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Abstract

Characterisation of a system that measures gas samples
using a mass flow meter

Preparatory work for a gravimetrical in situ calibration procedure

A calibration method has been prepared for a new constructed gas cylinder filling station
based on a mass flow measurement technique. The construction is located at AGA Gas AB
special gas factory in Lidingd, Stockholm, Sweden. Several investigations have been
performed on the system and different parameters such as pressure, gas density, and amount
of added gas has been analysed. The calibration method gave a total measurement uncertainty
of 281 mg for Nitrogen, 3368 mg for Argon and +162 mg for Helium.

The principal results of the investigations are:

1. The mass flow meter error is not proportional to the amount of filled gas.

The gas filling system is almost always filling over the nominal value, which bothering
leads to deviations from the nominal concentration in a gas mixture,

A low flow rate causes larger mass flow meter errors.

The deviation from the nominally set value increases with line (input) pressure.

The mass flow meter error depends on the gas density.
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1 Introduction

AGA is one of the world’s leading gas companies. The group produces and sells industrial and
medical gases in some 40 countries in Europe, the U.S. and Latin America. These operations
employ over 10000 people. The Gas Accumulator Company, later to be called AGA was
founded in 1904, '

AGA’s key products are oxygen, nitrogen and argon. They account for half of sales revenues.
These gases are produced from air, mostly by means of distillation at very low, cryogenic
temperatures. The fuel gases acetylene and propane, as well as hydrogen and carbon dioxide,
are other important products. After oxygen, mixtures of nitrous oxide in nitrogen is the most
important medical gas.

Gases are used in most manufacturing processes. The gas is delivered in tanks or gas cylinders
or produced on-site. Quantities vary from thousands of tons of oxygen and nitrogen to small
cylinders containing precise mixtures of speciality gases. Industrial gases are used in
practically all industries and in most manufacturing processes. Medical gases are consumed in
hospitals and clinics, and to an increasing extent within home therapy. Speciality gases, in the
form of both high purity gases and special mixtures are used in laboratories, in semiconductor
manufacturing, for process control and for the calibration of measuring instruments. These
products meet high purity requirements and demands on accuracy and precision,



2 Background

The automated gas filling system at the speciality gas factory in Liding6, Stockholm had to be
renewed. The old system was not working satisfyingly and it was a week link in the production
line. The project SPEGAL (SPEcial GAs Lidingd) was formed to utilise new flow
measurement techniques in order to fulfil customer’s demands on high accuracy and
repeatability concerning the mixture of gas components in gas cylinders. The project group
decided to use the mass flow measurement technique (coriolis meter), which is a rather new
technique, especially when measuring gases under high pressure. One part of the SPEGAL
project was to develop and produce a gas-filling panel for separate gas mixtures, Each of
these mixtures is occasional and few of them are produced in a large number (more than 25
per year). This panel is called the One-piece panel or the SELMA-panel. AGA aimed to
calibrate the SELMA-panel in order to reach traceability for the different gas masses to the

. Swedish national kilogram. Failure and uncertainty analyses together with a suitable
calibration method design were the first steps towards the calibration. For this purpose it was
necessary to investigate the influence of some process parameters, such as pressure, gas flow,
filling time, gas density etc. An expectation regarding the SELMA-panel was to reach an
uncertainty less than 1 molar % at small amounts such as 20 g added gas. Peter Lau at the
"Swedish National Testing & Research Institute was consulted for this work and in agreement
with AGA it was suggested to carry out the task as a bachelor thesis project for some
ambitious engineering student. o




3 The SELMA panel

The SELMA panel is constructed with seven gas entrances and can automatically produce the
desired gas mixture. Three of these entrances are intended for the in house gas ling system,
which supports the factory with often-used gases like Helium, Argon, Carbon dioxide,
Nitrogen and Oxygen. The other four entrances can be connected to different gas cylinders
that either contain a pure gas or a mixture. A mixture is often used in order to reach a low
concentration level. The design in detail is shown in appendix A. Here is a simplified version;

. Mass flow meter

Regulator valve Gas flow

—From gas source

Figur 1.

The SELMA panel is equipped with a mass flow meter from Micro Motion Inc. The sensor
and transmitter models are not named in this public report. This mass flow meter is designed
for high-pressure liquids and gases and has a maximum flowing range of 55 kg/h

(15 g/s). The resolution is 0,001 g/s and 0,01 g for total summations. A regulator valve from
Kédmmer Ventile GMBH, model 20300 controls the gas flow through the system. A PLC
system with an input signal from the mass flow meter is used to control the degree of opening
in the regulator valve.
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4 Investigation of the balance characteristics

The balance is used as a tool when
comparing different masses. In this
case a gas cylinder which is weighed
before and after filling. A balance of
manufacturer Mettler-Toledo
Multirange ID5 was uscd during the
entire work. The balance is mounted
in the ceiling and the gas cylinders
were hanged in a hook beneath the
balance (see Figure 2). In order to
investigate the balance behaviour
and characteristics a few tests were
made,

Figure 2.

4.1 The balance non-linearity

Knowing that no balance is perfectly linear, a calibration of the balance had to be performed.
Since two different gas cylinders with different masses were used in the tests (these are
described in chapter 6), the balance was calibrated within two different scale ranges. Several
combinations of weights were used during the calibration. These weights had been calibrated
by SP - The Swedish National Testing & Research Institute and are traceable to the Swedish
national kilogram. All weights are tabulated in table 1.

Weight mass Uncertainty
at k=2.
[kg] fme]
S10 9,999998 15
Al10 | 10,00006 50
S5 5,000003 7
AS 5,000036 25
A2 2,000013 10
Al 1,000009 5
A0S 0,5000043 25
A0,2 0,2000015 1 Table 1.

The weights designated with “A” belong to AGA Gas AB, the other two were borrowed from
SP for this special purpose, which explain the differences in uncertainty. Since the balance is
mounted in the ceiling, the calibration weights had to be placed on a special calibration table,
which was hanged in the hook (see figure 2). The balance was sct to zero when the table was
empty. This empty table was also hanging in the hook during all tests and investigations in
order to maintain the same weighing range. The results from this calibration series can be seen
in detail in appendix B. The results for the lower scale range, which is suited for a 5-1. gas
cylinder is shown in figure 3. In this range (10-11,5 kg), the balance seems to have a
practically constant measurement error, This is very convenient, because each weighing result
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is a difference between two weighings (before and after filling). The uncertainty interval that
is indicated in figure 3 is a combination of the spread in the weighing series and the
uncertainty in mass for the weights.

Balance non-linearity
350
300 +
'és 250 +
£ 200 +
8 150 +
M 100 +
50 +
0 i f } }
95 10 10,5 11 11,5 12
Scale range [kg]
Figure 3.

The second scale range that was calibrated is suited for a 20-L gas cylinder. The result for this
range is shown in figure 4. Unfortunately, the balance error is not constant in that part of the
range. Thus, the balance has a difference in sensitivity for this particular range. The
calibration result reminds of a slope. A linear equation is adjusted to the calibration result,
which is used for correction of weighing results later on,

Balance non-linearity

50

50 -
-100
-150
-200 -
-250
-300

Error [mg]

25 27 29 31 33 35
Scale range [kg]

Figure 4.

4.2 Balance hysteresis

For a given mass, the weighing result may be different depending on whether the applied load
on the balance is increasing or decreasing. This phenomenon is called the “Hystereris effect”.
Some of the weights tabulated in table 1 were used in order to investigate the balance
hysteresis. The result of this test is shown in figure 5. The hysteresis effect is obvious in the
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figure. However, the effect will not cause any problem since the gas cylinders neither increase
nor decrease in mass during weighing. '

Balance hystetesis

g N
Sy
B 300 36
K200 ~—&— Loading
-300 —a— Unloading
-400

Loaded mass [kg]

Figure 5.

