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An Investigation of Air-leakage between Contact Surfaces”

(2nd Report, On Case in which the Deformation of Surface

Irregularities was Assumed to be Elasto-plastic)
By Tsuneji Kazamakr

In the case in which a specimen was pressed against a rigid smooth surface, assuming its
surface irregularities had a form of similar truncated cone in the same manner as the Ist
report and the deformation of the truncated cone was elasto-plastic, the analytical values of
equivalent gap for the fluid leakage between them were derived considering the permanent
reduction of the central height of surface roughness. The results obtained can be summarized
as follows:

(1) The analytical values of equivalent gap obtained by assuming the surface irregular-
ities as elasto-plastic were in agreement with the experimental values with a deviation of
about 72, excepting the condition of which the applied load was low, i. e. less than about
5kg/cm?, where abrormally high surface irregularities existed on the surface roughness. The
values obtained by assuming the surface irregularities as ideally plastic, furthermore, were
derived in the same results as above.

(2) The analytical expression of balance conditions between applied load and supplied
gas pressure between contact surfaces was derived and the analytical values were in good

agreement with the experimental results.

1. Introduction

In the Ist report!”, the analytical values of
equivalent gap for the fluid leakage between contact
surfaces were derived for a case in which a speci-
men was pressed against a rigid smooth surface,
assuming its surface irregularities had a form of
similar truncated cone and were ideally elastic or
plastic, and the conclusions were derived as follows :
the values of equivalent gap obtained by assum-
ing the surface irregularities as ideally plastic
were in agreement with the experimental values
with a deviation within about 7%.

In this paper, the deformation of surface ir-
regularities was assumed to be elasto-plastic and
the analvtical expressions for the equivalent gap
between contact surfaces were derived, where the
permanent reduction of the central height of sur-
face irregularities, which varies depending on the
applied load, was determined by experiments, and
the conical angle of the truncated cones and the
s-values decided by the profiles of surface ir-

#* Received 7th January, 1970.
#% Assistant Professor, Faculty of Engineering, Toyama
University, Takaoka.

regularities were considered.

The analytical expression of balance condi-
tions, furthermore, between applied load and sup-
plied gas pressure between contact surface was.
derived.

2. Nomenclature

H . : maximum height of various surface ir-
regularities without applied load
h, : central height of surface irregularities
without applied load
k. : ditto (with applied load)
p. : applied load per unit area on contact sur-
face
p,. : increased applied load per unit area on
contact surface
g : displacement depending on the elasto-
plastic deformation of surface irregularities
0 : permanent reduction of the central height
of surface roughness
O K .G, : functions of 3
S : function of s
R, : Reynolds number

77=<llc0/Hmax0>mean
mean : arithmetic mean
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3. Theoretical analysis

Assuming that the displacement of surface
irregularities depending on applied load is the sum
of £, and £,,, which represent the respective dis-
placements depending on the elastic and the
plastic deformations for various truncated cones,

we have
8256[ +'§3)1

=P, ((Js=1)¥/s}/EHm tan?y

+VP,/wko,/tan y=H—2Z,

where we put

The applied load, accordingly, on any truncated
cone requires two different values as follows :
P,=2(H—-Z)(H/X)+ (Y /X)H*~(H~-Z,)?
Y2 2(H—=Z D)X /HY ) oo (4-a)
— ((H—Z)/Y}?—2(H -

and here, only Eq. (4-b) might be applied for the
applied load on any truncated cone. (The details
of the calculation are shown in the Appendix).
Now we put
X/Y2=%
and then the applied load on any truncated cone
becomes
={(H—-Z,)*—

2A(H—2Z,)°/H}/Y? - (4:D)

(Vs—1)%/sEmtan2y =X
l/yu.ko' tany=Y } e

and then Eq. (1) will be described by
H—Zy=P (X/H)+ P, Y - revuiriiian. (1)

