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1. Introduction

In many industrial sectors, such as cleanroom technologies, 
petrochemicals, pharmaceuticals, storage of nuclear and toxic 

wastes and power plants, the pressure range between 1 Pa and 
15 kPa is present in various stages of the production lines. 
The accuracy and reliability of the pressure measuring devices 
are critical and have to be ensured. Pressure standards of 
high accuracy, capable of providing traceability at sufficient 
low uncertainty level following the demands of industry are 
required.

In the specific pressure range, however, there is a lack of 
fundamental standards that can provide the required accuracy. 
Some of the promising devices that could be used as primary 
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Abstract
The effective areas of three force-balanced piston gauges (FPGs) and two Furness Rosenberg 
standards (FRS) in the operating pressure range of each device varying for 1 Pa–15 kPa have 
been accurately computed both in the gauge and absolute modes. Geometrical data for the 
non-rotating piston-cylinder assemblies (PCAs) have been provided by the National Metrology 
Institutes (NMIs) of PTB, RISE, INRiM and CMI. Since the flow is in a wide range of the 
Knudsen number, simulations have been based on the Batnagar–Gross–Krook (BGK) kinetic 
model equation, while the typical Dadson and CFD approaches have been complimentary 
applied only in the viscous regime. Furthermore, an uncertainty analysis has been performed. 
The effective area is strongly affected by the PCA geometry and the flow conditions, while its 
dependency on pressure may be different even for devices of the same type. The main source 
of uncertainty is the dimensional measurements of the piston and the cylinder, followed by 
the accommodation coefficient characterizing the gas-surface interaction, while the effect 
of other flow and modeling parameters is negligible. The total relative standard uncertainty 
of the effective area has been always found to be less than 1 · 10−5 indicating that pressure 
measurements of high accuracy can be ensured. Since the effective area is estimated based 
solely on computations the FPG and the FRS assemblies may be characterized as primary 
pressure standards.
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standards in the pressure range 1 Pa–15 kPa are piston gauges 
(PGs) equipped with the non-rotating piston-cylinder assem-
blies (PCAs) [1–5]. In the present work, two of these devices 
are examined. The first one is the force-balanced piston gauge 
FPG8601, manufactured by Fluke, which is used by many 
National Metrology Institutes (NMIs) and pres sure calibration 
laboratories as a reference instrument for both absolute and 
gauge modes [3, 6]. The second one is the Furness Rosenberg 
standard (FRS), manufactured by Furness Controls [7], which 
is also used by various NMIs and calibration laboratories, and 
has been also proved as a reference and transfer standard for 
low absolute and gauge pressures [8]. Two different types of 
FRS instruments, namely the FRS4 and FRS5, are in use by 
laboratories.

In the previous years, comparisons between NMIs have 
been performed targeting at the statement of equivalence 
between pressure standards [3, 4, 8], but only few attempts to 
characterize the FPG8601 or FRS as primary standards have 
been reported [9–12]. In order to metrologically characterize 
each device, all parameters that can affect the measurement 
have to be examined and quantified. The most important 
parameter is the effective area (Aeff) of the PCA. Per defini-
tion, the effective area of a PCA is the net force acting on 
the piston in course of the measured pressure divided by the 
value of this pressure. This net force includes, among others, 
the forces acting on the piston due to the gas flow in the gap 
between the piston and the cylinder. These forces have to be 
calculated based on the real geometry of the gap and using 
suitable simulation tools to find out the pressure distribution 
in the piston-cylinder gap with high accuracy and reliability. 
Then, the effect of the flow can be combined with the geo-
metrical surface of the piston to recover Aeff. When the PCA 
is planned to be used as a primary standard, the effective area 
has to be estimated based on geometrical data in a very accu-
rate and precise manner.

It is noted that the dimensions of the gap between the 
piston and the cylinder, in both the FPG and FRS devices, are 
of the order of micrometres (µm). In addition, the operational 
pressure is small, especially when the devices are working 
in absolute mode. Under these conditions, there are regions 
in the flow domain where the mean free path between two 
molecular collisions is comparable to the characteristic length 
of the flow and the typical approaches of fluid dynamics such 
as the Navier–Stokes equations  or simplified theories, such 
as the Dadson theory [13], cannot describe the flow with acc-
uracy. Alternative simulation tools based on kinetic theory and 
modeling as described by the Boltzmann equation (BE) [14, 
15] are needed.

