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Abstract – We compared the NIST 0.677 m
3
 and 26 m

3
 Pressure, Volume, Temperature and time 

(PVTt) standards using two critical flow venturis (CFVs) in series as the transfer standard. The 

PVTt gas flow standards have uncertainties of 0.05 %∗∗∗∗ and 0.09 % respectively. We performed 
calibrations of the transfer standard with dry air on three occasions over a 13 month interval at 

two flows. The average CFV discharge coefficients ( dC ) measured with the two NIST PVTt 

standards agreed within 0.035 % or less. The uncertainty from the transfer standard over the 13 
month test interval was 0.04 % (k = 2). We also found that take out/put back, turn off/turn on, and 
hysteresis effects were less than 0.006 % (i.e., k = 2) for the CFV transfer standard. The excellent 
performance of the transfer standard enables us to calibrate the 26 m

3
 flow standard against the 

0.677 m
3
 flow standard with a relative uncertainty of 0.066 %. 

 

INTRODUCTION 

Comparisons between NIST’s 0.677 m
3
 or medium flow (MF) and 26 m

3
 or high flow (HF) Pressure-

Volume-Temperature-time (PVTt) flow standards agree to 0.035 % or better. The two standards were 
compared using two different size critical flow venturis (CFVs) flowing dry air. For all flow comparisons the 
two CFVs were connected in series with the smaller throat diameter CFV (d = 4.8284 mm) positioned 
upstream of the larger CFV (d = 6.3784 mm). While a single CFV provides excellent reproducibility [1], 
the use of two CFVs in series provides redundant flow measurements as well, thereby improving reliability 
of the results.  
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Figure 1. Percent difference between the measured CFV discharge coefficients (

d
C ) using the medium flow (MF) 

versus the high flow (HF) PVTt primary standards. Upstream CFV on the left (d = 4.8284 mm) and 
downstream CFV on the right (d = 6.3784 mm). Arrows represent the uncertainty of the discharge 
coefficients measured with the two flow standards. 

                                                 
∗
 Unless otherwise stated, the uncertainty values given are approximately at the 95 % confidence level or with a coverage factor of 

k = 2. 



 

We evaluated the performance of the MF versus HF PVTt systems by comparing the CFV discharge 
coefficients measured by both flow standards. The discharge coefficient is defined as  

i

PVTt
d

m

m
C

&

&

= , (1) 

the ratio of the mass flow measured by either the MF or HF PVTt standard ( PVTtm& ) and the ideal CFV 

mass flow ( im& ). Figure 1 shows the difference between dC  values measured using the MF PVTt versus 

the HF PVTt standard. The results for the upstream CFV (d = 4.8284 mm) are plotted on the left while the 
downstream CFV results (d = 6.3784 mm) are plotted on the right. The two flows selected for the 

comparison, 0.012 m
3
/s (702 L/min) and 0.030 m

3
/s (1818 L/min),♦are near the upper range of the MF 

PVTt standard and close to the lower flow range of the HF PVTt standard. Three dC  values are plotted at 

each flow, of which, two correspond to dC  measurements made using the HF standard and the third 

using the MF standard. The two measurements with the HF PVTt standard were made on two different 
occasions, the first (HF1) during a two month period in April and May of 2005 ( ), and the second (HF2) a 
year later in May of 2006 ( ). The lone measurement made using the MF PVTt standard was made in July 
of 2005 ( ), two months after the first measurement on the HF standard. Each of the three data points in 

Fig. 1 is the average of at least seven repeated measurements. The standard deviation of repeated dC  

measurements is 0.017 % or less for all the comparison data. These results show that the agreement 

between the MF and HF PVTt standards is well within their respective expanded dC  uncertainties of 

0.07 % and 0.1 % as denoted by the error bars labeled MF and HF in the figure. 
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Figure 2. Axisymmetric cut of a toroidal shaped CFV based on the ISO 9300 standard [2]. 

IDEAL CFV MASS FLOW 

Figure 2 shows an axisymmetric cut of a toroidal shaped CFV with dimensions complying with the ISO 
9300 standard [2]. The CFV profile consists of a circular arc extending slightly beyond the throat cross 
section to a point of tangency, followed by a conical divergent section with a half angle between 2.5° 

and 6°. When sufficient pressure ratios (i.e., 0b PP ) exist across the CFV, the gas flow achieves sonic 

velocity near the throat, and the ideal mass flow is [3] 

0u

*
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i
4 TR

CPdπ
m

M
=&  (2) 

                                                 
♦ All volumetric flows in this document correspond to dry air at reference conditions of 293.15 K and 101.325 KPa. 



