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ABSTRACT were excluded from USI A-48 and the issue for large dry PWRs
was investigated as a generic issue (GI-121).

This paper provides an assessment of the features built into the
System 8O+Tm Advanced Light Water Reactor (ALWR) design USI A-48 was resolved by an amendment to I OCFR50.4411
for controlling hydrogen concentration during a hypothetical "Hydrogen Control Systems", which required the subject reactor
severe accident. Although the significantly larger System 80+ to implement a hydrogen control system capable of
containment volume serves to passively maintain the global "accommodating an amount of hydrogen equivalent to that
average elow detonable limits, the design incorporates a generated from the reaction of 75% of the fuel cladding with
Hydrogen Mitigation System (HMS) to further reduce the local water, without loss of containment integrity." This regulation was
hydrogen concentration. The HMS consists of a large number based on a hydrogen detonation limit of 13 volume hydrogen
of hydrogen ignitors distributed within the containment to concentration. If it could be demonstrated that the hydrogen
selectively bum-off hydrogen at low concentrations. The concentration for this level of oxidation would remain below 13
criteria for the placement of these ignitors are discussed along volume no active system would be required to prevent
with an assessment of the effectiveness of the ignitors to control detonations.
the hydrogen concentrations. This assessment, which was
performed using the generalized containment model of the For ALWRs, the issue of hydrogen control was folded into
MAAP 4 code, evaluated the potential for hydrogen build-up in the Containment Performance Improvement (CPI) Program and
the containment and calculated the best-estimate response of the was defined in SECY-88-1472, SECY-90-0163 and SECY-93-
igniters. 0874. These features were incorporated into the Code of Federal

Regulations as Post-TMI rule I OCFR50.34(f)5. In defining this
INTRODUCTION regulation for ALWRs, the hydrogen control requirement was

further tightened such that the design of these plants were
The accident at the bree Mile Island (TMI) plant indicated required to accommodate the aount of hydrogen equivalent to

that severe accidents can release large quantities of hydrogen to that generated from the reaction of 100 % of the active fuel
containment. This hydrogen can accumulate and undergo cladding with water and to maintain the average hydrogen
combustion, potentially threatening both the survivability of concentration in containment to below IO volume .
safety equipment and containment integrity. As a consequence
of these observations the U. S. Nuclear Regulatory Commission SYSTEM 80+Tm HYDROGEN CONCENTRATION
(NRC) identified beyond design basis hydrogen control as an
unresolved safety issue (USI A-48). his issue covers hydrogen System 80+Tm is a pressurized water reactor with a large,
control measures for recoverable degraded-core accidents for all open steel spherical dual containment design as shown in Figure
Mark 1 and III Boiling Water Reactors (BWRs) and 1. The System 80+ spherical containment structure was sized to
Pressurized Water Reactors (PWRs) with an ice condenser accommodate the hydrogen control requirements of the original
containment. At that time, PVTRs with large dry containments EPRI ALWR Utility Requirements Document6. These
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Figure I - Elevation View of System 80+T11 Containment and Shield Building

requirements were consistent with the guidance provided in OVERVIEW OF EXPERIMENTAL RESEARCH
I OCFR50.44. Consequently, the System 80+ containment was
sized to over 95,000 cubic meters 3 million cubic feet) of free This section provides a summary of key experimental results
volume. 'Me hydrogen concentration resulting from a 75 that were used in guiding the development of a Hydrogen
oxidation of the fuel cladding resulted in a containment global Mitigation System for System 80+TM. Since the existing System
average volumetric hydrogen concentration of about 10 volume 80+ containment design is sufficiently robust to withstand
%. Thus, in the context of the previous regulation that was containment threats associated with deflagrations, the primary
applicable to BW`Rs and ice condenser PV,'Rs, System 80+ goal of the deliberate ignition system required by I OCFR50.34(f)
would have passively eliminated the hydrogen detonation threat is to preclude the potential for a detonation. Therefore, this
by its large containment design.. review concentrated on.experiments that provided information on

