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ABSTRACT

This topical report describes the results of an investigation on the
solidification of low-level radioactive waste in polyethylene. The work was
conducted as part of the Waste Form Development/ Test Program, sponsored by
the U.S. Department of Energy's Low-lLevel Waste Management Program.

Waste streams selected for this study included those which result from

advanced volume reduction technologies (dry evaporator concentrate salts and
incinerator ash) and those which remain problematic for solidification using

contemporary agents (ion exchange resins). Four types of commercially avail-
able low density polyethylenes were employed which encompass a range of pro-
cessing and property characteristics.

Process development studies were conducted to ascertain optimal process
control parameters for successful solidification. Maximum waste loadings were
determined for each waste and polyethylene type. Property evaluation testing
was performed on laboratory scale specimens to assess the potential behavior
of actual waste forms in a disposal environment. Waste form property tests
included water immersion, deformation under compressive load, thermal cycling

and radionuclide leaching.

Recommended waste loadings of 70 wt% sodium sulfate, 50 wt% boric acid,
40 wt% incinerator ash, and 30 wt% ion exchange resins, which are based on
process control and waste form performance considerations are reported.
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1. INTRODUCTION

This investigation of polyethylene as a potential radwaste solidification
agent has been performed as part of the Waste Form Development/Test program,
sporisored by the U.S. Department of Energy's Low-Level Waste Management
Program. The primary objective of the Waste Form program is the application
of materials and processes which are not currently employed in the United
States for the improved solidification of low-level radioactive wastes (LLW).

A survey of potential agents was conducted during FY 1983 and po]¥ethy-
lene was designated as a leading candidate for further investigationl,Z.
Selection criteria as outlined in the Letter Report to DOE!, were based on
such considerations as compatibility with waste, material properties, solid-
ification efficiency, ease of processibility and economic feasibility.

Polyethylene is a thermoplastic polymer and thus may be heated above its
melting point, combined with waste to form a homogeneous mixture and allowed
to cocl resulting in a monolithic solid waste form., In contrast to contempo-
rary solidificatijon agents such as hydraulic cement or thermosetting polymers,
no chemical reaction is required for solidification. This provides a number
of advantages. Waste stream compatibility is expanded in that constituents
present in the waste will not inhibit snlidification. Processing by plant
personnel is simplified since variations in waste composition over time would

not require adjustment of the solidification chemistry.

Polyethylene was suggested as a material for the encapsulation of LLW a
number of years ago by workers at Oak Ridge National Laboratory?, but work
towards its further development was not actively pursued in the United States.
Changes in the economic climate, reduction in the availability of shallow land
burial sites, increased emphasis in improved waste form performance, as well
as recent improvements in waste treatment technology were all contributing
factors in the renewed interest in this material. The development of poly-
ethylene as a potential binder for LLW has not been limited to the United
States. The Japanese have published several papers describing their research

efforts in this regard%.2,

This topical report describes the research and development work performed
at BNL in the areas of polyethylene process development and waste form prop-
erty evaluation studies. Simulated laboratory scale waste forms were produced
using four types of low-density polyethylene, and encompassing a number of
waste types. Relevant process control parameters necessary for successful
solidification are defined and maximum waste Toadings achievable are reported.
A series of laboratory waste form property tests were conducted to help pre-
dict the behavior of actual waste forms in a disposal environment. In addi-
tion, an economic analysis was performed to compare the relative costs of
polyethylene and cement solidification technologies.



2. WASTE TYPES INVESTIGATED

2.1 Background

Large volumes of low-level radioactive waste are routinely generated
through the operation of defense-related and commercial nuclear facilities. In
1982, DOE/defense activities produced some 89.1 cubic meters of LLW, whereas,
the commercial sector generated 75.9 cubic meters®. These wastes are di-
verse in chemical and physical composition, but can broadly be defined as
either aqueous or dry active wastes (DAW).

Aqueous wastes consist primarily of fission and activation products re-
moved from process streams to reduce radiation and/or contamination hazards to
plant personnel. A number of processing techniques are employed to remove
radioactive elements from these streams such as jon exchange, evaporation, re-
verse osmosis, flocculation, and filtration. Each of these techniques, while
effective for the removal and concentration of activity, still result in some
form of radioactive waste which must u1t1mate1y be disposed. MWaste streams
thus produced include ion exchange resins, evaporator concentrates, filtration
sludges, and contaminated filters and membranes. According to current NRC
regulations contained in 10 CFR 61, all liquid waste streams must be stabil-
ized by either solidification or use of a high integrity container?. An
increased emphasis on waste stabilization is also being promulgated by DOE for
the treatment and disposal of defense related waste streams.

Dry active wastes are produced at virtually all facilities involved with
nuclear materials. These wastes such as paper, rags, clothing and plastics
are currently compacted in 55 galllon drums or larger vessels. Many of these
wastes however may be incinerated with a large reduction in waste volume re-

sulting.

Waste streams selected for this investigation as reported in the Letter
Report to DOE8, and reviewed in the sections following include, 1) those
which result from advanced volume reduction technologies (for both aqueous and
dry active wastes), and 2) those which continue to be problematic for solidi-
fication using contemporary materials and processes.

2.2 Volume Reduction Wastes

Solidification efficiences for aqueous concentrate wastes encapsulated
using contemporary agents are often lTimited by chemical interactions between
the waste and binder. Advanced volume reduction processes such as fluidized
bed calciners are now available which can reduce these liquid concentrates to
a dry solid condition. By doing so, waste stab111ty is 1mproved and aqueous
waste volumes can be reduced by factors rang1ng between six and twelve (de-
pending upon original waste composition)9. Combustible dry active wastes
can be treated by a number of currently avai]able incineration technologies
including rotary kiln, controlled air, fluidized bed, molten salt, cyclone and
pyrolysis incineration. Depending upon the process and the composition of the
waste ingut, incineration can achieve reductions in waste volume of as much as

100-fold



In addition to increased stability, the benefits inherent in the use of
advanced volume reduction of low-level waste include:

e Extension of current and future shallow Tand burial capacity.
® Reduction in over-the-road shipments of radioactive waste.

e Potential overall cost savings for the disposal of LLW (as discussed
in Section 6).

For these reasons, it is felt that the use of volume reduction tech-
nologies will become increasingly prevalent. As such, the incorporation of
the resulting dry solid residues in polyethylene is covered in this study.

2.3 "Problem" Wastes

Due to their excellent sorption capacities, ion exchange resins serve a
number of vital functions in the effective operation of nuclear facilities.
Although resin wastes account for a relatively small fraction of LLW on the
basis of volume, they contain a significant fraction of the radioactivityll.
Hydraulic cement is commonly used for the solidification of spent jon exchange
resins. However, due to physicochemical interactions between the resin and
cement which cause severe degradation of waste form mechanical integrity,
waste Toading efficiencies tend to be poor. In earlier studies performed at
BNL it was shown that a maximum of approximately 13 weight percent dry ion
exchange resins could be successfully incorporated in portland cementl2.

Ton exchange resins are therefore considered a "problem waste" and are
included in this study.

In summary, waste form development and property evaluation studies for
polyethylene have been performed incorporating the following waste types:

e sodium sulfate evaporator concentrate salts
¢ beoric acid evaporator concentrate salts
¢ incinerator ash

¢ ion exchange resins

Preparation of simulated wastes for use in process development and prop-
erty evaluation studies are discussed in Section 4.1.



3. CHARACTERIZATION OF POLYETHYLENE

3.1 Background

Polyethylene was first developed in 1933 by Imperial Chemical Industries,
Ltd., as a result of research on the high pressure chemistry of organic com-
pounds. Their first industrial scale process was on-line in 1939. Use of
poiyethylene for cable insulation during World War II created an immediate
demand for this product and led to the establishment of production facilities
by Union Carbide and Du Pont. Over the next 45 years materials and processing
refinements expanded the potential applications of this product to such an ex-
tent that today it is the most widely used of all plastics. Current produc-
tion capacity for the 16 commercial producers in the U.S. alone is over

4 x 105 metric tonsl3

3.2 Properties of Polyethylene

Polyethylene is an oryganic polymer material of crystalline-amorphous
structure, formed through the polymerization of ethylene gas. Hundreds of
compound variations with differing properties are attainable by the control
and design of its molecular structure. Such structural variations are pro-
duced by the manipulation of process parameter and the use of selected ad-

ditives.

The degree of crysta]]inity determines density, which in turn affects a
range of material properties. Two basic processes are employed in the produc-
tion of polyethylene. Low density polyethylene (LDPE) is produced by a pro-
cess which utilizes high reaction pressures (15,000 to 45,000 psi) re=u1t1ng
in the formation of large numbers of polymer branches. These branches occur
at a frequency of 10-20 per 1000 carbon atoms, creating a relatively open
structure. Typically, low density polyetrylenes have densities ranging be-
tween 0.910 and 0.925 g/cm3.14 High density polyethylene (HDPE) is man-
ufactured by a low pressure {< 1500 psi) process in the presence of special
catalysts which allow the formation of Tong linear chains of polymerized ethy-
lene. Very few side chain branches in the HDPE molecule resulf in a close
packgd or dense structure. HDPE densities range between 0.941 and 0.959
g/cm®. Medium density polyethylenes (0.926 - 0.940 g/cm3) can be formu-
lated by either high or low pressure methods, or by combining LDPE and HDPE

materials.

The properties of low, mediun, and high density polyethylenes are com-
pared in Table 3.1. These data indicate that the properties of high density
polyethylene, e.g., mechanical strength and resistance to harsh chemical en-
vironments might provide a slight advantage vis-a-vis the solidification of
low-level radjoactive waste. Processing of high density polyethylene is more
difficult, however, as it requires greater temperatures and pressures., The
properties of low density polyethylene are none-the-less favorable, and thus
it was selected for use in these studies based upon the relative ease of

processibility.
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Property

iable 3.1

Properties of Polyethylenes(a)

Low Density

Medium Density

High Density

Compression Molding Temp, OC

150 - 315 150 - 230
Density, g/cc 0.910 ~ 0.925 0.926 - 0.%40 0.941 - 0.965
Tensile Strength, MPa 4,14 -~ 15.86 8.27 - 24.13 21.37 - 37.92
(psi) 600 -~ 2300 1200 - 3500 3100 - 5500
Compressive Strength, MPa _ — 18.61 - 24.82
(psi) — _ 2700 - 3600
Water Absorbance,
(24 hr, 1/8" thick, %) <0.01 <0.01 <0.01
Flammability (Burn Rate, in/min) 1.04 1.00 - 1.04 1.00 - 10.4
Average Extent of Burning, in. 0.8 0.6 __.
Average Time of Burning, sec. <5 - 25 10 - 60 .
Effect of Weak Acid Resistant Very Resistant Very Resistant
Effect of Strong Acid Attacked by Attacked Slowly Attacked Slowly

Effect of Weak Alkalies

Effect of Strong Alkalies

135 - 177

Oxidizing Acids

Resistant

Resistant

Very Resistant

Very Resistant

Very Resistant Very Resistant

Effect of Organic Solvents Resistant Below
600C Except to

Chlorinated Solvents

Resistant Below
60Y'C Except to
Chlorinated Solvents

Resistant Below 809C

(a)pata drawn froml3.



In addition to density, other structural phenomena which affect polye-
thylene properties include molecular weight, molecular weight distribution,
and melt index. The molecular weight is the average of all sizes of polymer
chains produced during polymerization®?. Low-density polyethylenes are
available in a wide range of molecular weights. Those with high molecular
weights tend to have improved toughness, resistance to harsh chemical environ-
ments, and better stress crack resistance. However, these materials are also
more difficult to process. Polymers are made up of molecules of varying chain
length and the molecular weight distribtuion describes the range of chain
sizes present. Both molecular weight and molecular weight distribution may be
determined by gel permeation chromatography. Typically, the molecular dis-
tribution for LDPE's ranges between 2,5:1 to 18:1. This parameter has a less
dramatic effect on polyethylene properties than the molecular weight itself,
but in general a narrow molecular weight distribution provides an optimal
balance between mechanical properties and ease of fawrication.

The melt index is a measure of the viscosity of the melt (the ease with
which it flows) at 1900C and has units of grams/10 minutes. These units
originate from the ASTM Test Method D-1238 which measures the rate of extru-
sion of thermoplastics through an orifice under prescribed temperature and
pressure conditior;. Melt index may also be used to describe molecular weight
as the two parameters are inversely proporticnal. Values for the melt index
can range from <1g/10 minutes for high molecular weight polyethylene to >4000
g/10 minutes for some low molecular weight polyolefins. For typical applica-
tions however, polyethylenes have melt index values ranging between 1 and 60

g/10 minutes.

3.3 Types of Low-Density Polyethylenes Investigated

Low density polyethylenes are commercially available with a wide variety
of physical properties and diverse processing requirements.

A number of these materials were selected from several manufacturers for
potential application. They represent a range in density, molecular weight,
and melt index, and are listed along with some of their properties in Table
3.2 These materials are employed commercially in the production of coatings
and films and for extrusion and injection molding of plastic components.

