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OF HYDROGEN MIXING AND DISTRIBUTION EXPERIMENTS
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At low pure hydrogen injection rates (about 0.4 kg/minute) and a quiescent
atmosphere in the NTS facility was observed to fill with hydrogen from the
top down. The location of the source was important to the gross hydrogen
mixing process. In the absence of mixing fans, the volume located above
the hydrogen source was observed to have a hydrogen concentration twice
that of the volume below the source. The mixing process was markedly
improved by the operation of water sprays and uniform vessel conditions
were established *"immediately".

A, Hydrogen Mixing in the Absence of Combustion

Additional NTS experiments demonstrated that even in initially guiescent
atmospheres, the injection of large guantities of steam along with the
hydrogen (even at low hydrogen injection rates) would rapidly produce a
well mixed mixture within the facility.

B. Hydrogen Mixing During Continuous Combustion

In this experiment, hydrogen and steam injection rates were 1.9 kg/min and
30 Kg/min respectively and the atmosphere was initially gquiescent with a
steam concentration of 30 %. The injection process caused a rapid
dispersion of hydrogen into the containment upper dome. Ignition occurred
at the top of the facility. Shortly thereafter, the flame had become
attached to the hydrogen source. At that point incoming hydrogen was
efficiently consumed and globzl hydrogen concentrations were reduced.

CEA-SACLAY Hydrogen Simulant Mixing Experiment'®

A series of light gas mixing experiments were performed by the
Commissariat a 1'Energie Atomigue in Saclay, France. The purpose of this
investigation was to estimate the potential for hydrogen stratification
within the containment following a severe accident. These experiments
were conducted on a small scale test apparatus with a volume of 240 ft®
and a height of 7.5 ft. Helium was selected as a simulant mixing gas.
The test conditions and facility were scaled according to prototype Froude
and Reynolds numbers. The Reynolds number for the injected flow varied
from 300 to 10,000 and bounded typical System 80+ hydrogen release rates.

All experiments were conducted with the helium source located at the floor
of the facility. The facility was instrumented to monitor the gas
concentration axially throughout the scaled containment. The transitory
mixing process was then measured as a function of several driving
parameters including the source injection Reynolds number. These results
suggest that the hydrogen mixing process is very effective over a wide
range of Reynolds numbers. Asymptotic concentration gradients resulted
in maximum-to-average concentration ratios of typically less than 1.07.
Transitory mixing was also shown to approach an equilibrium quickly with
maximum-to-average concentration ratios in the vicinity of 1.15 ten
minutes after the cessation of the injection.

HDR Hydrogen Mixing Experimentg’’ ¥

The HDR (Figure 4.2-1) is a decommissioned reactor facility in Germany .
Over the past decade this facility has been used for a wide variety of
large scale reactor experiments. Recently, the HDR has been utilized in
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the investigation of hydrogen mixing phenomena. Unlike the experiments
described above which were single volume tests, the HDR containment is a
complex building with 72 sub-compartments with over 300 interconnecting
flowpaths. Consequently, this facility was intended to provide
experimental data on the long term gas transport behavior in a large
scale, multi-compartment facility in the presence of steam under natural
convection conditions. The total voiume of HDR is 11,300 m’ with a height
of 60 m. Several HDR experiments were performed. For purposes of safety,
the hydrogen ga. injection was simulated by a 85/15 helium/hydrogen
mixture. While all the experiments are not readily available for review
several findings from the experiments are worthy of note.

A. Importance of Injecticn Location

The HDR tests El11.2 and El11.4 illustrated the importance of injection
location on hydrogen mixing and stratification. Both experiments
consisted of small break LOCAs with a delayed hydrogen release. In test
E11.2 the hydrogen and steam sources are located at the 23 m elevation,
while for test E11.4 the sources were located much lower in the
containment at the +2 m elevation. Results of test El11.2 indicated that
the hydrogen distributed itself into two regions. Below the gas source
the hydrogen simulant ("gas") concentration remained very low (below &
volume percent) while above the source "gas" concentrations exceeded 20
volume percent (See Figure 4.2-2). Once this stratification was setup the
HDR atmosphere could not be homogenized by operational measures. In test
El1l.4, the low position of the gas release resulted in good mixing of the
hydrogen (See Figure 4.2-3) with typical local concentration gradients of
the hydrogen uninvestigate the effects of compartmentalized geometries
indicating a maximum-to-average concentration ratioc of less than 1.2. One
arrives at similar conclusions even when one considers the concentration
gradient in the region above the 23 m source elevation.

The impact of a simulated large LOCA with gas injection at the 13 m
elevation was studied in Test T31.5. This experiment indicated the
potential for an initially stratified mixture to develop in HDR with
higher hydrogen concentrations in the dome. However, the difference in
hydrogen concentration was small. After about 3 hours the dome and source
elevations had hydrogen concentrations within about 40 % of one another
(maximum to containment average of about 1.2). After 10 hours the
initially stratified mixture reached near uniformity.

B. Effect of Spray on Hydrogen Concentraticn

Test E11.2 indicated the effect of spraying into a stratified mixture can
cause a significant increase in the local steam concentration in the gas
rich region at the expense of a depletion of the gas in the low
concentration region. In essence, spraying could in that limited
situation make a bad situation worse. This behavior was a result of a
quiescent steam condensation driven flow to the upper compartment which
due to the poor natural convective patterns in the HDR and initial
stratified behavior could not readily remix with the rest of the
containment . Similar testing performed for an initially well mixed
situation 1is designated test E11.4. For this test the condensation
process resulted in a uniform gradual rise in the gas concentration
throughout the containment.



DRAFT

A hydrogen distribution test facility has been developed by NUPEC
(Nuclear Power Engineering Corporation) to study hydrogen distribution in
prototypical containments. To accomplish this goal NUPEC designed a 1/4
linearly scaled steel containment with 25 compartments (each compartment
representing a room in the actual containment). The NUPEC containment
vessel has a volume of 1600 m' , a diameter of 10 m and a height of 20 m.
Hydrogen gas was simulated by helium. Tests included steam injection as
well. Thirty five experiments were conducted through March of 1992.
Helium concentration was measured in every compartment and in several
places within the upper dome. Details of these tests are currently
unavailable. However, based on preliminary information and summary
reports from the experimenters the following conclusions were drawn.

NUPEC Hydrogen Distribution Test®

P Several mixing loops were formed by natural convecticn. These
flows were sufficient to prevent local "gas" concentration hot
spote provided the source co¢f injection was the lower

compartment .

2. Helium gas sampling in the dome (whose volume is 70 % of the
total facility volume) showed almost complete uniformity.

3. Containment spray operation enhances natural convection
processes.

4.3 EXPERIMENTAL EVIDENCE SUPPORTING CONTROL OF HYDROGEN VIA DELIBERATE
IGNITION SYSTEMS

Considerable experimentation has been performed with the intent of
investigating the efficacy of using various forms of igniters in
controlling the hydrogen concentration in hydrogen-air-steam mixtures.
The overall goal of these tests were to validate the hydrogen igniter
system design selected by the ice condenser PWRs and General Electric Mark
111 BWRs. Trese tests were conducted at varying scales with various
degrees of simulation. Most tests focused on the GMAC-7G glow plugs.
Table 4.3-1 summarizes the most significant of the igniter tests performed
in the United States. Additional supportive tests were also performed
in Europe and Japan.

The test program provided valuable insights into the mechanisms associated
with hydrogen burning including information associated with hydrogen

placement and combustion efficiency. Based on a review of these
experiments it was concluded that igniters can 1limit hydrogen
concentrations to the 4 to 7 volume percent condition. Furthermore,

geveral general rules were developed for igniter placement which were
adopted in the System 80+ Hydrogen Mitigation System design (See
Section 5).

SNL FITS TESTS"
These tests consisted of a series of 239 hydrogen:air:steam experiments

performed at Sandia National Laboratory's (SNL's) 5.6 m Fully
Instrumented Test Site (FITS). These experiments addressed the
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flammability limits of combustible atmospheres that might occur inside
containment during severe accidents. Tests investigated mixture responses
for hydrogen:steam: air mixtures with volume concentrations up to 70
volume percent hydrogen and about 56 volume percent steam.

These tests were highly successful in defining the hydrogen:air:steam
flammability triangle. In addition to the limit criteria, tests also
investigated combustion completeness issues, effects of mixture
temperature and the resultant burn pressure rise. Pertinent conclusions
from this program were as follows:

1) Hydrogen:air: steam mixtures will be inert to combustion
provided the steam concentration exceeds 52%.

2) Pressures predicted using assumptions Adiabatic Isochoric
Complete Combustion (AICC) bound experimental predictions.

3) Combustion of high volume percent hydrogen mixtures (up to 30
volume per-cent) was consistently observed to result in a
deflagration. In fact of 70 experiments performed at hydrogen
concentrations greater than 13 volume percent, no detconations
were observed.

SNL VGES TESTS

The Variable Geometry Experimental Syestem (VGES) combustion chamber is
used extensively at SNL for studies of closed volume deflagrations of
hydrogen:air mixtures. The purpose of these experiments were to establish
igniter performance and determine the effect of diluents and water sprays
on hydrogen deflagration. Three igniter designs were studied, these
included: exposed 300 W photolamp filament, a 30-J raised spark gap and
the GMAC 7G standard glow plug and the TAYCO Model 193-3442-4 helical
igniter. This later device is currently used for existing deliberate
ignition systems.

Approximately 100 tests were performed in all. Of primary importance to
the<e tests include observations with regard to igniter performance.
These findings are as follows:

1) Peak combustion pressures were observed to rise rapidly as
the hydrogen concentration reached 5 to 8%. Predictions of
these burns via AICC methods, suggest the combustion pressures
are bounded by AICC .

2) Igniter performance was found to have a significant influence
on all hydrogen concentrations below 8 volume percent.

3) Ideal gas inerting via nitrogen and carbon dioxide were
considered in various mixtures. Based on these studies the
diluent mixture for CO, sufficient to inert the mixture was
54%.

4) Tests of igniter performance in the presence of a water spray
and high wvelocity draughts, suggest that direct epray
impingement upon 53 1/m2 min can defeat the glow plug.
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A series of tests to investigate hydrogen combustion in a large scale
facility were conducted by EG&G at the Nevada Test Site (NTS). These
tests investigated hydrogen mixing and survivability of safety related
equipment in postulated degraded core accident hydrogen burn environments.
Tests included burns in premixed mixtures and continuous injection
hydrogen sources. Approximately 40 experiments were performed. For
premixed tests, the mixture composition was varied over a range of § to
13 % hydrogen and 4 to 40% steam. Ignition for these test was initiated
by a GMAC 7G glow plug, located at various positions within the vessel.
The NTS vessel was 15.85 m in diameter, with a volume of 2048 m'.

