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MARK lli CONTAINMENY

HYDROGEN CONTROL OWNERS iCOUP ;. R. tonsiev. eroject uonoger

c/o Gulf States Utilities . North Access Rood at Highwoy 61 e St. Froncisville, LA 707 75 504 605 6094
Ext. 2802

June 13, 1988
HGN-111-NP

Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Cmmission
Washington, D. C. 20555

Attention: Document Control Desk

Reference: 1) Letter from J.R. Iangley to R. Bernero, "Report of
CLASIX-3 Generic Analyses and Validation of CIASIX-3
Against 1/4 Scale Test Facility Data," HGN-092, dated
June 10, 1986

2) Letter frca J.R. Langley to USNRC, "CLASIX-3 Sunmary
Report," HGN-111, dated December 15, 1987

Subject: CLASIX-3 Sunmary Report

The Hydrogen Control Owners Group (HCOG ) has utilized the CLASIX-3
computer code to analyze the Mark III contai ment and drywell
response to hydrogen generation events. The CLASIX-3 code has been
used to analyze containment response to combustion below the
diffusion flame threshold and to analyze the dryvell response to
combustion at all postulated hydrogen release rates. In order to
clarify tne manner in which the CLASIX-3 code is being used to
address combustion in the cor.tainment in the Hydrogen Control
Program, a sunmary report has been developed which delineates both
tM manner in which the CLASIX-3 code results will be used in this
program and the basis up:)n which the code's results are deemed
acceptable. Attachment 2 provides this Sunmary report.

In Reference 1, the HCOG denonstrated that the CLASIX-3 analyses
yield conservative predictions of the thennal environments which
would be prcduced in the containment during events with sustained
hydrccen production below the diffusion flame threshold. The sununry
report provided in Attachment 2 identifies the hydrogen release
regimes that have been evaluateri with the CIASIX-3 code. Attachment
2 also provides a discussion of the conservatisms inherent in the
CLASIX-3 code and the HCOG base case, as well as the acceptability of
using CLASIX-3 predictions as a bounding representation of the
ccabustion phenomena that occur at low hydrogen release rates.
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In response .to related questions and crmnents frm the NRC staff in

the: October. 7,- 1987 meeting, Attachnent 3 provides a report-which
addresses embustion phenomena at low hydrogen release rates. .This
report -discusses the nature of cmbustion at low flows, provides
exanples of. Its effect in the containment, and- addresses the
potential severity of the thermal environment that may be associated
with this combustion.

'Ihe attached document is the non-proprietary version of Reference 2
and is subnitted in accordance with 10 CFR 2.790. 'Ihe proprietary
information contained in Reference 2 has been omitted from this
document.

This subnittal was compiled by HCOG frm the best information
available for subnittal to the Nuclear Regulatory Ccmnission. The
subnittal is believed to be complete and accurate, but it is not
subnitted on any specific plant docket. . The information contained in
this letter and its attachments should not be used for evaluation of
any specific plan *. unless the infermation has been endorsed by the.
appropriate mernbe utility. HOOG members may individually reference
-this letter in whole or in part as being applicable to their specific
plants.

Very truly yours,

J. R. Langley
Project Manager

JRL/jlw

Attachment

cc: see attached list
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cc: Mr. Lawrence C. Shao
Director, Division of Engineering
and System Technology
U.S. Nuclear Regulatory Comnission
Office of Nuclear Reactor Regulation
Washington, D.C. 20555

Mr. Ashok Thadani
Assistant Director for Systems
U.S. Nuclear Regulatory Conmission
Office of Nuclear Reactor Regulation
Washington, D. C. 20555

Mr. . . Kudrick
Plar.t Systems Branch
Div:sion of BWR Licensing
Office of Nuclear Reactor Regulation
Washington, D.C. 20555

Mr. Lester L. Kintner
Ibtirogen Control Project Manager
U.S. Nuclear Regulatory Comnission
Office of Nuclear Reactor Regulation
Washington, D.C. 20555
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CLASIX-3 SUMMARY REPORT
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1.0 INTRODUCTION

The Hydrogen Control Rule, as defined in 10 CFR 50.44, requires that Mark
III facilities ensure via a program of testing and analysis that the
installed hydrogen Control systes are "capable of handling without loss
of containment integrity an annunt of hydrogen equivalent to that
generated from a metal-water reaction involving 75% of the fuel cladding
-surrounding the active fuel region. "In response to this Rule, the
Hydrogen Control Owners Group (HCOG) was fonned to conduct the required
testing and analysis in support of the resolution of issues related to
hydrogen control in Mark III containments during degraded core events.
The initial focus of the Owners Group was to evaluate the potential
overpressurization threat to the containment structure that was postulated
to result frm hydrogen cmbustion. An evaluation of the expected
cmbustion phenomena was conducted to determine the most threatening
combustion mechanism which could result from hydrogen release into a Mark
I.~.I containment. Deflagrations were subsequent by identified as the
cmbustion mechanism which would produce the highest and nest rapid
pressure rise in the Mark III containment and, thus, would represent the
greatest pressure challenge to the containment structural integrity. The
HCOG then investigated different analytical tools capable of modeling
deflagrations in the Mark III containment and selected the CLASIX code to
analyze containment response.

The CLASIX code had been used for the analysis of hydrogen cmbustion in
ice condenser pressure suppression containments. It was determined that
the CLASIX code could be nodified to nodel many elements ccmnon to the
Mark III containments (e.g., upper pool dump, containment spray system,
suppression pool). Therefore, the HCOG completed several modifications to
the CLASIX code to develop an analytical nodel of the Mark III geometry.
The nodified ccde was renamed CLASIX-3.