Thermoplastic material properties such as melt index can have a dramatic
effect on processing parameters including melt temperature, pressure and
extrusion rate. Preliminary investigations as discussed in Section 4,exam-
ined these inter-relationships to determine their impact on waste form pro-
duction using a bench scale extruder. Process development studies were then
conducted with a number of LDPEs to determine maximum waste loadings and
specific process control requirements for each. As mentioned earlier, the
physical properties of polyethylene may vary with material characteristics
such as melt index. Property evaluation studies were conducted for waste
forms solidified with several types of LDPEs to determine the relative effects
of material properties on waste form product performance. The selection of
polyethylene type best suited for each waste stream was thus based upon a bal-
ance between achievable waste loadings, process control requirements and the
results of waste form performance testing.

-6-



Table 3.2

Average Properties of LDPE Materials Selected for Investigation(a)

Molecular

LDPE End Dens1t§(b) Melt Index(C)  Molecular(d) Weight

Type(9)  use g/cm g/10 min Weight Distribution(e)
Gulf Extruded 0.924 2.0 NA(f) NA
1117-8 Film
Gulf Injection 0.924 8.0 70,000 3.0
1460 Molding
Gulf Injection 0.924 27.0 60,000 2.5
1408.5 Molding
Gulf Injection 0.924 35.0 55,000 2.5
1410 Molding
Gulf Injection 0.924 55.0 40,000 2.5
1409 Molding
Eastman  Non-Emulsi- 0.918 1.6 23,000 3.8
C-14 fiable Wax
Eastman  Non-Emulsi- 0.917 20.0 19,000 3.6
C-17 fiable Wax

a) pata as supplied by manufacturers

b) Determined by ASTM Test Method D1505

¢) Determined by ASTM Test Method D1238

d) petermined by Gel Permeation Chromatography (GPC)

e) Ratio of weight average molecular weight to number average
molecular weight.

f) Not available

9) Manufactured by: Gulf 0il1 Chemicals, Houston, TX and
Eastman Chemical Products, Kingsport, TN

-7-



4. PROCESS DEVELOPMENT STUDIES

Due to the diverse physical and chemical composition of radioactive waste
streams, the effective application of any new solidification binder material
requires a comprehensive investigation of processing requirements. To this
end, process development studies were conducted for polyethylene in order to:

e select the optimal processing technology
¢ verify waste-binder compatibility
¢ determine processing parameters of interest

e ascertain the effects of these parameters on the successful
encapsulation of various waste streams

e optimize process parameters to achieve maximum waste form
volumetric efficiencies

¢ develop a data base of relevant laboratory-scale process control
information to be used as a basis for the production of larger

scale waste forms.

A number of processing techniques were surveyed for use with low density
polyethylene including batch heating vessels, wiped film evaporators and screw
extruders. Based on such considerations as ease of processibility, gquality
control, and the use of a proven and available technology, the extrusion
method was selected. This process, which employs a simultaneous mixing and
heating of the waste-binder mixture, is described in detail in Section 4.2.
Pelyethylene is a thermoplastic material with properties which makes it well
suited for processing via this technique as evidenced by numerous applications

in the plastics industry.

Physical and chemical compatibility of the polyethylene matrix with each
of the waste streams was a primary concern, and was thus the focus of initial
scoping studies performed in FY 1983. The impact on processing caused by
variations in physical form (such as particle size, density, hardness, etc.)
between the waste and binder materials was considered. Chemical interactions
could also present possible processing difficulties. Potential problem areas
identified were investigated further during more comprehensive process devel-
opment studies (FY 1984). Processing limitations were more precisely defined
and problem areas mitigated, where possible.

The production of a successful waste form product is dependent upon the
control of processing parameters within a finite operating range. The effect
of adding materials such as radwaste serves to narrow this range and thus
place further emphasis on the precise control and monitoring of the system.
Scoping work identified a number of important parameters and further process
development work provided information regarding system sensitivity toward
each. The processing factors of interest which are discussed in Section 4.5

include:



e Process temperatures - minimum, maximum and optimum temperatures
for processibility.

® Process pressures - especially where excessive pressures
interfere with effective system operation.

e Mixing method - static pre-mix vs. dynamic blending of waste and
binder materials.

e Feed and processing rates - impact of rates on processibility
and overall product integrity.

e MWaste pre-treatment - determination of system requirements for
feed stock materials, if any.

e Power requirements - current draw as an indicator of mechanical
stress on components.

e Solidification kinetics - output die design; methods and rates
for waste form product cooling.

The volumetric efficiency, or quantity of waste which can successfully be
incorporated in each solidification matrix material is an important economic
consideration. Process parameters discussed above were optimized to achieve
maximum waste form loadings for each waste type, the results of which are re-
ported in Section 4.6. Typical waste loadings were then applied as input to
the econcmic analysis presented in Section 6.

The demonstration of the polyethylene process on a scale approximate to
that required in actual operation will be performed in FY 1985-1986. Labora-
toiry-scale process information will be used as a data base for operation of
this facility to minimize duplication of effort.

4,1 Preparation of Simulated Wastes

Laboratory scale waste forms were fabricated for both process development
and property evaluation studies using non-radioactive, simulated wastes. Ma-
terials were selected which closely resemble actual wastes in both physical

and chemical composition.

Evaporator concentrates which have been brought to a dry soiid state were
simulated using anhydrous sodium sulfate (NapS04) reagent and orthoboric acid
(H3B03) reagent. The actual form of boric acid produced through volume reduc-
tion is dependent upon treatment conditions. When processed at temperaturas in
excess of 1709C metaboric acid results. It should also be noted that composi-
tional variations in specific waste feed streams may alter the chemical form
of volume reduction wastes. Since polyethylene does not chemically react with
these waste products, such variations are not expected to significantly affect
the results reported here. Both NapS04 and H3B03 simulated waste were employ-
ed as a fine, dry powder with bulk densities of 1.46 and 1.44 g/cm® respective-
ly. In contrast to chemical form, variations in the physical form of the waste
may affect such processing parameters as feed rates, screw speed and melt

temperatures.



Incinerator ash generated at the Rockwell International Rocky Flats Plant
rotary kiln incinerator was employed as a typical volume reduction ash pro-
duct. This ash was produced by burning simulated waste, with constituents
equivalent to those present in actual combustible LLW from this facility as

shown in Table 4.116,

Table 4.1

Rotary Kiln Incinerator Feed Composition

Constituent Weight %
Paper 40.0
Polyethylene 22.8
Neoprene 18.8
Kerosene - 9.5
Polyvinyl Chloride 7.9
Tributyl Phosphate 1.0

As received, the ash had a bulk density of approximately 0.23 g/cm3.
Since particle size was non-uniform the ash was put through a No. 8 sieve,
resulting in a maximum particle size of 2.38 mm. This procedure improved
waste homogeneity, assured wore precise feeding and prevented process
equipment failures by the introduction of excessively large ash particles.

YUnloaded mixed-bed ion exchange resin beads manufactured by Rohm and Haas
Corp., Philadelphia, PA, were used to simulate reactor resins. Although actu-
al reactor resin waste is chemically loaded, the use of unloaded resins is not
expected to alter results since no free jons are available to interact within
the polyethylene matrix. A ratio of two parts cation resin (IRN-77} to one
part anion resin (IRN-78) was selected as representative of a typical reactor
demineralizer system. Resin bead particle sizes range between 0.5 and 1.0 mm
in diameter. As-received resins (2:1 mixed-bed) have a density of approxi-
mately 1.21 g/cm3 and contained approximately 58 percent moisture by weight.
Typically ion exchange resins at reactors are maintained in a slurry (contain-
ing about 80 weight percent moisture) to facilitate transfer operations.

Prior to processing with polyethylene, the resins were oven dried vvernight at
1109C. This step was necessitated by design constraints of the bench scale
extruder, which preclude the presence of moisture.

4.2 Extrusion of Polyethylene

Extruders were originally developed in the first half of the nineteenth
century and were used by the Italian food industry for the production of
macaroni. Screw-type extruders were first employed in the United States in
the rubber industry and were adapted for the extrusion of thermoplastics in
193817, The use of extruders for the processing of various thermoplastic
materials is commonplace:in industry today. Experience in the incorporation
of dry solids such as graphite powders or fiberglass for increased mechanical
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strength of plastics, is prevalent as well. Although the feasibility of LDPE
as a radwaste matrix material has been demonstrated using wiped film evapora-
tor technology3s4,5 no experience is available in this country and little on
a worldwide basis for the use of an extrusion system in this application.

Extrusion can be defined as the transformation of raw materials into a
homogeneous product by forcing the material through a die. The process can be
accomplished by either a wet or dry method. The wet method which has only
limited application involves the use of solvents to help soften the material
for extrusion. Extrusion of polyethylene is performed exclusively by the dry
method in which heat is applied to achieve softening.

An extruder consists of four basic cumponents, as depicted in the simpli-
fied schematic diagram in Figure 4.1. These are: 1) a feed hopper, 2) a
rotating auger-like screw, 3) a heated cylinder in which the screw rotates and
4) an output die assembly to shape the final product.

The extrusion process for solidification of radioactive waste in poly-
ethylene involves the heating, mixing and extruding of materials in one basic
operation. To more clearly understand this process, it may be broken down

into the following steps:

e The polyethylene binder and dry waste materials are transferred
from either a single hopper or individual hoppers in which they
are stored to the extruder feed throat. Metering of waste-to-
binder ratios is accomplished at this step.

e The mixture is conveyed through a heated cylinder by the motion
of the rotating screw. The initial portion of the cylinder is
controlled at a temperature below the polyethlene melting point.
This serves to gradually pre-heat the materials but at the same
time assures proper transport of the mixture.

e As the waste-binder mixture moves forward past the initial
pre~-heating zone, it is masticated under pressure due to the com-
pressive effects of a gradual reduction in the channel area be-
tween the screw and cylinder. Screw rotation also assists in
the mixing of the materials to a homogeneous state.

e The gradual transfer of thermal energy by the combined effects of
the barrel heaters and frictional heat serves to melt the mix-
ture. The frictional heat input is difficult to control and must
be compensated for by the regulation of the resistance band
heaters. In some cases it is necessary to remove excessive heat
by the use of external blowers.

® The melted thermoplastic-waste mixture is forced throuygh an
output die into a mold and is allowed to cool and solidify.

4,2.1 Extruder Design: Extruders are available in either a single screw
design, as described in the discussion on the principles of polyethylene ex-
trusion, or in a multiple screw configuration. Multiple screw design provides
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Figure 4.1 Sectional view of a simplified screw extruder. The sketch
depicts flow of material from the hopper to the output die,
where it is extruded in a molten state. Redrawn from
Reference 17.
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additional mixing action and therefore may provide benefits for radwaste
solidification applications. Twin screw extruders manufactured by Werner and
Pfleiderer and marketed by Waste Chem, Ramsey, NJ, are currently being used
for waste encapsulation in bitumen. Multiple screw machines are more complex,
however, and tend to wear more quickly and incur higher maintenance costs.

The bench scale extruder employed in these studies is a single screw model and

further discussions will focus on this type.

4.2.1.1 Drive Requirements: A typical production-scale single
screw extruder and its primary mechanical components is shown in Figure 4.2.
To power the extruder screw and provide sufficient torque to overcome the re-
sistance of solid and molten materials, a drive motor and gear reduction sys-
tem are needed. The action of the reciprocating screw creates a backward
thrust which is absorbed by the thrust bearing assembly. In addition to
furnishing power, the extruder drive must be able to vary and maintain precise
speed settings, regardless of the load conditions in order to provide repro-
ducible results. Alternating current (a.c.) motors may be used, but more
commonly direct current (d.c.) rectified equipment is employed. This system
combines a d.c. motor with a solid state silicon control rectifier (SCR) de-
vice, and offers mechanical simplicity, accurate speed control, efficient_en-
ergy usacge, constant torque over a broad speed range, and low maintenancel8,

Air spacer Hopper Water-cooled heaters Insulated barrei guard
Powder
seal
Thrust Barrel Screw Barre! support
bearing
assembly Thioat
-]
] S : \
/ . AN
Reducer Coupling Coupling guard ~ Motor Base  Closed loop cooling system

Figure 4.2 A typical production-scale single screw extruderl8,
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_ 4,2.1,2 Screw Design: The extruder output rate is constrained by
its internal volume, which is generally specified in terms of screw size.
Screws, in turn, are described by their outside diameter (uv.D.) and length to
diameter ratio {L/D). Extruders are available with screw sizes ranging from
3/4 inch 0.D. for lab-scale applications to greater than 6 inch 0.D. for some
production level machines. The L/D ratio is determined according to the resi-
dence time required to melt, mix and discharge the extrudite.

Conventional extruder screws contain feed, transition and metering
sections, as shown in Figure 4.3. Recentiy, design modifications have been
introduced which provide improvements in the melting and homogenization of
materials. A few of these designs are shown in Figure 4.4.