Using kinetic model equations produced by simplifications 
of the BE is a reliable option producing very accurate results. 
This approach has been implemented for many decades in the 
simulation of rarefied gas flows either at low pressure con-
ditions [16, 17] or in microdevices [18, 19] with consider-
able success. More specifically, the Bhatnagar–Gross–Krook 
(BGK) kinetic equation, where the collision term of the BE 
is replaced with a simplified model expression, has been 
applied in various pressure driven flow configurations and 
produced excellent results, especially when isothermal flows 

are examined. This approach is valid in the whole range of 
the Knudsen number which allows the flow to be simulated 
in a unified manner without the need of combining meso- and 
macroscale (viscous) approaches. Recently, the same method-
ology has been applied for simulation of gas flow in pressure 
measuring standards [12, 20, 21].

In the present work, a detailed computational investigation 
of the gas flow in PCAs is performed via the BGK kinetic 
model approach and the effective area of the PCAs is com-
puted in the whole range of the operational pressure for both 
the gauge and absolute modes. The methodology is applied 
to three different FPG8601, as well as to one FRS4 and to 
one FRS5. The geometrical data for the three FPGs have 
been provided by NMIs PTB (Germany), RISE (Sweden) and 
INRiM (Italy), while for the FRS4 and FRS5 by CMI (Czech 
Republic) and PTB, respectively. Furthermore, the uncertain-
ties due to measurements as well as to the various flow condi-
tions and parameters are considered and their effect on the 
computed effective area for each device is provided.

2. Description of devices

The main characteristics of the FPG8601, the FRS4 and the 
FRS5 are well-known and therefore, only a brief description 
is provided here pointing the issues which are of importance 
in the present work. In figure 1, a schematic representation of 
the three investigated PCAs is shown. In all three devices, two 
parts of the gap can be clearly identified, namely the top and 
bottom parts. The dimensional data of all PCAs include the 
piston radius ri, the cylinder radius Ri, the gap width hi and the 
piston-cylinder engagement length Li, where i  =  T and i  =  B 
correspond to the top and bottom parts, respectively. In addi-
tion, Pmeas is the measured pressure, Pref is the reference pres-
sure, while in the FPG8601 configuration, Plub is the pressure 
of the lubrication gas entering the piston-cylinder gap.

The main part of the FPG8601, manufactured by Fluke, 
is the PCA, which is located between two pressure cham-
bers, namely the measuring and the reference chambers [1, 
6, 22]. The former contains the gas under investigation, while 
the latter one remains at a reference pressure against which 
the measured gas pressure is defined. The operating pressure 
range is between 1 Pa–15 kPa and depending on the reference 
pressure (100 kPa and 1 Pa in the gauge and absolute modes 
respectively), measurements can be performed in either mode. 
The piston and the cylinder are separated by a biconical gap 
with a nominal width of 6 µm at the PCA center and 1 µm 
at the two PCA extremities. This gap is used to avoid fric-
tional forces and to keep the piston aligned via a lubricating 
gas flow. The lubricating gas enters the piston-cylinder gap 
through two supply holes located at the cylinder center at a 
pressure 40 kPa higher than the reference pressure and flows 
towards the two pressure chambers. Finally, a high precision 
load cell measures the force acting on the piston, and the pres-
sure of the investigated gas is extracted by using the piston-
cylinder effective area.

The PCA of the FRS4 [23], manufactured by Furness 
Controls, is also located between the measuring and reference 
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pressure chambers. The FRS4 operates only in the gauge 
mode and has a measuring pressure range between 1 Pa–3.2 
kPa. The piston and cylinder have constant diameters and a 
nominal gap width of 50 µm [7]. Friction between the piston 
and cylinder is avoided by using a parallelogram suspension 
system with flexible hinges, which ensures no relative hori-
zontal displacement of the piston but allows free axial move-
ment. Gas is supplied from an annular groove located at the 
top of the PCA, while almost all the gas is extracted before 
reaching the reference pressure (100 kPa) chamber through 
the intermediate port annular groove located at the PCA 
bottom. Finally, the PCA is mounted on an electronic balance 
mechanism, which can give a precise value of the force acting 
on the piston.

The FRS5 is a more recent version of the FRS4. The most 
important change is the ability to operate in both gauge and 
absolute modes with the reference pressure chamber kept at 
100 kPa and 0.01 Pa, respectively, while the operating pres-
sure range is extended to 1 Pa–11 kPa. Other modifications 
include the capability of checking the zero setting without 
evacuation and an additional turbo molecular pump for the 
working volume, while the gap between the piston and the 
cylinder is reduced to a nominal value of 25 µm [5]. Also, 
the nominal piston area is reduced from about 100 cm2 to 
about 45 cm2. More details on the design and operation of the 
devices can be found in the literature [5, 7, 23].

