removed (also at a rate proportional

to volumetric flow rate).

|

|
,

| -u-

|
- - -
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Torus liquid volume - This volume receives and transferse

water from the core liquid volume containing dissolved H ,2

0 , and H 0 . H2 and 02 transport occurs across the2 2 2

interface of this volume with the containment gas volume.

No significant radiolytic induced build-up of species is

assumed to occur in this node. Such an assumption is

reasonable due to the fact that the dose rate in the core

liquid volume is assumed to be many orders of magnitude

greater than in the torus region.

Containment gas volume - This volume receives and transportso

H2 and 02 gas from the torus liquid volume. No leakage of

gases is assumed to the Reactor Building due to the fact

that this would tend to decrease the potential for flammability.
i

1

I

|

!

!
!

|

[
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!

4.1.2 CHEMICAL KINETICS CONSIDERATIONS

As noted in Section 3.3 the interaction of radiation with water,

i ~

'

molecules initially results in the prompt generation of a

series of free radicals, molecules, and aqueous electrons (e,q,
H, H , H 0 , OH, H0 ) acc rding to initial yields defined in2 22 2

Figure V. The table in Figure XVI summarizes the elementary

chemical reactions which occur during the recombination phase

based on Reference 15. The specific reactions, rate constants,

and activation energies are identical to those defined in

References 16, 17, 18, 19 (National Bureau of Standards Data).

In order to formulate a series of homogeneous linear chemical

kinetics equations, it must be recognized that the chemical

concentration of the various radical and ionic species are

affected by the following:

o Introduction of H , 0 , and H 022 to the core liquid2 2

volume from the torus liquid volume.

Radiolytic production of various molecular, ionic ando

radical species based on G value yields.
|

i

|

| o Chemical reactions involving the various molecular,

ionic and radical species.

- 57
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FIGURE XVI
RADIOLYTIC DECOMPOSITION AND RECOMBINATION REACTIONS

Activation
Rate Constant EnergyChemical Reaction at 25*C kcal/ mole)

(1) e, - + H O -+ H + OH' 1.6 x 10 3.0
I

2

- + H+ + H 10(2) e
~

2.4 x 10 3.0
i

(3) e, - + OH + OH' 3.0 x 10 3.0 '
10

(4) e, - + H 02 2 * OH + OH' 1.3 x 10 3.0
- 10

(5) H+H+H 10
2 1.0 x 10 3.0

(6) - 0e - + H02 + H0 - 2.0 x 10 3.0 ,2

(7) e, - + O2 2 1.9 x 10 3.0+O- 10

l

(8) 2 e, - + -+ 20H' + H
2 5.0 x 10 3.0

(9) 20H * H 0 9
22 4.5 x 10 3.0

(10) OH + H0 - 102*HO+O 1.2 x 10 3.02 y

i(11) OH + O - + OH' + O 1.2x10}02 2 3.0
,

L

(12) OH' + H + e, - + H O2 2.0 x 10 3.0 s ..

(13) e ,+ H + H O + OH' + H 4.5 x 10 3.0
0

2 2

(14) e - + H0 - + H O + OH + 20H' 2.0 x 10 367
2 2

<:i, ;i
(15) H+ + OH' + H O 11

2 1.4 x 10 '3.0 [b b -

(16) H O + H+ + OH' -5
2 2.6 x 10 3.0

(17) H + OH -* H O 10
2 2.0 x 10 3.0

(18) OH + H -* H + H O 4.5 x 10 7.0
7

2 2

(19) OH + H 02 2 -* H O + H0 4.5 x 10 4.5
7

2 2

(20) H + H 0 + OH + H 0 9.0 x 10 4.522 3

(21) H + O2 + H02 1.9 x 10 3.0 v
10

s

;y (22) H0 +O-+H+ 5
2 2 8.0 x 10 3.0

- 58 -
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\' .)
| x ,

,

1i,

Activation
l Rate Constant Energy.
| Chemical Reaction ' eat 25'c kcal/ mole)

(23) 0 - + H* + H0 5.0 x 10 3.0
10

2 2

7(24) H02+O-+O2 + H0 - 1.5 x 10 4.52 2
,

6
(25) 2H0 *H022+O2 2.7 x 10 4.5-

2
|'

2(26) 0-+ O +H022+O2 + 20H- less than 10 4.52 2 j

10(27) H + H0 * lI 0 2.0 x'10 3.02 22

10(28)H+O-+H0j- 2.0 x'10 3.0 42

10 *

(29) e -+0- + HO + OH' l.3 x 10 44.5 Eag g 2 2
<,

-

$p(30) OH +.H0{+H0-+HO 1.0 x 10 4.5 s<
2 2 2

I

0(31) H0 <+ 'N O + OH' + H 0 1.022 x 10 3.02 ; 2, 22 + q.
'

x
n'

f

r

g,

, ,

%

s.

t

|
.
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Transport of coolant containing H 0 , dissolved H ,o
2 2 2

' and 0 , from the core liquid volume to the torus2

; liquid volume.

|
'

l

'o Transport of H2 and 02 gas from the containment gas

volume to the coolant in the torus liquid volume.

o Removal of dissolved H2 and 02 gas from the coolant

in the torus liquid volume via transport to the

containment gas volume.

The introduction of H 0 , H , and 022 2 2 into the core liquid

. volume from the torus liquid volume in governed by the following

i equations:
!

1 [H20 ] = [HgO 3.r
' y,,c, ) (4.2a)2 2 1

dt
|

{

| J twi) = [wt]., ( _ hrs ) M.2b)Ot Yeare
i

,

idt[03*[.0].r ( ) (91C)_ g 2
-

v eare

-where.[X]. denotes the molar concentrations in the core liquid

volume, [X]T den tes the molar concentrations in the torus,

Q,,isthevolumetricflowrateinliters/sec.,andand

V is the core liquid volume.

,

|
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The radiolytic production rate for species "X" may be defined:

p thGxd [y] = P. E g,g
~d t A,y

- where:

.

P, is the initial core power level (in MW)*
t

i
|

G, is the initial yield from radiolysis in molecules
per 100eV absorbed dose.

V is the core region liquid volume, 2.548 x 105 liters is

| assumed.

!
|

E (t) is the p, y energy decay curve previously defined in~

p

Equation 3.13 in Chapter 3.

-A.t*
S. Y (t) - i@, YE K I k.e (4.3)o 1

i

3
A, is Avogadro's number 6.023 x 10 p,, ,,y,,

The effects of gas transport to and from the torus liquid

volume from the containment gas nlume may be modelled by
|

| noting the following rate law:

|
'
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Exh = ( d"," = he (+. lipw)- Rate b icSou)d
,,

(4.s)

The Rate of Transport to liquid in the torus (in Equation 4.5)

may be determined by noting that the rate of transport varies

with the partial pressure of gas within the containment volume.

.

I
_

d ris ,, I dp% Yeont-

[ Cs~

Y ,,, dt RT dt k
4

The rate at which the gas partial pressure in the containment

gas volume can change is proportional to the product of the

rate constant k (X) and P , hence:
T x

I da RT ( b* ) k (m g'v=
Ty%,V dt%

(4.7)

The Rate of Removal from liquid (in Equation 4.5) may be

determined by noting tb-* the rate of removal varies with the;

|

molar chemical concentration in the liquid:
[XQ

l dnv , gaty)[y],r
(4.s)V dt

terws

Hence, the net equation defining [X]T independent of other

source and sink effects would be as follows:

kT(X) fA RN(dT ~* T

(4.1)
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The equilibrium concentration of X may be defined by noting
'

that when:
!

[)(],30 (4.10a)

(N ~ _RT ytorvs ) ky(v) fX
L bt

(4. lob)T kg(N '

Specific values of k (X) and k (X) can be chosen that are
T R

analogous to Henry's Law of Solubility (from the solubility

| data in Volume III).

! [y), _ _L ( bt ) ky(Y) _- Sv
RT V .cos k (x) m

t xg
' (9.ti)
!

Hence, for a given k (X):
T

i %.n r m, k tx)k to g7 (,y wvs)-
y

a
Sx

( 9.12)

where:-

is the atomic (or molecular) weight in grams / mole,S, is-m

-3
the solubility in 10 gr/ liter H 0.

2

|
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!

The rate of removal of H 0 , H , and 02 2 2 2 from the core liquid
!

volume (and transport to the torus liquid volume is governed by;

1

the following equations.

fkH 0,] - -[Hz zl ( ["" )o (9.191
<.r.

j-[wa = -[Hz) ["'*;) . 4.i36)(
,

[ [o,] = -[0 ] ( VcoreUcore )(9,i3,)t

i

The treatment of the effects of chemical reactions assume
l

linearized homogeneous chemical kinetic rate laws (Reference 20).

'

t

Taking all of these factors into account, the net behavior of

the various species is summarized by the following rate laws:
|

|

| Molecular hydrogen, Ho
2

-[Hz). P.Egi,A k LH3 + kg[eq]*+ k,3[H)[e4]- G. s
| A.ve,re z

| - k,, LuatoH) + ( tHa,- tHa) V' ~ <H.i 4.)
icere

23r = (I.HJ-CHJr) k',*, + dr ( v[(kr(Hdfu,)
~ kg(H )[H,]y (4.14 b)2

Holecular oxygen, O :o
2

EN0 ][0 -][loJ = k [oH][H0 ] + kii[oH3[o"] + k
2 23 z 29

LO -]* - k., Ce43[Os]+k25 [No ]* + kt 25

- k,.i [H][0 ] + ([ot],-[.02]) V'''t (4.15a)g

V, eere.

f h [o ], = ltoJ- toJ4Q + -k-- (('j-" ) ky(oJ po,
i - k (od(Oz'), t+.is b)
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:

o Aqueous electron, e -:

fj,7, Ge, - k, e ;l - ke[e -l[H+]$-Ce4 = [1
,

| -k [e.;][oH] - k,[e ;l[H o ]- k5[eai][HO )
~

tg 2
3

!-k,[eai][ot]-2k,[efl*- kis [E4][H3
- k,,[e.i][ Hoi] - k Ces3[0[23

(4. !(a)

| o Atomic hydrogen, H:

g"+k,[f.a~g)4 kt .Edk N ]d 8

cf t {g}:: A.Veore!

+ k,,10H][H l - 2k [H]* - k [R3[0W']z 3 it

-k,3 [e.;3tw] - k,7 EH][oH3 -kuld3IWAl:

| -k [H3[0:3-k M *zl-k d * zi2i 27 i

(9.i7)

o Hydrogen peroxide, H 0| 22

k [0H]2 + k3[0i]*dt (Hg0 ] = P.Ep t4 3a-

2 4 q
ui g,y st

+ k,7 [H][ Hot] + k , [H0i]-k [Ea{3[MA]3 9

-k , [0H][H 0 ] -km,[H][HA]- kg,[0H-][Hpg]i 3t

+ ( [Hz 0,-[H 0 ]) Vc = (9.isa)o t2
Y aree

L1 T= dH 0]-[.H0),) (4.t<86)22
o Hydroxide radical, OH:

dt[0H]: GoM "5 11 'M "5 1* #
f,ycere

l
g (H][W 0 ] - k ["4 l[0H3 -2 k [0H]

'

i +k 23 3 i

. k o[oHl[H z] - kii f0H3Coi]- kn CH3C0HJi

- k,, [0HlLH 1 - k,q [oH3[HA]1

(9.i9)

Hydroxide ion, OH':o

J [ow-]- k,[e.il + k,[8 ail [on] + kyCeail[Hotl +k,[eq]2 + k,,few]Lai]
| + k,,[eail[H] +kig[e jl[Wod + kit [Hg ] + fg[0 '31o 2

+ k ,[e.i][.ot ] +k,,[Ho,-]-k<s foN 3 Cow] -k,,fH'Kon-]-

! 2
l m ww m



o Perhydroxyl radical, H0 *
2

j Coal = EE, c G,, + k,, [oHl[Hz s] + kg, [H][o2]o
,,

+k Co-Xw+1 - k [e4][w21- k .CoH]Ew ]
,

i z~

23 z

-k z (21 - kz. fw ][o']-2k ,fm lz2 2 z z 2 z

- E .,[w][Ho ]2 z
w.2,)

-

o Perhydroxyl ion, HO :

24 [Ho loi] + kg,[HRoi]
j [sog] = k.[e.O[H0z] + k t

+ k,, Ee.i [oc] + k,[or][Hz z]- k,, Eeg)[no,-3l o

- kg, [Ho ']z

(4.z2)

Hydrogen ion, H+:o
! F

k,. EW 0] + kzz [Ho 3 - ku[e.;1[H+] + sg
| h(H+]: 2 2

**''

- k,,[H+][0r] -k23 [oi][H+]
M.zs)

!

|
[

Oxideion,O}:o

f. toc]= k,te4Xo 1 + kz2.No ]- k Moc]|
s z ii

-k Coi3[H+1- k 4 [Mz][oi]-2 k25[0-]*2
'

23

-kr,[HXoil - kz, Ee il[oi3
| N.zv)

.

(
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4.1.3 CHOICE OF AN APPROPRIATE SIMULATION MODEL

To properly simulate the chemical kinetics, several alternate

codes were evaluated. At the time of the TMI-2 accident,

Knolls Atomic Power laboratory (K. A.P.L.) utilized Bureau of

Naval Reactors simulation codes to analyze whether or not
.

combustible mixtures of H and 0 e uld build up (Reference 21).2 2

In response to NUSCO inquiries over the availability of the

simulation codes used in this report, it was learned that the

codes are not in the public domain. The use of alternate codes

was then reviewed. The Staff of Argonne National Laboratory

(ANL) had also provided independent analysis of the TMI-2

Hydrogen bubble concerns (Reference 22) for the Kemeny Commission

(Reference 23). This analysis used a modified version of the
i

1

WR-20 computer code discussed in References'24 and 25. NUSCO

performed a preliminary analysis - (Reference 26) using WR-20.

|

| In performing the preliminary analyses (Reference 26), the need

to obtain a substantially faster running computer code and

ability to treat gas transport to and from the torus liquid was

1 t

| identified. WR-20 (Reference 25) was originally written for.
1

evaluation of pulse type radiolysis experiments which last for
|

! times on the order of milliseconds. The code is sufficiently
!

accurate for modelling short-term experiments bt:t would present-

severe limitations for evaluating long-term () 10 seconds)

radiolysis and recombination. What was desired was a code

which could provide an accurate representation of short-term
i

|
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kinetic': (such as WR-20) but could also be used for evaluating |
|

long-term stability, transport of dissolved gases to and from ;

the core, and the transport of gases to and from the torus from

the containment gas space, (such as the classified KAPL Codes).

Based on NUSCO's review of the available options, the FACSIMILE

Code (References 27, 28, and 29), written and owned by the

United Kingdom Atomic Enerty Authority (U.K.A.E.A.), was

selected. NUSCO subsequently obtained an exclusive use purchase

of the FACSIMILE Code in May 1982.

,

!

l

|
.

1

!

|
|
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4.2 BASE CASE DEFINITION

In order to understand the separate effects which impact radiolytic
,

decomposition and recombination reactions, it is necessary to first

define a BASE CASE which embodies a majority of the phenomenon

involved. The question of temperature variations and impurity
,

concentrations can then be treated as perturbations from a well-

defined steady state.

For the purposes of this analysis, it is noted that the Millstone

Unit I Boiling Water Reactor (B.W.R.) utilizes highly purified water

that is continually purified (under normal operation) to remove

trace impurities which have an adverse impact on corrosion control

and plant personnel radiation exposure. Unlike pressurized water

reactors (P.W.R.s) which employ numerous chemical additives (Boric

Acid, hydrazine, etc.) boiling water reactors operate with clean,

essentially neutral pH water. Additionally, unlike the alkaline

containment spray additives used in P.W.R.s, B.W.R.s utilize the

torus water which has essentially identical water purity as that

used for normal core cooling. In view of this, the analysis BASE'

CASE is a radiolysis/ recombination model assuming pure H O with
2

excess dissolved H and 02 gas reflective of specific f SHG2 Zr-H .0 and2 g
values determined in Section 3.3.2 of Chapter 3. The table in

Figure XVII summarizes the key input assumptions utlized in the BASE

CASE simulation.

'
- 69 -

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



FIGURE XVII

Key Input Assumptions Utilized in Base Case'

L Parameter Value -

Bases

Water Temp. 25*C -Minimizes the effect of the dominant recombina-
ation reaction:

H1 + OH ;H + (H O)2

V 2.5 x 105 liters -Smaller liquid inventory yields higher
average absorbed dose

-Decreases core mixing time constant
V 7.223 x 106 liters -Approximate design value

V 2.605 x 106torus liters -Tech. Spec. Value

M ,, 10,000 gpm -Mid range value of possible ECCS injectioncg

flows

f 1% -Slightly greater value than five times DBAzr-H 0
2- metal-water reaction

$ H"A- 110 lbs. -Maximi $mboiling time assumption (e.g.,0
equivalent of 12.0 hrs full core boiling)

p f0) 0.0339 atmos. -Corresponds to previously noted fH
E values for T = 25*C *"" 20,g

0.041 atmos. -Corresponds to previously noted fPO (0)g
(H 0 values for T = 25*C

zr-H 0'g
g

[H ](0) 2.63 x 10 moles / liter -Corresponds to previously noted f
~

2

(H 0 values for T = 25'C
zr-H 0'g

g
2 -5[0 ](0) 5-15 x 10 moles / liter -Corresponds to previously noted f

( values for T = 25*C zr-H O'L

k (O ) 1.0T -Pure assumption *

k (H ) 4.0 -Based on:T 2

Rate of H Diffusion in Gas %2 2

Rate of 0 Diffusion in Gas T2

7(0 )02' k (0 ) J cont 2 -Based on Equation 4.12 to assure equilibriumR 2
RT V So equivalent to Henry's Law Gas Solubility, u

RT(Vcont}%k(H)
Vk (H ) 1 2 T 2 -Based on Equation 4.12 to assure equilibrium

{
R 2

$ equivalent to Henry's Law gas Solubility,

- 70 -
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Figure XVIII shows the results of the long-term containment gas
; partial pressure calculations. As is noted in this figure, there is

a net continuous recombination of H2 and 02 gases initially generated!

as a result of the metal-water reaction and boiling phase radiolysis.

Figure XIX shows the time dependent concentrations of radiolytically

induced molecular, ionic, and radical species within the core liquid'
,

region. Previous analyses of post-accident hydrogen and oxygen

recombination (Reference 22) have shown that the net rate of recombi-

nation is sensitive to the rate of gas transport from the gas region
! to the liquid region. In general, however, the specific values of

these constants are unknown. Because of this sensitivity calculations

were carried out over a wide range of possible k (H ), k (0 )T 2 T 2
values. The results of these sensitivity calculations are shown in

Appendix G of Volume II. In general these sensitivity calculations

show that larger values of k (H ) and k (0 ) will increase the rateT 2 T 2

of recombination but will have no impact on the long-term equilibrium

values of P adP
H2 g.

4.2.1 Evaluation of Sensitivity to Core Flow Rate-

[

i

Experiments conducted by Zittel (Reference 12) at Oak Ridge
i

National Laboratory (0.R.N.L) indicated a slight sensitivity to

the core volumetric. flow rate. 'The chemical kinetics equations-

all show a linear' dependence on core flow rate in the rate at

which the torus liquid volume equilibriates with the core

liquid volume. Equilibrium between the torus and core volumes

essentially defines the equilibrium values (e.g.:
[H ] = [H ]T)*2 2
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Figure XVIII

BASE CASE Ccntainment Gas Partial Pressums vs. Tine (at 25'C)

!
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Figure XIX

m M Ture Dependent Ccncentraticns of Padiolytically Induced species (at 25 C)
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|

To evaluate the dynamic sensitivity to the core volumetric flow

rates a series of simulation runs were carried out in which Yeore
was varied upwards and downwards by a factor of 10. The

i results of these calculations are shown in Figure XX. (Computer

runs are documented in Appendix H of Volume II). As shown in

this figure, increasing the core volumetric flow rate speeds up

the rate of recombination, whereas the equilibrium values of

[H ] and [0 ] are unaffected.2 2

!

4.2.2 Evaluation of Sensitivity to Extent of Zr-H O Reaction, 2
i

I

! Clearly a major factor promoting the net continuous recombination
1
l

of the H2 with 02 in the containment is the excess H2 Present

| as a result of the assumed Zr-H O reaction. The BASE CASE2

initial conditions for P and P w re chcsen to simulate02 H2

slightly more than the five times DBA f I" # **Zr-Hg "*1"**0
\
' to assure the widest possible range of " safe" post-accident

conditions within the containment it is necessary to examine

the sensitivity of the BASE CASE results to the chosen value of

the extent of the Zr-H O reaction: f2 Z r-Hg,0 *

The minimal possible initial H2 overpressure would be for the

| case where: f = 0.0. In this case de only signmcant
Zr-Hg0

source of H2 is from boiling phase radiolysis. Figure XXI

shows the results of the containment gas partial pressure

| analysis for fh-Hg0 = 0.0. As noted in this figure there is

;
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Figure XX

MSE CPSE SciSITIVITY 'IO CORE VOLLIEIRIC FIIM RATE
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Figure XXI

BASE CASE Sensitivity to Dctent of Zr-H O Reacticn
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only a slight decrease in P and P as long-term equilibriumH2

values are attained.

-

An additional case of interest is the limiting Millstone Unit I

f value determined in Section 3.2 (e.g.: f = 0.00612).Zr-Hg0 zr-Hg0
The results of this cimulation are essentially identical to the

fZr-Hg0 = 0 case. (The FACSIMILE Simulations for these cases

are documented in Appendix I of Volume II.)

l 4.2.3 EVALUATION OF TEMPERATURE SENSITIVITY

Temperature effects equilibrium levels of dissolved H and 0
2 2

in two ways:

gas solubility is temperature dependent, hence k (X) ando
T

k (X) will vary as a function of the water temperatureR

the rates of chemical reactions occurring during thec

recombination phase are temperature dependent (increasing

temperature increases the chemical reaction rates)

,

I The variation in gas solubility is treated in this analysis by

adjusting the solubility using the data found in

Volume III.

