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Abstract

The measurement of gas flow rates is of great importance in a wide range of modern
technologies. This paper introduces a simple, yet accurate technique for in-house calibration of
gas FMs (mass and volumetric) even under harsh environmental conditions such as encountered
during field measurement campaigns. The method requires only readily available, low cost
components: a vessel of known volume, an air pump, a pressure sensor and a metal plate orifice
or a needle valve to act as a CO. The unique property of choked flow in the CO is used here for
flow calibration. In the method presented here a vessel is evacuated to below the critical
pressure (<0.53 of upstream pressure) and then allowed to refill with ambient air (or some other
process gas) under so-called choked flow conditions through the CO. The method presented here
leverages that the flow rate upstream of the CO is not only constant but readily determined from
(a) the known Vygss, (b) the measured time rate of change of the absolute pressure in the vessel
and (c) the ideal gas law. This calculated flow rate can be used for calibration of FMs. The
accuracy of the method depends only on the accuracy of the pressure measurement, the timer
and the value of the Vygss. The flow rate computed in this way is found to be in excellent
agreement (typically 1% difference) with the flow rate measured by a soap film FM (Gilibrator).
As expected from theory this method is found to work for all kinds of CFRs (here: various types
of metal plate orifices and needle valves were tested), gas types (here: air, Argon, and CO,) and
upstream pressures (here: between 650 hPa and 1400 hPa). The accuracy of this technique

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms

5Y of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1361-6501/21/105105+16$33.00 1 © 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK


https://doi.org/10.1088/1361-6501/ac055d
https://orcid.org/0000-0003-4483-2346
mailto:trueblud@umsystem.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6501/ac055d&domain=pdf&date_stamp=2021-6-15
https://creativecommons.org/licenses/by/4.0/

Meas. Sci. Technol. 32 (2021) 105105

M B Trueblood et al

(~1%) is as good as that of standard volume displacement methods (e.g. soap film FMs)
(typically 1% difference), the standard of laboratory-based flow calibrators, but less expensive

and more suitable for harsh environments.

Keywords: calibration, gas flow meters, choked flow, aerosols

(Some figures may appear in color only in the online journal)

Nomenclature

BrMrefstd Y-intercept of the Opmrersia VS Ooutput voltage
Vim of the flowmeter

CFEV Choked flow evacuated vessel

CO Critical orifice

CFR Choked flow restrictor or critical flow restrictor

Cp Constant pressure specific heat (J K=')

Cy Constant volume specific heat (J K1

d Orifice diameter (units indicated in table)

DMA Differential mobility analyzer

dr Elapsed time (s)

dn/dt Time rate of change of number of moles of gas
in the vessel (mol min™")

dPg,/dt Time rate of change of pressure in the vessel
(hPasec™")

FM Flow meter

FM,et Reference flow meter

HHPA House high pressure air

LVO01 LabVIEW program that collected data

MFM Mass flow meter

MKS 179 The MKS mass flow meter, model number 1179

M EMrefstd Slope of the plot of Qrmrefsid VS Vim

Mpan Slope of plot of Pg, vs elapsed time df
(hPas™h)

n Moles of gas (mol)

P Pressure (hPa)

Pratio Ratio of (Pgn/Pup) (unitless)

Perie Critical pressure ratio (unitless)

Py Pressure of the gas near the Gilibrator (hPa)

Py, Orifice downstream pressure (hPa)

Pyp Orifice upstream pressure (hPa)

Pya Standard pressure (1013 hPa)

Prup Pressure upstream of the reference flow meter

OFMrefstd Gas flow rate through the reference flow meter
(SL min~")

OciL Gas flow rate from Gilibrator, not adjusted to
standard conditions (L min~")

OGILstd Gas flow rate from Gilibrator, converted to
standard conditions (SL min~")

OCFEVstd Gas flow rate from choked flow evacuated
vessel technique (SL min™ b

Q2 Excess flow out of the system (L min~!)

OVFMup Volumetric flow rate upstream of the VFM
(L min~ 1)

OVFMdn Volumetric flow rate downstream of the VFM
(L min~ ")

R Ideal gas law constant (8.314 J mol ' K™

Re Reynolds number (dimensionless)

dr Elapsed time (s)

T Temperature (K)

Tan Temperature downstream of the critical orifice

XK)

Tuwp Temperature upstream of the critical orifice (K)

Tup Temperature upstream of the reference flow
meter

T Temperature of the gas near the Gilibrator (K)

Tsa Standard temperature (273.15 K)

\%4 Volume of a gas (1)

Viess Vessel volume (1)

Vim FM output signal (V4.) from either an MFM or
a VFM

VEM Volumetric flow meter

Greek symbols

B Orifice to pipe diameter ratio, dimensionless
¥ Heat capacity ratio (dimensionless)

1. Introduction

An accurate means of determining the flow rate of gases under-
lies many commercial, research and regulatory activities. One
important example is the understanding and eventual regula-
tion of the emissions associated with commercial aviation. As
air travel increases, the impact of aviation on local air quality
(Levy et al 2012) and climate has drawn significant attention
(Waitz et al 2004, Lee et al 2009, 2010, EASA 2015). Accurate
measurements of the concentrations of these emission species
(particulate matter and gases) can be achieved using extract-
ive flow sampling which requires an accurate means of meas-
uring the flow rates of these species and their carrier gases.
Many field campaigns designed to measure the effluents from
gas turbine engines and rocket engines have been conducted
over the last 30 years (Bulzan et al 2010, Christie et al 2012,
Hagen et al 1992, 1997, 1999, Kinsey et al 2010, 2012, Lobo
etal 2011, 2012, 2015, Moore et al 2017, Paladino et al 2000,
Ross et al 1999, 2000, Schulte et al 1997, Trueblood et al 2018,
Whitefield et al 1999).

There are several different types of gas FMs on the mar-
ket (Baker 2016). These include MFMs (ones that use heating
elements and temperature sensors, ones that use the Coriolis
effect, etc) and VFMs (ones that measure the pressure drop
across a laminar flow element, soap film FMs, rotameters, etc).
The method presented here can be used to calibrate any type
of FM.

