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Abstract: The main purpose of this work is the numerical
and experimental analysis of an innovative negafree
deformation pressure balance. The numerical priedidaif
the pressure distortion coefficient, the piston fates, the
piston-cylinder elastic distortions is achievedotigh the
Finite Element Method (FEM). The numerical resudte
compared to the experimental values.
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1. INTRODUCTION

On the basis of a consolidated bilateral coopamatio
between INRIM/University of Cassino and DH Instrunse
[1], it was decided to test how finite element cidtion
methods can be a useful tool to predict the perdioica of _ o . _
an innovative negative free deformation pressuterisa. Fig. 1 — PG7202 Gas operated, liquid lubricated pisn-cylinder

The pressure balance under investigation is the-DHI operating principle
PG7202 type operating in negative free deformatiwde
up to 100 MPa [2]. 2. BASELINE MODEL

PG7202 provides very high pressure gas operatiomg us The simplified geometry of the model is shown ig.FR2
a unique gas operated, liquid lubricated pistorc@dr  whereas the corresponding coordinates of the maintp
system. The principle of operation is shown inufggl. are shownin Tab. I.

The measured gas pressupg, is applied to the bottom of The mechanical theory of elastic equilibrium allows
the piston and to the top of a liquid reservoiraied around determination of the elastic distortion of the pistand
the cylinder. The liquid used in this analysiddishethyl-  cylinder, with a known pressure distribution actaigng the
hexyl sebacate. The reservoir is connected to thp gclearance. Such distortions are obtained usingethstic
between the piston and the cylinder through latbaes equilibrium conditions on the piston-cylinder. Irhet
near the bottom of the cylinder, allowing liquicbfn the hypothesis of axial symmetric loads and geomethg t
reservoir to enter the gap. The pressure of thadiin the  system of equations in cylindrical co-ordinatgsr, 6) is
lubricating holesP,, is equal to the gas pressitg plus the reported in [3].

pressure due to the liquid hedd, Therefore, the liquid The solution of the system of equations can be
pressure in the gap is always higher than the gesspre by numerically obtained through the Finite Element héet
the amount of the liquid head regardless of thepgassure (FEM) in order to evaluate the effective pistonicger
value. Sincén is small and the space between the piston anglearance on the basis of the following relatiopshi

cylinder is typically less than 1 micrometer, thieeol of h(z)=k0+U (z)—u(z) (1)
liquid from the bottom of the cylinder towards tlyas
pressure is extremely small. The principle upwidod of
liquid lubricates the active zone of the pistoniaogér as in
a typical oil piston-cylinder.

wherehy, U andu are the undistorted radial clearance, the
cylinder radial displacement and the piston radial
displacement, respectively.

2 (Author for contacts)



Tab. | — Coordinates of the main cylinder and pigtoints

Point | r coordinate | z coordinate The contact pressure profiles were determined i®gstand
mm mm deformation analysis of the contact between thindgt top
C, 1.2496 0 and upper cylinder sleeve through the 3D FEM saftwa
C, 1.2496 20.76 (Cosmos/M) and results are given in Fig. 3.
Cs 1.2496 23.5
C, 4.825 23.5 by 6
Cs 7.75 23.5
Cs 9.5 23.5
C; 10.0 23.0
Cs 10.0 -6.0 P5
Cg 9.5 -6.5 P4 @ ce o5 06
Cuo 1.2496 6.5 o Yo
Cu 1.2496 -3.0
Cn 1.75 -2.0
s o
1 = .
P, 1.24885 -16.5 :
Ps 1.24885 0 =N
P4 1.24885 20.76 oB <
Ps 1.24885 23.5 el D]
Ps 1.24885 43.5 cn
P; 0 43.5
(851
On the other hand, the distribution of presqu(& along 1o (f
the clearance can be determined by means of thé- flu
dynamic theory of laminar flow, the radial clearanc PL ¢4 p:
dimensionh(2) being known from the previous calculation
step through eq. (1). Assuming one-dimensional rhami Fig. 2 — Simplified geometrical model adopted
flow, stationary regime, Newtonian fluid, and camgt
temperature, the clearance pressure distributiagivisn by
the Navier-Stokes equations as [3, 4]: 3
6 i z 01 Peont/Pm
p(2)-pa =0 pf AP @ @ 25 |
i (z=2m) 2 pA(P.t) n(2)3
Zm 2 L
where p, is the atmospheric pressurg, is the axial
clearance coordinate where the measured pregsuns 15 L
applied, m is the working fluid mass flow ratey(p,t) and
op,t) are the dynamic viscosity and the density of the 1k
working fluid respectively which are both presswaad
temperature dependent. Once the functional linwéen the 05 |
fluid thermo physical properties and pressure isvkm after
different iterations between the distortions anel pnessure 0 R
distribution, the value to be assumed for the nfiass M is 0 5 4 6 8 mm 10

