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ABSTRACT

The nuclear industry is constantly striving to achieve cost-effective
methods for the responsible disposal of radioactive wastes. Cement-based
grouts are the most widely used hosts for the immobilization of low-level
liquid radioactive waste. Ultimately, the effectiveness of waste immobilization
in grouts is determined by the degree to which the waste form protects the
environment from the release of radionuclides contained in the waste. For
near-surface and sub-surface monolithic waste forms, the most credible
transport pathway to the environment is via groundwater movement. A
measure of the waste form’s ability to retard the release of radionuclides to
the environment is its leachability. Hence, leach data provide the source term
for the impact or consequence analyses.

The appropriate model for describing the waste form’s leachability and
the appropriate tests used to measure the critical parameters have long been
topics for debate. This lack of consensus is caused by the diversity and the
complexity of the interaction mechanisms coupled with transport phenomena
that affect radionuclide release.

The purpose of this research is to extend current immobilized waste
form transport models by explicitly including effects of species adsorption to
internal surfaces and liquid/solid mass transport resistances. The first phase
of the research characterized the dynamic leaching behavior of a cement

based waste form taking into account mass transfer resistance due to
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macropore diffusion and external fluid film mass transfer. Experiments carried
out on cement disks with forced flow were used to assess the relative effects
of diffusion and adsorption on control of release. The second phase of the
research utilized the results of the first phase in a numerical study of
convective/adsorptive transport. The data were regressed using both an ideal
plug flow and a dispersed flow model. These models allow for determination
of mass transfer resistance due to macropore diffusion and external fluid film
mass transfer.

The first analysis assumed ideal plug flow through the sample. The
data did not verify this assumption, so a dispersed flow model was assumed.
The predictions from this model more closely approximated the data. These
predictions were then compared to results obtained from each of the samples
to determine if conditions exist where adsorptive behavior dominates the
system. Similarities exist for those samples prepared with either simulated
waste or additives.

The addition of ionic species in the aqueous phase apparently affects
the hydration process as well as increasing the ionic strength of the
porewater. The increase in ionic strength of the pore water resulted in an
increase in the retention of the adsorbing species. This increased retention
could also be due to the increased complexity of the cement matrix and
hydration products. As a result, the breakthrough time was increased and the

rate of release was decreased.
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CHAPTER 1
INTRODUCTION
1.1 General Considerations

The nuclear industry is constantly striving to achieve cost-effective
methods for the responsible disposal of radioactive wastes. Cement-based
grouts are the most widely used hosts for the immobilization of low-level
radioactive waste (LLW) streams for a variety of reasons. These include: 1)
low material cost; 2) processes run at low temperatures; 3) utilization of
standard equipment; 4) adaptability to a wide variety of disposal scenarios; 5)
the resulting waste forms are resistant to chemical, biological, thermal, and
radiation degradation; and 6) high waste loadings are achieved with a
minimum waste volume increase when the grout formulas are waste-stream
specific (1).

Ultimately, the effectiveness of waste immobilization in grouts is
determined by the degree to which the waste form protects the environment
from the release of radionuclides contained in the waste. For near-surface and
sub-surface monolithic waste forms, the most credible transport pathway to
the environment is via groundwater movement (2). A measure of the waste
form’s ability to retard the release of radionuclides to the environment is its
leachability. Hence, leach data provide the source term for the impact or
conseqguence analyses.

The appropriate model for describing the waste form’s leachability and

the appropriate tests used to measure the critical parameters have long been
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topics for debate. This lack of consensus is caused by the diversity and the
complexity of the interaction mechanisms coupled with transport phenomena
that affect radionuclide release. These include: 1) adsorption and desorption,
2) coprecipitation, 3) encapsulation, 4) geochemical interaction between the
waste form and the groundwater, and 5) the rate of groundwater movement.
Coupled with the complexity of these interactions are influences such as site-
specific geochemistry and groundwater flow patterns.

Most expressions used for prediction of long-term leach rates assume
that diffusion through the solid is the rate limiting process. These expressions
normally fit mid-range data taken during the experiment but often do not fit
short times and/or long times. Most cement-based waste forms are still active
chemically because of the long-term hydration of the cement matrix. Because
of these chemical reactions and/or the dissolution of the matrix, it is most
probable that expressions based on diffusion alone will not accurately account

for long-term leach behavior.

1.2 Research Objectives

The research discussed will extend the current transport model by
explicitly including the effects of species adsorption to internal surfaces and
liquid/solid mass transport resistances. This thesis investigates the idea that
adsorption may be an important, or controlling, effect in the leaching process.

The approach is to model species transport in immobilized waste forms in the
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same manner as the movement of the species within an adsorption system
such as a packed bed. This approach allows for the determination of mass
transfer resistance due to macropore diffusion and external fluid film mass
transfer. The results could be compared to results obtained from other
sources such as the American Nuclear Society 16.1 leach test. This study
can be used to better interpret long range leaching studies and provides
qualitative reasons for any unusual observed behavior.

This study is comprised of two basic parts. The first part involves
experimental mass transport measurements of forced species flow through
immobilized waste forms while the second part is a mathematical description
of convective/adsorptive transport as it relates to industrial waste forms. This
research is based on the premise that diffusion, adsorption, and convection
are all potentially important in the transport of species through the waste
form. Thus, the research focuses on convective experiments in order to
minimize "diffusive"” effects and determine the order of magnitude difference
that typical adsorption phenomena can make in these systems.

Phase one of the research characterizes the dynamic leaching behavior
of a cement based waste form taking into account mass transfer resistance
due to macropore diffusion and external fluid film mass transfer. Experiments
carried out on cement disks with forced flow were used to assess the relative
effects of diffusion and adsorption on control of release. The disks were

prepared using materials routinely used in cement-based waste forms. These
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materials include Portland cement, fly ash, Indian Red pottery clay, and slag
cement. The materials are blended together prior to the addition of simulated
waste or an appropriate amount of water. Experiments involved preparation
of samples from various cement based blends that are representative of waste
forms currently used for disposal of low-level radioactive liquid waste streams.
Liquid streams containing various concentrations of the model species were
forced through the samples thus allowing the species of interest to interact
with the internal portions of the specimen. Various overpressures of inert gas
were used to drive the convective process. Breakthrough curves for species
transport through the samples were determined using a step change in
cesium-137 concentration. This "flow through" approach is more
representative of the conditions that exist on large waste forms exposed to
groundwater movement. These experiments were designed to examine effects
primarily due to adsorption without significant interference from diffusion. In
addition, experiments were run to determine the physical properties, such as
permeability, and characterize the cement based matrices.

The second phase of the research utilizes the results of the first phase
in @ mathematical model of convective/adsorptive transport. The data are
regressed using the models described in chapter 4. This model allows for
determination of mass transfer resistance due to macropore diffusion and
external fluid film mass transfer. These predictions were then compared to

results obtained from each of the samples to determine if conditions exist
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where adsorptive behavior dominates the system. The conclusions derived
from this study can be used to better interpret long range leaching studies and
to suggest qualitative reasons for any observed unusual behavior.

The next chapter contains a review of the pertinent literature followed
by a description of the experimental methods employed, development of the
descriptive model, and chapters on analysis of results and future

recommendations.



CHAPTER 2

LITERATURE REVIEW
2.1 Introduction

This literature survey examines the models presently used in the United
States to predict long-term leachability of solid waste forms. The predominant
model is the American Nuclear Society 16.1 leach test (2). This model
assumes that the leach process is diffusion-controlled. This chapter addresses
the various assumptions impiied by this type of model as well as associated
problems and consequences. Several other theoretical models are also
discussed along with basic assumptions and relevance to the accurate
prediction of long term leach behavior. A summary of the types of
approaches carried out to date on leaching studies serves to highlight unique

features of the work in this thesis.

2.2 Development of ANS 16.1

Many experimental studies have been conducted to characterize the
leachability of radionuclides from solidified waste forms (3-6). Unfortunately,
these studies are limited to the early stages of the leaching process, typically
lasting less than ninety days. Diffusive transport is thought to be the driving
force in these early stages (7) particularly if the solidified waste form has a
permeability less than 10 times that of the surrounding geologic media (8).

If the waste form is assumed to be a semi-infinite slab with an initial condition
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in which the concentration of a less mobile form of a species, C, is directly
proportional to the concentration of the more mobile form of a species, C,

then the following equation can be written (9,10).

C, = (KxC) (1)
where K is an equilibrium constant.

Taking a differential section of the waste form and doing a mass balance

yields
2
€, #C_ac @
ot ® ox? ot
where
D, = effective solid diffusion coefficient of the species,
t = time, and
X = distance into the slab.
Initial and boundary conditions are
x>01t=0,C=¢C,
x=0,t>0C=0, and
Xx =0o,t>0,C=C,.
The solution to the differential mass balance equation is (9,11)
(3)

X | (1+K)

C-cC,erf
2\ el




where

2 [v__g2
erf (uy == [ e *adp
7

(4)

If the total mass fraction released is less than 0.2, it can be assumed

that the finite specimen approximates a semi-infinite specimen

differential mass balance reduces to (11,12)

F:&=2§JDL
A, |74 _—

where
F = mass fraction of species released, dimensionless,
a,= mass of species contained in leachate, mg,

A, = mass of species contained in waste form, mg,

S = waste form surface area, cm?,

V = waste form volume, cm?,

D,’ = modified solid diffusion coefficient, cm?/s,

e

t = leaching interval, s.

and the

(5)

In this method, the modified solid diffusion coefficient is based on incremental

data. If more than twenty percent of the contaminant is leached from the

waste form, the solid diffusion coefficient is calculated from a shape specific

solution of the mass transport equation (13).



9

Typically, D, is defined as an effective diffusion coefficient, but this is
true only when the release of contaminants is diffusion controlled. For many

practical purposes, D, is modified through the use of a distribution coefficient:

(6)

where K, is the distribution coefficient and D, is the modified effective
diffusion coefficient. However, D, will be used throughout this paper for the
modified effective diffusion coefficient. Models based on this theory have
been adopted by several regulatory agencies and are used throughout the
nuclear industry for determination of waste form leachability (11,12).
Leachability is addressed under Nuclear Regulatory Commission (NRC)
regulations by the American Nuclear Society’s ANS 16.1 leach test (12). In
this test, a right-circular cylindrical sample is leached for a 90-day period with
leachant renewal at 2, 7, 24, 48, 72, 96, 120, 456, 1128, and 2136 hours.

The resulting data is modeled after equation 5 by:

D (7)
—| =2 |2t
[£)-2 (%

2a,=cumulative amount of species released through cumulative time

[zan

AO

where

tl

A, = originai mass of species in the waste form,

o
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V = external volume of waste form,

S = external surface area of waste form, and

D, = effective solid diffusion coefficient of the species.
This equation for diffusion controlled leaching is based on the following
assumptions:

1. The concentration of the species of interest is zero in the solution at

the waste form surface.

2.The composition of the leachant is considered constant.

3.The waste form is homogeneous and its chemical and physical

characteristics remain relatively constant through-out the leaching

process.

4.The geometric surface area remains constant.

5.There are no time dependent interactions between the species of

interest, the leachant, and the waste form.

6.The species of interest is present in a single chemical form.

7.The species of interest is effectively mixed by the leachant such that

the limiting process is bulk diffusion in the solid.

These seven assumptions form the basis for most leach data modelling.
The experimental procedure is relatively simple and economic. However, there
are many discrepancies in the various data that are reported. A variety of

factors can influence behavior and thus skew results. The effective diffusion

coefficient derived from the above expression lumps together all of the
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physical and chemical interactions that may be occurring into a single value.

It is this value of the effective solid diffusion coefficient that is most often

published when describing the leachability index of a specific waste form.
For convenience, a leachability index is defined as the log of the

reciprocal effective solid diffusion coefficient.

8
L - -log (D,) ©

where

L = leachability of species, and

D, = effective solid diffusion coefficient of species, cm?/s.

Typical leachability indices (averaged from five replicate grout samples)
for 8Sr and "*’Cs are 11.3 and 10.5, respectively (14). Both of these indices
are significantly above the minimum required value of 6. Although this robust

model is conservative and is regarded as the industry standard, there is need

for improvement when considering a number of complicating factors.

2.3 Factors Affecting Leachability
2.3.1 General Considerations

One of the most important properties of a waste form is the capability
to retain the waste within the solid matrix and/or retard the release of the
waste to the environment. This important parameter, release rate, is used to

define and evaluate the radionuclide source term available for release into the
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environment. It is the rate of release of radionuclides into the environment
that determines whether a particular waste form can be used for stabilization.
Mass transport models use this source term as an input parameter to predict
the migration of the radionuclide into the environment. The release rate is
influenced by a variety of poorly understood factors and interactions between
the waste form and the environment. These factors have been reviewed and
evaluated by several researchers (15-17) and categorized with respect to the
solid being leached, the leachant, and the leaching system. A summary of
these factors are presented in Table 1.

Presently, the most commonly used waste forms for disposal of low-
level radioactive waste are cement based. Immobilization of wastes in cement
based waste forms is a proven technology used routinely by the nuclear
industry. The resulting waste forms are less permeable than the surrounding
host soil, are resistant to leaching, and to deterioration resulting from radiation
and thermal cycling. The waste form structures also protect against
overburden subsidence. Disposal costs can be greatly reduced by large- scale
use of these waste forms because commercially available materials and
equipment can be utilized (18,19). For this type of waste form, the dominant
factors which influence the leachability of constituents from the waste form
include the type of cement and its composition, waste to cement ratio,

additives used, and cure time (18,19). Other factors which can influence the



Table 1. Factors That Influence Release Rate

Waste Form
Factors

Leachant Factors

System Factors

Cement
Composition

Composition

Leachant residence time

Waste loading

Complexing agents

Temperature

Surface
characteristics

pH

Pressure

Porosity

Eh

Radiation field

Tortuosity

Flow rate

Waste form surface
area to leachant volume
ratio

Curing time

13
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leachability are listed in Table 1. Because of the complexity of the
mechanisms involved in the leaching process, most experimental tests
simulate leach conditions under flooded conditions by employing complete
immersion of the specimen for an extended period of time in a large volume
of leachate which is renewed at frequent intervals. This is the situation
employed by the ANS 16.1 procedure. The leachate is replaced at specified
time intervals to represent a dynamic flow system. Another variation of this
test is to allow the specimen to remain in the leachate for an extended period
of time with aliquots of the leachate taken and analyzed at specific time
periods. However, the relevance of the data obtained under these conditions

to actual field conditions has not been conclusively established.

2.3.2 Factors Affecting ANS 16.1 Assumptions

Most solid waste forms are disposed at/or below ground level in
trenches, vaults, or other containers. It is doubtful that the flow of
groundwater around the surface of the waste is sufficiently rapid enough to
satisfy the first assumption. That is, the diffused species of interest is swept
away fast enough from the waste form surface such that the boundary
conditionof C = O att > O is met. At a typical burial site, the surrounding
host sediment or rock will tend to affect the flow of water around the waste
form. Geochemicalinteractions of the species of interest with the surrounding

sediment could result in localized increased concentration of the species, thus
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decreasing the concentration gradient. Subsequently, this results in a
decrease in the driving force for diffusive release.

After an extended period of time (for example greater than 10,000
years) the species of interest leached from the waste form become somewhat
depleted. Hence, the use of a semi-infinite solid, assumption 3, Section 2.2,
may result in predicted release rates much higher than the real situation. The
semi-infinite slab approach is still often used because of this conservative
feature.

It has been reported (20,21) that the release of constituents from a
solid waste form is affected by the composition of the leachate. The results
of using a leachate solution similar to deep brine resulted in leach rates
significantly different than obtained using deionized water as specified by the
ANS 16.1 procedure. This could be due to the intrusion of specific chemical
species into the solid matrix, thus resulting in @ more complex internal pore
water chemistry. This could tend to decrease the porosity of the waste form
and cause an increased leachability of the species.

It has been proposed that the alkalinity and composition of the pore
water within the waste form has a dramatic effect on the leaching of various
radionuclide species (22,23). The alkalinity is responsible for precipitation and
low solubility of the species. This alkalinity is controlled by the age of the
sodium and potassium contents of the cement which in turn affects the pore

water alkalinity by variations in the amounts of both sodium and potassium.
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This aging factor is a direct result of the hydration process. Anincreasein the
soluble amounts of these two species results in an increased leachability of
some radiochemical waste species. This normally occurs at short time periods
while at longer time periods the species tend to be less mobile. This is
partially attributable to the hydration reactions which occur within the cement
matrix.

It has also been found that an increase in the water to cement ratio
results in an increased amount of pore water available. The result is an
increase in the porosity and the mean pore size. Bulk diffusivities of various
radwaste species were found to increase as the water to cement ratio
increased (24).

Another observation was the formation of a precipitate on the surface
of the waste form samples. This precipitation could be forming a protective
barrier and thus decrease the release of contaminants. It could also indicate
a deterioration of the surface area and tend to increase the contaminant
release. This protective barrier could be the result of increased solubility of
calcium, sodium, or potassium. An analysis of this protective barrier indicates
that all three species as well as magnesium are precipitating (21,25).
Assumption 4, Section 2.2, would not be satisfied in either case.

The majority of leach data analyzed using the previous methods indicate
a much faster release during the early leach intervals. Data from later

intervals tend to satisfy the linear independence onV't (see Equation 7). There
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are several references which discuss leaching experiments that show the
initial rapid release (26-30). Data from these studies were analyzed using
linear regression to provide a best-fit D, value from the slope, and an empirical
value for the "instantaneous wash off", a, from the interceptatt = 0. The

modified equation follows:
a D (9)
2 a, (L’) N =V
A, S T

The actual mechanism or cause of the "instantaneous wash-off" has
not been conclusively identified. Numerous postulates have been formed,
including surface diffusion and surface pore water removal. It has been
observed (30,31) that for a given surface to volume ratio, specimens having
a greater surface roughness have higher leach rates. This effect is most
pronounced on smaller specimens having the largest surface to volume ratio.
The magnitude of this "instantaneous wash-off" relative to the total release
tends to decrease with time. Obviously, this decrease is more pronounced for
larger specimens. Numerous experiments have thus been performed to

provide more reliable models for predicting leachability.

2.4 Development of Other Models
At present, the Nuclear Regulatory Commission requires a Leachability

Index greater than 6 for each radionuclide. If the predictive model is in error,
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data from these small laboratory samples may substantially misrepresent the
release from larger samples typical of those disposed of in trenches or other
monolithic waste forms. This particularly can be the case during "initial rate”
experiments such as leach tests where rival models may not lead to
substantially different initial results.

Long term leachability experiments of large samples of the waste form
can not be fully characterized because the response of the waste form to the
leaching process is so slow that an extremely long period of time (for example
10,000 years) would be required to complete one test. Performance of such
a test is therefore limited by economic and time constraints as well as
experimental methodology. Extrapolation of short term data to long term
results can be very misleading. This leads to the necessity of developing
reliable models to predict long-term leachability from short-term tests. The
following sections describe the major classes of models presently utilized to
interpret leach data. Each of these approaches has strengths and weaknesses

which result from the underlying assumptions in their derivation.

2.4.1 Diffusion/Adsorption Models

The standard dynamic leach test (ANS 16.1) assumes that the process
of leaching radionuclides from a waste form is diffusion controlled and one
dimensional. This test does not take into account the sorption characteristics

of the waste form. The typical solid waste form uses a cement paste as the
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binding material (32,33). Various additives are incorporated into the waste
form mix to enhance such properties as viscosity, permeability, and cost
effectiveness. These types of cement based waste forms are formulated to
be many times less permeable than the surrounding host soil. This ensures
that the advection (water forced through the waste form under pressure) of
percolating water is minimized. Thus, rainwater or groundwater would tend
to flow around the waste form rather than through it. Under these conditions,
the potential for release of a hazardous constituent would be limited by the
diffusion of the constituent to the surface of the waste form. This diffusion
controlled mechanism would be limited by the density and permeability of the
waste form matrix, tortuosity of the diffusion path, solubility of the
constituents, and the distribution coefficients between the waste form
porewater and the binder phases. Interfacial distribution results from a
combination of ion-exchange, physical and/or chemical adsorption or related

phenomena.

