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An Investigation of Air-leakage between Contact Surfaces*
(3rd Report, On Case in which Cast Iron and

Brass were used as Specimen)

By Tsuneji KAZAMAKI**

In the last reports, assuming that the surface irregularities of
specimens were isotropic and had a form of similar truncated cone whose
deformations were elastic, plastic and elasto-plastic, the analytical
solutions of equivalent gap for the fluid leakage between contact sur-
faces were verified with the experimental results using a lapped carbon
steel. In this paper, the specimens, which are finished by lathing and
grinding, are examined.

The results obtained can be summarized as follows:

(1) In the case in which the phenomenon of leakage was a radial and
sector flow, the experimental values of equivalent gap obtained by as-
suming the surface roughness as anisotropic were in agreement with the
analytical values with deviation about 8 Z%. .

(2) The characteristic curves of parameters a and b for the carbon
steel listed in the 2nd report can be applied for the materials tested
in this experiment.

doubt that the surface irregularities on

1. Introduction ' metal surfaces are such that the analyti-
cal and experimental investigations of the
The investigation of the machine ele- mechanism of contact between metal sur-
ments having the mechanism of sealing, faces, together with those of the behavior
which can be obtained by pressing nominal- of supplied fluid between contact surfaces
ly flat metal surfaces against each other , are absolutely necessary for revealing
or by inserting a metallic gasket between the real mechanism of face seals.
them, becomes more important, when the In the above investigations, the geo-
problems of leakage between the tightened metrical shapes of surface irregularities
surfaces in the chemical or vacuum appara- were assumed by investigators to be a cone
tus!®(?) ete. are discussed. ¢ | a triangle ™  (i.e. the surface
In the recent past, a number of work- profile indicated by a surface roughness
ers have investigated the problems of recorder), a pyramid‘'*, a semi-sphere®®
flange sealing including gasket materials, or a truncated cone‘'”), The various forms
e.g.Johnson®, Lynch’, Pearce'*’ and Dukes which characterize the surface irregulari-
et al.'®” using a thread joint. ties may be decided by considering the mi-
The measurement of the deflection of croscopic and statistical properties of
a flange ring was described by Donald et surface roughness. For example, 'in the
al.? , and Kollman‘®' , who studied the case of assuming the surface profile as a
stress distribution in gasket. Bremner‘?’ triangle, the deformations of surface ir-
studied the balance condition etc. for regularities can be derived from the slip-
radial-face seals, while the measurements line field solutions given by Hi11 48 pro-—
of the pressure in the fluid film and the viding that the material of the surface
static film-thickness profiles between seal irregularities remains completely rigid
faces were described by Billington®®’ and until the yield criterion is satisfied and
Bupara et a1.t"” behaves as a perfectly plastic isotropic
Assuming that the seal faces are rig- solid thereafter.
id or elastic smooth surfaces, a success-— The investigations of the mechanism
ful achievement has been obtained by their of contact between metal surfaces are also
efforts, and yet the actual phenomenon of useful for clarifying the fundamental mech-
fluid 1leakage between contact surfaces anism of friction and wear of metal as
have not been perfectly clarified. well as for solving the problems of fluid
Regardless of the kind of metal used leakage between contact surfaces. It is
and the machining applied, there can be no clear that the series of the investiga-

tions made by Tsukizoe and Hisakado1+2®
have contributed to the interested field

* Received 4th December, 1972. of engineering.
%% Assistant Professor, Faculty of En- In this paper, the experimental re-
gineering, Toyama University, Taka- sults of air-leakage between contact sur-
oka. faces are described. The specimens are
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finished by a machining which gives aniso-
tropy to the surface roughness of metal.
The analytical results obtained in

the previous reports, where the surface
irregularities were assumed to be a form
of truncated cone, are used to compare

with them. The results obtained show that
the analytical values of equivalent gap
between contact surfaces are 1in agreement
with the experimental values with devia-
tion about 8 7%, and that the characteris-
tic curves of parameters a and b for ufhe
carbon steel listed in the 2nd repor{ can
be applied for the materials tested in
this experiment.