obtained by means of:
Fig. 3 — PG7202 dimensionless contact pressure

_ 6m _ Pm ~ Pa 3)
iy J‘Zm’7( pt) 1 4) p(r,z)=pm
Za AP h(z)3 for each(r ,3 belongingtofC f C £ 16 G © 3 4
The boundary conditions, in relation to the georoetr ®) W(r,2)=0 at G
domain given in Fig. 2 are:
Cylinder boundary conditions Piston boundary conditions
1) p(r,2)=pgap for each(r ,3 belonging tolC 4 1) p(r.2)= pm

2) p(r2)= pa for eacr(r 3 belonging t—O:;ZAC for each(r ) belonging to »P and B

3) p(r,z)=peont foreackr ,3 belonging to £ &



2) p(r,z)= pgap
for each(r ,3 belonging to3P4P ang B

3) p(r,z)=pg  foreach(r ,3 belonging tosPgl
4) u(r,z)=0 for each(r ,3 belonging toj P/t
5) w(r,z)=0 for each(r ,3 belonging togP7F

In order to obtain the clearance pressure distohuteq.
(2) has to be solved iteratively, since the radab and the
fluid thermo physical properties depend on pressure
Therefore, at the first iteration a linear presqunafile along
the clearance is applied and, then, the correspgrelastic
deformations of the piston-cylinder system and teav

values in each point of the clearance along thageament
length until the pressure value in the clearanceoisstant
within 1-10° of the pressure value.

3. NUMERICAL RESULTS FOR THE BASELINE
ANALYSIS

The FEM numerical results for the baseline model an
for the different measured pressgrgvalues from 6 to 100
MPa can be summarised in the following way.

Fig. 4 gives the normalised pressure distribufsnn
the clearance versus the normalised axial coormlirfain
the piston-cylinder engagement length. The dimeness
coordinatez* refers to the axial engagement length of the
piston-cylinder engagement lengt#f € 0 for z= z, = 0.0

clearance profilén(z) are evaluated by means of the elastignm which is the initial piston-cylinder engagemésngth
equilibrium equations solved through the FEM. Theandz* =1 for z =z, = 23.5 mm which is the final piston-

obtained clearance profile is replaced in eq.¢@gther with
the thermo physical fluid properties evaluated witte
present pressure distribution, leading to a newsgune

cylinder engagement length). Fig. 5 gives the \alothe
radial clearance gap / pum versus the normalised axial
coordinatez*.

distributionp(z) to be applied along the clearance at the next

iteration. The measurement principle of pressutaruas is
based on the equilibrium of the forces acting anpiston in
vertical direction. The forces acting upward arg [3

Fo + Ff +Fp = "
= 71prmio (0)° {1+ 2 r:((oo))} +2 nzzrj: r (2)[—h(22) dr;(zz)]dz+
2 ”Zr r(Z)[ p(2) drd(zz)de PmAe

wherer is the deformed piston radiub, represents the
force due to the applied pressure on the basikeopiston,
F¢ is the shear stresses of the fluid acting on #teral
surface of the piston arfg, is the force due to the vertical
component of the pressure applied to the latendase of
the piston. From eq. (4) it can be deduced that th
knowledge of the effective are&, by knowing the force
acting downward the piston, is necessary to etaltize
measured pressurp,. On the other hand, from the elastic
distortion theory it can be demonstrated that, te t
hypothesis of linear variation of the effective afg of a
negative free deformation piston-cylinder unit wihplied
pressure, the following functional relationship cée
adopted:

Ae = Ag 1+ A Topy) (5)

where A, is the effective area at zero pressure, the

deviations from linearity being small in practice.

The evaluation of the pressure distortion coeffitie
using eq. (4) at each iterative step can be made time
interrelated quantitiesi(z), U(2) and p(z) are known.The
convergence of the iterative procedure is reachked

Aej ~Aej-1
i
The convergence can be evaluated as well on tresyme

<10_6, wherei is the iteration step index.

0.8
50 MPa

100 MPa
0.6

6 MPa 75 MPa

0.4

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0

Ve

Fig. 4 - Normalized pressure distributiphin the clearance,
at different measured pressures, versus the naeaali
giston-cylinder engagement length
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Fig. 5 — Radial clearance gap at different measured
pressures versus the normalized piston-cylindeagement
lengthz*



From the above-mentioned figures, it can be ndiat t 2.5
* the trend of the dimensionless pressyre in the v/ pm s
clearance depends on the measured pressure and 20
shows, as usual, a non linearity that increasels thig ’
measured pressupg. 15 L
= the radial clearance gap, with exception of the
beginning of the clearance, is always less than the
undistorted value of 0.7fum. The minimum radial
clearance gap at 100 MP&i®.39um at z-=0.85.

