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Abstract: In this paper, the development of a fission-gas collecting and physical-analysis-enabling
instrument was proposed for small-volume determination. Analysis specifications require a design
capable of accurately and repeatably determining volumes in the range of 0.07–2.5 mL. This system
relies on a series of gas expansions originating from a cylinder with known internal volume. The
combined gas law is used to derive the unknown volumes from these expansions. Initial system
designs included one of two known volumes, 11.85 ± 0.34 mL and 5.807 ± 0.078 mL, with a manifold
volume of 32 mL. Results obtained from modeling this system’s operation showed that 0.07 mL can
be determined with a relative expanded uncertainty greater than 300% (k = 2) for a single replicate,
which was unacceptable for the proposed experimental design. Initial modeling showed that the
volume connecting the known volume and rodlet, i.e., the manifold volume, and the sensitivity of the
pressure sensor were key contributors to the expanded uncertainty of the measured rodlet volume.
The system’s design limited the available options for pressure sensors, so emphasis was placed on
the design of the manifold volume. The final system design reduced the manifold volume to 17 mL.
These changes in design, combined with replicate analysis, were able to reduce the relative expanded
uncertainty by ±12% (k = 2) for the 0.07 mL volume.

Keywords: experimental design; uncertainty evaluation; gas analysis

1. Introduction

The Small-scale Advanced Testing Gas Assessment System (SATGAS) shown in
Figure 1 is being developed for the purpose of sampling fission gasses from spent-fuel
rodlets and is expected to be coupled to the Gas Assay, Sample and Recharge (GASR)
system in the Hot Fuel Examination Facility (HFEF) at the Idaho National Laboratory (INL).
Traditionally, a complete fuel rod is punctured, and the plenum volume is analyzed using
the GASR while the sample gas is collected in a sample-collection vessel [1–3]. Rodlets have
a significantly smaller plenum volume and diameter than a typical fuel rod and require a
specialized manifold for the accurate assessment of various experimental parameters. The
rodlet plenum volumes are expected to be between 0.07 and 2.5 mL. By identifying the
factors impacting uncertainty prior to manufacturing, efforts can be made to minimize the
contribution from each. The uncertainty on the measured rodlet volume is expressed as an
expanded uncertainty to more adequately represent the accuracy of the value through the
inclusion of a coverage factor. Through this analysis, theoretical minimum uncertainties
can be determined. The manipulation of system volumes, rodlet volumes, and the number
of times the expansion was performed can lead to experimental modifications that allow
for a reduction in the expanded uncertainty of the rodlet–volume determination [4].
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This means that the system pressure and temperature must be in ranges at which the 
interactions between atoms are negligible. The system volume was assumed to be constant 
throughout the experiment because the temperature change over the course of the exper-
iment is zero, and the pressure range over which the data is modeled should not impact 
the dimensions of the material of construction. Without a physical system to test, the esti-
mation of gas loss is difficult. To simplify the model, gas loss was assumed to be negligi-
ble. 

 
Figure 1. Concept drawing of the SATGAS module. 

With the assumption that the number of gas moles remains constant, the ideal gas 
law can be rearranged into the combined gas law, see Equation (2)—where PSTD, PX, TSTD, 
and TX are the measured pressure and temperature. The initial volume, VSTD, is a portion 
of the system with a known volume, and VX is the total system volume to be measured. 
The subscripts STD, define the values in the standard, and X defines the expanded values 
for the first or second expansion. 𝑃ୗ୘ୈ𝑉ୗ୘ୈ𝑇ୗ୘ୈ = 𝑃௑𝑉௑𝑇௑  (2)

