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Introduction Fig. 1). By writing a mass balance for the control volume com-
d of the inventory and tank volumese the dashed line in
1), one can derive an equation for the average mass flow
ing the collection time:

Accurate gas flow measurements are needed for qualiB?se
economy, and safety in the chemical process, manufacturing, ad‘tﬁ
medical industries. Manufacturers of electronic components par-
ticipating in a NIST organized workshop on mass flow controllers o Amg+AmM, V(pt—ph)+Vi(pf—ph)
asked for primary flow standards with uncertainty of 0.025% to m= At = — , Q)
meet the needs of their industifji]. The most commonly used -t

primary gas flow standardpiston provers and bell prove)rbave whereV; andV, are the tank and inventory volumgsis the gas
uncertainty of about 0.2%_2]. Meanwhile, several generic flow- gensity determined via a real gas equation of staie fime, and

meter types show reproducibility of less than 0.05%. Thereforghe superscripts andf indicate initial and final values.
the uncertainty of many gas flowmeters used in manufacturing

processes is limited by the flow standards used to calibrate them.
For the_se reasons, and to facilitate research int_o further impro satures of the New PVT Standard
ments in gas flowmeters, NIST undertook a project to reduce the ) )
uncertainty of our primary gas flow standards by nearly an order!n order to achieve the uncertainty goal of 0.05% or better, we
of magnitude. Several novel features in the design and operatigyiewed previous PVTflow standards. We concluded that the
of the new PVT system documented here were necessary #¢W flow standard requiredl) improved measurement of the
achieve our uncertainty goal. average temperature of the collected gas eédreduced uncer-
PVTt systems have been used as primary gas flow standardst®jpty of the mass change in the inventory volume. We met
more than 30 year§3—7]. The PVT systems at NIST consist of these requirements by designing a novel, well-thermostated col-
a flow source, valves for diverting the flow, a collection tank, ¥ction tank and by adopting an inventory mass-cancellation pro-
vacuum pump, pressure and temperature sensors, and a crifig4ure. These innovations are fully described in the following
flow venturi (CFV) (see Fig. 1 sections. Then, we describe the remaining important contributors
The PVT system measures flow using a volumetric timed-
collection technique, whereby a steady flow is diverted into a
nearly evacuated collection vessel of known volume for a mea-
sured time interval. The average gas temperature and pressure
the tank are measured before and after the filling process. Thes
measurements are used to determine the density change a
thereby the mass change in the collection volume. It is also nec.
. . . om Flow
essary to consider the mass change in the inventory volume, g ce
volume about 1/500th the size of the tank, bounded by the soni
line of the CFV and the two diverter valvéthe gray region in

Critical Flow V]

Contributed by the Fluids Engineering Division for publication in tieJBNAL
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division
Nov. 15, 2002; revised manuscript received June 4, 2003. Associate Editor: S. Ces
cio. Volume

sim=standard liters per minute, reference conditions are 293.15 K and 101.325
kPa. Fig. 1 Arrangement of equipment in the PVT t system
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Fig. 3 The collection tank pressure and the water bath tem-
perature immediately following a tank filling, 25 slm in the 34 L
tank

Fig. 2 Schematic diagram of the PVT t collection tanks, water
bath, duct, and temperature control elements

. The uniformity and stability of the water temperature was stud-
ied using 14 thermistors. The thermistors were bundled together
9hd zeroed at one location in the water bath. Then, they were
distributed throughout the water bath. Data recorde8l s inter-

Average Temperature of the Collected Gas. One of the vals_ fror_n these_14 thermistor_s over a typical 20 min long equili-
most important sources of uncertainty in a RMibw standard is Pration interval is generally withict1 mK of their mean and the
the measurement of the average temperature of the gas in $k@nhdard deviation of the data from their mean is only 0.4 mK.
collection tank, particularly after filling. The evacuation and fill-The largest temperature transients occur _where the mixed water
ing processes lead to cooling and heating of the gas within tR8ters the duct, indicating incomplete mixing. The tank walls at-
volume due to flow work and kinetic energy phenomdsé, The tenuate these thermal transients before reaching the collected gas.
magnitude of the effect depends on the flow, however, the terhbus, after _equmbratlon, the nonuniformity of the water bath and
perature rise in an adiabatic tank can be 10 K or more. HendBe fluctuations of the average gas temperature are less*than
immediately after filling and evacuation, significant thermal gramK, which is equivalent to 107 °T.

to the uncertainty of the new flow standard, namely, the deter
nation of the tank volume and the determination of the density
the collected gas.

i o . on of the gas within the collection tank after the filling process.
tre conditions, stratification and nonuniform gas temperaturgRe estimate considers heat conduction in an infinitely long, iso-

will persist even after many hours. P : ;
In this flow standard, we avoided long equilibration times angorﬂlrcr{etfizhgegmggé_oir(z%uzg’s)[g]b Fo\rNtt:fr:g Wiisttﬁ(;at?:::l-y
the difficult problem of measuring the average temperature of 4 9 i T T