Several methods for calibrating FMs are described in the
literature. These are

(a) the soap film prover (Waaben et al 1978, Lashkari and
Kruczek 2008);
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(b) the piston prover (Wright and Mattingly 1998a, Wright
et al 1998b);

(c) the bell prover (Wright and Mattingly 1998a, Wright
1998c¢, Paton 2005);

(d) the critical flow venturi nozzle is a meter with very high
measurement accuracy and is used for testing, calibration
and flow control. This device is such that if it is machined
in accordance with the design and the pressure and temper-
ature upstream are controlled, it will produce the specified
flow. Considerable effort has been devoted to characteriz-
ing critical flow nozzles and how they can produce known,
predictable flow for a certain geometry and upstream pres-
sure (Johnson et al 1998). Although we make use of COs
in this paper, they are not used in that way—we do not make
use of their design to predict what the flow through them
is;

(e) the most prominent and trusted method seems to be the
pressure, volume, temperature and time method (PVTt).
Over a period of several decades, several laboratories have
developed their apparatuses that use this method (Kegel
1995, Wright and Mattingly 1998a, Wright et al 2004,
Nakao 2006, Johnson and Wright 2009, Mascomani and
Chandapillai 2017).

Additional efforts have been spent to compare the apparat-
uses from different national metrology labs, where at least one
of them was the PVTt apparatus (Wright et al 1998b).

Although our technique is quite similar to the PVTt method,
there are some major differences. One difference is that it
appears that the PVTt method has the gas entering the cal-
ibration apparatus at a pressure significantly higher than one
atmosphere (at least for some calibrations), since they mention
the increase in temperature of the gas as it enters the capturing
tank or vessel and is compressed (Wright and Johnson 2000).
Thus, the capturing vessel must be immersed in a temperature
controlled water bath. Since the gas entering our calibration
facility is only at room pressure and only enters the capturing
vessel at less than one half an atmosphere, there is no increase
in temperature and no need to immerse the vessel in a temper-
ature controlled bath.

A second difference is that the PVTt method takes only
two measurements of pressure and temperature. One is at the
beginning of the filling and one is at the end. Our method
requires measuring the gas pressure at 1 Hz.

A third difference is that in the PVTt method, they calcu-
late the density of the gas in the vessel using an actual equation
of state which has the compressibility coefficient for that gas
incorporated into the ideal gas law. The mass of the gas is then
computed from the gas density and known tank volume. It may
well be that the PVTt method is more all encompassing than
ours, because it takes into account the compressibility of the
gas. However, our technique worked quite well for the gases
we tested. Alternatively, it could well be that if we incorpor-
ated the gas compressibility coefficient into our ideal gas law
equation (equation (4)), we would also be able to use many
other gases. Perhaps that is work for another paper.

Levine (2010) proposed a sophisticated technique very sim-
ilar to ours (also giving predicted accuracy), but as far as we

can tell never built the apparatus nor published any results. As
will be seen later, unlike the Levine description, our method
requires almost no special equipment to yield quite accurate
results.

Most of these other methods either provide very high accur-
acy and precision and/or involve an apparatus that requires
tight temperature control in a laboratory or having the tanks
submerged in a temperature controlled water bath. In the
absence of an in-house standard, a user’s FM must be returned
to the manufacturer for recalibration, which can prove time
consuming and costly to the user. Also, sometimes it is neces-
sary to use a FM with a gas for which it was not calibrated.
For example, Schmid et al (2010) showed how to successfully
operate a DMA, which relies on accurate measurement of the
flow rate of the sample and sheath flow, with gases other than
air (He, Ar, H,, CO,, and N,O). Therefore, a simple, inex-
pensive, yet accurate technique for calibrating a gas FM for
any type of gas seems desirable.

Good laboratory practice dictates that electronic devices
(such as gas FMs) be calibrated yearly. The method presen-
ted here involves pieces of equipment that many laboratories
already have on hand, thus making it possible for the typical
laboratory personnel to calibrate their own gas FMs whenever
it is desired. This study presents a simple, inexpensive, yet
accurate method for calibration of gas FMs utilizing the unique
properties of a CO, the CFEV method.

The experimental setup, the principle of operation and the
governing equations are described. The validity of the method
is established by comparison with a soap film FM (an accepted
standard for flow rate measurements) and its wide range of
applicability is demonstrated by using different types of COs,
gas types and pressure conditions.

2. Theory

2.1. Critical pressure ratio across an orifice

The fundamental concept of generating a constant volumetric
flow rate by operating an orifice under critical pressure con-
ditions (choked flow) relies on the fact, that—except for spe-
cially designed nozzles—the flow velocity through a nozzle
is limited by the speed of sound. Any orifice becomes crit-
ical once the ratio of downstream and upstream pressure falls
below a certain, critical value (Perry and Chilton 1973). Cun-
ningham (1951) seems to imply that the flow rate does not
remain constant over the entire range of 0 < Pg,/Py, < 0.45.
We did not observe any such change in the flow rate. Assum-
ing a perfect gas, a frictionless orifice, defining S as the ratio
of the orifice diameter to pipe diameter, and if 5 < 0.2 then
the critical pressure ratio is given by

Go).-G)7 o
PUP crit 7+1

where v (=C,/C,) is the ratio of the heat capacities of the gas
under constant pressure and volume conditions, respectively.
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Figure 1. Schematic of the apparatus used to validate the CFEV method with a calibrated FM.r or with a soap film FM (Gilibrator).

For air with v = 1.4 the critical pressure ratio becomes

(ﬂh’) = 0.528 (for air). 2)

Py

Critical pressure ratios for other gases are, e.g. 0.547 for CO,
(v =1.289) and 0.487 for Argon (v = 1.667).

2.2. Obtaining the reference flow rate for FM calibration
using the CFEV method

As mentioned above, as long as the pressure drop across
an orifice is larger than the critical pressure ratio (i.e.
Pratio = Pan/Pyp < Perip) the upstream volumetric flow rate is
fixed to a certain value which does not depend on the absolute
pressure downstream of the orifice (Perry and Chilton 1973).
Most of the commonly used gases (air, argon, nitrogen, CO,,
etc) can be well approximated as ideal gases except in the lim-
its of extremely low temperature or high pressure, which is
irrelevant for most applications. A schematic of the apparatus
is given in figure 1. For an evacuated vessel which is gradually
refilled through a CFR, the volumetric gas flow rate into the
vessel is related to the observed rate of pressure change in the
vessel. The experimental details will be described below. First,
fundamental equations used for determination of the flow rates
as computed from the CFEV method from the measured para-
meters are derived.
According to the ideal gas law,

\%
n=—P.