 

where 0P  is the upstream stagnation pressure; 0T  is the upstream stagnation temperature; uR  is the 

universal gas constant, M  is the molecular weight, and ( ) 11

1
2*

i
−+

+
≡

γγ

γ
γC  is the ideal gas critical flow 

function where vp CC=γ is the ratio of the isobaric and isochoric specific heats evaluated at the 

upstream static pressure and temperature. 

In this work no correction was made for virial effects. Strictly speaking, the real gas critical flow function 

( *
rC ) should be used in place of *

iC  [4]. However, for dry air over the range of conditions of interest in this 

work, the additional complexity required to calculate *
rC  amounts to a correction of less than 0.02 %. 

More importantly, since both the MF and HF standards are tested at the same operating conditions, any 

bias introduced by using *
iC  instead of *

rC  affects both MF
d

C  and HF
d

C  equally so that their ratio 

MF
d

HF
d CC  is unaffected. In fact, this ratio remains unchanged for any non-zero value of *

iC  so long as 

the operating conditions are identical. Since the ratio MF
d

HF
d CC  is independent of *

iC , the critical flow 

function does not contribute any significant uncertainty to the comparison results. By the same reasoning, 

the uncertainties introduced by the parameters d , uR , and M  in Eqn. 2 are also negligible. 

 

 

Figure 3. Schematic of the NIST HF PVTt standard. 

DESCRIPTION AND UNCERTAINTY OF THE HF PVTt STANDARD 

The HF PVTt system shown in Fig. 3 is the United States’ primary standard for measuring room 
temperature flows of filtered dry air. The flow capacity of this standard ranges from 200 L/min to 
78000 L/min. As shown in Fig. 3, the HF standard intrinsically includes a CFV as part of its design. For 
this reason the HF PVTt system is most often used to calibrate CFVs, though it is capable of calibrating a 
wide variety of other flowmeters. This standard is routinely used to calibrate CFVs with throat sizes 
between 3 mm and 33 mm over a range of stagnation pressure from 150 kPa to 850 kPa.  

The HF PVTt standard determines the CFV mass flow using a timed-collection technique whereby a 
steady source of flow accumulates into an initially evacuated collection vessel for a measured time 
interval. The corresponding expression for mass flow is  

( ) ( )
leakif

i
I

f
II

if

i
T

f
TT

PVTt

ρρρρ
m

tt

V

tt

V
m && −

−

−
+

−

−
=  (3) 



 

where TV  is the volume of the collection tank; IV  is the inventory volume; leakm&  is the net mass flow 

leakage into the inventory and collection tank volumes; if∆ ttt −=  is the collection time interval; i
Tρ  and 

f
Tρ  are the initial and final densities of the air in the collection tank; and i

Iρ  and f
Iρ  are the initial and final 

densities of the air in the inventory volume. The air densities in both the inventory and collection tank 
volumes are determined via pressure and temperature measurements in conjunction with an equation of 

state. In the absence of leaks PVTtm&  is completely determined by measuring pressure, volume, 

temperature, and time or more compactly PVTt, the name flow metrologist commonly ascribe to this flow  
measurement standard.  

The mass flow uncertainty for the HF PVTt standard was obtained by applying the method of propagation 
of uncertainty to Eqn. 3 [5, 6]. When this is done the expanded uncertainty (i.e., k = 2) for mass flow is 
0.09 % [7]. Not uncommon from many other PVTt designs, the largest source of uncertainty of the NIST 
HF PVTt standard is the average gas temperature in the collection tank after it is filled with air. This 
temperature measurement accounts for nearly 52 % of the total flow uncertainty. The final gas 

temperature in the collection tank ( f
T

T ), although not explicitly included in Eqn. 3, enters the mass flow 

calculation through both TV  and f
Tρ . The final gas temperature influences f

Tρ  via the equation of state 

and TV  through the gravimetric method used for determining the collection tank volume [8].  

