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Abstract 

ABSTRACT 

There are two primary methods to derive pressure from the base units of mass, length 

and time, Le. a liquid manometer and a pressure balance. The key problem associated 

with pressure measurement using a pressure balance is centred on the determination 

of the effective area of the piston-cylinder assembly (PCA) under the appropriate 

operating conditions. Dimensional measurements alone cannot provide formally 

recognised traceability to the SI unit, the pascal (Pa), without extreme levels of data 

and mathematical modelling, supported with extensive comparison histories with 

other instruments of proven performance. Intercomparisons have demonstrated that 

the uncertainty of measurements using pressure balances, have reached a plateau of 

approximately 5 to 10 ppm due to unexplained phenomena. 

The aim of this research is to identify any evidence of pressure dependency as a 

function of surface texture applied onto the piston of 35 mm diameter peA, using a 

gas-operated (gas-lubricated) pressure balance. This has been achieved via a number 

of research objectives; understanding and documentation of the PCA manufacturing 

techniques, design and manufacture of a pair of pressure balances, investigation of 

the influence of rotational speed (RS) and rotational direction (RD), investigation of 

the influence of a range of PCAs with different surface textures, and calibration 

directly to the UK Primary Pressure Standard. 

The novel results of the research demonstrated the quality of the pressure balance 

build and stability, and the performance of the PCAs. Experimental investigation has 

identified that RS (0.5 to I Hz) and RD (clockwise or counter clockwise) do not 

affect the determination of the effective area. The work has further concluded that 

the limited range of surface texture applied to the peAs, generally does not influence 

the determined effective area with respect to the uncertainty budget of the pressure 

balance (16.4 ppm at k = 2). However, very smooth peAs consistently produce the 

lowest value of effective area. 
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under the same conditions of measurement. Conditions 
include: same procedure, observer, instrument, 
conditions, location; and carried out over a short period 
of time [PD6461-11995]. 

Closeness of the agreement between the results of 
measurements of the pressure carried out under changed 
conditions of measurement. Includes changing some of 
those conditions which are held constant for 
'repeatability', and may refer to measurements carried 
out over a long period of time [PD6461-4 2004]. 

Smallest difference between indications of a displaying 
device that can be meaningfully distinguished. Note that 
it is important not to confuse the resolution of a display 
alone with the resolution of a pressure measuring system 
which incorporates a display; the system will have less 
(poorer) resolution than the display alone [PD6461-1 
1995]. 

Process marks or witness marks produced by the action 
of the cutting tool or machining process, but may include 
other factors such as the structure of the material [Taylor 
Hobson 2006]. 
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Roundness 

Straightness 

True value 

Type K thennocouple 

Spinning time 

Standard deviation 

Standard uncertainty 

Stylus 

Surface 

Surface texture 

Thennocouple 

The tolerance zone is limited in the measuring plane 
perpendicular to the axis by two concentric circles a 
distance t apart [Mahr 2006b]. 

The tolerance zone is limited in the measuring plane by 
two parallel straight lines a distance t apart [Mahr 
2oo6b]. 

Value consistent with the definition of a given particular 
quantity [ISOtrAG 41993]. 

The general purpose thennocouple. It is low cost, and 
owing to its popUlarity; made of Chromyl (Ni-Cr alloy) I 
A1umel (Ni-AI alloy» [Wikipedia 2006b]. 

Time taken for a piston to stop from spinning, once it is 
spun at a specific initial speed of rotation (at a specific 
pressure value), and is measured in min. 

A mathematical quantity used to characterise the 
dispersion of results [NPL 2006]. 

Uncertainty of the result of a measurement expressed as a 
standard deviation [NPL 2006]. 

Mechanical implement used to contact workpiece and to 
communicate displacement to transducer [Whitehouse 
1994]. 

A surface is a boundary that separates an object from 
another object or substance and it can be divided into two 
types. Anisotropic surface - a surface with a visible 
directional lay on its roughness. Isotropic surface - a 
surface having no obvious directional lay on its 
roughness [Whitehouse 1994]. 

The geometry imparted [Whitehouse 1994]. 

Is a widely used type of temperature sensor, and can also 
be used as a means to convert thermal potential 
difference into electric potential difference. It measures 
the temperature difference between two points, not 
absolute temperature [Wikipedia 2006]. 
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Traceability 

Transducer 

Transfer standard 

Tribology 

Trimming (cross-floating) 

Trimming (lapping) 

True value (of a quantity) 

Type A uncertainty 

Type B uncertainty 

Uncertainty of 
measurement 

Uncertainty budget 

Valley 

Property of the result of a measurement or the value of a 
standard whereby it can be related to stated references, 
usually national or international standards, through an 
unbroken chain of comparisons all having stated 
uncertainties [NPL 2006]. 

Device that provides an output quantity having a 
determined relationship to the pressure. Commonly used 
in pressure measurement to refer to pressure transducers 
with voltage outputs [NPL 2006]. 

Standard used as an intermediary to compare standards 
[NPL2006]. 

The science and technology of interacting surfaces in 
relative motion and of the practices related thereto 
[Bushan 2001]. 

A balancing process using a set of standard weights in 
order to get an equilibrium condition. 

Final work (lapping and superfinishing) to match a piston 
into a cylinder, so that any observable geometrical 
imperfections are refined. 

Value consistent with the definition of a given particular 
quantity [PD6461-1 1995]. 

Method of evaluation of uncertainty by the statistical 
analysis of a series of observations [PD6461-4 2004]. 

Method of evaluation of uncertainty by means other than 
the statistical analysis of a series of observations 
[PD6461-42004]. 

Parameter, associated with the result of a measurement, 
that characterised the dispersion of the values that could 
reasonably be attributed to the measurand [ISOrr AG 4 
1993]. 

A calculation detailing the component terms contributing 
to the uncertainty of a measurement, their statistical 
distribution, mathematical manipulation and summation 
[NPL2006]. 

Minimum extent of the profile of a surface [Whitehouse 
1994]. 
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. Vickers hardness test (HV) A pyramid-shaped indenter made of diamond is used. It 
is based on the principle that impressions made by this 
indenter are geometrically similar regardless of load 
[Wikipedia 2006]. 

Waviness This is usually produced by instabilities in the machining 
process, such as an imbalance in a grinding wheel, or by 
deliberate actions in the machining process. Waviness 
has a longer wavelength than roughness which is 
superimposed on the waviness [Taylor Hobson 2006]. 

Wringing Sticking of smooth surfaces in contact. Presence of fluid 
film necessary [Whitehouse 1994]. 
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LIST OF SYMBOLS 

Symbols are arranged in alphabetical order based on chapters. Some symbols may 

differ from chapter to chapter. 

Chapter 2 

Symbol Description 

A Area (m2
) 

F Force in newton (N) 

g Acceleration due to gravity (ms·2) 

h Height of mercury column (m) 

I Assessment length of profile, containing few sampling length (!Lm) 

I; ilh sampling length (!Lm) 

p Pressure in pascal (Pa) 

Ra Arithmetic mean of the absolute magnitude ofthe roughness profile (!Lm) 

Rku Kurtosis - is a measure of the sharpness of the surface profile (!Lm) 

Rp Maximum height ofthe profile above the mean line (!Lm) 

Rq RMS parameter corresponding to Ra (!Lm) 

Rsk Skewness - is the measure of the symmetry of the profile about the mean 
line (!!ID) 

R, Maximum peak to valley height of the profile (!!ID) 

Rv Maximum depth ofthe profile below the mean line (!Lm) 

z(x) Vertical characteristics of the surface profile variation (!Lm) 

p Density of mercury (kgm03) 

Chapter 3 

Symbol Description 

Ao Effective area of the PCA at a reference temperature t, and atmospheric 
pressure (m2

) 

AJ Effective area of a larger piston (differential PCA) (m2
) 

A2 Effective area of a smaller piston (differential PCA) (m2
) 
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C 

CT 

h 

H 

I 

m 

mi 

P 

PI 

P2 

Differential effective area (m2) 

Circumference of the piston at the level where it emerges from pressure 
transmitting fluid (m) 

Temperature correction factor, due to linear thermal expansion 
coefficients of piston and cylinder 

Relative different in mass, between true mass (m) and conventional mass 
(me) (kg) 

Young's modulus of elasticity of the cylinder (Pa) 

Young's modulus of elasticity of the piston (Pa) 

Force detected by the weighing instrument (N), but displayed in mass unit 
(kg) 

Weight force ofthe displaced air (N) 

Frictional force exerted on the vertical flanks of the piston by the pressure 
transmitting fluid (N) 

Actual gravitational force generated by the mass, m (N) 

Local acceleration due to gravity (ms·2) 

Gravity value at the equator and at sea level, which is equal to 9.7803184 
ms·2 

Gravity value calculated for latitude cp and height H meters above sea 
level (ms·2) 

Difference in heights between the piston base and a selected reference 
level (m) 

Height above sea level (m) 

Radial separation between the piston and cylinder (m) 

Radial separation between the piston and cylinder at x = 0 (m) 

Engagement length of a piston in a cylinder (m) 

Mass of the weighing sample (kg) 

Conventional mass (kg) 

Individual true mass value of each weight (including all floating elements 
e.g. piston and ball·bearing) applied on the piston (kg) 

Gauge pressure measured at the reference level (Pa) 

Fluid pressure being measured at the base ofthe piston (Pa) 

Fluid pressure being measured at the level where it emerges from pressure 
transmitting fluid and exposed to the ambient pressure (Pa) 
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Pi Operating jacket pressure of the controlled-clearance PCA (Pa) 

Po Atmospheric pressure (Pa) 

r Outer radius of the piston (m) 

R Inner radius of the cylinder (m) 

r Radius ofthe neutral surface (m) 

Re Average outer radius of the cylinder (m) 

re Average inner radius of the cylinder (m) 

ro Piston radius at the position x = 0 (m) 

t Measured temperature of the PCA at the moment measurement 
taken/pressure is generated (oC) 

1"1 Reference temperature at which Ao is measured, normally 20DC 

u Piston deviations from the ideal reference radius (m) 

U Cylinder deviations from the ideal reference radius (m) 

W Gravitational force due to applied masses (N) 

w Gravitational force acting on the column of fluid of annular cross-section 
contained between the surface of the piston and the neutral surface (N) 

W' True value of the corrected gravitational force due to applied mass (N) 

w' Corrected gravitational force acting on the column of fluid of annular 
cross-section contained between the surface of the piston and the neutral 
surface (N) 

a Angle of a tilting PCA 

at Linear thermal expansion coefficient of the cylinder (DCI
) 

a;. Linear thermal expansion coefficient of the piston ("Cl) 

p. A constant, which is equal to 0.0053024 

/3J. A constant, which is equal to 0.0000059 

r Surface tension ofthe pressure transmitting fluid used (Nm"l) 

E Ratio between the radial separation, he and the radius ofthe piston, r 

rp Latitude, where the gravity value is calculated (arc degree) 

A Elastic pressure distortion coefficient of the PCA (Pa"l) 

Ve Poisson coefficient of the cylinder 

vp Poisson coefficient of the piston 

Pa Density of ambient air (kgm"3) 
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Pac Conventional value of air density (1.2 kgm-3) 

Pt Density of the pressure-transmitting fluid (kgm-3) 

Pm Density of mass, m (kgm-3) 

pmc Conventional density of weighing sample (8000 kgm-3) 

Pmi Density of ith weight (kgm-3) 

Chapter 4 

Symbol 

Kr 

Description 

Approximately 68.3% level of confidence, or k = 1 

Approximately 95.5% level of confidence, or k = 2 

Helium-3 

Approximately 99.7% level of confidence, or k= 3 

Helium-4 

Argon 

Carbon dioxide 

Hydrogen 

Helium 

Krypton 

Nitrogen 

Jacket pressure (Pa) 

Stall jacket pressure, i.e. the value of jacket pressure, Pj at which the 
clearance between the piston and cylinder is zero (Pa) 

Sulfur hexafluoride 

Relative standard uncertainty of the determined effective area (ppm) 

A method introduced to eliminate effects such as surface tension, mass or 
density of piston in the determination of the effective area 
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ChapterS 

Symbol 

SiC 

TaC 

Ti 

x 
o 

Description 

Aluminium oxide 

Cobalt 

Chromium carbide 

Coverage factor 

Reference PCA 

Combination of a Piston X with a Cylinder Y, where X = 1 to 7 and Y = 2 
t04 

The arithmetic mean of the absolute magnitude of the roughness profile 
(Ilm) 

Silicon carbide 

Tantalum carbide 

Titanium 

Cemented tungsten carbide 

Toughned zirconia 

Magnetic susceptibility 

Diameter (mm) 

Chapters 6, 7, 8,9 and 10 

Symbol Description 

a 

Ao 

A.o 

AI(p,2O"C) 

Ar(P2C3) 

Pressure distortion coefficient determined by the NPL (ppmlMPa) 

Effective area determined by the NPL (mm2
) 

Simplified symbol for AI(p,20"C) (mm2
) 

Effective area of the reference PCA at pressure p and reference 
temperature 20·C (mm2

) 

Effective area of the reference PCA, assigned to be equal to 981.45955 
(mm2

) 

Simplified symbol for AI(p,20"C) (mm2
) 

Effective area of the test PCA at pressure p and reference temperature 
20·C (mm2

) 
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AtO(PxcY) 

A,(PxcY) 

A'(PXCf)Z 

A Zabc 
,(pXCf) 

A(pXCf)NPL 

Ci 

El 

En 

En(pxCf) 

Ev 

f 

h, 

k 

n 

Calculated effective areas of the test PCA (PxCy) from individual 
determination (mm2

) 

Adjusted values of the check standards based on A'(P2cY)NPdmm2
) 

General symbol for the determined effective area of the test PCA (PxCy) 
(mm2

) 

Average effective area of the test PCA (PxCy) determined via Experiment 
Z (Z = A to L and m to x) (mm2

) 

Determined effective area of the test PCA (PxCy) through calibration 
routes "Z-a-b-c" (mm2

) 

Effective area of the test PCA (PxCy) determined by the NPL using the 
UK Primary Pressure Standard (mm2

) 

Sensitivity coefficient, describes how the output estimate y varies with 
changes in the values of the input estimates Xi 

Error due to spirit level indication (div) 

Normalised errors 

Normalised error of the PxCycombination 

Error due to piston verticality (div) 

A functional relationship that relates the output quantity dependency to 
the input quantities 

Local acceleration due to gravity (ms·2) 

Head correction due to height difference in the reference level of the two 
pressure balances (Pa) 

Relative humidity (%RH) 

Coverage factor 

Coverage factor of probability, p 

Discrimination weight that produced a detectable pressure change (kg) 

Mass of the reference piston (kg) 

Mass of the test piston (kg) 

Total mass of weights, including piston and any other floating elements 
loaded on the reference pressure balance (kg) 

Total mass of weights, including piston and any other floating elements 
loaded on the test pressure balance (kg) 

Number of series of measurement 

Reference PCA in the calibration chain 
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Po 

Par 

Pa, 

Pm 

Pr 

p, 

PxCy 

R 

Rqi 

Rai 

SI 

s/ 
ta 

tr 

t, 

u(A,) 

U(x) 

U(Xi) 

UA(X) 

UA(X) 

Atmospheric pressure at equilibrium condition/measurement taken (Pa) 

Ambient pressure at the reference level of the reference pressure balance 
(Pa) 

Ambient pressure at the reference level oftest pressure balance (Pa) 

Pressure value of the pressure transmitting fluid (N 2) 

Gauge pressure at the reference level of the reference pressure balance 
(Pa) 

Gauge pressure at the reference level of the test pressure balance (Pa) 

A combination of a Piston X and Cylinder Y, where X = I to 7 and Y = 2 to 
3 

Repeatability of measurement 

Profile statistic of the arithmetic mean of the absolute magnitude of the 
roughness profile (/lm) 

Ratio of the effective areas between the test and reference PCAs, based on 
the ratio of the eqUilibrium loads 

Profile statistic of the RMS parameter corresponding to Ra (/lm) 

Profile statistic of the maximum peak to valley height of the profile (/lm) 

R, of ith piston (/lm), where i = 1 to 7 

Rq of itll piston (/lm), where i = 1 to 7 

Ra of l.fu piston (/lm), where i = 1 to 7 

Estimated standard deviation 

Estimated variance 

Ambient temperature (DC) 

Temperature of the pressure transmitting fluid (N2) 

Student -t distribution 

Temperature of the reference PCA (DC) 

Temperature of the test PCA (DC) 

Standard uncertainty of the effective area of the test PCA (mm2) 

Expanded uncertainty of the measurand 

Individual standard uncertainty of the input parameter Xi 

Standard uncertainty of Type A 

Estimated standard deviation of arithmetic mean (ESDM) of input 
estimates of Type A uncertainty 
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UB(X) 

udy) 

Ukfx) 

Up 

VI 

V2 

V3 

W 

W' 

W, 

W, 

X 

Xi 

X, 

y 

y 

y, 

at lax, 

a;" 

Pa 

Standard uncertainty of Type B 

Combined standard uncertainty 

Expanded uncertainty obtained from available knowledge or scientific 
judgment 

Expanded uncertainty of probability, p 

Ball-valve 1 

Ball-valve 2 

Ball-valve 3 

Total downward gravitational force acting on the piston (N) 

Effective downward gravitational force acting on the piston (N) 

Effective loads applied on the reference (N) 

Effective loads applied on the test (N) 

Arithmetic mean of input estimates 

ith input estimate 

N'h other input quantities 

N'h input estimate 

Indication of a precision spirit level bar before 180° turn (div) 

Measurand 

An estimate of measurand 

Indication of a precision spirit level bar after 180° turn (div) 

Pressure distortion coefficient of the effective area of the reference PCA 
(Pa-I ) 

Partial derivative of input estimate, Xi; known as sensitivity coefficient 

Linear thermal expansion coefficients of the reference cylinder ("C- I ) 

Linear thermal expansion coefficients of the test cylinder ("Cl) 

Linear thermal expansion coefficients of the reference piston (OCI) 

Linear thermal expansion coefficients of the test piston (OCI) 

Height difference between two reference levels (m) 

Difference in determined effective area (LV - NPL ) for the PxCy 
combination (mm2

) 

Air density of the ambient air (kgm -3) 
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Pwt 

B 

Velf 

Vi 

Density of pressure transmitting fluid (kgm-3) 

Density of the pressure transmitting fluid used (purified nitrogen), at 
temperature t in °c and pressure p in Pa (kgm-3) 

Density of the reference piston (kgm-3) 

Density ofthe test piston (kgm-3) 

Density of the weights loaded on the reference pressure balance (kgm -3) 

Density of the weights loaded on the test pressure balance (kgm-3) 

Inclination of piston angle to the vertical (radians) 

Effective degree of freedom 

Degree offreedom 
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Chapter 1: Introduction 

CHAPTER! 

INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION 

One of the metrology instruments that provides a primary method to derive pressure 

from the base units of mass, length and time is a pressure balance. The pressure balance 

derives pressure through a piston-cylinder assembly (PCA), when weights of known 

mass values are applied onto the piston which is orientated vertically in the earth's 

gravitational force. The PCA is the heart of the pressure balance consisting of a finely 

lapped and polished (super-finished) piston, fitting into a matching cylinder of similar 

surface characteristics with a clearance of typically 1 Ilm or less (gas-operated PCAs). 

Correct detennination of the effective area of the PCA becomes the core issue related to 

the pressure balances hence, research into PCAs appears to be very buoyant topic among 

pressure community in order to improve uncertainty of measurement. 

Historically, the first practical gas-operated pressure balance for metrological 

applications were developed in the mid-1900s [Ehrlich 1994]. Since then, the 

requirements for improved uncertainty in a wider measuring range (than those measured 

by the liquid-column manometers) have increased, attracting the attention of 

metrologists and scientists to explore the critical parameters in a variety of approaches. 

This has become one of the main factors towards the rapid technological improvements 

of the gas-operated pressure balance used nowadays, besides the development of high­

quality air-bearing technologies which have further stimulated its advancement. 

One of the first literature references related to a modem gas-operated pressure balance 

was published by Brubach [1947]. Developments continued until Dadson and Greig 
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[1964] presented their seminal paper concentrating on the gas-operated pressure balance 

which has become one of the most important sources of reference for gas-operated 

pressure measurement. Effects of non-uniformities in diameter, tilt of the piston and the 

transition to molecular flow in the annular gap between piston and cylinder at very low 

pressures were addressed. 

One year later Oadson et al. [1965] published a paper on the development of an accurate 

high-pressure measurement, which concentrated on the elastic distortion caused by the 

applied pressure. This work was the initial investigation into the possible use of gas­

operated pressure balance as a primary pressure standard, competing with the liquid 

manometer [Ehrlich 1994]. Lack of information on the suitability of a pressure balance 

at high levels of accuracy have caused detailed investigations to be undertaken, thus 

research work has continued to improve the uncertainty of pressure measurement using 

gas-operated pressure balance, with various technological approaches being introduced. 

Establishing accurately the effective area of the PCA is the first step towards allowing a 

greater understanding of other issues related to the pressure measurement using pressure 

balances. Unfortunately, the effective area determination of PCAs, especially aiming at 

the state-of-the-art level of uncertainty, is one of the most challenging tasks faced by 

National Measurement Institutes (NMIs) all over the world. This is due to the nature of 

the pressure quantity that has no sources of defined reference points, i.e. there are no 

intrinsic reference points to support the pressure traceability system, and it is entirely 

dependent on derived standards [Bair 2002]. In other words, pressure quantities cannot 

be extended through additive techniques like other standards, where larger amounts can 

simply be obtained from addition of smaller amounts of known values, e.g. mass and 

length. However, it appears to have reached uncertainty levels of 5 to 10 ppm level but 

there are still many effects that are not fully understood [Ehrlich 1994]. 

There are numbers of manufacturers around the world who produce pressure balances 

and pressure related instruments from kPa to GPa range, to suit the industrial and 

research requirements. They are OH-Budenberg (France); OH Instruments (United 
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States of America, USA); Ruska (USA), Druck (United Kingdom, UK) and 

Pressurements (USA) (now under GE Sensing, USA); Furness Controls (UK); Nagano 

Keiki (Japan); Harwood Engineering (USA) etc. However, there are only three well­

known manufactures who produce high quality gas-operated pressure balances, of 35 

mm diameter PCAs. These pressure balances measure/generate pressures up to I MPa 

using 35 mm PCAs, and they are commonly used as primary pressure standards among 

the NMls. These manufacturers are DH-Budenberg who produce models APX50 and 

5111; DH Instruments who produce model PG7601; and Ruska Instruments who 

produce model 2466. An approximate cost for a complete set of these pressure balances 

(one platformlbase, a set of weights and a set of PC A) ranges from £60,000 to £100,000, 

depending on manufacturer and associated accessories; and a 35 mm peA may reach 

£10,000 per unit. 

1.2 RATIONALE OF THE RESEARCH 

This thesis describes the novel experimental investigations which have been completed 

over the past three years to improve further the knowledge on effective area 

determination with respect to the influence of surface texture. The rationale behind this 

investigation is with respect to the three following issues: 

• Manufacturing - Whatever manufacturing methods are used to generate 

polished surfaces, there will always be some inseparable form of surface texture 

associated with them [Miller 1962]. Manipulation of the surface texture is the 

manufacturing parameter that is fully utilised by the manufacturers to produce an 

excellent working PCA, ending with final lapping and polishing processes, once 

geometrical dimensions have been satisfied. 

• Surface Metrology - Surface metrology ensures that all aspects of surface 

geometry are known and are preferably controlled. If the shape and texture of the 

work piece is correct, then it wiII be able to move at the speeds, loads and 

temperatures specified in the design, thus ensuring the dynamic characteristics 

have been satisfied [Whitehouse 1994]. 
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• Tribology - Friction and wear can be kept low if the contact interface is well­

lubricated [Kato and Adachi 2001]. In a gas-operated gas-lubricated pressure 

balance, the peA is lubricated by the pressure transmitting fluid which separates 

the opposing surfaces by a fluid film, hence the friction between the two sliding 

surfaces is almost negligible (ideal peA). In order to manifest this situation, at 

least one surface (normally both surfaces) must be sufficiently rough 

(microscopically) so that the surface valleys will act as pockets to retain 

lubricating fluid, hence continuous lubrication remains during operation. This 

phenomenon is supported by Grassam and Powell [1964], who clearly stated 

that: 

"The rotor and thrust plate would 'lock' after a fraction of a 

revolution showing the phenomenon of 'wringing' and presumably 

adding about 14lb./in.2 
('" 100 kPa) to the bearing load. It was found 

possible to break this effect either by impairing the surface finish of 

one of the bearing members by taking it back by powder blast, etching 

or lapping, or by misshaping a face by crowning or convexity" 

1.3 AIMS AND OBJECTIVES OF THE RESEARCH 

The aim of this research is to reveal any evidence of pressure dependency on the surface 

texture applied onto the surface of a 35 mm piston (forming part of a peA), using a gas 

operated pressure balance. In order to accomplish this primary aim, several objectives 

are outlined: 

• Manufacture of two identical pressure balance units for cross-floating 

experiments, that can accept very-large peAs, and be capable of measuring 

pressure at very demanding uncertainty specifications. 

• Manufacture of identical pistons (of various surface texture specifications) and 

identical cylinders, which are interchangeable. Both of these elements are novel 

and have not been reported in literature. 
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• Identify an approach (calibration chain) to investigate pressure dependency on 

the surface texture applied onto the pistons. 

• Identify the best method in determining the equilibrium conditions in cross­

floating experiments, using interchangeable pistons and cylinders. 

• Identify the effects of rotational speeds (RSs) and rotational directions (RDs) on 

the pressure generated. 

• Identify the most practical method of measurement in quantifying the surface 

texture applied onto pistons. 

• Identify the effects of the surface texture on the pressure generated as a function 

of the effective area. 

• Complete calibrations with respect to working and primary pressure standards. 

With any findings obtained, they will enable the understanding of the mechanisms 

controlling pressure generated, making pressure generated more predictable, hence 

higher level of accuracy can be achieved. 

The novel aspects of this work can therefore be identified as: 

• Unique design of a pressure balance. 

• Quantification of PCA manufacturing process. 

• Production of PCA' s with bespoke surface texture. 

• Production of fully functional interchangeable pistons and cylinders. 

• Linking effective area calculation variations to piston surface texture 

specifications. 
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1.4 OVERVIEW OF THE THESIS 

This thesis is presented in ten chapters. This chapter presents a brief introduction of the 

topic to be investigated. identifying the motivations which have led to this research. The 

aims of the research and its objectives are outlined with a clear identification of the 

novel content of the research. 

Chapters 2. 3 and 4 provide the context for the research. detailing aspects of literature 

and theory. Chapter 2 provides an introduction to pressure and surface metrology which 

cover background. definitions and roles. Chapter 3 concentrates on the pressure balance. 

It starts by describing the history of the pressure balance. followed with its physical 

principles and types of PCA which are commonly used. Further detailed information on 

the pressure balance is discussed in the pressure conversion equation and the simple 

theory of the PCA. Chapter 4 completes the background context by providing a review 

of the gas-operated pressure balance. which extends from the mid 1940's to the present. 

The second half of the thesis is concerned with the manufacture of the pressure balance 

and PCAs. and the cross-floating experimentation. Chapter 5 discusses the 

manufacturing processes used for the pressure balances and PCAs. It begins with the 

selection of materials and considers a range of manufacturing processes. including 

turning. honing. lapping and polishing. Chapter 6 describes the techniques used in the 

determination of the effective area, known as the cross-floating method. It covers the 

practical aspects of use. detailed descriptions about cross-floating experiments and the 

evaluation of the uncertainty of measurement through this method. Chapter 7 

concentrates on two cross-floating experiments that aimed at finding evidence of 

pressure dependency due to the RSs and RDs. This has been completed as an 

experimental verification of the overall performance envelope of the pressure balances. 

Chapter 8 presents the measurements used in characterising the surface of the 

manufactured pistons. It also reveals the results obtained from twenty two cross-floating 

experiments carried out. complete with comparisons of the determined effective areas 

via various of the possible routes available on six PCA combinations. This is then put 
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into context by the calibration of the pressure balances providing an absolute fix of the 

pressure experimentation. Chapter 9 highlights the calibration/verification against the 

UK's primary pressure standard, where four PCA combinations were calibrated by the 

National Physical Laboratory (NPL) at its facilities. Comparisons are also identified 

between the pressure balances against two commercial and traceable pressure balances 

in terms of the thermal stability. 

Finally, Chapter 10 concludes the thesis by summarising the achievements based on the 

objectives outlined. The novel and unique engineering and scientific contributions which 

have been delivered through this research are presented. The future work that might be 

carried out is proposed, based on the experiences and lessons learned in this research. 
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CHAPTER 2 

INTRODUCTION TO PRESSURE AND SURFACE METROLOGY 

This chapter introduces pressure and surface metrology which are the core subjects in 

this thesis. The chapter is organised as follows: Section 2.1 begins with describing the 

background of pressure and surface metrology, and explains how they are inter-related. 

Section 2.2 provides a brief introduction to the measurement of pressure, detailing the 

pressure definition, International System of Units (SI), pressure modes, the role of the 

primary pressure standards in the measurement systems, and also includes the 

comparison between the two primary pressure standards in deriving pressure from base 

units. Section 2.3 introduces surface metrology which covers basic concepts, the 

importance of surface texture, tenns and definitions, the nature of surface texture, the 

orders of surface irregularities and instrumentations used in surface metrology. Finally, 

Section 2.4 presents a summary of this chapter. 

2.1 BACKGROUND OF PRESSURE AND SURFACE METROLOGY 

Pressure measurement plays a very important role in our daily life. During the industrial 

revolution, pressure measurement was largely used in transfonning water into steam, 

whereas in our modern world it is applied over wider ranges such as to measure those 

found in inter-planetary space, to those found at the bottom of the deepest ocean trench 

[NMS 2002]. Pressure measurement is common in our society and its applications are 

commonly found in industries such as power, gas, optical, aerospace, defence, 

meteorological, automotive, medical, safety etc. Most pressure-related measurements are 

made for commercial purposes, as part of research and development activities, and 

production engineering to ensure product quality, reliability and safety [IMC 1998]. 
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In the medical sector, pressure measurements are commonly used in life support 

machines, anaesthetic delivery and sphygmomanometers (blood pressure measuring 

instrument). The National Measurement System [NMS 2002) reported that: 

"There is evidence that significant metrological problems exist in using the 

mercury-based sphygmomanometer where some estimates indicate that 

more than 10% display erroneous readings. A recent study indicates that of 

24,000 women diagnosed as hypertensive, 7,000 may be receiving incorrect 

treatment due to calibration errors" 

This is one of the critical reasons why the primary pressure standard at barometric 

pressure should be well maintained, as well as it being the main source of the 

traceability for the whole spectrum of pressure measuring range [Legras 1994a, Legras 

et al. 1999a). 

One of the instruments that provides a primary method to derive pressure from the base 

units of mass, length < and time is the pressure balance. The pressure balance derives 

pressure through a peA, where weights of known mass values are applied onto the 

piston that is orientated vertically in the earth's gravitational force, i.e. some means of 

applying pressure to the piston so that the pressure applied across the effective area of 

the peA exactly balances the downward gravitational force. Meanwhile a peA is the 

heart of the pressure balance where it consists of a finely lapped and polished (super­

finished) piston, fitting into a matching cylinder of similar surface characteristic. 

Therefore, correct determination of the effective area of the peA becomes the core issue 

related to the pressure balances. Hence research on peAs appears to be a very buoyant 

topic among the pressure community, in order to improve uncertainty of measurement. 

From a manufacturing point of view, whatever methods are employed to generate 

polished/super-finished surface, there wi1l always be some inseparable form of texture 

associated with them [Miller 1962). Unfortunately, research on how surface texture 

affects the pressure generated by the pressure balance has never been considered by the 

pressure community in their research work, even-though various research approaches 

have been conducted so far. In metrology, surface texture measurement occupies a 
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somewhat anomalous position since the property of the surface texture is essentially 

qualitative. Its quantitative index can only be assigned indirectly by reference to the 

instrumentation operating in accordance with geometric parameters, while other 

parameters such as dimensions, shapes and metallurgical structures of engineering can 

be unambignously specified in terms of length or mass [Thomas 1974]. Surface 

metrology is a subject related to the measurement and characterisation of the 

topographical features of surfaces. These topographical features comprise of minute 

peaks and valleys which recur at regnlar or irregular intervals, that may vary both in 

height and spacing, and consequently form a kind of pattern or texture [Scarr 1967]. 

2.2 THE MEASUREMENT OF PRESSURE 

Introduction to the measurement of pressure is covered within seven sections, which are 

as follows: 

2.2.1 What is Pressure? 

Pressure is generally the result of molecules, within a gas or liquid, impacting on a 

surface in a direction perpendicular to that surface, and it is defined as the normal force 

exerted over a defined unit area [IMC 1998]. Pressure is transmitted to solid boundaries 

or across arbitrary sections of fluid normal to these boundaries or sections at every point 

[Wikipedia 2oo6a]. Pressure gradient is force density, where it is considered as a scalar 

quantity when the pressure mediums are gaseous [Molinar 1992]. The International 

System of Units (known as the SI system) for pressure is the pascal (Pa), in honour of 

the philosopher and scientist Blaise Pascal (1623-1662), where 1 Pa is equivalent to 1 

newton per square meter (N/m2
). The relationship between pressure (P), force (F) and 

area (A) is mathematically given by: 

F 
p=-

A 
(2.1) 

It applies whether the pressure is very small or very large, thus referring to the entire 

range of 'force per unit area', inclusive of vacuum measurement. 
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2.2.2 The International System of Units (SI) 

Fonnal definitions of all SI base units are approved by The General Conference on 

Weights and Measures (CGPM), which is made up of representatives of the 

governments of the Member States, and observers from the Associates of the CGPM 

[BIPM 2006a]. To support a continuous need of increased accuracy in measurement, the 

measurement methods keep evolving, hence providing more accurate realisations of the 

base units. These evolving methods have made all definitions subject to modifications 

from time to time, where the first such definition was approved in 1889 and the most 

recent in 1983. This means that the SI is not static, but evolves accordingly to suit the 

corresponding need for improvements. 

Seven well-defined SI base units (which by convention are regarded as dimensionally 

independent) that relate the base quantity to the unit name and symbol are as follows: 

• Length in metre (m). 

• Mass in kilogram (kg). 

• Time in second (s). 

• Electric current in ampere (A). 

• Thermodynamic temperature in kelvin (K). 

• Amount of substance in mole (mol). 

• Luminous intensity in candela (cd). 

2.2.3 The Definitions of the SI Units 

The definitions of the SI Units as laid down by CGPM are as follows [BIPM 2006b]: 

• The metre is the length of the path travelled by light in vacuum during a time 

interval of 11299,792,458 of a second. 

• The kilogram is the unit of mass; it is equal to the mass of the international 

prototype of the kilogram. 
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• The second is the duration of 9,192,631,770 periods of the radiation 

corresponding to the transition between the two hyperfine levels of the ground 

state of the caesium 133 atom. 

• The ampere is that constant current which, if maintained in two straight parallel 

conductors of infinite length, of negligible circular cross-section, and placed I 

metre apart in vacuum, would produce between these conductors a force equal to 

2 x 10-7 newton per metre ofIength .. 

• The kelvin, unit of thermodynamic temperature, is the fraction 11273.16 of the 

thermodynamic temperature of the triple point of water. 

• The mole is the amount of substance of a system which contains as many 

elementary entities as there are atoms in 0.012 kilogram of carbon 12. 

• The candela is the luminous intensity, in a given direction, of a source that emits 

monochromatic radiation of frequency 540 x 1012 hertz and that has a radiant 

intensity in that direction of 1/683 watt per steradian. 

However some of these base units may be considered less fundamental than the others as 

they are dependent to other units in their definitions, e.g. the metre that relies on the 

definition of the second. On the other hand, the definition of the kilogram (the only base 

unit that is derived from a physical object) is somewhat unusual since it contains the 

recommended prefix (kilo) which is used to denote multiples of unit. From these seven 

base units, one can derive other units (known as derived units) to describe any quantity 

which can be measured, e.g. the pressure that relies on kilogram, metre and second thus 

formed a special name, pascal; with a symbol, Pa. 

2.2.4 Pressure as a Derived Unit 

There are two primary methods to derive pressure from fundamental units of mass 

(kilogram), length (meter) and time (second). They are the liquid manometer and the 

pressure balance. The liquid manometer is based on the discovery by Evangelista 
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Torricelli (1608-1647), where the height of mercury in an inverted tube is used to 

measure atmospheric pressure [Molinar 1992]. The operation of the liquid manometer is 

based on the following equation: 

p=p.gh (2.2) 

where p is the pressure, p is the density of mercury, g is the acceleration due to gravity, 

and h is the height of the mercury column. Whereas a pressure balance derives pressure 

through a PCA when weights of known mass values are applied onto the piston. The 

operation of a pressure balance is based on the Equation (2.1). 

Measuring methods for pressure can generally be divided into two categories. The first 

category involves the direct measurement of pressure by fundamental methods, which 

are classified as "direct-principle" pressure standards (one of the requirements to 

become a primary pressure standard). The second method makes use of the direct 

measurement of the physical properties or behaviour of materials under the application 

of the pressure, which are classified as "indirect-principle" pressure standards, and they 

are generally classified as secondary pressure standards [IMC 1998]. 

In the universe, the highest pressure will exist at the centre of neutron stars and the 

lowest in the space between the galaxies, as shown in Figure 2.1. The equipment and 

techniques to realise the scale and the accuracy of the measurement vary greatly over 

this range. The accuracy of measurement is highest around atmospheric pressure, where 

an accuracy of a few parts per million (ppm) is achieved using a Laser Interferometric 

Liquid Manobarometer [BlPM 2006c]. However, the pressure balance is mostly used 

because its prominent features such as portability, robustness and the ability to measure 

pressure over a wide range [Delajoud and Girard 1988, Delajoud et al. 1999, Dargent 

and Poirier 1999]. 

2.2.5 Pressure Modes 

There are three types of pressure measurement that are commonly used in pressure 

measurements. They are as follows [IMC 1998, Molinar 1992]: 
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• Absolute mode - When zero value (theoretically perfect vacuum) is used as a 

reference point in a measurement, it is referred to as an absolute pressure 

measurement (e.g. kPa abs.). Laser Interferometric Liquid Manobarometers and 

vacuum gauges are examples of absolute mode pressure measuring instruments. 
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FIGURE 2.1 Pressure range In various natural phenomena and technologies [Nlshlbata 19971 

• Differential mode - When the difference between two unknown pressure points 

is essential (the reference pressure may be any value that is compatible with the 

types and working ranges), these types of measurement are known as differential 

pressure measurement. A typical example for this mode is a diaphragm pressure 

gauge used in flow measurement, where the flow of gas along a pipeline depends 

on the pressure difference between the ends of the pipe. 
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• Gauge mode - This mode is actually a part of differential mode where it is the 

commonest measurement in pressure metrology, with atmospheric pressure is 

used as a reference point. An example of this mode is the air pressure in a car 

tyre, which might be said to be ''210 kPa", but actually 210 kPa above 

atmospheric pressure. Since the atmospheric pressure is fluctuating 

approximately 100 kPa (absolute), the absolute pressure in the tyre is therefore 

about 310 kPa. The relationship between absolute pressure and gauge pressure is 

as follows: 

Absolute pressure = gauge pressure + atmospheric pressure 

Figure 2.2 clearly illustrates the three modes that are commonly used in pressure 

measurements and Figure 2.3 shows their configurations. 

2.2.6 The Role of the Primary Pressure Standards in the Measurement System 

The most fundamental role of primary pressure standards in the measurement system is 

to derive pressure metrologically in a completely independent way from the base units of 

the SI system. This should provide accurate and traceable pressure values, thus assuring 

that the definition of pressure will be coherent with the other SI system and the value 

used throughout the world [Molinar 1992). Since the pressure dimension is p = 

[ML·1y2), a primary pressure standard should thus involve the measurement of mass, 

length and time only. 

Primary pressure standards are the tools used by most of the NMIs such as National 

Physical Laboratory (NPL), United Kingdom (UK); Physikalische-Technische 

Bundesanstalt (PTB), Germany; Laboratoire National d'Essais (LNE), France; National 

Institute of Standards and Technology (NIST), United States of America (USA); Istituto 

di Metrologia "Gustavo Colonnetti" (IMGC), Italy; Institute for National Measurement 

Standards (INMS), Canada etc., to accomplish their role in maintaining reference values 

for pressure at their national level and then disseminate those values to the rest of their 

National Measurement System (NMS). 
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2.2.7 Comparison Between the Two Primary Pressure Standards 

A simple type of liquid column (mercury barometer and liquid manometer) shown in 

Figure 2.4, derives pressure through a column of fluid where the pressure at the bottom 

of a fluid column is calculated by multiplying together the density of the fluid, the 

acceleration due to gravity and the height of the column; (Equation 2.2). It has 

dimensions of (mass /length3
) x (length / time2

) x length which simplifies to mass / 

(length x time2
) or M.L-I .y2. Figure 2.5 shows the International Bureau of Weights and 

Measures (BIPM) Laser Interferometric Mercury Manobarometer, which uses the same 

principle to derive pressure around atmospheric pressure. 

On the other hand, the pressure balance as shown in Figure 2.6 derives pressure through 

the PCA when weights of known mass values are applied onto the piston. Pressure is 

defined as force per unit area; (Equation 2.1). It has dimensions of mass x (lengthltime2
) 

/ length2 which simplifies to mass /(length x timi) or M.L-I.y2. 

There are several advantages in using a pressure balance over a liquid manometer. The 

advantages are as foIlows [Delajoud and Girard 1988, Dargent and Poirier 1999]: 

• Sources of uncertainty are fewer and easier to measure and monitor. There is no -need for complicated temperature regulation/monitoring system, i.e. no meniscus 

and parallax problems and is less affected by environmental conditions etc. 

• No usage of dangerous liquid such as mercury. 

• Operation is faster and easier. 

• Measuring principle is fully coherent with pressure standards used for measuring 

higher pressure up to the full spectrum of pressures e.g. up to 2.5 GPa, whereas 

the highest measuring range for liquid manometer is limited to around 300 kPa 

only. 

• Smaller in size and is portable. 

• Lower purchasing cost. 

• Lower maintenance cost. 
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• Requires smaller space/room. 

• Much easier to further improve the uncertainty calculation in measurement. 
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FIGURE 2.4 Simple type liquid columns 
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p 

Pressure 
reservoir 

Photomultiplier 
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Basic equation: p = pg h 

p = density mercury, literature value 

g = local gravitational acceleration, 

gravimetry 

h = height difference, white light interference 

FIGURE 2.5 BIPM laser Interferometric mercury manobarometer [BIPM 2006c] 

While the performance of pressure measuring instrumentation has improved radically 

with regards to the ever increasing demands for higher accuracy, the measurement 

uncertainty of primary pressure standards at national level NMI must also be improved 

proportionally. The pressure balance is the best primary pressure measuring instrument 

to be investigated [Delajoud and Girard 1988, Delajoud et al. 1999, Dargent and Poirier 

1999, Bair 2002]. 
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However within the pressure balance, the PCA is the focal point to be investigated. It is 

due to its role as a heart of the pressure balance where the pressure quantity is derived 

from. Small departures from its ideal dimensions will directly affect the pressure 

generated, hence affecting the uncertainty of measurement. Surface texture associated 

with any manufactured PCA is one of the factors that contributes to the imperfection of 

the PCA, not only due to the cutting actions during the manufacturing process but also 

due to the microstructure of the material. Clearly, it is useful to have a basic 

understanding about surface texture so that the characterisation work carried out is 

meaningful and appropriate. The next section briefly describes the measurement of 

surface texture and its related topics applicable to this research work. 

, Force 

Weights 

+------l- 'S~rl~~~ ~~d~;'-! 
investigation I 

~.-.-.-.-.-.-.-! 

Cylinder 

Pressure (P) 

FIGURE 2.6 Pressure balance with simple type piston-cylinder assembly 
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2.3 THE MEASUREMENT OF SURFACE TEXTURE 

Introduction to the measurement of surface texture is covered within eight sections, 

which are as follows: 

2.3.1 What is Surface Texture? 

A surface is a boundary that separates an object from another object or substance and its 

technology is widely used in various disciplines such as in metrology, metallurgy, 

tribology, chemistry, physics, material science etc. [Precision Devices 2006, Taylor 

Hobson 2006]. In metrology, surface texture measurement occupies a somewhat 

anomalous position since the property of the surface texture is essentially qualitative. Its 

quantitative index can only be assigned indirectly by reference to· instrumentation 

operating in accordance with geometric parameters while other parameters such as 

dimensions, shapes and metallurgical structures of engineering can be unambiguously 

specified in tenns of length or mass [Thomas 1974]. Surface metrology is a subject 

related to the measurement and characterisation of the topographical features of 

surfaces. 

2.3.2 The Importance of Surface Texture 

There are reasons why designers specify surface texture in their specifications. In 

general, the reason is because the surface that they have specified will come into contact 

with some other surface that may demonstrate different perfonnance if a different type 

of surface texture is applied. In order to achieve a good perfonnance, they have to 

control the surface texture applied onto their products [Thomas 1974]. However there 

are also many cases where non-contacting situations may happen, in· which surface 

texture is important e.g. when it is concerned with the influence on corrosion, specular 

reflection in optical measurement, relative motion of PCA in pressure measurement etc. 

In other words, it is because the designers have strong beliefs that the surface texture 

will affect the perfonnance of their product through the controlling of the nature of static 

and dynamic contact between solids. 
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In real situations controlling the surface texture in a product will potentially give longer 

service life, better fatigue resistance, better efficiency and more consistent functional 

interchangeability including some other advantages such as reduction of power 

consumption and vibration if the right surface textures are chosen [Thomas 1974, 

Whitehouse 2001]. There are many other properties that are essentially dependent on 

surface texture such as wear, friction, hydraulic resistance, corrosion, strength of pressed 

joints etc. Surface texture can be important in controlling the manufacture (the means of 

how to transform raw material into a work piece having the desired form, size and 

surface texture quality) and also the way in which the surface texture can influence how 

well a work piece will function (mainly covered under tribology study) [Whitehouse 

1994]. 

Therefore, it is vital to quantitatively evaluate and classify them into unambiguous 

manner in order to improve the quality of our products. A functionally sound method 

whereby the surface texture may be quantified numerically so as the numerical value 

bears some relationship to the functional characteristics of the surface texture, where the 

measurement of each and every departure from the ideal surface plus the effect of the 

combined texture should be carried out [Whitehouse 2001]. 

2.3.3 Concepts, Terms and Definitions of Surface Texture 

The features to be measured in surface metrology encompass texture, roundness, 

straightness, flatness, cylindricity and so on [Whitehouse 2001]. It plays a very 

important role especially in engineering metrology to ensure that the work-piece works 

in accordance to the designer's aim. With the increase in the understanding of the 

influence of surface texture on certain functions, the designer tends to specify surface 

finish more strictly in order to achieve a certain level of functioning [Whitehouse 1994]. 

Function is a term used in relating surface textures to their performance. 

Measurements are carried out in order to quantify the deviations of a work-piece from its 

intended shape [Whitehouse 1994]. These topographical features are comprised of 

minute peaks and vaUeys which recur at regular or irregular intervals that may vary both 
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in height and spacing, and consequently form a kind of pattern or texture [Scarr 1967]. 

Texture is the combination of relatively short wavelength (high and medium frequency) 

deviations of a surface from the nominal surface comprising of roughness and waviness 

[Precision Devices 2006]. 

2.3.4 The Nature of Surface Texture 

In general, surface texture is a combination of various kinds and magnitudes of 

irregularities due to some particular cause (e.g. tool geometry, cutting speed, feed rate 

tool's cutting action, imbalance in a grinding wheel etc.), which are superimposed each 

other to form a complex surface condition. Every surface produced by chip-removal 

process departs from its ideal form (intended shape by the designer) through a variety of 

causes and tendencies, which are interrelated each other. These could cause roundness 

error, straightness errors, parallelism errors, squareness errors, conicity errors or even 

form errors. Their geometrical irregularities can be categorised into four principal orders 

[Miller 1962, Smith 2001, Whitehouse 2001]: 

• First order - inaccuracies in the machine tool, lack of straightness in the slide 

ways, insecure clamping, uneven wear in machining equipment, deformation of 

the work piece due to cutting forces, effect of the weight of the material itself etc. 

• Second order - vibration of any kind, e.g. chatter marks. 

• Third order - the inherent action/characteristic of the particular production 

process or material condition, which would be present even if the machine were 

perfect and completely free from vibrations. 

