Workshop & Symposium | The Sl Unleashed - Bridging Science & Metrology
August 22-27, 2020 | Denver, Co.

Dimensional Characterization and Effective Area Estimation of the 35
mm Piston/Cylinder Assembly -PG0806

Speaker/Author: Ms. Yulieth Fernanda Gutiérrez Leon
Company: Instituto Nacional de Metrologia - INM
Av. Carrera 50 No 26 — 55 int, 2, Bogota D.C., Colombia
Phone: 57 315 543 99 60 Fax: 571 254 22 22 Email: yfgutierrez@inm.gov.co

Co-Authors: David Alonso Plazas Fernandez and Mayckol Jesid Morales Castro
Company: Instituto Nacional de Metrologia - INM

Abstract:

Piston/cylinder assemblies are widely used in the calibration of pressure measuring
equipment whose principle of operation is to generate pressure by positioning non-standard
weights which generate radial forces when compressing the fluid. The dimensional
characterization of the piston/cylinder assemblies is fundamental to the realizations the
pressure measurement made with piston/cylinder assemblies. There diameter, straightness
and roundness measurements were made for the PG 0806 of the pressure laboratory of the
INM - Colombia, both for the cylinder and the piston itself. To do this measurement the
Brown & Sharpe coordinate measuring machine (CMM) of the dimensional laboratory of the
INM was used. With the measuring method described, we were capable to measure the
effective area with a relative uncertainty about 9.7x10°>,

1. Introduccién

The piston/cylinder assemblies are used to generate pressures with high accuracy, they
composed by a hollow cylinder and a piston as seen in Figure 1. The function principle of
the piston/cylinder assemblies is simple: the piston inside the cylinder both oriented
vertically, is pressurized with a certain fluid moving the piston upward the cylinder; then by
adding known weights on the piston/cylinder assembly, the equilibrium point is reached and
with the piston rotating the pressure measure is realized.

The pressure can be determined by knowing the combined mass of the weights, the local
acceleration of free fall and the effective area of the piston/cylinder assembly. Often the
effective areas are determined through a calibration to another piston gauge or from
dimensional measurements, we are going to develop the second method.

The procedure to determine the effective area of piston-cylinder assemblies from the
dimensional properties of the pistons and cylinders is very well documented (Ruiz [3]), for
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the straightness, roundness, and diameters, and the contributions to the uncertainty of them
should be determined.

In the Figure 1, we can see the three reference levels for the measurement of the roundness
and diameter both for the piston and the cylinder, in order to obtain the dimensional
measurements of the effective area [3].
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Figure 1. Measurement scheme [4].

The measurement of the dimensional properties of diameter and roundness of the PG 0801
were made with the coordinate measuring machine (CMM) Global Performance size
07.10.07 [1]. The selected stylus tip was a ceramic hemispherical 18 (mm) diameter (see
Figure 2) [2].

Fige 2. Hemispherical ceramic probe (stylus tip) [2].
2. Materials/methods
2.1 Measurement

In order to measure the diameter and roundness both for piston and cylinder the CMM Brown
& Sharpe model 07.10.07 Performance was chosen.
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2.1.1 Alignment and measurements of the cylinder.

The cylinder is alignment by hand using the top plane of the cylinder as the working plane and the
direction parallel to its main axis as the Z-axis (see Figure 3). To achieve the origin of the system we
used a distribution of four points equally spaced around the circle [3] (see Figure 4). After that the
automatic align was made. To define the Z-axis a cylinder was generated as shown on Figure 5.
After that the align was made (see Figure 6), and starting from the origin and the upper surface of
the cylinder the diameter was measured from top to button at the heights: [1, 4.25, 11.25, 14.75, y
18.25] (mm) (see Figure 7).

Figure 3. Upper Plane Figure 4. Origin point with the

circumference made with four points.

Figure 5. Z-axis Figure 6. Alignment
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Figure 7. Measurement Heights

Each circumference was measured three times with: 36, 72, 84, 96, 108 and 120 contacts
each.

2.1.2 Alignment and measurements of the piston.

The piston was aligned using the bottom face of the piston as working plane, placing it face-
up (see Figure 8), the Z-axis is defined as perpendicular to this plane. In the same way that
we did with the cylinder, a four point circle was made and the origin was set just as in the
Figure 9 [3]. After that, the align was made automatically, once again the upper surface of
the piston was used to generate the working plane. The generated cylinder that defines the Z-
axis can be seen in Figure 10. After the align the system is left as can be seen in Figure 11.