The uncertainty components of f
T

T  include spatial temperature non-uniformities in the collection tank, drift 

between periodic thermometer calibrations, the standard deviation of curve fit residuals to calibration data, 
the uncertainty of the temperature calibration standard, and self-heating and end effects of the 
thermistors used to measure temperature. Of these, the largest uncertainty is attributed to spatial 
temperature non-uniformities created in the collection tank gas during the filling process. To reduce 
spatial temperature differences as much as possible, a ducted fan (see Fig. 3) is used to mix the gas for 
nearly an hour before measuring the temperature. To resolve any remaining temperature gradients not 

dissipated by fan mixing, we calculate f
T

T  by averaging temperature measurements of 37 thermistors 

strategically distributed throughout the collection tank [9]. Previous work has shown that the standard 
uncertainty attributed to spatial temperature non-uniformities is 57 mK after an hour of fan mixing [7]. By 
root-sum-squaring all of the temperature uncertainty components we find the total standard temperature 
uncertainty (i.e., k = 1) of the HF PVTt standard is 65 mK. 

DESCRIPTION AND UNCERTAINTY OF THE MF PVTt STANDARD 

The MF PVTt standard shown in Fig. 4 is the United States’ primary standard for measuring not only dry 
air, but several other inert gases as well (e.g., N2, Ar, CO2, He, etc.). Both the flow range and uncertainty 
depend on gas specie. For dry air the flow range extends from 10 L/min to 2000 L/min and the expanded 
uncertainty for mass flow is 0.05 % [10]. All CFV calibrations in air are done at room temperature for 
stagnation pressures ranging from 200 kPa to 1700 kPa. 



 

 

Figure 4. Schematic diagram of the NIST MF PVTt standard. 

The lower uncertainty of the MF versus HF PVTt standard is primarily attributed to a significantly lower 

uncertainty of f
T

T . As shown in Fig. 4, the collection tank is submerged in a recirculating water bath 

maintained at constant temperature. The water imposes a constant temperature boundary condition on 
the surface of the collection tank, which in turn, causes the air inside the tank to equilibrate to the 
temperature of the water bath. Using this method, the total temperature uncertainty is less than 7 mK, of 
which, temperature non-uniformities make up only 1 mK. Furthermore, the gas in the collection tank 
reaches equilibrium in less than 600 s, six times faster than the HF standard. The reduced equilibration 
time for the MF standard is attributed to the geometric design of the collection tank which consists of an 
array of long slender cylinders. The high surface area to volume of this design enhances heat transfer 
rates leading to the faster thermal equilibration. 

 

CFV TRANSFER STANDARD 

The CFV transfer standard is shown in Fig. 5, including the upstream and downstream CFVs, the 
locations of the pressure and temperature taps, the flow direction, and pipe diameter size (i.e., 
D = 20.1 mm). The entire length of the transfer standard is 105 D, consisting of 78 D of uniform piping 
upstream of the smaller CFV (d = 4.8284 mm), 22 D between the two CFVs, and 5 D downstream of the 
larger CFV (d = 6.3784 mm). After installing the upstream and downstream CFVs in the pipeline, neither 
CFV was disconnected from transfer standard at any time during the comparison. Only the pressure and 
temperature instrumentation along with the outermost connections were taken apart when transporting 
the transfer standard between the two PVTt standards. When installing the CFV transfer standard into the 
inventory volume section of either the MF or HF PVTt standard, we pressurized the connecting piping and 
checked for leaks using a soap solution. During its calibration by the MF and HF standards, the same two 
pressure sensors were used to measure the stagnation pressures of the upstream and downstream CFVs. 
Different temperature sensors were used during the comparison since they are dedicated to each PVTt 
flow standard. 

 
 
 
 
 
 
 
 



 

  

Figure 5. CFV transfer standard used to compare MF and HF PVTt standards. The entire piping section upstream of 
the smaller CFV is not shown in the figure. 

 

Take-Out/Put-Back, Turn-off/Turn-on, and Hysteresis (TTH) Reproducibility 

Before the CFV transfer standard was used to compare the two PVTt standards, extensive testing was 
done to assess its reproducibility. Over a two month period in April and May of 2005 we used the HF PVTt 
standard to study the reproducibility of the CFV transfer standard at the two flows of interest 
(i.e.,.0.02 m

3
/s and 0.03 m

3
/s). Three reproducibility parameters were considered: 1) take-out/put-back 

(i.e., temporarily removing the CFV transfer standard from the test section before reinstalling it, and 
measuring the next set point), 2) turn-off/turn-on (i.e., temporarily shutting off the flow before 
reestablishing flow at the next set point), and 3) hysteresis effects.  

