XX IMEKO World Congress
Metrology for Green Growth
September 914, 2012, Busan, Republic of Korea

DEVELOPMENT OF 1.6 GPA PRESSURE-MEASURING MULTIPLIERS

W. Sabughand R. Haines

! Physikalisch-Technische Bundesanstalt (PTB), Bselweig, Germanyyladimir.sabuga@ptb.de
% Fluke Calibration, Phoenix, AZ, USA

Abstract: Two 1.6 GPa pressure-measuring multiplierscylinder assembly (PCA) which have significantlyfelient
were developed and built. Feasibility analysis tbéir  effective areas. The LP

operation up to 1.6 GPa, parameter optimisation andnd HP PCAs are axially Low pressure
prediction of their behaviour were performed uskigite aligned and their pistons [ [ l l
Element Analysis (FEA). Their performance andare mechanically

metrological properties were determined experimign&t  coupled. Both, LP and
pressures up to 500 MPa. The experimental anddtieal HP pistons are unsealet
results are in reasonable agreement. With theltsesuin the cylinders and are
obtained so far, the relative standard uncertawoftythe rotated, which, due the
pressure measurement up to 1.6 GPa is expected tmtb lubrication effect, avoids

greater than 210 With this new development the range of mechanical friction
the pressure calibration service in Europe canxbended between the pistons anc
up to 1.5 GPa. cylinders. Consequently

in the absence of othel
Keywords: High pressure standards, pressure multiplier§orces, the forces due tc

finite element analysis, pressure transducerdyregion. pressurespy and p. on
the pistons are balancet
. tft
1. INTRODUCTION when the ratio of High
pressures is equal to th pressure

New high pressure technologies such as a.u'Fofrettag@tiO of the effective Figure 1. Operation principle
hydroforming and isostatic pressing are being isitely ~ areas of the LP and HP of a pressure multiplier
developed and used in the automotive industry, eflies PCAS,Aup andA e
engineering, vessel production for the petrocheimicad
pharmaceutical industry, water cutting machine nfecture, Pr /P =Aup ! Ap 1)
new material fabrication and, recently, for foodrgisation.

New transducers for measuring pressures up to P& G  The high pressurepy, can thus be determined by
have recently been developed and are offered bgrakev accurately measuring. and by knowing the exact ratio of
manufacturers. The use of these high pressureduaers Aup t0 Ap, also called multiplying ratioky). The principle
requires their calibration and, thus, existencegropriate  Of the pressure measuring multipliers has beersénat least
reference pressure standards traceable to thenatiemal since the 1930s and is utilised in current practifoe
System of units. The operation range of the pressuéxample inthe 1.5 GPa national pressure standdRassia,
standards in West Europe is limited by 1.4 GPaea@on of VNIIFTRI [3]. A 1GPa pressure multiplier has been
new primary pressure standards up to 1.6 GPa am®mmercially offered since the late 1980s and isdusy
establishing a calibration service up to 1.5 GPathis national metrology institutes and calibration ladtories as
objective of a Joint Research Project (JRP) "Higbsgure ~a secondary or transfer standard [4].

metrology for industrial applications” within theudpean In the newly developed multiplier, the nominal etfee
Metrology Research Programme (EMRP) [1, 2]. PTH anareas of the LP and HP PCAs were chosen to be”lanth
Fluke Calibration (Fluke) have jointly developeddaouilt 5 mnf, respectively. These are dimensions for which
two 1.6 GPa pressure measuring multipliers to ektgre production technology is well established and teatilt in a

pressure scale and the calibration range as refjuire pressure ratio of 1:20. Thus, a pressprg,of 1.6 GPa on
the HP side of the multiplier is reached @t= 80 MPa