Adjustment of the chemical reaction rates for different water

temperatures may be accomplished via Arrhenius' Law which

- 77 -
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states that the rate of a chemical reaction (or: k.(T)) varies1

with temperature as follows:

:

~

\

-E./RT*k (T) = A e (4.25)g g

where: A is a proportionality constant-

g
:

E is the activation energy in cal./ moleg

i

R is the Gas Law constant,

liter * atm spheresR = .08205 mole 'K

|
'

T is the absolute temperature in 'K.
l

All of the basic chemical reactions shown previously in Figure XI

have rate constants experimentally measured at 25'c (298.15'K

or 77'F). These constants may be extrapolated to higher

i temperature values by noting the ratio of rate constants for
l
'

two different temperatures is:

| -E./RT-*k;(T) _ Aep
g

-k.(T ) -E./RT1 'lAe
i

-E./R (f1 - 1)* * 1
f (4.26)o
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Hence:

-E/R(f~f)g

k (T) = k (T,)e (4.27)g

To extrapolate the rate constants for water temperatures of

25*C, 50 C, 75*C, 100*C (respectively: 298.150K, 323.150K,
e

348.150K, and 373.150K) a short computer program was written.

This program and the results are shown in Appendix J of Volume II.

Using these temperature dependent values the BASE CASE was

re-evaluated. Figures XXII and XXIII show the results of these

comparisons. (FACSIMILE simulations are also documented in

Appendix J of Volume II).

4.3 EFFECTS OF FISSION PRODUCT AND CHEMICAL IMPURITIES
!

Section 4.2 evaluated a BASE CASE which assumed essentially pure

(neutral pH) water with excess dissolved H and 0 . Numerous
2 2

researchers in the past have noted the potential impacts of impurities

on the recombination rate. The potential mechanism by which impurities

can alter the recombination rate is by removal of H and OH radicals

which are necessary to recombine the H and 0 , via xidation and
2 2

; reduction reactions. This potential exists because of the fact OH
!

is a strong oxidizing agent, whereas H in a strong reducing agent.

Denoting a typical halide impurity as: M', the effects of this

impurity in the water can be summarized via the following half-cell

reactions.

- 79 -
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Figure XXII

Ccntairrent Gas Partial Pressures vs. Time (at 100*C)
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Figure XXIII

| Time Dependent Concentraticns of Radiolytically Induced Species (at 100'C)
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o Reduction of OH radical via oxidation of M~

~ ~

OH + e = OH
~

'M = M + e-
~ ~

OH + M = OH +M (4.28)

o Oxidation of H radical via reduction of M -

H = H+ + e
~

-

e + M = M'
H + M = H+ + M (4.29)

~

Captureofe,[viareductionwithMo

e ai + M + M~ + (H O) (4.30)l 2

.

In view of the fact that the recombination reactions in general lead to

chain reactions converting H and 0 back to water, the potential impact
2 2

of these impurities is to break up the chain reactions by replacing H, OH
'

with H+ and OH". (Similar effects are possible for metallic impurities

such as Fe.+2)

|
'

To understand the quantitative impacts of impurities, it is necessary to

utilize a model developed by Jenks and Greiss (Reference 30) for the case.

of excess dissolved H and 0 . Jenks and'Greiss demonstrated that for
2 2

the case where radiolysis/ recombination is occurring in water with excess

dissolved H and 0 , the following standard reactions are heavily favored:
2 2
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k'
2 ; H02 + OH-(7) e -+O

(18) OH + H2 > H + (H O)2
-

(21) H+O 2 > H02

25
(25) 2H02 H022+O2

<

(32) H02+H02 > OH + O2+ (H O)2 2

The main effects of impurities are summarized by the following

oxidation / reduction reactions:

M*"+H M *'"'') + H +(331) i i

(s4;) M ;*" + e Mi '"'') + (H o)+-

t

(351) M i +'"-'I + OH M;+" + OH -

- where M denotes any one of several species of impurities.g

When chemical equilibrium is achieved, the following rate

equations describe the equilibrium concentrations:

0 = g-[4;+'"-')] = k ; [H3e, [M '"3q + k ; [Q3,9[.M "3e3d 39 i33 i

-k ,; [oH3,3 L M i *'"~''],33

(4.31)

bzibH)e3[O],5[No ] = k ,'[Ca{],$ [0 3r$ +0 g2g

W0],9- 2k ,[H0 3 -k32. 2 t2 2 2 '1

Ot.32)
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|

Cry, - k . EH0 3e3 [H 0,],$0- [H 0a]= 32 2 t1

25 .H0sle*gf+k-

.

(4. 33)
1

-

A. % ,
1

- k,, [pH]q [W ],$ -ks[0H3<dM;""~'I3cq3

l

(4. 34)

|

; o= j ta) = P. Ep;rtil s + k,, CoH1,3 C Hal,,- k , f w],,[o ],32

A b.
.

" k ,i j i fj1

(+.35)

|

{f 2

-6,,,te4,m*],3
(4.36)

.

1
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To algebraically solve this system of equations, Jenks and

Greiss noted that there is only one reaction converting the

excess H back to water, namely:2

k,i
O H + H ----+ H + ( H o)g g

Defining the rate of H O production via H e aversion as "R "'2 2 R

the rate of oxidation of M may be expressed:
i

km [M;"a-')],, Tg,
L . CoH3,3IM;y,,~,,3 3 w.37)

=
35'

k,. E.W )qt

Adding the equations defining the equilibrium concentrations of

H0 and H 0 yields the following:2 22

32 [W0s],1[%00,$ : Gry , k25 [Wo 3,|
*

| 2k g

A.%n

+ k,'Ceq].3 C%k + ku (W3,,Eg]q

m.ss)
|

Subtracting the equations defining the equilibrium concentrations

of H0 and H 02 2 yields an expression for k25 [ 0 l*92 2

ka[WoJ,*, = heodoil.3 + y' [93 lo2]y9

- P.Ep.yd) g%
i -A.wre w.st)

! This expression may be substituted into Equation 4.38 yielding:

| k H0 ]# WLZ]ti Q + {b-]9(0*]#E 1
_ 32 1W

.s e1,9
3 N.4o)
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,

L , ,

Utilizing this expression for the rate 'oP reaction of liO with
2

H0 in the equation defining [0Hleg yie ds the following.22

b fj 1 Cj
+

! cat H 0g ioH-

2

k s [04],$ [# ]q[Wf, bog,)e$
+ i t8

,,

-k BON]'135i 81 ,

(4.4i)

Now substituting in:

R=kig [oH3,3 [H 3<3g

k s C C '1 ,3 en
k ., CoH],3 CM;*-''3e3=

3
3

N NN .Eit 1 %_|

i

the following can be obtained:-

i

o= R En @ (3G,72G,,,,) + ki [ey],,[0 3,3t

A.h
{ g. +(n-8).

+kai[W),3%),3 - 3 R ( 1 + g"{,, 7 g,' '' )
'

g

(9.4z)
'

-s

To obtain a complete solution of this equation, equations must

be obtained for e, - and H, specifically:

L .ecce.o.,toas3
.
''

| \.3
.i(.

| * kzi[43e3[0sle
f ' 't ) ,i '
O

The equation defining equilibrium H concentration may be

expressed: 0: [H}: 6fg + k g ~ k gl 381 1]'i*

A.%
- k ; [43e3 [Mi*333 9 14.43) ; ..
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h

Solving for kg [H] [0 I yields:2q

kg (N)c3[0 ],3 = A %. Gy + Rg-kys;[Hk[M;"3e93

(4.99)

Using the equation defining equilibrium e, - concentrations, an

expression can be obtained for k ' [e, ~~ ]eq [0 l*97 2 ,

k / Lef .3 [0 l
= f,"y# G,4 - kw; [A;],3 [M;*],3l tq

(4.45)

Substituting these expressions (Equations 4.42, 4.43) into

Equation 4.40 yields:

o = f E ' $ ( 3G , +2 G,,,,+ Cr,3 + G )S-

A.Wre

- y;[H39[M;*"3,9 -ksq;[#ailes E M;~)'1-

R, (2 + 3km [M;%,)-

kig [W ]q (H.W,) S -'
t,

s - *
,

Subtracting the equation defining Equilibrium M +(n 1) concentration
g

from this expression yields:
,,

O=P.EdC(3G + 2G,,,, + G,4 + Gu)
'

ouA be ,y ,,,p

+ k ; [04),,[M:+'a-''J,3 - R= (2 + "( c' ''i)35 ,

| (q.99
1

Noting that:

k ; [MI dj35 ";x

R''| ku; [ol0glMi"''''3*i k,,[He'],9
"

An expression for the net recombination rate can now be defined:

g" _ _P. En iy , 3G,, + 2 G,,,, + G,4 + Ga
A e bre. ~ 2 + ku; LMi '''~' Des (4 48)

kia CH 3<am
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|

|

|

This equation may be directly compared to the net rate of

decodposition of H O based on G eie as:2 -H O,g

~

1
i

! PoE (t)
R O' Y 0
D*AV -H Ui I (4.49)8 core

By definition, if it is assumed that chemical equilibrium

exists and:

4

l SY-

2H O y 2H2+O2 (4.50)2

|

! then the net rate of recombination must equal the net rate-

! of decomposition for the existing dcse intensity. This
|

| allows the direct computation of an upper limit on the
1

impurity levels in water where radiolytic stability is

assured for a given dissolved level of H2 gas. To define
|

this limit, it is noted that equilibrium breaks down when:
1

(4.51)-

1

bb R
|

SubsthtutinginforR and R and then simplifying yields theD R
i

following relationship for the breakdown of equilibrium.

kg5;bi >< b t1 3 81 boM Ngh 8*k
^

+{Gw-\.%,)
N.52.)
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Substituting in for the G values from Figure V, it is noted:

|

that-

i
1

G0H = 2.34

GH 0 = 0.70gg
G
eaq- = 2.31

GH = 0.55

G-H o = 3.74 (Reference 5)t

|

l Hence:

& ku,[m;*-''] 3, o.9s k Diz],3>

|
$ (4.53)

It is now necessary to evaluate the specific types of impurities

( (M ) present and how effectively they react with OH radicals.g

i

| There are basically three types of impurities likely to be

present in the coolant water following an accident.
1

i
|

Suspended solids related to the damaged claddingj o

|

Gordon, Schmidt, and Honekamp in Reference 22 noted that

while zirconium oxide or hydroxide may become suspended in

, the water af ter an accident where an extensive Zr-H,0
| '

I
reaction has taken place, the zirconium ions tend to

I hydrolyze very easily via the equilibrium reaction:
l
i

Zr(OH)4 + H* ' Zr(OH)s +HO (4.54)w 2
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K, = 7 x 10

(In range of pH E 6, the ratio Zr(OH)3 r(OH)4 e 1.4 x

10 .) Because of the very low solubility product of

Zr(OH)4 (K,p = 1.1 x 10 ), the amount of Zr in solution

as hydroxide or ion would be negligible.

o Fission product impurities

These species in the reactor coolant are the result of

fuel damage caused by prolonged inadequate core cooling.

Large concentrations of these types of impurities in

coolant water can only occur if substantial overheating of,

the clad (and hence generation of excess H fr a the
2

Zr-H O reaction) has already occurred. These impurity2

effects are discussed in Section 4.3.1.

Chemical impurities not related to fuel damageo

,

A number of trace metallic and halide type impurities can

also be present in the coolant water. In this regard, it

must be noted that the operation of the Reactor Water

Cleanup System may be precluded due to excessive activity

in the coolant. Hence, metallic impurities will be

limited to the levels existing in the core at the start of

the accident. These types of impurities are discussed in

Section 4.3.2.

- 90 -



4.3.1 Fission Product Impurities

|

While the activities present in reactor coolant following

severe damage to the fuel may be appreciably large from a

radiological point of view, a majority are relatively small

from a chemistry point of view. A good example of this is
,

an analysis of the molar concentrations of fission products

present in the reactor coolant following the TMI-2 accident.

! Reference 23 provided a summary of the results of various

chemistry samples analyzed by Bettis Atomic Power Laboratory,

Oak Ridge National Laboratory, and Savannah River Laboratory

| following the TMI-2 accident. The measured activities (in

pC/ml) can be converted to molar concentrations via the following
i

|
equation.

!

10

[X](moles / liter) = 2 (pC/ml)(10' )(3.7 x 10
A /C sec)

(sec-1)(6.023 x 1023 / mole)
(4.55)

| Ut:lizing this expression, the table in Figure XXIV was prepared

using the highest activity values measured. In reviewing the

results of these calculations, it is noted that the only

i

| fission product isotopes of significance from a chemistry
1

3 90 131 133
point of view are: Cs , Sr ,3 ,7 which upon combining

31 133
1 and I all have concentrations greater than 9.0 x

~

10 moles / liter. All other fission product species exist in

concentrations far too rarefied to have any significant impact

on the recombination reactions. With regard to using THI-2

- 91 -



- -.

.

FIGURE XXIV

COMPARISON OF ISOTOPE ACTIVITIES AND CONCENTRATIONS
IN THE TMI-2 REACTOR COOLANT

\
-

Radioisotope
Decay Constant Activity ConcentrationRadioisotope Half-life Data Source

X (see"I) X(l
X t1/2 (sec.) A A ) (X] ( e}m

31 5 -6 0 ~7I 6.912 x 10 1.00281 x 10 1.4 x 10 Bettis 8.576 x 10
4 -6 3I 7.488 x 10 9.25677 x 10 6.8 x 10 Bettis 4.513 x 10

~

34 7 -8 I -7Cs 6.307 x 10 1.09897 x 10 6.3 x 10 Bettis 3.522 x 10
l 6 2 -8Cs 1.123 x 10 6.17118 x 10 1.8 x 10 Bettis 1.792 x 10

~

-10 2 -5Cs 9.461 x 10 7.32651 x 10 2.7 x 10 Bettis 2.264 x 10
9 0 ~7 0 -9Sr 4.32 x 10 . 6045 x 10 5.4 x 10 Bettis 2.067 x 10

90 8 -10 I -6Sr 9.145 x 10 7.57915 x 10 5.0 x 10 ORNL 4.053 x 10
,

l06 7 -8 1 -7 'Ru 3.179 x 10 2.18003 x 10 3.6 x 10 Bettis 1.014 x 10
l0 6 IBa 1.106 x 10 6.1676 x 10 2.1 x 10 Bettis 2.058 x 10''

~

136 (m) 3.5 x 10'I 1.98042 x 10 9.0 x 10 SRL 2.792 x 10
0 I -15Ba

0 5 -6 2 ~9La 1.44 x 10 4.81352 x 10 1.6 x 10 ORNL 2.042 x 10
99 5 -6 2Mo 2.376 x 10 2.91728 x 10 1.8 x 10 ORNL 3.790 x 10 '

~

I 5 -6 2 -9Te 2.808 x 10 2.46847 x 10 2.0 x 10 Bettis 4.977 x 10
Ce 'I 6l

2.765 x 10 2.50704 x 10" 1.05 x 10 SRL 2.573'x 10-8

1

-92-
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post-accident chemistry samples for analysis of radiolysis at

Millstone Unit I, it should be noted that the TMI-2 accident is

clearly an accident beyond the normal design bases of the

plant. Hence, use of THI-2 fission product impurities represents

a significant level of conservatism over normal DBA conditions

at Millstone Unit I in spite of the differences in core power

ratings and total anticipated liquid inventories.

.

To define the types of ionic species likely present in the

coolant water, the results of a review of post accident fission

product chemistry carried out in Reference 31 was utilized.

Based on Reference 31, it may be concluded that the following

molecules and ionic species are the most likely to be found.

o Cesium (Isotopes: Cs , Csl34)137

CsI + CS + * I "

(inSOILAbIS)Cs0H

cs* is predominant

- 93 -
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i 9)o Strontium (Predominantly: Sr
l
l

2 (n t as chemically stable as CsI)-+ Sf + + 21~sri
,

Sr(OH)2 --+ S r (OH[ + o H "(possibit.)

Sr 'IS pffdom*Inant
1

( o Iodine (Isotopes: I ,I )

51
HI w H+ + 7.~

I
3

I
*

.

CH I
3

1
'

10
3

HOI
1

1 HOI" (not chemically stable)

I' 15 domiriafit
With regard to the types of oxidation / reduction reactions

capable of causing a breakdown in equilibrium, the following is

noted.

o Reactions involving Cs

'Ibe only potential Cs reaction which could scavenge W radicals is:
| Cs* + m -+Cs+2 , g-

-however as with all other alkali metals (e.g.: scdium, lithium,
1

potassium, etc.) the rate ccmstant is so small it is not possible

l - 94 -
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|

to experimentally measure. llence Cn' ions pone no real threat to

breaking down the natural recombination processes.

o Reactions involving Sr

The only potential Sr reaction which would scavenge Gi radicals is:

Sr+2 + gi Sr+3 ,gg-

Again, the rate constant of this is too small to be experimentally

measured, hence Sr+2 ions pose no threat to breaking down the natural
.

recombination reactions.

O Reactions involving I

The net scavenging reaction is: 1 + Q1 - ' I + GI , via :

I~'- + GI ---+ H OI- ~(fast): OH + I
can have an effect if the I concentration is excessively large. The

10measured rate constant is: k _ = 1.2 x 10 based on Reference 19.y

In reviewing the results of the TMI-2 post-accident chemistry sample,

however, where total iodine concentrations was on the order of

3.2 x 10-6 coles / liter *, if it were assumed that all iodine were in the

formofI-ions,theproductk_(Ijegisstilllessthanofy

18(H)eq,when0.95k 2 H eq is computed for the postulated range of

TMI-2 accident fZr-H O values. The key itetn to be recalled is that
2

the excessively large values of dissolved I can only occur from

extensive fuel damage and hence large f values (which yieldZr-H O2
correspondingly large H eq values.)2

*This value was obtained by correcting for stable, and long-lived

radioactive iodine isotopes (1127; 1129) using results from the

ORIGEN Coda.

|
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On the other end of the accident spectrum where: fZr-II 0 = 0.0,
2

dissolved H concentrations will be 7.9 x 10-6 moles / liter (note:2

Figure IX on page 45). Assuming severe iodine spiking as a result

of a transient of roughly 50 pC/ml or 1.15 x 10-8 moles / liter,

18[H2 eq is 2.44 times greater than k Meq.0.95k Hence netg

recombination would still be predicted.

The same is true for todate ions (10 -). Based on equilibriation3 -

calculations in Reference 31 at 25 C, (I-)eq n [IO -}eq by'0
3 several

orders of magnitude. Furthermore, the measured rate constant (Reference
719) is roughly 5 x 10 in the pH range of interest.

Because of this iodate ions also pose no real threat to breaking down

the natural recombination processes.

In view of these considerations of the fission product impurities in

! chemically appreciable concentrations, only the iodide ion species

are of significance to the question of radiolysis and recombination.

The chief mechanism which prevents these species from breaking down

the natural recombination tendency is the fact that their existence

in significant concentrations can only occur along with substantial H2

generation. This concern is clearly self-limiting in nature. Of

greater concern would be the impurities which are not related to fuel

damage and whose existence is independent of the extent of the metal

water reaction. These are discussed in the following section.
|

4.3.2 Chemical Impurities Not Related to Fuel Damage r

As noted in Section 4.3, a third potential source of impurities

capable of disrupting the normal recombination process are

- 96 -
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impurities not related to the damage of reactor fuel. These include

halide impurities (predominantly Cl-) beyond the capability of the

water purification systems and the matallic type impurities normally

formed as a result of " crud" buildup.

In accordance with Tech, Spec. 3.6.C.4 the feedwater quality at Millstone

Unit 1 is maintained to chloride levels of less than .5 ppm via water

treatment *. These chloride concentrations correspond to a molar "

concentration of [CIil = 1.4 x 10-5 moles / liter. Deviations from
this limit requires a plant shutdown. Additionally, the potential4

of this level of Cl interferring with recombination is further

diminished by noting that the rate constant of the reaction:

OH + Cl- M C10H-
!

| 1s less than 1 x 106 (Reference 19) and the rate constant for reaction

with H is less than 1 x 105 (Reference 18). Because of these consi-

derations, chloride ions have an insignificant potential for disrupting

i

recombination.t

| Metallic ion impurities are another potential source for scavenging

!
' OH and H radicals.
|
|

|

.

* Nominal chloride levels are in the range of 20 ppb, (Cl-) = 5.6 x 10-7
moles / liter.

|

|
:

I
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To obtain a conservative estimate of the particular

species and concentrations of soluble impurities the

, results of a detailed chemistry sampling program at the Brunswick
1

-

Unit 2 B.W.R. were utilized (Reference 32). The highest

measured concentrations are summarized in the table in Figure XXV.

In Appendix K of Volume II analysis is performed to define the
-

predominant ionic forms of the impurities. This review concludes

that assuming the +2 oxidation state for the impurities is
.

suf ficiently conservative. As noted in the table, various

insoluble iron oxides are the predominant impurity species by

several orders of magnitude, but the soluble iron (assumed to

be mainly Fe+2) is only in the ppb range. There are several'

, effects which can alter levels of impurities.
!

l

| o . severe reactor transients were determined to cause a 475%

increase in soluble iron. (Reference 32).
|

l

I
decreasing water temperature is known to increase solubility! o

l of certain impurities.

I o operation of the Low Pressure ECCS systems will provide

dilution effect from water not normally exposed to'the
|

| impurities coming from the feedwater.and condensate-'

|

systems. (Note that the torus liquid volume is roughly-

10.4 times the anticipated' core liquid volume.)

1
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FIGURE XXV

METALLIC CORROSION PRODUCT IMPURITIES

|

Insoluble Species Soluble Species Soluble Species
Metallic Concentration Concentration Molar Concentration(Impurity) (ppb) (ppb) (moles / liter)

Fe 520 6.9 1.236 x 10"I
Zn 0.64 0.69 1.055 x 10~0

Cu 4.1 17.0 2.676 x 10~7

Co 0.34 0.28 4.75 x 10~9,

Mn 0.32 1.4 2.55 x 10 -8

Ni 30.0 12.0 2.044 x 10~7

;

I
I

!

|
,

t

!

l

!

!

!

i

|
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Based on a review of the reaction rates of these impurities

with OH radical the following may be noted:

Fe+2 + OH - -> Fe+3 + OH" k = 3.4 x 10o

Cu*2 + Oil --> Cu+3 + OH" k = 3.5 x 10
8o

Co+ OH ---> Co+3 + OH" k = 2.0 x 10
6+o

.