Table 1 shows the test protocol for assessing how take-out/put-back, turn-off/turn-on, and hysteresis 
affect reproducibility of the transfer standard. A total of eight tests were done. For each test we measured 

the dC  values of the upstream and downstream CFVs at both the low and high flow conditions. The 

reported dC  values for each test are the average of N r,low (or N r,high) repeated flow determinations as 

denoted in column 3 for low flow (or in column 6 for high flow). The values in parenthesis below the dC  

values are the standard deviations of the repeated flow determinations taken in succession without any 
change or interruption to the nominal flow conditions, herein referred to as the repeatability of the flow 
measurement. The flow sequence was varied so that tests 1, 4, 6, and 7 measured the high flow condition 
before measuring the low flow condition while tests 2, 3, 5, and 8 began with the low flow condition 
followed by the high flow condition. After each test the flow was turned off, turned back on, and set to the 
appropriate flow for the next test. After test 2, 4, and 6, the transfer standard was disconnected from the 

pipeline.♠ 

The average discharge coefficients ( avgd,C ) of the eight tests are given at the bottom of the Table 1. The 

percent differences between the dC  values of any one of the eight tests and avgd,C  are shown by the 

four curves in Fig. 6. The results for the upstream CFV are plotted on the left while the downstream CFV 
results are on the right for both the low ( ) and high ( ) flow conditions. The largest disparity, which 
occurred at the low flow condition for test 5, was slightly greater than 0.006 %. The reproducibility 
attributed to take-out/put-back, turn-off/turn-on, and hysteresis effects, herein referred to as the TTH 

reproducibility ( TTHu ), is the standard deviation of eight tests and is given at the bottom of Table 1. The 

maximum TTH reproducibility of this transfer standard at the ninety five percent confidence level (i.e., 
k = 2) is 0.006 % at both the low and high flow conditions. No further TTH reproducibility tests were done 
for the measurements with the MF PVTt standard (or for the second series of measurements using the 
HF PVTt standard) since the effects of take-out/put-back, turn-off/turn-on and hysteresis were significantly 

                                                 
♠ The transfer standard was disconnected from the pipeline by the outermost connections so that the pressure, temperature, and 
both CFVs remained intact, fastened securely to the pipeline. 



 

less than the uncertainty of the PVTt standards, and in most cases on the same order or less than the 
repeatability of a flow measurement.  

 

Table 1. Test protocol assessing the effects of take-out/put-back, turn-off/turn-on, and hysteresis (TTH) on the 
reproducibility of the CFV transfer standard. Standard deviations (k = 1) in percent for each test are given 
in parentheses.  

 

 

  Low Flow (0.012 m
3
/s) High Flow (0.03 m

3
/s) 

    
    

Test 
No.  

Flow 
Sequence 

No. of 
repeated 

flow 
meas. 

Upstream 

CFV 
Discharge 
Coefficient 

Downstream 

CFV 
Discharge 
Coefficient 

No. of 
repeated 

flow 
meas. 

Upstream 

CFV 
Discharge 
Coefficient 

Downstream 

CFV 
Discharge 
Coefficient 

(n) (H/L or L/H) (N r,low) ( dC ) ( dC ) (N r,high) ( dC ) ( nd,C ) 

1 High/Low 9 
0.99063 

(0.005 %) 
0.98983 

(0.003 %) 
6 

0.99377 
(0.005 %) 

0.99322 
(0.003 %) 

2 Low/High 8 
0.99065 

(0.004 %) 
0.98983 

(0.002 %) 
9 

0.99368 
(0.002 %) 

0.99316 
(0.001 %) 

Take-Out / Put-Back 

3 Low/High 7 
0.99066 

(0.006 %) 
0.98986 

(0.003 %) 
8 

0.99371 
(0.003 %) 

0.99318 
(0.003 %) 

4 High/Low 13 
0.99068 
(0.01 %) 

0.98988 
(0.004 %) 

6 
0.99373 

(0.007 %) 
0.99318 

(0.004 %) 

Take-Out / Put-Back 

5 Low/High 6 
0.99060 

(0.005 %) 
0.98978 

(0.006 %) 
7 

0.99373 
(0.005 %) 

0.99319 
(0.003 %) 

6 High/Low 11 
0.99068 

(0.004 %) 
0.98984 

(0.004 %) 
7 

0.99373 
(0.003 %) 