; I . ) .mal diffusivity of the gas. This estimate giveg=80s for nitro-
nonuniform gas by designing the collection tanks for rapid equn[p ; . h : .
bration of the collected gas and by immersing the tanks in a we: en in the 677 L ta_nk. This estimate fog is to0 large insofar as
mixed, thermostatted, water battee Fig. 2 Because the equili- it neglects convection, conduction throug_h the ends of t_h_e ta_nks,
bratioﬁ of the 677 Lténk is slower. we consider it here. The 677 nd the faster thermal modes, all of which hasten equilibration.
tank is composed of eight 2.5 m long, stainless ste.el cylindj-ge time constants for heat to flow from the gas through the tank

connected in parallel by a manifold. Each cviinder has a Wawalls and the time constant for a hot or cold spot within a wall to
thickness ofl :po 6cm a?]/d an internal radius )éf: 10cm. Be- decay have been calculated and found to be less than a second.

cause all of the collected gas is within 10 cm of a nearly isotheT—herefore’ we expect the collected gas to equilibrate with a time

mal cylinder, the gas temperature quickly equilibrates with that ]o_r;ztant ofl_lt()ass_thanf8r? S I d b d i

the bath. After the collected gas equilibrates with the bath, the ga Eequ[l rattrl]onto Le collecte tgaf walls o} servethexpenm?n-
temperature is determined by comparatively simple measureme t?]/ utsmlg(} |e an asl, a gortﬁ an-voume fgg]s e”rm?rr:je o
of the temperature of the recirculating water. In the followin of e jani verve Was cidsed, e PIEssUre o e cotecter 9as

sections we describe the bath and the equilibration of the collecty gs monitored, as shown in Fig. 3. Our analysis of data such as
gas. ose in Fig. 3 leads to the experimental valugsof less than

60 s for both the 677 L and 34 L tanks, in reasonable agreement
The Water Bath. The water bath is a rectangular trough 3.3vith the estimates. The measured time constant and Fig. 3 show
m long 1 m wide, ad 1 m high. Metal frames immersed in thethat a wait of 20 min guarantees that the collected gas is in equi-
bath support all the cylinders and a long duct formed by fodibrium with the bath, within the resolution of the measurements.
polycarbonate sheets. The duct surrounds the top, bottom, andhe manifold linking the eight cylindrical shells is completely
sides of the cylinders: however, both ends of the duct are undbymersed in the water bath. Thus, the gas in the manifold quickly
structed. At the upstream end of the bath, the water is vigorousiguilibrates to the bath temperature as well. However, each col-
stirred and its temperature is controlled near the temperaturel@gtion system has small, unthermostatted, gas-filled volumes in
the room(296.5 K) using controlled electrical heaters and tubinghe tubes that lead from the collection tanks to the diverter valves,
cooled by externally refrigerated, circulated water. A propelléhe pressure transducers, etc. A temperature uncertainty from this
pushes the stirred water through the duct along the cylindemaurce was calculated from the room temperature variations and
When the flowing water reaches the downstre@mstirred end the size of the volume outside the bath and it is, at most, 4
of the trough, it flows to the outsides of the duct and returns to the10 © T. The combined uncertainty of the average gas tempera-
stirred volume through the unobstructed, 10 cm thick, water-filledre is 7 mK, and the largest contributor is, by far, the drift in the
spaces between the duct and the sides, the top, and the bottorsesfsors between periodic calibrations. The relative standard uncer-
the rectangular tank. tainty of the density of nitrogen gas in the full collection tank is
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Fig. 4 Data from the pressure sensor in the inventory volume during a PVT t flow measurement, showing

the transients that occur during the dead-end intervals

68x 10 8, and the largest contributor is the pressure measuremelesign, the inventory volum¥, is much smaller than the collec-

due to sensor calibration drift over timig7] (see below. tion tank volumeVy. (V1/V,=500 and 700 for the 34 L and 677
L systems, respectively.Thus, the uncertainty of mass flow is
Mass Cancellation in the Inventory Volume relatively insensitive to uncertainty im{ andm| because both are

. ) ) o ) small compared with the total mass of collected gas. Second, we
Figure 4 illustrates the changes in pressure within the inventog

| quring th o einule P ; hooset' late in the dead-end time and we chasesuch that
volume during the course of a singie ow measurement. P(t")=P(t"). With these choices, the initial and final inventory
Initially, flow moves through the open bypass valve to the rooljg \gjsies are essentially equal. In fact, we will assumeAmatis
Wh”e the collection _tank |s_evacuatéuhnk valve close):ia_md f[he zero and consider the quantity only in terms of flow measurement
inventory pressure is nominally 100 kPa. When flow is diverte hcertainty, not as part of the flow calculation
into the tank, there is a short peried 100 m3 during which both In the remainder of this section, we describe conditions within

Fhe bypass and tank vglve; are closed to ensure qlear.accountqﬁg-invemory volume during the dead-end times using both a
ity of the flow during diversior(the start dead-end time interyal model and measurements. The measurements show ¢Haand

During the dead-end time, steady-state flow continues to pq§&) are nearly the same during the start and stop dead-end times
through the critical flow ventui(since the critical pressure ratio is . " how thatm, is i itive to th t choice f '
maintained and mass accumulates in the inventory volumd; nally, we show thatum is |ns?en3| 'Vef 0 the exact cnoice
Hence a rapid rise in pressure and temperatoot shown re- Provided that the conditiorP(t)=P(t)) is applied during the
sults. Once the valve to the evacuated tank opens, the inventliijer Portion of the dead-end interval.

pressure drops to low values. The tank valve is left open until the

tank fills to the initial inventory pressufapproximately 100 kPa

and then the flow is diverted back through the bypass valve, caus- 160
ing the stop dead-end time interval. Trigger voltages generated
from the bypass and tank valve closed positions give approximate
collection times. We will explain other elements of Fig. 4 later in
this paper.