2. PRINCIPLE AND KEY FEATURESOF THE which is easily generated and measured with higaracy.
PRESSURE MULTIPLIERS The design of the new multiplier has specific feasuwhich

distinguish it from that of the former multiplierskirst, to

The Operation princip]e of a pressure measurin@VOid.plaStiC deformation and to guarantee St&bdﬁthe
multiplier is explained in figure 1. The multiplicludes a  €ffective areas the components of the LP and HPsP&a

low pressure (LP)pL, and a h|gh pressure (HR))'h piston_ made of tungsten carbide with 6% or 10% (HP piSton)



cobalt (WC-Co) instead of steel used in [3]. Sinbe
tensile strength of the tungsten carbide is limitedoughly
0.7 GPa, the HP cylinder can be operated at thennoemx
pressure of 1.6 GPa only if it is supported frontsale.
Thanks to a special design of the multipliers a p@ssive
load is established on the outside of the HP temgsarbide
cylinder which prevents rupture when the pressusalée the
cylinder exceeds the material tensile strength[4]rthis is
accomplished by fitting a sleeve around the cylindén
order to extend to 1.6 GPa in the new multipliexp t
sleeves, each made of chrome/nickel/molybdenunt, stese
successively assembled onto the tungsten carbide
cylinder by means of thermal shrink fits. In adifit the HP
cylinder with the two sleeves is set into a jackétich

allows a jacket pressurgy) to be applied to the lateral
surface of the outer sleeve and, thus, to addifipna

compensate the tensile stress in the cylinderr@i@.
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Figure 2. HP PCA in the mounting post

which produces even stronger contraction of thendegr
than the CC mode, the problem was solved by givireg
cylinder bore a flare-like shape with a diametethat outlet
being by few micrometers larger than at the inl&uch a
manufacture strategy is extremely difficult and etly
leads to large widths and irregularities of thegiscylinder
gap. In the new multiplier, the problem is overeoimy
giving the outer surface of the inner sleeve aalde shape.
In the lower part, where the pressure inside theadgr and
in the PCA gap is much larger than the ambientgures the
inner sleeve has a cylindrical shape. In the uppet;, where
HRe pressure in the gap approaches the ambiergupegghe
inner sleeve has a conical shape with the dianagtdre top
being by 0.3 mm smaller than the diameter of tHmdsical
part. This results in a tapered gap between theriand
outer sleeves which reduces the actiorpobn the upper
part of the inner sleeve. Therefore, excessiveeatnation
of the pressure gradient in the piston-cylinderadace
towards the outlet of the cylinder is avoided and a
acceptable flow rate of the pressure transmittifgiid
between the piston and the cylinder is providedhe T
optimal shape of the inner sleeve was determineldEbd as
described in the next section.

The LP PCA was designed keeping in mind the
requirement to have sufficiently low fluid flow thugh the
piston-cylinder gap. This requirement results frahe
relatively large effective area of the LP PCA coneghto
the area of a pressure balance PCA maintaining and
measuringp,.. Usually, PCAs used in the range of 80 MPa
have nominal effective areas of 0.1%mhich is ten times
smaller tham p. Excessive flow rate in the LP PCA would
cause a high piston fall rate of the referencequmesbalance
which could increase uncertainties or result iruffisient
time for stablepy. To limit the flow rate and optimize
performance, the principle of negative free defdromawas
applied. This principle is well proven and is used-luke
gas high pressure balances [6], providing low fates at
higher pressures and high sensitivity at lower quess. In
the LP PCA design, the LP cylinder is surroundedaby
sleeve with a conical taper on the inside surfawg g is
applied to the outside surface of the sleeve. OMesleeve
has a sliding fit on the cylinder and is positiorsedthat its

The HP PCA is designed to be operated in controlledmajlest diameter is located where the cylindesquree is

clearance (CC) mode with typically equal to 25 % ofy,
at which the pressure distortion coefficied) of the PCA
should be around zero. In addition, the HP PCA ray
operated with variablg; in order to adjust the piston fall
rate (1) and the PCA sensitivity, if necessary, as weltas
study A experimentally by measuring dependenceg aihd

maximal. In the absence of pressure, the sleex@dupes no
stress on the cylinder. As pressure increaseslingahe
cylinder from inside and the sleeve from outside, $leeve
first comes in contact with the cylinder in the ioegwhere
the pressure in the piston-cylinder gap is maximal.this
way, a variable outside load of the cylinder isatee that

Aup On ;. For optimal and stable operation of a PCA it isoptimally compensates the radial distortion of tytinder

desirable that the pressure in the piston-cylingap
changes linearly from its maximum value at the gt to
the ambient pressure at the gap outlet. Such ssure
distribution is difficult to realise in the case ©€C HP PCAs
having a nominally constant gap in the pressure-B&te
because, under pressure, the piston-cylinder gapnies
extremely small in the outlet region due to a cremstional
expansion of the axially loaded piston and a siamdbus
reduction of the cylinder bore due to the jacketsgure [5].
In [3], where PCAs are operated in the re-entrantiem

produced by the inner pressure. With this variahléside
load distribution a nearly linear pressure distiifiu in the
LP PCA gap is achieved.