NTS TESTS

Test results provided considerable practical information on igniter
performance and placement. Tests clearly indicated that combustion
completeness is directly correlated with igniter placement. Location of
igniters towards the top of the vess~) limited upward burning and shifted
the flammability limit to that of . mward burning which requires higher
hydrogen concentrations. It was ulso noted that the glow plug could
effectively ignite hydrogen mixtures as low as 5.2 volume per cent
(provided steam concentrations are low). Ignition above 8 volume per cent
hydrogen consistently resulted in complete combustion.

LINL FUDROGEN IGNITER EXPERIMENTAL PROGRAM

This program consisted of an NRC directed effort to investigate the
effectiveness of glow plugs as effective deliberate ignition sources in
hydrogen:steam:air mixtures. Approximately 100 experiments were
perfcrmed. Tests were conducted at a pressure of 1.4 MPa in a vessel with
a 0.3 m’ free volume. The facility investigated the GM AC 7G glow plug
which was positioned at various locations within the test vessel.

These experiments provided additional confirmation that AICC prediction
methods would effectively bound hydrogen burn pressures for hydrogen burns
up to 16 volume per cent hydrogen. Furthermore, hydrogen burns could be
achieved at concentrations as low as 6 volume percent and that complete
combustion was expected at hydrogen concentrations of 8 volume percent.
These igniter tests also noted that the GMAC 7G glow plug consistently
ignited mixtures at surface temperatures between 700 and B00 °C, with
higher temperatures necessary to ignite steam mixtures, and "showed no
appreciable deterioration throughout the series of tests".

Experiments also confirmed that steam concentrations in excess of S0
volume percent can effectively inert the combustion process. Tests
performed in this test series investigated the combustion characteristice
of an initially steam inerted mixture as the mixture condensed. These
tests were performed with a 10% hydrogen concentration while the glow plug
was activated. The condensation process was noted to result in the
consumption of hydrogen without a conseguent discrete pressure rise.
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WHITESHELL TESTS**

The Electric Power Research Institute (EPRI) sponsored a series of over
300 premixed hydrogen combustion tests at the Whiteshell Nuclear Research
Establishment in Pinawa, Manatoba. The program was focused in confirming
the effectiveness of a deliberate ignition system in controlling hydrogen
during a severe accident.

Tests were conducted in a 17 liter gquasi-spherical facility. Two types
of glow plugs were studied: the GMAC 7G glow plug and the Tayco Model
193-3442-4 helical igniter.

These tests showed that either of the igniters could effectively ignite
dry hydrogen:air mixtures in guiescent conditions at 5.5 volume percent
hydroge:r. down to 4.5 volume percent under turbulent conditions.
Furthermore, mixtures with as much as 55 volume percent steam were ignited
in both quiescent and turbulent tests.

Assessment of combustion completeness indicate that for hydrogen mixtures
greater than 9 volume percent burns were essencially complete. Combustion
completeness was noted to alsc be dependent 'ipon the steam concentration.
Significant reduction in combustion completeness was observed for steam
concentrations greater than 30 %.

The Whiteshell experiments also investigated combustiorn in an initially
inerted steam envirconment subject to steam condensation. In this
experiment an initially inerted steam:hydrogen:air mixture was ~~»led to
bring the mixture into the flammable range. Ignition was .yq.ically
cbserved to occur once the mixture passed through the deflagration
ignition limit (See Figure 4.3-1), These ignitions occurred well in
advance of any potential detonation.

ACUREX TESTS"

The Acurex corporation conducted a series of intermediate scale hydrogen
combustion experiments. The program was conducted in a 17.83 m’ vessel.
Both premixed and continucus hydrogen injection teste were performed. The
specific objectives of these tests were to investigate effects of
injection rates (hydrogen and steam), igniter location and water sprays and
fogs on deliberate ignition.

These tests concluded that location of the igniter can affect the
effectiveness of the deliberate ignition system. Injection of hydrogen
above the igniter location will result in that igniter being bypassed.
Igniters located near the top wall of the vessel would ignite, however,
only after the hydrogen concentration reached the hydrogen concentration
sufficient for downward flame propagation. The presence of sprays tended
to produce longer burns with a smaller pressure rise.

FENWAL TEST’

The Fenwal tests were performed for Westinghouse Electric Corporation and
several utilities to determine the effectiveness of glow plug igniters in
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a deliberate ignition system. The test facility was a small scale 3.8 m’
spherical vessel. Tests included dry and wet hydrogen:air mixtures with
both premixed and continuous injection hydrogen sources. Hydrogen
concentrations ranged from 5 to 12 % by volume with steam concentration
up to 40 volume percent. All tests were conducted with a GMAC 7G glow

plug.

At low hydrogen concentrations, the effect of sprays and fans were to
increase the hydrogen combustion pressure rise. This is presumably a
result of increased mixing withi~ the facility. At hydrogen
concentrations about 8 volume percent, che hydrogen burn was escentially
complete.

The tests indicated that upward burns would propagate at hydrogen
concentrations as low as 4 volume percent; at 6.5 % the burn will
propagate sideways and at 8.5 % the burn propagates in all directions.

NUPEC HYDROGEN IGNITER TESTS**

NUPEC has embarked on Containment Integrity Project for proving the
reliability of Reactor Containment Vessels. This project has been ongoing
since June 1987. This program includes both large (270 m’) and small
(5 m’') combustion experiments. Small scale tests were performed to
investigate hydrogen combustion phenomena and flame transition phenomena.
Results from these tests were generally consistent with early data
obtained from similar programs in the United States. Large scale test
data will simulate multicompartment features of an actual plant.

UNIVERSITY OF PISA HYDROGEN IGNITER TESTS®

This test series was conducted by the Department of Mechanical and Nuclear
Constructions at the University of Pisa and the ENEA (Comitato Nationale
per la Ricerca e per lo Svilippo dell' Energia Nucleare e delle Energie

Alternative) . These experiments were directed towards establishing
deflagration characteristics and examining the capabilities of igniters
for hydrogen control. Tests were conducted in the 0.5 m' Hydro-SC

facility at the University of Pisa. Tests employed glow plug igniters
and included hydrogen concentrations from 4 to 16 volume percent with and
without spray injection.

The Hydro-SC tests confirmed results of similar experiments performed in
the United States. The test further indicated that the igniter performed
its function in the presence of water sprays.

MARK III DEMONSTRATION TEST' #.25.36.77

The Hydrogen Control Owners Group (HCOG) sponsored a 1/4 -Scale Mark 111
Containment Combustion Hydrogen Program to determine t¢he thermal
environment to which critical plant equipment in the Mark 1II containment
may be subjected to as a result of hydrogen combustion following a severe
accident. The tests were conducted by the Factory Mutual Research
Corporation. The facility was designed using Froude Number scaling
techniques to simulate the details of the containment systems having an
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important impact on the modeli'.g of the combustion phenomenon. These
features included a simulatior of the HCOG deliberate ignition system, a
model of the SRV sparger georetry and suppression pool, containment sprays
and fan coolers.

The test simulated three types of transient hydrogen releases. Hydrogen
could be released via a simulated automatic depressurization system (ADS),
a stuck open relief valve into a sparger, or a LOCA event directly into
the containment.

The experimental program, in essence, was a scaled demonstration of the
efficacy and practicality of a distributed deliberate ignition system for
use in degraded core and severe accident hydrogen control. Prior to the
onset of this progrum the experimenters believed that the igniter system
would primarily control hydrogen accumulation via a series of discrete
deflagratiocns. It 'vas also recognized that steady diffusion flames may
develop for cert~“.. scenarios. Instead, the test program indicated that
the dominant mode of combustion was the diffusion flame. Unburnt hydrogen
was controlled to levels equivalent to 4.5 to 5 % by volume on a dry
basis. Diffusion flames were observed to be anchored to the surface of
the suppression pool. No significant pressure excursions were noted.
Consequently it was concluded that “the occurrence of successive
deflagrations do not appear possible as a major mechanism of hydrogen
consumption if a distributed ignition system is activated in the
containment volume”.

Tests were performed using twc hydrogen release histories typical of core
degradation associated with a severe accident. These profiles were scaled
to represent an initially rapid hydrogen release over 1600 seconds with
a hydrogen release rate peak in the range of .24 to .48 kg/sec. A smaller
tail hydrogen release rate was also modeled with prototypic constant
production rate of .07 kg/sec for 11,200 seconds. These values are
generally typical of a realistic core degradation process in System BO+.
In the System 80+ design the zircaloy content of the core is about 35,000
kg. Hydrogen will be rapidly released during a core degradation process
over a period of about one half hour. 1In this time between 30 and 50
percent of the core can be oxidized. Thus, hydrogen release rates will
be on the order of .26 to .43 kg/ sec. These hydrogen release rates
typical of the FMC test are in close agreement for a similar driving
function for System 80+.

Tests with Hydrogen Released Through the Suppressiocn Pool

Several experiments were performed with hydrogen released through the
suppression pool. In these circumstances the original ignition was
observed at the HCU floor (ceiling above the suppression pool). The flame
ultimately anchored to the suppression pool surface as a steady diffusion
flame. As oxygen depleted from these regions the flame was observed to
lift to the HCU floor. Several aspects of these test observations are
consistent with System BO+. First the IRWST in System B0+ is expected to
ultimately be an oxygen depleted region. Consequently diffusion flames
on the pool surface per se are not expected. However, anchoring of
diffusion flames at the exit of the IRWST vents is expected. Should the
flame lift from the IRWST vents, the flame will expand into the SG chimney
areas and be transported to the upper containment as a hydrogen depleted
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mixture. Diffusion flames were observed to maintain the containment
concentration to about 5 volume percent. Steam concentrations during
these tests were about 1u-15 volume percent.

Impact of Reduction in Igniter Availability *

HCOG test S-13 investigated the importance of the number of igniters on
the overall system performance. In this experiment only 18 of the 48
simulated system igniters were powered. Based on a comparison of $-13 to
its counterpart experiment the HCOG investigators concluded that
"deactivation of 29 ... igniters had no significant effect on ....
combustion phenomena®.

Observations Regarding Mixing %

HCOG experiments resulted in "excellent" hydrogen mixing both before and
after hydrogen ignition. A review of the data showed no evidence of
localized hydrogen accumulations.