4.2.1.3 Temperature Control: Extrusion heating is generally sup-
plied by electrical resistance band heaters, but some machines utilize steam
or heat transfer fluids. A means of cooling is provided either by blowers or
Tiquid circulation. Precise contral of the material temperature is required
for successful extrusion. For electrically heated/cooled systems, this is ac-
complished.through the use of solid state, time proportioning devices which
are designed to provide rapid and precise temperature control.

4.3 Laboratory-Scale Extruder

Laboratory-scale waste forms for process development studies were
produced using a Model KL-125 single screw extruder manufactured by Killion
Extruders, Inc., Verona, NJ19. A schematic view of the extruder, as-

. received, is included as Figure 4.5,

This machine is equipped with a 1 1/4 inch diameter chrome plated screw
with a Tength to diameter ratio (L/D) of 24!1 and compression ratio of 3/1 as
shown in Figure 4.3. The screw is powered by a 3 norespower d.c. drive elec-
tric motor with electronic SCR speed contrel through a 15:1 gear reduction.
Screw speed can thus be varied between 12 and 120 RPM.

The 2 1/2 inch 0D barrel is fabricated of 4140 steel and is Xaloy lined.
This barrel is heated by three separately contolled heat zones consisting of
1250 watt electric resistance mica band heaters. A separate die zone heater
is used. In order to provide more precise control of barrel temperatures, the
unit is equipped with three zones of automatic air cooling fans. All heating
and cooling functions are governed by four separate solid state time propor-
tioning controllers (Eurotherm Type 103, Eurotherm Corp., Reston, VA). In ad-
dition, the feed throat region is water jacketed for cooling, to assure proper

feeding.

4,3.1 Extruder Instrumention: Instrumentation and monitoring of process
parameters are essential in the control of the system. Melt temperature and
pressure are monitored through transducers in conjunction with digital readout
indicators and/or a chart recorder. An adjustable over-pressure alarm pro-
vides an audible signal when a potentially damaging pressure level is reached.
Motor Toad is displayed by an ammeter which contains an automatic overload
shutoff. Screw speed is displayed by an analog tachometer.
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Figure 4,3 Photograph of the 1 1/4" diameter extruder screw. Materiai enters
at the feed section which is located on the right hand side and is
conveyed by the helical flights toward the metering section on the
left. The decrease in the depth of the channels as the material is
conveyed along the screw creates a compressive force.

AN MRINRENY
W Mixing pins
Em Double wave screw

Parallel interrupted mixing flights 8‘@
mm Maddock mixing section

Ring barrier

Figure 4.4 Some examples of improved extruder screw design519.
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Figure 4.5 Single screw extruder (as-received) used in the production of
laboratory scale waste form specimensl9.
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4,3.2 Extruder Modifications: A number of modifications were required
on the as-received equipment in order to:

e mold Taboratory scale waste form specimens for testing and
evaluation

o enable the precise metering of waste and binder materials.

These changes were performed prior to start-up and on a continuing basis
as the need for improvements was indicated. A view of the modified extruder

may be seen in Figure 4.6.

4,3.2.1 OQutput Die Assembly: An output die assembly and related
equipment were custom fabricated at BNL to enable the production of laboratory
scale (approximately 5.1 cm diameter x 10.2 cm in height) simulated waste
forms. The output assembly consists of.a tapered reducing coupling, curved
transfer tube, sainple cup flange, sample mold, reaction member, and rotating

mold support stand.

As the molten waste-polyetiilene mixture exits the extruder it is forced
through the reduction coupling which serves to stabilize flow into the trans-
fer tube. Here the mixture is diverted from a horizontal flow, vertically
downward to the sample uold. The initial design employed a 0.25 inch I.D.
stainless steel tube. In the course of process development work this size was
found to be overly restrictive and was replaced with a 0.50 inch I.D. tube,
enabling greater product throughput and reduction of excessive back pressure
especially at higher waste loadings. The temperature of the melt is maintain-
ed as it travels through the die by the use of additional electric resistance

heaters.

The mixture is then forced under pressure into the sample mold below. As
the mold fills it is slowly forced downward against the counter force of the
reaction member, so that uniform packing is assured. A steel flange original-
1y provided the mating surface between the transfer tube and mold. This was
later replaced with a steel and teflon flange to reduce binding of the mold as
it is forced downward, and ease in the removal of the waste form upon cooling.

Sample molds were fabricated from copper pipe and measured 2 inches in
diameter by 5.5 inches in height (5.1 cm x 14.0 cm) to produce a nominal waste
form sample size of 2 x 4 inches (5.1 cm x 10.2 cm). The additional height
was allotted to allow for waste form shrinkage upon cooling. Copper was
chosen for its properties of good thermal conduciivity. A later modification
introduced the use of disposable sample molds to facilitate easy removal of
simulated waste forms and assure a uniformly smooth surface. These polyethy-
lene molds were containeéd within a copper sleeve which acted as a heat sink
and prevented the bonding of the mold and waste form.

4.3.2.2 Feed Assembly: The stock extruder was equipped with an
1100 cubic inch capacity stainless steel feed hopper. Process development
scoping studies were performed by pre-weighing and mixing the polyethylene and
waste components prior to loading into the hopper. The mixture was then grav-
ity-fed to the extruder feed throat. Several problems surfaced in the use of
this static mixing/feeding system such as:
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Figure 4.6 Photograph of laboratory-scale single screw extruder upon
modification. Note the dual hopper/feeders, and additional
instrumentation. Operator is adjusting output die assembly.
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e Segregation of the waste and binder materials - Differences in
density and particle size, at times precipitated segregation of the feed con-
stituents leading to problems of homogeneity in the final waste form product.

e "Rat-holing" - A common pheriomenon experienced in the feeding of
dry materials in which voids are created by the bridging or packing action of
the solids. The net result of this action is increased segregation and dis-
continuous feeding which ultimately impede homogeneity.

Both of these problems were mitigated by the introduction of a dual
hopper/feeder system as described in Section 4.4. In addition, a variable
frequency pulsing device was installed to coordinate the delivery of feed
materials with extrusion process rates.

4.4 Dual Hopper/Feeders

As discussed above, a number of processing difficulties were encountered
by use of static pre-mixing and gravity feeding of waste and binder materials.
In order to overcome these difficulties a dynamic feed system was used which
consisted of two individual Model 300 Accu-Rate hopper/feeders manufactured by
Accu-Rate Inc., Whitewater, WI. The hoppers are shown in Figure 4,7 and can
be seen installed with the extruder in Figure 4.6.

Figure 4.7 Hopper/Feeder assembly used for metering waste and polyethylene to
the extruder at a pre-set rate. The top view seen in the photograph
on the left shows the helical delivery screw. The digital feed
control is seen in the view on the right20,
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The hoppers are constructed from fiexible 3/16" (4.8 mm) thick vinyl
plastic and have a capacity of 570 cubic inches (9342 cm3)20, Two cam
operated paddles provide agitation to the hopper by means of a flexing action
which distorts the sides. This serves to keep materials flowing downward and
assure uninterrupted delivery. At the base of the hopper, material is con-
veyed horizontally at a constant rate by a rotating helical screw. The hel-
ical screw is powered by a 1/10 horsepower d.c. drive motor. Speed is con-
troiled by a digitally set, variable speed SCR. The material is then de-
livered from each feeder to the extruder feed throat via a tee connection.

Feeder output is dependent upon helix size, helix rotational speed,
clearance between helix and output tube and, to a lesser extent, hopper agi-
tation frequency and amplitude. Each of these factors is, in turn, related to
material properties such as density and particle size. After numerous trials
with a variety of helix/output combinations, a helix size of 0.5 inch 0.D.
(1.27 cm) and output tube size of 0.75 inch I1.D. (1.91 cm) were selected for
optimal delivery of both radwaste and polyethylene.

4,4.1 Calibration of Feed System: Once a given helix and output nozzle
size are selected, feeder output is controlled by the manipulation of helix
speed. In order to provide accurate volumetric output data within the opera-
ble range of helix speeds, calibration was performed for each feeder and feed
material, Calibration of the feeder output delivery allowed precise selection
of the quantities of waste and binder materials being introduced to the ex-
truder, thereby regulating the waste to binder ratio in the waste form.

These calibrations were performed by operating the feeder at a given
speed setting for periods between one and five minutes, and weighing the out-
put material delivered. The procedure was repeated five times at each speed
setting to assess repeatibility and provide data for a statistical error ap-
proximation, These data were calculated in terms of the mean weight of the
material (in grams) delivered per second {g/sec). Standard deviation, abso-
lute error and percent error associated with the sample mean at the 95% _con-
fidence interval were calculated. The absolute error, E, is defined as

S
E = tl/Zu, n-1 == 73 (Eqn. 4.1)

where:

t1/24 = Column from Student's t-distribution table corresponding with
confidence interval, a

n-1 = Row from Student's t-distribution table corresponding to
degrees of freedom.

n = Number of samplings

S = Standard deviation of sample mean
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Qutput trials were then performed throughout the speed range to determine
linearity and provide a means of estimating feeder delivery at any speed.

Statistical data for the feeder output calibration of sodium sulfate,
boric acid, incinerator ash, ion exchange resins and polyethylene are pre-
sented in Appendix A, as Tables A-1 through A-5, respectively. Feeder output
data are plotted in terms of screw speed setting {percent of maximum speed)
for each of the waste types in Figures A-1 through A-4 and for low-density
polyethylene in Figure A-5. Mean values are indicated along with their error
bars as calculated by Equation 4.1. Linearity is determined by a least
squares linear regression which fits the best straight line through the data.
The coefficient of determination, r¢, indicates the quality of fit achieved
by the regregsion analysis, with 1.0 being the ideal fit. The linear regres-
sion line, r¢, slope and intercept are provided on each plot.

The goodness of fit (r2) values ranged between 0,983 for incinerator
ash and 0.999 for polyethylene. In the case of incinerator ash, linearity was
worst in the lowest speed setting. If the linear regression is performed
neglecting the data point at 20 percent of maximum set speed, the coefficient
~ of determination improves from an rZ of 0.983 to an rZ of 0.993. In actu-
al practice the feeder was operated at mid-range speeds (set speeds between 30
and 60 percent of maximum) where calibration linearity is good.

4.4.2 Extruder Output Calibration: The extruder output rate is defined
as the quantity of material which can be processed in any given time. Total
output is a function of: 1) machine constraints, e.g. screw size, design and
die configuration, 2) material properties, e.g. density, and melt index, and
3) operator controliled parameters, e.g. temperature, screw speed, and feed
rate, Determination of the extruder output is important for proper coordina-
tion of the feed and processing functions. It can also be used to estimate
total processing time for waste form production,

The laboratory scale extruder is rated at a maximum design output of 35
pounds/hour. This specification is given for operation with LDPE and an open
front end (no die restriction). In order to more closely replicate actual
conditions, a series of extruder output runs were performed with the output
die assembly in place. Polyethylene with a melt index of 2.0 g/10 minutes was
employed. The transfer tube measured 0.25 inches I.D. as discussed in Section
4.3.2.1. Use of a higher melt index material and enlarged output transfer
tube would lead to increased extruder cutput.

Extruder parameters for output calibration runs are given in Table A-6.
The quantity of material delivered to the output die in one minute at a con-
stant screw speed was collected and weighed. Output was then calculated in
terms of grams/minute and grams/second. The screw speed was then varied be-
tween 10 and 80 RPM in increments of 10 RPM, and five replicate trials were
performed for each screw speed. The average output rates for each speed along
with absolute and percent error are reported in Table A-7. These data are
plotted as output vs. screw_speed in Figure A-6. A linear regression analysis
was performed yielding an ré of 0.999. Maximum output at 80 RPM was 1.7
g/sec, or 6120 g/hour (13.5 1bs./hour).
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4.5 Processing Parameters

As discussed in the introduction to Section 4, a number of processing
parameters were identified as being important for the successful implementa-
tion of a polyethylene solidification system. In some cases careful manip-
ulation of process controls is required to maintain constant product quality.
The operation may be further complicated by the fact that some parameters such
as temperature, pressure and process rate are interrelated. The significance
of each processing perameter is discussed in the followiny sections.

. 4.5.1 Temperature: Temperature is probably the single most important
processing factor for extrusion. Manipulation of this factor influences both
processibility and product qua]ity. Temperature has an inverse effect upon
melt pressure. This phenomenon is illustrated in Figures B-1, B-2 and B-3
(Appendix B). which plot temperature vs. pressure as a funct1on of screw speed

for three types of LDPE’s.

