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A Study on Design Sensitivity of Elastomeric O-ring Squeezed and
Highly Pressurized Under Laterally One-sided Constrained Condition
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Abstract : Static or dynamic elastomeric O-ring seals are installed between joining parts, and play key roles of high
pressure-tightening, Sealing performance and structural safety of the O-ring are dependent on groove design, plain
diameter, squeeze and applications such as pressure and temperature.

In this study, to solve O-ring problem squeezed and highly pressurized under laterally one-sided constrained condition,
hyperelastic FE analyses are performed, and FE results are compared with measured ones by computer-aided
tomography, deformed shape and extrusion depth of the O-ring. Through the comparisons, FE analysis technique was
verified. In order to evaluate design sensitivity, Taguchi method was used to select FE analysis cases. Adjustment
parameters are clearance gap, groove comner radius, plain diameter and squeeze. By means of verified FE analysis
technique, it has been analysed how the parameters have effects on contact stress fields, internal stress fields, and
extrusion depths. Sealing performance has been evaluated based on contact stress fields and contact widths, and struc-

tural safety on internal stress and strain, extrusion lengths.

Key Words : O-ring, design sensitivity, finite element analysis, sealing performance, extrusion depth, peak contact
stress, one-side laterally constrained, squeezed and pressurized
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o] 21831 7]YU(sealing) S AT 712 AE
#8(squeeze)ol] W3 5] vk (reaction force)
4 Uiste] F3ol off 7 BE AR HE 29
o] MAEl] SR P} 1940 d o] 1F 28o) Ht
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2 o}Z(laterally unconstrained and squeezed) -]
gk ZA, A 4 2 SA AT FEHAU
i B8] o8] A AME 24 © 39 &

" To whom correspondence should be addressed.
kimjhoon@cnu.ac.kr

ol A b= 2 ¢S Whi=(one sided laterally con-
strained, squeezed and pressured) 7| A= 43
8] ojg-H T2 ARt A € Bl &
Stk HT A9 AFAELS & 59 FEA
45 2 o8 FHA HE Y EXE A H
Agoz AAsrgo” HE L2 ZHcontact stress
field)o] Fejol cisiy M2 Awgd A5 AN
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331 SlE AAHed.
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wojopgit). 718 4 F(sealing performance) i
HZ &2 (peak contact stress) X HZ F(contact width)
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27



1z
0x
ok
™
g
i
oy

2 294 g

TZ AL 1T 29 FEale sH L W
FEE HriEa glow ARG} sAEY =Y
BAZ wA Joe 4F 4% o da9 4
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= Aoz BuEP)). Reddy S5& A8 Ao
239 42 Polrt 1F AT FAY 29 A
7} AW ks, BUd =9 BAl 2 R A=
Sl A FEeFe] Frhgo] Yol Z5E A7
thx Bastgot?. e g=o] FulesE g
Zko] Z71-go] ARtk Reddye] A5 2= Pearl
o 24 27 2 1t 5% A7 Frjel ke 2
sto]c}. Rapalleri 5P lip-sealol gt A7 A3}
480l 252 ¢Eol VMR BT
Eshel®& 29 EAl0) oje A 4E dEe 24
Hog o338 n dgoz Hgsignt ey A
g 9 ZAME e g ke AA WSS 1eEty
71d A5 2 72 AAFE Frshr] o8 53
38t 71" @ FZRPEA 0] FAlol W EojokslE
15 e8] dAE tgd AA Mee A8 =1
o |uj= B2 Modeling & Simulation WY& E3F
A7 A57E B4R olof 2zl e

B AN B 29 P 4 E o
0 2% BA tisted 2= (hyperelastic) i

[e]

= 2

==

28

i

[0

R

i
™ ok

P317] Slat
o), 4ol o3 2
A7 2 4EE] W% 297,
%% Zolol T o] BN
Se 4% 399 0 4% 2o Baol
Rom, P2 AL dF Lol L v}
o BHAN F7HER.

o

i I

fo ®

(&
ot

o3

=

12

Al

—_—

it

4 > &% odn &

rE oo N
ofl N,
to

2 A ¥

23 Xl Badt Ay oflix] F(strain energy
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FETAFE AHESt 94
AAkst G5Ege] 3

;.)4._‘:
gL

o (o

o 4 ot o # § 1

9 Y S AgHe= o
A @7l 79 29 EAjE
1.0mm, 2AE] w42 0.5mmE A A8l Fig 1
4= 2 tEsteA W EE o3 A4S Vel
EL& 8% Zol, Ez= 4% ZolE Yehdth