3. FEA

To analyse feasibility of the pressure multipliers'
operation up to 1.6 GPa and to optimise dimensairthe
PCAs components they were modelled using FEA. The
modelling was performed using two different FEAte@ire



packages, ANSYS at PTB and Cosmos/Works at Fluke.
this way, correctness of the calculations was iegtifby
analysing the same problem. Additionally, the wsed
were performed for different problems to get
complementary information on the multipliers penfiance.
The FEA included large deflection, contact and tpdas
capabilities, the latter required for the tube amtad to the
HP PCA. First, all parts were modelled with theiaterial
properties and assumed geometries. For the HP fREA
shrinking of the inner and then of the outer sleewethe
tungsten carbide cylinder, and connection of thetti® to
the HP cylinder was modelled.

The cylinder to inner sleeve shrink fit was perfedn
first, using nominal geometry. The deformatiortled outer
surface of the inner sleeve after this step wagdcotin
production this surface is re-machined after thigairshrink
fit. To simulate this, the outer diameter of theer sleeve
was changed reducing it by the amount of deformatio
achieve geometry after this initial shrink stepttbaves a
good representation of the geometry that results
production. The inner to outer sleeve shrink fibsw
performed second, using the resulting cylinderfirsieeve
combination with the outer sleeve nominal geometfhe
shrink fit of the taper in the inner sleeve wascaaplished
in the same manner as the other shrink fit surfacéke
amount of contact of the surfaces was determiredtitely
in the analysis, a step performed automaticallythey FEA
software. Three inner sleeve outside shapes we
numerically tested in their effect on the stressspure
distribution in the piston-cylinder gap aAd

Connection of the HP tube to the cylinder and

deformation of the tube under pressure were studietiibe

tip angle of 59.5° and matching cylinder cone arafl&0°

were selected. The tube was moved into the cylitmlget
a contact along the whole length of the cylindemecand a
pressure of 1.6 GPa was applied.

Surface loads in various combinations were appliec =

The loads included 50% or 100% of maximum measunéme
pressure on relevant surfaces, a linear and, atieety,
constant pressure distribution in the piston-cydindap, as
well as a jacket pressure on the outer surfackeoHP PCA
sleeve and a LP on the outer surface of the LP Bl€dve.
After each load step, radial deformation, radiald an
tangential stresses were extracted.

Table 1. Material properties

Part / Material E/GPa M | S/GPa| S,/GPa
LP PCA, HP cylinder / -
WC-6%Co 620 | 0.218 - =0.7
HP piston /

WC-10%Co 560 | 0.218 - -
LP & HP sleeves /

Cr-Ni-Mo steel 200 0.3 1.2 1.4
HP tube / austenitic 200 03 1.053 1216
steel

The stress and strain distributions were analysed i
relation to the ultimate tensile streng®h( and the elastic
limit (§) of the cylinder, sleeve, and HP tube materials
These properties together with the Young’'s mod(ii)sand

the Poisson ratiop) based on the information by the
materials' manufacturers and literature data anepded in
table 1. LaterE and u values were accurately measured
using the resonant ultrasound spectroscopy [7].

After the shrink fit of the inner sleeve on theingler, a
tangential stress of about -600 MPa (compressioay w
achieved at the inside of the cylinder. The tatigkstress
distribution at the cylinder inside after the sujsnt
shrinking fit of the outer sleeve is shown in fig8. In the
upper part of the PCA, the absolute value of thresst
becomes lower which results from the conical shafpthe
outer surface of the inner sleeve. This correspdodthe
intended reduction of the outside support in thigare of the
internal pressure drop. The dashed line in figdirghows
the tangential stress calculated analytically under
assumption of cylindrically perfect cylinder anceesles.
Both the FEA and analytical results demonstrate tha
double shrink will to a great extent compensateterstress
produced by the internal pressure of 1.6 GPa. aFimear
pressure distribution in the gap the maximum residtress
produced by the shrinking and the internal presswald
be about 400 MPa, which could be withstood by th€ W
cylinder even in the absence of jacket pressur@weyer, in
order to minimize risk of cylinder rupture, jack@essure is
expected to be applied in all normal system opemati
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Figure 3. Tangential stressat the HP cylinder inside

after shrinking fit of 2 deeves calculated with FEA (S)
and analytically (S cac)