Ni+2 + OH ---> Ni 3 + OH" k = 5.0 x 10
5o

Zn+2 + OH i Zn+3 , gg- k = 5.0 x 10
5o

Mn+ + OH > Mn+3 + OH- k = 1.4 x 10o

By considering the reaction rates and the relative molar

concentrations of impurities it may be concluded that only Fe,
,

Cu, and Mn impurities are of significance to the question of

radiolysis and recombination. To provide sufficient conservatism

in the analysis to bound possible abnormal impurity concentrations

the maximum impurity levels below (Reference 36) are assumed.

These. values are substantially above the worst case observed

levels of metallic impurities based on data provided by General

Electric Company, (e.g., they include data from reactor startups

when such impurities are at maximum values).

[Fe* ] = 32.775 ppb = 5.871 x 10'I soles / litero

[Cu+2] = 30 ppb = 4.722 x 10' soles / litero

[Mn+2] = 25 ppb = 4.554 x 10 moles / liter-7o

Again utilizing the stability criteria defined in Equation 4.53,

spontaneous nr.tural recombination can only breakdown when:

4 k,,,[M;*~'9 > o 9s k,,[Hz39 of.56)q
- 100 -

_ ___



|

|

|

Upon making substitutions for the impurity reactions:

m[M;W],g = kg,43. [Fe+21 + keja W23e[w Mkk
3

* '428. W
l M.57)

Whereas: at T = 25'C (where k is at a minimal value) thegg

potential values of the recombination term are as follows when
bH O = 110 lbs.:2

I f [HlIIZ(inmolg7yIge)r) 0.95k33[H }Zr-H O 2 22

7.92x10[00.00 338.58-3
1 x 10 9.75 x 10 416.81
2x10[3 1.16x10[5 495.903
5 x 10 1.71 x 10 31.03-3 -56.12x,}0 1.92 x 10 20.80-51 x 10 2.63 x 10 1124.33
5 x 10"2 9.98x10[f 4266.45,

| 1 x 10,3 1.92 x 10,4 8208.00
2 x 10,3 3.75 x 10,4 16031.25

'

5 x 10 9.27 x 10 39629.25

If it were assumed that less boiling phase radiolysis had
,

occurred (e.g.,b H O = 14 lbs) the following would be obtaind:
2

f [H I(I 0.95k18[H l(inmoles7$lke)r)Zr-Hg0 2 Z 2

-60.00 1.62 x 10 69.26~3 -61 x 10 3.46 x 10 147.92-3 -62 x 10 5.3 x 10 226.58-3 -55 x 10 1.08 x 10 461.70-3 56.12x,30
2.0x10}5
1.29 x 10 855.00

1 x 10 3997.13-2 -

5 x 10 9.35 x 10 7908.75-1 -41 x 10 1.85 x 10 15774.75
2 x 10'I 3.69 x 10'' 39330.00

In either case, it is important to note the following:
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;

For the metal-water reaction requiring minimal amount ofo

radiolytic decomposition to reach the flammability (f
Zr-Hg0

= 6.12 x 10' ), the reactor coolant is stable against any

further radiolytic decomposition at the time boiling

ceases.

<

For accidents yielding greater metal-water reactions thano

-3fZr-Hg0 = 6.12 x 10 , the reactor coolant is even more stable

| against further radiolytic decomposition,

For accidents in which the extent of the metal-watero

reaction is very small (generally less than f
Zr-Hg,0 *

.002) there will be additional net radiolysis until the

dissolved H level in the coolant builds up to a level2

j where equilibrium between radiolytic decomposition and

recombination is achieved. (It should.be pointed out that

these accident scenarios correspond to the best estimate

for normal ECCS response to design basis LOCA, e.g.,

Zr-H g .002).f 5

The pertinent questions to be asked at this point are:

|

o How much net radiolysis will have to occur to assure

| equilibrium?
i

What are the impact of this on the flammability limito

margins in containment?

102 .
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|
To addressing the first question the stable level of H is

2
i

given by solving for [H ] in Equation 4.53:
2

h k ; {M;+(n-i)''[Hg],g B 35 ;ei ~- .co3xio-" **''5/w
ks ( 51. 5 s )

0.95I
. i

| By utilizing Equation 3.26 it is possible to solve for E"2
!
' (the extent of net radiolysis) in terms of the magnitude of

,

E II
Zr-Hg0'

[H3,3 = 1.003 x tr5 M8/tt,ct

"k(h)l% + 2 f,,,,,,,g, + g,,b,3
i M.st)

Then:

g,j ( Xu,+ 0 CH 1 % . - n , - 2.f.,,,, n ,| u yt 3 3

X Hg

H.60)

Substituting in values yields the following expression:

|

6y,, = 141.738 lbs. - ( 2.so34 xso+)f

m.so
|

|

To address the question of the impacts of this additional net-
1

radiolysis on containment flammability of the table in Figure III

| may be consulted. This table summarizes the amount radiolytic

decomposition necessary to achieve flammability for a given
'

l extent of metal-water reaction. Taking into account sensitivities

I and uncertainties, it is still important to note that: two to

three times the values de. fined in Equation 4.61 are necessary

in order to barely reach flammability.

103 _
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| The significant of this analysis is as follows:
1
1

I

t

! When worst case metallic corrsion product impurities areo
l

; assumed the radiolytic decomposition is either stabilized

as a result of the metal-water reaction or by the net

radiolysis necessary to achieve dissolved H e acentrataons
2

defined in Equation 4.58.

| o In either case the H , 0 ntainment gas concentrations2 2

are below the limits of flammability.

;

I
|

i

i
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CHAPTER S

THE NEED FOR ADDITIONAL COMBUSTIBLE GAS CONTROL FEATURES
.

:

5.0 EFFECTIVENESS OF INERTING

;

The analyses carried out in this report has shown that if the

containment is pre-inerted with excess N , such that initial 0
2 2

concentrations are at or below 4% then:

o there is no metal-water reaction envisioned which can yield

flammability.

o large metal-water reactions add. excess H to the containment-
2

which is actually beneficial for two reasons:

(a) it acts as a diluent for 02 gas which is the critical
limitation in avoiding flammability.

(b) it promotes the stabilization of the radiolytic decomposition

'

and recombination process and allows one to cope with

large impurity concentrations in the water.

o very small.netal-water reactions will result 12 n-t radiolysis-

that adds excess H t the extent that further radiolysis is
2

stabilized for the existing impurity concentration present.

The H and 0 gases added were shown to be insufficient to
2 2
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yield flammable mixtures even when maximum possible impurity

levels were assumed.

-

The most desireable feature of inerting is that it amounts to a

passive combustible gas control scheme requiring no additional

mechanical or operator actions. This is important due to the fact
<

that it permits the plant operators to focus attention on more

critical safety functions such as:

I

o assuring long term decay heat removal.

o assuring logn term containment heat removal.

o assuring containment integrity.

By taking credit for N inerting and-the natural physical processes
2

. occurring when radiation interacts with water, it has been shown

that there is no need to take credit for either containment purging

or for post-accident N Pressurization, in order to assure combustible
2

! gas control.

t

l

|
t

!

|
|

|

|

!
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| 5.1 EFFECTIVENESS OF BACKFITTING RECOMBINERS

i
-

1

This analysis has demonstrated that one of the key physical features,

*

for assuring combustible gas control is the existence in all cases

of an H2 gas overpressure in the containment. This H2 gas overpressure

assures a dissolved H e ncentrati n in co lant liquids which is2
C

sufficient to stabilize radiolysis (but which is insufficient to

become flammable). In assessing what a recombiner unit will do

| towards combustible gas control the following should be kept in

mind:

o removal of the H and 0 gas from the containment gas via a
2 2

recombiner system will reduce the overpressure that these gases

exert on the coolant water.

reduced H ,01 gas overpressure decreases H and 02 gas s lubilityo t
2

in the coolant water.

l
| o reduced gas solubility implies that more H and 0 888 "ill

2 2

leave the coolant water and enter the containment gas region,
1

| thus reducing dissolved gas concentrations in the coolant.

|
|

| o if a substantial reduction in dissolved H2 gas concentration

occurs, net radiolysis and generation of more H and 0 888
2 2

will ensue in an attempt to restore the equilibrium balance.

i
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In short: backfitting a recombiner system to an already inerted
containment may achieve little. This is because it attempts to
" fight" a physical process which desires to seek an equilibrium
condition.

t

1

|

|

|
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NOTICE

This report was prepared by Northeast Utilities Service Company (NUSCO)
pursuant to a contract with Northeast Nuclear Energy Company (NNECO).
Neither NUSCO nor NNECO, nor their employees, nor any other person acting
on behalf of those companies makes any warranty or representation,
express or implied, with respect to the use of any information, apparatus,
product or process disclosed in this report with respect to its accuracy,
completeness, or usefulness or that its use would not infringe privately
owned rights, nor do the companies nor their employees, nor any other
person acting on behalf of the companies assume any legal liability or
responsibility with respect to the use of, or for damages which might
result from the use of, any information, apparatus, product or process
disclosed in this report.
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APPENDIX A

CURVEFIT AND ERROR ANALYSIS OF H -02 2

FIA N ILITY DATA

In order to facilitate the determination of the impacts of short term

metal-water reactions and radiolysis on flammability within the containment '

simple curvefits were generated using the IBM 370 package for curvefitting

and plotting: SKETCHIT (Reference 2).

Figure A-1 shows the input data for the upper region (where [H I
2 lim

varies as a function of [0 ]c) and the error analysis. Figure A-2 shows2

the resultant fitted curve which is used throughout the analysis discussed
in this report.
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APPENDIX B

CALCULATION OF THE IMPACTS OF Zr-H O
2

REACTION ON CONTAINMENT GAS CONCENTRATIONS

i

In order to assess the impacts of the short term Zr-H O reaction, a
2

simple calculation was performed for varying values of f Figure
Zr-H .02

B-1 is a listing of the computer program used to calculate [0 I and2c

[H ]c 8' * I""C'I " ff with all values expressed in %. Figure B-22 Zr-Hg0

shows the results of this calculation which is plotted in Figure B-3.
,
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APPENDIX C

CALCULATION OF EXTENT OF RADIOLYSIS NECESSARY TO

REACH FLAMMABLE GAS CONCENTRATIONS

In order to perform a large number of scenario calculations (varying
fZr-Hg0 and (Hg0) which lead to flasunable containment gas mixtures, a

simple computer program was written (shown in Figure C-1).

The extent of the metal water reaction (in %) is input as I = f
Zr-HgG

+ 1. The extent of radiolytic decomposition (in lbs.) is then varied in

lb. increments starting at 1.0 lb. until the [H }c (in %) er sses into2

the flammable region. When this occurs, the calculation is stopped. The

last printed value of 6H O corresponds to the extent of radiolysis2

required to yield a flammable containment gas concentration. Roughly 30

such calculations were subsequently carried out for varying f
Zr-Hg,0

values.

Figure C-2 is a typical output listing for the case of f
Zr-HgG = 1 As

noted on the final page of output, the necessary extent of radiolysis

needed to yield flatanable mixtures in 1980 lbs. Figure III of Section 3.2

summarizes the results of these calculations.

- _ _ _ _ _ . . _ _ .
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FORTRAN IV G LEVEL 21 MAIN DATE = 82146 10/21/35 PAGE 0001

C
C CALCULATION OF LBS. OF H2O THAT MUST DECOMPOSE.
C JOHN BICKEL ,

C
0001 REAL*8 CH.CO.X F
0002 I = 15
0003 N:t
0004 30 CONTINUE
0005 J20 F:DFLOATII-Il u .30-1
0006 CH:(2.00eFe3.5291605 * Me25.17800 + 2.7085D2 3/

A (2.00eFe3.52916DS + M*37.76700 + 2.7085051
0007 CH a CH # 1.002

.

0008 CO e (Mal 2.58SD0 + 1.0834D4) /
B (2.00*Fe3.5291605 * M*37.76700 + 2.7085053

0009 Y a CO a 1.002
0010 CO a CO # .10-1 -

0011 X a -0.711937602 + .202086802sf -0.105430ncinyant
C +0.1990303D-laymm3

0012 ~IF (CH.LE.XI GO TO 60
0013 N:Nel
0014 -WRITE (6.1003 N.F.CH.Y X 5

0015 100 FORMATt 5X.IS.4t 5X.D10.3 3 3
0016 GO TO 30
0017 60 CONTINUE
0016 STOP
0019 END

-

,

FIG, C-l
.
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181 0.1000 00 0.2750 02 0.308E 01 -0.1280 02
102 0.1400 00 0.2750 02 0.348E 01 -0.1280 08
183 0.1400 00 0.2750 02 0.3t9E 01 -0.187D 02'
184 0.1400 00 0.2750 02 0.349E 01 -0.1270 02
185 0.1400 00 0.2750 02 0.349E 01 -0.1260 02
186 0.1400 00 0.2750 02 0.349E 01 -0.1260 02
187 0.1400 00 0.2750 02 0.350E 01 -0.1260 02
ISS 0.1400 00 0.276D 02 0.350E 01 -0.125D 02
189 ,

0.1400 00 0.2760 02 0.351E 01 -0.124D 02
0.1400 00 0.2760 02 0.350E 01 -0.1250 02

190
#

191 0.1400 00 0.2760 02 0.351E 01 -0.1240 02
,

192 0.1400 00 0.2760 02 0.351E 01 -0.124D 02
193 0.1400 00 0.2760 02 0.352E 01 -0.1230 02
194 0.1400 00 0.2760 02 0.352E 01 -0.1230 02
195 0.1400 00 0.2760 01 0.352E 01 -0.1220 02
196 0.1400 00 0.2760 02 0.352E 01 -0.122D 02
197 0.1400 00 0.2760 02 0.353E 01 -0.122D 02

r 198 0.1400 00 0.2760 02 0.353E 01 -0.121D 02
1 199 0.1400 00 0.276D 02 0.353E.01 -0.121D 02

200- 0.1400 00 -0.2760 02 0.354E 01 -0.1200 02
201 0.1400 00 0.2760 02 0.354E 01 -0.1200 02
202 0.1400 00 0.2760 02 0.354E 01 -0.1200 02
243 0.1400 00 0.276D 02 0.355E 01 -0.1190 02 s
204 0.1400 00 0.2760 02 0.355E 01 -0.1190 02
205 0.140D 00 0.276D 02 0.355E 01 -0.1180 02
206 0.1400 00 0.276D 02 0.355E 01 -0.1180 02
207 0.1400 00 0.276D 02 0.356E 01 -0.1170 02.

'
208 L 3.1400 00 0.2760 02 0.356E 01 -0.1170 02
209 0.1400 00 'O.276D 02 0.356E 01 -0.1170 02
210 0.1400 00 0.276D 02 .0.357E 01 -0.!!60 02
211 0.140D 00 0.276D 02 0.357E 01 -0.!!60 02
212 0.1400 00 0.2760 02 0.357E 01 -0.1150 02
113 0.1400 00 0.2760 02 0.358E 01 -0.1150 02
214 0.1400 00 0.2770 02 0.358E 01 -0.1150 02
215 0.1400 00 0.277D 02 'O.358E 01 -0.1140 02
216 0.1400 00 0.2770 02 0.353E 01 -0.1140 02 I;'

217 0.1400 00 0.277D 02 0.359E 01 -0.1130 02
218 0.1400 00 0.2770 02 0.359E 01 -0.1130 02
219 0.1400 00 0.2770 02 0.359E 01 -0.1130 02
220 0.1400 00 0.2770 02 0.360E 01 -0.112D 02

.221 0.1400 00 0.2770 02 0.360E 01 -0.1120 02
222 0.1400 00 0.2770 02 0.360E 01 -0.112D 02
223 0.1400 00 0.2770 02 0.361E 01 -0.1110 02

,

224 0.1400 00 0.2770 02 0.36tE 01 -0.1110 02 *

225 0.1400 00 0.2770 02 0.361E 01 -0.1100 02
226 0.1400 00 0.2770 02 , 0.361E 01 -0.1100 02

] 227 0.1400 00 0.2770 02 0.362E 01 -0.1100 02
,

228 0.1400 00: 0.277D 02 0.362E 01 -0.109D 02
229 0.1400 00 0.2770 02 0.362E 01 -0.1090 02
230 0.1400 00 0.2770 02- -0.363E 01 -0.1080 02
231 0.1400 00 0.2770 02 0.363E 01 -0.108D 02
232' O.1400 00 0.2770 02 0.363E 01 -0.10S0 02
233 0.1400 00 0.2770 02 0.363E 01 ' -0.1070 02
234 0.1400 00 0.277D 02 0.364E 01 -0.1070 02
235 0.1400 06. 0.277D 02 0.364E 01 -0.106D 02
236 ,0.1400 00 0.2770 02 0.364E 01 -0.1060 02
237 0.1400 00 0.2770 02 0.365E 01 -0.106D 02
238 0.1400 00- 0.277D 02 0.365E 01 -0.1050 02 -,

239 0.1400 00 0.2780 02 0.365E 01 -0.105D 02
240 0.1400 00 0.2700 02 0.366E 08 -0.1040 02
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301 0.1400 00 0 8800 02 0.383E O! -0.8080 01302 0.140D 00 0.2800 08 0.384E 01 -0.8040 01303 0.1400 00 0.2G00 02 0.384E 01 -0.8000 01304 0.1400 00 0.2800 02 0.384E 01 -0.7960 01305 0.1400 00 0.2000 02 0.385E 01 ,-0.7930 01
'306 0.1400 00 0.2800 02 0.385E 01 -0.7890 01'
307 0.1400 00 0.2800 02 0.385E 01 -0.7850 01308 0.1403 00 0.2800 02 0.3e6E 01 -0.7810 01 .

309 0.1400 00 0.2800 02 0.386E 01 -0.778D 01 -
310 0.1400 00 0.2800 02 0.306E 01 -0.7740 01
311 0.1400 00 0.2800 02 0.386E 01 -0.7700 01
312 0.1400 00 0.2800 02 0.387E 01 -0.766D 01313 0.140D 00 0.2800 02 0.387E 01 -0.762D 01384 -0.1400 00 0.2800 02 0.387E 01 -0.7590 01315 0.1400 00 0.2800 02 0.388E 01 -0.7550 01
316 0.1400 00 0.2800 02 0.38SE 01 -0.751D 01317 0.1400 00 0.281D 02 0.388E 01 -0.7470 01
310 0.1400 00 0.281D 02 0.388E 01 -0.7440 01 t

319 0.1400 00 -0.2810 02 0.389E 01 -0.7400 01
320 0.1400 00 0.281D 02 0.389E 01 -0.7360 01
321 0.1400 00 0.281D 02 0.389E 01 -0.7320 01
322 0.1400 00 0.281D 02 0.390E 01 -0.7280 01

. 323 0.1400 00 0.281D 02 0.390E 01 -0.7250 01
324 -0.1400 00 0.2810 02 0.390E 01 -0.7210 01

s

325 0.1400 00 0.281D 02 0.390E 01 -0.7170 01 ,

- 326 0.1400 00 0.281D 02 0.391E 01 -0.713D 01
327 0.140D 00 0.2810 02 0.391E 01 -0.7100 01
328 0.1400 00 0.281D 02 0.39tE 01 -0.706D 01
329 0.1400 00 0.281D 02 0.392E 01 -0.702D 01 ~

*

330 .0.140D 00 0.2810 02 0.392E 01 -0.6990 01
331 .0.1400 00 0.281D 02 0.392E 01 -0.6950 01
332 0.1400 00 0.2810 02 0.393E 01 -0.691D 01
333 0.1400 00 0.281D 02 0.393E 01 -0.687D 01 -
334 0.1400 00 0.281D 02 0.393E 01 -0.6840 01
335 0.1400 00 0.2810 02 0.393E 01 -0.6800 01
336 0.1400 00 0.281D 02 0.391E 01 -0.6760 01
337 0.1400 00 0.2810 02 0.394E 01 -0.672D 01
338 0.1400 00 0.281C 02 0.394E 01 -0.6690 01
339 0.1400 00 0.281D 02 0.395E 01 -0.6650 01
340 0.1400 00 0.281D 02 0.395E 01 -0.661D 01 *

!341 0.1400 00 0.2810 02 0.395E 01 -0.6580 01
342 0.1400 00 0.281D 02 0.395E 01 -0.654D 01
343 0.1400 00 0.2820 02 0.396E 01 -0.6500 01

. 344 -0.1400 00 0.2820 02 0.396E 01 -0.6460 01
. 345 0.140D 00 0.282D 02 0.396E 01 -0.6430 01
346 0.1400 00 0.2820 02 , 0.397E.01 -0.6390 01
34 7 0.1400 00 0.282D 02 0.397E 01 -0.6350 01
348 0.1400 00 0.2820 02- 0.397E 01 -0.6320 01
349 0.1400 00 -0.2820 02 0.397E 01 -0.6280 01 ,

350 0.1400 00 0.2820 02 0.398E 01 -0.6240 01
351 0.1400 to 0.282D 02 0.3?8E 01 -0.6200 01
352 0.1400 00 0.2820 02 -0.398E 01' -0.6170 01
353 0.1400 00 0.2820 02 0.399E 01 -0.6130 01
354 0.1400 00 0.2820 02 0.399E 01 .-0.6090 01

~355 0.1400 00 0.2820 02 0.399E 01 -0.6060 O!
356 0.1400 00 0.2820.02 0.399E 01 -0.602D 01

1357 0.1400 00 0.282D 02 0.400E 01 -0.5980 01
350 0.1400 00 0.282D 02 0.400E 01 -0.5950 01
359 -0.1400 00 -0.2820 02 0.400E 01 -0.591D 01
360 0.1400 00 0.282D 02 0.401E 01 -0.5870 01
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1381 0.1000 C0 0.3170 02 0.669E 01 0.2280 02
1388 0.1000 00 0.3170 02 0.669E 01 0.2280 02
1383 0.1000 00 0.317D 02 0.669E 01 0.2280 08
1384 0.14C0 00 0.3170 02 0.669E 01 0.2280 02
1385 0.1400 00 0.3170 02 0.670E 01 0.2280 02
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'1390 0.14C0 00 0.3100 02 0.671E 01 0.2290 02
,1391 0.14CD 00 0.3180 02 0.671E 01 0.1100 02 <
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1395 0.1400 00 0.3180 02 0.672E 01 0.230D et
1396 0.1400 00 0.318D 02 0.672E 01 0.2310 02
1397 0.1400 00 0.3180 02 0.673E 01 0.2310 02
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1420 0.14CD 00 0.3190 02 0.678E 01 0.2360 02
1421 0.1400 00 0.3190 02 0.678E 01 0.2360 02
1422 0.1400 00 0.3190 02 0.678E 01 0.2360 02 -

i

1423 0.1400 00 0.3190 02 0.679E 01 0.2360 02 ;
1424 0.1400 00 0.3190 02 0.679E 01 0.2360 02 '

1425. 4.1400 00 0.3190 et 0.679E 01 0.2370 02
1426 0.1400 00 0.3190 02 ,0.679E 01 0.2370 02
1427 0.1400 00 0.3190 02 0.680E 01 0.2370 02
1428 0.1400 00 0.3190 02 0.680E 01 0.2370 02
1429 0.1400 00 0.3190 02 0.680E 01 0.2370 02
1430 0.1400 00 0.3190 02 0.680E 01 0.2380 02 .