The volume can be determined using multiple methods [6-8]. Due to the accuracy 
requirements and handling restrictions for irradiated materials, the gas-expansion 
method was chosen. The simplest experiment one can use to facilitate this process in-
volves expanding gas directly from a known volume into the rodlet volume while meas-
uring the P and T of the gas. However, the known volume and rodlet volume must be 
connected via a manifold. Because this method of determination is indirect, the evaluation 
of uncertainty becomes more complicated. To perform volume measurements using this 
method, the volume defined at VSTD is first pressurized with gas, then isolated. The pres-
sure, PSTD, and temperature, TSTD, of the gas are measured. Then, the remaining system 
volume is evacuated so that gas is only inside the known volume. The gas in the known 
volume is then expanded into the portion of the system that connects the known and 
rodlet volumes (defined as the manifold volume). The temperature, T1, and pressure, P1, 
are measured for the first expansion. The combined volume of the known and manifold 
volumes is then determined using Equation (2), where X = 1. A second expansion of the 
gas is then performed into the rodlet volume, and the temperature, T2, and pressure, P2, 
are measured. The total system volume can then be determined using Equation (2), where 
X = 2. The rodlet volume, VRodlet, is then calculated using Equation (3). 𝑉𝑅𝑜𝑑𝑙𝑒𝑡 = 𝑉2 − V1 (3)

Figure 1. Concept drawing of the SATGAS module.

In order to accurately model the system using the ideal gas law, Equation (1)—where
P is pressure, V is volume, n is the number of moles of gas, R is the gas constant, and T is
temperature—must adequately describe gas interactions [5].

PV = nRT (1)

This means that the system pressure and temperature must be in ranges at which
the interactions between atoms are negligible. The system volume was assumed to be
constant throughout the experiment because the temperature change over the course of
the experiment is zero, and the pressure range over which the data is modeled should
not impact the dimensions of the material of construction. Without a physical system to
test, the estimation of gas loss is difficult. To simplify the model, gas loss was assumed to
be negligible.

With the assumption that the number of gas moles remains constant, the ideal gas law
can be rearranged into the combined gas law, see Equation (2)—where PSTD, PX, TSTD, and
TX are the measured pressure and temperature. The initial volume, VSTD, is a portion of
the system with a known volume, and VX is the total system volume to be measured. The
subscripts STD, define the values in the standard, and X defines the expanded values for
the first or second expansion.

PSTDVSTD

TSTD
=

PXVX
TX

(2)

The volume can be determined using multiple methods [6–8]. Due to the accuracy
requirements and handling restrictions for irradiated materials, the gas-expansion method
was chosen. The simplest experiment one can use to facilitate this process involves expand-
ing gas directly from a known volume into the rodlet volume while measuring the P and
T of the gas. However, the known volume and rodlet volume must be connected via a
manifold. Because this method of determination is indirect, the evaluation of uncertainty
becomes more complicated. To perform volume measurements using this method, the
volume defined at VSTD is first pressurized with gas, then isolated. The pressure, PSTD,
and temperature, TSTD, of the gas are measured. Then, the remaining system volume is
evacuated so that gas is only inside the known volume. The gas in the known volume is
then expanded into the portion of the system that connects the known and rodlet volumes
(defined as the manifold volume). The temperature, T1, and pressure, P1, are measured
for the first expansion. The combined volume of the known and manifold volumes is
then determined using Equation (2), where X = 1. A second expansion of the gas is then
performed into the rodlet volume, and the temperature, T2, and pressure, P2, are measured.
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The total system volume can then be determined using Equation (2), where X = 2. The
rodlet volume, VRodlet, is then calculated using Equation (3).

VRodlet = V2 − V1 (3)

A temperature of 298.15 K was used throughout the model. This simplifies the
calculations. The inclusion of temperature in the calculation accounts for its contribution
to the expanded uncertainty. It is important to note that the absolute temperature is
irrelevant for the determination of the unknown volume. However, the relative change in
the temperature over the course of a single expansion is important. Here, the temperature
was assumed to remain constant over the timeframe of a single expansion. Based on the
historical performance of the GASR system, this assumption is accurate.

