








and reaches its local maximum in the wall area, and
then it decreases again till it reaches approximately zero
value. In the following, we will examine how the size of
the slot width affects the forming of the vacuum in the
flapper-nozzle area.

Figure 4 shows the experimental results of pressure
distribution in the radial direction when the axial
distance between the measuring nozzle and the
workpiece flat surface is = 100 um, 150 pum, 200 pm
and 250 um for the supply pressure of p, = 1 bar, 2 bar,
3 bar, and 4 bar. The highest pressure on the workpiece
surface is obtained for the smallest slot width J and
highest supply pressure p,, as expected. For a single
supply pressure, the highest pressure in the stagnation
zone (the zone of constant pressure) is for the smallest
distance . This means that the highest gradient towards
the wall area is for p,=4bar and 6 =100 um. It is
noticed that with the increase of supply pressure, at the
same axial distance between the outlet section of the
nozzle and the flat surface, the length of maximum
pressure 7y decreases. Also, for 6 = 100 um, there is no
local maximum in the wall area. For greater slot width
a local maximum is observed only for higher values of
the supply pressure.
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Figure 5. Pressure jump and signal instability [12].

Regardless of the supply pressure p, and axial
distance J values, there is a vacuum in the flapper-
nozzle area. However, there are some differences in the
vacuum strength pu,, position 7y, and size Ar for
different supply pressures and distances ¢. These are
presented in Figure 6. As expected, the smallest vacuum
is obtained for the smallest supply pressure p, and
greatest slot width J. This is the vacuum that is
acceptable in pneumatic metrology since it does not
interfere with the normal work of a differential
pneumatic comparator. A slightly higher vacuum is
obtained for 6 = 100 um and supply pressures p, = 3 bar
and 4 bar, and this is also an acceptable value for proper
operation of the pneumatic comparator. For smaller
values of supply pressure (1 bar and 2 bar) the smallest
value of pressure on the surface of the workpiece is
moving away in a monotonous way (the r,;, coordinate
is monotonously rising) from the measuring nozzle axis
(see Fig. 6b). This is also favorable from the pneumatic
metrology application point of view. For two higher
supply pressures, there is no obvious conclusion
regarding the vacuum position. Contrary to this, with

696 = VOL. 50, No 4, 2022

the increase in slot width J, the vacuum Ar zone width
gets bigger for higher supply pressures.

Since there are no clear rules about the behavior of
the values of vacuum strength, size, and position, we
have to make a compromise. If the criteria for decision
is the lowest vacuum pp,, for slot width ¢ =250 pum,
one should use the supply pressure of p,=1 bar.
However, for 6 = 100 pm, it is better to use a supply
pressure of 4 bar, since for that combination of values
the vacuum strength is still acceptable for pneumatic
comparator operation, and its size is the smallest
compared to other supply pressures.
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Prmin> bar
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Figure 6. Strength p.i, position ry,, and size Ar=r, - ry of
vacuum for different supply pressures and slot width.

Except in the case of the lowest supply pressure, the
increase in slot width J leads to an increase in the
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vacuum zone size Ar. One should be careful with
greater o values because there is a possibility of signal
instability occurrence which leads to controlling error,
(see Figure 5) [18-21].

We can say that for two lower and two higher values
of the supply pressure, the behavior of the vacuum
strength, position, and size is similar. For supply pres—
sures p, = 1 bar and p, =2 bar, there is no clear trend
regarding the vacuum strength and size, while the
position of the highest vacuum has inconclusive results
for two higher values of the supply pressure (p, = 3 bar
and p, = 4 bar). For smaller pairs of supply pressure
values, the vacuum is moving away from the nozzle axis
when the tolerance field is greater, i.e. when the slot
width in the flapper-nozzle area is greater. For two
higher values of the supply pressures, the vacuum is
getting greater both in its strength p.;, and its size Ar,
which is not good. That means that for smaller tolerance
field control it is better to use the supply pressures of 3
bar and 4 bar.