TEST MIXTURE VOLUME GLOW EXPERIMENTAL FINDINGS
SERIES M) PLUG
TEST-
ED
SKL H2/AIR/ 5.6 Y FULLY INSTRUMENTED TEST FACILITY (FITS)
FITS 8T™
TEST OBJECTIVES:
ASSESS COMBUSTION CHARACTERISTICE AND FLAMMABILITY LIMITS OF SEVERE ACCIDENT
CONTAINMENT ATMOSPHERES
RESULTS :
1) DEFLAGRATIONS ORSERVED FOR HYDROGEN:AIR MIXTURES WITH UP TO A GREATER THAY 210
VOLUME PERCENT HYDROGEN CONCENTRATION.
NOTE: MORE THAN 70 HYDROGEN:AIR BURNS WERE OBSERVED AT CONCENTRATIONS GREATER
THAN 13 V/O WITHOUT THE INITIATION OF A DETONATION. !
2) DETAILED FLAMMABILITY CURVE DEVELOPED FOR H,:AIR:STEAM MIXTURES. TESTS
INDICATED THAT STEAM CONCENTRATIONS GREATER THAN S2 V/O INSERTED BURNING
3) AICC PREDICTED PRESSUREE BOUNDED OBSERVED PRESSURIZATION
VGES H,/AIR 5:1 Y VARIABLE GEOMETRY EXPERIMENTAL SYSTEM (VGES)

TEST OBJECTIVE:

PARAMETRICALLY STUDY CLOSED VOLUME DEFLAGRATIONS IN HYDROGEN: AIR MIXTURES

RESULTS:

1)

PREDICTED AICC PRESSURES BOUNDED ALL OBSERVED HYDROGEN BURNS (HYDRCGEN
CONCENTRATION TuSTED UP TO 24 V/0O)

IGNITER LOCATION IS IMPORTANT FOR THE IGNITION OF HYDROGEN:AIR MIXTURES BELOW

8§ V/O. AT THESE LOWER CONCENTRATIONS MOVEMENT OF IGNITER UPWARD REDUCED BURN
COMPLETENESS IN THE VOLUME SINCE FLAME PROPAGATED UPWARD.

A GM-AC GLOW PLUG NEEDED A SURFACE TEMPERATURE OF ABOUT 1330 °F TO IGNITE A
LEAN HYDROGEN:AIR MIXTURE

WATER SPRAYS GREATER THAN ABOUT 40 L/M2/MIN CAN RENDER AN UNSHIELDED GLOW

PLUG INEFFECTIVE. GLOW PLUG PERFORMANCE CAN BE ASSURED BY SHIELDING THE PLUG

| S

| >
™

~

FROM DIRECT WATER IMPINGEMENT.
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TABLE 4.3-1 : SUMMARY OF PERTINENT IGNITER TEST INFORMATION

I TEST MIXTURE VOLUME | OLOW | EXPERIMENTAL FINDINGS
| SERIRS (M) PLUG
| TEST-
: ED
| NTS K, /aix 2048 . § NEVADA TEST SITE (.°%)
/atm
TEST OBJECTIVE:
STUDY HYDROGEN MIXING AND IGNITION PROCESSES AND THE SURVIVABILITY OF SAFETY
RELATED EQUIPMENT IN A LARGE SCALE FACILITY ASSOCIATED WITH RURNS IN A
HYDROGEN:AIR : STEAM MIXTURE
RESULTS:
1) COMBUSTION COMPLETENESS IS ASSOCIATED WITH IGNITER PLACEMENT AT HYDROGEN
CONCENTRATIONS BELOW 7 V/O
2) GLOW PLUGS COULD EFFECTIVELY IGNITE MIXTURES DOWN TO 5.2 HYDROGEN VOLUME PER-
CENT
1) IGNITION ABOVE 8 V/0 WAS ASSOCIATED WITH COMPLETE COMBUSTION
LLRL H,/air 0.3 ¥ LLNL EXPERIMENTAL PROGRAM
/etm

TEST OBJECTIVE:

EVALUATE USE OF THE GM AC 7G GLOW PLUG AS A DELIBERATE IGNITION SOURCE FOR
HYDROGEN:AIR:STEAM MIXTURES

STUDY COMBUSTION PHENOMENOLOGY AND EFFECTS OF STEA! AND WATER FOGS.

RESULTS :

1 AICC PREDICTIONS BOUNDED PRESSURES FOR ALL BURNS INCLUDING HYDROGEN
CONCENTRATIONS UP TO 16 V/O IN DRY AIR.

2) HYDROGEN BURNS WERE ACHIEVED AT CONCENTRATIONS ABOVE 6 V/0. COMPLETE BUBNS
OCCURRED AT 8 V/O.

1) VOLUMETRIC STEAM CONCENTRATIONS IN EXCESS OF 50% CAN INERT THE BURNING
PFOCESS

4) CONDENSATION TESTS WITH 10 V/0O HYDROGEN DID NOT RESULT IN A NOTICEABLE BURN

EVEN THOUGH THE IGNITER CONSUMED THE HYDROGEN AS CONDENSATION PROCEEDED BELOW

THE 50% THRESHOLD.

S) GM AC 7G GLOW PLUG CONSISTENTLY IGNITED MIXTURES AT SURFACE TEMPERATURES

BETWEEN 700 AND 800 C AND SHOWED NO SIGNIFICANT DF?FRIOIA?XQI

=

M
—



TEST
SERIES

MIXTURE

VOLUME
M) PLUG

EXPERIMENTAL FINDINGS

white
shell

H,/air
/atm

17 : 4 TEST OBJECTIVE

liter

RESULTS :

1)

CONFIRM EFFECTIVENESS OF A DELIE
RELEASED DURING A SEVERE ACCIDE

FOR DRY HYDROGEN:
DRY CONCENTRATION

CONDITIONS.
2) GLOW PLUG 18 CAPABLE OF IGNITING MI
3) PRESENCE OF STEAM REDUCES COMBUSTI
4) STEAM CONDENSATION EXPERIM

TO REACHING A DETONABLE CO

ERATE IGNITION SYSTEM IN CONTROLLING HYDROGEN
NT

AIR WITH MORE THAN 5.5 V/0 UNDER QUIESCENT CONDITIONS.
S AS LOW AS 4.5 V/0 COULD BE IGNITED UNDER

ENTS INDICATED THAT DEFLAGRATIONS WILL OCCUR PRIOR
NDITION

XTURES AS MUCH AS 78 V/0O HYDROGEN
ON COMFLETES PARTICULARLY

TURBULENT

TEST OBJECTIVE

RESULTS

1)

INVESTIGATE EFFECTS OF HYDR
SPRAYS ON THE DELIBERATE IG

LOCATION OF IGNITER EFFE
LOCATION OF IGNITERS AT
BURNS WITH GREATER MAGNITUDE.

IN CONTINUOUS LOW PRESSURE RBURN

THE B

OGEN AND STEAM FLOWRATES,
NITION OF FLAMMABLE CONTAI

CTED COMPLETENESS AND
OTTOM AND TOP OF
LOCATION OF IGNITERS AT THE MID-SPAN RESULTED
ING OF HYDROGEN.

IGNITER LOCATION AND WATER
NMENT ATMOSPHERES.

TIMING OF COMBUSTION. BOTH
THE FACILITY PROVIDED DISCRETE

TEST OBJECTIVE

ACT AS A DELIBERATE
PERCENT .

RESULTS

TEST OF THE PERFORMANCE

1) AT LOW CONCENTRATIONS ( 4%) B
AT 6% BI'RNS PROPAGATE SIDEWAY
AT 8.5% BURNS PROCEED IN ALL DIRECTIONS
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AND DURABILITY OF THE GM
IGNITION SYSTEM. HYDROGEN CO

URNS PROPAGATE DOWNWARD

AC 7G GLOW PLUG-SHIELD SYSTEM TO !
NDITICNS RANCED FROM 5 TO 12 VOLUME |
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ﬂ TABLE 4.3-1 : SUMMARY OF PERTINENT IGNITER TEST TION Il
| TEST MIXTURE VOLUME GLOW EXPERIMENTAL FINDINGS
| SERIES (M) PLUG
TEST -
ED

*GM-AC 7C GLOW PLUG

TEST OBJECTIVE

PROVIDE A SCALED DEMONSTRATION FOR THE APPLICAR
TO THE MARK III BWR CONTAINMENT

ILITY OF A DELIBERATE IGNITION SYSTEM |

RESULTS

1) THE IGNITER SYSTEM WAS CAPABLE OF MAINTAINI
THE CONTAINMENT TC 4-5% (ON A DRY BASIS)
TO 7.2 VOLUME PER-CENT, REGARDLESS OF THE

NG THE HYDROGEN CONCENTRATION IN
EVEN WHEN THE OXYGEN LEVEL REDUCED
MAGNITUDE OF THE HYDROGEN RELEASE.

IGNITION PRESSURE TRANSIENTS WERE MODEST, WITH NO PRESSURE EXCURSIONS AND
IGNITION USUALLY OCCURRED AT CONTAINMENT AVERAGE HYDROGEN LEVELS OF 1-2 %
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FIGURE 4.2-1: HDR FACILITY
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FIGURE 4.2-2: HDR TEST El1l1.2 RESULTS
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This section sum—irizes the goals and guidance used in esftablishing .ane
design for the System 80+ Hydrogen Mitigation System (HMS). The HMS
consists of a system of igniters installed in the containment to promote
the combustion of hydrogen in a contr.:lled manner sc as to maintain the
average containment hydrogen concentration below the thresnold wvalue for
potential detonation.

5.0 HYDROGEN IGNITER PLACEMENT GUIDELINES FOR SYSTEM 80+

5.1 HMS DESIGN GOALS

The cost effectiveness of HMS for existing large dry PWRes (Zion and Surry)
have been studied by the NRC. Based on these studies the hydrogen
igniters were not found to be a cost effective accident mitigation measure
for either plant.. This conclusion was based on several factors including
low zircaloy content in the core (limited hydrogen production potential),
and relatively low core damage frequency for these [ lants and regquirements
associated with the "backfit rule". Even stronger arguments regarding the
"low cost-benefit" of the HMS can be advanced for System 80+. System B0+
has a core melt frequency (on the order of 1 x 10“ per reactor year)! and
a low conditional containment failure probability (less than 0.10).
However, since System 80+ is an evolutionary ALWR the HMS is included in
the plant design basis.

In the design of the HMS a number of high level design goals were
established. These goals were established so that the scope of the HMS
rould be clearly defined. The HMS design goals are:

1. The igniter system is designed such that the global hydrogen
concentration will be below & v/o and local hydrogen concentrations
for containment volumes away from the hydrogen source can be
maintzined below 10 v/o.

In the event no detonations occur, containment integrity is assured
since the peak AICC burn pressures is below the ASME service Level
C limit for the System 80+ containmont (See CESSAR-DC Section
19.13 .4) .

2 In the event local concentrations in containment sub-volumes or
small rooms exceed 10 v/0 near the hydrogen source, the resulting
mixture is either

(a) not detonable (either via steam inerting or oxygen depletion)
or,

(b) a detonation in the region will not result in a threat to
containment integrity.