and then the applied load on any truncated cone

Thus the total applied load on a nominal area

will be described by

PC=NJ°° PofundH

is given by _NC3V 3\/ T b [1_1_ 22 _pon
[H-ZOK [y 3\/ %
— ><\/l+4(H—Zo)(X/HY2)} ( > -2
P,= X THT - 14+ B e di—2%
......... (3) ) )
Table 3 1m={f"’- _(lf/;?ll_} ‘e Specimen S45C
N 0.890 0.873 0.802 0.880 0.860 0.768
Table 1 G(p), K(,!) N ‘
1.373 1.372 1.362 1.373 1.372 1.362
B Gy, K o
0.2 195.501 90.013 15.892 124.613 57.428 10.029
0.2 | 2.837 1.245 0.4 165.803 76.348 13.496 105.683 48.710 8.517
0.4 1.031 0.740 0.6 125.990 58.027 10.278 80.307 37.021 6.486
0.6 0.479 0.418 0.8 85.779 39.518 7.019 54.676 25.212 4.430
0.8 0.238 0.224 1.0 52.324 24.115 4.299 33.352 15.385 2.713
1.0 ' 0.120 0.113 1.2 28.599 13.186 2.361 18.229 8.413 1.490
1.2 ©0.059 0.055 1.4 ! 14.005 6.461 1.163 8.927 4.122 0.734
1.4 0.028 0.025 1.6 6.145 2.836 0.514 3.917 1.810 0.324
1.6 0.013 0.010 1.8 2.416 1.116 0.203 1.540 0.712 0.128
1.8 0.006 0.004 2.0 0.851 0.393 0.072 0.542 0.251 0.046
2.0 0.002 0.001 s 5 10 100 5 10 107
(For 0.6<p<1.4; error=6%)
Table 2 O ={Tn/1}—Ky Specimen  S45C
Mechanical E=2.1x10%kg/mm E 2.1x10%kg/mm?
. Annealed o,=35kg/mm? (Lower limit) Hardened{ o¢,=50kg/mm? (Lower limit)
properties { k=2.2 (Lower limit) k=2.4 (Lower Iimit)
\ 5 10 10 5 10 102
B
0.2 288.413 132.618 23.189 184.619 84.651 14.433
0.4 200.588 92.303 16.243 128.446 58.962 10.158
0.6 132.816 61.155 10.821 85.074 39.091 6.794
0.8 83.317 38.384 6.823 53.381 24.549 4.298
1.0 49.301 22.723 4.055 31.594 14.540 2.561
1.2 27.407 12.636 2.262 17.566 8.089 1.432
1.4 14.265 6.579 1.181 9.144 4.213 0.749
1.6 6.975 3.218 0.579 4.472 2.061 0.368
1.8 3.189 1.472 0.265 2.045 0.943 0.169
2.0 1.356 0.626 0.113 0.869 0.401 0.072
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{(1+ S Ber- f__J e*”d}>+2[32 3\/—Be'ﬁ —23~\77J e”zd,{H
=NC \é’"‘ ’O—‘{W(ﬁ)—/{z@(ﬁ,—m ( 47 e};z + f% Joe'”d/l 1)}}
= NC(BVTT/BYAS (L YY) gy wvrvervrsmmsnss s sess s et (6)

where, @(5)——'{?][15)/7{}”1{(33
K5 =20 ”4?‘2? B e e (7)
G o= L4 Z_Jﬁe‘”d/l——l
s 3\/ 7 B \/ T g
Here, K, G and @ which may differ with the material are listed in Tables 1 and 2, respectively,
for varying values of f3.

Then, introducing Eqs. (2), (5) and the values of N and C given by the Ist report into Eq. (6),
the total applied load will be described by

P = {wg_l)vs\/;} (kgdsz/E>Sn§0(E)@(ﬁ) .................................................................................... (6)
As the result in the case in which @, may be replaced by I; as follows:
. ko, (Js—1)2)-e

@,ﬁ,:,I(ﬁF{Ts(\_\/?)_} B8 Lttt et ettt e e (8)

The total applied load may be derived by
i s—1 ko, (Js—1 -

Pc:1.117<3/7;~>2k0 { % _(\T)_} S,eXP{—(0.724B) B2} «orvervrremeeiiiie (9)

The height from the base plane of surface roughness, accordingly, will be described by
« — ko, (Js—1)2
Z, = ——/::—_\/1 [1_117(\_/§_M> { v } } ................................................... 10
o= Joose V" Js /2 VE ~ Js5 a0

In the case in which the deformation of surface irregularities is assumed to be elasto-plastic, con-
sequently, the equivalent gap will be derived as

h}’cp 1. 994fm\/1n[1 117(\/\~;: >2f:c_s{% &xﬁj_f:g__ﬁ}““]_l .......................................... an

WHETE,  F (= C /W0 T2 B weereeeeeemime et (12)

The values of I, are listed in Table 2 for varying values of 3 and parameters @, & and f, are
shown in Figs. 1, 2 and 3, respectively, for carbon steel of S45C, and furthermore, the characteristic
curves represented by Eq. (11) are shown in Fig. 4.

4. Experiments

4.1 Experimental procedure
The process of measurement is shown in Fig. 5 and the arrangement of the parts to avoid moisture
and dust in the air flow, the control of variation of air pressure during the measurement and the method

Table 4 Mechanical properties of experimental materials

Materials Mechanical properties
Nota- E o5 Hardness Heat treatment Finishing; lapping
Symbols tions kg/mm®  kg/mm? Hp
550~570°C, 1.5hr heating, No. 80 of carborundum

A S45C 2. 1xa04 3 B8z furnace cooling powder
2l 830°C, 1.5hr heating, :
§ B S45C 2.1 50 C56 water cooling ditto
E . . No. 120 of
& c S45C 2.1 35 Bo1 ditto with A carborundum powder

D S45C 2.1 50 o ditto with B ' ditto

i 850°C, lhr heating, oil quench, .

Base plate SKS2 2.1 ~ C60 180°C. 1hr heatmg, tempering Chrome oxide

s Yield point, lower limit
Hpz: Rockwell hardness
B, C: Class of Rockwell hardness
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of the measurement of air-leakage are similar to
the Ist report, but the base plate holder is clamped
with the specimen holder by bolts.

It may be supposed that the reduction of appli-
ed load, therefore, depending on the fluctuation of
the situation clamped by bolts, occurs to the ap-
paratus, and then a similar clamping force for every
one of the btolts, i. e. 15~18kg/mm? was control-

ed through the experiments by the observation of
the variation of the elongation of the bolts with
strain gauges. As the result above-mentioned, the:
elongation of the bolts was not observed by strain
meter when the inlet air pressure of 10 kg/cm?g-
was applied over the base plate and the displace-
ment of feeling pin attached on the lower part of
the base plate was 2 or 3 microns.