1431 0.1400 00. 0.3190 02 0.681E SI 0.2380 02 !

1432 0.1400 00 0.3190 02 0.601E 01 0.2380 02 .

1433 0.1400 to 0.3190 02 0.68tE 01 0.2360 02
1434 0.1400 00 0.3190 02. 0.681E 01 0.2380 02
1435 0.1400 00 0.3190 02 0.682E 01 0.2390 02

1436 0.1400 00 0.3190 02- 0.682E el 0.2390 02
1437 0.1400 00 0.3190 02 0.602E 01 0.2390 02
1438 0.1400 00 0.3190 02 0.602E 01 0.2390 02

1439 0.1400 00 0.3190 02 0.683E 01 0.2390 02
1440 0.1400 00 0.3390 02 0.683E 01 0.2400 02

. _ .s . ,
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1501 0.1400 00 'O.3210 02 0.697E 01 0.2520 03
- 1502 0.1000 00 0.3310 02 0.097E 01 0.2520 02

1503 0.1400 00 0.3210 02 8.698E 01 0.2520 02
1504 0.1400 00 0.3210 02 0.698E 01 0.2520 02

i 1505 0.1400 00 0.3210 02 0.69eE 01 , 0.2530 02
1506 8.1400 00 0.3210 02 0.698E 01 0.2530 02

'

; 1507 0.1400 00 0.3210 02 0.698E 01 0.2530 02 -

- 1508 0.1400 00 0.3210 02 0.699E 01 0.2530 02
1509 0.1400 00 ~0.3210 02 0.699E 01 0.2530 02

-1510 0.1400 00 0.3210 02 0.699E 01 0.2540 02
1511 0.1400 00 0.32:0 02 0.699E 01 8.2540 02
1512 0.1400 00 0.3210 02 0.700E 01 0.2540 02,

1513 0.1400 00 0.3210 02 0.700E 01 0.2540 02
1514 0.1400 00 0.3210 02 0.700E O! 9.2540 02.

1515 0.1400 00 0.3210 02 0.700E 01 0.2550 02
1516 0.1400 00 0.3210 02 0.701E 01 s.2550 02
1517 0.1400 00 0.3220 02 0.701E 01 0.2550 02
1518 0.1400 00 0.3220 02 0.701E 01 0.2550 02

' 1519 0.1400 00 8.3220 02 0.701E 01 0.2550 02
1520 0.1400 00 9.3220 02 0.702E 01 0.2560 02

- 1521 0.1400 00. ' O.3220 02 0.702E 01 0.2560 02
1522 0.1400 00 0.3220 02 *8.702E 81 0.2560 02
1523 0.1400 00 8.3220 02 S.702E 01 0.2560 02 8

1524 0.1400 00 0.3220 02 0.702E 01 0.2560 02
1525 0.1400 00 0.3220 02 0.703E 01 0.2570 02
1526 0.1400 00 0.3220 02 8.703E 01 0.2570 02 '

1527 9.1400 00 8.3220 02 0.783E 91 0.2570 02 *
.

1528 0.1400 00 0.3220 02 0.703E 01 S.2570 024

1529 0.1400 et 3.3220 02 0.704E 01 8.2570 02 -

1530 0.1400 00 0.3220 02 0.704E 01 0.2580 02
1531 0.1400 00 , 0.3220 02 0.704E 61 0.2580 02 *

1532 0.1400 00 0.3220 02 0.704E S1 0.2580 02
1533 9.1400 00 9.3220 02 0.70$E 01 0.2580 02 1

1534 0.1400 00 0.3220 02 0.705E 01 0.2580 02
'

1535 0.1400 00 'O.1220 02 0.705E 01 8.2580 et
1536 9.1400 to 0.3220 02 6.705E 01. 0.2590 02

,

1537 -0.1400 et 8.3220 02 0.705E 01 0.2590 02
1538 0.1400 00 0.3220 et 0.706E 01 0.2590 02 6

, 1539 0.1400 OS 9.3220 02 0.796E 01 0.2590 02 ,

1549 0.1400 00 0.3220 82 9.706E 91 0.2590 02 6

1541, 0.1400 00 0.3220 02 0.706E 01 9.2600 02
1542 0.1400 00 9.3220 02 0.707E 01 0.2600 02 *

>.

1543 0.1400 00 9.3220 02 0.707E 01 0.2600 02
1544 0.1400 00 8.3220 02 0.707E 01 9.2.00 02
1545 0.1400 et 0.3220 02 0.707E 01 -0.2600 02
1546 0.1400 00 9.3220 02 , 0.708E 01 0.2610 02
1547 S.1400 00 0.3220 02 8.798E 01 0.2610 02
1548 0.1400 00 0.3220 02 0.708E 81 0.2610 02
1549 0.1400 00 0.3220 02. 0.708E 01 0.2610 02
1550 0.1400 00 0.3230 02 0.708E 01 0.2610 02 .

1551 0.1400 00 0.3230 et 4.709E 01 0.2620 02
~1552. 8.1400 80 0.3230 02 0.709E 01 0.2620 02
1553 -0.1400 90 9.3230 et 4.709E 01 0.2620 02
1554 0.1400 00 0.3230 02 0.709E 01 0.2620 02.
1555 0.1400 00 0.3230 02 0.710E 01 0.2620 02
1556 0.1400 et 0.3230 02 9.710E 01 0.2630 02
1557 0.1400 00' -8.3230 02 0.710E 01 0.2630 02
1558 8.1400 00 0.3230 02 0.710E 01 0.2630 02 i

.1559 0.1400 00 0.3230 02 0.711E 01 0.2630 02
1569 0.1400 00 0.3230 02 0.711E 01 0.2630 02
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L

1561 0.1000 00 0.3230 02 0.711E 01 0.863D 02
1562 0.1000 00 0.3230 02 0.711E 01 0.2600 02

.1503 0.1400 00 0.3230 02 0.711E 01 0.2640 02 !1564 0.1400 00 0.3230 02 0.712E 01 0.2640 02 !1565 0.1400 00 0.3230 02 0.712E 01 0.2640 02 ',

1566- 8.1400 00 0.3230 02 0.712E 01 0.2640 02
[1567 0.1400 00 .0.3230 07 0.712E 01 0.2650 02

1568 0.1400 00 0.3230 02 0.713E 01 0.2650 02
1569 0.1400 00 0.3230 02 0.713E 01 0.2650 02
1570 0.1400 00 0.3230 02 0.713E 01 0.2650 02
1571 0.1400 00 0.3230 02 0.713E 01 0.2650 02
1572 0.1400 00 0.3230 02 0.714E 01 0.2660 02
1573 0.1400 00 0.3230 02 0.714E 01 0.266D 02
1574 0.1400 00 0.3230 02 1.714E 01 0.2660 02

.1575 0.1400 00' O.3230 02 0.714E 01 0.266D 02 '
-

1576 0.1400 00 0.3230 02 0.714E el O.266D 02
1577 0.1400 00 0.3230 02 0.715E 01 0.267D 02
1578 0.1400 00 0.3230 02 0.715E 01 0.2670 02
1579 0.1400 00 0.3230 02 0.715E 01 0.2670 02

[1580 0.1400 00 0.3230 02 0.7!SE 01 0.2670 02 '

1581 0.1400 00 0.3230 02 0.716E 01 0.267D 02 !*
1582 0.1400 00 0.3230 02 0.716E 01 0.2670 02 l

*

1583 0.1400 00 0.3240 02 0.716E 01 0.2680 02 *

*
1584 0.1400 00 0.3240 02 0.716E 01 0.2680 02 *

1585 9.1400 00 0.3240 02 0.717E 01 0.2680 02 '

1586 0.1400 et 0.3240 02 0.717E 01 0.2600 et .

1587' O.1400 De 0.3240 82 0.717E 01 0.2680 02
1588 0.1400 to 0.3240 02 0.717E 01 0.2690 02

f1589 0.1400 00 0.3240 02L 9.717E 01 0.2690 02
1590 9.1400 00 0.3240 02 0.710E 01 0.2690 02
1591 0.1400 00 0.3240 02 0.718E 01 0.2600 02 !>

1592 0.1400 00 0.3240 02 0.710E 01 0.2690 02
1593 0.1400 00 0.3240 02 0.710E 01 0.2700 02
1594 0.1400 00 0.3240 02 0.719E 01 0.2700 02
1595 0.1400 00 0.3240 02 0.719E 01 0.2700 02
1596 0.1400 00 0.3240 et 0.719E 01 0.2700 et
1597 0.1400 00 0.3240 02 0.719E 01 0.2700 02
1598 0.1400 00 0.3240 02 0.720E 01 0.2700 02 '

1599 0.1400 09 4.3240 02 0.720E 01 0.2710 02
1600' O.1400 09 0.3240 02 0.720E 01 0.2710 02 -

1601 0.1400 00 0.3240 02 0.720E 01 0.2710 02
'1602 0.1400 00 0.3240 02 0.720E 01 0.2710 02

1603 0.1400 00 0.3240 02 0.721E 01 0.2710 02
1604 - 0.1400 00 .0.3240 02 0.721E 01 'O.2720 02
1605" 8.1400 00 0.3240 02 0.721E 01 0.2720 02
1606 0.1400 00 .0.3240 0( 0.721E 01 0.2720 02
1607 0.1400 00 0.3240 02 0.722E 01 0.2720 02
1606 0.1400 00 0.3240 02 0.722E 01 0.272D 02
1609 0.1400 00 0.3240 02 0.722E 01 0.2720 02
1610 0.1400 00 0.3240 02 0.722E 01' O.2730 02
1611 0.1400 00 0.3240 82 0.723E 01 0.2730 02
1612 0.1400 00 0.3240 et 0.723E 01 0.2730 02
1613 0.1400 00 9.3240 02 0.723E 01 0.2730 02
1614 0.1400 00 0.3240 02 C.723E 01 0.273D 02,

1615 0.1400 06 0.3240 02 9.723E 01 0.2740 02
1616 70.1400 00 0.3250 02 0.724E 01 0.2740 02
1617 0.1400 00 0.3250 02- 0.724E 01 0.2740 02
1610 0.1400 00 0.3250 92- 0.724E 01 0.2740 02
1619 0.1400 00 0.3250 02 0.724E 01 0.2740 02
1620 0.1400 00 _0.3250 02 0.725E.91 0.2750 02

. >
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1801 0.1400 00 0.3300 02 0.765E 01 0.3000 02
1802 0.1000 00 0.3360 02 0.766E 01 0.3070 02
1803 0.100D 00 0.3300 02 S.766E 01 0.307D 02
1804 0.140D SO 0.3300 02 0.766E 01 0.307D 02
1805 0.1400 00 0.3300 02 0.766E 01 0.3070 02,
1806 0.1400 00 0.3300 02 0.766E 01 0.3070 02
1807 0.1400 00 0.3300 02 0.767E 01 0.3070 02 '1808 0.1400 00 0.333D 02 0.767E 01 0.308D 02
ISO 9 0.1400 00 0.3300 02 0.767E O! 0.308D 02

.

* 1810 0.1400 00 0.3300 02 0.767E 01 0.308D 02
1811 0.1400 00 0.3300 02 0.768E 01 0.3080 02
1812 0.1400 00 0.3300 02 0.768E 01 0.3080 02
1813 0.1400 00 0.3300 02 0.768E 01 0.3080 02

. 1814 0.1400 00 0.330D 02 0.76SE 01 0.3090 02* .
1815 0.1400 00 0.3300 02 0.768E 01 0.3090 02
1816 0.1400 00 0.3300 02 0.769E 01 0.3090 02
1817 0.1400 00 0.3300 02 0.769E 01 0.309D 02
1818 0.1400 00 0.3300 02 0.769E 01 0.3090 02

t 1819 0.1400 00 'O.3300 02 0.769E 01 0.3090 02'

1820 0.1400 00 0.3310 02 0.770E 01 0.3100 02 1
1821 0.1400 00 0.3310 02 0.770E 01 0.3100 02
1822 0.1400 00 0.3310 02 0.770E 01 0.3100 0:
1823 0.1400 00 0.3310 02 0.770E 01 0.3100 02 i
1824 0.1400 00 0.3310 02 0.770E 01 0.3100 02
1825 0.1400 00 0.3310 02 0.771E 01 0.3100 02

,
'

1826 0.1400 00 0.3310 02 0.771E 01 0.3110 02
.1927 0.1400 00 0.3310 02 0.771E 01 0.3110 02
1828 0.1400 00 0.3310 02 0.771E 01 0.3110 02
1829 0.1400 00 0.3310 02 C.772E 01 0.3110 02 j

~
;1830 0.1400 00 0.3310 02 0.772E 01 0.3110 02 '

1831 0.1400 00 '0.3310 02 0.772E 01 0.3110 02
1832 0.1400 00 0.3310 02 0.772E 01 0.3120 02

, 1833 0.1400 00 0.3310 02 0.772E 01 0.3120 02
1834 0.1400 00 0.3310 02 0.773E 01 0.3120 02'
1835 0.1400 00 0.3310 02 0.773E S1 0.3120 82
1836 .0.1400 00 0.3310 02 0.773E 01 0.3120 02
1837 0.1400 00 0.3310 02 0.773E O! 8.3120 02
1938 0.1400 00 0.3310 02 0.773E 01 0.3130 02

~ 1839 0.1400 de 0.3310 02 0.774E 01 0.3130 02
1840 0.1400 00 0.3310 02 0.774E 01 0.3130 02
1641 0.1400 00 0.3310 02 0.774E 01 0.3130 02
1642 0.1400 00 0.3310 02 0.774E 01 0.3130 02
1643 0.1400 00 0.3310 02 0.775E 01 0.3130 02
1844 0.1400 00 9.3310 02 0.775E 01 0.3140 C2
1845 0.1400 00 0.3310 02 0.775E 01 0.3140 02
1846 0.1400 00 0.3310 02, 0.775E 01 0.3140 02
1647 0.1400 00 0.3310 02 0.775E 01 0.3140 02 -

1648 0.1400 00 0.3310 02 0.776E 01 0.3140 02
1849' O.1400 00 0.3310 02 0.776E 01 0.3140 02
1850 0.1400 00 0.3310 02 0.776E 01 0.3140 02

*

1851 0.1400 00 0.3310 02 0.776E 01 0.3150 02
1852 0.1400 00 0.3310 02 0.777E 01 0.3150 02

'1853 0.1400 00 0.3310 02 0.777E 01 0.3150 02
1854 0.1400 00 0.3310 02 0.777E 01 0.3150 02
1855 0.1400 00 0.3320 02 0.777E 01 0.3150 02
1856 0.1400 00 0.3320 02 0.777E 01 0.3150 02
1857 0.1400 00 0.3320 02 0.778E 01 0.3160 02
1858 0.1400 00 0.3320 02 0.778E 01 0.3160 02-
1859 0.1400 00 0.3320 02 0.778E 01 0.316D 02
1860 0.1400 00 0.3320 02 0.778E 01 0.3160 02

Ii
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1861 0.1000 00 0.3320 02 0.77CE 01 0.31S0 024

'1862 0.1400 00 0.3320 08 0.779E 01 0.3160 02
i1263 0.1000 00 0.3320 02 0.779E 01 0.3173 02 L

1864 * 0.1400 00 0.3320 02 0.779E 01 0.3170 02 4
i 1865 0.1400 00 0.3320 42 0.779E 01 .0.3170 02

1666 0.1400 00 8.3320 02 0.780E 01 0.3170 02
1867 0.1400 00 0.3320 02 0.780E 01 0.3170 02
1868 0.1400 00- 0.3320 02 0.780E 01 0.3170 02
1869 0.1400 00 0.3320 02 'O.780E 01 0.3180 02
1870 0.1400 00 0.3320 02 0.781E 01 0.3180 02

i 1871 0.1400 00 0.3320 02 0.781E 01 0.3160 02
[1872 0.1400 00 0.3320 02 0.781E 01 0.3180 02 '

1873 0.1400 00 0.3320 02 0.781E 01 0.3180 02
1974 0.1400 00 9.3320 02 0.781E 01 0.3180 et |
1875 0.1400 00 0.3320 02- 0.782E 01 0.3190 02 l

1876 0.1400 00 0.3320 02 0.782E 01 0.3190 02' a ;1877 0.1400 00 0.3320 02 0.782E 01 0.3190 02
t

1878 0.1400 00 0.3320 02 0.782E 01 0.3190 02 .

1879 0.1400 00 0.3320 02 0.782E 01 0.3190 02
1880 0.1400 00 0.3320 02 0.783E 01 0.3190 02

|!~ 1881 0.1400 00 0.3320 02 0.783E 01 0.3200 02
1882 0.1400 00 0.3320 02 0.783E 01 0.3200 et
1883 0.1400 00 0.3320 02 0.783E 01 0.3200 02 8

1884 0.1400 00 0.3320 02 0.784E 01 0.3200 et
1885 0.1400 00 0.3320 02 0.784E 01 0.3200 02
1886 0.1400 00 0.3320 02 0.784E 01 0.3200 02-
1887 0.1400 00 0.3320 02 0.784E 01 0.3200 02
1864 0.1400 00 -8.3320 02 0.784E 01 0.3210 02
1889 0.1400 00 0.3330 02 0.785E 01 0.3210 02
1890 0.1400 00 0.3330 et' O.785E 01 0.3210 02

- 1991 -0.1400 to 0.3330 02 0.785E 01 0.3210 02
1892 0.1400 00 0.3350 02 0.785E 01 0.3210 02 I,

1893 0.1400 00 0.3330 02- 0.786E 01 0.3210 et
i

1894 0.1400 00 0.3330 02 0.786E 01 0.3220 02 !
- 1895 0.1400 00 9.3330 02 0.706E 01 0.3220 et i

1896 0.1400 00 9.3330 02 0.786E 01 0.3220 02 |
1897 0.1400 00 0.3330 02 0.786E 01 0.3220 e2 !

- 1890 0.1400 00 0.3330 02 0.787E 01 0.3220 et i

1899 0.1400 00 0.3330 02' O.787E 01 0.3220 02
1900 0.1400 00 0.3330 02 0.787M 01 0.3230 02
1901 0.1400 00 0.3330 et ^0.787E el 8.3230 02 *

,

1902 0.1400 OG 0.3330 02 0.788E 01 0.3230 et -

1903 0.1400 00 0.3330 02 0.788E 01 0.3230 02 !

. 1904 . 0.1400 00 0.3330 et 0.788E 01 0.3230 02 i'
1905. 8.1400 00 0.3330 02 0.788E 01 0.3230 02 i
1906 0.1400 00 0.3330 02 , 0.788E 01 0.3240 02 '

i 1907 0.1400 00 9.3330 02 0.789E 01 0.3240 02
1908 0.1400 00 0.3330 02 0.789E 01 0.3240 02
1909 8.140J 06 0.3330 02 0.789E 01 0.3240 02

f 1910 ,0.1400 00 0.3330 02 0.789E 01 0.3240 02
! 1911 0.1400 00 0.3330 02 0.789E 01 0.3240 02

1912 0.1400 00 0.3330 02 0.790E 01 0.3240 02
1913 0.1400 00 0.3330 02 0.790E 01 0.3250 et

| 1914~ 4.1400 00 0.3350 02= 0.790E 01 0.3250 02
1 1915 0.1400 00 0.3330 02 0.790E 01 0.3250 02
l ' 1916 0.1400 00 9.3330 02 0.791E 01 0.3250 02 '

1917 0.1400 00 0.3330 02 0.791E 01 0.3250 02
1918 0.1400 00 9.3330 02 0.791E 01 0.3250 02
1919 0.1400 00 0.3330 02 0.791E 01 0.3260 02
1920 0.1400 00 0.3330 02 0.791E 01 0.3260 02 '

o
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It21 0.1400 00 0.3333 02 0.7T2E 01 0.3160 02
1722 0.It00 00 0.3330 02 0.792E 01 0.3260 02
1923 0.1t00 00 0.3330 02 0.792E 01 0.3260 02
1924 0.1400 00 0 3340 02 0.792E 01 0.3260 02
1925 0.1400 00 0 3140 02 0.793E 01 0.327D 02,

1926 0.1400 00 0.3340 02 0.793E 01 0.327D 021927- 8.1400 00 0.33'O 02 0.793E 01 0.3270 02
1928 0.1400 00 0.3340 02 0.793E 01 0.3270 02
1929 0.1400 00 0.3340 02 C.793E 01 0.3270 02
1930 0.1400 00 0.3340 02 0.794E 01 0.3270 02
1931 0.1400 00 0.3340 02 0.794E 01 0.3270 02
1932 0.1400 00 0.3340 02 0.794E 01 0.3280 02
1933 0.1400 00 0.3340 02 0.794E 01 0.3280 02
1934 0.1400 00 0.3340 02 0.794E 01 0.3280 02
1935 0.1400 00 0.3340 02 0.795E 91 0.3280 92
1936 0.1400 00 0.3340 02 0.795E 01 0.3280 #21937 , 0.1400 00- 0.3340 02 0.795E 01 0.3280 02
1938 0.1400 00 0.3340 02 0.795E 01 0.3290 G2
1939 0.1400 00 0.3340 02 0.796E 01 0.3290 02
1940 0.1400 00 0.3340 02 0.796E 01 0.3290 02
1941 0.1400 00 0.3340 02 0.796E 01 0.3290 02

~1942 0.1400 00 0.3340 02 0.796E 01 0.3290 02
1943 0.1400 00 9.3340 02 0 796E 01. 0.3290 02 *

11944 0.1400 00 9.3340 02 0.797E 01 0.3290 02
1945 - 8.1400 00 0.3340 02 - 0. 797E - 01 0.3300 02
1966 0.1400 00 0.3340 02 0.797E 01 0.3300 02 '

1947 0.1400 00 0.3340 02 0.797E 01 0.3300 02
1948 0.1400 00 0.3340 02 0.797E 01 0.3300 02
1949 0.1400 00 0.3340 et 0.798E 01 0.3300 02

,

1950 0.1400 00 0.3340 02 0.798E 01 0.3300 02
,

1951 0.1400 00 0.3340 02 0.798E 01 0.3310 02
1952 0.1400'00 0.3340 02 0.798E 01 0.3310 02
1953 0.1400 00 0.3340 02 0.799E 01 0.3310 02

,.