The start and stop times can be chosen at any point during the
dead-end time intervals as long as the inventory conditions are
measured coincidentally. Why is this true? Implicit in the RVT [ & .~ i
mass balancéq. (1)) are two requirementgl1) the measurement 100
of p| andp! (the initial and final densiti@smust be coincident -0.04 0 0.04 0.08
with the measurement ¢f andt; (the start and stop timgand(2) Time (s)
the only source or sink of mass to the control volume is the criti-
cal flow venturi. The second condition is met for the entire time
that the bypass valve is fully closed, including the start and stop
dead-end times. It is not necessary to deternijeand m!- (the
initial and final mass in the collection tankoincidentally witht;
andt; becausam; andm! do not change while the tank valve is
closed. Indeed, it is advantageous to measurandm! when the
tank conditions have reached equilibrium.

It is difficult to determine eithem or m! within the inventory 295 Tttt
volume accurately(especially at high flowsbecause both the -0.04 0 0.04 0.08
pressure and temperature in the inventory volume rise rapidly as Time (s)
the flow through the critical venturi accumulates in the inventorz_ ] )
volume (see Fig. 5 However, it is possible to selent; andm! ~ F19: 5 Experimentally measured data (25 sim, 34 L collection

> f - system ) and predictions for zero and nonzero sensor time con-
such that the differencen; —m; is nearly zero. We call our strat- siants. The predictions demonstrate that neglect of the sen-

egy for arranging this “mass cancellation.” Our strategy for deakors’ response times would cause significant error in the mea-
ing with the inventory mass change has two elements. First, byrement of inventory conditions.

Experiment
a Model 1,=0

140
Model T, =20 ms

120

Pressure (kPa)

Experiment
325 A Model 1,=0

Model T, = 100 ms
315 p

Temperature (K)

305
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Conditions Within the Inventory Volume.  Figure 5 displays
the time dependent temperatufét) and pressureé?(t) in the
inventory volume during the dead-end interval of the smaller col-
lection system at a typical collection rate 25 sim; collection
time=82 9. The triangles in Fig. 5 were calculated from the
lumped-parameter, thermodynamic model developed by Wright
and Johnsof8], in this case for perfectly fast pressure and tem-
perature sensorsr{=0). The model assumes a constant mass
flow m at the entrance to the inventory volume. The model ne-
glects heat transport from the gas to the surrounding structure and -0.025 0 0.025 0.05 0.075 0.1
non-uniform conditions, such as the jet entering the volume from Time (s)
the CFV outlet. For Fig. 5T(t) andP(t) were calculated on the
assumption that the diverter valve reduced the flow lineérly 311
time) to zero during the interval-0.02 s<t<<0. Experimentally
measured values af(t) and P(t) recorded at 3000 Hzsmooth
curves are also shown in Fig. 5. Most of the differences between
the measured curve and the calculated triangles=0) result
from the time constants of the sensors used to meag{t)eand
P(t). This is demonstrated by the agreement between the experi-
mental curve and the model results when time constants are in-
corporated(circles.

In Fig. 5, the calculated curves do not display features that
mark either the onset or the completion of the diverter valve clos-
ing. Thus, everT (t) andP(t) data frqm per.feCt sensors cannot b%—ig. 6 Superimposed inventory data traces for a start diver-
used to detect these events. For this reascandt' were chosen sjon and a stop diversion in the 34 L tank at 25 sim demonstrat-
such that they were clearly within the dead-end time intervals. W&y “symmetric” diverter valve behavior. The start dead-end
relied on the pressure sensor to chotsbecause the pressuretime was approximately 50 ms; the stop dead-end time was
responds more quickly than the temperature sensor and also d@roximately 15 ms longer.
cause the pressure sensor responds to the average conditions
throughout the inventory volume. In contrast, the temperature sen-
sor responds primarily to the conditions at only one location. V\eeratures .a..re also nearly matched,; t_hUS, the initial and final inV_en-
chooset' near the end of the dead-end time, whereRife) mea- tory densities nearly match and inventory mass cancellation
surements have nearly the same slope as-{ke@ model. In this ©OCCUrS:

regime, the dependence B(t) on precisely how the valve closed yncertainty of Am,. Imperfections of the mass cancellation
has decayed. Therefore, we expect tRgt) will be the same procedure contribute to the uncertaintyofn, . The most signifi-
during the start and the stop dead-end times, improving the masgt of these uncertainty componeritiie to sensor time con-
cancellation as well as the correlation of initial and final inventorgtants are correlated between the start and stop diversions. Other
density uncertainties. correlated inventory volume uncertainties include the pressure and
temperature sensor calibrations and the differences between
sensed and stagnation values of pressure and temperature. The
ncertainty of the mass change within the inventory volume
sed by theorrelated pressure and temperature uncertainties
be expressed as

Pressure (kPa)

307 -

303

299 -

Temperature (K)

295
-0.025 0 0.025 0.05 0.075 0.1
Time (s)

Near Symmetry of Start and Stop Behavior ofP(t). Figure
6 shows records of (t) andP(t) taken during the dead-end time
intervals at the start and stop of a single flow measurement. T
data were recorded at 3000 Hz for 500 ms and the plots werg,
displaced along the horizontal axis until they nearly overlapped.