0.99317 
(0.002 %) 

Take-Out / Put-Back 

7 High/Low 11 
0.99071 
(0.01 %) 

0.98989 
(0.007 %) 

7 
0.99373 

(0.006 %) 
0.99318 

(0.004 %) 

8 Low/High 5 
0.99068 

(0.003 %) 
0.98984 

(0.002 %) 
11 

0.99375 
(0.003 %) 

0.99319 
(0.002 %) 

          
Avg. of 8 

tests 
( avgd,C ) 

0.99066 

( avgd,C ) 

0.98984 

Avg. of 8 
tests 

( avgd,C ) 

0.99373 

( avgd,C ) 

0.99318 

  Std. Dev. 
of 8 

tests 

( TTHu ) 

0.003 % 

( TTHu ) 

0.003 % 

Std. Dev. 
of 8 

tests 

( TTHu ) 

0.003 % 

( TTHu )  

0.002 % 
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Figure 6. Percent difference between the measured ( dC ) and average ( avgd,C ) discharge coefficients for the 

reproducibility tests in Table 1. (Each point is the average of 5 or more individual measurements.) 

Reproducibility of the CFV Transfer Standard and the HF PVTt standard 

To determine the reproducibility of the CFV transfer standard ( reprdu ) we must include not only the TTH 

reproducibility, but also its repeatability, and any drift in the pressure and temperature transducers. For 
this short two month test, drift can be considered negligible. However, drift is important over the 13 month 
period for the comparison, and it is taken into account in the quoted uncertainties for pressure and 
temperature given in the next section.  

In this work we used a Youden analysis to separate the random effects attributed to the HF PVTt 
standard from those attributed to the CFV transfer standard [11]. In particular, we compared the upstream 

and downstream dC  values of the last five measurements of each of the 8 tests. For example, for test 

number 4 in Table 1 only the last five of the thirteen repeated flow points were used.
#
 By following the 

methodology in reference [11] we found the reproducibility of the transfer standard (not including pressure 

and temperature drift) was reprdu  = 0.0045 % (i.e., k = 1) and the reproducibility of the HF PVTt system 

was 0.008 % (i.e., k = 1).  

Uncertainty of the Measured Discharge Coefficient 

Although the PVTt standards being compared both measure mass flow, the CFV discharge coefficient, 
rather than mass flow, is the appropriate parameter for comparing the standards. The mass flow has the 

disadvantage of being sensitive even to slight changes in the CFV stagnation conditions 0P  and 0T . On 

the other hand, at sufficiently large Reynolds numbers dC  is virtually unaffected by slight changes in the 

pressure and temperature conditions. For example, at a Reynolds number of 1.5 × 10
5 
(i.e., the Reynolds 

number of the downstream CFV at the low flow condition), a 0.2 % increase in 0P  between two 

subsequent PVTt calibrations, results in an increase in PVTtm&  of approximately 0.2 % while dC  changes 

by less than 0.001 %. 

The discharge coefficient has a slightly larger uncertainty than the mass flow due to its dependence on 

both PVTtm&  and im&  as shown previously in Eqn. 1. By substituting Eqn. 2 into Eqn. 1 and applying the 

method of propagation of uncertainty [5], the expanded uncertainty of the discharge coefficient is: 

                                                 
#
 Using the same number of points for each test prevents improper weighting when computing the standard deviations required for 

the Youden analysis. 
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where the uncertainty of uR , d , *
iC , and M  are all taken to be zero as explained in a previous section. 

The relative standard mass flow uncertainties (i.e., k = 1) of the MF and HF PVTt standards are 

( )[ ]MFMF mmu && = 0.025 % and ( )[ ]HFHF mmu && = 0.045 % respectively. The relative standard uncertainties 

(i.e., k = 1) of the pressure and temperature instrumentation used in this comparison were 

( )[ ]00 PPu = 0.02 % and ( )[ ]00 TTu = 0.03 % respectively.ϒ When these values are substituted into Eqn. 4, 

the relative expanded uncertainties of the discharge coefficients measured on the MF and HF PVTt 

standards are ( )[ ]MF
d

MF
d CCU = 0.07 % and ( )[ ]HF

d
HF
d CCU = 0.1 % respectively. 

 

RESULTS OF THE COMPARISON 
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Figure 7. Youden plots showing the discharge coefficients of the upstream (d = 4.8284 mm) vs. downstream 

(d = 6.3784 mm).CFVs. The dC  values are measured using the MF and HF PVTt standards at low flow 

condition (left) and the high flow condition (right). 

