
NEA/CSNI/R(2015)4/ADD1 

144 

 

 

Timing criteria for  

supplemental BWR emergency response equipment 
 

 

Dr. John H. Bickel 

Evergreen Safety & Reliability Technologies, LLC, USA 
 

 

Abstract 

 
The Great Tohuku Earthquake and subsequent Tsunami represented a double failure event which 

destroyed offsite power connections to Fukushima-Daiichi site and then destroyed on-site electrical 

systems needed to run decay heat removal systems. The accident could have been mitigated had there been 

supplemental portable battery chargers, supplemental pumps, and in-place piping connections to provide 

alternate decay heat removal. In response to this event in the USA, two national response centers, one in 

Memphis, Tennessee, and another in Phoenix, Arizona, will begin operation. They will be able to dispatch 

supplemental emergency response equipment to any nuclear plant in the U.S. within 24 hours. In order to 

define requirements for supplemental nuclear power plant emergency response equipment maintained on-

site vs. in a regional support center it is necessary to confirm: (a) the earliest time such equipment might be 

needed depending on the specific scenario, (b) the nominal time to move the equipment from a storage 

location either on-site or within the region of a nuclear power plant, and (c) the time required to connect in 

the supplemental equipment to use it.  This paper describes an evaluation process for a BWR-4 with a 

Mark I Containment starting with: (a) severe accident simulation to define best estimate times available for 

recovery based on the specific scenario, (b) identify the key supplemental response equipment needed at 

specific times to accomplish recovery of key safety functions, and (c) evaluate what types of equipment 

should be warehoused on-site vs. in regional response centers. 

 

Introduction 

 

The existing fleet of General Electric designed BWR-4s with Mark I containments were originally 

designed to meet the requirements of a regulatory-driven design bases large break LOCA with subsequent 

loss of offsite power. To address the requirements of such scenarios assumptions were made that batteries 

would be sized to provide for uninterruptible instrument and control power to allow emergency diesel 

starting and loading of essential coolant makeup and decay heat removal systems. While batteries were 

typically designed for greater capacity than these diesel starting and loading sequences, they were not sized 

to provide an indefinite source of DC instrumentation and control power to operate safety/relief valves 

(SRVs) or start/stop control of steam driven pumps such as High Pressure Coolant Injection (HPCI) and 

Reactor Core Isolation Cooling (RCIC).  

Risk assessments, starting with the WASH-1400 Reactor Safety Study [Ref. 1] in the mid-1970's, 

indicated that design bases LOCA scenarios for which the reactor plant was "over-designed for" were not 

the greatest threat to reactor safety. It was the Station Blackout (SBO) and prolonged loss of decay heat 

removal scenarios which relied upon existing DC power systems, SRVs, and HPCI/RCIC pumps that 

posed the greater challenge to safety. Such scenarios involved:  

 eventual loss of DC power due to slow battery discharge (below voltage levels required to operate 

equipment),  

 heat up of the suppression pool to the point containment back pressure causes the SRVs to re-close 

(thus eliminating the key heat removal path from the reactor), and  
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 eventual overpressure failure of the containment. 

Risk assessments performed by US BWR owners in the 1980's as a result of USNRC requirements for 

plant specific Individual Plant Examinations [Ref. 2] identified a number of modifications which could 

dramatically reduce the risks of SBO and prolonged loss of decay heat removal. These included:  

 alternate means of recharging station batteries without the emergency diesel generators 

 installation of a high pressure hard pipe containment vent from the suppression pool to the atmosphere 

to maintain containment pressures below the pressure where SRVs re-close 

 installation/upgrading of piping connections to allow alternate water injection to the reactor vessel 

from external sources such as site fire water systems which exist on all plant sites 

 development of emergency procedures to better deal with beyond design bases accident scenarios. 
 

In the aftermath of the September 11, 2001 terrorist attacks, the USNRC issued orders to all operating 

US reactors to improve their ability to cope with extensive plant damage scenarios and its effects on spent 

fuel pool, core, and containment cooling. Many of the supplemental features identified in the previous 

1980's-1990's era risk assessments, such as: portable battery chargers were then credited as flexible or 

"FLEX" mitigation devices which would be warehoused away from the specific plant locations where they 

were to be used. In other cases new portable pumps were procured and strategically warehoused in 

specified secure locations. 