The first criteria limits the global threat to the containment to well
within the structural capability. The second goal is intended to ensure
that containment integrity is not compromised on a local basis.

Based on limited testing of thie Mark III igniter system, the above gouls
appear to be easily achievable, and in fact, the actual HMS is expected
to limit hydrogen coucentrations in the average range of 5 to 7 volume
percent.



5.2 HMS PLACEMENT CRITERIA

In order to design the HMS several issues were addressed to ensure that
the system is (1) reliable (2) maintainable and (c) cost-effective.
Additional placement criteria were established based on cbservations of
igniter and hydrogen distribution experiments described in Section 4
above. The HMS design criteria are summarized in Table 5.2-1 and are
briefly discussed below.

Reliability

The issue of reliability includes system availability issues such as
alternate power supplies, and redundancy. Details of the Igniter System
can be found ian Section 6.2.5 of the CESSAR-DC. To ensure the HMS is
highly reliable, the following criteria were established:

Igniters should be available in redundant pairs.

Igniters are to be placed, in general, in regions with at least one
pair of igniters in each designated region where hydrogen control is
desired. Paired igniters will be powered from separate power supply
divisions. The intent of the redundant system is to control
containment hydrogen concentration with only one-half of the HMS
igniters operational.

2. HMS power will be diverse and redundant

This is accomplished by providing power to the HMS igniters via
offsite power, e¢mergency diesels and the combustion turbine
generatur. A minimal subset of the HMS igniters (approximately 32
igniters) is to be powered off Class 1E Division batteries.
Sufficient power is available in the station batteries to ensure
operation of one-half of the HMS igniters for a period of four
hours. As identified in Itew 1, partial operation of the HMS will
be adeguate to accomplish tle iystem 80+ hydrogen control objective
of preventing a potentiu. detonation within the containment
following a severe accident .

Maintainability
Experience on the Duke Ice Con i°»¢ PWR units have demonstrated that
cost-efficiency of the HMS will - ' sociated with ability of the plant

staff to maintain and test the ..uniters. The System €0+ igniters have
been located with consideration of maintainability. Maintainability
criteria are associated with:

Locating igniters in accessible (and low radiation) areas and
on existing walls

2 Assuring that all igniters can be tested and replaced without
excessive manpower CoOsts

3. limiting igniter placement in the IRWST

DRAF;
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The above criteria provide overall guidance in the general manner in which
the HIS igniters are to be placed. In this section the specific criteria

Technical Placement Criteria

for placement of the igniters within the containment are defined along
with a brief discussion of the basis.

. Flowpath Requiremente

The System 80+ igniter placement guidelines are defined in Table
5.2-1. Several criteria specifically relate to the placement of the
igniter with respect to the system flowpaths and sources. These
criteria require the placement of igniters:

along dominant flowpaths
above hydrogen sources
along secondary flowpaths
at multiple burn levels

W N e

These criteria are generally derived from a combination of
engineering judgement supported by experimental evidence and plant
analyses. Hydrogen ignition tests discussed above have generally
indicated that to be effective igniters should be above the hydrogen
source. This will maximize the hydrcgen consumpticn while
maintaining the global hydrogen concentration in the containment
low. This was observed in the Mark III 1:4 scale experiments as
well as the large scale NTS facility.

In addition the above criteria also suggest the importance of
identifying and providing ignition sources along impcrtant flow
pathe. The primary need for igniting these regions is to aid in the
consumption of hydrogen which, either due to the initial igniter
location or local steam inerting effects, is not initially burned.
This hydrogen will be transported to upper containment regions. In
the System 80+ design, the dominant flowpath for hydrogen transport
will be up through the "chimney" created by the steam generator
enclosures. Secondary flowpaths may also develop which connect the
reactor cavity to the upper containment through the reactor cavity
annulus and manway. Thus, ignition sources are to be provided along
these paths.

2. consideration of enclosures

Enclosures may become regions of high hydrogen concentration.
Typically enclosed regions are a concern if they can become the
source of a hydrrgen release. All enclosures in the System B0+
containment are vented. In order to ensure detonable hydrogen
accumulations do not develop all System 80+ enclosures will be
supplied with a pair of igniters.

3. igniter spacing and location below ceilings
General rules for igniter spacing and placement were established
based on a review of existing hydvogen ignition data. These rules

were:

a. igniters can be separated by 50-75 feet
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This allows a single igniter pair placement per floor in the steam
geénerator compartment and minimizes the number of igniters required
in the upper dome. NTS tests demonstrate that the hydrogen
concentration in large open regions can be controlled by a single

igniter. The typical volume in the NTS test facility was about
75,000 ft’ with a diameter of about 50 feet.

b. igniters should be located 10 feet below the ceiling

This criteria encourages upward burning and maximizes the per
igniter hydrogen consumption in the vicinity of the source. This
recommendation is based on observations in various hydrogen ignition
tests which noted upward burning occurred at lower hydrogen
concentrations than either sidewards or downwards burning.
Consequently, when feasible igniters should be placed many feet
below obstructions (such as ceilings). Typically, 10 feet is
expected to allow sufficient to allow upward combustion to occur.
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TABLE 5.2-1:SUMMARY OF SPECIFIC I

GNITER PLACEMENT AND DESIGN CRITERIA FOR SYSTEM 80+

CRITERIA

BASIS

NOTES

IGNITERS PLACED ALONG DOMINANT
NATURAL CIRCULATION FLOW PATTERN
PATHWAY .

SYSTEM 80+ IS DESIGNED WITH A SINGLE DOMINANT
CHIMNEY FLOWPATH WITH THE SG ENCLOSURES AND INTERIOR
CRANE WALL SERVING AS THE LOW DENSITY RISER AND THE
OUTER CRANE ANNULUS SERVING AS THE DENSER FLUID
RETURN DOWNCOMER. THE NATURAL CIRCULATION PATTERN
I8 DRIVEN BY VERY LOW PRESSURE DIFFERENTIALS. SINCE
ALMOST ALL THE HYDROGEN WILL FLOW THROUGH THIS
PATHWAY DOMINANT REGIONS IN THE UPFLOW PORTION OF
THE CHIMNEY ARE REQUIRED TO HAVE IGNITERS,

DOMINANT FLOWPATH CONFIRMED VIA DETAILED THERMAL
HYDRAULIC ANALYSIS.

FIGURE 5-1

AT

IGNITERS ARE PLACED IN VICINITY AND
ABOVE HYDROGEN SOURCES.

TYPICAL EXPECTED SOURCES OF HYDROGEN INCLUDE ALL RCS
PRIMARY PIPING, NON-ISOLABLE CONNECTING PIPING AND
IRWST VENTS

IGNITERS LOCATED IN CLOSED AND LESS
WELL VENTED REGIONS.

DEAD REGIONS ALLOW POTENTIAL FOR HYDROGEN TO
ACCUMULATE.

MULTIPLE LEVELE OF BURNING IN
DOMINANT FLOW PATHS.

MULTILEVELED BURNING WILL MINIMIZE THE RISK OF
LOCALIZED STEAM INERTED REGIONS FROM PREVENTING
HYDROGEN COMBUSTION AT THE IGNITERS.

MULTILEVELED ° 'RNS ALSO ALLOW BURNING OFF OF
ADDITIONAL HYLROGEN THAT WAS NOT PREVIOUSLY BURNED
DUE TC INCOMPLETE COMBUSTION AT LOWER LEVELS.

THIS METHOD WILL ALSO RESULT IN HIGHER TEMPERATURES
IN THE DOMINANT UPFLOW PATHS AND INCREASE
CIRCULATION THROUGH THE MUTILEVELED FLOW PATHS.

AXIAL SPACING OF MULTI-LEVEL IGNITERS
BASED ON FLOOR SPACING.

NTS DATA SUGGESTS THAT ICGNITERS CAN CONTROL HYDROGEN
CONCENTRATION IN VOLUMES WITH VERTICAL AEIGHTS
GREATER THAN 5C FEET. THIS DISTANCE Ii TYPICALLY
LARGER THAN THE SYSTEM B0+ FLOOR SEPARA. (ON.

HIGHLY RELIABLE POWER SCURCE FOR
MINIMUM IGNITER SET.

OPERATING EXPERIENCE SUGGESTS THAT IGNITER FAILURES
MAY OCCUR DURING PLANT OPERATION. THEREFORE, POWER
TO BOTH THE MINIMUM AND SUPPLEMENTAL HYDROGEN SET
SHOULD BE HIGHLY RELIABLE TO PROVIDE REASONABLE
ASSURANCE THAT PERFORMANCE GOALS ARE ACHIEVED.

16

IGNITER LOCATIONS SUPPORTED BY AN
IGNITER PAIR IN THE SAME GENERAL
VICINITY.

THIS CRITERIA PROVIDES REDUNDANCY OF IGNITERS FOR
EACH GENERAL VICINITY.

K=-27
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TABLE 5.2-1:SUMMARY OF SPECIFIC IGNITER PLACEMENT AND DESIGN CRITERIA FOR SYSTEM 80+

—== =

NO.

CRITERIA

BASIS

NOTES

PRIOR
ITY

ALL IGNITER PAIRS ARE POWERED VIA
INDEPENDENT POWER SOURCES.

LOSS OF POWER TO ONE IGNITER SET WILL NOT COMPROMISE
REGIONAL COVERAGE.

E

IGNITERS LOCATED WITH REASONABLE
EXPECTATIONS OF MAINTAINABILITY AND
SURVEILLANCE .

TO ASSURE A FUNCTIONAL AND MAINTAINABLE SYSTEM
IGNITERS ARE USUALLY LOCATED ON WALLS OR SURFACES
ACCESSIBLE FOR SURVEILLANCE.

10.

NO MORE IGNITERS PLACED THAN
REASONABLY NECESSARY.

SYSTEM 80+ IS5 DESIGNED WITH A LARGE CONTAINMENT
VOLUME. THEREFORE, TO MEET THE GENERAL GUIDANCE OF
CONTROLLING HYDROGEN TC BELOW 10 V/O GLOBAL, IT 18
REQUIRED THAT ONLY 25% OF THE HYDROGEN PRODUCED BY A
100 ¥ OXIDATION OF ZIRCALOY ACTIVE CLADDING BE
REMOVED BY THE IGNITERS.

SHERMAN - BERMAN ASSESSMENT OF DETONABILITY WITHIN
SYSTEM 80+ IS LOW AND HYDROGEN CONTROL FOR PURPOSES
OF PREVENTING DETONABILITY WOULD HAVE LIMITED RISK
SIGNIFICANCE.

i0

il.

LIMITED USE OF IGNITERS IN IRWST.