the following:
As indicated earlier, the requirements for minimizing the

hydrogen detonation threat were redefined for ALWRs. 'Me (1) limits on detonability and the likelihood of detonation
upper limit of oxidation to be accommodated by the
containment increased from 75 to 100 of active cladding (2) hydrogen mixing and distribution
while simultaneously, the minimum detonation limit dropped to
10 volume %. As a result of this redefinition of the hydrogen (3) effectiveness and performance of deliberate ignition systems
source, the System 80+ containment volumetric hydrogen in hydrogen control.
concentration increased to about 13 volume %. Thus, in order
to meet the requirements set forth in I OCFR50.34(f) an active This information was used to define igniter system design
means of hydrogen control is required for the System 80+ criteria and performance goals for the System 80+ Hydrogen
design. An effective and cost-efficient method for achieving Mitigation System.
this goal was by the addition of a hydrogen mitigation system
consisting of igniters distributed within the containment. There are two ways in which a detonation can occur: direct

ignition and flame acceleration. Based on estimates of the energy
needed to ignite a detonable mixture at 13 volume percent
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hydrogen, the National Academy of Sciences (NAS) noted that (equivalent to 75% zircaloy oxidation), the hydrogen
direct ignition detonation within the containment is unlikely at concentration would not be in the detonable range. In this effort a
this concentrations. lower bound global hydrogen concentration of less than IO

volume percent was achieved. This desire factored in part to the
Detonation by flame acceleration can occur due to large containment free volume of the System 80+ design. Thus,

turbulence, changes in geometry, obstacles and wall roughness. for all accident scenarios with a core melt probability above I -0,
This process is termed Deflagration-to-Detonation Transition detonation is indeed passively precluded by judicious design. The
(DDT). purpose of the ignition system then is to meet regulatory guidance

which to a large extent requires the ability of System 80 to
As late as the 1950s the lower detonability limit of a provide active systems to preclude a detonation in what would

hydrogen-air mixture was estimated to be at 18 volume otherwise be expected to be an unrecoverable core melt sequence.
hydrogen. However, most of the experimentation used to These events have a cumulative occurrence frequency of less than
support this value were small scale and employed relatively 10-6 per year.
uncomplicated geometries (i.e., spheres, circular tubes, etc.). As
larger facilities were used for experimentation and a wider range One important outcome of the Sandia FLAME experiments
of geometries tested, evidence began to develop that suggested was the development of the Sherman/Berman qualitative
that the actual detonability limit is lower than the 18 volume % detonabilitylikelihoodcriteriall,12. Inthissystemtheauthors
previously reported by Lewis8 and others. Furthen-nore, the rated the detonation potential on a point scale, with I being most
importance of geometric features (size, obstacles, vents, etc.) on detonable and being virtually undetonable. The mixture
detonation began to become more apparent. In the mid-1980's, detonabiIity was based on two parameters: (1) the detonation cell
in an effort to investigate the role of flame acceleration on width (which is directly related to hydrogen concentration), and
producing detonations in reactor geometries, DDT tests were (2) physical plant geometry. A review of all internal
conducted by Sandia National Laboratory in the FLAME 31 and compartments in the System 80+TM containment suggests that it is
MINIFLAME 32 facilities. The FLAME facility consists of a a class 4 containment. This rating implies containment conditions
1:2 scale model of the upper plenum volume of a PWR ice are not conducive to DDT and that the potential for a detonation is
condenser containment. These tests investigated DDT for unlikely to impossible.
hydrogen concentrations between 12 and 30 volume % and
included several parametric studies regarding the importance of HYDROGEN IGNITER PLACEMENT GUIDELINES
obstacles and transverse venting on DDT. For all geometries
tested no significant flame acceleration was noted at hydrogen The System 80+ Hydrogen Mitigation System (HMS)
concentrations of 12 volume %. DDT was first observed at 15 consists of a set of 80 igniters distributed within the containment
volume % hydrogen for tests with obstacles present and no to promote the combustion of hydrogen in a controlled manner so
transverse venting. At the 25 to 30 volume % hydrogen as to maintain the average containment hydrogen concentration
concentration, DDT was observed without the presence of below the threshold value for potential detonation.
obstacles. Smaller scale experiments were performed at the
MINIFLAME facility. Because of the smaller size, DDT was In the design of the HMS a number of design goals were
not observed at hydrogen concentrations of 20 volume %. established. These goals were established so that the scope of the

HMS could be clearly defined. The HMS design goals are:

Recently, with a carefully configured geometry DorofeeO
succeeded in achieving a Deflagration Detonation Transition (1) The igniter system is designed such that the global hydrogen
(DDT) at a hydrogen concentration of only 12.5 volume %. concentration will be below volume %.

