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2. Introduction

Experience has demonstrated that when retrieving waste from tanks across the DOE complex,
there is a point where the limits of a retrieval technology are reached and a small heel is left in
the tank. Current tank closure practice is to pour grout into the tank, covering the heel but
without attempting to mix the waste and the grout together. The result is that the waste and grout
are unlikely to mix and form a homogeneous mass and the remaining waste heel may, therefore,
still be in a mobile form which could leak into the environment. Increasingly strict regulatory
requirements are making this an increasingly difficult strategy to defend. Consequently, an
effective means of carrying out in-situ stabilization (i.e. intimate mixing of waste with grout) for
varying quantities of residual waste material in tanks would be of considerable benefit to tank
waste retrieval and closure operations throughout the DOE complex.

AEA Technology has previously developed and demonstrated an effective means of mobilizing
and retrieving tank waste contents using its Power Fluidics™ equipment. To date, this
equipment has been deployed successfully at several tank projects where the work has been
completed within the proposed cost and schedule. Adapting this safe, proven and effective
technology for carrying out in-situ stabilization of waste heels would represent a considerable
improvement to current technology employed in tank closure operations. Additional benefits
include the ability to mix, retrieve, and sample the bulk waste and stabilize the tank for closure
using the same equipment. Applying such a unified approach to tank closure would save capital
equipment costs, consolidate safety documentation, reduce field deployment schedule/costs,
reduce secondary waste generation, and reduce worker radiation exposure levels.

This report documents the method of accomplishment and results of the scope of work carried
out under International Agreement Number DE-GI01-00EW56054; Project Technical Plan
DOE/Heel Grouting/01/v1 (Reference 3). The principles of Fluidic Pulse Jet Mixing (PJM) and
the technical issues to be addressed in using Power Fluidics™ equipment to grout tank heels are
presented. The requirements for the development of grout formulations suitable for use in such
applications are discussed. The inactive waste heel stabilization demonstration program is
described, covering the development of a suitable grout formulation and the application of this
grout to waste heel stabilization using a prototype PJM system. The data, results, and
conclusions of the work are presented along with considerations for future work and field
deployment of the equipment into a radioactive waste tank.
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3. Principles of Fluidic Pulse Jet Mixing

Power Fluidics™ Pulse Jet Mixers (PJM’s) have been operating in UK nuclear plants since
1970. The technology is proven across a range of applications and is standard technology in UK
nuclear facilities.

All Power Fluidics™ mixing systems use compressed air as the motive force for the movement
of liquid or liquid/solids slurries. Each system features a charge vessel (CV) which is a fluid
reservoir that is filled or discharged by the evacuation or pressurization of the void space above
the liquid level. The control of the air into and out of the Charge Vessel is accomplished using a
Jet Pump Pair (JPP), designated the fluidic system Primary Controller. The JPP comprises two
back-to-back ejector elements as shown in Figure 1 below. Its purpose is to:

e Supply a positive air flow and pressure to the charge vessel during the drive phase
e Provide a vent path for the air during the vent phase
e Produce a partial vacuum in the charge vessel during the suction phase

[ 7 e
DRIVE NOZZLE j] \ [
7zl e
= VESSEL
DRIVE JET DIFFUSER
PUMP
SUCTION JET
PUMP

' K777 222222
SUCTION NOZZLE | |
seronerze > |, W e

Figure 1: Jet Pump Pair

The equipment upstream of the Jet Pump Pair is designated the fluidic system Secondary
Controller. Its purpose is to:

e Control the duration of the drive phase and to supply compressed air to the "drive" part of the
JPP during this phase

e Control the duration of the vent phase and to switch off the air supply to the JPP during this
phase

e Control the duration of the suction phase and supply compressed air to the "suction" part of
the JPP during this phase

The phase durations are regulated electronically by AEAT’s PRESCON™ controller. The
PRESCON™ computer both analyzes the input from the process instrumentation and controls the
sequencing and operation of the plant. The controller automatically compensates for variations in
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the system (e.g., changes in liquid level, specific gravity, and viscosity) and so maintains the
fluidic system operation at optimum efficiency.

The PJM mobilizes the material contained within the waste tank by first drawing liquid out of the
tank into the charge vessel. This liquid is then repeatedly forced backwards and forwards
between the tank and the charge vessel through an engineered nozzle designed to give a desired
flow pattern for the fluid exiting the Charge Vessel. The mixing process is repeated until the
tank is well mixed. The system configuration may also include remotely operated directional
“wash” nozzles incorporated into the system above the liquid level in the waste tank to aid the
mixing process and dislodge encrusted solids adhering to the tank walls.

3.1. POWER FLUIDICS™ PULSE JET MIXING SYSTEM OPERATION

The Power Fluidic pulse jet mixer process is designed to mix sludge with existing supernatant or
added liquid to homogenize and mobilize sludge and liquid waste. The mixer system typically
has the ability to transfer waste via a discharge line to a waste receipt facility and provides a
means of taking a sample of the waste at any point during operations. The major components of
the system are:

e Charge vessel — pressure vessel which acts as a reservoir for the system.

e Suction tube — pipe in the tank used to draw the tank contents into the charge vessel and
discharge them back into the tank for mobilization. The end of the pipe contains an
engineered nozzle that produces a focused jet of liquid for effective mixing.

e Jet Pump Pair - provides the gas pressure and flow conditions in the charge vessel and
acts as a barrier between the clean incoming compressed gas and the potentially
hazardous liquid.

e Valve skid - handles only clean gas and provides the gas flow to the jet pump pair as
required.

e Remote directional nozzle system for wall washing. This may be a hydraulically
controlled nozzle or an advanced custom designed nozzle depending on system
requirements.

e Off-gas Skid — provides HEPA filtration of the air vented from the system during all
phases of operation prior to discharge to the atmosphere.

Page 6 of 27
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3.2. MOBILIZATION MODE

During the suction phase, the jet pumps are
used to create a partial vacuum in the charge
vessel, which in turn draws material up from the
storage tank into the vessel. This is shown in
Figure 2

VESSEL

<>5UPERNATE

~ ( swupGe

PN

Figure 2: Suction Phase

COMPRESSED AIR

Once the charge vessel has been filled with
material, the jet pumps pressurize the charge
vessel, which drives the liquor back into the
storage tank, agitating and mixing the contents
of the tank. This is the drive phase and is shown
in Figure 3.

VENT
=

CHARGE
VESSEL

Figure 3: Drive Phase
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When the level has reached the bottom of the GOMPRESER AR
charge vessel, the drive phase is terminated and !
the charge vessel is depressurized through the
jet pumps in the vent phase. This is shown in
Figure 4. The cycle is then repeated until the
tank contents have been mixed.

VENT
=

CHARGE
VESSEL

Figure 4: Vent Phase

3.3. TRANSFER MODE

The diagram below illustrates a system which is capable of transferring the contents out of the
tank; a transfer line is added below the charge vessel.

COMPRESSED AIR

During the suction phase, the jet pumps
are used to create a partial vacuum in
the charge vessel, which in turn draws
the mixed slurry up from the storage
tank into the vessel. This is shown in
Figure 5

VENT
—

CHARGE
VESSEL

TRANSFER LINE

Figure 5: Suction Phase — Transfer Mode
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COMPRESSED AIR

Once the charge vessel has been filled
with the slurry, the jet pumps pressurize
the charge vessel, which drives the
slurry along the transfer line as shown
in Figure 6.

VENT
=

CHARGE
VESSEL

When the level has reached the bottom
of the charge vessel, the drive phase is
terminated and the charge vessel is
vented in the same manner as in the

mobilization mode (Figure 4)

TRANSFER LINE

This sequence can be repeated until the
required amount of material has been

transferred - =
Figure 6: Drive Phase — Transfer Mode

3.4. SAMPLE MODE

The diagram below illustrates the system configuration for collecting a sample of the tank
contents. Tank material is initially drawn from the tank to fill the charge vessel as in the transfer
operation (Figure 5 above).

COMPRESSED AIR

When the sample is being collected, the
system is designed so that the liquid is
drawn out of the charge vessel using a
pump installed in the sample line
discharging into a collection vessel.

VENT
-

CHARGE
VESSEL

i)
SAMPLE COLLECTION

Figure 7: “Drive” Phase — Sample Mode
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3.5. WALL WASH MODE

The diagram below illustrates the system configuration for wall washing. A remote directional
nozzle is incorporated into the system below the charge vessel and above the waste tank liquid
level. Tank material is initially drawn from the tank to fill the charge vessel as in the transfer
operation (Figure 5 above).

COMPRESSED AIR

During the drive phase, the liquid jet
emerging from the nozzle dislodges
sludge adhered to the tank walls. The
sludge, which then falls to the bottom
of the tank, can be maintained in
suspension using the mobilization mode
of operation described above.

VENT
=

CHARGE
VESSEL

Figure 8: Drive Phase — Wall Wash Mode
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4. Grout Formulation Development

AEA Technology plc and its forerunners have been at the forefront of UK cementation
technology development and performance evaluation for the treatment of radioactive wastes for
over twenty years. This study relied heavily on that experience in the development of a suitable
grout for stabilization of a tank waste heel simulant.

Two primary considerations are important for the formulation of a grout for stabilizing a waste
heel; the grout must have good flow properties for mixing and it must meet applicable standards
for waste stabilization characteristics. This section reports how the grout formulation was
designed and developed for the inactive demonstration program to:

e optimize the mixing process by maximizing grout flow and workability; and
e meet the minimum requirements of the NRC Technical Position for Grouted LLW:
Appendix A.

4.1. THE FORMULATION DEVELOPMENT PROCESS

The design and demonstration of a cementation treatment process for a given waste consists of
five interdependent factors. These factors are:

1. Waste characterization: To determine chemical and physical composition of the waste, and
potential variability. The waste characterization data are used to make a preliminary
selection of a cement formulation, waste loading and process method.

2. Product specification: To determine the applicable specification, which will provide product
performance targets such as leachability, strength and durability. It is essential that all
specification and process criteria are incorporated into the formulation development process
at the earliest opportunity.

3. Formulation development: To identify an acceptable grout recipe and identify the
specification of raw materials used in the recipe. Formulation development work is carried
out using methods of increasing scale. Initial work is carried out at bench scale to identify a
suitable formulation to treat a waste. Suitability of a formulation includes evaluation of mix
viscosity, flow, temperature, setting time and presence of bleed water after setting. Once a
suitable formulation is identified, intermediate scale mixes are carried out to produce
product evaluation test specimens and to better understand the likely full-scale production
process.

4. Product evaluation: To test the product performance both on a short time scale (days) and
over longer periods (months). The type of tests carried out may include: leachability,
strength, durability, dimensional stability and permeability. If the formulation does not meet
a specific criterion then the formulation must be modified until the full specification is met.

Page 11 of 27
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5. Process optimization: In addition to meeting the product specification, the waste treatment
process must be practical to operate. This factor is considered throughout the formulation
development process and can be demonstrated by carrying out large-scale mixes (e.g. 200
liter) of the finalized formulation.

