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Abstract 

In support of the project for determination of the Boltzmann constant by dielectric constant gas 
thermometry a system of pressure balances has been designed and constructed with the goal of 
defining pressures in helium in gauge and absolute measurement modes up to 7 MPa with a 
relative standard uncertainty of 1∙10-6. The design supports this reduced uncertainty with focus 
on the areas of temperature stability, mass uncertainty, effective area and pressure distortion 
coefficient. The system includes two pressure balance platforms, three 20 cm2 and three 2 cm2 
piston-cylinder assemblies (PCAs) and automated mass handlers. The design of the PCAs and of 
their mounting was optimized to reduce pressure distortion coefficients and mounting induced 
deformations. The PCAs gap width was adjusted to reach an optimal compromise of fall rate and 
sensitivity. In order to perform automated cross-floats with the pressure balances with a 
possibility of different gases and a high level of cross-float sensitivity, differential pressure cells 
(DPCs) were applied to indicate pressure equilibrium. The pressure balances have similar 
performance with both nitrogen and helium. For any pair of the PCAs, comparisons conducted 
by automated cross-floats demonstrate repeatability of area ratios within (0.2 to 0.5)∙10-6 up to 
7 MPa. The effective area ratios obtained from cross-floats for all possible combinations of 
PCAs are consistent within 0.96∙10-6. Using dimensional measurements, the effective area of the 
20 cm2 and 2 cm2 PCAs were determined with relative standard uncertainties of 0.7∙10-6 and 
1∙10-6, respectively. Based on the currently available dimensional and cross-float data the relative 
standard uncertainty of the absolute pressure of 7 MPa is equal to 2.1∙10-6. 

 
Keywords:  Pressure balance, Boltzmann constant, 1 ppm, cross-float, effective area, piston-
cylinder assembly 
 

1 Introduction 
For the last several years PTB has been pursuing a project aimed at re-determining the 
Boltzmann constant (k) [1, 2].  To achieve the aims of the project it is necessary to perform 
absolute pressure measurements with a relative standard uncertainty of 1·10-6 in the range of 2 to 
7 MPa in helium [3]. 

In order to achieve the desired uncertainty a system of pressure balances was designed and 
constructed with features supporting reduced uncertainty in key areas.  Three 20 cm2 nominal 
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area PCAs were created with the intention of determining effective area (A0) by dimensional 
measurements and to inter-compare with each other and with other pressure standards in the 
pressure range up to 750 kPa. Three 2 cm2 nominal area PCAs were created to inter-compare and 
to extend the pressure range to 7 MPa. 

The pressure balances were evaluated during individual and cross-float operation. In addition, 
effective area ratios from cross-floats were compared to ratios determined from dimensional 
measurements on all PCAs. 

2 Design 
The design of the 7 MPa pressure balances incorporated as many standard production elements 
as possible to maximize use of proven tooling and processes and to minimize risk in performance 
and schedule.  Several new designs and design modifications were created in order to achieve the 
required level of performance.  Particular attention was given to design areas affecting 
temperature stability, mass uncertainty, effective area and distortion coefficient. 

2.1 Temperature and environment 
To minimize potential thermal gradients within the pressure balances, all active electrical 
components are placed in a remote electronics module.  In addition, the stainless steel bell jar 
required for vacuum reference operation may be used in gauge mode (atmosphere reference) 
operation to insulate the pressure balance from ambient disturbances. 

As in a commercial pressure balance, the large thermal mass of the piston-cylinder mounting 
post provides a good base both for thermal stability as well as for piston-cylinder temperature 
measurement.  To further improve thermal performance the contact area between the 2 cm2 
cylinder and the mounting post is maximized, improving thermal coupling (see Figure 1). 

In addition to improving the thermal stability of the piston-cylinder assemblies, a second 
platinum resistance thermometer (PRT) is installed in each mounting post.  The two temperature 
readings may be averaged for calculation of thermal expansion and the values may be compared 
to indicate temperature homogeneity. 