The pressure and the temperature at the beginning of the start VM| [ 1 o1 )2 P,f ;

dead-end time were slightly lower than those at the stop dead-end U(AM)) = — = | —u(Py)— Zu(P) | +| —Zu(™)

time (the “trigger pressure difference; however, the two records T T ()

match closely during the dead-end time. This implies that the [ 2712

time-dependent densitiggt) also nearly match. ! u(T‘,)) } 2)
At both diversions shown in Fig. 6, valve trigger signals were (T))?

gathered along with the temperature and pressure measurem

S .
using a commercially manufactured data acquisition ¢see Fig. Where in this equatiory(Py), u(T)), andu(Am;) are the uncer

) . .- . 2' tainties of the inventory pressure, inventory temperature, and in-
4). The trigger signals originate from an LED/photodiode pair a ntory mass change during the collection, respectively. Note that

a flag on the valve actuator positioned so that the circuit outpigiine \ncertainties and the initial and final conditions are equal
rises to a positive voltage when the valve is closed. These val e, U(Ti)fu(-l-f) U(Pi)fu(Pf) T=T" andpPi= Pf) then
" 17— 1/ 1) 1/ 1= o 1= ")

E%Hg:}stﬁ;i used to trigger timers that give the approximate ¢ le terms within parentheses cancel, and the flow uncertainty re-

As represented in Fig. 4, the inventory record is post-proces lated to the Inventory vqur_ne 1S Z€ro. quaﬂ(ﬂ) demonst_r_ates

. R A SF2 benefit of matching the initial and final inventory conditions to
to obtain both the initial and final measurements of pressure imize the cancellation of correlated uncertainties.
temperature in the inventory volume as well as the final collectio Not all of the measurement uncertainties of the inventory vol-
time. An arbitrary “match pressure,P(t'), that was measured yme are correlated. Inconsistencies in the pressure and tempera-
late within the start dead-end time is selected. The same valugy@fe fields may originate from a change in the inventory wall
the pressure is found in the stop data series and the time diffefmperature or from differences in the flow paths between the start
ences between the match pressure measurements and the starkaddtop diversions. In our uncertainty analysis, we assumed that
stop trigger signals are determined from the data recatd §nd  the spatial inconsistencies are uncorrelated and that their magni-
At"). These time corrections are used to correct the approximatele is proportional to the mass flow. Hence, the inventory uncer-
times from the trigger signals and calculate the time interval beainties are negligible at the lowest flows for each system, but
tween matching inventory pressures. As shown in Fig. 6, the temecount for about half the mass flow uncertainty under high flow
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10,004 where them, indicates the mass of the high pressure cylinder and
V. is the small volume within the tubing and the valve body that
temporarily connected the collection tank to the high pressure
weighing cylinder. The extra volume is calculated from dimen-
sional measurements or measured by liquid volume transfer meth-

0.(xk2

AT LY

0.2 p
b ods. The density of the gas in the collection tapfg andp’) was
2 —E— 10 alm measured with a relative standard uncertainty ok@8 ®, as
.MM A0l discussed below.
LU 5dm .
i In practice, a more complex formula than Eg) was used to
e -8 Bl account for a small amount of gas that enters the control volume
0.1 from the room when the cylinder is disconnected from the collec-
1,02 0l 2 1104 0.06 tion tank because the final tank pressure was less than atmo-
AP g5 spheric. For the volume determinations performed for the 677 L
tank, the effect amounts to only>&10™ 6 V.
Fig. 7 The time correction for the 34 L tank versus the time Independent volume determinations were conducted with both
relative to the trigger signal indicating bypass valve closure nitrogen and argon gas. In all cases, high purity gas was used

(99.999 % mol fractionand care was taken to evacuate and
purge the system. When nitrogen was used, the aluminum cylinder

conditions. Maximum values for the uncorrelated inventory uncet€ighed approximately 4200 g when filled at 12.5 MPa, and ap-

tainties of 3 kPa ah 9 K wereassumed and their magnitude wagroximately 3800 g after it was emptied to 55 kPa. When argon

verified by the flow comparison and double-diversion experimenités used, the initial and final masses were 4440 g and 3820 g,

described later. respectively. The standard deviation of the six volume measure-
o ments(4 with nitrogen, 2 with argonwas 16<x10°° V.

Insensitivity of Am, to the Match Pressure. For a perfectly  The jnitial and final masses of the gas cylinder were measured
symmetric diverter systerfidentical tank and bypass valves andsing a substitution process with reference masses and a mass
identical “start-diversion” and “stop-diversion” pressunesand - comparator enclosed in a wind screening box. The comparator has
W'thf a perfectly fast pressure sensot0), the correction time 5 || scale of 10 kg and resolution of 1 mg. The cylinder and a set
(At~ At') would be a constant for any point in the dead-end timgf reference masses of nearly the same weight were alternated on
interval. For the real system, the best correction times are calgHe scale five times. The zero corrected scale readings were then

lated during the latter portion of the dead-end time, after the efajibrated to the reference masses and buoyancy corrected via the
fects of trigger pressure differences and the flow differences dyilowing formula:

ing valve closure have decayed from the pressure sensor
measurements.

