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A Study on the Material Property of Piston Ring
and Valve Design of the Oilless Air Compressor

for Marine Use

Yong-Zig, Kim

Department of Material Engineering
Graduate School of Korea Maritime University

Abstract

In recent years, medical, electricity, electronics, marine, rescue
and various industrial fields are in need of purified compressed
air. But, most of the parts for oilless air compressors for marine
use are made locally except for main parts.

The reason for this study 1s mainly concerned with the
material property of piston ring and valve design of the oilless
alr compressor.

In case of the valve plate, the heat treatment was carried out
as many cycles and was compared with the results of the
traditional products.

It was analyzed that the fluidity of compressed air in the
valve part by simulation of FLUENT.

In case of the oilless piston ring, it was carried out the
friction and wear test use self-lubricating materials that are
PTFE, polyimide, carbon, copper and so forth.

The results are summarized as follow.



(1)

(2)

(3)

(4)

In the results of heat treatment of domestic raw stainless
steel, when they were quenched at 970C and tempered at
200C, it was proven that they had same mechanical
property and microstructure.

There were no problems in applying the modified valve
plates to real air compressor for marine use.

The valve design program was made based on Windows
98/NT. As the results, we can obtain the output data for
delivery temperature, volumetric efficiency, mean flow
velocity and effective flow area of compressed air.

It was analyzed that the macroscopic fluidity of the
compressed air in the valve by FLUENT program to
interchange with CAD. As the result, we can get the flow
characteristics of the valve before producing the valve.

At the end, results of the material used consists of carbon,
copper and cupric copper mixed with PTFE80%-polyimide20%.
In case of copperl0%, at 0.94m/s sliding speed, the mean
friction coefficient showed 0.087, which is the lowest value
in all specimens.

In case of the specific wear rate, copper30% specimen
showed the lowest value of 2.537E-5(mm’/Nm) in all
specimens. From the above results, copper30% specimen

showed the best performance for this work.
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(a) 3 cylinder, 3-stage air cooled type.

(b) 2 cylinder, 2-stage water cooled type.

Fig. 1.1 Reciprocating air compressor of main engine starting.
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Table 2.1 Relationship between micro structure and hardenability.

Microstructures Hardenability
Martensite Non—-quench hardening
) Quench hardening

Ferrit .
crte Work hardening
Austenite Non-quench hardening

Age hardening

Austenite - ferrite,

i i Precipitation hardenin
Semi-Austenite D g

Martensite Precipitation hardening
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Table 2.2+= STS420 ~H|Qle~7be] qFA 3 dim<l 34ef A2
a8 A W 548 Table 229 Table 2.3 Heridct.

Table 2.2 Chemical compositions of specimens (wt%).

C Si Mn P S Ni Cr

STS301 | <0.15 <1.00 | <2.00 | 0.045 | <0.030 | 6.0-8.0 |16.0-18.0

STS420J110.16-0.25| <1.00 | <1.00 | <004 | <003 | <060 |12.0-14.0

STS420]210.26-0.40) <1.00 | <1.00 | <0.04 | <003 | <0.60 |12.0-14.0
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Table 2.3 Comparison of properties and hardness for stainless steel.

Kinds Hardness(Hg) Matrix Properties
<207 Austenitic 3 .
STS301 (Solution treatment)| stainless steel Non-magnetic steel
. Magnetic steel
<223 Martensitic S
STS420]1 : : Hardness rise after
(Annealing) stainless steel quenching
- Magnetic steel
<235 Martensitic S
STS420]2 : : Hardness rise after
(Annealing) stainless steel quenching
Table 2.4 Heat treatment of stainless steel.
Heat treatment temperature(C)
Kinds
Annealing Quenching Tempering
E(%OO - 900 )
Slow cooling 920 - 980 600 - 750
STS420]1 Approx. 750 (Oil cooling) (Quenching)
(Air cooling)
E(%OO - 900 )
Slow cooling 920 - 980 600 - 750
STS420)2 Approx. 750 (Oil cooling) (Quenching)
(Air cooling)

_13_




Table 2.5 Properties of stainless steel.