Figure 4 presents the FEA model of the HP PCA and
tangential stresses in the PCA componengg;at 1.6 GPa,
a linear pressure distribution from 1.6 GPa to zdomg the
piston-cylinder gap ang, = 0.4 GPa. The FEA calculations
for the HP PCAs at the maximum measurement presgure
1.6 GPa and the jacket pressure of 400 MPa shotnthiba
radial and tangential stress distributions are gmamnd
without any significant concentrations, the cylindis
subject only to compressive stresses, and theede@main
within the elastic limit. These results for the HRCA
indicate that the design is not at risk for cylindgpture nor
instability of the effective area due to plastidatmation in
the sleeves. The calculations also confirm theessity of
having two sleeves on the HP cylinder in order ¢bieve
the required cylinder compression when the tempegdbr
the thermal shrink is kept below the tempering terafure
of the sleeve material.
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Figure 4. FEA model of HP PCA (a), tangential stress
distribution init @ py = 1.6 GPa & p; = 0.4 GPa (b)

The analysis of the tube demonstrates that onipalls
portion of the tube near the center line is subjegblastic
deformation. In the tapered part of the tube, i $bctions
where the tube is not supported by the cylindes, région
of plastic deformation does not exceed 1/3 of theetcross
section. These results indicate a reliable commect
between the HP PCA and tube at pressures up {GRa6

cylinder [5].

2.0

studies results of hydrodynamic modelling strondgpend

on a real initial gap profile between undistortastgn and

In particular, information about theylinder
bore profile near the exit is important becausegae in this
region becomes the narrowest under high pressude an
therefore has a strong effect on the pressureitdistn, v;
and . To take this into account, prior to performingral
adjustment of the piston to the cylinder bore ire th
multiplier production process described
dimensional measurements were performed on theHRo
cylinders. They included straightness measureniantise
outlet region of the cylinder bore along 4 genéxalines
separated by 45°. Results for opposite generatfige and
180°, 45° and 225°, and so on) were averaged aed ar
shown for the two cylinders in figure 5.
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In & similar manner as the HP PCA, an FEA of the LP  Figyre 5, Piston-cylinder gap near the outlet for a
PCA was performed g, = 80 MPa and a linear pressure perfect piston and real dimensions of cylinders 1 and 2

distribution fromp, to zero being applied to inside of the
cylinder with p. applied to the outside of the sleeve
surrounding the cylinder. The primary objective sw®
minimise the radial distortions at the cylinderides and
thus the fluid flow rate. It was found out thatjttwan

For FEA calculations, where the PCAs are treated as

axisymmetric,
approximated by analytical
presented in figure 5. The piston and the cylinttee apart

the gap profiles were averaged and
functions which are also

optimal taper on the inside of the sleeve, the aladi from the gap exit were considered ideally cylindric

distortions of the cylinder do not exceed 0.1 prarat point
of the cylinder bore. W.ithout the sleeve and ie free
deformation (FD) mode, they would reach 1 um atgap
entrance.

Results of the piston fall
h =(0.2-0.5) um, FD and CC operation modes, DHS and

Different gap widthsK) were analysed. Figure 5 presents
the case in which was equal to 0.2 pm.

rate calculations for

Combining the structural FEA of the HP PCA with apgs-1 liquids are shown in figure 6.

hydrodynamic analysis for its piston-cylinder gagmand v;
were calculated with using the PTB iterative method
described in [5]. As a pressure transmitting meditwo
liquids were considered: di(2)-ethyl-hexyl-sebac@DS)
at py<05GPa and polydiethylsiloxan PES-1
py < 1.6 GPa.
balances up to 1 GPa. However DHS is not appkcall
higher pressures because of solidification. Itssidg and
viscosity dependences on pressure were used as@igein
[5]. PES-1 has a significantly lower viscosity thBHS
with acceptable values up to 1.6 GPa. Its denaitgd
viscosity as functions of pressure were based om
experimental data presented in [3]. With DHS, glaltons
were performed in FD mode to provide target valaks;
for optimal piston-cylinder gap widths to be acledvn the
piston-cylinder production process. With PES-1thbBD
and CC modes were analysed. As known from fornkek F

for

DHS is a liquid widely used in pressure s
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Figure 6. Piston-cylinder gap near the outlet for a
perfect piston and real dimensions of cylinders1 and 2



Even with the smallest technologically feasible gdp

0.2 umy; is too high when PES-1 and FD mode are usediston and cylinders.