An independent review of the hydrogen detonation issue by (2) The igniter system is designed such that local concentrations
the National Academy of Sciences concluded that a hydrogen in containment sub-volumes or small rooms do not exceed IO
concentration of 13 volume % is a reasonable lower limit for volume % unless it can demonstrated that:
expected hydrogen detonability in a PWR containment
atmosphere with small quantities of steam7. More recently, (a) a higher concentration is not detonable either via steam
Shepard, as a contractor for NRC, concluded that a conservative inerting or oxygen depletion, or

lower bound for the hydrogen concentration would be 10 (b) a detonation in the region will not threaten containment
volume %IO. integrity.

As can be seen from the above discussion, the ower The first criteria limits the global threat to the containment to
hydrogen detonation limit appears to be conservatively bounded well within the structural capability. The second goal is intended
by about 10 volume % hydrogen. This lower limit then replaced to ensure that containment integrity is not compromised on a local
the previous 13 volume % used in evaluating existing igniter basis.
systems for operating plants. From its inception, the System
8(+Tm design philosophy was to overwhelm a potential problem 'Me HMS was designed to ensure that the system is reliable,
by design. To this end, it was a goal in the System 80+ design maintainable and cost-effective. Placement criteria for the
to demonstrate that for a large amount of core damage igniters were established based on observations of igniter and
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hydrogen distribution experiments. he HMS design criteria are (2) Enclosures

briefly discussed below. Enclosures may become regions of high hydrogen

Reliability concentration. T�ypically enclosed regions are a concern if they
can become the source of a hydrogen release. All enclosures in

The issue of reliability includes system availability the System 80+ containment are vented. In order to ensure
issues such as alternate power supplies, and redundancy. Details detonable hydrogen accumulations do not develop, all System 80+
of the HMS can be found in Section 62.5 of the CESSARI- containment enclosures are supplied with a pair of igniters.
DC 3 To ensure the HMS is highly reliable, the following
criteria were established: (3) Spacing and Location below Ceilings

(1) Igniters should be available in redundant pairs. General rules for igniter spacing and placement were
established based on a review of existing hydrogen ignition data.

(2) HMS power sources will be diverse and redundant. These rules were:

Maintainability a. Igniters can be separated by 15 to 25 meters (50 to 75
feet).

Experience on the ice condenser PWR units have
demonstrated that cost-efficiency of the HMS is related to the b Igniters should be located 3 meters (about IO feet)
ability of the plant staff to maintain and test the igniters. he below the ceiling.
System 80+ igniters have been located with consideration of
maintainability. Maintainability criteria are associated with: DESCRIPTION OF THE HYDROGEN MITIGATION

SYSTEM
(1) Locating igniters in accessible (and low radiation) areas

and on existing walls, The System 80+T" containment utilizes eighty shielded
GMAC model 7G thermal igniter glow plugs controlling

(2) Assuring that all igniters can be tested and replaced without hydrogen in roughly forty containment locations. Each igniter is
excessive costs, and powered by a 120/14 V step-down transformer designed to

provide a minimum surface temperature of 1200'K (17000F).
(3) Limiting igniter placement in the In-containment Refueling The igniter assembly is illustrated in Figure 2.

Water Storage Tank (IRWST). In order to assure high igniter reliability, the igniters are

Placement Criteria powered from several independent power sources. All eighty
igniters may be powered via (1) offsite power source, 2)

'Me above criteria provide overall guidance in the emergency diesel generators, and 3) alternate AC power source
general manner in which the HMS igniters are to be placed. The (combustion turbine generator). A minimum of 32 igniters can be
specific criteria for placement of the igniters within the powered from station batteries (I 6 each via each emergency bus).
containment are briefly discussed below. The station batteries can provide four hours of power for

operation of these igniters. As discussed later, MAAP analyses
(1) Flowpaths suggest that approximately two hours of igniter operation is

Several criteria specifically relate to the placement of the sufficient to burn off enough hydrogen to limit the global
igniter with respect to the system flowpaths and sources. These containment hydrogen concentration to below IO volume % for a
criteria require the placement of igniters: I 00% active fuel clad oxidation severe accident scenario.