4.2. SPECIFIC FORMULATION DEVELOPMENT FOR WASTE HEEL
JET GROUTING DEMONSTRATION

The specific goal of this demonstration work was to develop a grout formulation to immobilize a
40"/, solids kaolin clay / water simulant waste heel. This simulant was selected as it is a
generally recognized and accepted waste simulant that has been used successfully in previous
PJM tank mixing and retrieval development work. The formulation development work was
carried out by AEA Technology, Waste Management Technology (WMT) based at Winfrith,
Dorset, UK.

The outline waste heel treatment method enabled the basic rheological requirements of the grout
and wasteform formulation to be defined:

e The grout was required to have a suitable flow and workability to enable it to be pumped to
the tank, and to allow the waste heel and grout to be well mixed by the Power Fluidics™
System. This was achieved by using a high water to cementitious solids (w/s) ratio, thereby
minimizing the viscosity of the grout suspension.

e A large volume of grout relative to the volume of waste retained in the tank was required to
enable the waste heel to be mobilized and to allow the waste to be adequately mixed with the
grout. This was taken to be the case because retrieval efforts using Power Fluidics
equipment in the past have drawn the tank down to unmixable levels of less than 2”. The
addition of grout raises the tank level enough to facilitate withdrawal and reinjection of
material by the Pulse Jet Mixer, thus, initiating mixing of the grout and waste heel together.

e The simulant waste slurry has a high water content (i.e. 60 “/, water), as could be expected in
a tank waste heel. Therefore a fluid grout with high waste loading would have increased the
effective water/solids (w/s) ratio of the product compared to that of the grout alone. This
would have led to an unacceptably large volume of bleed water. i.e. over standing water on
the set product. One of the aims of the work was to give a final mixed product with zero
bleed, as this removes the need for any secondary waste water treatment. These factors
necessitated that the waste loading of the formulation be kept low, e.g. 10 "/,

e The final wasteform must meet the minimum requirements of the NRC Technical Position
for Grouted LLW: Appendix A (Reference 1).

e Availability of raw materials for grout production must be taken into consideration during the
small- scale formulation development work.

Page 12 of 27
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4.2.1. Selection Of Materials

The properties of a grout/waste formulation, such as flow and workability, are strongly
controlled by the raw materials used (Reference 2). Since the waste heel jet grouting
demonstration was to be performed in the US, to enable the development of a reproducible grout
(allowing the effects of raw materials to be understood and minimized), samples of blast furnace
slag (BFS), pulverised fuel ash (PFA) and ordinary Portland cement (OPC) available in the US
were sent to AEA Technology WMT, Winfrith, UK. Examination of the materials resulted in a
PFA/OPC based formulation being selected to treat the simulant waste heel. A 3:1 ratio by
weight of PFA/OPC grout was anticipated to have the correct proportions of PFA/OPC to ensure
good strength development in the wasteform without excessive heat generation. The selection of
a PFA/OPC grout was also preferred to that of a BES/OPC grout due to the lower density of a
PFA/OPC grout. A low density grout is preferable for maximizing the lift distance in the Power
Fluidics™ Pulse Jet Mixer.

4.2.2. Formulation Development

The formulation development work was carried out using 150 ml scale scoping trials, 2 liter
scale mixes of selected formulations and 200 liter scale pumping tests.

4.2.2.1. 150 ml scale scoping trials

Following the initial assessment of the grout property requirements, small-scale scoping trials
were used to investigate the properties of the:

Kaolin/water simulant waste at 40"/, solids
3:1 PFA/OPC control grout with increasing w/s ratio

e Grout/simulant mixes where the waste loading was increased incrementally at a fixed w/s
ratio

Viscosity of the fluid grout and bleed on the set product at 24 hours curing were the two
principle grout properties investigated by the 150ml scoping trials. The scoping trials identified
the range of w/s ratios at which acceptable (high) grout fluidity and zero / minimal bleed were
achieved (minimal bleed was defined as a volume of overstanding water on the 150 ml scale
sample of set product, which experience has shown on increasing the size of the product will
give zero bleed at large scale).

Using the viscosity and bleed data from these trials, a grout with acceptable viscosity, minimal
bleed at 24 hours curing and predicted workability was selected for further testing. The selected
formulation was a 3:1 PFA/OPC grout, with a w/s ratio = 0.688. This was mixed with the 40%/,
kaolin slurry to achieve a 10"/, waste loading in the final product, resulting in a final w/s=0.80.
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Small scale testing at w/s ratios > 0.80 were not carried out as no further significant decrease in
viscosity would have been achieved.

4.2,2.2, 2 liter scale mixing

The chosen formulation was further evaluated using a 2 liter scale mix where the grout was
continuously mixed for three hours, with samples taken at regular intervals for viscosity and
bleed measurements. Previous work has shown that the recirculation of a high w/s grout over
several hours reduces the volume of bleed water on the set product at 24 hours curing. The 2
liter mix demonstrated that the formulation had adequately low viscosity, low bleed at 24 hours
and excellent workability over a three hour period.

4.2.2.3. 200 liter scale mixing

Following the successful 2 liter scale mix of the above formulation, three mixes were carried out
at 200 liter scale. Two mixes were of the 3:1 PFA/OPC with 10 %/, slurry, w/s=0.80
formulation, and one mix was of the control grout formulation only, 3:1 PFA/OPC w/s=0.688.

The kaolin/water simulant was prepared at 40 */, solids in a high shear mixer. The appropriate
weight of simulant was then added to a 250 liter capacity holding tank fitted with a low pressure
recirculation pump. The appropriate weight of 3:1 PFA/OPC grout w/s=0.688, was mixed in a
conventional low shear concrete mixer and added to the simulant in the holding tank. On contact
with the grout, the simulant slurry immediately coagulated and the mix could not be pumped. As
grout continued to be added to the tank, the extent of coagulation of the simulant waste reduced;
after grout addition had been completed the grout / simulant mixture could be recirculated by the
holding tank pump. The mix was then recirculated for 3 hours with pipe infill samples taken at 1
hour intervals. Viscosity, flow, and bleed at 24 hours curing were measured on these samples.

The 200 liter scale mix demonstrated that after 2.5 hours of recirculation, the grout and simulant
were adequately mixed, (based on visual observation of set samples). The viscosity and flow of
the formulation was acceptable and the wasteform samples had no bleed at 24 hours curing.

100mm test cubes and prism samples were taken for non destructive testing up to 90 days of age
and compressive strength testing of cubes at 28 days. These results indicate that the wasteform
will meet the specified NRC requirements for cemented LLW. The full report including test data
from the formulation development work is in Appendix A.

4.2.3. Conclusions from formulation development work

The formulation development work identified a formulation of 3:1 PFA/OPC with 10 "/, waste
loading, with a final w/s=0.80, as suitable for the treatment of the selected tank waste simulant.

After 2 to 3 hours of recirculation by pumping, the grout and simulant were adequately mixed,
the viscosity and flow of the formulation were acceptable, and wasteform samples had no bleed
at 24 hours curing. The destructive testing indicated that the wasteform would meet the specified
NRC requirements for cemented LLW.
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It must be emphasized that the reaction seen on addition of the grout to the simulant is specific to
the use of a kaolin simulant. This result does however illustrate the importance of characterizing
wastes to be treated by grouting and the need for careful formulation development when the
technology is applied to active wastes.

The full grout formulation development report is included in Appendix A.
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5. Jet Grouting of a Simulated Waste Heel

The final element of the scope of work performed was to test the feasibility of using a PIM
system to mix tank waste heels with the previously formulated grout mixture to achieve a
uniformly solidified heel. The PJM system was installed into a framework above a demonstration
test tank in the AEA Technology ESI facility in Mooresville, NC.

The specific purpose of the testing was to:

e Demonstrate that a fluidic mixing system can successfully mix grout with a simulated
tank waste heel

e Demonstrate that complete mixing of the grout/ waste heel simulant is achieved, leaving
no regions of the tank heel ‘ungrouted’

5.1. PJM SYSTEM CONFIGURATION

The PJM system was configured in a “typical” arrangement as depicted in Figure 9 and pictured
in Figure 10 below. The top of the Charge Vessel was 15° above the base of the waste tank.
This height was chosen to ensure the maximum depression in the vessel could draw grout with a
maximum specific gravity of 2.0 high enough to fill the vessel and also to facilitate gravity
draining of the lines back into the tank. A standard “PRESCONT™" controller was connected to
control the air flow to the Charge Vessel and the sequencing of the mixing phases.

]

CHARGE VESSEL

®

AR
EGULATORS
PRESCON
CONTROL PRESSURE
SYSTEM TRANSDUCERS
COMPRESSED Mo NOZZLE SUPPORT
AR |
A e O TEST TANK
SOLENOID - \
J
VALVES PUMP WASH NOZZLE
PAIR
__Sj\‘ —

SUCTION NOZZLE

Figure 9: Test Rig Schematic
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Figure 10: Photograph of the test rig for the jet grouting demonstration.

5.1.1. Test Tank

In order to simulate a full-size horizontal tank, a 7500 gallon XLDPE tank, 102” in diameter and
232” long, was used. A temporary scaffold was constructed over the tank to facilitate
instrumentation and equipment deployment through the top of the tank. Access penetrations
were cut in the top of the tank to allow nozzles and equipment to be deployed. Additional ports
were cut in the side of the tank to allow access for sampling and viewing.

5.1.2. Nozzle Support Structure

Mixing of the simulant and grout was performed using a rotating suction nozzle and an
articulated wash nozzle in a configuration representative of previous installations in active waste
tanks. These nozzles were mounted at one end of the test tank. The suction nozzle was mounted
so that the inlet/discharge was below the liquid level and utilized a swivel joint to allow rotation.
The wash nozzle was a hydraulically controlled articulated nozzle mounted near the top of the
tank. The nozzles were supported on a scaffold frame. Rotation of the suction nozzle was done
manually for purposes of the demonstration but would be controlled remotely in a field
installation.

5.1.3. Charge Vessel

The charge vessel was a 150 gallon ASME, “U” stamped pressure vessel. The base of the vessel
was conical to allow complete draining of any entrained material. The grout/simulant is drawn
up into this vessel before being discharged back to the tank. Both float style and conductivity
probe level switches were used to detect a full charge vessel.
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5.1.4. Grout Plant

Mixing of the grout materials and introduction of the grout into the test tank was achieved using
a custom built grout mixing and delivery system. The grout mixer consisted of a 200 gallon
vertical, cylindrical tank with a conical bottom. A pneumatic mixer with impellers near the top
and bottom of the tank was used to initially mix the grout. The grout plant is pictured in Figure
11 below. The grout was further mixed by recirculation from the bottom of the tank back into
the top of the tank using a 150gpm double diaphragm pump. Valving was installed on the pump
to facilitate delivery of grout to the test tank once the grout was sufficiently mixed. The grout
was introduced into the tank via the articulated wash nozzle in batches of 139 gallons. This was
done to help facilitate mixing of the grout with the heel upon introduction into the tank.