As early focus of HCOG's program was to ensure that hydrogen combustion
initiated by the hydrogen ignition system would not threaten containment
structural integrity, the HCOG cmpleted extensive calculations which
dertenstrated that each Mark III plant containment structure had adequate
capability to withstand the peak pressures calculated by CLASIX-3 for the
postulated hydrogen deflagrations. Subsequently, it was recognized that
the hydrogen flow rates considered in the early containment response
analysis would produce steady diffusion flames anchored at the suppression
pool surface as opposed to the discrete deflagraticas postulated in the

| previous analysis. The consideration of diffusive cmlustion at the
postulated hydrogen flowrates required that HCOG shift the focus of the
program to adiress the ability of equipnent to survive the potentially

thennal environments that could result frcm dif fusion flames on thesevere
suppression pool surface.

testing and analysis program tc define thennal environmentsl 'Ib support a
which could be used in equignent survivabiU ty analyses, the HCOG
delineated two accident scenarios which provided representative hydrogen
release histories for evaluating degraded core events that involve

_i_
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significant hydrogen generation. As discussed in previous correspondence
with the NRC (Reference 1 ), mechanistic analyses were conducted using
these accident scenarios to define the hydrogen generation profiles which
would result. The IKDG was unable to define a scenario in which both a
mass of hytLojen equivalent to that which would be produced in a 75%
metal-water reaction- would be generated and a recoverable core geometry
would' be maintained. 'Iherefore, the hydrogen release histories utilized
in the HCDG's Hydrogen Control Program were cmprised of two cmponents.
The first cmponent was entitled the "reflood" portion of the history and
represented the calculated hydu gen release that was predicted to be
generated during the mechanistically defined portion of the accident+

scenario. The reflood portion of the release history represents the
hydrogen that is produced when a depressurized reactor with a

* uncovered core is recovered by injecting water into the reactor
pressure vessel. This cmponent typically represented hydrogen generated

percent metal-water reaction. The IKDG's 1/4 Scale Testingin a *

Program has confinned that diffusion flames on the suppression pool
surface will occur for this portion of the release history. The reflood
portion of the release history is, therefore, outside the scope of this
report since the environment that results from diffusive combustion on the
pool surface will be defined via the 1/4 Scale Test Program.

The second component of the hydrogen release history is referred to as the
"tail" and represents a non-mechanistical by defined constant hydrogen
generation rate. The tail portion is modeled by a 0.1 ltm/sec release
rate that is extended until the total hydrogen generation is equivalent to
that which would result from the interaction of water with 75 percent of
the zircaloy cladding in the active fuel region. As a result of data from
the 1/20th Scale Test Program, the 0.1 lim /sec tail portion of the release
history was considered to be well below the hydrogen generation rate that

.

would support diffusive combustion on the suppression pool surface. That
is, this flow rate was believed to represent a flowrate at which
deflagrations would be possible. However, data frcm the 1/4 Scale Test
Program indicates that diffusive pool burning occurs at this flowrate and
that the threshold for extinction of diffusive cmbustion on the pool

, depending on background hydrcgensurface is lower than *

concentration.

Subsequent testing in the 1/4 Scale Test Facility indicated that the
threshold for diffusive combustion could be defined at flows of * and

lbn/sec, depending on the local gas concentrations. The test program*

indicated, however, that the cmbustion which occurred below this
threshold was

*

Even though deflagrations did not occur during 1/4 scale testing, the HCOG
decided to utilize CLASIX-3 for the analysis of hydrogen cmbustion which
would occur at hydrogen production rates below the diffusion flame
threshold. This decision was based on the expectation that CLASIX-3 would

* Deleted due to proprietary information.
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bound the cmbustion below the diffusion flame threshold by nodeling a
cmbustion mechanism which produces nere severe thermal envirorsnent at low
hydrogen flowrates. The HOOG does not contend that CBSIX-3 models the
localized cmbustion phencmena, but that in modeling deflagrations it is
nodeling a combustion mechanism that predicts -a more severe -global
environment than has been measured locally in the 1/4 Scale Test Facility
for localized cmbustion. -

The report outlines- the basis for considering CIASIX-3 to be acceptable-

for predicting bounding temperatures that could occur in a Mark III
containment at the low hydrogen flowrates in the tail. The discussion
focuses on conservatisms. used in modeling the deflagration cmbustion
phenomena, conservatisms in' code input (as -verified by sensitivity
studies), ard conservatisms in application of the code results.

~
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2.0 BACKGROUND

As noted in Section 1.0, the CIASIX code was selected by the Hydrogen
Control Owners Group (HCOG) after an extensive search for a cmputer code
which could model the Mark III configuration and also deflagrations. The
version of the code utilized in early combustion analyses by the HCOG
contained edifications made by the HCOG to the original CIASIX code in
order to accurately nodel the Mark III configuration. These nodifications
includd the addition of a suppression pool nodel, and nodels for upper
containment pool interaction, and a Mark III specific containment spray
carryover nodel for flows from the containment to the wetwell. The
mrx11 tied version of the code was renamed CIASIX-3. The first submittal to
the NRC of analyses using the CIASIX-3 code has made in 1982 via Reference
2. The CIASIX-3 cme was subsequently revised to incorporate NURB30588
heat transfer correlations and a natural circulation nodel. A large
number of analyses were completed by the HCOG as documented in References
3, 4 and 5. Reference 3 also validated the CIASIX-3 results against data
obtained from the 1/4 Scale Test Facility.

In evaluating the adequacy of the CIASIX-3 code, the NRC requested the
HCOG to discuss the conservatisms incorporated into both its approach for
calculating thermal environments using CIASIX-3 aM in utilizing these
thermal environments in assessing equipnent survivability. This report
presents a discussion of the CIASIX-3 conservatisms, the conservative
nature of the CIASIX-3 ccde in tounding the localizM combustion
phenomena, aM the conservatisms in the HCOG's application of the
resulting thennal er.vironment predictions.

-4-
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3.0 CLASIX-3 00NSERVATISMS

In discussing the conservative nature of the CLASIX-3 code's prediction of
'

combustion at low hydrogen flowrates, three issues will be examined. The
first involves the conservatisms inherent in the base case input m: del
that- is used for CLASIX-3 analyses. As presented in Section 3.1, several
different input parameters have been assigned values that provide for a
conservative prediction of the thennal environment produced by

. deflagrations. The second issue deals with the conservative nature of the
deflagration combustion phenomenon modeled by CIASIX-3 versus the
cmbustion mechanism detected in a scaled test program. As discussed in
Section 3.2, the frequency and severity of deflagrations as modeled by
CLASIX-3 definitively bounds the localized ccmbustion phenomena recorded
in the 1/4 Scale Test Program. The third issue concerns the conservative
manner in which the CLASIX-3 results have been utilized in the HCOG's
generic equipnent survivability analyses. As sumnarized in Section 3.3,
the use of the wetvell environment predicted in the no spray base case
presents a significant conservatism. in subsequent equipnent response
analyses.

3.1 CLASIX-3 Model Conservatisms

The CLASIX-3 code model has subdivided the Mark III containment into four
cmpartments: drywell, wetvell, intennadiate volume and containment

I volume as shown in Figure 1. Flow between ccupartments is modeled as
shown in Figure 2. Also included in the CLASIX-3 model are the
suppression pool, containment spray systen, upper pool dump and
ccatxistible gas Control systen. A major conservatism relative to the
definition .of the Mark III gecmetries in the base case code input madel is
discussed in Subsection 3.1.1 below. In addition, several of the other

primary conservatisms which have been incorporated into the input deck are
addressed in subsections 3.1.2 through 3.1.6 below.