From the standpo1nt of processing, increasing the melt temperature
(within a given range), reduces the viscosity of the melt, lowers the pres-
sure and aids extrudibility. Operating at too low a tanperature results in
incomplete melting, poor mixing and increased strain on equipment. Too high a
temperature may produce a mixture with excessive fluidity. For solidification
of radwaste, minimum temperatures are preferable to reduce the possibility of
volatilization and decomposition. Temperature is regulated by region or zone
and must be adjusied step-wise in a gradual fashion. Excessive temperature
variation between zones reduces the effective time in which processing steps
may be accomplished. Temperature requirements are also related to process
rate. As the extruder speed is increased the temperature must be raised in
order to compensate and provide sufficient heat input to the materials.

In regard_to product quality, temperature may affect surface appearance
and stiffnessl?. Too low a temperature may produce a striated surface and
higher temperatures tend to yield a glossy finish. Excessively high tempera-
tures, however, usuaily create a smeared surface.

Selection of optimal temperatures for radwaste applications, therefore,
requires a compromise between such considerations as ease of processibility,
compatibility with physicochemical waste properties and the production of a
waste form with desirable characteristics.

4,5.2 Pressure: Moderate process pressures (in the range of 500-3000
psi for laboratory-scale extruders) are desirable as they enhance mixing and
improve delivery of the material into the mold. Pressures exceeding design
limitations can lead to failure of the rupture disc (a pressure relief safety
device) and/or the extruder screw.

The melt pressure is dependent upon material properties, process control
settings and machine design specifications. Specifically, melt pressure is a

function of:
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o Type of polyethylene - LDPEs with lower melt index are more viscous
and build up higher melt pressures. This phenomenon is seen by com-
paring the melt pressures at constant temperature for polyethylenes
with melt index values of 2.0 and 55.0 g/10 minutes in Figure B-4.

® Waste type and lToading - The material characteristics of the waste
stream such as particle size and compactibility as well as the quan-
tity of waste material incorporated in the mixture may increase the

level of pressure developed.

® Melt temperature - Variations in process temperature will affect the
pressure, as discussed above and therefore must be considered care-

fully.

® Process rates - Pressures are directly related to process rates, as
seen in Figures B-1 through B-4, In general, greater pressures are
developed at higher screw speeds, which may impose a limitation on

maximum process rates.

® Screw design - Process pressure is controlled in part by the magnitude
of tho extruder screw compression ratio. Extrusion results can there-
fore be adjusted by replacement of the screw with one of a different

design,

4.5.3 Mixing Method: As discussed in Section 4.3.2.2, the method of mix-
ing waste and binder materials can impact the quality of the waste form. For
static pre-mixing, density and particle size differences between materials led
to segregation and homogeneity difficulties in the final product. Use of
separate feeders provided more precise control of individual constituents, as-
sured continuous delivery to the extruder feed throat and improved mixing.

4.5.4 Feed and Extrusion Rates: The extrusion rate is an operator con-
trolled parameter which affects both the temperatures required for adequate

melting and the melt pressure.

From the standpoint of process efficiency and ultimate operational costs,
maximum process rates are preferable. However, adverse pressures may result,
dictating the use of slower extrusion rates. Feed rates, in turn, are depen-
dent upon the extrusion rate. Excessive feeding results in jamming of deliv-
ery tubes and/or feeders. Insufficient feed rates "starve" the extruder and
interrupt the continuous flow of materials. By use of a pulsing device to
control feeder operation, coordination of feed and extrusion rates was

achieved.

4,5.5 MWaste Pre-treatment: The determination of pre-treatment require-
ments is waste specific. The Taboratory-scale extruder was not equipped with
vents to allow vapor pressure to escape, requiring that all waste materials be
in a dry condition. Pre-drying of some wastes, e.g. ion exchange resins was
therefore necessary. However, many production-scale extruders are equipped
with vented sections so that wet wastes could be effectively processed. Other
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pre-treatment steps included particle size characterization in the case of
incinerator ash. This step was necessary to elimirate introduction of exces-
sively large solids which might stall the machine or damage the screw.

4.5.6 Power Reguirements: The power regquired for processing is de-
pendent upon material properties and operator controlied parameters such as
temperczture and process rate. Current draw is monitored by an ammeter and is
directly proportional to the ease of processibility. A highly viscous or dry
waste-binder combination results in a large amperage draw (greater than 10
amps for the lab-scale extruder), indicating excessive mechanical stress for
the extruder components. Operation under stress conditions reduces the pro-
cess rate, and adversely influences operating and maintenance costs. The
extruder is equipped with a load sensing power shut-off device to guard
against damage due to extreme stress conditions.

4.5.7 Solidification Kinetics: The waste-binder mixture was extruded
either into copper molds or plastic molds fitted with copper heat sink
sleeves. These molds were allowed to air cool to room temperature prior to
removal of the monolithic solid waste forms. Cooling times were generally on
the order of 30-60 minutes for nominal 2 x 4 inch waste forms. Some shrinking
usually occurs which enables easy removal of the waste form from the molds.

More rapid cooling techniques such as water immersion baths are some-
times used in the plastics industry, especially for thin strand materials.
Use of accelerated cooling by immersion of waste forms in water resulted in
uneven shrinkage and the formation of voids. By cooling quickiy, the outer
surface of the waste form solidifies rapidly, forming a rigid shell, while the
interior remains molten. As the center begins to solidify and contract, it is
restricted by the exterior shell, causing deformation and interior voids.

4.6 Process Development Results

Optimization of waste-to-binder ratios was conducted for each waste type
by varying the process parameters discussed above and selection of polyethy-
lene type best suited for each application. Excessive waste loading increased
pressures beyond design limits, increased current draw and occasionally stal-

led the extruder.

Waste form process development results for each waste type investigated
are presented in the following sections. Maximum waste loadings are given in
terms of dry weight percent of the total waste form weight.

.Requisite process parameters for achieving these waste loadings are re-
ported. It should be noted that waste loading results presented in this sec-
tion are determined on the basis of processibility constraints. Consideration
of waste form properties is presented in Section 5. Optimal waste loadings
which reflect a compromise between loading efficiency and waste form pe.for-
mance are discussed in Section 7.

~24-



4.6.1 Solidification of Sodium Sulfate: Maximum waste form loadings for
sodium sulfate solidified in three types of polyethylene are given in Table
4.2. As much as 70 wt% dry salts were incorporated in both Gulf 1410 and 1409
(melt index of 35 and 55 g/10 minutes) respectively, corresponding to a waste-
to-binder ratio of 2.33. A typical waste form containing 70 wi% sodium
sulfate is shown in cross-section, along with its constituent elements in
Figure 4.8. Note that a smooth, homogeneous distribution of waste is evident
throughout the sample. Attempts at waste loadings greater than 70 wt% re-
sulted in excessively high pressure build-up. Eventually a rupture disc
failure occurred when pressures momentarity surged above 7500 psi. Another
attempt to extrude an 80 wt% sodium sulfate mixture resulted in jamming of the
screw, requiring disassembly for cleaning.

Process parameters for representative sodium sulfate solidification
formulations are presented in Table C-1, Appendix C.

Table 4.2

Maximum Sodium Sulfate Waste Loadings(a)

Melt
LDPE Index, Max. Loading Waste/Binder
Type g/10 min. in LDPE, wt% Ratio
Gulf 2.0 60 1.50
1117-8
Gulf 35.0 70 2.33
1410
Gulf 55.0 70 2.33
1409

(a)petermined on the basis of processibility constraints.

4.6.2 Solidification of Boric Acid: Maximum waste loadings for boric
acid solidified in three types of polyethylene are given in Table 4.3. Waste
loadings of 50 wt% boric acid corresponding to a waste to binder ratio of 1.0
were achieved using Gulf 1409 (melt index of 55 g/10 minutes).

Processing of this waste was complicated by the fact that orthoboric acid
liberates water vapor in its transition to metaboric acid at temperatures
above 1700C. In an un-vented extruder this vapor becomes trapped, creating
undesirable pressure surges and waste forms which contain voids due to gas
entrapment. This temperature constraint was most evident when processing Gulf
1117-B with a melt index of 2.0 g/10 minutes. A maximum of 30 wt% boric acid
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Figure 4.8 Cross-sectional view of a polyethylene waste form containing
70 wt% sodium sulfate, along with formulational constitutents.
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Table 4.3

Maximum Boric Acid Waste Loadings(a)

Meit
LDPE Index, Max. Loading Waste/Binder
Type g/10 min. in LDPE, wt% Ratio
Gulf 2.0 30 0.43
1117-8B
Gulf 35.0 40 0.67
1410
Gulf 55.0 50 1.0
1409

(a)petermined on the basis of processibility constraints.

salts were incorporated using this polyethylene due to its high melt viscos-
ity. The viscous mixture could not be compensated by additional heat input as
was done in the case of sodium sulfate where melt temperatures were on the
order of 1959C. Use of higher melt index LDPEs enabled increased waste load-
ing, as these plastics flow more readily at reduced temperatures.

Operating at minimal temperatures however, tended to yield a rough sur-
face, as discussed in Section 4.5.1. Optimal processing temperatures were
chosen to balance these considerations. Process parameters for representative
boric acid solidification formulations are given in Table C-2, Appendix C.

4.6.3 Solidification of Incinerator Ash: Solidification of incinerator
ash was performed using two polyethylenes manufactured by Gulf 0il Chemicals
(1117-B and 1409) and one by Eastman Chemicals Inc. (C-17). A maximum of 40
wt% ash was incorporated with both Gulf 1409 and Eastman C~14 binders as shown
in Table 4.4. A representative incinerator ash waste form which contains 10
wt% ash is depicted in cross~-section in Figure 4.9, along with the waste and
binder materials. The ash is well incorporated giving the sample a black
color with specks of light gray ash evenly distributed throughout. Specimens
which contain 40 wt% ash were not photographed but have much the same visible
appearance as the waste form section shown in Figure 4.9,

Eastman C-17 has a melt index of 20.0 g/10 minutes and behaves in much
the same way as the_Gulf 1410 with a melt index of 35.0 g/10 minutes. 1It's
density (0.917 g/cm3) and molecylar weight (19,000) are lower than those of
Gulf 1410 (density = 0.924 g/cm3, molecular weight = 55,000) which charac~
terize this material as a non-emulsifiabale wax. As such, it forms a solid
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Figure 4,9 Cross-sectional view of a polyethylene waste form containing
10 wt% incinerator ash, along with fermulational constitutents.
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Table 4.4

Maximum Incinerator Ash Waste Loadings(a)

LDPE Melt Index, Max. Loading Waste/Binder
Type g/1G min. in LDPE, wt% Ratio
Gulf 2.0 25 0.33
1117-8

Eastman 20.0 40 0.67
Cc-17

Gulf 55.0 40 0.67
1409 ,

(a)petermined on the basis of processibility constraints.

which is softer and more susceptible to impact damage. Processing with Gulf
1117-B (melt index = 2.0 g/10 minutes) required much higher temperatures,
attributable to the fact that the polyethylene-ash combination formed an
extremely thick, dry mixture. Use of the lower melt index Gulf 1409 enabled a
loading improvement of 15 wt%. Attempts at waste loadings greater than 40 wt%
resulted in plugging of the output transfer tube.

Praocess parameters for representative incinerator ash solidification
formulations are presented in Table C-3, Appendix C.

4.6.4 Solidification of lon Exchange Resins: Ion exchange resins were
solidified with Gulf 1117-B, 1410 and 1409 polyethylenes. Maximum waste
loadings for each of these binders were 50, 60 and 65 wt#%, respectiveiy as
shown in Table 4.5.

Mixed bed jon exchange resin beads were oven dried prior to processing,
as discussed in Section 4.1. Incomplete drying caused product foaming due to
vapor build up. Processing of resin beads differed from the other waste
streams in that particle size was significantly larger (0.5 ~ 1.0 mm in dia-
meter). The beads were well mixed with polyethylene by the action of the ex-
truder but were retained as discrete suspended particles in the melt and in
the solidified waste form. This can be seen in the photograph of an ion
exchange resin waste form section containing 50 wt% waste, included as Figure
4.10. Sodium sulfate, boric acid and incinerator ash on the other hand, are
all characterized by a fine powder and were incerporated in a homogenous
fashion in which individual particles were indistinguishable in the waste form

(see Figures 4.8 and 4.9).
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Figure 4,10 Cross-sectional view of a polyethylene waste form containing
50 wt% ion exchange resins, along with formulational constitutents.
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Table 4.5

Maximum Ion Exchange Resin Waste Loadings(a)

LDPE Melt Index, Max. Loading Waste/Binder
Type g/10 min. in LDPE, wt% Ratio
Gulf 2.0 50 1.0
1117-B

Gulf 35.0 60 1.50
1410

Gulf 55.0 65 1.86
1409

(a)petermined on the basis of processibility constraints.

The impact of resin bead particle size was observed as increased waste
loadings were attempted. Beyond 50 wt% ion exchange resins, plugging of
the 0.25 inch I.D. output transfer tube occurred. As discussed in Section
4,3.2.1, its replacement with a larger tube (0.50 inch I.D.)} overcame proces-
sing difficulties, and allowed additional resin waste to be incorporated.

