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ABSTRACT

The Can Puncture Device (CPD) serves as a containment vessel
during the puncture of nested 3013 containers as part of surveillance
operations in K-Area. The purpose of the CPD sampling process is to
determine the original pressure and composition of gasses within the
inner 3013 container.

The relation between the composition of the gas sample drawn
from the CPD and that originally in the inner 3013 container depends
on the degree of mixing that occurs over the interval of time from the
puncture to drawing the sample. Gas mixing is bounded by the
extremes of no mixing of gases in the inner container and that of
complete mixing, in which case the entire CPD system is of uniform
composition. Models relating the sample composition and pressure to
the initial (pre-puncture) inner can composition and pressure for each
of these extremes were developed. Predictions from both models were
compared to data from characterization experiments. In the
comparison, it was found that the model that assumed complete gas
mixing after puncture, the Uniform Mixing Model, showed
significantly better agreement with the data than the model that
assumed no change in the composition of the inner container, referred
to as the Non-Uniform Mixing Model.

Both models were implemented as Microsoft™ Excel spreadsheet
calculations, which utilize macros, to include the effects of
uncertainties and biases in the measurements of process parameters
and in the models. Potential inleakage of gas from the glovebox is
also addressed. The spreadsheet utilizing the Uniform Mixing Model,
which was validated by data from the characterization tests, is used to
evaluate the pre-puncture composition and pressure within the inner
3013 container. This spreadsheet model is called the Gas Evaluation
Software Tool (GEST).

INTRODUCTION

Part of the surveillance operations in K-Area involves estimating
the composition and quantity of gasses contained within the inner
3013 container. Sampling is performed by puncturing the inner 3013
container in the Can Puncture Device (CPD), which provides a robust
containment for puncturing 3013 containers. The CPD is designed to
ASME Section VIII standards with a design pressure of 700 psig and
is contained within a glove box.

In the sampling process, the 3013 assembly is placed in the CPD,
which is then sealed. The pressure within the CPD is measured
continuously throughout the sampling process. The CPD/3013 system
is purged with nitrogen and evacuated and the outer 3013 container is
punctured. After puncture of the outer container, the vacuum and
purge process is repeated several times. During the purge and

evacuation process a sample is drawn to obtain the gas composition in
the CPD system prior to puncture of the inner 3013 container. A
schematic of the system is shown in Figures 1 and 2. After the
purge/evacuation process, there is a 10 minute leak check before
puncturing the inner 3013 container. During this period gas leakage
into the CPD from the glove box may occur. The amount of
inleakage, if any, is measured from the transient increase in pressure
within the CPD system. After the leak check is complete the inner
container is punctured, discharging the gasses within to the volume
between the inner and outer containers and to the volume between the
outer container and the CPD. After waiting for 4 minutes to allow the
gasses to distribute throughout the system, a valve connected to the
purge cylinder, located downstream of the sample cylinder, is opened.
This ensures the gasses in the CPD are pulled close to the sample
cylinder inlet valve, see Figure 1. A sample of gas is then drawn from
the CPD to be analyzed for composition. Any gas that leaks into the
CPD from the glove box, between the time the inner 3013 container is
punctured and the time the sample is drawn, is accounted for over the
corresponding time interval. The typical pressure trend of the
evacuation, inleakage measurement, puncture and sampling process
are shown in Figures 3 and 4.

The purpose of the CPD sampling process is to determine the
pressure and composition of gaseous species originally present within
the inner container. For this reason, it would be ideal if:

1. The CPD system was completely evacuated before the inner 3013
container was punctured.

2. No inleakage occurred.

3. The post-puncture sample was drawn after the system had come to
equilibrium, in which case there would be a homogeneous
composition of gasses throughout.

Unfortunately, the volumes external to the inner container are not
completely evacuated and there is the potential for inleakage from the
glove box to the CPD. Further, the discharge of gasses from the inner
container will not immediately yield a homogenous composition
throughout the system.

The actual transport of gasses and the transfer of thermal energy
following puncture of the inner 3013 container is extremely complex.
Immediately after the puncture event, the pressure will rapidly
equilibrate and individual gas species will be quickly transported by
convection from the inner container to Volumes 2 and 3 of Figure 2.
In the absence of other factors, the gas composition becomes
homogeneous through diffusion, which is a slower process than the
rapid mixing that transpires just after the inner container is punctured.
The transport process is further complicated by agitation resulting
from the rotating drill bit.