3.1.1 lbdel Geometry

The Perry Nuclear Power Plant was used as the base plant for the
CIASIX-3 model. Perry has the second largest core of all the HCOG
nenber utility plants, and the smallest containmerit volume to core'

size ratio. In addition, the Perry vetvell volume, where the
,

majority of the predicted combustion occura is representative of
the other three HCOG plants (i.e., all three a a within ten percent
of the Perry vetvell volume). Therefore, frcrn an energy addition

; perspective, che CLASIX-3 base case temperatures will be
representative predictions for both the Perry facility and the other
HCOG facilities.

; 3.1.2 Release History

{
The tail release rate is represented by a constant flow rate of 0.1
lbn/sec. As characterizai in past HCOG correspondence (Reference
6), this release rate was calculated using a non-mechanistic model
since the HCOG was unable to develop accident scenarios that would

|
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mechanistically nodel an event that results in hydrogen production
equivalent to a 75 percent metal-water reaction (MWR). The
non-mechanistic model which has been used to predict hydrogen
production is based upon' an energy balance in a severely damaged
core which no longer retains an intact geometry, h core is

-assumed to have defonned into a debris bed which is postulated to
form following in injection of ECCS into a severely overheated
core. Although injection of ECCS into the vessel should rapidly
quench the core and tenninate hydrogen production, the HCOG has
considered the inprobable case which results in continued oxidation
equivalent to 75% MWR. The energy balance of this core
configuration which was subsequently conpleted by the HCOG
calculated a peak release rate of 0.1 lbn/sec. For conservatism,
the HCOG used this peak rate for the entire tail.

In reality, however, constant hydrogen generation at 0.1 lbn/sec
during a prolonged degraded core accident is highly inprobable. In
lieu of the constant hydrogen release rate assumed by the HCOG, a
more realistic tail release history would probably be characterized
by hydrogen production at a rate initially less than 0.1 lbn/sec
which decreases with time. A release of this nature would be
expected to represent a less severe thennal environment for
equignent. This is due to the fact that while localized combustion
would be expatted to occur initially, as the rate of hpirogen
production decreased, the' frequency of cmbustion activity would
also decrease. 'Ihis behavior is bounded by the multiple burns
pralicted by the CLASIX-3 code.

In applying this release rate in the Hydrogen Control Program, the
HCOG initially used the CIASIX-3 code since early (1/20th scale)
test data indicated that deflagrations would occur at this flow
rate. Subsequent testing in the 1/4 Scale Test Facility, however,
irx11cated that *

No deflagrations were recorded in the.

1/4 Scale Test Program. In addition, the test data indicate that
the tcrnperatures that result during the tail are non-threatening to
equignent survivability (i.e., less than * ).

In spite of the results of the 1/4 Scale Program which indicated the
presence of *

,

the HODG chose to use the CIASIX-3 code to conservatively predict3

the thexvul environment that would result frcm combustion at low'

hydrogen flow rates. Relative to the accident sequences utilized
in the HCOG program, the CLASIX-3 analyses are used to nodel only
the tail portion of the release history.

Therefore, it can be concluded that the use of a constant hydrogen
generation rate of 0.1 lbn/sec for the tail portion of the hydrogen
generation events as analyzed by HCOG (i.e., as analyzed with the
CIASIX-3 code), represents a bounding profile.

*Deletal due to proprietary information..
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3.1.3 Barn Parameters

One of: the dominant input parameters for the CLASIX-3 code is the
flame speed or burn duration assumed for each of the deflagrations

'nodeled by the code. As discussed in Reference 3, the HCOG modifled
the flame speed used in CLASIX-3 during the analysis program to
provide additional conservatism in the code's predictions. The
flame speed used in early CIA 9IX-3 analyses was * feet per second,
while the current 'value is * feet per second. De reduced flame

. speed is considered a more realistic value. D e use of a lower
flame speed in CLASIX-3 and survivability calculations will result
in an increase in the burn duration. 21s represents a nore severe
thermal environment from the standpoint of equipnent response, since
an extended burn duration will offset the lag time inherent in
' equipnent response, and r uimately produce higher equipoent
tenperatures. While the u ,e ef- the higher flame speed produces
higher peak tenperatures, the equipnent response will be lessened
due to the shorter period of time at these elevated tenperatures.
Therefore, the use of a lower, more realistic, flame speed can be.
seen to provide a greater challenge to equipnent in the associated
survivability analyses.

3.1.4 Heat Transfer Correlations

ne initial analyses conducted by the HCOG with the CIASIX-3 code
(Reference 2) used heat transfer correlations utilized by the
original CIASIX code. Based on discussions with the NRC, the HOOG
nodified the code to allow NURD3 0588 heat transfer coefficients to
be used, if desired. The HCOG has utilized the NURD3 0588 heat
transfer correlations in its CLASIX-3 analyses.

i

As documented in Case XIV of Reference 4, the use of NUREG 0588
y predicted wetwell (and*correlations'

drywell) peak tenperatures canpared to those analyses where the
| original CIASIX correlations are used. Since, as wil3 be discussed

below, the HCOG has used the wetwell environment in its generic
survivability analyses of containment equipnent, it is evident that
use of NURH3 0588 analysis resul in thermal environments which are

3.1.5 Spray Operation
;

As reflected in the generic survivability analyses (Reference 7)
conducted by the HCOG, the CLASIX-3 analyses used assumed no spray
operations. While this approach is different from the position
documente1 in Reference 8 by the HCOG, it has been taken to ensure

4

that the code's prediction of the resulting thennal environment will
be conservative. This position is supported by the no-spray versus
spray sensitivity study presented in Reference 4. This sensitivity

study indicated that peak temperatures increased *
i

when sprays were absent.*

; * Deleted due to proprietary information.
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3.2 Cmbustion Phenmena

A nore fundamental conservatism which is exhibited in the use of CIASIX-3
analyses to . nodel embustion at low hydrogen flow rates is the combustion
mechanism nodeled by the code. As indicated earlier, the CIASIX-3 code
nodels cmbustion as deflagrations. A deflagration is defined as the
combustion of a volume of hydrogen / air / steam mixture in which a
well-defined flame front propagates away from an ignition source through
the' cmbustible gas volume. Deflagrations, as nodeled by CIASIX-3,
involve the entire gas volume in a specified region of the nodel (e.g.,
wetwell volume,: intermediate volume or dryvell volume). Deflagrations, as
modeled by CIASIX-3,

A

, a different embustion mode was detected in the*

1/4 Scale Test Program. Thernocouple traces from the 1/4 Scale Test
throughoutFacility reflect *

* ).the facility at low hydrcgen flow rates (i.e., at and below
This cmbustion mechanism has been termed localized combustion and, as
indicated in Section 1.0, is characterized *

While Attachnent 3.

provides a nore ccrrprehensive discussion of localized cmbustion as it was
recorded in the 1/4 Scale Test Facility, a brief conparison of CIASIX-3
deflagration environments to 1/4 scale .tocalized cmbustion environments
is presented below.