Figure 11: The grout plant consisted of a 200gal vertical tank with a pneumatic mixer and
double diaphragm pump.

5.2. TEST PREPARATION

Kaolin clay and water was added to the test tank in the appropriate proportions to create a 40 “/,
mixture. 74 gallons (3” depth) of simulant was put in the tank prior to the test demonstration.
Although previous tank retrieval efforts using Power Fluidics PJM systems has demonstrated the
capability of leaving less than 2” of residual material in a waste tank, a slightly larger volume
was chosen to represent a less than optimum pre-closure tank condition and greater final grouted
waste volume for analysis.

5.3. TEST EXECUTION

Once the simulant was prepared in the test tank, the grout was pre-mixed and introduced into the
tank in four batches of 139 gallons each (Figure 12a). Following introduction of the fourth batch
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of grout, the PYM was operated to mix the tank continuously for 3 hrs. A combination of suction
and wash nozzle operation was used during the mixing period.

Figure 12: Inside the test tank a) just after grout addition but before mixing and b) one day after
the demonstration.

Upon completion of mixing, the pulse tube was removed from the tank and the fluidic equipment
was thoroughly flushed. The mixed grout/simulant was allowed to cure for 28 days prior to
compressive strength testing. During the initial cure period, the grout was monitored for bleed
water formation (Figure 12b).

5.4. DATA COLLECTION

The following data was collected during the test demonstration to evaluate the performance of
the PJM and the grout:

e Key parameters from the PJM were recorded during mixing of the grout/simulant mixture
including key system pressures and cycle times. System pressures remained stable
throughout the trial. The cycle time increased slightly with time due to increased suction
times as shown in Figure 13 below. This small increase correlates with the measured
increase in grout viscosity over the mixing period. The change in suction time did not
adversely affect the mixing process in any way and may provide an indicator of viscosity
change in the grout during future application of the technology.
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Figure 13: Mixer suction time and viscosity both increased with time during the mixing phase of
the demonstration.

e Qualitative assessment was made of the jet produced by the nozzle, the level of agitation
in the tank, the effective range of the nozzle, and the mixing effectiveness of the system.
The jet from the suction nozzle located below the surface of the liquid produced effective
mixing of the tank, even at the far end, some 15° from the nozzle outlet. The direction of
the nozzle was changed periodically during the three hour demonstration to discharge
down the middle of the tank and at a slight angle toward each side of the tank. In each
case, the agitation in the tank reached the end. The mixing action could be described as a

vigorous rolling action.

e The number of cycles required to achieve a uniform appearance of the grout/simulant
mixture was recorded. After five to ten cycles (i.e. 15-30 minutes of mixing) the tank

contents took on a uniform appearance.

e The grout/simulant mixture viscosity was measured and recorded at one hour intervals.
This data is presented in Figure 13 above. The mixture remained very flowable for more

than three hours mixing.

e Temperature in the grout / simulant was measured after the completion of mixing during
the first 48 hours of curing. This data is presented in below in Figure 14. The
temperature was measured using an RTD 6” from the bottom of the tank in the bulk
material as it cured. Probes were installed in three locations axially along the tank with
location 1 being closest and location 3 being furthest from the suction nozzle location and
location 2 in the center of the tank. The temperature peaked at 88.9 °F sixteen hours after
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the conclusion of mixing. The low exotherm was expected due to the high water content
of the grout leading to a slow curing process.

Grout Curing Temperature Trend
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Figure 14: The temperature of the grout/simulant mixture peaked at 89.9°F sixteen hours after
mixing was stopped.

e Grab samples of the grout / simulant mixture were taken from three axial points within
the tank at one hour intervals and poured into 4 PVC pipe molds. Analysis of these
samples gives an indication of the homogeneity of the grout / simulant mixture at that
point in the mixing process. Bleed at 24 hours and density were measured on each of
these samples. As seen in the data presented in Table 1, the density remained consistent
across the length of the tank and throughout the mixing time. Bleed on the samples
decreased slightly with mixing time but was less than 1% on each sample.

e After a 28 day cure period, the stabilized tank heel was visually examined and cored to
assess the effectiveness of the mixing. A photograph of the cores taken from three axial
positions in the tank is presented below in Figure 15 showing the set product at 26 days
had a uniform appearance with no evidence of stratification or non-uniform mixing.
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Figure 15: The core samples taken from the set product at 26 days had a uniform appearance
with no evidence of stratification or non-uniform mixing.

Compressive strength, density and pulse velocity were measured on the cured grout/waste
product. This data is presented in Table 1 below. The full set of data collected during the
jet grouting demonstration and the demonstration logbook are included in Appendix B
and Appendix C, respectively. Pulse velocity is directly proportional to product
compressive strength and density. Therefore, it provides a qualitative indication of
strength development over time and differences in density between samples. Other
factors affecting pulse velocity are the development of cracks or water loss leading to
void creation in the product as it cures. Either of these factors would lead to a slower
pulse velocity. Therefore, increasing pulse velocity proportional to cure time is an
indicator of a good final product.

e XRF analysis was conducted on the cured grout/simulant product at each of the three
sample locations at three depths. This data is not reported here, as the quality of the data
was determined to be questionable due to the test method used.
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Table 1: Product evaluation data for full-size demonstration of 3:1 PFA/OPC grout formulation
with 10 wt % waste simulant loading, w/s=0.80

ESI Document No: 2173-6-003 Rev 0

In-Process Samples
Resitilation Sample Age fqr Pulse Puls.e Derisity Compressive | Bleed at
0 (o) sditon Velocity and | velocity (ke/l) strength at 28 | 24 hours
P Density (days) | (km/s) days (MPa) (vol%)
1 (near nozzle) 28 N/D 1.5 N/D
1 2 (tank center) 28 N/D 1.5 N/D %1
3 (end of tank) 28 N/D 1.5 N/D
1 28 N/D 15 N/D
2 2 28 N/D 1.5 N/D <1
3 28 N/D 15 N/D
1 28 N/D 1.5 N/D
3 2 28 N/D 1.5 N/D |
3 28 N/D L5 N/D
Cast Cylinder Samples
1 21 1.08 | N/D 1.2
3 2 21 1.09 | N/D 1.5 N/D
3 21 1.07 | N/D 1.6
Core Samples (Average of two measurements)
1 41 1.13 | N/D 1.5
3 2 41 1.25 | N/D 1.1 N/D
3 41 1.17 | N/D 0.9
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6. Conclusions

The Pulse Jet Mixing system was proven effective at mixing the grout/ waste simulant mixture to
achieve a uniformly solidified heel. Visual observation indicated that the combination of the
nozzle near the bottom of the tank and the “wash” nozzle near the tank top introduced sufficient
mixing energy to produce good mixing in all areas of the tank. There was minimal bleed water
in the hours immediately following mixing and none at 24 hours curing on the set product. A
comparison was made of the heel condition after adding the grout but before mixing to the mixed
end state of the heel. This is documented in Figure 16 below.

Figure 16: Bench scale (inset) and demonstration trials of: a) grout poured on top of simulant
waste without mixing and b) grout mixed with simulant waste

The mixing system performed as expected. The first two cycles were necessary to break up the
coagulated grout/simulant material and obtain a fluid mixture. Following that, the system
performed similarly to previous mixing campaigns to mobilize existing tank heels. The key
parameters monitored changed only slightly over the three hour mixing time indicating a trend
toward higher viscosity as mixing progressed but the change did not affect performance.
Following the mixing trial, the system proved moderately difficult to clean. The waste lines
were cleaned by flushing with water. However, the charge vessel and level switches required
pressure washing to remove grout solids. Modifications to the system design are possible to
eliminate/greatly reduce buildup of grout on crucial system control components.

The data produced in the demonstration trial were consistent with those measured during the
formulation development studies. Further, the data indicates a uniformly mixed waste form.
The bleed at 24 hours, density, visual examination of the core samples, pulse velocity, and
compressive strength data are all consistent with this conclusion.

The demonstration proved the efficacy of using a Power Fluidics™ Pulse Jet Mixer for mixing
specially formulated grout with a simulated waste heel. Adapting this safe, proven and effective
technology for carrying out in-situ stabilization of residual tank waste material has the potential
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to be of considerable benefit to tank waste retrieval and closure operations throughout the
complex. The benefits of this approach include:

e A greatly improved waste end state, wherein contaminants are mixed and stabilized in a
grout matrix rather than unmixed with pockets of mobile contaminants remaining.
e A final waste form that meets current US regulations for grouted LLW.
Utilization of a single system for bulk waste retrieval and heel stabilization resulting in:-
— decreased capital equipment costs
— reduced secondary waste generation
— shorter schedule / lower labor costs for field activities
— lower radiation dose to workers
— aconsolidated approach to safety documentation preparation.

It is anticipated these successful trials will provide a basis for development of field deployable
equipment.

6.1. IMPLICATIONS FOR FUTURE WORK

It should be emphasized that application of this technology to an active tank waste heel must
include development work initiated as early in the process as practical.

The grout development work should include:

e Characterization of the waste heel
Development of a representative simulant
e Formulation of a grout for the simulant with the broadest effective design envelope
possible
e Complete testing of the grout/simulant mixture against applicable governing regulations
e Testing of the grout with a sample of the active heel material (when possible to do so)

Mixing system development work should include:

e Waste tank geometry (e.g. tank size, configuration, in-tank obstructions, etc.)

e Access options to the tank (e.g. number and size of current risers, etc.)

e Retrieval / Operational strategies to be employed (e.g. in-tank nozzle disposal, off-gas
treatment, method of grout addition, etc.)

e Consideration of the site elevation with regard to Charge Vessel elevation above the
waste tank — may lead to development of a lower density grout and thus feed into the
grout development work above or alternative designs with in-tank charge vessels.
Sampling requirements and methods

e System cleaning and decommissioning requirements
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Appendices

Appendix A — Grout Formulation Development Report
Appendix B — Jet Grouting Demonstration Data

Appendix C — Demonstration logbook
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Appendix A — Grout Formulation Development
Report
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Executive Summary

Work carried out in the USA by AEA Technology Engineering Services Inc (AEAT ES Inc) has
demonstrated that when pumping waste suspensions from storage tanks situated above or below
ground, there 1s a point at which no further waste recovery is possible and a small volume of
waste, termed a heel, is left at the bottom of a tank. The current US method of treating a residual
waste heel is to pour a cementitious grout into a tank to solidify the remaining liquid waste. This
grouting method is not designed to intimately mix the waste and grout and may, therefore, result
in a heterogeneous wasteform, which may still have the potential to release mobile contaminants
into the surrounding environment. Increasingly strict US environmental regulations require a
more reliable treatment method for tank heels. An effective means of carrying out in-situ
stabilisation for varying quantities of residual waste material in tanks would be of considerable
benefit to US tank waste retrieval operations.

A test programme has been carried out by AEA Technology to investigate the in-situ cement
grout stabilisation of a waste tank heel using a Fluidic Pulsed Jet Mixing System (PJMS). The
aim of the test programme was to investigate technical issues associated with such a process and
to demonstrate the potential application of the process using simulated waste material.