• Fourth order - rupture of the material during chip removal process. 

2.3.5 Orders of Geometrical Irregnlarities 

All the four orders of geometrical irregnlarity cause may be broken out into three main 

categories. They are surface roughness, surface waviness and surface profile [Thomas 

1974, Smith 2001, Whitehouse 2001] as described below: 
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• Surface roughness - Comprising of the finest irregularities that occur in short­

frequency components that constitute of micro-geometrical departure from the 

ideal surface. They are often the result from manufacturing processes such as the 

inherent action of the cutting tool geometry on the material, or by some other 

disturbances e.g. friction, corrosion, wear, wheel grit, etc. Irregularities of this 

kind include the third and fourth orders causes. 

• Surface waviness - Comprising of more widely spaced irregularities that occur 

in medium-frequency components of a periodic character upon which surface 

roughness is superimposed. It constitutes of macro-geometrical departure from 

the ideal surface. They are caused by improper manufacturing factors such as 

mechanical disturbances in the generating set-up, heat treatment, vibrations, 

chatter, material strain and extraneous effects. Irregularities of this kind include 

the first and second order causes. 

• Surface proflle • comprising the overall form of the surface that occurs in long­

frequency components, iguoring the relatively small variations due to roughness 

and waviness. It is located on the dividing line between geometric errors and 

finish errors. The irregularities are caused by errors in machine tool slide ways, 

in thermal distortion or in rotating members of the machine, which are from the 

first order causes. 

Macroscopic and microscopic illustrations representing profile, waviness and roughness 

on a nominally flat surface are depicted in Figure 2.7 and Figure 2.8 respectively. Figure 

2.9 shows the surface characteristics and their terminology, and Figure 2.10 presents an 

influence of direction of measurement on the effective spacing of profile crests. Figure 

2.11 shows a typical roughness obtainable by different finishing processes. 
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FIGURE 2.7 Macroscopic illustration of a nominally flat surface representing profile and waviness 
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Key: 
1. Geometrical surface 
2. Effective surface 
3. Geometrical profile 
4. Effecti ve profile 

FIGURE 2.9 Surface characteristics and their terminology [BSl134-11988] 
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2.3.6 Surface Texture Instrumentation 

There are three existing topography measurement techniques which are commercially 

available and commonly used in science, engineering and industry [Stout and Blunt 

2000, Whitehouse 2001]: 

• Stylus-based profilometric system - These have been in use for forty years in 

surface texture measurement, and are the most widely used in industries. This 

type of instrument basically consists of a contact probe; transducer and reference; 

amplifier; filter or processor; and recorder such as a meter or computer [Taylor 

Hobson 2006, Mitutoyo 2006, Mahr 2006a, Precision Devices 2006]. 
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• Optical-based system - The application of this type of instrument is increasing 

where its three-dimensional (3-Dimensional) surface topography measurement is 

progressively being accepted in academia and industries. This is due to its 

significant advantages as a non-contact instrument, and it has higher vertical 

resolution than stylus-based systems [Veeco Instruments 2006]. However, the 

measuring range is generally smaller than equivalent stylus based instruments. 

In this research work, a Zygo New View 5000 instrument [Zygo Corporation 

2006] which is based on a scanning white light interferometer (SWLI) was used 

for characterisation of surface texture applied onto PCA pistons. This instrument 

was chosen due to its suitability to fit the purpose, where nanometer surface 

resolution is required on very large pistons in an accurate and repeatable manner. 

As the measuring beam scans the surface, it identifies surface asperities by 

measuring the phase shift between a reference beam and a measuring beam that 

is reflected from the surface. Consequently the phase shift is recorded by an 

image detector array, where the interference pattern can be viewed on the 

monitor. Quantitative measurement of specimen surface height is carried out by 

manipulating the interference patterns, and then implementing appropriate 

algorithms. 

• Scanning microscope - Is the ultimate vertical resolution surface measurement 

instrument currently available [Cross 2003]. Examples of these types of 

instruments are scanning tunnelling microscopes (STM), atomic force 

microscopes (AFM) and scanning electron microscopes (SEM) where they are 

effectively used in material and biological science investigations. Besides having 

very high vertical resolution, they also have very high horizontal resolution. 

However, they typically have very small vertical and horizontal ranges, making 

them suitable in measuring small specimens that require high-precision 

measurement with resolution down to atomic-scale structures of surface. 
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2.3.7 Surface Texture Parameters 

It is well known that the surface topography of surfaces greatly influence the mechanical 

and physical properties of contacting parts. The characteristics in terms of amplitude, 

spatial distribution and pattern of the surface texture dominates the functional . 

application in the fields of friction, wear, bearing surfaces, lubrication, optical 

properties, etc. [Stout and Blunt 2000]. Therefore it is necessary to quantify the surface 

characteristics either in two-dimensional (2-Dimensional) or 3-Dimensional 

measurement, so that the behaviour of manufactured components' are predictable to a 

greater extent, and manufacturing processes are more controllable. Quantifying 

processes are achieved using surface texture parameters, these are categorised into three 

basic types [Taylor Hobson 2002, Zygo Corporation Corporation 2005]: 

• Amplitude parameters - are measures of the vertical characteristic of the 

surface which are inherent in the production process. They are also known as 

known as roughness parameters (R parameters). 

• Spacing parameters - are measures of the horizontal or lateral characteristics of 

the surface deviations. 

• Hybrid parameters - are the combinations of spacing and amplitude 

parameters. 

However, surface measurements carried out in this work are based on amplitude 

parameters, which are described in the next section. 

2.3.8 Amplitude Parameter 

Amplitude parameters based on 2-Dimensional calculation were used in this research 

work to characterise the surface texture applied onto the test pistons. llIustrations of the 

surface texture being measured are depicted in Figures 2.12 and 2.13. The parameters 

used were [Taylor Hobson 2002, Zygo Corporation 2005, Precision Devices 2006, 

Veeco Instruments 2006]: 

• R. - The arithmetic mean of the absolute magnitude of the roughness profile, 

z(x) that deviates from its mean line over one sampling length, t. It is universally 
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recognised, and mostly used as an international parameter of roughness, typically 

to describe the roughness of machined surfaces. It is useful in indicating overall 

profile height characteristics and for monitoring process in manufacturing work. 

The mathematical derivation of Ra is given by: 

I 

Ra = JI z(x) I dx (2.2) 
o 

• RI - Is the vertical distance between the profile peak height above the mean line 

(Rp) to the maximum profile valley depth below the mean line (Rv) which are 

taken over the evaluation length. Rp provides information about friction and wear 

characteristics on a part, whereas Rv gives information about how a part might 

characteristically retain a lubricant within valleys or pockets. Thus RI provides 

the overall roughness of a surface, with its mathematical equation corresponding 

to Rp and Rv as follows: 

(2.3) 

• Rq - Is the root mean square (RMS) of the arithmetic mean of the roughness 

profile which is taken over the entire measured length, 1 that deviates from its 

mean line. In other word, it represents the standard deviation of the profile 

heights. Since it is corresponds to the RMS of Ra, it is more easily related to 

functional performance of the surface, hence gradually superseding Ra 

[Whitehouse 200 1]. It reflects the optical performance of the surface being 

measured in a more accurate manner, and is used in computation of skewness 

(Rsk) and kurtosis (Rku) parameters. Rsk and Rku are a measure of the asymmetry 

of the profile about the mean line, and a measure of the distribution of spikes 

above and below the mean line, respectively. 

1 I 
Rq = - Jz'(x)dx 

10 
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2.4 SUMMARY 

This chapter has introduced the background of pressure and surface metrology, and also 

explains how they are related to each other in pressure balance application. Pressure is a 

derived unit that can be broken down into three modes; absolute, differential and gauge 

modes. There are two instruments that can derive pressure metrologically in a 

completely independent way from the base units, i.e. the liquid column manometer and 

the pressure balance. However the pressure balance is more preferable compared to the 

liquid column manometer due to its prominent features such as faster and easier in 

operation, larger measuring range, lower maintenance and purchasing costs etc. 

Surface metrology plays very important role when surface geometry/texture are a 

necessity, as required in manufacturing of the peA. Surface geometrical irregularities 

can be divided into three categories; roughness, waviness and profile, depending on the 

frequency of irregularities which recur at regular or irregular intervals. These 

topographical irregularities can be measured using instruments which are either stylus­

based, optical-based or scanning microscope-based systems. Before embarking upon 

surface characterisation, basic knowledge about surface metrology is important since 

selecting the most appropriate measurement parameter to be used is a difficult task due 

to the lack of real information about the surface, and each parameter is normally 

suitable/useful in certain applications. Furthermore, one parameter alone is not sufficient 

to describe the roughness of the part being measured, thus a combination of parameters 

gives better information to describe its functional characteristics such as friction and 

wear, load carrying capacity, porosity, bearing property etc. 
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CHAPTER 3 

THE PRESSURE BALANCE 

This chapter provides general infonnation about the pressure balance which is used in 

this research work. It is organised as follows: Section 3.1 reveals a brief history of the 

pressure balance, which is traced back at least 150 years. Section 3.2 explains about the 

physical principles employed in the pressure balance. Section 3.3 describes the four 

commonly available types of the PCA used in pressure balances, as well as some 

unusual configurations. Section 3.4 explains about the pressure conversion equation that 

is used in gauge-mode pressure measurement, detailing other parameters which 

influence the pressure generated. Section 3.5 describes the theory of effective area 

calculation of the PCA, from the ideal type to the generalised non-ideal type. Finally, 

Section 3.6 summarises all of the topics discussed in this chapter. 

3.1 EARLY HISTORY OF THE PRESSURE BALANCE 

In the late 18th century, studies of fluid compressibility stimulated demands for accurate 

high pressure measurement, especially when James Watt (1764) began to measure the 

properties of steam, for his foundation of the Steam Tables. This stimulation was further 

enhanced with associated possibilities of power generation and other important 

consequences [Heydemann and Welch 1975, Dadson et a\. 1982, Dadson 1983]. 

Mercury manometers which were invented by Torricelli (1644) were the only pressure 

measuring instrument during that time, however their measuring ranges were very 

limited. The requirement for high pressure measurement became crucial after the first 

high pressure steam engine was built around 1800. Steam pressure gauges started to be 

used in 1848 on locomotives, based on the bourdon tube principle. However the exact 

time of emergence of the pressure balance as a precise pressure measuring instrument is 
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not clear, although it can be traced back approximately 150 years. A time table of 

historical developments of the pressure balance in chronological order is presented as 

follows [Heydemann and Welch 1975, Dadson et al. 1982, Dadson 1983, Molinar 1992]: 

1826 Perkin, was a pioneer in this field through his writing in 1826. He developed a 

pressure balance that could generate pressure up to 200 MPa. His pressure 

balance comprised of a simple PCA in which the load was applied to the piston 

via a lever system. 

1833 Parrot and Lenz, developed a pressure balance of a similar type as Perkin, but 

covered a pressure measuring range up to 10 MPa. 

1846 Galy-Cazalat described a novel pressure balance which measured pressure up to 

2 MPa, made use of a mercury manometer and a hydraulic piston multiplier. Two 

pistons of significantly different diameters were mechanically coupled, so that 

the high pressure which acted on the small piston (via a rubber diaphragm) 

transmitted force to a larger diameter that was connected to the mercury 

manometer. A piston-area ratio was utilised to detennine the system pressure, 

based on the indicated value by the mercury manometer. 

1869 Seyss described a less conventional design which was made using two pistons of 

two different diameters, mounted coaxially within one cylinder, inbuilt with 

automatic loading device. It is believed that this is the predecessor of the modem 

dual-range PCAs, which are widely used in industrial calibrations in the present­

day. 

1871 Desgoffe (designer) and Pelletier (manufacturer) produced a pressure balance of 

100 MPa measuring range, which was based on similar principles to Galy­

Cazalat. Packing (sealing material) was used with the high pressure piston, 

whereas a rubber membrane was used at the lower piston for sealing purposes_ 

1880 Cailletet described a pressure balance of ISO MPa measuring range with an 

uncertainty of 0.5%, using a PCA which had a radial gap of approximately 51lm. 
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1883 Ruchholz reported on a directly loaded pressure balance that utilised a circular 

table, which was rigidly attached to the top of the piston. His idea seemed to be 

very simple, made use of a rotating piston, which is not much different to a 

present-day pressure balance. 

1893 Amagat described a notable pressure balance that departed from the normally 

used pressure balance during that time, which could measure up to 300 MPa. He 

used a similar instrument as Desgoffe, without using packing material and rubber 

diaphragm. A free-rotation piston was introduced that relieved friction between 

the piston and the cylinder, thus improved the sensitivity. This pressure balance 

was used by Amagat for extensive studies of gas compressibility. 

1893 StUckrath reported on a 50 MPa pressure balance with a beam loading facility, 

but it had no provision for rotation of the packed piston. He claimed that a typical 

sensitivity for such pressure balance reached the order of 0.04% at 25 MPa, 

proved that this arrangement was convenient to use, and also demonstrated that 

manufacturing technology of the cylindrical component had improved. 

1908 Bridgman described a generator for pressure to about 700 MPa in which a 

controlled-clearance peA was introduced to reduce the excessive fluid leakage 

through the peA. 

1911 Bridgman introduced a new idea in the construction of the peA after he 

abandoned his controlled-clearance design. A re-entrance type of peA was 

introduced, and successfully used. 

1953 Newhall refined and adapted the controlled-clearance principle to his pressure 

balance, where accurate pressure measurement with liquid medium was possible 

up to approximately 1.4 GPa. 
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3.2 PHYSICAL PRINCIPLES OF THE PRESSURE BALANCE 

The pressure balance is a very reliable instrument used to generate and measure 

pressure, using hydraulic or gas pressure transmitting fluid with a reproducibility in the 

order of a few parts per million (ppm) [Delajoud et al. 1999, Legras 1994a1. Its 

fundamental operating principle and excellent long term stability have made it an 

indispensable tool in high accuracy pressure metrology. It is one ofthe primary pressure 

measuring instruments that can metrologically derive pressure units in a complete and 

independent manner with reference to the basic units of the International System of 

Units (SI) i.e. mass (kg), length (m) and time (s). It derives pressure directly in terms of 

force which is exerted on a surface of a piston-cylinder assembly (PCA) of known 

effective area, i.e. when weights of known mass values are applied onto the piston, so as 

the pressure applied across the effective area of the PCA by the pressure transmitting 

fluid exactly balances the downward gravitational force. 

It consists of an accurately manufactured circular vertical piston that fits into a matched 

hollow coaxial cylinder with a very fine clearance (typically around 1 !lm for 35 mm 

diameter of piston) and it is free to slide in the cylinder. It is rotated during operation to 

reduce the influence of friction between piston and cylinder. An ideal PCA is made of 

carefully chosen materials, and it fulfils the following requirements [Molinar 19921: 

• Capable of withstanding high compressive load under elastic conditions 

• Have very small thermal expansion coefficients 

• Maintain a highly-polished surface finish (sub-micrometer surface roughness 

values) 

• Extremely accurate in geometry (roundness, straightness and parallelism) along 

the entire engagement length 

• Have a very small and uniform clearance between piston and cylinder 

• Ideally experience no friction between piston and cylinder 

• Demonstrate a small fall rate with very high reproducibility 
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• Exhibit no unpredictable distortion due to sealing works 

• Accessible for a contact precision temperature measurement 

The effective area of the PCA is neither the area of the piston nor the cylinder. but has a 

value somewhere in between them. Under reference conditions (with respect to pressure 

and temperature). its value is denoted by the symbol Aa. (normally expressed in m2 or 

mm2
) and is used in the conversion equation for the calculation of the measured 

pressure. 

3.3 BASIC TYPES OF PISTON-CYLINDER ASSEMBLY (PCA) 

Generally the PCA can be categorised into four basic types, depending on their 

construction that are designed to serve their particular needs, and/or the manner in which 

it is attached to the body of the pressure balance [Dadson et al. 1982. Molinar 1992 and 

Newhall et al. 2003]. A summary of the main variants between each type are described 

below: 

3.3.1 Simple Type 

This is the simplest and most widely adopted design of PCA to realise pressure in terms 

of force per unit area. It is commonly used in oil and gas-operated pressure balances. 

The force is applied to the head of the piston. whereas the pressure to be measured, P. is 

applied to the base of piston as shown in Figure 3.I(a). The piston and cylinder are 

stressed only by the pressure inside the clearance between piston and cylinder. hence 

they are subjected to free elastic deformations on their geometries, which depend on the 

value of pressure applied. This type of PCA is also known as a free-deformation type 

and it is normally used up to 600 MPa, due to limitations of rapid leaking beyond this 

point [Molinar 1992]. 

3.3.2 Controlled-clearance Type 

The controlled-clearance confignration that is shown in Figure 3.1 (b) can cover a very 

wide range of pressure using a single PCA. However it is designed mostly for operations 
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at very high pressure, up to few GPa [Molinar 1992, Lewis and Peggs 1992]. An 

independent controllable pressure system, known as jacket pressure, Pj, is applied to the 

external surface of the cylinder, hence providing control of the clearance between piston 

and cylinder (at the same time controlling the leakage past the clearance) at the 

operator's will [Newhall et al. 2003]. So, the clearance is a function of the geometry of 

the system, jacket pressure (Pj) and pressure being measured (P). 

3.3.3 Re-entrance Type 

This type of peA is designed to minimise the excessive leakage flow through it's 

clearance at high pressures. Figure 3.1(c) shows this configuration where force is 

applied to the head of the piston, whereas the pressure to be measured, p, is applied to 

the base of the piston. When the pressure P is applied, it will act simultaneously on a 

well-defined external part as well as on the internal part of the cylinder, thus introducing 

a differential pressure between the pressure, P, and the pressure distribution in the 

clearance. This situation makes the clearance between piston and cylinder contract 

proportional to the differential pressure between them. This type of configuration is 

commonly used in high pressure measurement, up to 700 MPa. 

3.3.4 Differential Type 

The configuration of the differential type peA is shown in Figure 3.I(d) aiming at 

avoiding the use of pistons of very small cross-sections. It allows one to use large 

diameter pistons, but requires relatively small loads. The effective area of the peA is the 

difference in area of the large and small piston-cylinder pairs, i.e. Ae = Al - A2• thus it 

can be very small. However, since the accuracy of pressure measurement using a simple 

type peA (of the same effective area) is greater than a differential type, the differential 

type remains unpopular at present. 

However there are some unusual configurations that have been used such as: 

• Spherical piston - Known as floating-ball pressure balance, e.g. ceramic ball 

which combines a ball to receive the load and a hemisphere base to support the 

ball. These types of configurations reduce the viscous drag on the piston thus 
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allowing operation in gauge mode at low pressures [Heydemann and Welch 

1975, Dadson et al. 1982]. 

piston 

_-- cylinder --_ 

+- Pi 
(jacket pressure) 

a) Simple type b) ControIIed-clearance type 

piston -

P 

c) Re-entrance type d) Differential type 

FIGURE 3.1 Four basic types of piston-cyUnder assembly 

• Grooved piston - In order to reduce substantially the deceleration rate of the 

pistons whilst improving the sensitivity of pressure measurement. This is due to 

very low friction between piston and cylinder [Heydemann and Welch 1975, 

Dadson et aI. 1982]. 

• Hybrid-peA - A mixed configuration of simple and re-entrance types where a 

simple type design (bottom part) and a re-entrance type design (middle part) 

portions of the cylinder are used to derive pressure at lower and higher pressures 

respectively [Nishibata 1997]. 
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• Dual-range peA - A high piston is fitted into a matched low piston, 

concurrently acting as a cylinder for the high piston. At the same time, the low 

piston is fitted into a matched cylinder hence providing two ranges of pressure 

measurements. They work in similar manner like a simple-type PCA but each 

range is treated separately [Dadson et al. 1982, Lewis and Peggs 1992]. 

• Tilting PCAs - used in lower pressure ranges where in these ranges the 

limitation is due to the weight of the piston itself. By tilting the piston of weight 

Mg to a tilting angle IX, the effective weight acting downwards becomes Mg sin IX 

[Heydemann and Welch 1975, Dadson et al. 1982]. 

3.4 PRESSURE CONVERSION EQUATION 

The pressure conversion equation is an equation that relates the pressure 

generated/measured by a pressure balance to the mass of weights (loaded onto the 

piston) while taking into account other input quantities. The pressure p is computed at its 

reference level h by analysing the different components of the forces acting on a piston 

of known cross sectional area. For a simple type pressure balance which is working in 

gauge-mode, the pressure p can be expressed by the following conversion equation 

[Nishibata 1997]: 

(3.1) 

where the symbols have the following meanings: 

p is the gauge pressure measured at the reference level (Pa) 

mi is the individual true mass value of each weight (including all floating elements 

e.g. piston and ball-bearing) applied on the piston (kg) 

gL is the local acceleration due to gravity (ms·2) 

Pa is the density of ambient air (kgm·3) 

Pmi is the density of i'h weight (kgm .3) 
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Ao is the effective area of the PCA at a reference temperature t, and atmospheric 

pressure (m2
) 

r is the surface tension of the pressure transmitting fluid used (Nm· l
) 

e is the circumference of the piston at the level where it emerges from pressure 

transmitting fluid (m) 

A. is the elastic pressure distortion coefficient of the PCA (Pa· l
) 

a;, is the linear thermal expansion coefficient of the piston (0C-I
) 

QC is the linear thermal expansion coefficient of the cylinder (0C-I) 

t is the measured temperature of the peA at the moment measurement 

taken/pressure is generated (oC) 

tre! is the reference temperature at which Aa was measured, normally 20°C 

Pr is the density of the pressure-transmitting fluid (kgm·3) 

h is the difference in the heights between the piston base and a selected reference 

level (m) 

Equation (3.1) is divided into two pressure components; the fust component expresses 

the pressure generated at the base of the piston, and the second component calculates the 

head correction due to the difference in two levels. Subsequently, the first component is 

divided into a few terms. The term (1- Pal Pmi) is the air buoyancy correction for i lh 

weight. The term re is an additional force exerted on the piston due to surface tension 

of the pressure transmitting fluid. The term (I + Ap) calculates the change of the 

effective area with pressure due to the pressure distortion coefficient. The term 

[I+(a. +a,)(t-t",)] is the correction factor of the effective area due to temperature 

deviation from its reference temperature. Lastly, the term P,gLh in the second pressure 

component represents the head correction, as a result of the density of the pressure 

transmitting fluid associated with its height difference. 

3.4.1 Mass and Buoyancy 

In practice, the weighing instruments used in mass determination only react to the total 

gravitational force that exerts the weighing pan. Since the weighing process is carried 
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out in ambient air, the actual gravitational force, Fm generated by the mass, m, is reduced 

by the weight force of the displaced air, Fa, (known as buoyancy). Consequently this 

force is detected by the weighing instrument as F, which represents the mass of the 

weighing sample. This phenomenon is in accordance to the Archimedes' principle, and . 

the three forces relationship can be expressed as follows [Debler 2000]: 

(3.2) 

From Equation (3.2), the resultant gravitational force F of the weighing sample in 

relation to its mass, m; its density, pm; density of ambient air, Pa; and the local 

gravitational acceleration, gL can be simplified as follows: 

(3.3) 

The term (1- Pa I Pm) is known as the air buoyancy correction factor. 

The problem regarding to different weight force generated by the same mass of 

weighing sample (of different density) has been rectified through the introduction of 

conventional mass, me [OIML RIlI-I 20041. A convention which is widely adopted, 

where: 

• The weighing sample is assigned to the conventional density, Pme of 8000 kgm-3 

• The air density is assigned to its conventional density pae, of 1.2 kgm-3 

Therefore all weighing instruments are adjusted to the above conditions, hence all the 

indicated values are automatically corrected to the conventional values even though the 

density of the weighing sample deviates from Pme. The relationship between true mass, 

m and conventional mass, me in equilibrium condition at Pa = Pae is as follows: 

(3.4) 

Rearranging Equation (3.4), the conventional mass value can be related to the true mass 

value by the following equation: 
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(I-Pa/Pm) 

(I-p./Pm<) 

where the Equation (3.5) can also be represented by the following form: 

(3.5) 

(3.6) 

From Equation (3.5), the difference in numerical values between m and me is as follows: 

m-me=m[l- (I-Pa/ Pm)] 
(I-P./Pm< 

(3.7) 

Therefore, the relative difference, D",/ between m and me in their numerical value is 
given by: 

D ,= (m-m,) =1- (I-Pa/ Pm) 
" m (I-Pa/Pmc) 

(3.8) 

By simplifying Equation (3.8), an approximation of Dre/ is given by: 

D =p[_1 __ 1] 
rei Q Pm Pmc 

(3.9) 

Equation (3.9) demonstrates that if the density of weight deviates by 2.5% (i.e. ± 200 

kgm·3) from its conventional mass value which is calculated at air density Pa = 

1.2 kgm·3, the relative difference is approximately 4 ppm. Furthermore, the actual air 

density during measurement is rarely equal to its conventional value, but always differs 

to a certain level of deviation hence influencing the effective downward force. Therefore 

when the highest level of accuracy in pressure measurement is required, calculation 

using true mass values is necessary, especially when they are used in absolute mode. 

However in order to avoid any confusion and mistakes in pressure computation, the use 

of true mass value in high accuracy pressure measurement in gauge mode is also highly 

recommended [Nishibata 1997]. Therefore a good knowledge of density of all floating 

components involved is essential. 
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3.4.2 Local Acceleration Due to Gravity 

The local acceleration due to gravity, gL shall be measured at the site for high accuracy 

pressure measurement since its value will be proportionally affecting the calculated. 

pressure. Direct measurement to the accuracy of 0.1 ppm is possible with residual 

standard deviation of 0.02 ppm [Molinar 1992]. However there is an acceptable formula 

that is recommended by the International Association of Geodesy which in general gives 

a value better than 50 ppm in accuracy [Lewis and Peggs 1992]: 

where 

(3.10) 

is a gravity value in ms·2, calculated for latitude q> and height H metres above 

sea level (ms·2) 

is a gravity value at the equator and at sea level, which is equal to 9.7803184 

ms-2 

Pr is a constant, which is equal to 0.0053024 

!h. is a constant, which is equal to 0.0000059 

Equation (3.10) above shows that the rate of gravity change per metre altitude is 

approximately 0.3 ppmlmetre which means that height difference cannot be ignored in 

high accuracy pressure measurement, i.e. when "gravity-independent" pressure 

measuring instruments (using mechanical deformation sensing elements) are calibrated 

against pressure balance. However, in the cross-floating experiments, gravitational 

effects on both pressure balances cancel each other out, hence the knowledge of its value 

is not important. 

3.4.3 Surface Tension 

Surface tension is a relatively small additional downward force correction that affects 

the pressure measurement. It is formed by the surface layer of the pressure transmitting 

fluid that behaves like an elastic sheet. At the surface of the fluid, the molecules are 

pulled inwards by other molecules deeper inside the fluid, hence creating an imbalanced 
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condition. This condition is balanced by a surface tension that is a resistance to 

compression at the surface layer of the pressure transmitting fluid. Its effect is only 

appreciable when measurement is carried out at low and moderate pressure using oil­

operated and gas-operated oil-lubricated pressure balances. However it is negligible for 

a gas-operated gas-lubricated pressure balance [Dadson 1983]. This force is equal to re 
that occurs at the level where piston emerges from the pressure transmitting fluid. 

3.4.4 Temperature Correction 

The coefficient of thermal expansion is a subject related to the expansion and 

contraction of solids in response to heating and cooling respectively. The linear thermal 

expansion coefficient relates the change in a material's linear dimensions to its 

temperature change. The area coefficient of the PCA is the sum of linear thermal 

expansion coefficients of piston and cylinder, symbolised by a;. and ~ respectively, 

where the temperature correction factor, er is given by: 

(3.11) 

For a high accuracy pressure measurement, a;. and ~ must be determined with an 

uncertainty of the order of a few percent, which can be characterised independently 

using dilatometric techniques (thermo-mechanical analysis) and a specific cross-floating 

experiment [Molinar 1992]. Its typical value extracted from the Tables of Physical 

Constants is not accurate enough since it commonly leads to an error of approximately 

10% to 20%. 

3.4.5 Elastic Pressure Distortion Coefficient 

The correction factor for an elastic pressure distortion coefficient is represented by the 

term (1 + Ap), which shows a linear change of its value with pressure. When pressure is 

applied to the system, the piston and cylinder undergo variation in their dimensions 

which is due to elastic properties of the material. At high pressure measurements, this 

phenomenon contributes the biggest source of error, thus an accurate value is essential if 

high pressure measurement is to be realised [Dadson et al. 1982]. However, it is 

extremely difficult to measure this coefficient directly since its value is very small, and 
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enclosed within a high pressure environment. The detennination of this coefficient 

becomes more complicated for pressures ranging from 1 to 5 MPa, however the 

influence of this distortion coefficient uncertainty is reduced if tungsten carbide is used 

instead of hardened steel [Molinar 1992], because the modulus of elasticity of tungsten 

carbide is approximately three time higher than hardened steel. 

For a simple type PCA that measures pressure below 0.5 MPa, an advisable fonnula in 

computing the elastic pressure distortion coefficient by Molinar [1992] is as follows: 

(3.12) 

where 

v p is the Poisson coefficient of the piston 

Vc is the Poisson coefficient of the cylinder 

Ep is the Young's modulus of elasticity of the piston (pa) 

Ee is the Young's modulus of elasticity of the cylinder (Pa) 

Re is the outer radius of the cylinder (m) 

re is the inner radius of the cylinder (m) 

3.4.6 Effective Area 

The effective area of the PCA at its reference temperature, tret and atmospheric pressure, 

Po can be detennined through one of the three following approaches [Dadson et al. 1982, 

Molinar 1992]: 

• Calculation based on direct dimensional measurement 

• Cross-floating against liquid column manometer 

• Cross-floating against a reference pressure balance 

The advantage of the first approach is being an absolute and independent method, that 

fulfils one of the requirements to become the primary pressure standard. Unfortunately 
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this method is· very costly due to its requirement for the state-of-the-art equipment 

[Neugebauer 1998], long time measurement process and highly skilled personnel. 

Besides these disadvantages, one should bear in mind that the results determined using 

direct calculation from measured dimensions, may introduce discrepancies (ppm level) 

compared to the results obtained from cross-floating against a liquid column manometer 

or other pressure balance. Therefore, dimensional measurements alone cannot provide 

formally recognised traceability to the SI pascal, without extreme levels of data and 

mathematical modeIling, supported with extensive comparison histories with other 

instruments of proven performance [NPL 2006]. This is due to the following reasons: 

• Dimensional based measurement and cross-floating based measurement are 

carried out in totally different manners, i.e. in static and dynamic conditions 

respectively. 

• The interaction effect between the piston and cylinder during operation may 

introduce other sources of error which do not appear in the static condition, i.e. 

dimensional measurement. These effects are immeasurable using direct 

dimensional measurement. 

• Errors introduced by the software in determining the mean effective area. This is 

due to the complexity of surface textures on the piston and cylinder, plus other 

sources of errors in roundness, straightness and parallelism which lead towards a 

very complicated characterisation of effective area. 

3.5 THEORY OF THE PISTON-CYLINDER ASSEMBLY (PCA) 

An ideal PCA is assumed to be highly polished and perfect in geometries such as 

straightness, parallelism and roundness with constant radii respectively (thus having 

perfectly circular cross sections and their axes are coaxial and vertical) and assuming the 

normal law of viscous flow in the inter-space [Dadson et al. 1965, Dadson et al. 1982, 

Lewis and Peggs 1992]. Firstly, these assumptions should be considered in order to 

48 



Chapter 3: The Pressure Balance 

derive the effective area of the peA, which is a function of the dimensions of both 

piston and cylinder. This ideal system is shown in Figure 3.2 for the simplest 

geometrical case, where r, R and he are the radii of the piston and cylinder bore, and the 

radial separation between them respectively. Radial separation which is normally called 

the clearance, is simply obtained by: 

(3.13) 

The fluid pressure, PI being measured is applied to the base of the piston, while the top 

of the piston is exposed to the ambient pressure, p, [Dadson et al. 1982]. At the 

equilibrium condition, the upward vertical force due to the pressure difference (PI - p,), 

is balanced against a known gravitational force W. that is applied to the piston. However, 

the total upwards force acting on the piston is due to the actual pressure acting on the 

bottom level of the piston i.e. nr' (PI - p,) , and a very small frictional force, Ff' exerted 

on the vertical flanks of the piston by the fluid which is being forced to move upwards 

under the influence of the pressure gradient. Therefore when the piston is in equilibrium, 

those forces are balanced by the true gravitational force, W' as follows: 

W'= nr'(PI - p,) + F, (3.14) 

If the normal laws of viscous flow are maintained and plane-parallel surfaces are 

assumed, the bounding surface which is known as the "neutral surface" of radius r is 

located precisely in the middle of the two boundaries [Dadson 1983]. At this surface 

(depicted in broken lines), the frictional force between adjacent layers of fluid due to 

fluid motion will be zero. The total downwards force acting on the column of fluid 

between neutral surface and piston surface are a sum of frictional force, Ff , exerted on 

the vertical flanks of the piston by the fluid and the downward gravitational force, w' 

due to its mass. Hence the following equation is obtained: 

(3.15) 

Therefore, combining Equations (3.14) and (3.15) and simplifying them, we have 
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W'+w' 
PI - p, =---;p-

/ Neutral surface ~ 

.! Piston axiS! 
, 

W : 

PI 

FIGURE 3.2 An Ideal simple type plston·cylinder assembly 

(3.16) 

Rearranging Equation (3.16) above, the effective area, Ao of radius r will be given by: 

W'+w' Aa = trf' 
(PI-P,) 

(3.17) 

The effective area, Ao above is the quantity that is used in the conversion equation for 

the calculation of the measured pressure where the applied force must be divided into. 
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An adequate approximation average of the radius of the neutral surface, f, that is 

adopted by Dadson et al. [1982] in their monograph is p2 = r'(1+E), where E is not 

likely to be greater than 10.3• Consequently for an ideal model of the PCA, Equation 

(3.17) can be reduced to: 

(3.18) 

However if the highest level of accuracy is required, the following approximation is 

advisable: 

(3.19) 

Equations (3.18) and (3.19) represent the effective areas when there is no vertical 

movement of the piston taken place, i.e. at zero fall rate. However this does not happen 

in reality with the piston typically dropping at a very slow rate, in order to compensate 

for volume losses of pressure transmitting fluid, which leaks through the clearance. In 

the situation where the piston drops at its natural fall rate, the effective radius is given 

by: 

(3.20) 

Hence the effective area of an ideal PCA which drops at its fall rate is represented by the 

following equation: 

(3.21) 

Unfortunately, in real situations pistons and cylinders are not perfect, having geometric 

irregularities or tapering along their generatrices that might reach a few micrometres 

[Molinar 1992, PTB 2006]. A more generalised (non-ideal) simple type PCA is depicted 

in Figure 3.3. The radii of piston and cylinder may vary with their axial position where u 

and U represent the deviations from their ideal reference radius respectively; whereas ha 
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and ro are the radial separation between the piston and cylinder, and piston radius at x = 
O. 

Ideal neutral surface ': 
-..,.. Ideal reference radius of piston _ Axis 

Actual neutral surface, : I / : 
! -..,..1 !{ ,,.-----------; 

P2 .. · .. · .. · .. · .. · .. .-----, .. 1 .. · .. ·(: .. · .. ·-+ .. · ....................... _ ............................ _ ...... . 

Cylinder 

! t: ! :. " , 
~I i I: i 

" ,: ': 
" ~ 
I 
I 
:' 

, 
! , 
; 
!+- u , 
, , , 
, , 
; , 
; 
; 

Piston 

" :, !"~I------ ro , 
'I 
~ 

, 

1 
f-PI •.•.•.•.•.• '------11 .•. 7: •.•.• ; " •.•.•.•.•.•.•.•.•.•. , .•.•.•.•.•.•.•.•.••.• 

I ' . . : !'--------------l , ' 
Ideal reference radius 'i 
of cylinder --..,~~; . ! 

'.. ho .. : 

x=l 

x=O 

FIGURE 3.3 A generaUsed non-Ideal simple type piston-cyUnder assembly [Dadson 1982) 

The effective area of a generalised non·ideal peA can be derived by the following 

equation [peggs 1977 and Dadson et al. 1982): 

An = 111"{I + ho 
ro 

I } 1 f(u+U)dP dx 
ro(p, - p,) 0 dx 

(3.22) 
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3.6 SUMMARY 

The exact time of emergence of the pressure balance as a precise pressure measuring 

instrument is not clear, however it emerged approximately 150 years ago when the 

requirement for high pressure measurement became important after the first high 

pressure steam engine was built around 1800. After undergoing refinement processes for 

more than 150 years, the pressure balance has become a very reliable instrument used to 

generate and measure pressure with a reproducibility in the order of a few parts per 

million (ppm) and demonstrates an excellent long term stability. It fulfills the 

requirement as one of the primary pressure measuring instruments that can 

metrologically derive pressure units in a complete and independent manner with 

reference to the basic units ofthe International System of Units (SI). 

The heart of the pressure balance is a peA, consisting of an accurately made circular 

vertical piston that fits into a matched hollow coaxial cylinder with a very fine clearance. 

There are four basic types of peA that are commonly available, as well as a few other 

unusual configurations. The pressure generated/measured by a pressure balance can be 

related to the mass of weights, local acceleration due to gravity, effective area, 

temperature, pressure distortion coefficient and other quantities using a pressure 

conversion equation. The level of accuracy of each parameter involved shall be 

measured/determined to some extent suitable to the accuracy of the pressure to be 

determined. The effective area of the actual peA used in practice, is definitely not ideal 

in term surface roughness, roundness, straightness and parallelism, can be calculated 

using an equation recommended by Peggs [1977] and Dadson et al. [1982], that is still 

valid and accepted by the pressure community. 

The results obtained from direct calculation of measured dimensions may introduce 

some discrepancies (ppm level) compared to the results obtained from cross-floating 

methods. This may be due to the difference in measurement nature between the two 

methods, interaction effects which are immeasurable using direct dimensional method, 

and errors introduced by the software in manipulating data which are obtained from 

dimensional measurements. 
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The next chapter will provide a review on the development of the gas-operated pressure 

balance and the scale of discrepancies in pressure measurement results when different 

techniques and approaches are applied. 

54 



Chapter 4: Review 01 the Gas-Operated Pressure Balance 

CHAPTER 4 

REVIEW OF THE GAS· OPERATED PRESSURE BALANCE 

The development of hydraulic pressure balances started during the mid-1800s 

[Heydemann and Welch 1975. Dadson et al 1982. Molinar 19921. but gas-operated 

pressure balances started almost a hundred years later. Lack of knowledge. material and 

machining technology to fabricate the peA with an acceptable radial gap between 

pistons and cylinder became the main reason for this delay [Ehrlich 19941. 

Since the initial development of the pressure balance. the requirements to scale down 

measurement uncertainty in a wider measuring range (than those measured by the Iiquid­

column manometers) have increased. Therefore the gas-operated pressure balances have 

attracted the attention of the metrologist and scientist to explore the critical parameters 

in a wide variety of approaches. This became one of the main factors towards the rapid 

technological improvements of the pressure balance. besides the development of high­

quality air-bearing technologies during that period. which further stimulated its 

advancement. In this instance. the requirement for excellent geometric dimensions and 

tolerances. such as roundness. straightness and parallelism. were vital to minimising the 

gap dimensions. thus uncertainties. 

The emphasis of this chapter is to review the research and developments of the gas­

operated pressure balances which were carried out in the past. are currently in progress. 

and potential future development. The review is based on literature which starts from the 

earliest development. to its present situation (based on the year of publication). It is 

presented in each decade as follows: 
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4.1 The 19408 

One of the first publications related to a gas-operated pressure balance was published by 

Brubach [19471, who conducted research to measure the back-leak through various types 

of mask valves, which were used in oxygen breathing equipment. He devised a simple 

measuring apparatus, resembling a gas-operated pressure balance using a dry 

hypodermic syringe to produce a low friction gas sealed bearing. An ordinary clean and 

dry medical hypodermic syringe was utilised, where the plunger of the syringe was spun 

within the barrel. While spinning, the syringe centred itself within the barrel by the air 

film which acted as a bearing surface. This apparatus was used in accurate 

measurements of gas volume of very low pressure heads, and also gas pressures of low 

pressure heads i.e. as low as 0.6 dynes per cm2 (0.06 Pa) 

4.2 The 19508 

Brubach's experiments in 1947 encouraged Hutton [19591 to construct a tilting air­

lubricated pressure balance at the National Bureau of Standards, NBS (former name for 

the National Institute of Standards and Technology (NIST, USA)) for ranges of 

differential pressures up to 0.5 inHg (1.7 kPa). Without resorting to weight changing, but 

with use of the toolmaker's sine bar method of angle measurement, a resolution of better 

than 10 ppm of full scale was achieved. Comparative tests against manometers 

demonstrated that this instrument agreed within 0.025% (250 ppm). 

Ehrlich [19941 reported that at this time, the first commercial gas-operated pressure 

balance of absolute and gauge modes had already become available, which measured an 

approximate range of 2 to 35 kPa. Later, a gas-operated pressure balance of controlled­

clearance design was constructed at the NBS in 1958. Its measuring range was 

approximately 2 to 4000 kPa, with the measurement uncertainty achieved being 20 ppm 

(2a). The controlled clearance pressure balance then became commercially available, 

with the National Physical Laboratory, India (NPLi) successfully using it with an 

uncertainty of measurement of approximately 50 ppm (2a). 
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4.3 The 1960s 

Ehrlich [1994] also reported that the gas-operated tilting pressure balance first became 

available on the market in 1963, and by the mid-1960s, the gas-operated pressure 

balance had become fully established as a legitimate metrological and industrial 

instrument. 

Dadson and Greig [1964] presented their seminal paper concentrating on the gas­

operated pressure balance. This has become one of the most important sources of 

reference for gas-operated pressure measurement, and it is sti1l relevant to this day. This 

work was the initial investigation into the possible use of the gas-operated pressure 

balance as a primary pressure standard, competitive with the liquid manometer. This 

paper covered topics on the determination of the effective area of a peA, the effect of 

non-uniformities in diameter, the effect of tilt of the piston, and the effect of transition to 

molecular flow in the annular gap, between the piston and cylinder at very low 

pressures. 

One year later, Dadson et al [1965] published a paper on the development of accurate 

high-pressure measurement, which concentrated on the elastic distortion caused by the 

applied pressure. Two methods were introduced to investigate the variations of the 

effective area due the elastic distortion. The first method (known as the similarity 

method) where the principle of similarity was applied to two peAs of the same general 

dimensions but constructed from materials of substantially different elastic moduli. In 

the second method, use was made of the flow characteristics of the pressure transmitting 

fluid applied to two peAs having a known difference of diameter. They reported that the 

distortion factor could be represented as a linear function of the pressure, where the final 

accuracy of its determinations was approximately ± 2%, which corresponded to 

approximately \0 ppm (at 100 MPa) 

The principles used by Hutton in 1959 attracted Douslin and Osbom [1965] to develop 

an inclined pressure balance that was needed in thermochemical research, which 

required accurate vapour-pressure measurements in the low and intermediate pressure 
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range (1.3 - 4000 Pa). They introduced a unique oscillatory method to reduce residual 

friction between the piston and the cylinder, hence allowed full sensitivity of the gauge 

to be realised. On the other hand, a goniometer of readability I arcsec (0.0003") was 

utilised in declination angle measurement that was to adjust the weight to area ratio, 

where the accuracy in a range of 0.1 to 1.6 Pa from lower to upper pressure range was 

claimed. 

4.4 The 1970s 

Bass and Green [1972] published one of the first papers to compare the effective area 

calculated using two different methods: 

• From dimensional measurements combined with Dadson' s model [Dadson et al. 

1965] for pressure dependence. 

• From measurements obtained via cross-floating against a mercury manometer. 

They revealed that the differences between these two methods at 100 kPa (in absolute 

and gauge modes) were less than 10 ppm. 

In order to improve the performance in cross-floating experiments using gas-operated 

pressure balance, Markus [1972] introduced a constant volume valve which minimises 

the volume change in the gas system during valve operations. He claimed that the 

volume change was less than 0.15 mm3 between the open and closed positions, with the 

leak rate less than 5 x 10-5 mole/sec at lOO kPa differential pressure. The valve was 

designed to withstand the full differential pressure of 140 MPa. 

Heydemann and Welch [1975] discussed the basic equations used in calculating pressure 

generated by the pressure balances (involving basic laws of thermodynamics) and the 

elastic distortion coefficient, which became the largest source of error (contributing to 

the change of the effective area with pressure) besides temperature effects, air buoyancy 

and head corrections. They also discussed various designs of peA, (including irregular 
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designs such as ball gauges and grooved pistons), calibration of pressure balances and 

the use of pressure balances. 

A method of computing the effective area of a pressure balance from diametral 

measurement was published in a NPL report by Peggs [1977]. He described a computer 

program that enabled the effective area to be determined, either in a compressible or a 

non-compressible pressure transmitting fluid. 

Peggs and Lewis [1977] reported their work on the NPL primary pressure balance 

standard, in order for realisation and maintenance in accordance with the SI pressure 

unit (Pa). Three main issues were discussed: 

• Dimensional measurement ofthe pistons and cylinders. 

• Comparisons with a precision mercury column via a transfer standard. 

• The three different methods of providing information on the relative dimensions 

of the pistons and cylinders. 

Thorough analysis on the uncertainty budgets were presented, where Peggs and Lewis 

[1977] estimated that the overall uncertainty of the pressure measurement (l to 4 MPa) 

was no more than 20 ppm at 99.7% (30) level of confidence, with 1 ppm contributed by 

the random uncertainties. 

Continuous efforts have been carried out to improve the uncertainty of measurements 

using pressure balances from various perspectives. Prowse and Hatt [1977] are believed 

to be the first who published their investigations on the rotational effects into the 

performance of a gas-operated pressure balance. They experimented on three PCAs of 

different sizes, but detailed measurements have been made on only one PCA, which was 

81 mm2 (measuring range of II to 300 kPa). Experimentation was carried out with the 

rotational frequency ranging from less than 30 to 1000 rpm. They found that the usual 

relative rotation of the piston and cylinder with added masses, could produce a pressure 

effect up to ten times greater than the accuracy of measurements relative to vacuum. The 
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magnitude of this pressure effect depended on the rotational frequency and whether a 

bell-jar was in place or not. They also found that the gas-operated pressure balance was 

insensitive to rotation at about 100 rpm. 

Bass [1978] published concerning the analysis of the contribution of the radial 

deformation and viscous effect to the affective area of the PCA, using varied 

experimental techniques at 40, 80, 120 and 160 kPa, for different PCA geometries and 

materials of construction. Lack of information on the suitability of the pressure balance 

at high levels of accuracy, and relatively low pressures motivated Bass to carry out this 

investigation. This work identified a significant correlation between the theoretical 

model and experimental data, and suggested that the pressure balance could be used to 

replace a mercury manometer without serious degradation in the overall absolute 

accuracy, at a low gauge pressure ranging from 10 -160 kPa. 

Similar studies as Prowse and Hatt [1977] were carried out by Sutton [1979] using the 

same model of pressure balance, in order to report in a more accurate manner regarding 

to the variation of pressure with rotational frequency. He found that at low rotational 

frequencies (180 to 600 rpm), the generated pressure increased with the square of the 

frequency, and that the extrapolated pressure for zero frequency (aerodynamic forces are 

zero) corresponded to the calculated pressure. Furthermore, his work demonstrated that 

at low frequencies, the force due to the rotation acting on the pressure balance was 

almost independent of load applied, and the force due to rotation of the PCA was 

independent of its effective area. Both studies [Prowse and Hatt 1977, and Sutton 1979] 

discovered that differences corresponding to hundreds of ppm in relative pressure value 

might be observed at high speeds of rotation, under certain gauge-mode operating 

conditions. 

Research on a modified version of a gas-operated (gas-lubricated) pressure balance was 

carried out in the late 1970s when the manufacturer of pressure balances (Des granges et 

Huot Company, France) introduced a gas-operated oil-lubricated pressure balance. This 

type of design was intended for high pressure applications where the test medium was of 
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any type of non-corrosive gas [DH-Budenberg n.d. cl. The main advantages of this type 

of pressure balance were: 

• Fall rate of the piston was much lower especially at high pressure compared to 

the gas-operated gas-lubricated pressure balance, hence gas pressure 

measurement could be accurately measured up to 100 MPa. 

• Eliminates the needs of oiUgas interfaces or separators that supplement other 

sources of uncertainty in the system. 