2.4.1.1 Empirical Methods
One equation for an effective diffusion coefficient which attempts to

take several of these effects into account is given by
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D
D, = (10)

ISR

where

D =intrinsic diffusion coefficient in the porewater, cm?/s,

Y =tortuosity, the ratio of actual diffusion path over the shortest

geometric distance to the surface,

€ =porosity, a measure of the volume fraction of the macropores,

@ =constrictivity, a measure of molecular sieve effects in the waste

form matrix surrounding the pores,

d =net bulk density of the waste form, g/cm?*, and

K,=physicaladsorption or partition coefficient of waste constituents on

or in the various phases, cm®/g.
Typical values for the above physical parameters are 7 X 10°, 1.4, 0.28, 0.9,
1.8, and 2, respectively. However, there are numerous paths of mass
transport of the species of interest through the complex assembly of phases
within the waste form. It is also very difficult to quantitatively measure the
parameters needed to solve this equation. These difficulties have led to the
prolific use of the ANS 16.1 equation for mass transport.

Other researchers (34-37) have utilized the basicassumption of Fickian

diffusion and coupled it with semi-infinite media mass transport theory to
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derive various empirical models. All of these models strive to determine a
reliable estimate of the quantity, Q, of a radioactive isotope leached from a
solid waste form as a function of time, t. The most common empirical model

is of the form

(11)
Q = a/t + bt

where a and b are empirically determined constants for a specific leach
process involving a specific radioisotope. This equation was developed from
studies on the leachability of commercial glasses using agueous solutions. It
appears to be valid only if the glass does not devitrify, as is the case of some
phosphate-glass products. To overcome this problem of devitrification, a

generalized diffusion equation was first developed:

3C _,FC 4 FC e - o (12)
ot ax* x?

where a, B, h, and C, are constants. This led to the development of the
following time law implied by the generalized diffusion model for the early

stages of leaching (9,15-17):

(13)
Q = At + Bt
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The constants A and B are empirically determined constants in terms of the
fundamental parameters of the diffusion model. This particular model predicts
both larger initial quantities and faster leach rates than the previous empirical
model of the same form.

The basicassumption in many models used to predict leachrates is that
the rates are diffusion controlled. For this to be true, a plot of [(2a,/A,) (V/S]]
versus t must result in a straight line which passes through the origin. Thus

a normalization of the data is performed by use of the following equation (19):

a 2
L (14)

A 2
D,=n = (—‘—/) ; 7
@an,) |

where
D, = effective diffusivity of species, cm?/s,

a,= mass of species released from the specimen during leaching
interval n,

A, = total initial mass of species (after initial wash-off),

(at),=t, - t_, duration of the n™ leaching interval, s,

V = volume of specimen, cm?,

S = geometric surface area of specimen, cm?, and

T.=[%(t”* + t,,%)1” leaching time, representing the "mean time" of

the leaching interval, n.
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This normalization of the data is performed to minimize the effects of the
initial "wash-off" period. However, this release of contaminants during the
"wash-off" period will occur under normal disposal conditions. Thus, this
release of material should be taken into account when predicting long-term
release rates.

The release rate calculated from this normalization equation appears to
be primarily diffusion controlled. For some radioisotopes, such as cesium, this
diffusion-controlled release has some points of inflection which appear to be
concentration dependent (26,38). These inflection points may be effected by
the build-up of dissolution products. Additional work has revealed that the
fraction of material released is either inhibited or depressed if the leachate
renewal is conducted less frequently. This frequency variation is more
indicative of actual disposal environments where the flow rate of water or its
residence time is varied. The rate and direction of groundwater flow needs
to be assessed for each disposal site. None of the models discussed can

account for this type of behavior.

2.4.1.2 Extrapolation of Small Scale Data to Large Scale Specimens

The scaling parameter, V/S, is the ratio of volume of leachate to surface
area of the waste form. It is used to extrapolate data from small scale
specimens in order to estimate release rates for full scale waste forms. If a

cement-based waste form is being used, it may be necessary to calculate the
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effective surface area because of the increased internal pore structure.
Numerous studies on large cement based waste forms have been performed
and preliminary results indicate a shift in the total fraction of material released
(39,40). One such experiment (40) has been proceeding for several years
using specimens of 0.2, 2, 20, and 200 liter size blocks. These blocks were
initially spiked with the same specific activity of a radioisotope. The blocks
were cured for the same time frame and the V/S ratio was constant. The
leaching procedure was identical for all specimens.

Several preliminary conclusions have been reached. Among the most
important are:

1. An initial leaching period exists for a duration of between 60 to 90

days. It appears to be independent of sample size and is not totally

diffusion-controlled.

2. Samples of the same volume but with differing diameter to height

ratios have very similar leach rates.

3. Extrapolation of data from the 2 and 20 | samples to the larger 200

liter sample has an error of between 20% to 50%. Data from the

smaller sample, 0.2 liter, is out of range for extrapolation.

Differences could be due to thermal gradients which develop during
curing resulting in changes in the pore structure. Other possible factors
include the distribution of internal micro-cracks and phase changes within the

cement matrix.
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Some of the results from these tests are reproduced from the literature
and presented in Figure 1 (39,40). These specimens were all spiked with
cesium-137. Another factor that may be affecting the release rates is that the
geometric surface area is used in the calculations instead of the effective
surface area. It should also be pointed out that cesium-137 is one of the least
reactive radionuclides with respect to Portland cements. Other species, such
as strontium, are more reactive and can become incorporated into the cement
matrix during curing. Figure 2 contains the results for the effective release
rates for the same specimens and time frame. Preliminary examination of the
data indicates that the release rates for the blocks are similar. However, it
should be noted that the smallest specimen has the slowest release rate and
the largest specimen has the next slowest release rate. This relationship of
size to release rate is somewhat inconsistent with what was expected. The
initial assumption was that the smallest specimen would have the fastest
release rate. Additional information is needed before any conclusions can be
drawn with regards to the release rate. These experiments are continuing and
the data is still being analyzed. Core samples of the blocks are periodically
taken to examine the microstructure of the cement matrix. This extended
experiment may provide additional information about the internal sorption
characteristics of the matrix in the future. Data used for the figures are

contained in Appendix A.
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2.4.1.3 Finite Element Model

The ANS 16.1 leaching procedure is based on a semi-infinite specimen
and that the total mass fraction of material leached is less than 0.2.
Numerous laboratory studies have been conducted on small scale leach
specimens (41-45) and the results analyzed using the semi-infinite model
assumptions as previously discussed. Samples from pilot-scale monoliths
have also been characterized by this method with good results (46). The
majority of laboratory specimens have been spiked with various radionuclides
such as cesium 137 and strontium 85. The pilot scale monolith contained no
radionuclides but core samples from the monolith were tested to determine
the relative leaching resistance of major cations and to determine the
homogeneity of the monolith. All of this data is intended for extrapolation of
larger monolithic waste forms containing relatively lower concentrations of the
various radionuclides.

An alternate test method is the use of field lysimeters. The basic
design for a lysimeter is that of a conical shaped monolith with leachate
collection at various points around its perimeter and at the bottom. The
resultant leachate is collected and analyzed for species concentration. The
lysimeter can also have a clay cap which is representative of larger capped
monoliths. The cap is designed to channel precipitation away from the
monolith so as to minimize water penetration into the waste form, thus

reducing advective transport near the monolith surface. A great deal of effort
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has been spent modelling the release rates from these lysimeters. One
approach is the use of a finite element model (47). The transport of a solute
in the absence of adsorption was modelled in two-dimensions by the following

general relation.

oc 0 0 0 oc d ac
= + —(dcu) + —(pcV) = —|0doD,=| + — — | + (15)
€ 3t ax(¢ U) ay(d) vV ax(d’ Lax] ay(¢DTay) St

where

c = concentration,

S, = source term,

€ = porosity,

u = horizontal velocity,

v = vertical velocity,

D, = longitudinal diffusivity, and

D;= transverse diffusivity.
The longitudinal and transverse dispersivities and the hydraulic conductivities
are taken into account in the diffusivity terms. The specific discharge q, is

defined by Darcy’s Law as

= o ., - oy (16)
qx _th'qy_—Kha_y

where

g, = specific discharge or Darcy velocity,
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K. = hydraulic conductivity, and
w = groundwater head.
If the surrounding media is homogeneous then K, is constant. Then from the

equation for conservation of mass

Py Py - (17)
— + — =0,; ¢ = K
ox2  ay? v ¥

An analytical solution was then used to model the flux out of the

uncapped lysimeter and is as follows:
D (18)
q = 6.023 .'—s
nt

where D_ is the molecular diffusivity of the monolith and t is time. A separate

analytical solution was derived for the flux out of the capped lysimeter.
, D

g = 6.023 ,| =

nt

where L, is the cap thickness and D, is the molecular diffusivity of the cap.

LZ(1 +2n)? (19)
4Dt

2% (-1)e -
0

The model results from the two lysimeter tests agreed quite well with
the actual field data. The data also verified the shielding effect from the cap

placed on one of the lysimeters. The results from these experiments illustrate
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that a finite element model, using simple assumptions for groundwater flow

and transport, could successively predict the release rates from a waste form.

2.4.1.4 Diffusion Through a Semi-Permeable Membrane

Cement based waste forms are constantly being studied to determine
their durability and their leaching characteristics. These tests are often
designed to identify the role of the various components of the waste form in
the retention of hazardous material. Other variables, such as porosity, water
to cement ratio, and cement type, have been shown to be important factors
in both durability and leachability (48-54). The principal variable studied in
most leaching experiments is the diffusion coefficient. The diffusion
coefficient is then used to predict the leachability of the waste form.

The diffusion of ions through hardened cement pastes has been
investigated using a semi-permeable membrane approach (55,56). Apparatus
similar to that used for this research was used to determine the diffusion of
anions such as chlorine through the hardened cement paste. The specimen
was clamped between two chambers of liquid of known volume. One
chamber contained a solution of the  diffusing ion being studied.
Concentration of the diffusing ion was measured as a function of time. The
variables studied were: 1) water to cement ratio, 2) curing time, 3) curing

conditions, 4) temperature, and 5) types of porous material. The flux of a
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diffusing ion from compartment one of the cell to compartment two is given

by the following equation:

V, dC, D (20)

where

J =flux of ion (mole/cm?/s),

D =diffusion coefficient (cm?/s),

V,=volume of solution in compartment 2 (cm?),

A= cross-sectional area (cm?),

x =thickness of sample (cm),

C, =concentration of species in compartment 1 (mole/cm?®), and

C,=concentration of species in compartment 2 (mole/cm?).
The assumption was that effective diffusivity was independent of
concentration. The solution concentrations are assumed to be equal to the
surface activities and thus the effective diffusivity can be calculated from the
following:

C,Vx (21)

fOI’ t>t0, C1>Cz: = m
1

A rectilinear plot of concentration, C,, versus time, t, can thus be used to

determine the effective diffusivity.
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2.4.1.5 Linear and Nonlinear Sorption Isotherms For One-Dimensional Porous

Media

Most batch-sorption experiments are performed on either crushed
material or small samples in order to obtain data within a reasonable time
frame. This approach could damage the internal pore structure of the waste
form thus disrupting the actual sorption behavior. One approach has been to
prepare intact samples similar to the ones used in this research except that
geologic rock was used (53,57,58). The assumption was that the experiment
could be described in terms of a one-dimensional, single porosity medium in
which the pore water diffusion coefficient is constant in both time and space.
Taking a differential section and performing a mass balance yields the

following equation.

s) _ . &C (22)

(e S
ot € ax?

where
p = bulk density,
€ = porosity,
S = mass of solute in the solid phase per unit mass of porous medium,
C = concentration of solute in the liquid phase, and

D diffusion coefficient.
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It was further assumed that the adsorption was instantaneous and could be

described by a power function isotherm:

(23)
S = KCcV

where K and N are constants.

The distribution ratio R, is defined as the ratio of S to C and is given by

24
R, = KC*1 (24

Combining the previous equations yields the following governing equation

used for the experiments:

ac D, &c (25)

where D, is equal to €D and is the effective diffusion coefficient and

a =€ + pNR, =

The following boundary conditions were applied.

C=C,atx =0andC =0atx = L.
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By choosing the value of N, the radionuclides can be assumed to be
absorbing in linear (N=1) or nonlinear fashion (N#1). The solution for the
nonlinear case must be solved numerically. For the linear case, the solution

is given by:

ol? (27)

2.4 .2 Statistical Modelling of a One-Dimensional Porous Medium

A statistical model assumes that the leaching characteristics of a test
system remain constant through-out the leaching process. The assumption
is that the data are normally distributed with random errors. In other words,
the characteristics observed during an experimental leach test will remain the
same as if the entire leaching process were continually observed. Based on
this assumption, a mathematical formula could be developed based on a
statistical study of observed experimental data. Such a model could then be
used to predict the long-term leachability of a waste form (59,60).

The initial assumptions were that the leaching process is one-
dimensional and the response of the desorption process was much faster than
that of the diffusion process. In other words, the desorption process
maintains its equilibrium state at all times. It was also assumed that the
species of radionuclide being leached is comprised of the species of interest

and the stable isotopes of the same element. A one-dimensional mass
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balance was then written and the distribution coefficient and retardation
factor were substituted into the equation. The resultant equation was a linear
combination of the mass balance relationship between the radionuclide and
the stable nuclide. These components were analyzed independently and the

mass balance relationship for the radionuclide became:

oc D, #cC (28)

where

C =concentration of the species of interest in the aqueous phase,

t=time,

D, =effective diffusivity,

R =retardation factor,

€ =porosity of the solid waste form,

X =space coordinate, and

Ay =radioactive decay constant.

Equation 28 is the basic differential equation used to describe the
change in radionuclide concentration. It is very similar to previously described
models except that the diffusion coefficient has been replaced by a term
expressed in a ratio of hydrodynamic diffusion coefficient and the product of

porosity and retardation factor. If the concentration of the radionuclide in the
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aqueous solution of the solidified waste form is known, then a leach rate can

be obtained from the following equation:

L - Da (a_c) (29)
0X )x-0

where
L, =rate of radionuclide leaching,
a =cross-sectional area of solid, and
(aC/9x), -, = gradient of radionuclide concentrationat boundary of waste
form.

The following dimensionless terms were then defined:

: Dt (30)

" eAX?

> [

C’=—C—,x’=
CO

where X denotes the thickness or length of the waste form. The assumption
was made that leaching only occurs from one end of the waste form. The
solution to the partial derivative in equations 28 and 29 could only be found
once the boundary conditions were defined. After the partial derivative was
solved and substitution of equation 30 into 28 and 29, the result was
manipulated so as to obtain the following dimensionless terms for the leaching

number and the leaching rate, respectively:
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7 A4eRX? (31)
D
T - eRX?L (32)
r AOD

The leaching constant can be determined from a dynamic leaching test

and is defined as:

T - D (33)
c 2
eRX

A normalized leaching diagram was obtained by plotting the
dimensionless leaching rate as a function of dimensionless time. This diagram
could be used to predict the leaching rate of a waste form once the leaching
constant has been determined. It is presumed that the leaching constant can

be determined from a shortened leaching test.

2.4.3 Applications of Diffusion Theory to Permeability

When evaluating a cement based waste form for its effectiveness in
retarding the release of hazardous constituents, it sometimes becomes
necessary to determine the coefficient of permeability. The methods
employed for this determination can generally be divided into two groups: 1)
the output method where a steady outflow of water through a specimen is

monitored, and 2) the input method where the depth of water penetration into
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the specimen is measured. Both of these methods have disadvantages (55)
but the input method is more widely used. This method usually employs an
overpressure of inert gas to force the water into the specimen. The resulting
second order differential equation has been solved by numerical computer
analysis and formulas have been developed for calculating the coefficient of
permeability (55,56). Numerical solutions are also presented for the output
method. It was concluded that diffusion theory can be used as a basis for a
computer analysis for both methods. The results obtained from the computer
analysis are in fairly good agreement with literature values and with values

obtained by direct application of Darcy’s Law.

2.4.4 Use of a Retardation Factor

The major pathway for the release of radionuclides to the environment
from a waste form is through water. This pathway can be percolated water,
that is, water moving in an upward direction as a result of site conditions,
groundwater, precipitation, or other means of water transport. The relative
mobility of a species is influenced by the water velocity, properties of the
species, and transport properties of the disposal site. Typically, adsorption is
quantified by measuring the distribution of the adsorbate between the solid
phase and the liquid phase. This value is referred to as the distribution
coefficient and is often denoted by a "K,", "D", or "R,;". Adsorption refers to

conditions that have reached equilibrium and generally requires reversibility.
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That is, desorption occurs at the same rate and yields the same equilibrium
ratio of adsorbate between the solid and the liquid phases.

Often it is assumed that the distribution coefficient, K,, is constant.
That is, the distribution of the species of interest between the solid adsorbent
and the solution is a constant value. However, changing environmental
conditions, such as pH and dissolved-solids content in groundwater, can
affect the value of the distribution coefficient (57-60,61). One approach
utilized to attempt to account for these effects is the use of a retardation
factor, R. The basic equation used to model contaminant transport for porous

media is derived from mass balance considerations and is of the form:

R %‘: - VODVC - VVC « M (34)
where
VAYS (35)
6D; = a| VI8, + (ara,) l(/]j + 0a,Ty;
where

C =concentration of species of interest ( mass of solute/volume of
porous media),

t=time (sec),

S, =adsorbed concentration (mass of species adsorbed/mass of porous

media),
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6 =volumetric moisture content,

D, =component of the dispersion tensor D (area/time),
a,=transverse dispersivity (length),

a,=longitudinal dispersivity,

6; =Kronecker delta,

a,,=molecular diffusion coefficient (area/time),

T =tortuosity,

| V| =magnitude of the velocity vector (volume of flow/area/time),
V,=i" component of velocity vector (volume of flow/area/time),
Vv, =j™" component of velocity vector (volume of flow/area/time), and
M =source term for the species of interest (mass/volume/time).

The retardation factor for porous flow is defined as:

R=-2=1+2K, (36)

where
R =retardation factor (dimensionless),
v,, = velocity of groundwater (length/time),
v, =velocity of species of interest (length/time),
p, =porous media bulk density (mass/length?®),
¢.=effective porosity of media (dimensionless), and

K, =distribution coefficient (length®/mass).
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The term on the left of the equality symbol in equation 34 represents
the rate of mass accumulation per unit volume in both the liquid and the solid
phase. The terms on the right of the equality symbol represent the net
material accumulation or loss per unit volume due to dispersion, diffusion,
advection, and sources. The mass balance assumes a linear relationship
between the amount of material in the dissolved phase to that adsorbed on
the solid phase.

When the retardation factor, R, is used in conjunction with a constant
distribution coefficient, K,, each layer or segment of the porous medium is
assumed to have a constant retardation factor. Using this assumption
provides an easy solution to the transport equation and the determination of
species concentration as a function of time and distance. However, most
geologic pathways for groundwater migration are not homogeneous
throughout the various layers. Thus the retardation factor does not remain

constant within each individual layer.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY AND PROCEDURES
3.1 Introduction

The purpose of this research is to extend current immobilized waste
form transport models by explicitly including effects of species adsorption to
internal surfaces and liquid/solid mass transport resistances . This study is
comprised of two basic parts. The first part involves experimental mass
transport measurements of forced species flow through immobilized waste
forms while the second part utilizes a mathematical model of
convective/adsorptive transport as it relates to industrial waste forms. This
research is based on the premise that diffusion, adsorption, and convection
are all potentially important in the transport of species through the waste
form. Thus the research focuses on convective experiments in order to
minimize "diffusive” effects and determine the order of magnitude difference

that typical adsorption phenomena can make in these systems.