IGNITERS IN THE IRWST CAN PLAY A ROLE IN HYDROGEN
CONTROL FOR THOSE UNUSUAL CIRCUMSTANCES WHEN THE
HYDROGEN CONTENT IN THE IRWST 15 COMBUSTIBLE. FOR
MOST SEVERE " “CIDENT SITUATIONS THE IRWST HYDROGEN
WILL BL NON-COMBUSTIBLE OR ONLY WEAKLY COMBUSTIBLE
DUE TO THE LACK OF OXYGEN OR STEAM INERTING. THE
NUMBER OF IGNITERS IN THE IRWST SHOULD BE LIMITED.
THIS IS IMPORTANT SINCE MAINTAINABILITY AND TESTING
IN IRWST DIFFICULT.

12

ALL IGNITERS PLACED ABOUT 10 FEET
BELOW A SOLID SURFACE (FLOOR,ETC.).

EXPERIMENTAL DATA INDICATES UPWARD BURNING TO
INITIATE BETWEEN 4 AND 6 V/O H,. LOCATION OF
IGNITERS SEVERAL FEET BELOW SOLID FLOORS ENABLES
MORE EFFICIENT USE OF THE IGNITER TO CONTROL
CONCENTRATION AT THE LOWER END OF THE FLAMMABILITY
RANGE ,

NTS DATA INDICATES COMBUSTION EFFICIENCY IS HIGHER
AWAY FROM WALLS AND WHEN HYDROGEN CONCENTRATION IS
BELOW 7 V/O. BASED ON NTS (VOLUME 75,000 FT" WITH
ONE IGNITER LOCATED NEAR A WALL, COMBUSTION

EFFICIENCY AT 7 V/O 1S ON THE ORDER OF 30 TO 50 %).




TABLE 5.2-1:SUMMARY OF SPECIFIC I

| NO.

CRITERIA

BASIS

NOTES

3.

AVERAGE SUSTAINED CONCENTRATION OF
CONTAINMENT HYDROGEN WITH A MINIMAL
IGNITION SYSTEM BE LESS THAN 8 VOLUME
PERCENT .

EXPERIMENTAL DATA ON HYDROGEN MIXING SUGGESTS THAT

H, CONCENTRATIONS IN VOLUMES ABOVE THE SYSTEM RELEASE
POINT, WILL BE REASONABLY WELL MIXED TYPICALLY WITH
A MAX/AVG CONCENTRATION GRADIENT GF UNDER 1.3.

J

14.

IGNITER SYSTEM SHOULD BE CAPABLE OF
BURNING OFF SUFFICIENT HYDROGEN TO
RENDER THE HYDROGEN CONCENTRATION IN
THE CONTAINMENT ATMOSPHERE TO BELOW
10 V/O (GLOBAL AVERAGE) IN LESS THAN 4
HOURS FOLLOWING COMPLETE OXIDATION OF
THE ZIRCALOY ACTIVE CLAD.

MAINTENANCE OF H, CONCENTRATIONS BELOW 10 V/O ON A
GLOBAL AVERAGE PROVIDES REASONABLE CONFIDENCE THAT A
LOCAL DETONABLE MIXTURE IN A SEVERE ACCIDENT
ENVIRONMENT (UNDER 13 V/0) WILL NOT OCCUR,
THEREFORE, DETONATION THREATS TO CONTAINMENT WOULD
BE UNLIKELY.

Lo

15

18,

NO IGNITERS NEAR PSV/SDS PIPING. ALL
RELEASES FROM THE PSV/SDS CHANNEL
INTO IRWST.

PRA DOES NOT CONSIDER A SIMULTANECUS FAILURE OF THE
PSV/SDS VALVES AND DOWNSTREAM PIPING. PROBABILITY OF
ABOUT 10°* PER YEAR

16.

WITH THE EXCEPTION CF THE DOME REGION
IGNITERS IN THE DOMINANT FLOWPATHS
SHOULD COVER A VOLUME OF LESS THAN
50, 000 FT.

NTS EXPERIMENTS INDICATE THAT A SINGLE IGNITER CAN
EFFECTIVELY CONTROL HYDROGEN CONCENTRATION IN A
75,000 FT' SPHERE. THIS PLACEMENT CRITERIA IS8 WITHIN
THE EXPERIMENTAL DATA BASE.

: iy Y

IGNITERS TO BE PLACED AT POSITIONS
ASSOCIATED WITH SMALLER SECONDARY
FLOW PATTERNS.

THIS PLACEMENT PROVIDES COVERAGE FOR FLOW AREAS
WHICH ARE NOT EXPECTED TO BE HYDROGEN RICH.

HOWEVER, THEIR PRESENCE WILL CONTRIBUTE TO INCREASED
HYDROGEN COMBUSTION AND ASSURE ALL POTENTIAL
FLOWPATHS WILL HAVE IGNITER CAPABILITY REGARDLESS OF
ANTICIPATED FLOWPATHS.

iy

MULTIPLE LEVELS CF BURNING IN
SECONDARY FLOW PATHS.

ool

INCREASES EFFECTIVENESS OF IGNITERS THAT BURN AT LOW




NOTES ON TABLE 5.2-1 ﬂ

THIS CRITERIA IS INTERPRETED AS REQUIRING THE PLACEMENT OF IGNITERS ABOVE EACH OF THE;
2 HOT LEGS, 4 RCP DISCHARGE LEGS AND 4 RCP SUCTION LEGS AND PRESSURIZER SURGE LINE. |

ADDITIONAL PLACEMENT MAY ALSO BE REQUIRED IN VICINITY OF DVI LINES, CHARGING AND f
LETDOWN, SHUTDOWN COOLING, DVI AND SIT LINES. ONLY LINE SIZES SUFFICIENT TO BE *
CONSIDERED A SMALL LOCA CONSIDERED.

FOR PSV /SDS OPERATION HYDROGEN SOURCE TO THE CONTAINMENT WILL BE LOCATED AT IRWST !
VENTS (ABOVE GROUND FLOOR 91-9" ELEVATION AND IN VICINITY OF OVERFLOW PIPE IN HOLDUP
VOLUME) .

POST-VB HYDROGEN SOURCE TO THE CONTAINMENT IS VIA THE VESSEL BREACH SCENARIO. THIS
INTRODUCES HYDROGEN INTO THE REACTOR CAVITY. THUS, IGNITERS WILL BE LOCATED IN
REACTOR CAVITY AND AT THE DOMINANT EXITS OF THE REACTOR CAVITY (ASSUMING FLOODED
CAVITY) . (1 REQUIRED; 3 IGNITERS PER LOCATION SELECTED FOR BACKUP) .

BECAUSE OF CLOSE PROXIMITY OF PRIMARY COOLANT PIPING AND SAFETY/CONTROL LINEES, ONE
LOCATION MAY BE COVERED BY MORE THAN ONE IGNITER.

SYSTEM 80+ HAS SEVERAL VENTED COMPARTMENTS. THESE INCLUDE THE RHR HX ROOM AND ‘
LETDOWN HX ROOM. SINCE THESE ROOMS ARE LOCATED LOW IN THE CONTAINMENT AND ARE NOT IN
DIRECT PROXIMITY TO A HYDROGEN SOURCE THERE IE€ NO RECOMMENDATION FOR IGNITER ‘

PLACEMENT .

THE PRESSURIZER HOUSING REPRESENTS A VENTED TUNNEL WITH MORE THAN 100 FT? AREA VENT
LOCATED TOWARDS THE TOP OF THE COMPARTMENT. USING CRITERION 2 AN IGNITER WILL BE
LOCATED AT THE EXITS OF THE HOUSING AND THEREFORE ADDITIONAL IGNITERS WITHIN THE
HOUSING IS NOT NECESSARY.

FOR POST VB RELEASE THE HYDROGEN RELEASED FOLLOWING VB IS VENTED TO THE LOWER
COMPARTMENT VIA THE CAVITY COOLING VENTILATION ROOM. THIS ROOM IS WELL VENTED.
HOWEVER, AN IGNITER WILL BE PLACED IN THIS AREA BECAUSE IT REPRESENTS A HYDROGEN
SOURCE TO THE CONTAINMENT VIA CRITERION 2.

A SMALL REGION OF CONTAINMENT ADJACENT TO THE PRESSURIZER HOUSING APPEARS POORLY
VENTED AND SHOULD BE FITTED WITH IGNITERS DUE TO CRITERION 3.

IN ORDER TO ENSURE A DOMINANT CHIMNEY FLOW PATTERN THE HVAC HEADER IS POORLY VENTED
(LEAVING THE LOW RESISTANCE PATHWAY THROUGH THE RCS GRATED REGIONS) . THUS, IGNITERS

WILL BE LOCATED IN HVAC HEADER REGION. —— , m
K‘JO ﬁ



NOTES ON TABLE 5.2-1

THESE IGNITERS ARE NOT PART OF MINIMAL SET AND NEED NOT HAVE BATTERY BACKUP.

PAIRS LOCATED IN THE SAME GENERAL REGION, BUT MAY 2E SEPARATED BY DISTANCE.

A MINIMAL IGNITER SET WILL BE POWERED OFF BATTERIES, COMBUSTION TURBINE (CT), DIESEL
GENERATOR (DG) & OFFSITE SOURCE; A SUPPLEMENTAL IGNITER SET WILL BE POWERED OFF OF
CT, DG & OFFSITE SOURCE.

MULTILEVEL BURNING IS PARTICULARLY IMPORTANT TO KEEP LOWER HYDROGEN CONCENTRATIONS
WHERE COMBUSTION COMPLETENESS IS EXPECTED TO BE LOW.

NTS DATA INDICATES HYDROGEN CONTROL IN LARGE OPEN VOLUMES CAN BE PERFORMED WITH A
SINGLE IGNITER. IGNITER LOCATION HAS SOME IMPACT ON COMBUSTION COMPLETENESS AND
FLAMMABILITY LIMITS.

IF NECESSARY ADDITIONAL IGNITERS WILL BE ADDED TO COVER BREAKS IN RCS CONNECTING
PIPING

MINIMAL IGNITER SET INCLUDES 33 IGNITERS (JULY 6, 1993 DESI RECOMMENDATION) .