2.2 Mass uncertainty 
The mass load consists of the floating piston or cylinder, mass carrying bell, annular main 
masses and tubular binary masses.  Automated mass handlers improve mass uncertainty by 
minimizing wear from manual mass loading. 

The eleven 12.5 kg main masses in each mass set are made from austenitic stainless steel alloy 
HE210, noted for long term stability and for having no residual magnetism.  They were designed 
and manufactured in accordance with recommendation OIML R 111-1, class E1, concerning 
material mechanical and magnetic properties [8].  The seven tubular binary masses in each mass 
set are made from 304L stainless steel and are 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 and 6.4 kg. After 
demagnetisation the binary masses correspond to class F1 to F2 of OIML R 111-1. 

2.3 Effective area and distortion coefficient 
The effective areas of the six PCAs are determined by dimensional measurements and by cross-
float, see [5] and [6].  To reduce uncertainty in effective area and distortion coefficient several 
measures were taken, see Figure 1. 



 
Figure 1 – 20 cm2 and 2 cm2 piston-cylinder assemblies 

In the 20 cm2 PCA the wall thickness of the cylinder (1) is doubled from the previous production 
design from 4 to 8 mm.  Although this increases the minimum mass and, thus, the minimum 
achievable pressure, the thicker cylinder reduces the deformation coefficient by approximately 
30%.  In addition the thicker cylinder is less prone to distortion when assembled to the cylinder 
cap (2), significantly improving roundness.  Mounting of the 20 cm2 PCA piston (3) is improved 
by moving o-ring seals (4) from the inner diameter to the top and bottom surfaces eliminating 
small discontinuities in radial stress and reducing variations associated with assembly. 

The 2 cm2 PCA was redesigned from the standard hollow piston configuration operating in 
negative free deformation.  The piston (5) is solid to reduce deformation coefficient and the PCA 
is operated in positive free deformation.  The test pressure seal (6) is on the ID of the cylinder 
rather than on the bottom surface to eliminate end loading of the cylinder. 

2.4 Automated cross-float 
In order to accomplish comparisons at the highest level in both gauge and absolute modes, 
automated cross-float techniques are used [4].  The Compass for Pressure®  Cross Float 
Extension allows for automated or semi-automated operation of cross-floats for PCAs using a 
low range DPC to indicate small differences between the two pressure balances.  Test sequences 
control the pressure generation, valve actuation and DPC zeroing (at each pressure) for 1:1 as 
well as for non-equal area comparisons. 

Additions to the Cross Float Extension were created for this project, including support of all new 
hardware, logging of all discrete parameters, independent measurements of residual vacuum and 
the addition of a new stability (Ready) criterion.  The new Ready criterion,  which is applied in 
addition to existing pressure balance stability criteria, permits data collection only when the DPC 
stability results in estimated effective area change of the device under test (DUT) to be less than 
or equal to 2∙10-6  (adjustable).   



2.5 Piston-cylinder gap 
The gap between piston and cylinder is critical for pressure balance design and operation.  
Determination of the gap size for a piston-cylinder involves a balance between fall rate, 
sensitivity, robustness and uncertainty of effective area.  Smaller gaps produce lower fall rates 
and lower uncertainty of effective area, however smaller gaps can result in PCAs that have 
decreased sensitivity or that are difficult to clean and maintain, particularly for automated 
operation.  For this program the piston-cylinder gaps were made as small as possible while 
maintaining desirable performance characteristics. 

3 Results and discussion 
Temperature stability and homogeneity is quantified by comparison of the PRTs in the mounting 
posts during operation.  The temperature increase during a 4.5 hour cross-float is typically 0.1 °C 
with the difference between PRTs in a given pressure balance less than or equal to 0.03 °C. 

The 12.5 kg main mass values were measured with a relative standard uncertainty of 0.05∙10-6 in 
2008 and, after one year of operation of the pressure balances, in 2010. The relative change of 
the main masses is between -0.080∙10-6 and 0.024∙10-6.  The binary mass values were determined 
with relative standard uncertainties from 0.5∙10-6 to 1.5∙10-6. 