RT 3

The rate equation for molar gas flow into the vessel can be
expressed as

“

dl - Vvess dP dn
dt )  RTy \ dr

where n is the number of moles of gas in the vessel, R is the
ideal gas law constant (8.314 J mol~! K1), Vyess, Pan and Tgn
are the volume of the vessel, the pressure and temperature in
the vessel, respectively, and ¢ is the elapsed time. Since the
molar gas flow rate is conserved (in the absence of leaks or
gas sources), the molar flow rate into the vessel is the same as
the flow rate through the Gilibrator and the flow meter (FM,.).
Equation (4) implies that the volume of the apparatus (Vyess)
and the temperature of the gas upstream and downstream of
the orifice are constant. The former is obvious and the latter
is a characteristic of ideal gases. That is, as the gas velocity
increases in the narrow constrictions (orifice), the increase in
kinetic energy is matched by an adiabatic cooling of the gas.
For ideal gases, this conversion of energy is reversible, i.e.
the cooling is reversed once the gas slows down upon exit-
ing the orifice. Thus there is no difference between upstream
and downstream gas temperature (the temperature of the gas
downstream of the orifice was measured and found to be only
0.1 °C different from the temperature of the gas upstream of
the orifice).

Although some researchers (Wright and Johnson 2000) do,
in fact, see an increase in gas temperature of as much as 10 K,
we do not observe that. It appears that they are filling their
vessel to a higher pressure than we do, thus doing work on the
gas.

The molar flow rate (dn/df) is equivalent to the mass flow
rate (using the molar mass), which is typically expressed as
volume flow rate for certain reference temperature and pres-
sure conditions. At standard temperature (Tsq = 273.1 K) and
pressure (Pyq = 1013 hPa), one can rewrite equation (4) into
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dn\  Vies [dPan\ Vi Kmol J 22.4SL
<dt) " RTa ( dr > Ten 8314 Nm  1mol
100Pa  IN  Im’ 60s [dPy,
" 1hPa '1Pa.m2'10001'1min'< dr )

dn . 1 VVCSS (1)
dn) SL =16.165 ——F———
< dt) OcCFEVstd ( min ) 273.15+4 T4, (C)
dPy, _
. d: (hPas™") (5a)

where Qcrgvsg i in SL min~!, Ve is in liters, and dPg,/dt is
inhPas™!.

We note in passing that some (but not all) organizations
have changed their definition of standard atmospheric pres-
sure (McNaught and Wilkinson 1997). The temperature 7'q,
(in °C) can be measured anywhere (except in the orifice) and
for simplicity even ambient air temperature can be used, if the
apparatus is in thermal equilibrium with the ambient air.

For calibration of VFEMs, allowance must be made for the
pressure and temperature at the point where the flow is desired.
Hence, the volumetric flow rate downstream of the VFM is

. . P
Oviman (Imin ") = Ocppvaa - (SLmin ™) - ( td)

up
. ( p)
]Std .

The volumetric flow rate upstream of the VFM is given by

(5b)

P
Qvimup (Imin™") = Qcrgvsa - (SLmin~") - (“)

P lup
. ( Tl up )
Tstd
where Py, Pup, Tup and Ty, are measured at the positions
indicated in figure 1. In contrast to MFMs, the volume flow
rate depends on pressure and temperature, i.e. if there is a pres-
sure and/or temperature change across the VFM to be calib-
rated, this has to be corrected for as described in equations (5b)
and (5¢).

(50)

3. Experimental

3.1. Reference flow meter

In order to validate the present technique, a direct compar-
ison of the flow rate as given by the CFEV method with the
flow rate as given by some reference or standard FM had to be
performed. In this study, a soap film FM was used as the ref-
erence device. Soap film FMs (or other volume displacement
devices) are primary measurement devices, which measure the
displaced gas volume per time.

Although it is shown in figure 1, for practical and technical
reasons the soap film FM (figure 1, section 1, blue) (Gilibrator-
2, Sensidyne LP, 1000 112th Circle North, Suite 100, St.
Petersburg, FL 33716, USA) could not be used as the standard
or reference flowmeter in all the experiments described in this
study. (It was, however, utilized for some experiments). This

is because (a) obtaining measurements with a Gilibrator takes
much longer than with an electronic FM and (b) the Gilibrator
is not suitable for pressures much larger or smaller than ambi-
ent pressure. Therefore, we first (see figure 2) deployed the
Gilibrator to calibrate an electronic (thermal) MFM (figure 1,
section 2, Green) (MKS MN 1179; powered and monitored by
an MKS 247-D, MKS Instruments, 2 Tech Drive, Suite 201,
Andover, MA 01810, USA) with 20 SL min—' full scale. This
MKSj179 was then used as the FM,.s. The Gilibrator is itself
factory calibrated once per year, as recommended by the man-
ufacturer, who provides a certificate of calibration. The calib-
ration sheet from Sensidyne LP states that the ‘calibration was
performed using standards and instruments that are traceable
to the International System of units (SI) through the National
Institute of Standards and Technology (NIST)’.

For all discussion, results, and experimentation described
in this paper, the FM shown in figure 1 was a MFM,
MKS 79, which was periodically calibrated by the Gilibrator
(see figure 2). Once this CFEV technique is accepted by oth-
ers, they can then place their gas FM in the place of FM,.s in
figure 1 (section 2) and use the CFEV method to calibrate their
gas FMs, without the Gilibrator (section 1, of figure 1).

When calibrating the reference MFM (FM,.¢) with air, com-
pressed air from HHPA was used, rather than room air and a
pump. This was for the sake of consistency (HHPA had a con-
sistently low relative humidity) and to avoid pump-associated
pressure pulses, which might adversely affect the accuracy of
the FM,.s calibration. The flow rate was adjusted using valves
V1 and/or V2. Since the flow cell of the Gilibrator can only be
operated near ambient pressure conditions, valve V3 and the
pressure regulator were adjusted to provide a small excess gas
flow Q,, as registered by the rotameter. The positive flow Q,
ensured that the pressure at the Gilibrator was only slightly
above ambient pressure and the gas being supplied to the
calibration apparatus was, in fact, coming from the intended
source. Although the pressurized gas bottle/pressure regulator
can exert a substantial pressure, the Gilibrator cannot operate
at pressures much above one atmosphere (say 30 hPa). Hence,
the vacuum pump and valves V| and V, are required to pull
gas flow through the system.

