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EXECUTIVE SUMMARY 

This report identifies opportunities to improve the slurry transport system design at the 
Waste Treatment and Immobilization Plant (WTP).  As currently designed, the slurry transport 
system for non-Newtonian slurries is susceptible to formation of a bed of sliding solids.  The 
presence of sliding beds in the slurry transport system could lead to loss of primary confinement 
through spills and spray releases and/or catastrophic failure of transfer pumps.  Also, energetic 
pump failures may result in damage to adjacent structures, systems, and components (SSCs). 

After receiving the Department of Energy’s (DOE) April 28, 2014, letter, members of the 
Defense Nuclear Facilities Safety Board’s (Board) staff have been following DOE’s efforts in 
resolving the issues associated with formation of sliding beds and pipeline plugging.  The 
Board’s staff agrees with DOE’s findings that reconstitution of the safety basis, establishment of 
defensible erosion allowances to account for formation of sliding beds, and development of a 
defensible waste acceptance criteria (WAC) are valuable and integral parts of resolving these 
issues. However, the project’s recent change to a criterion in Interface Control Document 19, 
which serves as the WAC for waste feed to WTP, indicates the intent to allow for formation of 
sliding beds of solids in slurry transport systems.  This increases the potential for pipeline 
plugging. Further, a proposed target transport velocity of 6 feet per second for the non-
Newtonian transfer line design strategy lacks the technical basis to establish it is adequate to 
avoid solids settling and, thus, to avoid pipeline plugging. 

Consistent with the hierarchy of controls principles outlined in DOE directives, the 
Board’s staff identified opportunities to improve DOE’s path forward for resolution of the issues 
associated with formation of sliding beds and pipeline plugging.  While some of these 
opportunities are similar to current DOE efforts, the underlying design and safety strategies 
differ. These opportunities are as follows: 

1.	 Based on physical and rheological properties of the process slurries, establish design 
criteria and methodology to perform non-Newtonian slurry transfers within the WTP 
facilities in either a turbulent or homogeneous laminar flow regime throughout the 
plant whenever feasible. 

2.	 For the parts of the WTP slurry transport system where it is not feasible to perform 
slurry transfers in either a turbulent or homogeneous laminar flow regime, establish 
design and safety requirements to adequately control the hazards associated with 
sliding beds and pipeline plugging. 

a.	 Based on the physical and rheological properties of process slurries, develop a 
design methodology to ensure that a settled bed of solids is always mobilized 
during transfers. 

b.	 Identify or develop means to detect and mitigate the onset of pipeline plugging in 
the WTP slurry transport system, and demonstrate their effectiveness. 
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c.	 Perform hazard and accident analyses to establish safety controls needed to 
prevent or mitigate process piping failures and pump explosions due to pipeline 
plugging and valve misalignments, including impacts to SSCs located near the 
centrifugal pumps at WTP facilities. 

d.	 Determine the amount of erosion wear and erosion geometries expected for the 
WTP slurry transport system due to a bed of sliding solids.  Using advanced stress 
analysis techniques, evaluate the effects of sliding bed erosion on the structural 
performance of the WTP slurry transport system.  Based on this information, 
establish WTP allowances for non-uniform wear in non-Newtonian transport 
piping. 

3.	 Demonstrate the ability to obtain representative samples of the solids and liquids in 
the WTP slurry transport system to ensure that slurry transfers meet the requirements 
imposed to prevent formation of sliding beds and pipeline plugging. 
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1. INTRODUCTION 


The radioactive slurries to be processed at the Waste Treatment and Immobilization Plant 
(WTP) at the Hanford Site vary widely in their rheological properties, from Newtonian to 
Herschel-Bulkley fluids, a type of non-Newtonian fluid with a semisolid structure.  When 
designing a slurry pipeline, engineers typically establish a requirement for the minimum 
transport velocity, often called “critical velocity.”  Critical velocity is defined as the minimum 
velocity demarcating turbulent flows from flows in which the solids contained in the stream form 
a stationary or sliding bed at the bottom of the pipe (i.e., the pipe invert) [1].  This crucial design 
parameter is needed to prevent the accumulation of a layer of solid particles in the process 
piping. The presence of sliding beds in the slurry transport system could lead to loss of primary 
confinement through spills and spray releases and/or catastrophic failure of transfer pumps. 