3. Method of calculation of effective area  
and the associated uncertainties

The accuracy of the pressure measurement of the three inves-
tigated piston gauges mainly depends on the precision of the 
force measurement and the accuracy of the computed effec-
tive area. The latter one is the main objective of this work. The 
effective area of a PCA is defined as the ratio of the force Fread 
acting on the piston over the pressure difference between the 
two piston ends

Aeff =
Fread

Pmeas − Pref
. (1)

The operational data of the FPG8601 include the meas-
uring, lubrication and reference pressure values, while for the 
FRS4/5 the operational data are the measuring, intermediate 
and reference pressure values. The effective area of each part 
is computed separately by taking into account the forces that 
act on each part respectively. These forces include: (a) the 
force due to the pressure difference, (b) the drag force due 
to the lubricating gas flow and (c) the vertical component of 
the pressure force that acts normally to the piston lateral sur-
face. Since the ratio of the gap width over the radius of the 
piston h/r is sufficiently small then the effective area can be 
expressed as [13]

Ai =πr2
0,i

Å
1 +

h0,i

r0,i
− 1

r0,i (Pin,i − Pout,i)ˆ Li

0
(Ri − R0,i + ri − r0,i)

dPi

dzi
dzi

å
.

 

(2)
Figure 1. Schematic representation of (a) FPG8601, (b) FRS4 and 
(c) FRS5 cross sections.
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In the FPG8601, the total effective area can be computed 
by taking into account the forces FT and FB that act on the top 
and bottom piston parts, respectively, during pressure meas-
urement, as well as the taring force F0 acting on the piston due 
to the load cell zeroing process. The total force that acts on the 
piston is F  =  FB–FT–F0 and after some mathematical manipu-
lation of equation (1), the total effective area of the FPG8601 
can be calculated as

Aeff =
PmeasAT − PrefAT,0

Pmeas − Pref
− Plub (AT − AT,0)

Pmeas − Pref
 (3)

where AT,0 is the effective area of the top part during the load 
cell zeroing process. In the FRS4/5, the total effective area is 
computed in the same manner. Here, the total force F is the 
addition of the force that acts on the top part FT and the force 
that acts on the bottom part FB. It is readily seen that the total 
effective area can be written as

Aeff = AT +
Pint − Pref

Pmeas − Pref
(AB − AT) . (4)

It is observed that, when the dimensional data of the PCA 
are known, only the pressure distribution along the gap must 
be defined in order to calculate the effective area. In the hydro-
dynamic regime, the analytical solution of the Poiseuille flow 
for a compressible ideal gas provides the pressure distribution 
in a closed form [13]

Pi (zi) =

[
P2

in,i
−
Ä

P2
in,i
− P2

out,i

ä ´ zi

0 h−3
i

dzi´ Li

0 h−3
i

dzi

]1/2

. (5)

However, due to the low operating pressure and the small 
gap dimensions, the continuum hypothesis collapses and the 
hydrodynamic solution is not valid. In this case, a kinetic 
approach is required to calculate the pressure distribution 
along the gap. It is important to note, that the kinetic results 
are also valid for the hydrodynamic regime and thus, the 
kinetic theory can be applied as a uniform method.

In the kinetic formulation, the pressure drop along the gap 
is computed by solving the ordinary differential equation [24]

dPi

dzi
=

·
Mi u0

2πGhi
(
R2

i − r2
i

) (6)

subject to the known pressure at the inlet and the outlet of the 
gap defined by Pin and Pout, respectively. Here, u0 is the most 
probable molecular speed and G(δ, r/R) is the dimensionless 
flow rate.

An iterative scheme is applied, where an initial guess of 
mass flow rate is used to find the pressure distribution along 
the gap and the pressure at the outlet. Then, depending on the 
deviation between the calculated and real value of the pressure 
at the outlet, a new guess of the mass flow rate is used and 
the computational process is repeated. The iterative scheme 
is ended when the outlet pressure is recovered with a relative 
error smaller than 10−7.