The temperature T'; and pressure Py of the gas entering the
Gilibrator were measured by a thermistor thermometer (MN
5831, Omega Engr, Stamford, CT 06907, USA) and a preci-
sion pressure gauge (MN 15000, Mensor Corp, 201 Barnes Dr,
San Marcos, TX 78666, USA), respectively. The signals from
the pressure probes and FM,.s were collected by a LabVIEW
program (LVO1) utilizing a USB-6009 (National Instruments,
11500N Mopac Expwy Austin, TX 78759-3504) and laptop
computer. The volumetric flow rate of the Qg (L min™')
was converted into standard flow rate (Pyq = 1013 hPa and
Tq = 273.2 K) according to

P g . Tstd
P std Tg

(6)

OciLsi = QcIL

The standard flow rate as computed from the Gilibrator
QOciLsia can then be related to the FM,.; output signal (Vi)
(0-5 V) yielding coefficients of a linear calibration curve



Meas. Sci. Technol. 32 (2021) 105105

M B Trueblood et al

USED ONLY TO ENSURE
POSITIVE PRESSURE
AT GILIBRATOR

Q2, DUMP FLOW
TO FUME HOOD

V3

A

PRESSURE
REGULATOR

I
PRESSURIZED

GAS BOTTLE
OR HHPA

} Q1, FLOW TO
] FUME HOOD
|
]

VACUUM
PUMP

......... REFERENCE FLOW METER
VALVES
TEMPERATURE PROBE
R — PRESSURE PROBE
............ HOUSE HIGH PRESSURE AIR

Figure 2. Schematic of the apparatus used to calibrate a reference MFM FM. using the Gilibrator. The flow through the system was
regulated with valves V1 and/or V2. The use of pressurized gas bottles as gas supply guarantees the absence of pump-induced pressure
pulses, which might affect the accuracy of the calibration. V3 ensures a slight positive pressure on the rest of the system.
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Figure 3. Opmretstd VS FMper output voltage Viy, for three different
gases.

Ormrefstd = QGILstd = Mpmrefstd X Vim + BeMretsa- — (7)
The same calibration was done for argon and CO; as operat-
ing gases. Since the measurement principle of thermal MFMs
depends on gas type (heat capacity and thermal conductivity
of the gas), the calibration curves depend on gas type as seen
from figure 3.

The Ve was determined by weighing the mass of deion-
ized water required to fill it. Deionized water was drawn into

four 5 gallon buckets and allowed to temperature equilibrate
for one day, so that the water and the vessel in our appar-
atus were both at room temperature. The sliding mass bal-
ance was calibrated with weights borrowed from the Missouri
Department of Agriculture’s Metrology Lab (1616 Missouri
Boulevard, Jefferson City, MO 65102). These weights were
certified to have an accuracy of 0.01%. The volume of that
mass of water was then temperature corrected (Jones and Har-
ris 1992). This measurement was performed three times res-
ulting in an average Vg5 of 62.721 1 and a standard deviation
of 0.012 1.

Studies published using the PVTt method mention the
‘inventory volume’ of their apparatus. This is the volume
of the tubing between the CO and the collection ves-
sel. In our apparatus, the inventory volume was 0.018 1
(or 0.0003 of the Vygss). Our inventory volume was con-
sidered as part of the Vygss, since it and the vessel
are at the same temperature and pressure for the filling
process.

Wright et al (2004) considered how much their tank
expands as the pressure in it increases. It is our understanding
that in their apparatus, the final pressure might be well above
one atmosphere. Since our tank volume was measured at 1 atm
and room temperature, and the final pressure of the tank was
1/2 atm and room temperature, we do not believe a correction
is necessary.
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Orwreza (SL min™)
Pratio

—— Pratio before start
—— Measured flow
—— Pratio
---=0.528
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Figure 4. The pressure Pg, (green) before allowing flow into the
vessel, the flow rate Opmrefsta (red) while allowing flow into the
vessel, and the pressure ratio (Praio = Pan/Pup) (blue) vs elapsed
time dr. Notice that during phase 2, while the flow is choked, the
flow is very constant, i.e. up until the critical pressure ratio of
approximately 0.5.

3.2. Principle of operation of the CFEV method

Figure 1 shows the experimental apparatus for the CFEV tech-
nique of calibrating an FM. The process of FM calibration with
the CFEV method can be divided into three phases readily
identifiable by the pressure ratio (Praio = Pan/Pup) (figure 4).
Here, a LabVIEW program (LVO1) is used for data acquisi-
tion and real-time conversion of the voltage signals into flow
rates (according to equations (5) and (7)) and pressures. Pres-
sure transducers Py, and Py, monitor the pressures upstream
and downstream of the CFR. Transducers P, and Pg, were
Omega, PX 138-030A5V, 0-30 psia (Omega Engineering, Inc.
800 Connecticut Ave., Suite SNO1, Norwalk, CT 06854). They
were calibrated against a pressure standard (MN 15000 men-
tioned above). This pressure standard is also returned to the
factory once per year for factory calibration, and the factory
provides a certificate of calibration.

To begin, the gas source is adjusted so that the excess
flow Q, is approximately 5 1 min~' greater than what will
be required for the next intended data point. Ball valve V1
is closed, ball valve V2 is opened and the vacuum pump is
allowed to evacuate the vessel far below the critical Ppago
(«0.53; here ca. 0.01, i.e. Py, ~ 10 hPa). Then V2 is closed
and the P4, remains at this value, since V1 is closed. As a
measure of quality control Py, is observed for approximately
60 s to confirm that there are no leaks (constant Py, value)
(phase 1 in figure 4).

Then V1 is opened (phase 2 in figure 4) and gas gradually
flows via the FM,r and CFR into the evacuated vessel resulting
in a gradual, linear rise of Py, and a constant flow rate, which
depends on the type and settings of the CFR (figure 4). As long
as the orifice is critical, the flow rate is constant as verified by
the FM,¢ signal (Vgy,), and Py, increases at a constant rate.
Phase 2 is the region used for FM calibration with the CFEV
method.