Accumulated solids can obstruct process piping, leading to increased head losses and 
fluctuating flow conditions, and may plug the process piping completely [2].  Prolonged 
operation of a centrifugal pump with a plugged process line could cause the pump to explode [3].  
In some cases, it can result in a boiling liquid, expanding vapor explosion (BLEVE) [4].  
Historical cases of several centrifugal pump explosions show that failure of the cover plate 
fasteners is a common mode of pump failure [5], [6], [7], [8], [9], [10].  Even without brittle 
failure and fragmentation of the pump casing, the fasteners, cover plate, and pump itself may 
become highly energetic projectiles.  Therefore, a pump explosion could result in the loss of 
primary confinement and damage to adjacent structures, systems, and components (SSCs).  
Although stainless steel pumps used for the WTP systems are less likely to fail catastrophically 
than similar carbon steel pumps, there is no firm technical basis to exclude the possibility of 
pump components becoming highly energetic projectiles as a result of pump failure.  Centrifugal 
pump explosions are a recurring problem in the mining industry, where pumping slurries is a 
common activity. To address this safety issue, the Mine Safety and Health Administration issued 
Program Information Bulletin P11-32, detailing safety controls that should be used to prevent 
pump explosion accidents initiated by a pipeline plugging hazard [5].  Additionally, accumulated 
solids can form a sliding bed of particles in horizontal piping, potentially leading to increased 
wear from erosion and premature failure of the piping.   

To reduce these hazards in the WTP slurry transport system, the project team would need 
to take one of the following three approaches: (1) impose a design requirement to perform slurry 
transfers above the critical velocity, i.e., in a turbulent flow regime—this would reduce the 
likelihood of the formation of sliding beds, pipeline plugging, and associated process piping and 
pump failures; (2) impose a design requirement to perform slurry transfers in a homogeneous 
laminar flow regime, which would also reduce the likelihood of these hazards—in this flow 
regime, closely packed solids limit solids segregation and settling [12]; or (3) if neither flow 
regime is feasible, then the hazards associated with sliding beds and pipeline plugging would 
need to be adequately controlled. 
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2. BACKGROUND 

On October 25–26, 2011, members of the Defense Nuclear Facilities Safety Board’s 
(Board) staff conducted an onsite review of the design of the slurry transport system in the 
Pretreatment (PT) Facility with representatives of the Department of Energy Office of River 
Protection (DOE-ORP) and the WTP contractor, Bechtel National, Incorporated (BNI).  Based 
on the results of the onsite review, the Board’s staff concluded that the design of the WTP slurry 
transport system had a substantial number of specific safety issues.  To determine what actions 
DOE-ORP and BNI took toward resolving these safety issues following the initial review, the 
Board’s staff held a follow-up teleconference on May 8, 2012.  As a result of this effort, the 
Board communicated concerns about deficiencies in the safety analysis and the design of the 
WTP slurry transport system in a letter to the DOE Office of Environmental Management (DOE-
EM) on August 8, 2012 [13]. In particular, the Board expressed concerns that the WTP safety 
analysis did not address the hazard of centrifugal pump explosions and the effect of erosion from 
a bed of sliding solids on pipeline wear and pipe strength. 

On April 28, 2014, DOE-EM provided a response to the August 8, 2012, Board letter 
describing the path forward for resolution of issues associated with the formation of sliding beds 
and pipeline plugging in the WTP slurry transport system [14].  In this response, DOE-EM 
described a resolution strategy for these issues consisting of four elements: reconstituting the 
safety basis, reassessing the design strategy for non-Newtonian transfer lines, establishing a 
defensible basis to account for erosion by sliding beds, and establishing defensible Waste 
Acceptance Criteria (WAC). 

The Board’s staff reviewed the DOE-EM response and held preceding and follow-up 
discussions with WTP project personnel on April 23, 2014, and October 16, 2014, on progress in 
resolving concerns with the slurry transport system at the PT and High-Level Waste (HLW) 
Facilities. The Board’s staff determined that DOE’s path forward for resolution of these issues 
would benefit from several improvements discussed in detail in the sections below. 
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3. UNRESOLVED ISSUES 

The Board’s unresolved issues are associated with the slurry transport system design and 
safety strategies, and the ability to obtain representative slurry samples to meet the WTP WAC.  
Specific issues and opportunities for improvement in resolving these issues are detailed below. 

3.1. DESIGN STRATEGY 

The Board’s August 8, 2012, letter communicated a concern that the WTP design 
strategy for non-Newtonian slurries did not preclude a bed of sliding solids from forming in the 
process piping during a transfer. At the time of the Board’s August 8, 2012, letter, the WTP 
design strategy relied on several design guides written by BNI to minimize the likelihood of 
pipeline plugging. BNI used these design guides to determine the critical velocity, pressure 
drop, and flush requirements for each process line.  The design guides stated that flow in process 
lines that transfer Newtonian slurries should be turbulent and exceed an empirical prediction of 
critical velocity. These requirements prevented formation of a bed of sliding solids on the pipe 
invert. For process lines that transfer non-Newtonian slurries, the design guides relied on 
pressure drop and line slope requirements, and did not impose critical velocity or turbulent flow 
requirements.  Therefore, the design strategy did not preclude formation of sliding beds of solids 
in non-Newtonian process lines. 