2. Nomenclature(see also the lst
and 2nd reports)

Hmax,: maximum height of surface irreg-
ularities without applied load
heo: central height of surface irreg-
ularities without applied load
he: ditto (with applied load)
2Y: conical angle of truncated cones
S8: the ratio of bottom area of
truncated cones to the upper area
of truncated cones
pc: applied load per apparently con-
tacting area
Hep: equivalent gap between contact
surfaces with applied load
Hep(E): ditto (experimental values)
Hep(C): ditto (analytical values)
Hep(Cs): ditto (analytical values calcu-
lated by Eq. (14) of the 2nd re~
port)
Hep(CB): ditto (analytical values obtain-
ed by replacing 08 by 0B in Eq.
(14) of the 2nd report)
gs: yield stress of specimen
0B: tensile strength of specimen

3. Experimental apparatus and
materials

The experimental apparatus and proce-
dure and the form of specimen are similar
to those used in the 2nd report. The me-
chanical properties, the machining of sur-
face,the numerical values and the profiles
of surface roughness of tested materials
are respectively listed in Tables 1, 2 and
3 and are shown in Fig. 1.

In Table 3, the direction of surface
tracing, mark 7, of the specimens after
grind-finishing coincides with the direc-

tion of grinding; therefore, the hc-values
of this direction may be insignificant as
the representative values of the surface
contact condition in the leakage problem,
hence they are not recorded. For the case
of lathing, the hc-values in the direc-
tions of surface tracing, marks 1, m and n
, may also be excluded for the same rea-
sons as above. The hc-values are automat-—
ically measured in "the distance of the
measurement of he-value" described in Fig.
1, where the measuring Jengths in the di-
rections of marks a, b and ¢ are about 6
mm and those of marks Z, m and »n are about
10 nm. In other words, the he-values can
be quickly calculated by integrating auto-
matically the area between the profiles of
surface tracing and the base line of the
recording paper of recorder simultaneously
with tracing of the surface profile. This
can be achieved by combined use of a sur~-
face roughness recorder, a digital inte~
grator and a convertor devised by the au-
thor. The process of the measurement of
he-values is shown in Fig. 2. This can be
divided into three groups, namely, (a) the
circuit of convertor, (b) the action of
convertor and (c) the expression of the
calculation of he-value.

Both actions of instruction and cor-
rection can be operated by the convertor.

Firstly, applying the flip-flop cir-
cuit included in Fig. (a), the pulsating
curves shown in Fig.(b) can be recorded in
the surface profile simultaneously with
instructing of the necessary messages,
start and stop, to the digital integrator.

At the same time, the digital inte~-
grator can compute automatically the area
between the surface profile and the base
line of recording paper in the interval of
the pulses of start and stop. Secondly,
the correction 1is made by electrically
transmitting the output of the recorder to
the digital integrator. The procedures are
as follows; adjusting the variable resist-
ances marked with ZVR and FVR in front of
the constant-voltage electric power circuit
included in Fig.(a), the zero and the max-
imum height of recording paper, i.e. 0 and
50 mm, respectively, (corresponding out-

Table 1 Mechanical properties of experimental materials

Materials Mechanical properties
Symbols Nota~- E gs OB Hardness Heat treatment
tions kg /rm* kg/mm®  kg/mm® HR
® x1o%
£ FC 15 1.0 11.3 17.0 B 86 Industrial scale
E xlot
g BsBM2 0.98 31.0 40.0 B 61 ditto
°d 4
@ Cu B 1.3%1° iy 22.0 B 43 ditto
Base plate SKS 2 v 4Y N C 60 0il quench

E : Young’s modulus

HR: Rockwell hardness; B,C: Class of Rockwell hardness
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puts of the recorder are -1.6 and +1.6
volts), can be converted to 0.000 and
5.000 milli-volts as the respective input
values to the integrator. The relative
values for the correction are listed in
the table of Fig. (b).

Then, the hc-values can be calculated
by the following procedure: (1) One draws
the lines of Hmax-Hmax and Ho-Ho on the
recording paper as shown in Fig. (b) ac-
cording to the procedure described in the
1st report. (2) One obtains the area from
the result by the digital integrator,
using the conversion table shown in Fig.
(b). (3) Then, the Ac-values can be cal~-
culated by the expression described in
Fig. (c). The corrections were performed
before and after the measurement of the
surface profiles, resulting in the accura-
cy less than 1 7, whereas the accuracy of
the measurements done so far was several

1323

percent.

4. Experimental results and
discussions

4.1 Values of vy and s

The characteristics of the distribu-
tions of Y-value are shown in Fig. 3 for
the specimens finished by lapping. The
similar results can be obtained with the
specimens finished by grinding and lathing

Therefore, the Y- and the k-values of
specimen may be considered to be deter-
mined by the mechanical properties of
specimen and to be independent of the ma-
chining condition. The obtained Y- and k-
values are listed in the table of Fig. 3.