 

Critical Assumptions in Defining Timing Requirements 

 

To systematically assess timing requirements the "Coping Time" will be used as the bases for 

comparisons. For the purposes of this analysis, the Coping Time is the time available from the onset of the 

accident scenario to the point where if some recovery action is not already taken, it is not possible to 

recover without core damage as defined in Section SC-A2 of the ASME Risk Standard [Ref. 3]. Before 

assessment of critical timing requirements it is necessary to define the key or bounding assumptions which 

govern the timing requirements for mitigation strategies for Station AC Blackout or prolonged loss of 

decay heat removal. These include: 

 the spectrum of accident scenarios to be considered (or excluded) 

 the consequential failure assumptions to be considered (or excluded) 

 limitations in equipment performance (e.g. pressure and or temperature limits) 

 time-dependent limitations on equipment performance such as battery depletion, fuel oil depletion 

 

These are each discussed below. 

 

Accident Scenario Assumptions 

1. Seismic vs. Non-Seismic SBO scenario: a Seismic SBO would likely severely damage typical site fire 

water systems
7
 rendering the typical diesel firewater pump unable to serve as an alternate makeup 

source. 

2. Seismic vs. Non-Seismic SBO scenario: a Seismic SBO would likely severely damage the Condensate 

Storage Tank which is the normal water supply for the HPCI and RCIC pumps. This places reliance on 

the Suppression pool as a water source for HPCI/RCIC pumps during Seismic events. 

  

                                                      
7
 Fire water systems in US nuclear power plants are not typically designed to cope with seismic events and piping sections would 

be assumed to fail. 
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3. A prolonged Station AC Blackout leads to overpressurization of the reactor pressure vessel and the 

slow boil-off of reactor coolant through the continuous cycling of SRVs. Consideration of larger 

leakage rates (e.g. Small, Medium, Large LOCAs
8
) obviously results in much more rapid rates of 

depletion of coolant inventory and hence significantly shorter Coping Times.  

4. The simultaneous loss of DC power coincident with Station AC Blackout is not further analyzed as this 

would eliminate the possibility of monitoring or operating HPCI, RCIC, SRVs, and Containment Hard 

Pipe Vent valves. Effectively there would be very little coping time available for such scenarios. 

 

Consequential Failure Assumptions 

1. The failure to automatically SCRAM given an SBO is not further analyzed as it is a very low 

probability event and is assumed to yield insufficient Coping Time for any supplemental equipment to 

be credited. 

2. The continuous cycling of an SRV for the purposes of removing core decay heat presents a possible 

scenario for a stuck upon SRV occurring at some time after the event has started. Obviously the more 

limiting case is the consequential stuck open SRV occurring at the start of the scenario. This limiting 

assumption is used for evaluating stuck open SRVs. 

3. Miscellaneous coolant leakage into the Drywell: prolonged loss of cooling to the main recirculation 

pump (RCP) seals may result in consequential RCP seal leakage. The amount of consequential RCP 

seal leakage in BWR RCPs is subject to high uncertainties ranging from 130 gpm [Ref. 4] to 200 gpm 

[Ref. 5]. 

 

Limitations on Equipment Performance 

1. If larger 4kV AC powered pumps (e.g.: LPCI/RHR, or Core Spray pumps) are to be used based upon 

re-powering the safeguards buses, the reconnection of 4kV power must occur prior to the point where 

pump Net Positive Suction Head (NPSH) is lost due to suppression pool temperature rise. 

2. SRVs depend upon DC power and compressed Nitrogen gas to properly operate. In the event there is 

insufficient DC power (e.g. DC voltages < ~92% Nominal) or Nitrogen gas pressure <90 psia, the 

SRVs will only operate as mechanical spring loaded safety valves in the range of 1124 psia. 

3. SRVs are located in the Drywell region and utilize electro-pneumatic controls to open and close. The 

electro-pneumatic components are only qualified to a temperature of: 335°F. Proper operation above 

this point is beyond their design bases and cannot be assured. Because of this limitation, BWR 

emergency operating procedures require manual depressurization of the reactor if Drywell 

temperatures exceed 281°F and no means exist to reduce temperature (such as RHR Sprays). This 

Drywell temperature limitation becomes a critical limit in how long manual depressurization can be 

avoided. 