2. Materials and Methods

SATGAS Instrumentation. Initial design of the SATGAS module, as shown in
Figure 1, was complete prior to modeling. The design included calibrated temperature
and pressure sensors, a vessel of known internal volume, a specimen hood for connection
of the rodlet, and a manifold to connect everything. A Pyromation RTD, R5T185L283-
005(3/4)-8B03(3/4)-4, with a standard uncertainty of ±0.2 K, was used for temperature
measurements. Pressure was measured using a Honeywell Ultra Precision Pressure Trans-
ducer, Model Super TJE 0–103 kPa, part number AP112BJ,1A,2U,5B,6B,9A, with a standard
uncertainty of ±0.05% full scale (±0.0517 kPa). One of two interchangeable vessels was
used as the known volume. The known volume vessels were made from commercially
purchased parts and assembled at INL. After assembly, the known volumes were then
calibrated by the Primary Standards Labora-tory at Sandia National Laboratory and as-
signed volumes of 11.85 ± 0.34 and 5.807 ± 0.078 mL, respectively. The manifold will be a
combination of custom-manufactured and commercially available parts, assembled at INL.
The volume of this manifold was treated as a variable in the model, along with variations in
internal volume. Design of the manifold internal volume was modified to fit the calculated
internal manifold volume predicted by the model.

Modeling. The proposed SATGAS design has not been manufactured. Thus, a model
of the expansions was generated to simulate the experiments that will be performed once
the system is manufactured and the rodlets are punctured. The model was generated in
Microsoft Excel, and the initial pressure in the known volume was set. Random variations
in the initial pressure were included as a source of random error. The variation in the initial
pressure was generated using an Excel function producing random numbers bounded by
the gas-delivery system capabilities of the GASR, and was determined to be 68.3 ± 0.3 kPa
(k = 1) with a normal/Gaussian distribution.

Because all values are directly calculated from the above equations, it does not en-
compass the random error observed when taking real world measurements. Manifold and
system pressures, P1 and P2, are based on the initial pressure, PSTD, and calculated using
the combined gas law. V2 remained constant throughout all the modeled data; however,
once constructed, some degree of variation in the manifold volume can be observed due to
rodlet orientation in the SATGAS specimen hood or defects in the rodlet’s construction. The
simulated final pressure changes directly with respect to the rodlet volume being analyzed.
Four distinct rodlet volumes—0.07, 0.123, 0.25, and 2.5 mL—were analyzed, in combination
with two manifold volumes and two standard volumes, for a total of 16 configurations.

Once calculated, all resulting values were input into a software package, GUM Work-
bench Pro v 2.4.1.406, and the Guide to the expression of Uncertainty in Measurement
(GUM) was applied to calculate the expanded uncertainty of the rodlet volume [4,9]. The
expanded uncertainty was derived using the method described above, and models for
Equations (2–3) were entered into the program. The software derived a Taylor expansion
from the input equations to calculate the expanded uncertainty [10]. The software also
produced a budget, in which each factor influencing the uncertainty was weighted by its
contribution to the expanded uncertainty [11]. Using the budget, adjustments to modeled
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experimental parameters can be made to minimize uncertainty source contributions based
on which sources have the largest contribution to the expanded uncertainty [12]. For better
comprehension of this process, refer to the data, equations, and GUM calculation included
in the Supplementary Materials.

3. Results and Discussion
3.1. 32 mL Manifold Design

Four rodlet volumes were calculated, using Equations (2) and (3), for models incorporat-
ing the original system design, with a manifold volume of 32 mL. A comparison of the results’
expanded uncertainty using different-sized volume standards can be seen in Table 1.

Table 1. Relative expanded uncertainty of the average rodlet volume for 20 replicate gas expansions,
modeled with the 11.85 mL and 5.807 mL volume standard.

Rodlet Volume (mL) 11.85 mL
Volume Standard

5.81 mL
Volume Standard

2.50 3.2% 2.6%

0.25 12% 21%

0.12 21% 42%

0.07 36% 73%

The expanded uncertainty for the rodlet volume is dependent on many factors that
are part of a complex relationship. As the volume of the rodlet decreases, the relative con-
tribution from the standard volume uncertainty to the expanded uncertainty becomes less
significant. This is due to a comparative decrease in pressure change as the gas is expanded
into a smaller rodlet volume. As the magnitude of the change in pressure approaches
and goes below the uncertainty of the pressure transducer, the relative contribution from
the pressure measurements to the expanded uncertainty increases. The uncertainty of
the pressure measurement being absolute causes its contribution to become increasingly
significant as the pressure change decreases.

