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The use of controlled-clearance piston gauges as highly accurate primary pressure standards is
well established. However, the operation of a controlled-clearance gauge is more complicated
than that of the familiar. smlple or reenirant designs. An investigation has been performed on a
modified design of a piston gauge for which the same piston/cylinder can be operated in either
the controlled-clearance, simple, or reentrant modes, to determine the degree of degradation in
accuracy of measured pressure using the gauge in either the simple or reentrant modes as a
standard. How the particular characterization of the standard gauge affects the calibration
parameters of a test gauge is also explored The effective areas of the test gauge are within 4.5
parts per million (ppm) when the standard i§ used in the simple mode instead of the controlled~
clearance mode, up to a pressure of 28 MPa, whereas in the case of the reentrant mode this
deviation increases from 2.5 ppm at 7 MPa to 14 ppm at 26 MPa. '

1. INTRODUCTION

The accurate measurcment of pressure is required not
only in industry, but also to study various physical and
chemical phenomenon. Both piston gauges and liquid col-
umn manometers are used as primary pressure standards;
the major difference is that the use of the latter is usually
limited to near the atmospheric pressure region, whereas
the former can be used over a wide range of pressures, from
a few kPa to several hundred MPa.

In piston gauges, a cylindrical piston rotates in a well-
fitted circular cylinder. The pressure at the base of the
piston is determined as the ratio of the total downward
force on the piston to the effective area of the piston/
cylinder combination when the piston is floating at its op-
erating level. The accuracy with which a pressure measure-
ment can be made using these gauges depends on the
accuracy with which measurements of both force and ef-
fective area can be made. The effective area of a piston
gauge at low (atmospheric) pressure can be known to an
estimated accuracy as high as several parts per million
(ppm), and is essentially limited by the accuracy with
which absolute dimensional measurements can-be made on
the piston and cylinder, although differences having to do
with assumptions made in the model for the effective area
can be significant.! The effective area at higher pressures
changes with the applied pressure due to the elastic distor-
tion of both the piston and the cylinder. Different ways of
dealing with the pressure coefficient and hence the effective
area have led to various piston gauge designs, various ma-
terials from which the piston and cylinder are made, and
various pressure ranges for which they are to be used.! The
elastic distortion of the cylinder is in general larger than
that of the piston, at least for gauges of the “simple” de-
sign, in which the pressurizing fluid acts only on the inte-
rior (and sometimes end) surface of the cylinder. In
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-gauges of the “reentrant” design, the pressurizing fluid acts
over some or all of the outer surface of the cylinder as well,
varying the overall distortion of the cylinder and compli-
cating the ability to measure or predict it. At higher pres-
sures, the estimated accuracy of the pressure measured by
a gauge is mainly limited by how precisely the pressure
distortion coefficient can be determined.

In a primary “controlled-clearance” piston gauge the
elastic distortion of the cylinder is controlled by applying
an independent pressure (jacket pressure p;) to the outer
surface of the cylinder.? The distortion of the piston can be
calculated from theory using only the elastic properties of
the piston material. The operation of the controlled-clear-
ance piston gauge has the drawback, however, that it is
more complicated and more time consuming than opera-

* tion of the other types of piston gauges, leading to greater

risk of errors because of the larger number of operating
parameters. It is therefore desirable to be able to perform a
primary characterization of a controlled-clearance gauge,
but subsequently operate the gauge as a standard in a less
comphcated fashion while retaining the primary character-
ization parameters with minimal loss of accuracy. A gauge
possessing such a capabthty might also be used to provide
useful information concerning the observed phenomenon’
where experimentally determined pressure distortion coef-
ficients for the same fest gauge are found to differ by as
much as 20%~30%, which is outside the respective uncer-
tainties, depending on the type of standard gange used to
perform the calibration. Attempts havé been made in the
past to investigate similar effects using a standard gauge in
the simple and reentrant modes.