AN EXCEPTION TO THIS RULE IS EXPECTED TO BE THE DOME IGNITERS WHICH ARE TO BE
SUSPENDED 10 TO 15 FEET BELOW THE DOME INNER SURFACE.
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6.0 DESCRIPTION OF THE SYSTEM 80+ HYDROGEN MITIGATION SYSTEM

This section provides the details with respect to the Hydrogen Mitigation
System (HMS) igniter design, placement and opera'.ion. The HMS is designed
to accommodate the hydrogen production from 1004 active fuel clad metal -
water reaction and limit the containment averace hydrogen concentration
to 10 ¥ in accordance with 10 CFR 50.34(f) fcr a severe accident. A
detailed description of the System 80+ HMS is provided in Section 6.2.5,

6.1 IGNITER PLACEMENT

The System B0+ containment utilizes eighty (80) shielded GMAC model 7G
thermal igniter glow plug controlling hydrogen in roughly forty
containment locations. This igniter glow plug has been extensively
tested, and is incorporated in the igniter system for the GE Mark III
containment and several Westinghouse PWRs with ice condenser containments.
Each igniter is powered by a 120/14 V step-down transformer designed to
provide a minimum surface temperature of 1700°F. The igniter assembly is
illustrated in Figure 6.1-1.

The System 80+ HMS employs 80 igniters, providing coverage for about 40
containment regions. This level of igniter coverage is typically -
consistent with the 90 employed in the Grand Gulf design and the 68
established for the Seguoyah ice condenser PWR. Hypothetical igniter
systems design for Zion and Surry large dry PWRs included 76 igniters.
Table 6.1-1 summarizes the System 80+ igniter placement. Detailed three
dimensiocnal placement drawings for these igniters are presented in Figures
€.1-2 through 6.1-6.

6.2 IGNITER POWER SUPPLY

In order to assure high igniter availability, the igniters are powered
from several independent Class 1E power sources. All eighty igniters may
be powered via (1) offsite power source, (2) emergency diesel generators,
and (3) alternate AC power source (combustion turbine generator). A
minimum of 32igniters can be powered from station batteries (16 each via
each emergency bus as identified in Table 6.1-1. The station batteries
can provide four (4) hours of power for operation of these igniters. As
discussed in Section 7.0, MAAF analyses suggest that approximately two (2)
hours of igniter operation is sufficient to burn off enough hydrogen to
limit the global containment hydrogen concentration to below 10 volume
percent for a 100% active fuel clad oxidation severe accident scenario.

6.3 IRWST VENT SYSTEM

In addition to the igniter placement and power supply, another essential
feature of the HMS is the powered shut IRWST vent system. This system is
used to aid in the removal of hydrogen from the IRWST so that the hydrogen
passing through the tank may be burned elsewhere. The IRWST vent system
consists of several vents connecting the IRWST with the lower containment .
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Four vents will be located within the steam generator wing walls. The
remaining vents will be distributed about the containment. These vents
occupy a total vent floor area of about 600 rft*with a free flow area of
400 ft*. The difference between these two areas is the dense grating
which is required for floor structural integrity and protection of the
sump.

The 400 ft® vent area is considered sufficient to maintain the hydrogen
concentration in the IRWST freeboard space to about 10 volume percent.
The steam and oxygen concentrations within the IRWST would be such that
even at higher hydrogen concentrations, the steam, air and hydrogen
mixture is not likely to be detonable.

The selection of the 400 ft° IRWST vent area is based on maximizing the
venting capability of the IRWST while simultaneously minimizing the
adverse impact of larger vents on plant safety and operational aspects.
Specific factors that were of concern in limiting the vent size include:

(1) Cleanliness and Boration of IRWST Water

Leakage through the vents and/or failure of the vent to remain
closed can cause introduction of contaminants/debris and unborated
water into the IRWST. In addition, moisture escaping from the IRWST
through the vents can result in a corrosive atmosphere in the

containment. These effects can compromise the effectiveness of
the safety injection function and/or result in plant equipment
damage.

(2) Impact on Plant Operation/Maintenance

Since all containment flows are currently required to enter the
Holdup Volume Tank for boration, the floor vents would require
raised ledges to prevent leakage into the IRWST. These protrusions
could potentially obstruct free movement throughout the containment
and limit equipment laydown areas available for maintenance
operations.

(2) Reduction in Structural Capability

The structural strength of the IRWST top lid can be impacted due to
the number and size of the IRWST vents. Larger vent area could
adversely impact the structural strength of the 1lid.

As an alternative to the large IRWST venting described above, a
combination of a smaller IRWST vent area and Passive Autocatalytic
Recombiners (PARs) in the vicinity of the vents were considered as an

optional design feature tc maintain the hydrogen concentration within the
IRWST below 10%.

The PARs would recombine the hydrogen and oxygen passively without
combustion. In this exothermic process heat generated within the PAR
would set up a density difference across the PAR to initiate significant
natural circulation flows near the vicnity of the PAR. In the proposed
alternate option, a number of PARS (about 4) are located near the vicinity
of the IRWST vents which have a total area of ahout 150 ft’. These vents
will be distributed in four locations along the top lid of the IRWST. As
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in the first option, the vents will powered shut with manual actions or
a loss of power causing their opening. As the PARs begin to recombine
hydrogen and oxygen, sufficient natural circulation flow between the IRWST
freeboard space and the lower compairtment of the containment will be
initiated. This flow will be adequate to maintain the IRWST hydrogen
concentration below 10%.

6.4 IGNITER ACCESSIBILITY AND MAINTENANCE

All hydrogen igniters have been evaluated for required access for
testing and maintenance. The most inaccessible igniter locations
are in the containment dome. These igniters can be reached from the
polar crane with a temporary scaffolding / ladder arrangement.
Igniters in the steam generator cubicles are placed to allow access
from existing platforms. Igniters in the IRWST utilize tubes in the
IRWST roof to allow the igniter assembly to be retracted to the 9149
elevation for testing and maintenance without requiring IRWST entry.
Igniters are generally located 7 to 10 feet above floors to allow
easy access without impeding personnel passage or becoming a
personnel safety hazard.



TABLE 6.1-1

SYSTEM 80+ HYDROGEN IGNITER LOCATIONS

LOCATION

AZIMUTH

TAG NO.
(Centerline) | (Degrees) (Ft.& in)
1A° REACTOR 70'+0" 22 13*'-0"
CAVITY ICI
AREA
1B’ REACTOR 70'+0" 314 13*=3"
CAVITY ICI
ARZA
2A° IRWST AREA BB'+6" G 44"'-11"
2B" IRWST AREA 88'+6" 136 44°'-11"
3A° IRWST AREA 88'+6" 224 44'-11"
3B’ IRWST AREA BB'+6" 316 44"'-11"
4an MAVEC AREA 89'4+6" 355 28" -2"
4B’ MAVEC AREA 83'+6" 351 35*-8"
SA° IRWST VENT 100*+0" 16 43'-7"
OUTLET
5B IRWST VENT 100'+0" 342 44'-1"
CUTLET
6A IRWST VENT 99'+0"
OUTLET
6B’ IRWST VENT S9'+0"
OUTLET
7A° EL. 91'4+9" 100*+0"
STEAM GEN. 2
WING WALL
7B EL. 91"'4+9" 100'+0"
STEAM GEN. 2
WING WALL
8A EL. 91'+9" 100'+0"
STEAM GEN. 2
WING WALL
8B"° EL. 91'+9" 100'+0"
STEAM GEN. 2
WING WALL




TABLE 6.1-1

SYSTEM 80+ HYDROGEN IGNITER LOCATIONS

S I T—— it
TAG NO. | LOCATION AZIMUTH
(Centerline) | (Degrees) (Ft.& in)
9A" EL. 91'+9" 100'+0" 224 44'-11"
STEAM GEN. 1
“ WING WALL
9B EL. 91’+9" 100°*+0" 252 - RS
STEAM GEN. 1
WING WALL
10A EL. 91'+9" 100*+0" 287 52'~11"
STEAM GEN. 1
WING WALL
10B° EL. 91'4+8" 100'+0" 314 46°'-9"
STEAM GEN. 1
WING WALL
113 LETDOWN HEAT 100'+0" 151 64'-8"
HX RM.
11B LETDOWN HEAT 1C0'+0" 178 56*-1"
HX RM.
12A REGEN. HX RM. | 100'+0" 199 59t~ "
12B REGEN. HX RM. | 100'40" 206 62'-8"
13A° EL. 9149 HVAC | 105'+0" 30 82'-2"
DIST. HEADER
13B El.. 9149 HVAC | 105'4+0" 75 82"'-2*
DIST. HEADER
14A EL. 9149 HVAC | 105'+0" 120 82'-2"
DIST. HEADER
148" EL. 91+9 HVAC | 105'+0" g2'-2%
DIST. HEADER
|
1JSA' EL. 9149 HVAC | 105'+0"
DIST. HEADER
15B EL. 9149 HVAC | 105'+0"
DIST. HEADER
16A EL. 9149 HVAC | 105'+0"
DIST. HEADER
16B° EL. 9149 HVAC | 105'+0"
DIST. HEADER




TABLE 6.1-1
SYSTEM 80+ HYDROGEN IGNITER LOCATIONS
ELEVATION AZIMUTH
‘ (Centerline) (Degrees) (Ft.& in)
17A° L. 11546 O0.D. ] 125'+0" 25 69"'-4"
CRANE WALL
17B EL. 11546 125%+0" 66 69"'-4"
O.D. CRANE
WALL
1B8A EL. 11546 125'4+0" 114 69'-4"
0.D. CRANE
WALL
18B EL. 11546 125'+0" 152 69'-4"
O.D. CRANE
WALL
15A EL. 11546 125'+0" 205 65'-4"
0.D. CRANE
WALL
198° EL. 11546 125+0" 246 €9'-4"
0.D. CRANE
WALL
20A EL. 115+6 125 +9" 294 69"'-4"
O0.D. CRANE
WALL
20B EL. 11546 125'+0" 335 69'-4"
O0.D. CRANE
& WALL
21A EL. 115+6 123'+8" 346 43'-1"
GRATING HATCH
AREA
21B EL. 11546 123*46" 13 43*'-1"
GRATING HATCH
AREA
22n° STEAM GEN. 2 126'4+3" 66 46'-3"
AREA
22B STEAM GEN. 2 126'+3" 114 46'-3"
AREA
23A STEAM GEN. 2 126"'43" 54 23'-6"
—_—————————




TABLE 6.1-1
SYSTEM 80+ HYDROGEN IGNITER LOCATIONS

TAG NO.AjfLOCNTION' ELEVATION RADIUS
(Centerline) | (Degrees) (Ft.& in)

238° STEAM GEN. 2 12643 127 23'-6"
AREA

24A° STEAM GEN. 1 126'+3" 254 46'-3"
AREA

24B STEAM GEN. 1 126'+3" 247 46"'-3"
ARER

254 STEAM GEN. 1 126'+3" 307 23'-6"
AREA

25B° STEAM GEN. 1 126'+3" 234 23*-6"
AREA

26A° STEAM GEN. 2 164'4+0" 66 46'-3"
ARERA

26B STEAM CEN. 2 164'+0" 114 46'-3"
AREA

274 STEAM GEN. 2 164' 40" 43 28'-7"
AREA

27B° STEAM GEN. 2 164'+0" 137 28'-7"
AREA

28A° STEAM GEN. 1 164'4+0" 294 46"'-3"
AREA

28B STEAM GEN. 1 164'+0" 246 46"'-3"
AREA

292 STEAM GEN. 1 164*40" 317 2B8t=7w
AREX

298" STEAM GEN. 1 164'+0" 223 28" -7"
AREA

30A° REFUEL C.VITY | 154'+0" 45 22 -8"