Figure 7 shows the total correction timAt( — At') versus the
initial time correction At') for several flows in the 34 L system.
For values ofAt' less than zerdi.e., the bypass valve is in the

process of closing the time corrections are as large as 10 mgvhereS represents the scale reading, the subscriptsd ¢ indi-
Later in the dead end timeA¢'>10 ms) the time corrections arecate the reference masses and the cylinder respectpglg, the
near zero and constant to within 0.5 itfer a given flow. The ambient air density where the measurements were conducted, and
time corrections are nearly constant after the differences in thg is the external volume of the high pressure cylinder and its
mass flow between the two valve closures and the trigger pressuséve and fittings. The density of the ambient air was calculated
differences have decayed from thg=20 ms pressure sensor. Thefrom the barometric pressure, the temperature and humidity inside
experimental results given in Fig. 7 and the Wright-Johnsahe wind screen, and an air density formula that includes humidity,
model show that matching the conditions late in the dead-ept]. The cylinder mass was measured with a relative standard
interval (i.e., at times>2r) result in nearly constant correctionyncertainty of 1x 10~ .
times, while low match pressurésarly in the dead-end timgive The external volume of the high pressure cylinder appears in
much larger corrections. Eq. (4) due to air buoyancy corrections. The external volume of
Figure 7 also illustrates the concept that uncertainties relatedife cylinder was measured by Archimedes principle, i.e., by mea-
the inventory volume can be treated not only as mass measusgring the change in apparent mass of the object in air and in
ment uncertainties, but as time measurement uncertainties as waltilled water. The thermal expansion corrections to the external
One can consider the uncertainty in the measurement of time Riume were less than 0.5 mL (180~ °V,) and were not sig-
tween conditions of perfect mass cancellation, or one can consig@icant since the external volume has a small sensitivity coeffi-
the uncertainty in the measurement of inventory mass differenc@gnt in the collection tank volume determination process. The
between the start and stop times. Both perspectives offer insighfyansion of the external cylinder volume as a function of its
and verification of the uncertainties of the inventory volume angternal pressure was not negligible. The Archimedes principle

Sc
Me=g Mr

S

1 Pa
p

r

+paVo, 4)

flow diversion process. measurements showed a volume increase from 4697.5 mL to 4709
mL between the 100 kPa and 12.5 MPa pressures. This change
Measurement of the Tank and Inventory Volumes agreed well with predictions based on material properties, and the

appropriate experimental values for external volume were used in
he cylinder mass calculatioit&qg. (4)), depending on whether the
inder was empty or full. If this issue were neglected, it would

Gas Gravimetric Method. The volume of the 677 L tank
was determined by a gas gravimetric method. In this method, t
mass of an aluminum high pressure cylinder was measured befpigy 1, errors in the mass change measurements of about 35
and after dls.charglng its gas into the evacugted collection ta 10-5Am. .

The change in mass of the high pressure cylinder and the changﬁ1 summcary, the gravimetric determinations of the 677 L col-

in density .Of the gas in the coIIectio_n tank were used to CalCUIaltgction tank volume made with nitrogen and with argon agreed
the collection tank volumey,. Nominally, with each other; the mean of the six measurements had a standard

mh—mf deviation of 16<10 ® V. Because the volume was measured at
C C . . oy -
m=— Ve, (3) essentially the same pressure and temperature at which it is used
pPT—PT for flow measurements, changesvin due to pressure dilation and

1062 / Vol. 125, NOVEMBER 2003 Transactions of the ASME



thermal expansion are negligible. The gas density of the full cc’
lection tank contributed 92 % of the uncertainty \6f. This is
discussed below.

Volume Expansion Method. The 34 L collection tank vol-
ume, the inventory volume for the large collection tank, and tt
small inventory volume were all determined via a volume expail
sion method. In this method, a known volume is pressurized, t
unknown volume is evacuated, a valve is opened between the
volumes, and the resulting density changes within the two vc
umes are used to calculate the unknown volume. Applying co
servation of mass to the system of the two tanks yields

(pi—pYVy
2T T
(P2=p3)
where the subscripts 1 and 2 refer to the known and unkno
volumes, respectively. As before, the density values are based
pressure and temperature measurements of the gas within the

umes and gas purity issues must be considered. Note that in m.
cases the final densities can be considered the same in both

umes 1 and 2, but for the determination of the 34 L tank volum
elevation differences between the two tanks required a head ¢

Ve, (®)

rection to the pressure measurements and therefore the two ¢

sities were not strictly equal. The difference in elevation resulte

in a relative difference in gas density of:200® even though the

two tanks were connected. The relative standard uncertainty of ine

34 L tank volume was 11610 °, and the largest contributors Fig. 8 The chain of measurements and equations used for the
were the known 677 L volume and the density change in the 34pvTt flow standard. The subcomponents are labeled with their

tank (traceable to the measurement of pressure change relative standard uncertainty X108 (k=1) for the 677 L system.
The mass flow uncertainty is a k=2 or approximately 95%
Density in the Collection Tank confidence value.