In the investigation reported here, a piston gauge has
been designed and developed in such a way that the system
can be operated in the controlled-clearance, reentrant, Qr
simple configurations while keeping the piston-cylinder
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combination in situ, and without changing the position of
the piston relative to the cylinder. A systematic and de-
tailed study has been carried out with this gauge to study
the behavior of the low-pressu_re effective area and the pres-
sure distortion coefficient of a “simple” test piston gauge
designated as NIST3. This gauge was Cross ﬂoated "3
against the standard gauge, which is designated as NISTIC
when operated in the controlled-clearance mode, as
NISTIR when operated in the reentrant mode, and as
NIST1S when operated in the simple mode. The values of
the low-pressure eﬂ’ec‘uve area and the pressure distortion
coefficient thus obtained are also compared to the values
obtained by the independent calibration of NIST3 against
another pressure standard having a reentrant type of pis-
ton-cylinder assembly, designated NIST2. All of the pa-
rameters associated with the test gauge NIST3 will be ref-
erenced to the values obtained using the standard gauge in
the controlled-clearance configuration (i.e., NIST1C).

. THEQRY

The pressure (P) generated at the reference level of a
piston gauge is given by

n
Y M_(1J_’a£ g+yc]/[A &L W

i=1

where M; is the true mass of the ith weight, p,; is the
density of air in the vicinity of the piston, p; is the density
of the ith weight, g is the local acceleration due to gravity,
v is the surface tension of the operating fluid, C is the
circumference of the piston, and 4, is the eﬁ"ectlve area of
the gauge.

The effective area {Ayey) of 2 controlled—clea:ance pis-
ton gauge is typlcally expressed as?

Agey = mﬁ(l +0,P) 1 +d(P,—P)][1+ (a,+ )
X(T—Tpl, )

where 7, is the piston radius .at the reference temperature
for low applicd pressure, b, is the pressure distortion coef-
ficient of the piston, P is the pressure at the reference level
of the piston, @, is the linear thermal expansion coefficient
of the piston, a, is the linear thermal expansion coefficient
of the cylinder, T is the absolute temperature .of the piston
and cylinder, T, is the absolute reference temperature at
which the gauge was characterized, d is the jacket pressure
coefficient, P, is the jacket pressure for which the clearance
between the piston and cylinder is reduced to zero, and P;
is the operating jacket pressure. In the characterization of
a controlled-clearance gauge, these parameters can either
be measured or determined from knowledge of the me-
chanical properties of the materials from which the piston
and cylinder are made. In practice, r,, T, d, P,, and P; are
usually mcasured, .bp is calculated, and o, and a, arc usu-
ally obtained from the manufacturer.

If this same controlled-clearance gauge, which is now
characterized, is to be used in the reentrant mode, where
the jacket pressure is connected directly to the measured
-pressure, the equation for the effective area becomes
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4., =ar2(1+b,P)[1+d(P,— P)][1+ (e, + o)

X(T'—Ty]J. (3)
If this same controlled-clearance gauge is used.in the

simple mode, there is no applied jacket pressure, and the
expression for the effective area then becomes

A, =771+ b,P)[1+dP,)]

“Lse)

X[1+ (2 +a)(T—T,). (4)
Alternatively, it is also possible to derive an expression for
the effective area of a simple piston gauge, using a mea-
surement of the gap between the piston and cylinder, as'
= a1+ h/r,) (1 + b,/ P)

e(st)

where £ is the gap-width between the piston and cylinder
for low applied pressure and b, is the pressure distortion
coefficient of the piston and cylmder combination, which

.can be determined from knowledge of the mechanical

properties of the materials from which the piston and cyl-
inder are made.? In practice, it is nontrivial to measure %
dimensionally, so that a hybrid scheme will be developed

‘here which uses the controlled-clearance parameters to es-

timate 4/r,. This is done by noting that, experimentally,
the expressions for d and P, are usually not constants, but
generally have a pressure dependence according to the ex-
pressions d = D + €P and P, = P, + o,P, where D, € Py,
and o, are constants. Substituting these expressmns into
Eq (4) and rearranging yields

Aem) = 'trrj(l + DP4)(1 4 b,P)[1 + (Do, + €Py) P}

where the addition and removal of terms second order in
h/rp are ignored. Comparison of Egs. (5) and (6) shows
that in both derivations the effective area for the gauge in
the simple mode can be written as a product of the area of
the undistorted piston, a constant term, a term containing
a pressure dependence, and a temperature correction term.
A hybrid equation contajning the more easily {experimen-
tally) obtainable components from' each separate equation
can then be written as