One extreme of the post-puncture mixing process is the case of
no change in composition of gaseous species in the inner container.
The opposite extreme is the complete mixing of the system, in which
the gaseous composition of all volumes is identical after puncture of
the inner container. Because the actual state of mixing in the system
will lie between these extremes, both were incorporated into separate
models that related the gas compositions of the samples to that
originally in the inner 3013 container.

MODEL DESCRIPTION

A model, called the Gas Evaluation Software Tool (GEST), was
developed to relate measured pressures and sample compositions from
the CPD to the original (pre-puncture) pressure and composition of the
inner 3013 container. The model consists of nominal calculations and
a statistical analysis that is applied to the values computed by the
nominal model. The nominal model predicts the pre-puncture
composition and pressure in the inner 3013 container based on
measurements made during the surveillance and the statistical analysis
applies linear propagation of errors to the pressure and composition
model, with a correction for nonlinear effects, to estimate the variance
and bias associated with the measured data and the physical
assumptions underlying the model. GEST has the ability to analyze
six gases: Ny, O,, Hy, He, CH, and CO, and to address gas inleakage
to the CPD from the glovebox over the interval of time between the
end of the purge process following puncture of the outer 3013
container and the puncture of the inner 3013 container.

Nominal Model

Two mixing models were considered for the CPD system. In one
model, called the Uniform Mixing Model, it is assumed all gasses mix
completely after puncture of the inner 3013 container. The post-
puncture gas temperature throughout the system is the weighted
average of the gas temperatures prior to the puncture, combined with
that of the inleaking gas. Assumptions made for the Uniform Mixing
Model are as follows.

Before puncture of the inner 3013 container, it is assumed that:

TCPD 0= Touter 0= Tglovebox :

2. Qas leaking into the CPD is uniformly mixed over the combined
volume between the outer 3013 container and the CPD and in the
volume between the inner and outer 3013 containers.

3. The gas in all regions may contain nitrogen, oxygen, hydrogen,

helium, methane and carbon dioxide.

After puncture of the inner 3013 container, it is further assumed that:

4. The gas temperature in all volumes is the same and is the result of
homogeneous mixing of gasses in all volumes plus the gas that
leaks into the CPD over the specified leak time, At -

5. The gaseous composition of all volumes is the same and is the
result of the homogeneous mixing of gasses in all volumes plus
the gas that leaks into the CPD over the specified leak time,
At

6. The gasses undergo adiabatic mixing within the CPD system.

That is, the stored thermal energy contained in solids and heat
transfer out of the system is neglected.

Leak *

In the second model, called the Non-Uniform Mixing Model, it is
assumed that the composition of gasses in the inner 3013 container
remain at their pre-puncture composition when the samples are drawn
from the CPD. In the Non-Uniform Mixing Model, the post-puncture
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temperature of gas in the inner 3013 container was assumed to remain

at its pre-puncture value. In volumes 2 and 3 of Figure 2, the post-

puncture temperature of the gas was the weighted average of the gas

originally in these volumes, the gas expelled from the inner 3013

container and the gas leaking into the CPD. The post-puncture

conditions assumed for the Non-Uniform Mixing Model are:

1. The gas temperature of the inner 3013 container remains constant
at its initial value.

2. The gas temperature in the volume bounded by the inner and outer
3013 containers and in the volume bounded by the outer 3013
container and the CPD, is obtained from the First Law of
Thermodynamics for an ideal mixing process.

3. The composition of the inner 3013 container remains fixed.

4. All gas released from the inner 3013 container homogeneously
mixes with gas in the volume bounded by the inner and outer 3013
containers (Volume 2 of Figure 2). That mixed gas is then
released to the CPD (Volume 3 of Figure 2).

5. The final composition of gas in the volume bounded by the outer
3013 container and the CPD (Volume 3 of Figure 2) results from
mixing the gas originally in that volume with the gas composition
released from the volume bounded by the inner and outer 3013
containers (Volume 2 of Figure 2) and the gas leaking into the
CPD.

6. Gas inleakage to the CPD is from the glove box atmosphere and
occurs at a constant rate.

7. The gasses are ideal.

For both the Uniform Mixing Model and the Non-Uniform
Mixing Model, pre-puncture compositions and pressures are calculated
by simultaneously solving a set of governing equations given in
Appendices Al and A2.

Statistical Analysis

The statistical analysis within GEST estimates the variance and
bias in the predicted compositions and pressure within the inner
container arising from error in the measured variables, as well as from
differences between actual and assumed physical processes. Both
linear propagation of errors and a correction for non-linear effects is
included. Details of the statistical model are given in Appendix A3.