Martensitic
stainless Properties Remarks
steel
Magnetic steel. Knife, bolt,
STSA10 Hardness rise after quenching. Pump shaft,
Difficult to use under the Machine parts
circumstance of corrosion. and nut
STS420J1 | Hardness is high after quenching. | Knife,
13Cr-0.2C Corrosion-resistive is excellence. Turbine blade
STS420J2 | Hardness is more higher than Knife, nozzle,
13Cr-0.3C STS420]1 after quenching Valve scissor

Table 2.6 Mechanical properties of quenching and tempering for

stainless steel.

) Yield Tensile Elongation | . Charpy Hardness
Kinds strength | strength (%) impact test (Hp)
(N/mr) | (N/m) ° (J/cxi) b
STS420]1 > 440 >640 >20 >78 >192
STS420]2 >540 >740 >12 >29 >217

_14_
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Table 2.7 Chemical

#a

composition of martensite stainless steel.

Kinds C

Si

Mn

p

S

Ni

Cr

Mo

Used

specimen

0.096

0.651

0.985

0.028

0.002

7.190

17.89

0.074

0.060

0.531

1.100

0.027

0.002

8.510

18.25

0.145

0.324

0.780

0.440

0.023

0.006

0.223

13.15

0.009

0.418

0.464

0.565

0.015

0.005

0.225

11.93

0.007

0.246

0.405

0.343

0.021

0.002

0.128

13.54

0.012

0.221

0.271

0.568

0.017

0.003

0.086

13.52

0.010

N | OO bW N |+

0.220

0.400

0.340

0.019

0.003

0.310

12.83

0.030

Compared -0.25

specimen 0.26

0.16
420]1

<1.00

<1.00

<0.04

<0.03

<0.60

12.0
-14.0

420]2

-0.40

<1.00

<1.00

<0.04

<0.03

<0.60

12.0
-14.0

Table 2.8 Hardness

of valve plate.

Kinds Brinell hardness (Hg)
Traditional material 393
Specimen(Raw material) 198

_19_




Fig. 2.1 Microstructure of STS420J2 before heat treatment.

_20_



15um

(a) Microstructure of surface.

Spm

(b) Cross section of rolling direction.

Fig. 2.2 Microstructures of traditional stainless steel.
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Table 2.9 Temperature and soaking time of tempering.

Cooling methods

Water cooling

Oil cooling
Air cooling

2nd step

Time
(min.)

30

Temperature

450°C

1st step

Time
(min.)

20
45
45
45
20
45
60

Temperature

670C
380C
300C
250°C

200C
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Table 2.10 Comparison of valve plate hardness.

Traditional product
Kinds
A B C D
Estimated STS420J1 | STS420]1 | STS420J1 | STS420]2
material
Hardness 393 379 321 450
(Hp)
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(a) Valve plate microstructure.

1 00k 48 Bin

(b) Valve plate SEM micrograph.

Fig. 2.4 Microstructure and SEM micrograph of traditional
product “A”.
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12 kV 'x1.@88k 'de.ex

(b) Valve plate SEM micrograph.

Fig. 2.5 Microstructure and SEM micrograph of traditional
product “B”.
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(b) Valve plate SEM micrograph.

Fig. 2.6 Microstructure and SEM micrograph of
product “C”.
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Fig. 2.7 Microstructure of traditional product “D”.
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Table 2.11 Comparison of chemical composition of traditional
products (wt%).

(a) Traditional product “C”.

C SI Mn P S Cr Mo N1

0.349 | 0917 | 0.451 | 0.0256 |0.00558 | 13.17 | 0.0153 | 0.241

0.348 | 0913 | 0.450 | 0.0251 | 0.00562 | 13.34 | 0.0147 | 0.240

(b) Traditional product “D”.

C Si Mn P S Cr Mo Ni

0.395 | 0.408 | 0.538 | 0.0198 | 0.00179| 13.41 | 0.931 | 0.140

0.385 | 0.411 | 0.535 | 0.0202 | 0.00168 | 13.52 | 0.929 | 0.137
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252 AldHA XY F FE & 23 v
(1) 2938 23 : 670C(FEAIZE 208%), 450C(FLAZ30%)

970°C x 10 min.