4. To assure availability of the Suppression Pool to control containment pressure rise from a subsequent 

blowdown of the reactor pressure vessel, BWR emergency operating procedures require manual 

depressurization below pressure limits according to a Heat Capacity Temperature Limit curve such as 

shown in Figure 1. 

 

                                                      
8
 LOCA sizes are as follows: 

LOCA Classification Break Diameter Size  

Small LOCA 
100 gpm to 2 inch steam 
100 gpm to 1 ¼ inch water 

Medium LOCA 
2 - 3 inch steam 
1 ¼ - 3 inch water 

Large LOCA 
3 - 28 inch steam 
3 - 28 inch water 
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Figure 1 – Heat Capacity Temperature Limit 

 

5. When the containment pressure exceeds 89.7 psia, the electro-pneumatic controls for the SRVs cannot 

open the SRVs in the control mode. SRVs will then only operate in the mechanical spring loaded 

safety valve mode, cycling ~1124 psia. 

6. When the water temperature to the RCIC pump exceeds 200°F, self cooling of the RCIC pump is 

beyond the design bases and the pump is assumed to shutdown, necessitating use of the "FLEX pump". 

 

Time Dependent Limitations on Equipment Performance 

1. The rate of DC battery depletion is dependent on the assumed duty cycle of SRVs, HPCI/RCIC pumps, 

and continuous instrumentation and control power consumption. Rather than evaluating hundreds of 

possible duty cycles, one limiting duty cycle was chosen for evaluating the depletion times of the 125V 

and 250V batteries. This is acknowledged to be a conservatism which could be re-visited if necessary 

in the future. Making this assumption yielded: 5.75hrs for the Div. I 125VDC Battery (limits RCIC 

operation), 5.5hrs for the Div. II 125VDC Battery (limits HPCI operation), 7.0 hours for Div. I 

250VDC Battery (limits SRV operation), and 8.0hrs for Div. II 250VDC Battery (limits SRV 

operation).  

2. The rate of fuel oil consumption for the diesel fire pump (credited in Non-Seismic SBO scenarios) was 

actually measured. It was determined that the existing day tank would require replenishment in ~11hrs 

after the diesel fire pump is started. 

3. Room Heat-up considerations: the diesel fire pump (credited in Non-Seismic SBO scenarios) is located 

in an enclosure which must have a door opened within 30 minutes to maintain temperatures at a level 

that would allow manual entry to top off the diesel fuel tank. This is addressed in SBO procedures. 

4. Bottled Nitrogen gas supplies were estimated to require changing out bottles approximately every 9 

hours if SRVs or containment Hard Pipe Vent valves were cycling. This is addressed in SBO 

procedures. 

 

Scenario Analysis  

 

The analysis was performed for a 2004 MWt BWR using the MAAP4.0.6 code [Ref. 6] with best-

estimate decay heat loads and all of the previously noted operating limitations embodied as a part of the 

control logic. The assumed water temperature and water levels in the suppression pool were chosen to 

envelope 90% of observed normal plant operation. Similarly, the water temperature of the external heat 

sink was chosen to envelope 90% of observed environmental conditions.  

Approximately 80 separate scenarios and sensitivity cases were evaluated to separate out timing 

requirements for connection of supplemental emergency response equipment.  The approach taken was to 

evaluate Coping Times to prevent core damage for SBOs in conjunction with Small and Medium LOCAs, 

and Stuck Open Relief Valve scenarios which are assumed to occur coincident with the Loss of Offsite 

Power and Subsequent SBO. The analyses postulated various successes/failures of the LPCI/RHR, HPCI, 
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RCIC, Diesel Fire Water, and FLEX pumps by first determining the longest Coping Times available to 

reconnect 4kV AC power to the main safety related safeguards buses while still avoiding a peak core 

temperature of 1800°F. 

 

Results of the Evaluation 

 

Without analysis it was presumed that the following scenarios can not be mitigated without immediate 

availability of AC power: 

 Large Design Bases LOCA with SBO 

 SBO and ATWS 

For these cases, safety must be assured by providing robust design criteria to prevent large pipe failures or 

SCRAM failure. 

 

Table 1 provides a summary overview of the Coping Times to recover either 4kV power, or 

installation of supplemental FLEX pumps, or battery chargers. The following is noted: 

 Scenarios involving very short Coping Times (< 3.5 hours) and/or failure of HPCI cannot be mitigated 

with FLEX equipment. Recovery of emergency diesel generators to power emergency safeguards 

buses would be the only mitigation strategy possible from a timing perspective.  