As it is clearly seen from equation (6), the value of the dimen-
sionless flow rate G is needed on each step of the process. Since 
G depends on both the rarefaction parameter δ, which is inversely 
proportional to the Knudsen number, and the ratio r/R between 
the piston and the cylinder radii, a robust kinetic database is 
needed. For the present study, a dense database has been created 
by solving the linearized BGK kinetic model equation for dif-
ferent values of δ  ∈  [10−10, 104] and r/R  ∈  [0.99, 0.999 99] with 
the accommodation coefficient, characterizing the gas-surface 
interaction, taking the values of α  =  [1, 0.9, 0.8]. It is noted that 
α  =  1 corresponds to purely diffuse reflection, while the values 
of α  <  1 correspond to diffuse-specular reflection.

Dimensional measurements have been performed by the 
PTB, INRiM, RISE and CMI. Depending on the available 
equipment and method of measurement, different level of 
uncertainty is achieved and consequently, the effective area 
calculation is subjected to a proportional level of uncertainty. 
Since dimensional data are needed for both the piston and the 
cylinder components, the standard uncertainty of the effective 
area of the PCA due to the measurement uncertainty denoted 
by ud is estimated as [20]

ud (Aeff)

Aeff
=

»
u2

p + u2
c

2Rm
 (7)

where up and uc are the values of the diameter uncertainties 
of the piston and cylinder, respectively, while Rm is the mean 
piston and cylinder radius. This equation assumes the dimen-
sional uncertainties of the piston and cylinder to be uncor-
related, which is justified by an analysis of the dimensional 
data’s uncertainty presented in [25].

Table 1. Geometrical data of the three FPG8601s provided by PTB, RISE and INRiM.

FPG assembly PTB RISE INRiM

FPG Part Top Bottom Top Bottom Top Bottom

Number of angular positions 8 8 8 8 4a 4a

Number of axial points 343 339 317 346 69 69
Engagement length (mm) 34.2 33.8 31.6 34.5 34.0 34.0
Average gap inlet width (µm) 4.646 4.414 3.889 3.784 4.238 4.131
Average gap width (µm) 2.511 2.551 2.617 2.490 2.474 2.486
Average gap outlet width (µm) 2.013 2.155 1.015 1.553 1.087 0.922
Average piston radius (mm) 17.6664 17.6664 17.6658 17.6658 17.6658 17.6658
Average cylinder radius (mm) 17.6689 17.6689 17.6684 17.6683 17.6683 17.6683
Average piston area (cm2) 9.804 96 9.804 94 9.804 31 9.804 33 9.804 33 9.804 32
Diameter uncertainty (nm) 25 25 200 200 26 26

a INRiM data are based on diameter measurements only and, herewith, the radial values for angles 0°, 45°, 90° and 135° are the same as for angles 180°, 
225°, 270° and 315°.
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In addition to the dimensional measurements, there are 
tentative variations in other parameters that can increase the 
overall uncertainty of the effective area and are mostly con-
nected to the deduced flow field and pressure distribution 
along the gap. These parameters include the accommodation 
coefficient α, the gas temperature T, the modeling error due to 
the implementation of the BGK model instead of the original 
BE and the approximation of introducing in the computations 
dry N2 instead of N2 with some humidity. In order to have the 
maximum possible change in the computed effective area due 
to these parameters, when the exact values are not known, the 
worst-case scenario is adopted. For each parameter, the uncer-
tainty introduced is calculated based on the relative deviation 
of the effective area computed based on the reference case 
scenario. The reference data are: α  =  1, T  =  20 °C, pure dry 
nitrogen and BGK model. For each case, only the parameter 
under investigation is changed, while the rest of the param-
eters remain as in the reference case. The uncertainty of the 
effective area of the device due to uncertainty of parameter j is 
denoted by uj and is estimated as

uj (Aeff)

Aeff
=

∆j (Aeff)

Aeff
. (8)

The subscripts j  =  α, t, m, h correspond to the accommoda-
tion coefficient, temperature, model equation  and humidity 
uncertainties respectively, while Δj(Aeff) is the difference 
between the effective area of the reference case and the case 
under investigation. Finally, the overall uncertainty is calcu-
lated as the Euclidean norm of all investigated uncertainties:

u (Aeff)

Aeff
=


∑

j

Å
uj (Aeff)

Aeff

ã2



0.5

, j = d,α, t, m, h. (9)

In sections 4.2 and 4.3, the computed effective areas and 
the associated uncertainties are provided for each PCA. All 
uncertainties in this publication are standard uncertainties.