Process parameters for representative ion exchange resin waste form form-
ulations are given in Table C-4, Appendix C.
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5. WASTE FORM PROPERTY EVALUATION STUDIES

5.1 Introduction

A critical factor in the effective long term performance of shallow land
burial sites is the maintenance of a stable trench. Experience has shown that
slumping or collapse of the trench can lead to the release of contained radio-
nuclides by dispersion or accelerated leaching. In recent years increased
emphasis has been placed upon waste form performance as a major component for
the assurance of burial site stability. Thus a physicochemical data base of
relevant waste form properties has been developed to help predict potential
behavior in a burial environment. These data were generated through the
application of a series of standardized property tests for simulated labora-
tory scale waste form specimens, based upon preliminary waste form evaluation
criteria reported in the Letter Report to DOE22, Selected tests as listed
below are also included in the NRC's Branch Technical Position on Waste
Form23, so that results can be easily compared with materials being tested
for compliance with 10 CFR 61 stability requirements:

e Water Immersion (90 days)

e Deformation Under Compressive Load (ASTM D-621)
e Thermal Cycling (ASTM B-553)

e Leaching {ANS 16.1, 90 days)

It should be noted that it was not the intent of this program to qualify
polyethylene waste forms for commercial disposal. Additional testing
(including biological and radiation stability tests) which were beyond the
scope of this investigation would be required for NRC licensing.

The tests outlined above have been applied for polyethylene waste forms
containing each of the waste types investigated at varying levels of waste
loadings. Testing procedures and results are reported in this section.

5.2 Water Immersion Testing

Waste forms disposed by shallow land burial may potantially encounter
periods of exposure to agueous conditions in the form of percolate and/or
ground water. Depending upon the composition of the contained waste, these
conditions may cause swelling, cracking, dissolution or exfoliation of the
waste form structure. Waste form degradation, in turn, may accelerate con-
tainer failure, increase radionuclide migration and contribute toward deteri-
oration of the trench. The failure of sodium sulfate and ion exchange resin
waste forms solidified in hydraulic cement, when exposed to water has been

well documented<®s
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Water immersion tests were performed on representative, simulated waste
forms for a period of 90 days. Waste form specimens measured a nominal 2
inches (5.1 cm) in diameter by 4 inches (10.2 cm) in height. Dimensional
changes, as well as gross failure in structural integrity, were recorded at
the end of 90 days. Results of water immersion testing are summarized in

Table 5.1.

Boric acid waste forms containing between 35 and 50 wt% waste and sodium
sulfate waste forms containing 60 wt% waste or less demonstrated 1ittle or no
effect due to water immersion. Swelling for these specimens was measured at
£ 0.2%. MWaste forms containing 70 wt% sodium sulfate exhibited a small degree
of swelling (between 0.7 and 1.7%). Incinerator ash waste forms incoiporating
25 and 35 wt% waste demonstrated swelling of 0.5 and 2.0%, respectively.

Ion exchange resin waste forms, as expected, were the most susceptible to
swelling in water immersion testing. As dry resin beads sorb water they ex-
pand and create tensile stresses within the waste form. Since polyethylene is
a relatively ductilé‘material it is better able to withstand these stresses
than more brittle materials such as hydraulic cement.

For polyethylene waste forms containing up to 30 wt% dry ion exchange
resins, overall swelling was < 1.3%. For higher waste loadings results varied
with the type of polyethylene employed. Specimens formulated from Gulf 1117-B
containing 50 wt% resins, experienced a moderate degree of swelling (8.7%),
but no deterioration in structural integrity was observed. Those formulated
from Gulf 1410 which contained 50 wt% resin swelled severely and cracked in
several places. Waste forms containing 60 and 65 wt% ion exchange resins
formulated from Gulf 1410 and Gulf 1409 also failed catastrophically due to
the swelling resin beads. ™

It can be concluded, therefore, that the behavior of ion exchange resin
waste forms in an aqueous environment is dependent upon the quantity of waste
incorporated and the type of polyethylene binder used. Waste forms containing
as much as 30 wt% resin loading were able to withstand the tensile stresses
with minimal distortion. In similar studies previously performed at BNL, ce-
ment waste forms ¢ontaining more than 13 wt% ion exchange resins suffered
severe cracking during immersion testin925. Normalizing for the differences
in waste form density, 3D wt% resin loading in polyethylene equates to 23.1
vol %, while 13 wt% resin loading in cement is equivalent to 17.5 vol %, for a
net improvement of 32% in the loading efficiency for polyethylene.

Those polyethylene waste forms formulated from the lower melt index LDPE
(Gulf 1117-B) demonstrated a greater resistance to swelling than the higher
melt index materials (Gulf 1410 and 1409). This phenomena can be explained by
the fact that tensile strength decreases as the fluidity of the melt (melt
index) increases. The tensile strength for these polyethylenes are reported
as 2000 psi (Gulf 1117-B), 1700 psi (Gulf 1410) and 1600 psi (Gulf %409) for
corresponding melt index values of 2.0, 35.0 and 55.0 g/10 minutesZ®,
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Table 5.1

Water Immersion Test Results for Polyethylene Waste Forms(2)

Waste Waste LDPE Swelling,
Type Loading, wt% Type %
Sodium 54 1409 0.0
Sulfate 60 1409 0.2

70 1409 1.7
70 1410 0.7
Boric Acid 35 1410 0.2
40 1410 0.0
40 1409 0.0
45 1409 0.0
50 1409 0.0

Incinerator 25 1409 0.5
Ash 35 1409 2.0
Ion 20 1409 0.0
Exchange 28 1410 0.7
Resin 30 1409 1.3

50 1117-B 8.7
50 1410 s.c.(b)
60 1410 S.C.
60 1409 S.C.
65 1409 S.C.

(2) Measured as a lTength/original iangth
(b} s.c.: severe cracking



5.3 Deformation Under Compressive Load

Since polyethylene is a non-rigid plastic with no discrete compressive
yield_strength point, standard compressive strength testing according to ASTM
C-3927 is not applicable. As seen in Figure 5.1 which plots stress {load
per unit area) versus strain (ratio of the change in length to the original
length), the waste form specimen under test continues to deform with increas-
ing load, and no failure point is evident. In order to determine the effects
of a compressive load on polyethylene waste form integrity, specimens were
tested in accordance with ASTM D-621, "Standard Method of Test for Deformation

of Plastics Under Load"28.

ASTM D-621 specifies a constant compressive load of 100 psi for a period
of three hours. This compares with a minimum compressive strength of 50 psi
as outlined in the NRC Branch Technical Position on Waste Form23., A
standard compression test machine was modified to comply with the D-621 test
procedures, and is pictured in Figure 5.2. The apparatus consists of a free-
moving 100 pound Toad assembly and a dial indicator to measure deformation.
Waste form specimens were machined from their original dimensions of 2 x 4
jnches (5.1 x 10.2 cm) to a nominal size of 1.13 inches (2.87 cm) in diameter
by 0.5 inches (1.27 cm) in height, as specified. This dimension enables a
load of 100 psi to be applied to the samples. Specimens were storad in a
desicator until tested to minimize the effects of moisture. Testing was
performed at ambient temperature conditions (Z0 % 29C).

Deformation of waste form specimens was calculated as follows:

Deformation, % = (Hy - H1/Hp) x 100 (Eqn. 5.1)
where:
Ho = original specimen height (thickness)
H1 = specimen thickness after 3 hours under 100 psi lcad

One and one-half hours after specimens were removed from the tester,
their dimensions were measured again. The extent that specimens recovered to

their original dimensions was ca]cu]ated by:

Recovery, % = (H2 - H1)/(Ho - H1) x 100 (Egn. 5.2)

where:
H2 = specimen thickness 1.5 hours after load removal

The average results for deformation testing of three replicates are given
in Table 5.2. These data are represented in graphical form as the unshaded
bars in the histogram, included as Figure 5.3.
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Figure 5.2 Photograph of compression test machine modified
to perform deformation testing according to
ASTM D-621.
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Results of Waste Form Deformatio
Compressive Load

Table 5.2

?a}f?ﬁ}"g Under 100 psi

Test Original
Specimen Waste Waste LDPE Thickness, Defarmation, Recovery,
No. Type Loading, wt¥ Type cm. %

1-3 Na2S0q 54 1409 1.27 0.21 100

6-8‘ Na2504 60 1409 1.27 0.15 100
11-13 Na2S$04 70 1409 1.28 0.14 100
16-18 H3B03 30 1410 1.28 0.16 99.8
22-23 H3B03 40 1410 1.27(c) 0.11(¢c) 99, 3(¢c)
26-28 I.X. Resin 28 1410 1.27 0.24 99.5
31-33 I.X. Resin 50 1410 1.27 0.26 100
36-38 I.X. Resin 60 1410 1.26 0.16 99.8
41-43 I.X. Resin 65 1410 1.27 0.31 99.9
46-48 I.X. Resin 60 1409 1.27 0.22 99.9
51-53 I.X. Resin 50 1117-B 1.27 0.36 99.6
56-58 Ash 20 1409 1.28 0.18 99.5
61-63 Ash 40 1409 1.24 0.08 99.7
66-68 Ash 40 c-17 1.27 0.18 99.8

a) Performed in accordance with ASTM D-621

b) Results reflect average values for 3 replicates, except where indicated

c) Based on 2 replicate specimens
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Results of deformation testing indicate that polyethylene can easily
withstand Toads up to 100 psi with no effect on waste form integrity. In ad-
dition, none of the waste form samples tested exceeded a total deformation of
0.36% when subjected to these loads. Such minor distortion in waste form
dimensions is not expected to disturb the burial trench structure in the
event of a container failure. In general, the incorporation cf waste mate-
rials serves to strengthen the waste form structure. Deformation decreased
with additional waste incorporation for most specimens. Variability of the
results between samples was slight (0.28% deformation separated minimum and
maximum values) indicating little dependence upon waste or polyethylene types.
Polyethylene has the additional advantage of possessing "structural memory" so
that it tends to return to its original dimensions when the compressive load
is released. All samples tested returned to at least 99% of their original

shape within 1.5 hours.

5.4 Thermal Cycle Testing

In order to determine the effects of extreme temperature environments
which waste forms may experience during storage, transportation or burial,
thermal cycle testing was performed. Testing was conducted in accordance with
the procedures of ASTM B~553, “Thermal Cycling of Electroplated Plastics"

29, with the exception of several modifications as per the recommendations
outlined in NRC's "Branch Technical Position on Waste Forms"23,

Cycling of waste form specimens was performed using a Model T6C environ-
mental chamber, manufactured by Tenney Engineering, Inc., Union, NJ. The
chamber, as pictured in Figure 5.4 has a capacity of 6 cubic feet. It is cap-
able of achieving temperature ranges between -730C and +2000C, with a con-
trol tolerance of = 1.39C. Temperature settings and duration are micro-
processor controlled. Heating and cooling functions are maintained by condi-

tioned air flow.

Waste form specimens tested were replicates of those employed for defor-
mation testing. As such, their dimensions measured a nominal 1.13 inches
(2.87 cm) in diameter by 0.5 inches (1.27 cm) in height. Duplicate specimens
for each waste-binder combination were placed in the chamber and cycled be-
tween +600C and -400C for a total of 30 cycles in accordance with NRC rec-
ommendations. Temperatures were held at each extreme for a period of one
hour, separated by one hour at 200C, Temperature ramp times varied between
8 minutes {200C to 600C) and 15 minutes (200C to -400C). The total
time required to complete one cycle was approximatley 5 hours as seen in
Figure 5.5 which presents a graphical representation of cycling conditions.
Chamber temperatures were recorded by a 24 hour circular chart recorder. 1In
addition, representative specimens were monitored by thermocouples to verify
uniform temperatures throughout the chamber and to track their response to
changes in chamber temperatures.

Upon completion of thermal cycling, specimens were removed from the cham-
ber for further testing. No visible changes in structure or physical dimen-
sions were observed. Specimens were then subjected to plastic deformation
testing as described in Section 5.3. Results of these tests are given in
terms of percent deformation and percent recovery in Table 5.3. Data are com-
pared with results-from non-thermal cycled specimens in Figure 5.3 where they
are depicted by the shaded bars in the historgram.
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Test
Specimen

No.