Due to the occurrence of diffusive combustion on the pool surface at
hydrogen flowrates near the 0.1 lbn/sec tail release late, and the
presence of localized conbustion at various locations *

, the HCOG utilized test data
recorded during two scoping tests (i.e., Tests S.14 and S.15) to define
the diffusion flame extinguishment limit nere precisely. The release
history used during these tests involved a Case B reflood profile followed
by a hydrogen relense rate in the tail 1 that was systenatical by adjusted
to remain below the tracchold for diffusion flames, except for a period of

hydrogen release intended to reduce the global oxygen*

concentration in the test facility. This hydcogen relcase history is
illustrated in Figure 3.

As anticipated, as sustained diffusive cmbustion on the suppression pool
surface was prevented by the reduced hydrogen release rate,

*

Figure 4 is a trace from an

represents one of the nore sustained
nnasurements of the effects of localized cmbustion in the 1/4 Scale Test
Facility. *

* Deleted due to proprietary infonnation.
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*

% e hydrogen flow for the first time period'( *

Hydrogen flow in the second time
.

) averaged ** .

[During the) averagedperiod ( * * .

seconds, the hydrogen release rate wasperiod frm * seconds to *

increased to * to reduce -the global oxygen concentration.
.]*

To assess the severity of this environment from an equipnent survivability
perspective, the thennal load created by the meauured localized combustion
environments was calculata3. Thermal load is defined as

*- The.

thennal load has been used by the HOOG to select limiting test
configurations for subsequent survivability analyses, and is considered an
acceptable method for assessing the relative severity of the two
embustion modes being examined here. Table 1 lists the thermal load data
calculated for the two periods of localized ccenbustjon identified in
Figure 4 during Test S.15. The average terrperature for these time periods
is also recorded.

A CLASIX-3 code run has also been conducted using the Test S.15 hydrogen
release history reflected in Figure 3. This analysis 3roduced multiple

* as evidencedvetvell burns with peak temperatures of approximately-
duringcmpared to peak tenperatures of approximately *in. *

periods of * Test S.15. %e
CIASIX-3 response was subsequently analyzed to calculate the thennal load
that would result from these burns. * lists the CIASl%-3 thennal
load arx3 average tarperature values for the periods over which localized
ccrntustion was recorded in the 1/4 Scale Test Facility. As indicated in
Table 1, the combustion trade modeled by the CIASIX-3 code, i.e.,

deflagrations, produces *

as
measured in the 1/4 Scale Test Facility.

It should be noted that the cortparison of the vetvell CIASIX-3
3 environnent to an environment recorded in a region of the 1/4 Scale Test

Facility's intermediate volume is an acceptable methodology since the
CIASIX-3 vetvell environment has been used for the generic equipnent
survivability analysis which includes equignent located in the
intermediate volume.

3.3 Aeolication of CIASIX-3 Results

CIASIX-3 code results have been utilized by HCOG as boundary conditions
for the HEATING-6 computer code in the generic survivability analysis
program (Reference 8). HFATING-6 is used to detennine the thennal
response of equipnent which is required to survive environments produced
by hydrogen cmbustion. The CIASIX-3 code does not predict local
ternperatures, but rather calculates a global temparature for each of the,

four compartments. Since a unique temperature at each equignent's
; specific location cannot be obtained from the code, the HCOG utilizai the

global vetvell tenperature as the thennal environment for all containment

* Deleted due to proprietary information.

_9-



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.

.

equipnent analyzed (including equipnent that is actually located outside
of the wetwell). This approach is very conservative. The wetvell
presents the nest severe thennal environment since all *

The wetvell case.

chosen for the generic equipnent survivability analyses is a no spray
case. This treans that even though sprays would be available to renove
heat from the hot wetvell gases in a postulated accident, credit was not
given for them in the CIASIX-3 base case analyses. These effects all
ccrnbine to produce a containment thennal environment that is extremely
conservative for all Mark III plants.

* Deleted due to proprietary infonrntion.
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4.0 CONCWSION

The CIASIX-3 codo yields conservative predictions of comtxistion in
containment during lov hydrogen flow periods by nodeling this combustion
as serial deflagrations. In acklition, the HCOG has utilized some
conservative assumptions in establishing the input parameters for the
CLASIX-3 code. These conservatisms ensure the code yields bounding
results for the types of combustion which would occur in the containment
as a result of degraded core accident. In addition, the HCO3 has included
additional conservatisms in the application of the CLASIX-3 ccde results
which defined thermal environments used for generic containment equignent
survivability analyses. Therefore, the use of the CLASIX-3 code to
analyze the containment response to degraded core accidents is
appropriate.

-11-
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I. INTRODUCTION

In response to questions and ccrtments frm the NRC staff in a meeting
with HCOG on October 7, 1987, ccrnbustion phencmena at low hydrogen
release rates, as observed in IKDG's 1/4 Scale Test Facility, are
discussed in the attachment. The NBC and its reviewers had questions
regarding characterization of the localized combustion phenomenon,
effects of containment sprays, effects of the stuck cpen relief valve
(SORV) location, infonnation gained from the video cameras, and the
expected effects of hydrogen igniters. Reviewers suggested that a review
of the test data could yield insight into the localized ccrnbustion
phencmenon. This paper characterizes the combustion at low flows,
discusses its effect in the containment, and addresses the severity of
the associated thennal environments.

Importantly, deflagrations have not occurred in the 1/4 Scale Test
Facility (QSTF), other than brief, lightoff burns upon ignition.
Instead, ccrnbustion phenomena are characterized by diffusion flames,
whose stability deperds on the hydrogen release rate. As discussed
in Reference 1, from 1/4 scale testing, the stable diffusion flame
threshold falls within the range of * (full

scale). Above this range, the flames are sustained, stable, and are
anchored to the pressure suppression pool surface. In this range the
flames teccme intennittent. The pool flame extinction limit (FEL) occurs

, deperx11ng mainly on theat flows ranging frcxn *

background gas hydrogen concentration. The flame extinction limit
as backgrourd hydrogendecreases to about *

concentration increases to about *.