 For scenarios with Coping Times greater than ~4 hours, the use of portable FLEX pumps and battery 

chargers becomes a very reasonable alternative, provided that the equipment is located on-site. 

 Provision of mobile diesel generator sets from a regional support center would benefit longer term 

scenarios where the issue becomes containment heat removal, if containment venting is not performed. 

 If operation of the HPCI/RCIC pumps and containment venting is possible - and is supplemented by 

portable battery chargers and a suitably sized FLEX pump, it is possible to cope with a seismic SBO 

scenario indefinitely without external equipment, provided that sufficient quantities of fuel and 

compressed Nitrogen are available. 

 

Figure 2 shows one of the simulations of a successful strategy to cope with a Seismic SBO with 

concurrent RCP seal leakage – which is a more probabilistically likely scenario. It involves allowing the 

HPCI/RCIC to both automatically start after taking suction from the Suppression Pool, and flood up the 

RPV to the high level trip point. At this point the high capacity HPCI is deactivated to conserve DC power 

– and leave it as a backup in case of failure of the RCIC pump. After the RPV level boils off, RCIC is 

restarted and manually throttled to maintain a relatively constant RPV level. Anticipating that eventually 

steam driven HPCI and RCIC will no longer be viable because of containment pressure and temperature, 

plant personnel make hose connections for the portable FLEX pump to the fire water connection to the 

LPCI injection pathway. Following this, portable battery chargers are brought in and cable rolled out to 

begin recharging the various station batteries. When all is in place (but no later than the point where RCIC 

shuts down) operators manually depressurize the RPV allowing the FLEX pump to take over maintaining 

RPV level using an external water source. There would be a minor drop in RPV water levels during 

depressurization but flashing of coolant allows steam cooling that keeps core temperatures continuously 

dropping. The containment is vented using the Hard Pipe Vent and a long term heat removal pathway is 

established through the Suppression Pool. Throughout this period there would be a need to monitor and 

maintain fuel supplies to the FLEX pump and portable battery chargers, as well as maintain sufficient 

inventories of compressed Nitrogen gas to keep SRVs and Hard Pipe Vent valves operable. 
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Conclusions 

 

This analysis was focused on determining the timing requirements and portable equipment to avoid 

any core damage. [The timing and equipment requirements to cope with core damage and mitigation of 

offsite releases were beyond the scope of this evaluation.] The analysis resulted in the following insights 

and conclusions regarding timing requirements for Supplemental Emergency Response Equipment: 

 

1. Scenarios involving Seismic-induced Large or Medium LOCAs with concurrent SBO cannot be 

practically addressed with supplemental portable equipment because the connection time requirements 

are far too short. Assuring safety for these scenarios must rely upon design margins to prevent Large 

and/or Medium LOCAs with onsite power system failure given a seismic event. 

2. Requirements for FLEX pumps: The likelihood of eventual loss of steam driven HPCI/RCIC pumps 

due to either: (a) Drywell heatup >281°F requiring depressurization of the reactor and thus loss of 

steam supply as early as 1.1 hours (Sesimic SBO with Small LOCA, initial HPCI operation) - 3.9 

hours (SBO with Stuck Open Relief Valve and initial HPCI operation), or (b) eventual turbine high 

exhaust pressure or suppression pool temperature  - gives high priority to the ability to quickly connect 

a portable FLEX pump via hose connections and pre-installed fittings. The earliest connection time 

need for a portable FLEX pump to a suitable water source would be within ~1.0 hour (very worst case 

and likely difficult to achieve) but more likely longer (e.g. >4 hrs). These timing requirement dictate 

that the portable FLEX pump be located onsite and portable enough to be moved with hoses to where 

needed along with an adequate supply of fuel.  

3. Requirements for Portable Battery Chargers: If the HPCI/RCIC pumps are able to continue running 

beyond ~4 hours, the loss of DC control power to the pumps from the Div I and II 125VDC batteries 

becomes the next critical limiting failure. The connection of a portable battery charger within < 5 hours 

becomes the next essential requirement to successfully mitigate a beyond design bases SBO (whether 

caused by a seismic event or other natural phenomenon). This timing requirement dictates that the 

portable battery charger be located onsite and portable enough to be moved to where needed along 

with an adequate supply of fuel.  