4-5

9-10
14-15
19-20
24-25
29-30
34-35
39-40
44-45
49-50
54-55
59-60
64-65
69-70

Table 5.3

Results of Waste Form Deformation Testing Under 1?0 gii
Compressive Load for Thermal Cycled Specimens(a o{

Waste

Type
Na2504
NapS04
NagS04
H3B03
H3B03
I.X. Resin
I.X. Resin
I.X. Resin
I.X. Resin
I.X. Resin
I.X. Resin
Ash
Ash
Ash

Original
Waste LDPE Thickness, Deformation, Recovery,
Loading, wt% Type cm. % %
54 1409 1.27 0.17 100
60 1409 1.27 0.25 100
70 1409 1.27 0.18 99.8
30 1410 1.27 0.13 99.9
40 1410 1.26 0.16 100
28 1410 1.27 0.24 100
50 1410 1.26 0.33 100
60 1410 1.27 0.29 100
65 1410 1.27 0.16 100
60 1409 1.28 0.10 100
50 1117-B 1.26 0.39 100
20 1409 1.28 0.41 100
40 1409 1.28 0.07 99.5
40 c-17 1.27 0.20 99.8

a) Performed in accordance with ASTM D-621

b) Results reflect average values for 2 replicate specimens
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Figure 5.4 Photograph of microprocessor controlled thermal
cycle environmental chamber for conditioning
specimens according to ASTM B-553.
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Deformation results of thermal cycled specimens again showed little dis-
tortion under a compressive load of 100 psi. Total deformation did not exceed
0.41% and variability between samples was small (0.34% deformation separated
minimun and maximum values). Thermal cycling did not impair the ability of
the waste forms to return to their original dimensions. Percent recovery
ranged between 99.5 and 100% for all samples. Comparison of the data pre-
sented in Tables 5.2 and 5.3 and in Figure 5.3 reveals that no clear trend ex~
ists for the effects of thermal cycling on polyethylene. In some cases de-
formation decreased, others it increased, and still others it remained con-
stant as compared with replicate samples which were not thermal cycled. Since
no trend is evident and the magnitude of differences is small, these varia-
tions are probably attributable to experimental error.

- 5.5 Leaching Tests

5.5.1 Leaching Test Method: Lleach testing was performed in accordance
with the ANS 16.1 Standard, "Measurement of the Leachability of Solidified
Low-Level Radioactive Wastes"30. This test was designed to provide a
standardized laboratory method for characterizing the Teaching behavior of
low-level waste forms. Use of a standardized method enables the evaluation of
independent data on a common basis. It's procedures do not necessarily simu-
late waste form leaching under actual burial conditions but rather allow a
comparison of the relative leachability of various waste-binder combinations.
The NRC has therefore, recommended its use for demonstration of waste form
stability criteria set forth in 10 CFR 61.

5.5.2 Sample Preparation: Simulated radioactive waste forms were
prepared containing 10, 30 and 50 wt% sodium sulfate, and 25 and 35 wt% incin-~
erator ash. 137Cs and 60Co tracers were added at a nominally constant
ratio of 0.25 uCi per gram of waste while 85Sr was incorporated at a ratio
of approximately 0.06 uCi per gram of waste. Activity concentrations found in
actual low-level waste may vary over several orders of magnitude. Therefore,
activity concentrations for this experiment were selected which were both
reasonable from the standpoint of simulating actual waste and practicai from
the standpoint of experimental considerations, e.g., detection limits and
radiation dose levels.

In order to evenly distribute the aqueous tracer activity throughout the
dry powdered simulated sodium sulfate waste, the following procedure was em-
ployed. A quantity of sodium sulfate was weighed and then dissolved in dis-
tilled water at elevated temperature to increase solubility. The appropriate
volumes of Tiquid tracer were pippeted and thoroughly mixed. The solution was
evaporated to dryness and the remaining salt cake removed. The tracer acti-
vated sodium sulfate was then crushed to a fine powder by mortar and pestle.

Incinerator ash was prepared in a similar fashion. Tracers were pippeted
into a slurry cf ash and distilled water which was then thouroughly mixed.
Upon evaporation the ash was also crushed to a fine powder.

In order to avoid contamination of the screw extruder employed to make
non-radioactive waste forms, polyethylene leaching specimens were formulated
from the tracer activated simulated wastes by use of a dual action heated mix-
ing vessel as seen in Figure 5.6. This stainless steel mixer is heated by a
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Figure 5.6 Dual action heated mixing vessel employed for the
production of polyethylene leaching specimens.
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series of external electrical resistance band heaters controlled by a digital
time-proportioning temperature controlier. Stirring of the waste-binder mix-
ture is accomplished by the combined action of an impeller blade and teflon
wiper, powered by an air driven motor. Use of this mixer required that form-
ulations contain less waste than those processed by extrusion, and processing
times be extendad to compensate for less efficient mixing.

Pre-weighed quantities of waste and binder were placed in the mixer. The
temperature controller was set at 1820C (3609F) and the mixture was allow-
ed to heat until melting. Stirring was then initiated and continued at speeds
of 10-15 RPM for approximately two hours to assure homogeneity. Specimens
wer2 then placed in 4.8 cm (1.9 inch) diameter copper molds and allowed to
cool. Upon cooling, waste forms were trimmed to a uniform height of 9.0 cm
(3.5 inches) and the surface of the cut ends were re-sealed by heating over a
hot plate. Final dimensions were recorded and the specimens were weighed.
Waste . wm activity source terms were calculated based upon the waste loading

(wt%) and the final weight of each specimen.

5.5.3 Experimental Procedure: Specimens were leached in demineralized
water. The volume of leachant employed was 1700 ml as spec1f1ed by the ratio
of leachant volume to external geometric surface area of 10 + 0.2 cm.
Temperature was maintained at 20 + 20C. Leachant was replen1shed at the
recommended incremental intervals of 30 seconds, 2 hours, 5 hours, 17 hours,
once each day for the next four days, 13, 28 and 45 days, for a total leaching

time of 91 days.

Leachate aliquots of approximately 50 m1 were collected for analysis and
acidified with 1 ml of nitric acid. 10 ml sub-samples were then prepared for
gamma counting. A Searle Model 1185 Nal detector with three single channel
analyzers and an automatic sample changer was employed for leachate analysis.
Counting data were analyzed by a program written for a Hewlett Packard micro
computer which performed background and channel spillover compensation and
calculated incremental and cumulative fraction release.

5.5.4 Leaching Results: Cumulative fraction release of 85Sr, 137¢s,
and 60Co are plotted as a function of leaching time (in days) for the 10,
38, and 50 wt% sodium sulfate waste forms in Figures 5.7-5.9. A comparison of
Co leachability for each waste loading is presented in Figure 5.10. Ac-
tivity release data from the 25 and 35 wt% incinerator ash specimens are plot-

ted in Figure 5.11 and 5.12.

In general, all three isotopes leach at similar rates from sodium sulfate
waste forms indicating a lack of chenical interaction between the waste and
polyethylene b1nder. Maximum fraction releases after 91 days ranged between
3.3 x 10-3 (137Cs) and 6.2 x 10-3 (8%Sr and ©0Co) for the waste form
containing 10 wt% sodium sulfate. F?r the 30 wt% sod1um sulfate specimens,
releases ranged between 7.4 x 10-3 (137Cs) and 7.9 x 10-3 (60Co),

Final fraction releases fbr the 50 wt% sodium sulfate waste forms were 1.9 x
10-2 (85Sr), 2.3 x 10-2 (60Co) and 3.1 x 10-2 (137cs).
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Figure 5.7 Cumulative fractional activity release for polyethylene waste form
containing 10 wt% sodium sulfate.
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The comparison of 60Co release as a function of waste loading as shown
in Figure 5.10 demonstrates a correlation between leachability and the quant-
ity of sodium sulfate incorporated. Since this waste is a highly soluble
salt, mobilization of contained radionuclides is controlled in part by leach-
ate dissolution of the waste. Immobilization of activity in polyethylene is
dependent upon the physical encapsulation of waste. Higher loadings decrease
the amount of binder available to encapsulate the weste material. In addi-
tion, as more sodium sulfate comes into contact with ieachate and dissolves,
porosity increases (as a result of the voids left behind) creating more

pathways for migration.

Leachability from the incinerator ash waste forms was lower than from
those containing sodium sulfate. Finpal cumulative fraction releases from the
25 wt%_ash sample were 4.1 x 10-4 (60co), 6.3 x 10-4 (85Sr) and 2.1 x
10-3 (137Cs). An increase in waste loading to 35 wt% ash again resulted
in higher fraction releases: 1.3 x 10-3 (60Co), 1.5 x 10-3 (85sr),
and 6.7 x 103 (137Cs). For the less soluble ash this increase in activ-
ity may be attrit *ed to the reduced amount of binder available for waste
encapsulation. .. contrast to the relatively uniform leaching of all three
isotopes evident in the sodium sulfate specimens, 137Cs is somewhat more
mobile than 85Sr and 60Co for solidified ash waste forms. Since poly-
ethylene does not chemically interact with the waste, this disparity in leach-
ability between isotopes suggests that the incinerator ash itself, exhibits

preferential sorption.
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6. THE ECONOMICS OF VOLUME REDUCTION/POLYETHYLENE SOLIDIFICATION

6.1 Introduction

The Tack of adequate economical disposal of Tow-level waste has led to
increased interest in the use of volume reduction technology. Whiie the tech-
nical benefits of volume reduction (VR) are widely recognized, its economic
impact is less clear and is dependent upon a number of factors including the
cost and availability of disposal, transportation costs, and system costs

associated with VR technology.

A study was conducted to determine the economic feasibility of a VR
system for agueous reactor wastes in conjunction with solidification of the
resulting dry solid residues in low density polyethylene. These results are
compared with the "null1" alternative of no volume reduction and solidification
of the aqueous LLW in hydraulic cement. The latter alternative is currently
practiced by the majority of commercial utilities operating 1ight water power
reactors in the United States. Although this analysis employed data from the
commercial sector (as this information is readily available) many similarities
are anticipated for the treatment of similar DOE low-level wastes.

The volume reduction system selected for this study consists of a flu-
idized bed calciner/incinerator with solidification of resultant residues in
low density polyethylene (in 55 gallon drums) by extrusion. The fluidized bed
system is capable of reducing both BWR and PWR concentrated liquids to com-
plete dryness (resulting in VR factors of 5.8 and 11.6, respectively) and
incineration of ion exchange resin wastes {resulting in a VR factor of 15.0)

. Although the scope of this study was limited to the consideration of
aqueous wastes, combustible dry active wastes may also be treated by this

technique.

6.2 Technical and Economic Assumptions

As in any economic analysis, this investigation was based on a number of
technical and economic assumptions. Some of these factors are outlined below
but a more complete discussion is included in Reference 32.

Typical waste generation rates from an 800 Mwe BWR and PWR operated at
80% capacity were assumed. This equates to 5800 ft /yr of scdium sulfate
evaporator bottoms and 2100 ft3/yr of jon exchange rESIHS for an average
BWR. For PWRs the average generation rates are 2800 ft /yr of boric acid
evaporator concentrates and 400 ft2/yr of ion exchange resins.

Cement solidification efficiency assumed 30 gallons of concentrated
waste/drum and 2.5 ft3 of ion exchange resins/drum. These efficiences yield
a yearly total of 1451 55 gallon drums of concentrate waste and 842 drums of
resin waste for a typical BWR. Likewise, 696 drums of concentrate waste and
163 drums of resin waste are produced yearly by an average PWR.
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Solidification efficiencies in polyethylene were chosen conservatively,
based on results from process development studies (maximum loadings were not
employed). 60 wt% sodium sulfate, 25 wt% boric acid and 25 wt% incinerated
resin ash were assumed., Based on the same waste generation rates given above,
this equates to 278 drums of concentrate waste and 20 drums of resin waste per
year for a BWR. Similarly, volume reduction and polyethylene solidification
result in 145 drums of concentrate waste and 5 drums of resin waste yearly for

a PWR.

A total capital investment of 12.5 million dollars was allowed for pur-
chase and installation of the volume reduction system. For simplicity it was
assumed that cement and polyethylene solidification capital costs were equal,
and thus were not included. The analysis is based on installation of a new
facility, not a retrofit of an existing plant.

Labor, materials, operating and maintenance costs were assumed to es-
calate at 10%/year, while transportation costs were expected to rise at
15%/year. Disposal costs have risen dramatically at an average of 40%/year
over the last 10 years. Results presented here assume that this trend will
continue. The sensitivity of burial cost escalation on the total economic
evaluation is discussed in Reference 32.

6.3 Economic Analysis

Economic evaluation was performed using a levelized revenue requirement
technique, as outlined by the Electric Power Research Institute (EPRI), in
their Technical Assessment Guide 33, The financial mathematics utilized in
this method are based on the fundamental engineering economic principles of
the "time value of money." Levelized revenue requirement is defined as the
total amount of money that must be collected by a utility for all expenditures
associated with the implementation of an alternative decision, converted to a
series of equivalent annuities over time.

A short term revenue requirement analysis was selected as being the most
appropriate, This method examines the levelized revenue requirement of a long
life project over the first several years. As recommended by EPRI, the anal-
ysis was conducted for a period of 10 years.