Five tests, S.08, S.09, S.10, S.14 and S.15 were conducted in the 1/4
Scale Test Facility (QSTF) with portions of their hydrogen release
near the FEL. During these pericds of very low hydrogen inlet flow,
pool turning generally ceased, while the effects of combustion were
observed elsewhere in the test volume, usually atove the HCU floor.
This phenctnenon has been called 1ccalized ccrnbustion by the HCOG.
localized combustion has been defined by HOOG as

* .

Test facility thenrocouples irxiicate that combustion at low hydrogen
chimneys, and at the top offlows occurred in the *

chimney. Although combustion activity was present, thethe *

measurements show that the resultant thennal environments were
* . The

thennacouple data show that tctnperatures are

In all cases, the maximum temparatures during periods of
*ccrnbustion at low flows were

prcduced during peak hydrogen injection.

* Deleted due to proprietary infontation.
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The data taken during low hydrogen release periods fram r!a five
!subject tests denenstrate certain rspeatable trendc. For example, Iareas where thenrocouple activity ses observed are recurrent and are ;

generally predictable at the low flow rates. Also, the zones of I

maximum t mperatures are recurrent. Furthernere, hydrogen
concentr dions at low release rates are maintainal within predictable
bounds and at nearly constant levels. !

The localized cmbustion phenctnenon at low hydrogen release rates
below the FEL is characterized by

*

Instrumentation coverage,.

while not sufficient to track random novement of the combustion
zones, is nonetheless adequate to determine the character, the
magnitude, aM the extent of the energy deposition to the global gas
flows in the chimneys. The deposition is

*

The net result is that local gas temperatures.

are * , and the combustion
phenctnenon poses *

Typically, peak t mperatures recorO d during localized.

embustion are *
.

Thermal loads are * Average gas temperatures are *
r.

, aM the temperaturo responses are *

To support the discussion which follows, test data have been reviewed
with the intent of identifying zones of combustion at low flows and
ackiressing the potential severity of the resultant thernal environments
in these areas.

* Deleted due to proprietary infonration.
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II. CHARACITR OF COMBUSTION AT LOW HYDROGW FLOWS

Figure 1 shows the hydrogen release history for Test S.10(a) , where
the release rate is below the FEL for times greater than about 800

seconds. The hydrocen ard oxygen concentration data alone cre
sufficient to establish that embustion is occurring during the low
flow period. Figure 2 shows continuous oxygen depletion during this
time interval. %e hydrogen concentration, on the other hand,

even through the 1/4 scale equivalentremains constant at about *

full scale is being continuously injected. Thisof about *

indicates that all hydrogen entering the facility at low flows is
consumed in the presence of the distributed hydrogen ignition
systm. Widespread thernocouple responses indicate that *

The overall energy release rate is.

detezwined by the inlet hydrogen flow rate, which for the lov flow
partion of S.10 was about * of the peak reflood hydrogen release
rate.

during periods of low hydrogenCombastion activity is *

flow. An examination of Test S.10 thernocuuple responses indicated
locations, ranging frcrn the **

elevation in the test facility. 'Ihe ef fectsclavation to the *
*of cmbustion activity were apparent in the

chimneys at each of the instrumented elevations in
the aforementioned range. (Reference 2 provides the appropriate test
facility instrumentation plans for the scoping tests).

nature of most thernocouple responses suggests thatThe *

Figure 3 sh3w a data trace frmcombustion at low flovs is *
.

, the location of*

chimney at thismaximum thernoccuple response in the *

elevation. The character of this trace is typical of the response at
numerous locations during low flov testing. The

suggest that the*

, and that the energy deposition isenergy dissipation *

* .

, the local*In Test S.10, with active spargers at
hydrogen concentration was insuf ficient during the low flow pericd to
enable downward propagation of flames to the hydrogen fuel source ard
establish pool flames. Figure 4 shows data from T176 ( *

) approximately 1 foot ab ve the suppression*

pcol surface. As irdicatcd by this trace, there were no pool flames
sparger during the lov hydrogen release. Thisabove the *

trend, the absence of downward combustion propagation to the
suppression pool surface, is generally the case during hydrogen

(full scale equivalent). Exceptionsrelease of atout *

(a) 8 active ADS spargers, with sprays off.

* Deleted due to proprietar'/ information.
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i.o this are know to have cxrurred, however, and will be discussed
later is this paper. In general, though, sustained pool flames are
difficult to establish at * , due to diffusion of the
hydrogen over the suppression pool surfact by the sparger bubbling
action, and because the gloinl hydrogen concentration is maintained
near the lower flannability limit.

* Deleted due to proprietary information.
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III. VIDEO CAMERA OBSERVATICNS

Wetwell video camera coverage, coupled with thermocoup1q data, is*

sufficient in the test facility to identify when pool flames occur.
However, ccabustion activity has not been observed on video displays
when pool flames are absent. The cameras respond to wavelengths
associated with the high tenperatures of stoichicmetric diffusion
flames. Per. Reference 1, the cameras would probably be insensitive
to anissions when comtustion (or oxidation) tenperatures are below
about * Iccal ef fectis very near the igniters are masked on.

the cameras due to the high temperature glow plugs. However, the
absence of visual flame iniications above the HCU floor is at least
consistent with the thernocouple data. The following discussion will
therefore focus on pool flame characterizations, because this is
where the cameras are of greatest use.

The hydrogen release history for Test S.09 is shown in Figure 5. In
Test S.09, (8 ADS only, sprays on) video cuneras were located both
above and below the HCU floor in the * chimney. The *

chimney was characterized by plume gas flows during the low flow rate
period of Test S.09, more so than by localized ccmbustion. Video
cameras were used to establish this characterization, in ar*dition to
the thenroccuple data. Pool burning was observed atove several
vetwell spargers at low hydrogen flows on those cameras in the
vetwell region. (See Figure 6 for an exanple of the effects of pool
flames ) . Although thernoccuple activity was apparent above the HCU
floor, (see Figure 17) there was *

camera installed in this region. The camera had a good view of an
igniter at the * feet elevation, but *

Considering the visible evidence.

of pool flames, which burned for most of the tail during S.09,
thenrocouple activity in the * chimney is primarily due to

It is significant that plumes usually cause a*
.

thermal environment of * compared to
localized ccatustion.