As the vessel fills, the pressure ratio (Praio = Pan/Pup)
approaches 0.528 and the flow rate of the gas passing PT A

as measured by the FM, is constant. Phase 2 ends when the
flow through the FM; ¢t (Opmrefsia) drops ever so slightly, say
by 1% or so.

Phase 3 is the period during which the gas flow is no longer
choked. During phase 3, the pressure ratio will continue to
increase to its asymptotic value of unity and the flow as meas-
ured by the Opmrersta Will continue to decrease to its asymp-
totic value of zero (not shown). Typically, LVO1 was allowed
to gather data for another 60 s or so, then data logging was
terminated.

The LabVIEW program (LVO1) produced a text file with
columns for elapsed time (df), the raw voltages from each of
Py and Py, the pressures corresponding to those signals, the
raw voltage from the FM;t (V) and the flow computed from
that FM,s reading using equation (7). This flow was obtained
from the previous calibration of the FM,¢ using the Gilibrator
(figure 2). A plot of Py, vs df was generated and a linear regres-
sion was used to fit a straight line to the data, i.e.

Pgn (hPa) = Mpg, (hPas™!) - dr(s). ®)

The slope Mpg, (dPg,/df) from equation (8) is used in equation
(5) to obtain the flow Qcrevga (SL min~!) past Pt A and into
the vessel

VVSSS (1)
273.15+ T (C)
-Mp,, (hPasfl).

Ocrevsa (SLmin™') =16.165 -

€))

The goal of the present study is to show the validity of calib-
rating a FM using the CFEV. Thus, we compare Qcpgysa from
equation (9) to the average value of Qpprersig from equation (7)
(computed every 1 s by LVO1 and logged in the data file) or
to the average of the Gilibrator (QgiLsia) equation (6) (taken
several times manually) for the time period when the orifice
was critical (phase 2).

It is important to realize that once the FM,s is calibrated
using the setup in figure 2, then there are three sections of the
apparatus shown in figure 1 that can each provide a measure of
the gas flow rate (sections 1, 2 or 3 of figure 1). Once the FM.¢
(i.e. MKS;179) has been calibrated with the Gilibrator as in
figure 2, then effectively there is a standard FM in figure 1, be it
the FM,¢ (the calibrated MKS1179) or the Gilibrator itself. For
all of the experiments performed in this study, the gas flow as
calculated from the CFEV method (section 3) was compared
to the gas flow as measured by the Gilibrator (section 1) or the
Gilibrator calibrated FM,¢¢ (the MKS1179) (section 2).

Once an investigator accepts the validity of the CFEV
method, then he/she may install his/her own FM into section 2
and use section 3 as the reference flowmeter and calibrate
his/her FM against it.

The present method is fairly similar in principle to the
method used by the US NIST Fluid flow Group, what they
refer to as the pressure, volume, temperature, time (PVTt)
method (Wright et al 2004). In the PVTt method, the gas is
passed through the flowmeter to be calibrated, a CFR, and
then allowed into an evacuated vessel, which is immersed in a
temperature controlled water bath. The initial and final pres-
sure and temperature of the gas in the vessel are measured.
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Table 1. Characteristics of the O’Keefe orifices.

Relative difference

Catalogue Observed Flow rate Qrmrefstd Flow rate Qcrevstd OFMrefstd and
number Orifice diameter, d (cm) Pagio limit (SL min— ") (SL min~ ") OCFEVsd
K6-26-SS 0.0660 0.493 3.035 3.010 0.008
K6-38-SS 0.0965 0.528 6.756 6.706 0.007
K6-52-SS 0.1321 0.479 11.69 11.60 0.008
K6-60-SS 0.1524 0.518 14.14 14.16 —0.001
K6-63-SS 0.1600 0.524 15.32 15.41 —0.006
K6-67-SS 0.1702 0.498 16.14 16.11 0.002
Only the time interval for the entire vessel filling is measured, 2004 35 1o
i.e. a beginning and an ending time. The test gas in the ves- 1807 0] y=-23776x+ 298926400 | '
sel is allowed several minutes to come to temperature equi- 16.0

librium with the temperature controlled bath. The mass of the 14047 251

gas allowed into the tank is determined by knowing the pres- 120 E 204 <
sure and temperature of the gas in the tank. Rather than using £ 10.04 B feepeemeemeemeim o °§
the ideal gas law (as we do), they use an actual equation of % 8.0 :51'5* <
state that is identical to the ideal gas law, except it incorpor- & 6.0 §104 oo e

ates the compressibility factor for that particular gas (Wright 401 5] - Orumaer ial 0.2
et al 2004). Thus the PVTt method is perhaps more all inclus- 2.0 Y= 1.23E-05 + 5.51E-02 [~ **FetPw=0528

ive, capable of calibrating FMs with a wider range of gases. 00- 00 ; o o oo 00 ; 008-0

Indeed, the PVTt method is the recognized worldwide stand-
ard. Workshops have been conducted wherein the US NIST
PVTt apparatus has been compared to that of other nations
(Wright et al 1998b).

It is important to realize, however, that for many experi-
menters who want to calibrate their own flowmeters quickly,
accurately, inexpensively, and without having to send the flow-
meter off for an extended period of time, our method is quite
adequate for gases that are approximated by the ideal gas law.

4. Metal plate orifices as the CFRs

For the first part of this set of experiments, metal plate orifices
(table 1) designed for controlling airflow (O’Keefe Controls,
4 Maple Drive, Monroe, CT 06468) were utilized as the CFRs
to cause constant gas flow through the FM,.¢. The metal plate
orifices were in the form of stainless steel cylinders 57.7 mm
in length and 9.5 mm in outside diameter. Figure 5 (an actual
data plot) displays real data taken using a metal plate orifice
that is similar to figure 4 (the idealized plot). It is important
to emphasize that absolutely every experiment performed for
this study produced a plot completely similar to figure 5. That
is, the gas flow measured by the reference flowmeter was very
constant for pressure ratios 0.05 to approximately 0.45. Typic-
ally, the standard deviation of the flow divided by the average
of the flow was 0.002.