Table 5 Numerical values of surface roughness; without applied load ()

Fig. 2 s-values vs &: the figure enables both of annealed

steel and hardened steel to be used in common

.
Direction of Central height heo Maximum height  ffn.x0
tracing
Materials a b c 1 m n Beomenn a b C 1 m n
A 13.63 15.41 13.29 15.60 13.75 15.89 14.60 28.8 34.3 27.0 37.0  29.0 34.0
” (24.2) (20.5) (25.5) (23.0) (22.0) (22.4)
g B 11.97 12.53 13.74 15.72 15.20 12.49 13.61 25.4 24.5 25.0 38.0 35.0 30.0
€ (21.0) (21.5) (23.8) (19.6) (17.0) (21.0)
9 i C 8.44 9.37 10.40 10.30 10.40 9.53 9.74 16.5 18.5 16.5 22.3 19.5 18.5
& | (14.8) (14.5) (13.0) (15.5) (16.5) (14.5)
i D 7.70 9.74 5.22 7.65 8.14 7.9 7.73 14.1 21.5 12.0 21.0 18.5 17.0
! (10.0) (10.0) (8.2) (10.8) (11.8) (11.5)
} heim~ Note: (1) Methods of measurement are shown in the lst report
Base plate ‘ Hp, <03 (2) The values in brackets are obtained by using the base plane
\ length prescribed by Japan Industrial Standards
19 - R, L
g .ot
* ) i Specimen s SAEC ;
0.8 A ‘
. < 0’7 _
0.5 Specimen: S45C ? i
- 206 i
0.4 - - i
- 0.5 - E
0.2 |- . )
. i
0-4 - : —
0 ! T i i 510 io? 1% gec 107
510 g0 ic? ,. 10
(E/Rcs) 1Y/ U5-1) )
s/l ) Fig. 3 s-values vs f(s): the figure enables both of an-
nealed steel and hardened steel to be used in
Fig. 1 Variation of @ with mechanical properties and common
s-values of specimen: the figure enables both of
annealed steel and hardened steel to be used in
common ) g 5 P
Heo voans . b frnniidY ke [ hds ‘
. _g - rL:»ﬁf‘ﬁﬂ ,l’lr‘\. 'Ik\’?) PC{E 1
) = [ Specimen: zuneaied siee i
= 5 N of S4EC
‘] f—
0

1 510 500 0% ¢ein, 10°
Fig. 4 Characteristic curves: assumed that the truncat-
ed cone is elasto-plastic
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4.2 Specimens

. The form of specimens was equal to the Ist
report and the mechanical properties of experi-
mental materials are listed in Table 4 and the
profiles of surface roughness, the numerical values,
respectively, are shown in Figs. 6, 7 and Table
5.

4.3 Experimental results

4.3-1 Values of 7 and s:

The results obtained for them are shown in
Figs. 9 and 10. Here, the surface roughness was
magnified as shown in Fig. 8 by using a magnify-
ing apparatus of ‘'surface roughness produced by
authors. The apparatus can be magnified on the
same scale for ordinate and abscissa of the profiles
of surface roughness; the errors were 2~5mm per
5 meters in the transverse direction, 1~3mm per
550mm in the vertical direction and about 1/4-
degree for the rate of perpendicular.

4.3.2 Air-leakage

The experimental results are shown in Fig.

Balar:s

Ar storege tank

Spring

0-ring

Specimen hoide-

Fig. 5 Process of measurement

Specimen: Hardened steel of S45C, Finishing: Lapping, No. 80 of carborundum powder

11, for example, they were obtained in eight
steps from 1.12 to 30.7kg/cm? for the applied
load by spring force, and further are shown in
Fig. 12 in three steps, i. e. 1.62, 5.64 and 10.6
kg/cm? for the applied load, after the increased
applied loads of six steps from 5.40x10 to 3.24
x 10%kg/cm? were applied in order of magnitude
by a universal testing machine.

5. Considerations

5.1 Values of 7 and s

The distributions over some extent due to the
statistical characteristics of ¥ and s, which shall
be considered as influenced by material and the
grade of surface finishing as shown in Figs. 9
and 10, may be permitted to these values.

T-values : the frequency of 7 -values is inclin-
ed to a large degree to depend on applied load, for
example, as shown in an increased applied load,
i.e. p;,=11kg/mm? (material, D), but no distinct.
difference is recognized. According to the results

3efore the experment

Magnification Ordinate x10000x2/3
Abscissa x100x2/3
Fig. 6 Profiles of surface roughness of base plate

Direction of surface tracing: / Magnification

Ordinate x 1 000 x 3/7
Abscissa x 100x 3/7

Fig. 7 Profiles of surface roughness of specimen (before the experiments): the meaning of the direction of
surface tracing, a and / are shown in the Ist report
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described above, it seems to be quite all right to
consider that the y-values for specimens are in-
dependent of the applied load. The values of 7
and k as listed in Table 6, accordingly, will be
taken for the experiments.

s-values : the distributions without applied load
are s=6~18 and 4~18, respectively, for No. 80
and No. 120 of carborundum powder, and then the
difference depending on the number of carborundum
powder may be recognized more or less in the
frequency for the s -values.