Test facility instrumentation was placed with the primary purpose of
measuring the effects of diffusion flames at the pressure suppreesion
pool surface. HOOG did not place instruments with the intent of
measuring the peak tm peratures during localized combustion.,

| Although the HCOG considers this to be an event of minimal
consequence as it relates to equipnent survivability, some cory:ern
exists over how high peak temperatures could be during localized
ccrnbustion. It is HCOG's judgernent that the peak temperatures
v ising frca localizcd ccntustion probably are not very high, and
they would occur in a very limited area. The discussion in the next
two paragraphs, based on temperatures recorded in poca flame zones,
indicates that the net effects on the nearby gas during localized

!
'

combustion *

* Deleted due to proprietary infonction.
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Regarding pool flame zones at low flow rates, the hydrogen flow rate
during the low flow perjod averaged about * and was low
enough for pool flama extinction normally to have occurred. ~As
mentioned, however, pool flames were observed on camera during Test
S.09 and were also apparent in the gas thernocouple data. Figure 6
shows thermocouple T178 (

.

*
* ). This thernoccuple Js located about directly*

above the 1xx>l surface over the * sparger, which was active
for this test. This thernocouple is located near a flame zone, based
on the video camera observations, which indicated no appreciable
flame leaning (away from the * azimuth) during the visible
flame intervals at about * seconds and about * seconds in
Figure 6, thus establishing the proximity of the flame zone to T178.

Note that the measured respcnse at T178 does not exceed *

during those pool flames, which occurred at low hydrogen flows. This
is not to imply that visible flame temperatures are less than

* It is observed on the camera, however, that the flames.

*

Because of
efficient mixing, one should expect local hydrogen concentrations
elsewhere in the facility to be less that at the suppression pool
surface. This factor, coupled with the T178 data trace and the
absence of flame indications on cameras above the HCU floor, is not
strongly supportive of an hypothesis that *

would be established during hydrogen
| flows below the FEL.

The test facility was sufficiently well instrumented in'the scoping
tests to say that regions greater than frcm the igniters*

would experience * temperatures. In later testing,
theruccouples as close as * 1aterally to igniters similarly,

| have indicated * closer than this, the video.
'

cameras and thermocouples do not enable direct characterization of
the localized combustion phencmenon.

!

t

|

|
.

L
!

l

* Deleted due to proprietary infonnation.
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IV. m u;m OF CONTAINMMT SPRAYS

chimneys all showed widespreadThe *

thervecouple activity for the tests without sprays, S.08, S.10 and
S.15. Containment spray operation affects the combustion patterns at
low flows, nost noticeably in the open chimneys. For Tests S.09 and
S.14, sprays were active, and thermocouple activity in the *

chimney, a lowerchimney was -largely- eliminated. In the *

level of activity was apparent when sprays were on, based on
cmparisons of Tests S.14 and S.15 at low hydrogen flow rates. The
suppression of cmbustion activity during spray operation is more
obvious in the less obstructed chimneys, and it is probably caused by
greater cooling and the inducement of net downward velocities due to
spray flow, which would tend to direct any combustible gas toward the
hotter zones in the test facility, in this case the updraft, *

chimney.

The maximum response for thermocouple T308 ( *

/ is shown in Figure 7 frcm Spray Test*

seconds recording the nestS.14, with the low flow period after *

during all five of the tests. In S.14, theactivity at *

turbulent fluctuations in the flow are enhanced by the sprays
cmpared to Test S.15 without sprays, both for t'e sustained pool

) and during c mbustion at lowerflame thne pericd ( *

seconds), as evidenced by ahydrogen flows (times greater than *

comparison of Figure 7 to Figure 8. However, even in the presence of
*spray induced turbulence, t.he temperatures were

the temperatures recorded elsewhere in tra *

chimney at this elevation.

Sumarizing, containment spray operation suppresses cmbustion
activity in the open chimneys during periods of low hydrogen release
due to cooling effects and can cause changes in global flow
patterns. In isolated instances, slightly higher temperatures may
occur due to spray induced turbulence and enhanced mixing. In the

j blocked 45 chimney, shielded from direct spray cooling,
*

was observed when sprays were on.
The greater global activity in this area certainly did not *

than those caused by pool flanes at flows*

near the FEL, and in fact it did not result in *

than those recorded when sprays were off.

|
t

i

* Deleted due to proprietary infonnation.
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V. entLT OF SORV IOCATION

The * chimney showed a consistently higher level of thermal
activ.ity during testing at low release rates canpared to the other
chimneys. However, the higher activity level could not be correlated
to the * Other ef fects are nere dominant..

For Tests S.08, S.10 and S.15, three different active sparger
configurations were usM, *

* Thermal activity in the chimney*.

was qualitatively about the same at the HCU floor ( * )
aM at the * elevation for all three tests, regarding both
magnitude of the peak ternperatures and the spatial extent of the
thenrocouple responses (test compared for the same elevations). 'Ihe
zones of highest temperatures were also consistent.

Thentecouple activity in the chimney is shown in Figures 9 ard*

10 for Tests S.08 and S.10, respectively, at thernocouple T310 ( *

* ). Making the comparison
between * secoMs, these two plots illustrate that
there is

chimney*

during the low flow periods. After about * teconds, pool flames
were established in the * chimney during Test S.08. There is a
slighc subsidence in the turbulence in the * chirnney after this
time, (i.e., the temperature fluctuations about the mean are smal.it)
for S.08 canpared to S.10. This is due to

*

during the latter part of Test S.08, and weaker localized combustion
in the * chimney as a result.

For Test S.15, Figure 11, focusing on the time period beyond *

seconds, the data exhibit similar characteristics to Tests S.08 and
S.10 in that intennittent, turbulent response is apparent. Due to
the lower flow rate, * in Test S.15 compared to about

in Tests S.08 aM S.10, the peak temperatures in Test*

S.15 are lover, even though the SORV was located at the *

azimuth in Test S.15. This suggests that the effect of the flow rate

Based on S.08 and S.10, for those times when pool flames were absent
in the two tests, it appears that the SORV location

*

Because the chimney exhibitM a more*
.

significant level of thennal respanse compared to the other chimneys,
it was the principal location of interest regarding the effects of
the SORV arrangement. Effects in the other chimneys were not
specifically investigated, because it is believed that they would be
even snuller compard to the chimney.*

,

* Deleted due to proprietary information.
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VI. unus OF 'INE HYDROGEN IGNITERS

For the five subject tests discussed in this paper, the test facility
was well instrumented. There are several instances in which gas

thennocouples are located at the same elevation and within * inches
of an igniter. In two acklitional cases, a thernocouple is located *

inches from the igniter' inches above anl offset by *

nearby. While these data are not sufficient for detailed mapping of

the temperature field in the near vicinity of the igniters, sme
observations can be useful and are discussed in this section.