However, the performance of this type of standard was not comparable to the gas­

operated gas lubricated pressure balance due to lack of sensitivity in measurement as a 

result of oil-lubrication, and the contamination in the clearance between piston and 

cylinder became a potential problem [Ehrlich 1994]. 

Lewis and Peggs published a book in 1979, republished in 1992 [Lewis and Peggs 1992] 

as a practical guide on how to use the pressure balance. It covers the theory of the 

pressure balance, practical aspects of use including balancing procedures (cross-floating 

method) of the gas-operated pressure balance, evaluation of pressure generated, 

evaluation of effective area from pressure balance comparisons, and estimation of 

measurement uncertainties. 

In order to ensure the degree of equivalence, which led towards increased technical 

confidence to the val ues attributed to the NPL and the PTB standards, an 

intercomparison between these two institutes was carried out [Peggs et al. 1978]. 

Measurements were completed at lOO kPa in absolute mode, and in the range of 20 to 

100 kPa in gauge mode. The uncertainties quoted by the NPL were 19 and 18 ppm in 

absolute and gauge modes respectively, whereas PTB were 40 and 34 ppm, both NMIs 

at 99.7% (3cr) level of confidence respectively. The results of the experiments carried 

out indicated that both pressure balances performed well in the pressure range lOO kPa 

(absolute mode), and from 40 to 100 kPa (gauge mode) with the maximum mean 

fractional difference being 14.4 ppm and 1.9 ppm respectively. 
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As a consequence of the research and development within this decade, gas-operated 

pressure balances became common within the NMIs by the late 1970s, leading to more 

theoretical and experimental investigations. More results were then published 

demonstrating various effects that were commonly encountered during the measurement 

processes in the next decades. 

4.5 The 1980s 

Aerodynamic effects encountered in the experiments carried out by Prowse and Hatt 

[1977] and Sutton [1979] resulted in Sutton [1980] producing another paper devoted to 

an improved mechanism for spinning the floating element of a gas-operated pressure 

balance. He utilised a continuous rubber belt to impart a torque to the floating element at 

rotational frequencies up to approximately 1000 rpm, in either direction (clockwise or 

counter clockwise). The floating element was freely rotated to eliminate contact, hence 

friction between the piston and the cylinder. Besides the free rotating mechanism, the 

motor was mounted in such a way that it did not significantly affect the thermal stability 

of the PC A. 

More intercomparisons of gas-operated pressure balance were completed during 1980s, 

when the Laboratoire National d'Essais (LNE) and NBS (now NISn conducted a 

bilateral intercomparison over the range of pressure of 0.4 to 3.9 MPa. Two pressure 

balances of different principles and operating mediums were intercompared. LNE used 

an oil-operated pressure balance of a simple type PCA, calibrated against a standard 

whose effective area was the average of the measured area. The NBS used its primary 

gas-operated pressure balance of a controlled clearance type PCA, with the effective 

area derived from the measurement of the piston only. A coaxial capacitor gas/oil 

separator was used to connect both these pressure balances. The agreement between 

these two NMls was within 6.4 ppm based on calculated effective area, and 3.3 ppm 

based on the pressure generated, thus demonstrating the two different methods employed 

were well verified at this pressure range. 
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Dadson et al [1982] published a book containing discussion and thorough review of the 

pressure balances. It covers the introductory discussion of history, basic concepts, 

tenninology etc., followed by a thorough description of the fundamentals of the pressure 

balance, such as the hydrodynamic theory of the instrument, effects of elastic distortion, 

methods of deriving effective areas of the PCA from the first principles etc. More 

specialised developments and applications are also discussed in depth, and it finishes 

with detailed elaborations on a number of small departures from ideal behaviour, which 

are likely to be of particular concern to the specialists who are dealing with state-of-the­

art uncertainties. 

Verification on the effective area detennined via the direct dimensional measurement 

method against the cross-floating (pressure generated) method continued. This occurred 

through a bilateral intercomparison between the lMGC and the NBS, where a primary 

gas-operated pressure standard of the lMGC was compared against two pressure 

balances of the NBS. Intercomparisons were made using the pressure generated method 

i.e. by a ''transfer'' gas-operated pressure standard (PG23) of NBS, and a primary gas­

operated pressure standard (PG24) ofNBS. The effective areas of both primary pressure 

standards were detennined by direct dimensional measurements, whereas a transfer 

pressure standard was detennined by intercomparison with another pressure balance or 

liquid manometer. The agreement between the average pressure generated by the lMGC 

primary pressure standard and the NBS transfer pressure standard was within 7 ppm 

(over the range 0.75 to 5.0 MPa), and the agreement between the lMGC primary 

pressure standard and the NBS primary pressure standard was within 6 ppm (over the 

range 0.5 to 1.5 MPa). The agreements were well within the estimated uncertainties of 

the pressure balances involved. 

Very large PCAs were developed at LNE, France in the mid-1980s, which were 

significantly larger than the ordinary PCA at that time. PCAs with 35 mm piston 

diameter, specially fabricated with the piston-cylinder clearance in the order of 1 I1m, 

roundness within 0.1 I1m and straightness within 0.15 ltID, began to be used as the 

primary pressure standard for France [Legras 1994a]. The diameter of the pistons and 
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cylinders were detennined through dimensional measurements, which made the 

effective areas directly traceable to the primary length standard (i.e. the metre). 

Delajoud and Girard [1981] published on the development of a digital read-out pressure 

standard which provided much greater convenience compared to the traditional method 

of achieving equilibrium using ordinary pressure balance (especially in the cross­

floating method). It consisted of a PCA and a dynamometer which was well coupled so 

that the piston was free to slide within the cylinder and their axes were coaxial and 

vertical. The dynamometer was directly adjusted by the weights, hence ensuring the 

derived pressure were from mass, length and time. Similar topics have been discussed by 

Dargent [1994]. However, parasitic perturbations due to the piston's rotation became a 

problem in the measurements, although it was shown to be within a few parts in 105 

when used as a transfer standard during intercomparisons [Legras 1994b]. Its status to be 

categorised as a primary pressure standard is still a controversial issue. 

Detailed investigations on two primary gas-operated pressure standards of 2 and 5 MPa 

measuring ranges were completed by Maghenzani et al. [1987] in gauge mode 

operations. The perfonnance of each pressure balance was evaluated as regards to fall 

rate reproducibility, rotational frequency reproducibility, and the possibility of the 

influence of the gas species N2 (nitrogen), He (helium) and C02 (carbon dioxide). These 

investigations revealed that no significant differences were observed when different gas 

species were used. Helium was found to be a very satisfactory fluid alternative to N2, but 

C02 was recommended to be avoided in primary pressure applications due to poor 

reproducibility. The overall uncertainty in the gauge mode pressure measurements with 

the two pressure balances in the range of 0.1 to 5 MPa was consistently better than 14 

ppm. 

Assessment of the suitability of several gas species as a working pressure transmitting 

fluid was carried out by Sharma et al. [1988]. They characterised a controlled clearance 

pressure balance up to 5 MPa, by measuring the fall rate of the piston as a function of 

the jacket pressure, Pj- The pressure transmitting fluids investigated were Ar (argon), N2, 
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He and Hz (hydrogen). They found that a relatively better reproducibility in the stall 

jacket pressure, Pz (the value of the jacket pressure at which the clearance between the 

piston and the cylinder is zero) was obtained for He and Hz compared to Ar and Nz. 

Therefore, Helium was confirmed to be suitable to be used in addition to Nz, but a 

higher value of Pj was required to get a good floating condition. 

4.6 The 1990s 

After undergoing refinement processes for more than forty years, gas-operated pressure 

balances have become the common primary pressure standards around atmospheric 

pressure, because they have several advantages over the mercury manometer such as; 

higher measuring capacity, lower thermal expansion coefficient and portability [Legras 

1994a, Legras 1994b]. However, the suitability of the gas-operated pressure balances as 

a primary pressure standard, i.e. as an alternative to the mercury manometer, becomes an 

issue for debate. More recent intercomparisons between gas-operated pressure balances 

and primary standard manometers have shown that there are some significant 

unexplained differences between them. 

Schmidt et al. [1994] identified that a number of researchers had reported that the gas 

species used may cause significant difference, whereas the mode of operations (absolute 

and gauge mode) may cause up to 25 ppm differences. This prompted them to 

investigate the mode (absolute and gauge modes) and gas species affecting the effective 

area of the peA using He, Hz, Nz and SF6 (sulfurhexaflouride), which demonstrated 

significant differences in the rotational dissipation between the four gas species. 

Through these studies, a mathematical model to relate effective area with gas species 

was developed, but with this limited theory it indicated a change of less than 2 ppm in 

the effective area when the mode was changed. 

Further effects were observed on the pressure generated, when the same pressure 

balance was operated in two different modes. Significant differences in the rotational 

dissipation were observed between the four species of gas especially between He and 
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other gas species, and even larger differences were observed (especially with the same 

gas species) between the two operational modes (gauge and absolute). Consequently, the 

measured results were transferred into a basic model (for the momentum transfer 

function) that was used to interpret the rotational dissipation, which depended on the 

pressure profile due to the gas species in the clearance between piston and cylinder. 

Good agreements were obtained between the measured and modeled results for all four 

gas species. 

Similar experiments have been carried out by Meyer and Reilly [1994] using H2, 3He 

(helium-3), 4He (helium-4), N2, C02 and SF6. They found that the effective area 

differences ranged from 26 ppm (at 1.4 kPa) to 4 ppm (at 45 kPa). However, the 

maximum differences were constant at 6 to 7 ppm from 100 kPa to 162 kPa. These 

findings supported the claims that the effective area is gas-species dependent, especially 

at the lowest pressure (1.38 kPa). Meyer and Reilly [1994] noted that effects are 

"instrument -dependent" for the highest accuracy pressure measurement. 

Extended research on the effect of gas species and the mode of operation (absolute, 

gauge and intermediate modes) affecting the effective area of the PCA using He and N2 

have been carried out at NIST. This research has included the vertical and rotational 

effects into considerations, aimed at providing further evidence that these two effects 

were under controlled conditions. Through these studies, a mathematical model to relate 

effective area with gas species was developed [Schmidt et al. 1994], and predicted that 

the effective area should increase monotonically by about 6 ppm of the geometric piston 

area. However, the mode effects remained cannot be predicted. 

Legras [1994a] published work entitled 'Stability of Piston-Cylinder Assemblies from 

an Experience of Fifteen Years', which emphasised the possibility to construct pressure 

balances for use as primary pressure standards with a reproducibility of less than 1 ppm. 

He demonstrated that it was possible to characterise them in the SI system with the 

uncertainty of measurement of approximately 5 ppm. This work also presented methods 

used at the LNE to check the stability of the PCAs and to improve knowledge of the 
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effective area determinations, and at the same time described the results obtained over a 

period of more than fifteen years. The methods presented were known as: 

• The "41 Method", which was introduced (implemented in 1975) to eliminate 

effects such as surface tension, and mass or density of the piston in the 

determination of the effective area. 

• Calculate the ratios of the effective values "two by two", i.e. when the materials 

of the two PCAs and the set of masses were the same, and when the dimensions 

oftwo PCAs and the altitude of the two reference levels were the same. 

Other efforts to bring the uncertainty of measurement to the lowest possible level have 

been carried out through studies of other factors that may contribute to the effects, such 

as surface finish treatment of masses, magnetic and electrostatic forces, method of 

rotation, interface between weights and piston, cleaning technique of the PCA, torque 

applied in mounting the cylinder etc. [Ehrlich 1994]. As an example, the effective area 

of the test PCA of a nominal area of 98 mm2
, determined by an ordinary cross-floating 

method, showed a small increase with increasing torque, where the effective area of the 

PCA was measured using three different values for the mounting torque. It was found 

that the maximum increase in the effective area was approximately 2 ppm at a torque 

value of 8 Nm [Rantanen 1994j. Furthermore, it was mentioned that in order to achieve 

the maximum accuracy, the PCA should be calibrated with its own balance body, hence 

indicating that the advantages of the inter-changeability features were lost. 

Intercomparison is one of the approaches to allow standards to progress continuously 

and it is the best tool to evaluate the quality of standards and to validate the uncertainties 

estimated. Intercomparisons allow the detection of any possible systematic errors, 

experimental errors, missing contributing factors in uncertainty budget, or mistakes in 

calculations [Legras 1994bj. Intercomparisons in the whole range of pressure 

measurement have been carried out since 1975 with more structured activities taking 

place after the establishment of the Consultative Committee for Mass and Related 

Quantities (CCM) in 1980 [BlPM 2006dj. 
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One of the intercomparisons was the comparison of a mercury manometer in the 10 kPa 

to 140 kPa range (absolute and/or gauge mode), which made use of a gas-operated 

pressure balance as a transfer standard, and participation from thirteen laboratories. The 

progress was reported by Stuart [1994], documenting that the transfer standard had 

shown good repeatability and long-term stability. However, the results demonstrated 

significant difference for several participants which were believed to be due to the 

transfer standard behaving differently in the two modes. 

Significant differences (unsatisfactory results) were also seen through a bilateral 

intercomparison between a pressure balance of the LNE and a mercury manometer of 

the All-Russian Research Institute for Physical, Technical and Radio-Technical 

Measurements (VNIIFrRI) in the range of 30 to 110 kPa [Astrov et al. 1994] using N2 

and He as a pressure transmitting fluids. A relative difference of 12.2 ppm was 

considered significant as the comparison was estimated at 8.4 ppm (20"), with 

unexplainable phenomenon. 

Similar degrees of disagreement were found in a bilateral comparison between LNE and 

PTB, with relative differences of up to 11.6 ppm [KIingenberg and Legras 1994]. The 

differences in effective area determination were due to the differences in the 

dimensional data obtained by the two NMIs (insufficient accuracy), even though these 

values were reproducible in dimensional measurements within 1.6 ppm. They also 

highlighted that the difficulty in finding the correct reference position became the 

probable reason in the differences encountered, and noted that cross-floating 

intercomparisons using pressure balances were possible at ppm levels. 

Jain et al. [1993] published concerning the intercomparison of the effective areas of a 

gas-operated pressure balance of I MPa capacity determined by different techniques. 

The intercomparison involved four peAs of 35 mm diameter as the test units, aimed at 

investigating the consistency in their effective areas obtained by one or more of the 

following methods: 
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• Calibration against a pressure balance standard (1.4 MPa capacity), that had a 

traceability chain to the NIST Gas Thermometer Manometer (GTM) of 0.1 MPa 

capacity via another pressure balance (0.3 MPa capacity). 

• Cross-floating intercomparisons between the test PCAs. 

• Direct geometrical measurements. 

• Calibration of one of the test PCAs against a controlled-clearance pressure 

balance (7 MPa capacity). 

They found that the overall level of agreement between the three different techniques 

used was within 10 ppm, i.e. within the estimated total uncertainties of the individual 

techniques. 

Jain et al. [1993] suggested that further investigation should be carried out to understand 

better the effects of factors such as the molecule-surface interaction, the pressure profile 

and the flow of gas through the clearance between piston and cylinder in order to get 

increased confidence in the effective area values derived through the direct geometrical 

measurement. The work also concluded that there was the possibility of a simple type 

PCA of larger-diameter to be used as a primary pressure standard (with higher degree of 

confidence based on direct geometrical measurement), once a good understanding of 

these effects was obtained and with improved accuracy of geometrical measurement. 

The development of PTB' s new state-of-the-art Abbe-type length comparator for 

measurement of the diameter and form has contributed significantly to the effective area 

determination, especially for very large PCAs. This comparator, which uses contact 

probe techniques, was utilised to calibrate 35 mm diameter PCA. This PCA has served 

as a transfer standard in the CCM I MPa pressure intercomparison between NIST, LNE, 

IMGC and PTB [Neugebauer 1998]. The PCA was also calibrated with another Abbe­

type comparator, which agreed within the ranges of uncertainty quoted. The expanded 

uncertainty obtained using this new comparator was 11 nm (k = 2) which is the smallest 

ever achieved for a 35 mm diameter PCA. 
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To compare the effective area results determined from the dimensional measurement 

against its determination through direct pressure measurement. the Czech Institute of 

Metrology (CM!) carried out an international pressure comparison with the PTB. 

ranging from 0.07 MPa to 0.4 MPa. in absolute and gauge modes [Tesar et al. 1999]. 

The transfer standard used was a gas-operated pressure balance with a 35 mm diameter 

PCA (ceramic piston and tungsten carbide cylinder). The reference pressure standards 

were a primary pressure balance with I MPa capacity, used in gauge mode comparison, 

and a primary standard mercury manometer of 0.2 MPa range. used in absolute and 

gauge mode comparison. The reports showed that there were very small differences in 

effective area values determined from dimensional data and measured pressure (3.4 

ppm). and also noted that the change in effective areas were very small between 

measurement in gauge and absolute mode (I. 5 ppm). 

Under the auspices of the CCM of the International Committee for Weights and 

Measures (CIPM). a key comparison was conducted. It was divided into two phases, i.e. 

Phase Al and A2. In the Phase Al key comparison, all participants were required to 

determine the effective areas from dimensional measurement on two PCAs of 35 mm 

diameter (in the pressure range from 0.05 MPa to I MPa). The main difference between 

the two PCAs that were used as transfer standards was the piston material, where one 

was tungsten carbide and the other one was ceramic, while both cylinders were tungsten 

carbide. 

The participants (IMGC, Italy; LNE, France; NIST, USA; NPL, UK and PTB, Germany) 

were required to perform diameter, straightness and roundness measurements on each 

piston and cylinder, and calculate the effective area of each PCA using their own 

method. Molinar et al. [1999] reported that the effective areas determined by participants 

from dimensional data agreed within two standard uncertainties with the reference 

values, and their deviations with the reference values were reproducible within 5 ppm 

for both transfer standards. However, twenty-six out of eighty diameters were found to 

differ from their respective reference values, hence Molinar et al. [1999] highlighted the 
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need for hannonisation of diametric measurements between national metrology 

laboratories. 

In Phase A2, the same PCAs that were used in phase A I (associated with their own 

balance bases) were circulated to the same participants (as in phase AI) for effective 

area determination from pressure measurement, i.e. by comparison with respective 

laboratory pressure balance standard. The objective of the second phase was the 

comparison of pressure standards at the lowest uncertainty, where the observation of the 

behaviour of both PCAs made from different material (from two manufacturers) was 

also considered [Legras et al. I 999b ]. Findings from this intercomparison were: 

• Comparison results were considered as fully satisfactory, with very few 

laboratory differences from the average value being greater than 5 ppm. 

• There was no significant difference observed in the behaviour, particularly for 

the standard deviations and deviations from linearity between two of the transfer 

standards. 

• Both standards have shown a repeatability expressed in relative standard 

uncertainty of less than 1 ppm over a large pressure range. 

• This work demonstrated that there is a possibility in the future to achieve 1 ppm 

level comparisons of national standards. 

Other developments in gas-operated pressure balances can be seen when Delajoud et al. 

[1999] published on the development and characterisation of a 50 mm diameter gas­

operated pressure balance, as the primary standard in atmospheric range, aimed at less 

than 5 ppm level of relative combined standard uncertainty. Pistons and cylinders were 

made from ceramic, where they were designed as controlled-clearance types with the 

cylinders as the rotating parts. All pistons and cylinders were then characterised 

dimensionally at NIST, with subsequent calculation of the effective areas and associated 

uncertainties. The performance of these pressure balances was examined by comparing 

them, where the mode of operation and gas-species dependence of the effective areas 
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were also investigated. This work provided preliminary support to the proposal that by 

sufficiently reducing the piston-cylinder clearance to radius ratio, the relative influences 

of operating mode and gas species will be reduced to less than 2 ppm. Ceramic/ceramic 

combination of the PCA has demonstrated practical difficulties associated with static 

charging at low starting pressure. As a consequence, tungsten carbide/tungsten carbide 

PCAs were considered preferable for the primary standard since better quality of surface 

finish and higher Young's modulus with tungsten carbide were beneficial to the 

dimensional characterisation process. 

A model for drag forces in the clearance of the gas-operated PCAs in the viscous-flow 

and molecular-flow regimes was presented by Schmidt et al [1999]. The effects due to 

the operational mode (gauge and absolute) and gas species at low-pressure (up to 130 

kPa) were their prime concern, to quantify the possible differences in geometrical 

effective area and mode of operation effects. Data was obtained from six different gas 

species i.e. He, Ne, N2, Ar, Kr (krypton), CO2. The behaviour of the gas-operated 

pressure balance became predictable, with respect to the viscosity and molecular weight 

of the pressurising pressure transmitting fluid, but not the magnitude of the shift in 

effective area between two modes. Due to this unexplained possible shift, NIST has 

included 6 ppm (I cr) in their uncertainty budget since their primary pressure standard 

was a mercury manometer, of absolute mode. Model results were compared with 

published measurements of the effective area of several pressure balances, in which 

relative changes as large as 30 ppm were observed when different pressurising gases 

were used. 

4.7 RECENT RESEARCH (2000 - 2006) 

Schmidt et al. [2000] reported that two techniques used at the NIST, to realise pressure 

up to I MPa, using controlled-clearance pressure balances and mercury manometer, 

demonstrated drawbacks. These were due to its dependence upon a linearised model and 

extrapolation procedure that limits the minimum uncertainty, in the first case. Whereas 
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in the second case, problems were due to the limitation of coverage (pressure range) that 

introduced larger uncertainty at higher pressure. 

Recent development and advancement in the technology of fabrication of high-quality 

large-diameter (35 mm) PCA with excellent geometry and very small clearance, with the 

ability to characterise them to very high accuracy (few tens of nanometer), have allowed 

the effective area determination to reach a relative standard uncertainty u(Ae)/Ae of 

approximately 1.4 ppm (la). This value has been supported with close agreement within 

2.5 ppm compared to the value obtained via NIST's Ultrasonic Interferometer 

Manometer (UIM), and agreed within 1 ppm compared to previous measurements 

carried out some years ago (even though new measurements yielded substantially 

reduced uncertainty) [Jain et al. 2003]. These achievements have allowed the NIST 

pressure balance to generate pressures that approach total relative uncertainties 

previously obtained only by manometers, hence improving the international acceptance 

of dimensionally characterised pressure balances as a primary pressure standard, as an 

alternative to manometers. 

A future candidate of a primary pressure standard was highlighted by Schmidt et al. 

[2005] when they presented on a progress of a primary pressure standard at NIST, which 

uses a totally different methods compared to a manometer or pressure balance. This new 

instrument realised pressure based on the dielectric permittivity of helium. They have 

targeted a development of a new primary pressure standard that could measure with a 

relative standard uncertainty of 6 ppm in the range of 0.4 to 7 MPa. 

In general, the current research trends at leading NMIs (NPL, PTB, LNE, NIST, IMGC 

etc.) on the gas-operated pressure balance are as follows: 

• Further investigation on traceability systems that are based on the pressure 

balance as a primary pressure standard, where the entire national pressure scales 

are traceable to one source of reference i.e. dimensionally characterised pressure 

balance through stepping-up and stepping down procedures. 
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• Establishment of sub-micrometric dimensional measurement system for effective 

area characterization of large diameter peA. 

• Use of a simple type tungsten carbide peA instead of control-clearance type. 

• Research on non-rotary digital piston manometer. 

• Research on the elastic distortion coefficient of the peA, especially on high 

pressure system. 

4.8 SUMMARY 

The technology and theoretical advancement of gas-operated pressure balances can be 

seen over the last forty years, where the improvement in materials and manufacturing 

technologies have resulted in instruments of simpler design with superior performance 

over broader operating pressure ranges. This advancement is further stimulated with 

various types of investigation that have been carried out, such as investigation on the 

effects of the rotational speed, gas species, mode of operation, rotational drag, direct 

dimensional measurement etc.; including the incorporation of computers and advanced 

electronics into commercial pressure balances. Intercomparisons conducted have 

become the best tool in evaluating the quality of standards produced by the participating 

NMIs, and at the same time validate their uncertainty budget, so that the values 

disseminated by each NMI are coherent with the internationally recognised SI unit for 

pressure, the pascal (Pa). 

However, intercomparisons have shown disagreements between NMIs which are 

unexplained. Therefore, Ehrlich [1994] suggested that in order to get a better 

understanding of such unexplained effects, the requirements for better physical and 

mathematical models of the pressure balances system are necessary. Furthermore, it 

should start with the most fundamental definition of the effective area, i.e. the full air 

buoyancy corrected weight of the piston and masses, divided by the gauge pressure at 

the specific reference level under balance conditions, followed by other effects that 

should be explicitly accounted for at microscopic levels. Molinar [1992] stressed that the 
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pressure balance could approach the accuracy of the mercury manometer only if 

parameters such as gas species, mode of operation, possible hydrodynamic effect of 

weights, frequency of rotation, electrostatic charges, surface magnetisation etc., are fully 

understood and minimised. 

This literature review has clearly shown that no investigation related to surface texture 

(on the PCA) has been carried out or published, except by Wan Mohamed and Petzing 

[2005]. Surface texture on the PCA is believed to be one of the factors that contributes to 

these unexplained effects. 
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CHAPTERS 

MANUFACTURING PROCESS 

A proper pressure balance design, and appropriate method of trimming and matching of 

the peA have been used to assist in characterising the issues associated with the effect 

of surface texture against the pressure. The manufacture of pressure balances and peAs 

involves a number of manufacturing processes, in order to control the geometric and 

pressure tolerances of the working system. Precise control over the processes, especially 

those involved in the manufacturing of peAs, has provided the ability to accurately 

develop various surface textures on the pistons. The final process involved in developing 

peAs were lapping and polishing, simply a two-motion action (rotation and 

reciprocation), low pressure and abrasive machining process which are used whenever 

there is a requirement for highly accurate sizing and tolerances. With the correct 

manufactured peAs and pressure balances, characterization work carried out is 

anticipated to demonstrate the relationship between pressure generated and surface 

texture applied. 

The material presented in this chapter describes the overall manufacturing processes, for 

the pressure balances and the peAs. Section 5.1 describes selection of materials for the 

peA and the pressure balance. Section 5.2 provides information on manufacturing of the 

pressure balance, where its design and construction are highlighted. Next, Section 5.3 

elaborates about the manufacturing of peAs which begins with initial peAs made of 

scrap materials, subsequently the manufacturing of 316 stainless steel peAs, which 

ended with unsuccessful results. Section 5.4 provides a detailed account of the trimming 

and matching techniques for the tungsten carbide peAs, which have been successfully 

manufactured, and finally used in the experimental work. Lastly, Section 5.5 summarises 

all of the information discussed in this chapter. 
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5.1 SELECTION OF MATERIALS 

The selection of materials is governed by many factors, so appropriate materials must be 

identified before manufacturing processes begin. This was due to the functionality of the 

parts in the system (to ensure their reliability and performance), which is highly 

dependant on the material used. The most critical parts which have needed to be 

carefully considered, are the PCA and the weights ofthe pressure balance, however their 

criteria are different. Therefore, the selection of materials has been divided into two 

groups, i.e. material for the pressure balance and material for the peA. 

5.1.1 Materials for the Pressure Balance 

The main specifications of the material for the pressure balance (especially the weights) 

are in accordance to the specifications of standard weights, which are commonly 

available in literature and as standards documents. From the International Organisation 

of Legal Metrology (OIML) and Mettler-Toledo GmbH, the specifications are as follows 

[OIML RIll-I 2004, OIML RIlO 1994, Mettler-Toledo 1991]: 

• The weights shall be of corrosion resistant material, against the active constituent 

of the atmosphere such as ozone, ammonia and water vapour. 

• The hardness of the weights' material and their resistance to wear shall be 

similar, or better than austenitic stainless steel (Vickers hardness, RV ~ 260 or 

Brinell hardness, RB ~ 160). The quality of the material shall be such that the 

change in the mass/surface of weights due to physical actions in relation to the 

maximum permissible error are negligible under normal conditions of use and the 

purpose for which they are being used. 

• The material of weights and the body of the pressure balance shall be practically 

non-magnetic (preferably magnetic susceptibility, X :!> 0.2). 

• The behaviour of the surface resistance on electrostatic charging for weights and 

the body of pressure balance shall at a minimum level, hence most of the metals 

are acceptable. 
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• The material of the weights shall be able to be ground or polished so that their 

surfaces have no rough spots or porous sites visible to the naked eye. 

Stainless-steel 316 has been identified as a candidate for all parts involved in the 

construction of the pressure balance since it complies with all of the specifications 

above, as well as its cost-effectiveness and machinability factors. However, aluminium 

alloy of Grade 6082 T6 has been chosen for the base of the pressure balance since it is 

cheaper, and supported with the fact that the base only needs to be non-magnetic and has 

excellent resistance to electrostatic charging. 

5.1.2 Materials of the Piston-Cylinder Assembly (PCA) 

A great number of materials can be used for gas-lubricated peAs, however its suitability 

in application must be considered. Gas-lubricated peAs require more demanding 

specifications and tolerances than the components of oil-lubricated peAs. Furthermore, 

the materials (and their combinations) must be compatible friction-wise without the aid 

of any additional liquid lubricants, except the compressed pressure transmitting gas 

which is used in measurement. These two criteria made the selection work more difficult 

and limited the options, thus a compromise had to be made. These difficulties and 

limitations were made worse by there being very little information about the 

performance of various combinations of materials within the literature. The 

specifications of materials to be chosen are quite similar to those required for gas 

bearing materials, which are as follows [Grassam and Powell 1964, Molinar 1992]: 

• Machinability - the materials shall be able to be machined to the high quality 

bearing surfaces (highly polished to sub-micron level) and demanding 

exceptional dimensional tolerances with a uniform clearance (better than 2 Ilm) 

between two surfaces. Hard materials are preferable when these two conditions 

become a requirement. 

• Stability - the material shall be highly stable physically and metallurgically, so, 

once excellent geometrical and surface finish is achieved, they are not subject to 

unpredictable distortions, which can be permanent or temporary. 
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• Strength and elasticity - mechanically, the material shall be able to withstand 

high compressive loads under elastic conditions. 

• Thermal expansion - self generated and external heating can lead to uneven 

temperature distribution and deformation of the PCAs, hence the materials with 

low thermal expansion are preferable. 

Table 5.1 shows the materials which have been considered: 

TABLE 5.1 Materials which have been considered for the peAs [Budlnsld and Budlnsld 1999] 

Hardness 
ModulusoC 

Density Thermal Thermal 

Material (HV) 
Elasticity 

(kgm.J) 
conductivity Exp.CoetT. 

(GPa) (W/m"K) (lO"mtmfK) 

Mechanical Property Physical Property 

Aluminium 1900 360 3920 34 7.4 
Oxide,Ah03 
Silicon Nitride, 1750 310 3200 33 3.1 
ShN4 
Silicon Carbide, 2550 405 3200 60 4.5 
SiC 
Toughned 1300 204 6000 6 . 8.5 
Zirconia, Zr02 
Cemented 
Tungsten Carbide 1600 612 17200 86 7.4 
WC I 6%Co 
Stainless Steel 260 193 7800 16 17.3 
303 
Stainless Steel 260 193 7800 16 17.3 
304 
Stainless Steel 260 193 7800 16 16 
316 
Be Copper 410 131 8250 107 17.8 
(Cl7200) 
Titanium 360 114 4500 7.2 9.5 
Ti-6Al-4V 

316 stainless steel was chosen based on its excellent performance as standard weights, 

supported with the fact that its detailed material properties (physical, mechanical and 

chemical) can easily be identified in literature (if required). Its softness (compared to 
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other selected materials in Table 5.1} also became one of the reasons why it was chosen, 

with the assumption that "the softer, the easier manufacturing process will be". 

5.2 MANUFACTURING OF THE PRESSURE BALANCE 

Two identical gas-operated pressure balances were designed and manufactured (at 

Loughborough University, LU) for measuring pressures at a very demanding relative 

uncertainty budget (approximately 10 ppm, at k = 2), as detailed in the schematic 

diagram of Fignre 5.1. Figure 5.2 shows the manufactured pressure balances before 

being inter-connected in a common pressure circuit. Manufacturing processes for the 

pressure balances were workshop based and straight forward, however particular 

attention was paid to their design and construction, so that the highest level of accuracy 

in pressure measurements was achievable. 

The base of the pressure balance is triangular in shape [Nagano Keiki n.d.), 

manufactured from a solid aluminum plate of 25 mm thickness with 340 mm cross­

section, and supported with 3 adjustable leveling feet. The mounting post which is 

directly attached to the base plate is made from 316 stainless steel of 90 mm diameter 

and 214 mm height. A large weight loading bell (102 mm inner diameter) associated 

with the weights was designed in order to accept very large PCAs, i.e. 35 mm diameter 

(and 50 mm diameter PCAs, intended for future work). These dimensions were chosen 

to accommodate the design, towards comfortable handling and capable of measuring 

pressures up to 400 kPa using 35 mm diameter PCAs. 

Each pressure balance has been manufactured with a set of 36 kg weights as a 

combination of disk weights and ring weights. The weights can be combined in any 

order to the nearest 100 g over the full range (400 kPa); The combination of the weights 

is shown in Table 5.2. 
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Upper Bearing Washer 

Thrust Bearing ::::::::=: 

Lower Bearing Washer 

Pressure' Balance 
I 
I 

Ball bearing 

Weight Loading Bell 

L..-_-n,w" Retainer 

Piston 

Cylinder Retainer 

FIGURE 5.1 A schematic diagram (not to scale) of a pressure balance 
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FIGURE 5.2 Two pressure balance units berore connection 

TABLE S.2 A set of weight belonging to each pressure balances 

No. Nominal Value Type No. of pieces Total value 

I. 5 kg Disk 6 30 kg 

2. 2 kg Disk 2 4 kg 

3. I kg Disk I I kg 

4. 500 g Ring I 500 g 

5. 200g Ring 2 400 g 

6. 100g Ring I 100g 

The cylinder is seated verticall y on top of an o-ring, which is located in a groove ins ide 

the mounting post. It is secured using a 3 16 stainless steel cylinder retainer for pressure 

sealing purposes, consequently forming a free-deformation type of assembly [Nagano 

Keiki n.d ., Ni hibata 1997]. The pi ton i ecured by a 3 16 stain less steel pi ston retai ner, 

wh ich acts as a .. topper" when the pressure increases beyond the eq uilibrium point. A 
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piston-retainer coupled with a 316 stainless steel upper-bearing washer acts as a 

supporting mechanism when pressure decreases below the lower equilibrium point, thus 

avoiding damage to the piston base. This mechanism enables piston and associated 

weights to rotate on the thrust bearing while the piston is fully seated. 

Since the pressure balance performance may be affected by the peA verticality and 

weight loading concentricity, a 316 stainless steel ball bearing is used as a non-rigid load 

interface mechanism between the piston and the overhang-type weight loading bell. 

Weights are stacked at the lower end of the weight loading bell, lowering their center of 

gravity relative to the peA, hence improving the stability of the rotating piston. 

Consequently loaded weights are free to pivot, while maintaining the weights' centre of 

gravity coincident with the piston's axis. This design should eliminate non-vertical (side 

loading) forces that may occur due to slight misalignment of loaded components [Ruska 

2000]. 

The design provides a large contact area between the peA and the rest of the pressure 

balance, which is exposed to the ambient temperature. Moreover, the base plate is sitting 

on 3 adjustable leveling feet (approximately 25 mm gap from table top) that gives room 

for air circulation underneath the pressure balance. These criteria provide this design 

with an in-built ''temperature stabiliser" that delays the rate of change in the peA's 

temperature. 

A windowed-type weight loading bell with 4 windows [Nagano Keiki n.d.], of 210 mm 

long and 40 mm width was designed for the following reasons: 

• To avoid escaping gases (through peA's clearance) from introducing any 

additional source of error in equilibrium, that is immeasurable. 

• To ensure that retainers and mounting post are always exposed directly to the 

ambient temperature. 

• To reduce the mass value, hence reducing the starting pressure point. 

83 



Chapter 5: Manufacturing Process 

Besides having 4. large windows, a large gap between the bottom surface of the loaded 

weights and the top surface of the base plate (approximately 55 mm gap at mid-float 

position) helps to smooth the circulation of air currents flowing along side the mounting 

post and retainers (when their temperature differ from surroundings). This large gap has 

helped to improve the equilibrium condition and thermal stability of the mounting post 

and retainers, thus PCA during operation. 

The stability of the PCA's temperature has been proven to be excellent throughout 

operations as demonstrated in cross-floating work carried out within the Metrology 

Laboratory, where the PCA's temperature has changed almost linearly within 0.2 °c of 

the room air temperature, which fluctuated within 20°C ± 0.5 °c over 8 hours. This 

performance claim is further supported with evidence produced during calibration 

experiments at the National Physical Laboratory (NPL) against the Primary Pressure 

Standard. At the NPL, the room temperature fluctuated randomly between 20.02 to 

20.49 °c (minimum to maximum) for a period of 4.5 hours, with a standard deviation of 

0.13 °c. Meanwhile the PCA's working temperature with this pressure balance gave 

readings that changed almost linearly, between 20.03 to 20.10 °c (minimum to 

maximum) with 0.02 °c standard deviation. A pressure balance that can keep its PCA's 

temperature stable, is vital in high precision pressure measurement, since the error due to 

the thermal expansion coefficient of the peA is reduced. 

Furthermore, the piston and loaded weights are rotated manually during operation, 

which demonstrated a better temperature control compared to any motor-driven pressure 

balance. Besides having a highly stable temperature control, all weights are constructed 

from single piece 316 stainless steel. This ensures that weights are always free from any 

contamination associated with joining parts, which is advantageous especially in the 

stability of the mass value. The temperatures of the PCAs were measured using a dual­

channel digital thermometer, with 2 thermo-couples (Type K). The thermocouple was 

inserted into an access hole, which runs from the bottom of the mounting post to a point 

that is close to the cylinder (approximately 5 mm), thus enabling accurate temperature 

measurement of the PCA. 
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5.3 MANUFACTURING OF THE PISTON-CYLINDER ASSEMBLY (PCA) 

The intention of the research was to complete multiple cross-floating experiments, with 

pistons exhibiting different extents of surface texture, as shown in the example in Figure 

5.3. This could then be linked into an overall calibration chain. In order to realise this 

approach, a complete system, consisting of two pressure balances associated with a 

group of test PCAs and a reference PCA required development so that the ratio-based 

cross-floating experiments could be conducted. 

Unfortunately, even though thousands of PCAs have been manufactured by various 

manufactures a1\ over the world, there is no publication concerning manufacturing 

techniques publicly available. This work is believed to be the first attempt to 

demonstrate step by step procedures on how to manufacture PCAs from a piece of 

selected material. It covers from the machining processes of the bar stock, to the 

trimming and matching processes. 

5.3.1 Manufacturing of the PCA's Blank 

Manufacturing of the gas-lubricated PCA is very challenging work since it requires 

exceptional dimensional tolerances (see Section 5.3.2), hence comprehensive studies (on 

specific manufacturing techniques and tooling) and special techniques to fabricate them 

were crucial. 

As a starting point, PCAs were fabricated from scrapped/discarded materials for the 

purpose of gaining hands-on experience in a1\ aspects of PCA's manufacturing 

processes, especia1\y machining processes using manual and Computer Numerical 

Controls (CNC) machining. The processes involved were turning, drilling, boring, 

honing, lapping and fina1\y polishing of PCAs. 
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P,C4 

FIGURE 5.3 CaUbration cbaln made up of test PCAs linked directly to a reference PCA 
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Pistons were machined into four types of design, aiming at establishing the most suitable 

shape to be used. It was important that the selected design was accomplishable and 

practically easy in further material removal processes, particularly in the matching 

process (which involves lapping and polishing work). Fignre 5.4 shows the initial design 

of the PCA in the earliest stages of the research, meanwhile Fignre 5.5 shows all four 

types of piston design that were considered. 

Initial results were obtained using aluminum alloy, bronze, brass and mild steel, even 

though they are clearly unacceptable due to their material softness. Through this trial 

work, it was realised that the softness of the materials actually made trimming work very 

difficult and unsuccessful. However, continual improvements were seen in surface 

roughness, roundness and clearance between piston and cylinder after completing a great 

number of PCAs (approximately 20 pistons and 10 cylinders). Each improvement 

enabled the spinning/floating time of the pistons to be gradually increased, nevertheless 

observable in very limited periods. In this case, spinning/floating time was the ability of 

the piston to rotate and float freely within cylinder (without additional load) after being 

spun to a certain initial rotation rate, until it stopped or fully seated/sunk, whichever 

occurred first. The range of the spinning and floating times was approximately from 1 to 

3 seconds. 

The CNC and manual lathe machines used were as follows: 

• Name: 2 Axis CNC Lathe Machine (associated with Acramatic 

A1200 Computer Control) 

Manufacture: Cincinnati Milacron 

Model No.: Hawk 150 

• Name: Centre Lathe Machine 

Manufacture: Harrison 

Model No.: M400 
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Initial design of a 35 mm 
piston-cylinder assembly 

(peA) 

15 mm 

40.0 mm 

Piston Head 

Piston 

25.4 mm 

35.353 mm 
- (diameter) -

Cylinder 

35.354 mm 
(diameter) 

60.0 mm 

52.0 mm ~ 

FIGURE 5.4 The Initial design of a 35 mm piston-cylinder assembly 

Comparison on the dimensions and tolerances of the manufactured piston blanks using 

each machine was carried out, where close examination at each stage revealed the 

imperfections of the turning process such as turning marks and lobing effects. 

Subsequently the same manufacturing processes were repeated on cylinders using both 

machines. The results showed that both of the machines produced a very similar quality 

of dimensions and tolerances (approximately 0.5 Ilm in surface roughness, Ra; and 10 

Ilm in roundness and straightness). As a result, a manual lathe machine has been 

continuously used for the rest of the process due to its simplicity, ease of use and finally 

the most important reason was due to its convenience of accessibility to the work-piece 
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for measurements/inspections at any time where necessary (crucial requirement in the 

lapping and polishing processes). 

Design A DesignB 

Design C Design D 

Selection of the design: 

Design C was found to be the most preferable shape since a single piece 
mandrel can go through its length, hence produced the best horizontal 
specifications (compared to designs A and B) within the lathe machine and 
also provided appropriate space for lapping and polishing work. 

However, in order to avoid any joining parts between the body and head (of the 
same material), design D was chosen. In this design, the blank was chucked 
directly on its head, thus provided the best horizontal specifications, but 
allowed limited space for lapping and polishing work. 

FIGURE 5.5 Four types oflnitlal piston design 
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After completion of the first series of learning processes using soft materials of different 

hardness, it was identified that the PCA manufacturing process of a harder material was 

easier than a softer one, if high level dimensional of tolerances were to be achieved. At 

the same time, this learning process managed to identify the route towards the best 

method and design to manufacture an acceptable good working PCA. Therefore a harder 

material than mild steel was required for the next fabrication stages. The piston and 

cylinder were subsequently manufactured out of 316 stainless steel, where the final 

design of the piston blank is shown in Figure 5.6. The piston blank has been 

cylindrically ground on its outside surface, whilst the cylinder has to be cylindrically 

ground on its inside surface. 

Cup 

31.5 mm±0.2 :11<41-- Head (0 = 24.0 mm ± 0.3 mm) 

1.5 mm ± 0.2 mm ,,=",=,....J'" '/.~'7>;+-- Undercut (0 = 34.0 mm ± 0.3 mm) 
lj'~~0'/' 

I'-"~I+-- Piston (body) 
(0= 35.370 mm + 0.010 I - 0 mm) 

60.0 mm ± 0.2 mm 

FIGURE 5.6 Final design of the 316 stainless steel piston blank (Design D) 
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5.3.2 Manufacturing of the 316 Stainless Steel PCA 

The initial experimentations provided a good foundation for efficient manufacture of the 

316 stainless steel PCA components, with appropriate measuring instroments available 

to keep monitoring the sizes of the work-piece from time to time, after material removal. 

Simple operation plans to manufacture piston and cylinder blanks (a workpiece that has 

not been lapped or polished into its specific tolerances), complete with identified 

measuring instroments to be used, are shown in Tables 5.3 and 5.4, respectively. Pistons 

and cylinders were manufactured from 3 I 6 stainless steel bar stock, 1 ~ inch (38.1 mm) 

and 214 inch (57.2 mm) diameter respectively. 

The most common geometrical imperfections encountered in the manufacturing 

processes ofthe piston and cylinder are [Fischer 1986]: 

• BeIlmouth 

• Barrel 

• Taper 

• Misalignment 

• Rainbow 

• Waviness 

• Reamer chatter 

• Out of round 

• Lobing 

These geometrical flaws (of the cylinder) are depicted in Figure 5.7. 
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TABLE 5.3 Operation plan to manufacture a piston blank 

No. Operations Tools 

1. Securing (chuck) ofthe blank 3-jaw chuck 

2; Facing of the end Side tool 

3. Roughing to 36 mm 0, 94mm length Roughing tool 

4. Centre drilling Centre drill bit 

5. Rough drilling to 55mm length (cavity} Twist drill 10 mm HSS 

6. Re-drilling Twist drill 18 mm HSS 

7. Re-drilling Twist drill 24 mm HSS 

8. Inside turning to 25mm 0 (cavity) and chamfering Boring tool, hand tool 

9. Parting off to 94 mm length Parting off tool 

10. Undo chuck, rotate work-piece and re-chuck 3-jaw chuck 

11. Roughing and finishing to 24 mm 0, 32.5 mm length Roughing tool, finishing 
(neck of piston) tool 

12. Facing of the end and chamfering Side tool, hand tool 

13. Centre drilling (cup) Centre drill, ball nose 
cutter IOmm HSS 

14. Finishing to 34 mm 0, 1.5 mm length (undercut) and Finishing tool, hand tool 
chamfering 

15. Undo chuck, rotate work-piece and re-chuck 3-jaw chuck 

16. Finishing to 35.380 mm 0, 60 mm length and Finishing tool, hand tool 
chamfering 

Measuring instrument used: steel ruler, vernier calliper and micrometer 

Note: HSS = High speed steel 
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TABLE 5.4 Operation plan to manufacture a cylinder blank 

No. Operations Tools 

1. Securing of the blank 3-jawchuck 
. 

2. Facing of the end Side tool 

4. Centre drilling Centre drill bit 

5. Rough drilling to 41 mm length Twist drill 10 mm HSS 

6. Re-drilling Twist drill 22 mm HSS 

7. Re-drilling Twist drill 34 mm HSS 

8. Inside turning and finishing to 35.3 mm 0, and Boring tool, hand tool 
chamfering 

11. Outside roughing and finishing to 52 mm 0, Roughing and finishing 
chamfering tool, hand tool 

9. Parting off at 41 mm length Parting off tool 

10. Undo chuck, rotate work-piece and re-chuck 3-jaw chuck 

12. Facing of the end and chamfering Side tool, hand tool 

Measuring instrument used: steel ruler, vernier calliper, micrometer and inside 
micrometer 
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FIGURE 5.7 Geometricaiimperfections of the cyUnder caused by machining processes 
[Fischer 1986) 

Specialist tools were designed and produced to facilitate the trimming and matching 

processes, in order to achieve the very high and demanding PCA specifications 

especiall y in roundness, straightness, parallelism and surface finish. The targeted 

technical specifications of the PCA were as follows [OH-Budenberg n.d.a, OH­

Budenberg n.d.b): 

• Roundness: < 0.3 Ilm 
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• Surface roughness: < 0.05 I'm R, 

• Straightness: < I I'm 

• Paralle li sm: < I I'm 

Figures 5.8 and 5.9 show the tools used in early stages of trimming and matching of the 

piston and cylinder, after achieving their rough dimensions, i.e. blank . Trimming and 

matching is the process where the rough machining imperfections are removed, such as 

turning marks, out-of-round, taper, wav iness and oversize for a piston (but undersize for 

a cylinder). The process then proceeds to achieving a micron or even sub-micron mated 

clearance between the piston and cylinder. 

FIGURE 5.8 Mandret used in the early stages of trimming and matching of the piston 
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FIGURE 5.9 Expandable mandrels used in the early stages of trimming and matching of the 
cylinder 

Two important parameters i.e. roundness and surface roughness were measured using a 

Talyrond 50 and a Talysurf 4 respectively. Straightness measurements were onl y 

completed once observations with the naked eye had shown satisfactory surface quality. 

Satisfactory quality was justified when surfaces to be observed were placed obl iquely 

under strip lighting with straight lines showing along both ends of the work piece. 

Explanations about each procedure used are briefiy described in the fo ll owing sections. 