Agpyy =751 + DPg) [1+ by P

X[1+ (@ +a) (T~ T)]. ™

From Egs. (5) and (7) we can then sée that the guantit;
h/r,, which is difficult to determine from direct dimen:
sional measurements, -can alse be obtained as the quantity
DP,, from controlled-clearance gauge measurements.
Equations (2), (3), (4), and (7) aic then used in this
study to individually characterize the effective areas of pis:
ton gauge NIST1 in its dlﬁ'erent modes of operation, con:
trolled-clearance (NIST1C), reentrant (NISTIR), simple
experimental (NIST1S,), and simple hybrid (NISTlSh),
respectxvely The differences introduced into the calibra:
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Schematic cross-sectional view of the piston and cylinder mount-
rrangement for the controlled-clearance primary pressure standard
(1). weight loading table, (2) O-ring, (3) piston, (4) cylinder,
acket pressure, (B) measured pressure.

of the test gauge NIST3 using these individual char-
tizations of NIST1 as the standard gauge will be inves-

AEXPERIMENT

A schematic representation of the NIST-designed pis-
auge NIST1, which has a modified commercially ob-
d piston and cylinder and is capable of generating full
ressure to 28 MPa, is shown in Fig. 1. The novelty
design is that the plston gauge can be used in either

mtrnAllad alinsannn sanmbeand e ctnanla meades o
nirolicd-clearance, recnirant, Or simplé modcs 1o

iure or generate pressure without the need to remove
ton or cylinder from the support column, or to dis-
e position of the piston relative to the cylinder. The
is used .in the controlled-clearance configuration by
ng the jacket pressure to port A and the measured
re to port B. In the reentrant configuration port A
B are connected together to the measured pres-
ile in the simple configuration the measured pres-
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sure is again connected to port B, while port A remains

open to the atmosphere

Measuring the rate at which the piston sinks into the
¢ylinder (fall rate) at different measured pressures allows a
determination of the zero clearance jacket pressures. The
radial clearance between the piston and the cylinder is di-
rectly proportional to the cube root of the piston fall rate.
Fall rates were measured using a capacitance-type dis-
placement transducer to avoid any extraneons force on the
piston. The output of the transducer was directly recorded
on an X-¢ chart recorder moving at a constant speed of 6
cm/min. A stopwatch was also used to time the fall rate
independently. The change in position of the piston is
known with a resolution better than 5 10~ mm, and the
time interval i determined to better than 0.2 s. The jacket
pressure was measured using a Bourdon tube gauge (250
mm diameter) with an uncertainty of £0.07 MPa.

Before starting the fall rate measurements, the entire
system ‘was leak checked by increasing the measured pres-
sure (P,,) of NIST1C to 26 MPa, The piston was allowed
to float for about an hour to allow the entire system to
come to equilibrium and to establish thermal stability. At
the time of the fall rate measurements the valve at the
bottom of the piston was closed to isolate it from the rest of
the pressure system. Twenty minutes were allowed for the
system to attain equilibrium between two successive jacket
pressure changes. At a particular jacket pressure (F;), sev-
eral observations of fall rate were taken. At any arbitrarily
chosen load on the piston, P; was increased until the time
for the piston to fall through a fixed distance was long
enough to be accurately measured. Fall times then were
measured with increasing P; using the same load on the
piston until the curve of P;as a function of the cube root of
fall rate showed a deviation from linearity. The load was
then increased and the fall rate measurements were made
in a similar way for the new load.