-
, 1954 0.1400 00 0.3340 02 0.799E 01 0.3310 02

. 1955 0.1400 00 0.3340 02 0.799E 01 0.3310 02
1956 0.1400 00 0.3340 02 0.799E 01 0.3310 02
1957 0.1400 00 0.3340 02 0.799E 01 0.3320 02
1958 't.1400 00' O.3340 02 0.800E 01 0.3320 02
1959 0.1400 et 0.3340 02 0.800E 01 0.3320 02 '

1960 0.1400 00 0.3350 02 0.800E 01 0.3320 02
1961 0.1400 00 0.3350 02 0.800E 01 0.3320 02

- 1962 0.1400 00 0.3350 02 9.801E 01 0.3320 02
1963 0.1400 00 0.3350 02 0.801E 01 0.3320 02
1964 'O.1400 00 0.3350 et 0.801E 01 0.3330 02
1965 0.1400 00 0.3350 02 .0.801E 01 0.3330 02
1966 0.1400 00 0.3350 02, 0.801E 01 0.3330 02

' 1967 0.1400 00 0.3350 02 0.802E 01 0.3330 02
1968 0.1400 00 0.3350 02 0.802E 01 0.3330 02
1969 0.1400 00 0.3350 02 0.802E 01 0.3330 021

'

1970 0.146J 00 0.3350 02 0.802E 01 0.3340 02
1971 0.1400 00 0.3350 02 0.802E 01 0.3340 02
1972 0.1400 SS 8.3350 02 0.803E 01 0.3340 02.
1973 0.1400 00 0.3350 02 0.803E 01 0.3340 02
1974 8.1400.00 0.3350 02 0.803E 01 0.3340 02
1975 0.1400 00 9.3350 02 0.803E 01 0.3340 02
1976~ 0.1400 00 0.3350 02 0.e04E 01 0.3340 02
1977 0.1400 00 -0.3350 02 0.804E 01 0.3350 02
1978 0.1400 00 0.3350 02 0.804E 01 0.3350 02
1979 0 1400 00 0.3350 02 0.804E 01. 0.3350 02
1930 0.1400 00 0.3350 02 0.804E 01 0.3350 02

.
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APPENDIX D

i
'

CALCULATION OF THE IMPACTS OF

VAPOR PHASE H -0 RECOMBINATION2 2

In Section 3.3.1 of Vclume I, calculations are made assuming that during

boiling phase (post-accident), there is a net production of H and 0
2 2

gases without any vapor phase recombination. In order to assess the

level of conservatism employed in this approach, it is necessary to
I

understand just how significant the vapor phase recombination (being

omitted as a conservatism) actually is. Benjamin and Isben* experimentally.

measured the recombination rate of H and 02 (in Water V8Por) exposed to2

Y-radiation.

As a result of their measurements, the rate of recombination may be
expressed as follows:

fo[ fH fo (D'h
~~

g

where: P are respectively the partial pressures of-

Hg' O .g

hydrogen and oxygen gas in atmospheres at 25'C;

~Ik is a rate constant equal to 4.394 it IO0 .

;

D is the dose rate per gm H O in units of eV/sec gmH O2 2

_ _ -
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,

4

dpH
2 is the rate of removal for H in atm spheres /sec.,,,

2
I dt
i

* Benjamin, B. M., and Isben, H. S., " Recombination of Hydrogen and Oxygen !

in the Presence of Water Vapor Under the Influence of Radiation," Final
Report, AEC Contract AT (11-1)-1032, issued July 1965.
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APPENDIX E

CALCULATION OF RADIOLYTIC DECOMPOSITION WITH EXPOSURE,

NEGLECTING VAPOR PHASE RECOMBINATION

In order to perform sensitivity studies on the extent of radiolysis and ,

the impacts of changes in the dominant parameters, a short computer

program was written to evaluate the following equation derived in Section 3.3.1

of Volume I:

M ,o b SeIofpy(N *N + bo A ) (1-E~ I+)I
H Hg g

L *

(E-1)

(constants k , A are specified in Section 3.3.1 based on NRCg g

Reg. Guide 1.7)

In this program the following inputs are utilized:

Variable Definition Units

PO Initial thermal power MW

FBG f fraction of $, y. energy absorbed (fraction)

in core coolant

GH2 GHg, Net radiolytic yield of H m lecules/100 eV2

.. .
.

..



_ _ _ . ..
.

-. . _ _ - _ _
.

,

G02 G , Net radiolytic yield of 0 m lecules/100 eV2

The time values utilized in this calculation are input in an array: T

and the calculation yields values of M at times: T(i).Hg0

Three sample cases are hown and these are defined as follows:

CASE I (Conservative Lower Bound)

3PO = 2.011 x 10 (Licensed Power)

FBG = .094

GH2 = 0.20

G0 = 0.10
2

this case is conservative due to the fact that a high value for-

f is used corresponding to the coldest temperature.

Results of CASE I are shown in Figure E-1.

CASE II

|
r

3PO = 2.011.x 10 (Licensed Power)

FBG = .094

i GH2 = 0.20
.

002 = 0.10

Results of CASE II'are shown in Figure E-2.
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' '
CASE III (Highly Conservative Upper Bound) .,,

,
,

, ,

s .. .

~. -
,

,

! PO = 2.051 x 10 (102% Licensed' Power)
3

-

|
.

..

"

FBG = .094~
1

j GH2 = 0.44
E

,

G02 = 0.22

? Results of CASE III are shown in Figure E-3.
..

$ )
r

+

b

i
1

'h.

t

k

V

4

o I

,

3

%

.') f

s

( '.Y
,

i

' f!~
.

l.
.

'

+ :g_ <

|
"r

*f*
i. -

,

l'

,

,

. s
t

. .
* *

. w

v

9

i

4

. I

?t
4

. , _ .' _ _ _ . - _ _ . _ _ _ _



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

e,1f",./U ' ;1h t'
.. ++4 s - . ,

FDRTWAN IV 4 LEVEL 21 MA!il ; Daft a 82{47 13/34/11 - '
'' '3 PAGE 0001

, .,
'

CALCULATIDH OF bO! LING-NAh'i NAD!OlTT!d t|ECOMPOSf!0M OF WATER
!C.

- C ..
*

C JOHN BICKEL i .

'
.,
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(64 'd b[[g/) hb5* .
0.1000 00 0.215D-03

.0.1000 02 0.2150-01
0.1000 03 0.214D 00
0.2000 03 0.427D 00
0.5000 03 0.1060 01

3

0.7000 03 0.147D 01 '

,

O.1000 04 0.2090 01
0.2000 04 0.4050 01
0.5000 04 0.9360 01
0.7000 04 0.1250 02
0.1000 05 0.167D 02
0.2000 05 0.2810 02
0.3000 05 0.3750 02
0.4000 05 0.4600 02 -

0.5000 05 0.5420 02
0.600D 05 0.6210 02
0.700D 05 0.6980 02
0.8000 05 0.7750 02
0.9000 05 0.8500 02
0.1000 06 0.9250 02
0.2000 06 0.1630 83
0.3000 06 0.2290 03
0.5000 04' O.353D 03 5
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APPENDIX F

CALCUIATION OF POST BOILING PHASE
-

H -0 CONCENTRATIONS2 2

It is necessary to assess the impacts of short-term boiling phase radiolysis

on containment gas concentrations for two reasons:

i

An accurate definition of the ranges of possible containment gaso

concentrations allows one to readily determine the existing margin

against flammability provided merely by containment inerting with

excess N2 gas.

In order to perform an analysis of post-boiling phase radiolysiso

using detailed chemical reaction kinetics, it is necessary to

properly define the initial conditions.
.

For the purposes of assessing flammability potential, the most conservative -

approach is to assume that all radiolytic gases generated remain'in the

containment gas volume (hence no dissolution into coolant water is

assumed). Equations 3.17-3.18 (of Section 3.3.2 in Volume I) define the~

ranges of these possible gas concentrations. To facilitate determination

of the limits defined by these equations, a simple program was written

shown in Figure F-1 (along with numerical results). The numerical

results are shown plotted in Figure F-2.

.

e e n--
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To examine the case where H and 0 redissolve into the subcooled water2 2

in the core and torus regions, another program was written which evaluates

Equations 3.26a and 3.26b for various metal-water reactions and minimum /
,

maximum 'Doiling phase radiolysis. This program wat. run for 25'C. 50*C,

75'C, and 100*C (shown as Figures F-3 through F-6).
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FORTRAN IV G LEVEL 21 MAIN DATE = 82165 12/19/10 PAGE 0001

C
C CALCULATION OF POST-BOILING CONTAlletENT SAS CONCENTRATI0tf5 -
C JOHN BICKEL
C JUNE 1e1982
C

.
0001 DIMENSION FZRt121.CH2t12)eCOtt123
0002 REALS 8 F N .CH2.CO2
0003 DATA Fa /0.00. 10-3. 20-3, 50-3 6.125D-3, 70-3.

X 10-2. 50-2, 10-1, 2D-1 3D-1. 50-1/
0004 DD 10 I a telt
0005 CH2tIl n (FZRtIle7.tS83205 e 3.9404303) /tFZRIII e 7.0583205 ,

X + 2.750C W53
0006 CottIl u (1.22187041/tFZRt!)m7.0583205 + 2.75004053
0007 It WRITE 16.113 FZRtIle CH2 tile Co2(Il
0000 11 FORMATI/10X 315XeD10.333
0009 D0 29 I = 1.12
0010 CH2tIl n (FZRIII e 7.0583205 * 6.23342021/tFZRt!) a 7.0583205

X + 2.7137005)
8011 C0t t !) = 1.1910204/EFZRtt) a 7.0583205 + 2.71378053
0012 29 WRITE (6.113 FZREIle CH2ttle C0ttIl.

4913 21 FORMAft/10Xe 3t5XeD18.333
0914 STOP
9015 Ele

.

.
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APPENDIX G-

l ,

HYDROGEN AND OXYGEN GAS TRANSPORT RATE
!

SENSITIVITY ANALYSIS

This appendix documents the results of the sensitivity analysis of the

BASE CASE results to the assumed Gas Transport Rate constants for molecular

hydrogen and oxygen gas (from the containment gas volume to the torus

liquid volume). Evaluation of this sensitivity is necessitated due to

the fact that no ward experimental data exists for these rate constants.

Throughout all of these calculations, the rate constant for gas transport
!

from the containment gas volume to the liquid volume k (X) is chosen such
T

that:

k (H ) = k (0 ) = 4.0 k (0 ) (G-1)T 2 T 2 T 2

b
2

This assures that the rates correspond to those obtainable from gas
l

kinetic theorty. The reverse rates (transport from liquid to gas volume)

or k (X), are defined as:
T

I

|
' term SN&

kg(g) * )Ohf (6r-3)
-- sk

. . _ . ._ ._ _ _ _ _ _ _ _ _ _
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5

:

!

Use of these values assure e uilibrium partitioning according to Henry's

Law. I,

?
*

I
i
!

~

Three typical examples are shown using input data defined below:
.

!

| Figure AssumptionsSimulation
,

1

I.

!
CASE I ' Fig. G-1 k (H ) = 4.0 k (0 ) = 1.0T 2 T 2
CAST II '

Fig. G-2 k (H ) = 40.0 k (0 ) = 10.0T 2 T 2
CAST III Fig. G-3 k (H ) =.0.4 ng,(0 ) = 0.1T 2 2

u ,

i

- All other inputs are as assumed in Figure XVII of Section 4.2
.

in Vol. I.

i
It is anticipated that the impact of the specific choice of k (X) values

T

will only affect the dynamics in time frame of <10 seconds, but will have

no effect on long term simulations which are of greater concern.
t

i

e

Key Parameters Printed Out Include:

i

:

| DOMR Accumulated dose in Megarads

,

!

TIME Time in units of seconds

1

;

H0 M lecular, i nic, and radical species in Moles / Liter within the22

core region )
,



__

H+ Molecular, ionic, and radical species in Moles / Liter within the

core region

.

OH" Molecular, ionic, and radical species in Moles / Liter within the

core region

..

0- M lecular,. ionic, and radical species in Moles / Liter within the2

core region

|

H Molecular, ionic, and radical species in Moles / Liter within the

core region

OH Molecular, ionic, and radical species in Moles / Liter within the

core region

~

E Molecular, ionic, and radical species in Moles / Liter within the

core region

H0 M lecular, i nic, and radical species in Moles / Liter within the2
!

core region

|

l

( H0 - M lecular, i nic, and radical species in Moles / Liter within the2

| core region

1

! H M lecular, i nic, and radical species in Moles / Liter within the2

core region

(

- - - . .



_ .__ _ _ . . ,

0 M lecular, i nic, and radical species in Moles / Liter within the2

core region

~
''

H2T

02T Scaled molecular species in Moles / Liter within the Torus,'

H202T , H2T=[HkIYtorus/Vm ) etc.2 <

l

>

$

n

0

,

I

|
|

._., . . _ . . . , . . - - .. ,
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PRINT STREAM NO. 3
00tW HC2 H2O H02- P02 PH2 P502 PSH2

2.17890-03 1.34700-09 5.53000+01 3.78170-11' 4.55030-02 3.76230-02 4.100C0-02 3.39000-02
2.17820-02 1.29500-09 5.53000+01 1.96120-10 4.55010-02 3.762*0-02 4.09980-02 3.38990-02
2.17160-01 1.21560-09 5.53000+01 2.20620-10 4.5467D-02 3.7597D-02 4.0%8D-02 3.3876D-02
2.1181D+00 1.27730-09 5.53000+01 2.96460-10 4.52330-02 3.73470-02 4.0757D-02 3.36510-02
1.86210e01 1.1537D-09 5.53020+01 3.40930-10 4.41230-02 3.52010-02 3.97560-02 3.1717D-02
1.20950+02 7.87810-10 5.53150+01 3.33220-10 3.76100-92 2.20710-02 3.3862D-02 1.93S70-02
5.15490+02 3.76740-10 5 53280+01 3.13360-10 3.11870-02 9.10120-03 2.81010-02 8.20060-03
9.91110+02 9.83710-11 5.53320+01 3.44690-10' 2.96230-02 5.94490-03 2.66920-02 5.35460-03

i

o

e

n
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.

I

I

PRIN7 S7 REAM NO. 4 , i

DONt M202 H+ OH- 02 02- M ON Mt E- |
LM2 Lot LH202 LM* LO2= LOM LH02 LE- LH LH02- '
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1.04020+01 1.M900+01 9.58410+00 8.2517D+00 8.08800+00 5.3422D+00 6.13580*00 2.7237D*00 2.54440*00 4.57770+00
2.1782D-02 1.95520-05 1.7535D-07 5.70400-c3 3.70850-05 1.1811D-07 4.00550-13 2.40350-10 1.89450-05 5.314*D-13
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PRINT STREAM 183. 2
00r1R M202 No (M- N 02- M ON PSH2 E-

2.17890-83 3.83750-06 1.78540-07 5.68370-08 4. 3000-e2 1.22470-07 3.50290-13 2.19380-10 3.39000-02 5. 2'*'".- 13

2.17820-92 1.95520-95 1.75350-07 5.79400-08 4.49900-82 1.18110-07 4.00550-13 2.4035D-10 3.38990-02
5.'J +1.'. 13

2.17180-81 2.15370-95 1.71700-97 5.82490-08 4.99600-02 1.1323D-87 3.72860-13 2.62560-18 3.39760-62
5.' ' ' 13

2.11810+0e 2.94340-95 1.74580-07 5.72760-68 4.97570-02 1.17810-07 2.92320-13 2.25000-10 3.36510-02
4.1'*, '3

1.M210401 3.27410-45 1.68040-07 5.92150-08 3.97560-02 1.09280-97 2.25070-13 1.81090-10 3.17170-02
3. 061~ 3

1.29950*82 2.45450-95 1.54500-97 6.64370-se 3.32880-02 8.37290-06 1.3455D-13 1.24030-19 1.98860-82 1.9155e 43
5.15490+W2 2.25590-95 1.26750-07 7.84960-08 2.81010-02 4.75450-06 3.97460-14 5.23600-11 8.20060-03 6.35450-14
9.91110+et 2.13200-45 1.87760-87 9.28450-06 2.64920-82 1.44050-68 2.76980-15 5.22590-12 5.35640-83 4.45490-15

i

.

e

FTG,G-2 l

*
1

~

|

|
|

3,|
. . . . _t.

--
.



_-__

.

-

N. N. N. N N. N M. M. . .

$$$$$$*"$
z n. a. n. A. ~.

3NS.~. -.

s m a n n a -
a..Nm .

N N. N N. N N. N. N......
. . . . . .

E. S E R S E 2 2N....m...
R . . & h. N R. . 3

.
! ... . ..i .

.mmNN

NN.NNNNMM........
. . . . . ..

RERRSS29
N N. . < . n . <smmN

z . N. N. N. m. W. . e.NN

=MMMMMN.m

N. N. N. N t.J N N N... ..... . . ..

RS.RRESRR. .mW-.N
mm<N---.

E <. m. m. m. t. h.
. .Nm

.

<<<<mmN

-.......--------

RERR9 E
. . . . . . .

1

...8<.2$t

..Nne,

t

N N. @. N. . ( M. .! . . ..En-NNemme,

1

..-........ ......

88882RS"
o m. m. m. m. m. . M M

-ememem m
..N .

=mmmmmmm
.......-
......... . . . .

O00000O
ognh-e-

b. be NNN M
@ . - k m . M G.M. N. N. N. e . .e
~~---bNS

x . N. . . - N. N. N.........4 . +N s

2 R. B. S " * R ,S Se -.N. -
| Whh-4.m-

H .....N.-.
-QNNNy--

.Z .
.

|

|

|
'
,

- - _ . _ _ - - - ' -. __



- - - _

i

PR1HT STRZAM NO. 4
DCrW TItt MZT 02T M202T

2.17890-85 1.00000+01 1.57760-04 5.04730-04 4.6287D-08
2.17820-02 1.00000+02 2.57750-04 5.0471D-04 2.96280-06
2.17100-01 1.00000+03 2.5757D-04 5.04330-04 4.3201D-05
2.1181D+00 1.00000+04 2.55860-04 5.0173D-04 2.43690-04
1.8621D+0! 1.00000+05 2.4116D-04 4.8942D-04 3.20960-04 ''

1.20950+02 1.00000+ M 1.51200-04 4.17180-04 2.7953D-04
5.15690+02 1.00000+07 6.23530-85 3.45940-04 2.21100-04
9.91110+02 1.00900+08 4.07280-65 3.28590-04 2.0902D-04
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PRIH7 STREAPI NO. 6
00tet H202 H+ OH- 02 02- H OH H2 E-
LH2 LO2 LH202 LH+ LO2- LOH LHD2 LE- LH LHD2-
2.17890-03 3.83750-06 1.78540-07 5.6037D-08 4.89720-05 1.22470-07 3.5029D-13 2.19880-10 2.5263D-05 5.29330-13
1.04020*01 1.06900+0! 9.5841D*00 8.2517D*00 8.0880D+00 5.3422D+00 6.13580*00 2.7237D*00 2.54440*00 4.57770+00
2.1782D-02 1.95520-05 1.75350-07 5.70400-08 3.79690-05 1.18110-07 4.00550-13 2.40350-10 1.89460-05 5.31420-13
1.02780+01 1.05800+01 1.0291D+01 8.24390+00 8.0723D+00 5.38080*00 6.11230*00 2.7254D+00. 2.60270+00 5.292bD*00
2.17180-01 2.15370-05 1.71700-07 5.82490-08 3.57240-05 1.13230-07 3.72860-13 2.6256D-10 1.36010-05 5.3781D-13
1.0134D+01 1.05530*01 1.0333O+01 8.2348D+00 8.0540D+00 5.41920*00 6.08480*00 2.73060*00 2.5715D+00 5.34379+00
2.1181D+00 2.9434D-05 1.74580-07 5.72760-08 4.3067D-05 1.17010-07 2.9232D-13 2.25000-10 1.4907D-05 4.10360-13
1.01730+01 1.06340+01 1.0469D+01 8.24200+00 8.0682D+00 5.3522D+00 6.10630*00 2.6132D+00 2.46590+00 5.4720D*00
1.86210+01 3.17410-05 1.68840-07 5.92150-08 4.51770-05 1.09280-07 2.2507D 13 1.81090-10 1.50720-05 3.08160-13
1.01780+01 1.0655D+01 1.05150*01 8.22750+00 4.03060+00 5.25790*00 6.0621D+00 2.48480+00 2.3523D+00 5.5327D*00
1.20950+02 t.88050-05 1.50500-07 6.64370-08 4.05900-05 8.37290-08 1.34550-13 1.2403D-10 1.14700-85 1.91550-13
1.00640+01 1.06090+0! 1.04550+01 8.17750*00 7.9229D+00 5.0935D+00 5.89640+00 2.28230*00 2.12890+00 5.5227D*00
5.15690+02 2.25590-85 1.24750-07 7.84960-04 3.52650-05 4.75450-08 3.97440-14 5.23600-11 6.29540-06 6.35450-14
9.79900+00 1.08470+01 1.0353O+01 8.19300+00 7.6771D*00 4.71900+00 5.57600+00 1.8031D*00 1.59930+00 5.49600+00
9.9111D+02 k.13t00-05 1.07760-07 9.28050-08 3.3527D-05 1.46050-08 2.76980-15 5.22590-12 4.15450-06 4.45490-15
9.61850+00 1.05250+01 1.03290+01 8.03250+00 7.16450+00 3.71820+00 4.99290+00 4.44430-01 4.42440-01 5.54240*00
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PRINT STREAM HD. 2
I CCt1R H2D2 H+ DH- FSD2 D2- H DH PSH2' E-

2.17890-03 3.83750-06 1.78540-07 5.60370-08 4.10000-02 1.22470-07 3.50290-13 2.19880-10 3.39000-02 5.29330-13
2.17820-02 1.95520-05 1.75350-07 5.7Ct00-08 4.09983-02 1.1811D-07 4.0258D-13 2.40360-10 3.38990-02 5.31660-13
2.17120-01 2.15240-05 1.7169D-07 5.82530-08 4.09600-02 1.13210-07 3.7314D-13 2.62650-10 3.38760-02 5.38190-13
2.11810+00 2.9421D-05 1.7457D-07 5.72790-08 4.0757D-02 1.17000-07 2.9243D-13 2.25050-10 3.3651D-02 4.10530-13
1.86210+01 3.2733D-05 1.68340-07 5.92160-OS 3.975 7D-02 1.09280-07 2.25110-13 1.81110-10 3.17180-02 3.0823D-13
1.20950+02 2.8503D-05 1.50500-07 6.6437D-08 3.38890-02 8.37280-08 1.34560-13 1.24030-10 1.9882D-02 1.91560-13
5.15690+02 2.25590-05 1.2675D-07 7.88960-08 2.81010-02 4.7545D-03 3.97460-14 5.23600-11 8.2007D-03 6.3545D-14
9.9111D+02 2.1328D-05 1.0776D-07 9.2805D-08 2.669'D-02 1.46050-08 2.76950-15 5.22600-12 5.35660-03 4.45490-15
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PRINT STREAN ND. 3
DOMR H02 H2O Mot- P02 PH2 P502 PSH2
2.17890-83 I.34700-09 5.53000+01 3.78170-11 4.55030-02 3.76230-02 4."3000-02 3.39000-02
2.17820-02 1.29500-09 5.53000+01 1.96120-10 4.55010-02 3.76220-02 4.09980-02 3.38990-02
2.17180-01 1.21540-09 5.530D0+01 2.20520-10 4.5467D-02 3.7597D-02 4.09600-02 3.38760-02 *

2.1181D+00 1.27710-09 5.53000+01 2. % 360-18 4.52330-02 3.73470-02 4.0757D-02 3.3651D-02
1.86210+01 1.15360-09 5.53020+01 3.40920-10 4.41230-02 3.5201D-02 3.97570-02 3.17180-02
1.20950+02 7.87790-10 5.53150+01 3.33190-10 3.7611D-02 2.2072D-02 3.38890-02 1.98880-02
5.15690 +02 3.76740-10 5.53280+01 3.13360-10 3.11870-02 .9.10130-03 2.81010-02 8.20070-03
9.91110+02 9.83710-11 5.53320+01 3.48690-10 2.96230-02 5.94490-03 2.66920-02 5.3566D-03
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_ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ __ ______ __________ ._ _ _ _ _ _ - _ _ _ _ _ . _ ___ _

PRINT STREAft NO. 4
DONR TIME Mtf Otf H202T.