The density of the nitrogetor argon in the collection tank was
determined from measurements of the gas pressure, temperature . . .
of the water bath, and the equation of state, as correlated ina&ié root-sum-squaréRSS to arrive at a combined uncertainty.
NIST database Refprop 2RL1]. Of these, the pressure measure”'gure 8. schematlcallylllsts the components that h.ave been con-
ment contributed most to the uncertainty. The pressure was mé&i_ered in the uncertainty analysis and_ thelr relationship to the
sured with a 200 kPa full-scale absolute pressure transducer. Egarss flow measurement. The uncertainties of the components

the 100 kPa and 296 K conditions present in the full collectio ‘\I'Iﬁ be(;n qutja_mifiefdrir;ldetailbirl a prrilorzguﬁlrir?atifgﬂ'zooo m of

tank, the pressure measurement uncertainty s 84 % P and the . € u_ceha|67y7 E OllN.s etwee T bls 1 ad in Fi 85 Tho

temperature uncertainty is X710 6 T. For both pressure and nitrogen in the 67 tank is given In Taple 1 and in Fig. 8. The
: standard uncertainty of each subcomponent is given in both rela-

temperature measurements, the largest source of uncertainty. IS . . : ; .
sensor drift between periodic calibrations. The equation of stald® (x10°) and dimensional forms. The units of the dimensional

. . . = . values are given. The relative contribution of each subcomponent
contributes a relative uncertainty of X0 6 to the density de- g P

L ) ; to the combined uncertainty is listed in the fourth column. This
terminations and more detail about all of these uncertainty SOUre®shtribution is the %age of the squared individual component
can be found in Ref.7].

relative to the sum of the squares of all subcomponents. The un-
. certainty from the inventory volume, the combined uncertainty,
Mass Flow Uncertainty the expanded uncertainty, and the uncertainty contributions are
The uncertainty of a mass flow measurement made with tgéven as a range covering the minimum to maximum flow.
PVTt standard was calculated following the propagation of uncer- At the highest flow, uncertainty contributions are principally
tainties techniques described in the ISO Guide to the Expressidinided between the tank volume, the final gas density, and the
of Uncertainty in Measuremenf12]. The uncertainty of each of inventory uncertainty. The relative expanded uncertainty falls to
the inputs to a flow measurement is determined, weighted by R80x 10 © for the smallest flows as the uncertainty contributions
sensitivity, and combined with the other uncertainty component$ the inventory volume become negligible. For an air flow mea-

Table 1 Uncertainty of measuring nitrogen flows from 20 slm to 2000 slm with the 677 L
standard

Standard Uncertainty (k=1) Contribution

Uncertainty Category

Flow (677 L, N,) Relative (X10f) Dimensional (%)
Tank volume 71 48.5 cfn 50 to 23
Tank initial density 10 1.14x1078 g/en? 1to0
Tank final density 68 7.77x1078 glen? 45 to 21
Inventory mass change 0 to 109 (0t0 0.084 g 0to 53
Collection time 15 0.287 ms Oto1l
Std deviation of repeated meas. 20 0.001 g/s 4t02
RSS (combined uncertainty) 102 to 150

Expanded uncertainty (k=2) 204 to 300
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Table 2 Uncertainty of measuring nitrogen flows from 1 slm to 100 sim with the 34 L standard

Standard Uncertainty (k=1)

Uncertainty Category Contribution
Flow (34 L, N,) Relative (X10f) Dimensional (%)
Tank volume 116 4.0 cfn 72 to 28
Tank initial density 10 114E-08 glcmh 1t00
Tank final density 68 7.77E-08 g/ém 25to 10
Inventory mass change 0to 170 (0 to 0.007 g 0to 61
Collection time 15 0.287 ms 0to O
Std deviation of repeated meas. 20 4015 g/s 2t01
RSS (combined uncertainty) 137 to 219

Expanded uncertainty (k=2) 274 to 438

surement, the relative expanded uncertainty of the 677 L systéween the two standards. For the lowest flows of the comparison
must be increased to approximately 5000 8 over the entire range, the uncertainties originating from the inventory volume are
flow range because the moisture content of the compressed aiguéte small for both systems and the observed differences between
not well controlled. Then, the largest uncertainty is the density tfiem are dominated by tank volume uncertainties. From Fig. 9 it
the air in the collection tankB0% contributoy. can be seen that the two systems differ by about<100" ¢ m for

The standard uncertainty of the tank final density (68ows less than 20 slm. The RSS of the two relative volume un-
X107 % pq) is a large contributor to both the tank volume detereertainties from Tables 1 and 2 is 18107 ° (k=1).
mination as well as the mass flow measurement. The most signifi-At the higher flows of the comparison range, the uncertainties
cant contributions to the density uncertainty are pres$88&) associated with the transient conditions in the inventory volume
and temperatur¢10%). The largest uncertainty contributions toshould be negligible in the 677 L system; however, they will in-
the pressure and temperature measurements are calibration drétase with flow for the 34 L system. Because the collection times
between calibrationg88% and 77%, respectivglyTherefore sen- were 1/20th as long when using the smaller tank, any timing error
sors with more stable calibrations, particularly for pressure, woulgr, equivalently any imperfection of the mass cancellation tech-
dramatically improve the uncertainty of mass flow measuremenifigue) was 20 times more important for the smaller tank. Figure 9