4 hr

Water cooling

Temperature (°C)

Oil cooling

Air cooling

Time

Fig. 2.8 Quenching temperature, soaking time and cooling

methods.

o

g 670°C x 20 min.

E

)

ol

E 450°C x 30 min.
=

Water cooling
2 hr 45 min. Oil cooling

Air cooling

Time

Fig. 29 Tempering temperature, soaking time and cooling

methods.
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Table 2.12 Comparison of hardness after tempering at 670C and 450C.

Cooling methods| Water cooling Oil cooling Air cooling

Hardness(Hg) 186 180 148

_37_



(a) Water cooling

(b) Oil cooling

(¢) Air cooling
Fig. 2.10 Microstructures of tempering at 670C and 450C after

water, oil and air cooling.
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(2) B9y =3 @ 380C(FEA 3 468)

380°C x 45 min.

2 hr

Water cooling

Temperature (°C)

Oil cooling

Air cooling

Time

Fig. 2.11 Tempering temperature, soaking time and cooling

methods.
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Table 2.13 Comparison of hardness after tempering at 380C.

Cooling methods| Water cooling Oil cooling Air cooling

Hardness(Hg) 400 322 233
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T
(a) Water cooling

() 0l coohg

(c) Air cooling
Fig. 2.12 Microstructures of tempering at 380C after water, oil

and air cooling.
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Time

soaking time and cooling

Fig. 2.13 Tempering temperature,

methods.

Table 2.14 Comparison of hardness after tempering at 300C.

Air cooling
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Oil cooling
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(a) Wate cooling

(b) Oil coing

(c) Air cooling

Fig. 2.14 Microstructures of tempering at 300C after water, oil

and air cooling.
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(4) 998 Z3 : 250C(FEA 7t 45%)

250°C x 45 min.

2 hr

Water cooling

Temperature (°C)

Oil cooling

Air cooling

Time

Fig. 2.15 Tempering temperature, soaking time and cooling

methods.
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50C SA st Oﬂxma &9tk Table 2.15% o] 9} &
A aAe ARE UEd A= Yo A5+ Hp 400, 74
= Hp 360Zq‘:°]tq TYANAME Hp 34HAEZE vl =2
et 9l HH S 380TCoA AAstL FWys 4=
NA FYS g BE7F FAFsHA HERSLT

N o

Y

o
S oo ot 2

Table 2.15 Comparison of hardness after tempering at 250C.

Cooling . . ) . .
water cooling oil cooling air cooling
methods
Hardness(Hp) 400 360 334
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(a) Water coling

(b) Oil ooling

(c) Air cooling

Fig. 2.16 Microstructures of tempering at 250C after water, oil

and air cooling.
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(5) A9y =3 : 200C(FEA 2 20, 45, 60+%)

200°C x 60 min.
200°C x 45 min.
200°C x 20 min.

2 hr

Temperature (°C)

Water cooling
Oil cooling

Air cooling

Time

Fig. 2.17 Tempering temperature, soaking time and cooling

methods.
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Table 2.16 Cc ering at 200°C.
Cooling . .
methods Air cooling
410

Hardness

45 411 393 219

(Hp)
60 421 404 394
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W Oil cooling
O Air cooling
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100
0
200 250 300 380 670

Tempering temperature (C)

Fig. 2.18 Microstructures of tempering at 200C after water, oil

and air cooling(soaking time 45min.).
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Traditional product

(Hp 393)

Fig. 2.19 Effects of heat treatment on hardness.
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Fig. 3.3 Valve lift and effective flow area.

_58_



324 8B HAAA Y EA

] X (valve stop)

YA 7F glow A9 100%

0

.mo

ol

il

ﬁo

]

7p 8] BEE ol

T

o] 74
b A

R

IH
-
ol
.Z..__l

folgom AL A& GEFFY

A
=
o, zZ A7

o]

'}

<771

KN
[eRE=1

o
7o

N

ol
=N

o

R

A

.