This report describes how the cementitious grout formulation was designed and developed to
immobilise a 40 weight per cent (wt%) clay slurry simulant waste. The simulant represents a
residual heel of waste left in a tank following waste extraction using a PIMS. This grout
formulation was used in two full-scale simulant tank heel immobilisation demonstrations at
AEAT ES Inc Mooresville Test Facility in November 2004.

The conclusions of this work are:

1 The PFA and OPC used for the formulation development were UK sourced powders with
physical properties shown to be similar to samples of US sourced PFA and OPC powders
supplied to AEAT Winfrith.

2 All formulation development work was based on a 40 wt% kaolin / water waste simulant
slurry, 1.e. 40 parts by weight dry kaolin to 60 parts by weight water.

L2

The formulation development work identified a 3:1 PFA/OPC, w/s = 0.688 grout with a 10
wt % shury loading, giving a total effective w/s=0.80, as a formulation with suitable
theological and set product properties for the investigation of in situ treatment of a
simulated tank heel waste using the PIMS.

4 The use of X-ray fluorescence analysis has been shown to offer the potential to
demonstrate quantitatively the homogeneity of mixed grout / waste simulant products by
making use of specific chemical constituents within the kaolin and cement powders,
notably strontium and iron.
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The full-scale tank heel immobilisation demonstration trials showed that the pumpability of
the grout formulation, when pumped by the PIMS, was largely controlled by the specific
gravity of the grout formulation, rather than the grout viscosity and flow. Minimising the
density of a grout 15 likely to improve the pumpability (particularly in terms of head) of a
grout when using the PIMS in grouting applications. Grout viscosity and flow will
however, remain key rheological properties to be considered during grout design.

Maximising grout pumpability for the in situ grouting of tanks by the PYMS is likely to be
especially important if the tank is located at a high altitude site or is deeply buried. The
potential to develop a grout with lower specific gravity than that developed in this work
has been identified, for example, by the use of cenospheres, (gas filled PFA particles) as a
component of a grout formulation.

The potential need to introduce a large volume of the grout into a tank as rapidly as
possible was seen during the full-scale tank heel immobilisation demonstration trials. In
this work, the simulant reacted with the first batch of grout added to the tank, creating a
viscous sludge. The sludge could have been pumped by the PJMS, however it is considered
that the initial addition of a larger volume batch of grout into the tank would have led to a
more readily pumpable mix.

In practice a tank waste would be drawn down to the lowest level practicable by the PJMS,
an increase in the volume of liquid in the tank by grout addition is then required to allow
the mixing of the grout and waste heel. Therefore the start of grout/waste mixing and
recirculation by the PIMS is likely to be controlled by the rate of grout addition into the
tank. It 1s advisable to commence grout recirculation with the PIMS as soon as possible to
avoid loss of formulation workability. Thus, the capability of producing and holding large
volumes of grout for rapid transfer to a tank requiring in situ grouting is a desirable
component of this technology when treating a radioactive waste.

For application to a full-scale radioactive process, the following programme design is
suggested to minimise the risks:

Waste characterisation

Identification of product specification

Formulation development (using inactive simulant material)
Product evaluation

Small-scale radioactive tests
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1 Introduction

Work carried out in the USA by AEA Technology Engineering Services Inc (AEAT ES Inc) has
demonstrated that when pumping waste suspensions from storage tanks situated above or below
ground, there is a point at which no further waste recovery is possible and a small volume of
waste, termed a heel, 1s left at the bottom of a tank. The current US method of treating a residual
waste heel 1s to pour a cementitious grout into a tank to solidify the remaining liquid waste. This
grouting method is not designed to intimately mix the waste and grout and may, therefore, result
in a heterogeneous wasteform, which may still have the potential to release mobile contaminants
into the surrounding environment. Increasingly strict US environmental regulations require a
more reliable treatment method for tank heels. An effective means of carrying out in-situ
stabilisation for varying quantities of residual waste material in tanks would be of considerable
benefit to US tank waste retrieval operations.

A test programme has been carried out to investigate the in-situ cement grout stabilisation of
tank waste heels using AEA Technology’s Fluidic Pulsed Jet Mixing System (PIMS) equipment.
The aim of the test programme was to investigate technical issues associated with such a process
and to demonstrate the potential application of the process using simulated waste material. A
prototype PJMS was built to demonstrate the large-scale grouting of a tank with a simulated
residual heel. A series of pump tests were carried out to demonstrate the grout and heel mixing
process.

This report describes how the cementitious grout formulation was designed and developed to
immobilise a 40 weight per cent (wt%) clay slurry simulant waste (40 parts by weight clay to
100 parts by weight total slurry). The simulant represents a residual heel of waste left in a tank
following waste retrieval using a PIMS. In practice, tanks emptied by AEAT ES Inc, using
Fluidic PIMS’s have resulted much smaller waste heels than was demonstrated in this work e.g.
Tank T-2 at ORNL was emptied to less than 40 gallons residual heel in the spring of 2004.

This grout formulation has been used in two full-scale simulant tank heel immobilisation
demonstrations at AEAT ES Inc Mooresville Test Facility in November 2004. Details of the
findings of these demonstrations pertinent to the grout formulation are also provided.

The results of the work are presented as follows:

« basic requirements of the grout formulation - Section 2
» selection of the raw materials- Section 4

» grout formulation development - Section 5

«» assessment of use of X-ray fluorescence as a means of determining product homogeneity -
Section 6

« discussion and conclusion of results - Sections 7 and §.
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2 Basic requirements of the grout formulation

In order to permit the development of the grout formulation, a number of assumptions were made
regarding the specification of the test rig and the details of the demonstration itself. These may
be summarised as [1]:

+ It was assumed that the grout will be pre-mixed external to the test tank, introduced into the
tank by pumping, and then mixing with the simulated tank heel accomplished by repeated
cycles of removal / return of aliquots of the tank contents with the power fluidic device.

» In the absence of detailed information on the characteristics of the waste contained within the
Los Alamos National Laboratory (LANL) tank(s) for which it is planned to ultimately apply
this tank heel closure technique, the potential interaction between the grout and the waste will
not be considered in detail in this particular project. A simulant ‘sludge waste, based on a
kaolin clay, will be used to demonstrate the principle of the grout / waste mixing and closure
techmque. (The actual simulant used was a 40 wt% solids kaolin slurry; this simulant was
selected as it has been successfully used by AEA ES Inc in previous PIMS demonstrations).

» The grout will meet the requirements of Appendix A of the Nuclear Regulatory Commission
(NRC) Technical Position for grouted low level waste [2], with a minimum compressive
strength of 500 psi. The ability of the grout to meet these requirements will be demonstrated
by a combination of experimental measurements (for strength) and by reasoned arguments,
making use of previous work carried out for DOE, e.g. [3, 4].

» Whilst, AEA Technology is able to perform all of the experimental tests detailed in the NRC
Technical Position, the timescales of these measurements (e.g. underwater immersion is a
minimum of 90 days duration) are such that they would unnecessarily extend the reporting
timescales for the overall project. Therefore the grout performance against these criteria will
be inferred from previous work and experience.

« Inthe absence of waste characterisation data, the ability of the grouted wasteform to meet the
RCRA standards for leaching of toxic chemicals [5] by the Toxicity Characteristic Leaching
Procedure (TCLP) [6] will not be demonstrated. However, previous development
programmes, €.g. [3, 4], have demonstrated the ability of grouts of the type to be developed in
this programme to meet RCRA leach standards for toxic materials such as cadmium, lead,
mercury and barium.

» A multi-stage grout injection process is acceptable for filling the voidage within the tank,
reducing the size of the batch of grout required for the demonstration of mixing with the tank
heel. In practice, this would result in partial filling of the tank with the first grout addition
and tank heel mixing process, with the remaining voidage in the tank filled with further grout
batch(s) after the first grout batch had been allowed to set.
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» Inorder to give a grout with sufficient fluidity over the timescale of the tank grout / heel
mixing process, the use of an organic superplasticiser to extend the ‘working time’' of the
grout will be acceptable to LANL, if it is required. For the purposes of the demonstration, a
minimum acceptable ‘working time’ for the grout of 2 hours will be demonstrated.

The usual approach adopted for radioactive waste immobilisation is to maximise waste loading
and, thus, minimise the final product volume for disposal. However, given that the simulant
waste slurry had a relatively high water content, the use of a fluid grout incorporating a high
waste loading would have resulted in a final product with a high water to cementitious solids
(w/s) ratio. The high water content would have led to an unacceptably large volume of bleed
water i.e. the volume of over standing water on the set product. Thus, for the purposes of this
demonstration, the waste loading of the grout formulation was kept low, at approximately
10wt%. In addition, prior to the full-scale demonstration trials performed at the Mooresville test
facility, the ability of the PIMS to pump a cementitious grout was unknown. Therefore the
‘pumpability’ of the grout had to be optimised and this was achieved by using a high w/s ratio,
thereby minimising the viscosity of the grout suspension.

3 Small-scale test methods

3.1 VISCOSITY

A 75 ml sample of the cement/waste mix was placed in a pot and stirred with an AEAT gate
paddle [7] connected to a Contraves viscometer. The shear rate was ramped up from 0 to 260 s
then down to 0 s at a controlled rate. This enabled a viscosity / shear rate profile to be
produced. Single point viscosity measurements were taken at a shear rate of 106.5 s™ and quoted

in units of Pa s. The accuracy of the rheology system is + 0.05 Pa s within the approximate
operating limits 0.4 to 3.5 Pa s.

3.2 TIMETO SET

This test measured the time to achieve ‘initial’ and ‘final’ set using the Vicat testing apparatus

[8]. Both manual and automatic Vicat apparatus are used. Set is defined by zero penetration of
the cement sample by a weighted needle.

3.3 BLEED

Bleed was determined by measuring the volume of overstanding water (bleed) removed from the
surface of a sample after 24 hours curing. Results are expressed as a percentage of the total
volume of the sample (solid and bleed).

! “Working time’ is defined as the period of time after grout preparation is completed for which the grout must
demonstrate a minimum set of process characteristics (e.g. fluidity) such that it is capable of being ‘handled’, e.g.
pumped, during this time, whilst remaining capable of producing a product with the required product performance.
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3.4 GROUT FLOW

The fluidity of the mixed grout was measured by placing a known volume of grout into a
Colcrete flow channel and measuring the distance the grout ‘flows’ down the channel. A flow of
less than 200 mm is typically considered to be unacceptable.

3.5 MOULD SAMPLE PREPARATION

Some of the mixed cement product from small-scale mixes was poured into standard moulds
(100 mm cubes, 286 x 26 x 26 mun prisms) and vibrated according to British Standard
procedures [9]. After setting, the samples are demoulded (typically after 1 to 2 days curing) and
left to cure in sealed polythene bags to prevent desiccation during storage. These wrapped
samples were stored at a temperature of 20 £ 2 °C and a relative humidity of greater than 90 per
cent prior to testing.