05
In Fig. 6 the effective area vs. the measured presis 2/ MPa
reported. 0.0
0 20 40 60 80 100
4.9028
A,/mm] Fig. 7 — Piston fall rate at 20 °C for the nominkdarance
4.9026 vs. the measured pressure
49024
3.1 Sensitivity analysis related to the pressure distortion
49022 1 coefficient and piston fall rate
49020 - The estimation of the pressure distortion coeffitie
using the FEM depends on, as previously shownermifft
49018 | parameters or physical quantities. The estimataddstrd
uncertainties of the pressure distortion coeffitimd of the
49016 - piston fall rate resulting from FEM modelling calations
are evaluated by considering the standard uncédsiof
4.9014  LalMPe the input quantities(04/dx )@ (x ), where (4/0x ) are

0 20 0 60 80 100 the sensitivity coefficients of each parameter bysical
quantity. Even if it is always possible to evaludbese
sensitivity coefficients with good reliability (wWitexception
of clearance shape and dimensional irregularities heed
As can be seen from Fig. 6, the effective areardited  very careful dimensional measurements of both pistod
by the numerical procedure (blue points) diminisaeshe cylinder), the complexity and the variability of eth
measured pressure increases in a nearly linear #yy. functional link (as the characteristics of the pres
extrapolating the linear trend (dashed line), tfilective  balances can change from model to model also due to
area at reference condition using FEM ., is determined complex influence of specific boundary conditionis) not
(equal to 4.902628 nfinand compared to the theoretical allow to obtain an unique equation for every kinfl o
value, Agiheor, (Obtained as mean value between the pistopressure balance. Therefore, the most suitableoapprin
and the cylinder area and equal to 4.902654°mm  the determination of the sensitivity coefficieneems to be
difference of only 5.3 ppm is determined, confirgiithe the numerical approach based on the finite diffeesn5].
validity of the numerical procedure. For each case of sensitivity, a full FEM numerical
Taking in to account of the practical use of thesgure calculation ofu, U, h and piston fall rate is made in order to
balance, with reference exclusively to thevalue, we determine the appropriate sensitivity coefficieelated to
consider a good choice a valueof -2.21-1¢ MPa in all  the selected variable. . _
the examined pressure range (obtained by meandindaa ~ As regards the influence of the elastic propertie¢he
least squares regression). In this case, the maimuPiston-cylinder unit on the pressure distortion fioent
difference in the range 20-100 MPa between the qzeg and on the piston fall rate, the corresponding ifeity

Fig. 6 — Effective area trend with respect to meagu
pressure

value and the numerical ones is 0.1T MPaL. coefficients are reported in Tab. I, @t equal to 100 MPa.
As regards the piston fall rate, Fig. 7 shows talies at From Tab. Ilit can be noted that: o

20 °C for the nominal clearance vs. the measuredspre. - @n estimated uncertainty (used here as a variabbn)

The piston fall rate presents a non monotonic trasd +59% on Young moduluE, for the piston and on

pressure increases and assumes a maximum value of Young modulus E. of the cylinder produces a

2.32pum/s at 50 MPa (corresponding to the middle of the contribution to the standard uncertainty equal to
pressure balance range)' 1.4 10° MPa" and 1.0 1ﬁ MPa- that are eqU|Va|ent toa

AA/Aof 0.6 % and of 4.4 % respectively, a relatively
high uncertainty value in the case of the cylinder;

- similarly, as regards the Poisson ratio, a + 5 %itreded
uncertainty on Poisson ratio for the piston and the