3.2 Quantities influencing the accuracy and
application range of the comparator

Keeping the measuring nozzle head free of impurities is
important from the standpoint of long-term usage of the
pneumatic comparator without interruptions. The other
parameter, also important for pneumatic comparator
functioning is its accuracy. It is expressed through the
quantity named pneumatic sensitivity S [18].

The pneumatic sensitivity is defined in the axial
distribution of pressure on the surface of the controlled
workpiece. This is the linear part of the curve p(d), and
its slope and length are dependent upon the supply
pressure p, and orifice diameter D in the measuring
branch of the comparator. Another quantity that is
connected to the linear part of the pressure distribution
curve is the application range AJ of the pneumatic
comparator. This quantity tells us for what tolerance
field we can use the back pressure air gauge in question,
for a given combination of conditions, i.e. supply
pressure and orifice diameter.

Figure 7 shows the distribution of pressure in the
axial direction for different orifice diameters D and
supply pressures p,. It is evident that the supply pressure
P, significantly affects the position of the curve p = p(9),
the length of the linear part of the distribution p(J), the
length of the stagnation zone d, in which p = p, = const,
and the value of the initial pressure in the stagnation
zone.

The results show that with the increase of the supply
pressure p,, all values in the pressure distribution in the
axial direction on the flapper surface increase. The
effect of the orifice diameter in the measuring branch is
also evident. For lower values of the orifice diameter,
i.e. greatest choking, the slope of the p(d) curve is
higher. This means that for these conditions the
pneumatic sensitivity of the pneumatic comparator is
higher. For a single orifice diameter, the greatest slope
of the pressure distribution curve is for the highest
supply pressure, as expected. Hence, if we have a
pneumatic comparator of a predetermined geometry i.e.
single measuring nozzle with one orifice diameter in a
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measuring branch, to increase the pneumatic sensitivity
one has to increase the supply pressure.

The influence of the supply pressure rise on the
pneumatic sensitivity of a comparator with a defined
measuring nozzle is more pronounced for smaller values
of the orifice diameter D (see Figure 7). The pressure
value on the flapper approaches the asymptotic value for
greater values of 0 value, for all supply pressures and
single orifice diameter. Asymptotic values for different
supply pressures are closer together for smaller orifice
diameter D, i.e. for greater choking in the measuring
branch of the back pressure air gauge.
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Figure 7. Influence of the orifice diameter D on the
distribution of the pressure in the axial direction for four
different supply pressures.
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Because of the reciprocating connection between the
pneumatic sensitivity and the application range of the
pneumatic comparator, the greater the pneumatic
sensitivity is, the smaller the application range. This
means that the tolerance field that can be controlled in
given conditions is smaller. In another word, we can say
that for a given pneumatic comparator, we can influence
its accuracy and tolerance field width by altering the
supply pressure. Having in mind Figure 5, and what has
been said about signal instability, we have to check if
we are in the area in which the pressure jump is
possible. After that, one has to consider the vacuum
position and strength in the flapper-nozzle area, as
explained before.

Axial pressure distributions for the minimum and
maximum supply pressure, p, = 2 bar and p, = 4 bar, for
all orifice diameters D = 0.5 mm - 4.0 mm are presented
in Figure 8. For p,= 2 bar, there are no linear parts of
the curves that serve for pneumatic sensitivity
determination for orifice diameters D =14 mm and
D=4 mm. For supply pressure of 4 bar and orifice
diameters of 1.4 mm and 4 mm, the slope of the p(d) is
somewhat greater, but even this is not enough in order
for the pneumatic comparator to work properly. Orifices
with diameters of 1.4 mm and 4 mm are not in use in
pneumatic metrology. Once again is confirmed that the
higher supply pressure implies a greater slope of the
p(0) curve, for a single orifice diameter in a convergent-
divergent nozzle in a measuring branch of the
comparator.
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Figure 8. Influence of the orifice diameter D on the axial
pressure distribution for p,=2 bar (up) and p,=4 bar (down).