3.6 COMPRESSIVE STRENGTH

Compressive strength was measured using standard 100 mm cubes, which were loaded
continuously at a rate of 0.3 N m™s™ until no greater load can be sustained [10]. The equipment
used for this test was an EC32-401 automatic compressive testing machine supplied by ELE

International Ltd. The manufacturer’s operating limits for this device are 50 to 2000 kN (5 to
200 MPa).

3.7 ULTRASONIC PULSE VELOCITY

The velocity of pulsed ultrasound through 100 mm cubes can, with comparison to destructive
testing techniques, be used to determine strength development [11]. The equipment used for this
test was a 54 kHz Pundit Ultrasonic Concrete tester supplied by ELE International Ltd.

3.8 DENSITY

Density of 100 mm cubes was calculated from weight difference when weighed in air and water
[12].

4 Selection of materials

41 CEMENT POWDERS

The full-scale tank heel immobilisation demonstration was performed at AEAT ES Inc Test
Facility at Mooresville, using raw materials, such as the cement powders, sourced locally in
order to minimise shipping costs. However, the properties of a grout formulation, such as flow
and workability, are strongly controlled by the raw materials used. Consequently to enable the
development (in the UK) of a reproducible grout with defined performance characteristics, it was
necessary to identify what types of cement powders were available local to AEAT ES Inc’s
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Mooresville Test Facility, and replicate these in the grout development work to be performed by
AEA Technology in the United Kingdom. Due to the quantity of materials required for the
development work and demonstration - typically expected to be several tonnes - it was
considered that it was not practicable to ship materials from the USA to the UK or vice versa,
unless it proved impossible to identify an appropriate match in material specification.

Grouts developed in the United Kingdom for performing mixing work such as that planned for
the tank heel immobilisation demonstration project are typically based on a combination of the
following raw materials:

« Portland cement (OPC)
¢ Ground granulated blast furnace slag (BFS)

» Pulverised fuel ash (PFA)

So that the effects of raw materials on formulation properties were understood and minimised,
samples of BFS, PFA and OPC materials available to the AEAT ES Inc Mooresville site were
sent to AEA Technology, Winfrith, UK.

On visual examination, it was apparent that the US sourced BFS was unsuitable for use in a grout
due to its large particle size distribution (PSD).

This finding resulted in a PFA/OPC based formulation being selected as the grout to treat the
simulant waste heel. A 3:1 ratio, by weight, of PFA/OPC was considered to have the correct
proportions of PFA/OPC to ensure good strength development of the wasteform, without
excessive heat generation during mixing and curing.

Following PSD, density and fineness tests on the US sourced powders, UK powders with similar
properties were sourced to carry out the formulation development work. Advice from the UK
Quality Ash Association, Castle Cement Ltd and Kirton Concrete services was taken to find the
best match of PFA and OPC available.

The UK powders selected for the formulation development work were:
« PFA to EN:450 standard from Drax power station, supplied by RWE Innology [13].

« OPCto EN: 197-1-CEMI 42.5R standard from Padeswood kiln, supplied by Castle Cement
Ltd [14].

The PSDs and chemical contents of the UK and US OPC and PFA powders are provided in
Appendix 1. These data demonstrate the high degree of similarity between the UK and US
cement and PFA powders used for the grout formulation development work and demonstration
trials respectively.
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4.2  SIMULANT SLURRY

Thiele EG-44 kaolin clay was the simulant mitially specified by AEAT ES Inc. Whilst, Thiele
EG-44 kaolin clay could have been purchased in the UK, this would have introduced a delay of
six weeks for delivery. An alternative US sourced kaolin, Burgess No 28 supplied by Burgess
Pigment Co, was however available in the UK and was, thus, selected for use in the work instead
of the Thiele EG-44 kaolin clay. Testing on both clays showed them to have very similar
viscosity and dispersive properties.

All formulation development work was based on a 40 wi% kaolin/water slurry, i.e. 40 parts by
weight dry kaolin to 60 parts by weight water.

5 Formulation development

The formulation development work was carried out using several scales of mixing:
» 150 ml scale scoping trial;
e 2 litre scale mixes of selected formulations; and

» 200 litre scale pumping tests.
5.1 SCOPING TRIALS

Following the initial assessment of the formulation requirements, small scale scoping trials were
used to investigate the properties of the:

+ Kaolin slurry simulant at 40wt% solids
« 3:1 PFA/OPC control grout with increasing water to solids ratio (w/s)

« Grout/simulant mixes where the waste loading was increased incrementally at a fixed w/s
ratio

The small scale scoping trials were performed by preparing hand mixed 150 ml samples.
Viscosity immediately after mixing and bleed at 24 hours product curing were the two principle
grout properties investigated.

The scoping trials identified through viscosity measurements, at what w/s ratios grout fluidity
increased substantially, and when bleed at 24 hours curing began to appear in grout mixes, if
used immediately after mixing, 1.e. with no grout recirculation.

Using the viscosity and bleed data shown in Table 1, a grout with acceptable viscosity, bleed at
24 hours and predicted workability was selected for further testing. The selected formulation
was 3:1 PFA/OPC with 10 wt% slurry, with a total effective w/s=0.80. This formulation is
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equivalent to 90 wt% 3:1 PFA/OPC grout, w/s=0.688, plus 10 wt% kaolin slurry at 40 wt%
solids, giving an effective w/s ratio =0.80 for the mixed product.

Small scale testing of the formulation at w/s ratios > 0.80 was not carried out as no further
significant decrease in viscosity would have been achieved.

5.2 2 LITRE SCALE MIX

The chosen formulation was further evaluated using a 2 litre scale mix where the grout was
continuously mixed for three hours with viscosity and bleed measurements taken at intervals.
The results are shown in Table 2.

The 2 litre mix demonstrated that the formulation had adequate viscosity, acceptable bleed at 24
hours product curing and workability over a three hour period. It is known from previous work
that the recirculation of a wet grout over several hours reduces bleed at 24 hours product curing.

5.3 200 LITRE SCALE MIXES

Following the successful 2 litre scale mix of the formulation 3:1 PFA/OPC with 10 wt % slurry
w/s=0.80, three mixes were carried out at 200 litre scale:

» Mix 04/016 - 3:1 PFA/OPC, w/s = (.688 with 10 wt % slurry; total effective w/s = 0.80
» Mix 04/017 - 3:1 PFA/OPC, w/s = 0.688 with 10 wt % slurry; total effective w/s = 0.80
= Mix 04/020 - control grout formulation only, 3:1 PFA/OPC w/s=0.688

5.3.1 200 litre scale mixing method

60 kg of simulant slurry was mixed for 3 minutes in a Colcrete SD10 high shear mixer. The
appropriate weight of slwrry was added to a 250 litre capacity Colerete grout holding tank with a
low pressure recirculation pump, and continually pumped.

300 litres of 3:1 PFA/OPC grout w/s=0.688, was mixed in a RP850 low shear mixer and the
appropriate weight of the grout added to the grout holding tank.

9.3.2 Recirculation of the formulation

On contact with the 3:1 PFA/OPC grout, the simulant slurry immediately coagulated and the mix
could not be pumped. As the grout was added to the tank, the mix became less lumpy and could

be mixed / recirculated by the holding tank pump. Once the required weight of grout was added

to the recirculation tank, the mix was recirculated by pump for 3 hours.

For mix 04/016 the recirculation pump outlet was fixed to one side of the holding tank. This
resulted in poor mixing of the simulant and grout.

For mix 04/017 the grout was poured in evenly around the tank, to aid the distribution of grout
within the tank. The outlet of the recirculation pump was also moved around the tank-during the
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recirculation period. This resulted in improved mixing of the grout and waste simulant after 3
hours of recirculation, compared to mix 04/016.

Both 04/016 and 04/017 mixes showed the importance of having adequate grout flow rates to
ensure that the simulant was mixed with the grout, and the potential need to vary the location of
the pump inlet / outlet whilst recirculating the grout to achieve thorough mixing.

5.4 PRODUCT EVALUATION OF FORMULATION

5.41 Sample preparation

Product evaluation samples (100 mm cubes, prism samples and pipe sections) were produced
from the two 200 litre mixes (04/017 and 04/020). A 10 litre sample of grout was pumped from
the grout holding tank at hourly intervals during the 3 hour recirculation period, to infill a pipe of
0.102 m diameter to a height of I m. A single short (450mm high) pipe infill was also made. No
vibration was used during pipe infilling. The pipe infill samples were stored under the same
environmental conditions as the cubes and prisms (see section 3.5) and demoulded after 28 days
curing.

A short-term product evaluation programme up to 90 days curing was carried out for selected
mixes. The tests were performed on cores sectioned from pipe infills, cube samples and
duplicate prism samples.

5.5 PRODUCT EVALUATION TEST RESULTS

The viscosity, flow and bleed data for mixes 04/017 and 04/020 are presented in Table 2.
Product evaluation data for the cube, prism and core samples sectioned from the pipe infills are
presented in Appendix 1.

After 2.5 hours recirculation of mix 04/017, the formulation was seen to be well mixed. The
homogeneity of mix was later confirmed by the consistent density data of the cube and core

samples. The viscosity and flow of the formulation were acceptable and the wasteform samples
had no bleed at 24 hours.

The effect of the simulant on reducing bleed at 24 hours is demonstrated by comparing the high
volume of bleed (8 vol%) measured on the control grout (mix 04/020) pipe infill after 3 hours of

recirculation to the minimal bleed values recorded for the grout / waste simulant mix (mix
04/017).

Two 100mm test cubes from mix 04/017 had relatively low compressive strengths at 28 days of
1.6 and 1.7 MPa, significantly lower than the compressive strength at 28 days of the control
grout 04/020 samples. At 28 days curing, both mixes failed to develop the 3.4 MPa (500psi)
compressive strength specified by Appendix A of the Nuclear Regulatory Commission (NRC)
Technical Position for grouted low level waste [2]. However, the compressive strength
development is likely to continue with time. Continued strength development could be
confirmed by further compressive strength tests.
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Prism samples were tested over a 90 day period. Dimensional stability testing showed that both
04/017 and 04/020 formulations had expanded slightly. The weight loss of the samples over this
period was minimal. The elastic modulus of the prism samples increased with age indicating
continued strength development. These results are in accordance with previous PFA/OPC grouts
tested by AEAT Winfrith.

6 X-Ray Fluorescence Analysis

6.1 X-RAY FLUORESCENCE METHOD

X-Ray Fluorescence (XRF) analysis was used to investigate the potential to use chemical
constituents present within the grout and/or simulant as a means to quantitatively indicate the
homogeneity of the mixed product. XRF analysis of anhydrous powdered (cement, PFA and
kaolin) materials and samples of the formulation with increasing waste wt % addition were
carried out by the Geosciences Advisory Unit, University of Southampton. UK.

Major elements

The samples were mixed with lithium tetraborate flux in a platinum-gold dish and fused at 1200
°C for 15 minutes before casting as a glass disk in a Pt-Au dish. The sample was measured by a
Philips Magix-Pro wavelength dispersive XRF spectrometer (4kw Rh end-window X-ray tube).