The jacket pressure coefficient (d) of NIST1C was also
determined experimentally by floating it against a tare pis-
ton gauge. At any load both piston gauges were brought to
cross float equilibrium, i.e., their respective fall rates re-
main the same irrespective of whether the isolation valve
between the gauges is closed or open, by adding additional
fractional weight to the gauge which was generating the
lower pressure. Then the jacket pressure was increased in
steps, and the amount of extra load (AF) needed for each
increade in jacket pressure (AP)) to again bring both
gauges back into the equlhbnum condition was applied.
The load (F) was then increased to the next higher value,
and the same procedure was repeated. The jacket pressure
coefficient was calculated at each load . according to

. (AD/DY/AD. A t:.m&,n.u-ln.. malurmnmainal wina f+ +n tha
G == /1) adp o GIST-OTGT pOaynidomiia: was it 10 iad

data to show the dependence of 4 upon F. _

For the calibration of the test gauge NIST3 using ei-
ther NIS'I_‘I in any one of the piston-cylinder configura-
tions or NIST?2 as the standard, the well-established cross
float method was used.>® Each piston gauge was leveled to
ensure the verticality of the axis, and the systems were
checked for leaks to the full-scale pressure value of 28 MPa
and were brought to cross float equilibrium, as discussed
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FIG. 2. Graph of jacket pressure (P) as a function of the cube root of the measured fall rate for NIST1C. Curves A-F correspond to nominal measured

pressures of 7, 9, 12, 16, 21, and 26 MPa, respectively.

above. A period of about 30 min between two successive
pressures was found adequate to allow the System to return
to equilibrium, and about 10 min was required to repeat
observations at each pressure point.

As it was not possible to bring the two pistons to the
same operating reference level during the cross float, a
pressure head correction term was applied to compensate
for the difference in the operating levels. In the case of the
NIST 1 and NIST3 gauges, the reference level of the latter
was higher by 0.135 m, whereas its reference level was
lower by 0.083 m when compared against the NIST2
gauge,

Throughout these studies the piston in the NIST3 test
gauge was rotated clockwise with a rotational speed of
35+3 rpm by a pulley system coupled to a dc motor. The
NIST! and NIST2 gauges were manually rotated clock-
wise s0 as to maintain the piston rotational speed of 25 10
rom. A standard pressure transmitting fluid for this pres-
sure range was used.

All piston gauges used. were supported by a sturdy
wooden base in order to minimize vibration and magnetic
effects. All measurements were taken in an environment
which provided stable temperature conditions within %1
K. The temperature of piston gauges NIST1 and NIST2
were measured with a thermistor, which used a digital dis-
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play having a resolution of +0.01 K, attached to the pres-
sure column containing the piston-cylinder assembly. The
temperature of the test gauge was measured with a plati-
rium resistance thermometer attached near the piston, and
its output was read with an autoranging digital multimeter
having a resolution of £0.006 K.

IV. RESULTS AND DISCUSSION

The measured fall rates for NIST1C were taken at 295
K for six discrete measured pressures: 7, 12, 21, and 26
MPa with increasing pressure, and 16 and 9 MPa with
decreasing pressure. At least three measurements of the fall
rate were made at each jacket pressure for a particular
measured pressure, and the jacket pressures are plotted as
a function of the eube root of the fall rates in Fig. 2. Ex-
trapolation of each set of data to zero fall rate was done by
fitting an equation of the form [P;= =P, — B (fall rate)’]
to the data. In all cases three standard deviations (30) of
P, were within 0.12-0.54 MPa. The stall curve is the plot of
P, vs P,, and is shown in Fig. 3. This curve allows for
choosmg an appropriate operatmg jacket pressure when
using the gauge to generate a given nominal measured
pressure. Using this value for the jacket pressure along
with the pressure-dependent expressions for & and P, Eq:
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n be used to determine the cffective arca ¢ the
s; which can then be used in Eq. (1) to determi;  the
“generated pressure being measured. During the fall
measurements, the operating jacket pressures were
n to obtain fall rates of about 1 mm/h, consistent
a small clearance and reasonably low friction between
iston and the cylinder.

he overall fractional uncertainty in the pressure mea-
| at the reference level of the controlled clearance pis-
auge depends on the uncertainty in the individual
meters of Eqs. (1) and (2), and can be expressed as
oot-mean square of the total differentials of the indi-
1 parameters, x; (Ref. 2):

n 1 aP 2,172
P

vahies of the differentials, their uncertainties, and the
onal uncertainties in P,, for NIST1, when used in the
olled clearance mode, are listed in Table I. The over-
ncertainty at 296 K and at 26 MPa is 30 ppm (30).