Table 2 presents the uncertainty of flow measurements from tgggests that the transient conditions cause a bias such that the 34
34 L system for flows between 1 sim and 100 slm. The relativeflow standard reads too high as the flow is increased. The bias is
expanded uncertainty varies between 220°° and 440 approximately 20810 ®m at the largest flow compared. This
X 1078, At high flows, the significant uncertainty sources are thgjas is comparable to the 1%A0 ®(k=1) of relative uncer-
tank volume, the tank final density, and the uncorrelated inventqraqmy contributed by the inventory volume at the highest flows in
uncertainties. For low flows, the major contributors are tank vojhe 34 L system according to our uncertainty analysise Table
ume and final gas density. For air flow measurements, the 34} Therefore, the bias observed in the comparison is consistent
system has a nearly constant relative expanded uncertainty oygh the uncertainty analysis.
its entire flow range of approximately 5800 °. The largest  Figure 9 also examines the tank comparison results from the
contribution to this is the uncertainty of the density of the humi@lerspective of time measurement uncertainty rather than the mass.

air in the collection tank. We interpreted the comparison results using the simplified model
m=m/t, wheremis the mass collected ands the collection time
Experimental Validation of the Uncertainty Analysis using the 34 L tank. If we assume that a constant Wiasis

present in all of the mass measurements for all fifassexample,

Comparison of the 34 L and 677 L Flow Standards. We from an error in the volume of the 34 L tanhknd that a constant
conducted flow comparisons between the 34 L and the 677 L fliyias 6t is present in all the time measureme(fts example from
standards to test the mass cancellation strategy and the validitydiffering responses of the pressure sensor to closing the tank valve
the uncertainty analyses. To test the 34 L system, we conducted
calibrations of critical flow venturis at identical flows spanning
the range 3 slrrm<100sIm (0.06 g/s to 2.3 gjsin both the
small and the large systems. The large system can be used as a
reference for the small system because its inventand tota)
uncertainties are quite small in this flow range. The collections
ranged from as short as 18 s to more than 4 hours.

Figure 9 shows the difference in the discharge coefficients of
several critical flow venturis as measured by the 34 L and 677 L
systems, plotted versus flow. The maximum disagreement be-
tween the two flow standards is less than X3@ ® m over the
entire range tested. The throat diameters of the venturis used for _& @

Flow (slm)

0 20 A0 Gl ) LKk 120
200

5 0¥

1on

3Ol

the comparisons ranged between 0.3 mm and 1.7 mm. The com- -”, i

parisons were done with the same pressure and temperature sen- = - %0

sors associated with the CFV during the testing on both flow @

standards in order to reduce some possible sources of discharge 200

coefficient differences. Numerous collections were made for each 000 Dol 002 OO 004 008 006

tank at each flow to confirm stability of the conditions at the
critical flow venturi.

How well _ShOU|d the t"‘{o_ systems agree? The difference bETg. 9 Relative difference in the discharge coefficient of criti-
tween the discharge coefficients measured by thg t\(\/otF§y§- cal flow venturis calibrated on both the 34L (Cyas) and
temS ShOuld be |ESS than the RSS Of the Uncel’talntles Of the tm L (cd677) flow standards versus flow and the inverse of the
standards, especially when one considers that the uncertaingéifection time for the 34 L tank. Also plotted is a linear best fit
due to pressure and temperature measurements are correlatedtae data.

1ris')
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and the bypass valyave expect that the bias of the mass flowrable 3 Differences in CFV discharge coefficients  (Cy) for two
measurement will be a linear function of the inverse collectiodnd one diversion in the 677 L flow standard
time, i.e.,

Flow (slm) [Cq4 (2 Diversions)- C4]/Cyx 10°
om _ om ot 300 53+ 25
T (7) 700 —27+ 31
1600 75-122