3.2 Experimental Approach

Phase one of the research characterized the dynamic leaching behavior
of a cement based waste form taking into account mass transfer resistance
due to macropore diffusion and external fluid film mass transfer. Experiments
involved preparation of samples from various cement based blends that are

representative of waste forms currently used for disposal of low-level
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radioactive liquid waste streams. Liquid streams containing various
concentrations of the model species were forced through the samples thus
allowing the species of interest to interact with the internal portions of the
specimen. Various overpressures of inert gas were used to drive the
convective process. Breakthrough curves for species transport through the
samples were determined using a step change in cesium-137 concentration.
This "flow through" approach is more representative of the conditions that
exist on large waste forms exposed to groundwater movement. These
experiments were designed to examine effects primarily due to adsorption
without significant interference from diffusion. In addition, experiments were
run to determine the physical properties and characterize the cement based
matrices.

The second phase of the research utilizes the results of the first phase
in a numerical study of convective/adsorptive transport. The data are
regressed using the models described in chapter 4. These models allow for
determination of mass transfer resistance due to macropore diffusion and
external fluid film mass transfer. These predictions were then compared to
results obtained from each of the samples to determine if conditions exist
where adsorptive behavior dominates the system.

The conclusions derived from this study can be used to better interpret
long range leaching studies and to suggest qualitative reasons for any

observed unusual behavior.
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3.3 Materials

The nuclear industry is constantly striving to develop methods for the
long-term disposal of low-level radioactive waste. One of its main objectives
is to develop methods that are cost effective and pose little or no risk to
public health and safety. Cement based waste forms, grouts, are the most
widely used method for the treatment and ultimate disposal of both chemical
and radioactive waste because of their low processing costs, compatibility
with a wide variety of disposal scenarios, and ability to meet stringent
processing and regulatory requirements. The mechanical, chemical, and
physical properties of the waste form are greatly dependent on both the
cement blend and the waste.

Portland cement based technologies involve adding a mixture of water,
Portland cement, and often a pozzolanic material, such as cement kiln dust
and/or fly ash from fossil fuel power plants, to the waste. Other materials
such as clay, gypsum, or calcium chloride may be added to control the setting
reaction rate or to produce a residual with special characteristics. Appendix

B contains the chemical analyses of the materials used in this study.

3.3.1 Cement Matrix Used In Experiments
An acceptable waste form must have certain physical properties that
meet or exceed performance and processing criteria. These physical

properties of the hardened and the wet waste form are partially determined
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by the amount of cement in the blend. The amount of cement used is
typically described in the waste-to-cement ratio (w,/c). In general, a w,/c of
only 0.25 is required for complete hydration of ordinary Portland cement, with
additional water serving to fluidize the mix and thus making it more
processible. The cement serves as the binder, solidifying materials during the
formation of hydration products within the waste form. This hydration occurs
over a period of time and produces a solid matrix of material.

Portland cement chemistry is complex, and there have been few studies
on the reaction processes when wastes and other materials are added to the
cement mixture. The dry constituents of Portland cement include, in order of
concentration by weight, CaO, SiO,, Al,O,, Fe,0,, SO;, and MgO. Portland
cement reactions primarily involve the hydration of tricalcium aluminate,
tricalcium silicate, and water to form a product mixture primarily of calcium
silicate hydrate and calcium hydroxide. The chemical and physical processes
by which radionuclides and chemical wastes are bound and fixated in the
cement mixture is not completely understood. However, several hypotheses
for the stabilization mechanism have been proposed. The cement used in
these studies was obtained from Ash Grove Cement West in Durkee, OR.
Various types of cement were used and are identified with each of the
individual experiments. Types |, Il, and lll are the most commonly used

cements for waste forms. Factors such as cost, hydration rates, heat of
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hydration, and alkalinity of the cement must be considered prior to selecting

a particular type.

3.3.2 Indian Red Pottery Clay

Indian Red Pottery Clay (IRPC) is added solely as an ion-exchange
medium primarily to retain '*’Cs (62-64). With an exchange capacity of 0.1
meq '*’Cs per gram of clay, only small quantities should be used in an actual
waste form containing low-level radioactive waste. However, experience in
waste form formulation and development has shown that the pottery clay
content needs to be 8 wt % of the dry solids blend to insure intimate contact
with the '*’Cs. In addition, it has been shown that minor variations in the
pottery clay content have a negligible impact on the waste form’s physical
properties. The IRPC utilized in these studies was obtained from the American

Art Clay Company in Indianapolis, IN.

3.3.3 Fly Ash

Fly ash is a byproduct of the combustion of coal and is typically
regarded as a waste. The use of fly ash in waste form formulation is primarily
as a cement extender. The physical characteristics of fly ash are such that
it improves the fluid properties of the wet grout as well as the adsorption of
water. Its use as an extender should be maximized due to its low cost

compared to other types of extenders. It has also been shown that fly ash
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decreases the leachability of strontium by incorporating it into the
cementitious matrix. The fly ash used in these studies was obtained from the

Ross Island Sand and Gravel Company in Portland, WA.

3.3.4 Slag Cement

Slag cement is a by-product of the iron-making process. When
quenched with water and rapidly chilled, it forms a glassy granulated material
of sand-like consistency. It has a high calcium content and thus excellent
cementitious properties. Slag cement sets in @ manner similar to cement
when it is finely ground and mixed with a suitable activator. The ground blast
furnace slag is normally substituted for 25 to 75% of the Portland cement in
general concrete applications.

When slag cement is combined with Type | or Type |l Portland cement,
its hydraulic properties are activated in the presence of alkalies and calcium
hydroxide to produce dense cementing compounds similar to Portland cement.
The combination of slag cement and Portland cement provides the following
benefits: increased workability of the plastic mix at lower water to cement
ratios, increased resistance to alkali and sulfate caused deterioration,
increased density of the hardened mix which reduces the permeability, and
increased compressive strength at age due to its pozzolanic nature. The slag
used in this study was obtained from Ash Grove Cement West, Inc. in Seattle,

WA.
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3.4 Apparatus

The experimental apparatus is schematically shown in Figure 3. The
sample specimen was clamped between the two chambers. Chamber 2 was
connected to a Cole-Palmer peristaltic pump and a 1.5 liter reservoir of
saturated Ca(OH), solution. This large volume of solution was used in order
to minimize any substantial change in radionuclide concentration. The
reservoir was spiked with the appropriate radionuclide prior to the beginning
of each experiment simulating a step change in concentration. A detector
was placed in-line with the reservoir so as to monitor the concentration of the
solution. Chamber 1 was also connected to a peristaltic pump and a volume
of 0.035 liter of saturated Ca(OH), solution was continually swept by the
surface of the specimen.

The cumulative buildup of the radioisotope in chamber 1 was measured
with time via a titanium window, Nal(Tl) detector, and a multichannel
analyzer-data acquisition system made by Hewlett-Packard. The
concentration in chamber 2 was also measured with time via a titanium
window, Nal(Tl) detector, and the multichannel analyzer-data acquisition
system. The detectors are standard laboratory equipment purchased from
Fisher-Scientific Company. The concentration was measured in counts per
minute and recorded on computer disk for subsequent analysis. The detectors
were standard pieces of equipment and were factory calibrated. The

radionuclide used in the experiments was a research grade radioisotope. The
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specific activity level was calculated for each experiment using standard
decay rates and half-lifes for the radionuclide of interest. All data was
collected and stored on an International Business Machine (IBM) AT personal

computer. Appendix C contains a listing of all the data obtained.

3.5 Experimental Procedure
3.5.1 Preparation of Samples

The dry solids blend is typically comprised of cement, fly ash, IRPC,
slag cement in various combinations. The dry materials are blended in 5.0 Kg
lots for 23 h at 30 rpm in a 7.6 liter Patterson-Kelly twin shell V-blender prior
to mixing with the aqueous solution. The appropriate amount of dry materials
and liquid are then mixed in a Hobart model N-50 mixer with a wire loop whip
mixer blade. Mixing is accomplished by adding solids to liquid during an 8-15
s interval while stirring at low speed for a total of 30 s. Mixing is then
continued at medium speed for a total mixing time of 60 s.

The specimens were various mixtures of the components described in
the previous section. The dry components were thoroughly mixed with a
proportionate amount of water. This proportionality is referred to as the mix
ratio, or the amount of dry material to waste. The ratio of dry materials to
waste is a key variable in waste form development. This research used mix
ratios and dry solids blends that are similar to ones commonly used at the

Department of Energy’s Savannah River Site and the Hanford Site. The
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mixture was then poured into stainless steel rings of 9.0 cm outside diameter
and 7.8 cm inside diameter or 3 inch Schedule 40 pipe. The height of the
rings was typically either 0.7 cm or 0.3 cm. These rings had previously been
attached to a sheet of teflon with silicone rubber. The sample and holder was
then placed in a heated humidity cabinet and cured for 28 days at 100%
humidity and 23°C or 60°C. After curing, the specimens were soaked in the
appropriate solution for the intended test to assure complete liquid saturation
of the grout pores and ionic and chemical equilibrium with the test
environment. A solution of 0.1 N CsCl saturated with Ca(OH), was normally
used for the sorption experiments. The sample was immersed for a period of
five days. Specimens of 3 mm thickness were prepared in this manner for the
sorption experiments and 7 mm thick for the permeability measurements. The
specimens remained inside the stainless steel rings for subsequent testing.
The assembly was then clamped between the two chambers of the
experimental apparatus using neoprene rubber gaskets. A schematic
representation of the specimen assembly and the connecting piping is shown

in Figure 4.

3.5.2 Permeability and Porosity Measurements
Permeability measurements were taken using a different experimental
set-up. The samples were prepared as previously described. After curing, the

specimens were clamped between a liquid reservoir and a grooved metal plate
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which allowed for collection of water as well as support for the specimen.
The grooves fed a capillary tube where the amount of solution permeating the
specimen was measured. A 0.1 mL volumetric pipette was used to determine
the amount of permeate. The permeating solution was a saturated solution
of Ca(OH),. The driving force for permeation was either an overpressure of
inert gas such as nitrogen or the head of solution above the disk or a
combination. An overpressure of 5 or 8 Ibs/in? was typically used. The large
surface area to thickness ratio allowed for rapid measurements of
permeability.

The following equation was used to analyze the data from the
permeability experiments.

Q - Kp APA (37)
KX

where,

Q = flow rate, cm?/s,

u = viscosity of fluid, cp,

K, = permeability, Darcy,

AP = pressure gradient, Ibs/in?,

x = length of specimen, cm, and

A = area of specimen, cm?,
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The above equation was rearranged to yield an expression for the

permeability. The volumetric flow rate measured was then used to determine

the velocity of fluid through the specimen using the following:

(38)

<
1
[0

where v is the velocity in cm/s. These are the velocities used in the
determination of the mass transfer characteristics of the specimens.

The same apparatus was used for the determination of accessible
porosity of the cement disks. Two or three sample volumes of tert-butyl
alcohol were permeated through the cement disk using overpressures of 5 or
8 Ibs/in?. The permeated alcohol was then measured for water content via
Fischer reagent titration. The results for the permeability and the porosity are

presented in Chapter 5.

3.5.3 Forced Convective Flow Experiments

The samples were prepared as previously described in section 3.5.1.
The assembly was then clamped between the two chambers of the
experimental apparatus using neoprenerubber gaskets. Figure 3 illustrates the
system that was used for these experiments. A schematic representation of
the specimen assembly and the connecting piping is shown in Figure 4. The
same solution (0.1 N CsCI saturated with Ca(OH),) was continuously flowed

past both surfaces of the sample using peristaltic pumps. The solution on the
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large reservoir side was spiked at time zero with Cs'” and the cumulative
buildup of the radioisotope on the other side was measured with time via a
titanium window, Nal(Tl) detector, and a multichannel analyzer-data
acquisition system. The total volume in Chamber 1 was 1500 mL. Thus the
addition of the spike of radioisotope simulated a step change. The volume in
Chamber 2 was 35 mL. The correlation between the isotope flux through the
sample and the activity was close to instantaneous. The detector count time
was typically 5 or 10 minutes per measurement for experiments which lasted
one to five weeks. A pressure differential of 5 or 8 Ibs/in? was used to cause
flow of liquids through the samples. Chapter 5 contains all the relevant data

for these experiments.
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CHAPTER 4

MODEL DEVELOPMENT
4.1 Introduction

The research project discussed in this paper extends the current
transport model by explicitly including effects of species adsorption to internal
surfaces and liquid/solid mass transport resistances. It is speculated that as
soon as the waste form is immersed in the leachate, desorption may occur.
The desorption process can be driven by either dissolution or ion exchange or
a combination. Movement towards equilibrium between the sorbed species
and the dissolved species results in a net driving force for the desorption
process (65). The following section describes the model used for the data

analysis.

4.2 Packed Bed Adsorption Model

The approachtakeninthisresearchis toexamine the adsorption effects
separately from diffusion. This research is based on the idea that adsorption
may be an important, or controlling, effect. The approach was to model
species transport in waste forms in the same manner as the movement of the
species within an adsorption system such as a packed bed (66-68).
Transporting species are allowed to adsorb and desorb on the waste forms
internal surfaces and diffuse in the liquid phase as fluid convection takes place

within the waste form (67). Figure 5 provides a schematic illustration of this
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type of behavior. The differential fluid phase mass balance for an element of
an adsorbable species in this situation can be represented by (68)

o, g . 2w, (22) , (1-8) (%) (39)

! 522 8z ot e |\ ot

where
D, =axial dispersion coefficient,
c =sorbate concentration in fluid phase,
z=distance from column inlet,
v = interstitial velocity of fluid,
t=time,
e =voidage of adsorbent bed, and

q=average sorbate concentration of species, where

7- (535] foR"qudH (40)
This assumes that the flow pattern through the column can be represented as
plug flow with a term for axial dispersion. The first term in the equation
represents dispersion and goes to zero as ideal plug flow is approached. The
second term represents concentration gradients due to convection, the third
term is concentration as a function of time, and the fourth term is the volume
averaged sorbate concentration within the bed or a group of particles at a

given position in the bed as a function of time.
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4.3 Development of Ildeal Plug Flow Model

The dynamic behavior of a convective/diffusive system with adsorption
will be affected by the form of the adsorption equilibrium relationship and the
fluid/solid mass transfer characteristics. This study was initially based on the
following assumptions:

1. plug flow - axial dispersion is initially neglected thus the first term

of equation 39 is assumed to be zero,

2. linear adsorption isotherm, and

3. mass transfer resistance is due to series contributions of fluid film

and macropore resistances.

This leads to the following expression for the sorbate term in equation 39.

9 - k(@'-q) = kKy(c-c?)

(41)

where,

q = equilibrium sorbate concentration of species,

¢’ =equilibrium sorbate concentration in fluid phase,

k =the equivalent rate constant, and

K, =dimensionless Henry’s law adsorption equilibrium constant.

The initial and boundary conditions for an adsorption system which is
initially sorbate free are

t <0, q(RO0,z) =c(0,z) =0

t >0, c(t0) =c,
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These conditions apply when the system is subjected to a step change in
sorbate concentration at the inlet at time equals zero. The forced convection
experiments were conducted using a step change in sorbate concentration.

The mass transfer coefficient, k, can be defined as:

1 R R? r (42)

+

P
kK, 3k 15,0, 15K,D,

where,

R, =absorbent "particle radius”,

k;=external fluid film mass transfer coefficient,

e, =porosity of absorbent particle,

D, =pore diffusivity,

r.=microparticle radius, and

D, =intracrystalline diffusivity.
The mass transfer constants are based onthe assumption that the resistances
include mass transfer from the bulk liquid to the particle surface and mass
transfer in the macropores of the adsorbent material.

For the simple system involving a linear rate equation with plug flow,
such as the one assumed in this research, the following model for the

breakthrough curve is reproduced from the literature (68).
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g = exp fo ‘exp™l,(2/5u)du + exp ¥/ (2,/57) (3}
o
where,
C,=initial concentration of the species,
d =dimensionless bed length, and defined as
5 = kK,Z| (1-e (44)
e
r=dimensionless time parameter, and defined as
45
T = k(t—g) (42)
v

where
k =overall mass transfer coefficient,
K, =dimensionless Henry’s law adsorption equilibrium constant, and
|, =hyperbolic Bessel function.

For the simple case of a linear, isothermal trace component system with plug

flow, the following analytic solution is given for the breakthrough curve (68):

% 1
—~ =_Zerfc(Vs -
Co 2 ot ) (46)

Following is the expression used for the error function calculation:



63

erf(x) = 2 i (=N)xem (47)

where

x=y8 -yt (48)
and
erfe(x) = 1-erf(x) (49)

The error function is also an odd function and the following identity was used

when the value of x was negative.

erf(x) = -erf(-X) (50)

The model equations for a linear rate system with plug flow are written
in terms of dimensionless variables and the fluid mass balance assumes the

form:

oY (51)

where
¢ =C/C, (dimensionless fluid concentration parameter), and
w=4a/q, (dimensionless sorbate concentration parameter).

The dimensionless rate equation becomes:
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52
a_¢=¢_w (52)
ot

The dimensionless bed length, &, and time parameter, 7, have previously been
described. These equations are analogous to the heat transfer equations for
a packed bed system.

It is noteworthy that because of the linear nature of the adsorption
isotherm, this simple analytical solution can take multiple mass transfer

resistances into account.

4.4 Development of Dispersed Plug Flow Model

Flow through a packed bed can be represented by equation 39. This
model lumps together the effects of all mechanisms which contribute to axial
mixing into a single effective axial dispersion coefficient, D,. The axial
dispersion coefficient is used to define the Peclet number for a particle as

follows:

2vR

Pe £ (53)

where

Pe = the Peclet number for a particle,
v = velocity,

R, = particle radius, and

D, = the effective axial dispersion coefficient.
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The Peclet number can also be defined in terms of the Reynolds number

and the Schmidt number as follows:

Pe = ReSc (54)

The Peclet number for liquids is usually less than 1 for Reynolds
numbers less than 100, and approaches the theoretical limit of 2 in the high
Reynolds numbers region (67,68). This increase in dispersion as been
attributed to the effect of the greater hold-up of liquid in the laminar boundary
layer surrounding the particle. This combined with small random fluctuations
in the flow can lead to greatly increased axial mixing. If adsorption within the
particle is sufficiently strong and rapid, the concentration profile through the
particle becomes asymmetrical. This can lead to a significant contribution to
axial dispersion arising from direct transport through the solid. This effect is
only important at low Reynolds numbers. This effect becomes most
significant when all adsorption occurs at the outside of the particle such as
occurs during the initial stages of the uptake. A limiting expression for such
a system has been suggested (68) and was rearranged to yield the following

definition for the axial dispersion coefficient:

D, - (EQ)DM . [ZVRP] (55)
e 2
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where,

D, = axial dispersion coefficient,
e = bed voidage,

D, = molecular diffusivity,

m

R, = adsorbent particle radius, and
v = interstitial velocity of fluid.

This indicates that for strongly adsorbed species under laminar flow
conditions, axial dispersion may be very important. Dispersed plug flow is
thus assumed as well as finite mass transfer resistance. Assuming a linear

equilibriumisotherm and dispersed plug flow, the following analytic expression

for the breakthrough curve is reproduced (68).