The distributions of s-value are shown
in Fig.4 for cast iron. The distributions
for copper alloys are similar to those for
cast 1iron, excepting that the s-values

Table 2 Machining methods for experimental materials

Machining .
Symbols methods Machining conditions
Lapping No. 240 of carborundum powder
Form of grinding wheel: WA60-KMV, 1750 rpm
Grinding Depth of cut: 0.02 mm
Feed speed: 60 cm/min.
® FC 15:- Form of cutting tool: 6°, 0°, 10°, 7°, 30°,
g 60°, 5 mm, 40 rpm
g Depth of cut: 0.06 mm
3 Cutting speed: 0.3 mm/rev
o BsBM2:- Form of cutting tool: ditto, 83 rpm
Lathing Depth of cut: 0.05 mm
Cutting speed: 0.04 mm/rev
Cu B :- Form of cutting tool: 12°, -, 11°, -, -, -,
102 mm, 225 rpm
Depth of cut: 0.04 mm
Cutting speed: 0.025 mm/rev.
Base plate Lapping Chrome oxide

Table 3 Numerical values of surface roughness; without applied load (M)

Materials Central height heo Maximum height Hmaxo
Svmbol Machining Directions of surface tracing Directions of surface tracing
ymboLs methods a b c A m 123 hcomean a b c A m n
o ™ Lapping {5.70 6.07 6.24 6.64 6.85 6.25 6.29 |11.5 13.6 12.6 14.5 13.5 14.0
S 2 Grinding |2.29 2.12 2.41 - 3.02 2.76 2.52 4.9 4.4 4.3 - 5,0 5.8
o a Lathing |4.79 4.34 4.42 -~ - - 4.52 110.5 10.0 10.0 - - -

f"
e M Lapping |5.55 5.28 4.94 5.26 5.37 4.81 5.20 (11.5 10.2 11.0 10.5 11.0 10.8
Iy 5 Grinding |5.71 5.29 5.61 - 5.57 5.13 5.46 |11.6 11.4 10.7 - 10.4 9.7
© © Lathing |[3.88 3.98 4.02 - - - 3.96 7.3 7.3 7.5 =~ - -
a 0 Lapping |[6.26 6.47 6.07 6.25 6.40 5.92 6.23 {11.0 12.3 13.5 12.8 11.5 12.0
o o Grinding |[1.81 2.19 2.43 - 3.21 2.97 2.52 3.5 4.0 4.0 - 5.4 4.9
3 P Lathing |4.46 4.57 4.42 - - - 4.48 8.0 8.5 7.8 - - -
Base plate| Lapping - < 0.3

Note: (1) Methods of measurement are
(2) On the working of grinding,

shown in the 1lst report
the direction of surface tracing, i.e. mark 7,

coincides with that of grinding
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corresponding to a large frequency tend to
be a little lower for the copper alloys
than for cast iron in any machining condi-
tions employed in this experiment.

According to the results of
the previous report, the s-values
affected remarkably by the grain size of
lapping powder, the depth of cut, cutting
speed, etc., and they may be influenced by
properties of materials to some extent.

In the case of specimens finished by
grinding, it seems that the distributions
of the S-values have a tendency to divide
into two main groups. This may be due to
the poor uniformity of the grain size of
grinding wheel, which is similar to the
case of lapped specimens described in the
2nd report. The obtained results of s-
values are listed in Table 4.

4.2. Air-Tleakage

Examples of the experimental results
are shown in Fig. 5. The load is applied
by spring force in six steps from 1.0 to
30 kg/em®. The air-leakage is measured by
increasing the supplied air pressure grad-
ually until a sudden increase of air-leak-
age, the applied load being held constant.

It is evident that the air-leakage
rate in the specimens finished by lathing
is much less than in the specimens finish-

this and
may be

ed by grinding, though the ho-values of
the former specimens are about 1.8 times
larger than those of the latter ones as

listed in Table 3. This will be discussed
later in Section 4. 4. 2.

Reynolds number with respect to the
equivalent gap is less than about 150,
which means that the air-flow between the
contact surfaces is a viscous flow under
the limit of occurrence of turbulent flow.

4.3 Relation between equivalent gap
obtained by experiments and supplied air
pressures

The relations between the Hep(E)-val-
ues calculated by Eq. (25) of the 1lst re-
port and the supplied air pressure, i.e.
pa*, are shown in Fig. 6. The Hep(E)-val-
ues do not seem to vary until the balance

report. The pa*-values, at which the
Hep(E)-values come to increase remarkably,
depend on the machining methods, and are
much the same for lapping and grinding,
while they tend to slide to a somewhat high
degree for lathing. When the supplied air
pressure exceeds the pa*-values mentioned
above, the rate of increase of the Hep(E)-
values of the specimens finished by lath-
ing differs from those of the specimens
finished by lapping and grinding; the for-
mer is smaller than the latter.