Listed in table 1 is the orifice diameter d, the flow rate
measured by the FM that was calibrated with the Gilibrator
(OFMrefstd), the flow rate measured by the current technique
(OQcrrvsid), and the relative difference between Qpmyetsta and
OCFEVstd-

It is important to note that the actual Praio (Pan/Pup) limit
was less than that predicted from the above theory. This
may be due to imperfections in the machining of the orifice.

Elapsed time, dt (Sec)

Figure 5. Data using the K6-26-SS orifice. The pressure Pg, before
allowing flow into the vessel (green), the flow rate Qpmrefsta (red)
while allowing flow into the vessel, and the pressure ratio

(Pratio = Pan/Pup) (blue) vs elapsed time dr.

Probably, though, it is due to the fact that the Reynolds number
(Re) was less than 30 000 and so the equation which predicted
when choked flow will cease (equation (1)) cannot provide
accurate, precise values. Predicting an accurate value of Py,
(at which to stop data logging) computed from equation (1)
is not all that important, since this value is only used to give
an approximate point. The best technique is simply to watch
for when the flow as indicated by the FM,s dropped by 1% or
2% and then terminate data logging 60 s or so after that. This
usually happened when Praiio (Pan/Pup) approached 0.45. Even
though data might be logged for another 60 s or so, only data
for when the FM,; gave constant readings should be used.

5. Validation of the CFEV method using metal plate
orifices

Figure 6 shows the results of comparing the flow past PT A
(OrMrefsta) (figure 1) as measured by the FM,.¢ (calibrated in
the traditionally accepted way using a Gilibrator and figure 2)
and as measured using the Qcrgysa method using a set of metal
plate orifices. These completely different methods agree to
within 1%.

6. Needle valves as the CFRs

Some labs may not have (nor wish to purchase) metal plate ori-
fices for the purpose of calibration. Also, choked flow through
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Figure 6. The measured flow rate Qpmrefsia VS the computed flow
rate Qcrevsid for six different orifices. For each data point, there
were three trials. The vertical error bars were taken from the
standard deviations of the average readings and they are too small to
be seen.

an orifice of a particular, fixed diameter will result in only one
choked flow rate. If it is desired to use the CFEV method for
the purpose of calibration where many different flow rates can
be tested without purchasing many different orifice plate sizes,
using a needle valve is an easy and viable alternative. Needle
valves allow for the precise control of choked flow rates and
exist on-hand in many laboratory settings.

Experiments were performed whereby the metal plate ori-
fices were replaced by commonly available needle valves.
Table 2 provides a list of the needle valves used in this study
and some of their characteristics. The orifice diameter is the
actual diameter (d) of the hole into which the needle inserts,
listed in the manufacturer’s catalogue. Due to the nature of
needle valves, the flow of gas through the orifice of the valve
may not be compressed to 5 < 0.2, and therefore equation (1)
may not be valid. However, as stated previously, the best tech-
nique is to simply discontinue data logging a minute or so after
when (Pg,/Pyp) approaches 0.45 and/or Opwmrefsia falls by about
1%. Then only use the data for when Qpprefsig Was constant.

7. Validation of the CFEV method using needle
valves

Needle valves were used in place of the metal plate orifices as
the CFR and plots entirely similar to figure 5 were obtained.
Trials were performed with the gas passing through the needle
valve in the direction recommended by the valve manufacturer
(FWD) and also in the reverse direction (REV). The manu-
facturer’s recommended flow direction is specified (it seems)
so that when the valve is closed, there is no gas pressure on
the valve stem packing (and hence the likelihood of a leak is
minimized), since the needle part has closed off the orifice.
Figures 7 and 8 show the Opmyersta VS Ocrrvsa for nine differ-
ent, commonly available needle valves.

When tested in the forward orientation (FWD), for eight
of the nine needle valves tested, the agreement between the

Gilibrator calibrated FM (Qgmrefsta) and the calculated flow
rate using the CFEV method (Qcrgvsia) Was within 1%. The
Whitey valve with 1/8” ends showed a higher percent error
than the rest. Perhaps this is because this valve comes closer
to violating the S < 0.2 requirement. When the valves were
tested in the reverse orientation (REV), five showed an error
of 1% or less (when rounded to two digits), and the remaining
four showed an error of less than 2%.

8. Testing using multiple flow rates per vessel
evacuation/refilling

In order to perform a calibration faster, a needle valve can be
used and simply adjusted to several different positions during
one vessel refilling. To ensure reliable measurement statistics,
we recommend recording at least 45 s of data at each needle
valve setting. Or, alternatively, let the Pg, rise be 50 times
the noise level in the pressure transducer Pg,. Figure 9 shows
OrMrefstd and Py, vs df for when a Swagelok SS-1RS6 needle
valve was used and adjusted to four different settings during
one vessel refilling. Figure 10 shows the resulting Opmrefstd VS
Ocrevsa values. It could very well be that even more than four
settings of the needle valve are attainable, but we confined
ourselves to this to simply show the possibility.

9. Calibrating a FM using gases other than air

Using the CFEV method to calibrate a FM for a gas other than
air will now be discussed. For a given CFR, the apparatus of
figure 1 is used to measure the dP4,/d? and equation (5) is used
to compute Qcggysy- For each CFR setting, the average Vi, is
obtained and the plot of Qcpgvsa VS Vi is constructed, yield-
ing the calibration of the FM using the CFEV method for this
new gas.

If the goal is to actually compare the two calibrations
(QciLstd V8 Vim and Qcrevs VS Vi) using the different gas, it
is necessary to also calibrate the FM (figure 2 with the Gilib-
rator) with the alternative gas (equation (7)). A new calibration
formula is inserted into the LabVIEW program (LVO1) relat-
ing Opmrefsta VS output voltage of the FM (V). Clearly the
Gilibrator must be used as part of figure 2 and then a routine
calibration of the FM is performed using the CFEV method.

Both argon and CO, were used as an alternative gas and a
calibration with them was achieved as in figures 1 and 2. A
comparison of the soap film FM calibrated FM (Qgisia) Was
made against the CFEV method (Qcggvsw)- The results, shown
in figure 11, show the agreement between Qgiy s and Qcrevisd
is better than 0.1% for CO, and approximately 2% for argon.