2.17890-03 1.00000+01 2.57750-04 5.04710-04 4.62870-08 i

2.17820-02 1.00000+02 2.57710-04 5.0441D-04 2. % 260-06
2.17180-01 1.00000*03 2.57500-04 5.0397D-04 4.31850-05
2.11810+00 1.00000+04 2.55800-04 5.0155D-04 2.4357D-04
1.86210+01 1.00000+05 2.41110-04 4.8931D-04 3.20680-04
1.20950+02 *1.00000+06 1.51190-04 4.17150-04 2.79510-04
5.15690+02 1.00000+07 6.13530-05 3.45940-04 2.21100-04
9.91110+02 1.00000+08 4.07180-05 3.28590-04 2.09020-04

*
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- .. - _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ __ _ __ _ _ _ _ _ ____ ___

i

PRINT STREAM HD. 6
00rWI H202 H+ CH- 02 02- M ON H2 E-
LH2 LOR LH202 LH+ LOZ- LOH LH02 LE- LH LH02-
2.17890-05 3.83750-06 1.78540-97 5.60370-08 4.89720-05 1.2247D-07 3.5029t.-13 2.19880-10 2.52630-05 5.29330-13
1.04020+01 1.06900+01 9.5541D+00 8.25170+00 8.08800+00 5.3422D+00 6.1358b+c0 2.72370+00 2.54440+00 4.57770+00
2.1782D-92 1.95520-95 1.75350-07 5.70400-08 3.79850-05 1.18110-07 4.00580-13 2.4036D-10 1.89450-05 5.31460-13
1.02770+01 1.05800401 1.02910+01 8.24390+00 8.07230+00 5.38090+00 6.11230+00 2.72550+00 2.60270+00 5.29250+00
2.17180-81 2.15240-05 1.71490-07 5.82530-08 3.56970-05 1.1321D-07 3.73140-13 2.6*650-10 1.35960-05 5.38190-13
1.01330+01 1.0553O+01 1.03330+01 8.23470+00 8.05390+00 5.4194D+00 6.08470+00 2.73090+00 2.571*O*00 5.3434D+00
2.11810+09 2.94210-05 1.74570-07 5.72790-08 4.30490-05 1.17000-07 2.92430-13 2.2505D-10 1.49020-05 4.10530-13
1.01730+01 1.96340+01 1.04690+01.8.24200+00 8.06820+00 5.3523O+00 6.1062D+00 2.6133O+00 2.46600+00 5.47180+00
1.M 210+01 3.27330-05 1.68840-07 5.92160-08 4.5167D-05 1.09200-07 2.25110-13 1.8111D-10 1.50690-05 3.08230-13
1.01700401 1.M550+0! 1.05150*01 8.22750+00 8.83850+00 5.25800+00 6.Mt13+00 2.46990+03 2.3524D+00 5.53260*00
1.20950+02 2.85030-05 1.50500-07 6.64370-PS 4.05950-05 4.37280-08 1.34560-13 1.24030-13 1.14700-05 1.91540-13
1.9M00 +01 1.M 480+01 1.04550+01 8.17750+00 7.92290+00 5.09350+60 5.8%4D+ 00 2.2823D+00 2.12390+00 5.52270+09
5.15690+02 2.25590-05 1.26750-07 7.88960-08 3.52650-45 4.75450-08 3.97460-14 5.23600-11 6.29540-06 6.35450-14
9.79900+09 1.95470+81 1.0353O+01 8.19300+0e 7.6771D+00 4.71900+0e 5.57600+00 1.80310+00 1.59930+00 5.4% 00+0e
9.9111D+dt 2.13240-05 1.07760-07 9.28050-08 3.35270-45 1.46050-08 2.76900-15 5.22600-12 4.15450-06 4.45490-15
9.61850+08 1.05250+01 1.03290+01 8.0324+0e 7.16450+0e 3.71820+08 4.99290+00 6.48830-01 4.42440-01 5.54240400

.
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APPENDIX H
I

I
.

COREjVOLUMETRIC FLOW RATE

SENSITIVITY ANALYSIS

This appendix documents the results of sensitivity calculations carried.

a

out for various core volumetric flow rates. Increasing the core volumetric

flow rate increases the rate at which concentrations of H , 0 , and H 0
2 2 22

tend to equilibriate between;the core and torus.

Variations in core volumetric flow rate are obtained by varying the rate

constant k, where:

= {, (H-1)k= 1

'

T V
M core

|

5Assuming: V = 2.658 x 10 liters = 70,219 gal and: k = 1000 gymcore
-0 -I Identical equilibriation'= 16.667 gal /sec., then: k = 2.37352 x 10 sec .

|
rates core input for H , 0 , and H 0 . The table below summarizes the

2 3 22

| various case studies performed.

|

|

Simulation ' Fiaure Assumptiens
|
| .

| CASE I ' Fig. H-1 Y = 10 gpa (kE2.37 x 10-4)3
core

CASE II Fig. H-2 y ,,= 10 gpm (kE2.37 x 10-5)
5CASE III Fig. H-3 pc,,,=10 spa ( m .37 x 10 )

- . .

, , ~ . - - , , - - - , . . --, - - . _ --_ -- - - - - - - - -
'



_ _ _ _ _ _ _ _ _ _ _ _ _ _ .

All other assumptions are as noted in Figure XVII cf Section 4.2-

in Vol. I.



- _ _ _ _ _ _ _____-______ .__ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____ _ _ _ . _ _ _ _ __ _ _-_

PRINT STREAM MD. 2
DDtSt H202 H+ DH. PSD2 D2- H DH PSH2 E-
2.17890-03 3.47310-06 1.7860D-07 5.60200-08 4.10000-02 1.22540-07 3.4903D-13 2.19520-10 3.39000-02 5.2930D-13
2.17820-02 1.14020-05 1.77370-07 5.64000-08 4.09890-02 1.2086D-07 3.68930-13 2.2717D-10 3.3S95D-02 5.21390-13.

2.17180-01 2.26550-05 1.7943D-07 5.57400-08 4.0881D-02 1.2346D-07 3.37380-13 2.12740-10 3.38290-02 4.35880-13
2.1181D+00 4.09060-05 1.81750-07 5.50040-08 4.0513D-02 1.26350-07 2.87830-13 1.82600-10 3.33150-02 3.34500-13
1.86280+01 3.8702D-05 1.72500-07 5.79550-08 3.84890-02 1.14150-07 2.37840-13 1.59700-10 2.92290-02 2.81860-13
1. 20%D+ 02 2.d 60D-05 1.49550-07 6.68720-08 3.09130-02 8.23630-08 1.38280-13 1.29%D-10 1.38890-02 2.02460-13
5.15680+02 2.2518D-05 1.26740-07 7.89040-08 2.80490-02 4.75260-08 3.97520-14 5.2432D-11 8.0947D-03 6.36250-14
9.9091D+02 2.1327D-04 1.07760-07 9.28050-08 2.66900-02 1.*-605D-08 2.76970-15 5.22660-12 5.35380-03 4.45520-15

t
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_ _ _ _ - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ . _ - _ _ _ _ _ _ _ _ _ _ _ __ _ - _ _ _ _ _ _ __

.

PRINT STREAM ND. 2
DDMR H202 H+ DH- PSD2 02- . H DH PSH2 E-
2.17890-03 3.8771D-06 1.7854D-07 5.60390-08 4.1000D-02 1.2246D-07 3.50420-13 2.1992D-10 3.39000-02 5.29330-132.1782D-02 2.10770-05 1.75010-07 5.71490-08 4.10' 0D-02 1.17650-07 4.06250-13 2.4264D-10 3.39000-02 5.32510-13
2.17120-01 2.08800-05 1.6803D-07 5.9521D-08 4.0996D-02 1.08290-07 3.64910-13 2.89010-10 3.3S97D-02 5.76090-132.11820+00 2.16210-05 1.67310-07 5.97760-08 4. 0962D-02 1.07300-07 3.37010-13 2.74340-10 3.38660-02 5.31910-13
1.66180001 2.6841D-05 1.64650-07 6.07250-08 4.0721D-02 1.03660-07 2.21620-13 2.07550-10 3.3565D-02 3.4797D-13
1.20940*02 2.79180-05 1.4995D-07 6.66650-08 3.92980-02 8.2 961D-C8 1.21450-13 1.2743D-10 3.07510-02 1,87310-13
5.155eD*02 2.46740-05 1.27290-07 7.8551D-08 3.14500-02 4.83950-08 3.87680-14 4.9051D-Il 1.49500-02 5.94530-14
9.9134D+02 2.13670-05 1.07760-07 9.2803D-08 2.6716C-02 1.4608D-08 2.7715D-14 5.21710-12 5.40630-03 4.4507D-15

i

.

FIG. H-2



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

.

'
PRINT STW2AM ND. 3
DOMR HD2 H2O HD2- PD2 PH2 PSO2 PSH2
2.17090-03. 1.36690-09 5.53000+01 3.82000-11 4.55030-02 3.7623D-02 4.1000D-02 3.3900D-02
2.17820-02 1.28740-09 5.53000+01 2.11820-10 4.55030-02 3.7623D-02 4.10000-02 3.39000-02
2.17100-01 1.13700-09 5.53000+01 2.1860D-10 4.54990-02 3.76200-02 4.09960-02 3.38970-02
2.1182D+00 1.12250-09 5.53000+01 2.27340-10 4.5460D-02 3.75850-02 4.0962D-02 3.3S660-02
1.86180+01 1.06700-09 5.53000+01 2.66730-10 4.51940-02 3.7251D-02 4.07210-02 3.35650-02
1.20940+02 7.77790-10 5.5303O+01 3.27560-10 4.36140-42 3.41260-02 3.92980-02 3.07510-02
5.15580+02 3.85090-10 5.5321D*01 3.41780-10 3.49040-02 1.6592D-02 3.14500-02 1.49500-02
9.91340+02 9.83940-11 5.53320+01 3.49330-10 2.%500-02 6.00010-03 2.67160-02 5.40630-03

i

.
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PitINT STREAM NO. 3

Dorft HO2 H2O H02- PO2 PH2 P532 PSH2
2.17890-03 1.36690-09 5.53000+01 3.82480-11 4.5503D-02 3.76230-02 4.10000-02 3.39000-02
2.17820-02 1.28t60-09 5.53000+01 2.1352D-10 4.55030-02 3.76230-02 4.10000-02 3.39000-02
2.17180-01 1 12870-09 5.5300D+01 2.3857D-10 4.55020-02 3.76230-02 4.10000-02 3.39000-02
2.11850+00 1.09980-09 5.5300D+01 2.20130-10 4.54980-02 3.76190-02 4.09960-02 3.3896D-02
1.8622D+0! 9.84910-10 5.5300D+01 2.34450-10 4.54590-02 3.75830-02 4.0%10-02 3.36640-02
1.2097D+02 7.59120-10 5.53000+01 3.0677D-10 4.51790-02 3.72150-02 4.07080-02 3.35330-02
5.15740+02 3.89990-10 5.53940+01 3.63920-10 4.33650-02 3.36110-02 3.90740-02 3.02850-029.91600+02 9. % 830-11 5.5323O+0! 3.9473D-10 3.36400-02 1.4047D-02 3.0311D-02 1.2657D-02
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! APPENDIX I
1

!

EXTENT OF Zr-H O REACTION2

SENSITIVITY ANALYSIS
t

This Appendix documents the results of the sensitivity analysis to the

extent'of the metal-water reaction. Two specific cases were evaluated.

The first cast is for fZr-N o = 0.0 with EHO=110kbs.H0. Heg 2 2

results of this case shown in Figure I-1 indicate that the rate of

recombination is quite slow due to the low initial H
2 verPressure. As

f is increased to 0.00612 (with EH O = 110 lbs. H O) there is aZr-H 0g 2 2

slight increase in the net rate of recombination. This ease is documented

| in Figure I-2.
l

!
'

I
l

|

|

|
|

|

t

|

|

_ _ _ -__ .-



- _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _____ _ _ _ _ _ - - - . _ _ _ _ _ - . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - __ _ _ - __.

,

,

MtINT STREAM HD. 2
DONR H2D2 H+ OH- PSD1 02- H CH PSH2 E-
2.17890-03 3.215CD-06 1.67240-07 5.98250-08 3.69000-02 1.07380-07 3.0757D-13 2.97090-10 1.66000-03 5.8445D-13
2.17820-02 1.60640-05 1.68500-07 5.9362D-08 3.68990-02 1.08970-07 3.36500-13 2.8792D-10 1.6597D-03 5.65120-13
2.17180-01 1.9872D-05 1.62880-07 5.9222D-08 3.68790-02 1.0945D-07 3.3215D-13 2.8269D-10 1.65510-03 5.4328D-13j
2.1181D*00 2.66990-05 1.71650-07 5.82570-06 3.67700-02 1.1312D-07 2.63390-13 2.4412D-10 1.6207D-03 4.21600-13
1.86190+01 2.9393D-05 1.66090-07 6.01980-08 3.66560-02 1.05580-07 1.9799D-13 1.9830D-10 1.4673D-03 3.15990-13
1.20920+32 2.9213D-05 1.50340-07 6.64880-08 3.65170-02 8.35110-08 1.0841D-13 1.2505D-10 1.204C0-03 1.74800-13
5.1563D+ 02 2.90580-05 1.28080-07 7.80300-08 3.6381D-02 4.9647D-08 3.0422D-14 4.43550-11 9.45380-04 4.91390-14
9.91300+02 2.89050-05 1.07990-07 9.2537D-08 3.62440-02 1.4982D-08 2.03000-15 4.05480-12 6.86640-04 3.28350-15

',

i

- .
e e

1

1

1

FIG. I-I
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| APPENDIX J

.

SENSITIVITY ANALYSIS CF TEMPERA'IURE IFFECTS

CN CHEMICAL KINETIC RA'IE CCNS'DNTS AND

GAS SCLUBILITY

l

| 'Ihis Appendix h--its the results of the sensitivity of the BASE '

CASE results to tenperature. Figure J-l is a listing of a short
cmputer ytwtam utilized to extrapolate the Mal kinetics -

rate cmstants for various 6Watures (25'C, 50'C, 75'C, and 100*C)
based cn Arrhenius' Iaw. 'Ibe thirty-me cmstants evaluated cw.taspuds

| to the chemical reactions shown in Figure XVI of Secticn 4.1.2 in
Volume I. Figure J-2 is a listing of the results of the 6 m ature
extrapolaticns. 'Ihe teuperature effects cm soltbility of H and O

2 2
gas in ccntainment can be extracted fran calculaticms carried out in

Appendix F. Figure J-3 is the FACSIMILE nizadation of Badiolysis/
Recmbination at T=100*C.

i

|

|

|

|

|

I
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FDRTRAN IV G LEVEL 21 MAIN 'DATE a 82165 15/57/28 PAGE 0001

C
00000050C CALCULATIDH DF TEMPERATURE EFFECTS ON 00000060C CHEMICAL KINETIC RATE CDNSTANTS 00000070

C JOHN BICKEL 00000080
C JUNE 14. 1982 00000090
C 00000100
C muummmonwammuuaeuwamanumammessesseemewamanumannassemosanuseamannume 00000110
C 000001200001 DIMENSIDH CKt31). TCl43. TKt4). TFt4). eat 313. Xt4) 000001300002 REAL e 8 CK. TC TK TFe EAe Xe R 00000140
C 00000150
C emanasseemessmensmassamanneesessemamenemmenenemmensenaannusemeemmes 00000160

0003 DATA CK /1.601.2.4010 3.0010 1.3010 1.0010.2.0010.1.9010. 00000170
X. 1.64D6e 4.509. 1.2010. 1.2010. 2.007. 4.508. 6.307. 00000180
X 1.4378011e 2.60-5. 2.0010e 4.5D7.4.507. 9.007.1.9010e 00000190
X 8.0D5, 5.0010 1.507 2.7D6. 5.603. 2.0010. 2.0010 00000200

-X 3.306, 1.008, 1.02204/ 00000210 ) qubC 00000220 { gC CORRESPONDING ACTIVATION ENERGIES IN CAL./MDLE 00000230
C 00000240

0004 DATA EA/ 3.003. 3.003, 3.003. 3.003. 3.003. 3.003, 3.0D3. 3.003. 00000250
X 3.003e 3.003, 3.003, 3.003e 3.003. 3.003. 3.003, 3.0D3, 00000260
X 3.003, 7.003, 4.503. 4.503, 3.003, 3.003. 3.003, 4.503, 00000270
X 4.503. 4.503 3.003, 3.003. 4.503, 4.503, 3.003/ 00000280

C 00000290
C TEMPERATURE DATA IN DEGREES CENTIGRADE 00000300
C 00000310

0005 DATA TC/ 2.501: 5.001 7.501 1.002/ 00000320
C 00000330
C CONVERT TEMPERATURE FROM CENTIGRADE TO KELVIMe FAHREletEIT 00000340
C 00000350

0006 DO 5 I = 1.4 00000360
0007 TKEI) = 2.731502 + TCIII 00000370
0008 5 TFIII a 3.2D1 + 1.000 m TCill 80000380
0009 R s 8.2050-2 00000390

C 00000400
C EXTRAPDLATE RATE CONSTANTS VIA ARREHNIUS' LAW 00000410
C 00000420

0010 DD 50 L s le31 00000430
0011 Xtli s CKtL) *

. 00000440
0012 DD 25 H = 2.4.1 00000450
0013 25 XtMI s CKat) e DEXPit-4.1311D-2 # EAtLI / El att1.bDe / TKtMil - 00000460

,

X (1.000/TKt lill) 00000470
-0014 DD 27 N = 1.4 00000471

OC15 27 WRITE (6 30) TCIN). TKtHl TFINI. L XtH) 00000480
0016 30 FDRMAf t '0',' TEMPERATURE s' eD10.3.' DEG.C s' 010.3.' DEG.K s' . 00000490

X D10.3 'DEG.F',2X 'Kt'eIte'l s'eD10.33 00000500
0017 50 CONTINUE 00000510
0018 STDp 00000520
0019 END 00000530

6
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TEMPERATURE a 0.2500 02 DEG.C a 0.2T8D 03 DEG.K = 0.7700 02DEG.F Kt il a 0.1600 02

TEMPERATURE = 0.5000 02 DEG.C s 0.3230 03 DEG.K a 0.122D 03DEG.F Kt 11 s 0.2370 02 6 ' -t- H z --> H + OH '0
TEMPERATURE a 0.7500 02 DEG.C a 0.348D 03 DEG.K = 0.167D 03DEG.F K( ll = 0.331D 02

TEMPERATURE * 0.1000 03 DEG.C = 0.373D 03 DEG.K s 0.212D 03DEG.F Kt Il a 0.443D 02

TEMPERATURE a 0.2500 02 DEG.C e 0.2980 03 DEG.K = 0.7700 02DEG.F K( 23 s 0.2400 11

TEMPERATURE a 0.5000 02 DEG.C = 0.3230 03 DEG.K = 0.1220 03DEG.F Kt 23 s 6.3550 11 4
Ea9 + II "# N

.

