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Abstract:
In a new facility at the Savannah River Site (SRS), the volume of 35 vessels were
determined. A literature search was made to determine an appropriate calibration
method. When no practical non-laboratory methods providing the targeted uncertainty
were found, an innovative approach was developed using the Gas Law principles and a
portable, computerized data acquisition system. These vessels were calibrated in their
final installed configuration. Each tank was calibrated in less than 24 hours. The
system was comprised of a portable computer, pressure sensor, resistance temperature
device (RTD) temperature sensor, bottled nitrogen, and a mass comparator. This paper
will describe the development of the calibration program.

Introduction:
The task at hand was to determine the volume or "calibrate" large gas containing vessels
(some over 1000 L) as part of the start-up of a SRS facility. These tanks had to be
calibrated in their final, installed configuration in a construction type environment.
This task also needed to be completed within an allotted time frame as not to interfere
with the start up of the facility. Another constraint was the accuracy on the volume
determination with a goal (not a requirement) of 0.3%. This accuracy figure was at a
95% confidence level that included errors from pressure, mass, and temperature
measurements along with operator variability.

In order to complete this task, a method had to be developed, hardware configured,
operators trained, and software written and tested. This package had to be turned over to
the facility so that their personnel could perform the work. Many obstacles were
encountered which had to be overcome in innovative ways. The resulting approach
described in this paper allowed for a savings of 1300 man-hours while using
conventional instrumentation to make measurements. Knowledge from previous liquid

tank calibrations using automated systems was relied upon. 1

Conclusions:
When the procedure was strictly followed, the 0.3% total error goal on the volume
determination was met. By using the developed equation to account for the moles of gas in
the tank previous to transferring the calibration gas:

1) the accuracy of the volume determination increased,
2) the calibration time was vastly reduced,
3) the procedure became more "fool proof",
4) it provided a means of leak checking the transfer line without impacting the

accuracy of the volume determination.

Lessons Learned:
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A major deviation in the procedure on the part of one of the operators caused a
problem meeting the accuracy goal on some determinations. This had to do
with the way this operator leak checked the transfer line. He would pressurize
the line with the calibration gas and once the leaks were ali resolved, this gas
was released into the room. Since this gas was already weighed, this deviation
from the procedure biased the calculated volume. The solution to this problem
is discussed later.

An area of improvement was concerning the temperature measurement. The
Azonix ® instrument used was excellent at accurately measuring the
temperature at the end of the RTD, but the RTD was not placed directly into the
gas in the tank. lt was in a thermowell that somewhat insulated the gas
temperature from the RTD. The recorded temperature may very well have
been somewhat different from the actual temperature of the gas.

In reflection, it is important to have enough mass of gas when attempting to
measure the temperature in the tank at low pressure. If there is not enough
raass to convect heat to or from the temperature probe, the temperature
recorded may not be representative. For this project, the tanks were initially
evacuated down to 8 - 10 psi for the first set of readings on each pass. This
seemed to represent enough mass density for temperature measurements.

Fundamental Equation:
When calibrating the internal volume of gas phase vessels against

instrumentation, the primary law of nature used is the Gas Law 2. In this law,
the pressure, temperature, volume and the number of moles of gas interact
and are related by a constant value called the Gas Law Constant. Since gas will
compress, the compressibility factor (z) adjusts the Gas Law to reflect this
effect. To determine the volume of a system the pressure, temperature, and
mass of the gas must be measured or algebraically eliminated from the Gas Law
equation. Ali of the uncertainties associated with each measurement
propagate to a total uncertainty for the final, calculated volume. For this
project a total uncertainty on the volume of each vessel of 0.3% was desired.
This means each measurement has to be as accurate as time, funding, and the
environment allowed.

PV = znRT Where: n = M/m.w.

M = mass of gas
m.w. = molecular weight of gas
P = Absolute Pressure
V = Volume
n = number of moles of Gas

T = Absolute Temperature
R = The Gas Law Constant

z = The Compressibility Factor
(z can equal exactly 1 at
atmospheric pressure for many
gasses)

Background Information:
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A literary search was made to find methods that had been used in the past to
determine the volume of gas vessels. Only two plausible methods were found;
one from EG&G Mound 3 and one from Sandia National Laboratories 4.

EG&G Mound Laboratories had published procedures to calibrate vessels. The
method consists of evacuating a vessel, then transferring a measured mass of
gas into the vessel. The pressure and temperature are then measured. The
amount of gas left in the vessel after evacuation is considered negligible and is
lumped into the total uncertainty of the volume determination.