Figure 8. Working plane and definition of  Figure 9. Origin referenced to a four points
Z-axis circumference.
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Figure 10. Z-axis Figure 11. Automatic align

The diameter of the cylinder was measured from top to bottom at this heights: [3, 6, 9, 12,
15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 51, 54, 57] (mm) [3], as can be seen on Figure
12. With this data the roundness can be determined. Each circumference was measured three
times with 120 points. The environmental conditions of the measurements were: ambient
temperature between 19 °C - 21 °C and relative air humidity between 40% to 60 %.

EN
>

Figure 12. Heights for the roundness measure.
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2.2. Effective area by geometric measurement.

The effective area of the piston cylinder assembly is assumed to be the average between
piston and cylinder:

 (Aoc + Agp) Equation 1
, = e T o)
2

Where A, is the mean piston cross sectional area and A is the mean cylinder cross
sectional area. Both are calculated by using the equation:

d? Equation 2
AOc,p =T - |

Where d.,, is the inner diameter of the cylinder or the external diameter of the piston. For
the uncertainty budget we use the equation 3 [4]:

) 213 Equation 3
uq(Ao) n Upr(Ap)
A, A,

Where u;(A,) is calculated by using the equation 4:

u(Ao) _
A,

uq(Ay)  Jup+ué Equation 4
A, 2R,

Where u,, and u, are the uncertainties of the piston and cylinder measurement, respectively.
Finally, u,,-(4,) is the uncertainty due to the lack of roundness and is obtained from equation

5:
Unr(Ag) N Uarp + Uirc Equation 5
Ao 2R,
3. Result

3.1 Measurements
3.1.1. Cylinder Measurements.
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The mean values of the cylinder diameter at different heights can be seen in Table 1:

Table 1. Mean diameters values of the cylinder.

Cylinder
Contacts Number Mean(nl?ris)m eter Roundness (mm)
36 35.334 4 0.0010
72 35.334 5 0.001 2
84 35.334 4 0.0013
96 35.334 4 0.0021
108 35.334 7 0.0013
120 35.334 2 0.001 4

Whereas contacts number has an impact about the spend time to get a measure, the
uncertainty does not change significantly when the contacts number are 36 or 120. The
average diameter of the cylinder with 36 contact is 35.334 4 + 0.003 4 (mm). There are twelve
sources of uncertainty that were considered for that measurement, which are in the next table:

Table 2. Uncertainty budget.

Sources of uncertainty Typical uncertainty Distribution Sensitivity Contribution v
type coefficient
Uncertainty due to Maximum (mach) = MPE, B 1 116 x 1073 (mm) 200
Permissible Error the wimach) ==
coordinate measuring machine
Machine Calibration u(cal) = 3 B 1 0.39x1073 (mm) 200
uncertainty Tk
Stylus tip qualification e B 1 0.22x107% (mm) 200
uncertaint = |L 4 Zauasph
% Ugph N + >
Uncertainty about Stylus tip _ desvpy B 1 0.75x 1073 (mm) 50
settings Ueons = V3
Uncertainty due to Non- _ (1 cosa) B 1 0.79 x 1073 (mm) 50
orthogonality Unoort = 3
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Uncertainty by Resolution - res 1 0.03x1073 (mm) 200
res 2\F3
Uncertainty by Repeatability _ Desv.std 1 0.11 x 1073 (mm) 11
Upep = \m
Uncertainty by Probe System Maxysm — Minggn 1 0.75x 1073 (mm) 50
Mount U(Cpsm) =
2V3
Uncertainty of the coefficient _1x10°° -li.o, —0.01x1073 (mm) 50
of thermal expansion (CTE) of u(ap) = J3°C
the piece
Uncertainty due to u(6,) B —li.ay —0.23x1073 (mm) 50
temperature over 20 °C _ Ju(pter)z ¥ urest)? + u(tl)
Uncertainty due to coefficient _05x107° B li.6, 7.1 x 107%(mm) 50
of thermal expansion with u(ay) = J3°C
respect to 20 °C of the
coordinate measuring machine
Uncertainty due to u(6y) B li.a, 023x107% (mm) 50
temperature differential over = Ju(pter)? + u(rest)? + u(tl)
20 °C of the coordinate
measuring machine
Combined uncertainty u.(x) 1.7 x 1073 (mm)
k 2
U 3.4x 1073 (mm)

Where MPE, is the maximum permissible error of manufacturer’s specifications, U; = 0.7 +
ﬁ where L is the length in mm of the coordinate measuring machine calibration certificate,

er is the master ball error, Ucqesr IS the uncertainty of master ball, desv,,q, is the deviation
of the stylus tip when it is qualify, a is the angle between the stylus tip and the workpiece surface
that has a value of 1°, Desv. std is the deviation of the number of measurements (12) from the
four levels with three measurements for each one, Max,,,, has a value of 1.4 and Min,,, has

avalue of 1.2, u(ep) is the uncertainty by the reading of the temperature sensors of the piece,

pter is the uncertainty of the machine’s thermometers, rest is the resolution of
thermometers, tl is the temperature variation of the laboratory which is 1 °C.
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3.1.2. Piston Measurements.