1-tt
DI ¢ 0.5 ( 56)
e

where the mean retention time, t, of the adsorbing species is defined as

—g=lerfc
c, 2
2

1-e

e B

©p

t=Z2|1+K
4

] (57)

Equation 56 is the asymptotic form for the breakthrough curve for k - oo.
Equations describing the error function have already been presented. Analysis
of the experimental data using the analytic solution for both plug and

dispersed flow is presented in Chapter 5.
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CHAPTER 5

RESULTS
5.1 Introduction

Theremoval of cesium-137 fromthe cement disks by forced convective
flow has been modelled by use of equation 43 and equation 56. These
models for the breakthrough curve are for a simple system involving a linear
rate equation with either ideal plug flow or dispersed plug flow. The cement
matrix was thus modelled as a packed bed comprised of spheres with
diameters in the range of 1.2 - 1.3 x 10° cm (56). The accessible porosity
was determined as described in Section 3.5.2. It was initially assumed that
water traverses through the cement disk in a plug-flow fashion. This
assumption proved invalid and a dispersed plug flow model was then
assumed. The flow rates used in this research are very low and are assumed
to simulate the movement of groundwater and percolated water around a
monolithic waste form. They are also representative of the flow of rainwater
around the waste form.

The mass transfer coefficient for the spheres in the packed bed was
conservatively calculated by setting the Sherwood number equal to 2.0. This
is the lower limit which might be expected because all the convection terms
have been neglected. This calculation has embedded in it a parallel resistance
representation for film diffusion and macromolecular pore diffusion. The

following sections describe the data regression techniques and calculations.
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5.2 Determination of Fluid Velocity and Porosity

The permeability measurements were used in another area of research
as well as providing a method for the determination of fluid velocity through
the specimens. The volumetric flow rate was measured as a function of time
for each of several specimens. This flow rate was then used to calculate the
fluid velocity through the disks using equation 38. A sample calculation
follows for Sample 392-1.

Q = 7.87 x 10* cm?/sec

A = 35cm®
v = Q/A = 2.249 x 10° cm/sec

The driving force for this experiment was an overpressure of 5.7 Ibs/in?
(0.388 atm). Table 2 contains the data for the blends used in this series of
experiments. Type |,lIl cement and class F fly ash were used in all the blends.
The quantities of cement, fiy ash, and Indian Red pottery clay were varied for
the permeability measurements. The data indicate that as the amount of
cementis increased the porosity and the permeability decrease. It is assumed
that this is a result of increased hydration products from the cement. Since
the amount of fly ash is decreased, the percent of pores should decrease also.
This is due to the fact that fly ash is much slower to react in this type of
environment and thus accessible porosity should decrease. Tables 3 and 4

contain the data from the experiments performed. The velocities were
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Table 2. Experimental Blends Used In Permeability Measurements

Sample | Cement, Fly ash, Indian Red pottery | Mix ratio,
wt% wt % clay, wt% Ib/gal

392-1 45 ) 45 10 N 8

392-2 | 45 45 10 8

393-1 50 42 8 8

393-2 50 42 8 8




Table 3. Operating Parameters Used In Permeability Measurements

Sample | aP (atm.) A (cm?) L (cm) Q (cm?/s)

392-1 O.388= 35.0 0.7 7.87 x 10°
392-2 0.388 35.0 0.7 7.38 x 10°
393-1 0.590 35.0 0.7 7.35 x 10°®
393-2 0.590 35.0 0.7 8.23 x 10°®




Table 4. Data From Permeability and Porosity Measurements

Sample | Velocity, cm/sec | Porosity, vol% | Permeability, darcy/cp

392-1 2.249 x 10° 26.6 4.1 x 10°
392-2 2.109 x 10° 26.4 3.8 x 10°
393-1 2.100 x 107 not measured | 2.4 x 107

393-2 2.351 x 107 16.9 2.8 x 107
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calculated using the previous equation. Table 4 also contains the permeability
and porosity measurements for each of the specimens. The very low
velocities used in these experiments simulate the flow of groundwater and
percolated water around a monolithic waste form. These velocities are also

representative of the flow of rainwater around the monolith.

5.3 Analysis of Data From Ideal Plug Flow Model

The cement based disks used in this research were modelled as a
packed bed comprised of 1.2 - 1.3 x 103 centimeter diameter spheres (56).
It was initially assumed that the liquid phase traversed through the specimen
in a plug flow manner. Porous spherical particles generally have two internal
diffusional resistances to mass transfer in addition to the external film
resistance (66,68). Depending on the particular system, any one of the three
potential resistances can be controlling. For this research project, the
intracrystalline resistance was assumed negligible. The sorption rate appears
to be somewhat dependent on the particle size of the cement matrix. This is
evident between samples 3 and 8. The crystal structure of the cement matrix
is relatively small and thus micropore diffusion would be extremely slow.
Hence, it was assumed that the external fluid film mass transfer resistance

and the macropore mass transfer resistances were the important factors.
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The appropriate dimensionless group characterizing the external film

mass transfer is the Sherwood number, Sh (68). It is defined by the
following:
2k,R
Sh="""""P - 20+0.6Sc'?Re? (58)
Dm
where,

Sh = Sherwood number,
k; = external fluid film mass transfer coefficient,

R, = adsorbent particle radius,

O
I

~ = molecular diffusivity,

Sc = Schmidt number, defined as

Sc=-—F (59)
ps D

m

and

Re = Reynolds number, defined as,

pive,(2R,)
1!

Re = (60)

Equation 58 implies that the Sherwood number approaches a limiting value of
2.0 at low velocities, as in the case of an isolated sphere. This conservative
approach was used in the calculations of the overall mass transfer coefficient.

Setting the Sherwood number equal to 2.0 and letting the Reynolds
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number approach zero, the following expression is derived from Equation 58
for the determination of the external fluid film mass transfer coefficient.

D

f = (61)
HP

Verification that the Reynolds number, Re, is low enough that the second term

in Equation 58 can be neglected was accomplished by using the following

data.

ps=1.0 g/cm?,

v = 2.249 x 10° cm/sec,

e, = 0.265,

R,= 1.3 x 10° cm, and

u = 1.0 cp.

Using equation 60 yields a Reynolds number of 1.55 x 107. The Schmidt

number was calculated from equation 59 using a D,, of 2.1 x 10®° cm?/sec

(26). This yields a Schmidt number of 4.762 x 10%. Using the values of the

Reynolds and the Schmidt numbers in equation 58 yields a Sherwood number

of 2.005. This is not significantly different from the assumption of 2.0 as

was used in the determination of the external film mass transfer coefficient.
The external film mass transfer coefficient was calculated using

equation 61 and these values were then used to determine the mass transfer

coefficient, k, as defined by equation 42. These values were then used in the

determination of the Henry’s constant, K,, in an iterative process using a
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personal computer spreadsheet. All of the original data have been tabulated
and are included in Appendix C. The value of K, was varied until a
breakthrough of material occurred. This process was repeated for all the
samples. An example calculation for the mass transfer coefficients follows.

Data from sample 2 was used for this example.

2

cm
7.56 E-2
k - 2m hr_ . 58,1520 162}
" R,  1.3E-3m " hr

The value calculated from equation 62 is then substituted into equation 42.
The last term in equation 42 is dropped because it is assumed that micropore

mass transfer is negligible.

2
1 R, R (42)

— = £ 4

kK, 3k 15e,D,

where,
R, =absorbent "particle radius”, 1.3 x 10 cm,
k; =external fluid film mass transfer coefficient, 58.15 cm/hr,
e, =porosity of absorbent particle, 0.169,
D, =pore diffusivity, 7.56 x 102 cm?/hr.

Substitution of these values into the above equation yields the following:
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1 - 000124 hr - k= 89514 1

(64)
KK, K, hr

Equation 42 has now been reduced to a one parameter model in terms of the
Henry’s Law constant. This parameter, equation 64, is then substituted into
equations 44 and 45. The resultant expression for the parameter is then
substituted into equation 46.

Table 5 contains a listing of the various blends used in this research.
Descriptions of each of the components were presented in Chapter 3. The
experimental procedure was also described in Chapter 3. The resultant model
obtained by substitution as described above, was then analyzed by means of
an iterative procedure to find the initial breakthrough of material. Table 6
contains the data for the experimental breakthrough time, t,, as well as other
parameters. Table 7 contains the parameters that were determined using this
iterative process. The breakthrough time, t,’, obtained from the model is
much greater than the experimental breakthrough time, t,. In every case,
material was coming through the sample well before a plug flow front would
reach the other side of the sample. The breakthrough time, t,, for sample 2
was determined experimentally to be 4 hours. The plug flow breakthrough
time, t,’, was determined to be 86.4 hours. The experimental data were
compared to the theoretical breakthrough curve for the ideal plug flow model.
The breakthrough curve generated from the model could be represented by a

step increase in concentration. The various parameters used in the model, K,



Table 5. Experimental Blends Used In Forced Convection Experiments

Sample | Cement type | Fly ash, Indian Red pottery | Mix ratio,
and wt% wt% clay, wt% Ib/gal

2 I, 38.5 53.5 8.0 B 10

3! i1, 38 54 8 8

4 Il, 45 45 10 8

o I, 45 45 10 8

83 Slag, 100 0 0 7

77

' Simulated waste was used instead of water. See Appendix B for
composition.

2 Aluminum nitrate was added at 1 wt%

3 Simulated waste was used instead of water. See Appendix B for
composition.



Table 6. Parameters Used In Ideal Plug Flow Model

Sample | R, cm | t.%, e, z, v®, cm/hr | k°,
hr cm cm/hr

2 1.3E-3 | 4.0 0.169 0.7 0.175 58.15

3 1.3E-3 | 16 0.169 0.7 | 0.04375 58.15

4 1.3E-3 | 12 0.265 0.7 | 0.05833 58.15

b 1.2E-3 | 34 0.169 | 0.7 | 0.02059 63

8 1.2E-3 | 1.6 0.265 0.3 0.1875 63

“Time for breakthrough from experimental data

®velocity necessary for t, to be attained

8From equation 52
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Table 7. Experimental Parameters Used In Ideal Plug Flow Model

Sample | &’ K2 k®, hr' t,”'°, hrs
2 15836 0.035 23004 86.4

3 63344 0.0539 14938 824

4 41877 0.01535 81968 824

5 157975 0.00302 312888 824

8 6553 0.0953 15495 37

’From equation 44
8From equation 42
®From equation 42

°Breakthrough time calculated from z/v
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and k, were varied repeatedly in an effort to better correlate the experimental
data to the theoretical breakthrough curve. The two sets of data could never
be made to even come close to matching. Thus, this analysis invalidated the
initial assumption of ideal plug flow. The subsequent analysis assumed

dispersed plug flow and a discussion follows.

5.4 Analysis of Data From Dispersed Plug Flow Model

This section presents the subsequent analysis of the experimental data
assuming dispersed plug flow. This was necessary after the initial assumption
of ideal plug flow was invalidated as described in section 5.3. The same
experimental data was used and the model equations, equations 56 and 57,
were analyzed using a iterative procedure on a personal computer
spreadsheet. The dispersed plug flow model is a single parameter model in
terms of K,. Once the effective dispersion coefficient was determined by
equation 55, ;che value of K, was varied so that the residual sum of squares
was minimized. The resultant parameter values are presented in Table 8. The
data are presented in graphical format in Figures 6 - 10. As can be seen from
the fit of the dispersed plug flow model to the actual experimental data, this
approach appears to be more valid. The data from samples 3 and 5 fit the
dispersed flow model quite well. One common factor between the two
samples is the assumption that there is an increase in the ionic strength of the

porewater. Sample 3 was prepared with a simulated waste and thus a



Table 8. Parameters Determined From Dispersed Plug Flow Model

Sample Peclet number | D, cm?/hr | K,
2" 3.690 x 10°® 8.947 795
3 3.872 x 10° 8.947 1475
4 6.071 x 10° 8.947 1879
5 3.872 x 10° 8.947 4460
8 5.785 x 10° | 5.706 12.8

e, = 0.265
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multitude of ions were present in the porewater of the matrix. Sample 5 was
prepared using aluminum nitrate as an additive in the mixture. Aluminum
nitrate is readily soluble and thus would be present in the porewater. This
increase in ionic strength is speculated to enhance the complex chemical
reactions that take place within the cement matrix. The porosity could
subsequently be decreased as well as an increased affinity for the sorbing
species. This would help to explain some of the differences between the
values of K, for similar samples. Samples 2 and 3 are essentially the same
blend of dry material and samples 4 and 5 are also the same blend of
materials. The differences in the two pairs of samples are in the use of
additional ions in the sample preparation.

A comparison of Samples 2 and 3, Figures 7 and 8, shows that the
addition of simulated waste instead of water increased the time necessary for
species breakthrough. This could be due to increased complexity in the
hydration products resulting in an increased affinity for the adsorbing species.
Since a simulated waste was used in sample 3, it is more representative of
actual waste forms used in the disposal of low level radioactive waste. A
very good fit was obtained for the dispersed plug flow model for sample 3.
This indicates a strongly adsorbed species which would result in a skewed
concentration front. It is therefore concluded that the dispersed plug flow
model could be used for determining breakthrough times for these types of

waste forms.
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Simulated waste was also used in sample 8, Figure 10. However, this
specimen was comprised of only granulated blast furnace slag cement. The
dispersed plug flow model correlates well with the experimental data. It
should be noted that the breakthrough time for the species was rapid
compared to other samples. This implies weaker adsorption and/or increased
pathways for the species to flow through such as would occur with
cha'nneling. Comparing the behavior of sample 8 with sample 3 when C/Co
is approximately 0.06 shows that the time required is substantially larger for
sample 3. It took only 16 hrs for this quantity to elude from sample 8 as
compared to 83 hrs for sample 3. Sample 2 which used distilled water,
retarded the release of Cs'®’ for longer periods of time as compared to sample
8. It is concluded that granulated blast furnace slag does not retard the

elution of Cs'¥’

as well as the other blends used in this study.

Samples 4 and 5,- Figures 8 and 9, are essentially the same material
with the exception that sample 5 has aluminum nitrate added at 1 wt%.
Other researchers (18) have utilized various aluminum compounds to retard
the release of radionuclides. The data from sample 5 indicate that the
addition of aluminum nitrate does decrease the release of Cs®’ from the waste
form. The value of C/Co at a time of approximately 92 hrs is ten times
smaller for sample 5 as compared to sample 4. The value of C/Co was

approximately 0.05 for sample 4 and approximately 0.005 for sample 5 at this

elution time. It is concluded that the addition of aluminum nitrate does
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increase the retention of Cs'¥.

Both sets of experimental data were
reasonably well described by the dispersed plug flow model. This analysis of
the data validates the assumption of dispersed flow through the specimens.
The assumption of Sh = 2 is also valid for this flow system. It should also
be noted that the longer elution times are better described by the dispersed

plug flow model. This is evident when the model goodness of fit for samples

2, 3 and 5 is compared to samples 2 and 8.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

The experimental data were analyzed using two distinct flow models.
These models for the breakthrough curve are for a simple isothermal trace
component system involving a linear rate equation with either ideal plug flow
or dispersed plug flow. The cement matrix was thus modelled as a packed
bed comprised of spheres. It was initially assumed that water transverses
through the cement disk in a plug-flow fashion. This assumption proved
invalid and a dispersed plug flow model was then assumed. The mass
transfer coefficient for the spheres in the packed bed was conservatively
calculated by setting the Sherwood number equal to 2.0. This is the lower
limit which might be expected because all the convection terms have been
neglected. This calculation has embedded in it a parallel resistance
representation for film diffusion and macromolecular pore diffusion.

The dispersed plug flow model is a single parameter model in terms of
K,. Once the effective dispersion coefficient was determined by equation 55,
the value of K, was varied so that the residual sum of squares was minimized.
The resultant parameter values are presented in Table 8. The data are
presented in graphical format in Figures 6 - 10. As can be seen from the fit
of the dispersed plug flow model to the actual experimental data, the

assumption of convective dispersion is more valid. It is also evident that the
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addition of agents which alter the ionic environment of the cement and the
porewater can lead to much greater interaction between the cement and
adsorbing species. It is also evident that this change in the ionic character of
the waste form matrix can enhance the retention performance of the waste

form by orders-of-magnitude.

6.2 Recommendations For Future Research

This research indicates that there is a need for long term studies of the
leaching characteristics of cement based waste forms. Small sample
thickness, such as the ones used in this research, are appropriate because of
the relatively short time for breakthrough. Samples with smaller thicknesses
could be used but they are very fragile and break easily. Additional studies
also need to be performed on independent determination of the adsorption and
chemical characteristics for the various materials used in this research. Also
a better determination of the physical characteristics of these cement matrices
needs to be carried out. Cement hydration is a complex mechanism and
various assumptions have to be made as to the pore structure and pore
chemistry.

Future experiments should also be conducted on the flow
characteristics of the waste form. These studies should concentrate on one
particular blend of materials and one simulated aqueous waste. Various

material thicknesses should be used as well as various pressures. AN



92

experiment with no flow should also be conducted to aid in the determination
of the true dispersive behavior of the waste form. Another series of
experiments should involve the determination of the porewater chemistry and
its effect on the adsorption of various species. This should involve the use of
various additives and one blend of material for the waste form. Scanning
electron microscopy would be needed to determine the crystalline structure
of the matrix. A method to determine the porewater chemistry would need
to be developed. This could necessitate the dissection of the sample and
collecting the porewater at various intervals during the experiment. These
experiments would enhance the understanding of the complex behavior of
cement hydration and its ability to retain adsorbable species. The last series
of experiments that should be conducted involves the determination of the
Henry’s law equilibrium constant, K. Each of the various waste form
components would be tested to determine this important parameter. The
constant would also be determined for various mix ratios of the blended

material in combination with a simulated waste.
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APPENDIX A

DATA OBTAINED FROM LONG TERM EXPERIMENTS
SECTION 2.4.1.2



Table A.1 Data For Section 2.4.1.2

103

Fr_ench Data for thesis

volume 200 liter 20 liter 2 liter 0.2 liter
time,days |Total rel.
3| 0.003595| 0.009868 0.02731 0.03645
6| 0.005233 0.01432 0.0355 0.04336
15| 0.006375 0.01986 0.04371 0.04854
30| 0.006675 0.02256 0.04689 0.05113
62| 0.007106 0.02378 0.04778 0.0532
122| 0.007462 0.02432 0.04827 0.05434
242| 0.007883 0.02506 0.05112 0.05512
362| 0.007971 0.02522 0.05126 0.0554
460 0.0081 0.02544 0.0519 0.05571
550| 0.008273 0.0258 0.05283 0.05595
volume- > 200 20 2 0.2
time,days release rate
3 0.02647 0.03606 0.04229 0.0265
6 0.01926 0.02617 0.02749 0.01576
15| 0.009386 0.01452 0.01354| 0.007058
30| 0.004914| 0.008244| 0.007263| 0.003717
62| 0.002531| 0.004204| 0.003581| 0.001871
122| 0.001351| 0.002185| 0.001838| 0.0009715
242| 0.0007194| 0.001135| 0.000982| 0.0004968
362| 0.0004863| 0.0007638| 0.000658| 0.0003338
460| 0.0003889| 0.0006062| 0.000524| 0.0002641
550| 0.0003322| 0.0005142| 0.000446| 0.0002219
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Table B.1. Analysis of Type lll Portland Cement'

Chemical Composition _ Weight Per Cent
Silicon dioxide (SiO,) 21.78
Aluminum oxide (Al,0,) 3.45
Ferric oxide (Fe,0,) 2.65
Magnesium oxide (MgO) 1.10
Sulfur trioxide (SO,) 3.25
Loss on ignition 1.40
Insoluble residue 0.20
Tricalcium silicate (C5S) 65.7
Tricalcium aluminate (C;A) 4.7
Total alkalies (as Na,O) 0.47

"Purchased from Ash Grove Cement West, Inc., Durkee, OR.
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Table B.2. Analysis of Class F Fly Ash'

Chemical Composition Weight Per Cent
Silicon dioxide (SiO,) 44.99
Magnesium oxide (MgO) 2.04
Calcium oxide (CaO) 11.12
Aluminum oxide (Al,0;) 22.30
Ferric oxide (Fe,0,) 5.46
Sulfur trioxide (SO,) 0.65
Sodium oxide (Na,O) 4.76
Potassium oxide (K,0) 3.76
Phosphorus pentoxide P,04 0.96
Titanium dioxide (TiO,) 4.39
Moisture 0.08
Loss on ignition 0.51
Density (g/cm?) 2.348
Surface area (m?/g) 0.663

"Purchased from Ross Island Sand and Gravel Co., Portland, WA.
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Table B.3. Analysis of indian Red Pottery Clay’

Chemical Composition - Weight Per Cent
Silicon dioxide (SiO,) 64.27
Ferric oxide (Fe,0O3) 7.04
Aluminum oxide (Al,O,) 16.41
Titanium dioxide (TiO,) 1.06
Phosphorus pentoxide (P,0¢) 0.17
Calcium oxide (CaO) 0.23
Magnesium oxide (MgO) 1.55
Sodium oxide (Na,O) 0.40
Potassium oxide (K,O) 4.07
Loss on ignition 4.78

'"Purchased from American Art Clay Company, Inc., Indianapolis, IN.
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Table B.4. Analysis of Blast Furnace Slag'

Chemical Composition

Weight Per Cent

Silicon dioxide (SiO,)
Aluminum oxide (Al,O,)
Ferric oxide (Fe,0,)
Calcium oxide (CaO)
Magnesium oxide (MgO)
Sulfur trioxide (SO,)
Total alkalies (as Na,O)
Potassium oxide (K,O)
Sulfide as sulfur

31.78
15.06
0.66
41.05
7.27
1.98
0.13
0.24
0.72

"Purchased from Ash Grove Cement West, Inc., Seattle, WA.