5.3.2.1 Aluminium Curved-Shell 

The first trimming operation included manual application of wet and dry emery paper, 

wrapped around the piston blank, seized between two separate-pieces of alumini um 

c urved-shell , which functioned as padding panels in order to get better and more 

unifonn cutting actions. Half of the blank was held in one hand and s imultaneously 

rotated, meanwhile the other half was seized within the curved-shell s where gripping 

and reciprocating actions took place (fully manual operation, wi thout using mandrel and 

lathe). The same procedures were repeated a number of times with the orientation of the 
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piston blank alternately changed. The grit sizes of the wet and dry emery paper used 

were 400, 600 and 800, applied in sequence from the lower to the higher grit size. A 

relatively poor straightness was obtained where it can be seen clearly with naked eyes 

through reflection lines observed, especially on both ends of the blank. Measurement 

results of roundness and surface roughness are shown in Table 5.5 as follows: 

TABLE 5.5 Measurement results after using aluminium curved-sheUs 

No_ Parameter Measurement Value 

I. Roundness 2J.lm 

2. Surface roughness 0.5 J.lmRa 

5.3.2.2 Expandable Slotted-End PVC Tube 

Internal surfaces usually have more accuracy problems rather than external surfaces due 

to the size limitations of the tool used to fit into the hole. The first trial experiment in 

correcting the typical imperfections of the cylinder blank were carried out manually 

through application of wet and dry emery papers (400, 600 and 800 grit sizes), wrapped 

loosely around an expandable slotted-end of a PVC tube. The PVC tube (which was 

wrapped with wet and dry emery paper) was held in one hand, and a cylinder blank was 

held in the other hand while rotating and reciprocating actions of the tube against blank 

were carried out. This process resulted in stock removal that gradually reduced the 

imperfection problems. However this method only slightly improved the initial 

imperfections, since a bellmouth error was seen under normal observation with the 

naked eye (see Figure 5.7a). Measurement results obtained are shown in Table 5.6, 

which are quite similar to the previous procedure. 

TABLE 5.6 Measurement results aner using an expandable slotted-end PVC tube 

No. Parameter Measurement Value 

I. Roundness 2J.lm 

2. Surface roughness 0.5 J.lmRa 
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5.3.2.3 Piston's Blank Secured on a Mandrel 

A second trial to reduce piston blank imperfections was completed by manual 

application of wet and dry emery paper associated with a lathe, as shown in Figure 5.S. 

However, the types of piston were changed to Design A and Design C (before Design D 

been used, refer to Figure 5.5) so that they were able to be secured on their own 

mandrels respectively. The mandrels with secured blanks on them, were secured on the 

lathe, with handheld wet and dry emery paper taken back and forth over the rotating 

blank (100 - Soo rpm). The grit sizes used were 400, 600, SOO and 1000, subsequently 

polished with a 1200 grit size until a semi-mirror finish appearance was observed. 

However a barrel-shape imperfection was stilI visible when light pass checking was 

carried out. Improved measurement results were however obtained for both types of 

piston blanks, and are shown in Table 5.7 below. 

TABLE 5.7 Measurement results after using a blank piston secured on mandrel 

No. Parameter Measurement Value 

1. Roundness O.5f.1m 

2. Surface roughness 0.05 f.ImR. 

5.3.2.4 Expandable Mild-Steel Mandrel 

The second trial experiments to improve imperfections of the cylinder blank were 

carried out using a tapered and expandable-end mild steel mandrel (Figure 5.9). It has 

been designed so that the tapered-end can be spread out to the required size (by setting 

the adjustable nuts) and then wrapped with a wet and dry emery paper. The cutting 

process was similar to the PVC tube described above, but the mandrel was mounted 

directly on the lathe for rotation (60 - 315 rpm), using wet and dry emery paper ranging 

from 400 to 1200. Improved results compared to the manual process using PVC tube 

were obtained, however straightness stilI became a major problem due to the bell-shape 

error. The measurement results after this process are shown in Table 5.S below: 

98 



Chapter 5: Manufacturing Process 

TABLE 5.8 Measurement results aner applieatlon of a tapered·expandable mUd·steel mandrel 

No. Parameter Measurement Value 

1. Roundness l!lm 

2. Surface roughness 0.08 !ImRa 

Next, an improved version of the expandable mild-steel mandrel was designed, where it 

came with parallel-expandable sleeves, using a similar cutting process as the tapered­

expandable mandrel. This new mandrel improved the parallelism problem encountered 

in the flrst mandrel's design, hence produced a better result in straightness. 

Unfortunately the improved straightness was still not acceptable. Measurement results 

obtained are given in Table 5.9. 

TABLE 5.9 Measurement results after applieation of an improved mandrel, I.e. a paraUel­
expandable mUd·steel mandrel 

No. Parameter Measurement Value 

1. Roundness 0.5 !Im 

2. Surface roughness 0.08!1m Ra 

5.3.2.5 Honing Tool 

Due to the unsatisfactory results on the manufactured cylinder (especially in 

straightness), trial experimental work was continued. An old model of honing tool 

(obsolete model) that was available in the Departmental Workshop was used, with only 

two sets of roughing honing stones. The equipment is a 4-stone honing tool, where the 

abrasive makes contact when the stones are expanded inside the bore by turning its feed 

screw clockwise. Honing processes applies three forces simultaneously to make material 

removing process happen in effective manner. The three forces are [Fischer 1986]: 

• Stone expansion that forces bonded abrasive grains against the wall of the 

cylinder's blank. 

• Low speed rotation of the honing tool that is secured on the lathe machine. 
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• Back and forth stroking action (reciprocating) of the cylinder blank, associated 

with rotating honing tool that creates crosshatch pattern on the surface. 

Since there were only two sets of roughing honing stones available, they were used only 

in the first step of the honing process. The honing tool was secured and rotated (40 - 80 

rpm) on the lathe, with the cylinder held by hand in a reciprocation action. An adequate 

flow of suitable coolant was applied to the honing stones to remove heat, increase 

cutting ability and improve surface quality of the honed surface. This process (rough­

honing) only acted as a cleaning-up mechanism, i.e. to correct initial imperfections of 

the cylinder blank, and hence still produced a relatively poor results. 

A "modified honing technique" was attempted where the cylinder blank was honed 

using a piece of wet and dry emery paper, which was wrapped around the expanded 

roughing stones. The method started with 400 grit size and continued with 600, 800, 

1000 and 1200 grit sizes which were applied in a consecutive manner. This technique 

improved tremendously the imperfections and surface finish compared to the earlier 

honing work. Improved results were proven (especially in straightness) when a light pass 

check showed almost perfect lines through out the honed surface. The quality of the 

honed cylinder was then measured using Talyrond 50, Talysurf 4 and Talylin 1, where 

the measurement results obtained are as shown in Table 5.10. 

TABLE 5.10 Measurement results after application of a honing tool 

No. Parameter Measurement Value 

1. Roundness 0.511m 

2. Surface roughness 0.0511mRa 

3. Straightness Slim 

These promising results indicated that better results could be achieved if a fuIl set of 

honing stones (from roughing to finishing stone sets of different grit sizes) were 

employed. However, further investigation and contact with a honing tool manufacturer 
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(Delapena Honing Limited) identified that the honing processes would be unable to 

produce the stringent specifications, and lapping processes would be more appropriate. 

5.3.2.6 Lapping Tool 

Research on the theory of the lapping process was initiated, to find its capability to 

satisfy the PCA's technical specifications. Studies conducted identified that internal and 

external lapping are the only methods to guarantee high precision results whenever there 

are requirements for accurate sizing, rounding and straightening of bores or/and shafts. 

This is supported by the comparisons carried out by Westbury [n.d] who found that 

honing is more practical and useful from a. production point of view, but for special 

operations where specialised equipment is lacking, highly accurate work can be 

completed by lapping. 

Beside geometrical and surface finish improvements, lapping was found to have 

capability in providing close tolerance accuracy at minimal cost compared to other 

finishing methods. Cylindrical geometries that had been achieved (by skilled technical 

staff) with helical laps were around 0.14 Ilm in roundness, 0.28 J.lm in straightness and 

0.025 J.lm Ra in surface finish [Kemet n.d., Helical Lap Mfg n.d]. The advantages from 

these lapping processes such as fast lapping action, perfect roundness, exceptional 

straightness and superb surface quality, are the prerequisite conditions in matching the 

PCA piston into the cylinder within a 2 J.lrn tolerance (clearance), convinced the author 

to apply these methods onto the piston and cylinder. 

A new type of piston design (Design D) that could be secured directly on the lathe, was 

manufactured (refer to Figure 5.5) for this purpose. Twenty piston blanks were 

manufactured, five of Design A and fifteen of Design D. They were lapped with thick 

cast iron ring laps (8 mm), slotted right through with a 3 mm gap line at approximately 

30° angle. The gap provided a means for the provision of size adjustment. Diamond 

pastes used in this experiment work were 25, 14, 8, 6, 3 and I J.lm sizes (applied 

sequentially) where a hose-clip was initially used for contracting the ring lap to the 

desired size. Lapping work was carried out by rotating the piston blank on the lathe, at 
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the same time reciprocating the lapping ring manually. Convincing results resulted in the 

design and manufacture of a proper lapping ring holder, as shown in Figure 5.10 which 

allowed the work to be more accurate, easier, faster and convenient. 

External Lap Tool 

Lap holder 
Dia 14 mm 

100 mm 

Threaded hole 

---I';. .. .. 
I ~HeXagon Socket Screw 

I S.Omm 20.0 mm 

FIGURE 5.10 External lapping tool used In trimming and matching of a piston blank 

Eight 316 stainless steel cylinder blanks were manufactured. They were lapped with an 

internal lap (also known as helical lap) that was slipped over the tapered arbour. The lap 

was slotted helically right through in a 3 mm gap line, and grooved circumferentially to 

carry away swarf produced during lapping process (see Figure 5.11). Expansion of the 

lap to the desired size was achieved when it is tapped gently with a lap expander until 

the tapered surface of the arbour made contact with internal tapered surface of the lap. 

These actions allowed a high precision degree of uniform diametrical expansion over the 

entire outer surface of the lap. A similar method of rotating and reciprocating that had 
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been applied to the piston blank was used in this work, providing precision stock 

removal ranging from a fraction of a micron, to a few microns. 

