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Introduction 
This paper describes a range of defense-in-depth measures that either currently exist or could be 
developed to support resolution of GSI-191, PWR Sump Performance.  The following discussion 
identifies measures available for detecting and mitigating inadequate flow through the containment 
recirculation strainer(s) and detecting and mitigating inadequate flow to the reactor core following a 
loss-of-coolant accident.   
 
The strategies identified in this paper are provided as example measures and are not all-inclusive.  
Station-specific designs and operational characteristic are expected to enable the application of 
measures beyond those identified in this paper.   
  
Prevention of Inadequate Recirculation Strainer Flow 
Inadequate recirculation strainer flow refers to the condition where the head loss across the 
strainer(s) develops to the condition where the NPSHA is less than the NPSHR of the pumps taking 
suction on the strainer(s).  This condition could result from the formation of chemical precipitates in 
the containment sump pool and their deposition on a debris bed on the recirculation strainer(s).  
This has been shown through testing to significantly increase the strainer head loss above that 
which develops solely as a result of non-chemical debris.  
 
There are multiple means to delay or prevent this condition, including maintaining the containment 
sump pool temperature above a determined temperature specific to the chemical species involved 
and reducing the flow through the strainer(s).   
 
1. Maintaining an Elevated Pool Temperature 

Maintaining an elevated temperature in the containment sump pool could be accomplished through 
the use of components in the residual heat removal (RHR) system, containment spray system (CS), 
or cooling systems supplying the RHR or CS systems, or a combination of all systems.  Monitoring of 
containment sump pool temperature would require temperature indication of the bulk active pool or 
systems taking suction on the pool (upstream of any heat exchangers).  Maintaining temperature 
above the precipitation limit can be accomplished through currently installed plant equipment.  This 
equipment is currently used to limit cooldown rates for those events where pressurized thermal 
shock may be a concern and is also used to control temperature when on shutdown cooling.  This 
approach would likely require new steps in the emergency operating procedures, evaluation of the 
human factors impacts, and training of the operators.  
 
2. Reducing Flow Through the Strainer(s) 

An additional method that can be used to delay or prevent this condition is the selective removal 
(stopping) of pumps taking suction on the recirculation strainer(s), or that would take suction if 
started following transfer to recirculation.  This method serves to reduce head loss across the 
strainer(s), retards the cooldown of the containment sump and thus the onset of chemical 
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precipitants, and increases the potential for settlement of materials within containment.  This 
approach may require changes to the emergency operating procedures (EOP), evaluation of the 
human factors impacts, and training of the operators.  There would not be a need to install new 
control or indication systems for this approach. 
 
The two approaches described above can also be considered together in that extending the time 
until a maximum strainer head loss condition is created (chemical precipitate formation) provides 
greater time for operators to deal with the immediate demands of the event prior to consideration of 
removal of redundant pumps from service and the inherent need to monitor for any potential failure 
of an operating pump. 
 
As described in this section, the specific actions for the delay or prevention of inadequate 
recirculation strainer flow are: 

1. Changes to EOPs to maintain containment sump pool temperature above the chemical 
precipitation temperature. 

2. Changes to the EOPs to remove redundant pumps from service earlier in the event to reduce 
the head loss demand on the recirculation sump strainer(s). 

 
Detection of Inadequate Recirculation Strainer Flow 
Following a LOCA, debris will be generated and transported to the recirculation strainer(s).  
Following initiation of flow through the strainer(s), non-chemical debris will initially accumulate on 
the strainer(s), resulting in an increased head loss across the strainer.  As temperature in the 
containment pool reduces below the value associated with the development of chemical precipitates, 
these precipitates will interact with the debris bed formed on the strainer resulting in a further 
increase in head loss.  Typically, all operating PWRs have performed conservative testing to 
determine the maximum head loss that could exist from both non-chemical and chemical debris.  If 
either of these types of debris were to exceed the values used to establish the design basis debris 
loading, an excessive head loss condition could develop resulting in a condition of inadequate 
recirculation strainer flow.  This, in turn, could result in a condition where insufficient cooling is 
provided to the reactor or insufficient flow is available for containment pressure control. 
If a condition of inadequate recirculation strainer flow were to develop, it is important for the plant 
operators to be able to detect this condition in a timely manner.  The primary methods for detection 
of this condition are:  
 
1. Differential Pressure Across the Strainer (non-vented sump designs) 

This can be accomplished through specifically installed instrumentation or through use of existing 
instrumentation (e.g., containment pressure and pump suction pressure).  This approach can take 
the form of real-time indication or alarm indication at a pre-determined setpoint.  This method is 
intended to ensure NPSHA remains greater than or equal to NPSHR.   If this detection capability is 
employed at a plant, direction for monitoring will be provided in either the EOPs as a continuous 
action step or through an alarm response procedure (for alarmed designs).  Installed 
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instrumentation would not need to be safety-related but should be sufficiently robust to enable 
operation in the post-accident environment. 
 