4.3 The effect of a warm cylinder at weighing

When a cylinder is filled, it heats up. This is due to the high pressure in the cylinder. Ata
normal filling situation, the pressure reaches above 200 bar. Depending on the kind of gas that
is filled, the cylinder temperature will rise to about 35 °C. The opposite situation occurs when
a cylinder is emptied. A rise in temperature will cause mainly three effects:

e Expansion of the cylinder.
e Desorption of compounds from the cylinder surface.
e Convection

4.3.1 Expansion of cylinder

When the cylinder is heated the volume will increase. This gives rise to an increase in air
buoyancy. Because the warm cylinder replaces a larger amount of air, the observed mass will
be Jower. The difference in volume can be calculated using the following equation:

AV=V,. (1 +a-ATY -V, Vo, = Volume at AT = 0.
' o = Expansion coefficient.
AT = Difference in temperature
compared to room temperature.

For a 20-liter aluminium cylinder heated to a temperature 15 °C above room temperature, the

change in buoyancy corresponds to about 31 mg (otx = 2,32 - 10° K''). There is further a
small change in air density around the warm cylinder causing the buoyancy effect to decrease.

4.3.2 Desorption of compounds

The cylinder has in normal reom temperature a thin layer of water at the surface. As the
temperature increases the water will evaporate to the surrounding. This also results ina
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decrease in observed mass. The effect is small, about 0,2 pg/cm® and insignificant compared
to the balance resolution.

4.3.3 Convection

A warm cylinder will transfer the heat to the surrounding air. As the air temperature increases
it starts to move in an upward direction. Due to friction against the cylinder surface a force is
applied to the cylinder. Hence, the observed mass will be lower. Per Rosby (SP) described the
following expression for the effect in his report:

Am=-92.107. 4.1 .AT* [g]

Where: A = Surface area, [em’]
h = Cylinder height, [cm]
AT = Temperature difference, [K]
q = 1 {constant)

Suppose a 20-liter cylinder with a diameter of 20 cm and a height of 100 cm, heated 15 °C
above room temperature. The result is: Am = -0,3 g. The expression is suited for a weight on a
balance scale. In our case the cylinder is suspended and not placed on a scale. For that reason
the expression had to be experimentally confirmed.

4.3.4 Confirmation of the theoretical model

An evacuated 5-L OTM cylinder was filled with helium and immediately hanged on the
balance hook. The cylinder was equipped with three temperature sensors placed according to
figure 6. The temperature and the balance indication were noted continuously. These readings
can be seen in appendix D. The observed mass increased exponentially as expected, with a
total mass difference of -0,19 g. The corresponding value for theoretical model is -0,1 g (with
h = 50 cm, diameter = 15,2 cm and AT = 13,6 K). Thus, the theoretical model is now
considered to be usable for correction purposes. The observations are plotted in the following
diagram, see figure 7.

Position |

Position 2

Position 3

Figure 6.
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Figure 7.
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5 Measurement method

During a normal filling situation the mass flow meter measures the total amount of gas passed
through the meter during a given time interval, The purpose of this method is to determine the
true mass value with a belonging uncertainty and to compare it to the mass flow meter reading
and the nominally value. The measurement situation is described in figure 8.

M

Mass value.

Figure 8.

Nominal value.

True value,

Mass flow meter reading.

N - T = The filling error.

M - T = The mass flow meter error,

Where:

1l

N
T
M
F
E

5.1 Method design

To calibrate the mass flow meter must an independent reference instrument, preferably a
balance, record the same amount of gas that has passed through the meter. The crucial
problem with this calibration method is to collect all the measured gas and bring it to the
balance. There is always some gas left in the pipe work between the mass flow regulator (see
R; in figure 9) and the cylinder valve. This amount of gas has to be considered. In order to
determine it, a second cylinder is used for collecting the remaining gas in the outlet tubing (see
V; and V; in figure 9). A regulator valve (R1 in figure 9) can reduce the line pressure to the
desired level. The purpose of this action is to avoid fluctuations in the line pressure that can
cause a significant error, see chapter 4.4.6. For this calibration method an extra valve was
instalted to the panel (R in figure 9). It prevents the gas in the tubing to escape to the
atmosphere while changing from 20L to SL cylinder.

Mass flow meter

P1 P2
P N~

Vi

R3 V3 Tz

R.1 R2

From supporting
gas line.

Figure 9.
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Parts included in the panel in normal use:

R,. A regulator valve which controls the mass flow. Its input signal comes from the mass
flow meter via the PLC system.

P;:  Pressure gauge. Measures the reduced line pressure,

P,:  Pressure gauge. Measures the cylinder pressure when R; is open. When R; is closed it
measures the pressure in volume Vs,

Vi:  Volume between the mass flow meter and the regulator valve R,.

V2. Volume between the regulator valve R; and the valve R;.

Extra parts included in the panel for the calibration method:

R;:  Regulator valve, reduces the line pressure to a desired level.
R;:  Manual valve.
Vi:  Volume between the valve R; and the cylinder valve.

Temporary measurement fittings for the calibration method:

T,: Temperature sensor attached to the tubing, It indicates the gas temperature in
volume V.
T;:  Temperature sensor attached to the cylinder wall. it indicates the cylinder temperature

during weighing,

A detailed drawing of the SELMA-panel can be seen in appendix A, Two cylinders are used in
the investigations, one 20-L, OTM and one 5-L. OTM. Both of them are aluminivm cylinders.
The 5-L cylinder is intended for the gas that is remained in the outlet tubing (see V; and V3 in
figure 9) after filling the 20-L cylinder.

5.2 The constituents of the measurement result

The measurement results are principally a sum of three parts, these are; the weighing result
for the 20-L cylinder, the weighing result for the 5-L cylinder and a number of corrections.
Each measurement result, T ("truc” value) consists of the following parts:

T=X20+B20+X5+B5+R+L-A+P g]

Where: X20 is the weighing result for the 20-L cylinder (difference reading).
B20 is the balance and weighing correction for the 20-L cylinder.
X5 is the weighing result for the 5-L cylinder (difference reading).
BS is the balance and weighing correction for the 5-L cylinder.
R is a correction for gas that is remained in the panel after filling.
L is correction for gas that is lost to the atmosphere during the method procedure.
A is correction for air that is added to the 5-L cylinder during the method procedure.
P is correction for differences in the line pressure.

All corrections are explained in detail in chapter 5.4. The method is aimed to define two
important measures for the panel. If the corresponding mass flow meter reading is designated
as M, could the it’s error E be expressed as:

E=M-T [g]

A target or nominal value N given in a recipe defines each amount of gas in a mixture. The
filling error F is the deviation from this nominal or desired value:

F=N-T {g]
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5.3 General measurement procedure

1. The panel is arranged with additional features according to the layout in figure 9.

2. Air temperature, humidity and pressure in the weighing room are determined before the
first weighing,

3. The two cylinders are evacuated and weighed. The temperature of the 20-L cylinder is
measured during the weighing.

4, A special calibration recipe is created, for instance 50 g nitrogen and a nominal mass
flow of 5 g/s. '

5. 'The 20-L cylinder is attached to the panel and the filling procedure starts. R; and the
cylinder valve are open,

6. The pressure P, is noted at the same time as the regulator Rz starts to open.

7. When the target mass value is reached and the computer controlled regulator (R») stops
the gas flow, the pressure (P)) is noted again.