The results of the comparison between the MF and HF PVTt standards are depicted by Youden plots 
centered at (1, 1) in Fig. 7 [11]. The three data points in each plot are averages from the single calibration 
with the MF PVTt standard and the two separate calibrations with the HF PVTt standard. On the x-axis 

the discharge coefficient ratio, [ ]
upavgd,d CC , corresponds to the three PVTt measurements of the 

upstream CFV (d = 4.8284 mm), and on the y-axis the discharge coefficient ratio, [ ]
downavgd,d CC , 

corresponds to the three PVTt measurements on downstream CFV (d = 6.3784 mm). The average 
discharge coefficient in the denominator of these ratios is calculated according to 

                                                 
ϒ
 Drift is included in these uncertainty specifications. 



 

( ) 42 HF2
d

HF1
d

MF
davgd, CCCC ++=  (5) 

where the single measurement on the MF PVTt standard ( MF
dC ) is weighted twice as much as the first 

( HF1
dC ) and second ( HF2

dC ) measurements on the HF PVTt standard. This weighting scheme ensures 

equal influence between the MF and HF standards despite having twice the number of measurements 

with the HF standard. The dC  values measured on the MF and HF PVTt standards are given in Table 2.  

Table 2. Three PVTt measurements of the upstream (d = 4. 8284 mm) and downstream (d = 6. 3784 mm) CFV 
discharge coefficients at the low and high flow condition. Standard deviations in percent for each set of 

measurements are given in parentheses. The average dC  of the three PVTt measurements, the standard 

deviation in percent, the percent difference between HF1 and HF2, and the maximum difference between 
the MF and HF measurements are given at the bottom of the table. 

 

The circles of radius 0.086 % in Fig. 7 depict the uncertainty of the averaged MF and HF PVTt 
measurements. This uncertainty is determined using  
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where ( )[ ]MFMF mmu && = 0.025 % is the relative standard mass flow uncertainty of the MF PVTt standard, 

( )[ ]HFHF mmu && = 0.045 % is the relative standard mass flow uncertainty of the HF PVTt standard, and  

TSu  is the relative standard uncertainty of the transfer standard determined by  

( ) ( ) 2
reprd

2

0

0
2

0

0
TS

4

1
u

T

Tu

P

Pu
u +








+








= . (7) 

                                                 
♣ Includes all the take-out/put-back, turn-off/turn-on, and hysteresis tests given in Table 1. 

  
Low Flow (0.012 m

3
/s) High Flow (0.03 m

3
/s) 

   
     

PVTt 
Std. 

Date 
No. of 

repeated flow 
meas. 

Upstream 

CFV dC  

Downstream 

CFV dC  

No. of 
repeated flow 

meas. 

Upstream 

CFV dC  

Downstream 

CFV dC  

HF1 
April and 
May 2005 

70♣ 
0.99067 

(0.006 %) 
0.98986 

(0.005 %) 
61♣ 

0.99374 
(0.004 %) 

0.99319 
(0.003 %) 

MF July 2005 50 
0.99082 

(0.011 %) 
0.98974 

(0.016 %) 
22 

0.99401 
(0.017 %) 

0.99320 
(0.012 %) 

HF2 
May 
2006 

7 
0.99064 

(0.009 %) 
0.99009 

(0.003 %) 
24 

0.99369 
(0.010 %) 

0.99341 
(0.006 %) 

  
Avg. Cd of 3 
PVTt meas. 

(Eqn. 5) 
0.99074 0.98986 

Avg. Cd of 3 
PVTt meas. 

(Eqn. 5) 
0.99386 0.99325 

  
Std. Dev. of 3 
PVTt meas.  

0.010 % 0.018 % 
Std. Dev. of 3 
PVTt meas. 

0.017 % 0.013 % 

  
Diff. btwn. 

HF1 and HF2 
-0.003 % 0.023 % 

Diff. btwn. 
HF1 and HF2 

-0.005 % 0.022 % 

  
Max diff. 
btwn. MF 
and HF 

-0.019 % 0.035 % 
Max diff. 
btwn. MF 
and HF 

-0.032 % 0.022 % 



 

The uncertainty of the transfer standard includes the standard relative uncertainties in pressure and 

temperature, ( )[ ]00 PPu = 0.02 % and ( )[ ]00 TTu = 0.03 % respectively, as well as the reproducibility of the 

CFV transfer standard reprdu = 0.0045 %. Using Eqn. 6 to combine these uncertainties yields a relative 

standard uncertainty of the transfer standard of TSu = 0.025 % (i.e., k = 1). 