! The test data suggest that any postulated zones of high temperatures
Wernocouple response isnear igniters would be * .

generally *

away. While cmbustion is initiated by igniters, it may not remain
7

i there. There is evidence that small momentum effects, such as

i background gas nevernent, are sufficient to dissipate combustion
| energy, temling to prevent the establishment of sustained flames at

igniters. The data suggest that combustion, rather

If the.

| concentration gradient is sufficiently high, then ccrnbustion will
i *

As mentioned earlier, this has been observed in Tests S.08.

; and S.09. However, in the subject tests it was nere typical that the
global novement of combustible gases in the test volume,

which was intluenced but not dominated by the igniters. Because the
igniters were numerous and because the convective mixing was very
ef ficient, the cmbustion energy release was *

!
*

Comparing the effects of blockages to open flow regions, Figure 12
shows the response beneath a solid blockage at thermocouple T377 ( *

) which was * inches laterally*

from igniter GP21 during Test S.10. Although the influence of the
at this particularoverhead blockage was *

;

thernocouple, the temperatures beneath the blcckage were
Figure 13 shows another thernoccuple response, from' * .

Test S.10, at the same elevation as igniter GP16, both at the *

chimney. Also about * inchesfeet level in the unobstructed *

from the igniter, somewhat lower temperatures were noted at T330 ( *
) in the open chimney, ccrepared to*

T377 beneath the blockage. Although the blockage had *

* inches )chimney for Test S.10, thernocouple T291 wasIn the *

im hes from igniter GP11. Veryabove and offset by less than *
intennittent activity was noted at this location, as shown in Figure
14. Benign and intennittent activity for times greater than *

seconds was also noted at adjacent thennocouple T292, Figure 15,

1* Deleted due to proprietary information.
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chimney in this test. Inwith no pool flames apparent below the *

all five tests, T292 registered higher activity than did the
thernocouple closer to the igniter, T291. Both thernocouples are no
doubt outside the

*

The.

presence of major structures, as related to large scale turbulence
and the positions of the major updrafts in the chimneys, may be a
factor' of equal importance cmpared to the thermal influence of the
glow plug.

Even those thenrocouples which are susp d d to be closest to zones
of greatest thermal activity exhibit generally * In.

* inches above andchimney, thernocouple T210 was locatedthe *

inches frm igniter GP02. This thernocouple, atoffset by only *

feet elevation, often registereddegree azimuth and* a

other thermocouples in the same vicinity.*

Tnermocouple T210 is offset just enough that it may be inside any
thermal plume originating at the glow plug, i.e., the spray shield
above the igniter could be expected to divert the upward flow to the
side. Figures 16-18 show traces from T210 for Tests S.08, S.09.and
S.10 respectively. Of the 17 thernocouries in the 45 chimney at

), T210 usually was the location ofthe HCU floor elevation ( *

maximum recorded temperature response during low hydrogen flows.
However, Figures 16-18 show that the response

.

Of the three traces discussed above, the response was nure sustained
and temperatures were higher in Test S.09. Importantly, flames on
the pool probably caused this. In Test S.09, nere continuous pool

chimney, beneath theburning at low flcws was observed in the *
azimuth as well, so that T210 probably

. steam tunnel, and at the *

chimney. If, as expected,registered hot plume gas flow up the *

chimney during the low flow rate
| a plume originated in the *

portion of Test S.09,
*

I

|
releases, as indicated by a cmparison of Figure 17 to Figure 18. In

I Tests S.08 and S.10, T210 was proximate to a zone of localized
I ccatustion activity, based on the large fluctuations about the mean

temperature and on the absence of pool flames in these two tests. It
follows that the combustion zone of influence would be

*
\

ternperaturesThe *'
.

! also indicate that * In both.

cases, thernoccuple response driven by plume activity or

thentecouples responding to localized combustion zones, the measured
* in thecombustion effects at low hydrogen flows are
* inches frm thecontainment at vertical distances greater than

,
igniters.

1

* Deleted due to proprietary information.
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At overlying elevations, again there is no clear correlation pointing
in the vicinity of the igniters. A *to *

level of thermocouple activity was generally recorded at the *

feet elevation in the- * chimney. The thermal response-is
tipica11y very similar at all five thermocouple locations at-this

inches away and the closestelevation. Thenroccuple T308, *

) was not'usually thethermocouple to Igniter. GP13 (also at *

thermocouple where the highest temperatures were -recorded.
feet frcm any -igniter,Theinocouples T306,- T309 and T310,- *

were equally active. Maximum temperatures were about * ,'and

the peaks were intermittent. Typical response near the drywell wall
in the absence of pool flames is shown in Figure 19 for times greater

chimney (T292) thethan * seconds. As was the case in the *

major structures appeared to *

than did the igniter locations.

*De'.eted due to proprietary information.

-11-

. .. - ., - - ._. .- -- . . . , . _ . , , , _



.

.

VII. FIDW MAPPING

To better characterize localized cmbustion, the turbulent intensity
'has been mapped during the' low flow periods of the five subject
tests. . -The technique is useful to differentiate plume zones frm
localized combustion zones, to qualify the energy level of the flow,
and to improve estimates regarding the effects of test parameters
-such as. hydrogen release configuration and spray operation upon
chimney flow behavior.

Flow turbulence increases in flame zones. The level of turbulent
fluctuations can be identifled by the tempe ature measurements. It
is useful to determine the level of turbulence in known flame zones
and to cmpare it to the turbulence in suspected zones of localized
cmbustion. In this way, the potential severity of the energy
releases in localized cmbustion zones can be brought into
perspective.

The turbulent intensity, (T.I.) as defined herein, is calculated by
of the temperature departures abouttaking *

response, and then nonnalizing it to the **a
.

Averages are taken during time intervals of similartemperature.
response, either during plume flows or in localized combustion time
periods. That is,

*

For plume zones, in which the response is characterized by
temperature oscillations about an elevated, mean response, (e.g.,
. Figure 8) the reference gas temperature is simply the *

for the time interval of interest. For localizedgas temperature *

cmbustion zones, which are characterized by departures above a
background temperature level rather than oscillations about a
(higher temperature) mean, the reference temperature is taken as the

gas temperature.*

elevation, the thennal activity isBecause of the blockage at the *

chimney compared to the open chimneys,*more
frcm which the exit gas flow rate (and therefore, the local cooling)
is much greater. The behavior near the blockage is also of
interest. Therefore, mapping of turbulence has been limited to the

chimney.*

* Deleted due to prprietary information.
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Figure 20 shows the RMS temperature fluctuations about the mean
response, normalized to the * tenperature, as a function of
elevation above the suppression pool surface for three cases in which
pool flames were observed during the thne periods of low flow
testing.