8.  The cylinder valve and the valve R; are closed.

9, The temperature T, and the pressure P; are noted.

10. The 20-L cylinder is disconnected from the panel.

11. The 5-L cylinder is attached to the panel. The cylinder valve and the valve R are opened
for a while to allow pressure equalisation and gas from V, and V; to enter the cylinder

12, The cylinder valve and the valve R; are closed again.

13. The 5-L cylinder is disconnected from the panel.

14, Both cylinders are carried away to the weighing room, where they are weighed. The
temperature of the 20-L cylinder is measured during the weighing.

15. The test procedure is repeated several times in the same manner.

16. Air temperature, pressure and humidity are determined in the weighing room after the last
filling and weighing,

5.4 Corrections of measurement results

Each measurement result, T ("true” value) consists of a number of corrections in order to
correct for known errors. These six different corrections performed are described in the
following,

5.4.1 Balance and weighing correction for the 20-L cylinder, B20

This correction (B20) can be divided into three parts, and these are; balance non-linearity,
increased cylinder volume due to the high pressure and convection due to a warm cylinder.

5.4.1.1 Balance non-linearity

The balance characteristics and non-linearity was investigated as described in chapter 4. The
calibration results in a linear slope, which can be described with the following equation:

e, =—24,201- X +587384  [mg]

Where ¢, is the error when weighing X kg (the balance is tared with an empty weight table).
When a gas cylinder is weighed both before and after the filling procedure, the error ant thus
the correction differs due to the fact that the balance error is not constant in this part of the
range. The total correction due to the balance non-linearity is therefore:

e, =W, -W,)-0,0242007 [g]
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Where W, is the balance reading in kg after the filling procedure and W is the corresponding
value before the filling (often an evacuated gas cylinder).

5.4.1.2 Cylinder expansion due to high pressure

According to a report by Roland Johnsson (AGA), the cylinder volume increases 1 ml/bar due
to the gas pressure on the cylinder walls, This effect will produce a difference in air buoyancy
before and after the gas cylinder is filled. However, the increase in volume applies to a 50-L
cylinder and the pressure effect is supposed to be smaller for a 20-L cylinder, about 0,5
mi/bar. If the air density is 1,2 kg/m’, the correction c; in air buoyancy correction will be:

c, =(P, —PB)-0,5-10-3 1,2 '[g]

Where P, is the gas pressure in bar measured after the filling procedure and Py is the
corresponding value before the filling.

5.4.1.3 Convection due to a warm cylinder

This correction is based on the theoretical model, which is described in chapter 4.4.4.

A correction is needed if the temperature of the cylinder differs from the air temperature in the
weighing room. If the temperature of both the cylinder and the room is maintained during the
gas filling procedure, the correction is zero. The error due to convection is:

e, =-92-107 . 4-0*.(1,-7,) gl

Where: A = Surface area, [cm’]
h = Cylinder height, [cm]
Tc= Temperature of the gas cylinder, [K]
Tr = Temperature in the weighing room, [K]

Since the gas cylinder is weighed twice {before and after filling) and within a short period, the
difference in room temperature is negligible. The correction ¢; due to convection is therefore
simplified to the following expression:

¢, =9,2-107- 4.0 .(1,-1,) gl

Where Tj is the temperature in K of the gas cylinder before the gas filling procedure and T, is
the corresponding temperature afterwards.

5.4.1.4 Sum of the balance and weighing correction (20-L)

The three corrections caused by non-linearity, expansion and convection give the total
correction B20 according to the following expression:

B20=c,+c,+¢, |g]

5.4.2 Balance and weighing correction for the 5-L cylinder, BS

The same corrections could be performed for the 5-L cylinder. However, the 5-L cylinder is
only intended for small amounts of gas. This means that the convection effect and the
expansion are negligible under these circumstances. Due to the small amount of gas, the used
weighing range is narrow. Hence, the non-linearity correction is omitted for the 5-L cylinder.

B5<0,01 [g]
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5.4.3 Correction for gas that is remained in the panel after filling, R

Although most of the gas is collected in the two gas cylinders, some gas is left in the outlet
tubing. This amount of gas is also measured by the mass flow meter; thus a correction is
necessary. The correction R can be derived from the proportion between the volume of the
outlet tubing (V;+V,) and the 5-L cylinder volume (Vs), see figure 9.

R=X5'(I2+V3) le]

Where X35 is the difference in weight between the empty and the filled gas cylinder. The
volume V., is about 75 ml according to an earlier investigation, The small volume V; between
regulator valve R; and the cylinder valve was measured to be 4,8 ml.

5.4.4 Correction for gas that is lost to the atmosphere during the
method procedure, L

When the 20-L cylinder is changed to the 5-L cylinder, some gas escapes from the volume V;
to the surrounding air. This amount of gas can not be neglected if the cylinder pressure is
high. As mentioned before the volume V3 is about 4,8 ml. The correction L is calculated using
the ideal gas law according to the following expression:

Lo EMP,

R.T

Where k is a correction constant due to non-ideal circumstances, M is the molar weight for the
actual gas, P is the pressure, R is the molar gas constant and T is the gas temperature (The
temperature sensor T gives an indication of the gas temperature).

5.4.5 Correction for air that is added to the 5-L cylinder during the
method procedure, A

The volume Vj is filled with air instead of gas when changing from the 20-L cylinder to the 5-
L cylinder. This amount of air is not measured by the mass flow meter, therefore a negative
correction has to be applied. The correction is relatively small due to the atmospheric
pressure. If the density of air is assumed to be 1,2 ke/m’®, the correction A will be:

4=v,-p gl
Whecre p is the density of air at atmospheric pressure.

5.4.6 Correction for differences in the line pressure, P

The volume V, in figure 9 is filled with gas when the filling procedure begins, When the
regulator valve R, starts to open the software program also starts to measure the gas that is
flowing through the meter. In other words, the gas in volume V) is never measured but it
certainly is transferred to the cylinder that is attached to the filling panel. On the other hand,
when the regulator valve finally closes at the end of the filling procedure the situation is the
opposite. The volume V| is now filled with gas that is measured but who never will enter the
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cylinder. These two effects cancel each other and the error is zero, assuming the same line
pressure at the beginning and at the end of the procedure. But in reality the pressure differs
and a correction is needed. The correction P is calculated using the ideal gas law according to
the following expression:

k-M.V,
P=-—R.—T1-(PB—PA) [g]

Where k is a correction constant due to non-ideal circumstances, M is the mole weight for the
actual gas, R is the molar gas constant and T is the gas temperature (The temperature is
assumed to be 293 K). Py is the line pressure when the regulator valve starts to open. Py is the
line pressure when the valve is closed.

5.5 Measurement uncertainty

The method uses a balance, which is calibrated (see chapter 4) with a combination of weights
with known mass. These weights are calibrated at SP - The Swedish National Testing &
Rescarch Institute and are traceable to the Swedish national kilogram.

Each measurement value (designated as “true” value) has a belonging uncertainty interval.
This interval consists of several uncertainty components. Each uncertainty component is
evaluated either as a type A or type B evaluation. The type A evaluation is based on statistical
methods like the standard deviation etc. A type B evaluation is a judgement based on
experiences with the equipment. The uncertainty of the method can be compared to the
analysis uncertainty using a gas chromatograph (GC) or a similar analytical instrument.