Table B.5. Analysis of Simulated Waste'
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Chemical Composition a/L
As,0, 0.39998
BaCO, 0.07422
Cd(NO,),®4H,0 0.06635
Cr(NO,),®#9H,0 0.01107
Pb(NO,), 0.07159
Hg(NO,),®H,0 0.09884
SeO, 0.04222
AgNO, 0.01880
CuS0O,®4H,0 0.02738
Fe(NO,),®6H,0 1.0010
Fe,(SO,), 0.13516
MnSO,e4H,0 0.08720

'Waste composition based on actual low level waste stream (18).
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Table B.5(cont.) Analysis of Simulated Waste'

Chemical Composition a/L
AI(NO;);®9H,0 0.24217
KNO, 0.0209
CaSO, 0.06811
ZnS0,®7H,0 0.03268
Ni(NO;),®6H,0 0.09315
NaF 0.02622
NaCl 0.03675
Ca(NO;),®#4H,0 0.01536

'Waste composition based on actual low level waste stream (18).
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APPENDIX C

ANALOGY BETWEEN SHERWOOD NUMBER AND j-FACTOR
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The data generated during this research were analyzed according to the
methods detailed in Chapter 5. However, a comparison of expressions for the
Sherwood number, Sh, and the j-factor, j,, needs to be performed to validate
the assumptions outlined in Chapter 5. The j-factor is typically used to
represent the mass transfer coefficient when there is constant surface
composition and low mass transfer rates. A limited empirical analogy for j,
states that it is a function of the Reynolds number, Re, geometry, and
boundary conditions'?. This expression is the usual form of the Chilton-
Coburn analogy for flow through packed beds. The following equation can be

written for mass transfer around a sphere in a packed bed:

1

jo = ShReSc 3 (®-1

This expression have been used for a variety of flow systems such as flow
through a packed bed and in pipes at high Reynolds numbers. The

corresponding equation for heat transfer is as follows:

1
, 5 D.2
Jy = NuRe™'\Pr 3 o
where Pr is the Prandl number.

The analogy between j, for heat transfer and j, for mass transfer is as

follows:

2T, H. Chilton and A. P. Colburn, Ind. Eng. Chem., 26, 1183, 1934.
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Ju=Jp =0.91Re 5y for (Re<50) (D.3)
where ¥ is the empirical shape factor. The empirical shape factor for spheres
in a packed bed is 1.00. This correlation for the j-factor, j,, is useful for a
number of flow situations, such as transverse flow over cylinders, flow
through packed beds, and flow in pipes at high Reynolds numbers.

The relationship between the friction factor, f, and the j-factor has been

defined by the following.

Ju = ip = (D.4)

(STEN

This relationship is valid only for turbulent flow, Re > 10,000. This equation
also agrees closely with boundary-layer theory for a flat plate when Pr and Sc
exceed 0.5. However, for flow around curved boundaries, form-drag occurs
and f/2 will exceed j, considerably. This implies that equation D.1 should be
used for flow around spheres.

Consider the heat-transfer correlation for forced convection around a

sphere of diameter D:'3

3R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena,
John Wiley & Sons, New York, NY, 1960.
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1 1
- = D.5
Nu = 20+0.60Re 2Pr? (D-5)

Nu is the Nusselt number and the variables have previously been defined.

Substitution of the corresponding mass-transfer quantities into the above

equation yields:

1 1
Sh = 20+0.6Re?8Sc? (26

Equations D.5 and D.6 hold for constant surface temperature and
composition, respectively, and for small mass transfer rates. However, the
Chilton-Colburn analogy, equation D.1, does not hold for this flow system,
except as an approximation when Nu and Sh are much larger than 2.0. Using
the same approach as used in chapter 5 to verify that the Reynolds number,
Re, is low enough that the second term in Equation D.6 can be neglected was
accomplished by using the following data.
p¢=1.0 g/cm?®,

v = 2.249 x 10° cm/sec,

e, = 0.265,

R,= 1.3 x10°cm, and

u = 1.0 cp.

Using equation 60 yields a Reynolds number of 1.55 x 107. The Schmidt

number was calculated from equation 59 using a D,, of 2.1 x 10° cm?/sec
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(26). This yields a Schmidt number of 4.762 x 10%. Using the values of the
Reynolds and the Schmidt numbers in equation 58 yields a Sherwood number
of 2.005. This is not significantly different from the assumption of 2.0 as
was used in the determination of the external film mass transfer coefficient.

Substitution of these values into equation D.3 yields the following

results:

Jjp = 0.91(1.55x107)%%1(1) = 2704
Thus the value for j,, 2704, is extremely large for a system with very low
concentrations of species. Thus the assumption of setting Sh equal to 2.0
has validity and illustrates that equation D.1 can not be used as a predictor of
the mass transfer resistances for this system. Although the mass transfer
rate is very small, the Reynolds number is far too small for this approximation.
The flow of fluid through this system is more closely approximated by

stagnant flow.
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APPENDIX D

ORIGINAL DATA



Sample 2 |
Thickness = 0.7 cm
Co = cps 22275
Time(min)| c.p.m Time(hrs) C/Co
10 12.48 0.08 0.000211862
20 13.28 0.17 0.000197715
30 13.55 0.27 0.000207298
40 12.58 0.35 0.00020262
50 13.68 0.43 0.000209922
60 12.9 0.53 0.000184024
70 12.31 0.62 0.000166797
80 12.34 0.70 0.00017136
90 13.66 0.80 0.000167253
100 11.27 0.88 0.000167481
110 11.05 0.97 0.000164287
120 13.27 1.05 0.000171588
130 13.074 1.15 0.000154475
140 12.57 1.23 0.000157099
150 12.93 1.32 0.000155844
160 12.65 1.42 0.000154133
200 13.14 1.50 0.000157784
210 12.87 1.58 0.000157784
220 11.64 1.67 0.000150482
230 12.7 1.77 0.000155616
240 11.66 1.85 0.000158582
250 12.63 1.93 0.000156643
260 12.95 2.03 0.000162233
270 13.61 2.12 0.000158126
280 13.25 2.20 0.000159381
290 12.5 2.30 0.000158468
300 12.64 2.38 0.00016577
310 13 2.47 0.000177521
320 13.2 2.55 0.000162119
330 12.23 2.65 0.000156301
340 13.33 2.73 0.000167824
350 12.51 2.82 0.000172273
360 12.73 2.92 0.00017832
370 12.02 3.00 0.000168166
380 13.36 3.08 0.00017832
390 12.54 3.17 0.000174098
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400 13.11 3.27 0.00019144
410 12.78 3.35 0.000192923
420 13.13 3.43 0.00021768
430 12.27 3.53 0.00019395
440 12.55 3.62 0.000202506
450 12.28 3.70 0.00019954
460 13.17 3.80 0.000201822
470 12.2 3.88 0.000211063
480 12.85 3.97 0.000213687
490 11.63 4.05 0.000223042
500 13.24 4.15 0.000238672
510 11.71 4.23 0.000251222
520 12.92 4.32 0.000263087
530 13.19 4.42 0.000265027
540 12.49 4.50 0.000275979
550 13.06 4.58 0.000279516
560 12.82 4.67 0.000294575
4.77 0.000322983

4.85 0.000330171
4.93 0.000344888
5.03 0.000367249

5.12 0.00036531
5.20 0.000390295

5.30 0.000416421
5.38 0.000433877
5.47 0.000462627
5.55 0.000486814
5.65 0.000503242
[ 5.73 0.000530738
| 5.82 0.000553897

|_ 5.92 0.000555951
i 6.00 0.000601472
[ 6.08 0.000624518
6.17 0.000653953
6.27 0.000672549

6.35 0.00070438
6.70 0.000837634
6.80 0.000853379
6.88 0.000889316
| 6.97 0.000928449
' 7.05 0.000968493

7.15

0.001005002
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7.23

0.001037859

7.32 0.001071629
7.42 0.001120345
7.50 0.001152403
7.58 0.001191193
7.68 0.001268089
7.77 0.00127984
7.85 0.001301402
7.93 0.001350802
8.03 0.001450059
8.12 0.001462951
8.20 0.001540189
8.30 0.001547833
8.38 0.001624157
8.47 0.001642183
8.55 0.001736306
8.65 0.00175399
8.73 0.001802705
8.82 0.001893405
8.92 0.001906297
9.00 0.001871843
9.08 0.002038753
9.18 0.002102757
9.27 0.002190148
9.35 0.002278909
9.43 0.002256319
9.63 0.002359569
9.62 0.002283815
9.70 0.00248575
9.80 0.002457228
9.88 0.002536862
9.97 0.00263783
10.07 0.002720658
10.15 0.002765951
10.23 0.002872281
10.32 0.002894756
10.42 | 0.002969826
10.560 | 0.003075928
10.568 0.003139019
10.68 0.003187848
10.77 0.003254247
10.85 0.003306043
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10.93 0.003395945
11.03 0.003476377
11.12 0.00355601

11.20 |0.003683333
11.30 |0.003717673
11.38 0.003757262
11.47 0.00382811

11.57 0.003918696
11.65 0.004007229
11.73 0.00411025
11.82 0.004184978
171.92 0.004219775
12.00 |0.004332722
12.08 |0.004362841
12.18 0.004469513
12.27 0.004573562
12.35 0.004650571
12.43 0.004737164
12.53 0.004844635
12.62 0.004852393
12.70 0.004968306
12.80 0.00497538

12.88 0.005116963
12.97 0.005205952
13.07 0.005300531
13.156 0.005363964
13.23 | 0.005507258
13.32 0.005513875
13.42 0.005620434
13.50 |0.005710335
13.58 |0.005796243
13.68 0.005872454
13.77 0.006003998
13.85 0.006087396
13.93 |0.006136796
14.03 |0.006231261
14.12 0.006307358
14.20 | 0.006433197
14.30 0.00652789

14.38 0.006639354
14.47 0.006662058
14.57 0.006778313
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14.65 0.006881335
14.73 0.006946593
14.82 |0.007078593
14.92 | 0.007153549
15.00 |0.007237974
15.08 |0.007338029
15.18 0.007427018
15.27 0.007500376
15.35 0.007593358
15.45 0.007720566
15.63 0.007781261
15.62 0.007943951
15.70 |0.007927636
15.80 |0.008091238
15.88 |0.008138243
15.97 0.008239667
16.07 0.008348735
"16.15 0.008547819
16.23 | 0.008521807
16.32 0.008583414
16.42 0.008775767
16.50 |0.008842965
16.58 0.009002117
16.68 0.009032009
16.77 0.009110615
16.85 0.009236683
16.95 0.009299203
17.03 0.009355905
17.12 | 0.009398573
17.20 | 0.00955419

17.30 |0.009686532
17.38 | 0.009798566
17.47 |0.009869529
17.57 0.009933532
17.65 0.01007021

17.73 |0.010146078
17.82 0.010257086
17.92 0.010359993
18.00 0.01046233

18.08 |0.010589424
18.18 |0.010669971
18.27 [0.010765919
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18.35 0.010843955
18.45 0.010946634
18.53 0.011054333
18.62 |0.011196829
18.70 0.011321642
18.80 |0.011482163
18.88 0.011537154
18.97 0.011690374
19.07 0.011711252
19.15 0.011872116
19.23 0.011919121
19.33 0.01208626
19.42 0.012156082
19.50 |0.012270854
19.58 0.012368399
19.68 0.012564517
19.77 0.012615172
19.85 0.012714314
19.95 0.012831141
20.03 0.013006722
20.12 0.013073121
20.22 0.013099362
20.30 [0.013151614
20.38 0.013327994
20.47 0.013351382
20.57 0.013660561

20.65

0.013727759
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Sample 3 |Thickness = 0.7 cm
Co = cps 22275
Time(min)| c.p.m |Time(hrs) C/Co

10 12.48 0.20 0.000329
20 13.28 0.30 0.00031

30 13.55 0.40 0.000308
40 12.58 0.50 0.000307
50 13.68 0.60 0.000296
60 12.9 0.70 0.000298
70 12.31 0.80 0.000279
80 12.34 0.90 0.000303
90 13.66 1.00 0.000324
100 11.27 1.10 0.000308
110 11.05 1.20 0.000284
120 13.27 1.40 0.000303
130 13.074 1.50 0.00025

140 12.57 1.60 0.000273
150 12.93 1.70 0.000296
160 12.65 1.80 0.000246
200 13.14 2.43 0.000279
210 12.87 2.60 0.000225
220 11.64 2.77 0.000282
230 12.7 3.10 0.000283
240 11.66 3.27 0.000274
250 12.63 3.60 0.000282
260 12.95 3.77 0.000265
270 13.61 3.93 0.000251
280 13.25 4.10 0.000272
290 12.5 4.27 0.00024
300 12.64 4.43 0.000223
310 13 4.60 0.00031

320 13.2 4.77 0.000295
330 12.23 4.93 0.000291
340 13.33 5.10 0.000265
350 12.51 5.27 0.000245
360 12.73 5.43 0.00029

370 12.02 5.77 0.000257
380 13.36 5.93 0.000258
390 12.54 6.10 0.000256
400 13.11 6.27 0.000251
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410 12.78 6.43 0.000269
420 13.13 6.60 0.000237
430 12.27 6.77 0.00026
440 12.55 6.93 0.000274
450 12.28 7.10 0.000235
460 13.17 7.27 0.00027
470 12.2 7.43 0.00026
480 12.85 7.60 0.000288
490 11.63 7.77 0.000296
500 13.24 7.93 0.000264
510 11.71 8.10 0.000271
520 12.92 8.27 0.000308
530 13.19 8.43 0.000341
540 12.49 8.60 0.000296
550 13.06 8.77 0.000336
560 12.82 8.93 0.000349
9.27 0.000302
9.43 0.000354
9.60 0.000325
9.77 0.000343
9.93 0.000365
20.02 | 0.002619
20.12 | 0.002611
20.28 | 0.002444
20.45 | 0.002727
20.62 | 0.002775
20.78 0.00283
20.95 | 0.002859
21.12 | 0.002802
21.28 | 0.003068
21.45 | 0.003148
21.62 | 0.003153
21.78 | 0.003142
21.95 | 0.003344
22.12 | 0.003323
22.28 0.00341
22.45 | 0.003493
22.62 | 0.003588
22.78 | 0.003685
22.95 | 0.003729
23.12 | 0.003788
23.28 | 0.003984
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23.45 | 0.003967
23.62 | 0.004108
23.78 | 0.004151
23.95 | 0.004235
24.12 | 0.004198
24.28 | 0.004274
24.45 | 0.004261
24.62 | 0.004565
24.78 | 0.004581
24.95 | 0.004724
25.12 | 0.004811
25.28 | 0.004813
25.45 | 0.005002
25.62 | 0.004674
25.78 | 0.005196
25.95 | 0.005076
26.12 | 0.005438
26.28 | 0.005463
26.45 | 0.005535
26.62 | 0.005667
26.78 | 0.005807
26.95 | 0.005885
27.12 | 0.005957
27.28 | 0.005947
27.45 | 0.0062
27.62 | 0.006284
27.78 | 0.006259
27.95 | 0.006268
28.12 | 0.006473
28.28 | 0.006444
28.45 | 0.006669
28.62 | 0.007017
28.78 | 0.007052
28.95 | 0.006879
29.12 | 0.00735
29.28 | 0.007568
29.45 | 0.007645
29.62 | 0.007482
29.78 | 0.007884
29.95 | 0.00775
30.12 | 0.007701
30.28 | 0.007831
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30.45 | 0.008305
30.62 | 0.008374
30.78 | 0.008328
30.95 | 0.008513
31.12 0.00871
31.28 | 0.008851
31.45 | 0.008705
31.62 | 0.008999
31.78 | 0.009188
31.95 0.00921
32.12 | 0.009315
32.28 | 0.009479
32.45 | 0.009505
32.62 | 0.009621
32.78 | 0.010024
32.95 | 0.010124
33.12 | 0.010039
- 33.28 | 0.010437
33.45 | 0.010063
33.62 | 0.010504
33.78 | 0.010639
33.95 0.01068
42.27 | 0.017018
42.37 | 0.017133
42.47 | 0.017251
42.57 | 0.017195
42.67 | 0.016963
42.77 0.01752
42.87 | 0.017434
42.97 | 0.017469
43.07 | 0.016918
43.17 | 0.017829
43.27 | 0.017598
43.37 | 0.017744
43.47 | 0.017829
43.57 | 0.018149
43.67 | 0.018266
43.77 | 0.018377
43.87 | 0.018134
44.07 0.01855
44.17 | 0.018661
44.27 | 0.018733
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44.67 | 0.019036
4477 | 0.019104
44.88 | 0.019303
4517 | 0.01945

45.33 | 0.019548
4550 | 0.019705
45.67 | 0.019759
45.77 | 0.020019
45.87 | 0.019645
45.97 | 0.020293
46.07 | 0.019899
46.17 | 0.020305
46.27 | 0.020252
46.37 | 0.020736
46.47 | 0.020119
46.57 | 0.02071