¢ conventional cross float method was used to cali-
the NIST3 test gauge against the NIST1IC and
pressure standards. A computer program devel-
nd used at NIST, which determines the effective area
¢ pressure coefficients of the test gauge based upon
of the standard, was used to evaluate the data. This

(3)
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. Graph of zero-clearance jacket pressure (P,) vs nominal measured pressure (P,,) for NISTIC.

program also provides the standard deviation of the resid-
uals of the area, and the standard deviation of the coeffi-
cients. '

In all the calibrations of the test gauge NIST3 against
either the NIST1 or NIST2 pressure standards, three test
cycles were carried out. In one cycle the pressure was in-
creased to 7, 11, 16, 21, and 26 MPa, and then decreased
from 21 to 7 MPa in similar steps. In the other two cycles,
the measurement proceeded from the highest pressure to
the lowest, and back to the highest. In one test cycle nine
observations were taken, leading to a total of 27 observa-
tions per calibration.

The residuals in the effective area of NIST3 as a func-
tion of nominal measured pressure, when calibrated
against NIST1C, are shown in Fig. 4. This figure gives the
deviation of the effective area, in ppm, for the individual
measured pressures, from the best low-order fit equation
A,=Ao{1+ bP), where Aq=1.961191X10"> m* and
b=9.85%10~7 MPa~!, and P is in MPa. In all subse-
quent discussion, these values will be considered as the
reference values for comparison purposes. Note that while
the residuals arc not totally random, their magnitudc is
small enough that their structure is not of immediate con-
cern. Similar scatter in the residuals of the effective area
(A4,) of NIST3 is also observed when NIST?3 is calibrated
against NIST1R and NIST1S,, and so is not represented
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TABLE 1. Total uncertainty of pressure for NIST1C.

AP
7-= 30 ppm (30)

18P 5P ix
X, Value P 53X, Value dx; pox; (pprm)
M 1.30x 10* kg /M 7.69 X103 /kg 2.8X10 % kg 2.0
g 9.801 018 m/s? 1/g 1.02x10~ ! §%/m 5%10~% m/s? 0.5
Pa 1.18 kg/m> 1/0m 1.2x10~*m’/kg 1x10~2 kg/m? 1.2
O 8.4% 10° kg/m® P/ 0% 17X 1078 m¥/kg 1% 10? kg/m® 1.7
y 3.09% 1072 N/m C/gM 1.96X10~° m/N 3%10™* N/m 0

c 2.5%X1072m y/gM 2.42X107%/m 1X107°m 0
Ay 4.902 13910~ % m? 1/4, 2.04 X 10*/m* 32x10-m? 6.5
o, 45%107%/°C (r—7) 2°C 3x10~7/°C 0.6
@ 45%1075/°C (T~T,) 2°C Ix10-7/C 0.6
(T—T,) 7,=23°¢C a.+a, 9%x10~%C 2x10~2°C 0.2
b ~ 54910~ %/Pa P 2.6x10" Pa 1.8Xx 10~ /Pa 0.5
P 2.6X 107 Pa b 5.49% 10~ ¥/Pa 1X10° Pa 0
P, 5,85 107 Pa d 3.42X 10~ %/Pa 1.5% 10° Pa 5.13
d 34210~ %/Pa (P,— P) 464107 Pa 74X 107 ¥/Pa 34
B 121X10" P, d 3.42X10~1%/Pa 0.7%10° Pa 0.2
A AT a, 4.5x107/"C 27x10-%°C 0.1
A a, AT 3°C 3x1077/C 0.9

*Uncertainties due to 'c‘hanging the reference témperature from the 20°C of the dimensional mptrology faboratory to the 23°C of the pressure
measurement laboratory.