cylinder determines a contribution to thestandard

uncertainty equal to 2.9 foMPa* and 2.6 18 MPa* 170 ’
respectively, that are equivalent ta\d/A of 1.3 % and Av/v /% 75Mpa 100 MPa
of 1.1 % respectively; 120 o
- the maximum value (6.7 %) for the piston fall rate 20 MPa
corresponds to the Young modulksof the cylinder. 0 |
Tab. Il — Sensitivity coefficients of the pressutistortion
coefficient and piston fall rate at 100 MPa 20
T T Z*
Relative contribution to 30 F
. Standard the standard
Quantity uncertainty uncertainty/ % “
0.55 0.65 0.75 0.85 0.95
M u( ) Fig. 8 — Piston fall rate differences in respectbtseline
X; u(x;) _gigoo values at 20 °C vs. the radial clearance dimena®rihe
ox A different measured pressugggvary from 6 to 100 MPa
E,=5.60 16 MPg 28 1G' MPa -0.6 10
o »,=100 MPa
E=6.20 10 MPa 31 10 MPa -4.4 s |
0.55 um
M,=10.218 1.1 107 -1.3 0.65 pm
0.6
0.95 pm
4=0.218 1.1 102 11 g 0.75 pm
0.4 0.85 pm
ov Ul x 2
Xi u(xi) _Bﬁﬂoo
ox v
0.2 [
E,=5.60 16 MPg 28 16 MPa -1.2
E=6.20 10 MPa 311G MPa 6.7 00
0.0 0.2 0.4 0.6 0.8 z* 1.0
H=0.218 1.110° -2.0 Fig. 9 — Normalized pressure distributigpt in the
clearance, at different undistorted gaps and atrtbasured
L= 0.218 1.110° 1.8 pressure equal to 100 MPa, versus the normalizsrpi

cylinder engagement length

The authors have developed an analysis for +pom2
constant variation of the nominal radial gap in warking
region (G-C;) to better understand the influence of the
piston and cylinder undistorted gap on the pressu
distortion coefficient and piston fall rates forffdient
measured pressupg, values from 6 to 100 MPa. 4 COMPARISON WITH

The distortion coefficient was found to be nearIyRES'ULTS
constant, with a maximum variation of 2.3 ®MPa’,
equivalent to &A/A of 1%.

As expected the piston fall rate variations arey\Jggh
(with a maximum value equal to 157.0 %) and théopidall
rate variations at lower pressures are less thandhations
at higher pressures (Fig. 8).

The influence of the piston and cylinder unditdrgap
can be also found in Fig. 9 where the normalizezbguire
distributionp* in the clearance, at different undistorted gap
and at the measured pressure equal to 100 MPaysvérs
normalized piston-cylinder engagement length z*
reported.

From Fig. 9 the presence of high non linearity
smaller undistorted gaps can be noted, whereas the
normalized pressure distribution presents a pralbtiinear
"fend for an undistorted gap equal to 0.95.

EXPERIMENTAL

All FEM calculated results are discussed and coetpar
with the characteristics of production piston-cgiins
available from the manufacturer of the pressureriyas.
The distortion coefficients were determined by srdlsat
with well known oil reference standards. In Figdfethey
are compared with the numerical values. To show th
magnitude of the deviation, limits representih§0 ppm of
Spressure at full scale are included. Also includedhe
theoretical calculation from the Klingenberg eqoati
ASvhich is gap independent. The FEM values show an

interesting independence of the gap and align wety with
the Klingenberg value which is a useful check oé th



numerical procedure. It can be seen from the figina Tab. Il — Experimental and Numerical

there is very good agreement between the numexiahthe Undistorted Mean Gaps and Fall Rates at
experimental results as well as a clear convergefidbe 100 MPa
gxperlmental results with the FEM numerical reswith PC ﬁo /um Vexp/um-S'l Vo / .St
increasing gap.
637 | 0.588 0.42 0.65
R 658 | 0.575 0.47 0.59
= romas 659 | 0.579 0.40 0.61
10805 ~— ssopma@rs 662 0.579 0.36 0.61
662s| 0.646 0.69 0.96
,,,,,,,,,,,,,, FEM 0.550 0.48
S DS i P W S (R FEM [ 0.650 0.99

-3.0E-06

5 CONCLUSIONS

This is the first time that an iterative numerica¢thod,
taking into account both the mechanics and thed flui
dynamics models, has been used to model and predict
) ) ) . metrological characteristics of a negative freeod®ahtion
Fig. 1_0_— Experimental and Numerical Pressure Disto piston-cylinder. The good agreement between the
Coefficient vs. Gap experimental and numerical data confirms the pdggilof

, ) , , using this tool for prediction of performance ofnguex
The typical average undistorted gaps in the p|stonpressure balances.

cylinders under investigation are significantly devathan The sensitivity analysis shows the importance & th
the nominal gap used in the numerical calculatiomorder  yajye of the undistorted gap, both for the pressure
to be able to compare the drop rate as a funcigmessure gjstribution and for the piston fall rate. This nerical

the experimental results are normalized relativéhi fall  method is helpful for defining the optimum undiseat gap
rate at 100 MPa. Figure 11 shows the experimemdl a 5 compromise between having the best linearity hef t
numerical fall rates (normalized to the valueselisin Tab. pressure distribution with improved prediction ofiet
). distortion coefficient, and having an acceptablstqui fall

rate.

-4.0E-06
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