The Mound procedure covers the calibration of vessels that are very small
relative to the very large vessels at the SRS. From this literature it seems the
mass determination of the gas transferred into the vessel dominates the total
uncertainty of the volume determination. This is not necessarily true of
larger vessels. Depending on the mass determination method, the pressure
measurement can be equal to or larger than the mass measurement, even with
highly accurate pressure transducers. Also, with the larger volume, the
amount of gas left in the tank after evacuation can account for a major portion
of the uncertainty.

The Mound Arrangement

RTD read!n
device

Nitrogen
Bottle

Unknown
Volume

Pressure Sensor

balance

In the Sandia National Laboratory report, a "known" volume contains a gas of
which lthe temperature and pressure is measured. From this standard 'volume,
the calibration gas is expanded into another vessel. The pressure and
tempera_ture is measured in both vessels after equilibrium is established.
Through the "known" volume, the Gas Law, and the relationship of the initial
and final pressures and temperatures, the unknown volume is calculated. The
advantage this procedure has over the Mound method is that the mass
measurement is eliminated. With modern equipment, however, mass
measurements can be made well enough in the field to reduce this concern.
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The Sandia Arrangement

RTDreading
devices
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Because the Sandia method employs a standard volume vessel, a vessel would
need to be fabricated for this particular project, This was not feasible with the
time constraints.

Initial Design:
The vessels to be calibrated were configured so that they could be evacuated•
Also, there was an abundance of nitrogen bottles that could be weighed on
high precision balances for calibration purposes. Because of these
availabilities, the Mound procedure was chosen as a guide for our system.

The initial proposal for the system utilized a highly accurate absolute pressure
sensor (Ruska ® or Paroscientific®), a NIST (National Institute of Standards

and Technology) traceable thermocouple system (Azonix®), 99.9% pure bottled

nitrogen and an industrialized analytical balance (Mettler ®) with a 60 Kg
range. The vessels would be evacuated down to 1 Torr with a built-in vacuum
pump, the nitrogen bottle would be weighed before and after transferring gas
into the tank, the pressure would be measured from the transfer line, and the
temperature would be measured in a thermowell in each vessel. Also, the tank
measurements could be collected electronically using a portable computer in a

way similar to a liquid tank calibration data collection system developed in
1990 at SRS 1.

Problems Addressed in the Initial Design:

From this configuration, the system was mathematically modeled• By using
this model, the measurements that most effected the calculated total propagated
error could be found. From this type of analysis, the mass measurement and
the residual gas left in the evacuated tank most contributed to the total error.
Two other areas of concern were: leaks in the transfer line and not knowing

when the pressure and temperature had equilibrated.

The concerns to address were to'

1) reduce the mass measurement error
2) develop a method to show when the vessel had equilibrated
3) account for the residual gas in the evacuated vessel
4) develop a leak detection method that does not consume the calibration
gas.



The mass measurement issue was resolved by changing from an industrial
balance to a mass comparison method, where the nitrogen and bottle are
directly compared to mass standards. This required the use of a specialized
balance designed for this rtype of application• This method is detailed in a 1991
INMM paper "Gravimetric Gas Determinations for Volume Calibrations" by P.
W. Gibbs• This method improved the error of the mass measurement so that it
was less than the error of the pressure measurement•

The second item was addressed by a data acquisition system that collected the
pressure and temperature measurements• This system employed a portable

Macintosh computer installed with LabVIEW ® software by National
Instruments. The computer collected and averaged 10 readings of pressure and
temperature. The standard deviation of each average was also calculated. The
last five averages and standard deviations of both pressure and temperature
were displayed and scrolled on the screen• Graphs of the averages were also
displayed in real time. These graphs in combination with declining standard
deviations clearly showed when the readings had s:abilized, indicating that
the vessel was close enough to equilibrium to capture a set of readings•

Accounting for the residual gas in the evacuated vessel led to a major
breakthrough that resolved many of the concerns of this project. This
breakthrough came from revisiting the Gas Law equation:

PV=nRT (assuming the compressibility factor is 1).