2. Differential Water Level Indication (vented sump designs) 

For vented containment sumps, differential water level indication between the water level in the 
containment sump and the water level inside or downstream of the strainer can be monitored to 
provide a real-time indication or alarm indication at a pre-determined setpoint.  This method is 
intended to ensure that either NPSHR is not challenged or excessive air (gas) entrainment, 
principally through vortex formation, does not develop.  If this detection capability is employed at a 
plant, direction for monitoring will be provided in either the EOPs as a continuous action step or 
through an alarm response procedure (for alarmed designs).  Installed instrumentation would not 
need to be safety-related but should be sufficiently robust to enable operation in the post-accident 
environment. 
 
3. Pump Distress Indication 

Low flow, pump trip, or low suction pressure alarms for those pumps taking suction from the 
recirculation sump provide indications of pump distress.  These alarms are annunciated in the 
control room and if received, the operators would follow the direction within the alarm response 
procedure and EOPs. Additional indications include pump discharge pressure, flow rate, and motor 
amperage oscillations.  These conditions are normally detected from the control room (for most 
plant designs) for which monitoring of operating equipment is currently contained in plant 
procedures and is an inherent part of operator training. 
 
Mitigation of Inadequate Recirculation Strainer Flow 
There are multiple methods available to mitigate an identified inadequate recirculation strainer flow 
condition.  A possible cause for this condition is the accumulation of debris on the strainer resulting 
in excessive head loss.  The debris load would most likely be the combination of non-chemical and 
chemical debris.  Some of the available methods for mitigating this condition are:  
 
1. Reduce the flow demand on the recirculation strainer   

A reduction in flow through a strainer debris bed will always result in a reduction in head loss across 
the strainer.  Depending on the specific debris bed, strainer design, and flow velocity through the 
strainer, the reduction in head loss will either be proportional to the reduction in velocity or can 
result in an exponential reduction in head loss.  
 
Typically, EOPs contain specific steps to reduce flow through the system up to and including 
stopping all pumps taking suction from the affected recirculation strainer.  Strainer head loss testing 
has also shown that stopping all flow through a debris laden strainer results in separation of portions 
of the debris bed from the strainer. The primary driver for this separation is gravity since the force 
that held the debris bed in place was the differential force (pressure) developed as a result of flow 
and head loss through the bed.    Another contributor to the collapse of the debris bed is the reverse 
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pressure wave that develops as a result of stopping the pumps and the consequential closure of 
discharge check valves.   
2. Alternation of Recirculation Trains 

Some plants have a design configuration that allows them to transfer between recirculation strainer 
trains.  This enables an opportunity to operate the recirculation system in a sacrificial strainer 
arrangement.  With one recirculation strainer put in service initially and the other strainer in 
standby, the vast majority of the debris will collect on the first strainer providing for a relatively 
clean, low head loss strainer that can be placed in service if determined necessary due to blockage 
on the first strainer. 
 
3. Strainer Backwash   

Some plant design configurations can provide a gravity drain of water from the normal injection 
supply water storage tank (RWT) backwards through the recirculation strainer.  Other designs can 
provide forced flow backward through the recirculation strainer.  Either of these methods can be 
very effective in removing the blockage at the strainer.  A number of plants currently have this 
capability incorporated in plant procedures. 
 
4. RWT Refill and Realignment for Injection Flow 

EOPs for most plants contain steps to initiate makeup to the RWT following transfer to the 
recirculation mode of core cooling and containment pressure control.  The onset of inadequate 
strainer flow would not be expected to present itself as a problem until several hours into an event 
(following cooldown and the potential formation of chemical precipitates).  In the event of strainer 
blockage, realignment to the direct injection flow path from the RWT would provide necessary 
cooling for an extended period of time.  For this realignment, the EOPs will typically direct the 
operators to reduce injection flow to a value that matches the flow required for core decay heat 
removal.  Should it become necessary to transfer back to recirculation, this can be accomplished at 
a reduced flow rate, with an increased potential for clean screen from actions noted above.   
 
5. Injection Flow from Alternate Sources 

Depending on the plant design, the capability could exist to provide other sources of water to 
provide for core cooling.  These may include cross-tying the RWTs between units, use of CVCS 
holdup tanks as a water source to make up to the VCT allowing use of a charging pump to provide 
injection flow, use of Appendix R cross-tie capability to supply RCP seal cooling flow paths, etc.  
Many of these flow paths and their use are currently contained in plant procedures. 
 