5.5.1 Uncertainty in weighing of gas in the 20-L cylinder

The gas mass is determined by weighing the cylinder before and after every filling. At each
weighing occasion, the weighings are repeated three times to give a standard deviation. A
typical value is sy = 40 mg. In order to give the result from three values a more statistical
weight, the standard deviation is multiplicated with a Student’s t-factor with 2 degrees of
freedom (number of weighings (n) - 1). The type A uncertainty component is:

(-5, 13240

H = =
X200 x/I_T \/37

Where t is the Student distribution coefficient with 2 degrees of freedom at confidence level
one sigma (k = 1). The t value are found in Chatfield 1983, page 141. Since the weighings are
carried out both before and after the filling, the total uncertainty for the mass difference is the
quadratic sum of two equal components (at confidence level 1o):

Uyg =+/30,5% +30;52 =+/2.30,5 = +43mg

=130,5mg

5.5.2 Uncertainty in weighing of gas in the 5-L cylinder

The weighing procedure for the 5-L cylinder is similar to the procedure for the 20-L cylinder.
The weighing is repeated three times before and after the filling. The standard deviation is
somewhat smaller compared to that of the 20-L cylinder. This is probably due to that the 5-L
cylinder can be smoothly hanged beneath the balance manually whereas the 20-L cylinder bad
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to be handled with the help of a special lifting device, A normal standard deviation for the 5-
cylinder is sxs = 25 mg. The type A uncertainty with 2 degrees of freedom and n = 3 is:

t-s, 132:25

k) = =
X5b ,\/’—1 \/5‘

Since the weighings are carried out both before and after the filling, the total uncertainty for
the mass difference is the quadratic sum of two equal components (at confidence level 1o);

s =191 +1912 = /2191 = £27mg

=+19,lmg

3.5.3 Uncertainties in the balance and the weighing correction

The balance and the weighing corrections (B20) made on the test results consists of three
parts; balance non-linearity, increased cylinder volume due to the high pressure and
convection due to a warm cylinder.

The balance non-lincarity was investigated in advance, sec chapter 4. The corrections
performed still have an uncertainty of about 70 mg at k = 2, see sector 4.1, This gives an
uncertainty component u, at k=1:

u, =%-70=1+35mg

The volume of the cylinder is increasing due to the pressure. This causes a difference in air
buoyancy. The cylinder volume increases 1 ml/bar according to Roland Johnsson {AGA). This
applies to a 50-L cylinder and the pressure effect is supposed to be smatler for a 20-L
cylinder, about 0,5 ml/bar with an assumed uncertainty of 0,25 ml/bar. If the air density is
1,2 kg/m® and the difference in cylinder pressure is 150 bar, the uncertainty u, in air buoyancy
correction will be;

0,25-150-1,2 _

u
i V3

A type B evaluation with a rectangular distribution (1/v3) is used (k=1).

26mg

The temperature of the 20-L cylinder is measured during weighing and a correction for the
thermal convection effect is made according to the formula described in sector 5.4.1.3. The
uncertainty in this correction depends on uncertainties in the convection model itself,
uncertainties in the temperature determination etc. Here, the uncertainty is expressed as a
temperature interval 33 K. A type B evaluation with a rectangular distribution gives the
uncertainty u; at k=1:

_9,2.1077.7100-100"* . 3.10°

u, =
3 V3

These three correction uncertainties are combined as a quadratic sum at k=1 according to:

= 136mg

Upy = \/ulz +u22 +u; =‘\/352 +26% +36* =+5Tmg
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5.5.4 Uncertainty in the correction for gas that is left in the tubing

Even though the 5-L cylinder accepts most of the gas in the tubing (see V2 and Vs in figure 9),
a small part is left. This amount of gas (R) is calculated according to:

_X5- 7 +72)
VSL

R Where V, is the volume of the 5L cylinder.

The uncertainty in this calculation is depending on the uncertainties in the volume of the
cylinder, the volume of the outlet tubing and the dispersion in the weighing. These
uncertainties are at k=1:

Gas mass in 5-L cylinder:  X5=18-10° 27 mg
(18 g is a maximum value, see appendix E.)

Volume Vz and V3: V2_3 = 79,8 + 2,5 ml
Volume of 5-L cylinder: Vs =5000+ 10 ml

The uncertainty in the correction R given above is expressed as:

Uy = (@i—“ ]2'*' _6}_%___u 2+ ——qR—u 2 this gives
#=Waxs ) T\aw,, ) o, Brves:

t, =4/0,16 +81+0,29 =+9,03mg  (af k=1)

 5.5.5 Uncertainty in the correction for gas that is lost to the
atmosphere

All gas in the volume Vs (see figure 9) is measured by the mass flow meter but is lost to the
atmosphere when the 20-L cylinder is disconnected from the panel. The correction is
calculated according to:

_ X20.V,
Vaor

L Where V,,; is the volume of the 20L cylinder.

The uncertainty in this calculation is depending on the uncertainties in the volume of the
cylinder, the volume V; and the dispersion in the weighing. These uncertainties are at k=1:

Gas mass in 20-L cylinder:  X20 = 1397 - 10° £ 43 mg
(1397 g is a maximum value, see appendix E.)

Volume Vs V3;=4,8+0,25ml
Volume of 20-L cylinder: Vo = 20000 + 15 ml
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The uncertainty in the correction L is expressed as:

u = oL ‘u Jz_l_ i.u 2-|- iu 2 this gives .
L aX20 X20 8V3 v 6V20L Vagr & '

u, =11-10™ +304,9+0,063 = +17,5mg  (at k=1)

5.5.6 Uncertainty in the correction for air that is added to the 5-L
cylinder

When the 5-L cylinder is attached to the panel, the volume V3 is filled with air at atmospheric
conditions. The uncertainty in this correction is due to the uncertainty in the volume V. If the
air density is supposed to be 1,2 kg/m’ and the volume V3 is 4,8 =+ 0,25 ml, the uncertainty in
the correction A will be:

u, = M =+0,173mg

R
A type B evaluation with a rectangular distribution (1/3) at used (k= 1)

5.5.7 Uncertainty in the correction due to different line pressures at
start and stop

This correction has a relative large uncertainty, which is due to the uncertainties in the
pressure readings. Unfortunately, the pressure is not stable during the filling procedure and the
pressure value is a result of an instantaneous reading. The pressure is generally more unstable
at the end of the filling. The uncertainty of the pressure reading could have been better if the
regulator system had been more intelligent. The uncertainty of the start and stop pressure is
estimated to £1,5 bar and £2,5 bar respectively. The volume V| (see figure 9) is estimated to
about 60 ml. The pressure uncertainty in bar can be converted to mass by the Ideal gas law.
Here, the uncertainty is calculated for nitrogen with a rectangular distribution at k=1:

_ 28,0134-1,5-10° -60-10° -10°

Wt 3, = 831451-20315-v3 +95,7mg
Upop, vy = 28’012;12;2112;3,612%6 10 =199,5mg
Up , = W: t116mg

Calculated uncertainty for argon:

Uy 00 = 39,948-15-10° - 60-107°.10° - 185 2mg

8,31451.293,15-3
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©39,948.2,5-10° -60-107° - 10°

Upr ar = =11419mg
op. 4 831451-29315-4/3
Up 4 = /85,27 +1419? = +166mg
Calculated uncertainty for helium:
4,003-1,5-10° - 60-107 .10
Ustnt, He = = 18,5mg
' 831451.29315-43
003-2,5-10°.60.107° .10°
Uy, 0 = 2 s

8,31451-293,15-43

Up p, = V8,57 +14,2° = +17mg

Compared to other uncertainty contributions the one from the line pressure variation is
dominating. Further more it is dependent on the gas. As a consequence the total uncertainty
has to be specified separately for each gas.