46.67 | 0.020748
46.77 | 0.020709
46.87 | 0.020662
46.97 | 0.020404
47.23 | 0.021516
47.33 | 0.021307
47.43 | 0.021269
47.53 | 0.021625
47.80 | 0.021579
4790 | 0.021763
48.07 | 0.022451
48.75 | 0.022382
48.80 | 0.022775
48.85 | 0.023507
48.90 | 0.023676
48.95 | 0.023593
49.00 | 0.023352
49.05 | 0.023008
49.10 | 0.023573
50.62 | 0.025059
50.78 | 0.025634
50.95 | 0.025578
51.12 | 0.025471
51.28 | 0.026179
51.45 | 0.026315
51.62 | 0.026258
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51.78 | 0.026108
51.95 | 0.026733
52.12 | 0.026619
52.28 | 0.027143
52.45 | 0.027207
52.62 | 0.027187
52.78 0.02708
52.95 | 0.027484
53.12 | 0.027507
53.28 | 0.027676
53.45 | 0.027351
53.62 0.02783
53.78 0.02796
53.95 | 0.027908
54.12 | 0.028551
54.28 | 0.028616
54.45 | 0.028594
54.62 | 0.028204
54.78 | 0.028959
54.95 | 0.028958
556.12 | 0.028877
55.28 | 0.029557
55.45 0.02975
55.62 0.0299

55.78 | 0.029995
556.95 | 0.030255
56.12 | 0.029909
56.28 | 0.030399
56.45 | 0.030509
56.62 = 0.030856
56.78 | 0.030439
56.95 | 0.030845
57.12 0.03138
57.28 | 0.031443
57.45 | 0.031969
57.62 | 0.032072
57.78 | 0.031791
57.95 | 0.031917
58.12 | 0.031879
58.28 | 0.031601
58.45 | 0.032037
58.62 | 0.032215
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58.78 | 0.032104
58.95 | 0.032045
59.12 | 0.032524
59.28 | 0.032562
59.45 | 0.032315
59.62 | 0.032973
59.78 | 0.032806
59.95 | 0.033391
60.12 | 0.03358
60.28 | 0.034748
60.45 | 0.035244
60.62 | 0.034747
60.78 | 0.035281
60.95 | 0.035582
61.12 | 0.03542
61.28 | 0.035741
61.45 | 0.03583
61.62 | 0.035774
61.78 | 0.036091
61.95 | 0.036115
62.12 | 0.036653
62.28 | 0.036163
62.45 | 0.036144
62.62 | 0.036874
62.78 | 0.036992
62.95 | 0.036545
63.28 | 0.037301
63.45 | 0.037197
63.62 | 0.03747
63.78 | 0.037475
63.95 | 0.037124
64.12 | 0.037727
64.28 | 0.037207
64.45 | 0.03799
64.62 | 0.038074
| 64.78 | 0.037997
| 64.95 | 0.038305
| 65.12 | 0.038356
| 65.28 | 0.03862
65.45 | 0.039043
| 65.62 | 0.039056
[ 65.78 | 0.038896
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65.95 | 0.039589
66.12 | 0.040655
66.28 | 0.040769
66.45 | 0.040912
66.62 | 0.040905
66.78 | 0.040713
66.95 | 0.04138
67.12 | 0.041355
67.28 | 0.041258
67.45 | 0.041457
67.62 | 0.041695
67.78 | 0.04131
71.70 | 0.047255
71.95 | 0.047118
72.20 | 0.047621
72.45 | 0.047775
72.70 | 0.04791
72.95 | 0.047955
73.20 | 0.048488
73.45 | 0.048501
73.70 | 0.048507
73.95 | 0.049181
74.70 | 0.049624
74.95 | 0.050061
75.20 | 0.050228
75.45 | 0.050382
75.70 | 0.050716
75.95 | 0.051217
76.20 | 0.051114
76.45 | 0.051589
76.70 | 0.051538
76.95 | 0.051949
77.20 | 0.052397
77.45 | 0.052135
77.70 | 0.052989
77.95 | 0.053297
78.20 | 0.053599
' 78.45 | 0.053701
| 78.70 | 0.054279
' 78.95 | 0.054636
- 79.20 0.0546
| 79.45 | 0.055095

130



79.70 | 0.055236
79.95 0.0553

80.20 | 0.055101
80.45 | 0.055801
80.70 0.05634
80.95 | 0.056376
81.20 | 0.056661
81.45 0.05679
81.70 | 0.056925
81.95 0.05695
82.20 | 0.057515
82.45 | 0.057592
82.70 | 0.058279
82.95 | 0.058109
83.20 | 0.058427
83.45 | 0.058889
83.70 | 0.059101
83.95 | 0.059493
84.20 | 0.059987
84.45 | 0.059795
84.70 | 0.060128
84.95 0.06027
85.20 | 0.060597
85.45 | 0.060912
85.70 | 0.061265
85.95 | 0.061496
86.20 0.06177
86.45 | 0.061933
86.70 | 0.062498
86.95 | 0.062596
87.20 | 0.062851
87.45 | 0.063043
87.70 | 0.063165
87.95 | 0.063589
88.20 | 0.063968
88.45 0.06373
88.70 | 0.064289
88.95 | 0.064372
89.20 | 0.064642
89.45 | 0.065098
89.70 | 0.065409
89.95 | 0.065528
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90.20 | 0.065612
90.45 | 0.066343
90.70 | 0.066318
90.95 | 0.066677
91.20 | 0.06705
91.45 | 0.067133
91.70 | 0.067621
91.95 | 0.067364
92.20 | 0.067801
92.45 | 0.068283
92.70 | 0.06809
114.20 | 0.097329
114.45 | 0.098915
114.70 | 0.098761
114.95 | 0.09921
115.20 | 0.09966
115.45 | 0.098311
115.70 | 0.099974
117.82 | 0.100925
118.07 | 0.101085
118.32 | 0.101124
118.57 | 0.100803
118.82 | 0.10088
120.07 | 0.10174
120.82 | 0.102119
121.07 | 0.102299
121.32 | 0.102459
121.57 | 0.102356
121.82 | 0.102587
122.07 | 0.102376
122.32 | 0.102729
122.57 | 0.1026
122.82 | 0.102665
| 123.07 | 0.102793
123.32 | 0.101894
1 123.57 | 0.102279
123.82 | 0.102793
' 124.32 | 0.10305
12457 [ 0.103178
1 124.82 | 0.103756
[ 125.07 [ 0.104334
| 125.32 | 0.10382
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125.57 | 0.104912
125.82 | 0.106003
126.07 | 0.105361
126.32 | 0.106517
126.57 | 0.106902
126.82 | 0.107352
127.07 | 0.106388
127.32 | 0.10825
127.57 | 0.108507
127.82 | 0.108636
128.07 | 0.108507
128.32 | 0.108828
128.57 | 0.108957
128.82 | 0.109791
129.07 | 0.110112
129.32 | 0.109599
129.57 | 0.108828
129.82 | 0.110112
130.07 | 0.10992
130.32 | 0.110241
130.57 | 0.110498
130.82 | 0.110947
131.07 | 0.111075
131.57 | 0.11191

131.82 | 0.11236
132.07 | 0.112167
132.82 | 0.113194
133.82 0.1139

134.32 | 0.114735
134.57 | 0.115056
134.82 | 0.11634
135.07 | 0.116597
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Sample 4 |
Thickness = 0.7 cm
Co = 22237 cps
Time(min) c.p.s Time(hrs) C/Co
10 11.2 0.166667 | 0.0005037
20 11.2 0.333333 | 0.0005037
30 11.3 0.5 0.0005082
40 11.1 0.666667 | 0.0004992
50 11 0.833333 | 0.0004947
60 10.7 1 0.0004812
70 11.3 1.166667 | 0.0005082
80 11.4 1.333333 | 0.0005127
90 10.6 1.5 0.0004767
100 [ 11 1.666667 | 0.0004947
110 114 1.833333 | 0.0005127
120 | 10.7 2 0.0004812
130 11.2 2.166667 | 0.0005037
140 11.6 2.333333 | 0.0005217
150 9.97 2.5 0.0004484
160 10.7 2.666667 | 0.0004812
170 11.6 2.833333 | 0.0005217
180 11.2 3 0.0005037
190 12.1 3.166667 | 0.0005441
200 10.9 3.333333 | 0.0004902
210 11.8 3.5 0.0005306
220 . 10.8 3.666667 | 0.0004857
230 11.4 3.833333 | 0.0005127
240 10.7 4 0.0004812
250 11.4 |4.166667 | 0.0005127
260 11.5 4.333333 | 0.0005172
270 1.4 4.5 0.0005127
280 11.5 4.666667 | 0.0005172
290 10.7 4.833333 | 0.0004812
300 11.4 5 0.0005127
310 10.4 5.166667 | 0.0004677
320 12.1 5.333333 | 0.0005441
330 11.6 5.5 0.0005217
340 11.6 5.666667 | 0.0005217
350 11.6 5.833333 | 0.0005217
360 10.6 6 0.0004767
370 11.1 6.166667 | 0.0004992
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380 12 6.333333 | 0.0005396
390 11.3 6.5 0.0005082
400 12 6.666667 | 0.0005396
410 12.4 |6.833333| 0.0005576
420 12.6 7 0.0005666
430 12.1 7.166667 | 0.0005441
440 11.1 7.333333 | 0.0004992
450 12.4 7.5 0.0005576
460 11.7 7.666667 | 0.0005262
470 11.6 | 7.833333| 0.0005217
480 12.2 8 0.0005486
490 12.4 |8.166667 | 0.0005576
500 13 8.333333 | 0.0005846
510 13.1 8.5 0.0005891
520 12 8.666667 | 0.0005396
530 12.2 8.833333 | 0.0005486
540 14.1 9 0.0006341
550 13 9.166667 | 0.0005846
560 13.9 9.333333 | 0.0006251
570 13.8 9.5 0.0006206
580 13.9 9.666667 | 0.0006251
590 14.6 9.833333 | 0.0006566
600 15.1 10 0.000679

610 14.7 10.16667 | 0.0006611
620 14.7 10.33333 | 0.0006611
630 16.3 | 10.5 0.000688

640 15.3 |10.66667 | 0.000688

650 16.1 | 10.83333 | 0.000724
660 16.6 11 0.0007465
670 16.5 11.16667 | 0.000742

680 16.7 11.33333 | 0.000751

690 17 11.5 0.0007645
700 17.9 11.66667 | 0.000805

710 17.9 11.83333 | 0.000805

720 17.3 12 0.000778

730 18.4 12.16667 | 0.0008274
740 18.8 12.33333 | 0.0008454
750 18.4 12.5 0.0008274
760 20.3 12.66667 | 0.0009129
770 17.9 12.83333 | 0.000805

1260 '62.3 21 0.0028016
1270 64.9 21.16667 | 0.0029186
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1280 67.2 21.33333 | 0.003022
1290 65.2 21.5 0.0029321
1300 67.5 21.66667 | 0.0030355
1310 63.8 21.83333 | 0.0028691
1320 71.9 22 0.0032333
1330 74.5 22.16667 | 0.0033503
1340 75.2 22.33333 | 0.0033818
1350 77.7 22.5 0.0034942
1360 77.3 22.66667 | 0.0034762
1370 78.9 22.83333 | 0.0035481
1380 82.2 23 0.0036965
1390 83.9 23.16667 | 0.003773
1400 81.3 23.33333 | 0.0036561
1410 86.4 23.5 0.0038854
1420 89 23.66667 | 0.0040023
1430 90.4 | 23.83333 | 0.0040653
1440 90 24 0.0040473
1450 89.6 |[24.16667 | 0.0040293
1460 94.4 | 24.33333 | 0.0042452
1470 955 24.5 0.0042946
1480 96.4 | 24.66667 | 0.0043351
1490 99.7 24.83333 | 0.0044835
1500 99.3 25 0.0044655
1510 102.2 | 25.16667 | 0.0045959
1520 102.8 | 25.33333 | 0.0046229
1530 105.2 25.5 0.0047309
1540 107.8 | 25.66667 | 0.0048478
1550 109.6 | 25.83333 | 0.0049287
1560 107.9 26 0.0048523
1570 114.9 | 26.16667 | 0.0051671
1580 111.4 | 26.33333 | 0.0050097
1590 115.3 26.5 0.0051851
1600 113.9 | 26.66667 | 0.0051221
1610 120.8 | 26.83333 | 0.0054324
1620 119.9 27 0.0053919
1630 120.5 | 27.16667 | 0.0054189
1640 121.4 | 27.33333 | 0.0054594
1650 125.1 27.5 0.0056258
1660 127.6 | 27.66667 | 0.0057382
1670 130.3 | 27.83333 | 0.0058596
1680 130.2 28 0.0058551
1690 132.8 |28.16667 | 0.005972
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1700 135.5 | 28.33333 | 0.0060934
1710 138.2 28.5 0.0062149
1720 140.1 | 28.66667 | 0.0063003
1730 138.6 |28.83333 | 0.0062329
1740 141.9 29 0.0063813
1750 144.8 | 29.16667 | 0.0065117
1760 149.7 | 29.33333 | 0.006732
1770 148.9 29.5 0.006696
1780 151.4 | 29.66667 | 0.0068085
1790 154.7 | 29.83333 | 0.0069569
1800 159 30 0.0071502
1810 154.9 | 30.16667 | 0.0069659
1820 159.8 | 30.33333 | 0.0071862
1830 161.3 30.5 0.0072537
1840 165 30.66667 | 0.0074201
1850 165.6 | 30.83333 | 0.007447
1860 168 31 0.007555
1870 172.1 | 31.16667 | 0.0077394
1880 172 31.33333 | 0.0077349
1890 175.4 31.5 0.0078878
1900 175.7 | 31.66667 | 0.0079012
1910 178 31.83333 | 0.0080047
1920 180.9 32 0.0081351
1930 181.4 | 32.16667 | 0.0081576
1940 185.7 | 32.33333 | 0.0083509
1950 189.7 32.5 0.0085308
1960 191.4 | 32.66667 | 0.0086073
1970 196 32.83333 | 0.0088141
1980 195.3 33 0.0087827
1990 199.1 | 33.16667 | 0.0089535
2040 211.6 34 0.0095157
2050 213 34.16667 | 0.0095786
2060 214.8 | 34.33333 | 0.0096596
2070 215.6 34.5 0.0096956
2080 218.9 | 34.66667 | 0.009844
2090 220.5 | 34.83333 | 0.0099159
2100 226.8 35 0.0101992
2110 228.1 | 35.16667 | 0.0102577
2120 228.4 | 35.33333| 0.0102712
2130 234 35.5 0.010523
2140 234.1 | 35.66667 | 0.0105275
2150 237.8 | 35.83333| 0.0106939
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2160 240.1 36 0.0107973
2170 241.6 | 36.16667| 0.0108648
2180 244.7 |36.33333| 0.0110042
2190 246.7 36.5 0.0110941
2200 249.6 | 36.66667 | 0.0112245
2210 245.1 | 36.83333| 0.0110222
2220 255.5 37 0.0114899
2230 254.1 | 37.16667 | 0.0114269
2240 258.4 | 37.33333| 0.0116203
2250 261.7 37.5 0.0117687
2260 265.2 | 37.66667 | 0.0119261
2270 265.1 | 37.83333| 0.0119216
2280 269.7 38 0.0121284
2290 268.6 | 38.16667| 0.012079
2300 273.1 | 38.33333| 0.0122813
2310 277.3 38.5 0.0124702
2320 275.4 | 38.66667 | 0.0123848
2330 281.8 | 38.83333| 0.0126726
2340 284.7 39 0.012803
2350 286 39.16667 | 0.0128614
2360 287.7 | 39.33333| 0.0129379
2370 291.6 39.5 0.0131133
2380 292.1 | 39.66667 | 0.0131358
2390 299.5 | 39.83333| 0.0134685
2400 300.9 40 0.0135315
2410 301.7 | 40.16667 | 0.0135675
2420 306.6 | 40.33333| 0.0137878
2430 306.9 40.5 0.0138013
2440 312.8 | 40.66667 | 0.0140666
2450 305.1 |40.83333| 0.0137204
2460 304.4 41 0.0136889
2470 317.6 |[41.16667 | 0.0142825
2480 307.4 | 41.33333| 0.0138238
2490 315.7 41.5 0.0141971
2500 301.9 | 41.66667 | 0.0135765
2510 322.9 |41.83333| 0.0145208
2520 312.9 42 0.0140711
2530 329.98 | 42.16667 | 0.0148392
2540 327.3 |42.33333 | 0.0147187
2550 340.8 42.5 0.0153258
2560 340.5 |42.66667 | 0.0153123
2570 344.8 | 42.83333| 0.0155057
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2580 342.7 43 0.0154113
2590 348.6 |43.16667 | 0.0156766
2600 345 |43.33333] 0.0155147
2610 354.4 435 | 0.0159374
2620 352.3 | 43.66667| 0.015843
2630 356.1 |43.83333] 0.0160139
2640 362.9 44 0.0163196
2650 362.8 | 44.16667 | 0.0163152
2660 369.8 |44.33333| 0.0166299
2670 372.4 445 | 0.0167469
2680 370.2 | 44.66667 | 0.0166479
2690 372.6 | 44.83333| 0.0167559
2700 378.3 45 0.0170122
2710 376.3 | 45.16667 | 0.0169222
2720 380.8° | 45.33333| 0.0171246
2730 385.5 45.5 0.017336
2740 389.8 | 45.66667 | 0.0175293
2750 389.4 [45.83333| 0.0175114
2760 397.9 | 46 0.0178936
2770 398.6 |46.16667 | 0.0179251
2780 398.3 | 46.33333] 0.0179116
2790 398.7 46.5 | 0.0179296
2800 401.7 [ 46.66667 | 0.0180645
2810 408.8 | 46.83333| 0.0183838
2820 4075 | 47 0.0183253
2830 412.6 |47.16667 | 0.0185547
2840 419.2 [47.33333| 0.0188515
2850 419.5 47.5 0.018865
2860 420 |47.66667 | 0.0188874
2870 429 |[47.83333| 0.0192922
2880 422.4 48 0.0189954
2890 432.6 | 48.16667 | 0.0194541
2900 427.9 [48.33333| 0.0192427
2910 436.3 485 | 0.0196205
2920 435.2 [ 48.66667 | 0.019571
2930 440.9 |48.83333| 0.0198273
2940 440.8 49 0.0198228
2950 447.6 [49.16667 | 0.0201286
2960 444.8 |49.33333| 0.0200027
2970 453 495 | 0.0203715
2980 452.2 | 49.66667 | 0.0203355
2990 457 ]49.83333| 0.0205513
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3000 463 50 0.0208212
3010 460 50.16667 | 0.0206862
3020 468.2 | 50.33333| 0.021055
3030 470 50.5 0.0211359
3040 469.8 | 50.66667 | 0.021127
3050 476.6 | 50.83333| 0.0214327
3060 478.9 51 0.0215362
3070 474.3 |51.16667 | 0.0213293
3080 483.7 |51.33333| 0.021752
3090 485.8 51.5 0.0218465
3100 486.9 |51.66667| 0.0218959
3160 503.1 | 52.66667 | 0.0226245
3170 508.3 | 52.83333 | 0.0228583
3180 512.8 53 0.0230607
3190 505.6 |53.16667 | 0.0227369
3200 510.7 | 53.33333 | 0.0229662
3210 518.2 53.5 0.0233035
3220 517.6 |53.66667 | 0.0232765
3230 514.7 |53.83333| 0.0231461
3240 523 54 0.0235194
3250 532.7 |54.16667 | 0.0239556
3260 529.5 | 54.33333| 0.0238117
3270 536.1 54.5 0.0241085
3280 540.6 | 54.66667 | 0.0243108
3290 543.5 |54.83333 | 0.0244412
3300 547.6 515) 0.0246256
3310 543.4 |55.16667 | 0.0244367
3320 5562.7 |55.33333 | 0.024855
3330 550.7 55.56 0.024765
3340 5562.7 |55.66667 | 0.024855
3350 559.3 | 55.83333 | 0.0251518
3360 567.4 56 0.025516
3370 561.6 | 56.16667 | 0.0252552
3380 . 567.7 |56.33333 | 0.0255295
3390 . 569.3 56.5 0.0256015
3400 | 574.4 |56.66667 | 0.0258308
3410 582.3 | 56.83333| 0.0261861
3420 | 580.9 57 0.0261231
3430 . 586.2 | 57.16667| 0.0263615
3440 | 589.6 |57.33333| 0.0265144
3450 | 592.3 57.5 | 0.0266358
3460 - 589.5 |57.66667 | 0.0265099
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3470 599.2 |57.83333| 0.0269461
3480 600 58 0.0269821
3490 601.6 |58.16667 | 0.027054
3500 600.4 | 58.33333 0.027
3510 598 58.5 0.0268921
3520 619.7 | 58.66667 | 0.027868
3530 612.8 | 58.83333| 0.0275577
3540 619.3 59 0.02785
3550 623.1 | 59.16667 | 0.0280209
3560 622.3 | 59.33333| 0.0279849
3570 627.1 59.5 0.0282007
3580 628.3 | 59.66667 | 0.0282547
3590 635.4 | 59.83333| 0.028574
3600 634.7 60 0.0285425
3610 643.6 | 60.16667 | 0.0289428
3620 646.1 | 60.33333 | 0.0290552
3630 650 60.5 0.0292306
3640 652.5 | 60.66667 | 0.029343
3650 652.3 | 60.83333 | 0.029334
3660 655.7 61 0.0294869
3670 656.3 | 61.16667 | 0.0295139
3680 660.5 | 61.33333 | 0.0297027
3690 664.2 61.5 0.0298691
3710 662.3 | 61.83333 | 0.0297837
3720 667.3 62 0.0300085
3730 678.5 | 62.16667 | 0.0305122
3740 678.5 | 62.33333 | 0.0305122
3750 672.3 62.5 0.0302334
3760 683.4 | 62.66667 | 0.0307326
3770 685.5 |62.83333| 0.030827
3780 685.1 63 0.030809
3790 690.8 |63.16667 | 0.0310653
3800 696.3 | 63.33333 | 0.0313127
3810 G979 63.5 0.0313846
3820 699.9 | 63.66667 | 0.0314746
3830 706.7 | 63.83333 | 0.0317804
3840 702 64 0.031569
3850 704.2 | 64.16667 | 0.0316679
3860 709.1 | 64.33333 | 0.0318883
3870 713.9 64.5 | 0.0321042
3880 708 64.66667 | 0.0318388
3890 714.6 | 64.83333 | 0.0321356
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3900 728.1 65 0.0327427 |
3910 727.8 | 65.16667 | 0.0327292
3920 726.7 | 65.33333] 0.0326798
3930 738 65.5 0.0331879
3940 738.9 | 65.66667 | 0.0332284
3950 736.6 | 65.83333| 0.033125
3960 739.1 66 0.0332374
3970 748.1 | 66.16667 | 0.0336421
3980 743.3 | 66.33333 | 0.0334263
3990 755.1 66.5 0.0339569
4000 755.1 | 66.66667 | 0.0339569
4010 757.8 | 66.83333| 0.0340783
4020 757.9 67 0.0340828
4030 766.8 | 67.16667 | 0.0344831
4040 770 | 67.33333| 0.034627
4050 775.7 67.5 0.0348833
4060 776.9 | 67.66667 | 0.0349373
4070 777.3 | 67.83333| 0.0349553
4080 783.8 68 0.0352476
4090 785.9 | 68.16667 | 0.035342
4100 790.8 | 68.33333 | 0.0355624
4110 793.4 68.5 0.0356793
4120 794.4 | 68.66667 | 0.0357242
4130 806.1 | 68.83333 | 0.0362504
4140 805 69 0.0362009
4150 796.1 | 69.16667 | 0.0358007
4160 804.5 | 69.33333| 0.0361784
4170 810.3 69.5 | 0.0364393
4180 820 | 69.66667 | 0.0368755
4190 811.2 | 69.83333 | 0.0364797
4200 823 70 0.0370104
4210 830 | 70.16667 | 0.0373252
4220 821 70.33333 | 0.0369204
4230 833 70.5 0.0374601
4240 824.7 |70.66667 | 0.0370868
4300 852.5 |71.66667| 0.038337
4310 852 | 71.83333| 0.0383145
4320 858.7 72 0.0386158
4330 863.8 | 72.16667 | 0.0388452
4340 873.9 |72.33333] 0.0392994
4350 865.5 72.5 0.0389216
4360 875.6 | 72.66667 | 0.0393758
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4370 863.5 | 72.83333 | 0.0388317
4380 874.7 73 0.0393353
4390 885.7 | 73.16667| 0.03983