4. Requirements for Mobile Diesel Generators: Equipment to facilitate the recovery of 4kV safeguards 

buses (thus allowing operation of LPCI/RHR pumps) using a mobile skid mounted, self-contained 

diesel generator  could be effective depending on proximity of equipment and availability of quick 

high voltage connection points. The analysis indicates the possibility of using such equipment is 

helpful at almost any time it becomes available.  

 

A key conclusion of this analysis is that the onsite supplemental FLEX equipment (with adequate fuel 

and compressed Nitrogen gas stores) is fully sufficient to keep the core covered and prevent any fuel 

damage for an indefinite period of time and that the 24 hour time dispatch time requirement for external 

support is not limiting. 
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Table 1 – Coping Times Available for Supplemental Emergency Response Equipment 

Scenario Coping Time Limitations Comment 
Medium LOCA with SBO  13.2 minutes Need to restore 4kV AC power to LPCI pumps.  

Steam driven HPCI/RCIC pumps are insufficient to provide necessary makeup. 
Recovery using FLEX pump not 
credible 

SBO with Stuck Open Relief Valve and 
HPCI failure  

24 minutes Need to restore 4kV AC power to LPCI pumps.  
Steam driven RCIC pumps are insufficient to provide necessary makeup. 

Recovery using FLEX pump not 
credible 

Small LOCA with SBO and HPCI failure  30 minutes Need to restore 4kV AC power to LPCI pumps.  
RCIC is insufficient to provide necessary makeup. Diesel Fire Pump cross-connection 
cannot be implemented in sufficient time. 

Recovery using FLEX pump not 
credible 

Small LOCA with SBO and initial HPCI 
operation with suction from CST 

2 hours High Drywell Temperature requires depressurization which causes loss of steam 
driven HPCI at ~46 minutes. 
Need to restore 4kV AC power to LPCI pumps.  
CST would not be available following Seismic event 

Recovery using FLEX pump not 
credible 

Small LOCA with SBO, initial HPCI 
operation with suction from CST or 
Suppression Pool, failure of Diesel 
Fire Pump. 

- or – 
Seismic SBO with Small LOCA, initial 
HPCI operation with suction from 
CST, seismic failure of Diesel Fire 
Water 

2.5 hours High Drywell Temperature requires depressurization which causes loss of steam 
driven HPCI at ~1.1 hours. 
RCIC is insufficient to provide necessary makeup.  
Need to restore 4kV AC power to LPCI pumps.  
CST would not be available following Seismic event 

Recovery using FLEX pump not 
credible 

SBO with Stuck Open Relief Valve and 
initial HPCI operation 

3.5 hours High Drywell Temperature requires depressurization at ~ 3.9 hours which causes loss 
of steam driven HPCI. 
Need to restore 4kV AC power to LPCI pumps and RHR.  
Steam driven HPCI pump operation provides a little more time to recover AC power 
to LPCI pumps and RHR 

Need for FLEX pump in ~ 3.9 hours 

SBO with initial HPCI operation taking 
suction from CST  

- or – 
 Seismic SBO with initial HPCI 
operation taking suction from 
Suppression Pool 

4.5 hours High Drywell Temperature requires depressurization which causes loss of steam 
driven HPCI. 
Need to restore 4kV AC power to LPCI pumps and RHR. 

 

SBO with failure of Diesel Fire Water, 
initial RCIC operation taking suction 
from CST  

- or – 

6.5 hours High Drywell Temperature requires depressurization at ~4.9 hours. 
RCIC pump looses DC control power ~ 5.75 hours 
RCIC pump would also shut down on high exhaust Temperature at ~5.75 hours. 
Need to restore 4kV AC power to LPCI pumps and RHR.  

Need for Supplemental Battery 
Charger in  
<5 hours 
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Seismic SBO with seismic failure of 
Diesel Fire Water, initial RCIC 
operation taking suction from 
Suppression Pool 

Scenario Coping Time Limitations Comment 
Seismic SBO with Stuck Open Relief 
Valve, seismic failure of Diesel Fire 
Water, and initial HPCI/RCIC 
operation taking suction from 
Suppression Pool 
 

7.0 hours HPCI pump looses DC control power ~5.5 hours 
RCIC pump looses DC control power ~5.75 hours 
Need to restore 4kV AC power to LPCI pumps and RHR. 