This is considered to be due to the
difference in the mechanism of air-leakage
between contact surfaces, which will be
discussed in the following section.

In the case of specimens finished by
lapping, the Hep(E)-values decrease about
0.5um as the pa*-values increase from 0 to
20kg/cm®.  This may be considered to occur
as the result of the sealing effect due to
the minute substances in the space between
contact surfaces, as also discussed in the
2nd report.

4.4 Relation between equivalent gap
and applied load

In Fig. 7 the Hep(E)-values are plot-
ted against applied load.

4.4.1 Characteristics of parameters
a and b obtained from analytical solution:

The Hep(C)-values which are calculat-
ed by Eq. (14) of the 2nd report are shown
in Fig.7 with full lines, where the values
of Hep(Cs) and Hep(CB) are represented by
thin and thick full lines, respectively.

From the experimental results, the
permanent reductions of the central height
of surface roughness were found to be 6>
0.95 at pc=30kg/cm2, hence the values of O
were taken to be unity for the calcula-
tions. It should be noted that the param-
eters a and b, which are calculated by
Eqs.(7) and (8) of the 2nd report, can al-
so be directly obtained by Figs.l and 2 of
the 2nd report. (The details are given in
the Appendix 1).

4.4.2 variation of the Hep-values by
the machining methods

condition between contact surfaces comes In the cases of the specimens finish-
to be satisfied, as discussed in the 2nd ed by lapping and grinding, the Hep(C)-
Specimen: BsBM 2 Contact surface for :
Machining method: grinding 3  maximum height .OUtei :gge of
Direction of surface tracing: a N \ specim
Hmax=4.9 um, he=2.29 um —0.1 mm 4 X /
v AP N = L Db -y PINCYT T MAF P —

1 Starting position for self- ©0f he-value

recording of he-value

Distance of measurement

Reference plane
LIl

Closing position for self-

recording of hc-value

Specimen: FC 15

Machining method: lathing L J } 5» Base plate
Direction of surface tracing: a 0.1 - Finishing: Lapping
Hmax=8.0 um, he=4.46 um -+ mm
| An AN, SN /M 5
vy L i v .
AT AN VAL .
! 0.1 mm —
1 ] |
T
Fig. 1 Profiles of surface roughness of specimen and base plate

(before the measurement)
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values are in agreement with the Hep(E)-
values with a deviation within about 8% in
the range of the éxperiment for the varia-
tion of pe. If examined in detail, it may
be found that the Hep(CBJ)-values come to
agree well with the Hep(E) rather than the
Hep(Cs) with an increase of applied load.

These results may be explained as
follows: the deformation of surface irreg-
ularities is .influenced by the tensile
strength of specimen rather than the yield
stress when the applied load increases.

This should be investigated in future
under the conditions of a larger load than
in these experiments being applied.

In the case of the specimens finished
by lathing, the experimental results show-
ed Hep(C)>>Hep(E). Then it was considered
that the phenomenon of fluid leakage be-
tween contact surfaces should be confirmed.

1325

In an experiment of pe=10Q kg/an®,
therefore, the leakage flows between con-
tact surfaces were observed experimentally
through an optical flat under the condi-
tions of pe=\l.0kg/em® and pa*=0"0.5kg/cm®
, the results being shown in Fig. 9. Some
parts of the experimental apparatus for
this experiment are reproduced in Fig. 8;
alcohol mixed with blue ink and filtered
through filter paper, was used as the
fluid. The leakage flows in the specimens
finished by lapping and grinding were rec-
ognized as radial inward flows, but those
in the specimen finished by lathing were
observed to have certain differences de-
pending on the materials of specimen. In
the case of brass, the leakage flow was a
combined one of a whirl flow along the
grooves curved by lathing and a sector
flow at the outer (inlet) region of speci-

men, and it was composed of

Flip-flop circuit

(-16V~+1.6V) To disi -
—_— o digital a couple of sector flows a
From surface roughness EFVR integrator . round the inner (outlet) re-
recorder —< Correction
gion. In the case of cast
Variable resistance AC 100V iron, the leakage flow was
for maximum point” | 7yp similar to that in brass at
v / the outer ( outlet ) region,
Variable resistance—] To diaital while it became a sector flow
for zero point o digita C
+5v integrator around the inner outlet hole
Relay \o?% Start for self- "Instructions » where the wetted region
recording’ spread nearly 180°. In the
case of copper, the leakage

flow was nearly a whirl flow
throughout the contact sur-
faces of specimen but was
not observed clearly around
the inner outlet hole.