In its April 28, 2014, response to the Board’s letter, DOE-EM agreed with the Board that 
the WTP design strategy for non-Newtonian slurries did not preclude a bed of sliding solids from 
forming in the process piping.  To address pipeline plugging concerns, the WTP project team 
plans to incorporate a “target” transport velocity of six feet per second for non-Newtonian piping 
systems to avoid solids settling and thereby avoid pipeline plugging.  However, in the April 28, 
2014, DOE-EM response, the WTP project team also acknowledged that a transport velocity of 
six feet per second may not always be achievable for all non-Newtonian systems.  In those cases, 
the project team plans to impose a requirement for flushing the pipes with water after a waste 
transfer. 

The Board’s staff determined that the proposed target transport velocity of six feet per 
second does not have an adequate technical basis.  As described in DOE’s response, the selected 
value for the transport velocity is based on a series of tests performed at the Pacific Northwest 
National Laboratory (PNNL) [15], [16], [17].  In these tests, the experimental flow loop design 
included a feedback control system that varied the pump speed to keep the average flow 
velocity/flow rate constant.  This control system ensures that if particles settle on the pipe invert, 
reducing the unobstructed cross sectional area of the pipe, the local velocity would increase, 
leading to re-suspension of these particles.  Hence, by ensuring that the flow rate was 
maintained, the likelihood of solids settling was minimized.  However, the current WTP design 
does not include feedback control systems to maintain a constant average flow velocity.  Also, 
the waste simulant used in the PNNL tests did not cover the full range of particle size, density, 
and rheological properties for non-Newtonian slurries expected at WTP.  Therefore, a transport 
velocity of six feet per second may not be adequate to avoid pipeline plugging in non-Newtonian 
piping systems. 
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Furthermore, in September 2014, the WTP project team changed the critical velocity 
definition in Interface Control Document 19, which serves as the WAC for waste feed to WTP 
[18]. Previously, the project team defined critical velocity as the minimum flow velocity that 
demarcates “fully suspended” flows from flows in which solids contained in the stream form a 
stationary or sliding bed of solids at the pipe invert.  This definition is consistent with critical 
velocity definitions used in academia and industry.  The project team’s current definition of 
critical velocity addresses only stationary beds. This change indicates the project team’s intent 
to allow for formation of sliding beds of solids in the WTP slurry transport system, thus 
increasing the potential for pipeline plugging and erosion.   

A stationary or sliding bed is a characteristic of a stratified laminar flow regime in a 
horizontal pipe, where a concentration of solids varies throughout the pipe cross section.  An 
asymmetric concentration of solids leads to an asymmetric velocity profile (refer to Figure 1).  
For non-Newtonian slurries to flow, the applied stress must be greater than the slurry yield stress.  
The stress also determines the size of the sheared annulus and unsheared plug.  The slurry 
viscosity is lowest at the pipe wall and rises to an infinite value at the pipe center, where the local 
shear stress is equal to the slurry yield stress. Therefore, flow in the pipe center region cannot 
occur and the slurry is transported as a rigid plug at the maximum velocity in the pipe [19].  
Particles in the unsheared plug remain suspended, whereas in the sheared annulus, settling of 
particles may occur.  As flow develops, the slurry viscosity decreases in the shear annulus 
leading to settling of particles.  As particles settle toward the pipe invert, the velocity profile 
changes from uniform to non-uniform, shifting the location of the maximum velocity upward.  In 
turn, the effective sheared annulus also moves upward.  Solids that were in the unsheared plug 
are now in the sheared annulus where they are exposed to local shear and begin to settle and 
form a bed [12].  This is different from a homogeneous laminar flow regime, where the 
concentration of solids is constant throughout the pipe cross section (refer to Figure 2).1 

Particle 

Sheared Unsheared 

Velocity concentration 
profile gradient 

Sliding or 
stationary bed 

Annulus Plug 


Figure 1. Stratified laminar flow 



1 Figures 1 and 2 were developed by the Board’s staff. 
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Unsheared Sheared 
Annulus Plug 

Figure 2. Homogeneous laminar flow 

In stratified laminar flows, the solids settle on the pipe invert to their gravitationally 
driven solids concentration, i.e., the freely settled solids concentration. The higher the solids 
concentration and the closer it is to the freely settled solids concentration, the greater the slurry 
viscosity becomes as the particle interaction increases.  If the solids concentration is high and 
close to the freely settled solids concentration, non-Newtonian slurries can be transferred in a 
homogeneous laminar flow regime.  This is because closely-packed solids limit solids 
segregation. If the solids concentration is less than the freely settled solids concentration, 
segregation occurs and the solids form a settled bed on the pipe invert.  Once solids form a 
settled bed, there is no mechanism within the laminar flow regime to re-suspend these solids.  
The solids remain stationary until either there is a pressure gradient large enough to make the bed 
slide or the flow regime becomes turbulent.  For the flow regime to become turbulent, the 
transport velocity must be increased or the solids concentration must be decreased to reduce the 
viscosity, thereby reducing the critical velocity [12]. 