4400 876.9 | 73.33333| 0.0394343
4410 882.8 73.5 0.0396996
4420 890.4 | 73.66667 | 0.0400414
4430 898.7 | 73.83333 | 0.0404146
4440 897.8 74 0.0403742
4450 906.9 | 74.16667 | 0.0407834
4460 892.8 | 74.33333| 0.0401493
4470 912.7 74.5 0.0410442
4480 913.2 | 74.66667 | 0.0410667
4490 916.4 | 74.83333| 0.0412106
4500 915.3 75 0.0411611
4510 926.6 | 75.16667 | 0.0416693
4520 914 75.33333 | 0.0411027
4530 9241 75.5 0.0415569
4540 930.5 | 75.66667 | 0.0418447
4550 920.4 | 75.83333 | 0.0413905
4560 933.8 76 0.0419931
4570 941.2 | 76.16667 | 0.0423259
4580 940.5 | 76.33333 | 0.0422944
4590 948.2 76.5 0.0426406
4600 943.7 | 76.66667 | 0.0424383
4610 946.5 | 76.83333 | 0.0425642
4620 962.2 77 0.0432702
4630 958 77.16667 | 0.0430814
4640 962.4 | 77.33333 | 0.0432792
4650 972.2 77.5 0.0437199
4660 973.3 | 77.66667 | 0.0437694
4670 974.8 | 77.83333| 0.0438368
4680 2.5 78 0.0440482
4690 986 78.16667 | 0.0443405
4700 976.1 | 78.33333 | 0.0438953
4710 991.9 78.5 0.0446058
4720 994.3 | 78.66667 | 0.0447138
4730 1002 | 78.83333| 0.04506

4740 997.9 79 | 0.0448757
4750 1006 | 79.16667 | 0.0452399
4760 1011 | 79.33333 | 0.0454648
4770 1014 | 79.5 0.0455997
4780 1019 | 79.66667 | 0.0458245
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4790 1012.1 | 79.83333 | 0.0455142
4800 1018 80 0.0457796
4810 1013 | 80.16667 | 0.0455547
4820 1017 |80.33333| 0.0457346
4830 1036 80.5 0.046589
4840 1034 | 80.66667 | 0.0464991
4850 1037 |80.83333| 0.046634
4860 1040 81 0.0467689
4870 1041 81.16667 | 0.0468139
4880 1044 | 81.33333 | 0.0469488
4890 1042 81.5 0.0468588
4900 1052 | 81.66667 | 0.0473085
4910 1055 | 81.83333| 0.0474435
4920 1049 82 0.0471736
4930 1056 |82.16667 | 0.0474884
4940 1066 | 82.33333| 0.0479381
4950 1057 82.5 0.0475334
4960 1044 | 82.66667 | 0.0469488
4970 1055 | 82.83333 | 0.0474435
4980 1059 83 0.0476233
4990 1058 |83.16667 | 0.0475784
5000 1067 |83.33333| 0.0479831
5010 1066 83.5 0.0479381
5020 1063 | 83.66667 | 0.0478032
5030 1075 | 83.83333 | 0.0483429
5040 1077 84 0.0484328
5050 1080 | 84.16667 | 0.0485677
5060 1085 | 84.33333| 0.0487926
5070 1077 84.5 0.0484328
5080 1090 | 84.66667 | 0.0490174
5090 1095 | 84.83333 | 0.0492423
5100 1095 85 0.0492423
5110 1097 | 85.16667 | 0.0493322
5120 1106 | 85.33333 | 0.0497369
5130 1101 85.5 0.0495121
5140 1110 | 85.66667 | 0.0499168
5150 1115 | 85.83333 | 0.0501417
5160 1117 86 0.0502316
5170 1117 | 86.16667 | 0.0502316
5180 1121 86.33333 | 0.0504115
5190 1120 86.5 0.0503665
5200 1129 | 86.66667 | 0.0507712
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5210 1124 | 86.83333 | 0.0505464
5220 1140 87 0.0512659
5230 1138 |87.16667| 0.051176
5240 1142 | 87.33333| 0.0513558
5250 1138 87.5 0.051176
5260 1152 | 87.66667 | 0.0518055
5270 1154 | 87.83333 | 0.0518955
5280 1153 88 0.0518505
5290 1161 88.16667 | 0.0522103
5300 1162 | 88.33333 | 0.0522553
5310 1160 88.5 0.0521653
5320 1166 | 88.66667 | 0.0524351
5330 1168 | 88.83333 | 0.0525251
5340 1181 89 0.0531097
5350 1171 89.16667 | 0.05266

5360 1182 | 89.33333| 0.0531547
5370 1173 89.5 0.0527499
5380 1191 89.66667 | 0.0535594
5390 1189 | 89.83333 | 0.0534694
5400 1190 90 0.0535144
5410 1197 |90.16667 | 0.0538292
5420 1205 |90.33333| 0.054189
5430 1211 90.5 0.0544588
5440 1187 |90.66667 | 0.0533795
5450 1204 |90.83333 | 0.054144
5460 1220 91 0.0548635
5470 1210 |91.16667 | 0.0544138
5480 1224 | 91.33333 | 0.0550434
5490 1220 91.5 0.0548635
5500 1218 |91.66667 | 0.0547736
5510 1230 | 91.83333| 0.0553132
5520 1223 92 0.0549984
5530 1234 | 92.16667 | 0.0554931
5540 1231 92.33333 | 0.0553582
EY5)10) 1241 92.5 0.0558079
5560 1243 | 92.66667 | 0.0558978
5570 1238 |92.83333 | 0.055673
5580 1239 93 0.0557179
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Sample 5|
Thickness = 0.7 cm
Co = 22275 cps
Time(min)| c.p.m |Time(hrs) C/Co

10 12.48 | 0.16667 | 0.0005603
20 13.28 | 0.33333 | 0.0005962
30 13.55 0.5 0.0006083
40 12.58 | 0.66667 | 0.0005648
50 13.68 | 0.83333 | 0.0006141
60 12.9 1 0.0005791
70 12.31 | 1.16667 | 0.0005526
80 12.34 | 1.33333 | 0.000554
90 13.66 1.5 0.0006132
100 11.27 | 1.66667 | 0.0005059
110 11.05 | 1.83333 | 0.0004961
120 13.27 2 0.0005957
130 13.074 | 2.16667 | 0.0005869
140 12.57 | 2.33333 | 0.0005643
150 12.93 2.5 0.0005805
160 12.65 | 2.66667 | 0.0005679
200 13.14 | 3.33333 | 0.0005899
210 12.87 3.5 0.0005778
220 11.64 | 3.66667 | 0.0005226
230 12.7 | 3.83333 | 0.0005701
240 11.66 4 0.0005235
250 12.63 | 4.16667 | 0.000567

260 12.95 | 4.33333 | 0.0005814
270 13.61 4.5 0.000611

280 13.25 | 4.66667 | 0.0005948
290 12.5 | 4.83333 | 0.0005612
300 12.64 5 0.0005675
310 13 5.16667 | 0.0005836
320 13.2 | 5.33333 | 0.0005926
330 12.23 5.5 0.000549

340 13.33 | 5.66667 | 0.0005984
350 12.51 |5.83333 | 0.0005616
360 12.73 6 0.0005715
370 12.02 | 6.16667 | 0.0005396
380 13.36 | 6.33333 | 0.0005998
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390 12.54 6.5 0.000563
400 13.11 | 6.66667 | 0.0005886
410 12.78 | 6.83333 | 0.0005737
420 13.13 7 0.0005895
430 12.27 | 7.16667 | 0.0005508
440 12.55 | 7.33333 | 0.0005634
450 12.28 7.5 0.0005513
460 13.17 | 7.66667 | 0.0005912
470 12.2 | 7.83333 | 0.0005477
480 12.85 8 0.0005769
490 11.63 | 8.16667 | 0.0005221
500 13.24 | 8.33333 | 0.0005944
510 11.71 8.5 0.0005257
520 12.92 | 8.66667 | 0.00058

530 13.19 | 8.83333 | 0.0005921
540 12.49 9 0.0005607
550 13.06 | 9.16667 | 0.0005863
560 12.82 | 9.33333 | 0.0005755
570 13.3 9.5 0.0005971
580 13.31 | 9.66667 | 0.0005975
590 11.4 | 9.83333 | 0.0005118
600 11.36 10 0.00051

610 13.29 | 10.1667 | 0.0005966
620 12.47 | 10.3333 | 0.0005598
630 13.41 10.5 0.000602
640 12.71 | 10.6667 | 0.0005706
650 13.43 | 10.8333 | 0.0006029
660 13.19 11 0.0005921
670 13.51 | 11.1667 | 0.0006065
680 11.87 | 11.3333 | 0.0005329
690 12.79 11.5 0.0005742
700 12.85 | 11.6667 | 0.0005769
710 12.63 | 11.8333 | 0.000567
720 13.25 12 0.0005948
730 13.58 | 12.1667 | 0.0006097
750 13.73 12.5 0.0006164
760 12.99 | 12.6667 | 0.0005832
770 12.59 | 12.8333 | 0.0005652
780 13.2 13 0.0005926
790 13.22 | 13.1667 | 0.0005935
800 13.13 | 13.3333 | 0.0005895
810 13.1 13.5 0.0005881
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820 12.9 |13.6667 | 0.0005791
830 13.61 | 13.8333 | 0.000611

840 13.15 14 0.0005903
850 12.6 | 14.1667 | 0.0005657
860 12.43 | 14.3333 | 0.000558
870 13.01 14.5 0.0005841
880 12.97 | 14.6667 | 0.0005823
890 13.24 | 14.8333 | 0.0005944
900 12.98 15 0.0005827
910 12.89 | 15.1667 | 0.0005787
920 13.37 | 15.3333 | 0.0006002
930 13.37 155 0.0006002
940 13 15.6667 | 0.0005836
950 11.67 | 15.8333 | 0.0005239
960 12.8 16 0.0005746
970 13.12 | 16.1667 | 0.000589
980 12.52 | 16.3333 | 0.0005621
990 12.69 16.5 0.0005697
1000 13.097 | 16.6667 | 0.000588
1010 11.39 | 16.8333 | 0.0005113
1020 12.54 17 0.000563
1030 12.51 | 17.1667 | 0.0005616
1040 13.3 17.3333 | 0.0005971
1050 12.68 17.5 0.0005692
1060 12.24 | 17.6667 | 0.0005495
1070 12.43 | 17.8333 | 0.000558
1080 12.91 18 0.0005796
1090 12.99 | 18.1667 | 0.0005832
1100 12.89 | 18.3333 | 0.0005787
1110 13.01 18.5 0.0005841
1120 13.62 | 18.6667 | 0.000607
1130 12.92 | 18.8333 | 0.00058

1140 13 19 0.0005836
1150 13.06 | 19.1667 | 0.0005863
1160 11.63 | 19.3333 | 0.0005176
1170 12.42 11935 0.0005576
1180 13.09 | 19.6667 | 0.0005877
1190 12.79 | 19.8333 | 0.0005742
1200 12.62 20 0.0005666
1210 12.96 | 20.1667 | 0.0005818
1220 12.44 | 20.3333 | 0.0005585
1230 13.17 20.5 0.0005912
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1240 12.87 | 20.6667 | 0.0005778
1250 13.33 | 20.8333 | 0.0005984
1260 12.62 21 0.0005666
1270 12.58 | 21.1667 | 0.0005648
1280 12.67 | 21.3333 | 0.0005688
1330 13.13 | 22.1667 | 0.0005895
1340 12.84 | 22.3333 | 0.0005764
1350 12.9 22.5 0.0005791
1360 13.08 | 22.6667 | 0.0005872
1370 11.89 | 22.8333 | 0.0005338
1380 13.57 23 0.0006092
1390 13.02 | 23.1667 | 0.0005845
1400 12.19 | 23.3333 | 0.0005473
1410 12.73 23.5 0.0005715
1420 12.7 | 23.6667 | 0.0005701
1430 14.43 | 23.8333 | 0.0006478
1440 13.89 24 0.0006236
1450 13.34 | 24.1667 | 0.0005989
1460 11.4 | 24.3333 | 0.0005118
1470 13.46 24.5 0.0006043
1480 12.96 | 24.6667 | 0.0005818
1490 12.39 | 24.8333 | 0.0005562
1500 13.76 25 0.0006177
1510 13.62 | 25.1667 | 0.0006114
1520 13.61 | 25.3333 | 0.000611

1530 12.74 25.5 0.0005719
1540 12.68 | 25.6667 | 0.0005692
1550 13.29 | 25.8333 | 0.0005966
1560 11.77 26 0.0005284
1570 13.62 | 26.1667 | 0.0006114
1580 13.58 | 26.3333 | 0.0006097
1590 12.54 26.5 0.000563