Trace elements
The samples were pelletised using a manual press and measured by a Philips Magix-Pro
wavelength dispersive XRF spectrometer (4kw Rh end-window X-ray tube).

6.2 XRF ANALYSIS RESULTS

The chemical data (see Appendix 2) from the powdered cement, PFA and kaolin materials were
initially used to identify suitable tracers. The data indicated a potentially significant dilution in
the concentrations of Sr and Fe, 03 as the waste loading of clay increased, compared to a 3:1
PFA/OPC grout with no clay. See Figures 1 and 2.

Samples of 3:1 PFA/OPC grout with no clay and increasing clay waste loading were prepared at
the AEAT ES Inc Mooresville Test Facility using the demonstration trial cement powders and
kaolin. The XRF data for these samples are provided in Appendix 3. Figures A3.1 and A3.2
show the proportional decrease in the concentrations of Sr and Fe,O3 with increasing waste
loading of clay slurry. Therefore the concentrations of Sr and Fe,Oj3 in the demonstration trial

product could be used to indicate the degree of mixing of the waste simulant and grout achieved
by the PIMS.
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7 Discussion

7.1 PRODUCT EVALUATION DATA

The product evaluation data produced by the 200 litre scale mix 04/017 indicated that the
3:1 PFA/OPC with 10 wt % slurry w/s=0.80 formulation had the rheological and set product
properties that would enable the potential of the PIMS for in-situ grouting to be evaluated.

Although the mix failed to develop the 3.4 MPa (500psi) compressive strength specified by NRC
specification for grouted low level waste [2] by 28 days curing, it should be recognised that the
formulation was developed to provide maximum workability and viscosity without the use of
grout additives. In addition, with continued curing of the samples, it is expected that the NRC
guideline will be comfortably achieved by 90 days curing.

Once the capability of a PIMS for in situ grouting has been evaluated, and the required
properties of a grout formulation better understood, specific formulation development can be
undertaken to treat characterised wastes. Ensuring adequate compressive strength development
would be an intrinsic part of any formulation development for the treatment of a real waste.

7.2 FULL-SCALE DEMONSTRATION TRIALS

Two full-scale PIMS in situ grouting demonstrations were carried by AEAT ES Inc at their site
located near Mooresville, North Carolina, USA in November 2004. A member of staff from
AEAT Winfrith attended each demonstration. The trials demonstrated that the PJMS was
capable of the mixing of grout and the simulated waste heel using the 3:1 PFA/OPC with

10 wt % slurry w/s=0.80 formulation.

The 3:1 PFA/OPC, w/s = 0.688 grout with 10 wt % slurry, giving a total effective w/s = 0.80,
was demonstrated to have suitable workability and viscosity over a three hour recirculation
period, and the resulting product had minimal bleed and settlement after 24 hours curing.

There were three notable findings for grout formulation development that arose from the full-
scale demonstration trials:

1 The height that a grout can be pumped to by the PIMS is largely controlled by the specific
gravity of the grout formulation, rather than the grout viscosity and flow.

Increased specific gravity of a formulation results in a proportional decrease in the head
that a formulation can be pumped to by a vacuum based pumping system.

The use of a PFA based grout resulted in a grout product with a lower specific gravity than
if a BFS based grout had been used. The development of a low specific gravity grout
formulation would maximise the head that a PJMS can pump a grout to. Maximising the
pumpable head for the in situ grouting of tanks by the PJMS is likely to be important if the
tank is located at a high altitude site or is deeply buried.
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The use of cenospheres (gas filled PFA particles) as a component of a grout formulation is
likely to be the best means of developing a low specific gravity grout.

The two PIMS in situ grout demonstrations highlighted the potential need to introduce a
large volume of the grout into a tank as rapidly as possible.

The grout plant used for the two demonstrations allowed grout batches of 600 litres to be
prepared. As the total volume of grout used was relatively large up 1.8m°, up to four
batches of grout were required. Each batch took approximately 30 minutes to prepare
resulting in a period of two hours, over which grout was added to the tank.

The simulant reacted with the first batch of grout creating a viscous sludge. It was not
until a large proportion of the total grout volume was pumped into the tank that there was
sufficient volume of grout and waste for recirculation by the PIMS. It was therefore
apparent that the rate of grout addition controlled when the recirculation of the grout by the
PIMS could start.

It is advisable to commence grout recirculation with the PTMS as rapidly as possible to
avoid loss of formulation workability. The capability of producing and holding large
volumes of grout for rapid transfer to a tank requiring in situ grouting is likely to be
necessary if PIMS in situ grouting technology is to be applied to a real waste.

For application to a full-scale radioactive process, the following programme design is
required to minimise the risks:

» Waste characterisation: To determine chemical and physical composition of the waste,
and potential variability. The waste characterisation data are used to make a preliminary
selection of a cement formulation, waste loading and process method.

+ Product specification: To determine the applicable specification, which will provide
product performance targets such as leachability, strength and durability. It is essential
that all specification and process criteria are incorporated into the formulation
development process at the earliest opportunity.

« Formulation development: To identify an acceptable grout recipe and identify the
specification of raw materials used in the recipe using an inactive simulant waste
material. Formulation development work is carried out using methods of increasing
scale. Initial work is carried out at bench scale to identify a suitable formulation to treat
a waste. Suitability of a formulation includes evaluation of mix viscosity, flow,
temperature, setting time and presence of bleed water after setting. Once a suitable
formulation is identified, intermediate scale mixes are carried out to produce product
evaluation test specimens and to better understand the likely full-scale production
process.

s Product evaluation: To test the product performance both on a short time scale (days)
and over longer periods (months). The type of tests carried out may include:
leachability, strength, durability, dimensional stability and permeability. If the
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formulation does not meet a specific criterion then the formulation must be modified
until the full specification is met.

» Small-scale radioactive tests: To confirm the results of the inactive work and conform
the applicability of the grout formulation. Testing may mirror all or some of the tests
performed using inactive material, with particular emphasis on the product performance
specification.

Conclusions

The conclusions of this work are:

1

L2

The PFA and OPC used for the formulation development were UK sourced powders with
physical properties shown to be similar to samples of US sourced PFA and OPC powders
supplied to AEAT Winfrith.

All formulation development work was based on a 40 wt% kaolin / water waste simulant
slurry, i.e. 40 parts by weight dry kaolin to 60 parts by weight water.

The formulation development work identified a 3:1 PFA/OPC, w/s = 0.688 grout with a 10
wt % slurry loading, giving a total effective w/s=0.80, as a formulation with suitable
theological and set product properties for the investigation of in-situ treatment of a
simulated tank heel waste using the PIMS.

The use of X-ray fluorescence analysis has been shown to offer the potential to
demonstrate quantitatively the homogeneity of mixed grout / waste simulant products by
making use of specific chemical constituents within the kaolin and cement powders,
notably strontium and iron.

The full-scale tank heel immobilisation demonstration trials showed that the pumpability of
the grout formulation, when pumped by the PIMS, was largely controlled by the specific
gravity of the grout formulation, rather than the grout viscosity and flow. Minimising the
density of a grout is likely to improve the pumpability (particularly in terms of head) of a
grout when using the PIMS in grouting applications. Grout viscosity and flow will
however, remain key rheological properties to be considered during grout design.

Maximising grout pumpability for the in situ grouting of tanks by the PIMS is likely to be
especially important if the tank is located at a high altitude site or is deeply buried. The
potential to develop a grout with lower specific gravity than that developed in this work
has been identified, for example, by the use of cenospheres, (gas filled PFA particles) as a
component of a grout formulation.
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The potential need to introduce a large volume of the grout into a tank as rapidly as
possible was seen during the full-scale tank heel immobilisation demonstration trials. In
this work, the simulant reacted with the first batch of grout added to the tank, creating a
viscous sludge. The sludge could have been pumped by the PIMS, however it is considered
that the initial addition of a larger volume batch of grout into the tank would have led 1o a
more readily pumpable mix.

In practice a tank waste would be drawn down to the lowest level practicable by the PIMS,
an increase in the volume of liquid in the tank by grout addition is then required to allow
the mixing of the grout and waste heel. Therefore the start of grout/waste mixing and
recirculation by the PIMS is likely to be controlled by the rate of grout addition into the
tank. It is advisable to commence grout recirculation with the PIMS as soon as possible to
avoid loss of formulation workability. Thus, the capability of producing and holding large
volurnes of grout for rapid transfer to a tank requiring in situ grouting is a desirable
component of this technology when treating a radioactive waste.

For application to a full-scale radioactive process, the following programme design is
suggested to minimise the risks:

Waste characterisation:

Identification of product specification

Formulation development (using inactive simulant material)
Product evaluation

Smail-scale radioactive tests
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Tables
Sample Scale | Water/ | Waste | Viscosity | Significant’
of mix | solids loading | (Pas™) | bleed at24
ratio {(wt%) hours curing
Burgess No 2§
kaolin I litre N/A N/A 0.017 N/A
(40 wt% solids slurry})
Thiele EG-44 .
(40 Wi%% solids slurry) I litre N/A N/A 0.008 N/A
. 0.40 N/A 0.409 No
Al 0.45 N/A 0.207 No
31 PEAJOPC 150 ml 45 N/A 0.121 Yes
0.55 N/A 0.093 Yes
3:1 PFA/OPC with A > 0.140 Yes
40 wi% solids N/A 10 0.293 No
kaolin slurry. wis = 150 ml N/A 15 0.565 No
oco Y N/A 20 1.106 No
) N/A 25 1.641 No
3:1 PFA/QOPC with 0.60 N/A 0.264 No
10 wt% slurry* 0.65 N/A 0.226 Yes
waste loading 150 ml 0.70 N/A 0.168 Yes
(40 wi% solids kaoli 0.75 N/A 0.130 Yes
* wt% solids kaolin
slurry) 0.80 N/A 0.121 Yes

T Significant bleed at 24 hours curing is defined as a volume of overstanding water on small scale

sample of set product, such that bleed would occur at 24 hours in a large scale mix with no
recirculation.