COMPARISON WITH DATA

The CPD analyses models were validated by comparing them to
data from characterization experiments. In the experiments, an inner
and outer 3013 container were placed in the CPD and, with the outer
container already punctured. The pressure and composition of the gas
in the CPD was measured and the inner container was punctured. The
resulting pressure was recorded and the gas composition was measured
by drawing a sample from the CPD. The tests were applied to an inner
3013 container having known volume, pressure and composition. The
pressures in the CPD, before and after puncture, were measured. The
composition of gas samples taken during the tests were recorded for
each sample.

The difference between model prediction and data for the
Uniform and Non-Uniform Mixing Models are shown in Figures 5-8.
In these figures a value of zero indicates a perfect match with data.
The comparison clearly shows that the Uniform Mixing Model
provides the best prediction of system performance. Therefore, the
Uniform Mixing Model was selected for use as a tool to analyze the
CPD sample data and was incorporated into GEST.

A comparison between measured initial (pre-puncture) gas
compositions in the inner 3013 container and predictions made by the
Uniform Mixing Model are shown in Figures 9 and 10.



CONCLUSIONS

Through GEST, pressure and gas composition data taken from
the CPD can be used to estimate the original pressure and gaseous
composition within the inner 3013 container. GEST also calculates
biases and variances based on the biases and variances of input
parameters and the predictive model itself. If data is available, GEST
can also address the effect of covariances between input parameters on
the variance of predicted quantities

In a comparison between initial compositions within the inner
3013 container predicted by GEST and known values from controlled
experiments, it was found that the Uniform Mixing Model was far
superior to the Non-Uniform Mixing Model. It was thus inferred that
the underlying assumptions for the Uniform Mixing Model were more
representative of actual CPD system behavior. Hence, the version of
GEST based on the Uniform Mixing Model was selected for
interpretation of CPD data.
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APPENDIX

Al Governing Equations for Uniform Mixing Model

Prior to puncture of the inner 3013 container, the Uniform
Mixing Model assumes that the outer 3013 container has been
punctured and that in the volume bounded by the inner and outer 3013
containers and in the volume bounded by the outer 3013 container and
the CPD, the gas composition and temperature are uniform and equal.

Before puncture of the inner 3013 container, it is assumed that:
L Teppo =T, =T

outer 0
2. Gas leaking into the CPD is uniformly mixed over the combined
volume between the outer 3013 container and the CPD and in the
volume between the inner and outer 3013 containers.
3. The gas in all regions may contain nitrogen, oxygen, hydrogen,
helium, methane and carbon dioxide.

glovebox *

After puncture of the inner 3013 container, it is further assumed
that:
4. The gas temperature in all volumes is the same and is the result of
homogeneous mixing of gasses in all volumes plus the gas that
leaks into the CPD over the specified leak time, At -

5. The gaseous composition of all volumes is the same and is the
result of the homogeneous mixing of gasses in all volumes plus
the gas that leaks into the CPD over the specified leak time,

At

6. The gasses undergo adiabatic mixing within the CPD system.
That is, the stored thermal energy contained in solids and heat
transfer out of the system is neglected.

Leak ~

By Assumption 4, after puncture the gas temperature in all
volumes is the mixture temperature T, » the uniform model mixture

temperature, in (K).

Because the final gas composition and temperatures are the same
throughout the system, this representation is referred to as the uniform
mixing model.

By Assumption 1, after puncture the gas temperature in all
volumes is the mixture temperature T, > the uniform model mixture

temperature, in (K).

The total number of moles of gas in the volume between the
outer 3013 container and the CPD before puncture is given by
oP

Nepp o =| Py + At g BPE

Vern . Al.l

Leak BP I{’TCPD 0

The total number of moles of gas in the volume between the
inner and outer 3013 containers before puncture is given by

oP

V.
Po +At]_eak Bp— outer . A12

RT,

outer 0

n

outer 0

Leak BP

The mole fraction of gaseous species i in the inner 3013
container before puncture is given by

|:X1 F(nmner() F N uero T0eppo T N peak :‘

- (ni outer0 T Wicppo T Lcak)

Xi inner 0 —
ninner 0
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The mole fraction of gaseous species i in the volume between the
inner and outer 3013 containers before puncture of the inner 3013
container is given by

oP
X outer init Po T Xi Leak Al Leak p 2]
[ ‘ Ot eacnr | - Al4

Leak BP }

The number of moles of gaseous species i in the volume between
the inner and outer 3013 containers, before puncture of the inner 3013
container, is given by Eq. A1.5. This value includes pre-puncture
inleakage.
=X Al5

i outer Onouier 0

Xiouter0 =

oP

|:P0 + AtLea\k BPE

n i outer 0

The mole fraction of gaseous species 1 in the volume between the
outer 3013 container and the CPD before puncture of the inner
container after pre-puncture inleakage occurs, is given by

Leak BP E

P
|:XiCPD nitPo T X Lea At 0 :| ALG
Leak BP .