It may be considered that the distributions of
the s-values were divided into two main groups
which included s=4~10 and 10~18, and this may

£ R FRI?

(a) Profiles of surface roughness

Hmax=22.3u, he = 10-30u
Bejore the experiments 10
0

EY

Pic=1-08x 10% kg /em? , Hmg=1T.5p , he=8.21,

\/ T

T ——

Prc=1.08x 10° ky fem?, Hpmax=14-9p, ho=T.864

—_——
-
%— 0.1mm ﬁ‘-l|

(b) Profiles of surface roughness magnified on same
scale for ordinate and abscissa: (1) the profiles be-
tween two arrows in Fig. (a) are magnified
(2) the figures are reversed in the directions of
tracing compared with Fig. (a) due to magnifying
apparatus

Fig. 8 Variation of surface roughness depending on

applied load (material: C)

Freguency

2

o

100

1 T

| Conical angle
collected under
™ every ong of

0 |- Specimen are
2000~ 2500 in
I number

Specimens

o A (Before the experiments)

e ( (Ditto)

o D (Ditto)

© D CAfter P, =108 kg/mn?)
D«D=1),

g \
30 120 150 180 -

Angle 2% deg

Fig. 9 Distribution of conical angle of surface

irregularities
o | Tre s-values collected Region of s-values
& I under every one of specimen o . (Before t‘ne{t )
S |- 2re 800~120) Sptiners  experiments
S| ia number ,’q\ A D 6~
“r i B ~18
i
100 — I 7 c ~18
¢ v’v\v\ D ~ 18
L P T
1
- !
I
. ]
[ CK
- 'l/j =
!
50 ,/ 'I
L ’;/
]
- !
F
- § i3
- o ’/~4§:=/°
[ o8 3
Y : %m

1

5 10

Fig. 10 Distribution of s-values: before the experi-
ments

o X
<L

-

Flow rate of air- leakage @; cm/min
P O =) r: » O ® O
T

— Specimer. ¢

App’.ied load Heat treatmes,

P k3/em?  Finishing : Lapping, No &
— 112 of carkaritdum powder
—O0— 1.2
—— 361
—— 564 A-=--—q-- {100
—— 8.1] &
-0~ 10.6 . <
——20.1 3
—e—30.7 J 5

-

] <

<

| 5

PN R S, 00

1200
———————————————— 100

s 3 8 10
inlet air pressure P,%kg/em?
Fig. 11 Experimental results
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Table 6 Values of 7 and & be influenced by the poor uniformity of carborun-

Specimens 2r deg B dum powder and the degree of lapping technique.
Lower As described above, the s-values without appli-
Heat . Fhi ] PP
Symbol R limit
ympos treatment celon mean mE ed load will be taken as s=15 and 12, respec-
g' C A"’:;ale: 130~140 183 2.2 . tively, for No. 80 and No. 120 of carborundum
» D  Hardene 150~160 155 2.4 powder. Next, the characteristics depending on

applied load per unit area are shown in Fig. 13
- and it may be said as follows; the s-values in

3 o ...
* ‘05_ pe é’“en the group of s=10~18 diminish gradually and
g those in the other group, i. e. s=4~10, do not
B 3 vary.
Constant applied load h : o
Si- P ;Lsgpg ,Cm‘la ¥ It seems that the s-values may be distributed

_ over 4~10, consequently, after the applied load

[ exceeds about 200kg/cm?.

8z Neglecting the effect of the recovery of surface

l 7 irregularities, however, the consideration above-

/ P mentioned is based on the numerical values of the
&

FS
|

w
T

surface roughness after an applied load was remov-
ed, and then the s-values of which applied loads
are kept are doubtful.
5.2 - Variation of surface roughness depend-
ing on applied load
It seems difficult to record the surface rough-
-2 ‘ 3, ness exactly at the same place with and without
0 05 10 15 2.0 an applied load, and yet author’s every efforts
Inlet air pressure Py kg/em? were rendered to do so, for example, as shown in
- Fig. 8.
x10° 5:2.1 Phenomenon of surface irregularities
being broken down
The phenomenon that one part of the irregu-
larities on the real contact surface of rough sur-
face, of the specimen which was pressed against
a rigid smooth surface, came to be broken down
at comparatively low applied load, i. e. nearly
10kg/cm?, may be recognized in the fact as shown
in Fig. 14 and the following matter; we found
minute substances as shown in Fig. 15 around the

_Flow rate of air-leakage @, cn/mi

~
1

I-Constant appiied Load v/
31 Pc=10-6 ky/em?

€ . .
- £ inner contact surfaces when the specimen was
(=
%3
& C -
' E 20 - SpecArmens_a_
:% 2 § o 8 [, -
= N R C ——o—-
Ty | SN ———Omname
% sk g g{ "\\\., Dpp—
z - S
= L 32— - N"\\;:_ ™~
ok AR NE NN 10 £ e S
01'2Intgt4ssv'as1o - | % .~
air pressure p, kg/em? - o= S [ - S
5| Bl e o
Note: (1) The meaning of symbols of A, B, Cand D is N = —-—v
shown in Table 4 - L L L .
(2) The numerical values are the applied loads in ! 0 102 10°
kg/cm? ' : Contact pressure k§/em?
Fig. 12 Experimental results with constant applied loads
after the increased applied loads were applied in Fig. 13 Variation of distribution of s-values depending
order of magnitude . on contact pressure on nominal contact area
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separated from the base plate.