4. Results and discussion

Numerical simulations have been performed for all 5 PCAs 
based on the dimensional datasets provided by the NMIs 
(PTB, RISE, INRiM and CMI). The kinetic algorithm used 
has been validated through comparison with other in-house 

mesoscale tools including the DSMC method, while com-
parison with the hydrodynamic approach has been also suc-
cessfully performed for high operation pressure test cases. In 
addition, PTB has developed in parallel and independently 
numerical codes using both the Dadson theory and the BGK 
kinetic equation obtaining excellent agreement between corre-
sponding results for both PTB devices.

4.1. Data of the FPGs and FRS4/5

In tables 1 and 2, the basic parameters of the datasets for the 
FPG8601s and the FRS4/5 are tabulated, respectively. The 
data include information about the number and position of the 
dimensional data provided for the analysis (number of angular 
positions of measurement and number of axial points), the 
total engagement length, the average gap measurements (inlet, 
outlet, mean), the average piston and cylinder radii and the 
average piston area. The uncertainty of the diameter measure-
ments is also provided. As it is seen, PTB and INRiM devices 
have similar diameter uncertainties, while RISE and CMI 
have much higher diameter uncertainties resulting in a higher 
dimensional uncertainty.

The FPG8601 assemblies of PTB and RISE have similar 
resolution in the axial direction and both have eight points 
in the azimuthal direction. On the other hand, the INRiM 
assembly has fewer points on the axial direction and 4 points 
in the azimuthal direction. This difference of the resolution of 
measurements can be attributed to different equipment used or 
to different processing of the original dimensional measure-
ment results.

For the FRS4, data have been provided only for the top 
part and not for the bottom part of the PCA due to technical 
reasons. However, based on the operational principle of the 
device, it can be assumed that there is no flow in the lower part 
since the bulk of the gas is extracted from the lower groove 
and consequently, there are no forces acting on the piston due 
to gas flow in the lower part.

In all simulations, dry N2 at 20 °C has been used as the 
working fluid. No end effects have been considered for the gas 
flow since the ratio of the length over the average gap width is 
very large for all devices (about 4000 for FPG8601 and 1000 
for FRS). It has been proved that, under such conditions, end 
effects are negligible [26].

Table 2. Geometrical data of FRS4 and FRS5 provided by CMI and PTB, respectively.

FRS assembly FRS4 (CMI) FRS5 (PTB)

FRS part Top Top Bottom

Number of angular positions 8 8 8
Number of axial points 2001 882 1
Engagement length (mm) 40.00 44.05 7.95
Average gap inlet width (µm) 34.038 58.842 30.200
Average gap width (µm) 33.412 31.683 30.200
Average gap outlet width (µm) 31.825 58.287 30.200
Average piston radius (mm) 56.418 41 37.985 09 37.985 56
Average cylinder radius (mm) 56.451 82 38.016 78 38.015 76
Average piston area (cm2) 100.0015 45.329 02 45.330 12
Diameter uncertainty (nm) 500 25 25
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4.2. Computation of effective area

Simulations have been performed for all 5 PCAs at each 
angular position according to the data in tables 1 and 2, and 
each time the effective area has been calculated, considering 
a device as axisymmetric with constant radii in the azimuthal 
direction for both piston and cylinder. Then, the overall Aeff is 
recovered as the average of all angular values. In all cases, the 
effective area results are provided with respect to the pressure 
difference (ΔP) which is defined as the difference between 
the measured absolute pressure and the reference absolute 
pressure, the latter being 100 kPa for the gauge mode and 0 Pa 
for the absolute mode.

To test the range of applicability of all available numerical 
tools, simulations using the BGK kinetic equation, Dadson 
theory and the CFD algorithm have been carried out, and a 
comparison is performed to test the range of validity of the 
viscous approaches (Dadson and CFD). Results are presented 
in figures  2–4 for the FPG8601 of PTB, the FRS4 and the 
FRS5, respectively. A comparison between the effective areas 
computed by the kinetic and viscous approaches is provided 
first in the gauge mode and then in the absolute mode.

In the gauge mode of the FPG device (figure 2), there are 
significant discrepancies between the kinetic approach and 
the two viscous approaches. This is contributed to the small 
width of the gap in the FPG, which is about 2–4 µm, resulting, 
especially at the end of the piston-cylinder engagement length 
where both pressure and gap width are reduced, to rarefied 
conditions. As it is well known in such conditions the Knudsen 
number is relatively large and the viscous approaches are 
not valid. On the contrary, very good agreement between 
the effective areas of the kinetic and viscous approaches is 
observed in the gauge mode of the FRS4 (figure 3) and FRS5 
(figure 4) devices. In both FRS, the gap width is of the order 
of tens of mircometres and the flow is mostly in the hydrody-
namic and (partially) in the slip regimes. Consequently, in the 
gauge mode, the kinetic approach is valid for all PCAs, while 
the Dadson and CFD approaches are applicable only for the 
FRS devices.