In deriving Eqn. 6, we have conservatively assumed a unity correlation coefficient between 
measurements made with the MF and HF PVTt standards. This assumption is reasonable since both 
standards have numerous uncertainty components traceable to the same source. For example, the same 
pressure and temperature standards are used to calibrate the pressure and temperature instrumentation 
of both PVTt systems. Because the measurements of these two standards are not completely 
independent, and since we have only a small sample size (i.e., three data points) only limited statistical 
inferences are made. 

First and most importantly, all three PVTt measurements are well inside the circular uncertainty limits at 
both the low and high flow conditions. Second, the scatter of the data in the Youden plot appears to have 
a random aspect as indicated by its tendency to lie along a diagonal line in the second and forth 
quadrants of Fig. 7. In particular, for measurements made with the MF standard ( ), the upstream CFV 
discharge coefficient is slightly larger than the average, while the downstream CFV discharge coefficient 
is slightly less than the average. This trend is reversed for the second measurement made with the HF 
PVTt standard ( ). Based on the interpretation of a Youden analysis the variation of data points along the 
diagonal in the second and fourth quadrants represents the reproducibility of the transfer standard. For 
this comparison, the range along the diagonal is 0.04 %. This value of reproducibility is comparable to the 

total uncertainty of the transfer standard TSU = 0.05 % (i.e., k = 2) given previously in Eqn. 7. The total 

uncertainty TSU  is slightly larger because it accounts for the reproducibility of the transfer standard (i.e., 

TTH reproducibility, pressure drift, and temperature drift) as well as systematic uncertainty sources (i.e., 
the calibration residuals of curve fits used for the temperature and pressure instrumentation). 

In the analysis given above, we used a relative uncertainty of 0.02 % for the CFV pressure measurements. 
We studied records of 5 pressure calibrations spanning the interval of the comparison for the two 
pressure sensors that we used. Incorporating this more detailed information, the relative standard 
uncertainties (i.e., k = 1) of the pressure measurements were 0.007 % and 0.030 % for the upstream and 
downstream CFVs respectively. The upstream pressure measurement had a lower uncertainty because it 
was used at higher pressures where the sensor performs better, and because it had a lower drift rate over 

the comparison interval. This is evident in Fig. 1 and in Table 2 where dC  measurements made 13 

months apart using the HF PVTt standard (i.e., HF1 and HF2) agreed within -0.005 % for the upstream 
CFV, but differed by as much as 0.023 % for the downstream CFV. Since the shift in downstream CFV is 
likely caused by drift of the pressure sensors, the upstream CFV more accurately reflects the differences 
between the two PVTt standards. For the upstream CFV the maximum differences between the HF and 
MF PVTt standards are for -0.019 % at the low flow condition and -0.032 % (at the high flow condition) as 
shown at the bottom of Table 2.  

CONCLUSIONS 

The transfer standard used to compare the two PVTt standards consisted of two CFVs positioned in 
series. Extensive testing over a two month period showed that take-out/put-back, turn-off/turn-on, and 
hysteresis affected the reproducibility of the CFV transfer standard by 0.006 % (i.e., k = 2). These results 
suggest that the flow performances of the CFVs used in this comparison are nearly independent of these 
three reproducibility parameters (i.e., take-out/put-back, turn-off/turn-on, and hysteresis effects) for the 
operating conditions of this investigation. 

The MF and HF PVTt standards were compared at flows close to the upper limit of the MF standard, but 
near the lower limit of the HF standard. The agreement between the standards was 0.035 % or better. 
This good agreement between the two PVTt systems demonstrates the internal consistency of NIST flow 
standards. Moreover, since the MF standard has a lower uncertainty than the HF standard, and since the 
uncertainty of the MF PVTt standard was validated by numerous comparisons with other National 



 

Metrology Institutes and with private flow laboratories [12], the present results serve to validate 
uncertainty claims of the HF PVTt standard in the low flow range.  