Ny

ol

om Flael A%H £&

o

E he} 27} Aok Hrh.

SES

RS £ DY

ks

3.25 WH ZAEde F5A

0
M

(momentum-impulse law)ol <]

_59_



WH o] gl E hoA WH 2&3= 3 oot )

Suction : F_=p A, V? (3.20)
Delivery : Fy=p A, V? (3.21)
o714, V=M.
Suction : F,=k A, P, M? (3.22)
Delivery @ F,=k A, P, M? (3.23)
sxo] Fatd wWlHAM Fadt F Axd g Kk, kee o
oF 2
E

Suction : k= i (3.24)

. F,
Delivery @ I, o (3.25)
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3.3 WH7 T el A $EHA

3.31 o] &4 34

G%7] Wu YR ANA FE AN 6 B AT e
e YA SAY WE 229 FLUBNTE A5 34
A ANS FAYL. BE YRE sEE FASY FEF BEE
slehe] wE WAA S ofae] A ujAr)

4% BE Y

00, _0d —
T o (1) =0 (3.27)

ST HE YA

L(DUj)+L(puin):_5&g
. X
0 U
+ ox, [0 (ax a BRI ((9 +F, (3.28)

32+ FAre] WH R f5F AAE 93 A FEANA A
oxoj A= A WA AL © A (tensor)E AME3dte] T 2(3.27)
2 AN(32) R Uk W= o2 ALgsle] S o] FE o
2t}

_0_ 0P _d_ 09
ox (pud—-T, ax) + oy (pvd—T", 8y) +

2 )
2 ur—1, 2 = s, (3.29)
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d A e Tebe A AAdAe H4d 4 vred §

= Oiﬁﬂ?ﬁr ol Ate] Aok kS H A "o AL
o B&Y AGgEE T/ H8 A b dukstE #3%
W 3LS AL gsle] A4FE7Hcomputational space) o ® W 3kE o] 7t}

32 B AT x-y-2)A Bejd Au HAA (3295 AR
Hel RG-S Fote]l AATIHE-n-YolA Ao A= 3xH4
A S5 HE HAFANLS o5 2T

21060 -Tog ] + 21 06.0-Tug D]

+ Jl[l(qu) Fq>g33 Pid )] 7 9% [Fq>(g 12%‘4‘%13 P )]

L Pga D e Gl + T llag P eIl + 5y (34D
o] 71 4]

Gy = ud, + v&, + wi, (3.42)

G, = ul, + vii, + wn, (3.43)

Gy = ud, + V&, + wt, (3.44)

gy = 52+ 57 4 0§72 (3.45)

g5 = 07 4+ 12 + n}? (3.46)

gy = 4+ 3P4 (3.47)

g1y = g9 = &0, + &0, + in, (3.48)

g1 = g4 = 558 + &% + L5, (3.49)

g9 = g5 = 0O + nS + njg, (3.50)
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@57 WBo digt PFERAHLS JAY FTSFT
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(surface mesh)E dA3ta, T-Grid @ANA A4 A A (volume
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Table 3.1 Quantity of mesh.

Ports Mesh
Suction port 15402
Delivery port 3128
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Fig. 3.5 Valve modeling of delivery port.
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(D) §9 *#

Fig. 3.7 SelA f48s 457 AEE FY Fid -89 A
Holth, agolA HZol F9 YTolA HEEHE7F 1652 m/sE
A= AT, mEbd F9 FES dAabsid e u AARAS T
ol &= £X 1656 m/sE FTAoH, =7 ol dEHHe 3y
of olste] &5 7] wEel & WY FEo] A7IA i A
AZol A& wdsta 9x|o Wt fEo] Mstts 2o E ¢
& (outflow) &2 st olggt {5 AA 202 45
719 &7 FYT+ %5 P (disturbance) 5 A sHA mdw g
T Qthar ®Hal = TR0

MHE) |
M g\ | Eué.* | ] T ga .-;EJ\ | é% | g'% | g% |
EgYE AL 20
A= T [mis] 16.56
REFSHE [mm7 12097.28
J|5HEE FEHA mmy 20162.14
LH & =2 [mm] 31.87
2/ = &F [mm] 128.13
= [mm] 48.13
=2 =0 [mm] 24.07
E =8 Y [Kefim] 17.95
LA L s] 0.009842
EHZE M

Fig. 3.7 Suction port data.