10. Calibrating a FM with various inlet pressures to
the CFR

The question arises as to whether this CFEV technique will
work if the inlet pressure Py, at the entrance to the CFR is
varied to something significantly different from room air pres-
sure. Referring to figure 1 it is apparent that by increasing the
pressure provided by the pressure regulator of the source gas
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Table 2. Characteristics of various needle valves.

Ends Orifice diameter,
Manufacturer Model number  (inch (mm)) d (inch (mm)) Slope-FOR  Intercept-FOR  Slope-REV  Intercept-REV
Whitey SS-B-1KS4 1/4 (6.35) Unknown 1.0003 0.0600 0.9973 —0.0145
Whitey SS-31RS4 1/4 (6.35) 0.172 (4.37) 1.0065 0.0524 1.0201 —0.1289
Nupro SS-4UW 1/4 (6.35) 0.172 (4.37) 0.9996 0.1466 0.9767 0.0553
FloLok AB414 1/4 (6.35) 0.172 (4.37) 0.9986 0.1093 0.9885 0.0081
Swagelok SS-1RS6 3/8 (9.52) 0.25 (6.35) 1.0068 0.0768 0.9945 —0.0436
Whitey SS-7RS8 1/2 (12.7) 0.437 (11.1) 1.0005 0.1151 0.9798 0.1188
Whitey Tllegible 1/8 (3.18) Unknown 1.0279 —0.0290 0.9889 0.0506
Whitey SS-1RS4 1/4 (6.35) 0.172 (4.37) 1.0065 0.0775 0.9845 0.0956
Whitey SS-12NKRS8 1/2 (12.7) 0.437 (11.1) 1.007 0.240 1.0025 0.153
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Figure 7. The Orwmrefsia 1S plotted against the Qcrevgg for several models of needle valves tested. Note that results are shown for both the
FWD and REV direction of flow. (A Whitey SS-31RS4, B Swagelok SS-1RS6, C Whitey SS-7RS8, D Flo-Lok AB414).
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Figure 8. The Qrmrefsia 1S plotted against the Qcrevsi for several more models of needle valves tested. Note that results are shown for both
the FWD and REV direction of flow. (A NuPro SS-4UW, B Whitey SS-1RS4, C Whitey B-1KS4, D Whitey 1/8”, and E Whitey

SS-12NKRS8).
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Figure 9. This plot shows the flow rate Opmrersta (red) and the
pressure Py, (blue) vs elapsed time dr for an experiment wherein
four different flow rates for a single evacuation/refilling of the vessel
were achieved. Compressed air was used and the needle valve was
in FWD orientation.
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Figure 10. Ormrefsta VS Qcreysia for four different flow rates for one
vessel evacuation/refilling. The valve used was the Swagelok MN
SS-1RS6.

(the tank of compressed air or some alternative gas) and lim-
iting the flow out of the rotameter (Q;), the pressure at the
inlet of the FM and also the pressure at the CFR (P,;) can be
increased.

Alternatively, by closing the valve at Q, and limiting the
flow of the gas in, pressures less than 1 atm at the inlet of
the CFR can be imposed. Figure 12 shows that the two meth-
ods (Gilibrator calibrated FM and CFEV) agree very well.
Ambient pressure in our lab was about 960 hPa. Hence, the
CFEV technique works well even when the inlet pressure Py,
at the entrance to the CFR differs significantly from room air
pressure.

11. Ultimate accuracy

Note the relationship between Qpmyersta and the FM output
signal (Vi) shown in figure 3. Several points should be
highlighted. First it is obvious from figure 3 that the FM sig-
nal (Vgy) is dependent upon the properties of the gas used.
Secondly, when one calibrates a FM using the Gilibrator and
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Figure 11. Ocirsu VS Ocrevsia Using argon and CO; as the gas.
The vertical error bars are on the points but are too small to be seen.
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Figure 12. The gas flow past PT A as measured by the Gilibrator
calibrated FM (Qpmretsta) and the gas flow as measured by the CFEV
method (Qcrevsi) as the pressure to the inlet of the choked flow
restriction (Pyp) is varied away from 1 atm.

any gas, e.g. air, one does not actually arrive at a true calib-
ration for that FM and that gas. In actuality, one has arrived
at a calibration for a gas mixture of perhaps 97% that gas and
3% water vapor. This is because the Gilibrator adds a small
amount of gas in the form of water vapor to the incoming
gas. That is inescapable. The fact that the calibration of the
FM is different for the three different gases—air, argon, and
CO,, means that a true calibration for any gas, say gas X,
will not be achieved when using the Gilibrator, because one
is actually using gas X plus a small amount of water vapor,
gas Y.

One could put the Gilibrator downstream of the FM to
be tested, but that would not actually be any better. This is
because then the FM would actually have a smaller gas flow
through it than the Gilibrator, because the water vapor would
only be added after the FM when the gas passes through the
Gilibrator. Furthermore, the amount of water vapor added to
the gas in the Gilibrator is dependent upon the flow rate.
Separate experiments showing this have been performed and
will be detailed in a later paper.
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The beauty of the CFEV method, however, is that it does
not suffer from this problem. When a FM is calibrated with a
certain gas using the CFEV technique, then it is truly calibrated
for that gas.

12. Precision of the CFEV method

12.1. The method of quadrature

The error bars on the plots in this manuscript were obtained
using the method of quadrature:

Je ) o]

Ox
The uncertainties in the readings taken directly from the
Gilibrator (Qgsq) and the uncertainties in the readings
from the FM et (Opmretstd) @s taken by the National Instru-
ments USB-6009/laptop computer are treated separately in the
following.

Og

)+

dg

0 0z

(10)

12.2. Uncertainty in Qgyyrefstd

Applying equation (10) to equation (7) for the uncertainty in
OFMrefstd

dOrmrefsid (M, Vim) =

(o () o

The 6M is the range in slopes of the FM calibration (taken from
five different calibrations) in equation (7). Also

OOFMrefsid
O (Vim)

OOFMrefsid ?
oM '

L

OOFMrefstd

= Vim
oM i

12)

which is a function of the flow rate. The variation in the MFM
signal as measured by the USB-6009 even at a fixed flow rate,
0(Vigy) is fairly constant, and was taken as 0.01 V4. And finally

OOFMrefsid

—_— 13
(Vi) (3)

= MFMrefstd
which is a constant with value 4 (L min~—! volt™!).