5.5.8 The total method uncertainty

The total expended method uncertainty at k=2 is the quadratic sum according to the following
expression;

_ 2 2 2 2 2 2 2
Upor = Z-Juxm tuy, tg, Uy tu, +u, +up

The total method uncertainty for nitrogen measurements:

Uror, w, = 2437 +277 + 57 +9 +18% +0,2% +1167 = +281mg

The total method uncertainty for argon measurements;

por, 4 =2-y/432 +27° +57° +97 +187 40,2 +166* = £368mg

The total method uncertainty for helinm measurements:

ror. e = 2-443% + 272 +57° +9° +18% +0,2* +17° = £162mg
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6 Experimental investigations

Tt is not possible to determine one error of a flow meter. The working conditions have
normally large impact on the behaviour of a mass flow meter. Therefore, three investigations
in all were carried out on the filling panel. These were:

Test 1 - The effect of the cylinder pressure and the amount of added gas.
Test 2 - The line pressure effect,
Test 3 - The gas density effect.

The testing conditions were chosen to simulate a normal filling situation. All tests are
described in this chapter.

6.1 Test1 - The effect of the cylind‘er pressure and the
amount of added gas

The first investigation had two main purposes. The first was to find out how the increasing
cylinder pressure affects the mass flow measurements. The SELMA-panel is often used for
filling gas mixtures with several components. Thus, the first gas component faces an
evacuated cylinder while the following components enter at increasing cylinder pressures
changing from 0 to about 200 bar. An evacuated cylinder makes the gas to rush into the
cylinder resulting in a higher mass flow rate. If the cylinder has a high pressure the filling time
is longer and mass flow rate lower.

The second purpose of this investigation was to find out if and how the mass- measurements
are affected by the amount of gas. Is the relative error larger for a small amount of added gas
than for a large one? An expectation in the SELMA-project at AGA was to reach an
uncertainty less than 1 % at small amounts such as 20 g of added gas.

6.1.1 Test plan

A cylinder is filled adding gas in six separate steps to a high pressure. These six steps are
repeated in several series. At the beginning the cylinder is evacuated and after the sixth adding
the cylinder has reached a pressure of about 200 bar. Two different amounts of gas are added,
50 g and 1400 g using two different flow rates. When 50 g are added, the nominal mass flow
is adjusted to 5 g/s in order to simulate real filling conditions. If 1400 g are added, a mass
flow of 15 g/s is chosen. Nitrogen is used throughout the test. The method is designed
according to the layout given in figure 9.

Nominal Series 1, | Series 2, | Series 3,
Adding amount results results results

nr; g] lg] lg] el

1 50 Tn Ty T3

2. 1400 T Ta Tss.

3 50 T3 Ty Tas

4 1400 T Taa T

5 50 Tis Tas Tis

6 1400 Tlﬁ T25 T35 Table 2.
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6.1.2 Test procedure

b

12,
13,
14.
15.

16,

The panel is arranged according to the layout in figure 9.

Air temperature, humidity and pressure in the weighing room are determined.

The two cylinders are evacuated and weighed. The temperature of the 20-L cylinder is
measured during the weighing procedure.

A recipe is created, for instance 50 g nitrogen and 5 g/s mass flow for the first adding.
The 20-L cylinder is attached to the panel and the filling procedure starts. R; and the
cylinder valve are open.

The pressure P, is noted at the same time as the regulator R, starts to open.

‘When the target mass value is reached and the regulator (R2) stops the gas flow, the
pressure (Py) is noted again.

The cylinder valve and the valve R; are closed.

The temperature T, and the pressure P, are noted.

The 20-L cylinder is disconnected from the panel.

. The 5-L cylinder is attached to the panel. The cylinder valve and the valve R; are opened

for a while.

The cylinder valve and the valve R; are closed again.

The 5-L cylinder is disconnected from the panel.

Both cylinders are carried away to the weighing room, where they are weighed. The
temperature of the 20-L cylinder is measured during the weighing,

For each adding the test procedure is repeated from point 3 to this point five times. The
20-L cylinder is not evacuated until a new series starts.

Air temperature, pressure and humidity are determined in the weighing room aficr the
sixth adding.

6.1.3 Test results

The following table shows the results from the three series. The nominal mass N is the target
value, which is given, in the filling recipe. The meter reading M;; is the indication from the
mass flow meter. All meter readings are collected from the belonging filling reports. The
“True” values are calculated according to the method in chapter 5. The uncertainty in these
values is 1281 mg at k=2, sce 5.5.8. More detailed tables can be found in appendix E.

Series 1 Series 2 Series 3

N Cylinder M] i T] i Mgi Tzi M3i T3j

Nominal | pressure | Meter Trme Meter True Meter True

Adding | mass | atstart | reading | value | reading | value | reading | value

nr: 2] [bar] [g] 2] 2] e 2] e]

50 ~0 51.8 | 5176 | S04 | 4969 | 51,6 | 51,94
1400 | 23 1403 | 1402,94 | 1401,3 | 1401,49{ 1401 | 1400,94
50 63,9 | 517 | 5147 | 515 | 5152 | 531 | 53,31
1400 | 651 | 14024 | 1402,41| 1402 |1401,67] 14015 | 1400,86
50 131,1 | 509 | 5000 | 507 | s083 | 52,9 | 52,38
1400 | 1298 |(1401,4) [(1398,47)| 1400,9 | 1400,18 | 1400,7 | 1399,95

S I W b

Table 3,
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The most interesting information in this test can be seen in table 4. It shows the mass flow
meter error E and the filling error F. The last two columns to the right contain average values

for the three series.

Series 1 Series 2 Series 3 Average,
N Cylinder| Ey Fy E; Fy E;; Fy all series
Nominal | pressure | Meter | Filling | Meter | Filling | Meter | Filling | Meter | Filling
Adding | mass | atstart | error | error | error | error | efror | eITor | rror | error
nr: [g] fbar] | [gl | [l | [g] | [g] | [g] | (el | [l | lsf
50 ~0 0,04 |-1,76 | 0,71 | 0,31 | -0,34 | -1,94 | 0,14 | -1,13
1400 23 0,06 | 2,94 |-0,19 | -1,49 | 0,06 | -0,94 1 -0,02 | -1,79
50 639 | 0,23 | -1,47]-0,02|-1,52|-0,211-3,31 ] 0,00 |-2,10
1400 65,1 |-0,01|-2,41] 033 [-1,67]| 0,64 | -0,86] 0,32 | -1,65
50 131,1 | 0,90 | 0,00 |-0,13 | -0.83 | 0,52 | -2,38 j 0,43 | -1,07
1400 129,8 |(2,93)|(1,53)] 0,72 | -0,18 | 0,75 | 0,05 | 0,74 | -0,07

= SRV R SIS B S R

Table 4.

At the end of adding 6 in the first series (values in brackets), the line pressure was too low
compared to the cylinder pressure. The filling procedure therefore stopped automatically. The
regulator valve was then adjusted to about 215 bar and the adding continued. The large error
is most likely due to the extra start and stop procedure. The values Eis and Fys are therefore
excluded.

Tables 3 and 4 are summarised and shown in figure 10 for 50g and figure 11 for 1400g gas
samples.

Test 1 - Cylinder pressure effect

Nominal value: 50 g nitrogen

Ta Ty Ta )

& o ook Adding 1
MZI M31 Mn

Tis T T )

i i Adding 3
Mas Mis Mas
T T. T.
15 ob o Adding 5
Mo Mis Mas
[ } ! ! | o Mass flow

49 50 51 59 53 54 meter reading

Filled gas [g]

4 "True" value

Figure 10.
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Test 1 - Cylinder pressure effect
Nominal value: 1400 g nitrogen
T T
3};_..@—3 2 lia__ Adding 2
Maz Mz Mz
T T
e e o at Adding 4
May Mz My
T
—u—a:——;r—ﬁ—@—e Adding 6
Mg M .
I } f | ® Mass flow
1399 1400 1401 1402 1403 meter reading
- Il’l“ H ‘
Filled gas [2] A "True" value
Figure 11.