The measurements in Fig. 9 are consistent with such a linear
function. The slope implies a constant timing error of 4 ms. A
timing error of this order is not surprising because the timing is
based on a pressure sensor with a time constant of approximately
20 ms. The relative standard deviation of the flow measuremesien process. Three flows between 300 sim and 1600 sim were
from the best fit line is 24 10 6. tested. The two protocols produced relative differences in dis-
The intercept of the line in Fig. 9 could be used to “correct” theharge coefficient that were all less thanx<7B) ° (see Table B
volume of the 34 L tank, thereby improving the agreement bavhich is within the relative standard uncertainty assumed in the
tween the two systems at low flows. The slope of the line in Fignalysis (10% 106 in Table 1.
9 could be used to improve agreement at higher flows. If this were
done, the comparison differences would be zero with a standard
deviation of 24<10~®m. These corrections have not been made .
at the present time for four reasofi) The comparison results are Conclusions
consistent with the present uncertainty analy&3.We plan to  The design of a new gas flow standard composed of twotPVT
improve the measurements of the pressure in the inventory vebllection tankg34 L and 677 L has been presented. The system
ume; this may reduce the slope in the comparison d&aWe s designed to calibrate critical flow venturis for flows from 1 slm
plan to refine the volume expansion process used to determine €000 sim. The flow standard has several novel features. The
34 L tank size; this may reduce the apparent volume differenassllection tanks are immersed in a water bath that matches the
(4) By refraining from making a correction, we adhere to th@ominal room temperature and is stable and uniform to better than
definition of a primary standard for both collection systems be- mK. The collection tanks are divided into sections of small
cause both have been calibrated with reference to Sl units, refough diameter that the gas inside them achieves thermal equi-
with reference to another flow standard. librium with the surrounding water bath in 20 min or less. This
During some of the comparison flows, we noticed that the pregeduces the contribution of temperature to the flow measurement
sure downstream of the critical flow venturi was significantlyincertainty to a very low level.
higher in the 34 L system than in the 677 L systéb®8 kPa  Uncertainties related to the inventory volume and the diversion
versus 100 kPadue to the smaller tube size and resultant high&f gas into the collection tank at the start and stop of a flow
pressure drop. For some of our ventufgith relatively short measurement have been studied in great detail. A thermodynamic
diffuserg this pressure difference caused slight changes in thgodel of the inventory volume during diversion was utilized to
upstream pressur@nd the discharge coefficigneven at condi- understand the importance of large pressure and temperature tran-
tions well above the critical pressure ratio. Therefore, our assunjents and of sensor time constants on the flow measurement un-
tion that for the same throat Reynolds number, the discharge @ertainty. The flow standard is operated to achieve “mass cancel-
efficient of the venturi is independent of the downstream pressuggion” in the inventory volume, thereby taking advantage of
may not be completely valid. We suspect that some of the diffeforrelated sensor uncertainties to minimize uncertainty contribu-
ences observed between the tanks in Fig. 9 are due to the venttgas from the inventory volume.
(even though long diffusers were uged An uncertainty analysis for the mass flow measurements from
In one series of experiments, the trigger pressure difference whg two systems has been presented. The analysis used the PVT
intentionally varied over the range from2 kPa to 27 kPa at the basis equation and followed the propagation of uncertainties
constant flow of 82 sim in the 34 L system. The purpose of the taslethod suggested by international standards. The uncertainty
was to measure the dependence of the venturi discharge coeffialysis shows that the 677 L system measures mass flow with a
cient on the trigger pressure difference and hence to assessidigtive expanded uncertainty between 2a® ® and 300
influence on the inventory uncertainties. The tests showed a rela1g-6 for a pure gas like nitrogen or argon, where the higher
tive change of 1&10° in discharge coefficient for each 1 kPayncertainty applies to higher flows. For the 34 L tank and pure
change in the trigger pressure difference. Because the largest tfgses, the relative expanded uncertainties range fromx 200°
ger pressure difference is less than 3 kPa in the present systgiy40x 1076 The uncertainties are larger for the 34 L tank be-
this effect is expected to contribute only 800"° to the flow cayse the tank volume uncertainty is greater and the ratio of col-
uncertainty. If further measurements confirm this, we must adnjction tank volume to inventory volume is smaller for the small
that the major contributor to the slope in Fig. 9 is unknown. Pegystem. For pure gas measurements, the largest sources of uncer-
haps it is an inconsistency of_ the pressure and temperature fl%ﬁty can be traced to pressure measuremen (8% ® P) which
between the start and stop diversions. is the major contributor to both gas density and tank volume un-
Multiple Diversions in the 677 L Flow Standard. To inde- certainties. For air flow measurements using gas from a compres-
pendently test the uncertainty analysis for the inventory volume 8r and drier, mass flow relative expanded uncertainties are about
the 677 L collection system, we performed CFV calibrations &00x 10~® for both standards and the major contribution is the
identical flows following two different protocols. In the first pro-uncertainty in the moisture content of the air.
tocol, the inventory volume was dead-ended at the beginning andcomparisons between the 34 L and 677 L standards from 3 sim
end of the collection interval, in the usual manner. In the secot@ 100 sim show agreement within 18Q0 ¢ m or better. Experi-
protocol, the collection interval was divided into two subintervalsnents using single diversiorisormal operationand double di-
i.e., each flow measurement had two start and stop diversionsyéfrsions to the collection tank were used to validate the uncer-
the mass cancellation procedure introduced a hias, the sec- tainty estimates of the 677 L inventory volume and the differences
ond protocol would double this bias and allow assessment of istween these two methods were less thax 7% ®m. The
uncertainty contribution. The CFV discharge coefficients from thevaluation results along with comparisons to previously existing
two protocols were compared to assess the magnitude of the gas flow standards support the uncertainty statements for the new
certainties introduced by the inventory volume and the flow divestandards.

Journal of Fluids Engineering NOVEMBER 2003, Vol. 125 / 1065



Nomenclature

radius of gas collection tank
discharge coefficient for a critical flow venturi
thermal diffusivity
uncertainty coverage factor
mass

molecular weight

pressure

universal gas constant
temperature

time

uncertainty of quantity
volume

compressibility

density

time constant

Subscripts

NREdp-~-03 —Qoo0oo

ambient air
cylinder
extra

gas
inventory
gravimetric
external
reference
sensor
tank

water
known
unknown

Superscripts

= initial
f = final
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Acronyms

CFV critical flow venturi
PVTt pressure, volume, temperature, and time
RSS = root sum square
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