In addition to the igniter placement and power supply,
a. along dominant flowpaths, another essential feature of the HMS is the In-containment
b. above hydrogen sources, Refueling Water Storage Tank (IRWST) vent system. This
C. along secondary flowpaths, and system is used to aid in the removal of hydrogen from the IRWST
d at multiple bum levels. so that the hydrogen passing through the tank may be burned

These criteria are generally derived from a combination of elsewhere. The IRWST vent system consists of vents connecting
engineering judgement supported by experimental evidence and the IRWST with the lower containment.

confirmed by plant analyses. Hydrogen ignition tests have All hydrogen igniters have been located to ensure easy access
generally indicated that, to be effective, igniters should be above
the hydrogen source. This will maximize the hydrogen for testing and maintenance. The most inaccessible igniter
consumption while maintaining the global hydrogen locations are in the containment dome. These igniters, however,
concentration in the containment low. The above criteria also can be reached from the polar crane with a temporary scaffolding
suggest the importance of identifying and providing ignition and ladder arrangement. Igniters in the steam generator cubicles
sources along important flow paths. are placed to allow access from existing platforms. Igniters in the

IRWST utilize tubes in the IRWST cover to allow the igniter
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Figure 2 - Illustration of the System 80+11 Igniter Assembly

assembly to be retracted for testing and maintenance without with summaries presented in Tables I and 2.
requiring IRWST entry. Igniters are generally located 2 to 3
meters 7 to 10 feet) above floors to allow easy access without (1) Small LOCA Cases

impeding personnel passage or becoming a personnel safety
hazard. For these cases, steam and hydrogen were released

continuously to the lower steam generator area via a ruptured

ANALYTICAL VERIFICATION OF THE HYDROGEN pipe. At vessel failure, a small mass of remaining hydrogen in the
MITIGATION SYSTEM reactor vessel was released to the reactor cavity. 'Me total

hydrogen released was equivalent to that obtained from a 100%

'Me MAAP 4 code 4 was used to study hydrogen mixing active fuel cladding oxidation.
and combustion in the System 8+TM containment. The key
goals of the study were to assess the potential for hydrogen a. In the case without igniters available, there were no
build-up in the containment and to calculate the best-estimate hydrogen brns. Prior to vessel failure, the hydrogen
response of the hydrogen mitigation system. The MAAP 4 code concentration in the bulk of containment was about 0
contains a state-of-the-art lumped parameter model for volume %. In the node that contained the ruptured pipe, a
containment thermal-hydraulics. 'Me model was specially hydrogen concentration peak of I I volume was observed.
constructed to model natural circulation in advanced light water The IRWST behaved similar to the bulk of containment.
reactor containments. There were no hydrogen concentration spikes at vessel

failure. After vessel failure, the containment mixed fairly
The two representative accident equences, namely, a well to obtain a volume hydrogen concentration

station blackout (SBO) with actuation of the Safety everywhere.
Depressurization System (SDS) and a small break LOCA
(SBLOCA) with no safety injection and no SDS actuation were b. In the case with igniters available, a total of 500 kg of
analyzed. Containment spray and igniter availability were hydrogen was burned. Prior to vessel failure, the hydrogen
varied in all sequences. That is, some of the sequences are concentration outside the node with the ruptured pipe was
"SBO-Re" insofar as the primary system is concerned, but sustained at 6 volume%. In the node which contained the
containment sprays and igniters may still be available. break peaks as high as 9 volume were observed, while the

sustained concentration was closer to 7 volume %. Prior to
Results of Calculations vessel failure, the IRWST behaved similar to the bulk of

containment. At vessel failure, there were no hydrogen
Key results of the cases analyzed are discussed below concentration spikes. The hydrogen in the bulk of

containment then mixed to a uniform volume level;
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Table I - System 80+1 Hydrogen Concentration Cases Global Containment Values

Maximum Dome Maximum Dome Hydrogen Time to Burn 270 kg
Pressure Temperature Burned sec (from t=O)

Case Pa OK kg sec (orn first H2 bum)

SLOCA, No Igniters 2.75x105 385 0 N/A

SLOCA, Igniters 2.80x 1 05 400 500 I.ix,04
5.Ox 1 (3

SLOCA, Igniters, Spray 2.25x105 375 600 .Ox 104
4.5x 03

SBO+SDS, No Igniters 2.30x105 375 0 N/A

SBO+SDS, Igniters 2.25x105 375 680 9.8x,03
2.0x. 1 03

SBO+SDS, Igniters, Spray 2.40x105 380 600 1.2x 04
3.5x]03

N/A: Not Applicable
hydrogen mass to be burned to maintain containment global hydrogen concentration below 8%.

� 1994 Combustion Engineering Inc.