Now, assuming that

-1.5V
s o Stop for

self-recording

(a) Circuit of convertor

Surfage Convertor Digital the leakage flow be-
recorder {structofCoection] integrator tween the contact sur-
¥ k1 faces 1is a viscous,

e 2 ¥ ;
ﬁ&f?&??%ﬁ o Srace T Ol laminar and isothermal
digital infeyrator coushness | vosrator  [Converted flow in parallel sur-

witl be given by Qv L—» recorder i

Mis o e Feiht of TTnput  Tounted area faces with the equiva-
or 25 crart paper) voLtage iMme | mm2 lent gap with sector
0 | 0.000 0 0 angle ( radian ), the

B-S h g+ - 20 ’

” ﬁgi%cre e"r“ ness g Hmax Hmax S0 { 5.000 | 5000 | 501, total flow rate of
S-%"?%%‘l@"’;ﬁfﬁiﬁ't \ 15 \ Note : 1) Unit of measurement for leakage fluid is given
WilL ' recorded” 2 AN LA dintal interator 10 V/sec by s, 2
into sucface o W AN 1074 Eor e CTALR OF chart papa . _$(Hep)® (pa -giz)
profile 2 - QL= v v

£ N S—H, | Note < Relating to left figure:- 2bul, rot pr
s 0 g-(}: Baiettlne of chartfpaper certerenees(1)
N -Hq : Reference plane for .

Y- Digital integrator: 0 X e * P Surhace roughness where, @Z: total flow
Area between surface 0 Hmaz - Hmax : Contact surface for rate of leakage air, U
profile and base Line of maximum height of surface . :
recording paper in the L roughness absolute viscosity

interval L, between pulses
o} start and stop, will be
computed aufomatically

of air, roi=ro/ri; ro:
outer radius of speci-

men, ri: inner radius

(b) Action of convertor of ’specimen pa: sup-
. ’ .

(Instructions and correction) plied air pressure, pt

: outlet air pressure.

(c) Expression of calculation of he-value
Substituting the

he = (A—B) 103 (wn) value of 2=T obtained

where, LxM by the experiments for
A: Area for counted number N, i.e. area between surface brass and cast iron
profile and base line of chart paper among distance  1Bto Eq. (1), the Hep-

L, nm? (E) can be obtained,

B: Area between Ho-Ho and.0-0 among distance L, mm?® and they are shown in

L: Distance of measurement of he-value, mm Fig. 10 in comparison

M: Magnification of ordinate with the Hep(C)-values.

. Though the sector

Fig. 2 Procedure of automatical measurement of hc-value angle # might be var-
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ied according to the applied load(see Ap-
pendix 2), it was assumed to be constant
through the experiments. In the case of
brass, the Hep(C)-values were in agreement
with the Hep(E) with a deviation within
about 7 %. The Hep(CB) agreed better than
the Hep(Cs) with an increase of applied
load, which is similar to the cases of
lapping and grinding. In the case of cast
iron, the deviation was about 20% at pe<5
kg/cm®, and the Hep(CB) and the Hep(Cs)
became 10 and 15 %, respectively, when the
applied load exceeded about 10kg/cm®.

In the case of copper, the state of
leakage flow around the inner outlet was
not observed clearly, and so the discus-
sions as mentioned above were not carried
out.

80
: wid— oY degree) B Collected
Sprcinens by Hean L-!l'-‘l number
[ FCIS | e | 128~136 132 | 2.20 |¥-values
~ BsBMZ| © | 125~131 128 | 2.15 | collected under
60 CuB | & | 85~108 35 | 1.85 |every one of
K4 sgeumen are
Fod 1300~ 1500
£ L
40
20
TR | Ll L
30 120 150 180
2% degree

Fig. 3 Distribution of conical angles
of surface irregularities
(Finishing: Lapping)

Specimen : FC 15 N 553:1[\“23
B 4 Machining ol (efere the
300 methods psing

under every oreof
specimen are {000~1200

z Laging | ® T~15
£ T ?“R Grinding| & 5~ §
2 | Lathing| © 3~ 5
v | . Collected number :
200 / 7{1 s-values collected

Ll

1 5 10 50 100

Distribution of s-values
(Before the experiments)

Fig. 4

Table 4 Values of s

Machining Specimens

methods FC 15 BeBN 2 s
Lapping 10 8 8
Grinding 8 7 8
Lathing 5 3 3

The equivalent gap for the whirl flow

s In other words, the phenomenon as ob-
served with the specimen’ of copper finish-
ed by lathing should be investigated in
future. Even if the specimen is finished
by lathing, when cavity exists in some re-
gion of the contact surfaces of specimen,
the leakage flow will become a radial one.
In this case, the experiments may

show that Hep(E)>>Hep(C) as seen in Fig.ll
» which is an inverse relation to the re-
sults obtained above, and that the Hep(E)-
x10°