The Board’s staff concluded that the updated WTP design strategy for non-Newtonian 
slurries does not preclude a bed of sliding solids from forming in the process piping.  As a result, 
this design strategy does not minimize the likelihood of pipeline plugging.  To reduce the 
pipeline plugging hazard, the WTP project team would need to impose a design requirement to 
perform slurry transfers in a turbulent flow regime.  To achieve this requirement, the project 
team would need to increase the transport velocity for non-Newtonian slurry transfers or to 
modify properties of the waste to reduce the critical velocity.  Alternatively, the WTP project 
team may choose to perform slurry transfers in a homogeneous laminar flow regime.  To achieve 
this, the project team would need to impose a requirement on the solids concentration for non-
Newtonian slurries to be at or above the freely-settled solids concentration and identify a 
minimum pressure gradient sufficient for this flow regime.   

If the WTP project team finds that the requirements to perform slurry transfers in either a 
turbulent or homogeneous laminar flow regime are not feasible, then the project team would 
need to impose pressure gradient requirements sufficient to move a settled bed of solids.  In this 
case, the WTP project team would also need to adequately control the hazards associated with 
sliding beds and pipeline plugging. 
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To mitigate solids settling and thereby to avoid plugging of non-Newtonian process 
piping, the WTP project team plans to perform routine post-transfer flushing.  Post-transfer 
flushing may be used to mitigate settling of solid particles when non-Newtonian slurries 
transport cannot be achieved in turbulent or homogeneous laminar flow regimes.  However, in 
this case, several requirements must be imposed on the design of the slurry transport system.  
These requirements include the ability to monitor a rise in pump discharge pressure over time to 
identify the onset of settling, ensure adequate flushing capacity so that the solids can be flushed 
in a turbulent flow regime, and provide for sufficient pump power to generate additional head 
and flow requirements for flushing [12].  

3.2. SAFETY STRATEGY, PUMP EXPLOSIONS 

In its August 8, 2012, letter, the Board communicated a concern that the safety analysis 
for the PT Facility [20] did not address the hazard of centrifugal pump explosions.  Specifically, 
the WTP project team did not perform accident analyses for energetic releases due to pump 
explosions and fragmentation that would lead to a loss of primary confinement.  This accident 
can occur when a centrifugal pump is operated for a prolonged period while isolated.  Under 
certain operating conditions the flow in the slurry pipeline may reduce to low or zero flowrates.  
Slurry particles may then settle out and block the slurry intake and discharge branches [3].  For 
example, the loss of flow initiated by pipeline plugging in the slurry intake branch (due to either 
chemical plugging or settling of solid particles) or valve misalignment may lead to a secondary 
blockage in the slurry discharge branch.  Pump isolation causes the contained solution to heat up 
and vaporize, resulting in pump over-pressurization.  This accident is more energetic than the 
spills and spray releases associated with pipeline breaches considered in the safety analysis and 
poses additional hazards from fragmentation to adjacent SSCs.   

During the Board’s staff’s onsite review in October 2011, WTP project personnel agreed 
with the team’s observations that the safety analysis did not address the hazard of centrifugal 
pump explosions.  The project personnel committed to complete a project issue evaluation report 
and address this potential hazard in the planned updates to the hazard analysis for the PT 
Facility. During the May 8, 2012, follow-up discussion, the Board’s staff determined that the 
WTP contractor had extended this evaluation to all WTP facilities [21].  

In its April 28, 2014, response, DOE-EM agreed with the Board that the safety analysis 
did not address the hazards of centrifugal pump explosion and fragmentation that would lead to a 
loss of primary confinement.  DOE committed to reconstitute the safety basis and perform a 
hazard analysis that will encompass potential causes and consequences of pipeline plugging and 
pump failure under normal, off-normal, and accident conditions.  However, because the WTP 
pumps are constructed of highly ductile materials, DOE does not agree that a pump failure would 
create energetic fragments [22]. 

In August 2013, the American Institute of Chemical Engineers issued a Process Safety 
Beacon on centrifugal pump explosions [4].  The beacon described that when a centrifugal pump 
operates while isolated, the pump energy is converted to heat.  The heated fluid expands and 
generates hydrostatic pressures that could cause the pump seal to fail or the pump casing to 
rupture. This type of failure can cause significant damage due to built-up energy.  The beacon 
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also warns that if the fluid temperature exceeds the boiling point before the pump fails, 
superheated fluid is released, which rapidly boils and expands.  This generates an energetic 
explosion called a BLEVE. The severity and damage from the BLEVE is similar to a steam 
boiler explosion. The Board’s staff reviewed historical cases of several centrifugal pump 
explosions and determined that failure of the cover plate fasteners is a common mode of failure 
[5], [6], [7], [8], [9], [10].  Even without brittle failure and fragmentation of the pump casing, the 
fasteners, cover plate, and pump itself may become highly energetic projectiles.  DOE has not 
provided a firm technical basis to exclude the possibility of the pump housing and internal and 
external pump components becoming highly energetic projectiles in the event of catastrophic 
failure of the pump housing.  These projectiles may pose additional hazards to SSCs located near 
the centrifugal pumps at WTP.   