The expanded mass flow uncertainty of the HF PVTt standard is presently 0.09 % over the entire flow 
range extending from 200 L/min to 78000 L/min. At low flows, however, the uncertainty is known to be 
lower than 0.09 %. When we formulated the uncertainty for this standard, we based the calculations on 
the highest expected flow and applied the result to the entire flow range. Since the highest flow is 
indicative of the maximum uncertainty for this standard, the uncertainty estimate is conservative at lower 
flows. For example, the uncertainty attributed to the diverter timing error was computed for the largest 
flow when the collection time is only 20 s. Of course at low flows, when the collection time can exceed 
3600 s, the uncertainty of the diverter error is smaller and thus the flow uncertainty is reduced. This 
conservative approach was selected for its simplicity, since it allowed a fixed value of uncertainty to be 
used for the entire flow range. However, to benefit NIST customers who need lower uncertainty levels, we 
plan to abandon this conservative approach in the future. 

For the HF PVTt standard, the dominant uncertainty contribution is due to the measurement of the 
average temperature of the collected gas, primarily because of temperature non-uniformities in the 
collection tank. These uncertainty components are difficult to quantify with confidence; in prior work we 
have been conservative in their estimation. For example, we have not taken advantage of probable 
correlation in the temperature uncertainties. That is, similar spatial variations in the temperature are 
present during the gravimetric determination of the collection tank volume and during its subsequent use 
for flow calibrations. These correlated temperature uncertainties would cancel out so that the net effect of 
temperature non-uniformities to the overall uncertainty is significantly reduced. The excellent agreement 
demonstrated by this comparison leads us to believe that a high level of temperature correlation exist 
thereby making the stated uncertainty of 0.09 % too conservative. In the future we hope to better quantify 
the degree of temperature correlation and subsequently to determine a new lower uncertainty for the HF 
PVTt standard. However, in the meantime the results of this comparison suggest that the HF PVTt 
standard can be calibrated by the MF PVTt to achieve a lower uncertainty. 

The idea of calibrating a PVTt system using a CFV can be better understood if the PVTt collection tank is 
considered a direct mass measuring device. Conventionally, the mass accumulated in the collection tank 

during the filling process ( T∆M ) is determined by multiplying the collection tank volume by the change in 

the air density before and after filling, )ρρ( i
T

f
TT −V , as shown previously by the first term in Eqn. 3. Since 

the change in mass flow in the inventory volume (i.e., the second term in Eqn. 3) is negligible for the HF 

PVTt system at low flows, the CFV mass flow ( CFVm& ) measures the ratio of T∆M  and t∆ . Given that the 

uncertainty of t∆  is negligible relative to the uncertainty of T∆M , the product of the CFV mass flow 

multiplied by the collection time indicates the mass of gas in the collection tank. In principle, if the mass of 

gas calculated by the conventional PVTt method, )ρρ(∆ i
T

f
TTT −= VM , remains constant for repeated 

collections at the same flow,♥ we could correct any systematic biases (i.e., temperature non-uniformities) 

using the CFV mass flow. This alternative method for assessing T∆M  eliminates the need to characterize 

how temperature non-uniformities affect the flow uncertainty. The uncertainty of the proposed method 
depends on the uncertainty of the CFV mass flow and the reproducibility of the HF PVTt system. 

The results of the Youden analysis show that the reproducibility of the CFV transfer standard was 
approximately 0.04 %. We suspect that majority of this uncertainty is related to changes in pressure 
sensor calibration over the 13 month testing period. Moreover, this uncertainty can be improved 
significantly by shortening the comparison period, thereby reducing pressure drift. However, even if the 
present reproducibility value is used, we expect that calibrating the HF PVTt standard would reduce the 
present specification of 0.09 % to 0.066 % (i.e., k = 2). This lower uncertainty is the root-sum-square of 
the reproducibility of the HF PVTt standard (i.e., 0.016 %, k = 2) determined during the TTH studies, the 
reproducibility of the transfer standard (i.e., 0.04 %, k = 2), and the expanded uncertainty of MF PVTt 
standard uncertainty (0.05 %, k = 2). This uncertainty would only apply to low flows where the comparison 
to the MF standard can be performed. At high flows, inventory uncertainties, which scale with flow, must 

                                                 
♥
 Mass flow is used only to emphasize the principle; in application the measured discharge coefficient should be constant. 



 

be added to this figure. It would also be necessary to repeat the comparisons on a regular basis. Such an 
approach would make the HF PVTt standard a primary standard no longer, but to lower the uncertainty, 
such a change would be justified. 
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