Ih

6.4 Results

Levelized revenue requirement analyses were conducted for three trans-
portation distances, with the results summarized in Figure 6.1. The data
indicate that a net annual savings can be realized in the implementation of
the volume reduction/polyethylene solidification option for each case con-
sidered. In general, a greater cost differential in waste treatment/solid-
ification options is seen for BWRs than for PWRs. In light of the fact that
BWRs generate 5 times more ion exchange resin waste and twice as much concen-

trated Tiquid waste, this is not surprising.
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Figure 6.1 Total levelizea annual cost (in millions of dollars)

as a function of transportation distance to the burial
site for each of the options considered.
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The largest cost savings of just over $9 million per year, is forecast
for a BWR which must ship its solidified waste 2,500 miles for disposal. The
smallest net annual savings of approximately $0.7 million per year was cal-
culated for a PWR whose transportation distance is only 750 miles. The volume
reduction option tends to flatten the effects of increased transportation
distances, as illustrated by Figure 6,1. For both PWRs and BWRs the effects
of increased shipping distance for volume reduced wastes is negligible when
compared with those for the “null” alternative.

One factor included in the current burial cost pricing structure is a
surcharge based on activity. However, in spite of this apparent disincentive
for volume reduction, the cost benefits derived by reducing waste volume and
solidifying in low density polyethylene far exceed the penalties incurred due
to higher radicactivity concentrations. The inclusion of other reactor wastes
such as filter sludge, filters and trash are estimated to provide further cost

savings by volume reduction.

The cost projections included in this study are based upon technical and
economic assumptions, as required. Technical specifications, although based
on real data as supplied by vendors and in the literature, represent hypothet-
ical systems and thus are subject to variation. In the realm of economic
forecasting, the greatest uncertainty lies in the estimation of shallow Tand
burial disposal costs, Although the large annual disposal cost escalation
used in this study (40%/year) is historically documented, the political,
social, and economic situation in the next 10 years may greatly alter
(increase or decrease) this factor.
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7. SUMMARY AND CONCLUSIONS

Maximum waste loadings for each waste type based upon processing con-
straints are reported in Section 4. Waste form performance test results are
presented in Section 5. Recommended formulational 1limits which allow optimal
waste Toadings while at the same time do not adversely affect the properties
of solidified waste forms are discussed in this section. Finally, recommended
waste loadings for the polyethylene matrix are compared with waste loadings
for typical hydraulic cement waste forms.

In general, increased waste loading for polyethylene/sodium sulfate
Specimens had 1ittle effect on the properties of solidified waste forms. For
specimens containing maximum waste loadings of 70 wt% salts, water immersion
test1ng caused only minor swelling (£ 1.7%), deformation under 100 psi com-
pressive Toad was slight (< 0.14%), and thermal cycling did not significantly
alter deformation resistance. The leaching of 10, 30, and 50 wt% sodium sul-
fate waste forms demonstrated a clear 1eachab1l1ty dependence upon waste load-
ing. However, leach rates of 85sr, 137Cs, and 60Co were sufficiently
Tow (< 3.1 x 10"2 cumulative fraction re]eased after 91 days) that leach-
ability should not impose a restraint on maximum sodium sulfate waste loading.
Wasie loadings of 70 wt% sodium sulfate were achieved using polyethylenes with
melt index values of 35.0 and 55.0 g/10 minutes. Since no solidification effi-
ciency is gained by employing the higher melt index plastic for this waste
type, use of the lower melt index material is recommended to provide increased
durability and mechanical strength. A loading efficiency of 70 wt% sodium
sulfate equates to over 550 1bs of dry waste solidified per 55 gallon drum

size waste form.

Typically, aqueous sodium sulfate evaporator concentrates containing ap-
proximately 25 wt% salts are solidified in hydraulic cement. Waste loadings
in the range of 25 to 30 gallons of BWR evaporator concentrates per 55 gallon
drum are reported31,34, These loadings correspond to equivalent dry waste
Toadings of 10 to 12 wt%, (approximately 82 1bs dry sodium sulfate per 55 gal-
lon drum size waste form) depending upon the waste to cement ratio employed.
Laboratory experiments suggest that portland cement waste forms containing > 9
wt% sodium sulfate (approximately 61 1bs dry waste per 55 gallon drum size
waste form) may suffer severe deterioration in water immersion testing 35
further reducing the quantities of this waste stream which may be solidified
in cement under the new NRC guidelines on was e form performance.

Results of property evaluation testing for polyethylene/boric acid sam-
ples indicate that waste loading does not adversely affect the performance of
solidified waste forms. Specimens containing between 35 and 50 wt¥% boric acid
showed little or no swelling in water immersion (< 0.2%). Deformation under
100 psi compressive Toad decreased with additional waste loading and for spec-
imens containing 40 wt% boric acid deformation was 0.11%. Thermal cycling had
1ittle impact on mechanical strength. Although no leach tests were performed
for boric acid waste forms, the predominant leaching mechanisms for this
waste-solidification agent combination are expected to be similar to those of
sodium sulfate in polyethylene. In that boric acid solubility is Tower than
that of sodium sulfate, leachability may in fact be lower. It is concluded,
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therefore, that leachability will not constrain maximum boric acid waste load-
ings in polysthylene. A maximum waste loading of 50 wt% boric acid (equiva-
lent to approximately 248 1bs dry waste/55 gallon drum size waste form) is
recommended.

Solidification of boric acid waste streams in hydraulic cement is Timited
by the inhibiting effects of the waste on cement hydration. Masonry cement
which contains 50 wt% slaked 1lime is commonly used since the lime partially
counteracts the inhibiting effects of the waste. Actual waste forms _contain
between 4 and 5 wt% boric acid when calculated on a dry weight basis31,36
for a total of approximately 33 1bs dry waste per 55 gallon drum size waste
form. Laboratory data suggest that a maximum of 15 wt% boric acid (approxi-
mately 98 1bs dry waste/55 gal drum size waste form) may be successfully
solidified in masonry cement to form monolithic solid waste formso2,

The behavior of polyethylene waste forms containing incinerator ash was
similar to those incorporating dry salt wastes. A small degree of swelling
was recorded for ash specimens undergoing water immersion testing (< 2.0%).
Specimens held under 100 psi compressive load deformed to a lesser extent with
additional waste incorporation (0.18% for 20 wt% waste, 0.08% for 40 wt%
waste) and thermal cycling had 1ittle effect on deformation results. Leaching
results for specimens containing 35 wt% ash indicated a maximum cumulative
fraction release of < 6.7 x 1072 so that Teachability considerations would
not limit incinerator ash loading efficiencies. Waste forms with a maximum
waste loading of 40 wt% ash were produced with both an injection molding grade
LDPE and a Tower molecular weight non-emulsifiable wax. From the standpoint
of resistance to deformation and general durability, the injection molding
grade polymer is a preferable binder material.

Although incinerator ash is not solidified routinely, laboratory studies
have_shown that 40 wt% may be successfully incorporated in portland type [ ce-
ment16, This equates to approximately 280 1bs ash for a typical seven cubic
foot 55 gallon drum size waste form. Due to a lTower waste form product den-
sity, 40 wt% ash loading in polyethylene yields approximately 238 1bs ash/drum

(18% less than cement).

Ion exchange resin waste forms were solidified which contained as much as
65 wt% dry resin waste. However, when subjected to a 90 day water immersion
test, specimens containing 50 wt% resin swelled significantly (approximately
9%), while those containing 60 wt% or more resin suffered severe cracking. On
the basis of this criteria, a practical waste loading of 30 wt% dry ion ex-
thange resins 1s recommended for solidification in polyethylene.

Swelling and cracking of cement waste forms containing ion exchange res-
ins is well documented. As a result, some reactors solidify resins only in
small quanti%ies, along with other routine waste streams such as evaporator
concentrates3/. Solidification of approximately 7 wt% resins in cement (ap-
proximately 49 1bs dry resin/55 gallon drum size waste form) at some plants is
reported in the Titerature’l. Previous waste form development studies indi-
cate that a maximum of approximately 13 dry wt% mixed bed ion exchange resins
(approximately 91 1bs dry resin/55 gallon drum size waste form) can be
solidified in portiand type III cement and successfully withstand a two week
water immersion testlZ. By way of comparison, 30 wt% mixed bed ion exchange
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resin solidified in polyethylene would yield approximately 139 1bs of dry res-
in/55 gallon drum size waste form. This represents improvements of 183% and

52% over the 7 wt% and 13 wt% loadings in cement, respectively.

Optimal recommended waste loadings for polyethylene which, in some cases
reflect a compromise between solidification efficiency and waste form perfor-

mance, are summarized in Table 7.1.

Although polyethylene is not a new material, its application as a poten-
tial solidification agent had not been fully demonstrated. Thus, ruch of the
work performed for this investigation focussed on the development of proces-
sing infermation. Progress and accomplishments in this area are summarized

below:

e Extrusion is the optimal processing method for incorporating LLW in
polyethylene. It is a reliable, proven technology which has the
ability to incorporate large quantities of waste to form a homogeneous

mixture.

e Feeding of dry waste and polyethylene binder materials is effectively
accomplished by use of separate, auger-feeders which prevent settling
and provide precise, reproducible metering.

8 Process control parameters are specific to both waste type and the
quantity of a particular waste to be incorporated. Manipulation of
these parameters within a finite operating range is essential for
successful waste form production. Optimal process control factors
for each waste and polyethylene type investigated have been defined.

¢ A number of commercially available polyethylenes may be used for LLW
encapsulation. Those materials with a higher melt index have better
flow characteristics and may allow higher waste loadings.

A number of conclusions may be drawn as a result of this investigation.
On the basis of laboratory scale process development and property evaluation
studies, polyethylene has been shown to be a viable option for the improved
solidification of low-level radioactive wastes. Its praperties are particu-
larly well suited for the incorporation of wastes resulting from advanced
volume reduction technologies. Improvements in the solidification of ion
exchange resins which are solidified at poor efficiencies using contemporary
agents have been demonstrated. Some of the specific advantages in the appli-
cation of polyethylene for LLW solidification are summarized by the following

points:

¢ Polyethylene is compatible with a range of LLW types, including
evaporator concentrate salts (sodium sulfate and boric acid),
incinerator ash, and ion exchange resins.

8 As a thermoplastic material, polyethylene is not dependent upon
chemically induced curing, and thus solidification of the waste-binder

mixture is assured.
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Table 7.1

Comparison of Optimal Recommended Waste Loadings in Polyethylene and Hydraulic Cement Based on

Process Control and Waste Form Performance Considerations

Sohd]ﬁcat\on in(a)

Typical Solidifjcation(b)

olyethylene in Hydraulic Cement
Waste Wt % Drum Wt,  Waste/Drum,(e) Wt % Drum Wt,  Waste/Drum,(e)
Type Waste kg {1bs) kg {1bs) Haste kg (1bs) g (1bs)
Sodium 0 368 250 12 310 37
Sulfate (789) (552) (683) (82)
Boric 50 225 113 5 299 15
Acid (496) (248) (660) (33)
Incinerator 49 270 108 Na(f) NA NA
Ash (595) (238)
lon Exchange 30 210 63 7 318 22
Resin (463) (139) (700) (49)

a} Based on dry solid weight

b} Based on actual plant data and information reported
in the literature

¢) Based on previous BNL waste form development studies
for waste forms which satisfied free-standing mono-
lithic solid and two week water immersion criteria

d) Based on comparison of laboratory scale waste as specified in (c)

e) Equivalent quantity of waste solidified in a 55 gallon drum
) Not applicable

Maximun Solidification(c)

in Hydraulic Cement

Wt % Drum Wt,  Waste/Drum,(e)
Waste kg (lbi) kg {1bs)
9 307 28
(678) (61)
15 296 44
(653) (98)
40 318 127
(700) (280)
13 318 41
(700) (91)

Percent Improvement
by Polyethylene

Solidification (d)

805
153
-18
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e Dramatic improvements in solidification efficiency, i.e., the quantity
of waste incorporated in the waste form, are possible when compared on
a equivalent basis with cement,

¢ Polyethylene solidified waste forms have good mechanical properties
and performed well in property evaluation testing. With the exception
of waste forms containing > 50 wt% ion exchange resins, little effect
due to 90 days of water immersion was observed. Polyethylene speci-
mens easily withstood 100 psi compressive loads with minimal distor-
tion. Thermal cycling did not produce any significant alteration in
structural integrity or deformation resistance.

e Leach rates for polyethylene waste forms depend upon waste type and
loading, but in general polyethylene leachability is Tow.

e MWhen considering transportation, disposal, operating and associated
volume reduction costs, the solidification of volume reduction wastes
in polyethylene can provide a significant savings when compared to
solidification of aqueous wastes in hydraulic cement.