30B REFUEL CAVITY | 154"'+0" 135 22*-8"

1A REFUEL CAVITY | 154'+0" 315 22"'-6"

31R° REFUEL CAVITY | 154°'+0" 225 22'-6"

32A PRESSURIZER 188'4+10" 227 46'-9"

32B PRESSURIZER 188'410" 50'-9*



TABLE 6.1-1
SYSTEM 80+ HYDROGEN IGNITER LOCATIONS

LOCATION ELEVATION
(Centerline) | (Degrees) (Ft.& in)
PRESSURIZER 1B8'+10" 216 64'-8"
PRESSURIZER i88'+10" 252 64'-8"
34A4° EL. 146 1.D. 200'+0" 40 64'-8"
CRANE WALL
34B EL. 146 I.D. 200'+0" 77 64'-8"
CRANE WALL
35A EL. 146 I1.D. 200'+0" 135 64'-8"
CRANE WALL
35B7 EL. 146 1.D. 200'+0" 175 64'-8"
CRANE WALL
36A EL. 146 1.D. 200'+0" 310 64'-8"
CRANE WALL
36B EL. 146 1.D. 200" +0" 355 €4'-8"
CRANE WALL
32T7A CONT. DOME 237'+0" 0 S56*-7"
37B CONT. DOME <3 T e 45 S64'~7%
38A° CONT. DOME 237'4+0" 90 S6'-T7*
38B CONT. DOME 237'4+0" 135 S -7"
39A CONT. DOME 237"'4+0" 180 56"'-7*
39B CONT. DOME 237 «0* 225 56'-7"
404 CONT. DOME 237'40" 270 o8 "'=7"
408° CONT. DOME 237"+ 0"
wm —~

* denotes igniters that can be powered by Class 1E batteries, in addition to offsite
power source, diesel generators, or alternate AC combustion turbine generator



HYDROGEN IGNITOR BYOx
EOUSWENT M ACENMENT OF AL S e "'s

!

i

g

!ﬁzlglgi :

‘epiele

i 5.

}"!gu

:

§

l

righe,
;gcig! :
felivicd

Mo @ W, O TSNS BOY SCREW SOV
LR 134000 48 0 )
:

iy
i ’
N
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7.0 ANALYTICAL VERIFICATION OF THE SYSTEM B0+ IGNITER SYSTEM

This section summarizes the highlights of the System 80+ MAAP ¢4
containment analyses performed to assess the System 80+ HIS. The MAAP 4
code was used to study hydrogen mixing and combustion in the System B0+
containment. The key goals of the study were to assess the potential for
hydrogen build-up in the containment and to calculate the best-estimate
response of the hydrogen igniter system.

MAAP 4 contains a state-of-the-art lumped parameter model for containment
thermal-hydraulics. The model was specially constructed to model natural
circulation in advanced light water reactor containments. A complete
description of the code is available in Reference 28. The key aspects of
the model which bear on its use in the hydrogen calculations for system
80+ are as follows:

a. Mechanistic, semi-implicit models for gas, water, and energy
transport between control volumes

b. Models for both unidirectional and counter-current flow*®
through containment junctions

- Stable treatment of water-solid regions; these can develop in
System B0+ calculations if the IRWST pocl is esub-nodalized
{this was done here) or if the cavity flooding system is

activated
d. Flexible modelling of containment heat sinks
e. Advanced modelling of hydrogen combustion. Both non-global

burns initiated by the hydrogen igniters and global burns are
treated using a single, unified framework. This model has
been successfully compared to a great variety of experiments®.

7.1 CONSTRUCTION OF PLANT MODEL

A detailed (23 control volumes, 35 junctions, and 37 heat sinks)
containment model was constructed as shown in Figures 7.1-1 and 7.1-2.
Considerable effort was taken to minimize artificial mixing which can be
caused by the limitations inherent in lumped parameter containment codes.

Calculations were performed using the number and location of the igniters
presented in Table 6.1-1. In addition the MAAP 4 simulations employed an
IRWST vent area of 400 ft°.

A recent international standard problem (ISP-29) tested the ability of
various lumped parameter codes to predict hydrogen concentrations in the
HDR containment during experiment E11.2. The results indicated that all
the codes tended to over-predict mixing®: whereas, very little hydrogen
was measured below the elevation at which the hydrogen was injected, the
rcodes predicted substantial mixing.

Part of this tendency to over-predict mixing is a conseguence of inherent
assumptions used in lumped parameter codes, i.e. the fact that control
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volumes are assumed to be well-mixed can lead to numerical diffusion.
However, these problems can at least be minimized by careful construction
of the containment model. For example, the effects of numerical diffusion
were reduced in this study by employing a relatively large number of
nodes.

More important, in the original System 80+ model it was cbserved that a
null transient (no source of mass or energy to the containment) resulted
in persistent gas flow rates on the order of 1 kg/sec or more. This was
found to be caused by the assumption of uniform density in each node if
the node boundaries of inter-connected nodes were defined in such a way
that they overlapped. By adjusting the control wvolume boundaries and
jJunction elevations slightly, it was found possible to reduce these
"phantom flows" to less than 1 gram/second during null transients.

To confirm the success of the renodalization effort, a special case of the
System 80+ model was created that eliminated reactor vessel convective
heat transfer to the reactor cavity and which established a large return
flow path from the refuelling pool area to the lower compartment region.
The former was done to eliminate (physically reascnable) gas flows through
the cavity which are caused by the "chimney" 2ffect that vessel heating
creates in the cavity. The second change allows the large hydrostatic
heads which develop between the steam generator compartments and the upper
compartment and refueling pool area (caused by convective heating and the
introduction of hydrogen) to cause return flows which do not involve the
lower cavity region. Both changes were intended to mimic the HDR
situation. For this case, a high degree of stratification was calculated
to be maintained between the bulk of containment (above the hydrogen
injection point) and the lower reactor cavity (which lies below). This
is analogous to the behavior observed in experiment E11.2 and affords
added confidence in the results of the MAAP 4 calculations.

The use of a large number of control volumes also allowed the igniter
placement relative to the hydrogen igniter points to be represented in a
detailed fashion. More detail on the containment model can be found in
Reference 31.

7.2 METHODOLOGY

A special version of MAAP 3.0B, which modelled features specific to the
System 80+ design, was used in the PRA to calculate primary system and
containment response during severe accidents (see section 19.11.5 of
CESSAR-DC). To avoid the need to modify MAAP 4 to represent the special
features of the System 80+ primary system, hydrogen and steam flow rates,
and energy transfer rates from the primary system were calculated with
MAAP 3.0B and these were then fed into the MAAP 4 containment model. As
such, only MAAP 4's containment model was used for this work.

The procedure used to perform a calculation consisted of several steps:
1. A calculation was made using the standard MAAP 3.0B model for System
B0+. Steam and hydrogen flow to the containment as well as

convective energy transfer between RCS heat sinks and the
containment were stored in a file as functions of time.
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2 For the purpose of these calculations, it was desired to introduce
a mass of hydrogen to containment egquivalent to reaching 100 percent
of the active cladding (about 2400 lbm). To generate the full 2400
1bm of hydrogen in the core, it was necessary to increase the MAAP-
predicted hydrogen generation by a factor between 1.5 and 1.75,
depending on the accident sequence. To accomplish this in a manner
which would not unduly distort the containment response, the period
of core damage was extended by adding a "tail" tc the calculated
hydrogen release curve. The hydrogen release rate during this
period was set equal to the average MAAP-calculated hydrogen release
over the period of core damage (~ 0.2 kg/sec), and the length of the
“tail" was determined by the total additional hydrogen mass that was
needed to bring the in-vessel oxidation to 100 percent of the active
cladding. No steam was released during this interval, i.e. the
reaction was assumed to be steam-limited during this time, and
vessel failure was assumed to occur at the end of this extension.

3 These guantities were then fed into the MAAP 4 containment model.
Cases with igniters operational and igniters disabled were
considered separately. Hydrogen combustion in contrcl volumes not
containing igniters was suppressed; this is quite conservative with
respect to hydrogen concentrations, since combustion initiating at
an igniter could easily propagate into horizontally-adjacent or
higher nodes bearing hydrogen concentrations in excess of about 6
percent?®®.

4. At vessel failure, the entire debris mass wae released to the cavity
(node 1) over a 10 second interval. The hydrogen, steam, and water
present in the RCS at vessel failure in the MAAP 3.0B calculations
were released into the cavity over a 30 second interval. The intent
was to capture approximately the impact of the blowdown on the
steam concentrations. Finally, the portion of the accumulator water
that was still in the accumulatore at vessel failure in the MAAP
3.0B calculation was released to the cavity over a 60 second
interval.

The two representative accident sequences which were studied were a
station blackout (SBO) with activation of the safety depressurization
system and a small break LOCA (SBLOCA) with no safety injection and no
depressurization system activation. Containment spray and igniter
availability were varied in all three seguences. That is, some of the
seguences are "SBO-like" insofar as the primary system is concerned, but
containment sprays and igniters may still be available. Debris dispersal
was not modelled in these hydrogen distribution calculations, and
activation of the flooder was not considered.

7.3 RESULTS OF CALCULATIONS

Several calculations were performed. To some degree, this reflects
changes in the IRWST vent area and location and the number and location
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of igniters that occurred while the analyses were being performed. A
variety of sensitivity calculations were also run.

A few of the key calculations will be summarized in the subsectiuns below.
Key results of the base cases are presented in Tables 7.1-1 and 7.1-2.

7.3.1 Model Verification Cases

As discussed above, two cases were run to verify the containment
nodalization. The first was the null transient. This case was designed
to show that persistent flow would not develop in the absence of heat or
mass addition to containment. All of the containment nodes were
initialized to the same pressure, temperature, and humidity. The heat
sinks were also initialized to the same temperature. Also, the IRWST was
initialized without water to prevent evaporation from driving fiow. As
expected for this case, the containment quickly reached equilibrium, and
gas flow was stopped.

The second case was an attempt to approximately simulate HDR-1like
experimental conditions in System 80+ to demonstrate the ability of the
model to predict global stratification. As discussed previously, in this
case there was no convective heat input to containment, and the
hydrogen/steam source was introduced in a node above the cavity. The
upper portion of containment was calculated to be fairly well mixed, while
the cavity contained a much lower hydrogen concentration.