Residuals of the Effective Area
tepm)

FIG. 4, Deviation of measured values of the effective area (4,) of
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TABLE IL Summary of the callbratxons of NIST3 when usmg NISTIC, NISTIR NISTIS NISTIS;,, and NIST2 as the standard gauges

4 30 std dov Ay b

30 std dev b Jostddev 4,
Operational conditions (X10~ s m%) {ppm) (MPa—1) (MPa~—") (ppm)
1. 'NISTIC controlled clearance 1.961 191 1.4 9.85%x10~7 8.5x10-8 3
2. 'NISTIR reentrant 1.961 189 27 1.54% 10~ ¢ 1L6x1077 6
3. NISTIS, simple 1.961 195 1.6 896107 921078 4
‘4, NISTIS, simple with & value 1.961 189 1.1 100X 10~¢ 6.2x1078 2
) 1.13X 10~ /Pa calculated
from elastic theory

5. NIST2

1.961 182 25

1.06X.10~ ¢ 12x1077 4

graphically here. However, the values of the low-pressure
effective areas (A4,) and the pressure coefficients (b) of
NIST3, along with their 3o uncertainties, are given in Ta-
ble II. ‘

The values of 4, of NIST3 obtained from the calibra-
tions against NIST1R, NIST1S,, and NISTIS, differ by
only 1, 1, and 2 ppm, respectively. from the value obtained
from NISTI1C. It is clearly evident that all these values
agree well among themselves, at a level comparable to the
individual 3o standard deviations in the A, coefficients.

The values of b for NIST3 oblaiued Trom NIST1S, and
NIST1S,, as given in Table II, differ by — 9% and
"+ 1.5% in their absolute magnitudé when compared to
the absolute value obtained from NIST1C. Considering the
30 standard deviations of these measured values, these dif-
ferences are not unreasonable. Additionally, these observed
differences cause a relative deviation in the effective area
valuc of only 2 and — 0.5 ppm, respectivcly, at a measured
pressure of 7 MPa, which reduces to merely 0.5 ppm at a
full-scale pressure of 26 MPa. This rather remarkable
agreement supports the model, based on elastic theory,
which is used in determining the pressure coefficient of this
simple piston-cylinder assembly, and suggests that such

calculations should be further investigated in future stud-
ies.
Figure 5 shows the effective area of NIST3 when it is

‘measured against NIST1 in its different modes of operation

and against NIST2. As the reentrant mode operation of
NIST]1 leads to a deviant calibration of NIST3, it was de-
cided to investigate the similarity of this calibration to a
calibration of NIST3 performed using another NIST pres-
sure standard (NIST2), having a reentrant piston-cylinder
assembly. Its metrological parameters are listed in Table
IIT alung with the parameters of NIST1 and the derived
parameters of NIST3. The NIST2 pressure standard has
been calibrated against several other NIST pressure stan-
dards, and the closure of the values of the pressure-depen-
dent effective area is ‘well below the systematic uncertain-
ties of the individual standards. The residuals of the
effective area of NIST3 as a function of nominal measured
pressure, when calibrated against NIST2, arc showu in Fig.
6. This gives the deviation of the effective area, in ppm, for
the individual measured pressures, from the best-fit equa-
tion 4= 1.961 18210~ (14 1.06x 1079 P), where 4,
is in m® and Pis in MPa, The value of 4, agrees- w1thm 4, 5
ppm, whereas the b value differs by 0.75x10~7 MPa~!,

1.96128
1.86127 |- -
' ' :I:S ppm
196126 | ,
B 1em125 | »
d . FIG. 5. Effective areas of NIST3 as
B os12a L obtained from the calibrations by
NIST2 and NISTI in its different
f] ’ modes of operation, plotted as a
1.96123 - function of pressure. NIST1C: op-
eration of NIST1 in controlled-
1.96122 clearance mode, NISTIR: opera-
tion of NIST1 in reentrant mode,
1,06121 |- NISTI1S,: operation of NIST1 in
simple mode, NIST1S,: opcration
of NIST1 in hybrid mode, NIST2:
196120 |- reentrant type pressure standard.
1.96118 -
+1,86118 - — — - L —— 1 — s -
5 10 15 20 25 30
NOMINAL PRESSURE (MPa)
— NISTIC - NISTIR - NISTiSg ~— NIST1Sp, —— NIST2
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TABLE IIL Des¢ription of the piston gauges used.