Further, on April 23, 2014, the Board’s staff held a discussion with WTP project 
personnel to assess the progress that DOE and BNI made in resolving the Board’s concerns 
associated with pipeline plugging.  During this discussion, the WTP project personnel stated that 
the hydrogen explosion events in the HLW Facility bound a postulated pump explosion accident 
in the HLW process vessels and that a similar approach may be used to address this hazard in the 
PT Facility. The Board’s staff note that the initiators for a pump explosion (e.g., pipeline 
plugging or valve misalignment) will likely require different nuclear safety controls than those 
intended for a hydrogen explosion event.  The WTP project personnel also stated that because 
the centrifugal pumps are located inside the process vessels in direct contact with the waste and 
without intervening isolation valves, these pumps will not heat up and vaporize contained 
solutions and, therefore, will not experience over-pressurization.  The Board’s staff notes that the 
WTP project team did not support these assertions with technically adequate information or 
hazard and accident evaluations. 

3.3. SAFETY STRATEGY, EROSION FROM SLIDING BEDS 

In its August 8, 2012, letter, the Board communicated a concern that the safety analysis 
for the PT Facility did not address the effect of erosion from a bed of sliding solids on pipeline 
wear, including the resulting reduction in pipe strength.  The WTP wear allowances for piping 
containing non-Newtonian slurries were incomplete because the WTP project team did not 
evaluate the extent of erosion due to a sliding bed of solids.   

In its April 28, 2014, response, DOE-EM acknowledged that sliding beds could be 
present for short time intervals, i.e., during initial startup of pumps, near the end of a waste 
transfer, or when the target transport velocity cannot be achieved due to competing design 
requirements.  DOE-EM committed to perform a “literature search based evaluation” to 
determine whether sliding-bed erosion is more aggressive than turbulent erosion in small-
diameter pipelines.  If the evaluation determines that sliding-bed erosion is more aggressive, the 
WTP contractor will perform testing to determine the amount of erosion expected.  In response 
to DOE-ORP request, Savannah River National Laboratory (SRNL) personnel performed an 
assessment of PT Facility process pipelines and transfer lines to the HLW Facility [23].  The 
SRNL personnel concluded that “there is insufficient data available to determine if sliding beds 
will cause more erosion compared to turbulent flow and the mechanism of sliding bed erosion is 
different than that experienced in turbulent flow.” 

3–5 



 
 

 
 

 
 

 

 

 
 

 




As discussed above, the updated WTP design strategy for non-Newtonian slurries does 
not preclude a bed of sliding solids from forming in the process piping.  The presence of a 
sliding bed of particles in non-Newtonian process lines will lead to increased erosion rates of the 
pipe invert and result in uneven pipe wear, with reduced pipe wall thickness at the invert location 
[24], [25], [26]. This asymmetric wear pattern is different from the uniform pipe wear expected 
for turbulent erosion. The pipe wall thinning caused by sliding bed erosion reduces the strength 
of the pipe more than uniform wear.  This is because erosion of the pipe invert can create high 
stress concentrations at that location. Operating at maximum allowable pressure established for 
an eroded pipe per methodologies outlined in ASME B31.3 [27] may result in stresses that 
exceed the allowable stress if the wear is asymmetric.  Stress analysis using an advanced 
technique, such as finite element modeling or other nonlinear techniques, would provide 
important information on the effects of pipe erosion on the structural performance of the slurry 
transport system.  To perform such an analysis, the WTP project team would need to establish 
the amount of erosion and erosion geometries expected for the WTP slurry transport system due 
to sliding solids beds. 

3.4. SAMPLING TO MEET WASTE ACCEPTANCE CRITERIA 

In its August 8, 2012, letter, the Board communicated concerns associated with the 
rheological and physical properties of the radioactive slurries to be processed in the WTP slurry 
transport system.  Specifically, the Board emphasized the importance of using bounding waste 
properties for developing values for the critical velocity and pipeline flush requirements.  The 
WTP design did not provide a capability to obtain representative waste samples to ensure that 
WTP waste feed conforms to the WAC [28].  Also, WTP process lines thought to contain 
Newtonian slurries could instead contain non-Newtonian slurries during a pump transfer because 
of elevated concentrations of particles near the bottom of underpowered pulse-jet-mixed vessels 
[29]. 

In its April 28, 2014, response, DOE-EM agreed with the Board’s concerns and 
committed to develop means for providing the capability to characterize waste to ensure it 
conforms to the WAC.  Also, DOE committed to develop safety control strategies for preventing 
or mitigating the abnormal condition of non-Newtonian slurry being present in a line intended 
for transferring Newtonian slurries [14]. 