Helically Slotted Internal Lapping Tool 

1<114f---------------- lOOmm ---------+1_1 

~~~I 
Hardened steel tapered arbor 

FlGURE 5.11 Internal lapping tool used in trimming and matching of a cylinder blank 

Details about the lapping process in trimming and matching work are explained in 

Section 5.6. It was found that 316 stainless steel could easily get scratched when it was 

highly polished. Therefore lapping and polishing work became very tedious and 

difficult. Application of 3 flm diamond pastes in the lapping work made the surface 

quality worsen than the previous step, hence 6 flm diamond paste was used in the final 

lapping and polishing work. Measurement results obtained from this initial lapping work 

on pistons and cylinders are shown in Table 5.11. 
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. TABLE 5.U· Measurement results aner an InItIal lapping process 

No. Parameter Measurement Value 

1. Roundness O.3J.1m 

2. Surface roughness 0.05 J.1mR. 

3. Straightness IJ.1m 

5.3.2.7 Matching Work of 316 Stainless Steel PCAs 

Once pistons and cylinders were lapped and polished to their desired sizes and surface 

finish, they were then matched. The matching technique was carried out by sliding the 

piston into the cylinder to check whether the piston was free to slide in cylinder. Those 

pistons that could slide freely in any selected cylinders then underwent the simple tests 

by spinning the floating pistons in their matched cylinders. Trapped air within the 

hollow bottom of pistons and bottom face of the cylinders (which were placed on a flat 

and smooth surface) caused the pistons to float, thus providing the opportunity to test the 

performance of the matched PCAs without connecting them to the pressure circuit. 

Unfortunately all combinations of the 316 stainless steel pistons and cylinders only 

worked for the first few spin cycles, before they started to seize. Seized PCAs were 

released, and both pistons and cylinders were re-polished. Matching work re-continued, 

however all combinations faced the same problem again, although clearances between 

pistons and cylinders increased through re-polishing work (and re-lapping process, when 

necessary). However in the majority of cases, pistons and cylinders welded to each other 

to the extent that they could only be released with force. Figure 5.12 shows a pair of 

welded PCA after release. 

All the trimming operations of the 316 stainless steel piston and cylinder blanks which 

were completed are summarised in Figure 5.13. 
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Scratched surface of the piston 

Damaged peA after release with force due to seizing 

Studies and investigations on the properties of the 3 16 stai nless steel as a bearing 

materi al were initiated , aimed at understanding better the reasons behind these problems. 

From the stud ies and investigations carried out, it was found that 3 16 stai nless steel is 

not a suitable candidate for a PCA for the following reasons: 

• 3 16 stainless steel is not hard and tough enough, so manufacturing processes to 

achieve such a stringent requirement for a gas- lubricated PCA, especially in-term 

of straightness, roundness and paralleli sm, is almost impossible [Les Yell and 

2004] . 

• 3 16 stai nless steel does not possess satisfactory galling resistance due to its high 

ducti lity, which tend to cause the asperities to be plasti call y deformed hence 

smearing and tearing easil y; thereby increas ing the contact area of mated surface 

and eventually galling occurs [Magee 1996, Drab and Raposo 2002]. This 
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indicates that 316 stainless steel peA has poor abrasive wear, hence contributing 

to poor long term stability. 

Surface asperities formed can be seen like a pair of lips, which are separated by valleys 

in their cross-sections (see Figure 5.14). Initial asperities may cause sliding surfaces to 

become slightly bonded at the start. Eventually, as sliding continues (with sufficient 

force due to spinning), the lips are broken away, leaving valleys on one surface. Broken 

lips become tiny abrasive particles (debris) within peA's clearance, which contribute to 

greater destruction of the rubbing surfaces. These processes continue rapidly as the 

piston keeps rotating, causing high intensity of wear to the sliding surfaces. Finally the 

piston and cylinder seize together. These situations are get worse if abrasives are 

unintentionally introduced into the clearance. 

In the end, trimming and lapping work of the 316 stainless steel pistons and cylinders 

discontinued when all combinations seized soon after spinning tests were carried out. 

However, even though the author failed to produce working condition peAs using 316 

stainless steel, these learning processes contributed invaluable knowledge and skills in 

all manufacturing aspects of the peAs. The art of lapping techniques can be simply 

found in literature, however considerable hands-on training is necessary before one can 

become proficient. There are certain indescribable experiences such as feeling, touch, 

sound, motion, refinement, etc., which can only be acquired through a series of repeated 

practical work [Jones 1915]. Furthermore, the materials required for peA manufacture 

have never been publicly documented. 

A re-evaluation of the work completed caused the research to select tungsten carbide as 

the final peA material. Tungsten carbide is the commonest material used in the 

manufacture of high precision peAs [OH-Budenberg n.d.a, OH~Budenberg n.d.b, OH 

Instrument 1999, Ruska 2000], where their manufacturing processes are explained in 

detail in the following section. 
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BLANK 

TOOUNG 

ABRASIVE 

RESULT 

Aluminium 
Curved-Shell 

2 JUD Roundness 
0.5 JUD Ra 

Expandable 
Slotted-end PVC 

T,"" 

2 JUD Roundness 
O.S JUD Ra 

Mandrel 
& 

Lotho 

O.S JUD Roundness 
O.OS I1m Ra 

Machined Blank 

Tapered 
Expandable M/S 
Mandrel & Lathe 

I IJlD Roundness 
0.08 J,tm Ra 

Para1lel 
Expandable MlS 
Mandrel & Lathe 

0.5 pm Roundness 
0.081JlD Ra 

Nominal Size 

Honing Tool 
& 

Lotho 

0.5 JUD Roundness 
O.OSJUD Ra 

S JUD Straightness 

External Lapping 
TooJ& 
Lotho 

0.5 JUD Roundness 
O.OS JUD Ra 

I IJlD Straightness 

Internal Lapping 
TooJ& 

Lot'" 

O.S pm Roundness 
O.OS~Ra 

I ~ Straightness 

FIGURE 5.13 A summary of the manufacturing processes of the 316 stainless steel piston.cylinder assemblies (peAs) 
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Abrasive 

FIGURE 5.14 Abrasive wear, caused by either unintentionally Introduced abrasives or debris 
(originated from fractured Initial asperities or lips) that produces piling up of asperities on highly 

polished 316 stainless steel 

5.4 TRIMMING AND MATCHING TECHNIQUES OF THE TUNGSTEN 

CARBIDE PISTON-CYLINDER ASSEMBLY (PCA) 

Lapping was identified in the previous trial experiments as the best process for trimming 

and matching of the piston into the cylinder. A few considerations were taken into 

account to make sure that the lapping work carried out was controllable and did not 

exceed the specified tolerances while cutting processes were in progress. Particular 

attention was given to the right material and size of the lap used, type of abrasives and 

lubricant used, degree of fit (pressure to be applied) between the lap and the blank, 

frequency and reciprocation method implemented, and the spindle speed of the rotating 

parts. Attention was paid to the correct sequence of abrasives used, and finally the right 

type of polishing cloth associated with the correct grit size of abrasives used was 

considered. All the related considerations and sequences applied in the trimming and 

matching work of the tungsten carbide PCAs are described in the next sections. 

5.4.1 Grade of the Selected Tungsten Carbide 

Tungsten carbide is a product of powder metallurgy, where it consists of a specific 

mixture of fine pure tungsten carbide powder with a cobalt-based binder phase(s), that are 

tailored made for specific applications [Sandvik 2004, Corewire 2004]. The powder grain 
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size ranges from sub-micron to between 5 to 6 flm, and contributes considerably to the 

mechanical properties of the tungsten carbide. The powder is compacted through its 

shrinkage (approximately 50% in volume) during a high-temperature sintering process. 

During this process, the cobalt melts and fills any remaining voids, which thoroughly 

bonds the structure. Besides hardness and toughness, tungsten carbide has excellent 

features to withstand wear, defonnation, high pressure and corrosion, and it has very low 

thermal expansion coefficient. These characteristics made tungsten carbide the best 

candidate for PCAs' material, but also the most costly. 

The grade of the tungsten carbide selected was DF6 (Dymet grade) [Corewire 2004], 

which is equivalent to KlO (ISO code). Its material properties are shown in Table 5.12. 

TABLE 5.12 Material properties oCtbe Dymet DF6 tungsteu carbide [Corewire 20041 

Average Composition by weight (%) 
grain size 

WC TaC (fJ.ffi) 

l.0 92.7 l.0 

Note: WC = Tungsten carbIde 

TaC = Tantalum carbide 

Cr,C, = Chromium carbide 

Co = Cobalt 

Cr3CZ 

0.3 

5.4.2 Piston and Cylinder Blank 

Co 

6.0 

Transverse Hardness 
Rupture 
(MN/m') (HV) 

1800 1750 

Density 

(kglm') 

14900 

Ready made piston and cylinder blanks (five and three units respectively) of DF6 

tungsten carbide were ordered from a supplier, where their dimensions and designs are 

shown in Fignre 5.15. Each piston and cylinder black was approximately £200.00 and 

£300.00 respectively. The outer diameter of the piston blanks were specified to be 

approximately 30 flm larger than final diameter, conversely the inner diameter of the 

cylinder were specified to be 30 flm smaller than the final diameter. These allowances 

were required for trimming and matching work through lapping and polishing methods. 

Design C was chosen for the pistons, where they were bonded with their 316 stainless 

steel heads using "Ioctite superglue" to form a complete construction, after the final 
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lapping processes was completed. A second batch consisting of five pistons of the same 

material and design, were ordered from the same supplier after the first batch of the 

piston was successfully trimmed and matched. 

Ball bearing 
(316 stainless steel) 

r 
60.0 mm 

1 
i 

40.0 mm 

Piston's head 
(316 stainless steel) 

Piston's body of Design C 
(DF6 tungsten carbide) 

Cylinder 
(DF6 tungsten carbide) 

~ 
- - - - - - - - - - _1""-<.1 

FIGURE 5.15 The DF6 tungsten carbide piston-cylinder assembly (peA) 

5.4.3 Clamping/Securing Method 

Fixtures for lapping work were quite simple, however attention was given to ensure that 

the part to be held was clamped firmly, securely and as close as possible to the three-jaw 

chuck. This was necessary in order to minimise any source of positioning/aligning 

problems which would lead to dimensional error of the work-piece. Concurrently, the 

manner in which the work-piece was being clamped also played a very important role 

especially when the piston blank was lapped (refer to Fignre 5.8). Hollow type piston 

blanks are end-clamped between a mild-steel mandrel and aluminium bush (softer 

materials), which is less likely to distort than securing (clamping) directly on its out side 
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diameter. In contrast, the cylinder blanks were held by hand while lapping and polishing 

work was in progress. Hence the helical lapping tool needed to be clamped firmly and 

securely in the three-jaw chuck. 

5.4.4 Design of the Lapping Tools 

In this research work, two types of laps were used. They were external and internal laps 

which were made from cast iron [Kemet 200630 Helical Lap Mfg. 2006, Metals 

Handbook 1967]. Note that their schematic diagrams were described in Figures 5.10 and 

5.11. Details about the laps used are as follows: 

• External lap - The external lap used consisted of an outer ring that acted as a lap 

holder, and an inner shell that acted as the lap. The inner shell known as a ring 

lap, was split right through in a 3 mm gap line at approximately 30° angle and 

manufactured slightly oversize to allow for clearance. It contracted to the 

appropriate diameter by tightening an adjusting screw on the lap holder, providing 

a fast lapping action, excellent piston roundness, exceptional straightness and 

superb surface finish. The length of the manufactured ring lap was 20 mm i.e. 1/3 

of the length of the piston blank, that was shorter than the outer diameter of the 

piston blank to be lapped, but long enough to provide an appropriate length of 

stroke. The length of the ring lap was a critical factor in avoiding typical types of 

geometrical imperfections especially barrel or bell-mouth errors (refer to Figure 

5.7). Figure 5.16 shows a picture of the assemblies of an external and internal 

lapping tools, which were used in the trimming and matching work of the piston 

and cylinder blanks. 

• Internal lap - An internal lap consisted of a lap that was slotted helically right 

through in a 3 mm gap line, and grooved circumferentially to carry away swarf 

produced during lapping process. It was 100 mm in length, i.e. 2 \12 times longer 

than cylinder blank to be lapped, which also became a critical factor in avoiding 

typical types of geometrical imperfections especially barrel or bell-mouth errors. 

The manufactured size of the lap was slightly undersize to allow for clearance and 

stock removal process to be realised. The expansion of the lap to the desired size 
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was achieved when the internall y tapered hollow lap was slipped over a matched 

tapered arbor, and then the lap was tapped gentl y with a lap ex pander until the 

tapered surface of the arbor made contact with internal tapered surface of the lap. 

These actions therefore allowed a hi gh degree of uniform diametrical ex pansion 

over the entire outer surface of the lap. This allowed precision stock removal 

ranging from a fraction of micron to a few microns. 

Ex ternal lap holder associated 
with 3D· slotted lap ring 

Helically slolled internal lap 
associated with tapered arbor 

FIGURE 5.16 External and internal lapping tools used in trimming and matching of the 
piston and cylinder blanks 

5.4.5 Lap Contraction/Expansion 

The ring lap and helical lap needed to be adjusted so that the contact between lap and 

blank surfaces fi t was appropriate. Methods used in this work for contraction/expansion 

practices were as follows: 
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• External lapping tool - initial tightening of the hexagon socket screw stopped the 

ring lap from slipping out of pl ace. Diamond paste was then appl ied evenl y to the 

outer surface of the pi ston blank. The tightening process resumed until the ring 

lap started to compress the outer surface of the pi ston blank, and the blank was 

allowed to rotate in lathe for few cycles in order to improve the evenness of the 

diamond paste all over the outer surface of the piston blank. Tightening work 

continued until the ring lap prope rl y fitted the pi ston blank, however un­

tightening was necessary when the ring lap was compressed excessively. The fit 

was always checked after each successive contraction to avoid any inappropriate 

fi t. 

• Internal lapping tool - s imilar processes as the external lapping too l were carried 

for internal lapping tool. However the helical lap needed to be ex panded to make 

the contact between lap and inner surface of cylinder blank. This was carried out 

by gentl y tapping the lap up the tapered arbour using a mallet and a lap expander 

until the lap gripped the arbour fi rml y. The diamond paste was then applied o nto 

the lap, and subsequently the cylinder blank was reciprocated along the rotated lap 

to improve the evenness of the diamond paste all over the outer surface of the 

helical lap. Tapping work conti nued until the helical lap correctl y fitted the 

cylinder blank, with the fit being checked after each successive tap. 

5.4_6 Lap Fit 

The lap fit is the most difficult part of the lapping process because it is ent irely dependent 

on the judgement o f the operator, based on inex press ible sensations i.e. " feeling" [lones 

19 15, Hammond 1992]. Furthe rmore, this "feeling" has a close re lationship with the 

speed o f reciprocation and the nature of the lappi ng motions. In principle, low pressure 

and rotational speed prevents overheating that might damage the surface. However 

insufficient pressures applied (loose contact) made the cutting action ineffi cient (s low 

and ex pensive), and generall y lead to geometrical naws such as barrel and bell -mouth 

shapes. On the other hand, the greater the pressure, the faster the material removal 

process, but overpressure (too tight contact) may cause surface damage (roughness) to the 

surface since abrasive grains get caught into valleys, thus deepening them. 
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Therefore the correct applied pressure (right fit ) is cruci al in ensuring the dimensional 

tolerances and surface fini sh required to be produced. In this work, the right fit was 

established when the fits between lap and work-piece were as follows: 

• Ring lap - the lap holder rotated together with the pi ston blank at spind le speeds 

when it was le ft free, but stopped from rotating when its handle was gripped (by 

hand) " lightl y" assuming that sufficient abrasive had been applied. The gripping 

force applied was monitored from the beginning of each lapping work, and 

adjusted accordingly to suit the quality of surface required. 

• Helical lap - the cyli nder blank rotated together with the helical lap at spi ndle 

speeds when it was free, but easil y stopped from rotating when the outer surface 

of the cylinder blank was gripped " firml y" by hand, again assuming that sufficient 

abrasive had been applied. The gripping force to be applied was monitored and 

adjusted accordingly as in lappi ng work of the pi ston. 

Trial and error was used in determining the optimum pressure to be appli ed in this work, 

starting with low pressure, and grad uall y building up, using the lapped blank as an 

indicator. This process continued until the best conditions were achieved, thus the right 

fit established . 

5.4.7 Lap Materials 

The range of the materials of which laps can be made is very wide, and depends on the 

characteri stic of work to be carri ed out, such as materials to be lapped, tolerances and 

surface fini sh to be achieved. Laps are usuall y made of soft material such as cast iron, 

copper, brass, lead , polymer, wood etc., and they are "charged" with abrasives which are 

imbedded stationary into their surfaces, or suspended in a liquid carrier and free to move 

about. In th is work, close-grained cast iron was used as ring laps and helical laps since it 

is in general, the best material to be used for a higher degree of accuracy in the fini shed 

prod uct [Jones 19 15]. However, whatever materi al is used, the lap should be so ft er than 

the blank, otherwise the blank will become charged with the abrasives and cut the lap. 
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5.4.8 Abrasives 

The grade or coarseness and type of the abrasive selected, depended upon the surface 

fini sh required, material of blank to be lapped and the amount of stock to be removed by 

the lapping process. Besides the technica l speci ficat ions, issues of sa fe use and 

environmental impact became imponant factors. The type of the abrasives used were KO 

diamond compounds produced by Kemet International Limited, that were speciall y 

formulated and blended for rapid stock removal, easy cleaning, temperature resistance, 

lubricity to prevent drying out and superfine surface fini sh [Kemet 2006b]. They were 

soluble in both oil and water, and recommended by the manufacturer for precision 

production applications. The size of the diamond compound used was 25 micron for rapid 

stock removal process. In the lapping and pre-poli shing processes, diamond compounds 

of s izes 14,8 and 6 micron were used. In the fina l polishing work, 6, 3, I and \4 micron 

of diamond compounds were used, associated with polishing cloths. 

5.4.9 Lubricating Fluid 

The lubricating fluid used in the lappi ng and pol ishing processes is the " vehicle" within 

which the abrasive grains are suspended. The lighter the vehicle, the faster the cutting 

process, but thi will give the poorest surface qualities. The denser the liquid, the slower 

the cutting process, but this wi ll produce finer surface qualities [Machinery Publishing 

n.d] . The OS Type lubricating fluid produced by Kemet Intern ational Limited was used 

in this work. It played a very imponant role in assisting the diamond compound to cut 

and polish more effecti vely. It absorbed frictiona l heat and diluted the lapping res idues 

that were produced as a result of the cu tting action in the lapping process [Kemet 2006c]. 

Another factor that was considered was its performance in a lubricati ng role that 

remained stable even when under high pressure. 

5.4.10 Reciprocation Method 

In the external lapping process, the piston blank was clamped onto a mandrel which was 

held in a lathe, and rotated. At the same time, the ring lap which was compressed wi thin a 

lap holder, was manually stroked back and fonh (reciprocated) over the pi ston blank. The 
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stroke length was such that the centre point of the ring lap always s lightl y exceeded both 

ends of the piston blank. [n the internal lapping process, the helical lap which engaged 

firmly on the tapered arbor was chucked in the lathe, and rotated. Meanwhil e, the 

cylinder blank which was held in one hand was manuall y reciprocated back and forth 

over the helical lap. The stroke length was always such that the centre point of the 

cylinder blank always exceeded both ends of the rotating helical lap. 

A characteri stic feature of a lapped surface is crosshatching, which makes an excellent 

lubricant retention and bearing surface [Fisc her 1986] . The crosshatch pattern is 

generated as a function of the reciprocation carried out over the rotating laplblank. The 

crosshatch angle obtained on the lapped surface depends on the ra tio of the reciprocation 

speed (stroking speed) to the speed of rotation (spindle speed). [n thi s work, the spindle 

speed was between 60 to 3 15 rpm, with a reciprocati on speed of between I to 10 mms", 

leading to a very small c rosshatch angle. 

5.4.11 Polishing Method 

Polishing improves surface condition either for decorat ive or functional purposes by 

remov ing or smoothing grinding lines, scratches, pits, tool marks, surface defects that 

adversely affect the appearance or function of a part . It uses abrasives which are firm ly 

attached to a fl ex ible backing such as a polishing cloth, to modify the shape and 

dimensions of the component being polished. Polishing processes can also be utili sed for 

substantial metal removing purposes, maintaining close tolerances while improving 

surface conditions [Metals Handbook 1982]. This process causes some plastic worki ng o f 

the surface as metal is removed, hence producing a mirror· fini sh appearance. 

Polishing work started when the final lapping process of piston and cylinder was 

completed (using 6 11m di amond paste), with approximate ly 0.5 11m of thei r diameters left 

for furt her removal processes, ai med at improving surface fini sh and matching the piston 

into cylinder. Poli shing was carried out using Kemet MSF silk-type polishing pads wi th 

diamond paste. This self-adhesive synthetic cloth has been developed with a thick and 
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soft adhesive backing material wh ich was placed underneath a durable woven structure 

c loth . 

The poli shing cloth was cut into three rectangul ar strips, subsequently fi xed them 

(equally-spaced) on the respective laps. The poli shing work progressed in the same 

manner as the lappi ng process. Different levels o f surface roughness prod uced on each 

piston were achieved by changing the size of the diamond paste applied in the final 

lapping process (6 and 8 ~m onl y), and vari ed appropriately with the pressure applied on 

the laps. Di versification of the surface roug hness has also been done through po li shing 

technique, i.e. changing the grit size of diamond paste applied. Images of the 

manufactured DF6 tungsten carbide pistons and cy linders are depicted in Figu re 5. 17. 

(c) 

(a) Four manufactured 
(identical size) of va rious 
textures, and two pi ston 
(extreme left and ri ght). 

pi stons 
surface 
blanks 

Cb) Three manufactured cylinders 
(identical size) of similar surface 
texture. 

(c) A set of manufactured peA. 

FIGURE 5.17 Manufaclured lungslen carbide pistons and cylinders 
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5.5 SUMMARY 

Selection of the right material to be used before the manufacturing process is initiated is 

very important in order to make sure that the product produced works reliably. 316 

stainless steel was chosen for the manufacture of most parts of the pressure balance, 

complimented with an aluminium base plate. Its design and construction played a very 

important role in ensuring that its performance was at the top level of accuracy. 

Meanwhile, manufacturing of PCAs using scrapped soft-materials, followed by the 316 

stainless steel provided an excellent foundation of manufacturing knowledge, skill and 

hands-on experience. A combination of 316 stainless steel has proven to be an unsuitable 

material for the PCA due to its weakness in adhesive wear resistance, leading to scoring, 

galling and seizing effects. If demanding tolerances are crucial, harder materials need to 

be considered, and ironically are easier to manufacture. 

Honing processes produced inadequate levels of dimensional accuracy for a gas-operated 

PCA, hence application of this tool was discontinued. Lapping was identified as the best 

method to produce PCAs, but is a tedious and expensive process which demands a very 

skilful operator. Considerable hands-on training was necessary in order to become 

proficient. 

DF6 tungsten carbide was chosen as the final material for the PCA, with lapping and 

polishing being the best methods for trimming and matching. Correct methods of 

clamping of the blank, with correct usage of lapping tools, lapping material, abrasives, 

lubricating fluid, lap fit and reciprocating methods, were the factors which contributed to 

the successfulness of the lapping process. At the same time, polishing processes were 

also utilised for metal removing purposes, while maintaining close tolerances and 

improving surface conditions. Polishing work started when the final lapping process of 

piston and cylinder was completed, leaving behind approximately 0.5 Ilm of the 

diameters for improving surface finish and matching the piston into cylinder. Changing 

the grit size of the diamond paste and lap fit during the lapping process, followed by 

variations of grit sizes of diamond paste (applied on the polishing cloth) during polishing 

process were utilised in manufacture of pistons of various surface textures. 
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CHAPTER 6 

CROSS·FLOATING METHOD AND ITS UNCERTAINTY BUDGET 

The emphasis of this chapter is on the fundamental aspect of the cross-floating method 

and its associated uncertainty budget. It introduces the precautions and general practical 

aspects related to the cross-floating experiments; discussion of the principles used in the 

cross-floating experiments; and describes an important element in the measurement 

result, i.e. the uncertainty of the measurement. 

This chapter consists of three sections. Section 6.1 is devoted to the discussion of the 

practical aspects of use of the pressure balance in the cross-floating method, especially 

with respect to environmental conditions, location of the workplace, pressure fittings, 

leveling, handling and cleanliness of the peA. Section 6.2 elaborates on the cross­

floating method itself, concentrating on the two methods of establishing the equilibrium 

condition, which is crucial in cross-floating experimentation. Section 6.3 presents an 

explanation of uncertainty of measurement in general, such as types uncertainty, method 

of combining, sensitivity coefficients, degree of freedom, level of confiderice and 

coverage factor; and also uncertainty of measurement from the cross-floating 

experiment. Lastly, Section 6.4 provides a summary of this chapter. 
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6.1 PRACTICAL ASPECTS OF USE OF THE PRESSURE BALANCE IN 

THE CROSS-FLOATING METHOD 

Measurement work can only be carried out when the pressure balances, PCAs, 

environmental conditions and other related factors are in appropriate condition for such 

work. The following sections describes the precautions and general practical aspects 

related to cross-floating experimental work, which needed to be taken care of in order to 

make sure that the level of relative uncertainties required were achievable. 

6.1.1 Environmental Conditions 

Acceptable environmental conditions are a pre-requisite in any successful measurement 

activity. Room temperature, relative humidity and atmospheric pressure were the three 

main parameters which were continuously monitored during the experimental work. 

This work was carried out in the Metrology Laboratory, which is dedicated to 

dimensional metrology related activities, with 24 hour temperature and humidity control, 

thus environmental conditions were not a problematical issue. 

All windows were shielded from direct sunlight, which could introduce temperature 

gradients within the room. Moreover, the room is equipped with an air-locking system 

(buffer room), consisting of two doors in series which do not open simultaneously, 

further helping the stability of the environmental conditions. This controlled-opening of 

the access door minimised any sudden change of ambient pressure 

(compression/decompression of air within the calibration room due to door 

opening/closing) which can disrupt the eqUilibrium conditions during cross-floating 

work. 

The environmental conditions where the experimental work carried out were as follows: 

• Temperature: (19.0 - 21.0) °C, with stability better than 0.5 °C per hour. 

• Relative humidity: 40 - 65% RH, with stability better than 10% per hour. 

• Atmospheric pressure: as measured. 
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Table 6.1 tabulates the disturbance factors which are commonly encountered in high­

precision cross-floating experiments, where particular attention was given in this work 

to reduce their effects. 

TABLE 6.1 Disturbance factors In high-precision pressure measurement via cross-floating 
experimentation 

No_ Disturbance Factor Effect on Effect 

I. Room temperature • Thermal expansion • Change in effective area 
(tr#-20°C) coefficient of the 

PCA 

• Floating • Change in volume 
components 

• Body of the • Thermal stability of the 
pressure balance PCA 

• Air density • Change in buoyancy 
correction 

2. Relative humidity Air density Change in buoyancy 
(hr#-50%) correction 

3. Ambient pressure Air density Change in buoyancy 
(Pr #- 101.235 kPa) correction 

4. Air density Floating components Change in effective downward 
(P. #- 1.2 kgm-3) force 

5. Sudden change in Equilibrium condition Random errors 
. ambient pressure and 

air draughts due to 
rapid door (leaf-type) 
opening/closing 

6. Temperature gradients Floating elements Systematic errors those lead to 
due to poor increase of standard deviation 
temperature 
distribution or direct 
sun light 
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Other parameters such as room cleanliness, vibration, air draughts and stray magnetic 

fields were always kept to the appropriate/minimum levels (even though they were not 

being measured), and they are described in the following section. 

6.1.2 Location of the Experimental Pressure System 

The best place for installation of the system was chosen, aiming at reducing effects such 

as vibration, magnetic fields and air draughts due to the air-conditioning system. The 

laboratory itself is located on the ground floor of a three-story building which should 

give the lowest vibration levels within the building. Within the laboratory, the location 

of the work place was chosen near to a corner of the laboratory as it is the most rigid part 

of the building with the least vibration. This location was situated next to the wall, 

shared with the next laboratory of the temperature-controlled environment, and it was 3 

m from windows. Since the air-conditioning ventilating ports, consisting of four­

direction louvers were the main source of draughts, the nearest ventilating port was 

partially closed. Two louvers that caused air flowing directly towards the workplace 

were completely closed, while the rest were diverted away from the workplace. 

The two pressure balances were placed on a very firm and mechanically stable granite 

flat table top. The table top itself was placed on an adjustable four-leg stand which stood 

directly on the floor, without being attached to the wall (simultaneous transmission of 

vibrations from floor and wall were avoided). The very thick and heavy granite table top 

ensured that there was no sagging or tilting during operation. 

In order to minimise any effects due to magnetic fields, no unrelated ferromagnetic 

materials were placed on the table top or nearby surroundings. There was no source of 

strong magnetic fields available around the vicinity such as a transformer or electrical 

machinery, since balancing errors may arise through magnetic forces which act between 

floating components and the surroundings. These additional forces (whether attracting or 

repelling each other) can adversely affect equilibrium conditions, thus a poor 

reproducibility produced. Cleanliness of the workplace and instruments was taken care 

of, avoiding dust contamination of all the floating parts. Table 6.2 tabulates other 
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disturbance factors which could affect pressure measurement results via cross-floating 

experimentation. where the effects have been minimised in this work. 

TABLE 6.2 Other disturbance factors in high-precision pressure measurement 

No. Disturbance Factor Effect on Effect 

1. Vibration Equilibrium condition Random errors 

2. Magnetic fields Floating components Systematic errors thos e lead to 
with high magnetic great standard deviatio nand 
susceptibility drift 

3. Air draughts due to Equilibrium condition Systematic errors thos e lead to 
air-conditioning increase of standard de viation 

4. Dust Floating components Systematic errors 

6.1.3 Pressure Fittings 

The most important issue in the gas system pressure circuit plumbing work is safety. 

since the fluid is highly compressible. Therefore. extreme care was taken in choosing the 

properly rated and fully compatible type of tubing. sealing components. valves etc. at the 

maximum pressure envisaged [Heydemann and Welch 1975. Lewis and Peggs 1992]. 

The pressure circuit was to be kept as short as possible using the largest possible internal 

diameter tubing. minimising the system volume. and optimising the response time to 

small changes in pressure (more critical at lower pressure). Proper valve arrangement in 

the pressure circuit can make cross-floating work more efficient and easier. The use of a 

constant volume valve is highly recommended especially for an isolation valve. since it 

can be operated without disturbing the internal pressure of the system [Heydemann and 

Welch 1975]. 

In this work. the two pressure balances were connected using 6 mm thermoplastic tubing 

of 4 mm inner diameter. with associated brass fittings. and a brass ball valve was used 

for the isolation valve instead of the constant volume valve. All valves and tubing were 

prior blown with compressed air. followed with nitrogen gas to make sure that the 
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plumbing system was free from lint, particles of metal or dirt which would introduce 

erroneous measurements, or damage the peA. Once plumbing work was completed, 

leak testing was carried out at the maximum pressure (400 kPa). This was done by 

applying a soap solution onto all joining parts, where the presence of leaks would be 

detected through bubbling effects at the offending joint(s). 

6.1.4 Leveling 

An object is said to be in vertical position if its direction is perpendicularly aligned to 

the horizon, i.e. the direction of the force of the gravity. If the piston angle is inclined at 

a small angle of B radians to the vertical, the total force W acting on the piston will be 

subjected to a "cosine error" that reduces it value systematically. The effective 

downward gravitational force, W' acting along the piston axis in this case is given by: 

W'=WcosB (6.1) 

The angle B must be less than 5 arcmin (0.083") if the error term is to be less than 1 

ppm, and must be less than 15 arcmin (0.250") if the error term is to be less than 10 ppm 

[Lewis and Peggs 1992]. Since this research was aimed at relative accuracy of less than 

10 ppm, leveling became a very important issue to be tackled 

Initially the leveling work was performed by adjusting the three pressure balance 

leveling feet, with a bull's eye spirit level placed on top of the piston, while the piston 

was floating. Adjustment resumed until the spirit level showed an unchanged indication 

of the air bubble (middle position) throughout 3600 of slow-rotation of the piston, which 

indicated satisfactory vertical orientation. Subsequently, fine adjustment was carried out 

using a precision spirit level bar of 0.1 mm/m per division or 20 arcsec (0.006") which 

permitted a greater degree of leveling accuracy. 

Fine adjustment was carried out by placing the weight loading bell directly on top of the 

piston (without the ball-bearing in place), followed by the subsequent steps: 

• The top surface of the weight loading bell and the base of the spirit level bar 

were cleaned to remove any dirt or dust. 
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• The spirit level bar was placed in parallel to the two levelling feet, and pressure 

supplied to let the piston float at its mid-float position. 

• Two levelling feet were adjusted until the air bubble setded in the middle of the 

levelling tube. 

• The position of the air bubble was noted as x" after the bubble settled 

(approximately 10 seconds), i.e. x,= O. 

• The weight loading bell was then turned by 1800 from its initial position (without 

touching/moving the spirit level bar). A second reading was noted as y" after the 

air bubble settled. 

• Readings were considered +ve values when the air bubble moved towards the 

left hand side, and -ve value when it moved towards the right hand side (to avoid 

confusion). When the air bubble remained in its original middle-position after 

been rotated through 180°, theoretically it indicated that there was no error due to 

spirit level indication, and the piston was truly vertical. 

• However, when there were differences in readings (common case experienced), 

errors were calculated as follows: 

» Error due to spirit level indication (in division) is given by: 

E 
_ (x, - y,) ,-

2 

» Error due to piston verticality (in division) is given by: 

E, 
(x, + y,) 

2 

(6.2) 

(6.3) 

The adjustment process continued until the Ev value approached zero. Once this 

condition was achieved, adjustment on these two feet was stopped, and they were 

locked. The weight loading bell was then turned so that the spirit level bar was parallel 

to the third levelling foot and at a mid point between the ftrst two levelling feet. Similar 

adjustment was carried out on the third levelling foot (without adjusting the locked feet) 
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until the Ev value approached zero. Once these two adjustment sequences were 

completed, theoretically the piston was almost truly vertical, no matter which direction 

the piston was rotated. 

6.1.5 Handling 

The PCA, weights and other floating components involved in this experiment demanded 

great care of handling. Weights were handled with clean _ gloves to avoid any 

contamination that could lead to mass errors, and they were covered with laboratory 

tissue papers or cotton cloths when not in use. A set of trim weights were handled with 

forceps (synthetic material tips) and were always kept in their wooden box when not in 

use. Weights and trim weights were cleaned before they were used. Contamination due 

to light dust deposits were removed using a lens air-blower or clean chamois leather, 

whereas other contaminations due to finger prints and grease were removed 

(immediately after being found) using alcohol associated with low-lint paper wipers. 

6.1.6 Cleanliness of the PCA 

Cleanliness of the PCA was of the utmost importance because any contamination would 

affect the performance of the pressure balance. Sudden changes in speed of rotation are a 

normal indication of a contaminated PCA [Lewis and Peggs 1992). There are two types 

of contamination that are commonly found in the PCA, i.e. contamination due to 

particles of matter trapped within the clearance, and contamination due to chemical 

material such as finger prints [Ruska 1999). Hard particle contamination may scratch 

and abrade the highly polished PCA surfaces causing seizure between the two rubbing 

surfaces, culminating in a damaged PCA. Contamination due to chemical material 

results in high friction between the two surfaces, thus the piston cannot rotate freely. At 

the same time this type of contamination may produce a long-term harmful effect to the 

surfaces, where they may be attacked in a corrosive manner. 

A contaminated PCA should be immediately cleaned, but extreme care with the greatest 

possible skill must be taken. The piston and cylinder are subjected to a degree of risk 

upon disassembling operation, since both of their surfaces are exposed to the harmful 
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vicinity such as dirt/particles, corrosive acidic salts of finger prints, and the possibility of 

accidental events such as contact with other hard materials, or even dropping on the 

floor/table. Accidental knocking/dropping may result in a chipped piston or cylinder that 

makes the peA no longer usable. Besides extreme care, a proper selection of cleaning 

agent associated with paper wipers (that are not abrasive and Iow-lint) also plays a very 

important role to ensure that the peA is truly clean, simultaneously protecting the peA 

from any immediate and long-term harmful effects. 

A cleaned work area located near running filtered tap water (in this work, drinking tap 

water was used) was prepared. The peA was disassembled by hand which were cleaned 

and thoroughly dried. If the peA was found to have too much contamination (e.g. finger 

prints or grease), the piston and cylinder were initially cleaned using high grade alcohol 

(e.g. acetone) associated with Iow-lint wipes (Kimwipes EX-L). They were then rinsed 

with running tap water while rubbing with another clean kimwipe. Extreme care was 

taken not to touch (even with cleaned bare hands) the surfaces which had been pre­

cleaned. 

The next cleaning process was carried out using a gentle liquid hand soap, filtered tap 

water and kimwipe. A few drops of liquid soap were applied to a folded pre-wetted 

kimwipe, which was rubbed evenly over the entire inner surface of the cylinder for 

approximately 20 seconds. Afterwards the cylinder was immediately rinsed with plenty 

of running tap water, while rubbing its inner surface with another clean kimwipe for a 

minimum of three times (kimwipe changed), i.e. the overall time taken was 

approximately I minute/rinse/cylinder. Plenty of running tap water was a necessity in 

ensuring no soap residue was left behind. The cylinder was then wiped with a new clean 

and dry wipe (soon after the rinsing process) until it was completely dry. The cylinder 

was then wrapped with clean and dry kimwipes, and was kept in a safe place within the 

laboratory for thermal stabiIisation while waiting for the piston to be cleaned. 

The same cleaning procedure was applied to the piston. After the cleaning and drying 
, 

processes were completed, the piston was also wrapped with clean and dry kimwipes 
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and kept next to the earlier cleaned cylinder. A minimum period of approximately 15 

minutes was given for both the cleaned piston and cylinder to become acclimatised with 

the laboratory ambient temperature, before they were reassembled. Before reassembling 

began, the piston and cylinder were wiped with another clean and dry kimwipe then 

immediately blown with an inert solvent-free gas (RS invertible air duster) to remove 

any possible lint that may have been attached to the surfaces. 

Reassembly was carried out by placing the cylinder upright on a folded kimwipe which 

was laid on a piece of cleaned smooth plastic laminated material (plastic laminated 

mouse pad was used in this work). With the piston being held by its head and aligned 

with the cylinder bore, it was carefully inserted into the top of the cylinder. Without 

applying any additional force, except the force originated from its own weight, the 

piston was allowed to sink freely into the cylinder until it touched the kimwipes. No 

additional force was allowed in this process, to avoid the PCA from scratch/damage. 

This assembled piston and cylinder, i.e. PCA, was tested for its cleanliness through the 

following test sequence: 

• Once the piston was fully seated on the kimwipe, the piston was lifted upward by 

approximately 10 mm while maintaining the cylinder seated on the kimwipe. 

• With this situation maintained, the assembly was moved aside so that the 

cylinder base was seated directly on the mouse pad laminated surface. 

• The cylinder was lightly pressed downwards to make the trapped air between the 

hollow-bottom of the piston, cylinder base and the mouse pad surface sealed 

properly. 

• The piston was released accordingly in its floating condition, and the sealing 

condition was checked by tapping lightly on the piston head (from its top). 

Satisfactory sealing was indicated by a bouncing piston in the cylinder, from its 

original position. 

• Once satisfactory sealing was achieved, the piston was gently spun either 

clockwise or counter clockwise to check its free rotation characteristics. 
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• Satisfactory cleaning process was demonstrated by smooth free rotation of the 

piston without any sudden change of its speed, and finally stopping in a gradual 

manner. Perfect cleaning process associated with perfect physical conditions of 

the two rubbing surfaces (PCA's geometries and their surface finish) resulted in a 

reversed rotation of the piston (approximately a few arcdegrees) in the last part 

of its free rotation, just before the final stop. 

• Cleaning and testing processes were repeated when a satisfactory performance as 

described above was not achieved. However, if the performance of the third 

attempt was still not improved, the PCA was suspected on being damaged, and 

was not used until further corrective actions/inspections took place. 

• The satisfactory PCA was then installed into the pressure balance, and cross­

floating experiments were resumed. 

6.2 CROSS-FLOATING METHOD 

This section is divided into two sections. Section 6.2.1 describes general information 

about the cross-floating method, and the principles used in determining the equilibrium 

condition that is commonly practiced in the pressure community. Section 6.2.2 explains 

the approach used in this research work. 

6.2.1 General Cross-floating Method 

Cross-floating is one of the methods to determine the effective area and the pressure 

coefficients of the PCA under test, where the reference and test pressure balances are 

connected to a common pressure line [Heydemann and Welch 1975, Lewis and Peggs 

1992]. Figure 6.1 shows a schematiC diagram of a cross-floating set-up used in this 

work, and Figure 6.2 shows a view of this set up that is sitting on the very stable granite 

table top. Weights are adjusted onto both pressure balances until the hydrostatic 

equilibrium is established, with both pistons rotating and floating at their reference 

levels, simultaneously falling at their natural fall rates. 
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Once the equilibrium condition is established, the effective area of the test peA could be 

calculated based on the ratio between the two loads applied, i.e. the ratio of their 

effective areas, represented by the ratio of their total loads, as given in the following 

equations: 

A, W, 
(6.4) A, W, -=-

Therefore, 

A =(Wt)A 
t W ' , 

(6.5) 

where At and Ar are the effective areas of the test and reference peAs respectively, and 

Wt and Wr are the effective loads applied onto the test and reference pressure balances. 

The basis of the cross-floating therefore concentrates on the establishment of the 

equilibrium condition through load adjustment/trimming. There are two methods which 

are commonly used in determining the eqUilibrium condition: 

• Flow-sensing method - Theoretically, there is "no nett fluid flow" through the 

connecting pressure line when two peAs are in eqUilibrium condition [Lewis and 

Peggs 1992]. In this method, the fall rates of both pistons being cross-floated are 

utilised (no differential sensor is required) in giving an indirect indication of the 

fluid flowing in the pressure line. Each fall rate of the assembly is determined by 

closing the isolation valve (connecting the two peAs) and their natural fall-rates 

are noted. While the isolation valve is opened, the load of one of the pressure 

balances is precisely adjusted using trim weights until both pistons drop at their 

natural fall rates. When this condition is achieved, the eqUilibrium condition is 

established. 

• Pressure-sensing Methods - A differential pressure indicator is a necessity if 

the two systems to be cross-floated use different types of pressure transmitting 

fluid. This differential pressure indicator may be a null indicator or a differential 

pressure gauge where their performance contributes the most to the accuracy of 

the cross-floating experiment. However, a by-passed differential pressure gauge 

when used as a null indicator with a single type pressure transmitting fluid can 
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also be utilised in the highest accuracy of cross-floating experiment, as shown in 

Figure 6.1 [Lewis and Peggs 1992]. 

Test Pressure Balance 

Trim weights 

Ball·valve (V2) 

pressure 
display 

Reference Pressure Balance 

Height gauge 

Non-contact 
displacement 

display 

Isolation 
ban-valve 

Differential 
capacitance 
manometer 

1 Displacement sensor 

Screw press 

t Pressure supply 
(Purified nitrogen) 

FIGURE 6.1 A schematic diagram of an experimental cross-Doating set.up 

6.2.2 Cross-floating Method Used in this Research Work 

Two types of experiments were carried out in this research via cross-floating methods. 

The experiments carried out were as follows: 

• Investigation on the effect of the rotational speed and rotational direction, on 

pressure generated, which is discussed in Chapter 7. 

• Investigation on the effect of the surface texture on pressure generated, which is 

discussed in Chapter 8. 

A common approach and method which has been used, and is applicable in both 

experiments (such as cross-floating set-up, measurement point, pressure transmitting 
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nuid used, method of equilibrium condition determined, temperature and rotati onal 

speed measurements carried out) is explained as follows: 

... . ~ 
Test Pressure Balance Reference Pressure Balance 

FIG URE 6.2 A picture of an experimental cross-floating arrangemenl 

• Cross-n oating Set-up - An arrangement for a traditional cross- noating 

experiment [Simpson 1994] used in thi s research work is shown in Figure 6. 1 

and Figure 6.2. Effective areas of the test PCAs were determined at 100 kPa 

using purified nitrogen (N,) of 99.998% purity . A combination of Pi ston 2 (P, ) 

and Cylinder 3 (C3) known as P2C 3 was used as a re ference, whereas the test 

PCAs were made from the six pi stons (PI, P3, P" Ps, P6 and P7) that were 

matched with the 2 other cylinders (C, and C.) . In order to eliminate the error of 

the total mass loaded on both pi stons, the reference pressure balance was always 

loaded with a single set of weights throughout the ex periment, while the test 

pressure balance was also loaded with a single set of weights, with variable high 
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accuracy trim weights added (MettIer-Toledo class PI weights, ranging from I 

mg up to 100 g), which produced negligible errors for balancing purposes. 

• Determination of equilibrium conditions - Initially the natural fall rate of the 

reference piston was established using a non-contact eddy current displacement 

transducer (eddyNCDT 3300, manufactured by Micro-Epsilon Messtechnik 

GmbH) with a resolution of I /lIIl. The output was displayed on the controller in 

the form of displacement units (mm), supplemented with a displacement-bar 

diagram (displacement/time). The gap between the sensor's front-surface to its 

target (an aluminium plate that was placed on top of the weight carrying bell) 

was adjusted, so that the reference level of the reference pressure balance was 

represented by one assigned gap value. The fall rate value of the reference was 

established while the piston P2 was floating and rotating at its mid-float position, 

while ball valve VI was closed. The reference level of the test pressure balance 

was measured and marked using a mechanical height gauge of 0.1 mm 

readability. 

• The actual eqnilibrium conditions were judged based on the pressure-sensing 

method. A differential capacitance manometer which acted as a null indicator 

was used, where it was connected across an isolation ball valve V3. The 

differential pressure sensor used was a high-accuracy capacitance diaphragm 

sensor (MKS Type 698A, I Torr range). It was set to a 400 msec response time 

and 0.01 Pa resolutions corresponding to 0.1 ppm at 100 kPa. The sensor was 

connected to its signal conditioner/display and it was temperature-controlled at 

45°C for improved accuracy, hence improved repeatability and stability of its 

zero reading (crucial as a null indicator). Initial load adjustments were made by 

adding trim weights onto the test pressure balance, until P2'S fall rate approached 

its natural fall rate, while ball valves VI, V2 and V3 were opened. 

• Before a final adjustment was made, a reading from the differential pressure 

sensor was noted, with both pistons in floating and rotating conditions; with 

valve V3 opened, either one of valves VI or V2 was closed. In this situation, the 

differential pressure sensor indicated a reading that represented the zero pressure 
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difference across the two ports. The final adjustments were achieved by adding 

or subtracting a trim weight, to/from the test pressure balance, while the ball 

valves VI, V2 and V3 were opened, i.e. null indicator bypassed [Dadson et al 

1982]. The smallest trim weight (discrimination weight) that produced a 

detectable pressure change (significant effect) in this cross-float was a 2 mg 

weight, corresponding to 0.2 ppm at 100 kPa. The adjustment process using 

discrimination weights resumed until the average output of the differential 

pressure sensor approximately approached the previous value that represented 

zero pressure difference across the differential sensor. 

• The consistency and validity of the cross-floating results produced by the 

pressure-sensing method were checked by the flow-sensing method. A very 

similar level of sensitivity in eqUilibrium (using 2 mg trim weight) was 

detectable by the displacement sensor, which measured the displacement rate of 

the reference piston. This displacement rate indirectly indicated the eqUilibrium 

condition, was clearly shown by its controller in a real-time bar-diagram. The 

agreement of the results produced by the differential pressure transducer 

(pressure-sensing method) and displacement sensor (flow-sensing method) in 

indicating the equilibrium conditions were very good (within 0.3 ppm). 

Therefore, the displacement sensor became a backup instrument in making 

judgement of eqUilibrium conditions. 

6.2.3 Speed and Temperature Measurement 

,A non-contact laser tachometer of I rpm resolution was used to measure the speed of 

rotation of the pistons. The tachometer emitted a precision laser beam that was aimed at 

a small piece of a reflective tape, which was affixed to a vertical grooved line on the 

aluminium plates. Both pressure balances were permanently loaded with identical 

aluminium plates which were placed on top of the weight loading bells of each pressure 

balance, to ensure that the external geometry differences between both pressure balances 

were kept to a minimum. This eliminated systematic errors due to their buoyancy 

effects, and aerodynamic forces which may arise. 
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A dual-channel digital thennometer with Type K thennocouples of 0.1 °C resolution was 

to measure the temperature of both PCAs. These thennocouples were inserted into 

access holes which run through each mounting post (from its bottom surface) to a point. 

approximately 5 mm distance from the cylinder. Close siting of the thennocoup\es to 

each cylinder. associated with very stable thennal stability of the PCAs surrounding. 

helped the temperature measurement to be carried out in an accurate manner. 

6.3 UNCERTAINTY OF MEASUREMENT 

The result obtained in any measurement is only an approximation or estimated value. but 

can be considered as a complete result when it is accompanied with a quantitative 

statement of uncertainty [lSOtrAG 4 1993. Taylor and Kuyatt 1994. PD6461-4 2004]. 

Uncertainty is characterised by the dispersion of the values that could reasonably be 

attributed to the measurand. denoted by Y. The measurand (also known as output 

quantity) is determined from N other quantities X h X2 • ••••• XN through a functional 

relation/: 

Y=/(X,.X 2··········XN ) (6.6) 

Using the equation (6.6) above. an estimate a/the measurand that is denoted by y can be 

obtained using input estimates (represented by Xh X2 •••••• XN) as follows: 

(6.7) 

Generally. the uncertainty of the result consists of several components which can be 

categorised into two groups. i.e. according to the method of estimation that is used in 

evaluating their numerical values. Those two types are: 

• Type A standard uncertainty - Evaluated by statistical analysis of a series of 

observations which is represented by a statistically estimated standard deviation. 

s,. It is equal to the positive square root of the statistically estimated variance S,2 

that is associated with a number of degrees of freedom 1';. For such a component. 
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the standard uncertainty is u. = s,. However, the best experimental standard 

deviation of a measurement is given by an estimated standard deviation of mean 

(ESDM), thus the Type A standard uncertainty is given by: 

1 ~::<x, _ X)2 
n(n-l) ,_\ 

(6.8) 

where n is the number of a series of measurements, Xi is the value of ith input 

estimates and x is the arithmetic mean of input estimates. 

• Type B standard uncertainty - Evaluated by means other than statistical 

analysis of a series of observations, which is obtained from previous knowledge 

or assumed probability (based on belief) distribution from all the available 

information, usually scientific judgment. Examples of relevant information 

sources are; previous measurement data, experiences, general knowledge, 

manufacturer's specifications, calibration reports, handbooks etc. Therefore, 

Type B standard uncertainty is obtained from the expanded uncertainty, Uk(X) of 

an available knowledge/scientific judgement at a quoted level of confidence, and 

divided by its coverage factor k , which is given by: 

(6.9) 

Subsequently, a combination of these two standard uncertainties (u. and UB) form a 

combined standard uncertainty of a measurement result y. which is designated by uc(y). 

The method used to combine those types of uncertainty is often called the law of 

propagation of uncertainty or the root-sum-oj-square (RSS). For uncorrelated input, the 

uc(y) is the positive square root of the combined variance Uc2(y), which is given by: 

(6.10) 

where f is a functional relationship that relates the output quantity dependency to the 

input quantities as given in equation (6.7) and U(Xi) is the individual standard uncertainty 

arising from type A and/or type B evaluation(s). The partial derivative af lax" normally 
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called the sensitivity coefficient (denoted with C,) describes how the output estimate y 

varies with changes in the values of the input estimates Xi. 

In order to eventually sum all the individual input quantities, they must be quoted with 

the same degree of level of confidence. This is carried out by dividing the quantity in 

question by a devisor, which depends on its probability distribution (describes how the 

results behave). The value of the devisor that can convert the quantity in question to one 

standard deviation is shown in Table 6.3 below [Davidson et al. 2004]: 

TABLE 6.3 Commonly used probability distribution in uncertainty calculation, and its devisor 

No. Distribution Devisor Description 

1 Normal 10r2 Also known as Gaussian distribution where the 
values are more likely to fall closer to the mean 
value than further away from it, i.e. resembles a bell 

2 Rectangular .fj The results are evenly spread between two limits, 
and never fall outside these limits 

3 Triangular .J6 The distribution when two rectangular distributions 
are added together 

Unfortunately, a combined standard uncertainty alone is not sufficient to provide a 

comprehensive statement of uncertainty. This is due to the lack of information on the 

interval about the measurement result y within which the value of the measurand Y is 

confidently believed to lie. Therefore an expanded uncertainty, denoted by Up is used to 

meet this requirement i.e. by multiplying uc(y) by coverage factor, kp thus: 

(6.11) 

This high specified coverage probability or level of confidence p confidently gives the 

quantity of mea sur and as y-U p :SY:S y+U p (commonly written as Y = y±Up )' 

However, the t-distribution in general will not describe the distribution of the variable 

(y-Y)/uc(y) if u;(y)is the sum of two or more estimated variance components, i.e. 
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u;(y)=c;u2(x,). Therefore, an alternative approach may be used where the distribution 

of that variable may be approximated by a t-distribution through an effective degree of 

freedom V'if • The V'if can be calculated from the Welch-Satterthwaite formula which is 

as follows [ISOffAG 4 1993]: 

(6.12) 

The degree of freedom, Vi for individual uncertainty contribution of Type A and Type B 

distribution is usually taken as (n-1) and infinity respectively. For a quantity of normal 

distribution with infinite degree of freedom, the value of coverage factor k p that 

produces a level of confidence p is given in Table 6.4 below: 

Finally, once the V'if is calculated, the I-factor can be obtained for the desired level of 

confidence p from the Student-t Distribution Table. Its value which is denoted by 

t.< V <Jf) thus makes the Equation 6.11 become: 

(6.13) 

However, the total calculated uncertainty obtained from equation (6.13) above is 

commonly written as: 

U=ku,(Y) (6.14) 

Meaning that the quantity of measurand confidently lies within Y - U ~ Y ~ Y + U or 

y=y±U. 
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TABLE 6.4 Level of confidence and its coverage factor 

Level of confidence,p (percentage) Coverage factor, kp 

68.27 1 

90 1.645· 

95 1.960 

95.45 2 

99 2.579 

99.73 3 

6.3.1 Uncertainty of Measurement in the Cross.floating Method of Gas·operated 

Pressure Balance 

Once the equilibrium condition of a cross-floating experiment is established (after the 

final adjustment of the trim weight), the gauge pressure Pr and P, at each reference level 

of the respective reference and test pressure balances are given as follows [Nishibata 

1997]: 

• Reference pressure balance: 

mprgL(1-~pr)+ (mwr -mpr)gL(I-Pjpwr) 

Pr - Par Ar(P.2O"C)[1+Ar(Pr - par)][I+(apr +a,,)(tr -20)] 
(6.15) 

• Test pressure balance: 

A,(p.20oc)1 + (a p' + act )(t, - 20)] 
(6.16) 

where: 

Pr is the gauge pressure at the reference level of the reference pressure balance 

(pa) 
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p, is the gauge pressure at the reference level of the test pressure balance (Pa) 

Par is the atmospheric pressure at equilibrium condition at the reference pressure 

balance (Pa) 

Pa, is the atmospheric pressure at equilibrium condition at the test pressure 

balance (pa) 

mpr is the mass of the reference piston (kg) 

mp, is the mass of the test piston (kg) 

gL is the local acceleration due to gravity (ms-2
) 

P. is the air density of the ambient air (kgm-3) 

/Jpr is the density of the reference piston (kgm-3) 

Pp, is the density of the test piston (kgm-3) 

11Iwr is the total mass of weights, including piston and any other floating elements 

loaded on the reference pressure balance (kg) 

mw, is the total mass of weights, including piston and any other floating elements 

loaded on the test pressure balance (kg) 

Pwr is the density of the weights loaded on the reference pressure balance «kgm-3) 

Pw, is the density of the weights loaded on the test pressure balance (kgm-3) 

ArV>,20'C) is the effective area of the reference peA at pressure P and reference 

temperature 20·e (m2
) 

At(p,20'C) is the effective area of the test peA at pressure p and reference temperature 

20.e (m2
) 

is the pressure distortion coefficient of the effective area of the reference peA 

(Pa-I ) 

tlpr is the linear thermal expansion coefficients of the reference piston ("Cl) 

tlp, is the linear thermal expansion coefficients of the test piston (OCI) 

atr is the linear thermal expansion coefficients of the reference cylinder ("Cl) 

at, is the linear thermal expansion coefficients of the test cylinder (OCI) 

Ir is the temperature of the reference peA ("C) 

I, is the temperature of the test peA ("e) 
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If there is a height difference in the reference level of the two pressure balances, the 

fluid head correction (H) must be applied. The pressure difference within the system 

between two levels of M apart, at the density of pressure transmitting fluid PI is given 

by: 

(6.17) 

However, if the reference level of test piston is M higher than the reference piston, the 

eqUilibrium condition based on equation 6.15, 6.16 and 6.17 is given by: 

(Pr - Par)-(PI - Pa)gLM = (Pt - Pal) (6.18) 

From equation 6.17, the effective area of test At(p.20'C) can be written as follows: 

A = mptgL(I-~pt)+(mwt -mpt)gL(I-Pj-{,) 

t(P.2O'C) [(Pr - P,,)-(PI - Pa)gLM][I+(apt +act)(tt -20)] 
(6.19) 

Equation 6.19 can also be expressed as: 

(6.20) 

The density of the pressure transmitting fluid used (purified nitrogen), PN,(t.p) at 

temperature tm in °C and pressure pm in Pa is given by [Nishibata 1997]: 

_ PN,(2O'C.l01325pa) (PN2) 
PN,(t.p) - [I +0.OO341(t

N2 
- 20)] 101325 

(6.21) 

where the value of PN,(20'C.I01325pa)is 1.165 kgm·3• On the other hand, the standard 

method for determining the air density in kgm·3 involves the measurement of 
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environmental conditions such as temperature ta in QC, pressure Pa in Pa and relative 

humidity hr in percent. The following approximate formula may also be used [OIML 

RllI-12004]: 

_ 0.0034848 P a - 0.009h,eO.061t 

Pa - (273.15+t.) 
(6.22) 

The standard uncertainty of the effective area of the test PCA u(A
t
(p.2O"C» is obtained by 

combining the standard uncertainties of input parameters using the law of propagation of 

uncertainty, where its variance u
2(At (P.2O"c) is given by: 

[
ilA ]2 u2(A ) = ~ t(P.2O"C) U2(X.) 

t(P.2O"C) L... a,~ , 
1=1 Al 

(6.23) 

where U(Xi) is the individual standard uncertainty of the input parameter Xi, associated 

with its partial derivative ilA'(P.20'C) f ilx,. The sensitivity coefficient of each input 

parameter can be calculated based on equations (6.19) and (6.20). In gauge mode 

operation, the terms (Pr - Par) and (p, - Pat) can respectively be replaced with Pr and 

Pt since Pa, = Pa and Pat = Pa; and the symbols A'(P.20'C) and At(p.2O"C) can be 

simplified as A,o and A, respectively, thus all the individual sensitivity coefficients are 

given as follows [Nishibata 1997]: 

ilA, f ilmwt = A, f mwt 

ilA,filPa =-A,f[Pwt(l-Pa f Pwt)] 

ilA,filPwt =A,(Pa f p!)f(I-Pa f Pwt) 

ilA,filapt =-A,(tt -20) 

ilA,fila" =-A,(tt-20) 

ilA,filtt =-A,(apt+a,,) 

ilA,filPr =-A,f p, 
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oAJiJmw, = (oA,Iop,)(op, /omw,) =-.1, /mw, 

0.1, /op. = (0.1, /op,)(op,l op.) = A, /[Pw, (l-p i Pw,)] 

0.1, /oPw, = (0.1, / op,)(op/iJp.,,) = -A, (P. / p;")/(l-p i p.,,) 

0.1, / oap, = (0.1, /op,)(op, / oap,) = A, (t, - 20) 

oA, /oa" = (0.1, /op,)(op,loa,,) = A, (t, -20) 

oA, /ot, = (0.1, /op,)(op, /ot,) =-.1, (ap, +a,,) 

0.1, /oA,o = (0.1, /op,)(op,loA,o) = A, / A,o 

oA, lOA, = (0.1, /op,)(op,loA,) '" A,p, 

0.1, /op, '" (A, / P,)gLM 

oA,/oP. "'-(A,/P,)gLM 

oA,/oM",-(A,/ p,)(p, -P.)gL 

(6.31) 

(6.32) 

(6.33) 

(6.34) 

(6.35) 

(6.36) 

(6.37) 

(6.38) 

(6.39) 

(6.40) 

(6.41) 

All these sensitivity coefficients are subsequently used in the uncertainty budget 

calculations, which are applied in Tables 7.7, 7.8 and 9.3. 

6.4 SUMMARY 

This chapter has devoted its discussion to the practical aspects of use of the pressure 

balance in the cross-floating method, establishment of the equilibrium condition in the 

cross-floating experiment, and evaluation procedures for measurement uncertainty. 

Stable environmental conditions (temperature, relative humidity and ambient pressure) 

within acceptable tolerances are a prerequisite for successful cross-floating work, since 

these parameters will cause adverse effects on measurement results if they have not been 

adequately controlled. Other parameters such as room cleanliness, vibration, leveling of 

the peA, plumbing procedures, air draughts and stray magnetic fields, must always be 

kept to the appropriate/minimum levels, to ensure effects will not contribute errors to the 

measurement results. 
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In this research, establishment of the equilibrium condition was judged based on the 

pressure sensing method via a bypassed high-accuracy capacitance differential pressure 

sensor, which gave a relative uncertainty of 0.2 ppm at 100 kPa. However, its 

consistency and validity was checked through the flow sensing method, which utilised a 

non-contact eddy-current displacement sensor. Initial measurement results showed that 

both methods agreed within 0.3 ppm, thus the flow sensing became a backup method in 

establishing equilibrium condition. 

Any measurement result is only an approximation or estimated value, and it is 

considered as a complete result if the value quoted is accompanied with an expanded 

uncertainty associated with its level of confidence. In order to achieve this, a proper 

approach must be performed in the following sequence; identify all sources and types of 

uncertainty involved individually, convert them into standard uncertainties, identify the 

degree of freedom of each component, combine all the Type A and Type B standard 

uncertainties to become a combined standard uncertainty, determine their individual 

degree of freedom, compute the effective degree of freedom using WeIch-Satterthwaite . 

formula, obtain the t-factor of the desired level of confidence from the Student-t· 

Distribution Table, and finally multiply the obtained t-factor with the computed 

combined standard uncertainty. These techniques will be used to assess the errors in the 

experimentations, as described in Chapters 7, 8 and 9. 
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CHAPTER 7 

INVESTIGATION OF THE EFFECTS OF ROTATIONAL SPEED 

AND ROTATIONAL DIRECTION ON THE DETERMINED 

EFFECTIVE AREA 

It was described earlier in Chapter 6 that the test PCA must be compared against a 

reference PCA (of known effective area) in order to determine its effective area, through 

the cross-floating method. This chapter presents a unique investigative approach 

(consisting of Experiments E and F) on the effects of rotational speed (RS) and 

rotational direction (RD) on the determination of the effective area. The aim of these 

experiments was to investigate if there was evidence of pressure dependency on the RS 

and RD, using the 35 mm PCAs. The approach investigated two combinations of test 

PCAs, consisting of one test piston, matched with two identical test cylinders. 

This chapter is organised as follows: The next section highlights the rationale behind this 

investigative approach. Section 7.2 describes the approach implemented in these 

investigations, on top of the general procedures described in Chapter 6. Sections 7.3 and 

7.4 discuss the results obtained from these experiments, and is followed with their 

respective uncertainty analysis. Lastly, Chapter 7.5 summarises this chapter, and 

concludes the results obtained from the two experiments. 

7_1 RATIONALE 

Specific research devoted to the investigation of the effects of rotation on gas-operated 

pressure balances have been carried out by Prowse and Hatt [1977], and Sutton [1979] 

using a gas-operated pressure balance (Type 6-201, manufactured by CEC, USA), 

operated at 3 to 10 Hz, mostly using an 81 mm2 PCA. Prowse and Hatt identified that 
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the generated pressure varied with frequency of rotation in gauge mode operation; 

whereas Sutton discovered that the presence of aerodynamic effects on a rotating 

floating element increased the generated pressure with its rotational frequency squared, 

and the extrapolated pressure for zero frequency corresponded to the calculated pressure. 

However, the recent development of very large tungsten carbide PCAs, being commonly 

used as primary pressure standards, operated at relatively low rotational speeds 

(approximately 0.5 to 1 Hz) has extended significantly beyond the operating parameters 

of the previous instruments and reported research, and hence the understanding of the 

effect of RS and RD. There has been no more published research work available on this 

topic since these two papers, which has prompted the investigation of low, rather than . 

high speed of rotation (to suit the current type of pressure balances) aimed at disclosing 

any findings obtained. This investigation has been motivated by the need to characterise 

the pressure balances developed at LV (compatible with existing pressure balances in 

the market), and simultaneously tackle the RSs and/or RDs issues by novel approaches. 

The results from this investigation are believed to be more pertinent and r~levant to the 

. current applications of the pressure balances in-use today. 

7.2 INVESTIGATIVE APPROACH 

The scope of this approach was to determine the apparent dependency of the RS and RD 

on the generated pressure using the 35 mm diameter PCAs in gauge mode operation. 

Apparent dependencies would be realised with changes of generated pressure, 

consequently substantiated as variations of calculated effective areas. The effective areas 

of the very large PCAs were determined through the traditional cross-floating method 

[Simpson 1993], which was described (in general) in Chapter 6. The reference PCA used 

was a combinations of Piston 2 and Cylinder 3 (designated as PZC3), whereas the test 

PCAs were the combinations of Piston 4 that was matched with two identical cylinders 

(Cylinder 2 and Cylinder 4), designated as P4CZ and P4C4 respectively. Comparisons 

between P 4CZ and P 4C4, against PZC3, were known as Experiment E and Experiment F 

respectively. Experiments were carried out at a single nominal pressure Le. 100 kPa, but 
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changing the magnitude of RS randomly, from approximately 30 to 90 rpm (0.5 - 1.5 

Hz); and the RD either clockwise (CW) or counter-clockwise (CCW) on the reference 

and/or test pressure balances. 

The "true pressure value" (consistent with the definition of the pressure unit) generated 

by the reference PCA was not important in these investigations. The relative values of 

the test results (against any assigned reference value) were the prime concern, hence an 

approximation value of the reference value was sufficient. Therefore, before cross­

floating began, a value (effective area) of P2C3 was determined simply through 

dimensional measurements. The outer diameter of the piston and the inner diameter of 

the cylinder were measured using a length comparator and a bore gauge at three levels 

(equally-spaced) of each component respectively. Each level consisted of three points, 

producing nine measurement points for each component. All readings obtained from the 

instrument were compared directly against a set of block gauges for appropriate 

corrections. The average of these eighteen corrected readings was used as a reference 

value, denoted as Ar(P2C3). It was assigned to be equal to 981.45955 mm2 at 100 kPa and 

20°C. This value was used consistently in these two experiments for the calculation of 

the effective areas of the test PCAs. 

7.2.1 Comparison Procedure 

All preparations described in Section 6.2.2 were carried out prior to the experiments. 

Appropriate single set of weights, which corresponded to the fixed pressure point (100 

kPa) were loaded onto both pressure balances, then the system was pressurised until 

both pressure balances were floating. Trimming work (fine weight adjustment using a 

set of standard weights or trim weights) was carried out on the test pressure balance until 

equilibrium condition was established. Once eqUilibrium was established, the total 

masses loaded (including trim weights), PCAs' temperature, RDs and RSs of both 

pressure balances were noted. 

At the same time, the environmental conditions, such as atmospheric pressure, ambient 

temperature and relative humidity were measured. Due to the very good stability of the 
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environmental conditions of the laboratory, the averaged value of the air density was 

believed to be sufficient for the calculations of the air buoyancy correction. These 

environmental conditions were taken four times, i.e. at the beginning, quarter, three 

quarter, and end of the measurement process (within the one day experiment). The 

environmental data were used to calculate the respective air densities, based on Equation 

(6.22). An average of four calculated air density values was then used as an 

approximated air density in effective area calculations, i.e. using Equation (6.20). 

Once all of the required parameters were keyed into the excel spreadsheet, instantaneous 

values of each effective area could be obtained. It was important to detect the existence 

of any systematic or random errors within the system, which needed appropriate and 

prompt rectification. Comparison of all the results were based on the determined 

effective areas at 100 kPa and corrected to 20°C where the calculated effective areas for 

the combinations of P 4C2 and P 4C4 were symbolised by A p4C2 and Ap4C4 respectively; and 

their averaged values were denoted by A'(P4C2)E and A'(P4C4)F respectively. These symbols 

have consistently been used in the following data analysis processes. 

7.2.2 Cycle of Measurement 

A simplified version of the excel spreadsheet that was used for data collection is 

depicted in Table 7.1. It shows all the parameters that needed to be noted during the 

experimental work. Eight cycles (CYLs) of comparison, consisting of 32 individual 

sequences of measurement (SEQs), were applied to both of the experiments. Each CYL 

consisted of four different pairs (reference-test) of the rotational combination (RC), 

which were sequentially arranged in RD-RD terms as follows: 

• CW-CW 

• CW-CCW 

• CCW-CCW 

• CCW-CW 

Each cycle of measurement process consisted of four pairs of RC, 

where each RC consisted of a pair of a RD-RD combination. 

However, RD was always accompanied with its associated RS . 
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TABLE 7.1 A simplified version of the excel spreadsbeet used in the effective area calculations 

c S Reference PCA: P.C, TestPCA: 
y E Pressure Mass Temp RD&RS Mass Temp RD&RS 
L Q 

(kPa) (kg) (t, 'C) 
CWIOCW rpm (kg) (t, 'C) CW/CCW rpm 

I 100 CW cw 

2 100 CW CCW 
I 3 100 CCW cw 

4 100 CCW CCW 

5 100 CW CW 

6 100 CW CCW 
2 7 100 CCW CW 

8 100 CCW ccw 

2S 100 CW CW 

26 100 CW ccw 
7 27 100 CCW CW 

28 100 CCW ccw 

29 100 CW CW 

30 100 CW ccw 
8 31 100 CCW CW 

32 100 CCW ccw 

Environmental Conditions 

No 
I 

2 
3 
4 

Note. 

Temp ('Cl Humidity (%RH) 

---
--

CYL: Cycle of measurement 
SEQ: Sequence of measurement 

Aim. Pressure (hPa) 

73 MEASUREMENT RESULTS 

Air Density (bm") 

Effec. Area (mm:!) 

(t, 'Cl (20 'Cl 

Average Calculated 
Air Density, Po 

--- kgmo3 

Measurement results obtained in these two experiments are presented in two sections. 

Section 7.3.1 is dedicated to Experiment E and Section 7.3.2 is for Experiment F. Two 

non SI units were consistently used in this research, i.e. °C and mm2 instead of K and 

m2
, since they are commonly used within the pressure community all over the world. 

However, the results obtained could easily be converted into the SI unit, pascal (pa) 

without loosing any accuracy. 
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7.3.1 Results of Experiment E: P4CZ vs. PZC3 

The overall results obtained from this experiment are tabulated in Table 7.2. The first 

column shows the CYL, whilst the second column gives the SEQ. This experiment took 

one and half days, with the first three cycles completed on the first day and the last five 

cycles completed on the second day. This means that the effective areas were calculated 

at 100 kPa (and corrected to 20°C) based on two respective averaged calculated air 

densities. The calculated effective areas, denoted by AP4C2 are given in the third and 

fourth columns in mZ and mm2 respectively. The RDs of the reference and test are 

shown in the fifth and seventh columns, while the RSs of the reference and test are 

shown in the sixth and eighth columns. 

The key figures based on a basic statistical analysis are given in the last five rows where 

the minimum, maximum and average values of the determined effective area were 

981.4919 mm2
, 981.4946 mm2 and 981.4934 mm2 respectively. The maximum 

difference between these results was 0.0027 mm2 which is equivalent to 2.7 ppm, 

relative to their averaged value. The measure of how widely these Ap4C2 values dispersed 

from the averaged value is represented by the standard deviation, where its relative value 

which is equivalent to 0.75 ppm is shown in the last row. However, to visualise these 

results clearer, a 3-Dimensional illustration of the Ap4C2 as a function of their RSs 

(inclusive RDs) for both reference and test PCAs is plotted, as depicted in Figure 7.1. 
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TABLE 7.2 Ap4C2 tabulated in accordance to tbeir cycles and measnrement sequences 

EfTective Area of P ,C, at 100kPa. 20'C Rotational Combination (RC) 

CYL SEQ A p4C2 Reference PCA (P,C,) Test PCA (P,C,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.8149320E-04 981.4932 cw 62 cw 65 

2 
1 

9.8149222E·04 981.4922 cw 61 CCW 57 

3 9.8149320E-04 981.4932 ccw 73 ccw 68 

4 9.8149286E-04 981.4929 ccw 58 cw 55 

5 9.814926IE·04 981.4926 . cw 57 cw 58 

6 9.8149286E-04 981.4929 
2 

cw 62 ccw 66 

7 9.8149192E-04 981.4919 ccw 65 ccw 71 

8 9.8149311E-04 981.4931 ccw 65 cw 57 

9 9.8149266E-04 981.4927 cw 57 cw 64 

3 
10 9.8149222E-04 981.4922 cw 60 ccw 62 

11 9.8149212E-04 981.4921 ccw 71 ccw 72 

12 9.8149261E-04 981.4926 ccw 52 cw 59 

13 9.8149320E-04 981.4932 cw 59 cw 65 

14 
4 

9.8149384E-04 981.4938 cw 62 ccw 75 

15 9.8149394E-04 981.4939 ccw 73 ccw 72 

16 9.8149271E-04 981.4927 ccw 47 cw 58 

17 9.8149339E-04 981.4934 cw 56 cw 56 

18 9.8149384E-04 981.4938 
5 

cw 59 ccw 65 

19 9.8149364E-04 981.4936 ccw 66 ccw 65 

20 9.8149437E·04 981.4944 ccw 68 cw 62 

21 9.8149378E-04 981.4938 cw 62 cw 62 

22 
6 

9.8149369E·04 981.4937 cw 66 ccw 68 

23 9.8149378E·04 981.4938 ccw 78 ccw 80 

24 9.8149418E·04 981.4942 ccw 64 cw 69 

25 9.8149413E·04 981.4941 cw 69 cw 67 

26 
7 

9.8149457E·04 981.4946 cw 62 ccw . 59 

27 9.8149437E·04 981.4944 ccw 58 ccw 48 

28 9.8149408E·04 981.4941 ccw 60 cw 67 

29 9.8149378E·04 981.4938 cw 67 cw 67 

8 
30 9.8149359E·04 981.4936 cw 56 ccw 52 

31 9.8149428E-04 981.4943 ccw 67 ccw 62 

32 9.8149398E-04 981.4940 ccw 53 cw 63 

Minimum Value 981.4919 mm' 47 rpm 48 rpm 

Maximum Value 981.4946 mm' 78 rpm 80 rpm 

Average Value (A"P4C2)'> 981.4934 mm' 62 rpm 64 rpm 

Standard Deviation 0.0007 mm' 7 rpm 7 rpm 

Relative Standard Deviation 0.75 ppm 11 % 11 % 
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Figure 7.1 shows clearly the overall variations of Ap4C2 with its RCs, which are 

represented by RS of the reference and the RS of the test on the x-axis and y-axis 

respectively. The heights of the conical bars on the z-axis represent the Ap4C2 values, 

where one division is scaled at 1 ppm, relative to the averaged value. These values 

distributed on the x-y plane, fonn four small groups, with the averaged value, A~P4C2)E 

represented by a conical bar which is located on the (0,0) coordinate (in the centre of the 

figure). The RDs in CW directions are denoted by positive figures, and negative figures 

for CCW directions. 

Since the differences were small, the nature of this 3-Dimensional figure is unable to 

show any significant dependency between the four RCs, hence another figure has been 

plotted 2-dimensionally to visualise these results in an alternative way Le. singly based 

on the RSs of the individual PCAs involved (regardless of their SEQ). A graph based on 

the fourth column against the sixth and eighth columns of Table 7.2 has been plotted 

(see Figure 7.2), where two separate trend lines can be seen. The RS and Ap4C2 are 

represented by x-axis and y-axis respectively. Figure 7.2 still shows that there is no 

significant evidence of Ap4C2 dependency on the RS since both lines show similar 

random fluctuation of variations. 
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KEY FIGURES 
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Avg: 981.4934 1111112 
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FIGURE 7.1 Variation oflhe overall e!Tective areas of the P,C, alLOO kPa and 20"C (A " c.) 
with respect to the RSs of the reference and the test peAs 

Experiment A: AVoiD vs. RS 
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FIGURE 7.2 Variation of IheA N C2 based on Ihe RS (regardless of RD) of Ihe individual PCA 
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Therefore, the way in which these A NC2 results were examined was once again reviewed. 

This was completed by rearranging the A p4C2 results which are tabulated in Table 7.2 in a 

different manner. The results were segregated based on their RCs, hence fomling four 

smaller groups of results. The key fi gures from the basic statistical analysis are also 

included in the last five rows of this table. These key fi gures are the minimum (Min.), 

maximum (Max.), average (Avg.), standard deviation (Std. Dev.) and relative standard 

deviation (ReI. Std.Dev.). The relative standard deviations of the determined effective 

areas based on RC i.e. CW-CW, CW-CCW, CCW-CW and CCW-CCW are 0.55, 0.86, 

0.95 and 0.75 ppm respectively. 

TABLE 7.3 A P40 (mm2
), tabulated in accordance to the four rotational combinations 

Rot.ational Combination (RC) 

CYL cw·cw CW·Ccw CCW·CW CCW·CCW 

SEQ A N O (mm2
) SEQ A ,'4C2 (mOll ) SEQ A N O (mml) SEQ A "40 (0101

2
) 

1 1 98 1.4932 2 98 1.4922 3 98 1.4932 4 98 1.4927 

2 5 981.4926 6 981.4929 7 981.4919 8 98 1.493 1 

3 9 98 1.4927 10 981.4922 11 98 1.492 1 12 98 1.4926 

4 13 981.4932 14 98 1.4938 15 98 1.4939 16 98 1.4927 

5 17 98 1.4934 18 98 1.4938 19 98 1.4936 20 98 1.4944 

6 2 1 98 1.4938 22 98 1.4937 23 98 1.4938 24 981.4942 

7 25 98 1.494 1 26 98 1.4946 27 98 1.4944 28 981.4941 

8 29 98 1.4938 30 981.4936 3 1 981.4943 32 981.4940 

Min. 981.4926 (mm') 981.4922 (mm') 981.4919 (mm:!) 981.4926 (mm:!) 

Max. 981.4941 (mm') 981.4946 (mm2
) 98 1.4944 (mm:!) 981.4944 (mm:!) 

Avg. 981.4933 (mm') 98 1.4934 (mm:!) 98 1.4934 (mml) 981.49350 (0101
2
) 

Std. Dev. 0.0005 (mm:!) 0.0008 (mm!) 0.0009 (mm:!) 0.0007 (mm:!) 

ReI. Std. Dev. 0.55 (ppm) 0.86 (ppm) 0.95 (ppm) 0.75 (ppm) 

These four groups of the Ap4 C2 values were plotted individuall y against their 

corresponding SEQ (see Figure 7.3) to visually investigate whether the RCs had 

significant influence on effective area variations . The x-ax is represents the RS and the y­

axis represents Ap4C2. A supplementary trend line of the overall Ap4C2 has been included in 

this fi gure for comparison purposes, however this line has been shifted 0.003 mm2 

(approximately 3 pp m) downwards for the clarity of presentation . 
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FIGU RE 7.3 Variations of Ap4C2 with SEQs based on four individual RCs. T he overa ll r esul ts 
(regardless of the Res) are represented by a shifted trend line, plotted for comparison pu rposes 

Figure 7.3 clearly shows that A p4C2 increased grad uall y with SEQ, especiall y from cycle 

4 onwards. T he total increment of Ap4C2 for all RCs was approx imately 1.5 ppm over the 

32 SEQ. These incremental changes indicated that the A p4C2 varied onl y with SEQ but 

not with RCs. In this case, the changes of Ap4C2 with SEQ were believed to be due to the 

lack of sensiti vity in the PCAs' temperature measurements. A dual-channel thermometer 

(of 0. 1 °c resolution) used in this experi ment was beli eved to be delayed in its response 

times (due to resolution limit), hence delayed in updating the current measured 

temperatures on both PCAs. The delay of 0.1 °c (causes an error of temperature 

measurement of the same amount) corresponded to approximately I ppm difference in 

Ap4C2 value (see Tables 7.7 and 7.8 fo r uncertainty estimations). 

The above reasontng was supported by the ev idence that a sudden change of A p4C2 

occurred between cycles 3 and 4 (at SEQ 13), where the measurements for cycles I to 3 

and , cycles 4 to 8 were taken on two different days . Ambient temperature changes that 

affected both PCAs' ex pansion might cancel each other since both of the systems 

(pressure balances and PCAs) are identical in size, shape and materi als. However, very 

small fri cti onal components between the pistons and their respecti ve cylinders (in both 

155 



Chapler 7: Inl'esligation of the Effects of Rotational Speed and Rotati onal Oirection on th e Determined EfTeclil'e Area 

PCAs) might have generated different levels of temperature variations (due the 

difference in their clearances, and possibly surface structure of the rubbing surfaces) 

when the pistons were rotated. The delays in detecting these small variations were 

believed be one of the contributing factors towards these Ap4C2 changes. 

7.3.2 Results of Experiment F : P4C, vs. P2C3 

The same representation of the analysis work carried out in Experiment E is presented 

For Experiment F. Table 7.4 contains the overall results obtained in thi s experiment. The 

calculated effective areas of the P4C4 in mm2
, denoted by Ap4C4 are given in the fourth 

column, whilst the RDs and RSs are given in the fifth to eighth columns. The minimum, 

maximum, average (A'(P4C4)F), standard deviation and relative standard deviation were 

98 1.4820 Illm2
, 981.4851 Illm2

, 981.4840 m1ll2
, 0.0009 Illm2 and 0.87 ppm respectivel y. 

The max imum difference between these overall results was 0.0031 mm2 which is 

eq ui valent to 3.2 ppm. 

The results tabulated in Table 7.4 were converted into a 3-Dimensional illustration as 

shown in Figure 7.4. From thi s fi gure, the overall Ap4C4 results corresponding to their 

re lated RDs and RSs for both PCAs can be seen, where a similar pattern as demonstrated 

in Experiment E was obtained. No obvious RC dependency can be seen in thi s figure. 
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TABLE 7.4 Measurement results or the P4e", tabulated in accordance to their sequences 

Effective Area or P "C" at I OOkPa, 20"C Rotational Combination (RC) 

CYL SEQ A 1'40 Rererence PCA (P2C]) Test PCA (I',C,) 

(m') (mm1
) RD RS (rpm) RD RS (rpm) 

I 9.8 I 48309E-04 98 1.483 1 CW 57 CW 53 

2 9.8 1482 1I E-04 981.482 1 cw 48 ccw 58 
I 

3 9.8 148196E-04 981.4820 CCW 65 CCW 60 

4 9.8 I 48358E-04 981.4836 CCW 68 cw 65 

5 9.8 14824IE-04 981.4824 cw 67 cw 49 

6 9.8148437E-04 981.4844 CW 41 CCW 74 
2 

7 9.8 I 48309E-04 981.4831 CCW 70 CCW 50 

8 9.8 I 48486E-04 981.4847 ccw 47 cw 65 

9 9.8148417E-04 98 1.4842 CW 47 CW 42 

10 9.8148437E-04 981.4844 CW 82 CCW 58 
3 

II 9.8148383E-04 98 1.4838 CCW 49 ccw 70 

12 9.8148388E-04 981.4839 ccw 63 CW 45 

13 9.8 I 48490E-04 98 1.4849 CW 59 CW 59 

14 9.8148343E-04 98 1.4834 CW 59 CCW 74 
4 

15 9.8 I 48338E-04 98 1.4834 ccw 79 CCW 76 

16 9.8 I 48294E-04 98 1.4829 ccw 80 CW 83 

17 9.8 I 48392E-04 981.4839 CW 70 CW 65 

18 9.8 1 48339E-04 981.4834 CW 59 ccw 61 
5 

19 9.8 I 48490E-04 981.4849 ccw 78 ccw 82 

20 9.814844IE-04 981.4844 ccw 74 CW 73 

2 1 9.8148437E-04 98 1.4844 cw 41 CW 58 

22 9.8 I 48486E-04 98 1.4847 CW 71 CCW 41 
6 

23 9.8 14843 IE-04 98 1.4843 ccw 74 ccw 58 

24 9.8148510E-04 98 1.485 1 ccw 68 CW 56 

25 9.8148397E-04 981.4840 cw 67 CW 80 

26 9.8 I 48490E-04 981.4849 cw 45 CCW 42 
7 

27 9.814845 I E-04 981.4845 CCW 53 ccw 41 

28 9.8 148466E-04 98 1.4847 ccw 46 cw 49 

29 9.814844 IE-04 98 1.4844 CW 44 CW 76 

30 9.8148387E-04 98 1.4839 
8 

cw 64 ccw 72 

31 9.814847IE-04 98 1.4847 ccw 44 CCW 59 

32 9.8148505E-04 981.4851 ccw 74 CW 41 

Minimum Value 981.4820 mm' 41 rpm 41 rpm 

Maximum Value 98 1.485 1 mOl
2 82 rpm 83 rpm 

Average Value (A1(NC4)F) 98 1.4840 mm' 61 rpm 60 rpm 

Standard Deviation 0 .0009 mm' 13 rpm 13 rpm 

Relati ve Standard Deviation 0.87 ppm 2 1 % 2 1 % 
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KEY FIGURES, 
Min: 981.4820 111m2 

Max: 98 1.485 1 mm2 

Avg: 98 1.4840 mm2 

S/D: 0.0009 rnm2 

Rei StD: 0.87 ppm 

Experiment F: A p.«;,a vs. RC 

- cow 
RS of the rererence (rpm) 

• 1 ppm 

RS of the 
Test (rpm) 

FIG URE 7.4 Variation of the overall elTeelive areas of the P,C, at 100 kP" and 20'C (A".c. ) 
with respect to the RSs of the reference und the test PCAs 

A graph showing the relationshi p between A r.C4 (y-ax is) against RS (x -ax is), regardless 

of their SEQ was plotted (see Figure 7.5) i.e. one trend line is based on RS of the 

re ference and the other one based on the RS of the test. Figure 7.5 shows that the trend 

lines plotted again do not reveal any signi ficant di fference between two. 

Subsequentl y the same rearrangement work completed on Table 7.2 has been carried out 

on Table 7.4. Hence a new RC-ba ed table was produced (see Table 7.5), showing that 

the di spersion of Ap,C4 values based on four types of their RCs were nOl significantl y 

different, where the CW-CW, CW-CCW, CCW-CW and CCW-CCW give the relative 

standard dev iations of 0.8 1, 0.95 , 1.01 and 0.79 ppm respecti vely. This table was 

subsequently translated into a 2-Dimensional graphical illustration, (si milar 

representation to Figure 7 .3). Figure 7.6 demonstrates incremental changes o f Ar.C4 

values over the SEQ, where the overall increments of A p'C4 values for all the RCs are 

approx imately 1.5 ppm over 32 SEQs. However, this figure shows that the increment of 

Ap' C4 values mainl y occurred within the first three cycles, whereby their values show 
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better consistency in the fluctuations from cycle four to eight. The same phenomena as 

Experiment E was believed to take place during this transition sequence, i.e. limitations 

in thermometer resolution which leads to a delay in response time of temperature 

measurement. 

981.486 

981.485 

981.484 

981.483 

"8 981.482 g 
~ 981.481 

-.: 
981.480 

981.479 

981.478 
35 45 55 65 75 85 

RS (rpm) 

__ RS of the Reference ... A"·· RS of the Test 

FIGURE 7.5 Variation of the A p4CA based on the RS (regardless ofRD) of the individual peA 
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TABLE 7.5 A P4C4 (mm'), tabulated in accordance to their four rotational combinations 

Rotational Combination (RC) 

cw·cw cw·ccw ccw·cw 
Cycle Ap4C4 

SEQ (mm') SEQ A p'c, (mm') SEQ A P'C4 (mm') 

I I 981.4831 2 981.4821 3 981.4820 

2 5 981.4824 6 981.4844 7 981.4831 

3 9 981.4842 10 981.4844 11 981.4838 

4 13 981.4849 14 981.4834 15 981.4834 

5 17 981.4839 18 981.4834 19 981.4849 

6 21 981.4844 22 981.4849 23 981.4843 

7 25 981.4840 26 981.4849 27 981.4845 

8 29 981.4844 30 981.4839 31 981.4847 

Min. 981.4824 (mm') 981.4821 (mm') 981.4820 (mm') 

Max. 981.4849 (mm') 981.4849 (mm') 981.4849 (mm') 

Avg. 981.4839 (mm') 981.4839 (mm') 981.4838 (mm') 

Std. Dev. 0.0008 (mm') 0.0009 (mm') 0.0010 (mm') 

ReI. Std. Dev. 0.81 (ppm) 0.95 (ppm) 1.01 (ppm) 

Experiment F: Ap,C4 vs. SEQ 
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FIGURE 7.6 Variations of Ap• c• with SEQs based on four individual Res. The overall results 
(regardless of the RCs) are represented by a shifted trend line, plotted for comparison purposes 
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7.4 UNCERTAINTY ANALYSIS 

All uncertainty analysis in this thesis was calculated using the methods described in the 

ISO Guide to the Expression of Uncertainty in Measurement [ISOffAG 4 1993]. The 

Type A component was obtained based on the standard deviation of the 32 measurement 

results, as given in Equation (6.8). Whereas for Type B components, input quantities 

were assumed based on their typical value e.g. the thermal expansion coefficients of the 

piston and cylinder were assumed to be 4.55 x 10.6 °C-I respectively, and the average 

density of a combination of weights and other floating components was assumed to be 

7800 kgm-3, which is a typical value for the stainless steel weights (as the dominated 

material) [Bair and Delajoud 2002]. 

Other assumptions and their justification are as follows: 

• Since both of the pressure balances were designed in an identical manner 

(including floating elements), in terms of their dimensions, shape, materials and 

masses: the assumption that negligible relative errors contributed from the 

aerodynamic effects (due to differences in RDs and RSs) was justified. 

• The average of the air density that has been used in effective area calculations 

(on each day the measurements carried out) was estimated to vary by 0.01 kgm-3
, 

with a rectangular type distribution. This was justified with the environmental 

conditions in the laboratory that were well controlled on a 24-hour basis. 

• The error due to downward gravitational acceleration was considered negligible 

since this was always nullified between two PCAs. 

• The errors due to the verticality of both pistons was considered negligible since 

both of them were adjusted to> within 40 arcsecond level conditions, which 

corresponded to a relative uncertainty of 0.02 ppm. 
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In order to proceed with the uncertainty calculations, the relative expanded uncertainties 

(ReI. Exp. Uncertainty) of the individual input parameters were estimated. The estimated 

values used in these experiments are shown in the Table 7.6 below. 

TABLE 7.6 Estimated values of the relative expanded uncertainties of input parameters 

No. 

I 

2 

3 

4 

5 

6 
Note: 

Parameter Description ReI. Exp. Uncertainty 

Density of the weights loaded 

Density of the ambient air 

Thermal expo coeff. of the PCA 

Temperature of the PCA 

Effective area of the ref., A«P2C3) 

Pressure Distortion Coefficient 

Prob. Dis!.: Probability distribution type 
DOP: Degrees offreedom 
Rect: Rectangular 

50kgm·3 

om kgm,3 

1.0 x 1O,7.c-' 
0.1 ·C 

0 

0 

Prob. Dist. 

Recl. 

Recl. 

Rec!. 

Rec!. 

NfA 

NfA 

DOF 

00 
. 

00 

00 . 

00 

NfA 

NfA 

Consequently all of these estimated figures were keyed into the excel uncertainty 

spreadsheet to calculate the standard uncertainties of the A'(P4C2)E and A'(P4C4)F (see 

Tables 7.7 and 7.8). Subsequently these values were multiplied with a coverage factor (k 

= 2) for their respective relative expanded uncertainties which gives approximately a 

95% level of confidence. As a result, the effective areas and their associated relative 

expanded uncertainties for each of the test PCA were obtained as follows: 

• At(P4C2)E = 981.4934 mm2 ± 3.4 ppm 

• A(P4C4)F = 981.4840 mm2 ± 3.5 ppm 

Note: The above identified values are relative values, calculated based on experiments 

carried out at LU (comparison purposes only). They do not indicate a statement of 

traceable uncertainty. Refer to Table 9.3 for the actual uncertainty calculation, which is 

traceable to the Primary Pressure Standard. 
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TABLE 7.7 Relative uncertainty calculation ortbe determined effective area, A'(P4C2)E 

Input parameters . 

Measurand 

Prob. Limits Std. Sensitivity Coefficient 
Standard Uncertainty 

Xi DOF 
. Dist. (2<1 or Uncertainty loA, I Xii U(Xi) 

Parameter Description Approx. Value Unit ±a) U(Xi) 11 
loA,! x/I Value' rn' ppm 

<Test Pressure Balance> 

Total mass loaded. m 10.00 kg Norm. 6.0E-06 3.0E-06 ~ A/m .. 9.8IE-05 2.943E-IO 3.0E-OI 

Density of the weights loaded. p", 7800 kg/m' Reel. 5.0E+OI 2.9E+OI ~ A,(p,Jp",')/(l.p,Jp",) 1.94E-11 5.602E-1O 4.6E-OI 
Density of the ambient air. Pal 1.20 kg/m' Reel. 1.0E-02 5.8E-03 ~ A/(p..,(l-p,Jp .. )} 1.26E-07 7.266E-IO 7.4E-OI 
Thermal expo coeff. of the PCA. (q" + ~p) 9.10E-06 'C' Reel. 1.0E-07 5.8E-08 ~ lA, (t,· 20) 1.96E-04 1.I33E-11 1.2E-02 
Temperature of the PCA, t, 20.1 'C Rect. 1.0E-0I 5.8E-02 ~ A,( a;" + ~,) 8.93E-09 5.157E-1O 5.3E-OI 

<Reference Pressure Balance> 

Total mass loaded. m .. 10.00 kg Nonn. 6.0E-06 3.0E-06 ~ A/m .. 9.8IE-05 2.943E-1O 3.0E-OI 

Density of the weights loaded. 0. 7800 kg/m' Rect. 5.0E+OI 2.9E+OI ~ A,(p,J p",')I(1-p,J p",) I.94E-11 5.602E-IO 4.6E-OI 
Density of the ambient air, Par 1.20 kg/m' Rect. 1.06-02 5.8E-03 ~ A/(p...(l.p,Jp",)} 1.259E-07 7.266E-IO 7.4E-OI 
Thermal expo eoeff. of the FCA. (q" + ~,) 9.IOE-06 'C' Rect. 1.0E-07 5.8E-08 ~ 2A,(t,·20) 1.963E·04 1.I33E-11 1.2B-02 
Temperature of the peA, t, 19.9 'C Reet. 1.0E·OI 5.8E·02 ~ A,(q"+ ~,) 8.932E·09 5.157B-1O 5.3E·OI 
Effective area at 100 lcPa, 20°C),A,o 9.815E·04 m' N/A N/A N/A N/A A/A", N/A 

Pressure distortion coefficient. A.,. 0 Pa·' N/A N/A N/A N/A A,Pr N/A 

dlead Correction> 
Density of pressure-transmitting fluid, Pt 2.23 kg/m' Reel. 1.0E·02 5.8E-03 ~ (A/p,) gLJh 1. 11E·1O 6.419E·13 6.5E-04 
Density of ambient air, Pa 1.20 kg/m' Rect. 1.0E-02 5.8B-03 ~ (A/p,) gLJh 1.112E·IO 6.419E·13 6.5E·04 
Height difference in the reference levels. LJh 0 m Reet. 2.0E-03 1.2B-03 ~ (A/p,)I./Jt' P,)gL 2.24E·07 2.591B-1O 2.6E·OI 

<Equilibrium Conditions> . 

Sensitivity of cross-floating, mw, 2.0E·06 kg Reet. 2.0E·06 1.2E·06 ~ A/m", 9.8IE·05 9.809E·11 1.2B·OI 
Repeatability, R Std. Dev. m' Nonn. 1.48E·09 7.40B-1O 31 I I 7.402B-1O 7.5E·OI 

Sum ofsquared = E (A,I Xl)' U'(Xi) + u'(m&,) + u'R 2.83 ppm' Note: This is not a statement of traceable 

Relative standard uncertainty of the test effective area at 100 kPa and 20°C. U(A1(P4C2» 1.68ppm 
uncertainty value. Refer to Table 9.3 for the 
actual uncertainty calculation, which is 

Relative expanded uncertainty at a level of confidence of approximately 95% . coverage factor of k = 2 3.4ppm 
traceable to the Primary Pressure Standard. 
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TABLE 7.8 Relative uncertainty calculation of the determined effective area, AI(P4C4)F 

Input parameters Measurand 

Prob. Limits Std. Sensitivity Coefficient 
Standard Uncertainty 

Xi DOF 
Dist. (2<1 or Uncertainty laA, I x,1 u(x,) 

Parameter Description Approx. Value Unit ±a) u(xJ 11 
laA,lx,1 Value m' ppm 

<Test Pressure Balance> 

Total mass loaded, m 10.00 kg Nonn. 6.0E-06 3.0E-06 ~ A/m" 9.81E-05 2_9438-10 3.08-01 

Density of the weights loaded, p., 7800 kg/m' Rect. 5.0E+01 2.98+01 ~ A/.p,/p,)I(l-P'/p,,) 1.948-11 5_6028010 4.6E-01 
Density of the ambient air. Pat 1.20 kg/m' Rect. 1.0E-02 5.8E-03 ~ A/{pJI-p./p,,) I 1.26E-07 7.266E-1O 7.4E-01 
Thermal expo coeff. of the PCA. ("Pt + ~p) 9.108-06 oC-1 Rect. 1.08-07 5.8E-08 ~ 2A, (I, - 20) 1.968004 1.1338-11 1.28002 
Temperature of the PCA, tt 20.1 ·C Rect. 1.0E-01 5_88-02 ~ A,(o;., + Ild) 8.938-09 5.157E-IO 5.38001 

<Reference Pressure Balance> 

Total mass loaded. mwr 10.00 kg Nonn. 6.0E-06 3.08-06 ~ A/m" 9.818-05 2.943E-1O 3.08-01 

Densityof the weights loaded, P., 7800 kg/m' Rect. 5.0E+01 2_98+01 ~ AIP./ p.,')I(l-P'/ p.,) 1.948-11 5.602E-1O 4.6E-01 
Density of the ambient air, Par 1.20 kg/m' Rect. 1.0E-02 5.8E-03 ~ A/{Pw,(I-p./p,,)) 1.259E-07 7_266E-1O 7.4E-01 
Thermal expo coeff. of the PCA, (q" + ~,) 9.108-06 ·Cl Rect. 1.08-07 5.8E-08 ~ 2A, (1,- 20) 1.963E-04 1.1338-11 1.28-02 
Temperature of the PCA, t, 19.9 ·C Reel. 1.0E-01 5.88-02 ~ Mq,,+ ~,) 8.932E-09 5.157E-1O 5.38001 
8ffective area at 100 kPa, 20·C), A .. 9.8158-04 m' N/A N/A N/A N/A A/A .. N/A 

Pressure distortion coefficient, A.,. 0 Pal N/A N/A N/A N/A A,P, N/A 

<Head Correction> 
Density of pressure-transmitting fluid. Pi 2.23 kg/m' Rect. 1.0E-02 5_88003 ~ (A/p,) g&. 1.118010 6.419E-13 6.58004 
Density of ambient air, Pa 1.20 kg/m' Rect. 1.0E-02 5.88-03 ~ (A/p,) g&. 1.1128-10 6.419E-13 6.5E-04 
Height difference in the reference levels. tJh 0 m Rect. 2.08-03 1.2E-03 ~ (A/p,)(p, - P.)gL 2.24E-07 2.59IE-1O 2.6E-01 

<Equilibrium Conditions> 
. 

Sensitivity of cross-floating, mdil 2.08-06 kg Recl. 2.0E-06 1.2E-06 ~ A/m" 9.8IE-05 9_8098-11 1.2E-OI 
Repeatability, R Std. Dev_ m' Nonn. I.71E-09 8.558-10 31 I I 8.552E-10 8.78-01 

Sum of squared = E (A,I Xi)' u'(xiJ + u'(m~,) + u'R 3.02ppm' Note: This is not a statement of traceable 

Relative standard uncertainty of the test effective area at 100 kPa and 20°C. U(A({P4C4» 1.74ppm 
uncertainty value. Refer to Table 9.3 for the 
actual uncertainty calculation, which is 

Relative expanded uncertainty at a level of confidence of approximately 95% . coverage factor of k = 2 3.5ppm 
traceable to the Primary Pressure Standard. 
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7.5 SUMMARY AND DISCUSSIONS 

The overall goal of this experiment was to investigate if there was any evidence of 

pressure dependency on the RDs, RSs or RCs using 35 mm diameter PCAs. The need of 

this novel approach was justified due to the unavailability of published similar research 

work that has been carried out using very large PCAs. Two experiments have been 

carried out between one piston which was matched with two identical cylinders at 100 

kPa. Measurements were carried out based on four types of RCs per cycle i.e. CW-CW, 

CW-CCW, CCW-CCW and CCW-CW. Results for A p4C2 and Ap4C4 were obtained from 

eight cycles of comparisons, consisting of 32 SEQs where they were on relative basis to 

the assigned reference value, Ar(P2C3)' 

The results obtained were processed statistically where all related data and additional key 

figures such as minimum, maximum, average, standard deviation and relative standard 

deviation were generated. In each experiment, the data was visualised graphically using 

3-Dimensional figures to identify if there was any significant observable dependency on 

RCs. On top of this 3-Dimensional figure, another two supporting 2-Dimensional figures 

were plotted so that the overall results obtained could be viewed from different angles. 

The first figure was the effective area vs. RS of individual PCA, and the second figure 

was the effective area vs. SEQ which was plotted based on the four RCs. 

Based on the plotted figures (which show that there is no significant differences), it can be 

concluded that there is no evidence of pressure dependency on the RDs, RSs or RCs using 

a 35 mm PCA. Excellent performance of the LU manufactured pressure balances were 

proven through the results obtained, where the average determined effective areas for Ap4C2 

and Ap4C4 were 981.4934 and 981.4840 mm2
; associated with their respective relative 

expanded uncertainties of ± 3.4 and 3.5 ppm. Small relative expanded uncertainties 

obtained for both combinations have revealed that the pressure balances and their 

associated PCAs are comparable (in term of performance) to commercial pressure balances 

(of very large PCA) available in the market nowadays. The findings extracted from these 

experiments are very useful and important in understanding better the characteristics of the 
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very large tungsten carbide PCA, and it is believed that the same characteristics will be 

demonstrated by commercially available pressure balances. 

Besides excellent performance, very small differences between A'(P4C4)E and A'(P4C4)F (i.e. 

0.00941 mm2
), which is equivalent to the diametral difference of 0.17 /llll has 

demonstrated that Cylinder 2 and Cylinder 4 are very much identical in inner diameter and 

other characteristics. In other words, this small difference demonstrated that the 

manufacturing methods were, and are excellent and repeatable. The technical knowledge 

of producing identical cylinders has been applied to the manufacture of identical pistons, 

but with various surface textures on them. These surface-modified pistons were used in the 

experiments described in Chapter 8, where investigation of the effects of surface textures 

to the pressure generated are discussed. 
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CHAPTERS 

INVESTIGATION ON THE EFFECTS OF SURFACE TEXTURE ON 

THE DETERMINED EFFECTIVE AREA 

Detailed descriptions on the investigation of the effects of the RS and RD on the 

detennined effective area were described in Chapter 7, consisting of Experiments E and 

P. The experiments described in this chapter were the continuity of the experiments 

carried out in Chapter 7. It presents a novel investigative approach on the effects of 

surface texture applied to six test pistons in the same manner as in Chapter 7, however 

all the surfaces of the pistons involved were characterised beforehand. The aim of these 

experiments was to investigate if there was evidence of pressure dependency on the 

pressure generated with surface textures applied, associated with RS and RD of both 

pistons. Six identical pistons of various surface textures were matched with two identical 

cylinders to fonn 24 cross-floating experiments (inclusive of Experiments E and P, that 

have been described in the Chapter 7). Twelve of them were cross-floated directly 

against the reference PCA (P2C3), which were categorised as a "direct comparisons"; 

whereas another twelve combinations were compared against other selected 

combinations, thus categorised as "indirect comparisons". 

This chapter is organised as follows: The next section highlights the rationale behind this 

investigation approach. Section 8.2 describes the investigation approach implemented in 

these experiments. Section 8.3 discusses the measurement results obtained from surface 

texture characterisation work, and effective area determinations. Section 8.4 

concentrates on the comparison of the results obtained from various calibration routes, 

and lastly, Section 8.5 summarises and discusses overall experimental work in this 

chapter, and derives conclusions. 
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8.1 RATIONALE 

Without considering surface texture on Piston 4 (which has formed two highly polished 

PCAs combinations), Chapter 7 has demonstrated that the RDs, RSs or RCs have no 

significant influence on the pressure generated. However, the question "How smooth is a. 

smooth surface?" is the main issue in this experimental work. From the manufacturing 

point of view, whatever methods are employed to generate polished surfaces, there will 

always be some inseparable form of texture associated with them [Miller 1962]. From a 

surface metrology point of view, any surface texture can be separated into three 

categories of profile known as surface profile, waviness and roughness. From a tribology 

point of view, surface texture can influence the performance of the work piece 

[Whitehouse 1994]. These three reasons provide the justification for investigation of 

surface texture issues corresponding to the pressure generated using the modified­

surface pistons of various levels of roughness; with variable RSs and RDs. These 

investigations have been further motivated with the detailed knowledge of the 

manufacturing processes of the tungsten carbide PCAs which have shown excellent 

performance in Chapter 7. The results from these investigations are believed to be 

complementary to the findings obtained in Chapter 7, so that better understanding of the 

very large PCAs characteristic can be obtained. 

8.2 INVESTIGATIVE APPROACH 

The scope of this approach was to determine the apparent dependency of the pressure 

generated, on the surface textures applied onto pistons (associated with RSs and RDs), 

using 35 mm PCAs in gauge mode operation. As described in Chapter 7, apparent 

dependencies would be realised with the changes of generated pressure, as a function of 

variations of calculated detennined effective areas through the cross-floating method. A 

consistent reference PCA was used, i.e. a combination of Piston 2 and Cylinder 3 

(designated as P2C3). The test PCAs comprised of combinations of Pistons 1, 3, 4, 5, 6 

and 7 (of predetermined, quantified and valley dominated surface texture profiles) that 

were matched with 2 identical cylinders (Cylinder 2 and Cylinder 4). These have formed 

various PCA combinations e.g. P1C2, P1C4, P3C2, P3C4 etc. Cross-floating experiments 
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ended with three experiments where Piston 2 and Cylinder 3 (normally acted as a 

reference PCA in the whole calibration chain) were matched with Cylinder 2 and Piston 

3 respectively, hence forming two test combinations known as P2C2 and P3C3. Twelve 

direct cross-floating experiments against a reference PCA were carried out which were 

assigned as Experiments "A to L" (including two experiments described in Chapter 7, 

i.e. Experiments E and F); complimented by another twelve indirect (to the reference) 

cross-floating experiments, designated as Experiments "m to x". 

Figure 8.1 shows the overall calibration chain/scheme which has been performed. The 

PCA combinations are represented by PxCy within the ovals where X = 1, 2, 3, 4, 5, 6, 7 

and Y = 2, 3, 4. These test PCAs combinations are accompanied with their respective 

averaged effective areas at 100 kPa and 20°C, denoted by At(PxcY). whilst Ar(P2C3) denotes 

the estimated value of the reference PCA at 100 kPa and 20°C (please note that At(PxcY) 

is a general symbol for the average of the determined effective area of PxCy 

combination regardless of experiment identifications or calibration routes). Cross­

floating routes are represented by letters within small shaded-rectangular boxes ("A to 

L" and "m to x"), linking between two oval-shaped circles. The solid lines represent 

direct comparisons, whereas dashed lines represent indirect comparisons. The direction 

of the arrows symbolises the direction of the traceability chain. Two examples 

explaining this figure are as follows: 

• Comparison between P1C2 against P2C3 is known as "Experiment A", where the 

average of the determined effective area of P1C2 in Experiment A is denoted by 

At(P1C2)A' As a general rule, the average of the determined effective area for PxCy 

in a specific Experiment Z is denoted by A,(Pxcy)z, where Z represents the 

experiment identification (Z = A to L, m to x). However, the route of traceability 

for P1C2 is the known as the "Route A". 

• A more complicated route such as a comparison between P3C3 against P2C2, 

where it was known as "Experiment x". As shown in Figure 8.1, there were four 

routes to derive A'(PlC3) from a single source of the reference PCA, A r(P2C3). Three 
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routes went through Experiment x, however one route bypassing this experiment. 

The four routes available for this case were as follows: 

> First route: Through the cross-floating Experiments F, q and x; thus the 

route of traceability is known as the "Route F-q-x". The averaged 

effective area is denoted by A'(P3C3)Fqx. 

> Second route: Through cross-floating Experiments C, m, wand x; thus 

the route of traceability is known as the "Route C-m-w-x". The averaged 

effective area is denoted by A'(P3C3)cmwx. 

> Third route: Through cross-floating Experiments E, p, wand x; thus the 

route of traceability is known as the "Route E-p-w-x". The averaged 

effective area is denoted by A'(P3C3)EP
WX. 

> Fourth route: Through cross-floating Experiments F and r (bypassing 

Experiment x); thus the route of traceability is known as the "Route F-r". 

The averaged effective area is denoted by A'(P3C3{'. 

The averaged results obtained from various routes available for each test combination 

were compared with each other to find any disagreements between them. Within this 

small group of comparisons, the average value from the shortest route to P2C3 has been 

used as a reference value (this is believed to inherit the minimum propagation errors). 

The effects of the surface texture to the pressure generated were investigated through 

two steps, as follows: 

• Step 1: Investigation on the determined effective areas from each cross-floating 

experiment was carried out. The trend lines of the overall results were plotted, 

where each RC was distinctively marked with its own symbol to differentiate the 

RCs. This would reveal graphically if there was pressure dependency as a 

function of surface texture when four RCs were applied. 
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• Step 2: The averaged effective areas calculated for each different route of each 

test PCA were compared each other, to find any disagreements between them. 

For example, a comparison between P3C3 against P2C2 (as described above). All 

the effective areas determined for this particular PCA (from various possible 

routes) were compared. They were comparisons between A t(P3C3{Qx.At(P3C3)cmwx, 

A t(P3C3)Epwx and At(P3C3t', where At(P3clr was treated as a reference value. 

, , , , , , , , , , , , 

8 A«P7~~------(------[}]-"',' 0'" 
\., cb it.

2C2 
,....... ,: 

\. '.. AI(P2C2) " , ,'-.... .... x' .. .. .. '" .... 
'" ' ••• --••••• m __ • __ ~:'~;)~:~).-•• - - -.--. ~arison ca~fr: 

----.. Indirect 

FIGURE 8.1 A schematic diagram of the calibration chain that relates the test PCAs to the 
reference peA through direct and indirect cross-floating experiments 

The two steps described above complemented each other since Step 2 acted as a 

"booster" in magnifying the scale of dependability of the pressure generated (if any). 
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Any trivial effects might be more significant/observable after undergoing a few series of 

cross-floating routes, thus this comparative method was a sensible approach to 

investigate any trivial or non-trivial effects. Besides investigating the effects of the 

surface texture, this calibration chain also acted as a "performance indicator" on how 

reliable the interchangeable PCAs worked, since the results obtained can always be 

compared at any level (after few series of cross-floating route) if necessary. 

8.2.1 Comparison Procedure 

All preparations as described in Section 6.2.2 and Chapter 7 have been carried out prior 

to the experiments. The same comparison procedures as described in Chapter 7 were 

applied in these experiments .. The total masses loaded (including trim weights), PCAs' 

temperature, RDs and RSs of both pressure balances were noted as soon as eqUilibrium 

conditions were established. The environmental conditions were also taken four times, 

i.e. at the beginning, quarter, three quarter, and at the end of the measurement process 

(within the one day experiments), where an average of the four calculated air density 

values was used as an approximated air density in effective area calculations. The 

instantaneous value of each effective area was obtained from an excel spreadsheet, based 

on the effective areas determined at 100 kPa and corrected to 20 ·C. 

8.2.2 Cycle of Measurement 

Three cycles of comparison consisting of 12 individual measurement sequences were 

applied to all of the experiments. Each cycle consisted of four different pairs (reference­

test) of the rotational combination (RC), which were sequentially arranged in RD-RD 

terms i.e. CW-CW, CW-CCW, CCW-CCW, CCW-CW. 

8.3 MEASUREMENT RESULTS 

Measurement results obtained in these experiments (direct and indirect comparisons) are 

presented in two sections i.e. Section 8.3.1 which is dedicated to surface texture 

characterisation of each piston, and Section 8.3.2 is dedicated to each cross-floating 

experiment. 
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8.3.1 Results of the Surface Texture Characterisations 

A powerful 3-Dimensional optical surface profiler instrument (Scanning White Light 

Interferometer) known as Zygo New View 5000 was used for characterising and 

quantifying micro structure and other topographical features of the piston surfaces with 

excellent precision. All measurements were nondestructive and required no sample 

preparation [Zygo Corporation 2006]. 

All seven pistons involved in these experiments were scanned at five levels i.e. 5, 15, 3D, 

45 and 55 mm (from the base of each piston), where two areas have been scanned for 

each level. Images of approximately 0.4 x 0.3 mm in dimensions were captured in every 

scanning process. Using the MetroPro software (dedicated software for the Zygo New 

View 5000), three sets of surface parameters (obtained from three equally spaced surface 

profiles across the image) were extracted from each scanned area. Therefore, thirty sets 

of surface parameter were obtained for each piston under investigation. The three types 

of surface parameters that were considered were as follows: 

• RI - The vertical distance between the profile peak height above the mean line 

(Rp) to the maximum profile valley depth below the mean line (Rv) which are 

taken over the evaluation length. 

• Rq - The root mean square (RMS) of the arithmetic mean of the roughness 

profile which is taken over the entire measured length that deviates from its mean 

line. It represents the standard deviation of the profile heights. 

• R. - The arithmetic mean of the absolute magnitude of the roughness profile that 

deviates from its mean line over one sampling length. 

The summarised results obtained for each piston are, tabulated in their respective 

sections where all the tables are· accompanied with a sample of their typical surface 

images. The surface images depicted are taken from a single scanned area, which are 

shown in oblique, solid and surface profile plots. A profile statistic that indicates the 

measurement results of this scanned area is attached next to the surface profile plot. 
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8.3.1.1 Surface Characterisation Results of Piston I 

Table 8. 1 shows the summarised results obtained from the surface characteri sation work 

for Piston I with the images shown in Figure 8.2. The average values fo r Rh Rq and Ra of 

Piston I are represented by the R. ], R Ill and R a .. 

TABLE 8. 1 Summarised results of the surface profil e characterisations for Piston I 

Statistical Description 

Average 
Standard Deviation 

Slandard Deviation (%) 

Mini mum 
Maximum 

Max . Di fference (Max - Min) 

Piston 1 . Surface Parameters 

RIt (1IDl) Rq. (1'111) R, . (IWI) 

0.045 0.007 0.006 

0.0 19 0.003 0.002 

42 44 4 1 

0.027 0.005 0.004 

0.085 0.0 14 0.009 

0.058 0.009 0.005 

Typical Surface Profil e of Piston I 

Profil e Stat istic 

R, = 0.048I'm 

Rq = 0.007 ~t m 

R, = 0.005 I1m 

Surface Profile PIOI 

FIGU RE 8.2 Typical images of Piston t 

174 



Chapter 8: lnvestlgatlon on the Errects orSurface Texture on the Determined Errective Area 

8.3.1.2 Surface Characterisation Results of Piston 2 

The summarised results obtained for Piston 2 are tabulated in Table 8.2, and Figure 8.3. 

The results obtained demonstrated that Piston 2 had very similar surface qu ality 

compared to Pi ston I in terms of surface profiles and microscopic surface outlook (solid 

plot). 

TABLE. 8.2 Summarised results of the surface prolile characterisations for Piston 2 

Statistical Description 

Average 
Standard Deviation 

Slandard Deviation (%) 

Minimum 
Maximum 

Max. Difference (Max. - Min) 

Piston 2 - Surface Parameters 

R" (!IJ11) Rq, (!IJ11) Rol (v-m) 

0.044 0.007 0.006 

0.0 15 0.002 0.002 

34 33 35 

0.0 18 0.005 0.003 

0.065 0.0 13 0.008 

0.047 0.008 0.005 

Typical Surface Profile of Piston 2 

Profi le Slati stic 

R, = 0.038 I.un 

Rq = 0.007 v.m 

R, = 0.005 11m 

Surface Profile Plot 

FIGURE 8.3 Typical images or Piston 2 
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8.3.1.3 Surface Characterisation Results of Piston 3 

The summarised results obtained for Pi ston 3 are tabulated in Table 8.3. A set of typical 

images of Piston 3 is shown in Figure 8.4, where the solid plot clearl y shows the 

porosity of Pi ston 3's surface structure. Besides havi ng a porous surface, this piston is 

characteri sed by peaks (spikes) and vall eys of approx imately 0.3 !tm in magnitude. 

TABLE 8.3 Summarised results of the surface profile characterisations for Piston 3 

Piston 3 . Surface Parameters 

Statistical Description Ru (v.nt) Rq, (v.nt) 

Average 0.702 0.066 

Standard Deviation 0.347 0.030 

Standard Deviation (%) 49 45 

Minimum 0.462 0.038 

Maximum 1.277 0. 134 

Max . Difference (Max - Min) 0.8 15 0.096 

Typical Surface Profile of Piston 3 

Surface Profi le Plot 

FIGURE 8.4 Typical images of Piston 3 

176 

R a.l (1'J1l) 

0.029 

0.0 14 

49 

0.0 15 

0.078 

0.063 

Profile Slatistic 

R, = 0.683 l.un 

Rq = 0.072 !till 

R, = 0.030 ~Ill 
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8.3.1.4 Surface Characterisation Results of Piston 4 

The results obtained for Piston 4 are tabulated in Table 8.4 with typical image hown in 

Figure 8.5. Piston 4 is smoother than Piston 3, but rougher than Pistons I and 2. 

TABLE 8.4 Summarised results of the surface prolile characterisations for Piston 4 

Piston 4 - Surface Parameters 

Statis tica l Description R" (JiI11) Rq, (1'111) 

Average 0.605 0.061 

Standard Deviation 0.2 15 0.027 

Slandard Devialion (%) 36 44 

Minimum 0.445 0.048 

Max imum 1.256 0. 105 

Max. Difference (Max - Min) 0.8 11 0.057 

Typical Surface Profile of Piston 4 

Surface Profile Plol 

FIGURE 8.S Typical images or Piston 4 
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R ... (1101) 

0.023 

0.0 12 

51 

0.014 

0.058 

0.044 

Profil e Slatislic 

R,= 0.638 ).lm 

Rq = 0.053 ).lm 

R, = 0.020 !-un 
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8.3.1.5 Surface Characterisation Results of Piston 5 

The overall results obtained for Piston 5 are summari sed in Table 8.5 with images shown 

in Figure 8.6. These reveal that this pi ston has higher porosity and a ro ugher surface 

compared to Piston 3. 

TABLE 8.5 Summarised results of the surface profile characterisations for Piston 5 

Piston 5 - Surface Parameters 

Statistical Description N~ (11111) Nq, (11111) 

Average 1.119 0. 121 

Standard Deviation 0.357 0.048 

Standard Deviation (%) 32 39 
Minimum 0.562 0.058 

Maximum 1.277 0. 134 

Max, Difference (Max - Min) 0.7 15 0.076 

Typical Surface Profile of Piston 5 

Surface Profil e Plot 

FIG URE 8.6 Typical images of Piston 5 
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N" (11111) 

0.053 

0.032 

60 

0.023 

0.078 

0.055 

Profil e Statistic 

R,= 1.1 31 !-I m 

Rq = 0.121 !-Im 

R, = 0.059 !-Im 
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8.3.1.6 Surface Characterisation Results of Piston 6 

The summarised results obtained for Pi ston 6 are tabulated in Table 8.6 with images 

shown in Figure 8.7. They reveal that Piston 6 has the roughest surface com pared to the 

prev ious 5 pi stons, but has almost equi va lent poros it y compared to Pi ston 5. 

TAilLE 8.6 Summarised results of the surface protile characterisations for Piston 6 

Statistica l Description 

Average 

Standard Deviat ion 

Standard Deviatio n (%) 

Minimum 

Maximum 
MaJ( . Difference (Max - Min) 

Piston 6 - Surface Parameters 

R.6 (l'J1Il R", (1'J1I) R .. (l1m) 

1.470 0.153 0.073 

0.857 0.046 0.032 

58 30 44 

0.662 0.058 0.03 t 

1.677 0. t34 0.078 

1.01 5 0.076 0.047 

Typical Surrace Profile or Piston 6 