Prevention of Inadequate Reactor Core Flow 
Inadequate reactor core flow refers to the condition where the normal core cooling flow path has 
become impeded (blocked) and is not allowing sufficient cooling water flow to reach the core.  This 
condition could result from the formation of a flow limiting or blocking debris bed at the entrance to 
the core region from the lower plenum of the reactor vessel.  The fiber bed that is developed is the 
result of fibers bypassing (flowing through) the recirculation strainer(s) and becoming trapped in the 
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debris limiting openings at or near the bottom of the fuel assemblies.  Tests have shown that the 
limiting conditions for fuel blockage require the combination of fibrous debris, particulates and 
chemical precipitates.  Significantly higher fiber debris loads can be accommodated without flow 
reductions with the absence of, or significant reduction in chemical precipitates, or a significantly 
increased particulate contribution.  Similarly, with a significant reduction in fibrous debris, 
particulates and chemical precipitates can be accommodated without problems.  
 
1. Maintaining an Elevated Pool Temperature 

The potential for fuel blockage can be delayed or prevented by maintaining containment sump pool 
temperature above a determined temperature for the chemical species involved.  Maintaining an 
elevated temperature in the containment sump pool could be accomplished through the use of 
components in the RHR system, CS, or cooling systems supplying the RHR or CS systems, or a 
combination of all systems.  Monitoring of containment sump pool temperature would require 
temperature indication of the bulk active pool or systems taking suction on the pool (upstream of 
any heat exchangers).  Maintaining temperature above the precipitation limit can be accomplished 
through currently installed plant equipment.  This equipment is currently used to limit cooldown 
rates for those events where pressurized thermal shock may be a concern and is also used to 
control temperature when on shutdown cooling.  This approach would likely require new steps in the 
emergency operating procedures, evaluation of the human factors impacts, and training of the 
operators. 
 
2. Controlling (Reducing) Core Flow 

The set of actions identified earlier for reducing or controlling flow through the recirculation 
strainer(s) can have a similar positive impact on reducing the potential for fuel blockage.  Controlling 
flow to the reactor vessel to maintain fuel coverage and match decay heat has benefits through 
reduced head loss and delayed onset of chemical precipitates.  
 
3. Transfer to hot leg injection or combined hot leg / cold leg injection flow paths 

Depending on the plant design, this is a step normally performed in the 4 to 12 hour time frame 
following the event.  There are a couple of factors that establish the conservative minimum time for 
normal transition to this mode of core cooling.  These factors are the decay heat load versus the hot 
leg injection capability and for some plants the potential for a conservatively determined steam 
binding of flow out of the core for certain hot leg break scenarios.  For those plants that have upper 
plenum injection and most plants that have multiple hot leg injection flow paths, the flow rate is 
significantly greater than the core boil off rate thus ensuring adequate flow to the core.  For plants 
with limited flow capability, transferring to hot leg injection has the potential to disturb any debris 
collected on the bottom of the fuel. 
 
Detection of Inadequate Reactor Core Flow 
Following a LOCA, debris will be generated deposited inside containment. Following initiation of flow 
through the strainer(s), fibrous debris will be transported to the strainer(s) and some of this fibrous 
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debris will pass through the strainer and enter the emergency core cooling system (ECCS) supply to 
the reactor.  For most plants, ECCS recirculation flow will be directed initially to the cold legs of the 
RCS and flow through the reactor vessel to the lower plenum region and then up into the fuel 
assemblies.  Depending on the break size and location, a portion of this flow can bypass the reactor 
core and flow out of the break location.  Any fibrous debris that bypasses the strainers and makes it 
to the reactor vessel will tend to collect on the bottom of the fuel.  As temperature in the 
containment pool reduces below the value associated with the development of chemical precipitates, 
these precipitates will interact with the debris bed formed at the fuel assemblies resulting in a 
further increase in head loss.   
 
Some plant designs initiate core cooling recirculation flow to the upper plenum of the reactor vessel 
and other plant designs initiate combined hot leg and cold leg injection during recirculation.  These 
designs are less susceptible to the development of blockage conditions that would result in an 
inadequate reactor core flow condition. 
 
If a condition of inadequate reactor core flow were to develop, it is important for the plant operators 
to be able to detect this condition in a timely manner.  The primary methods for detection of this 
condition are: 
 
1. Increasing core exit thermocouple (CET) temperature indication 

CETs are monitored as part of EOP foldout page monitoring of status trees and the safety parameter 
display system (SPDS).  As part of operator training, the operating crew must demonstrate the 
ability to detect increases in CET temperature indication and transition to the appropriate EOP for 
dealing with this condition. 
 