1600 13.52 | 26.6667 | 0.000607

1610 13.69 | 26.8333 | 0.0006146
1620 13.88 27 0.0006231
1630 13.05 | 27.1667 | 0.0005859
1640 13.55 | 27.3333 | 0.0006083
1650 13.29 27.5 0.0005966
1660 13.76 | 27.6667 | 0.0006177
1670 13.76 | 27.8333 | 0.0006177
1680 13.19 28 0.0005921
1690 13.51 | 28.1667 | 0.0006065
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1700 13.39 | 28.3333 | 0.0006011
1710 13.28 28.5 0.0005962
1720 13.75 | 28.6667 | 0.0006173
1730 13.48 | 28.8333 | 0.0006052
1740 13.58 29 0.0006097
1750 13.93 | 29.1667 | 0.0006254
1760 12.97 | 29.3333 | 0.0005823
1770 13.79 29.5 0.0006191
1780 13.75 | 29.6667 | 0.0006173
1790 13.77 | 29.8333 | 0.0006182
1800 13.35 30 0.0005993
1810 13.91 | 30.1667 | 0.0006245
1820 13.79 | 30.3333 | 0.0006191
1830 13.67 30.5 0.0006137
1840 13.4 | 30.6667 | 0.0006016
1850 13.72 | 30.8333 | 0.0006159
1860 13.6 31 0.0006105
1880 13.97 | 31.3333 | 0.0006272
1890 14.3 31.5 0.000642
1900 13.92 | 31.6667 | 0.0006249
1910 14.14 | 31.8333 | 0.0006348
1920 14.13 32 0.0006343
1930 13.98 | 32.1667 | 0.0006276
1940 14.17 | 32.3333 | 0.0006361
1950 14.65 32.5 0.0006577
1960 14.49 | 32.6667 | 0.0006505
1970 14.36 | 32.8333 | 0.0006447
1980 14.06 33 0.0006312
1990 14.98 | 33.1667 | 0.0006725
2000 14.38 | 33.3333 | 0.0006456
2010 14.89 33.5 0.0006685
2020 13.83 | 33.6667 | 0.0006209
2030 14.6 | 33.8333 | 0.0006554
2040 14.1 34 0.000633
2050 15.04 | 34.1667 | 0.0006752
2060 14.71 | 34.3333 | 0.0006604
2070 14.82 34.5 0.0006653
2080 15.06 | 34.6667 | 0.0006761
2090 14.98 | 34.8333 | 0.0006725
2100 11.4 35 0.0005118
2110 14.91 | 35.1667 | 0.0006694
2120 15.561 | 35.3333 | 0.0006963
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2130 14.44 35.5 0.0006483
2140 15.1 35.6667 | 0.0006779
2150 | 14.86 | 35.8333 | 0.0006671
2160 14.54 36 0.0006527
2170 15.65 | 36.1667 | 0.0007026
2180 15.14 | 36.3333 | 0.0006797
2190 15.21 36.5 0.0006828
2200 15.41 | 36.6667 | 0.0006918
2210 15.38 | 36.8333 | 0.0006905
2220 15.44 37 0.0006932
2230 14.67 | 37.1667 | 0.0006586
2240 16.08 | 37.3333 | 0.0007219
2250 15.88 37.5 0.0007129
2260 15.31 | 37.6667 | 0.0006873
2270 15.96 | 37.8333 | 0.0007165
2280 14.67 38 0.0006586
2290 15.43 | 38.1667 | 0.0006927
2300 16.63 | 38.3333 | 0.0007466
2310 15.9 38.5 0.0007138
2320 16.98 | 38.6667 | 0.0007623
2330 15.9 | 38.8333 | 0.0007138
2340 16.42 39 0.0007371
2350 15.4 | 39.1667 | 0.0006914
2360 16.57 | 39.3333 | 0.0007439
2370 16.59 39.5 0.0007448
2380 16.93 | 39.6667 | 0.00076
2390 15.78 | 39.8333 | 0.0007084
2400 16.76 40 0.0007524
2410 16.27 | 40.1667 | 0.0007304
2440 17.2 | 40.6667 | 0.0007722
2450 17.36 | 40.8333 | 0.0007793
2460 16.94 41 0.0007605
2470 16.69 | 41.1667 | 0.0007493
2480 16.8 |41.3333 | 0.0007542
2490 16.99 41.5 0.0007627
2500 | 16.85 |41.6667 | 0.0007565_
2510 16.98 | 41.8333 | 0.0007623
2520 17.05 42 0.0007654
2530 17.45 | 42.1667 | 0.0007834
2540 17.4 | 42.3333| 0.0007811
2550 17.6 42.5 0.0007901
2560 17.05 | 42.6667 | 0.0007654
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2570 17.48 [42.8333 | 0.0007847
2580 1737 43 0.0007798
2590 17.83 | 43.1667 | 0.0008004
2600 18.29 | 43.3333 | 0.0008211
2610 18.45 435 | 0.0008283
2620 18.07 | 43.6667 | 0.0008112
2630 17.69 | 43.8333 | 0.0007942
2640 18.25 44 0.0008193
2650 18.15 | 44.1667 | 0.0008148
2660 18.26 | 44.3333 | 0.0008198
2670 18.8 445 0.000844
2680 18.38 | 44.6667 | 0.0008251
2690 19.23 | 44.8333 | 0.0008633
2700 18.24 45 0.0008189
2710 18.93 | 45.1667 | 0.0008498
2720 19.16 | 45.3333 | 0.0008602
2730 19.2 455 0.000862
2740 19.06 | 45.6667 | 0.0008557
2750 20.24 | 45.8333 | 0.0009086
2760 18.49 46 0.0008301
2770 19.46 | 46.1667 | 0.0008736
2780 20.03 | 46.3333 | 0.0008992
2790 19.57 46.5 | 0.0008786
2800 19.82 | 46.6667 | 0.0008898
2810 19.79 | 46.8333 | 0.0008884
2820 18.84 47 0.0008458
2830 20.59 | 47.1667 | 0.0009244
2840 17.72 | 47.3333 | 0.0007955
2850 20.26 47.5 | 0.0009095
2860 19.91 | 47.6667 | 0.0008938
2870 20.25 | 47.8333 | 0.0009091
2880 21.29 48 0.0009558
2890 21.22 | 48.1667 | 0.0009526
2900 21.53 | 48.3333 | 0.0009666
2910 20.61 48.5 | 0.0009253
2920 20.19 | 48.6667 | 0.0009064
2930 21.42 | 48.8333 | 0.0009616
2940 21.05 49 0.000945
2950 20.53 | 49.1667 | 0.0009217
2960 21.72 | 49.3333 [ 0.0009751
2970 22.14 49.5 | 0.0009939
2980 20.04 | 49.6667 | 0.0008997
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2990 21.1 49.8333 | 0.0009473
3000 22.59 50 0.0010141
3010 22.57 |50.1667 | 0.0010132
3020 23 50.3333 | 0.0010325
3030 22.32 50.5 0.001002
3040 22.56 |50.6667 | 0.0010128
3050 22.47 |50.8333 | 0.0010088
3060 23.38 51 0.0010496
3070 23.66 | 51.1667 | 0.0010622
3080 23.28 | 51.3333 | 0.0010451
3090 24.23 51.5 0.0010878
3100 24.13 | 51.6667 | 0.0010833
3110 24.57 |51.8333| 0.001103
3120 23.88 2 0.0010721
3130 22.74 |52.1667 | 0.0010209
3140 23.76 | 52.3333 | 0.0010667
3150 24.94 52.5 0.0011196
3160 24.46 | 52.6667 | 0.0010981
3170 25.32 | 52.8333 | 0.0011367
3180 24.19 53 0.001086
3190 22.56 |53.1667 | 0.0010128
3200 25.43 | 53.3333 | 0.0011416
3210 21.13 53.5 0.0009486
3220 25.84 | 53.6667| 0.00116

3230 25.66 |53.8333 | 0.001152
3240 25.39 54 0.0011398
3250 25.82 |54.1667 | 0.0011591
3260 25.2 | 54.3333 | 0.0011313
3270 26.8 54.5 0.0012031
3280 27.11 | 54.6667 | 0.0012171
3290 27.29 | 54.8333 | 0.0012251
3300 25.87 55 0.0011614
3310 27.49 |55.1667 | 0.0012341
3320 27.04 | 55.3333 | 0.0012139
3330 27.42 55.5 0.001231

3340 27.73 | 55.6667 | 0.0012449
3350 27.2 |55.8333 | 0.0012211
3360 28.43 56 0.0012763
3370 28.03 | 56.1667 | 0.0012584
3380 27.27 | 56.3333 | 0.0012242
3390 29.07 56.5 0.0013051
3400 | 28.25 |56.6667 | 0.0012682
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3410 29.39 | 56.8333 | 0.0013194
3420 28.84 57 0.0012947
3430 28.84 |57.1667 | 0.0012947
3440 30.27 | 57.3333 | 0.0013589
3450 29.54 57.5 0.0013262
3460 29.52 | 57.6667 | 0.0013253
3470 29.65 | 57.8333 | 0.0013311
3480 31.29 58 0.0014047
3490 30.8 | 58.1667 | 0.0013827
3500 31 58.3333 | 0.0013917
3510 30.4 58.5 0.0013648
3550 31.6 |59.1667 | 0.0014186
3560 32,5 |59.3333| 0.001459
3570 32.3 51955 0.0014501
3580 33.1 59.6667 | 0.001486
3590 32.4 | 59.8333 | 0.0014545
3600 32.6 60 0.0014635
3610 31.9 |60.1667 | 0.0014321
3620 33 60.3333 | 0.0014815
3630 33.9 60.5 0.0015219
3640 34.1 60.6667 | 0.0015309
3650 34.9 | 60.8333 | 0.0015668
3660 34.7 61 0.0015578
3670 345 |61.1667 | 0.0015488
3680 35.1 61.3333 | 0.0015758
3690 35.1 61.5 0.0015758
3700 35.3 | 61.6667 | 0.0015847
3710 34.6 | 61.8333 | 0.0015533
3720 37.1 62 0.0016655
3730 36.4 | 62.1667 | 0.0016341
3740 37.4 | 62.3333| 0.001679
3750 33.8 62.5 0.0015174
3760 35.4 |62.6667 | 0.0015892
3770 36.8 |62.8333 | 0.0016521
3780 37 63 0.0016611
3790 37.2 |63.1667 | 0.00167

3800 34 63.3333 | 0.0015264
3810 38.6 63.5 0.0017329
3820 36.5 |63.6667 | 0.0016386
3830 38.9 | 63.8333 | 0.0017464
3840 38.9 64 0.0017464
3850 38.9 |64.1667 | 0.0017464
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3860 33.7 |64.3333| 0.0015129
3870 40.6 64.5 0.0018227
3880 40.9 | 64.6667 | 0.0018361
3890 40.9 | 64.8333 | 0.0018361
3900 39.3 65 0.0017643
3910 41.8 | 65.1667 | 0.0018765
3920 41.8 | 65.3333 | 0.0018765
3930 40.8 65.5 0.0018316
3940 40.7 | 65.6667 | 0.0018272
3950 41.6 | 65.8333| 0.0018676
3960 43.6 66 0.0019574
3970 43.4 | 66.1667 | 0.0019484
3980 42.7 |66.3333| 0.0019169
3990 411 66.5 0.0018451
4000 43.7 | 66.6667 | 0.0019618
4010 42.5 |66.8333| 0.001908
4020 44.9 67 0.0020157
4030 44.7 | 67.1667 | 0.0020067
4040 45.2 | 67.3333 | 0.0020292
4050 42.7 67.5 0.0019169
4060 46.3 | 67.6667 | 0.0020786
4070 45.8 | 67.8333 | 0.0020561
4080 46.5 68 0.0020875
4110 48.9 68.5 0.0021953
4120 49 68.6667 | 0.0021998
4130 45.7 | 68.8333 | 0.0020516
4140 48.7 69 0.0021863
4150 47.8 |69.1667 | 0.0021459
4160 50.1 69.3333 | 0.0022492
4170 49.8 69.5 0.0022357
4180 50.7 | 69.6667 | 0.0022761
4190 50.6 | 69.8333 | 0.0022716
4200 51.7 70 0.002321
4210 | 52.2 [70.1667 | 0.0023434
- 4220~ 1 -50.8--1-76:3333-0:0622806
4230 52.52 70.5 0.0023578
4280 54.7 | 71.3333 | 0.0024557
4290 56.1 71.5 0.0025185
4300 53.4 | 71.6667 | 0.0023973
4310 56.9 | 71.8333 | 0.0025544
4320 57.4 72 0.0025769
4330 57.1 72.1667 | 0.0025634
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4340 52.2 | 72.3333[ 0.0023434
4350 57.1 72.5 | 0.0025634
4360 58.3 | 72.6667 | 0.0026173
4370 59.3 | 72.8333 | 0.0026622
4380 60.4 73 0.0027116
4390 60.3 | 73.1667 | 0.0027071
4400 60 73.3333 [ 0.0026936
4410 60.4 73,5 | 0.0027116
4420 60.7 | 73.6667| 0.002725
4430 58.9 | 73.8333 | 0.0026442
4440 60 74 0.0026936
4450 62.2 | 74.1667 | 0.0027924
4460 63 74.3333 | 0.0028283
4470 63.2 745 | 0.0028373
4480 63.1 | 74.6667 | 0.0028328
4490 64.9 | 74.8333| 0.0029136
4500 66 75 0.002963
4510 65.5 | 75.1667 | 0.0029405
4520 65.5 | 75.3333 | 0.0029405
4530 66.7 75.5 | 0.0029944
4540 65.6 | 75.6667 | 0.002945
4550 68.3 | 75.8333 | 0.0030662
4560 68.7 76 0.0030842
4570 68.95 | 76.1667 | 0.0030954
4580 69.41 | 76.3333 | 0.003116
4590 69.5 76.5 | 0.0031201
4600 69.8 | 76.6667 | 0.0031336
4610 71.1 | 76.8333 | 0.0031919
4620 721 77 0.0032368
4630 725 | 77.1667 | 0.0032548
4640 73.4 | 77.3333 | 0.0032952
4650 72.3 77.5 | 0.0032458
4660 68.6 | 77.6667 | 0.0030797
4670 74.2 | 77.8333| 0.0033311
4700 75.2 | 78.3333| 0.003376
4710 76.7 78,5 | 0.0034433
4720 77.7 | 78.6667 | 0.0034882
4730 76.4 | 78.8333 | 0.0034299
4740 75.4 79 0.003385
4750 78.2 | 79.1667 | 0.0035107
4760 79.3 |79.3333| 0.00356
4770 78.9 79.5 | 0.0035421
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4780 79.1 | 79.6667 | 0.0035511
4790 79.8 | 79.8333 | 0.0035825
4800 81.8 80 0.0036723
4810 82.2 |80.1667 | 0.0036902
4820 83.2 | 80.3333| 0.0037351
4830 81.3 80.5 | 0.0036498
4840 84 80.6667 | 0.003771
4850 83.2 | 80.8333 | 0.0037351
4860 87 81 0.0039057
4870 85.9 |81.1667 | 0.0038563
4880 86.6 | 81.3333 | 0.0038878
4890 83.8 81.5 | 0.0037621
4900 89.2 | 81.6667 | 0.0040045
4910 87.7 | 81.8333| 0.0039371
4920 86.8 82 0.0038967
4930 87.6 | 82.1667 | 0.0039327
4940 90.3 | 82.3333| 0.0040539
4950 92.5 82.5 | 0.0041526
4960 92.3 | 82.6667 | 0.0041437
4970 93.1 | 82.8333 | 0.0041796
4980 91.6 83 0.0041122
4990 95.3 | 83.1667 | 0.0042783
5000 92.8 | 83.3333 | 0.0041661
5010 94.8 83.5 | 0.0042559
5020 96.1 | 83.6667 | 0.0043143
5030 96.9 | 83.8333 | 0.0043502
5040 96.4 84 0.0043277
5050 99.4 | 84.1667 | 0.0044624
5060 99.7 | 84.3333| 0.0044759
5070 99.7 84.5 | 0.0044759
5080 99.2 | 84.6667 | 0.0044534
5090 101.2 | 84.8333 | 0.0045432
5100 101.3 85 0.0045477
5110 100.8 | 85.1667 | 0.0045253
5120 101.4 | 85.3333| 0.0045522
5130 101.5 85.5 | 0.0045567
5140 105.1 | 85.6667 | 0.0047183
5150 104.9 [ 85.8333 | 0.0047093
5160 104.2 86 0.0046779
5170 108.1 | 86.1667| 0.004853
5180 109 |86.3333 | 0.0048934
5190 106 86.5 | 0.0047587
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5200 107.3 | 86.6667 | 0.0048171
5210 108.3 | 86.8333 | 0.004862
5220 112.1 87 0.0050325
5230 110.4 | 87.1667 | 0.0049562
5240 113.3 | 87.3333 | 0.0050864
5250 109.2 87.5 0.0049024
5260 112.6 | 87.6667 | 0.005055
5270 116.4 | 87.8333 | 0.0052256
5280 112.8 88 0.005064
5290 114.6 | 88.1667 | 0.0051448
5300 118.3 | 88.3333 | 0.0053109
5310 115.4 88.5 0.0051807
5320 117.7 | 88.6667 | 0.005284
5330 119.2 | 88.8333 | 0.0053513
5340 118.9 89 0.0053378
5350 120.1 | 89.1667 | 0.0053917
5360 118.9 | 89.3333 | 0.0053378
5370 120.1 89.5 0.0053917
5380 119.7 | 89.6667 | 0.0053737
5390 123.8 | 89.8333 | 0.0055578
5400 124.2 90 0.0055758
5410 126.1 | 90.1667 | 0.0056611
5420 125.2 | 90.3333 | 0.0056207
5430 124.4 90.5 0.0055847
5440 128.2 | 90.6667 | 0.0057553
5450 128.4 | 90.8333 | 0.0057643
5460 128.6 91 0.0057733
5470 130.5 | 91.1667 | 0.0058586
5480 128.6 | 91.3333 | 0.0057733
5490 132.4 =5 0.0059439
5500 131.1 | 91.6667 | 0.0058855
5510 132 91.8333 | 0.0059259
5520 133.4 92 0.0059888
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Sample 8 |Thickness = 0.3 cm
Co = cps 22275
Time(min)| c.p.m |Time(hrs) C/Co
10 12.48 0.17 0.00027
20 13.28 0.33 0.00028
30 13.55 0.50 0.00026
40 12.58 0.67 0.00027
50 13.68 0.83 0.00022
60 12.9 1.00 0.00028
70 12.31 1.17 0.00032
80 12.34 1.33 0.00039
90 13.66 1.50 0.00046
100 11.27 1.67 0.0006
110 11.05 1.83 0.00073
120 13.27 2.00 0.00087
130 13.074 2.17 0.00118
140 12.57 2.33 0.00149
150 12.93 2.50 0.00187
160 12.65 2.67 0.00232
200 13.14 2.83 0.00267
210 12.87 3.00 0.00306
220 11.64 3.17 0.00369
230 12.7 3.33 0.00411
240 11.66 3.50 0.0046
250 12.63 3.67 0.00529
260 12.95 3.83 0.00583
270 13.61 4.00 0.0064
280 18=-25 4.17 0.00715
290 12.5 4.33 0.00771
300 12.64 4.50 0.0083
310 13 4.67 0.00913
320 13.2 4.83 0.00979
330 12.23 5.00 0.0104
340 13.33 5.17 0.0111
350 12.51 5.33 0.01163
360 12.73 5.50 0.01258
370 12.02 5.67 0.0133
380 13.36 5.83 0.01424
390 12.54 6.00 0.01506
400 13.11 6.17 0.01569
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410 12.78 6.33 0.01637
420 13.13 6.50 0.01714
430 12.27 6.67 0.01802
440 12.55 6.83 0.01868
450 12.28 7.00 0:01955
460 13.17 7.17 0.0202
470 12.2 7.33 0.02111
480 12.85 7.50 0.02193
490 11.63 7.67 0.02244
500 13.24 7.83 0.02315
510 1.7 8.00 0.02404
520 12.92 8.17 0.02517
530 13.19 8.33 0.02594
540 12.49 8.50 0.02671
550 13.06 8.67 0.02721
560 12.82 8.83 | 0.02794
570 13.3 9.00 0.02912
580 13.31 9.17 0.02986
590 11.4 9.33 0.03049
600 11.36 9.50 0.03168
610 13.29 9.67 0.03213
620 12.47 9.83 0.03264
630 13.41 10.00 | 0.03401
640 12.71 10.17 | 0.03372
650 13.43 10.33 | 0.03549
660 13.19 10.50 | 0.03607
670 13.51 10.67 | 0.03715
680 11.87 10.83 | 0.03746
690 12.79 11.00 | 0.03705
700 12.85 11.17 | 0.03887
710 12.63 11.33 | 0.03992
720 13.25 11.50 | 0.04107
730 13.58 11.67 | 0.04085
750 13.73 11.83 | 0.04205
760 12.99 12.00 0.0433
770 12.59 12.17 | 0.04373
780 13.2 12.33 | 0.04465
790 13.22 12.50 | 0.04416
800 13.13 12.67 | 0.04615
810 13.1 12.83 | 0.04724
820 12.9 13.00 | 0.04809
830 13.61 13.17 | 0.04862
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840 13.15 13.33 | 0.04904
850 12.6 13.50 0.0497
860 12.43 13.67 | 0.04968
870 13.01 13.83 | 0.05021
880 12.97 14.00 0.0524
890 13.24 14.17 | 0.05281
900 12.98 14.33 | 0.05453
910 12.89 14.50 | 0.05496
920 13.37 14.67 | 0.05568
930 13.37 14.83 | 0.05603
940 13 15.00 | 0.05649
950 11.67 15.17 | 0.05418
960 12.8 15.33 | 0.05767
970 13.12 15.50 | 0.05741
980 12.52 15.67 | 0.06012
990 12.69 15.83 | 0.05964
1000 13.097 16.00 | 0.06018
1010 11.39 16.17 0.0604
1020 12.54 16.33 | 0.06238
1030 12.51 16.50 | 0.06347
1040 13.3 16.67 | 0.06418
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