~~~ 

Profi le Stat istic 

R. = 1.47911"' 

Rq = 0.150 11"' 

R, = 0.075 11"' 

Surface Profil e Plol 

FIGURE 8.7 Typical images of Piston 6 
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8.3.1.7 Surface Characterisation Results of Piston 7 

The summarised results obtained for Piston 7 are tabulated in Tab le 8.7 with images 

shown in Figure 8.8 

TABLE 8.7 Summarised results of the surface prolile characterisations for Piston 7 

Piston 7 - Surface Parameters 

Statistical Description R" (1J.11I) Rq, (1J.I1I) 

Average 0.764 0.098 

Standard Deviation 0.357 0.048 

Standard Deviation (0/0) 47 49 

Minimum 0.531 0.045 

Maximum 1. 137 0.126 

Max. Difference (Max - M in) 0.606 0.081 

Typical Surface Profile of Piston 7 

Surface Profile Plol 

FIGU RE 8.8 Typical images of Piston 7 
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R., (1J.D1) 

0.057 

0.029 

52 

0.035 

0.078 

0.043 

Profil e Slalis lic 

R, = 0.747 !tm 

Rq = 0.089 !tm 

R, = 0.053 !till 
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8.3.2 Comparison of Surface Profiles Between Seven Pistons 

The average values of the surface profiles are the best values to represent each surface 

profile of the piston under investigation. The overall results of all seven pistons are 

shown in Table 8.8. where the trend line of each parameter involved is plotted in the 

same figure (see Figure 8.9) to aid comparison. However. since the R, values are 

generally ten times bigger than the values of Rq and Ra. R,IIO values are used in this 

figure. to avoid scaling issues in the graph. The manufacturing operations of the PCAs 

are summarised in Figure 8.10. 

TABLE 8.8 Overall results of the surface profile characterisations for the seven pistons 

~ 
~ ... 

1 
0.. 

" " ~ 
" '" 

Piston 

1 
2 

3 
4 
5 
6 . 

7 

0.180 

0.160 

0.140 

0.120 

0.100 

0.080 

0.060 

0.040 

0.020 

0.000 
0 2 

--Rq 

Surface Parameter 

Rt <lUll) R.(JUIl) 

0.045 0.007 

0.044 0.007 

0.702 0.066 

0.605 0.061 

1.119 0.121 

1.470 0.153 

0.764 0.098 

Surface Parameter vs. Piston 

, , 

3 

---

4 

Piston 

-4-Ra 

5 

R.(JUIl) 

0.004 

0.004 

0.029 

0.023 

0.053 

0.073 

0.057 

8 7 

- -<>- - Rt/10 

FIGURE 8.9 The trend lines of surface parameters of the seven pistons 
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Piston 1 

Externa] Lapping 
Tool & 
Lathe 

RI .0.045~m 
Rq .0.OO7~m 
Ra =O'()04~m 

Piston 2 

Extema1 Lapping 
Tool & 
Lathe 

RI .0.044~m 
.... 0.007 JUt! 
Ra .0.004~m 

Piston 3 

External Lapping 
Tool & 
Lathe 

RI .. 0.702 pm 
Rq .. O.066llm 
R • • 0.029Ilm 

DF6 Tun~sten Carbide Bar Stock 

Bored and Ground Blank 

External Lapping 
Tool & 
Lathe 

~ .. 0.605~m 
Rq =0.061 ~m 
Ra -0.023~m 

~ 
External Lapping 

Tool & 
Lathe 

RI .1.1l9Ilm 
Rq .O.l211lm 
R. • 0.053 pm 

Nominal Size 

Piston 6 

External Lapping 
Tool & 
Lathe 

RI .1.470llm 
Rq .0.153pm 
R,.. .. 0.073 Ilm 

External Lapping 
Tool & 
Lathe 

RI .o.764~m 
Rq =0.098Ilm 
Ra .0.057 ~m 

FIGURE 8.10 A summary of the manufacturing processes of the DF6 Dymet tungsten carbide peAs 
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8.3.3 Results of the Effective Area Determinations 

The results obtained for each cross-floating experiment are tabulated in their respective 

sections where each table shows the calculated effective areas obtained, accompanied 

with a graphical figure showing the trend line of the calculated effective areas (Apxcy) 

against the SEQ. A list of experiments that were completed is summarised in Table 8.9. 

TABLE 8.9 A list of experiments for the effective area determinations 

Direct Comparison Indirect Comparison 

Experiment Combination Experiment Combination 

A PlC, vs. P2C, m P7C. vs. P,c, 

B PlC. vs. P2C, n p7c, vs. p,C. 

C P,c, vs. P2C, 0 p.c, vs. P,C. 

D P,C. vs. P2C, P P7C. vs. P ,C2 

E* P,C2 vs. P2C, q P2C2 vs. P.C. 

F* P.C. vs. P2C, r P,C, vs. P.C. 

G P,C2 vs. P2C, S p.C2 vs. P.C. 

H P,C. vs. P2C, t p7c, vs. P.C. 

I P.C2 vs. P2C, U P7C. vs. P.C2 

J P.C. vs. P2C, V p.C. vs. P7C2 

K P7C2 vs. P2C, W P2C2 vs. P7C. 

L P7C. vs. P2C, X P,C, vs. P2C2 

Note: 
• Experiments that were completed and reported in Chapter 7 

8.3.3.1 Experiment A: P1Cz vs. PzC, 

The overall results obtained from this experiment are tabulated in Table 8.10. The first 

column shows the number of the experimental cycle, followed by the second column 

which gives the sequence of measurement (SEQ). The calculated effective areas, 

denoted by ApIC2 are given in the third and fourth columns in m2 and mm2 respectively. 

The RDs of the reference and test are shown in the fifth and seventh columns, while the 

RSs of the reference and test are shown in the sixth and eighth columns. The trend of 

ApIC2 variation against SEQ is shown in Figure 8.11 where each RC is identified with its 

specific marker. 
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TABLE 8.10 Experiment A: AplCl tabulated in accordance to its cycles and measurement sequences 

Effective Area of PlC, at 100kPa, 20"C Rotational Combination (RC) 

CYL SEQ A pIC2 Reference PCA (P,C,) Test PCA (PlC,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.814InE-04 981.4177 CW 55 cw 56 

1 
2 9.814165E-04 981.4165 CW 76 CCW 82 

3 9.8141nE-04 981.4177 ccw 68 CCW 76 

4 9.814178E-04 981.4178 CCW 48 CW 65 

5 9.814176E-04 . 981.4176 CW 37 CW 46 

2 
6 9.814177E-04 981.4177 CW 46 CCW 59 

7 9.814176E-04 981.4176 CCW 63 CCW 51 

8 9.814172E-04 981.4172 CCW 41 CW 59 

9 9.814178E-04 981.4178 CW 52 CW 45 

10 9.814173E-04 981.4173 
3 

CW 46 CCW 59 

11 9.814172E-04 981.4172 CCW 65 ccw 50 

12 9.814175E-04 981.4175 CCW 53 CW 64 

Minimum Value 981.4165 mm' 37 rpm 45 rpm 

Maximum Value 981.4178 mm' 76 rpm 82 rpm 

Average Value (A,(pICl)A) 981.4175 mm' 54 rpm 59 rpm 

Standard Deviation 0.0004 mm' 12 rpm 11 rpm 

Relative Standard Deviation 0.37 ppm 22 % 19 % 

Experiment A: A plCl vs. SEQ 

981.419 

~ 981.418 

} -.... .... 
981.411 

(j 
~ 981.416 «: 

981.41S 

0 I 2 3 4 S 6 7 8 • 10 11 12 13 

SEQ 

I o cw-cw A cw.ccw • =.ccw A ccw-CW I 

FIGURE 8.11 Experiment A: variation of A plCl with the SEQ 
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8.3.3.2 Experiment B: PlC. vs. P2C3 

The overall results obtained from this experiment are tabulated in Table 8.11, and 

graphically represented in Figure 8.12. 

TABLE 8.11 Experiment B: AplC4 tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,C, at lOOkPa, 20·C Rotational Combination (RC) 

CYL SEQ AplC4 Reference PCA (P,C,) Test PCA (P,C,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

I 9.814099E·04 981.4099 cw 55 CW 65 

I 
2 9.814104E-04 981.4104 cw 63 ccw 73 

3 9.814094E·04 981.4094 CCW 71 ccw 50 

4 9.814094E·04 981.4094 CCW 65 CW 49 

5 9.814098E·04 981.4098 cw 33 CW 36 

6 9.814100E-04 981.4100 
2 

cw 47 ccw 59 

7 9.814093E·04 981.4093 ccw 44 ccw 59 

8 9.814095E·04 981.4095 . ccw 80 cw 73 

9 9.814089E·04 981.4089 cw 37 cw 64 

10 9.814087E·04 981.4087 
3 

cw 70 ccw 50 

11 9.814098E·04 981.4098 ccw 53 ccw 60 

12 9.814093E·04 981.4093 ccw 42 CW 68 

Minimum Value 981.4087 mm' 33 rpm 36 rpm 

Maximum Value 981.4104 mm' 80 rpm 73 rpm 

Average Value (A1(PIC4)B) 981.4095 mm' 55 rpm 59 rpm 

Standard Deviation 0.0005 mm' IS rpm 11 rpm 

Relative Standard Deviation 0.47 ppm 27 % 19 % 

Experiment B: APlC4 vs. SEQ 

981.412 

981.411 

Ne 981.410 
~ g 981.409 

~ ............ 
<l 

-a 

0: 981.408 ...: 
981.407 

0 I 2 3 4 S 6 7 8 9 10 11 12 13 
SEQ 

I n COI-CW A COI-CCW • OCW-CCW .. OCW-CW I 

FIGURE 8.12 Experiment B: variation of ApIC4 with the SEQ 
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8.3.3.3 Experiment C: P3C2 vs. P 2C 3 

The overall results obtained from this experiment are tabulated in Table 8.12, and 

graphically represented in Figure 8.13. 

TABLES.12 Experiment C: AP3C2 tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,c, at lOOkPa, 20"C Rotational Combination (RC) 

CYL SEQ AP3C2 Reference PCA (p,C,) Test PCA (p,c,) 

(m') (mm') RD RS(rpm) RD RS (rpm) 

I 9.814468E·04 981.4468 cw 64 cw 64 

I 
2 9.814457E·04 981.4457 cw 46 ccw 63 

3 9.814460E·04 981.4460 ccw 67 ccw 55 

4 9.814459E·04 981.4459 ccw 59 cw 67 

5 9.814460E-04 981.4460 cw 60 cw 54 

2 
6 9.814454E·04 981.4454 cw 47 ccw 59 

7 9.814457E·04 981.4457 ccw 62 ccw 54 

8 9.814452E-04 981.4452 ccw 51 cw 62 

9 9.814460E·04 981.4460 cw 58 cw 53 

\0 9.814450E·04 981.4450 
3 

cw 68 ccw 80 

11 9.814457E·04 981.4457 ccw 73 ccw 68 

12 9.814450E·04 981.4450 CCW 61 cw 69 

Minimum Value 981.4450 mm' 46 rpm 53 rpm 

Maximum Va1ue 981.4468 mm' 73 rpm 80 rpm 

Average Value (A"P3C2,o 981.4457 mm' 60 rpm 62 rpm 

Standard Deviation 0.0005 mm' 8 rpm 8 rpm 

Relative Standard Deviation 0.52 ppm 14 % 13 % 

Experiment C: AP3C2 vs. SEQ 

981.448 

~ 981.447 

.§. 
981.446 ~ 

~ -+-. --,,-
-<: 981.445 

. 

981.444 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 

SEQ 

I ccw.cw .cw-a;w .ccw-a;w .ocw.cw I 

FIGURE S.13 Experiment C: variation of AP3C2 with the SEQ 
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8.3.3.4 Experiment D: P3C4 vs. P2C3 

The overall results obtained from this experiment are tabulated in Table 8.13, and 

graphically represented in Figure 8.14. 

TABLES.13 Experiment D: APJC4 tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,C,at lOOkPa, 20"C Rotational Combination (RC) 

eYL SEQ APJC4 Reference PCA (P,C,) Test PCA (p,C,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.814311E-04 981.4311 cw 41 CW 57 

1 
2 9.814307E-04 981.4307 CW 57 ccw 74 

3 9.814308E-04 981.4308 ccw 57 ccw 68 

4 9.814304E-04 981.4304 ccw 40 CW 57 

5 9.814304E-04 981.4304 CW 55 CW 64 

6 9.814305E-04 
2 

981.4305 CW 44 ccw " 65 

7 9.814319E-04 981.4319 ccw 55 CCW 54 , 

8 44 59 
I 

9.814302E-04 981.4302 ccw CW , 

9 9.814316E-04 981.4316 CW 51 CW 38 I 

10 9.814307E-04 981.4307 CW 55 CCW 65 I 

3 I 
11 9.814319E-04 981.4319 ccw 58 ccw 51 I 

". 
12 9.814307E-04 981.4307 ccw 44 CW 62 I 

Minimum Value mm' 40 38 
I 

981.4302 rpm rpm , 

Maximum Value 981.4319 mm' 58 rpm 74 rpm , 

Average Value (A1(P)C4)D) 981.4309 mm' 50 rpm 60 rpm 

Standard Deviation 0.0006 mm' 7 rpm 9 rpm 

Relative Standard Deviation 0.62 ppm 14 " % 16 % 

Experiment D: APlC4 vs. SEQ 

981.433 

)' 981.432 

~ 981.431 
13 
Ii! -.: 981.430 

981.429 

0 1 2 3 4 5 6 1 8 , 10 11 12 13 

SEQ 

I ocw.cw I1CW.cr:w .ccw.cr:w .. ccw.cw I 

FIGURES.14 Experiment D: variation of Ap3C4 with the SEQ 

I 

I 

I 
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8.3.3.5 Experiment G: PSC2 vs. P2C3 

Experiments E and F have been explained and reported in the Chapter 7. This section 

explains Experiment G. The overall results obtained from this experiment are 

graphically represented in Figure 8.15, and the detailed data is tabulated in Table 8.14. 