6.1.4 Conclusions

Several conclusions can be drawn from the test results, The conclusions could have been even
more numerous if the test was repeated more than three.series. The number of serics was
limited to three due to time limits.

¢ There are no large differences in meter error between the two amounts of added gas (50
and 1400 g nitrogen). In other words, the mass flow meter error is not proportional to the
amount of filled gas, see table 4. Observe that the mass flow rate differs for the two
amounts of added gas.

* The SELMA-panel is almost always filling over the nominal value. This is not astonishing
as the valve closes when the nominal value is read. An extreme value is 53,31 g,ie.331g
too much. This can lead to large deviations from the nominal concentration in a gas
mixture. Ex: If a 1% gas mixture is wanted, with 50 g as a nominal value for the first
component (total weight 5 kg):

53,31

Example : —_—
53,31+4950

100 ~ 1,065%

0,01065 — 0,01
0,01

The errorin % : -100 = 6,5%

The relative error can be large for small amounts of added gas. It is hard to reach a relative
error below 1% if the component is smaller than 350g,
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o The average mass value for adding 1,3 and 5 was 51,4 g. The corresponding value for
adding 2,4 and 6 was 1401,3 g. Accordingly, the nominal value can be reduced with about
1,3 g to reach a better result (applies only to nitrogen). The result for adding 6 is lower in
comparison with the others. This is presumably due to the high counter pressure in the
cylinder, Since the filling error is negative and the mass flow meter error often is positive,
these two errors fortunately counteract each other. This is shown in figure 12.

M

Mass value,

Figure 11.

Where: N = Nominal value.
T = True value.
M = Mass flow meter reading.
F =N - T = The filling error.
E =M - T = The mass flow meter error.

o The pressure in the cylinder affects the result, If the cylinder pressure is high, the mass
flow rate will be lower. A low flow rate causes larger mass flow meter errors. The mass
flow meter has its best measuring performance at maximum flow rate, 15g/s.

The cylinder pressure effect can be seen in figure 13 and 14, An evacuated cylinder seems
also to affect the measuring result negatively, It is important to relate the measurement
errors to the measurement uncertainty. The test series should been repeated several times in
order to draw a conclusion that is more established.

Error and standard deviation
Nominal mass: 50g nitrogen

2 080 7 ? >

5

'g 0,60 —&— Mass flow

& 040 meter error

ki —k— Standard

& 020 7 deviation

& 000 '
0 639 - 131,1

Adding number and pressure in the 20-L cylinder at start [bar]

Figure 13,
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Error and standard deviation
Nominal mass: 1400g nitrogen
L 2 4 6
= 080
[=]
g 060
'g 0,40 —&— Mass flow
= 020 meier error
8 0.00 . —&— Standard
$6 > d s s
E -020 { - eviation
23 65,1 129.8
Adding number and pressure in the 20-L cylinder at start [bar]

Figure 14.

6.2 Test 2 - Line pressure test

The gas providing system feeds the filling panel with gas with a very high pressure. This line
pressure is often about 250 bar in normal operation. The purpose of this investigation was to
find out how this high pressure affects the filling performance. Presumably, both the mass
flow meter and the regulator valve are affected.

6.2.1 Test plan

A 20-L OTM cylinder is filled with 500 g nitrogen at six different increasing line pressures.
These pressures are: 40, 80, 120, 160, 200 and 240 bar. The procedure can be repeated in
several series, in this case only once due to lack of time, The line pressure is reduced to the
desired level by a regulator valve, R, in figure 9. Disregarding the different pressures and the
amount of filled gas, the test procedure is the same as in test 1. Both cylinders are evacuated
before each filling. A nominal (and maximum) mass flow rate of 15 g/s was selected in the
filling recipe. Again a 5-L. OTM cylinder is used to collect the remaining gas in volume V; for
correction purposes.

Reduced line | Series 1, | Series 2,
Filling pressure results | results

nr: [bar] g] [g]
] 40 T o
2 80 T2 To
3 120 T T2
4 160 T Ta
5 200 Tis Tas
6 240 T15 T25 Table 5.

6.2.2 Test results

Table 6 shows the results from both series 1 and 2. The line pressures are average values from
series 1 and 2. The meter readings are the indication from the mass flow meter and are



collected from the belonging filling reports. The “True” values are calculated according to the

method in chapter 5. The uncertainty in these values are 281 mg at k=2, see 5.5.8. More
detailed tables can be found in appendix F.

Series 1 Series 2
Mii Ty M; To
Line Meter True Meter True
Filling | pressure | reading value reading value
nr: [bar] [e] [g] [g] [l
1 399 500.,5 499,95 500,6 499,99
2 83,8 501,0 500,91 5004 49987
3 1245 500,1 500,15 500,5 500,73
4 1680 501,6 501,51 5004 500,23
5 2083 500,4 500,89 500,1 49985
6 2465 503,8 503,37 502,1 501,79
Table 6. .

Next table shows the mass flow meter error and the filling error for the two series. The last
two columns to the right contain average values for series 1 and 2.

Series 1 Series 2 Average,

Ey Fii Ex Fy both series
Line Meter- } Filling Meter Filling Meter Filling

Fillng | pressure | error error error error error error
nr: [bar] (8] [g] [g] 2] [2] [g]

-1 399 0,54 0,04 0,61 0,01 0,57 0,02
2 338 0,09 -091 053 0,13 031 -0,39
3 124.5 -0,05 -0,15 023 1 -0,73 -0,14 -0,44
4 168,0 0,09 -1,51 0,17 -023 0,13 -0,87
5 2083 -0,49 " -0,89 025 0,15 -0,12 -0,37
6 246,5 043 -3,37 0,31 -1,79 037 -2.58

Table 7.

6.2.3 Conclusions

¢ The performance of the mass flow meter seems to be best in the line pressure range 120 -
200 bar. The results are summarised and displayed in figure 15, A low line pressure gives
a low mass flow rate, causing longer filling time and larger errors. When the line pressure
is high (250 bar), the error scems to increase. It is possible that the meter is affected of the
high pressure, which leads to a change in the measuring performance.
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Test 2 - The line pressure effect -

0,8
B 06+
oy
% |
Tt 034 T
g
S 02 +
g > —&— Mass flow meter error,
w A mean value of test
é 0,0 f I | 1 series 1 and 2,

M ~ Adjusted polynomial of
02 ' degree 2.
0 50 100 150 200 250
Line pressure [bar]

Figure 15,

o The filling error is increasing with increasing line pressure. This is most probably due to
the slowness of the regulator valve. It takes a short while until the valve has closed afier the
mass flow meter indicates the nominal mass value, During this short moment a certain amount
of gas pass through the valve. This amount of gas is larger if the line pressure is high, which
leads to a result over the nominal mass value, Figure 16 shows the average filling errors for
series 1 and 2 at different line pressures.

Test 2 - Filling error due to line pressure
Nominal mass vatue: S00 g nitrogen

05
0,0
05 -
-1,0 4
-1,5
2,0
25
-3,

1 T

+

1

Filling error [g]

0 50 100 150 200 250 300

Line pressure [bar]

Figure 16.