As the rodlet volume decreases, the relative expanded uncertainty increases. This is
due to the direct relationship between the rodlet volume and the pressure change observed
during the final expansion. For Rodlet volumes less than 0.123 mL, the pressure change
regarding the final expansion is not distinguishable from instrument noise. In comparison,
varying the standard volume results in an apparent mixed relationship. Decreasing the
standard volume reduces the quantity of gas in the system, directly influencing the absolute
pressure change during the expansion process. The decrease in gas quantity results in
smaller pressure values that eventually become lower than the uncertainty in the pressure
measurement, decreasing the standard volume. Thus, the moles of gas can no longer be
used to decrease the expanded uncertainty.

In addition to the previously discussed expanded uncertainty contributions, replicat-
ing the experiment can provide more accurate results by minimizing expanded uncertainty
due to random error. The experiment was modeled using 20 different starting pressures,
as described in Section 2. These experiments were used to determine the rodlet volume.
The maximum number of modeled replicate gas expansions, 20, was established based on
limitations of personnel and costs for operating the purposed instrumentation. Results
for the models were averaged, and its expanded uncertainty calculated. Compared to
a single expansion, averaging the results from multiple expansions shows a significant
reduction in the expanded uncertainty. The impact of increasing the number of replicates
on the expanded uncertainty for each rodlet’s averaged volume is presented graphically,
for the bounding pin volumes, in Figure 2. This methodology evaluated eight different
configurations to determine the expanded uncertainty based on varying factors. Additional
graphs are supplied in the Supplementary Materials.
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Illustrates the relationship between the number of replicates used to calculate the
average rodlet volume and that volume’s expanded uncertainty. As anticipated, the
minimum achievable expanded uncertainty for many of the modeled systems did not
require 20 replicates and, in some cases, could be achieved with significantly fewer. The
data are best fit using an exponential decay curve, and the derived equation can be used
to estimate the number of replicates required to reach the theoretical minimum expanded
uncertainty for each modeled system.
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Figure 2. The expanded uncertainty in relative percent vs. the number (#) of replicate expansions
used to calculate the averaged volume for (a) 0.07 mL and (b) 2.5 mL rodlet volumes. Data from the
11.85 mL volume standard and the 5.807 mL volume standard are graphed together to illustrate the
change in expanded uncertainty.

Using an exponential decay function, as shown in Equation (4), to fit the modeled data
for the rodlets shows good correlation between the number of replicate expansions and the
average rodlet volume’s expanded uncertainty for the 2.5 mL rodlet models

y = A·exp
−x
t1

(4)

Correlation becomes more divergent as the rodlet volume is decreased. Divergence
from the best-fit line can be shown mathematically by calculating the chi-squared value
for the best-fit line, as shown in Equation (5), where O is the observed value and E is the
expected value [13].

χ2 = ∑
(Oi − Ei)

2

Ei
(5)

The calculated chi-squared values for the derived exponential equation vs. the graphed
data are reported in Table 2. As described earlier, the divergence is due to the minimization
of the standard volume’s contribution to the expanded uncertainty. Additionally, the index
values for the standard volume’s contribution to each rodlet’s expanded uncertainty are
shown in Table 2. The index value is a representation of the percentage of the expanded
uncertainty that each source contributes [12].

Table 2. Percent contribution to the total expanded uncertainty from the volume standard vs. the
correlation of the fit to the data relating to the 32 mL manifold modeled data.

Rodlet Volume
(mL)

11.85 mL Volume Standard 5.81 mL Volume Standard

Index χ2 Index χ2

2.50 82.9% 1.5 × 10−6 26.9% 7.2 × 10−6

0.250 5.3% 7.1 × 10−4 0.4% 6.6 × 10−4

0.123 11.9% 4.8 × 10−4 0.1% 9.1 × 10−3

0.070 0.6% 2.3 × 10−3 0.0% 9.1 × 10−3

While comparing the eight modeled systems’ expanded uncertainties (see in Figure 2),
it is apparent that rodlet volumes below 0.25 mL cannot be accurately measured. For a
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single measurement at this volume, the rodlet volume’s expanded uncertainty was ±56%
(k = 2). The modeling of 20 distinct replicate expansions showed that the average rodlet
volume’s expanded uncertainty is ±12%. This reduction shows the significance of random
error during the analysis of smaller volumes. The source of this random error can be
attributed to the pressure measurement. At this volume, the uncertainty in the pressure
measurement starts to exceed the pressure change observed upon the expansion of gas into
the rodlet.