In this experiment, eight cycles with 32 SEQ were carried out. Extra cycles were 

completed in order to check the consistency of the results (which were carried out on 

two different days) produced by the piston of modified surface, besides investigating the 

influences of surface textures on the pressure generated. 

Experiment G: ApsCl vs. SEQ 
981.480 

~ 
981.479 

Ne 981.478 
e 981.417 ~ N 
li 981.476 
~ 

"«: 981.475 

981.474 

981.473 

0 2 4 6 8 ID n J4 ffi 18' ~ n u u ~ ~ n ~ 

SEQ 

.cw-a:w .ocw-a:w .ccw.cw 

FIGURE 8.15 Experiment G: variation of Ap,Cl with the SEQ 
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TABLE 8.14 Experiment G: A.,,,, tabulated in accordance to its cycles and measurement sequences 
. 

Effective Area of Ps!:' at lOOkPa, 20·C Rotational Combination (RC) 

CYL SEQ A.,o Reference PCA (P,C,) Test PCA (PsC,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.814747E-04 981.4747 = 52 = 60 

I 
2 9.8147571Ul4 981.4757 = 47 ccw 61 

3 9.814751E-04 981.4751 c= 63 ccw 65 

4 9.814750E-04 981.4750 . c= 58 = 61 

5 9.814754E-04 981.4754 = 60 = 59 

6 9.814763E-04 981.4763 
2 = 65 ccw 74 

7 9.814767E-04 981.4767 CCW 74 ccw 63 

8 9.814764E-04 981.4764 ccw 63 CW 61 

9 9.814766E-04 981.4766 = 67 CW 62 

10 9.814766E-04 981.4766 
3 = 52 ccw 70 

11 9.814764E-04 981.4764 ccw 69 CCW 80 

12 9.814774E-04 981.4774 c= 78 = 71 

13 9.814782E-04 981.4782 = 63 CW 77 

14 9.814763E-04 981.4763 
4 = 67 ccw 82 

15 9.814768E-04 981.4768 c= 59 ccw 56 

16 9.814765E-04 981.4765 ccw 70 CW 67 

17 9.814766E-04 981.4766 CW 51 = 65 

18 9.814767E-04 981.4767 
5 

CW 65 ccw 68 

19 9.814770E-04 981.4770 ccw 71 ccw 67 

20 9.814762E-04 981.4762 ccw 63 CW 66 

21 9.814763E-04 981.4763 CW 69 cw 60 

6 
22 9.814764E-04 981.4764 CW 63 ccw 59 

23 9.814765E-04 981.4765 ccw 63 CCW 57 

24 9.814762E-04 981.4762 ccw 70 CW 66 

25 9.814761E-04 981.4761 = 55 CW 65 

26 9.814762E-04 981.4762 
7 = 57 ccw 58 

27 9.814761E-04 981.4761 c= 60 CCW 58 

28 9.814753E-04 981.4753 ccw 54 CW 67 

29 9.814759E-04 981.4759 cw 57 cw 54 

30 9.814756E-04 981.4756 = 55 ccw 56 
8 

31 9.814757E-04 981.4757 c= 62 ccw 72 

32 9.814764E-04 981.4764 c= 59 CW 56 

Minimum Value 981.4747 mm' 47 rpm 54 rpm 

Maximum Value 981.4782 mm' 78 rpm 82 rpm 

Average Value (A1(PSCl)G) 981.4762 mm' 62 rpm 64 rpm 

Standard Deviation 0.0007 mm' 7 rpm 7 rpm 

Relative Standard Deviation 0.72 ppm 12 % 11 % 
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8.3.3.6 Experiment H: PSC4 vs. P2C3 

The overall results obtained from this experiment are tabulated in Table 8.15, and 

graphically represented in Figure 8.16. 

TABLE 8.15 Experiment H:ArsC4 tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,C, at 100kPa, 20·C Rotational Combination (RC) 

CYL SEQ ArsC4 Reference PeA (P,c.) Test PeA (p,C.l 

(or) (mm') RD RS(rpm) RD RS(rpm) 

I 9.814668E·04 981.4668 ~ 58 ~ 52 

I 
2 9.814663E-04 981.4663 ~ 60 C~ 64 

3 9.814663E-04 981.4663 C~ 75 C~ 66 

4 9.814669E-04 981.4669 ~ 54 ~ 44 

5 9.814669E-04 981.4669 ~ 67 ~ 65 

2 
6 9.814658E-04 981.4658 ~ 45 C~ 40 

7 9.814661E-04 981.4661 C~ 68 ~ 50 

8 9.814663E-04 981.4663 C~ 58 ~ 54 

9 9.814662E-04 981.4662 ~. 74 ~ 85 

10 9.814653E-04 981.4653 
3 

~. 64 C~ 77 . 

11 9.814655E-04 981.4655 C~ 50 ~ 45 

12 9.814653E-04 981.4653 C~ 59 ~ 73 

Minimum Value 981.4653 mm' 45 rpm 40 rpm 

Maximum Value 981.4669 mm' 75 rpm 85 rpm 

Average Value (A1(PSC4)H) 981.4661 mm' 61 rpm 60 rpm 

Standard Deviation 0.0006 mm' 9 rpm 14 rpm 

Relative Standard Deviation 0.59 ppm 15 % 24 % 

Experiment H: APSC4 vs. SEQ 

981.469 

981.468 

~ 981.467 

8 981.466 
~ 

~ 

~ 981.465 

-.: 
981.464 

981.463 

0 2 3 4 5 8 9 10 It 12 13 

SEQ 

FIGURE 8.16 Experiment H: variation of APSC4 with the SEQ 
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Cbapter 8: Investigation on the Effects of Surface Texture on the Determined Effective Area 

8.3.3.7 Experiment I: P6CZ vs. PZC3 

Piston 6 is the one which has the roughest outer surface, where its average R, is greater 

than I J.Ull. Therefore, extra numbers of cycle were completed in this experiment. The 

overall results obtained are graphically represented in Figure 8.17, and detailed data is 

tabulated in Table 8.16. 

Experiment I: AP6C2 vs. SEQ 

981.437 

981.436 

13 981.435 
e 
~ 

981.434 

~ -.: 981.433 

981.432 
0 2 4 6 8 10 12 14 

SEQ 

ccw-CW 

FIGURE 8.17 Experiment I: variation of Ap6C2 with the SEQ 
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Chapter S: Investigation on the Effects or Surface Texture OD the Determined Effective Area 

TABLE 8.16 Experiment I: A .. ", tabulated in accordance to its cycles and measurement sequences 

Effective Are. of P,C, at lOOkPa, 20"C Rotational Combination (RC) 

CYL SEQ Ap6CZ Reeerence PCA (p,c,) Test PCA (p ,C,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.814352E-04 981.4352 CW 46 CW 60 

1 
2 9.814342E-04 981.4342 CW 61 CCW 61 

3 9.814345E-04 981.4345 CCW 62 CCW 73 

4 9.814341E-04 981.4341 ccw 64 CW 59 

5 9.814343E-04 981.4343 CW 52 CW 46 

6 9.814339E-04 981.4339 
2 

CW 53 CCW 62 

7 9.814350E-04 981.4350 CCW 51 CCW 65 

8 9.814349E-04 981.4349 ccw 72 CW 71 

9 9.814352E-04 981.4352 CW 62 CW 72 

3 
10 9.814350E-04 981.4350 CW 60 CCW 67 

11 9.81434IE-04 981.4341 CCW 69 CCW 65 

12 9.81435IE-04 981.4351 CCW 67 CW . 62 

\3 9.814349E-04 981.4349 CW 63 CW 67 

4 
14 9.814337E-04 981.4337 CW 72 CCW 83 

IS 9.814334E-04 981.4334 CCW 58 CCW 70 

16 9.814340E-04 981.4340 CCW 43 CW 62 

17 9.814345E-04 981.4345 CW 54 CW 56 

18 9.814349E-04 981.4349 
5 

CW 59 CCW 65 

19 9.814340E-04 981.4340 CCW 45 CCW 73 

20 9.814336E-04 981.4336 CCW 60 CW 70 

21 9.814345E-04 981.4345 CW 55 CW 54 

22 9.814333E-04 981.4333 
6 

CW 47 CCW 60 

23 9.814345E-04 981.4345 CCW 66 CCW 58 

24 9.814348E-04 981.4348 CCW 69 CW 67 

25 9.814352E-04 981.4352 CW 53 CW 80 

7 
26 9.814340E-04 981.4340 CW 44 ccw 69 

27 9.814345E-04 981.4345 CCW 66 ccw 73 

28 9.814336E-04 981.4336 CCW 56 CW 82 

29 9.814346E-04 981.4346 CW 50 CW 74 

8 
30 9.814353E-04 981.4353 CW 58 CCW 65 

31 9.814339E-04 981.4339 CCW 65 CCW 68 

32 9.814345E-04 981.4345 CCW 48 CW 74 

Minimum Value 981.4333 mm' 43 IJlm 46 IJlm 
Maximum Value 981.4353 mm' 72 IJlm 83 IJlm 

Average Value (A'(P6C2)1) 981.4344 mm' 58 IJlm 67 IJlm 
Standard Deviation 0.0006 mm' 8 IJlm 8 IJlm 

Relative Standard Deviation 0.58 ppm 15 % 12 % 
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Chapter 8: Investigation on the Effects of Surface Texture on the Determined Effective Area 

8.3.3.8 Experiment J: P6C4 vs. PlC3 

The overall results obtained from this experiment are tabulated in Table 8.17, and 

graphically represented in Figure 8.18. 

TABLES.I7 Experiment J: A,,,,, tabulated in accordance to its cycles and measurement sequences 

Effective Area of P ,C, at lOOkPa, 20'C Rotational Combination (RC) 

CYL SEQ A"", Reference PCA (P,C,) Test PCA (P,C,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

I 9.814246E-04 981.4246 CW 45 CW 43 

1 
2 9.8142428004 981.4242 CW 57 CCW 78 

3 9.8142458004 981.4245 CCW 65 CCW 85 

4 9.814245E-04 981.4245 ccw 58 CW 68 

5 9.8142508004 981.4250 CW 57 CW 62 

2 
6 9.814243E-04 981.4243 CW 47 CCW 68 

7 9.8142448004 981.4244 ccw 74 ccw 75 

8 9.8142408004 981.4240 ccw 62 CW 64 

9 9.8142478004 981.4247 CW 58 CW 48 

10 9.814240E-04 981.4240 
3 

CW 75 ccw 67 

11 9.814242E-04 981.4242 ccw I 
58 ccw . 76 

12 9.8142508004 981.4250 CCW 64 CW 58 

Minimum Value 981.4240 mm' 45 rpm 43 rpm 

Maximum Value 981.4250 mm' 75 rpm 85 rpm 

Average Value (A1(P6C4)J) 981.4244 mm' 60 rpm 66 rpm 

Standard Deviation 0.0004 mm' 9 rpm 12 rpm 

Relative Standard Deviation 0.36 ppm 15 % 18 % 

Experiment J: AP<C4 vs. SEQ 

981.426 

13 981.425 

g ~ .... 
~ 981.424 - ,.. 

'« 

981.423 
0 1 2 3 4 S 6 7 8 • 10 11 12 13 

SEQ 

I ccw.cw ACW-ecw .ccw-ecw .. ccw.cw I 

FIGURES.IS Experiment J: variation of A .. C4 with the SEQ 
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Chapter 8: Investigation on the Effects of Surface Texture on the Determined Effective Area 

8.3.3.9 Experiment K: P7CZ vs. PzC3 

The overall results obtained from this experiment are tabulated in Table 8.18, and 

graphically represented in Figure 8.19. 

TABLE 8.18 Experiment K: Ap7(:' tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,<:, at 100kPa, 20'C Rotational Combination (RC) 

CYL SEQ AP7C2 Reference PCA (P,C,) Test PCA (p,c,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

I 9.814888E-04 981.4888 CW 52 CW 69 

I 
2 9.814882E-04 981.4882 CW 49 CCW 65 

3 9.8149OOE-04 981.4900 CCW 82 CCW 80 

4 9.814897E-04 981.4897 CCW 74 CW 69 

5 9.814893E-04 981.4893 CW 64 CW 67 

6 9.814888E-04 981.4888 
2 

CW 51 CCW 74 

7 9.814893E-04 981.4893 CCW 69 CCW 68 

8 9.814907E-04 981.4907 CCW 49 CW 65 

9 9.814908E-04 981.4908 CW 64 CW 48 

3 
10 9.814913E-04 981.4913 CW 56 CCW 66 

11 9.814905E-04 981.4905 CCW 62 CCW 67 

12 9.814908E-04 981.4908 CCW 50 CW 55 

Minimum Value 981.4882 mm' 49 rpm 48 rpm 

Maximum Value 981.4913 mm' 82 rpm 80 rpm 

A verage Value (At(P7C2)!U 981.4899 mm' 60 rpm 66 rpm 

Standard Deviation 0.0010 mm' 11 rpm 8 rpm 

Relative Standard Deviation 1.00 ppm 18 % 12 % 

Experiment K: AP7Cl vs. SEQ 
981.493 

981.492 

981.491 ~ ... 
C' .. ~ 

I 981.490 

981.489 "'"-D--

~ 
...".. 

981.488 
-.: 981.487 

981.4B6 

0 1 2 3 4 S 6 7 8 9 10 11 12 13 

SEQ 

I ccw-cw l>CW<X:W .CCW<X:W ACCV>I-CW I 

FIGURE 8.19 Experiment K: variation of AP7Cl with the SEQ 
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Chapter 8: Investigation on the Effects of Surface Texture on the Detennined Effective Area 

8.3.3.10 Experiment L: P,C4 vs. P2C3 

The overaIl results obtained from this experiment are tabulated in Table 8.19, and 

graphically represented in Figure 8.20. Direct comparisons against the reference P2C3 

ended with this experiment, foIlowed with other twelve indirect comparisons. 

TABLES.19 Experiment L: AP7C4 tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,C, at 100kPa, 20"C Rotational Combination (RC) 

CYL SEQ AP7C4 Reference PCA (P,C,) Test PCA (p,c.) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.8147842E-04 981.47842 cw 65 cw 61 

I 
2 9.8147818E-04 981.47818 cw 66 CCW 80 . 

3 9.8147823E-04 981.47823 CCW 58 CCW 56 

4 9.8147754E-04 981.47754 ccw 53 cw 68 

5 9.8147862E-04 981.47862 cw 53 cw 63 

2 
6 9.8147842E-04 981.47842 cw 79 ccw 83 

7_ 9.8147823E-04 981.47823 ccw 68 ccw 61 

8 9.8147872E-04 981.47872 ccw 61 cw 69 

9 9.8147823E-04 981.47823 cw 66 cw 56 

10 9.8147675E-04 981.47675 
3 

cw 80 ccw 72 

11 9.8147842E-04 981.47842 ccw 55 CCW 58 

12 9.8147921E-04 981.47921 ccw 49 cw 65 

Minimum Value 981.4768 mm' 49 rpm 56 rpm 

Maximum Value 981.4792 mm' 80 rpm 83 rpm 

Average Value (A,(P7C4)0 981.4783 mm' 63 rpm 66 rpm 

Standard Deviation 0.0006 mm' 10 rpm 9 rpm 

Relative Standard Deviation 0.62 ppm 16 % 13 % 

Experiment L: AP7C4 vs. SEQ 
981.480 

981.479 
0- ..... 

~ 0-
N 

!l 981.478 

~ 

~ 
981.477 

-.: 981.476 

981.475 

0 1 2 3 4 S 6 7 8 9 10 11 12 13 

SEQ 
, 

I ccw.cw ~cw.a;w .cx:w.a;w ACCW.cw I , 

FIGURES.20 Experiment L: variation of AP7C4 with tbe SEQ , 
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Chapter 8: Investigation on the Effects of Surface Texture on the Determined Effective Area 

8.3.3.11 Experiment m: P7C4 vs. P3CZ 

This experiment was the first indirect comparison within the calibration chain. The 

overall results obtained from this experiment are tabulated in Table 8.20, and graphically 

represented in Figure 8.21. 

TABLE S.20 Experiment m: AP701 tabulated in accordance to its cycles and measurement 
sequences 

Effective Area ofP,C,.t lOOkPa, 20"C Rotational Combination (RC) 

eYL SEQ AP7C4 Reference PCA (p,c,) Test PCA (P,C,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.814808E·04 981.4808 cw 54 cw 69 

1 
2 9.8148I3E·04 981.4813 cw 60 ccw 65 

3 9.814821E·04 981.4821 ccw 60 ccw 67 

4 9.814808E-04 981.4808 ccw 67 cw 71 

5 9.814812E-04 981.4812 cw 57 cw 62 

6 9.814802E-04 981.4802 
2 

cw 46 ccw 80 

7 9.814796E-04 981.4796 ccw 72 ccw 78 

8 9.814808E·04 981.4808 ccw 55 cw 79 

9 9.814808E-04 981.4808 cw 64 cw 65 

10 9.814795E-04 981.4795 
3 

cw 58 ccw 79 

11 9.814801E-04 981.4801 ccw 45 ccw 76 

12 9.814811E-04 981.4811 ccw 56 cw 67 

Minimum Value 981.4795 mm' 45 rpm 62 rpm 

Maximum Value 981.4821 mm' 72 rpm 80 rpm 

Average Value (A1(P7C4>nJ 981.4807 mm' 58 rpm 72 rpm 

Standard Deviation 0.0007 mm' 8 rpm 7 rpm 

Relative Standard Deviation 0.75 ppm 13 % 9 % 

Experiment m: AP7C4 vs. SEQ 
981.483 

981.482 

i 981.481 -'" 
~ 981.480 

~ 981.479 -.: 
981.478 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 

SEQ 

I ocw-cw c.cw-ccw +ccw-ccw 4CCW-CW I 
FIGURES.21 Experiment m: variation of AP7C4 with the SEQ 
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Chapter 8: Investigation on the Effects of Surface Texture OD the Determined EfTective Area 

8.3.3.12 Experiment n: P7CZ vs. P3C4 

The overall results obtained from this experiment are tabulated in Table 8.21, and 

graphically represented in Figure 8.22. 

TABLE 8.21 Experiment n: AP7Cl tabulated in accordance to its cycles and measnrement seqnences 

Errective Area ofP,yallOOkPa, 20·C Rotational Combination (RC) 

CYL SEQ AP7Cl Rererence PCA (P,C,) Test PCA (P,C,) 

(nt') (mm') RD RS(rpm) RD RS(rpm) 

I 9.814920E-04 981.4920 CW 60 CW 50 

I 
2 9.814895E-04 981.4895 CW 75 CCW 80 

3 9.814897E-04 981.4897 CCW 80 CCW 75 

4 9.814915E-04 981.4915 CCW 81 cw 58 

5 9.814915E-04 981.4915 CW 62 CW 71 

2 
6 9.814895E-04 981.4895 CW 57 CCW 70 

7 9.8149OOE-04 981.4900 CCW 77 ccw 53 

8 9.814898E-04 981.4898 CCW 70 cw 60 

9 9.814897E-04 981.4897 CW 68 CW 56 

IQ 9.814903E-04 981.4903 
3 

CW 49 CCW 55 

11 9.814898E-04 981.4898 CCW 74 ccw 64 

12 9.8149ooE-04 981.4900 CCW 64 CW 72 

Minimum Value 981.4895 mm' 49 rpm 50 rpm 

Maximum Value 981.4920 mm' 81 rpm 80 rpm 

Average Value (A,(P1C2)n) 981.4903 mm' 68 rpm 64 rpm 

Standard Deviation 0.0009 mm' 10 rpm IQ rpm 

Relative Standard Deviation 0.87 ppm 15 % 15 % 

Experiment n: AP1Cl vs. SEQ 

981.494 

981.493 

~ 981.492 
~ 

El 981.491 
~ 

-b M .... .... ~ 981.490 
-..: er ~ 

981.489 

981.488 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 

SEQ 

I cCW-CW lJ.CW-CCW ~ccvv-ccw .t.CCW-CW I 

FIGURE 8.22 Experiment n: variation oC AP1Cl with the SEQ 
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Chapter 8: Investigation on the Effects or Surface Texture on the Determined Effective Area 

8.3.3.13 Experiment 0: P6CZ vs. P3C4 

The overall results obtained from this experiment are tabulated in Table 8.22, and 

graphically represented in Figure 8.23. 

TABLES.22 Experiment 0: A P<C2 tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,c, at 100kPa, 20'C Rotational Combination (RC) 

CYL SEQ A .. c Reference PCA (P,C,) Test PCA (P,C,) 

(or) (mm') RD RS (rpm) RD RS(rpm) 

I 9.814363E-04 981.4363 cw 63 cw 69 

I 
2 9.814344E-04 981.4344 cw 56 ccw 54 

3 9.814342E·04 981.4342 ccw 63 ccw 60 

- 4 9.814367E-04 981.4367 ccw 52 cw 57 

5 9.814372E-04 981.4372 cw 59 cw 46 

2 
6 9.814343E-04 981.4343 cw 63 ccw 64 

7 9.814363E-04 981.4363 ccw 77 ccw 81 

8 9.814354E-04 981.4354 ccw 66 cw 72 

9 9.814357E-04 981.4357 cw 55 cw 60 

3 
10 9.814345E-04 981.4345 cw 46 ccw 52 

11 9.814347E-04 981.4347 ccw 57 ccw 45 

12 9.81436OE-04 981.4360 ccw 76 cw 65 

Minimum Value 981.4342 mm' 46 rpm 45 rpm 

Maximum Value 981.4372 mm' 77 rpm 81 rpm 

Average Value (A,(P6C1)o) 981.4355 mm' . 61 rpm 60 rpm 

Standard Deviation 0.0010 mm' 9 rpm 11 rpm 

Relative Standard Deviation 1.06 ppm 15 % 18 % 

Experiment 0: AP6Cl vs. SEQ 

981.439 

981.438 

'" 981.437 -0. 
e 981.436 -D. e 
~ 

981.435 
-.-

~ 981.434 -.,. ~ , -.: 
981.433 

981.432 

0 I 2 3 4 5 6 7 8 9 10 11 12 13 

SEQ 

I ocw-cw l1CW.a;w .CCW.a;w &CCW-CW I 

FIGURES.23 Experiment 0: variation of AP6Cl with the SEQ 
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Chapter 8: Investigation on the Effects of Surface Texture on the Determined Effective Area 

8.3.3.14 Experiment p: P7C4 vs. P4C 2 

The overall results obtained from this experiment are tabulated in Table 8.23, and 

graphically represented in Figure 8.24. 

TABLES.23 Experiment p: A PlC4 tabulated in accordance to its cycles and measurement sequences 

Effective Area ofP,C,.t 100kPa, 20"C Rotational Combination (RC) 

CYL SEQ APlC4 Reference PCA (p,c,) Test PCA (p,C.J 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.814786E-04 981.4786 CW 61 CW 51 

1 
2 9.814771E-04 981.4771 CW 65 CCW 70 

3 9.814778E-04 981.4778 CCW 56 CCW 70 

4 9.814761E-04 981.4761 CCW 63 cw 60 

5 9.814776E-04 981.4776 CW 76 CW 80 

2 
6 9.814763E-04 981.4763 CW 59 CCW 59 

7 9.814764E-04 981.4764 CCW 74 ccw 67 

8 9.814766E-04 981.4766 CCW 56 CW 70 

9 9.814768E-04 981.4768 CW 56 CW 62 

10 9.814781E-04 981.4781 
3 

CW 60 CCW 65 

11 9.814756E-04 981.4756 CCW 78 CCW 77 

12 9.814774E-04 981.4774 CCW 62 CW 83 

Minimum Value 981.4756· mm' 56 rpm 51 rpm 

Maximum Value 981.4786 mm' 78 rpm 83 rpm 

Average Value (A,(P7C4") 981.4770 mm' 64 rpm 68 rpm 

Standard Deviation 0.0009 mm' 8 rpm 9 rpm 

Relative Standard Deviation 0.89 ppm 12 % 14 % 

Experiment p: AP7C4 vs. SEQ 

981.480 

981.479 
~ 981.478 NS 
S 981.477 
~ 

11 981.476 Ii: ...: 981.475 

981.474 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 

SEQ 

I ccw-cw 6CW.a:w +ccw.a:w .ccw-cw I 
-

FIGURES.24 Experiment p: variation of AP7C4 with the SEQ 
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Chapter 8: Investigation on the Effects of Surface Texture on the DeternUned Effedive Area 

8.3.3.15 Experiment q: PzCz vs. P4C4 

In this experiment, the reference piston (P2) was combined with Cylinder 2 (C2) where 

this combination acted as a test PCA. The overall results obtained from this experiment 

are tabulated in Table 8.24, and graphically represented in Figure 8.25. 

TABLE 8.24 Experiment q: AnCl tabulated in accordance to its cycles and measurement sequences 

Effective Area ofP,C, at 100kPa, 20"C Rotational Combination (RC) 

CYL SEQ AnCl Reference PCA (p ,C,) Test PCA (p,c,) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.814794E·04 981.4794 cw 48 CW 48 

I 
2 9.814790E-04 981.4790 CW 55 ccw 72 

3 9.814794E-04 981.4794 ccw 58 ccw 60 

4 9.814792E-04 981.4792 ccw 47 CW 63 

5 9.814789E-04 981.4789 CW 60 CW 68 

2 
6 9.814798E-04 981.4798 CW 48 ccw 75 

7 9.814797E-04 981.4797 ccw 74 ccw 73 

8 9.814796E-04 981.47% ccw 48 CW 66 

9 9.814789E-04 981.4789 CW 57 cw 56 

3 
10 9.814798E-04 . 981.4798 CW 56 ccw 71 

11 9.81480IE-04 981.4801 CCW 71 CCW 62 

12 9.814801E-04 981.4801 CCW 53 cw 60 

Minimum Value 981.4789 mm' 47 rpm 48 rpm 

Maximum Value 981.4801 mm' 74 rpm 75 rpm 

Average Value (A,(P2C2,.,J 981.4795 mm' 56 rpm 65 rpm 

Standard Deviation 0.0004 mm' 9 rpm 8 rpm 

Relative Standard Deviation 0.44 ppm 16 % 12 % 

Experiment q: AP1Cl vs. SEQ 

981.481 

13 981.480 A. -
8 -+-~ 2 981.479 

-«: 

981.478 

0 I 2 3 4 5 6 7 8 9 10 11 12 13 

SEQ 

I DCW-CW t;CW-CCW .CCW-CCW .t.CCW-CW I 

FIGURE 8.25 Experiment q: variation of AP1Cl witb the SEQ 
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Chapter 8: Investigation OD the Effects of Surface Texture 00 the Determined Effective Area 

8.3.3.16 Experiment r: P3C3 vs. P 4C4 

However, in this experiment, the reference cylinder (C3) was combined with Piston 3 

(P3) to become a test PCA. The overall results obtained from this experiment are 

tabulated in Table 8.25, and graphically represented in Figure 8.26. 

TABLE 8.25 Experiment r: AP3C3 tabulated in accordance to its cycles and measurement sequences 

ElTeclive Area of P,c, at lOOkPa, 20·C Rotational Combination (RC) 

CYL SEQ A P3C, Reference PCA (P.C.) Test PCA (P,C,) 

(m') (mm') RD RS (rpm) RD RS (rpm) 

I 9.814263E·04 981.4263 CW 49 cw 59 

I 
2 9.814269E·04 981.4269 CW 50 ccw 58 

3 9.814273E·04 981.4273 ccw 58 ccw 64 

4 9.814268E·04 981.4268 ccw 65 CW 59 

5 9.814267E·04 981.4267 CW 57 cw 61 

2 
6 9.814262E·04 981.4262 CW 42 ccw 57 

7 9.814268E·04 981.4268 ccw 61 ccw 60 

8 9.814267E·04 981.4267 ccw 52 cw 72 

9 9.814259E-04 981.4259 . CW 66 cw 59 

10 9.814260E-04 981.4260 
3 

CW 47 ccw 60 

11 9.814262E-04 981.4262 CCW 62 ccw 63 

12 9.814256E-04 981.4256 ccw 49 CW 65 

Minimum Value 981.4261 mm' 42 rpm 57 rpm 

Maximum Value 981.4277 . mm' 66 rpm 72 rpm 

Average Value (A,(P3C3') 981.4269 mm' 55 rpm 61 rpm 

Standard Deviation 0.0005 mm' 8 rpm 4 rpm 

Relative Standard Deviation 0.49 ppm 14 % 7 % 

Experiment r: APlC3 vs. SEQ 

981.429 

981.428 

.:e 981.427 ...... -- ... 
§ ~ 

'ts'/ ... 981.426 Cl 
Ii! 

981.425 ...: 
981.424 

0 I 2 3 4 5 6 7 8 9 10 11 12 13 
SEQ 

I DCW.cw t.cw-=w +CCW.a:w ACCW·CW I 

FIGURE 8.26 Experiment r: variation of APlC3 with the SEQ 
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Chapter 8: Investigation on the Effects of Surface Texture on the Determined Effective Area 

8.3.3.17 Experiment s: P6C2 vs. P4C4 

The overall results obtained from this experiment are tabulated in Table 8.26, and 

graphically represented in Figure 8.27. 

TABLE 8.26 Experiment s: A .. Cl tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,c, at 100kPa, 20·C . Rotational Combination (RC) 

CYL SEQ APOCl Reference PCA (P.C<l Test PCA (p ,C,) 

(m') (mm') RD RS (rpm) RD RS(rpm) 

1 9.814353E·04 981.4353 CW 51 CW 52 

1 
2 9.814351Jl.04 981.4351 CW 53 CCW 67 

3 9.814349E·04 981.4349 CCW 50 CCW 64 

4 9.814372E·04 981.4372 ccw 65 CW 66 

5 9.81437IE·04 981.4371 CW 50 CW 48 

2 
6 9.814358E·04 981.4358 CW 55 CCW 63 

7 9.814361E·04 981.4361 CCW 58 CCW 48 

8 9.814365E·04 981.4365 CCW 72 CW 82 

9 9.814369E·04 981.4369 CW 68 CW 68 

10 9.814364E·04 981.4364 
3 

CW 55 ccw 57 

11 9.814369E·04 981.4369 CCW 73 CCW 69 

12 9.814366E-04 981.4366 CCW 56 CW 50 

Minimum Value 981.4349 mm' 50 rpm 48 rpm 

Maximum Value 981.4372 mm' 73 rpm 82 rpm 

Average Value (At(P6C2)s) 981.4362 mm' 59 rpm 61 rpm 

Standard Deviation 0.0008 mm' 8 rpm 10 rpm 

Relative Standard Deviation 0.81 ppm 14 % 17 % 

Experiment s: A .. Cl vs. SEQ 

981.439 

981.438 
~ A. __ --D- .... N 981.437 El "-ty -a 
El 981.436 ~ zr 

~ 
~ 

981.435 .. 
-.: 

981.434 

981.433 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 
SEQ 

I []CW-fYI I>CW·a:w .a:w-o::w ... a:w-cw I 
FIGURE 8.27 Experiment s: variation of A .. cz with the SEQ 
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Chapter 8: Investigation on the Effects of Surface Texture on the Determined Effective Area 

8.3.3.18 Experiment t: P,Cz vs. P4C4 

The overall results obtained from tbis experiment are tabulated in Table 8.27, and 

graphically represented in Figure 8.28. 

TABLE 8.27 Experiment t: AP7C2 tabulated in accordance to its cycles and measurement sequences 

Effective Area ofP,C, at 100kPa, 20"C Rotational Combination (RC) 

CYL SEQ AP7Cl Reference PCA (p,C.,) Test PCA (p,c,) 

(or) (mm') RD RS(rpm) RD RS(rpm) 

I 9.81489OE·04 981.4890 cw 47 cw 34 

I 
2 9.814888E-04 981.4888 cw 61 CCW 79 

3 9.814887E-04 981.4887 CCW 77 ccw 75 

4 9.814883E-04 981.4883 ccw 45 cw 50 

5 9.814892E-04 981.4892 cw 61 cw 64 

6 9.814882E-04 981.4882 
2 

cw 59 ccw 60 

7 9.814892E-04 981.4892 ccw 80 ccw 78 

8 9.814888E-04 981.4888 ccw 61 cw 79 

9 9.814898E-04 981.4898 cw 57 cw 64 

10 9.814894E-04 981.4894 
3 

cw 49 ccw 58 

11 9.814882E-04 981.4882 ccw 65 ccw 74 

12 9.814888E-04 981.4888 ccw 73 cw 56 

Minimum Value 981.4882 mm' 45 rpm 34 rpm 

Maximum Value 981.4898 mm' 80 rpm 79 rpm 

Average Value (A,(P7Cl)t) 981.4889 mm' 61 rpm 64 rpm 
Standard Deviation 0.0005 mm' 11 rpm 14 rpm 

Relative Standard Deviation 0.49 ppm 18 % 21 % 

Experiment t: AP7Cl vs. SEQ 
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FIGURE 8.28 Experiment t: variation of AP7Cl with the SEQ 
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8.3.3.19 Experiment u: P,C4 vs. P6C2 

The overall results obtained from this experiment are tabulated in Table 8.28, and 

graphically represented in Figure 8.29 . 

. TABLE 8.28 Experiment u: AP7C4 tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,C, at 100kPa, 20'C Rotational Combination (RC) 

CYL SEQ AP7C4 Reference PCA (P ,C,) Test PCA (P,C,) 

(or) (mm') RD RS(rpm) RD RS(rpm) 

I 9.814762E·04 981.4762 cw 72 cw 71 

I 
2 9.814752E·04 981.4752 cw 68 ccw 75 

3 9.814758E·04 981.4758 CCW 75 CCW 78 

4 9.814763E-04 981.4763 ccw 61 cw 65 

5 9.814768E-04 981.4768 cw 51 CW 62 

6 9.814759E-04 981.4759 
2 

cw 67 CCW 79 

7 9.814761E-04 981.4761 CCW 76 CCW 80 

8 9.814765E-04 981.4765 ccw 67 cw 78 

9 9.814776E-04 981.4776 CW 62 CW 75 

3 
10 9.814772E-04 981.4772 CW 69 ccw 68 

11 9.814778E-04 981.4778 ccw 72 CCW 79 

12 9.814759E-04 981.4759 ccw 83 CW 69 

Minimum Value 981.4752 mm' 51 rpm 62 rpm 

Maximum Value 981.4778 mm' 83 rpm 80 rpm 

Average Value (A'(P7C4JJ 981.4764 mm' 69 rpm 73 rpm 

Standard Deviation 0.0008 mm' 8 rpm 6 rpm 

Relative Standard Deviation 0.79 ppm 12 % 8 % 

Experiment u: AP7C4 vs. SEQ 
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FIGURE 8_29 Experiment u: variation of AP7C4 with the SEQ 
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8.3.3.20 Experiment v: P6C4 vs. P,Cz 

The overall results obtained from this experiment are tabulated in Table 8.29, and 

graphically represented in Figure 8.30. 

TABLE 8.29 Experiment v: A .. C4 tabulated in accordance to its cycles and measurement sequences 

Effective Area of P,C. at 100kPa, 20"C Rotational Combination (RC) 

CYL SEQ A P6C• Reference PCA (P,C,) Test peA (p ,C.) 

(m') (mm') RD RS(rpm) RD RS(rpm) 

1 9.814230E·04 981.4230 cw 63 cw 61 

1 
2 9.814237E·04 981.4237 cw 73 ccw 75 

3 9.814242&04 981.4242 ccw 74 ccw 70 

4 9.814237&04 981.4237 ccw 41 CW 61 

5 9.814237E·04 981.4237 cw 63 cw 65 

2 
6 9.814214E·04 981.4214 cw 68 ccw 85 

7 9.814220E·04 981.4220 ccw 55 ccw 86 

8 9.814217E·04 981.4217 ccw 76 cw 71 

9 9.814215E·04 981.4215 cw 77 cw 71 

3 
10 9.814224E·04 981.4224 cw 75 CCW 79 

11 9.814227E·04 981.4227 ccw 57 ccw 70 

12 9.814226E·04 981.4226 ccw 81 cw 72 

Minimum Value 981.4214 mm' 41 rpm 61 rpm 

Maximum Value 981.4242 mm' 81 rpm 86 rpm 

Average VaIue (At(P6C4)y) 981.4227 mm' 67 rpm 72 rpm 

Standard Deviation 0.0009 mm' 12 rpm 8 rpm 

Relative Standard Deviation 0.95 ppm 17 % 11 % 

Experiment v: AP6C4 vs. SEQ 
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FIGURE 8.30 Experiment v: variation of AP6C4 with the SEQ 
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8.3.3.21 Experiment w: P2C2 vs. P,C4 

Once again, the combination of the P2C2 acted as a test PCA where the combination of 

P,C4 became a reference. The overall results obtained from this experiment are tabulated 

in Table 8.30, and graphically represented in Figure 8.31. 

TABLE 8.30 Experiment w: Ana tabulated in accordance to its cycles and measurement sequences 

Effective AreaofP,c,atlOOkPa, 20"C Rotational Combination (RC) 

CYL. SEQ APlC2 Reference PCA (p,C.J Test PCA (P,C,) 

(m') (mm') RD RS (rpm) RD RS (rpm) 

I 9.814791E-04 981.4791 CW 52 CW 61 

I 
2 9.814785E-04 981.4785 CW 53 CCW 58 

3 9.81479IE-04 981.4791 CCW 56 CCW 55 

4 9.814798E-04 981.4798 ccw 55 CW 67 

5 9.81479IE-04 981.4791 CW 56 CW 53 

6 9.814789E-04 981.4789 
2 

cw 57 CCW 58 

7 9.814786E-04 981.4786 ccw 40 CCW 49 

8 9.814793E-04 981.4793 CCW 67 CW 72 

9 9.814788E-04 981.4788 CW 58 CW 60 

lO 9.81478IE-04 981.4781 
3 

CW 55 CCW 75 

. 11 9.81479IE-04 981.4791 CCW 51 CCW 65 

12 9.814786E-04 981.4786 ccw 59 CW 57 

Minimum Value 981.4781 mm' 40 rpm 49 rpm 

Maximum Value 981.4798 mm' 67 rpm 75 rpm 

Average Value (At(P2C2)W) 981.4789 mm' 55 rpm 61 rpm 
Standard Deviation 0.0004 mm' 6 rpm 8 rpm 

Relative Standard Deviation 0.44 ppm 11 % 13 % 

Experiment w: Ana vs. SEQ 

981.481 

981.480 

~ 981.479 / ...... 
S -... 
';:; 981.478 

~ 981.4TI 

981.476 

0 I 2 3 4 5 6 7 8 9 10 11 12 13 
SEQ 

I ocw.cw l:.CW-CCW .CCW-CCW &ccw.cw I 

FIGURE 8.31 Experiment w: variation of Ana with the SEQ 
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8.3.3.22 Experiment x: P3C3 vs. PzCz 

In this experiment, the reference piston (P2) and the reference cylinder (C2) formed two 

separate combinations were cross-floated. The overall results obtained from this 

experiment are tabulated in Table 8.31, and graphically represented in Figure 8.32. 

TABLE 8.31 Experiment x: AP>C3 tabulated in accordance to its cycles and measnrement seqnences 

Effective Area of P,C, at 100kPa, ZO"C Rotational Combination (RC) 

CYL SEQ AP3C3 Reference PCA (p,c,) Test PeA (P,C,) 

(or) (mm') RD RS(rpm) RD RS(rpm) 

1 9.814252E-04 981.4252 CW 62 CW 64 

1 
2 9.814249E-04 981.4249 CW 60 ccw 70 

3 9.814247E-04 981.4247 CCW 65 CCW 69 

4 9.814246E-04 981.4246 CCW 50 CW 72 

5 9.814244E-04 981.4244 CW 45 CW 70 

6 9.814252E-04 981.4252 
2 

CW 61 CCW 64 

7 9.814248E-04 981.4248 CCW 61 ccw 70 

8 9.814258E-04 981.4258 CCW 59 CW 56 

9 9.814259E-04 981.4259 CW 65 CW 67 

10 9.814262E-04 981.4262 
3 

cw 56 CCW 60 

11 9.814256E-04 981.4256 CCW 71 CCW 56 

12 9.814255E-04 981.4255 CCW 60 CW 67 

Minimum Value 981.4244 mm' 45 rpm 56 rpm 

Maximum Value 981.4262 mm' 71 rpm 72 rpm 

Average Value (A(P3C3~ 981.4252 mm' 60 rpm 65 rpm 

Standard Deviation 0.0006 mm' 7 rpm 6 rpm 

Relative Standard Deviation 0.58 ppm 12 % 8 % 

Experiment x: ApJC3 vs. SEQ 
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FIGURE 8.32 Experiment x: variation of APlC3 with the SEQ 
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A summary of the results obtained from the completed experiments is shown in Table 

8.32, followed with Figures 8.33 and 8.34 showing the trend lines of the detennined 

effective areas (first three cycles) through direct and indirect comparisons respectively. 

TABLE 8.32 Summary of the results of the determined effective areas 

Average Effective Area Standard Deviation 
Experiment 

Symbol VaIue(mm') (mm') (ppm) 

A: (PIC2 vs. P2C,) A'(PIC2)A 981.4175 0.0004 0.37 

B: (PlC. vs. P2C,) At(PICA)B 981.4095 0.0005 0.47 

C: (P,C2 vs. P2C,) A'(P3C2)C 981.4457 0.0005 0.52 

0: (P,C. vs. P2C,) A'(P3CA)D 981.4309 0.0006 0.62 

E: (p,C2 vs. P2C,) * A'(P4C2)E 981.4934 0.0007 0.75 

F: (P.C. vs. P2C,) * A'(P'CA)F 981.4840 0.0009 0.87 

G: (PSC2 vs. P2C,) A'(P5C2)G 981.4762 0.0007 0.72 

H: (PsC. vs. P2C,) A'(P5CA)H 981.4661 0.0006 0.59 

I: (P6C2 vs. P2C,) A~P6C2)I 981.4344 0.0006 0.58 

J: (P6e. vs. P2C,) At(P6C4)J 981.4244 0.0004 0.36 

K: (P,C2 vs. P2C,) A'(P7C2)K 981.4899 0.0010 1.00 

L: (P,C. vs. P2C,) A'(P7CA)L 981.4783 0.0006 0.62 

m: (P,C. vs. P,c.> At(P7C4)m. 981.4807 0.0007 0.75 

n: (P,C2 vs. p,C.) A'(P7C2)n 981.4903 0.0009 0.87 

0: (P6C2 vs. p,e.) A,(P6C2)o 981.4355 0.0010 1.06 

p: (P,C. vs. p.C2) A,(P7CA)p 981.4770 0.0009 0.89 

q: (P2C2 vs. p.C.) A'(P2C2)q 981.4795 0.0004 0.44 

r: (p,C, vs. p.C.) A,(P3C3)o" 981.4269 0.0005 0.49 

s: (P6C2 vs. p.C.) AWOC2)s 981.4362 0.0008 0.81 

t: (P,C2 vs. p.C.) A,(P7C2~ 981.4889 0.0005 0.49 

u: (P,c. vs. P 6C2) A,(P7CA). 981.4764 0.0008 0.79 

v: (P6C, vs. P,C2) A,(P6CA), 981.4227 0.0009 0.95 

w: (P2C2 vs. p,e.) A,(P2C2)w 981.4789 0.0004 0.44 

x: (P,C, vs. P2C2) A,(P3c,), 981.4252 0.0006 0.58 

Note: • Experiments completed and reported in Chapter 7 
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Determined Effective Area vs. SEQ 
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FIGURE 8.33 Trend lines of all the determined elTective area through direct comparisons 
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8.4 COMPARISON OF EFFECTIVE AREA DETERMINATIONS 

THROUGH DIFFERENT ROUTES 

Experiment A to x have demonstrated that the pressures generated for the specific PCA 

combinations appear to be independent of the surface texture applied onto the pistons, 

even with different RCs. As shown in Figures 8.11 to 8.32, the effective areas 

determined varied randomly, where their standard deviations were within I ppm for any 

RCs applied. The effects of the surface texture may be too small with respect to the 

instrument repeatability and error budget, thus no significant differences in effective 

area determinations could be seen. However, it is noticeable that Piston 1 (the smoothest 

piston) produces the smallest effective area, whilst all of the rougher pistons produce 

larger effective area values. There again, variations of piston diameter may account for 

the distribution of the data. 

However, any small effects that are accumulated could be significant if they keep adding 

together in a series of processes. For that reason, the determined effective areas based on 

different routes of calibration have been investigated. The effective areas of six PCA 

combinations, i.e. P2C2, P3C3, P6C2, P6C4, P7C2 and P7C4 which are denoted by A,(P2C2), 

A'(P3C3), A'(P6C2), A'(P6C4), A,(P7C2) and A,(P7C4) (see Figure 8.1) were investigated. Each of 

the effective area determinations are described, and compared separately in the next 

sections. 

8.4.1 Effective Area of the P2CZ (At(P2C2» 

Five routes were available for this combination as tabulated in Table 8.33, where the 

At(P2C2{Q value (which is the shortest route) has been used as a reference. 

TABLE 8.33 Comparison of A.(P2Cl) valnes, detennined from different calibration routes 

Symbol Symbo\Route Calibration Effective Area Difference 
Route (mm') (mm') I (ppm) 

AI/PlCl{q P-q 981.4795 Used as a reference 
A Lw 

!/PlC2) L-w 981.4789 -0.0006 -0.6 

A,(P2C2) A Cmw 
t(P2C2) C-m-w 981.4813 0.0018 1.9 

A Epw 
1(P2C2) E-p-w 981.4777 -0.0018 -1.9 

A,(P2Cl) luw I-n-w 981.4771 -0.0024 -2.5 
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8.4.2 Effective Area of the P3C3 (A t(P3C3» 

Five possible routes were identified for this combination, where the At(P3C3{' value has 

been used as a reference. Comparison of the effective areas obtained from the various 

routes are tabulated in Table 8.34 

TABLE 8.34 Comparison of At(P3C3) values, determined from different calibration routes 

Symbol SymbolRoute Calibration Effective Area Difference 
Route (mm') (mm') I (ppm) 

A . F< 
1(P3C3) F-r 981.4264 Used as a reference 

A Cmwx 
1(P3C3) C-m-w-x 981.4271 0.0006 0.6 

A'(P3d 
A Epwx 

t(P3C3) E-p-w-x 981.4234 -0.0030 -3.\ 
A Fqx 

t(P3C3) F-q-x 981.4252 -0.0012 -1.2 

At(P3C3) 
Lwx L-w-x 981.4246 -0.0018 -1.9 

8.4.3 Effective Area of the P,C2 (At(P'C2» 

Three possible routes were available for this combination, where the At(P6C2/ value has 

been used as a reference. Comparisons of the effective areas obtained from the various 

routes are tabulated in Table 8.35. 

TABLE 8.35 Comparison of Al(I'<icz) values, determined from different calibration routes 

Symbol SymbolRoute Calibration Effective Area Difference 
Route (mm') (mm') I (ppm) 

At(P6C2) 
I I 981.4344 Used as a reference 

A,(P6cz) AtiJ'6CZ)Do D-o 981.4355 0.0011 1.1 
A F. 

tiJ'6C2) F-s 981.4362 0.0018 1.9 

8.4.4 Effective Area of the P,C4 (At(P'C4» 

Four possible routes were available for this combination, where the AUP6C4/ value has 

been used as a reference . .comparisons of the effective areas obtained from the various 

routes are tabulated in Table 8.36. 
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TABLE 8.36 Comparison of A.(J'<C4) values, determined from different calibration rontes 

Symbol SymbolRoUIe Calibration Effective Area Difference 
Route (mm') (mm') (ppm) 

At{P6C4/ J 981.4244 Used as a reference 

At{P6C4) 
Kv K-v 981.4227 -0.0017 -1.8 

A.(P6C4) A Dnv D-n-v 981.4232 -0.0013 -1.3 t{P6C4) 

A FIV 
1(P6C4) F-t-v 981.4217 -0.0027 -2.8 

8.4.5 Effective Area of the P7C2 (At(P7C2» 

There were three possible routes available for this combination, where the At(P7C2)K value 

has been used as a reference. Results of comparisons of the effective areas are tabulated 

in Table 8.37. 

TABLE 8.37 Comparison of A.(P7C:!) values, determined from different calibration routes 

Symbol SymbolRoUIe Calibration Effective Area Difference 
Route (mm') (mm') I (ppm) 

At(P7C2) 
K K 981.4899 Used as a reference . 

At(P7C2) 
A F. 

t(P7C2) F-t 981.4889 -0.0010 -1.0 
A Dn 

t(P7C2) D-n 981.4903 0.0004 0.4 

8.4.6 Effective Area of the P7C4 (At(P7C4» 

Four possible routes were available for this combination, where the A'(P7C4)L value has 

been used as a reference. Comparisons of the effective areas obtained from the various 

routes are tabulated in Table 8.38. 