NIST3

Pi,ston gauge _dési_gnatioh 'NIST1 CNIST2
Pistori-cylinder type Controlleid,‘simple, reenfra_ﬁt Rﬁéntra.nt »Simple. deformation
Full-scale pressure 28 28 50

(MPa)
Piston material

Tungsten carbide

Tungsten carbide

Tungsten carbide

Cylinder material Tungsten carbide Tungsten carbide Tungsten carbide
Fluid -Standard® Standard® Standard®
Coeflicient of thermal expansion

a, for piston (°C~ ") 45%x10-¢ 4.11%107¢ 45%10-¢
Coefficient of thermal.expansion

a, for cylinder (°C~') 4.5x107° 4.11x107¢ 4.5x10~¢

Effective area A, at .atmosphere

pressure at 23 °C (m?) 4.902 813 10752 8.402.032x10~° 1.961 191x10~*

Distortion coefficient (Pa™') 1.13x 10128 —2.08x10"1 9.85% 10~
Estimated total uncertainty (30} :
of the effective area 300 40 35

A/A, (ppm)

*Simple mode values.
bStandard hydraulic pressure transmitting fluid was used.

when compared with the values obtained from NIST1C.
Although the value of b differs by 8% in absolute value
from the NISTIC wvalue, it is still well within the three-
sigma standard deviation of the b coefficient as shown in

A clearer picture of the intercomparison of the pres-
sure dependent effective area of NIST3, when calibrated
against NIST2, and 'NIST1 in its reentrant mode and sim-
ple modes, is presented in Fig. 7, where fractional devia-

Table 1L tions of the area values from those obtained from NIST1C
3
2
*
g % * *
< 1+
Q ' % %
B
O
g0
£
5 * *
@
: »ﬁ *
@ o I
o
[ o *
* k3
2 -
K - - X —t L S L -
5 10 15 20 25 30

NOMINAL PRESSURE (MPa)

FIG. 6. Deviation of measured values of the effective area (AE)" of NIST3 from the best linear fit, 4,=1.961 182X 10~ *(1 + 1.06x 10~ 5P), when
calibrated by NIST2. )
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FIG. 7. Deviation of effective areas
[Eq. (9)] of NIST3 as a function of
nominal measured pressure, ebtained
from NIST1R: operation of NIST1 in
reentrant mode, NIST1S,: operation
of NIST! in simple mode, NIST1S,;
operation of NIST1 in hybrid mode,
NIST2: reentrant type pressure stan-

dard.

T .
| e .
. 0 e
-5 | ‘ — ) B L o - ]' ' 1.
5 L I 18 — 25
NOMINAL PRESSURE (MPa)
s NIST1Sg - NIST1S, — NIST2

plotted as a function of measured pressure. The frac-
al change in the effective area is calculated at each
red value according to

M, (Ae).x’f“ ,(Ae)NISTlg

(Adnistic 2
> (4,) is the effective area of NIST3 from the cali-
n of NIST1 or NIST2. Note that the majority of the
/ed difference between the NIST2 and NIST1C val-
mes from the difference between their 4y’s, and not
the relatively small difference between their b values.
'be seen from a comparison of the data in Fig. 7 with
timated total uncertainties of the individual gauges
in Table III that the maximum variation in the ef-
e area of NIST3 is smaller than any of the individual
uncertainties.
rom Fig. 7 it is seen that the pressure-dependent ef-
¢ areas of NIST3 obtained from the calibration of
2, NIST1S,, or NIST1S, agree among themselves
5 ppm, which is well within their 3¢ standard de-
ns. For NIST1R, the value of 4, differs by 14 ppm at
a. The observed differerice in the latter case may be
0 NIST1 being operated with values of jacket pres-
which is the same as the measured pressure in this
which are too high and lie off the linear portion of the
te curves that were presented in Fig. 2. Operating at
pressures P; that are off the linear portion of the fall
curve implies operating conditions that are not con-
t with current controlled-clearance piston gauge the-

i

Rev. Sci. Instrum., Vol. 63, No. 5, May 1992

ory, on which Eq. (2) is based. Thus the use of Eq. (3),
which is derived from Eq. (2), is suspect under these con-
ditions. However, the maximnm deviation in the.effective
areas of NIST3, including the calibration against NIST1R,
is still less than the individual total uncertainties of the
standards used. This study then indicates that controlled-
clearance piston gauges, once characterized, may perhaps
be used in the simple mode using the controlled-clearance
coefficients without significant loss of measurement uncer-
tainty if similar operating conditions are used.
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