Extrusion depth (E;)

‘ §ELT

Fig. 1. Deformed shape of O-ring.
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Fig. 2= A7(d)°] 7.0mmo} i A (D)o} 121.5mm
9 29 & ulA s Bdo|n 1F 39} 2t
A haE 3R A84& MARCE o] &3l =8
Hltk 2 83i4del= full integration quad 80 24
9} updated Lagrangian o\%] 438 A7t 2§
=tk A& AW A& stick-slip =H 2do] &
g59eH @ AFwE 0.17%] AREHYT
Salitae] vl A5 24 Aspol o, nbF A5
0.17¢ 28 Hde| zel27l wdatd s AEol
A Z239 Hagteolth ¥ MM e vdFHY
o2 sty o] FHA] EFX 7] WEo vy

3lal7] sl 2#8E AT FXREELS A
A=Ak 848 Wyo| Hojste] FHA &
7t 2 A AFoz AR A4
gk o] JFAHE YA T17] Hs
dual force) 8%k olu]z} Wl gt 7 7]
Z7t2 Zg5r) AsRdEE Ogden 33 29
o] ALREROoTH oo &k ALF Aol
A I 5 olF A A} 23ENUeH,
2 o] FHE A AR, T ols ¢ & dAd
(planar tension) A& A7}l 23 AT

Table 12 B]HY A& PO ZE AkE 179
Ogden & YEpdth

Fig. 2. Axisymmetric FE analysis model of O-ring,

Table 1. Strain energy constants of Ogden model
i 0.87664 a 1.4307

H2 65.8816 o2 -0.120786 K 401379
s -16.7206 a3 -0.409349
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32. AEAEH G/N H]

Ay AEHY Fol|A Taguchi HE-2 4] 73
+9 2 47 A KfactonE] FFHE 1Y
F Qe ot ™. B AN Hew Hwu
&(orthogonal array)& A7 Q1A7} 471, &7t 3
Q1 A9l HEHE LEYE AHel o, % 939
AL sl 7 Qe FEHS BE EA
g B 4709 AARAEE 28 A A
=5g Fxsdte 29 EM(g), BAE @), 2%
M%) 2 HHE()S AT Table 2= A
g o] WS g Eol7ke ARk O FES AlA
SRow, Table 3¢ M5 wjAEE AN 3k
Table 3014 S}l AL shte) RHE = shtel
F7ol ik

AGAGHE &89 74d 44 Ade 2R
o] Fa& Hagetn 1 2 AAE AAsHA
2N 7171 Y8l S/N(signal/noise)d| & ARE-3Hc) S/N
H[E Ao o] vEE JoHy, 4 gig
FeAAe Je EFHoR 24Y + Ut 7]
otk SINH|E Alststa 43t Ad & ks
Z+E SINH| & F3h= Ao] E2joln, Al2de] &¥
EAX] wa}k S/Nvle] Foje depzin.

2 dFdAe 44 23 fgE] 7EdT 2
FERIAA F AAEY g HFrEk] g
Fer 4] A-E FAEIF o] & 3t AE Hu
7 &-g-#(peak contact stress in top contact surface,
Damax), SF8 I ZZ-EZ(peak contact stress in
bottom contact surface, peom), 48 BE E(w) L
A AE Zw)T FUEALE ARSI o, 42
Zo|(Ey), o] Hh-g-H(max. shear stress, Tma),
)57} HE S(max. effective strain, egmn) T
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Table 2, Factors and their levels
Factors Levels
1 2 3

g Clearance gap(mm) 0.1 0.5 1.0

r Corner radius(mm) 0.1 0.25 0.5

d Plain diameter{mm) b4 ¢ 7 ¢ 10

s Squeeze(%) 15 225 ) 30

Table 3, Ls(3") orthogonal array

Analysis case Design factors Combinatifm of
g t d s analysis
1 HENEEE girldls]
2 L2 ]2 |2 g1r2d2s2
3 1 313 | 3 g113d3s3
4 2 1 2 3 g2r1d2s3
5 2 |2 [3 |1 92124351
6 2 |3 ] 1 ]2 9213d1s2
! 313 ]2 9311d3s2
8 3 2 |1 |3 93124153
? 3 1321 93r3d2s1
4. B3 3 nFE
41. geteidM 2t HS