TABLE 8.38 Comparison of At(P7C4) values, determined from different calibration routes 

Symbol SymbolRoUIe Calibration Effective Area Difference 
Route (mm') (mm') (ppm) 

At(P7C4)L L 981.4782 Used as a reference 
A Cm C-rn 981.4807 0.0024 2.5 

A.(P7C4) 
t(P7C4) 

A Ep E-p 981.4770 -0.0012 -1.2 1(P7C4) 

A Iu 
t(P7C4) . I-u 981.4764 -0.0018 -1.8 

212 



-------

Chapter 8: Investigation OD the Effecls of Surface Texture on the Determined Effective Area 

8.5 SUMMARY AND DISCUSSION 

The overall goal of the experiments in this chapter was to investigate the' effect of 

surface texture (applied onto pistons) to the pressure generated. The demands of this 

novel approach were rationalised with the fact that there will always be some 

inseparable form of texture associated as a function of the methods that are employed to 

generate polished surfaces. This rationale is supported by the surface metrology and 

tribological studies which revealed that any surface consists of a profile, waviness and 

roughness; and the performance of the work piece depends on the surface texture of the 

rubbing surfaces. 

Twenty four experiments (including two experiments in Chapter 7) have been carried 

out using six test pistons which were matched with two identical test cylinders at 100 

kPa. Measurements were carried out based on four types of RCs per cycle i,e. CW -CW, 

CW-CCW, CCW-CW and CCW-CCW. Direct comparisons against the reference P2C3 

are denoted" by Experiments A to L, and the indirect comparisons are denoted by 

Experiments m to x. 

Prior to the cross-floating experiment, all the pistons involved were measured with a non 

destructive 3-Dimensional optical surface profiler instrument (Zygo New View 5000). 

The pistons were measured at five levels (Le. 5, 15, 30, 45, 55 mm from the piston's 

base), with two areas per level. Three types of surface parameters were considered, Le. 

Rh Rq and Ra. Each captured data set has been processed using the MetroPro software, 

where three sets of data were produced at each scanned area. Therefore, the average 

values of the pistons were based on thirty sets of readings, Analysis of the piston 

surfaces revealed that the roughest piston was Piston 6, followed by Pistons 5, 7, 3, 4, 1 

and 2. 

From the cross-floating experiments, the results obtained in each experiment were 

plotted against their respective SEQ. The effective areas that have been produced by 

each RC were marked distinctly, so that the "effective area-RC" mode can clearly be 

observed graphically. However, all the graphs plotted have still demonstrated that the 
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effective area (hence pressures generated) for the specific PCA combinations appear to 

be independent of the surface textures applied onto pistons. The maximum standard 

deviation of the effective areas determined, with regards to the RCs was 1.06 ppm which 

occurred in the Experiment 0, i.e. cross-floating experiment between P6C2 against P3C4 

(see Table 8.32). 

Analysis of the combined data in Figure 8.33 does support the tentative conclusion that 

Piston 1 (the smoothest) consistently produces the smallest effective area value, whilst 

all other pistons (rougher) produce larger value of the effective area. 

The averaged effective areas calculated for six test PCAs (through any possible route 

available) have been conducted. The effective areas involved in these investigations 

were A'(P2C2), A,(P3C3), A,(Pt;C2), A,(P6C4), A'(P7C2) and A'(P7C4). The maximum difference in the 

A'(P2C2), A'(P3C3), A,(Pt;C2), A,(Pt;C4), A,(P7C2) and A,(P7C4) values were 2.5, 3.1, 1.9, 2.8, 1.0 and 

2.5 ppm respectively, whilst the minimum differences were 0.6, 0.6, 1.1, 1.3,0.4 and 1.2 

ppm respectively. All the differences obtained were well within 3.5 ppm, which is the 

typical value of the relative expanded uncertainty in each cross-floating experiment 

carried out in this research work (as shown in Chapter 7). This has re-confirmed that the 

extent of the surface texture applied on the pistons has no observable effect on the 

pressure generated, for the specific PCAs manufactured and tested. 

In order to gain a higher level of confidence on the above findings, the reference PCA 

(P2C3) and other sets of combinations have been compared against a higher level of 

accuracy pressure standard, which can provide traceability to the true pressure values, 

and simultaneously verify the calibration system within the calibration chain. Selected 

PCAs have been cross-floated against the UK Primary Pressure Standard, which is kept 

at the NPL. Verification work carried out at the NPL is described in the Chapter 9. 

It is to a certain extent disappointing that a clear trend between surface texture and 

pressure (effective area) has not been identified at this point in time. There are few 

reasons why this may be so at this stage: 
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• The research is time and resource limited, only allowing seven pistons to be 

manufactured with bespoke, but random surface texture. Many more types of 

surface texture could be explored, and surface texture could be applied in a more 

controlled manner, whilst maintaining the geometric integrity of the pistons. 

• Variations of effective area as a function of surface texture may fall within the 

uncertainty budget (noise floor) of the instrument. Hence it may not be possible 

to identify discrete behaviour as a function of surface texture at this point in time. 

• The surface texture of the seven pistons is not of the correct type, or extensive 

enough to cause a measurable change of effective area or performance. 

• Small variations of piston diameter, hence clearance, are causing larger changes 

of effective area than the surface texture contribution. 

However, this novel work has successfully demonstrated all of the methodology 

required to extend the structure of the piston surfaces, roughness using bespoke 

manufacturing techniques such as laser ablation. Furthermore, it has for the first time 

characterised and documented the link between manufacturing of the peAs, surface 

characteristics and pressure measurements. 
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CHAPTER 9 

CALffiRATIONIVERIFICATION AGAINST THE UK's NATIONAL 

PR~RYPRESSURESTANDARD 

Experiments carried out in Chapters 7 and 8 have identified that the extent of surface 

textures applied onto the piston did not significantly affect the pressure generated using 

the 35 mm diameter PCA, applicable to any RD and RS ranging from 30 to 90 rpm 

(approximately 0.5 to 1.5 Hz). However the pressure measuring systems used in these 

investigations were new products, with all components involved being newly designed 

and manufactured at LV. There was no traceability or calibration history available for all 

the PCAs used, and also no externally verifiable track record on the performance of the 

pressure balance used. 

Therefore, one of the pressure balances in the system (which was consistently used as 

the test pressure balance in all twenty four experiments) with associated pistons and 

cylinders was taken to the NPL for calibration/verification purposes. This was done after 

the completion of all the cross-floating experiments at LV. Four combinations of PCAs 

were compared against the VK's Primary Pressure Standard. 

This chapter is organised as follows: Section 9.1 describes the rationale behind this 

exercise, followed by Section 9.2 that explains the calibration/verification approach. 

Section 9.3 discusses. the plan made for this exercise to suit the existing calibration 

chain. Sections 9.4 and 9.5 reveal the results obtained from the calibration work and 

verification processes respectively. Comparisons on the thermal stabilities of the 

pressure balances involved are described in Section 9.6. Finally, Section 9.7 summarises 

this chapter and concludes the outcome from this exercise. 
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9.1 RATIONALE 

In order to prove that the experimental findings are trustworthy and reliable, third party 

verification against a superior standard is a necessity. The purpose of this 

calibration/verification work was to obtain a traceable pressure instrument, and establish 

the requirements for verifying the performance of effective area determinations at LU. 

Since the work carried out in this research is in the top position in the hierarchical order 

of pressure measurement, only verification against a pressure standard which is kept at 

an NMI would be valid. Therefore, verification against the UK's National Primary 

Standard was the only solution. The UK's Primary Pressure Standard is kept at the NPL, 

which is a world leading NMI in pressure metrology. The degree of agreement between 

the results obtained (at the NPL and LU) would indicate the validity and reliability of all 

the results obtained at LU, and provide confidence in the findings revealed in Chapters 7 

and 8. 

9.2 CALIBRATIONNERIFICATION APPROACH 

In order to make the calibration work (for traceability reasons) simultaneously become a 

verification process, a proper approach was used. It consisted of three primary phases as 

described below: 

• Planning - Identification of suitable PCA combinations (the reference PCA and a 

few additional PCA combinations) to be cross-floated against the NPL's standard 

within a five day period. The results obtained for the additional PCA 

combinations could be used as "check standards" within the designed calibration 

chain, hence automatically verifying the results obtained. 

• Calibration - This phase involved cross-floating work against the Primary 

Pressure Standard where the determined effective areas were the prime concern, 

besides other relevant data to be noted. This was important, especially in 

assessing the performance of the PCAs and the pressure balance itself. 

• Verification - This phase included adjustment work on all of the effective areas 

previously calculated, which were derived from the estimated value of Ar(P2C3)' 
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Comparisons of the adjusted values against the values detennined by the NPL 

were the means of the verification. This work would not only verify the 

detennined effective areas, but also verify the pressure measuring system as a 

whole. 

9.3 CALIBRATION PLANS 

Due to time constraints, only four PCA combinations were chosen for the calibration 

work against the Primary Pressure Standard. The combinations that were selected were 

P2C3, P3C4, P 4C2 and P 4C4. The new traceability chain showing the linkage of the 

Primary Pressure Standard, (designated as PCA·602) is shown in Figure 9.1. The 

calibration between P2C3 against the PCA·602 is known as "Calibration Yl" which 

makes it traceable through the "Route Yl". P3C4, P4C2 and P4C4 are traceable to the 

Primary Pressure Standard through the "Routes Y2, Y3 and Y4" respectively. 

9.4 CALIBRATIONS AND THEIR RESULTS 

Calibrations were carried out by the NPL staff in accordance to the NPL's procedure, so 

called the "Traditional Cross·floating Method" [Simpson 1994]. At each point, the 

effective area was determined in falling and rising modes, with the test PCA being 

rotated in the CW and CCW directions for each mode, but not the reference. The 

evaluation of the effective areas of the test from these cross·floating comparisons were 

calculated based on the ratio of the effective area between the two PCAs involved, 

known as Rp [Lewis and Peggs 1992]. Therefore, the Rp of the effective areas represents 

the ratio of the equilibrium loads which have been corrected for fluid heads and the 

temperature variations in both PCAs. 

9.4.1 Initial Calibrations 

Two initial calibrations were performed using the Ruska 2465 gas·operated pressure 

balance as a reference. It uses a tungsten carbide PCA of 84 mm2 nominal effective area, 

designated as C· 70, which is normally used as one of the working standards at NPL. 

Calibrations were performed at six points i.e. 50, 75, lOO, 200, 300 and 400 kPa. 
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Unsatisfactory results obtained in the first and the second initial calibrations are shown 

in Figures 9.2 and 9.3 respectively, where the determined effective areas are represented 

in terms of the ratio between the test and the reference peAs. 

I 
I 
I 
I 
\ 

UK's Primary Pressure Standard 

\ I 
\ I _-\'" --T----;;~~~-/) 
'-' ,~ -_ ,I _, 

---------~~~~~--------

Comparison category 

_.-.-._.-. Direct traceability to the UK's Primary Pressure Standard (PCA-602) 

---.~ Direct traceability to the reference standard (PzC,) 

...... __ ._.. Indirect traceability to the reference standard (P2C,) 

FIGURE 9.1 A complete unbroken calibration chain, with the source oCtraceability from the NPL. 
, P3C", P"y and P .. C .. act as the check standards in the verification process 
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FIGURE 9.2 The first initial calibration results, which shows unsatisfactory repeatability at 300 
and 400 kPa 

Initial calibration resumed for the second series, but the calibration point at 75 kPa was 

omitted (due to time constraints). The results obtained are graphically depicted in Figure 

9.3. 

Initial Calibration 2: P ,C3 vs. C· 70 
11.68782 "["'"--------------'-----------, 

11.68770 • Average value 
• 

11.68758 } I 
11.68746 10 ppm 

"'-~ 11.68734 :~ ............ ·f .......................... · .... ··-.... -...... -.. 

. g 11.68722 • 

~ 11.68710 

• 

• 
11.68698 • 
11.68686 +-~-+~-+-~_+_~-+__~_+_~-+__~_t_~-+__~_! 

o 50 100 150 200 250 300 350 400 450 

Pressure (\<pa) 

FIGURE 9.3 The second initial calibration results, which shows a deterioration of performance 
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As shown above, the overall results deteriorated in the second series of calibrations. 

Unsatisfactory results obtained using the C-70 PCA were believed to be due to the ratio 

of the effective areas between the test and the reference being too large, i.e. 

approximately 11.6. Too large a ratio makes it difficult to establish precise equilibrium 

conditions since both PCAs have a significant difference in sensitivity (based on the load 

value). 

This situation persuaded the NPL to use its Primary Pressure Standard as a reference in 

the next calibrations. The selected reference pressure instrument was the PG7601 

Primary Pressure Standard (as shown in Figure 9.4), with PCA serial number 602 

(written as PCA-602 in this thesis), manufactured by DH Instruments, USA. PCA-602 

has 981 mrn2 nominal effective area, and is manufactured from tungsten carbide. Its 

effective area was characterised dimensionally by the NPL, supported with extreme 

levels of data, extensive and unique mathematical modeling, and also comparison 

histories with other instruments of proven performance [NPL 2006]. Its standard 

uncertainty is equal to 3.51 ppm (k = 1) in the effective area, and 0.12 ppmlMPa (k = 1) 

in the pressure distortion coefficient, which become the Type B uncertainties in the 

uncertainty budget of the PCA under test. 

9.4.2 Calibration Yl: P2C3 vs. PCA-602 

In this comparison, the effective area ratio was approximately 1:1, which is the ideal 

ratio for calibration using the cross-floating method. The same procedures as in the first 

initial calibration were applied in this work. The results obtained are plotted graphically 

(see Figure 9.5) and shows the variation of the effective area ratios with the pressures 

generated. 
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FIGURE 9.4 Cross floating experiment against the UK's Primary Pressure Standard 

Calibration VI: P,C) vs. PCA·602 
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FIGU RE 9.S The results obt:tined from Calibralion VI , which shows excellent performance of the 
LV peA and pressure balance 
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A summary of the calibration results produced by the NPL for P2C3 is as follows: 

• Uncertainties of standard: k = I 

Area: Type B = 3.51 ppm 

TypeA=Oppm 

Distortion coefficient uncertainty = 0.12 ppmIMPa 

• Uncertainties of test: k = I (New method) 

• 

TypeB 

Type A 

= 

= 

Total (added in quadrature) = 

Results calculated using k = 2 

Ao = 981.605 mm2 ± 

a = 2.11 ppmlMPa ± 

6.95ppm 

0.33 ppm 

6.96ppm 

0.014mm2 

0.24 ppmlMPa 

where Ao is the effective area at atmospheric pressure, corrected at 20°C; and a is the 

pressure distortion coefficient 'of the PCA under test. 

9.4.3 Calibration Y2: P3C4 vs. PCA-602 

The same procedures as in the first initial calibration were applied in this work. 

However, due to the time constraints, calibration was carried out only at lOO kPa, 

repeated six times. The results obtained are plotted in a graph as shown in Figure 9.6, 

and the effective area determined at k = 2 was as follows: 

Ao = 

a = 

981.572 mm2 ± 0.014 mm2 

2.11 ppmIMPa ± 0.24 ppmIMPa 
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Calibration Y2: P3C4 vs. PCA-602 
1.001090 .. ,,-------------------------, 

} w_ • A7'·· 
1.001080 _ ..... __ .......• -_ .....•..•.. _ ...... _ .. _._ ... _ .... -.. -.. _ ... ' 

• 

1.001070-1------..... ------.... -----..... -------1 
o 100 200 
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300 400 

FIGURE 9.6 The results obtained from the Calibration Y2, which shows very good repeatability 

9.4.4 Calibration Y3: P4C2 vs. PCA-602 

The same procedures as described in Section 9.4.3 were applied in this work. However, 

the calibration was repeated ten times. The results obtained are plotted graphically in 

Figure 9.7, and the effective area determined at k = 2 was as follows: 

<>:;" 
.; ." '" ~ 

Ao = 

a = 

981.635 mm2 ± 0.014 mm2 

2.11 ppmIMPa ± 0.24 ppmIMPa 

Calibration Y3: P4C, vs. PCA-602 
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FIGURE 9.7 The results obtained from the Calibration Y3, which shows very good repeatability 
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9.4.5 Calibration Y4: P4C4 vs. PCA·602 

The same procedures as described in Section 9.4.4 were applied in this work. The results 

obtained are plotted in Figure 9.8, and the effective area determined at k = 2 was as 

follows: 

o:.~ . 
. 9 
l;i 
..: 

Ao = 981.625 mm2 ± 0.014mm2 

a = 2.11 ppm/MPa ± 0.24 ppmlMPa 

Calibration Y 4: P 4C4 vs. PCA·602 
1.001150 r--:o------------------------, 

} IOppm 
Average value 

1.001140 

. I 
---------------1--------------------------------------------. 

1.001130 

1.001120 .f------...,...--~--__1---~--...._-----_l 
o 100 200 

Pressure (kPa) 

300 400 

FIGURE 9.8 The results obtained from the Calibration Y 4, which shows very good repeatability 

In the verification work which is described in the next section, the values determined by 

the NPL for the P2C3, P3C4, P4C2 and P4C4 combinations were denoted by A(P2C3)NPI.. 

A(P3C4)NPI.. A(p4C2)NPL and A(p4C4)NPL respectively. 

9.5 VERIFICATION PROCESS 

Before verification work started, all the effective areas (of the check standards) that were 

previously obtained (based on an estimated value of the reference PCA) were adjusted 

accordingly, to the new value of P2C3 (A(P2C3)NPD which was determined by the NPL. 

The adjusted values of A'(P3C4). A,(P4C2). A,(P4C4) were denoted by A,O(P3C4), AtO(P4C2) and 

A'0(P4C4) respectively. 
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A summary of the results obtained directly from the NPL is tabulated in Table 9.1, 

whereas the adjusted values of the check standards (recalculated based on the A(P2C3)NPW 

are tabulated in Table 9.2. A sample of the new uncertainty statement for all the 

recalculated values is shown in Table 9.3, detailing all the uncertainty components that 

have been taken into account. 

TABLE 9.1 Effective areas of the check standards determined by the NPL 

PCA Combination Symbol Effective Area 
(PxCy) (A(pxcY)NPW Value (nun2

) Uncertainty (k = 2) 

P2C3 A(P2C3)NPL 981.605 0.014 mm2 (14.3 ppm) 

P3C4 A(P3C4)NPL 981.572 0.014 mm2 (14.3 ppm) 

P4C2 A(P4C2)NPL 981.635 0.014 mm2 (14.3 ppm) 

P4C4 A(P4C4)NPL 981.625 0.014 mm2 (14.3 ppm) 

TABLE 9.2 Effective areas of the check standards determined at LV, traceable to A(P2C3)NPL 

PCA Combination Symbol Effective Area 
(PxCy) (A to(PxcY) Value (mm2

) Uncertainty (k = 2) 

P3C4 A tO(P3C4) 981.576 0.016 mm2 (16.4 ppm) 

P4C2 AtO(P4C2) 981.639 0.016 mm2 (16.4 ppm) 

P4C4 AtO(P4C4) 981.629 0.016 mm2 (16.4 ppm) 

Evaluation of the performance of the cross-floating experiments carried out at LU has 

been completed in two ways: 

• Deviation of the LU's results from the NPL's results, so that a proper 

adjustment/corrective action could be carried out. 

• Calculation of the Normalised Error (En). IEnl < 1 signifies that the effective area 

determinations at LU are acceptable. 

9.5.3 Deviation Check 

The effective area values determined by the NPL were used as the references. The 

deviation of the LU results from the reference value (ppm) for the PxCy combination is 

denoted by .1.pxcy, where it was calculated using the following equation: 
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Ll(Pxcy) 
A,O(PXCy) - A(PXCY)NPL xl 06 

A(PXCY)NPL 

The calculated deviations of all the PCA combinations are as follows: 

• ~P3C2) = 4.1 ppm 

• Ll(P4C2) = 4.1 ppm 

• Ll(P4C4) = 4.1 ppm 

(9.1) 

The results indicate that there was a systematic error within the calibration system that 

needed to be rectified. However, this effect is relatively small, i.e. one fourth of the 

quoted expanded uncertainty. 

9.5.4 Normalised Errors, En 

The En(pxcy) value measured the relative difference between the LV results and the NPL 

values for the PxCy combination, with the standard uncertainty of measurement, u (k = 
1) being taken into account. The following equation was used: 

E = A,o(PxcY) - A(PXCY)NPL 

n(PXCY) ~2 2 
2 u'O(PxcY) + U(PXCY)NPL 

(9.2) 

The calculated IEn(PXCY)I values of all the PCA combinations were as follows: 

• IEn(P3C4)I = 0.19 

• IEn(P4C2)I = 0.19 

• IE'(P4C4)I = 0.19 

The above calculated values demonstrated that the effective areas derived at LV were 

acceptable, in line with the definition of the pressure unit which is in accordance with 

the SI system. At the same time these verification processes prove that the performance 
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of the LV pressure balances is comparable with the DHI PG7601, which is widely used 

as a Primary Pressure Standard around the world. 

9.6 THERMAL STABILITY COMPARISONS 

Stable ambient temperature conditions are necessary in the cross-floating experiments, 

especially if state-of-the-art uncertainty is the prime concern. This is to ensure that the 

pressure balance (especially the PCAs) remain as thermally constant as possible during 

the experimental work in progress. However, due to the complexity of pressure balance 

designs that are available in the market nowadays, stable ambient temperature conditions 

cannot necessarily be guaranteed in these instruments due to internal heat sources within 

the systems. 

One should bear in mind that stability is the key aspect to be considered, rather than 

control of the temperature at a specific level (i.e. within a tolerable range). The higher 

the stability, the more accurate the thermal corrections can be made, thus reducing the 

uncertainty of measurement invoked from the thermal expansion coefficient of the PCA. 

Therefore, analysis of the thermal stability performance of the LV pressure balance 

(denoted as Lufbra 1) was carried out. Comparisons against two well known pressure 

balances (NPL) were completed as a function time of measurement taken. The data were 

extracted from the actual data taken during calibration work at NPL. 

Temperature measurements were completed using a multi-channel thermometer (Edale 

Instniments, resolution 0.01 °c and uncertainty less than 0.02 QC). The first thermistor 

probe was placed in between the two pressure balances, exposed directly to the ambient 

room temperature. The second and the third thermistor probes were inserted into the 

access holes in the pressure balances, close to the respective PCAs. 
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TABLE 9.3 Uncertainty calculation of the effective area of P ,C,. AW(P4C2) 

Input parameters Measurand 

Prob. Limits Std. Sensitivity Coefficient 
Standard Uncertainty 

X; 
(2a or Uncertainty DOF laA, I x,l u(x,) Dist. 

Parameter Description Approx. Value Unit ±a) u(xJ v. 
laA.tx,1 Value m' ppm 

<Test Pressure Balance> 

Total mass loaded, m 10.00 kg Norm. 5.0E-05 2.5E·05 - A/mwr 9.81E-05 2.452E-09 2.5E-IOO 

Density of the weights loaded. Pwt 7800 kg/m' Reet. 5.0E+OI 2.9E+OI - At.p,!p.,')I(1-p'!p.,) 1.94B-11 5.602E-1O 5.7E-OI 

Density of the ambient air, Pal 1.20 kglm' Reel. 1.0E-02 5.8E-03 - A/(p.,(I-p/p.,») I.26E-07 7.266E-1O 7.4E-OI 
Thermal expo coeff. of the PCA, (ap, + aq,1 9.IOE-06 'c' Reel. 5.0E-07 2.9B-07 - 2A, (t,- 20) 1.96E-04 5.667E-11 5.8E-02 
Temperature of the PCA, t, 20.1 'C Rect. 2.0E-OI 1.2E-OI - A,(~ + 0;,) 8.93E-09 1.031E-09 I.1E-IOO 

. 

<.Reference Pressure Balance> 
Total mass loaded, m..,. 10.00 kg Norm. 5.0E-05 2.5E-05 - AIm.. 9.8IE-05 2.452E-09 2.5E-IOO 

Density of the weights loaded. Pwr. 7800 kg/m' Reel 5.0E+OI 2.9E+OI - At.p,! p.,')I(1-P,! p.,) 1.94B-11 5.602E-1O 5.7E-OI 

Density of the ambient air, Par 120 kglrrr Rect. 1.0E-02 5.8E-03 - A/(p.,(I-p,!p.,)) I 259E-07 7.266E-1O 7.4E-01 
Thermal expo coeff. of the PCA, (ap, + 0;,,1 9.10E-06 ·C' Reel. 5.0E-07 2.9B-07 - 2A, (t,- 20) 1.963E-04 5.667E-11 5.8B-02 
Temperature of the PCA. tr 19.9 'C Reel. 2.0E-01 1.2E-OI - A,( a;" + 0;,) 8.932E-09 1.031E-09 I.1E-IOO 
Effeetive area at lOO kPa, 20'C),A", 9.815B-04 rn' N/A I.40E-08 7.00B-09 - AlA", l.oooE-IOO 7.oooE-09 7.lE-IOO 
Pressure distortion coefficient, A,. 0 Pa-1 N/A 2.11 1.06 - A,Pr 9.816E+OI 1.036E-04 I.1E-OI 

<Head Correction> 
Density of pressure-transmitting fluid, Pt 2.23 kg/m' Rect. 1.0E-02 5.8E-03 - (Alp,) gJh 1.11B-1O 6.419E-13 6.5E-04 
Density of ambient air, PI 1.20 kglm' Rect. 1.0E-02 5.8E-03 - (Alp,) gJh 1.112E-IO 6.419E-13 6.5E-04 
Height difference in the reference levels, LJh 0 m Reel 2.0E-03 1.2E-03 - (A/p,)<Pt- P,)gL 2.24E-07 2.591B-1O 2.6B-OI 

<Equilibrium Conditions> 
Sensitivity of cross-floating, mdi.r 2.0E-06 kg Reel. 2.0E-06 1.0E-06 - A/mwr 9.81B-05 9.809E-11 1.0E-OI 
Repeatability, R Std. Dev. rn' Norm. 2.6OB-1O 1.30B-1O 31 I I 1.3ooB-1O 1.38-01 

Sum of squared = L (A,I x;)' .'(x;) + .'(m,u,) + U'R 67.39pprn' 

Standard uncertainty of the test effective area at 100 kPa and 20°C, U(AI(IOOkPa. 2O"CV 8,21 ppm 

Expanded uncertainty at a level of confidence of approximately 95% ,coverage factor of k = 2 16_4ppm 
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9.6.1 Lutbra 1 vs. Ruska 2465 

The first comparison was between the Lutbra 1 and the Ruska 2465 (see Section 9.4.1). 

The data were extracted from one day of observations of the first initial experiment 

which ended with unsatisfactory results. Table 9.4 shows a detailed description of the 

data taken, followed by Figure 9.9 that illustrates graphically the temperature variations 

with time for the three sensors. 

TABLE 9.4 Temperatures of the room, Ruska 2465 and LuChra 1, extracted from the first initial 
calibration 

Cross-noatingExperiment atNPL: P,C, vs. C·70 

No. Date and Time Temperature ("e) 
Date Time (hh.mm) Room Ruska2465 Lufhra I 

I IS-Noy-05 09.38 19.70 19.91 19.55 
2 15-Noy-05 09.38 19.70 19.91 19.55 
3 15-Noy-05 09.55 19.53 20.03 19.57 
4 IS-Noy-OS 09.55 19.53 20.03 19.57 
5 15-Noy-OS 10.12 19.67 20.16 . 19.59 
6 15-Noy-OS 10.12 19.67 20.16 19.59 
7 IS-Noy-OS 10.46 19.62 20.45 19.64 
8 IS-Noy-OS .. 10.46 19.62 20.45 19.64 
9 15-Noy-05 . 11.10 19.74 20.S3 19.67 
10 IS-Noy-05 11.10 19.74 20.S3 19.67 
11 IS-Noy-05 I1.S0 19.64 20.6S 19.72 
12 IS-Noy-OS I1.S0 19.64 20.6S 19.72 
13 IS-Noy-OS 12.01 19.61 20.69 19.74 
14 IS-Noy-OS 12.01 19.61 20.69 19.74 
IS IS-Noy-OS 14.13 19.48 20.40 19.77 
16 IS-Noy-OS 14.13 19.48 20.40 19.77 
17 IS-Noy-OS 14.S7 19.82 20.46 19.77 
18 IS-Noy-OS 14.S7 19.82 20.46 19.77 
19 IS-Noy-OS IS.47 19.84 20.54 19.80 
20 IS-Noy-OS IS.47 19.84 20.54 19.80 
21 IS-Noy-OS 16.46 19.80 20.69 19.85 
22 IS-Noy-OS 16.46 19.80 20.69 19.85 

AYerage 19.68 20.41 19.70 
Standard Deyiation 0.11 0.26 0.10 

Minimum 19.48 19.91 19.55 
Maximum 19.84 20.69 19.8S 

Difference (Maximum - Minimum) 0.36 0.78 0.30 
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Temperature variations vs. Time 
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9.6.2 Lutbra 1 vs. DID PG7601 

The second comparison was between the Lufbra 1 and the DHI PG7601 (see Section 

9.4.2). The data were extracted from the Calibration Yl. The graphical illustration 

shown in Figure 9.10, followed with Table 9.5 which shows a detailed description of the 

data taken. 
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TABLE 9.S Temperatures of the room, DH! PG7601 and Lulbra I, extracted from the YI 
Calibration 

Cross-floating Experiment at NPL: PlC, vs_ C-70 

No. Date and Time Temperature ("C) 

Date Time (hh.mm) Room DHIPG7601 Lulbra I 

I 17-Nov-05 11.05 20.47 20.86 20.03 
2 17-Nov-05 11.05 20.47 20.86 20.03 
3 17-Nov-05 11.07 20.49 20.81 20.03 
4 17-Nov-05 11.07 20.31 20.85 20.03 
5 17-Nov-05 11.30 20.19 21.18 20.06 
6 17-Nov-05 11.35 20.24 21.20 20.06 
7 17-Nov-05 11.42 20.21 21.22 20.06 
8 17-Nov-05 11.42 20.21 21.22 20.06 
9 17-Nov-05 12.04 20.22 21.39 20.07 
10 17-Nov-05 12.04 20.22 21.39 20.07 
11 17-Nov-05 12.19 20.02 21.50 20.07 
12 17-Nov-05 12.19 20.02 21.50 20.07 
13 17-Nov-05 13.59 20.22 21.47 20.08 
14 17-Nov-05 13.59 20.22 21.47 20.08 
IS 17-Nov-05 14.16 20.16 21.50 20.08 
16 17-Nov-05 14.16 20.16 21.50 20.08 
17 17-Nov-05 14.29 20.03 21.54 20.07 
18 17-Nov-05 14.29 20.03 21.54 20.07 
19 17-Nov-05 14.40 20.43 21.59 20.08 
20 17-Nov-05 14.40 20.43 21.59 20.08 
21 17-Nov-05 14.49 20.30 21.61 20.09 
22 17-Nov-05 14.49 20.30 21.61 20.09 
23 17-Nov-05 15.02 20.22 21.64 20.09 
24 17-Nov-05 15.02 20.22 21.64 20.09 
25 17-Nov-05 15.16 20.19 21.67 20.09 
26 15-Nov-05 15.16 20.19 21.67 20.09 
27 15-Nov-05 15.33 20.34 21.70 20.10 
28 15-Nov-05 15.33 20.34 21.70 20.10 

Average 20.24 21.41 20.07 
Standard Deviation 0.13 0.28 0.Q2 

. Minimum 20.02 20.81 20.03 
Maximum 20.49 21.70 20.10 

Difference (Maximum - Minimum) 0.47 0.89 0.07 

Figures 9.9 and 9.10 clearly demonstrated that the Lufbra 1 is more stable in terms of 

temperature stability compared to the Ruska 2465 and DHI PG7601, which have more 

complicated design. Its simple (fully-mechanical) and special construction (large 

volume) have made the Lufbra 1 thermally extremely stable and able to represent the 

room temperature variations in an excellent manner (gradual change). However, 
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outstanding performance of the Ruska 2465 and DH! PG7601 is reduced, simply due to 

their thermal stability, which is due to the motor and electronic circuitry associated with 

them. 

9.7 SUMMARY AND DISCUSSIONS 

The overall goal of this exercise was to get the pressure system developed/used at the 

LU traceable to the National Primary Pressure Standard. Besides traceability reasons, 

this exercise was planned so that it simultaneously acted as a mechanism for verification 

on the performance of the work completed at LU. The performances of the LU pressure 

balance and PCAs have been assessed internally from the data given by the NPL. 

Successfulness of this exercise has automatically provided confidence in the LU data. 

Four PCA combinations were calibrated by the NPL, where particular attention was 

. given to P2C3 which acted as a reference PCA in the calibration chain. P2C3 was 

calibrated at six points, ranging from 50 to 400 kPa. Three other combinations, i.e. P3C4. 

P4C2 and P4C4 which acted as check standards, were calibrated at 100 kPa only. 

Comparison against a working standard pressure balance of relatively very small 

effective area (approximately 11.6 times smaller) demonstrated unsatisfactory results. 

Therefore, the UK Primary Pressure Standard of the same effective area ratio as the LU 

pressure balance was used to calibrate all of the PCAs. The pressure balance (Lufbra I) 

and all PCAs performed very well during the calibration processes. All of the 

combinations have been determined for their respective effective areas, with expanded 

uncertainty of 14.3 ppm (k = 2). 

After completion of the calibration work at the NPL, internal verification process started 

with adjustment of the effective areas of the check standards P3C4. P 4C2 and P 4C4 which 

were previously traceable to the estimated value of the P2C3. The new values of the 

check standards (which are traceable to the Primary Pressure Standard via NPL's 

calibrated P2C3) were subsequently determined, completed with a revised statement of 

measurement uncertainty. The expanded uncertainty of measurement was estimated to 
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be 16.4 ppm (k = 2), applicable to all the check standards. These values were then 

compared against the values determined by the NPL (direct traceable to the Primary 

Pressure Standard). The deviation checks performed have demonstrated that all the 

deviations were 4.1 ppm Oarger), i.e. one fourth of the estimated uncertainty quoted. The 

overall performance of the work completed at LU was tested out through a normalised 

error (En') check. The test results demonstrated that all values determined (inclusive of 

uncertainty of measurement) met the necessary requirements. 

Additional performance checks have also been carried out on one of the critical elements 

in the high precision pressure measurement, i.e. thermal stability of the pressure balance. 

The thermal stability of the LU pressure balance was compared against the NPL working 

standard and Primary Pressure Standard, with variations of the room temperatures also 

included. All data were extracted from the actual calibrations performed. Comparison 

results demonstrated that the LU pressure balance (see Section 5.2) was extremely stable 

compared to the others. 

This successful calibration/verification process has proven that the whole calibration 

system, i.e. pressure balances, PCAs, cross-floating methods, effective area 

determinations and uncertainty estimations are trustworthy, reliable, competent and 

traceable. Hence this has confirmed the validity of the findings on "the effects of the 

surface texture on the pressure balance" as described in Chapters 7 and 8. 
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CHAPTER 10 

CONCLUSIONS 

There were eight objectives of the research presented in this thesis, which are 

summarised in Section 10.1. The novel and unique engineering and scientific 

contributions are highlighted in Section 10.2, and future work that would be undertaken 

is outlined in Section 10.3. Finally, Section lOA lists the dissemination effort completed 

so far as a consequence of this research work. 

10.1 RESEARCH OBJECTIVES SUMMARY 

The main objective of this research work was to investigate the effects of surface texture 

on the pressure balances. However, in order to achieve this main objective, six other 

investigations and one subsequent investigation have been completed. Each additional 

investigation has carried along its own objective. Therefore, the overall research 

objectives and their achievements are described as follows: 

• Manufacturing of two identical pressure balance nnits for cross-floating 

experiments: Two identical pressure balances have been successfully designed 

and manufactured using the 316 stainless steel, with aluminium bases. The 

overall combination of elements in the design of the pressure balances is unique, 

although individual elements can be found in research and commercial 

equipment. They have performed very well throughout all experimental work, 

with a maximum value of repeatabiIity of 1.06 ppm at 100 kPa. The design and 

construction of these pressure balances have provided extreme thermal stability 

of the PCAs, which is better than other similar capacity of pressure balances 

available in the market nowadays. 
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• Manufacturing of identical pistons (of various surface texture) and identical 

cylinders, which are interchangeable: Seven identical pistons (of various 

surface texture applied onto their outer surfaces) and three identical cylinders 

have been successfully manufactured. They are interchangeable with each other, 

and have performed very well in all of the cross-floating experiments. Different 

types of material have been experimented with, including 316 stainless steel. 

However, due to the softness and high coefficient of friction of these materials, 

galling effects became the main problem. Galling effects caused the piston and 

the cylinder to easily bond together, thus leading to failure. The prominent 

material for the PCA has been chosen (Dymet DF6 tungsten carbide), which 

produced excellent performance. This element of the work has for the first time, 

explicitly documented the manufacturing processes for a PCA. 

• Identifying an approach to demonstrate pressure dependency on the surface 

texture applied onto the pistons: A well planned calibration chain has been 

designed. The best PCA combination (based on fall rate and spinning time at 100 

kPa) has been chosen (among the manufactured pistons and cylinders) as a 

reference, to which all other combinations were traceable (P2C3 - fall rate of 100 

~min, spin time of 45 minutes). For the sake of a statistically better analysis, 

direct and indirect cross-floating experiments against the reference have been 

completed, hence more cross-floating comparisons were possible. 

• Identifying the best method in determining the equilibrium conditions in 

cross-floating experiments: Two methods have been identified in judging the 

eqUilibrium conditions of the cross-floating experiments. Two well known 

methods have been experimented, i.e. the flow sensing and the pressure sensing 

methods. Both methods which were used simultaneously in all experiments have 

produced a sensitivity of 0.2 ppm at 100 kPa. However, due to convenience, the 

equilibriums based on the pressure sensing method have been used, backed-up 

with the flow-sensing method. 

• Identifying the effects of rotational speed (RS) and rotational direction (RD) 

on the pressure generated: Before investigation into the effects of the surface 
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texture could be initiated, investigation into the effect of RSs and RDs was 

required. These were completed on Piston 4 (P4), matched with two Cylinders 2 

and 4 (C2 and C4), aimed at identifying any pressure dependency as a function of 

RS and/or RD. Eight cycles consisting of CW-CW, CW-CCW, CCW-CCW and 

CCW-CW per cycle have been carried out, resulting in 32 sets of data. The 

results obtained were inspected graphically and numerically, and have shown 

that the performance of the pressure balances is independent of RS or RD. 

• Identifying the most practical method of measurement in quantifying the 

surface texture applied onto the pistons: A 3-Dimensional surface profiling 

instrument (Zygo New View 5000) was used. The profiler scanned the piston's 

surface to reveal its microstructure and topographical features. The three surface 

parameters that have been taken into account were Rh Rq and Ra. Average values 

based on ten scanned areas have been used to represent the individual surface 

parameters of each piston. 

• Identifying the effects of the surface texture to the pressure generated: 

Cross-floating experiments have been carried out on the test PCAs, with respect 

to the calibration chain. However, they were performed with three cycles only. 

Results obtained were investigated through graphical and numerical analysis 

where each RC was individually identified (RC-base identification). Further 

investigations have been carried out on six PCAs which are traceable to the 

reference PCA via various routes within the calibration chain. Differences in the 

determined effective areas via each route were the means of checking the 

possibility of "summing up phenomenon" due to the surface texture effects. This 

work has demonstrated a tentative correlation which identifies the smoothest 

piston as producing the lowest effective area values, whilst all rougher pistons 

produce larger effective area values. However, the texture effects may be masked 

by variations of piston diameter and hence effective area. 

• Identifying a suitable method of verifying the findings obtained: The 

reference PCA and three other PCAs (acting as check standards) were calibrated 

by the NPL. This work functioned as the calibration/verification of the whole 
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calibration system within the calibration chain. Assessment of the whole 

calibration system, i.e. pressure balances and PCAs, cross-floating method, 

effective area determinations and uncertainty estimations have been made 

internally using the effective areas determined by the NPL. 

10.2 ENGINEERING AND SCIENTIFIC CONTRIBUTION 

The uniqueness of this research work has provided original engineering and scientific 

contributions. At the same time, other experiments/approaches that have been completed 

to achieve the main objective have emerged as additional engineering and scientific 

contributions as well. They are identified as follows: 

• A well documented procedure of the manufacture of the PCA (as describe in 

Sections 5.3 and 5.4) is presented. There is no such document publicly available. 

Therefore, this thesis contributes a significant insight into the manufacturing 

processes involved, which is beneficial to the pressure community, existing and 

potential manufactures of the pressure balance. 

• An approach using interchangeable identical pistons (seven) with identical 

cylinders (three) of 35 mm diameter has shown successful results. This research 

proves that this approach (interchangeable pistons and cylinders) is a practical 

method to further investigate other effects that might alter the pressure generated, 

not necessarily restricted to the effects of the surface texture. 

• The method used in the cross-floating experiments themselves is considered as a 

unique approach where the CW-CW, CW-CCW, CCW-CCW and CCW-CW 

combinations have never been explored before especially with respect to 35 mm 

diameter PCA's. Normally, the test PCA is the only one that is subjected to a 

change of direction (if any). Through this approach, a 3-Dimensional 

presentation of the effective area variations in relation to the RSs and RDs (of 

both PCAs involved) can be observed or investigated. 

• For the first time in the field of pressure metrology, an analysis of surface texture 

(of various levels and types applied onto the pistons) affecting the pressure 
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generated is presented. This research initiates the study on the surface texture 

effects on the PCAs. Two findings have been identified from two types of 

experiments carried out. They are as follows: 

> There is no observable effect of the pressure generated due to the RSs and 

RDs of the PCA using a 35 mm diameter PCA, with the nitrogen as a 

pressure transmitting fluid (Chapter 7), with respect to the uncertainty 

budget and noise floor of the pressure balances. 

> There is no clear effect of the pressure generated due to the surface 

textures (of random pattern) on the 35 mm diameter pistons, with the 

nitrogen as a pressure transmitting fluid (Chapter 8), with respect to the 

uncertainty budget and noise floor of the pressure balances however, it is 

noticeable that the smoothest piston does produce consistently the lowest 

effective area. 

• The research highlights that the surfaces of piston and cylinder are not perfectly 

smooth due to the nature of the manufacturing processes. PCAs are purposely 

being manufactured with certain levels of texture on them to make sure the 

performance is excellent. Without this texture, lubrication between two rubbing 

surfaces is insufficient, due to the lack of surface pockets, which can retain 

pressure transmitting fluid within them. Insufficient lubrication causes higher 

coefficients of friction (due to solid friction of mechanical contact) between these 

surfaces, thus the piston can easily get stuck to the cylinder. This phenomenon 

can easily be seen in the "wringing process" which is commonly used in 

dimensional measurement using block gauges. The majority of the people within 

the pressure community work on the basis that the pistons and cylinders should 

be manufactured with the highest possible smoothness level, without requiring 

texture on them. 

• The research has started to investigate that surface texture on the piston and 

cylinder may alter effective area of the PCA due to the level of roughness in the 

texture (even though this research cannot at this point in time demonstrate any 
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consistent pressure dependency on the surface texture). Theoretically, the 

rougher the surface, the bigger the effective area will be. In the pressure 

measurement context, this assumption is based on the reason that the rougher 

surface will make the "effective contact" between the pressure transmitting fluid 

and the peA's wall to be increased, thus enlarge the effective area (see 

explanations in the future work). 

• The work has identified a simple, but effective method of thermal stability 

comparison against well establish pressure balances, which are commonly used 

as a Primary Pressure Standard or Reference Pressure Standards at NMIs all over 

the world. These simple comparisons revealed that a fully mechanical self 

designed pressure balance performs better in term of the thermal stability, 

compared to others, which have complicated electronic circuitry and motorised. 

10.3 FUTURE WORK 

Whilst this thesis presents several new methodologies towards the improvement of the 

effective area determination (through investigating the effects of surface texture to the 

pressure generated) of the peA, there are many questions that have arisen from the 

work. These questions are illustrated in the context of the following future work. This 

future work is divided into two sections, i.e. Section 10.3.1 and Section 10.3.2. The first 

section list all the future work to be carried out, based on the existing pressure balance 

and the peAs. While the second section describes the future work which would be based 

on the new peAs and a modified pressure balance. 

10.3.1 Existing Facilities 

The future research work that would be carried out is as follows: 

• Investigation of the effects of the gas species on the peAs of various surface 

textures. This type of research has been carried out by several NMIs (some are 

still), but with normal surface finished peAs. Larger pressure dependency effects 

are anticipated through this future work, since different sizes of gas molecules 
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(of different species) would demonstrate different manners of interactions, which 

may depend on different levels of roughness of the piston surface. 

• Investigation on the effects of the clearance sizes (in relation to the different gas 

species used) to the pressure generated. This can simply be implemented with 

any piston, matched with the Cylinder 2 (C2), and subsequently with the Cylinder 

4 (C4). Previous cross-floating experiments have clearly demonstrated that these 

two cylinders have a diameter difference of less than 0.2 lUll. 

• Investigation on the effects of cleaning methods used to the pressure generated. 

Cleaning processes using different cleaning agents would be applied to the 

pistons of different surface texture. This is due to residue of the cleaning agents 

(that may be left behind after each cleaning process) which may generate 

different interactions between piston and cylinder thus altering the pressure 

generated. 

10.3.2 New peAs and Modified Pressure Balance 

The research work that would be carried out in the future using new PCAs and a 

modified pressure balances is as follows: 

• New PCAs offully controlled surface texture should be developed. This could be 

achieved through ablation method machining lasers. Having a more controllable 

and uniform surface texture, will give better representation of each piston's 

overall characteristics when average values are used. Furthermore, localised laser 

ablation will not affect the geometry of the piston (diameter, cylindricity etc.), 

unlike the current approach, where the piston is matched to the cylinder, and any 

further surface texture modification may reduce the piston diameter. This 

advancement in surface modification would develop a new perspective of 

research: 

> Investigation on the best design of the surface texture to be applied onto 

piston or cylinder (or both of them) in order to get the best performance 

of the PCA, especially on the fall rate and spinning time. Micro-texturing 
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of surfaces is believed to give impact on lubrication and hydrodynamic 

friction between piston and cylinder, hence the performance and effective 

areas of the PCA. This is beneficial to the pressure balance manufacturer 

who is always seeking for improvement in their products. 

> Comparisons of the effective areas obtained through the cross-floating 

method against the dimensional measurement methods. Variations in the 

determined effective areas are anticipated (especially when various sizes 

of contact probes/stylus were used). Continuous research on this subject 

would be able to get a functional correlation between surface textures and 

the effective area of the PCA, thus improve the state-of-the-art 

uncertainty of pressure measurement in the primary level. 

> Repetition of the existing procedure (but in a more refined manner) could 

be applied with various gas species. 

• The construction of new mounting posts (with existing base, weights and weight 

loading bells) to accommodate bigger PCAs. i.e. 50 mm diameter. A bigger PCA 

would give better opportunities to study surface texture manipulation methods 

especially in the degree of roughness to be applied. 

• Investigating the possibility of manufacturing a PCA of different materials, other 

than tungsten carbide. 

• Investigating the performance of the tungsten carbide PCA using a different 

grade of tungsten carbide (different grain sizes and compositions). 

10.4 DISSEMINATIONS 

The work carried out in this research has been, and is in the process of being 

disseminated as follows: 

• Wan Mohamed, W.A.M. and Petzing, J.N., Investigating the influence of 

surface texture on the performance of gas operated Dead Weight Pressure 
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Balances, Proceedings of the 4th CMM International Conference on Pressure 

Metrology from Ultra-High Vacuum to Very High Pressures (10-9 Pa to 109 Pa), 

Institute of Physics, London, UK, April 2005, pp 4-5 [Wan Mohamed and Petzing 

2005]. 

• Wan Mohamed, W.A.M and Petzing, J.N., Investigation into piston-cylinder 

peifonnance. A Pressmet Meeting: "High pressure measurement", DH­

Budenberg, Manchester, UK. 18 April 2006 [Wan Mohamed and Petzing 2006]. 

• Wan Mohamed, W.A.M and Petzing, J.N., The effect of rotational speed and 

rotational direction on pressure generated by gas operated pressure balances. 

In-review, Measurement Science and Technology, June 2006. 

• Wan Mohamed, W.A.M and Petzing, J.N., Suiface texture on the peAs and its 

impacts on the gas-operated pressure balances. In-preparation, 3rd APMP 

Pressure and Vacuum Workshop, NPL India, December 2006. 
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