Currently, the WTP project team is working on resolving mixing and sampling issues and 
developing a safety controls strategy for the PT Facility [30].  The WTP project team plans on 
using the Isolok sampler to characterize the waste feed and for process sampling at WTP.  Based 
on the most recent test results from the Remote Sampler Demonstration testing, the Isolok 
sampler, as currently designed, produces samples that contain significantly more solids than the 
reference samples for particles larger than 75 μm.  Therefore, the Isolok sampler has a positive 
bias for larger particles and is not capable of obtaining a representative sample [31].  The ability 
to obtain representative samples is a prerequisite for meeting safety-related aspects of the WAC 
[32]. Representative slurry samples also are needed for controlling waste properties throughout 
WTP processes. Samples are necessary to ensure that the WTP slurry transfers meet 
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requirements (e.g., critical velocity, flow regime) imposed to reduce the likelihood of formation 
of sliding beds, pipeline plugging, and associated process piping and pump failures. 
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4. CONCLUSIONS 


Based on the review of DOE-EM’s April 28, 2014, response and follow-up discussions 
with WTP project personnel, the Board’s staff determined that the path forward for resolving the 
issues associated with the formation of sliding beds and pipeline plugging in the WTP slurry 
transport system would benefit from several improvements.   

The updated WTP design strategy for non-Newtonian slurries does not preclude a bed of 
sliding solids from forming in the process piping.  As a result, this design strategy does not 
minimize the likelihood of pipeline plugging.  To reduce the pipeline plugging hazard, the WTP 
project team would need to impose a design requirement to perform slurry transfers in a 
turbulent flow regime.  To achieve this requirement, the project team would need to increase the 
transport velocity for non-Newtonian slurries transfers or modify rheological properties of the 
waste. Alternatively, the WTP project team may choose to perform slurry transfers in a 
homogeneous laminar flow regime.  To achieve this, the project team would need to impose a 
requirement on the solids concentration for non-Newtonian slurries to be at or above the freely-
settled solids concentration and identify a minimum pressure gradient sufficient for this flow 
regime.   

If the WTP project team finds that the requirements to perform slurry transfers in either a 
turbulent or homogeneous laminar flow regime are not feasible, the project team would need to 
impose pressure gradient requirements sufficient to move a settled bed of solids.  In this case, the 
WTP project team would also need to adequately control the hazards associated with sliding beds 
and pipeline plugging. 

Further, the WTP project team needs to address the possibility that internal and external 
pump components can become highly energetic projectiles in the event of an energetic failure of 
the pump housing.  These projectiles may pose additional hazards to SSCs located near the 
centrifugal pumps at WTP. 

The Board’s staff consider that stress analysis using finite element modeling or other 
nonlinear techniques would provide important information on the effects of pipe erosion on the 
structural performance of the slurry transport system.  To perform this type of analysis, the WTP 
project team would need to establish the amount of erosion wear and erosion geometries 
expected for the WTP slurry transport system due to a bed of sliding solids. 

Representative samples are needed for controlling waste properties throughout WTP 
processes. Samples are necessary to ensure that the WTP slurry transfers meet requirements 
(e.g., critical velocity, flow regime) imposed to reduce the likelihood of formation of sliding 
beds, pipeline plugging, and associated process piping and pump failures. 
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5. SUGGESTED IMPROVEMENTS 

Consistent with the hierarchy of controls principles outlined in DOE directives, the 
Board’s staff consider that the following actions may improve DOE’s path forward for resolving 
the issues associated with the formation of sliding beds and pipeline plugging in the WTP slurry 
transport system: 

1.	 Based on physical and rheological properties of the process slurries, establish a 
design criteria and methodology to perform non-Newtonian slurry transfers within the 
WTP facilities in either a turbulent or homogeneous laminar flow regime throughout 
the plant whenever feasible.   

2.	 For the parts of the WTP slurry transport system where it is not feasible to perform 
slurry transfers in either a turbulent or homogeneous laminar flow regime, establish 
design and safety requirements to adequately control the hazards associated with 
sliding beds and pipeline plugging. 

a.	 Based on the physical and rheological properties of process slurries, develop a 
design methodology to ensure that a settled bed of solids is always mobilized 
during transfers. 

b.	 Identify or develop means to detect and mitigate the onset of pipeline plugging in 
the WTP slurry transport system and demonstrate their effectiveness. 

c.	 Perform hazard and accident analyses to establish safety controls needed to 
prevent or mitigate process piping failures and pump explosions due to pipeline 
plugging and valve misalignments, including impacts to SSCs located near the 
centrifugal pumps at WTP facilities. 

d.	 Determine the amount of erosion wear and erosion geometries expected for the 
WTP slurry transport system due to a bed of sliding solids.  Using advanced stress 
analysis techniques, evaluate the effects of sliding bed erosion on the structural 
performance of the WTP slurry transport system.  Based on this information, 
establish WTP allowances for non-uniform wear in non-Newtonian transport 
piping. 

3.	 Demonstrate the ability to obtain representative samples of the solids and liquids in 
the WTP slurry transport system to ensure that slurry transfers meet the requirements 
imposed to prevent formation of sliding beds and pipeline plugging. 