Fig. 3& 28 ¥q A dg 4384 2 3
A A3E v ag Folvk £2H A 1.0mm, 2X]g
B 0.5mm, ¢HEF 22.5%9F 1.38MPa2] Wigto] &
48 o 938G A HNEAA HuRYEH 2
3] B3 Zo] & HF o] Eo| vind 4AFTS
;1 g F Utk

Fig. 4= i% A 1.0mm, 2] 57 0.5mm,
2 22.5% GEFESIA GEE S7HZE o |9 Al
AR EE %_Moﬂ A% 54 AHE AN E A

WE Ao 0] AAL V|FoRE UE Fo] E
B dolg Fardslet e Aojtk of7]A ¢

- -

Fig. 3. Comparison of the deformed shape measured by the
computed tomography and calculated by the FEM
under 22,5% squeeze and the pressure of 1,.38MPa,
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AR 2 AFHE vEd F A D ok
UE Folo) Fhe gl 571E4E FaEE
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F 9% ol 27hgel me} o2y 2 W AS
(hape faeon7} 374517] gL A 2
& QI%E 22.5% 2 2 15.68MPac) A JEAH F
&4 40] glgieh

Fig. S Table 30 Lhehdl s} 24 geig
Z7H2 W o3 AUt gEsE Al
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08 i ~m-E fd, Measured by CT :
C| -e--E d, FEM
{| —o—E/d, Measured by CT
08
| —o—E/d, FEM

04l —v-- EJd, Measured by Laser

expanded length, E /d, E,/d

Normalized extruded depth and

Pressure(MPa)
Fig. 4. Normalized extruded and expanded length with experi—
mental results(gap =1.0mm).

=0.7, r=0.lzid=4, sT16 %
g=0.1.1=0 g=7.65=22.5 %
0=0.1. =0.5{ d=10, §=30 %
, 1=0.1/ d=7, s+30 %

g=0.5, r=0.5] d=4, s722.5 %
g=1.0 r=0.1]d=10_$=22 5
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r=0.5 d 7, 8715 %
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Fig. 5. Pressure—average contact stress according to FE
analysis cases,
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B Su L0 AF Y LIS W IT 2ol A AAE o

B ¥E22¥) 4 AGe} Karaszkiewicz"o] 2
AR} (3ol 2%t ALtERE Blwste] vl Aol
t}. Fig. 594 8ol o3t 4% 329 185
ok ¢4¥ 6.74MPac| A -3 84 d14 HAupe &
A3 A & 2o 4 Ane] fE4E ¢
stoh 2e(u ¢F8 13.48MPadlA] #14] At 23
A7 & Afole JAP—‘M 433 & AXEA
oy 28 ST #E ApollE ARG Frtst
= 2948 RoFoh

e o =

o=09p 3

7|4 o:BF HE2Y, p: pressure
42, M7 Ho| mE FoteAs|A Ao
Table 39 2] A8t 3FF] ez = OMP
6.74Mpa 2 13.48Mpac A S|4S Za)shAch. HM
A EG AHZE Permax, Pebmass Wi Why Ezy Tonaxs
Eofimax D Epmax 50|, 314 A3E Table 4~69]
A A & o}

Table 4. Analysis results for OMPa

Anal. | pumax | Pebumax | Wi W E/ | Tom fupmon | Eprnee
case | (MPa)|(MPa) | (mm) | (mm) |(mm) | (MPa)

1 073 1077 | 194194 | 0 022§ 0.23 |0.20
2 127 | 1.28 | 4.55 | 4.51 0 038 | 035 {031
3 216 | 222 | 85 | 843 | 0 0.69 | 050 | 0.44
4 215 | 220 582|576 0 0.59 | 049 | 043
5 074 | 075 [ 490 | 485 | © 023 | 023 |0.20
6 123 | 123 | 252 1 2.51 0 038 | 035 [031
7 125 | 127 | 637 | 631 0 039 | 036 {031
8 204 | 207 | 324|321 {011} 056 { 050 | 0.44
9 0.75 | 075 1342 {3391 0 020 t 023 10.20