TErtPERATURE a 0.7500 02 DEG.C s 0.3480 63 DEG.K a 0.167D 03DEG.F K( 2) = 0.497D 11
.

TEMPERATURE a 0.1000 03 DES.C a 0.3730 03 DEG.K = 0.2120 03DEG.F Kt 23 s 0.6640 11

TEMPERATURE a 0.2500 02 DEG.C a 0.2980 03 DEG.K = 0.770D 02DEG.F Kt 3) = 0.3000 11 *

TEMPERATURE a 0.5000 02 DEG.C * 8.3230 03 DEG.K s 0.1220 03DEG.F Kt 31 a 0.444D 11
.

e,$ -t OH - + OH -
.,,.

TEMPERATURE a 0.7500 02 DEG.C a 0.3480 03 DEG.K = 0.167D 030EG.F Kt 3) * 0.621D 11
g

TEMPERATLRE a 0.1000 03 DEG.C a 0.3730 03 DEG.K s 0.2120 03DEG.F Ki 31 a 0.830D 11

TEMPERATURE a 0.2500 et DEG.C = 0.2980 83 DEG.K = 0.7700 02DEG.F Kt 43 s 0.1300 11 %

TEMPERATURE a 0.5000 02 DEG.C * 0.3230 03 DEG.K a 0.1220 03DEG.F K( 43 s 0.1920 11 ** 4 ar @ 4 O H-~ h,

TEMPERATURE a 0.7500 02 DEG.C s 0.3480 93 DEG.K a 0.167D 03DEG.F Kt 43 s 0.2690 11 *

TEMPERATURE a 0.1000 03 DES.C = 0.3730 03 DEG.K s 0.2120 03DEG.F Kt 41 a 0.3600 11 9

TEMPERATURE a 0.2500 et DEG.C s 0.2980 03 DEG.K a 0.7700 020EG.F K( 51 = 0.1000 11,

$TEMPERATURE a 0.500D 02 DEG.C s 0.3230 83 DEG.K a 0.1220 030EG.F K( 53 a 0.148o 11

TEMPERATURE a 0.7500 et DES.C * 8.3480 03 DEG.K a 0.167D 03DEG.F Kt 51 a 0.2070 11

TEltPERATLRE a 0.1000 03 DES.C * 8.3730 03 DEG.K s 0.2120 030EG.F Kt 51 a 0.277D 11

TEMPERATURE * 0.2500 02 DEG.C = 0.2980 03 DEG.K a 0.7700 02DEG.F K( 61 a 0.200D 11

TEMPERATURE a 0.5000 02 DEG.C = 0.3230 03 DEG.K a 0.1220 030EG.F K( 63 a 0.2%D 11 4 g ap g ""'
TEMPERATURE a 0.7500 02 DEG.C = 0.3480 03 DEG.K a 0.167D 030EG.F K( 61 = 0.4140 11

TEMPERATURE a 0.1000 03 DEG.C s 0.'73D 03 DEG.K = 0.2120 030EG.F Kt 61 = 0.5540 11

TEMPERATtRE 8 0.2500 02 DEG.C = 0.2984. 03 DEG.K = 0.7700 02DEG.F Kt 73 8 0.1900 11

TEMPERATURE = 0.5000 02 DEG.C a 4.3230 43 DEG.K = 0.1220 03DEG.F Kt 71 s 0.2810 11 e. 4 +O --+O[2
TEMPERATURE a 0.7500 02 DEG.C * 0.3480 03 DEG.K s 0.167D 03DEG.F Kt 71 a 0.1930 11

TEMPERATURE = 0.1000 03 DES.C a 0.3730 03 DEG.K s 0.2120 03 DES.F Kt 73 = 0.5260 11

TEMPERATURE a 0.2500 02 DEG.C s 0.1980 03 DEG.K a 0.7700 02DEG.F K( 83 = 0.1640 07

2e.9 + 2 H O + 20H' 4 H
~

2 2

s



_ -

TEMPERATURE O 0.5000 02 DEG.C s 0.3230 03 DEG.K a 0.1220 030EG.F Kt 83 s 0.243D 07

1 'e., + 2. W zo + 2.oH +HzTEMPERATURE * 0.750D 02 OEG.C a 0.3480 03 DEG.K s 0.167D 030EG.F Kt 8) = 0.3390 07

TEMPERATURE = 0.1000 03 DEG.C s 0.373D 03 DEG.K s 0.2120 030EG.F Kt 83 s 0.4340 07

TEMPERATURE a 0.2500 02 DEG.C = 0.2980 03 DEG.K = 0.770D 02DEG.F Kt 91 = 0.450D 10

TEMPERATtRE a 0.5000 02 DEG.C z 0.3230 03 DEG.K s 0.122D 030EG.F Kt 91 a 0.6660 10
2. OH + H 2.0t

TEMPERATURE s 0.7500 02 DEG.C s 0.3480 03 DEG.K s 0.167D 03DEG.F Kt 9) = 0.932D 10

TEMPERATURE a 0.1000 03 DEG.C = 0.3730 03 DEG.K s 0.212D 03DEG.F Kt 93 = 0.1250 !!

TEMPERATL'RE s. 0.2500 02 DEG.C = 0.2980 03 DEG.K = 0.770D 02DEG.F Kt103 s 0.1200 11

OH -t Ho * H.t0+OTEMPERATURE a 0.5000 02 Di 1.C s 0.3230 03 DEG.K s 0.1220 03DEG.F Kt101 s 0.1780 11 z g

TEMPERATURE a 0.7500 02 DEG.C = 0.34ED 03 DEG.K s 0.167D 03DEG.F Kt101 = 0.248D 11

TEMPERATURE a 0.1000 03 DEG.C = 0.373D 03 DEG.K a 0.2120 03DEG.F Kt103 = 0.332D 11

TEMPERATURE = 0.2500 02 DEG.C s 0.298D 03 DEG.K z 0.7700 02DEG.F Kt111 a 0.1200 11 ,

TEMPERATURE a 0.5000 02 DEG.C = 0.3230 03 DEG.K = 0.1220 030EG.F Kt111 s 0.1780 11 g4-.

TEMPERATURE a 0.7500 02 DEG.C a 0.3480 03 DES.K a 0.167D 030EG.F Kt113 8 0.2480 11

TEMPERATURE a 0.1000 03 DEG.C s 0.3730 03 DEG.K = 0.2120 030EG.F Kt til a 0.332D 11

TEMPERATURE = 0.2500 02 DEG.C a 0.2980 03 DEG.K s 0.7700 02DEG.F Kitti s 0.2000 08

OH -t H * Ga{ + H otTEMPERATURE a 0.5000 02 DEG.C = 0.3230 03 DEG.K s 0.1220 03DEG.F Kt123 s 0.2%D 08

. TEMPERATURE s 0.7500 02 DES.C a 0.348D 03 DEG.K s 0.1670 03DEG.F Kt12) a 0.4140 08

TEMPERATURE a 0.1000 03 DEG.C a 0.3730 03 DEG.K s 0.2120 030EG.F Kt125 s 0.5540 08

TEMPERATURE a 0.2500 02 DEG.C a 4.2980 03 DEG.K s 0.7700 020EG.F Kt133 a 0.4500 09

" ) h .{. k Q =r O H .4- (TEMPERATURE a 0.5000 02 DEG.C = 0.3230 03 DEG.K = 0.1220 030EG.F Kt131 s 0.6660 09 g .

TEMPERATURE s 0.7500 02 DEG.C = 0.348D 03 DEG.K a 0.167D 030EG.F Kt131 s 0.9320 09

TEMPERATURE = 0.1000 03 DEG.C 3 0.3730 03 DEG.K s 0.2120 030EG.F Kt13) = 0.1250 10

TEhPERATURE = 0.2500 02 DEG.C a 0.2980 0'3 DEG.K s 0.7700 62DEG.F K(14) = 0.6300 08
~

g 4y gg 4 gg"TEMPERATURE a 0.5000 02 DEG.C s 0.3230 03 DEG.K s 0.122D 030EG.F Kt14) = 0.9320 08
-

TEMPERATURE = 0.7500 02 DEG.C a 0.3480 03 DEG.K s 0.167D 030EG.F Kt143 s 0.1300 09

,
TEMPERATURE = 0.1000 03 DEG.C a 0.3730 03 DEG.K = 0.2120 030EG.F Kt143 = 0.1740 09

TEMPERATURE a 0.2500 02 DEG.C * 9.2980 03 DEG.K a 0.770D 02DEG.F Kt151 s 0.1440 12

N * -f O H ' d S OTEMPERATURE a 0.5000 02 DEG.C s 0.3230 03 DEG.K a 0.1220 03DEG.F Kt15) * 0.2130 12

TEMPERATURE * 0.7500 02 DEG.C s 0.3480 03 DEG.K s 0.167D 03DEG.F Kt151 a 0.2980 12
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H* + 0H' 4 H2 OTEMPEIATURE s 0.1000 03 DEG.C = 0.3730 63 DEG.K a 0.2110 030EG.F Kt153 s 0.3980 12
e

j TEMPERATURE * 0.2500 et DES.C = 0.2960 03 DEG.K s 0.7700 020EG.F Kt161 = 0.2600-04

TEMPERATURE a 0.5000 St DEG.C = 0.3230 83 DEG.K z 8.1220 030EG.F Kt163 a 0.3850-04
i H O E H + + 0H-

TEMPERATWE = 0.7500 et DES.C = 0.3480 03 DEG.K s 0.1670 030ES.F Kt 161 a 0.5380-04 2-

TEMPERATURE a 0.1000 03 OCG.C a 4.3730 C3 DEG.K s 0.2120 030EG.F Kt163 a 0.7200-04.

4

TEMPERATURE a 0.2500 St DEG.C = 0.2980 03 DES.K s 0.7700 OEDEG.F Kt17) a 0.2000 11

TEMPERATURg * 0.5000 02 DEG.C = 0.3230 03 DEG.K s S.!!!O 03DEG.F Kt17) a 0.2960 11
,4, g g

TEMPERATWE a 0.7500 et DEG.C s 0.3480 03 DEG.K s 0.1670 030EG.F Kt17) a 0.4140 11,

$ TEMPERATWE a 0.1000 93 DEG.C = 0.3730 83 DEG.V a 0.2120 030EG.F Kt171 = 0.5540 11
: i

| TEMPERATURE a 0.2500 02 DEG.C = 0.2900 03 DES.K = 0.7700 020EG.F Kt181 a 0.4500 08

TEI1PERATURE a 0.5000 et DES.C e 0.3230 03 DES.K s 0.1220 030EG.F K(103 a 0.1120 09 4 , g
TEMPERATURE a 0.7500 et DES.C * 8.3480 03 DES.K a 0.1670 030ES.F Kt181 a 0.2460 09 '

4

TEMPERATURE a 0.1000 83 DES.C e 0.373p 03 DES.K s 0.2120 030ES.F Kt181 = 0.4840 09

TEMPERATURE s 0.2500 et DES.C a 0.2980 93 DES.K = 0.7700 020ES.F K(191 a 0.4500 08

{ TEMPERATURE a 0.5000 et DES.C * 8.3230 03 DES.K = 0.1220 030EG.F Kt193 * 8.8100 ** OH + H 0 -'r Hao + Ho2 t z
TEMPERATURE a 0.7500 et DES.C s 0.3480 03 DES.K s 0.167D 030EG.F Kt193 = 0.1340 69

,

;
TEMPERATURE a 0.1000 03 DES.C a 0.3730 93 DES.K s 0.2120 030ES.F Kt193 s 0.207D 09

'

TEMPERATW E a 0.2500 et DES.C s 0.2900 83 DES.K a 0.7700 020ES.F Kttel a 4.9000 08 ,

TEMPERATURE a 0.5000 et DES.C a 0.3230 43 DES.K s 0.1220 03 DES.F Kttel a 0.1620 0'
H + Hz0.t - + O H + H.to

: TEMPERATURE a 0.7500 et DES.C e 0.3440 83 OES.K s 0.1670 030ES.F Kitel a 4.2680 09
i

TEMPERATURE a 0.1000 93 DES.C e 0.3730 93 DES.K = 0.2120 030ES.F Kitol = 0.4150 09*

i
*

i

j TEMPERATURE a 0.2500 et DES.C a 4.2900 43 DES.K s 0.7700 OtOES.F Kitti = 0.1900 11 '

. .

+ w HO !TEWERATURE a 0.5000 02 DES.C e 0.3230 93 DES.K a 0.1220 030ES.F Kit 11 a 0.2810 11
2

! TEMPERATURE a 0.7500 et DES.C e 0.3480 43 DES.K a 0.167D 030ES.F Kttil = 0.3930 11 |
i I

TEMPERATURE a 0.1000 03 DES.C * 9.3730 $3 DES.K = 0.2120 030ES.F Ktt1) = 0.5260 11
,

1 TEMPERATURE a 0.2500 et DES.C s 0.2900 03 DES.K z 9.7700 020ES.F Kitti a 0.0000 06

0 + H ''TEMPERATURE a 0.5000 et DES.C a 0.3230 03 DES.K * 8.1220 030EG.F Kitt) = 0.1100 07
2

TEMPERATURE a 0.7500 et DES.C a 0.3440 93 DES.K s 0.1670 030ES.F Kitti = 0.1660 07

! TEMPERATWE a 0.1000 83 DES.C a 0.3730 43 DEG.K = 0.2120 030ES.F Kitti s 0.2210 07

iTEMPERATURE = 0.2500 et DES.C a 0.2980 83 DES.K s 0.7700 02 DES.F Kit 31 a 0.5000 11
""

g. Q '* H o.
t

v.
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+
.

I
! TE?tPERATURE a 0.5000 02 DIG.C s 0.3230 63 DE%K s 0.1220 030EG.F Kt23) a 0.7400 11

b Y 2.TEMPERATURE a 0.7500 02 DEC.C - 9-146rt 03 DEG.K s 0.1670 03DEG.F Kt233 s 0.1040 12
'

TEMPERATURE a 0.1000 03 DEG.C = 0.3730 83 DES.K s 0.2120 030EG.F Kt231 a 0.1380 12

TEMPERATURE a 0.2500 et DEG.C a 0.2980 03 DEG.K = 0.7700 020EG.F Kt24) = 0.1500 08

TEttPEPATURg = 0.5000 et DEG.C = 0.3230 03 DEG.K = 0.1220 03DEG.F Kt243 s 0.2700 06'

Hot + O -+ Oz + H0
-

: t 3
( TEMPERAftstE a 0.7500 et DEG.C s 0.3480 03 DEG.K s 0.167D 030EG.F Kft43 a 0.447D 08
i

TEMPERATLNtE = 0.1000 93 DEG.C s 0.3730 03 DES.K s 0.212D 030EG.F Kt243 s 0.6910 08'

j TEMPERATURE = 0.2500 et DEG.C * 8.2960 03 DEG.K = 0.7700 02DEG.F Ktt51 a 0.2700 07
<

TEMPERATURE a 0.5000 et DES.C = 0.323D 03 DES.K s 0.1220 030EG.F Kt 25) * 0.466D 07
2.H0 ->H O +0,'

1 11 ,*~
TEMPERAftstt = 0.7500 02 DEG.C a 0.3400 03 DES.K = 0.167D 030EG.F Kit 5) = 0.8040 07

TEMPERAftNit = 0.1000 83 DEG.C a 0.3730 83 DES.K a 0.2120 030EG.F Ktt53 s 0.1240 08
,

5TEMPERATtstt = 0.2500 et DEG.C a 0.2900 93 DES.K = 0.7700 etDES.F Ktt63 s 0.5600 64

+ 2 H 0 -+ Hz.0 . + 0 +24H-TEMPERATURE a 0.5000 et DEG.C s 0.3230' 03 DEG.K s 0.1220 030EG.F Kt26) = 0.1010 05 -

z 2 2
TEMPERATURE a 0.7500 et DES.C s 0.3400 83 DES.K = 0.167D 030ES.F K(26) a 0.167D 05

i TEMPERATURE 0.1000 93 DEG.C a 0.3730 83 DES.K s 0.2120 030EG.F Ktt6) 8 0.2580 05

TEMPERATURE a 0.2500 et DEG.C s 0.2900 03 DES.K s 0.7700 02DEG.F K(273 s 0.200D 11

TEMPERATLNtt * 4.5000 et DEG.C = 0.3230 03 DES.K s 0.1220 030ES.F Kt27) a 0.2960 11 0H + H 0,_ -* H 2 2.
TEMPERATURE a 0.7500 St DEG.C * 8.3400 03 DEG.K s 0.1670 030EG.F Ktt71 s 4.414011

TEMPERAftag = 0.1000 03 DEG.C = 0.3730 03 DES.K s 0.2120 030ES.F Ktt75 s 0.5540 11

TEMPERAftstE s 0.2500 St DEG.C a 0.2900 03 DEG.K a 0.7700 02DEG.F K(tel * 8.2000 11
'

\

TEMPERATURE = 0.5000 et D:6.C * 8.3230 03 DES.K s 0.1220 030EG.F Kttel s 0.2960 11 H+0z -+ H0 .2
TEMPERATURE a 0.7500 St DES.C = 0.3400 03 DES.K s 0.1670 030ES.F Kt203 s 4.4140 11 |

'

TEMPERATURE a 0.1000 03 DEG.C 's 4.3730 03, DES.K s 0.2120 03 DES.F M(28) = 0.5540 11

TEMPERATURE a 0.2500 02 DES.C s 0.2900 93 DES.K = 0.7700 C20EG.F Kt293 s 0.3300 07'

TEMPERATURE a 0.5000 et DEG.C = 0.3230 03 DES.K s 3.1220 030EG.F K(193 s 0.5940 07 4 4g--

TEMPERATURE a 4.7500 et DES.C s 0.3400 43 DES.K = 0.1670 030E8'.F K(19) = 0.9830 07

TEMPERATURE 0.1000 03 DES.C = 0.3730 03 DEG.K a 0.2120 03DEG.F K(193 s 0.1520 08

TEMPERATURE a 0.2500 et DEG.C s 0.1980 03 DEG.K s 0.7700.02DEG.F K(30) * 9.1000 09

OH' +Hz t.o '" N0 '+ H 0TEMPERATURE = 0.5000 Of DES.C a 0.3230 43 DEG.K * 8.1220 030EG.F Kt30) a 0.1800 09 z z

TEMPERATURE = 0.7500 et DES.C s 0.3400 03 DEG.K s 0.1670 030EG.F Kt303 s 0.2960 09

_ ___
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TEttPECATURE a 0.1000 03 DEG.C s 0.3730 03 DEG.K s 0.2110 03DEG.F Kt303 s 0.461D 09 OH 4 Hzc 4 H0
~ '

z 2 + Hzo
TEMPERATURE s 0.2500 02 DEG.C = 0.2980 03 DEG.K s 0.770D 02DEG.F Kt31) = 0.102D 05

- TEMPERATURE s 0.5000 02 DEG.C = 0.3230 03 DEG.K a 0.122D 03DfG.F Kt31) = 0.151D 05
Oz +Hz0 + 0H + Hz zo

TEf1PERATURE = 0.7500 et DEG.C a 0.3480 03 DEG.K s 0.167D 03DEG.F Kt31) 4 0.2120 05
;

TEMPERATURE a 0.1000 03 DES.C * 0.3730 03 DEG.K a 0.2120 03DEG.F Kt313 = 0.2830 05

.

&
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e

.

PRINT STREAM HD. 2
DDMR H202 H+ DH- PSD2 D2- H DH PSH2 E-
2.17890-03 6.48470-06 1.49990-07 S.66950-06 5.13000-02 8.32240-t8 3.4582D-13 3.37600-11 4.24000-02 2.51280-13
2.1782D-02 2.19560-05 1.47050-07 6.79670-08 5.12950-02 7.8823D-38 5.2167D-13 9.30500-11 4.23950-02 3.31200-13
2.17180-01 1.40700-05 1.44750-07 6.90790-08 .5.12410-02 7.54990-E8 3.2002D-13 1.3834D-10 4.23180-02 3.56050-13
2.1181D*00 1.92190-05 1.4502C-07 6.89250-0S 5.07830-02 7.5864D-tb 2.41570-13 1.05140-10 4.15630-02 2.62130-13
1.86220*01 2.15650-05 1.40490-07 7.1132D-08 4.74140-02 6.9092D-08 1.79320-13 7.84840-11 3.48920-02 1.91720-13
1.20920*02 1.7032D-05 1.29080-07 7.74540-06 3.36210-02 5.13980 48 8.20930-14 5.82740-11 7.26810-03 1.15770-13
5.15440002 1.52370-05 1.1510D-07 8.68590-08 3.0737D-02 2.8008D*38 t.09870-14 1.97830-11 1.4802D-03 3.37290-14
9.9123D*C2 1.51930-05 1.0394D-07 9.61790-08 3.06800-02 7.50140-09 1.39830-15 1.42180-12 1.36710-03 2.2492D-15

s

.

FIG, J ~3
.

-

.

0

. - _ _ _ _ - _



PRINT STDEAM HD. 3
DONR H02 H2D HD2- PD2 PH2 PSD2 PSH2

| 2.17890-03 7.8103D-10 5.5300D+01 7.54270-11 4.54910-02 3.75990-02. 5.13000-02 4.24000-02
| 2.1782D-02 7.2546D-10 5.5300D+01 2.60300-10 4.5487D-02 3.75950-02 5.12950-02 4.2395D-02

2.1712D-01 6.83890-10 5.53000+01 1.69570-10 4.54380-02 3.7526D-02 5.12410-02 4.23180-02'

2.1181D+00 6.88490-10 5.5301D*01 2.31100-10 4.50330-02 3.68560-02 5.07330-02 4.1563D-02
1.86220+01 6.07400-10 5.53070+01 2.67700-10 4.20450-02 3.0941D-02 4.74140-02 3.48920-02
1.2092D+02 4.15050-10 5.5331D * 01 2.30370-10 2.98140-02 6.44500-03 3.3621D-42 7.2681D-03 '

5.1564D+02 2.01590-10 5.53360+01 2.31400-10 2.72560-02 1.31260-03 3.0737D-02 1.4802D-03
9.9123D+02 4.8737D-11 5.5337D*01 2.5577D-10 2.7206D-02 1.2123D-03 3.06800-02 1.3671D-03

.