In the absolute mode of the FPG (figure 2) and FRS5 (figure 
4), the discrepancies between the kinetic approach and the two 
viscous approaches are always significant, and this is due to 
the low pressures with the gas flow being in the transition and 
free molecular regimes. Under such rarefied conditions, only 
the kinetic methodology can provide reliable and accurate 
results. Even when the pressure is increased and the deviations 
between the kinetic and viscous approaches are reduced, the 
viscous approaches cannot be implemented because the exact 
pressure at which gas rarefaction effects start to appear is not 
known a priori and it varies at each device. Consequently, in 
the absolute mode, the viscous approaches are not applicable. 
Therefore, the results presented here are based on the kinetic 
approach since it is the only one that should be applied for 
both modes and all devices.

Closing this discussion, it is noted that comparing the 
effective areas of the FPGs of RISE and INRiM, based on the 
kinetic and viscous approaches, yields a similar behavior with 
the one observed in figure 2 for the FPG of PTB and therefore, 
these plots are omitted.

In table 3 the effective area Aeff for the three FPG devices 
is tabulated, in the absolute and gauge mode operation. The 
respective results for the two FRS devices are presented in 

Figure 2. Effective area of FPG8601 of PTB for gauge (left) and absolute (right) mode.

Figure 3. Effective area of FRS4 for gauge mode.
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table 4. As pointed in section 2, the pressure range varies in 
each device depending on its maximum operating pressure. 
More specifically, the maximum operating pressure of the 
FPG8601, the FRS4 and the FRS5 is 15 kPa, 3.2 kPa and  
11 kPa, respectively.

In the gauge mode for all FPG8601 devices, the effective 
area increases as the operating pressure is increased. However, 
in the absolute mode, the effective area of the FPG of PTB is 
increased with the operational pressure, while it is decreased 
for the other two FPGs of RISE and INRiM. The effective 
area of both FRS4/5 is slightly decreased as the operating 
pressure is increased in the gauge mode. For the FRS5 in the 
absolute operational mode the effective area is not changed 

monotonically with pressure. Initially, it increases with 
operational pressure changing from 10 Pa to 100 Pa, then it 
decreases with operational pressure rising to 5 kPa and then, 
it increases again. As it is seen, there is no clear trend of the 
effective area with respect to the operating pressure, and this 
is true for all devices (including the three FPGs).

Based on the tabulated results in tables 3 and 4, it is con-
cluded that the effective area is strongly affected by the geom-
etry of the device and the flow conditions. Even for devices of 
the same type, the value of Aeff, as well as its dependency on 
the operational pressure, may be different.

4.3. Estimation of associated uncertainties

The standard uncertainty introduced by each parameter 
involved in the computation of the effective area is estimated. 
These uncertainties are tabulated in tables 5 and 6 for the gauge 
and absolute modes, respectively, for all five devices and the 
maximum operating pressure of each device. All values are 
in parts per million (ppm) and they are computed based on 
equation (8). The total uncertainty, based on equation (9), is 
also provided. Next, each introduced uncertainty is separately 
discussed for different scenarios.

Starting with the dimensional uncertainty it is seen that, 
as expected, uncertainties introduced from dimensional meas-
urements are, in general, significant. For devices where the 
uncertainty of the dimensional measurements is of the order 

Figure 4. Effective area of FRS5 for gauge (left) and absolute (right) mode.

Table 3. Effective area (cm2) of the three FPG assemblies in the gauge and absolute modes.