12 Specimen : Bs BM 2
Finishing: Grinding

S S
T T
|
[%a]
Reynalds number <

BN
T

Flow rate of air-leakage Q; cm*hr
<o
T
1

|

! ! !
0 5 10 IS* 20 0
Supplied air pressure P, k3/cm?
(a)
x10%
6 Specimen : Bg BM 2
Finishing: Lathing -15 ¢
& £
N
25 E]
o 43
(=] -
84 §
% o
2 3
<3
<
5 :
£
= 1
! L Lo
0 S 10 15 . 20
Supplied air pressure Py k3/m?
(®)
x103 Specimen: Bs BM 2
3+ Finishing : Lappiny, No. 240 of
= carborundum powder — 1502
3 ¥
: g
w
= K
2 2
% 1
§ 00 %
= o
<
<
o]
el 50
k]
N N A B
0
0 5 10 15 20
Supplied air pressure P} ky/en®
(c)

Nete: Numerical values for every curve are
applied load indicated in kg/cm?

Fig. 5 Experimental results
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values may not vary with the applied load.

The equivalent gap obtained analyti-
cally in the 1lst and the 2nd reports is
not applicable to the specimens having the
surface roughness as mentioned above, in
which the leakage flow through the cavity
zone may account for most of the total
quantity of leakage.

4.5 Balance condition between applied
load and supplied air pressure

Substituting the experimental results
into Eq. (20) of the 2nd report, the char-
acteristics of balance condition can be
obtained as shown in Fig. 12, where the
frictional force of O-ring is taken to be
0.6V1.0kg. Assuming that the leakage flow
between contact surfaces 1is a radial one

Specimer * Bs BM?Z
Finishing : Grinding
N
W

Hep U
w

tquivalent 3ap
B
T T T
®
} 2
Xz ™
>
-

\
3 340—X x—x—xﬁ’—x: o \ y \\
mﬂr—ﬂ—-v—ov——ﬂ%?l\\\J
| I PRt
| e
[ T BT S RSS!
01 05 10 5 . 0 20
Supplied air pressure Py ky/em?
(a)
[ Specimen ¢ Bs BM 2
Finishing ¢ Lathing
=4
&
= e P
o 1.0 \/ - m\\?
B O\
4 NavA
;S. - X 30x_—x--><—><"){\& . \\
© 4.8 -——-Q———K—-A—(P\A’OA NN
EYAS . \ \
e 10 N
ind AN o
20 ""—V‘\Q\ v\ N
B\ B\ O G0
e 30 m«gb
ST N T U S S T SN RS T U0 0 N B
01 05 i . 020
Supplied air pressure Pg kg /em?
(b)

Specimen : Bs BM 2
|- Finishing: Lapping, No. 240 of
carborundum powder

~

=
T T

3.

\
Ao
8 }\

Equivalent gap u

0 X e X X

P R —" e GV SY Y W
1) =G0 —g=O——

—e

\

=
T T T

20 -vao——v—-V--—V—v \ \\
—— @D

] \
4 R Rt )AIl]Ill!l'lIll\\
01 05 10 S 10 20
Supplied air pressure Py k3/em?
(e)

Note:
(1) Numerical values for every curve are
applied load indicated in kg/cm2
(2) Numerical values for every dotted
line are Reynolds number

Fig. 6 Relation between supplied air
pressure and equivalent gap ob-
tained from experimental results
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for the specimens finished by lapping, the
balance conditions between applied load
and supplied air pressure are in good
agreement with the experimental results,
where the analytical vdlues of balance
condition are peq=(pc/pa)=0.83v0.87 at pia
=0.1v0.5 for the specimen with the dimen-
sions described in the lst report. In the
case of the specimen finished by grinding,
the values of (pe/pa), when the leakage
flow rate comes to exceed the degree of
steady increase*, tend to deviate to a
somewhat large value calculated from the
peq-value, but this is not. so distinctly
recognizable that it may be concluded that
a sudden increase of air-leakage occurs
mostly under the balance conditions given
by Eq.(20) of the 2nd report. In the case
of leakage flow being a sector one such as
seen with the specimen finished by lath-
ing, the sudden increase of air-leakage
occurs under the conditions of (pe/pa)=0.5
0.6, Now, assuming that the leakage flow
is a perfectly sector one and the sector
angle is ¢#=7 radian, the balance condi-
tions under which that peq becomes half of
the former, yield (pe/pa)=0.43 for pia=0.1
"0.5. This is different from the experi-
mental results. It may be considered to
be due to the fact that the real leakage
flow is not a perfectly sector one as
shown in Fig. 9, but the fluid pressure
acts upon all the surface at the outer
contact surface region. In the case of the
leakage flow being a whirl one, however,
the sudden increase of air-leakage occurs
under the conditions of (pe/pal)=0.3"0.4.