Due to the calculated volume’s high expanded uncertainty, a change in the experimen-
tal design was proposed. The GUM software was used to quickly determine the parameters
with the largest contribution to the expanded uncertainty, as shown by their index values.
An Excel model was used to determine the maximum manifold volume at which a gas
expansion into the 0.07 mL rodlet-plenum volume would be distinguishable from the noise
of the instrument. This was found to be 19 mL. Based on this, the manifold was redesigned
to be 17 mL, and new models were generated for the eight systems using the proposed
manifold volume.

3.2. 17 mL Manifold Design

The modified manifold, 17 mL, was designed to be smaller than the calculated max-
imum manifold volume, 19 mL, to provide a buffer in the manufacturing and assembly
of equipment. Using the new manifold volume, the expansions were modeled for all
rodlet and volume-standard combinations and put into the GUM software for uncertainty
evaluation. The same process described in Section 3.1 was used to examine the effect of
replicate gas expansions for volume determinations using the redesigned manifold. Results
from the process are summarized in Table 3.

Table 3. Relative expanded uncertainty (k = 2) for rodlet volumes determined using the 17 mL manifold.

Rodlet Volume
(mL)

Volume STD
5.81 mL

Volume STD
11.85 mL

2.50 1.4% 2.9%

0.250 2.8% 4.2%

0.123 5.1% 6.9%

0.070 8.7% 11%

Repetition of the process for the 2.5 mL rodlet volume reduces the expanded uncertainty
from 3.3% for each individual expansion down to a minimum value of 2.9% for the average of
six replicates. This trend in the minimization of random error was unaffected by the volume
standard used in the model, as is illustrated in Figure 3. However, in the case of the 0.07 mL
rodlet, the expanded uncertainty did not plateau, even at 20 replicate expansions.
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4. Conclusions

It was determined that manifold volume greater than 19 mL would not allow for
the determination of the 0.07 mL rodlet volume. This is due to the magnitude of the
pressure change being less than the uncertainty of the transducer as the gas is expanded
into the rodlet from the manifold. This can be overcome by decreasing the manifold volume
so that the pressure change observed during the gas expansion becomes larger than the
uncertainty of the transducer. Alternatively, a pressure transducer with a lower uncertainty
could achieve similar results.

The expanded uncertainty for the rodlet volume was found to be dependent on three
main factors for the modeled systems: (1) the manifold volume, (2) the volume standard
used and its associated uncertainty, and (3) the random error resulting from pressure
measurements. This is best represented by the data shown in Figures 2 and 3, which
illustrate the effect these factors have on the expanded uncertainty of the averaged rodlet
volume. The impact on the expanded uncertainty from each of these factors can be reduced.
Minimization of the manifold volume would produce an ideal experiment. Engineering
limitations necessitate the use of a manifold and set a lower bound for its volume. This
bound is due, in large part, to the internal volume of the pressure transducer but is also
affected by connections for the volume standard, temperature probe, and rodlet. The
standard volumes should also be matched to the rodlet volume. The same considerations
used in the manifold design apply to the standard. In addition to the standard volume, its
uncertainty should also be minimized, as, in some cases it is the major contributor to the
averaged rodlet volume expanded uncertainty. The impact of random error observed in
the pressure measurements can be reduced through replication and result averaging. In the
case of the 2.5 mL rodlet, only six replicate expansions were required to reach a minimized
expanded uncertainty when the system was optimized. Modeling also showed that more
than 20 replicates would be required to minimize the expanded uncertainty for rodlet
volumes less than 0.25 mL. No attempt was made to determine a minimum expanded
uncertainty value in these cases because physically carrying out additional expansions
would be prohibitive in the laboratory environment.

Supplementary Materials: The Following supporting information can be downloaded at: https://www.
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