12.3. Uncertainty in Qceevsta

Applying equation (10) to equation (9) for the uncertainty in
OcFEvsd
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Figure 13. Uncertainty in Opmrefstd, QciLsta and Qcrevsd Vs the flow
rate of each of them.
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Note that dP/dt is a function of the flow rate.

12.4. Uncertainty in QgLstd

The uncertainties in the Gilibrator readings (QgiLsta) Were
taken from the standard deviations from experiments done
with the metal plate orifices.

12.5. Uncertainties compared

The data for the metal plate orifices served as a conveni-
ent source of data from which to obtain values for equation
(11) through equation (16). This then results in the data of
figure 13, which displays the uncertainty in Qpmretstd, QGILstds
and Qcrevsia as functions of the flow.

It is seen that the uncertainties in the CFEV method and
those of the readings taken directly from the Gilibrator are
comparable. Also, both of these are considerably less than the
uncertainties of the reading from the FM,.s/USB-6009.

Thus, the CFEV and the Gilibrator are about six times more
precise in measuring a flow than measuring that flow with the
FM,s which for us was the MKS;,79/MKS247/USB-6009.

It is common practice to require that when calibrating any
device, the uncertainty in the standard should be no greater
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than one fourth of the uncertainty of the unit under test. Inspec-
tion of figure 13 shows that this criterion is easily attained.
Thus, the Gilibrator technique and the CFEV technique can
legitimately be used as standards for calibrating mass and
VFMs.

13. Calibration of a MFM using the CFEV method

MFM:s provide the gas flow in units of standard liters min~!

(SL min—!). To use this CFEV method to calibrate a MFM, one
uses the output voltage (Vi) from the MFM as the x value and
the value from equation (9) as the y value for the calibration
curve. For example, see figure 3. If the output voltage (V) is
not available, then simply use the meter reading from its front
panel as the x value.

14. Calibration of a VFM using the CFEV method

Some FMs do not provide the flow in standard liters/min
(SL min—"), but rather the actual flow rate (L min—') and are
termed VFMs. These include the Gilibrator, a rotameter, and
those that measure the pressure drop across a laminar flow ele-
ment or a capillary. To calibrate these VFMs using the CFEV
technique, the same setup as before is used, i.e. figure 1. Then
equation (9) again provides the Qcpgysa (SL min—!) values.
Equation (6) is rearranged to compute the flow rate that should
be registered by the VFM, as shown in equation (17). We note
that the direct reading of both the Gilibrator and any VFM
provides the actual flow in liters min~! (L min~'):

)

Note that the present technique provides the flow rate in
standard liters/min (SL min~!) (Qcpgvsa from equation (9)),
whereas the Gilibrator’s direct reading is in actual liters/min
(L min~!) but can be converted to standard liters/min (SL
min—1) by equation (6) (QgiLsta). What matters is the para-
meter or variable as manifested by the units, SL min~! or

L min—!.

Pstd
Pg

Ty

Tstd ) .

a7

Qvem (Imin™") = Ocpgvaa - (SLmin™") - (

15. Calibrating an MFM using the CFEV
method—final comparison

To actually calibrate any FM (MFM or VFM) using the
CFEV method, one must plot the flow rate Qcpgvga VS the
FM’s output signal (Vgy,). In figure 14 both Qgige and
Ocrevsd are plotted against the Vyy,, not one against the other.
This particular plot utilized the Swagelok SS-1RS6 needle
valve and compressed air. Notice that the curves agree quite
well.
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Figure 14. The Ocrevsu and QgrLqd are plotted against the FM
output signal (V). The agreement is quite good. This trial involved
the use of a Swagelok SS-1RS6 valve as the CO.

16. Conclusions

This paper introduces a simple, yet accurate technique for in-
house calibration of FMs (mass and volumetric) even under
harsh environmental conditions such as encountered during
field measurement campaigns. This technique directly yields
the mass flow rate (not volumetric flow rate), which, to the
present authors, seems more desirable. However, the volu-
metric flow rate is easily calculated from that. This technique
is shown to give excellent agreement with the accepted soap
film flow meter (Gilibrator) technique. This technique involves
using an evacuated vessel of known volume (V) and a CO
to provide choked flow. The evacuated vessel is allowed to
fill with gas passing through the CO (a metal plate orifice
or a needle valve). The ideal gas law is differentiated with
respect to time, holding the volume and temperature constant.
Thus, the time rate of change of the number of moles (or flow
rate) in the controlled volume (V) is directly proportional
to the time rate of change of the absolute pressure in the ves-
sel (dPgy/dr). As long as the orifice is maintained at critical-
ity, the flow through the orifice is quite constant, allowing one
enough time to take an accurate average reading of the FM
output signal (V). During that time, the gas pressure in the
vessel is monitored with time. The plot of pressure in the vessel
Py, vs time is made and the slope of that (dPy,/d?) is obtained
and used in the differentiated ideal gas law to compute the gas
flow rate (Qcrevsa)- The Gilibrator can also be installed just
upstream of the FM,; and provide readings of the flow rate
(QaiLsw)- The three readings of Ocrevsid, QciLsa and Opmrefsid
are compared and are in excellent agreement (typically 1%).
This method was shown to work for metal plate orifices and
commonly available needle valves over the range of 2-20 SL
min—!. In order to achieve faster FM calibrations, the needle
valve can be adjusted to several different settings and provide
as many as four calibration points with just one vessel evacu-
ation/refilling (62.7 1 volume). The method has been shown to
work with compressed air, Argon, and CO,. The method has
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also been shown to work with varying pressures from 650 hPa
to 1400 hPa at the inlet of the CO. The uncertainty in the cal-
culated flow rate from this technique is almost identical to
the uncertainty in the direct readings from the Gilibrator. Fur-
thermore, both of these uncertainties are approximately 1/6
of the uncertainty in the reading of the electronic FM (calib-
rated earlier with the Gilibrator), making this technique quite
worthy of being a calibration technique for mass and VFMs.
The writers propose that the accuracy/precision of this tech-
nique is limited only by the accuracy/precision of the Vygss
measurement and the accuracy/precision of the time rate of
change of the vessel pressure measurement.
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