4.6 Elastic behavior rate, «

Substituting the Hep(E)-values ob-
tained by Fig.l1l3 into Eq.(26) of the 1st
report, the values of elastic behavior
rate can be obtained as listed in Table 5,
where the standard of applied load is 1.0
kg/em*. It can be seen that the deforma-
tions of the surface irregularities on the
rough surface finished by lapping are
fairly plastic under a low applied load
just as in the results obtained by steel
in the previous reports, but those of the
surface irregularities on the minute sur-
face finished by grinding and lathing have
elastic property. Comparing the results
with specimens of copper finished by lapp-
ing and the results of those by grinding,
one can see that the numerical values of
surface roughness are nearly equal to each
other as listed in Table 3, and yet the
ratio of the x-values by grinding to that
by lapping becomes 1.5".7. This may show
that the surface irregularities of the
specimens finished by lapping have a con-
siderably more plastic property than those
of the specimens finished by grinding and
lathing.

*;  The "steady increase' means the
state that the leakage flow rate between
contact surfaces increases proportionally
to the values of paz, if the clearance be-
tween contact surfaces is mnot varied by
the supplied air pressure.
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this gives isotropy of suxface roughness.
5. Conclusions The results obtdined can be summa-
rized as follows:

In this paper, the leakage of fluid (1) In the case of .the specimen fin-
from the contact surfaces is studied ex- ished by grinding, the Hep(C)-values cal-
perimentally. The specimens are made of culated by the analytical solutions ob-
cast iron or copper alloys, and they are tained in the lst and the 2nd reports agree
finished by grinding, lathing or lapping; well with the Hep(E) obtained from the ex-
grinding and lathing are employed for the perimental results with a devia-
purpose to make clear the effect of aniso- tion within about 8 Z in the re-
tropy of surface roughness, and lapping is gion of pe<30kg/em®. It seems
(for the purpose) to compare with them as that the Hep(CB)-values agree

comparatively well with the Hep-
o8 — (E) rather than the Hep(Cs) with
== A Specimen : CuB an increase of applied load.
Esl W - These results may be valid
g See el with the specimen finished by
& | T .| lapping. The leakage flow is a
B o G s-values ar sector or a whirl one in the
racme E'm"s ik dekormation)] _-Specimens "\\ contact surfaces of the specimen
Hep(Cs)| Hep(Ca)| FCIS [BsBH2| CuB 210 T~ finished by lathing, excepting
laping| © [ —|——] 10| 8 Fes ~r~eee.__| under the condition of a cavity
rinding] & | ----[====] 8| 1 0 L 110 L ;o . ;0 existing in some region of the

: 0 |—-—|—-—=| 5|3 |3 . : surface of the specimen.
| Lathing 0 Applied load P, kg/cm o Inhthg case of ;heh se[c;tor

L imen : BsBM ow, the deviation of the Hep-
a Specimen * FCIS T Specinen © BsBn2 (C)-values from the Hep(E)-onis
a8 a8 becomes 7Vv10%. The relations of
* z the Hep(Cs)-ones and the Hep(CB)
i I ones versus the Hep(E)-ones are
Y E i similar to the above results ob-
- K tained with the specimens fin-
34 24 ished by grinding when the ap-

= B plied load increases.
2 2+ ° }‘i-‘;{‘{:_"j’_'_’ In the case of whirl flow,
i L “TF | the state of leakage flow around
L M ! 1 Ll . ! ! | the inner outlet hole of speci-
0 10 20 30 0 10 20 30 men was not observed clearly,
Applied Load ; ky/em? Applied load P kafen”  and go the discussions as above
Fig. 7 Relation between applied load were not carried out. This will

and equivalent gap be investigated in future.
: (2) The characteristic cur-
Soring load ves of parameters a and b ob-
pring tained for carbon steel, which
|t—-ﬂ—««] ‘ were shown in the 2nd report,
Source of th -:]| ™ | source of light ' can be applied to the materials
- Soven holes inall tested in this experiment.