PCAs and allowed estimation of the gap width betwee
It was fourtd= (0.27-0.36) um for

The largest gap considered, 0.5 um, combined with Cthe HP PCAs ant = (0.68-0.73) um for the LP PCAs.

mode produces acceptaleat py >1 GPa but rates that are

still too high below 1 GPa. Surprisingly, the dince
between the piston fall rates for 0.2 um and 0.5gaps in
the pressure range (1 to 1.6) GPa is not as bigoatd be
expected from theory of the undistorted gap. Whth FEA

results forv; the rangeh=(0.3-0.4) um was found as

optimal. With h=04pum, a target v of
(0.068 to 0.073) mm/min was defined to be achiewatd
32 MPa in control measurements when fitting theopis to
the cylinders. At 500 MPa with DHS and in FD mottes
gap width leads tg; = (0.57-0.61) mm/min.

4. REALISATION OF THE MULTIPLIERS

For both the HP and LP PCAs, the best designsatetic

by the FEA were realized. Complementary technel®gi

available at PTB and Fluke were combined. Theopist
cylinders were manufactured and detailed
drawings of the multipliers and all their parts ¢guoed by
Fluke. All other parts — each of the two multiptie

comprised about 80 parts — were manufactured by.PTB

Fluke carried out a final mechanical adjustment tioé
sleeves and some other parts. In particular, ggicg of
the final diameters of the sleeves to meet the nddfi
tolerances of 1 um and to achieve a roughnesstefala
surfaces better than 0.2 um required Fluke's eigeert

The production of the PCAs started with 5 to 8 pgeof
LP and HP pistons and cylinders as well as sleevHse
best were selected during the succeeding processidg
characterisation.

PTB performed dimensional measurements
performed the thermal shrink fits of the sleeves tba
cylinders. For the shrink fits, the outer steedeske was
heated up to 400 °C maximum to stay below the teimge
temperature of the sleeve's steel, which is 450HGwever,
provisional shrinking trials indicated that 400 °Gf
temperature increase may be not be sufficient tiopa the
shrink — the insert stuck in the outside sleeve. gét more
space and time leeway for the shrinking procedaigreater
temperature difference between the two parts weeted by
cooling the insert (cylinder in the®i1shrink stage and
cylinder with already shrunk inner sleeve in tH& ghrink
stage) down to about —196 °C using liquid nitrog@mior to
shrinking the outer sleeve onto the inner, whicti baen fit
to the cylinder in the *Lshrink, the cylindrical and conical
outside surfaces of the inner sleeve was charaeteri
dimensionally.

After the two HP cylinders heat shrink operatiohsiit
bores were re-machined to remove 3to5 um fronerin
surfaces deformed by shrinking.
cylinders were then lapped to achieve piston &tks which
had been predicted by FEA with the gap widtthef (0.3-
0.4) um. The test piston fall rate measurementghin
production stage were performed at a pressure &iRB3a at
which the effect of the elastic distortion is ralaty small

technical

an

The HP pistons an

The whole production required the multipliers’ gato
be sent between PTB and Fluke, some of them maresfi
for the subsequent production, characterisation and
adjustment procedures.  Finally, the multipliers rave
assembled and preliminarily tested by Fluke.

5. EXPERIMENTS

First tests of the multipliers were performed bykd at
pressures (100 to 500) MPa on the HP side and
(5 to 25) MPa on the LP side of the multipliersngsitwo
piston gauges as a reference, with DHS as a peessur
transmitting liquid and ap; = 0.25py. The setup is shown
in Figure 7.