The items of the minute substances were lap-
ping powder and the broken bits of the surface
irregularities, and the former may be considered
some of the lapping powder which was separated
from the specimen when the latter was deformed
by the applied load, where the lapping powder

the expor

Fig. 14 An example of broken bit of surface irregulari-
ties

Specimen: B
21.=54.0kg/cm?
Fig. 15 Microphotograph of broken bits of surface ir-
regularities and lapping powder separated from
specimen

Specimen: C
Pie=1.08 x 103%kg/cm?

"had been buried in the surface layer of specimen.

These substances were found in steadily decreasing
volumes with the progress of experiments, and
occurred still at a high applied load, i.e. p, .=
32kg/mm?

5.2.2 Central height of surface irregularities,
he

It is as difficult to find the A, -values under
applied load as to do the s-values. The relations
derived by the surface roughness under applied
load are shown in Fig. 16.

It may be observed in the results of ex-

h( /hfthm.x'l
o

Specimens ( hco/Hmun)mean
EN A:oc 0.463
= B:v o.gee
Ko C:e 0.526
203 p: o 0.451
e [
g8 [ [(hw/ﬁm)..m-o.sao
s L8 / A=(0.44, B=4.45
£08 U
N v :
e 1 —8
2 g (hwlﬂm)m.rum] Q o
g A=0.49, B=6.94
g07 [ ]
< [ T T A 0 IO O B T S B B BT
€ 0 50 100 150 200

Applied load  kg/cm?

. =1 _{1_(th/Hmnzo)mun}Ae-'/"
Fig. 16 Variation of central height of surface roughness
depending on applied load

Inlet air pressure B kg/om?
0.5 1.0 15 20

PN L T T O T I B

Specimen: B

N
o

Equivalent gap Hep X107 mm
w
o

~
[4,]
X}
-0
o
-
K
7

20 R AN

15 [oVqvagd o F—n

?0::-"="!v5'“:v'*-i
1 2345673510

inlet air pressure 7 kg/em

Note: (1) Numerical values on full line are applied load
in kg/cm?
(2) Numerical values on broken line are Reynolds-
number
Fig. 17 Relations between inlet air pressure and equiva-
lent gap obtained by experimental results
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periments that the values of the permanent reduction of central height tended so downward that the #-
values became small, and then the experimental expression may be derived as follows :

I

cOmean

6

I

‘where
7>0.5: A=0.44, B=4.45
7<0.5: A=0.49, B=6.94

G =1~ (1 =) AeXP(— B/p ) rrennreees

Introducing Eq. (13) into Eq. (11), therefore, the equivalert gap considering the variation of the h,-

values is given by

s 2 P c 132 -a
He]):[1'994f(s)\/ln[l.ll?(\/s 1) kas{}’as s—1) }1 :l"‘l:lﬁhc()mean ................................. (14)

Vs pe

5-3 Equivalent gap between contact surfaces,
H,, ‘

Assuming that the equivalent gap between
contact surfaces is parallel clearance, Reynolds
number at the inner outlet position of contact
surfaces becomes equal to nearly 540 when the
total flow rate of air-leakage is about 10 cm3/min,
and so the turbulent flow may occur in the beginn-
ing of the experiments of high inlet air pressure
for every applied load, and in the other experi-
ments it may be considered a viscous flow contain-
ing the region of the arising limit of turbulent
ﬂO\N(:’-

The H,,-values in a certain range of experi-
ments, accordingly, must be calculated as turbulent
flow for them, but here the relations between
inlet air pressure and the H,,-values calculated
by Eq. (25) of the Ist report assumed to be a
viscous steady flow are shown in Fig. 17.

5-3.1 Variation of H,,-values depending on
inlet air pressure

The H,,-values do not seem to vary at less
than p,*=<lkg/cm? with no regard to the difference
of surface roughness with or without applied load
and the degree of the magnitude of applied load,
but they seem to decrease as the inlet air pressure
exceeds about lkg/cm? regardless of steady flow,
and the reason for this may be considered the
result of the sealing effect due to the minute
substances in the space between contact surfaces.

5:3-2 Variation of H,, -values depending on
applied load

The relations between applied load and the
H, -values given by about p,*=<1kg/cm? are shown
in Fig. 18 in which are added the calculated
curves given by Eq. (14). The calculated values
-obtained by assuming the surface irregularities as
-elasto-plastic were in agreement with the experi-
mental values with a deviation within about 15%.
The H,,-values derived by introducing Eq. (13)
into Eq. (23) of the lst report, furthermore, were
in good agreement with the results described above.

According to the results above-mentioned, it

E s

may be considered that the H,,-values can be
derived from the condition in which the deforma-
tion of surface irregularities was plasticity in
place of elastoplasticity, for the specimens in the
region of experiments, i. e. =30 kg/cm?.