Several of these improvements require reassessing the design of process piping for non-
Newtonian slurry transfers, while others require reconstituting the safety bases for the PT and 
HLW Facilities.  The WTP project already plans to reconstitute the safety bases for the PT and 
HLW Facilities, and to redesign portions of the PT Facility for processing non-Newtonian 
slurries to accommodate a Single High Solid Vessel design.  Also, the WTP project is currently 
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conducting testing to resolve pulse jet mixing and sampling issues, as well as issues associated 
with erosion and corrosion design basis. 

5 – 2
 



 

 
 

 
 
 

 

 

 

  

 

 

 

 


 

	

	

	

	

	

	

	

	

	


 


 

	

	

	

	

	

	

	


 


 

	

	

	

	

	

	

	


 

REFERENCES
 

[1] 	 Turian, R.M., F.-L. Hsu, and T.-W. Ma, “Estimation of the Critical Velocity in Pipeline 
Flow of Slurries,” Powder Technology, vol. 51, pp. 35-47, 1987. 

[2] 	 Crowe, C.T., Ed., Multiphase Flow Handbook, Boca Raton, FL: CRC Press, 2005.  

[3] 	 Weir Minerals Division, Technical Bulletin #30 - Version 2: The Hazards of Blocked Pipes 
in Slurry Pumping, Madison, WI: Weir Minerals Division, 2009.  

[4] 	 AIChE, Process Safety Beacon - August 2013, Center for Chemical Process Safety, New 
York, NY: AIChE, 2013. 

[5] 	 Stricklin, K.G., N.H. Merrifield, and L.F. Zeiler, Program Information Bulletin No. P11-32, 
Re-Issue of P09-15 - Potential Safety Hazard Related to Explosion of Pumps, Arlington, 
VA: Mine Safety and Health Administration, 2011.  

[6] O’Connor, B.P., “Centrifugal Pump Explosions,” Rise of the Machines—The ‘State of the 
Art’ in Mining Mechanization, Automation, Hydraulic Transportation and Communications, 
Johannesburg, 2006. 

[7] Virginia Department of Mines, Minerals & Energy: Division of Mines, Pump Explosion 
Fatality Investigation Report, Island Creek Coal Company, Buchanan County, Virginia, 
Richmond, VA: Virginia Department of Mines, Minerals & Energy, 2002.  

[8] 	 Stricklin, K.G., N.H. Merrifield, and L.F. Zeiler, Program Information Bulletin No. P09-15, 
Re-Issue of P03-10 - Potential Safety Hazard Related to Explosion of Pumps, Arlington, 
VA: Mine Safety and Health Administration, 2009.  

[9] 	 Kletz, T., Still Going Wrong!: Case Histories of Process Plant Disasters and How They 
Could Have Been Avoided, New York, NY: Elsevier, 2003.  

[10] Sanders, R.E., Chemical Process Safety: Learning from Case Histories, 3rd, Ed., New York, 
NY: Elsevier, 2005. 

[11] Paterson, A.J.C., “The pipeline transport of high density slurries—a historical review of past 
mistakes, lessons learned and current technologies,” Paste 2011, Proceedings of the 14th 
International Seminar on Paste and Thickened Tailings, Perth, 2011. 

[12] Winokur, P.S., Chairman, Letter to D. Huizenga, Senior Advisor for Environmental 
Managament, U.S. Department of Energy concerning plugging of process lines at 
Pretreatment Facility, Waste Treatment and Immobilization Plant, Hanford Site, 
Washington, DC: Defense Nuclear Facilities Safety Board, 2012.  

[13] Huizenga, D., Senior Advisor for Environmental Management, Letter to P.S. Winokur, 
Chairman, Defense Nuclear Facilities Safety Board concerning plugging of process lines at 
Pretreatment Facility, Waste Treatment and Immobilization Plant, Hanford Site, 
Washington, DC: U.S. Department of Energy, 2014.  

[14] Poloski, A.P., H.E. Adkins, J. Abrefah, A.M. Casells, R.E. Hohimer, F. Nigl, M.J. Minette, 
J.J. Toth, J.M. Tingey, and S.T. Yokuda, Deposition Velocities of Newtonian and non-
Newtonian Slurries in Pipelines, PNNL-17639, WTP-RPT-175 Rev. 0, Richland, WA: 
Pacific Northwest National Laboratory, 2009. 

R–1
 



 

 
 

 

 

 

 

 

 

 

 

 

 


 
 
 

[15] Yokuda, S.T., A.P. Poloski, H.E. Adkins, A.M. Casella, R.E. Hohimer, N.K. Karri, M. 
Luna, M.J. Minette, and J.M. Tingey, A Qualitative Investigation of Deposition Velocities of 
a non-Newtonian Slurry in Complex Pipeline Geometries, PNNL-17973, WTP-RPT-178 
Rev. 0, Richland, WA: Pacific Northwest National Laboratory, 2009.  