Table 3.2 Boundary conditions of suction port.

Kinds Suction inlet Suction outlet

Suction port 16.56m/s Outflow
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l Inlet

l Outlet

¥ ) S

Fig. 3.8 Boundary conditions of valve suction port.
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Fig. 3.9 Delivery port data.
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Fig. 3.9% <A =83 57 JR=E d2 EE 2
W Adrot.  IaddA BEol Y YTl HiEEHE7E 40.36
m/sZ AMEJTE wEbA FY FEs A AE o AAEAS
JTole £E 4036 m/sE T E7ole g 717 o
o %L%—ELEEE o5t 2R FY FEY wdsA 9
Ffso=Z stk o7|AE melee 018 7o 2 St

Table 3.3 Boundary conditions of delivery port.

Kinds Delivery inlet | Delivery outlet

Delivery port 40.36m/s Outflow

I Outlet

I Inlet

i

Fig. 3.10 Boundary conditions of delivery port.

AN gelA AW Py mdyz
1

zyzbo] 739-ol wE X

Az ARS gd5st So| A8 2 ad FLUENT/UNSO|A] ¢ 9
BAA 2718 AHEst fERE A FEe A o, 3
A 7 e &% AFE(y, w)E 7} E%"‘O#X](normalized

_70_



34 A724 £ 1%

341 9B MA Tz A

342 ¢=7] AR §F5F {45

(1) BB o s=xggd
B

ELRSRRRI R } 2ol Y BEI EE FEo whdl(sectionl),
Z % (center), @H2(section2)e] A7} 2447 tf2er s wWBel A
HlR7E v Ady G S VledeR

AAsle] 71+
o2 XE 9 AgE Table 349 A&l s+4r}.

Table 3.4 Dimension of horizontal section view.

Kinds Suction port Delivery port
Section 1 26 mm 24 mm

Center 15 mm 17 mm
Section 2 4 mm 4 mm
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Delivery Suction Suction Delivery

Section 1
Center
Section 2

Inner side of cylinder

Fig. 3.11 Horizontal section view of valve.

‘Younterclockwise(loo)

Base line

Fig. 3.12 Vertical section view of valve port.
(2) Mol FAd
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Fig. 3.13 Velocity magnitude of suction port at "section 1”7 (m/s).
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Fig. 3.14 Velocity magnitude of suction port at "center” (m/s).
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Fig. 3.15 Contours of static pressure of suction port at "section 1”(Pa).
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Fig. 3.16 Velocity magnitude of suction port at "section 2"(m/s).
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Fig. 3.17 Velocity magnitude of suction port at "angle 20°” (m/s).
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Fig. 3.18 Contours of static pressure of suction port at "angle 20°"(Pa).
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Fig. 3.19 Velocity magnitude of suction port at "angle 40°”(m/s).
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Fig. 3.20 Contours of static pressure of suction port at "angle 40°"(Pa).
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Fig. 3.21 Velocity magnitude of suction port at "angle 80°” (m/s).
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Fig. 3.22 Contours of static pressure of suction port at "angle 80°"(Pa).
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Fig. 3.23 Velocity magnitude of suction port at "angle 100°” (m/s).
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Fig. 3.24 Contours of static pressure of suction port at "angle 100°”(Pa).
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Fig. 3.25 Velocity magnitude of delivery port at "section 1”7 (m/s).
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Fig. 3.26 Contours of static pressure of delivery port at "section 1”(Pa).
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Fig. 3.27 Velocity magnitude of delivery port at "center”(m/s).
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Fig. 3.28 Velocity magnitude of delivery port at "section 2”(m/s).
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