6.3 Test 3 - Gas density test

The filling panel is used for several gases and especially constructed to produce gas mixtures
of well defined constituents. These gases vary with regard to density and molecular weight.
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The density of argon and carbon dioxide is about ten times higher than the density of helium,
The purpose of this test was to find out if the gas density affects the mass flow meter
performance. Table 8 shows some frequently used gases in AGA’s special gas mixtures.

Gas ' Molecular weight Ideal density at 15 °C, 1 bar
: [g/mole] [kg/m’]
Nitrogen 28,0134 1,1693
Argon 39,948 1,6674
Helium 4,003 0,1671
Carbon dioxide 44,01 1,8370
Oxygen 31,9988 1,3356
Sulphur dioxide 64,06 2,6738
Propane 44,096 1,8406 Table 8.

The values are collected from AGA Gas AB, QA - Handbook, molecular weight and
density”.

6.3.1 Test plan
Three gases are used in the test; Nitrogen, helium and argon. Each gas 1s filled three times

with 500 g as a nominal mass value. The line pressure is adjusted to about 210 bar. The
maximum mass flow rate is selected to 15 g/s in the recipe specification.

Nominal | Nitrogen, | Helium, | Argon,
Filling mass value | results | results | results
nr: [g] (] e] (g]
1 500 T T Ta
2 500 Tz T Tas
3 500 Tz Tis Tas Table 9.

The test procedure is similar to the procedure that is described for te§t 1. A 5-L cylinder is
used for the gas that is left in the tubing. Both cylinders are weighed before and after each
filling,

6.3.2 Test results

The following table shows the test results. The “True” values are calculated according to the
method which is described in chapter 5. The measurement uncertainty (at k=2) for nitrogen is
+281 mg, for helium 1162 mg and for argon +368 mg,

Nitrogen Helium Argon

N My Ty M T Mai. | Ta
Nominal | Meter True Meter True | Meter | True
Filing | mass reading value | reading value | reading value

el | (g g 1 g | g 2] 8]
500 500,1 | 499,85 |- 5008 | 49981 | 5014 | 50056

500 502,5 502,34 | 5006 499,73 500,6 500,29
500 5027 502,59 500,8 500,08 5014 50123

uato»—-ﬁ

Table 10.
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Nitrogen Helium Argon

N Eni Fui Eui Fui Eai Fai
Nominal | Meter Filling Meter Filling Meter Filling
Filling | mass error error error error error error

nr. [g] (] [g] [e] (gl (2] el
1 500 025 0,15 0,99 0,19 0,84 -0,56
2 500 0,16 -2,34 087 0,27 031 -0,29
.3 500 011 -2,59 0,72 -0,08 0,17 -1,23
Average value: 0,18 -1,59 086 0,13 044 -0.69

Table 11.

Table 10 and 11 is summarised and displayed in ﬁguré 17.

Test 3 - Gas density test
Nominal mass: 500 g
T Tus Mna
A—— Helum
T MpoMm
Ta1 Taz Tz
Ao A-oh-0— Nitrogen
M1 M2 Mua
Taz Ta1 Tas Mai
A—i> A—O Argon
Mao Mas
® Mass flow
| : § | meter reading
499 500 501 502 503 4 "True" value
Filled gas [g]
Figure 17.

6.3.3 Conclusions

e The mass flow meter error is smallest when nitrogen is filled, a bit larger for argon and the
largest error is found when the cylinder is filled with helium gas. When the cylinder is filled
with helium it reaches a high-pressure level, about 175 bar. This could be one of the
reasons to the relative large error. The pressure levels for nitrogen and argon are much
lower in comparison.



35

» The situation is the opposite if the filling errors are compared. The error is largest for
nitrogen and smallest for helinm. A cylinder that is filled with helium is not over filled to
the same extent, this is due to the cylinder pressure.
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7 Evaluation and possible improvements

The performance of the SELMA-panel is very satisfying in many ways. The construction is
flexible and robust. The mass flow meter, which is manufactured by Micro Motion Inc., 18
working at high pressures and is measuring the mass flow with high accuracy, despite large
differences in gas density. The weak link in this panel is undoubtedly the regulator system,
which has an input signal coming from the mass flow meter. An improvement can also be
made on the software. The purpose of all improvements is to:

1. Reduce measurement error.

2. Correct for measurement error.

3. Reduce filling error.

4. Correct for filling error in the recipe.

7.1 Improvements on the panel construction

Some improvements can be made on the panel construction. All of them concern the reduction
of “dead” volume. Tube lengths can be shortened which helps to reduce errors and
uncertainty. Figure 18 shows the SELMA-panel as it is working in normal vse.

Mass flow meter

N
R X'Rv

Figure 18.

From supporting
gas line,

The regulator valve R may well be placed immediately after the mass flow meter, the volume
V, is in that way reduced and the error due to different pressures at start and stop is also
reduced. This problem is described earlier in sector 5.4.6, The interior of the valve makes a
large part of the volume Vy; a valve with a different design would be better. The situation is
the same for volume Vo a decrease in tube length leads to reduced errors. The smaller volume
V, the smaller is the filling error for the last component in a normal filling situation, since the
volume V; contains gas that will not be transferred to the cylinder. This applies only to the last
component. The tubing to the pressure gauge P» is too long. It is possible that this tube part
retain gas from the first component, since volume V: is under pressure during the entire filling
procedure.
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7.2 Improvements on the regulator system

The regulator valve controls the gas flow through the mass flow meter to the cylinder. It is
important to maintain a gas flow, which is below the limit for the meter capacity. On the other
hand, a low gas flow results in larger measurement errors. Figure 19 shows a normal filling
procedure with respect to the gas flow rate and the filling time. This graph is not based on
measurement values but on experiences during the investigations.

Mass

flow rate @

t sl [k ®

15

! VAVAVAWAWAR

0 ‘ Time

Figure 19.

1. The regulator opens slowly and the gas flow is low for a short time.

2. The recommended mass flow rate is sometimes exceeded. This occurs for example when
the line pressure is high and the cylinder is evacuated.

3. If the difference between the line and the cylinder pressure is too small, the regulator
reaches its opening maximum and the mass flow rate starts to fall,

4. The regulator valve is closing in order to prevent the panel from filling over the nominal
value.

5. The regulator starts to oscillate and the mass flow rate fluctuates from zero to about three
gram per second. This gives undoubtedly rise to an increase in measurement error.

6. The mass flow meter indicates that the nominal mass value is reached and the regulator
valve is closing. Due to the slowness of the regulator valve some amount of gas passes
through the valve after the nominal value is reached. The size of this amount of gas
depends on the actually mass flow rate, which varies due to the oscillation.