ΔP/Pa

Gauge mode Absolute mode

PTB RISE INRiM PTB RISE INRiM

2 9.806 0712 9.805 0698 9.805 1821 9.806 0260 9.805 2474 9.805 2480
10 9.806 0712 9.805 0699 9.805 1822 9.806 0277 9.805 2462 9.805 2479
100 9.806 0712 9.805 0699 9.805 1822 9.806 0383 9.805 2405 9.805 2447
1000 9.806 0714 9.805 0703 9.805 1827 9.806 0519 9.805 1929 9.805 2307
2500 9.806 0717 9.805 0710 9.805 1837 9.806 0573 9.805 1607 9.805 2154
5000 9.806 0722 9.805 0722 9.805 1852 9.806 0604 9.805 1389 9.805 2040
7500 9.806 0728 9.805 0734 9.805 1868 9.806 0621 9.805 1286 9.805 1980
10 000 9.806 0733 9.805 0746 9.805 1883 9.806 0635 9.805 1225 9.805 1951
12 500 9.806 0738 9.805 0758 9.805 1898 9.806 0647 9.805 1188 9.805 1940
15 000 9.806 0744 9.805 0770 9.805 1914 9.806 0658 9.805 1166 9.805 1939

Table 4. Effective area (cm2) of the FRS4/FRS5 assemblies in the 
gauge and absolute modes.

ΔP/Pa

Gauge mode Absolute mode

FRS4 (CMI) FRS5 (PTB) FRS5 (PTB)

1 100.057 12 45.366 680 45.366 700
10 100.057 12 45.366 680 45.366 728
100 100.057 12 45.366 679 45.366 733
1000 100.057 12 45.366 679 45.366 686
2000 100.057 11 45.366 678 45.366 654
3200 100.057 10 45.366 678 45.366 631
5000 — 45.366 677 45.366 619
7000 — 45.366 676 45.366 623
9000 — 45.366 675 45.366 636
11 000 — 45.366 674 45.366 656
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of 25–30 nm, the uncertainty introduced in Aeff is about 1 ppm 
or less, depending on the device. When dimensional uncer-
tainty is higher, the contribution is also higher and can reach 
up to 8 ppm. Along with the uncertainty of the dimensional 
measurement, the effect of the limited number of the meas-
urement angles was studied and, in tables 5 and 6, is included 
in the dimensional uncertainty. It is noted that the exact value 
depends not only on the dimensional uncertainty but also the 
average piston-cylinder radius.

Concerning the uncertainty introduced by the accommoda-
tion coefficient, it is noted that in most cases α  =  1 (this is the 
reference value for the estimation of Aeff). In some cases, when 
the surface is treated, α may be slightly reduced. Here, two 
scenarios have been examined: (a) α  =  0.9 and (b) α  =  0.8. 
In the first scenario, the maximum deviations are 1.2 ppm and 
0.47 ppm for the absolute and gauge operation modes, respec-
tively, and the corresponding values in the second scenario 
are 2.44 ppm and 1.02, respectively. Taking into consideration 
that α  =  0.8 corresponds to a highly polished surface, it may 
be concluded that the effect of the accommodation coefficient 
is of moderate importance but not negligible.

Next, the uncertainty introduced by gas temperature vari-
ations is examined by considering the deduced changes of 
the gas properties, namely the most probable velocity and 
viscosity. Deformations of the piston and the cylinder due 
to material’s thermal expansion are not considered, since the 
temperature fluctuations are small and, because the thermal 
expansion correction is usually applied to the effective area 
during piston gauge operation considering the PCA temper-
ature. Two scenarios are examined: (a) ΔT  =  ±1 K and (b) 
ΔT  =  ±2 K. In all cases, the deviations are less than 0.11 ppm. 
Since the operation of the devices is under isothermal condi-
tions and the pressure range is small with very weak com-
pressibility effects, temperature variations larger than 2 K are 
not expected. Therefore, the temperature effect on the uncer-
tainty of Aeff is negligible.

The uncertainty due to the implementation of the BGK 
kinetic model equation  instead of the BE is also examined. 
To achieve that, the flow has been simulated by solving the 
linearized BE and comparisons with the corresponding BGK 
results have been performed. In the absolute operation mode, 
where gas rarefaction effects are stronger, the maximum 
deviation is about 0.25 ppm, while in the gauge operation 
mode, where the gas is more dense, the maximum value is 
0.11 ppm. It is clear that the BGK model does not introduce 
any significant error in the calculations of Aeff and the BGK 
equation can be considered as a reliable tool in the case of 
isothermal flows.

The gas flowing in the gap between the piston and the cyl-
inder in the reference case is considered to be dry N2. In fact, 
under real conditions it contains 50% relative humidity. To 
judge if the assumption of dry N2 has a significant impact on 
the results, simulations have been performed for all devices 
using the equivalent gas theory [27]. Now the gas mixture is 
considered as a single equivalent gas and its properties are the 
weighted mean average of the properties of the mixture comp-
onents. It has been found that in all cases the deviations are 
smaller than 0.04 ppm. Although strictly speaking the equiva-
lent single gas theory is valid in the slip and viscous regimes 
and its accuracy is gradually reduced in the transition or the 
free molecular regimes, it may be safely concluded that the 
dry gas assumption has a negligible effect on the computation 
of the effective area.