The total moles of gas in the vessel after transfer is equal to the residual
amount plus the amount transferred:

ntot = no + ntrans

If the gas law equation is rearranged in terms of moles of gas the result is:

n = (VP)/(RT)

Then by substituting this rearranged Gas Law Equation for the residual gas in
the vessel, no , and the total gas in the vessel, ntot, the mole balance equation
becomes:

(VPo)/(RTo) + ntrans = (VPtot)/(RTtot)

Note that the V (volume) is the same value on both sides of the equation. If the
equation is rearranged in terms of vo!ume, it becomes:

V = Rntrans/((Ptot/Ttot) - (Po/To))
Subscripts:
Trans = transferred gas
o = residual or initial gas
tot = total or final gas

Using this equation provides the ability to account for any amount of gas
initially present in the tank, regardless of composition. This not only resolved
the accounting for any residual gas but eliminated the need for evacuation all



together. The vessel could be evacuated from atmospheric pressure (about 15
psi) down to 10 psi in about 15 minutes. Pumping the vessels down to 1 Torr
requires about 3 hours. This saved about a half a man-year work throughout
the entire calibration process of the 35 vessels while adding accuracy to the
final volume determinations.

The other issue this equation solved was the leak checking of the system. With
the tank evacuated down to 10 psi, the line connections from the nitrogen
bottle can be opened to the tank, leaving the main valve on the bottle closed.
After two or three minutes the pressure equilibrates and the pressure
measurements should be steady. A leak is present if the pressure increases
even slightly over time, If a leak is detected it can be stopped with no
problems created by tainting the nitrogen already present in the tank with
room air. This is possible because the equation is independent of the
composition of the gas initially in the tank. Only the gas transferred into the
tank needs to be of known composition to convert from mass to moles of gas.

Final Design:
The final system design/procedure used this equation as its basis. The vessel
was pumped down for about 15 minutes which brought the pressure down to
the 8 to I0 psi range. The nitrogen bottle was measured on the mass
comparitor and brought to the vessel. The bottle was connected to the transfer
line and and then the system was leak checked using the pressure sensor.
Once the system was leak free, the pressure and temperature were monitored
until these measurements had stabilized according to the graphs and the
standard deviations displayed on the computer screen. After the temperature
and pressure data were recorded, the nitrogen bottle was opened to the
transfer line and the vessel was pressurized up to about 15 psi. The bottle
valve was closed and the computer took pressure and temperature readings
again. When the readings had stabilized the operator captured these data. The
bottle was reweighed and the tranferred nitrogen was calculated by
difference. Once the mass information was entered into the computer, the
volume was calculated. There were 3 to 5 passes on each vessel, depending on
the agreement of the calculated volume.

Software Design:
The automation of the system played a crucial pan in the success of this
project. The portable computer not only was used to show when the pressure
and temperature had stabilized, but also contained the procedure through
operator prompts, calculated the volume of the vessel at the end of each run,
and created a data base that contained all pertinent information for statistical
analysis.

Adhering to the procedure often means the difference between success and
failure, which was certainly the case here. Any deviation from the procedure
could result in producing a very incorrect volume determination. The
program written for this project followed a sequence and would stop at each
step in the procedure, prompting the operator with an interactive dialog box.
This dialog box either contained information to follow for the next step or
asked a question that had to be answered. In either case the operator had to
interface with the computer in order to continue.



The questions that were asked were to enter a new tank identification number,
to verify that the same tank was still being calibrated, or to enter the mass of
the gas transferred. Each time the operator entered something in the
computer, he was given an opportunity to see what had been entered and
change it if necessary. Also, mere information about what to do next was
provided. An example of information was: "lt is now time to connect the
nitrogen bottle to the transfer line."

When the computer gathered the temperature and pressure data as described
previously, the operator decided when the data had become stable enough to
capture a reading for the volume determination. He did this by moving the
cursor to a picture of a toggle switch and "clicking on the mouse." The next
screen the operator saw contained the information he just captured and gives
him the opportunity to discard this data and capture another set, or to continue
with the procedure. In this way, the operator can get back into the data
acquisition mode of the program as many times as he likes, until he is satisfied
the data is "good." This helps to avoid capturing "bad" data.

The computer takes ali the captured pressures and temperatures in
combination with the mass data input by the operator, and calculates the
volume of the vessel. The operator can compare this to a previous calculated
volume or what he expected the volume to be near. Also, at this point, the
vessel identification, the date and time, the pressure and temperature averages
and standard deviations, the mass of transferred gas and the calculated volume
are ali stored on one line of a master data base. The standard deviations are

important for estimating the error of the captured data.

Through use of the data acquisition system which guided the operator through
the procedure, and the use of the mass comparison method, the developed
equation could be applied. Because of this, each tank was calibrated within a
12-hour shift and the volume determinations were highly accurate. This

system proved its worth and will be used in the future at the SRS.
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