Table 1 Small scale scoping trial mix data
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Sample Scale | Recireulation | Viscosity | Significant’ Colcrete
of mix | time (hours) | (Pas™) bleed at 24 | Flow (mm)
hours {on a 1200mi
sample)
04/015 0.5 0.140 Yes
3:1 PFA/OPC 1.5 0.169 Yes
with 10 wt % slurry, 2 litre 2 0.197 Yes
wis=0.80 3 0.216 Yes 1000
{40 wt% solids kaolin slurry)
>
gi‘i{OI%I?AIOPC /5=0.688 12? . é 8:832’2 3;: = 1388
' A e 3 0.026 Yes > 1400
04/017 0.5 0.149 Yes > 1400
3:1 PFA/OPC 200 1 0.168 Yes > 1400
with 10 wt % slurry i 2 0.159 No > 1400
itre
w/s=0.80 3 0.168 No > 1400
(40 wt% solids kaolin slurry)

¥ Significant bleed at 24 hours curing is defined as a volume of overstanding water on small scale
sample of set product, such that bleed would occur at 24 hours in a large scale mix with no

recirculation,

Table 2 2 litre and 200 litre scale mix data
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Figure 1 Variation in Sr concentration with increasing waste loading based on XRF
analysis of US sourced cement powders and kaolin
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Figure 2 Variation in Fe concentration with increasing waste loading based on XRF
analysis of US sourced cement powders and kaolin
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100 mm cubes

Compressive
strength at
Pulse velocity | Density 28 days

Sample No Age (days) |Weight (g) {kmis) {ka/l) {MPa)
1 2 1485.1 1.72 1.492 N/D
2 2 1494.0 1.71 1.497 N/D
3 2 1491.2 1.70 1.499 N/D
4 2 1496.8 1.71 1.493 N/D
5 2 1487.8 1.71 1.492 N/D
B 2 1484.8 1.70 1.49 N/D
7 2 1497.7 1.70 1.495 N/D
8 2 1494 .1 1.70 1.494 N/D
9 2 1500.9 1.71 i.5 N/D
10 2 1495.6 1.70 1.5 N/D

28 1478.5 1.86 N/D 1.6
2 28 1490.7 1.85 N/D 1.7
3 90 1489.9 2.26 N/D N/D
4 90 1485.8 2.28 N/D N/D

200 mm Cores

Recirculation e . Pulse velocity | Density | Bleed at 24
time (hours) | ©°r® Position | Age (days) Weight (g) " ™", ) (kg/l) |hours (vol%)
] Top 30 24295 1,57 1.45 <1
Bottom 30 2355.0 2.04 1.49

Top 30 2435.5 1.77 1.46

3* Middle 30 2399.5 1.93 1.47 <1
Bottom 30 24470 1.89 1.48

3 | shot | 30 [ 24165 | 1.98 1.49 < 1

* 2 hour pipe infill broke on demoulding

Table A1.1 Product evaluation data for mix 04/017: 3:1 PFA/OPC with 10 wt % slurry (40
wi% solids kaolin), w/s=0.80
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Prism samples
Curing time ! Dimensional movement Elastic modulus | Weight change

days microstrain GPa wt%
2 0 Not determined 0.0
7 45 Not determined 0.0
14 -32 Not determined -0.1
21 ! Not determined -0.1
28 107 1.72 -0.1
42 110 2.1¢ -0.2
62 191 2.85 -0.3
102 347 3.86 -0.4

Table Al.1 cont. Product evaluation data for mix 04/017: 3:1 PFA/OPC with 10 wt %

slurry (40 wt% solids kaolin), w/s=0.80

AEA Technology
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100 mm cubes

Compressive
Pulse velocity | Density istrength at 28
Sample No Age {days) | Weight (g) {km/s) (kg/l) days (MPa)
1 4 1481.7 219 n/d n/d
2 4 1495.1 1.98 nid n/d
3 4 1529.4 1.99 n/d n/d
4 4 1489.0 2.01 n/d n/d
1 28 1478.2 2.26 n/d 3.0
2 28 1495.1 2.23 n/d 2.6
Pipe infill samples
Recircuiation Sample Pulse velocity | Density Bleed at 24
time {hours) position Age {days) |Weight {g) {km/s} (kagfl) hours (Vol%)
Top 35 2525.5 2.02 1.51 6.9
1 Middle 35 2587.0 2.18 1.55
Bottom 35 26872.5 2.31 1.58
Top 35 2629.5 2.01 1.39 6.4
2 Middle 35 2537.5 217 1.54
Bottom 35 2643.0 2.27 1.58
Top 35 25425 2.14 1.52 8.0
3 Middle 35 25415 214 1.53
Bottom 35 2553.5 213 1.52 8.8

Prism samples
Dimensional
Curing time movement Elastic modulus Weight change

days microstrain GPa wt %
4 0 Not determined 0.0

7 ~171 Not determined -0.1
14 -95 Not determined -0.2
21 ~10 2.35 -0.2
28 -9 2.63 -0.4
35 24 2.85 -0.4
55 84 3.65 -0.5
90 193 4.95 -0.7

Table Al1.2 Product evaluation data for mix 04/020: 3:1 PFA/OPC w/s=(0.688

AEA Technology Al2
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Appendix 2
Characterisation data for UK and US
sourced cement

CONTENTS

Table A2.1 XREF results for kaolin, OPC and PFA - major elements (by
beads)

Table A2.2 XRF results for kaolin, OPC and PFA - trace elements (powder
pellet)

Figure A2.1 Particle size distribution of US and UK OPC and PFA powders
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Major AEAT Thiele Burgess AEAT
Elements | USOPC | Wodrith | po gy No 28 US Wintrith
(Wt %) UK OPC Kaolin Kaolin PFA UK PFA
Batch 55 Batch 36
Si0; 20.39 20.77 4413 44,79 50.24 52.13
TiO, 0.360 0.204 2.362 1.040 1.155 0.933
AL Os 4.68 4.83 37.84 39.02 24 .44 25.46
Fe; 05 3.39 1.83 0.88 0.69 7.14 8.49
MnO 0.028 0.038 0.001 0.002 0.026 0.065
MgzO 0.969 0.921 0.034 0.008 1.051 1.561
CaO 62.38 62.48 0.014 0.009 1.48 2.01
K;0 0.12 0.79 0.152 0.032 2.93 3.72
Na,O 0.005 0.012 0.024 0.09 0.29 1.05
P,05 0.172 0.072 0.148 0.197 0.125 0.226
1L.OI 7.56 8.05 14.40 14.11 11.10 4.34
Sum 100.00 100.00 100.00 100.00 100.00 100.00

Table A2.1 XRF results for kaolin, OPC and PFA - major elements (by beads)

AEA Technology AZ.1
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Trace AEAT . Burgess AEAT
Elements US OPC Winfrith | Thiele E_G- Not"28 us Winfrith
(ppm) UK OPC 44 Kaolin Kaolin PFA UK PFA
Batch 55 Batch 36
As 17 9 <5 <5 66 88
Ba 311 235 150 79 380 1117
Br <2 <2 <2 <7 <2 <2
Ce 44 18 112 74 145 139
Co 10 5 17 i1 70 65
Cr 131 86 100 78 [31 146
Cu 147 41 12 5 33 191
Ga 10 9 57 64 3 40
| <2 <2 <72 <2 <2 <2
La 22 6 73 46 96 82
Mo 10 3 0 0 5 14
Nb 7 4 39 19 24 21
Ni 86 57 30 25 83 125
Pb 2 58 55 3 50 102
Rb <2 18 <2 <2 144 159
Sn 35 -1 6 6 5 4
Sr 703 743 72 56 576 417
Th 6 2 14 12 22 15
U 8 8 5 3 4 2
Vv 154 97 102 73 228 280
Y 31 17 17 11 90 62
n 162 58 55 46 08 183
Zr 78 34 193 136 230 231

Table A2.2 XRF results trace elements (powder pellet)

AEA Technolegy A2.2
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Figure A2.1 Particle size distribution of US and UK OPC and PFA powders
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OPC and PFA particle size distributions

100

90
80

70
60

50

40
30

percentage passing

20

10

7
gt
1

ﬁ"?.g?"
i
1

10

particle size um

100

1000

AEA Technology

A2.3



AEAT/NS/R/OTT0 Issue 2 Final Report
February 2005

Appendix 3

XRF analysis data of grout
samples with increasing
waste loading

CONTENTS
Table A2.1 XRF results of major elements (by beads)
Table A2.2 XRF results of trace elements (powder pellet)

Note: Samples were prepared at the AEAT ES Inc Mooresville Test Facility
using the demonstration trial cement powders and kaolin

AEA Technology
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Sr concentrations in 3:1 PFA/OPC grout with
increasing waste loading
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Figure A3.1 Sr concentration in 3:1 PFA/OPC grouts with increasing waste loading
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Fe,O5 concentration in 3:1 PFA/OPC grout with
increasing waste loading
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Figure A3.1 Fe;O3 concentration in 3:1 PFA/OPC grouts with increasing waste loading
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Major 3:1
Elements | PFA/OPC | 10wt% 20wt% 30wt% 40wt%
(Wt%)  |(nosimulant)| simulant | simulant | simulant | simulant
Si02 38.28 38.42 38.05 38.49 38.79
1102 0.98 0.97 0.95 (.94 0.93
Al203 18.24 19.45 20.28 21.54 22.6
Fe203 5.54 5.21 4.91 4.67 436
MnO 0.04 0.04 0.04 0.03 0.03
MgO 1 0.93 0.88 0.82 0.76
Ca0 18.57 17.59 16.72 15.05 15.08
K20 1.76 1.63 1.52 1.44 1.32
Na20 0.12 0.12 0.12 0.12 0.11
P205 0.21 0.21 0.2 0.2 0.2
S 0.76 0.71 0.5 0.47 0.46
LOI 14.5 14,72 15.84 16.22 15.36
Sum 100 100 100 100 100

Table A3.1 XRF results major elements (by beads)

AEA Technology
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Trace 3:1
Elements PFA/OPC | 10wt% 20wi% 30wt% Hwt%
(ppm} {(no simulant) | simulant | simulant | simulant | simulant
As 51 48 44 41 38
Ba 897 828 743 718 652
Ce 135 182 167 131 116
Co 50 46 43 40 33
Cr 162 156 155 148 154
Cu 133 122 117 107 99
Ga 33 39 40 46 46
La 91 92 75 81 64
Mo 13 11 9 9 7
Nb 22 20 21 20 20
Ni 119 79 75 71 68
Pb 44 43 41 42 43
Rb 89 80 75 71 65
Sn 282 287 284 287 285
Sr 786 745 697 642 598
Th 24 23 22 22 20
U 10 8 9 9 9
\% 275 265 252 217 209
Y 62 59 57 52 50
Zn 126 118 114 107 101
Zr 192 187 182 183 176

Table A3.2 XRF results trace elements (powder peliet)

AEA Technology
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Table B1: Density and Bleed Data

AEA Technology

Engineering Services Inc.