Finally, based on all these uncertainties the total uncer-
tainty for each PCA at its maximum operation pressure is 
tabulated in the last lines of tables 5 and 6. It is computed via 
equation (9) as the Euclidean norm of all uncertainty contrib-
utions for the worst-case scenario. For all five assemblies, the 
total uncertainty is less than 10 ppm. The uncertainty of the 
dimensional measurements is the most important parameter 
followed by the accommodation coefficient, while the uncer-
tainties due to variations in the gas temperature, the use of the 

Table 5. Theoretical standard uncertainty (ppm) for all PCAs at maximum operation pressure in the gauge mode.

PCA FPG8601 (PTB) FPG8601 (RISE) FPG8601 (INRiM) FRS4 (CMI) FRS5 (PTB)

Dimensional uncertainty 1.07 8.00 1.04 6.26 0.57
Acc. coef. (α  =  0.9) 0.11 0.47 0.38 0.00 0.00
Acc. coef. (α  =  0.8) 0.27 1.02 0.81 0.01 0.00
Temperature change (±1 K) 0.00 0.01 0.01 0.00 0.00
Temperature change (±2 K) 0.01 0.02 0.02 0.00 0.00
Model equation (BGK versus BE) 0.03 0.11 0.09 0.00 0.00
Relative humidity (50%) 0.00 0.01 0.01 0.00 0.00
Total uncertainty 1.11 8.07 1.32 6.26 0.57

Table 6. Theoretical standard uncertainty (ppm) for all PCAs at maximum operation pressure in the absolute mode.

PCA FPG8601 (PTB) FPG8601 (RISE) FPG8601 (INRiM) FRS5 (PTB)

Dimensional uncertainty 1.07 8.00 1.04 0.57
Accom. coef. (α  =  0.9) 0.35 1.20 1.13 0.17
Accom. coef. (α  =  0.8) 0.75 2.44 2.31 0.30
Temperature change (±1 K) 0.01 0.05 0.05 0.01
Temperature change (±2 K) 0.03 0.11 0.10 0.02
Model equation (BGK versus BE) 0.05 0.25 0.19 0.03
Relative humidity (50%) 0.01 0.04 0.04 0.01
Total uncertainty 1.31 8.38 2.55 0.65
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BGK model and the humidity content are negligible. It is con-
cluded that, by implementing kinetic modeling tools, accu-
rate values of Aeff in the operation pressure range of 1 Pa–15 
kPa for both the absolute and gauge operational modes can be 
obtained. Furthermore, provided that dimensional measure-
ments with small uncertainty are recovered, pressure meas-
urements of high accuracy can be ensured.

5. Concluding remarks

In the present work, the effective area of three FPG8601, 
one FRS4 and one FRS5 in the whole operational pressure 
range of each device varying between 1 Pa and 15 kPa has 
been computed. Geometrical data for the PCAs have been 
provided by PTB, RISE, INRiM and CMI. Since the flow is 
under rarefied conditions, modeling has been based on the 
BGK model equation, while the typical Dadson and CFD 
approaches have been complimentary applied only in the 
viscous regime.

It has been found that the effective area is strongly 
affected by the geometry of the device and the flow condi-
tions, and its estimated value, as well as its dependency on 
pressure, may be different even for devices of the same type. 
Furthermore, an uncertainty analysis has been performed. It 
is concluded that the main source of uncertainty is the dimen-
sional measurements of the piston and the cylinder, followed 
by the accommodation coefficient characterizing the gas-
surface interaction, while the effect of other flow and mod-
eling parameters is negligible. In all cases, the total standard 
uncertainty of the effective area has been found to be less 
than 10 ppm indicating that pressure measurements of high 
accuracy can be ensured. It is noted that, since the effective 
area is computed based solely on simulations, the FPG and 
the FRS piston gauges characterized in this way can serve as 
primary pressure standards.

Finally, it is noted that a comparison between the computed 
effective areas based on the present analysis with the corre-
sponding experimental ones obtained by the NMIs taking into 
account the associated uncertainties is in progress. The objec-
tive is to determine the expected accuracy when the PCAs are 
used as primary and secondary pressure standards.
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