Upper sheath F ; == for alcohol ) (3) The analytical expres-
ooring . Specimen sion of the balance condition
Optical flat—i— Fr between applied load and sup-
Distance collar plied air pressure between con-
Bottom sheath — > tact surfaces, which was de~
scribed in the 2nd report, is in

Fonotographic recond good agreement with the exper-

Fig. 8 Procedure of observation of leakage
flow between contact surfaces

Finishing: Lapping Finishing: Grinding Finishing: Lathing

(Specimen: BsBM 2) - (Specimen: FC 15) (Specimen: BgBM 2)
Fig. 9 Photographs of leakage flow between contact surfaces
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Note:
(1) Specimens are finished by lathing
(2) The values of equivalent gap by ex-
periments are calculated under the
assumption that sector flow occurs
in space between contact surfaces

Fig.1l0 Relation between applied load and
equivalent gap with the considera-
tion of phenomenon of leakage flow

T T T T T T

Specimen: FC 15
Finishing: Lathing
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imental results using the specimens fin-
ished by lapping and grinding. It may be

concluded that, when the radial leakage
flow occurs in the space between contact
surfaces, the expression of the balance
condition is valid in any machining meth-

ods.

(4) It seems that the deformation of
the surface irregularities of the specimen
finished by lapping tends to be more plas-—
tic than that of the specimens finished by
grinding and lathing under a comparatively
low applied load, i.e. nearly 30 kg/cm?,
while that of the specimen finished by
grinding or lathing tends to be elastic,
where the surface roughness is a minute
one.
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Appendix 1
- 200 a
“a ® : Finishing ‘ Lapping (Radial flow)
Z ol o ¢ Finishing : Grinding (Radial. $low)
5 Fo 4 ¢ Finishing - Lathing (Sector flow)
= 50 @ : Finishing : Lathing (Hhirl Flow)
~ - P Apolied load, ky/em?
- Pa: Supplied air pressure
(Absolute pressure), ky/em?
A H:Ppn : Equivalent 9ap under the state whick]
put on supplied air pressure, um
Hep: Eguivalent gap cbtamed by
0kEo experiments for every applied
- load, um
I P . =0 .
s et (Pia=05) gyt flow
N Peg (Pg=01)
- o
i a
o B .
1~ ©oo G900 0000 60 20000 0 00 ©
P Lol L1l |

05 1 510 2
P,/ Py

Note: Leakage flow between contact surfaces
is assumed to be radial one

peq= (pe/pa)
n+% t=£ (1+1 ro)

2
re- 1 the calculated values of equiva :ﬁi-ﬂéié ? —i-———§—~t
~ 2 =0 n! (2n+3 2 .
lent gap, where cavity exists in Sn|n=0 nl (2n+3) =B(l+ZnP¢)
some region of the contact surface X
of specimen and the surface rough- Fig. 12 Balance conditions between appli-
ness is rough ed load and supplied air pressure
Table 5 Elastic behavior rate for cast iron and copper alloys
Applied Elastic behavior rate Kk % (Applied load of standard;
loads pe=1.0 kg/cm?)
pe FC 15 BsBM 2 Cu B
kg/cm2 Lapping Grinding Lathing | Lapping Grinding Lathing | Lapping Grinding Lathing
10 27 61 58 8 60 52 18 30 -
30 29 68 60 18 65 55 22 33 -
Note: The above results are obtained by assuming that the leakage flow between

contact surfaces

is radial for the specimens

finished by lapping and

grinding, and sector for those finished by lathing, respectively.
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The values of O(B) for various values 1)2} and s into Figs. 1 and 2 of the 2nd
of B are listed in Table 6. The values of report, are listed in Table 7, where the
I(B) obtained by applying the values of term distinguished by an asterisk may cor-
parameters a and b, which are obtained b respond to 0s or 0B. The characteristic
introducing the values of (E/kcis"‘){\/E/(;/E-}j curves for the equivalent gap between con-

tact surfaces are shown in Fig.1l4 obtained
by replacing ©(B) by I(B). As the result,
the characteristic curves of parameters g
and b for carbon steel listed in the 2nd
report are applicable to the materials
such as cast iron and copper alloys.

w
(=]

o
o

Appendix 2

w1
o

When the surface of specimen includes
abnormally high surface irregularities and
if it satisfies either condition of: (1)
the abnormally high surface irregularities
are distributed on one side of apparent
contact surfaces or (2) the real contact
pressures are extremely unbalanced in their
distribution, then the tendencies of the
contact surfaces may be varied by a small
variation of nominal applied load so that
the values of ¢ may be varied with the pe-
values.

Flow rate of air-leakag Q, cm’/min

i AR B
0 05 10 15
Supplied air pressure py ky/cm?
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Table 7 I(B) = {EE* izg;——ll—} e b8
E Vs

4]

]

: ‘

- FC 15 BsBM 2 Cu B

g

w

a* ags oB as OB os 0B gs OB OB
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