Tests S' 'v". S.15 exhibit very similar trends. The shape of the
curve ditt s slightly for S.14 due to *

above the pool)
tecause of the operation of containment sprays. Discounting the one,
spuriously high data point at the * abscissa for Test S.14, the
curve shape is very similar to the other two tests. The rightmost
data points . reflect gas thernocouple T410, beneath the blockage in
.the * chimney. This curve indicates that

* -

This is a consistent trend in the plume flows frcm test to.

test, but it also occurs repeatedly at T410 during time intervals of
localized embustion and will lead to the conclusion that the zones
of maximum localized cmbustion activity are

*
.

The same technique has been applied to localized cmbustion tim
intervals in addition to the plum. zones (causal by pool flames)
discussed above. Iocalized combustion has a. separate, distinct
signature compared to the plume flows, as shown by the curves plotted

0in Figure 21, for the 45 chimney. Tests S.08, S.10 cod S.14
indicate that there is a * to localized
combustion in the 45 chimney and support the conclusion that the

(Test S.08 was used in lieu of Test S.09 for this.

portion of the analysis due to an absence of significant localized
cmbustion in Test S.09). The plo'-ted results also inply, that.

* The overall trend is.

tempered scmewhat by the S.15 behavior, but the S.15 response is not
,

| surprising considering that some degree of randomness in a turbulent
flow is expected, on a pointwise basis. Iocations nearest the HCU
floor, the leftnost points on the graph, reflect *

response. The effect of spray induced turbulence, Test S.14, is to
in the vicinity of the HCU*

| floor during localized combustion. However, the combustion induced
turbulence at the * elevation ( * above the pool surface)t

| dcminates the spray induced turbulence.

Similar to the previous discussion concerning T410 and Figure 20, the
i

rightnost points in Figure 21 show that there is a repeatable trend
| toward decreased turbulence beneath the blockage during localized

cmbustion time intervals. Figure 21 indicates that T410 is in a
plume zone, which is caused by localized ccmbustion at lower
elevations in the chimney. Figures 22 and 23 show the differences in
thenrocouple responses beneath the blockage cmpared to directly
below, at the * elevation. Although the collection of wann plume

i

* Deleted due to proprietary inform tion.
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gases beneath the blockage results- in
(Figure 22) ccxnpared to localized**

c:rnbustion '(Figure 23) *

Note that Figure 21 has been drawn.

conservatively. Since T410 is in a plume zone,.a decay curve similar
to Figure 20 is nore likely between the * abscissas.

The question of peak temperature locations can be reexamined based on
,

the data presented in Figures 20 and 21. Frcm the discussions in
Section III regarding pool flame zone behavior, it is expected that

for the same hydrogen
flow. rate. Also from those discussions, the peak tenperatures during
localized ccmbustion at low hydrogen flows are expected to be *

From Figure 20, the pool.

flame zone turbulence would be expected to

compared to within the chimneys. These flows are buoyant, thus the
tenperature activity recorded at * indicates that the maximum
ccmbustion zone response should occur *

.

Igniter locations at or below this level support this possibility.
An alternate possibility, temperatures above * , is considered
improbable based on the preceding buoyancy considerations. 'Iha
effects of partial blockages in the chimney are *

,

because tests S.08 and S.10, without spray carryover blockages at the
* elevation, exhibit * conpared to S.14,

where the .blcckages were present. If localized ccmbustion occurred
above * , it would probably be , based on the repeatable*

attenuation in turbulence at T410. Given that the localize 1
ccmbustion source strength (s) and the spatial rate of energy decay
are not precisely known, further attenpts to define the zones of peak
tenperatures do not appear to be warranted.

To sumrarize, the technique presented in this section provides a way
to characterize the various zones in the flow when coupled with the
data plots. Separate and distinct signatures are apparent for plume
zones at low flows ccrnpared to localized combustion zones. When pool
flames occur at low flows, plumes develop. The turbulent intensity
of the plume gas flow *

.

In localized combustion zones, which are characterized by *

, larger values of the
turbulent intensity parameter *

.

chimney blockage, in both plume flows and duringBeneath the *

localized combustion time intervals, the turbulent intensity

locations far removai frca the pool flames. This

* Deleted due to proprietary information.
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indicates that the zones of maximum localized combustion are * ,

and the turbulence decay curves indicate that these zones occurred
lower in the * chimney.

Conpared to cctnbustion induced turbulence, effects such as spray
operation, the number of active relief valves beneath a chimney, and
the presence of spray carryover blockages appear to be *

.

Finally, it is expected that the maximum localized combustion zone
responses should be *

, for the same, lov hydrogen flow rate.

* Deleted due to proprietary information.
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VIII. SUMMARY

The HOOG has reviewed the existing QSTF test data. Both pool flames
and canbustion activity elsewhere in the facility are posnible at low
flow rates below the stable diffusion flame threshold. Pool flames
at low flows are well characterized, because they are identifiable on
video cameras, and there have been thennocouples in sufficient
proximity to pool flame zones to establish their net effect on the
gas nearby. Pool flames at low hydrogen release rates exhibit

*

Due to effective convective mixing, the local hydrogen
at the pool surfaceconcentration is in all likelihcxxl *

compared to elsewhere in the test facility . Therefore, pool flames
* forat low flows are considered to represent a

combustion at the low hydrogen release rates.

* of localizedThe main effect of containment sprays is
combustion in the nore open chimneys due to cooling. Some enhanced

chimney during somelocal turbulence was observed in the blocked *

test with sprays, but the * dominates
compared to the * .

chimney, considered the limitingWith respect to the most active, *

configuration, the intensity of localized canbostion is *

Multiple open spargers beneath.

a chimney, therefore,
* within a chimney. This is because, at low

inlet hydrogen flows in the absence of pool flames, *

.

Hydrogen combustion at low flows in containment regions at or above
the HCU floor is considered to be a diffusively controlled
phencrnenon. The same effects that * in the

case of pool flames are still active. *
,

whether the result of gas velocities, spray operation or canbustion
* Because of thisitself, .

mixing, fixed canbastion locations exhibiting high temperatures and
concentrated, high level energy releases during low hytirogen flow
rates * .

BasM on a detailed review of all available data, localized
ccenbustion is

*

hydrogen concentrations lead to the conclusion that peak temperatures
during localized canbustion should be * Existing.

measurements indicate that areas of high temperatures would be quite
* .

* Deleted due to proprietary infonnation.
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