Table 5. Analysis results for 6,74MPa

Anal. Detmax | Pebmax Wy Wwh Ey T max c .
case |(MPa) | (MPa) | (mm) | (mm) |(mm) | (MPa) | “<f-m= | Spmax

737 | 740 | 2.84 | 2.84 | 0.05 | 4.9 0.85 {0.73
7.84 | 809 | 589 | 58 1009|209 | 073 |0.63
878 | 885 [ 9.79 [ 9.85 |0.16 | 2.82 | 0.78 | 0.68
894 | 893 { 685 | 6.62 | 047 | 6.16 | 1.07 | 0.93
743 | 740 | 7.11 [ 731 [ 03 | 481 | 096 | 0.83
783 | 769 | 349 | 33 [ 056 | 405 | 0.89 |0.78
792 | 798 | 828 | 851 [ 057 | 125 | 1.29 | 1.12
864 | 824 | 419 | 373 099 897 | 124 | 0.81
7.78 | 736 | 525 | 484 | 098 | 5.14 | 099 | 0.86

Wl | w|lan|wv B |lwirn] —

sI=orNEts|x|, M22A M6, 20074

Table 6. Analysis results for 13,48MPa

Anal. | pomax | Pobmar | We | Wo | Ez | Tom . c
case | (MPa) |(MPa) | (mm) | (mm) | (mm) | (MPa) | “4mex | Cpmax

1412 1 14.15 | 2.89 | 2.88 | 0.12 | 6.86 | 1.10 | 0.97
1462 | 147 | 6.02 | 589 | 020 | 533 | 099 | 0.86
15.58 | 15.86 | 9.9 1 9.87 | 037 | 4.13 | 092 | 0.80
169 | 157 | 7.12 | 6.55 1 0.76 | 13.01 | 137 | 1.19
142 [ 14,14 | 7.18 | 7.36 | 0.51 [ 1203 | 139 | 1.20
1503 {1439 | 363 | 329 | 0.74 | 848 | 123 | 1.01
1537 | 14.68 | 8.78 | 8.6 | 1.08 | 26.29 | 1.754 |1.526
1894 | 14.88 | 462 | 352 | 1.82 | 148 | 1.55 | 1.35
1644 | 1407 | 59 | 476 | 1.78 | 10.86 | 1.34 | L.16

O |w (v ]|wvis | W] —

3. AlgiAE ol o5t oA 2z
“ﬁﬂﬁﬂﬂﬂT@k%ﬂJﬂﬁéﬂ%%}
g 6.74MPa 73-%-of tiste] AP A Y o8 £t

v‘i’—’ii FE(ANOVA, Analysis of variance table)E 2}4]

333, T A3E Table 7~109]] A|»]8}51 ). Table

ol 4] SS= ¥ F(variation), dft= RH-T(degree of free-

dom), Vi= &2Hmean square variation over degree of

freedom), Fct= 73 7(variation over error mean square),

SS‘= W%, PC(%)= 7]o]&(rate of contribution),

e 2 ZHemror), T+ & Vephdc)

Table 7~109] 24t 24 Fe] H FAZk(point
estimation) .2 R2E 2zt MAAIQIxle] ¢ i3
= Ac-;‘ 7q(pcr.max - ep.max)'é Flg 60“ X‘ﬂ/\]ﬁ}?\i\:}'

I, Fig. 7 7} A4 QA 58 HF SNy
£ Yehdch

Qg o EAA vx=
& A9EY o5 2k

o E4o] Agd 4 -%l HE&9 A%
7P A1 AARIANE AEHER e on, &
3] OMPaol| A} & 6.74MPa°ﬂ/\1 & 3380
AAAA ] v wl¢ Al g FYo,
o] 13.48MPaZ F71gtel] wet &g JFLe
AT, 29 B0 Fuo] 49 4
S & 4 A9t B9, 49 J31 52
458 2709l oe} 7 gkel Zrlehgnk
st 1 HESHY B 1 BAE 4 FAn
45890 B9 RAT ATE nol e,
oF 1348MPac M= o8 X7 Qo] vluld}
A A8E & 5 ATk