5.4 Elastic behavior rate, &

Introduing the H,,-values, of which the rela-
tions obtained by Fig. 12 are shown in Fig. 19, into
Eq. (26) in the Ist report, the values of elastic
behavior rate are shown in Fig. 20; where the
applied load of standard was 1.62 kg/cm?.

The values have a tendency to diminish when
the applied load is 10kg/cm? and to increase with
an increase in the applied load.

The k£-values calculated under each of the

Table 7 Elastic behavior rate with low applied loads
after some increased applied loads

Elastic behavior rate % (Applied load o1

Incxiga;ed standard p,=1.62Kg/cm?)
oS 5.64 kg/cm? | 10.6 kg/cm?

Der Specimens i Specimens

k 2

gemt "a | B c|pjlalB|c|D
2.06x100 | — l — l — | ~100, — | — ! <100] ~100
5.40x100 | ~100] ~100, — | ~100 — | — | — | —
1.08x103 — — —_ —_ 64 73 88 92
3.24 %103 —_ —_ —_ — | ~100 ~1001 — —

= 7'0 Specimens :

Eso|. .t

'?9

b

225

Y

ps =

So0f

[51

E |

L%IS

10|

20 %5 3
Asplied load Pe kg/jem?
Fig. 18 Relations between applied load and equivalent
gap
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increased applied loads, furthermore, are listed in
Table 7. It seems that the deformation of surface
irregularities tends to be elastic gradually under
a low applied load subsequent to an increased
load.

5.5 Balance condition between contact sur-
faces

It is probable that the sudden increase of air-

Constant applied lead
I~ Pc=106 kg/c-n

’ !
H '
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u——ﬂx
o—2 XX

[

-3

Equivalent gap Hepx10" mm
—.Cl
<
|
<
4
[
<

-
o

w

-».-...\La-yuu’ -
‘—V

~ 4
a-— Tl

B 324:«!0

'-N

c-216x0°
S akekalnamar

-3

r\.
ob 2‘5"0 c-108x10°

X

—,,;+~+-+-+—+-—+—+—+——+—+’

0 msno’
[ B UL A [ N RN
1 2 3 45 6 7T 8 910
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D
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N
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flet air pressure Py ky/em’

Note: (1) The meaning of symbols of A, B, C and D is
shown in Table 4

(2) The numerical values are the applied loads in
kg/cm?

(3) The values of constant applied load should be
replaced 1.62kg/cm? with 1.68kg/cm? for the
experimental curves of 20.7 and 30.7kg/cm?

Fig. 19 Relations between inlet air pressure and equi-

valent gap obtained by experimental results
shown in Fig. 12

leakage as shown in Fig. 11 will be caused by a
push up of the specimen as the result of the
supplied air pressure between contact surfaces
becoming higher than the applied load. The
physical meaning of the above may be considered
as follows. The fluid pressure at any point on
contact surface will be given in the lst report as
follows :

PP=p2— (P2 —P2)(In7o, /Inrg;) cooeeveeveeeeee 15y

Here, the positive sign should be adopted only
for the fluid pressure, and then

p=p.v1—=alnry VIFB8Inz «oovcvverveeenninninnn (16)
where

a=(1—p;,%)/Inry,

b=a/(1—alnry) ] ...... Ceererenna, (17

Pia=P:/Pa

The total fluid pressure which separates the
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Fig. 20 Relations between applied load and elastic
behavior rate
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Fig. 21 Balance conditions between applied load and
inlet air pressure
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specimen from contact surface, accordingly, will be given by

x 1 2

P= Jr°2m'pdr: \/%n:pae“?/"

ri
where
[t] <o

5 wed [1=2(1+b1In 7)/b
=l (2n43)

t=2(14+blnr)/b

Here, the balance condition between applied load and supplied gas pressure between contact surfaces

will be given by

Pas,S, +eeeeeteeanentat e

Introducing Egs. (17) and (18) into Eq. (19), consequently, the balance condition will be derived as

follows :

e—2/b

a e 1 2
peqz(pc/pa)w:\/ %n?

,,Ezo‘ﬁT (2n+3)

The characteristics derived from the experi-
mental values in the region of R,<200 are shown
in Fig. 21.

The values of p, will be varied with the
values of p,,, and then the p,,-values will be about
0.87 and 0.83, respectively, for the conditions in
which the p,,-values are 0.5 and 0.1 for the
dimension of specimen.

The values of p., furthermore, will be obtain-
ed as the sum of the spring force and the fric-
tional force of O-ring; the values of the latter
were 1.4~1.8kg in the experiments and the value
of arithmetic mean, i. e. 1.6kg, was adopted for
the experiments. The experimental values are
considered to agree well with the analytical

results.

6. Conclusions

Assuming that the surface irregularities had
a form of similar truncated cone in the same
manner as the Ist report and the deformation of
the truncated cone was elasto-plastic, the analytical
expressions of equivalent gap for the fluid leakage
between contact surfaces were derived considering
the permanent reduction of the central height of
surface irregularities under applied load. The
results of comparison with the experiments were
as follows.

(1) The H,,-values calculated by assuming
the surface irregularities as elasto-plastic were
in agreement with the experimental values with
a deviation within about 159 in the region of
?.= 30kg/cm?2.

The values obtained by assuming the surface
irregularities as ideally plastic, furthermore, were
derived in the same results as above.