Table 2 - System 80+TM Hydrogen Concentration Cases Peak Hydrogen Concentration

Peak H2 Fraction
IRWST IRWST

Lower Steam Freeboard Node with
Case Dome Compartment Generator (low) Space Spargers

SLOCA, No Igniters 0.09 0.10 0.10 0.12 0.10 0.10

SLOCA, gniters 0.06 0.06 0.06 0.09* 0.06 0.06
0.07*

SLOCA, Igniters, Spray 0.06 0.05 0.06 0.06 0.05 0.06

SBO+SDS, No Igniters 0.11 0.11 0.12 0.14 0.30* 0.30*
0.22* 0.22**

SBO+SDS, Igniters 0.05 0.05 0.05 0.05 0.06 0.10-0.11

SBO+SDS, Igniters, Spray 0.05 0.05 0.05 0.05 0.05 0.10*
0.08**

Spikes
Average Value

� 1994 Combustion Engineering Inc.
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however, the concentration in the IRWST remained at 6 than this away from the control volumes containing the IRWST
volume %. vents and the primary system break. If sprays are in operation,

hydrogen concentrations are limited to about volume %; this is
C. In the case with igniters and containment sprays available, attributed to the increase in effectiveness of the igniters at low

a total of 600 kg of hydrogen was burned. The sprays were steam concentrations and the more effective inter-node mixing
started shortly after the LOCA occurred; water from the promoted by the operation of the sprays and local combustion.
IRWST was sprayed into the dome at a rate of 200 kg/sec.
The hydrogen concentration behavior was similar to the Igniter effectiveness in the RWST is sensitive to both steam
non-spray case, with two exceptions. In the node and oxygen concentrations. Both are considered somewhat
containing the ruptured pipe the peaks never exceeded 7 uncertain, but the uncertainties act in a direction that would make
volume and the sustained value was 6 volume %; and the mixture non-flammable so as to not present a threat. In these
the IRWST concentration followed the node with the calculations, combustion in the IRWST was limited by oxygen
ruptured pipe rather than the bulk of containment. This is availability. Natural convection of oxygen to the IRWST was
attributed to the large sustained intemode flows driven by induced by the competing effects of hydrogen injection to the
the sprays. IRWST and convective heating of the containment atmosphere

above the IRWST. The calculated flow rates were sufficiently
(2) Station Blackout with Safety Depressurization (SDS) high to maintain combustion at a level that would limit hydrogen

Actuation concentrations to below 10 volume %. It is concluded that the
System 80+ containment design can adequately deal with the

For these cases steam and hydrogen were released severe hydrogen source terms without creating conditions that
continuously to the RWST via an open rapid depressurization would threaten its integrity.
valve of the SDS. The valve was opened at the time of the first
relief valve actuation, i.e., well before the core became CONCLUSIONS
uncovered. At vessel failure, a small quantity of remaining
hydrogen in the RCS was released to the reactor cavity. The The large, open System 80-�Im containment design passively
total hydrogen released was equivalent to reacting I 0% of the maintains the global average hydrogen concentration to below 13
active fuel cladding. volume during a hypothetical severe accident which is

conservatively assumed to result in oxidation of 100% of the
a. In the case without igniters available, there were no active fuel cladding. If only 75% of the active fuel cladding is

hydrogen bums. Prior to vessel failure, the hydrogen assumed to result in oxidation, the global average hydrogen
concentration in the bulk of containment built up to about concentration is lower than 10 volume %. Mus, even without
I I volume %. In the nodes directly above the IRWST, the active hydrogen mitigation equipment, the System 80+
hydrogen concentrations were as high as 12 volume %. containment is designed to minimize any realistic hydrogen
And in the IRWST, peaks of 30 volume were observed. detonation threat.
After vessel failure, containment nodes mixed to obtain a
final hydrogen concentration of between and 9 volume Despite the capability of the System 80+ ALWR design to
%. The cavity, however, maintained a concentration of passively maintain the global average hydrogen concentration
volume %. below detonable levels, the design is provided with a Hydrogen

Mitigation System consisting of "glow-plug" hydrogen igniters
b. In the case with igniters available, a total of 650 kg of with redundant power sources. The igniters are distributed within

hydrogen was burned. Prior to vessel failure, the hydrogen the containment to selectively burn-off hydrogen at low
concentration outside the IRWST built up to about concentrations so as to maintain the global, as well as local,
volume %. In the IRWST, peak values of just above IO concentrations at or below IO volume %. Thus, the System 80+
volume were observed, with an average value of about 7 design, using passive and active design features, is capable of
volume %. After vessel failure, containment hydrogen controlling the hydrogen concentrations to low values thereby
levels dropped to around 4 volume everywhere in minimizing any hydrogen detonation threat.
containment.
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