In 2009 detailed dimensional measurements of the 20 cm2 piston-cylinders were performed on 
pistons and cylinders with estimated uncertainties of 8 nm on pistons and 16 nm on cylinders [5].  
A repeat measurement of  PCA 1159 in 2010 provides an indication of dimensional stability.  
Based on absolute diameter measurements, differences in radius of the piston from 2009 to 2010 
are within ±19 nm, a relative difference of 0.8∙10-6. Differences in radius of the cylinder are 
between -9 and 27 nm, a relative difference of (-0.4 to 1.1)∙10-6 . 

The gap initially manufactured for PCA 1341 allowed normal operation at the manufacturer, 
however proved difficult to maintain during inter-comparisons in the project.  It was decided part 
way into the project to remove a small amount of material from the piston to increase the gap.  
As measured by drop test at the manufacturer the gap was increased by approximately 20%, a 
value to be confirmed with dimensional measurements.  The PCA is now able to perform 
through comparisons in the project and will return to service once dimensional redetermination is 
complete. 

The effective areas determined for the three 20 cm2 piston cylinders is shown, along with their 
standard uncertainties, in Table 1, see [1] and [4]. 

 

Table 1 – Dimensional A0 and their standard uncertainties (k=1) 
 

 

From the dimensionally determined effective areas shown in Table 1, the areas of the 2 cm2 
PCAs are determined by cross-float in absolute mode.  Automated cross-float is used to 
determine the effective area of a device under test (DUT) from the reference (Ref) PCA [4].  
Every PCA is compared to each of the others to validate the cross-float performance and to 

PCU A0 u(A0)/A0  ∙106 
1159 19.610114 0.7 
1162 19.610060 0.5 
1163 19.610441 0.6 



determine the uncertainty of the ratios.  Figure 2 shows the result of a cross-float between two 
2 cm2 PCAs (1342 and 1343) as an example.  Each cross-float consists of five to six cycles up 
and down. 

 
Figure 2 – Cross-float of two 2 cm2 PCAs, 1342(Ref) and 1343(DUT) in N2 

Pressure balance performance is demonstrated, in part, by cross-float performance.  Table 2 
shows the effective area ratios and uncertainties of all ten combinations of the three 20 cm2 
PCAs and 2 cm2 PCAs 1342 and 1343 . 

Table 2 – Cross-float area ratios and their standard uncertainties (k=1) 

 A0-ratio u(A0-ratio) ∙106 
1159/1162 1.00000342 0.64 
1162/1163 0.99998100 0.50 
1163/1159 1.00001559 0.67 
1159/1342 9.99929664 0.83 
1343/1159 0.10000422 0.87 
1342/1162 0.10000741 0.84 
1162/1343 9.99953954 0.87 
1163/1342 9.99944614 0.83 
1343/1163 0.10000269 0.82 
1342/1343 1.00002709 0.96 

 

4 Conclusion 
The evaluation of the pressure balances for the Boltzmann constant project indicates that the 
pressure balances should be capable of generating pressure in the range of 2 to 7 MPa with the 



required uncertainties.  Minimizing sources of variation as well as minimizing the values of 
quantities such as deformation coefficient contributes to these results.  Automated cross-float, 
particularly in absolute mode, is important for this effort. 

The cross-float area ratios of the three 20 cm2 PCAs are consistent within 0.01∙10-6. All ten 
cross-float area ratios of the PCAs were determined over their full operational pressure ranges 
and are consistent within 1.5∙10-6. The pressure balances demonstrate the performance required 
for the Boltzmann constant project and, at present, allow pressure measurement up to 7 MPa 
with a relative combined standard uncertainty below 2.1∙10-6.  Future work includes continued 
inter-comparison involving PCA 1341 and other standards as well as further evaluation of 
dimensional and mass stability.  
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