Figure 8 shows the value of pressure p for the axial
distance 6 = 1000 pm, for all supply pressures p, and all
values of the orifice diameter D in the measuring
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branch. As expected, the highest pressures p are
achieved for the highest supply pressure p, and the
greatest nozzle diameter D in the measuring branch of
the differential pneumatic comparator. The influence of
the supply pressure is more pronounced for greater
values of the orifice diameter D. The pressure curves are
approximately linear. For a single supply pressure, an
increase of the orifice diameter D leads to an increase in
the pressure on the flapper. This increase of pressure p
is more pronounced for higher values of supply
pressure. For greater values of diameter D, the influence
of the supply pressure p, is also greater.

= D=0.5mm
—e— D=0.7mm
—a—D=1.0mm|
—v—D=12mm
—+D=14mm|
—4— D=4.0mm e

2.0
p., bar
1.5

0.0

= :7
1 2 3 p.bar 4

Figure 9. Distribution of pressure on the workpiece surface
for different supply pressures p, and orifice diameters D.

Looking at the distribution of pressure on the flapper in
relation to the d/D ratio (Figure 10), it is obvious why the
most common ratio for measuring nozzle diameter and ori—
fice is 1.64 and 1.94 [22]. For these conditions, the pres—
sure on the flapper i.e. the controlled workpiece surface is
minimal, independent of the supply pressure value.

.
2.0 = p,=1Dbar
p.barp . —®—p,=2bar
Py — 4—p,=3bar
o v v—p,=4bar
o i\
1.0} N “'-,_\
- h A ‘\‘
0.5 ~ ..A ‘
; ‘l‘- : — '_E.?:‘: — ‘
00 0.4 0.8 1.2 1.6 2.0

Figure 10. Dependence of the pressure on the workpiece
surface on the d/Dratio for different values of supply
pressures po.

Figure 11 gives the flow rate values depending on
the axial distance J between the outlet nozzle surface
and the flat surface, for all supply pressures p, and
orifice diameters D=0.7mm and D=12mm. It is
clear and expected that for higher supply pressure,
under all other same conditions, a higher airflow is
achieved. It can be seen from the diagrams that for
certain values of the axial coordinate, a constant flow is
established, which is a consequence of nozzle choking.
Choking of the nozzle is first achieved for the lowest
supply pressure. As the supply pressure increases, so
does the axial distance for which a constant flow is
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achieved. For a single supply pressure, a higher flow
rate is achieved with the increase of the orifice diameter
D in the measuring branch. If we know that the role of
the orifice in the convergent-divergent nozzle N, is to
dampen the airflow through the comparator, this kind of
behavior is expected. Hence, air flow in the pneumatic
comparator is directly proportional to the supply
pressure and the diameter of the orifice D.

Earlier we discussed the vacuum position and
strength in the flapper-nozzle area and the accuracy and
application range of the comparator. All those
parameters depend upon the supply pressure. Since
higher supply pressure leads to higher energy
consumption, this is not favorable from the energy
efficiency standpoint. However, if there is waste air
under pressure in the production line, then this becomes
a smaller issue.
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Figure 11. Influence of the orifice diameter on the
volumetric flow rate through comparator for different
supply pressures.

4. CONCLUSION

This paper deals with the influence of various factors
i.e. parameters on the proper functioning of the back
pressure air gauge. The subject of the analysis was
supply pressure p,, diameter D of the orifice in the
convergent-divergent nozzle N, in the measuring branch
of the comparator, as well as the axial distance J bet—
ween the flapper and the measuring nozzle outlet cross-
section. We were looking for optimized conditions for
the control of a workpiece with a certain tolerance field.
This was done through analysis of the distribution of
pressure on the workpiece in the axial and radial
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directions as well the analysis of the airflow through the
back pressure air gauge.