Xicppo =

oP

at Leak BP:|

|:P0 + AtLea\k BP A, |

The number of moles of gaseous species i in the volume between
the outer 3013 container and the CPD, before puncture of the inner
3013 container, is given by Eq. Al.7. This value includes pre-
puncture inleakage.

n Al7

icepo = Xicpp oflepp o

The number of moles of gaseous species i in that leak into the
CPD system over the interval of time At is

D peak = X Leak M Leak AL8

The temperature, T, of the gas mixture in the uniform system is

PVy . AL9
R(ninncr 0 + nCPD 0 + noutcr 0)

C'H‘

The number of moles of gas that leak into the CPD system over
the interval of time At Leak after puncture of the inner 3013 container
is

dp
At Leak di (n inner 0 + IlCPD 0 + nouter 0 )
Ul ok : AL.10

n Leak — P

F

From equations Al.1, A1.2, A1.4 through A1.6, A1.9 and A.10 it
can be seen that the energy balance before and after puncture, in terms
of the constant volume specific heat, is a function of p iner 0 alone.

Hence, the energy balance may be used as an objective function to
solve for . Once n. is determined, TU, n, ,and x.

inner 0 inner 0 iinner 0
can be obtained directly from Equations A1.9, A1.10, and Al.3,
respectively. The temperature dependent constant volume specific
heats for each species were obtained from Sonntag, Borgnakke and
Van Wylen [2002].

Leak



A.2 Governing Equations for Non-Uniform Mixing Model
Prior to puncture of the inner 3013 container, the Non-Uniform
Mixing Model assumes that the outer 3013 container has been
punctured and that in the volume bounded by the inner and outer 3013
containers and in the volume bounded by the outer 3013 container and
the CPD, the gas composition and temperature are uniform and equal.

After puncture of the inner 3013 container, it is assumed that:

1. The gas temperature of the inner 3013 container remains constant
at its initial value.

2. The gas temperature in the volume bounded by the inner and outer
3013 containers and in the volume bounded by the outer 3013
container and the CPD, is obtained from the First Law of
Thermodynamics for an ideal mixing process.

3. The composition of the inner 3013 container remains fixed.

4. All gas released from the inner 3013 container homogeneously
mixes with gas in the volume bounded by the inner and outer 3013
containers (Volume 2 of Figure 2). That mixed gas is then
released to the CPD (Volume 3 of Figure 2).

5. The final composition of gas in the volume bounded by the outer
3013 container and the CPD (Volume 3 of Figure 2) results from
mixing the gas originally in that volume with the gas composition
released from the volume bounded by the inner and outer 3013
containers (Volume 2 of Figure 2) and the gas leaking into the
CPD.

6. Gas inleakage to the CPD is from the glove box atmosphere and
occurs at a constant rate.

7. The gases are ideal.

Because the final gas composition and temperatures vary within
the system, this representation is referred to as the non-uniform mixing
model.

The post-puncture mole balance for the region between the inner
and outer 3013 containers is

(PF +At Leak 6£ J
n _ at Leak Vouler A2.1

outer F ™
R T

The post-puncture mole balance for the region between the outer
3013 container and the CPD is

oP

PF + AtLeaki J
_E O liea ) Verp A22

n =
CPD F R T

The mole fraction of gaseous species i in the inner 3013
container before puncture is

_ Dicepr "Dicepo — (Xin)Lcak A23

Xi outer F

(n outer 0 + ninner 0o ninner F nouter F

The number of moles of gaseous species i in the volume between
the outer 3013 container and CPD after puncture of the inner 3013
container is
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x\n +1n,

outer 0 inner 0

n

{[Xi inner 0 (ninner 0 ™ Minner F )+ D outer 0 ] }

inner F ~ Mouter F

Dicppr = (
Dippero — 1 +n

inner F outer 0 ) A2 4

+0icppo T (xln)Leak

The mole fraction of gaseous species i in the inner container is
given by Eq. A2.5. By Assumption 3 this value is fixed for the non-
uniform mixing model.