A, 4 HE Z9 31 BF o Afe
37k 4 "M FARRE S RdFRe

o, BF F daks 23 470, ¥ AARt 4%

Agel 939

JW HN

_IEHU

o
o
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Table 7. ANOVA table for pesmex 80
v 1| —e— Assembiy gap(g)
Factor SS df \Y% Fc SS PC 88 Za_ Comerra dius(r() : .
+ Plain diameter(d
g 0.0207 Y 881 | _e— Squeeze(s)
r | 00398 | 2 [00199| 19248 | 0.0191 | 0.7083 EF o4l
d | 00875 | 2 |00437| 42288 | 0.0668 | 24727 %%82
= 0 824 -
s | 25535 | 2 {12767 | 123.4232 | 2.5328 |93.7557 =< — .
8.0 —
00207 | 2 | 00103 0.0828 | 3.0633 %’g :
8 8 7]
T [2705 | 8 100.0 35 e
g 7.6 .
*
Table 8. ANOVA table for Dcsmax 4 T T T
Factor SS df v Fc SS' PC Level
¢ | 00971 | 2 00485 | 1.6378 | 00378 | 1.3130 a8 : (@) Pesmax
—w— Assembly gap(g) P
f 0.0593 864 —e~ Corner radius(r)
d 102150 | 2 |0.1075 | 36277 | 0.1557 | 5.4097 £ 4 Plain diameter(d)
& 84| —v— Squeeze(s)
s | 25075 | 2 | 1.2537 | 423082 | 2.4482 |85.0424 8o
00593 | 2 | 00296 02371 | 82349 £2 "] )
T | 28788 | 8 1000 g8 x
‘g§ 7.8 b
€8
Table 9, ANOVA table for £ SE 761
Factor| SS | df | V Fe ss | pC 3° 7 i
¢ | 08381 | 2 10.4190 | 29.4403 | 0.8096 [81.4487 vz
r 100621 | 2 [0.0310] 2.1803 | 0.0336 | 3.3803 ! Leflel :
d 100654 | 2 [0.0327] 2.2974 | 0.0369 |3.7156 (b) Pesmax
09 T T
$ 0.0285 08| —=— Assembly gap(g)
0.0285 | 2 [0.0142 0.1139 |11.4554 —e— Comer radius(r)
074 4 Plain diameter(d)
T 0.9940 8 100.0 . —v— Squeeze(s)
£ 0864 -
€ )
Table 10, ANOVA table for 6 e -t
Factor | SS i | v Fe_ | S§ | PC > 3 ]
[}
g | 00972 | 2 [0.0486 36.1570 | 0.0945 |55.8414 g %39
v | 00527 | 2 [0.0263] 19.5950 | 0.0500 |29.5353 i 027
d | 00167 | 2 |0.0083| 62066 | 0.0140 | 8.2699 01
.0
s | 0.0027 o ! : T
e | 000271 2 00013 0.0108 | 6.3534 Level
T |01693 | 8 100.0 0ss © £
go] AFS FE oz Utk oY 447 “‘” ‘
Zgo] Z71ol we} 4 % Y HE e 3 Fow
N s 8
71 #ld 4 ATk B ool !
. 2
gA Exo] HLE 4E Lol A¢ =¥ A g ) [
7} wl$ AufAel JEFE nXE AL & F A g o751
= - 5 —a— Assembly gap(g)
FeH, =9 B¢ F7hel g 4 Fole F £ 070 —o— g‘orne(; radius(r()d)
- - in di ter
7]—6]-9&11]-. —y— Sglgezlggf
o) AL o] A Sl OMPac| = §HEo] o : : :
F Jge FE xR oY, ¢FHo| AL Aol @ ¢ Level
L = = 1 p.max
t 23|8 28 BAV F %S YEE Aoz Fig. 6. Response for each level of factor,

W
[\o]
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Fig. 7. Mean S/N ratio for each level of factor,
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X 29 —*’\H«I F7ol whet 544
7hle s Hol FQoh
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Fazaly dste) 454 53

A B 93 2 Yee we 23] 47
RS B4 e Ang A

D APANUE 44T THRNEE EEe
2 47 At 29 AU 2 TR
ofl Y& FEAE LYRAOY, 53] INNIE
E280 O 8ol 3ol 1 Mkt He © o
94 4239 23 9 Bee AN, £ o