LCM B
e i

e — u‘ - =

HP piston

gauge L P piston

gauge

Figure 7. Multiplier system test setup

Multiplying ratios were determined using two hydrau
gressure balances in a crossfloat. Both LP andoid®n
gauges were PG7302. Two different 500 kPa/kg PCAs
having expanded uncertainties in pressure  of
22-10%p, + 16 Pa and 27-Top_ + 16 Pa k = 2) were used
in different runs on the LP side. A 5 MPa/kg PCAvihg
expanded uncertainty in pressure of 70-pQ+ 16 Pa
(k =2) was used on the HP side of the multipliehe HP
and LP PCAs' temperatures in the multiplier weresneed
using platinum resistance thermometers. These tenpes
and the pistons position in the multiplier wereigaded by a
laboratory conditions monitor (LCM). The pistonen
kept within 2.5 mm around their middle working fims.
They were rotated by a DC motor at approximatelygif.

A PPCH hydraulic pressure controller was used tgseA
tare pressurepg) produced on the HP side of the multiplier
by the masses loading the HP piston (HP and LPmsst
pistons coupler, etc.) was measured pat=0 for each
multiplier assembly using an RPM3 A1000, H1 (0-2p

n, pressure monitor with an uncertainty of approxirnyafekPa

g<= 2). It was equal to (2.918 and 2.926) MPa Far two
multipliers. With the tare pressure equation ¢ansforms
to

(2)
®)

P = pr + pL-Kw, with
Km =Kwmo % [1 + Akm* (1 — P11,

and v; primarily depends on the undistorted gap width.

Later, piston fall rates were measured in both HB BP

where Kyo is Ky at p.=0 and Ay is the pressure
dependence coefficient &fy. A crossfloat, using the drop



rate method, was performed between the two pistages
with multiplier either 1 or 2 in between the twostoin

6. CONCLUSIONSAND OUTLOOK

gauges apy = (100, 200, 300, 400, 500, 500, 400, 300, 200, The two novel 1.6 GPa pressure-measuring multiplier

100) MPa in four runs total.

According to (2), thewere developed, tested at pressures up to 500 [slirh,

multiplying ratio was determined at each point bydemonstrated repeatability on the level of as lew2al®.
subtractingpr from py measured on the HP side andA standard uncertainty of up to 5.5°16btained in the test

dividing by p. measured with the LP piston gauge.
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Figure 8. Multiplying ratio vs. high pressure corrected
for tarepressure

The set of data for each run was fit with functi(®)

providing Ky o andAxm. The results of the two runs for eac

multiplier were combined (averaged) and used terd@he
the residuals of the points taken. After reviewihg results
of the tests it was decided to leave out the 10@ NtP

determiningKy o and Axm as it did not seem typical with
respect to the rest of the results. Table 3 gikegesults of

the fit for each multiplier.

Table 2. Results of multiplying ratiosin individual tests
and averages for each multiplier

Multiplier 1 Multiplier 2
Kmo [Akm-10 MPaY  Kyo [k 10 MPa*
Run 1|19.987668 3.79 20.008672 3.55
Run2|19.989101 2.89 20.008994 3.39
Averaggl9.988384  3.34 20.008833  3.47

Performance of
satisfactory.
+4.10° for multiplier 1 and+2-10° for multiplier 2. An
increased standard deviation in the case of midtidl is
presumably associated with the exchange of theaemte
LP piston gauge between runs 1 and 2. Herewithtakidg
into account the uncertainties of the referenceabd HP
piston gauges PG7302, the relative standard umasrtaf
the multipliers in the pressure range (100 to 5@aMlies

the multipliers has

between (4 and 5.5)-20 With the same data the relative

standard uncertainty in the range (1 to 1.6) GPa lma

expected to be (1.3 to 2)-40which is a very preliminary

estimation and must be confirmed by experimentsigtier
pressures. This uncertainty is sufficiently smalprovide a
calibration service required by the industry.

been found
TheKy, values were reproducible within [4]

crossfloats is mainly caused by the reference L& R
standards. This uncertainty can be reduced irutiuee by
more extensive experiments using more accurate & GP
standards of PTB as a reference, but also by adtieal
calculation of the pressure distortion coefficieafsghe LP
and HP PCAs taking into account the real dimengiona
properties of the HP piston-cylinder gap and obwteto-
cylinder gap in the LP PCA. Moreover, extensiontiud
fluid flow calculations for the PCA gap up to 1.6P&
requires accurate data on density and viscosityEfb-1 at
high pressure. All these measurements are in @ssgr
within EMRP JRP [1].
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