.

.

m

. . _ _ _ _
. . ..

.

.. . .
.. . _ ,



..

I

}
l

I

,

PRINT STREAM HD. 4
DOMR TIME H2T 02T H202T
2.17390-03 1.00000+01 3.44000-04 3.92990-04 7.87810-08
2.1782D-02 1.00000+02 3.43950-04 3.9291D-04 4.17210-06
2.1718D-01 1.00000+03 7.4332D-04 3.92500-04 3.05430-05
2.1181D+00 1.00000+04 3.37190-04 3.8901D-04 1.59450-04
1.8622D+01 1.00000+05 2.8307D-04 3.63200-04 2.11370-04
1.2092D+02 1.00000+06 5.8965D-05 2.5757D-04 1.67040-04

! 5.1564D+02 1.00000+07 1.20090-05 2.3547D-04 1.4933D-04 5
' 9.9123D+02 1.0000D+08 1.1092D-05 2.35040-04 1.48900-04

.

e

m

.
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APPENDIX K

IDENTIFICATIm T DOMDENT IWIC FUits T

IMPURITY SP*x im

'Ihis appcmdix der =mts the results of equilibrium k%i.icnaticn1
'

calculaticms used to assess the dminant icnic forms of inpurities
likely to be found in the post-accident coolant water at Millstcne
thit I. 'Ibe key results are stmaarized below.

Fe Inpurities

| With regard to Fe inpurities:
!

* For the likely dissolved O levels [Fe+ ]))[Fe+ ] by many orders of2
magnitude throughout all pH ranges of inta. st..

* At lower water Lagatures, where natural recatinaticn is least
thernodynamically favored, hydrolysis of Fe+ ions is insufficient
to yield appreciable cxmoentraticms of Fe(W)+ icns.

* At higher tenperatures, where natural recatination is more thermo-
dynamically favored, Fe(OH)+ icus may be appreciable for mildly

, alkaline pH conditicns.
1

* Assuming all ircn inpurities are .in the +2 cuidaticn state is slightly
conservative.

Cu Inpurities

i

With regard to Cu inpurities:

* 'Ihe primary cuidaticn states are +1 and +2, Wille the +3 state is
extreely rare.

* For Cu inpurities in the anticipated ppb range, both Cu+ and Cu+2

are likely to be present in roughly equal anamts. Hence asampticn
| that all Cu is in the +2 cuidation state for the reaction:
'

Cu+ + OH 4 Cu +W~

,

-is ccnservative.

__ - -



I

|

* At lower tmperatures where natural reccmbinaticn is least favored
thermodynamically, the inpacts of hydrolysis in forming Cu(m)+ icns
should be insignificant for the pH range of interest.

* Only at higher taperatures could hydrolyzed Copper icns be a significant
ccnsideraticn.

* By cmissicn of the producticn of m radicals via the reacticn:
Cu* + H 02 2 ---> Cu+2 , g , g- 9k=2.3 x 10 '

the sinple Jenks-Greiss criteria used to judge stability is grossly
overecnservative,

m Inpurities

With regard to m inpurities:
a Based cn a review of the prinary cocidaticn states of manganese, the +2

cocidation state is dominant while the +1 and +3 states are extreely
rare.

* Hydrolyzed forns of m, e.g.: m(T)+ are too rare to play any significant
role cn radiolysis/remandaticn reacticns.

-

-

i
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TABLE 3; PARTITION COEFFICIENT, NICROORAN PER CU.CM. 0AS/MICR00RAN PER CU.CM. l.10UID 01/10/77 HEMA

.

DEOREES F PSIA CXYOEN NITfl00EH HYDROGEN HELIUN XEHert NETHANE

| 120' l.69 4.00E 01 7.7tE 01 5.21C 01 1.01E 02 1.48E 01 3.99E of122 1.79 4.08E 01 7.74E 01 0.20E 01 1 00E 02 1.50E 01 4.01E 01'
124 1.89 4.llE Cl* 7.77E 01 5.18E 01 9.93E 01 1.52E 01 4.04E 01128 2.00 4.13E 01 7.50E 01 5.17E of 9.86E 01 1.54E 01 4.07E 01

.

128 2.11 4.16E 01 7.83E 01 0.15E of 9.79E 01 1.58E 01 4.09E 01
, 130 2.22 4.18E 01 7.85E 01 5.13E 01 9.72E 01 1.58E 01 4.12E 01! g 132 2.34 4.20E 01 7.87E 03 5.11E 01 9.65E 01 f.80E 01 4.14E 01| ' 134 2.47 4.23E 01 7.89E 01 5.09E 01 9.58E 01 1 62E 01 4.16E Of130 2.80 4.25E 01 7.91E 01 5.08E 01 9.00E 01 1.83E 01 4.19E 01| 138 2.74 4.27E 01 7.92E 01 5.06E 01 9.42E 01 ].65E 01 4.21E 01 ||

'

140 2.89 4.28E 01 7.94E 01 5.04E 03 9.35E 01 f.67E 01 4.23E 01
.

| 142 3.04 4.30E 01 7.95E 01 5.0IE 01 9.27E 01 1.68E 01 4.24E 01
|

'
144 3.20 4.32E 01 7.96E 01 4.99E 01 9.19E 01 1.70E 01 4.26E Of146 3.37 4.33E 01 7.97E of 4.97E 01 9.llE 01 1.71E 01 4.28E 01

.

148 3.54 4.35E 01 7.97E 01 4.95E 01 9.03E 0] 1.73E 01 i 4.29E 01i

l |'
150 3.72 4.36E 01 7.98E 01 4.92E 01 8.95E 01 1.74E 01 4.3IE 01152 3.91 4.30E 01 7.98E 01 4.90E 01 8.86E 01 1.75E 01 4.32E 01

,

184 4.10 4.39E 01 7.99E 01 4.88E 01 8.78E 01 1.77E 01 4.33E 01|| 150 4.31 4.40E 01 7.99E 01 4.85E 01 8.70E Of 1.78E 01 4.34E 01| 158 4.02 4.41E 01 7.90E 01 4.83E 01 8.61E 01 1.79E 01 4.35E 01
|' 160 4.74 4.42E 01 7.98E 01 4.80E 01 8.53E 01 1.80E 01 4.36E 01
! |"
'

162 4.97 4.42E 01 7.90E of 4.78E 01 8.45E 01 1.81E 01 4.37E 01
|104 . 5.21 4.43E 01 7.97E 01 4.75E 01 8.36E 01 1.82E 01 4.38E 01160 5.46 4.43E 01 7.90E 01 4.72E 01 8.28E 01 1.83E 01 4.38E 01

.

j 168 5.72 4.44E 01 7.96E 01 4.70E 01 8.19E 0) 1.84E 01 4.39E 01
__

|| 170 5.99 4.44E 01 7.95E 01 4.67E 01 8 llE 01 1.85E 01 4.39E 01|I 172 8.27 4.45E 01 7.94E 01 4.64E 01 8.02E 01 1.86E 01 4.40E 01] 174 8.57 4.45E 01 7.92E 01 4.81E 01 7.94E Of 1.87E 01 4.40E 01| 178 6.87 4.45E 01 7.98E 01 4.59E 01 7.85E 01 1.88E 01 4.40E 01178 7.18 4.45E 01 7.89E 01 4.56E 01 7.77E Of 1.88E 01 4.40E 01
180 7.51 4.45E 01 7.88E 01 4.53E 01 7.88E 01 1 89E 01 4.40E 01182 7.85 4.45E 01 7.86E 01 4.50E 01 7.80E Of 1.00E 01 4.40E 01184 8.20 4.44E 01 7.84L 01 4.47E 01 7.51E 01 1.90E 01 4.40E 01180 8.07 4.44E 01 7.82E 01 4.44E of 7.43E 01 1.91E 01 4.40E Of188 8.95 %.44E 01 7.80E 01 4.41E 01 7.34E Of 1.91E 01 4.40E Of
190~ 9.34 4.43E 01 7.78E 01 4.38E 01 7.28E 01 1.92E 01 4.39E 01192 9.75 4.42E 01 7.76E 01 4.36E 01 7.18E 01 1.92E 01 4.39E 01194 10.17 4.42E 01 7.73E 01 4.33E 01 7.09E 01 1.92E 01 4.38E 01

L 100 10.61 4.41E 01 7.73E 01 4.30E 01 7. ole 01 1.93E 01 4.38E 01i 198 11.08 4.40E 01 7.68E 01 4.27E 01 6.93E 01 1.93E 01 4.37E 01
200 11.'53 4.39E 01 7.86E 01 4.24E 01 8.65E 01 1.93E 01 4.36E 01202 12.01 4.38E 01 7.63E 01 4.21E 08 G.77E of 1.93E 01 4.3bE 01F 204 12.51 4.37E 01 7.60E 01 4.18E 01 6.00E 01 1.9aE 01 4.34E 01j 200 '

3.03 4.36E 01 7.57E 01 4.15E 01 0.GIE 01 1.93E 01 4.33E 011 200 | 3.57 4.35E 01 7.54E 01 4.12E 01 6.53E 01 1.93E 01 4.32E Of
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TABLE 4;
HENRY 8 LAW CONSTANT, ATM/ MOLE FRACTION

DEOftEES F PSIA OMYOEM MITR00EN HYDROGEN HELlUM MENON METHANE

'01/10/77 HEMA

! 32 0.09 2.54E 04 5.19E 04 8.66E 04 1.29E OS 5.53E 03 2.20E 04
|34 0.10 2.88E 04 5.36E 04 5.70E 04 I.3|E 06 5.80E 03 2.29E 04

34 0.10 2.74E 04 8.54E 04 5.e4E 04 1.32E 05 S.oeE 03 2.30E 04
36 0.11 2.SIE 04 8.7]E 04' O.92E 04 1.33E 06 S.38E 03 2.47E 04. 40 0.12 2.49E e4 5. Set 04 S.01E 04 1.34E os S.87E 03 2.5eg 04

| 42 0.13 2.97E 04 8.06E 04 S.09E 04 1.35E 05 S.98E 03 2.65E 04

,

; 44 0.14 3.05E 04 S.23E 04 S.16E 04 1.36E 05 7.29E 03 2.78E 04
. de 0.15 8.13E 04 S.40E 04 S.24E 04 1.37E 05 7.60E 03 2.s4E 04
1 44 0.17 3.2tE 04 S.57E 04 * 6.31E 04 1.36E OS 7.93E 03 2.93E 0450 0.14 3.29E 04 S.73E 04 S.34E 04 1.39E 05 s.26E 03 3.02E 04

|g 52 0.19 3.37E 04 S.90E 04 S.45E 04 1.40E 05 0.59E 03 3.IlE 04
54 0.21 3.45E 04 7.0SE 04 S.52E 04 1.41E 05 8.93E 03 3.20E 04
SS 0.22 3.53E 04 7.23E 04 S.58E 04 1.42E OS 9.28E 03 3.29E 04
58 0.24 3.SIE 04 7.39E 04 8.84E 04 1.43E OS 9.83E 03 3.3eE 04

'

SO 0.26 3.89E 04 7.65E 04 8.70E 04 1.44E OS 9.99E 03 3.47E 04
192 0.27 3.77E 04 7.70E 04 S.75E 04 1.44E 05 1.04E 04 3.56E 04| 64 0.29 3.SSE 04 7.SSE 04 8.02E 04 1.45E 05 1.07E 04 3.SSE 04

.

SS 0.32 3.93E 04 S. ole 04 S.07E 04 1.4SE 05 1 IIE 04 3.74E 04

*

SS 0.34 4. ole 04 S.lSE 04 S.92E 04 1.46E OS } 15E 04 3.03E 04| 70 0.36 4.09E 04 S.GIE 04 S.97E 04 1.47E 06 1.18E 04 3.92E'04 I

g. 72 0.39 4.17E 04 S.4SE 04 7.02E 04 1.47E OS 1.22E 04 4.00E 041 74 0.42 4.2SE 04 S.SOE 04 7.06E 04 1.48E 05 1.2SE 04 4.09E 04
76 0.44 4.33E 04 S.75E 04 7.10E 04 1.48E 05 1.30E 04 4.17E 04 -

I 78 0.47 4.41E 04 4.89E 04 7.14E 04 1.4SE OS 3.34E 04 4.26E 04 ,j~l
,

.0 ..Si 4.49E 04 9.03E 04 7.i.E 04 i.49E OS i.3.E 04 4.34e 04!' 82 0.84 4.57E 04 9.lSE 04 7.22E 04 1.49E 05 1.42E 04 4.42E 04
S4 0.58 4.84E 04 9.29E 04 7.25E 04 1.49E OS 1.45E 04 4.5tE 04
48 0.82 4.72E 04 9.42E 04 7.26E 04 1.49E 05 1.49E 04 4.59E 04
SS 0.84 4.79E 04 0.54E 04 7.3IE 04 1.49E 06 8.53E 04 4.87E 04| 90 0.70 4.87E 04 9.87E 04 7.34E 04 1.50E 05 1.57E 04 4.74E 04

: 92 0.74 4.94E 04 9.79E 04 7.37E 04 1.50E os I.SIE 04 4.82E 04
94 0.79 5.02E 04 9.91E 04 7.39E 04 1.50E OS 1.85E 04 4.90E 04

.

SS 0.84 0.09E 04 1.00E Os 7.42E 04 1.50E 05 1.69E 04 4.97E 04

.

90 0.89 5.lSE 04 1.01E OS 7.44E 04 1.49E 05 1.73E 04 8.00E 04
I

( 100 0.95 5.23E 04 1.02E OS 7.4SE '04 1.49E 05 9.77E 04 5.12E 04a lot 1.01 5.30E 04 1.04E OS 7.47E 04 1.49E 06 1. ele 04 S.19E 04J 104 f.07 5.37E 04 1.0SE OS 7.49E 04 1.49E 05 1.85E 04 5.26E 04
0 IOS 3.13 5.44E 04 1.0SE OS 7.50E 04 1.49E OS 1.89E 04 5.33E 04IOS 1.20 8.50E 04 1.07E 00 7.52E 04 1.48E 03 1.92E 04 5.40E 04

110 1.27 5.57E 04 1.0SE OS 7.53E 04 1.48E 05 1.96E 04 5.47E 04lit l'.35 5.53E 04 1.00E OS 7.54E 04 1.48E 05 2.00E 04 6.53E 04184 1.43 5.70E 04 1.0eE OS 7.54E 04 1.47E 05 2.04E 04 5.60E 04lie 1.88 S.76E 04 1.10E OS 7.55E 04 1.47E 05 2.08E 04 5.66E 04|19 j.60 0.02E 04 1.IIE OS 7.55E 04 1.46E 05 2.llE 04 6.72E 04
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! TABLE di HENRYS LAW CONQTANT, ATM/ MOLE FRACTISH

c1/10/77 HEMAi DEGREE 3 F PSIA CMYOEM .C8TRoeE3 HYDRO 0EN HELI L91 XENON METHANEal'a 14.12 7.06E 04 1.22E 05 S.64E 04 1.05E 05 3.14E 04 7.01E 04 |

j
212 14.70 7.04E 04 1.22E 05 6.61E 04 1.04E OS 3.15E 04 7.00E 04 -
214 15.29 7.04E 04 1.22E 05 6.57E 04 1.03E 05 3.15E 04 7.00E 04216 15.90 7.03E 04 1.21E 05 6.54E 04 1.02E 05 3.16E 04 6.99E 04

i

|
218 16.53 7.02E 04 1.21E 05 6.50E 04 1 01E 05 3. lee 04 S.98E 04 |

a

! 220 17.19 7.01E 04 1.21E 05 6.46E 04 9.96E 04 3.17E 04 S.97E 04 i
1

222 17.86 7.00E 04 1.20E 05 6.43E 04 9.88E 04 3.17E 04 6.96E 04224 18.56 6.98E 04 1.20E 05 6.39E 04 9.75E 04 3.17E 04 6.95E 04

, *

228 19.27 S.97E 04 1.20E 05 6.35E 04 9.65E 04 3.17E 04 8.94E 04

>

'
! 228 20.01 6.95E 04 1.19E 05 6.32E 04 9.55E 04 3.17E 04 6.92E 04 I

230 20.78 S.94E 04 1.19E OS 6.28E 04 S.45E 04 3.l7E 04 6.91E 04
I232 21.57 6.92E 04 1.19E 05 S.24E 04 0.35E 04 3.l7E 04 8.89E 04 !

234 22.38 8.90E 04 1.18E 05 6.20E 04 9.25E 04 3.17E 04 8.88E 04

>

*238 23.22 S.48E 04 1.18E 05 6.17E 04 9.15E 04 3.17E 04 8.86E 04 I238 24.08 8.86E 04 1.17E 05 6.13E 04 9.05E 04 3.17E 04 6.84E 04240 24.97 S.94E 04 1.17E 05 S.09E 04 8.95E 04 3.17E 04 6.82E 04 ;

,,

242 25.88 8.82E 04 1.16E 05 6.05E 04 6.86E 04 3.16E 04 i 8.79E 04 -244 26.83 8.79E 04 1.16E OS 6. ole 04 8.76E 04 3.16E 04 S.77E 04246 27.80 8.77E 04 1.15E 05 5.98E 04 8.87E 04 3.15E 04 8.78E 04
I 248 28.80 S.74E 04 1.15E 05 5.94E 04 8.57E 04 3.15E 04 6.72E 04
-

250 29.82 S.72E 04 1.15E 05 5.90E 04 8.48E 04 3.14E 04 S.70E 04
j .

1252 30.88 8.89E 04 1.14E 05 5.66E 04 6.39E 04 3.14E 04 6.67E 04 -,,

.

| 254 31.97 8.66E 04 1.14E 05 5.82E 04 8.29E 04 3.13E 04 6.64E 04 ?
258 33.09 6.64E 04 1.13E 05 0.78E 04 8.20E 04 3.13E 04 8.62E 04 !-

' 258 34.24 6.6tE 04 1.12E 05 5.74E 04 8.llE 04 3.12E 04 8.59E 04 -~--

260 35.43 S.88E 04 1.12E 05 5.70E 04 4.02E 04 3.llE 04 S.56E 04! 262 36.84 6.55E 04 1.llE 05 5.67E 04 7.93E 04 3.10E 04 6.52E 04264 37.89 S.52E 04 1.llE 05 5.63E 04 7.84E 04 3.10E 04 8.49E 04
8 266 39.18 6.49E 04 1.10E 05 5.59E 04 7.76E 04 3.09E 04 6.46E 04288 40.50 S.45E 04 1.10E 05 5.55E 04 7.67E 04 3.08E 04 8.42E 04
,

270 41.88 6.42E 04 1.09E 05 5.5tE 04 7.58E 04 3.07E 04 6.39E 04
> 272 43.25 S.39E 04 1.09E 05 8.47E 04 7.50E 04 3.06E 04 8.35E 04274 44.88 6.35E 04 1.08E 05 5.43E 04 7.42E 04 3.05E 04 6.32E 04276 46.18 S.32E 04 1.07E 05 5.39E 04 7.33E 04 3.04E 04 6.28E 04278 47.65 6.28E 04 1.07E 05 5.35E 04 7.25E 04 3.03E 04 6.24E 04e

28D 49.20 8.25E 04 1.06E 05 5.3tE 04 7.17E 04 3.02E 04 6.20E 04282 50.79 6.21E 04 1.06E 05 5.27E 04 7.09E 04 3.00E 04 6.16E 04
,

284 52.41 6.17E 04 1.05E 05 5.24E 04 7.0IE 04 2.99E 04 6.12E 04286 54.08 6.14E 04 1 04E 05 5.20E 04 6.93E 04 2.98E 04 6.08E 04288 55.79 6.10E 04 1.04E 05 5.16E 04 6.05E 04 2.97E 04 6.04E 04
a 290 57*55 6.06E 04 1.03E 05 5.12E 04 6.78E 04 2.96E 04 6.00E 04292 59.35 S.02E 04 1.03E 05 5.00E 04 6.70E 04 2.94E 04 5.95E 04294 61.19 5.99E 04 1.02E 05 0.04E 04 6.62E 04 2.03E 04 5.91E 04296 63,08 5.95E 04 1. DIE 05 5.03E 04 S.55E 04 2.92E 04 5.86E 04298 65,02 5.91E 04 1. ole 05 4.97E 04 6.48E 04 2.90E 04 5.82E 04
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TABLE 43 HENRYS LAW CONSTANT. ATM/ MOLE FitACTION 01/10/77 HEMA
t
i DEGREES F PSIA eXYOC. NITRODEN HYDR 00EH HEL1Ut1 XENON NETHANE

! 570 1225.88 1.38E 04 2.18E 04 1.31E 04 1.'67E 04 9.47E 03
g' 572 1248.28 1.36E 04 2.12E 04 1.29E 04 1.66E 04 9.38E 03
- 574 1265.89 1.34E 04 2.08E 04 1.27E 04 ?.65E 04 9.29E 03

578 1285.74 1.33E 04 2.04E 04 1.26E 04 1.53E 04 9.20E 03
578 1305.84 1.31E 04 -2.00E 04 1.24E 04 1.62E 04 9.llE 03

580 1328.17 1.28E 04 1.96E 04 1.23E 04 1.61E 04 9.02E 03
582 1348.75 1.28E 04 1.92E 04 1.2tE 04 1.59E 04 8.94E 03 .

j 584 1367.57 1.20E 04 1.88E 04 1.20E 04 1.58E 04 8.85E 03
588 1388.84 1.24E 04 1.85E 04 1.16E 04 1.57E 04 8.77E 03
588 1409.86 1.23E 04 1.81E 04 1.17E 04 1.58E 04 8.88E 03

j 580 1431.52 1.21E 04 1 77E 04 1.16E 04 1.54E 04 8.80E 03
592 1453.35 1.20E 04 1.73E 04 1.14E 04 1.53E 04 8.52E 03

| 584 1475.42 1.18E 04 1.70E 04 1.13E 04 1.52E 04 8.44E 03
698 1497.78 1.17E 04 1.86E 04 1.11E 04 1.5tE 04 8.36E 03
598 1820.06 1 15E 04 1.82E 04 1.10E 04 1.50E 04 8.28E 03

s

800 1543.22 1.14E 04 1.59E 04 1.08E 04 1.48E 04 8.20E 03
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