According to the results described above, it
seems that the H,,-values can be derived from the
condition in which the deformation of surface ir-
regularities is plasticity in place of elasto-plasticity
for the specimens in the region of p,<30kg/cm?.

n+d t=2(1+b61nry)/b

t=2(14blnr,)/b

(2) The analytical expression of the balance
conditions between applied load and supplied gas
pressure between contact surfaces was derived and
the analytical results were found in good agreement
with the experimental values.

(3) The values of elastic behavior rate
have a tendency to drop at a comparatively low
applied load, i. e. nearly 10kg/cm? for the speci-
mens, and to increase with an increase in the ap-
plied load.

It seems that the deformation of surface ir-
rgularities tends to be elastic gradually at a low
applied load subsequent to application of a certain
load, i. e. 200kg/cm® or more for the specimens.

(4) It is recognized as the phenomenon that
one part of the irregularities on the real contact
surfaces of rough surface, of the specimen which
was pressed against a rigid smooth surface, comes
to be broken down at a comparatively low applied
load and some part of lapping powder, which has
been buried in the surface layer of specimen, is
separated from the specimen. It is believed that
these minute substances have an effect of sealing
the space between contact surfaces.

Appendix

The terms of the square root in Eq. (3) will
be expanded in an infinite series as follows;
VT =14+2(H-Z)(X/HY?)—2(H —Z,)*

X (X/HY?*?+4(H—-Z )X X/HY2)3 A4 eenee
and if we retain terms up to fourth inclusive in
the expansion of the square root, then the residue
will be

~ X \¢/ H—Z,\*
R=—10(7z ) (77)

1
dl {1+40<H—zo>cX/HY2>}”2]
where
0<h<1
and the terms in the square brackets will be neces-
sarily smaller than unity and that of {(H—Z2,)/H}*
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will be under unity. Thus,

|R| <10(X/Y2)*

Here, the values of residue will be illustrated
by an example as follows; the material is S45C,
E=2.1x10*kg/mm?, ¢,=35kg/mm? 27=135° &
=2.20 and we take 102 for the s-values, and then
(X/Y?%)=1/33.7 and | R|<10-% Hence, it will be
considered satisfactory for the applied load on any
truncated cone that the terms of square root be
retained up to 4th inclusive. According to the
results above-mertioned, Egs. (4.a) and (4.b)
could be derived, and then we may consider Eq.
(4.a) for the first time as follows.

Now, we put

((H—Z)/H}(X/Y?)=¢
and then

P,={(Y/X)H}[1+42e{(1—¢€)*+(3/2)¢e}]
where the 2nd terms in the square brackets will
necessarily be a positive number, and so the ex-
pression will be described by

P> {(Y/X)H}*

and if we take into account the numerical numbers
in which are included H=1x10-*mm, /,=0.5
x10-*mm, S,=1mm? and §=2.0, then
P,>1.6kg
and, furthermore, the following will be obtained
from Egs. (11), (16) and (17) in the Ist report :
N=(2/3)(8/9m)2(1—(1/sV s )}*
XS0 /h2tan?y =5.2x 10
Then the applied load on the nominal contact
surface, i.e. S,=1mm? will be derived as follows.
Applied load=P,,x N >8.32 x 103~10'kg
and the value has no practical meaning.
According to the results above-mentioned, the

applied load on any truncated cone will be given
by Eq. (4.b).

References

(1) Kazamaki. T., Bull. JSME, Vol. 12, No.53 (1969-10),
p. 1011.

(2) Research Association on Minute-leakage., Jour. Ja-
pan Soc. Mech. Engrs. (in Japanese), Vol. 68, No.
560 (1965-9), p. 1321.

Discussion

T. Tsukizoe (Osaka Uriversity):

(1) I would like to ask the author about
the reason for the deviations between the analytical
and the experimental H,, -values being magnified
to as much as 15% in the 2ad report, whereas
they were about 7% in the Ist report.

In the case in which the analytical expression
of the 2nd report will be applied to the specimens
that had be tested in the lst report, I would like
to know what will be the values of deviation.

(2) It seems that there is little difference
in the characteristics between the plastic and the
elasto-plastic deformations as shown in Figs. 4 in
the Ist and the 2nd reports respectively.

I would like to ask, accordingly, about whether
or not the elastic deformation of surface irregular-
ities can be neglected.

(3) Assuming that the volume of surface
irregularities on the upper side of average line
has no variation in spite of the surface irregular-
ities being deformed, the #/,-values must be inde-
pendent of applied load.

I would like to know why the #A,-values di-
minished suddenly at a low applied load as shown
in Fig. 16.

(4) The expression, i. e. §&,,=vP,/mko,
/tan7y in Eq. (1), might mean ko,=P,/{n(&,,
tan r)?}, and then it can be supposed that the
contact pressure on the actual contact area does

not change.

I would like to know about whether or not
the expression is derived from the suggestion
advanced as to the same origin with Reference
(1) in the Ist report.

S. Iwanami (Musashi Institute of Technology) :

(5) I would like to ask about the meaning
of Conclusion (2) and what expression is called
the balance condition by author.

(6) I would like to have a more detailed
explanation, furthermore, to know what is meant
by the analytical values being in good agreement
with the experimental results.