A better regulator system is needed in order to prevent the mass flow meter from measuring
gas at very low flow rates. There are many alternative regulation techniques to solve this
problem; for example the traditional PID-regulator. Figure 20 shows the desired filling
procedure with respect to the gas flow rate and the filling time.
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flow rate

15

0. Time

Figure 20,

7.3 Software related improvements

The SELMA-panel is controlled by a PLC-system, which interacts with a database containing
all gas mixture recipes and their specifications. These recipes need to be scrutinised, cause
some of them contain round off errors. Unfortunately, some of these errors are of the
magnitude 1 molar %. The filling results can be printed out as a report, which shows cach gas
component result in terms of gram. These results are represented with only one decimal digit,
which is an unfortunately round off from the original number. The mass flow meter gives at
least two decimal digits. The volume V, (see figure 18) is filled with gas just a second before
the regulator starts to open. This situation makes it difficult to read the starting pressure in
volume V;, which gives rise to large uncertainties in the calibration method (sec part 5.4.6). A
suggestion is to introduce a time delay (about 10s) before the regulator starts to open. During
this time delay, the gas pressure is stabilised and readable.
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The construction design is not published in this public report.
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Balance hysteresis
Nominal Weight combination Loading | Unloading { Balance Error, | Balance Error,
mass [kg] [kg] loading fmg] [unloading [mg]
0 - 0,00000 | -0,60003 0 - =30
1 Al 1,00010 1,00002 91 11
3 Al+A2 3,00020 3,00006 178 38
8 Al+A3+SS 8,00020 8,00007 175 45
18 Al+A3+554810 18,00010 | 17,99997 77 -53
23 A1+A3+S51S10+AS 23,00000 | 22,99988 -59 -179
33 Al+A3+854+S1MAS5+AL0 | 32,99975 -369
Before After
Temperature 21,47 21,8 oC
Pressure 1008 1008  |mbar
Air humidity 48 49 %
weights mass uncertainty
k=2 k=1
[ke] [mg] fmeg}
S10 9,999998 15 7.5
Al0 10,00006 50 25
S5 5,000003 7 3,5
AS 5,000036 25 12,5
A2 2,000013 10 5
Al 1,000009 5 2,5




43

The effect of 2a warm cylinder

APPENDIX D

Time Observed mass Time Bottle temperature [°C] Average
[min] [kel [min} { Pos.1  Pos.2  Pos.3 [°C]
0,00 10,33323 0,62 33,33 36,00 35,23 34,85
0,50 10,33324 15,62 31,40 32,41 32,58 32,13
1,42 10,33323 33,62 30,59 30,66 29,80 30,35
2,47 10,33325 48,62 27,81 28,53 28,60 28,31
3,58 10,33324 68,62 26,43 26,75 26,97 26,72
4,77 10,33325 08,62 24,83 25,22 25,33 25,13
5,70 10,33324 120,62 24,11 24,44 24,50 24,35
7,22 10,33326 .

8,80 10,33325 The cylinder was weighed the following day

10,05 10,33325 (1279 minutes later) with these results:

12,68 10,33325

15,97 10,33327 Observed mass

18,03 10,33328

19,68 10,33328 1 10,33342

21,73 10,33328 2 10,33344

25,30 10,33328 3 10,33344

27,47 10,33326 Mean 10,33343

29,87 10,33328

34,32 10,33330 Room temperature: 21,23 °C

39,17 10,33331

40,83 10,33329

44,75 10,33332

49,23 10,33332

56,12 10,33332

67,95 10,33333

76,43 10,33334

82,92 10,33334

91,58 10,33337

96,20 10,33337

100,05 10,33336

108,62 10,33339

120,45 10,33339
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Scheme of possible uncertainty and error contributions

uroT Total uncertainty

um Uncertainty components from the mass flow |
meter and the regulator system

Uw Uncertainty in weighing

uo Other uncertainty components
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Uncertainty components from the mass flow meter and the regulator system

Type A uncertainties

UMal

Repeatability Standard error of the mean.

Type B uncertainties

UMB Mass flow meter characteristics
UmB11 Resolution
unB11 At reading,
UMB112 When adjusting the zero flow level.
UnB12 Unsufficient gas temperature
comnpensation.
UMB13 Integration etrot.
UMB14 Ageing Change in the mounting,
UMB2 Line pressure
Unmat Mass flow meter pressure sensitivity.
umszi1 || Change in the sensor volume.
Change in meter elasticity
WiB212 and frequency.
- UnMB22 Meter drifting because of wear.
UnB23 Catbon dioxide compressed to liquid phase.
UnB24 Unstable line pressure.
UniB241 Change in tube volume (V1) content.
Umn242 Pressure fluctuation affecting the meter.
UMB3 Regulator error
U3 The regulator valve system causes
' frequent flow variations.
UnB32 The mass flow meter
range is exceeded.

cont. UMR33 Error caused by a low
mass flow rate.
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Continued, uncertainty components from the mass flow meter and the regulator system.
Type B uncertainties
UMB4 Gas characteristics
uMB4H Low density. High volume flow
rate (1/min).
UMp4z High density.
UMB43 Gas temperature.
UMB43 Change in sensor volume.
umpszz[---—— Change in meter elasticity
and frequency.
UmMB433 Change in gas density.
UMB44 Difference in density Zero flow shift.
between two gases.
Reacti ffecting the meter.
_— eactive gas affecting the meter.
| Other external interferences
uMps
uMBs1 Vibrations
UmBs11 ‘Through connected tubes.
Unpst2 Through the mounting,
s Through the gas.
Umps2 EMC - interference
uMms21 ‘Through power cable.
UnMBs22 "Through the sensor cable.
Unps2s Through RS-485
" connection.
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UwAl

Repeatability

Uncertainty in weighing

Standard

‘T'ype B uncertainties

error of the mean.

Uncertainty in mass of reference weights.

APPENDIX H

Change in mass of reference weights since calibration.

Adsorption or desorption at the

weight sutface.

Air buoyancy due to weight expansion.

Convection

Uwn1 Weights
Ui
Uiz
UwB13 [ Deviation in temperature.
UWB131
UWB132
UWR133
UwB14 Magnetistn
uwBp15 Electrostatic charge.
Uwnz Cylinder
UywB21
UwB2z Weight changes due to wear
or collected dirt.
uwB23 Magnetic cylinder.
Uwp24 Electrostatic charged
UwB2s Increased pressure expands the
cylinder volume (buoyancy effect).
Uwnze Warm cylinder.
WwB261
U262
Uwni27 Cold cylinder.
Uws2n
Uwn272
v Cont w273

Difference in density between cylinder and weights

give rise to air buoyancy effect.

cylinder.

Convection.

Cylinder volume increases.

Convection

Cylinder volume decreases.

Condensation at the cylinder surface.
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Continued, uncertainty in weighing,
Type B uncertainties
Uwss Balance characteristics
Uwp31 Uncertainty in calibration.
UwB32 Balance resolution.
UwB33 Hysteresis
Uwny Balance non-linearity.
Uwis Zero level resolution.
uwn36 Uncertainty from excentricity.
Uwes Weighing surroundings
UwB41 Air humidity
uwp42 Radiation of heat.
UWB43 Draught
Uwn44 Vibrations through the roof.
UwB4s Drift caused by balance warm-up or
change in room temperature.
UwB46 Change in air pressure.
UwRs Air density
UwBs1 Uncertainty in air
temperature determination.
UwBs2 Uncertainty in air humidity
determination,
UwBs3 Uncertainty in air pressure

determination.

APPENDIX H
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Other uncertainty components

Type B uncertainties

uoB1

Software related errots

ucpit

Firor at transmission of
measurement results.

UuoB12

Low reading frequensy.

uop13

Time delay in PL.C-system
and other software.

uoni4

Round off error in filling report.

UOB2

Uncertainty in determination of gas residuals in the tubing

uoBzt

Uncertainty in tubing
volutne determination.

aonaz

Uncettainties in pressure determination.

uon23

Uncertainty in temperature determination.

uon3

Uonae

Cylinder

uoBs

Leakage, both before and after filling.

Gas residuals in cylinder before filling.

ucps2

UOB33

Diffusion of cylinder contents to tubing.

Error caused by operator

UOB41

Error at recipe input.

uop4z

Round off error.

UOB43

UoB44

Untight tubing connection.

Gas connection with no flushing occuring

Uoss

Other uncertainties

UOB51

voBsz

UoBs3

Uucns4

Untight valves.

Purity in gas components.

Uncertainty in molecular weight.

Uncertainties in analysed gas mixtures.
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