Need for Supplemental Battery 
Charger in  <5 hours 

Small LOCA with SBO, initial HPCI 
operation with suction from CST, 
manual depressurization, injection of 
Diesel Fire Water 

9.0 hours High Drywell Temperature requires depressurization at ~1.1 hours which causes loss 
of steam driven HPCI. 
RCIC is insufficient to provide required makeup. 
Diesel Fire Water is sufficient until Div I, II 250VDC batteries deplete to point SRVs re-
close, reactor re-pressurizes above shutoff pressure of Diesel Fire Water pump. 
Need to restore 4kV AC power to LPCI pumps and RHR. 
 

Need for Supplemental Battery 
Charger in  <8 hours 

SBO with initial HPCI/RCIC injection 
taking suction from CST, manual 
depressurization and Diesel Fire 
Water injection until 250VDC battery 
discharge. 
 

- or – 
 

SBO with Stuck Open Relief Valve, 
initial HPCI/RCIC injection taking 
suction from CST, manual 
depressurization and Diesel Fire 
Water injection until 250VDC battery 
discharge. 

11.0 hours Discharge of 250VDC batteries ~8 hours causes reactor to re-pressurize above the 
shutoff pressure of the Diesel Fire Pump 
Need to restore 4kV AC power to LPCI pumps and RHR. 

Need for Supplemental Battery 
Charger in  <8 hours 

SBO with RCIC taking suction from 
CST, supplemental battery charger 
connected <5hrs prior to loss of DC 
control power for RCIC and SRVs 
 

21.5 hours RCIC shuts down at 18.7 – 19.5 hours due to high turbine exhaust temperature. 
Need to restore 4kV AC power to LPCI pumps and RHR. 

Need for Hard Pipe Vent operation 
at < 20 hours 

SBO with Stuck Open Relief Valve, 23.0 hours Stuck Open Relief Valve causes eventual loss of steam driven HPCI/RCIC pumps. Need for Hard Pipe Vent operation 
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initial HPCI/RCIC taking suction from 
CST, supplemental battery charger 
connected <5hrs prior to loss of DC 
control power for RCIC and SRVs, 
Diesel Fire Water injection until 
containment back-pressure closes 
SRVs 
 

Long term rise in containment back-pressure causes all SRVs to re-close. 
Re-pressurization of reactor above discharge pressure of Diesel Fire Water pump 
causes loss of injection. 
Need to restore 4kV AC power to LPCI pumps and RHR for Drywell and Suppression 
Pool Cooling. 

at < 20 hours 

Scenario Coping Time Limitations Comment 
SBO with initial HPCI/RCIC taking 
suction from CST, supplemental 
battery chargers connected <5hrs 
prior to loss of DC control power for 
RCIC and SRVs, Diesel Fire Water 
injection until containment back-
pressure closes SRVs 
 

24.0 hours Long term rise in containment back-pressure causes all SRVs to re-close 
Re-pressurization of reactor above discharge pressure of Diesel Fire Water pump 
causes loss of injection. 
Need to restore 4kV AC power to LPCI pumps and RHR for Drywell and Suppression 
Pool Cooling. 

Need for Hard Pipe Vent operation 
at < 20 hours 

SBO with Small LOCA, or Stuck Open 
Relief Valve, initial HPCI/RCIC taking 
suction from CST, supplemental 
battery chargers connected <5hrs 
prior to loss of DC control power for 
RCIC and SRVs, Diesel Fire Water 
injection, controlled Containment 
Venting 
 

Indefinite Fuel supply to FLEX pumps and portable battery chargers. 
Compressed Nitrogen gas to operate SRVs and Hard Pipe Vent valves. 

 

Seismic SBO with Small LOCA, or 
Stuck Open Relief Valve, initial 
HPCI/RCIC taking suction from 
Suppression Pool, supplemental 
battery chargers connected <5hrs 
prior to loss of DC control power for 
RCIC and SRVs, supplemental FLEX 
pump connected, controlled 
Containment Venting 
 

Indefinite Fuel supply to FLEX pumps and portable battery chargers. 
Compressed Nitrogen gas to operate SRVs and Hard Pipe Vent valves. 
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Figure 2 – Successful Mitigation Strategy for Seismic SBO using FLEX Equipment
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