The mean values of the piston diameter at different heights with 120 contacts are recorded in
the Table 3.

Table 3. Mean Diameter of the piston at different heights with 120 contacts.

Piston - External Diameter

Diameter (d)  Roundness Position
(mm) (mm) X y z (b)
35.3325 0.0013 0.0000 0.0010 -3.000 0
35.332 6 0.003 8 0.0006 0.0014 -6.000 0
35.332 6 0.0018 0.0005 0.0010 -9.000 0
35.332 7 0.002 0 0.0004 0.0005 -12.0000
35.3329 0.0018 0.0002 0.0003 -15.0000
35.3329 0.002 3 -0.0006 -0.0002 -18.0000
35.3329 0.0017 -0.0014 -0.0006 -21.0000
35.3330 0.0015 -0.0012 -0.0010 -24.0000
35.3331 0.0016 -0.0005 -0.0011 -27.0000
35.3330 0.002 2 -0.0015 -0.0016 -30.0000
35.3330 0.002 3 -0.0019 -0.0021 -33.0000
35.3330 0.0017 -0.0016 -0.0025 -36.0000
35.3329 0.0014 -0.0025 -0.0028 -39.0000
35.3329 0.003 4 -0.0019 -0.0034 -42.0000
35.3329 0.002 2 -0.0022 -0.0037 -45.0000
35.332 7 0.002 3 -0.0027 -0.0046 -48.0000
35.332 8 0.002 3 0.00320 -0.0044 -51.0000
35.3325 0.002 1 -0.0029 -0.0047 -54.0000
35.332 3 0.003 7 -0.0032 -0.0050 -57.0000

The mean diameter is 35.332 8 (mm).
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4. Discusion

4.1 Effective Area

The effective area of the piston cylinder assembly is calculated using Equation 2 with the
mean values of the diameters of the cylinder and the piston taken from the Table 1 and Table

3 with 84 and 120 number of contacts each, the area values are in the Table 4:

Table 4. Mean diameter and area for Piston and cylinder

Piston Cylinder

d (mm) Sd (mm) d (mm) Sd (mm)
35.3328 0.000 2 35.334 4 0.000 4
Area (mm?)  Sd (mm) | Area (mm?) Sd(mm)

980.496 4 0.0117 980.585 2 0.000 4

Starting from the Equation 1 and using the values of the area of the piston and cylinder, the
effective area was calculated by 980.540 7 (mm?). The known cross-floating effective area
(PTB 2007) is 980.533 (mm?), then there is a difference of 0.008 (mm?).

4.2 Effective Area Uncertainty.
From equation 3 the uncertainty of the effective area was calculated, see Table 5.

Table 5. Variables for the determining the uncertainty of the effective area.

Quantity Symbol Value

Coverage factor k 2

Piston Diameter Combined

Uncertainty U L.7x107 (mm)
Cylinder Inner Diameter 3
u
Combined Uncertainty ¢ 1.7x107 (mm)
Cylinder Roundness _3
Combined Uncertainty Upr 1.65x 107 (mm)
Piston Roundness Combined " 1.7 x 103 (mm)

Uncertainty
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Diameter Uncertainty Uy 6.87E-05 x 1073 (mm)

No Roundness Uncertainty Upyr 6.77E-05 x 103 (mm)

Then the effective area relative uncertainty is 9.64 x 107,
5. Conclusion

By developing the method to realize the dimensional characterization to calculate the
effective area of the PG 0806 of the INM Pressure Laboratory a new branch of dimensional
metrology has been developed.

With the measure of the roundness and the diameter of the piston cylinder system we were
capable to determine the effective area and its related uncertainty. The effective area of the
PG0608 obtained by this method 980.5407 (mm?) with a relative uncertainty of 9.64 x 1075,

A method to measure the effective area for the PG 0806 was successfully developed,
unfortunately the uncertainty of the measure is too high to allow a geometric realization of
the Pascal. Nevertheless, with data from higher precision machine it would be possible to
reach the desired uncertainty, because with the coordinate measurement machine the
accuracy is 2 x 10 (mm).
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