[16] Poloski, A.P., M.L. Bonebrake, A.M. Casella, M.D. Johnson, P.J. MacFarlan, J.J. Toth, H.E. 
Adkins, J. Chun, K.M. Denslow, M.L. Luna, and J.M. Tingey, Deposition Velocities of non-
Newtonian Slurries in Pipelines: Complex Simulant Testing, PNNL-18316, WTP-RPT-189 
Rev. 0, Richland, WA: Pacific Northwest National Laboratory, 2009.  

[17] Bechtel National, Interface Change Form, Incorporate Waste Acceptance Criteria 
Technical Team Recommendations into ICD-19, 24590-WTP-ICF-ENG-13-0001, Richland, 
WA: Bechtel National, 2014. 

[18] Pullum, L., “Pipelining tailings, pastes and backfill,” Paste 2007, Proceedings of the 10th 
International Seminar on Paste and Thickened Tailings, Perth, 2007. 

[19] Hinckley, J., Preliminary Documented Safety Analysis to Support Construction 
Authorization; PT Facility Specific Information, 24590-WTP-PSAR-ESH-01-002-02 Rev. 
4w, Richland, WA: Bechtel National, 2011.  

[20] Bechtel National, PT Interaction Reviews to Include Potential Fragmentation Resulting 
from Pumps, 24590-WTP-PIER-MGT-11-1041-C Rev. 0, Richland, WA: Bechtel National, 
2012. 

[21] Davis, R.B., Non-Fragmentation of Ancillary Equipment Caused by Hydrogen Detonation, 
24590-WTP-RPT-ENG-11-010 Rev 0, Richland, WA: Bechtel National, 2011.  

[22] Hansen, E.K., WTP Pretreatment Facility Potential Design Deficiencies - Sliding Bed and 
Sliding Bed Erosion Assessment, SRNL-STI-2015-00014 Rev. 0, Aiken, SC: Savannah 
River National Laboratory, 2015. 

[23] Miller, J.E., and F.E. Schmidt, Ed., Slurry Erosion, Ann Arbor, MI: ASTM Special 
Technical Publication, 1984. 

[24] Pagalthivarthi, K.V., J.S. Ravichandra, S. Sanghi, and P.K. Gupta, “Wear Prediction in 
Fully Developed Multi-Size Particulate Flow in Horizontal Pipelines,” Journal of 
Computational Multiphase Flows, vol. 1, pp. 263-282, 3 November 2009.  

[25] Roco, M.C. and G.R. Addie, “Erosion Wear in Slurry Pumps and Pipes,” Powder 
Technology, vol. 50, pp. 35-46, March 1987. 

[26] ASME, Code for Pressure Piping: Process Piping, ASME B31.3-2008, New York, NY: 
ASME, 2008. 

[27] Defense Nuclear Facilities Safety Board, Recommendation 2010-2: Pulse Jet Mixing at the 
Waste Treatment and Immobilization Plant, Washington, DC: Defense Nuclear Facilities 
Safety Board, 2010. 

[28] Winokur, P.S., Chairman, Letter to D. Huizenga, Senior Advisor for Environmental 
Managament, U.S. Department of Energy concerning the basis for selection of validation 
data set for FLUENT model for Waste Treatment and Immobilization Plant, Hanford Site, 
Washington, DC: Defense Nuclear Facilities Safety Board, 2012.  

R–2
 



 

 
 

 

 
 

 


 
 
 

[29] Hamel, W.F, Assistant Manager, Letter to M. McCullough, Project Director, Bechtel 
National directing to plan for the authorization to proceed with Pretreatment Facility 
engineering, procurement and construction activities, 14-WTP-0069, Richland, WA: 
Department of Energy Office of River Protection, 2014.  

[30] Washington River Protection Solutions, RSD and SSDT Results Workshop, Meeting 
Minutes, October 13-15, 2014, Richland, WA: Washington River Protection Solutions, 
2015. 

[31] Winokur, P.S., Chairman, Letter to E. Moniz, Secretary of Energy closing Board 
Recommendation 2010-2, Pulse Jet Mixing at the Waste Treatment and Immobilization 
Plant, Washington, DC: Defense Nuclear Facilities Safety Board, 2014.  

R–3
 


	Structure Bookmarks
	PLUGGING AND WEAR OF PROCESS PIPING AT THE .WASTE TREATMENT AND IMMOBILIZATION PLANT
	EXECUTIVE SUMMARY 
	TABLE OF CONTENTS
	1. INTRODUCTION
	2. BACKGROUND 
	3. UNRESOLVED ISSUES 
	3.1. DESIGN STRATEGY 
	3.2. SAFETY STRATEGY, PUMP EXPLOSIONS 
	3.3. SAFETY STRATEGY, EROSION FROM SLIDING BEDS 
	3.4. SAMPLING TO MEET WASTE ACCEPTANCE CRITERIA 
	4. CONCLUSIONS .
	5. SUGGESTED IMPROVEMENTS 
	REFERENCES