(ni cep F ~Dicpp o _(Xin)Leak)
X (ninner 0 ninner F + nouler 0)

(noulcr 0 + ninncr 0 ninncr F noutcr FXninncr 0 ninncr F)

n

A25

i inner

i outer 0

n

inner 0 n inner F

The number of moles of gaseous species i in the volume between
the outer 3013 container and CPD, after puncture of the inner 3013
container, may also be written as
A2.6

Dicppr = Xicpp Flepp F

The post-puncture temperature of the gas mixture outside the
inner 3013 container is
T PV A27
R(An inner + nCI’D 0 + n()uler 0 )

The number of moles of gas that leak into the CPD system over
the interval of time At is

Leak ’ 1
dp ( )
Leak di An inner + 1IICPD 0 + nouler 0
t Leak A2.8
PF

At

n

Leak —

The mole fraction of gaseous species i in the inner 3013
container before puncture is

_ (ni CPDF ni CPDO (Xin)Leak xAninner + nouter O)

Xi inner — (noutcr 0= n + An. )An A2.9

outer F inner inner

n i outer 0

(An inner )

From equations A2.7, A2.8 and A2.9 it can be seen that the
energy balance on volumes outside the inner 3013 container, before
and after puncture, in terms of the constant volume specific heat, is a
function of An,  alone. Hence, the energy balance may be used as

er

an objective function to solve for An. Once An. is

inner inner

determined, T, and X, ime ©21 be obtained directly from

nLeak
Equations A2.7, A2.8, and A2.9, respectively. The temperature
dependent constant volume specific heats for each species were
obtained from Sonntag, Borgnakke and Van Wylen [2002].

Finally, n,,.. ,can be calculated as

ne;



An._+n

inner 0 — inner inner F
A2.10
Py + At E V.
=An. + Leak inner

inner R T

inner

n

oP

A3  Statistical Model

The system model predicts the initial composition and pressure in
the inner 3013 container based on certain physical assumptions.
However, the input parameters used by the model, as well as the
assumed physical behavior of the system immediately following the
puncture of the inner 3013 container, are subject to error. The error
may take the form of instrument uncertainty and bias, systematic error
in the taking of samples, deviation from the assumed physics
underlying the puncture event and a number of other sources. For this
reason it is necessary to estimate the error in the estimate of the
composition and pressure within the inner 3013 container.

The statistical model used in the spreadsheets is based on a
propagation of error technique for a functional of random variables.
Let f denote the “true” value of a pre-puncture mole fraction or
pressure within the inner 3013 container an let p denote the value
derived by GEST from the “true” values, £, of parameters. Write

f=p)+2 4 A
k=1

where: & = Errors associated with the GEST model.

Within its radius of convergence, we may write

1O=p)+ 2| T (&g )role)|+ 2a A2
15 k=1
Where:§0= (glo,am,&so,...,ano) = Measured values of

parameters.
The higher order terms in equation A.2-1 denote non-linear effects.

If f is a one-to-one function, then neglecting higher order terms,
and applying the averaging operator, yields an expression for mean

value of f, <f(§)>, as

(r@) =1 )+ 32

e

(&)-¢ 0)+<o@2)>+g<gk> A33

Where:< > denotes the averaging operator.

Equation A3.3 relates the mean value of f to its value at nominal
parameter values, f(go) . Thus, Equation A3.3 can be used to

calculate the bias, B, between the mean and nominal value of f as

p = (bias in functional) = <f(§)> -f(&)
=38 (e)-s.)+(0l)+ Sta)

5 k=1

A34

agl
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Physically, the bias is the correction from the nominal prediction of f
to the mean of f.

Neglecting higher order terms in Equation A3.4 gives an
approximation for the bias in terms of linear propagation of errors

B=(f(O)-1()~ z e, ﬁ+2<ak> A3

where: 3, = <§i>_§i , = (bias in variable ).

In terms of Equation A3.5 and Equation A3.2, with second and

. . 2 ..
higher order terms neglected, the variance of f, G, , via linear
propagation of errors is

~([r&-(r@)f)
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where: Py = The correlation coefficient of }';j and &,
— Cov(§;,§)
O, Oy,
P, = The correlation coefficient of g, and £
gl i
- Coviey.b 5
Gskcii
[ = The correlation coefficient of €, and g,
— Cov(g,,g,)
6. 0.
Cov(x,y) = The covariance of x and y
= (k=)= ()
o The standard deviation of &, .
o The standard deviation of g -

The contribution of higher order terms to the bias and variance are
estimated from a statistical analysis of the model and data and
combined as root-mean-squares with the error terms, ¢, , that address

the difference between the predictions of the model to the “true”
values of the dependent variables (mole fractions and pressures).
Although the equations derived in this section can account for the

covariance between the g, terms, the covariance between the g, terms
and the independent variables§ , and the covariance between the

independent variables & and E.)j for i # j, such covariances are

assumed to be zero in the current version of GEST.