The smallest vacuum is achieved for the greatest slot
width and smallest supply pressure considered. For
supply pressures of 1 bar and 2 bar, the vacuum is mo—
ving away from the measuring nozzle axis. For two
higher supply pressure considered in this work, with the
increase in slot width, the vacuum gets bigger. In order
to increase the pneumatic sensitivity of a predetermined
pneumatic comparator, one has to increase the supply
pressure. The influence of the supply pressure rise on
the accuracy of the comparator is more pronounced for
smaller values of the orifice diameter D. the greater the
pneumatic sensitivity is, the smaller the application
range, i.e. the tolerance field width that can be cont—
rolled with a given comparator. For a single supply
pressure, an increase of the orifice diameter D leads to
an increase in the pressure on the flapper surface. In
order to decrease the needed volumetric flow rate, it is
necessary to lower the supply pressure.
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NOMENCLATURE
D diameter of orifice in nozzle N,
d measuring nozzle diameter
r radial coordinate
p pressure
Do supply pressure
qv volumetric flow rate
Greek symbols
0 axial coordinate

O HEKUM BA’KHUM BEJIMYUHAMA
KOJE YTUYY HA TIPABUJIAH PAJI
JUPEPEHIIUJAJTHOI TIHEYMATCKOI'
KOMITIAPATOPA

J.M. Bypasep, .M. Ckoko',
'‘B.M. HoBkoBuh, M.P. Jleunh,
I'.C. BoporoBuh, M.B. Jany3zoBnh

[MHeymarcka Merponoruja je edukacaH M INpakTHYaH
HayMH KOHTpOJIE TAaYHOCTH M3Pajle MALIMHCKHUX JIEI0Ba
y BEJIMKOCEPHUjCKO] MPOU3BOAKHU. TO je OECKOHTAaKTHA
MepHa TEXHHKA 3aCHOBaHA Ha JIMHEApPHO] 3aBUCHOCTH
NPUTUCKAa Ha IOBPIIM MANIMHCKOL Jielia OJf HerOBOT
pacTojama OJf W3JIa3HOT IIpeceka MepHE MIIa3HHMIIE.
[IpaBmHO (QyHKIMOHUCAKE TUPEPEHINjATHOT ITHEY—
MaTCKOI' KOMIIapaTopa 3aBHCH OJ] HEKOJIMKO T'eOMEeT—
PHjCKHX IapaMeTapa Kao M O]l yCJIOBa CTpyjamba YHyTap
ypebaja. I'maBHMIIpoOIeMH OBE TEXHHMKE KOHTPOJE CY
3amnpJbabe IJ1aBe MEpPHE MJIa3HHUIE W MPOMEHE y Tau—
HOCTH KOMITapaTopa. Y OBOM paly ce HCIHUTYje yTHIa]
NPUTHCKA Harmajama, NMPEYHHKAa KOHBEPTEeHTHO-IAWBEp—
TeHTHE MJIa3HUIIE Y MEPHO] TPaHU M aKCHjaJIHOT pacTo—
jama y o0iacTi MalllMHCKH JIe0 — MepHa MJIa3HHUIA Ha
nepdopmance MepHor ypehaja. Ha Hekn HaumH mOKy—
IaBaMo J1a ONTHMHU3YyjeMO IMepdopMaHce AaTor MHEy—
MAaTCKOI' KOMITapaTopa y OAHOCY Ha MOJbe TOJIepaHIuje
3a Koje je HaMemeH. BennumHa, jadnHa W TIOJIOXKA]
BaKyyMa y 30HH M3MDy MepHE MJIa3HHILE U KOHTPOJIH—
CaHOT MALIMHCKOT JleJla 3aBHCE O]l IIPUTHCKA Hallajamba
¥ aKCHjaTHOT pacTojama m3Mel)y mompedHor mpeceka
u3ja3a MEpHE MIIa3HUIIE M HOBPLIMHE PagHOT Ipel—
MeTa. 3a onpeljeHy KOMOHMHAIUjy OBa JBa Iapamerpa
MOXKEMO YTHLATH Ha HaBeJEHE IMapaMeTpe BaKyyMa.
[THeymaTcka OCETJBMBOCT KOMIIApaTopa MOXeE Ce
noseharu nmosehameM npuTncka Hanajama. 1Ito je Beha
TaYHOCT ITHEYMaTCKOI KOMIIapaTopa, MamH je OIICer
MpUMEHE, OJHOCHO, Mara je IMHPHUHA TOJCPAHIIN)CKOT
0Jha KOj& MOXKEMO J]a KOHTPOJHUIIEMO AaThuM ypehajem.
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