Author’s closure

(1) We are grateful for the comments made
and interest taken in this paper by professor T.
Tsukizoe. Compared with the Ist report, the 2nd
report shows that the deviation of H,,-values
bztween the analytical and the experimental results
has come to increase in magnitude as pointed out,
and the fact has resulted from the low applied
loads such as the p,-values being 1.12 and 1.62
kg/cm? with materials A, B and D as shown in
Fig. 18. The reason is supposed to be that the
analytical H,,-values have increased in magnitude
compared with the experimental Hep-values at low
applied loads, because the surface roughness has
included abnormally high surface irregularities
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which had no influence on the /i .-values, as shown
in Fig. 7.

The analytical H,,-values obtained by assum-
ing the deformation of surface irregularities as
elasto-plastic were in agreement with the experi-
mental H, -values with a deviation within about
79, which was the same as the results of the lIst
report, in the case of both material C throughout
the experiments and materials A, B and D with
‘the applied loads above about 5kg/cm?2

Next, in the case in which the analytical ex-
pression of the 2nd report is applied to the speci-
mens which were tested in the Ist report, the
deviation came to be magnified to about 7% in
the same manner as the results of the Ist report.

The results above mentioned may stem from
the fact that there was little difference between
both Figs. 4 of the lst and the 2nd reports, where
the characteristics are shown.

(2) The deformation of the surface irregu-
larities may be considered as fairly plastic at less
than about p,=30kg/cm? in both the specimens of
the Ist and the 2nd reports. The investigations
with both high applied loads and the other materi-
als will be continued in future.

(3) The h,-values may be independent of ap-
plied load as poirted out, assuming that the total
volume of surface irregularities, in other words,
the surface roughness in which abnormally high
surface irrregularities are included, does not change
with an applied load, where the plastic defor-
mation of the surface irregularities on actual con-
tact area has no effects upon the /A -values. The
measurement of the real profiles of surface rough-
ness may be difficult, depending on the difficulty
-of the records of completely identical places, the
reproducibility of the profiles of the surface irreg-
ularities of steel and the degree of accuracy of
instrument. The experimental results have been
.obtained as shown in Fig. 16 with the statistical
investigation of the surface roughness collected by
the present report.

According to the results mentioned above, the
reason is not clear, and the investigation will
have to be continued in future.

(4> The values of plastic deformation, i.e.
£,1 are equivalent to the values derived in Refer-
ence (4) in the lst report; to quote the words of
References (4): “the limiting value of that
force beyond which there begins a plastic flow of
the material”.

Thus, we agree to your opinion.

(5) We thirk that the analytical expression
of balance conditions between applied load and

supplied gas pressure between contact surfaces has
been derived from Eq. (20).

Assuming that the fluid pressure, that may
be considered a phenomenon of leakage between
contact surfaces due to the inlet fluid pressure
when a thick cylinder is pressed against a rigid
body having an ideal smooth surface, is a laminar
inward flow with a parallel clearance, i. e. H,,,
and then it might be called the balance condition
that the total fluid pressure, i.e. the values of
Eq. (18), which separates the specimen from con-
tact surfaces, has come to equal to the applied
load, i. e. the terms of the right side of Eq.
19.

The balance condition will be influenced by
the geometric form of specimen, the surface rough-
ness of specimen, fluid pressure and applied load.
It seems that the balance condition should take
account of the elastic deformation™V of specimen
in the case in which the more detailed relations
might be required, and this will be investigated
in future.

We are grateful for the comments and sugges-
tions made on this paper by professor S. Iwanami,
and especially, for one by which the confusion
between the abscissa in Fig. 21, i.e. (p./ps), and
the terms of left side of Eq. (20), i.e. (P./Pa)eqr
could be avoided.

(6) It seems that the specimen was pushed
up as the result of the supplied air pressure be-
tween contact surfaces becoming higher than that
given by Eq. (20) under the condition of applied
load being provided.

Here, we consider the applied load as follows.

As a force to separate the specimen from the
contact surfaces is generated by fluid pressure in
the empty space between contact surfaces, the ap-
plied load has to be varied as the result, but the
reduction of the applied load may be considered
not to influence the equivalent gap, because the
deformations of surface roughness are plastic, as
described in the lIst report.

The relations mentioned above, accordingly,
will be derived as follows:

Equivalent gap at any sup-73

The ratio of 7% | plied air pressure, H,, .,
Lequivalent gaPJ | Equivalent gap at given
applied load, H,, 2

oc (The ratio of air flow rate)
versus (P./Pa)
and then the above relations are shown in Fig. 21
in which every one of the applied loads is included.
It has been stated here that the analytical

(%1) Nau B.S. and Turnbull, D.E., Ist Int. Conf. Fluid
Sealing, Paper D3, (1961-4), B.H.R.A.
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values were in good agreement with the experi-
mental values, from the results that a sudden
increase quantities of air-leakage occurred very
close to the values of p,,.

It may be considered that the considerations
described above, under which the fluid flow was
assumed to be a laminar inward flow, should
require some corrections depending on the elastic

deformation of specimen, the effect of anisotropy
of surface roughness and the degree of the numer-
ical values of surface irregularities, where the
values of supplied air pressure become higher than
that of the present report and the applied load
become higher than the experimental values of the
present report. These problems will be investigat-
ed in future.
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