Sample Sample Sample |Time|SG |Density |Density |Measured |Bleed @
Reference | Description Location {pcf) (ka/ly {Bleed @ |24hrs
No. 24hrs (g) |{Vol %)
2173-001 | Grout Batch 1 |N/A N/A [1.54 |96.0 1.5 266 8.6
2173-002 | Grout Batch 2 [N/A N/A |1.58 |98.4 1.6 244 7.9
2173-003 | Grout Baich 3 |N/A N/A 11.57 |97.8 1.6 256 8.3
2173-004 | Grout Batch 4 |{N/A N/A |1.57 |97.7 1.6 258 8.4
2173-005 1 0:15 11.49 |92.9 1.5 o8 3.2
2173-006 2 0:15 |1.51 |94.4 1.5 88 2.9
2173-007 3 0:15 11.46 |91.1 1.5 96 3.1
2173-008 1 1:15 [1.51 {194.1 1.5 34 1.1
2173-009 . 2 1:15 (1.51 {94.0 1.5 36 1.2
5173-010 g'r’;z? . 3 115 |1.49 |93.3 |15 |34 11
2173-011_| gimulant 1 2:00 [1.53 195.4 1.5 24 0.8
2173-012 2 2:00 |1.50 {93.9 1.5 26 0.8
2173-013 3 2:00 {1.50 {93.8 15 26 0.8
2173-014 1 3:00 [1.51 194.0 1.5 g 0.3
2173-016 2 3:00 |[1.47 |91.7 1.5 11 0.4
2173-018 3 3:00 |1.50 |93.8 1.5 13 0.4
Table B2: Cast Cylinder Compressive Strength Data
Breaking |Compressive
Sample Area |Load Strength
No./Location | Cast Date |Test Date |Test Age (sq. in.)|{Ibs) psi  |MPa
1 11/18/2004)1216/2004 |28 12.38 (2060 170 [1.20
2 11/18/2004|12/16/2004 |28 12.38 (2740 220 1.80
3 11/18/2004|12/16/2004 |28 12.30 |2780 230 [1.60
Note: 1. Samples taken after 3 hours recirculation
2. Tested in accordance with ASTM C39
Table B3: Core Sample Compressive Strength Data
Breaking | Compressive
Sample Test |Area  |Load Strength
No./Location|Mix Date |Test Date |Age |(sq.in.) |(lbs) psi_ {Mpa
1 11/18/200412/16/2004(28 [16.93 |3770 220 |[1.50
1 11/18/2004112/16/2004({28 [16.91 |3360 200 [1.40
2 11418/2004{12/16/2004{28 [17.05 [1540 90 0.60
2 11/18/2004[12/16/2004/28 |16.93 3870 230 |1.60
3 11/18/2004(12/16/2004]128 [16.93 2550 150 |1.00
3 11/18/2004(12/16/2004|128 |17.05 [1800 110 0.80

ESI Document No: 2173-6-003 Rev 0



Note:

1. Samples taken after 3 hours recirculation

2. Tested in accordance with ASTM C39
Table B4: Ultrasonic Pulse Velocity Data

AEA Technology

Engineering Services Inc.

Sample Test [Path Transmit Ultrasonic Pulse|Ultrascnic Pulse
No./Location|Mix Date |{Test Date |Age |Length (in) |Time {usec)|Velocity (ft/sec) |Velocity (km/sec)
C1 11/18/2004|12/9/2004 |21 |7.25 170.9 3530 1.08

P 11/18/2004|12/29/2004]41  |10.79 241.8 3720 1.13

c2 11/18/2004112/9/2004 {21 |7.24 168.8 3580 1.09

P2 11/18/2004|12/29/2004 |41  |4.11 83.8 4080 1.25

Cc3 11/18/2004(12/9/2004 (21 |7.08 168.4 3500 1.07

P3 11/18/2004|12/29/2004{41 {10.52 228.7 3830 1.17

Note: 1. Samples taken after 3 hours recirculation

2. Tested in accordance with ASTM C597
3. Core P2 split in half during transit prior to testing

4. P= Drilled Cores; C= Cast Cylinders

ESI Document No: 2173-6-003 Rev 0
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Appendix 2 — Log Book
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DatE: ”/fg/ol"—
TEST DESCRIPTION: ’ o '
See ’féﬁfé QMO. : /‘-—4 Z173-6- poi
SYSTEM CONFIGURATION:
el Tot Porro. Dec. 21254027
SENSING AMD MEASUREMENT EQUIPMENT LiST £ R
ITEM DESCRIPTION SERIAL NUMBER ID No. OPERATING RANGE, | CALIBRATION DATE
ACCURACY,
PRECISION

QPERATIONS CONDUCTED AND DURATIONS:

éfdhfLWﬁéwf N (‘W

bt b ptemrp fufuet

NAMES OF OPERATIONAL PERSONNEL

FNAME . TION ROL
tered e g TeA Frethidy. plsrtnin
Ejy HYende(on 1ech ] it o
%%& Dylho, Techriod an ,
Yaqdy Saramons ottt  Forozialpfion Corsultand
NOTES:
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DATE:

SIMULANT PREPARATION l
"QUANTITY OF WATER ADDED: T QUANTITY OF KAOLIN ADDED: A2 1b

DESCRIPTION:
waker added. oer My dy omdo Yond
ok ad (heps

MARRA. o ferarvy. mes

GROUT ADDITION

BATCH CONSTITUENTS: L

QUANTITY OF PFA: BB 1 QUANTITY OF OPC: 2] 2. {bs

QUANTITY OF WATER: TS N (0 qal)

BATCH 1 - s T o

TEMPERATURE OF PFA/OPC: 72" TEMPERATURE OF WATER: o 634 &=
LowlraddthonriSOpees %.« 10:2f  TEMPERATURE OF GROUT: 6> °F

MIX TIME: “lf 20 orun ITDP‘ IL{;J{ﬁ/ﬁFEb«)UﬂQ V}SC(}S[TY: 2!?3-—-&9(:/::,{‘
SET/BLEED CHARACTERISTICS: 2 66q Besd G- 155

@ 24 HOURS @"IE%;Q Frdod 7oAt 3 Hank = J 327

BATCH 2

TEMPERATURE OF PFA/OPC: T, 5 °F TEMPERATURE OF WATER: d9.0 -
i ke z‘ulﬂ‘—,‘ ¥ 5?1 mg' TEMPERATURE OF GROUT: 2.5 °F
P 4{___{_..’ 12.26f1p . ,7 ﬂ;m%w! Dy iscosiTy: 217 o ded

SET/BLEED CHARACTERISTICS: 2%, (3l s 7

@2anowrs PV ol LAl ofF TS A ~ _”

BATCH 3

PFA/OPC; ,70. 1 5F TEMPERATURE OF WATER: : §2.1°f

TENRON
m&aa&m& vaz S ,alﬁ %p TEMPERATURE OF GROUT: %? 7 F
MIX TIME: g 8708 nivus] 1302 OF VISCOSITY: 2t }3-003. 4

SET/BLEED CHARACTERISTICS: 254 /deed

@24v0urs 0920 wly Pk o fE At d o [ I37

BATCH 4 ' .
TEMP RE OF PFA/OI};: FO-1°F TEMPERATURE OF WATER: ol / f

AR ADOmMOs %5 8 3.4 Purmo JHMPERATURE OF GROUT: CP 3°F
MIX TIME: —~ ZormltfES : 13 e (R VISCOSITY: 2173-cop.

SET/BLEED CHARACTERISTICS: & oo 25¢

@24H0uRs (D T25 1900 Lk 2ft - stlland o1 Yo!!

NOTES:

bl Lyt verad dld atl Ly oo
g‘i}/—- pmr?'d-t-f f—%ﬁ:é‘i:;z?fﬁlm@—\jk?w{iv }brr-crw!ﬂl-c&-
E,HZ.JJWIJ;L') /q,u-n&/ a.:U-té_ n’é)(w./.éw JDPUJU‘

JET MANe conmenan’ 13,
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-

Nozzle
end

/]

—

DATE:
JET MIXING PARAMETERS: {
"PARAMETERS LOGGED BY SOFTWARE DURING MIXING:
PARAMETER UNITS LOGGING FREQUENCY
Svchion. PRrsSwe Bas 3 every O-2 S
orwe PresguAde Rot a evay, O-2 s
Phase.  TimQ s - eveim®  O.2 S
Socten. Time = eyafi  0-2 S
Egda, Thwe S e.re.r}j 6z 5
MANUAL DATA LOGGING:
PARAMETER: SUCTION DRIVE SUCTION DRIVETIME | CYCLETIME | NOTES
PRESSURE PRESSURE | TIME
TIME INTO MIXING
0:15 4.3 3F s | 9.2 J6F | Dade
1:00 b 32 resortad
2:00 3 dw;,/ﬁ
3:00 §.-3
NOTES:
OBSERVATIONS @ 0:15 @ 1:00 @ 2:00 @ 3:00
APPEARANCE OF JET CAUSED BY o
NOZZLE:
J Fort SAmt Saome
AGITATION IN TANK CAUSED BY JET:
v '3093 \ W/ A< Lrre
1S JET REACHING FAR EXTREMITIES OF - .
TANK: Nno )“O S5dmc Smrre
ARE THERE ANY VISIBLE DEAD SPOTS: - bebana, .
i y ,/ p Appiare A
noz2\@ . Nogsle L mé -
ESTIMATED NUMBER OF CYCLES TO ~F
MIX TANK CONTENTS: -0
@0:15 @ 1:00
‘ . o
Nozzle ,—-—7 7 fj Nozzle / e w
end g ___‘_ cnct "’é TS \‘
@2:00 @3:00

Nozzle
end

N

~2 A
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DATE:
IN-SITU DATA COLLECTION
SAMPLE POINT 1 SAMPLE POINT 2 SAMPLE POINT 3
VISCOSITY: 0720085 Jt | 21932004, d.F 21732~ 007 dok
TEMPERATURE: _ 69.F F X% s 70.2 °F
TIME0:15 | ser/BLEeD cHARACTERISTICS | Hg A Lw' fJ 3 & Ll qla. 3
@ 24 HOURS: H/:y & 30 ﬂ%ii' 4 bt ‘; - it ’fm L7
PIPE INFILL ; YES/},JO’ YES/HO YESpT
VISCOSITY: 2473~00 P Ak 2172-009 4ot 277 ol oot
| TEMPERATURE: 70.3°F Jo.d o F JOM° I
TIME, ET/ BLEED CHARACTERISTICS, |2, EW 2l B 7K
Ty S;@24 HOURS: g{? /f(j "S}"( i, < 5/:? ! %M Yo" ;@% -
PIPE INFILL YES/NG YES/NE YES/Ne/
VISCOSITY: 2173 ol ok 27302 1L 2i J3-013 L&
TEMPERATURE: (’72 j’oF 70.9°F 79- 7of
TIME 2:0Q 3 %
e (e Ry Fah, | e
PIPE NFILL: YEs/yg ms/‘y@’ Yssfya’ '
VISCOSITY: DOy ok 2{33~ 0/8. Ak 217 3 01 dod
TEMPERATURE: ?/' i w/ /e F5°F
SET/BLEED CHARACTERISTICS H & j F oy Bl wy [z, [T < / /’%L /N
(@ 24 HOURS: od. se uhy LA AT T NI iL
TIMES:00 o L 2 YEs/N/g YES/NG' YEs/w/
CUBE X 2 YES/p0 YES/O YES/RG
CYLINDER % 2 YES/NG VES/NG YES/er
THERMOCOUPLE INSERTED YESNO YES/NO YES/NO

POST TEST TANK OBSERVATIONS / MEASUREMENTS

CURING:

SET/BLEED CHARACTERISTICS @ 24 HOURS

Tl

| ANY AREAS OF UNMEXED PRODUCT:

fore (o endls

EXTENT OF SPLATTERING ON TANK

WALLS:

.

Nozzle end

N

DESTRUCTIVE ANALYSIS!: SAMPLE POINT 1 SAMPLE POINT 2 SAMPLE POINT 3
CORES TAKEN x 2+ (¥E5/NO [Bmo o
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