Future research and development efforts will be directed at demonstrating
polyethylene solidification system feasibility on a scale approximate to that
required in actual operation. Variations in parametric requirements for the
operation of a demonstration scale facility will be established, and system
reliability confirmed.
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Appendix A

Feeder and Extruder Rate Calibraticn Data



Tabie A-1
Statistical Data for Feeder Calibration of Sodium Sulfatela)

Mean
Feeder Set Qutput, Absolute Percent

Speed, % max. g/sec Error  (b)  Error (c)

25 0.7051 0.0145 2.1
40 1.1176 0.0863 7.7
50 1.4642 0.0497 3.4
60 1.5173 0.0544 3.5
75 2.2833 0.0396 1.7
100 2.9223 0.1634 5.6

(2) Based on 5 replicate trials

S

(b) E =% ty/0, pe1 7 at 95% confidence interval (see Sec. 4.4.1)
n

(c) %€ = E/Mean

A-1



Table A-2 o

Statistical Data for Feeder Calibration of Boric Acid(a)

Feeder Set gﬁi;ut, Absolute Percent

Speed, % max. g/sec Error (b) Error ()
20 0.2524 0.0237 9.4
30 0.4853 0.0266 5.4
40 0.7391 0.0326 4.4
50 0.8884 0.0305 3.4
60 1.1113 0.0303 2.7
70 1.2772 0.0460 3.6
80 1.5878 0.0406 3.2
90 1.7594 0.0428 2.4
100 1.8528 0.1000 5.4

(a) Based on 5 replicate trials

S
(b) =+ t1/2«, n-1 7% at 95% confidence interval (see Sec. 4.4.1)
n

(¢c) %E = E/Mean

A-2



Table A-3

Statistical Data for Feeder Calibration of Incinerator Ash(a)

Mean
Feeder Set Qutput, Absolute Percent

Speed, % max. g/sec Error (P)  Error (c)

20 0.0937 0.0023 3.0
30 0.1854 0.0044 3.0
40 0.2587 0.0054 2.6
50 0.3154 0.0083 3.3
60 0.3659 0.0119 4.0
70 0.4103 0.0045 1.4
80 0.4582 0.0078 2.1
90 0.5049 0.0047 0.9

(2) Based on 5 replicate trials

S
(b) E = * t1/94, n-1 7 at 95% confidence interval (see Sec. 4.4.1)
n

(c) 2E = E/Mean

A-3



Table A-4

Statistical Data for Feeder Calibration of lon Exchange Resin(a)

Feeder Set gﬁggut, Absolute Percent
Speed, % max. g/sec Error (P)  Error (c)
10 . 0.2499 0.0030 1.2
20 0.5119 0.0107 2.1
30 1.0030 0.0043 0.4
40 1.3817 0.0095% 0.7
50 1.7665 0.011¢ 0.7
60 2.1446 0.0173 0.8
70 2.5084 0.0108 0.4
80 2.8793 0.0242 0.8
90 3.2034 0.0380 1.2
100 3.4655 0.0681 1.9

(a) Based on 5 replicate trials

S
(b) g = X t1/24, n-1 7 at 95% confidence interval (see Sec. 4.4.1)
n

(c) 9€ = E/Mean

A-4



Table A-5

Statistical Data for Feeder Calibration of Low Density Polyethylene(a)

rasder Set gﬁ?;ut, Absolute Percent
Speed, % max. g/sec Error (b}  Error (c)
5 0.1911 0.0037 1.9
10 0.4778 0.0084 1.8
20 1.0222 0.0174 1.7
30 1.5409 0.0086 0.6
40 2.0737 0.0241 1.2
50 2.6166 0.0346 1.3
60 3.1578 0.0159 0.5
70 3.6760 0.0307 0.8
80 4,1936 0.0674 1.6
90 4.8286 0.0732 1.5
100 5.1941 0.0654 1.3

(a) Based on 5 replicate trials

S
(b) £ = t t1/24, n-1 73 at 95% confidence interval (see Sec. 4.4.1)
n

(c) 2E = E/Mean

A-5



Table A-6

Extruder Parameters for Output Calibration Runs

Temperature Control
Settings OC, (9F)

Instrumentation Readings

Melt
LDPE Type Zone Zone Zone Die Temp. ,
(Melt Index) 1 2 3 Zone OC(0F)
Gulf 1117-B 107 149 149 177 146
(2.0) (225) (300) (300) (350) (294)

A-6

Melt Screw
Press Speed,
MPa, (psi) RPM
5.79 -9.,79 10-80
(840-1420)



Table A-7
Statistical Data for Extruder Output Calibration Runs{a)

Extruder Mean Mean
Screw Speed, Qutput, Absalute Percent Qutput,

RPM g/min Error (b}  Error (¢)  g/sec
10 12.158 0.415 3.4 0.203
20 24.874 1.038 4.2 0.415
30 37.114 0.853 2.3 0.619
40 50.135 1.048 2.1 0.836
50 64.296 1.737 2.7 1.072
60 77.410 1.372 1.8 1.290
70 89.696 1.595 1.8 1.494
80 103,158 2.030 2.0 1.719

(a) Based on 5 replicate trials

S .
(b) € =% t1/24, no1 5 at 95% confidence interval (see Sec. 4.4.1)
n

(c) %E.= E/Mean

A-7
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Figure A-1 Feeder output calibration curve for sodium sulfate. The mean output and associated

error bars are plotted as a function of percent of maximum set speed (:100). Linear
regression line is shown with an r2 = 0.997.
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Figure A-2 Feeder output calibration curve for boric acid. The mean output and
associated error bars are plotted as a function of percent of maximum
set speed (:100). Linear regression line is shown with an r¢ = 0.993.
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Figure A-3  Feeder output calibration curve for incinerator ash. The mean output and
associated error bars are plotted as a function of percent of maximum set speed.
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associated error bars are plotted as a function of percent of maximum Se
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Figure A-5 Feeder output calibration curve for low density polyethylene. The mean
output is plotted as a function of percent of maximum set speed (:100).
The average error is < 1.3%, thus error bars are omitted.
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Extruder Temperature, Pressure and Rate Correlation Data
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Figure B-2 The effects of increasing temperature on melt pressure as a function of extruder
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Figure B-3 The effects of increasing temperature on melt pressure as a function of extruder

screw speed for a polyethylene with a melt index of 55.0 g/10 minutes.
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temperature of 300°F (149°C) for two polyethylenes with varying melt index
characteristics. The straigth lines represent linear regression analysis.
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Appendix C

Typical Extruder Parameters for LLW Solidification
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Extruder Parameters for Selected Sodium Sulfate Solidification Formulations

Temperature Control

Settings OC, (OF) Instrumentation Readings
Dry LDPE Waste Melt Melt Screw
LDPE Type Waste Feed Rate, Feed Rate, lane Zone Zone Die Temp. , Press Load, Speed
Run No. (Melt Index) Wt% g/sec g/sec 1 2 3 Zone GC{OF) MPa, (psi) Amps RPM
6-21-1 1117-8 20 2.00 0.50 121 160 204 209 195 5.52
(2.0) (250) (320) (400) (408) (383) (800) 4 40
6-21-2 1117-8 40 0..% 0.50 121 160 204 209 195 6.00
(2.0) (250) (320) (400) (408) (383) (870) 4.5 30
6-21-3 1117-8 60 0.75 1.13 121 160 204 209 195 7.72
(2.0) (250) (320) (400) (408) (383) (1120) 5 30
4-26-2 1410 30 0.75 0.32 93 149 163 160 149 1.03
(35.0) (200) {300) (325) (320) (300) (150) 2 30
2-24-2 1410 60 0.75 1.13 93 149 166 160 146 2.76
(35.0) (200) (300) (330) (320) (295) {400) 5 30
2-27-1 1410 70 0.75 1.75 93 149 166 160 145 5.52
(35.0) (200)  {300) (330) (320) (293) (800) 8 30
1-16-1 1409 54 0.7% 0.88 93 99 110 121 110 5.52
(55.0) (200) (210) (230) (250) (230) (800) 4.5 20
1-16-2 1409 60 0.75 1.13 93 99 110 121 11 8.62
(55.0) (200) {210) (230) (250) (230) (1250) 5 20

1-16-3 1409 70 0.75 1.75 93 99 110 121 110 20.68
(55.0) (200) (210) (230) (250) (230) {3000)

w

20
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. Table C-2

Extruder Parameters for Selected Boric Acid Solidification Formulations

Temperature Control

Settings 9C, (9F) Instrumentation Readings
Ory L.OPE Waste Melt Melt Screw
LDPE Type Waste Feed Rate, Feed Rate, lone Zone Zone Die Temp., Press Load, Speed
Run No. (Melt Index) W3 g/sec g/sec 1 2 3 Zone OC(9F)  MPa, (psi) Amps RPM
12-16-1 1117-8 15 1.00 0.18 93 121 143 149 143 8.62
(2.0) (200) (250) (290) (300) (289) (1250) 4.5 20
12-19-3 1i17-8 25 0.75 0.25 118 121 149 149 146 9.65
(2.0) (2a5) (250) (300) (300) (295) (1400) 4.8 10
12-21-4 1117-8 30 0.75 0.32 118 121 149 149 149 il.72
(2.0) (245) (250) (300) (300) (300) (1700) 4.8 10
1-10-1 1410 30 0.75 0.32 93 g9 110 121 110 4.14
(35.0) (200) (210) (230) (250) (230) (600) 4.0 20
1-10-2 1410 35 0.75 0.40 93 99 110 121 110 5.52
(35.0) (200) (210) (230) (250) (230) (800) 4.0 15
1-10-3 1410 40 0.75 0.50 93 99 110 121 110 7.58
(35.0) (200) (210) (230) (250) (230) {(1100) 4.0 15
1-12-1 1409 40 0.75 0.50 93 99 110 121 110 4.83
(55.0) (200) (210) (230) (250) (230) (700) 4.0 20
1-1341 1409 a5 0.75 0.61 23 99 110 121 110 8.27
(55.0) (200) (210) (230) (250) (230) (1200) 4.0 20
1-13-2 1409 50 0.75 0.75 110 12) 110 13.79

93 99
(55.0) (200) (210) (230) (250) -  (230) {2009) 4.0 20
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1quie L-3

Exiruder Parameters for Selected Incinerator Ash Solidification Formulations

Temperature Control

Settings °C, (OF) Instrumentation Readings
Dry LDPE Waste Melt Melt Screw
LDPE Type Haste Feed Rate, Feed Rate, Zone Zone Zone Die Temp., Press Load, Speed
Run No. (Melt Index) Wt% g/sec g/sec 1 2 3 Zone OC(OF) MPa, (psi) Amps RPM
6~22-5 1117-B 10 1.67 0.19 121 160 204 210 204 5.10
(2.0) (250) (320) (400) (410) (400) (740) 4.5 35
6-22-6 1117-8 20 0.74 0.19 121 160 191 218 216 6.20
(2.0) {250) (320) (375) (425) (420) (900) 4.5 30
6=-22-7 1117-8 25 0.74 0.25 121 160 19 218 216 3.72
(2.0) (250) (320) (375) {425) {420) {540) 4.0 10
5-22-1 C-17 30 0.74 0.31 93 121 135 157 127 4.14
(20.0) {200) (250) (275) (315) (260) (600) 4.0 40
5-23-1 C-17 40 0.55% 0.37 93 121 135 166 129 6.89
(20.0) (200)  (250) (275) (330) (265) (1000) 4.0 40
5-15-1 14909 20 0.74 0.19 93 93 121 160 123 3.45
(55.0) (200) (200) (250)  (320) (253) {500) 4.0 20
5-16-1 1409 30 0.74 0.31 93 121 135 168 132 6.20
(55.0) (200)  (250) (275) (334) (269) (900) 7.0 20
5-17-1 1409 40 0.55 0.37 93 121 135 196 163 13.79

(55.0) (200) (250) (275)  (385) (325) (2000) 7.5 30
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Tabl

e C-4

Extruder Parameters for Selected lon Exchange Resin Solidification Formulations

Temperature Control
Settings °C, (OF)

Instrumentation Readings

Dry LDPE Waste Melt Melt Screw
LDPE Type Waste Feed Rate, Feed Rate, Zone Zone Zone Die Temp. , Press Load, Speed
Run No. {Melt Index) Wt% g/sec g/sec 1 2 3 Zone o (OF) MPa, (psi) Amps RPM
7-18-1 1117-8 30 1.50 0.64 93 135 135 177 132 12.75
(2.0) (200) (275) (275) (350) (270) (1850) 5.0 20
7-19-1 1117-8 40 1.50 1.00 93 135 135 177 129 13.79
(2.0) (200) (275) {275) (350) (264) (2000) 5.0 18
1-31-1 1117-B 50 1.00 1.00 93 121 149 163 149 13.79
(2.0) (200) (250) (300) (325) (300) {2000) 5.0 30
1-24-1 1410 28 1.50 0.58 93 93 110 124 109 9.€5
(35.0) (200) (200) (230) (250) (229) (1400) 5.0 35
1-25-1 1410 50 1.00 1.00 93 93 110 121 109 11.72
(35.0) (200) (200) (230) (250) (228) (1700) 5.0 30
1-26-1 1410 60 0.67 1.00 93 93 121 134 124 14.48
(35.0) (200) (200) (250) (274) (255) (2100) 5.0 40
1-30-1 1409 60 0.67 1.00 93 93 121 138 123 7.58
(55.0) {200) (200) (250) (280) (253) (1100) 5.0 30
1-30-2 1409 65 0.54 1.00 93 93 121 138 124 11.72
(55.0) {200) (200) (250) (280) {255) {1700) 5.¢ 30