2. Decreasing reactor water level indication (RVLIS)  

RVLIS is monitored throughout the EOPs.  Through continuing training, operators demonstrate the 
ability to monitor and understand the implications of a decreasing reactor vessel water level and 
appropriately transition within the EOP framework to mitigate this condition. 
 
3. Increasing containment or auxiliary building radiation levels 

This will typically be indicated by alarms in the control room with specific procedural steps in both 
alarm response procedures and EOPs for addressing the condition.  Due to the sensitivity of the 
monitors and the low alarm setpoints, identification of degrading core conditions will occur well 
before a significant release of radioactivity to containment occurs. 
 
Mitigation of Inadequate Reactor Core Flow 
There are multiple methods available to mitigate an identified inadequate reactor core flow 
condition.  The most probable cause for this condition is the result of a significant debris load on the 
fuel assembly bottom nozzle region resulting in excessive head loss.  The debris load would be the 
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combination of non-chemical and chemical debris.  Some of the available methods for mitigating this 
condition are: 
 
1. Transfer to hot leg injection or combined hot leg / cold leg injection flow paths 

Depending on the plant design, this is a step normally performed in the 4 to 12 hour time frame 
following the event.  There are a couple of factors that establish the conservative minimum time for 
normal transition to this mode of core cooling.  These factors are the decay heat load versus the hot 
leg injection capability and for some plants the potential for a conservatively determined steam 
binding of flow out of the core for certain hot leg break scenarios.  For those plants that have upper 
plenum injection and most plants that have multiple hot leg injection flow paths, the flow rate is 
significantly greater than the core boil-off rate thus ensuring adequate flow to the core.  For plants 
with limited flow capability, transferring to hot leg injection has the potential to disturb the flow 
limiting debris bed that formed on the bottom of the fuel, enabling the cold leg injection flow path to 
once again be a viable flow path.  
  
The directions for use of the hot leg injection flow path as a mitigative measure is contained in some 
plant’s EOPs or severe accident mitigation guidelines (SAMG).  Operators periodically train on the 
use of these procedures to ensure familiarization and understanding of events or conditions that 
could occur.   
 
2. Establishment of Alternate Flow Paths 

If CET temperature indication reaches an established threshold, the functional restoration EOPs will 
typically direct that alternate flow paths be established to provide for core cooling.  Since these 
procedures did not originally consider core blockage by debris as a condition that could cause 
elevated temperatures, most of the steps of these EOPs attempt to establish flow through the same 
flow paths that had just been determined to be inadequate.  Some of the alternative flow paths 
considered would be returning to the injection mode of core cooling through use of alternate water 
supplies.  As discussed previously, alternating between hot and cold leg injection flow paths has the 
potential to disturb the developed debris bed allowing for adequate core cooling. 
 
3. Start a reactor coolant pump (RCP)  

Most plants have within their EOPs the direction to start an RCP if CET temperature indication 
reaches approximately 1200oF.  This action would remove the established blockage to the core to 
once again allow normal recirculation injection flow paths to become effective at maintaining 
adequate core cooling.   
 
4. Implementation of SAMGs or EDMGs 

Severe Accident Mitigation Guidelines (SAMG) and Extensive Damage Mitigation Guidelines (EDMG), 
also known as B.5.b guidelines, provide additional guidance and actions for addressing inadequate 
core flow conditions.  Typically, SAMGs will be entered at the same point as the functional 
restoration procedure from the EOPs described in Items 2 and 3, above.  The SAMGs are typically 
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used by the technical support staff in the Technical Support Center (TSC) or Emergency Operations 
Facility (EOF) to evaluate alternative courses of action for a degrading condition.  The SAMGs may, 
but the EDMGs will, provide for flooding containment above the reactor vessel hot and cold leg 
nozzles (and the break location) to provide for convective circulation cooling of the reactor. 
 
Additional Defense-In-Depth Considerations 
In addition to the items discussed above, there are other items that could be considered as defense-
in-depth for all break sizes and conditions.  These considerations include design features that may 
be present but are not currently credited in design basis analyses but will have an impact on limiting 
the potential for fibrous debris generation, collection on the recirculation strainer or collection within 
the reactor vessel.   
 
For example, some plants have installed fibrous debris capture devices within containment to 
minimize the quantity of fiber that could reach the recirculation strainer(s) thus reducing the 
probability for inadequate recirculation strainer flow and inadequate reactor core flow.   