7.3.2 Small LOCA Cases

In these cases the primary system behaved as it would during a small break
LOCA. Steam and hydrogen were released continuously to the lower steam
generator area via a broken pipe. At vessel failure, a small mass of
remaining hydrogen in the reactor vessel was released to the reactor
cavity. The total hydrogen released was equivalent to reacting 100% of
the active fuel cladding.

, 1 In the case without igniters available, there were no hydrogen
burns. Prior to vessel failure, the hydrogen concentration in the
bulk of containment was about 10%. In the node that contained the
LOCA, a hydrogen concentration peak of 11% was observed. The IRWST
behavea similar to the bulk of containment. There were no hydrogen
concentration spikes at vessel failure. After vessel failure, the
containment mixed fairly well to obtain a 8% hydrogen concentration

everywhere.

2 In the case with igniters available, a total of 500 kg of hydrogen
was burned. Prior to vessel failure, the hydrogen concentration
outside the LOCA node was sustained at 6%. In the node which

contained the break peaks as high as 9% were observed, while the
sustained concentration was closer to 7%. Prior to vessel failure,
the IRWST behaved similar to the bulk of containment. At vessel
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failure there were no hydrogen concentration spikes. The hydrogen
in the bulk of containment then mixed to a uniform 5% level; however
the concentration in the IRWST remained at 6%.

3. In the case with igniters and containmen: sprays available, a total
of 600 kg of hydrogen was burned. The sprays were started shortly
after the LOCA oeccurred; water from the IRWST was sprayed into the
dome at a rate of 200 kg/sec. The hydrogen concentration behavior
was similar to the non-spray case, with two exceptions. In the node
containing the LOCA the peaks never exceeded 7% and the sustained
value wae 6%; and the IRWST concentration followed the node with the
break rather than the bulk of containment. This is attributed to
the large sustained inter-node flows driven by the sprays.

7.3.3 Station Blackout with SDS Activation

In these cases the primary system behaved as it would during an extended
SBO. Steam and hydrogen were released continuously to the IRWST via an
open pressurizer relief valve. The valve was opened at the time of the
first relief valve actuation, i.e. well before the core became uncovered.
At vessel failure, a small quantity of remaining hydrogen in the RCS was
released to the reactor cavity. The total hydrogen released was
ecuivalent tu reacting 100% of the active fuel cladding.

In the case without igniters available, there were no hydrogen
burns. Prior to vessel failure, the hydrogen concentration in the
bulk of containrent built up to about 11%. In the nodes directly
above the IRWST, the hydrogen concentrations were as high as 12%.
And in the IRWST, peaks of 30% were observed. After vessel failure,
containment nodes mixed to cbtain a final hydrogen concentration of
between 8% and 9%. The cavity, however, maintained a concentration
of 5%.

-4 In the case with igniters available, a total of 650 kg of hydrogen
was burned. Prior to vessel failure, the hydrogen concentration
outside the IRWST built up to about 5%. In the IRWST, peak values
of just above 10% were observed, with an average value of about 7%.
After vessel failure, containment hydrogen levels dropped to around
4% everywhere in containment.

Combustion at the igniters served to limit the hydrogen
concentrations in the IRWST. In the MAAP model, this requires that
steam concentrations be below about 55 percent and oxygen
concentrations be above 5 percent. Both of these requirements can
potentially limit igniter effectiveness. Of course, if the IRWST
does become inerted, there is no threat posed by hydrogen build-up,
assuming that the igniters remain operational when the atmosphere
becomes deinerted later.

Hand calculations indicate that, for all practical purposes, the
lower set of IRWST spargers would be utilized just as effectively as
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the upper set. Since the lower set of spargers are near the bottom
of the tank, it was assumed in these analyses that the bulk of the
IRWST would heat uniformly. This would also be promoted if the
containment sprays were in operation, since they draw from near the
bottom of the tank, or if 1RWST cooling is operating.

For this reascn, in these calculations oxygen concentrations limited
the rate of burning in the IRWST. It was found that oxygen could be
continuously supplied to the IRWST by natural convection at a rate
sufficient to limit hydrogen concentrations to 10 percent or less.
This occurred by one of two mechanisms. If the convective heating
of the containment by the steam generators in node 15 (see Figure
7.1-1) was small, hydrogen build-up in node 19 induced circulation
out of the IRWST on junction 29 and oxygen was brought in on
junction 28. If convective heating was made much larger, as it was
in a sensitivity calculation, a large pressure difference developed
between nodes 13 and 15 in such a way that the flows to the IRWST
became reversed: oxygen was brought in on junction 29 and the
burned mixture was swept cut on junction 28. In either case, enough
oxygen was brought ir to limit peak hydrogen corcentrations to
values of about 10 percent.

3. In the case with both igniters and sprays available, a total of 625
kg hydrogen was burned. As soon as the sprays were started, the
containment began to mix vigorously, and a hydrogen concentration of
4% - 5% was rapidly achieved. IRWST hydrogen concentration was
sustained at 5%. After vessel failure, the entire containment mixed
to a constant 4% in all nodes.

7.4 CONCLUSICNS

If igniters are provided in the containment, hydrogen concentrations
ocoutside the IRWST are less than about 10 percent at all times. As
expected, hydrogen concentrations are lower than this away from the
control volumes containing the IRWST vents and the primary system break,
if any. 1If sprays are in operation, hydrogen concentrations are limited
to about B percent; this is attributed to the increase in effectiveness
of the igniters at low steam concentrations and the more effective
inter-node mixing promoted by the operation of the sprays and local
combustion.

Igniter effectiveness in the IRWST is sensitive to both steam and oxygen
concentrations. Both are considered somewhat uncertain, but the
uncertainties act in a direction that would make the mixture non-flammable
S0 as to not present a threat. In these calculations, combustion in the
IRWST was limited by oxygen availability. Natural convection of oxygen
to the IRWST was induced by the competing effects of hydrogen injection
to the IRWST and convective heating of the containment atmosphere above
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the IRWST. The calculated flow rates were sufficiently high to maintain
combustion at a level that would limit hydrogen concentrations to below

about 10 percent.
It 1s concluded that the System 80+ containment design can adeguately

deal with even very severe hydrogen source terms without Ccreating
conditions that would threaten its integrity.
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System 80+ Hydrogen Concentration Cases
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8.0 ASSESSMENT OF THE SYSTEM 80+ HYDROGEN DETONATION ISSUES

This section addresses ancillary concerns associated with the design and
cperation of the System B0+ hydrogen igniter system.

8.1 LIKELTHOOD OF DETONATION AND CONTAINMENT SURVIVABILITY

As discussed in Section 3.0, even without the availability of a hydrogen
igniter system, the accumulation of high concentrations of hydrogen in the
System 80+ containment 1is unlikely due to its large free volume.
Furthermore, the basic geometric features of System 80+, are at worst
"neutral® to the onset of a detonation via the DDT process and more likely
are not conducive to DDT. Based on the simplified Sherman and Berman
Ranking Scheme a DDT condition is unlikely. This conclusion is particular
true for situations with high steam availability in the containment
atmosphere. Conseguently, C-E does not believe that detconation within the
System 80+ containment is credible. Given that as background, the
remainder of this section addresses several "what if" issues associated
with the ability of the major containment structures to survive local
detonaticn loadings.

8.1.1 Containment Detonation

During a severe accident, the RCS will release hydrogen at a relatively
low point in the containment. All releases to the IRWST and late hydrogen
releases via the reactor cavity will enter the bulk containment at or
slightly above the 91-9 elevation. For direct containment releases via
the RCS hydrogen will typically enter the containment below the 115 foot
elevation. These elevations are sufficiently low so as to promote a well
mixed containment atmosphere throughout the event. Conseqgquently,
concentration gradients are only expected in the vicinity of the source.

Sources of hydrogen are typically limited to:

1. RC8 piping including pressurizer surgeline

and,

2. IRWST vents

These sources are located within the crane wall. Consequently, the
potential for locally detonable mixtures will be in the vicinity of the
lower crane wall, pressurizer compartment and the lower portion of the
steam generator compartments. An assessment of local detonation loadings
for these structures have been performed using the approximate TNT
equivalent methodology defined in References 32 and 33. 1In this analysis,
the potential energy release associated with the detonation of a cloud of
hydrogen is related to an equivalent TNT point charge and the TNT
detonation characteristics are scaled for consideration of the properties
of the propagating medium (compared to dry air) and distance of the
structure in guestion from the point source. In this evaluation the
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hydrogen gas cloud is assumed to be 50 ft in diameter. The loadings were
evaluated 25 feet from the point source. Local hydrogen concentrations
from 10 to 15 volume per-cent were considered. Estimated peak pressures,
pulse durations and integrated impulse are presented in Table B8-1.

The net impulse loading associated with localized detonations while
sufficient to cause damage the walls of the internal structures, the
massive supports residing within the IRWST are expected to continue to
perform their function. Since all potential detonations are anticipated
within the crane wall, no resultant threat to containment is expected
since the generated shock loadings will not directly impinge upon the
containment shell. Furthermore, the lower mode response frequencies of
the containment shell are more than an order of magnitude lower than that

associated with the impulse. Thus, dynamic damping of any imposed locading
is expected.




HYDROGEN

PEAK PRESSURE

PULSE DURATION

IMPULSE

VOLUME PERCENT (PSIA) (MSEC) (PSI-SEC)
10 230 6.5 0.478
13 280 0.57¢8
15 - 310
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8.2 COMMENTS ON THE POTENTIAL FOR A CONDENSATION INDUCED
DETONATION

One serious concern with regard to the operation of an igniter system, is
the potential system response following a rapid spray induced condensation
of steam late in a severe accident scenario. This situation may arise as
a consequence of spray recovery in a sequence where the steam inerting
prevented proper operation of the igniter system. Thus, high hydrogen:
air concentrations, will develop along with low steam concentration.
Ignition of this mixture is virtually assured via the HMS.

Experimental evidence to date does not justify this concern. Hydrogen
combustion experiments performed in the presence of a condensing
environment indicate that igniters will initiate combustion in the form
of a deflagration as the mixture passes through the mixture flammability
limit. While these experiments are not prototypical of System 80+, it is
believed to be generally applicable to reactors provided the condensation
process is over a several minute (as opposed to several second) time
interval. Intervals of several minutes are nearly quasi-steady from the
viewpoint of combustion initiation. Analyses performed for System B0+
confirm that for the "worst case" limiting assumptions of a localized
condensation from a minimum inserted steam state, to a potentially
detonable state indicate the system will take over 3.5 minutes prior to
becoming minimally detonable. Consequently, deflagrations have
sufficient time to precede detonations.
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