TE T FE H Ade] qYE @
ARA O 2 EA 71ES ]"16}%10‘11 wHEhA
2 3R Hees 47 R N = v&
A 23 Sl

2) AA RE ATNA AT 4TF A
A2 T 28 S dEEG)0) 7HE AMEA @
3 A7 A= Yebgoh 3l 540 H49 44
I HESHA g 1 JEHEH e Aol
S8 3 TR B AE AHE F W HE £
< =Y A9 3 FEAAM oA HA 2FE
U2 AT Ty FAEA0] AHeE 4
Zol, Added, Hdf 57 vygs 2 Ay F
AYEANE 28 B 1 FE0] o)A AA
Y& FYstsh

o e

33



D)

2)

3)

4

5)

6)

7

8)

34

stast iz, ZYE

2
ret

k-l

P. B. Lindley, “Load-Compression Relationships of
Rubber Units”, J. Strain Analysis, Vol. 1, No. 3,
pp- 190~195, 1966.

P. B. Lindley, “Compression Characteristics of Late-
rally-Unrestrained Rubber O-Rings”, J. IRI, Vol. 1,
pp. 202~213, 1967.

A. F. George, A. Strozzi, A. and J. I. Rick, “Stress
Field in a Compressed Unconstrained Elastomeric
O-ring seal and a Comparison of Computer Predic-
tions and Experimental Results”, Tribology, Vol.
20, No.5 , pp. 237~247, 1987.

A. Karaszkiewicz, “Geometry and Contact Pressure
of an O-ring Mounted in a Seal Groove”, Ind.
Eng. Chem. Res. 29, pp. 2134~2137, 1990.

K. Yokoyama, M. Okazaki, and T. Komito, “Effect
of Contact Pressure and Thermal Degradation on
the Sealability of O-ring”, JSAE Review, Vol. 19,
pp- 123 ~128, 1998.

H. Johannesson, “Calculation of the Pressure Dis-
tribution in an O-Ring Seal Contact”, Proc. Sth
Leeds-Lyon Symposium on Tribology, Leeds, Sep.,
pp. 379~387, 1978.

P. G Molari, “Stresses in O-ring Gaskets”, 6th Int.
Conf. on fluid sealing, Munich, German Federal
Republic, pp. B2-15~B2-31, 1973.

YR, AAE, B 2 FEHIA 4% L &
g2 P 2T 0o T2 I, FIAY
3R], 223, ASE, AA DA, 2007

9) D. R. Pearl, “O-Ring Seals in the Design of Hy-
draulic Mechanics”, SAE Quarterly Transactions,
Vol. 1 No. 4, pp. 602~611, 1947.

10) T. S. Kazimierz, “Seal Extrusion”, Lubrication
Engineering, pp. 198 ~205, 1970.

11) B. M. Golerik and G.I. Fel‘dman, “Failure of Ru-
bber Sealing Rings of Circular Transverse Section
under the Action of Stresses”, Soviet Rubber
Technology, No. 4, pp. 21~23, 1964.

12) MIL-P-5514E, “Packings; Installation and Gland
Design, Hydraulic, General Requirements for”.

13) D. Reddy and B. S. Nau., “The Static and Dyna-
mic Extrusion of Elastomer Seals into Large Clea-
rances”, 10th Int. Conf. Fluid Sealing, Innsbruck,
Austria, pp. 189~196, 1984.

14) T. Raparelli, A. M. Bertetto, L. Mazza, “Experi-
mental Study of Pneumatic Seal Extrusion”, Tri-
bology Transactions, Vol. 40, No.4, pp. 715~719,
1977.

15) R. Eshel, “Prediction of Extrusion Failures of O-
Ring Seals”, ASLE Transactions Vol. 27, No. 4,
pp. 332~340, 1984.

16) A5, AAE WA, o, “dilst @3
ool o3 o WE AT B4, = H%
7 ZHArErE R AlA A

17) S. P. Madhav, “Quality Engineering Using Robust
Design”, Prentice Hall, Englewood Cliffs, New
Jersey, 1989.

18) @8, 29 AEE, “AF £ 33 AAE
Ag gAY, ds3E)ed 398,
A78, M2E, 1248, 199.

Journal of the KOSCS, Vol. 22, No. é, 2007



