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Abstract

According to the structure, solenocid valve can be categorized as spool valve or poppet valve. While various research on spool
valve which has simple structure and fine susceptibility to contamination has been conducted, poppet valve which has less
susceptibility to contamination and advantage in a long time operation still need much research because of its complicated structure.
In order to design the poppet valve, various parameters such as the diameter of the poppet, the angle of the poppet, the diameter of
the disk, the spring stiffness, the spring preload and flow path structure should be considered. Conventional studies on poppet valve
usually take only one design parameters and did not much focused on the effect of the parameters on flow characteristics. In this
paper, the change of the flow characteristics according to the design parameters of the poppet valve for 3/2Way solenoid valve is
analyzed. The previous studies and the results of initial model analysis was referred for the selection of the design parameters. The
effects of design parameters on maximum pressure, minimum pressure, and pressure drop was examined using analysis of

means(ANOM).
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Aol AHgHE &dols BHE {4 5289 B2
dela 2dls AW w2t 2F BE(spool valve)$t
X3 ¥H (poppet valve) 2 TEATE ZEfre] Dol 289
&3} Bunite] & ZH3 (overlap) & o] 43l ded 722
AA7} &old AF WHE vy FS AT e 71F o]
AAIZE 7FEE A o]Eddl WAEHA wheEl Tt £
B4 91¥e] At ¥hE 3 BE = 8497 (housing) 3t &
(ball), E(cone) T UAIA(disc) Bl BEHAE AL
sfo] 727t HRSA|T WE o] Sp3ta o] Edl gt ¥

%] ¥7] vl g AT 7Ee] Bad AgielA &85
Zr}. o2 72A FHOoE Qsl] 2F WHAX IR PER
A8l = 2 de] vehvta gl

& xo|= YHO| %5 7)ot A thsie] ATE Al
EL 32 A% 9 49 A7t LA o]FoA $ith
& 54l thig Aol i3 A EH AF WHo] jxZo]d
o YR 5 54 Avra, AR 44 28A1717] 8
M= dold] mE FFAFE AESAH Park et al., 2012).
o a AHEHelAE nEE 2FANE 2F9 AFHE
&Y HE 713 o] BHdT YHEEIL TS ke
A9gS & I=F Navier-Stokes'878 213 Reynolds'i4]
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o= Hug ATE sitH(Hong et al., 2013).

WH o] Fxof g3 A7ed2 A¥EE dHo 3 5T
TZ AL EHeol= AT EE vl .zl o3 FE
21840] 3 drhe dFARNZE e olRAE FA 3]
Aol 2F 8B 79| go|, Hit] T 45 UH|, AW
FAE AANTFRE o HAY EdE AWRL(Kim et
al., 2013), 2E&e] 4L WAl &9 & U eIk
A& AT e S ARSIt Lisowski ef a/., 2013).
T AE9] ZAEE WAl 2E24%7t 60°Y W A K27
FAHE AT gata e dxolA 13 540] wolAe
DAL BN HLee et al, 2014). AFY ¥ Wu9
54 dMdMe 207, MEAE A F, 2XF 4, 228
datze WIATIHEA JAYT AEHoA FE Hlwsd
EFA S AFst ARG A B8] A3 84 E
1811 HChoi et al., 2002). 281 =HQ LIAE
ZH= ¥ dHo A FE R #d AFeA = TR WL}
Ziwrt ¥ MEe] PR X S Rlsta fr=Ed
= wHAE 2] (Yun et al., 2010). W o=
ERFgol AEd oY de= BEge] {5 VA= 9
dANe XHe] FAY GPT mE 47 oY Bx 4
I3 et S 2ARIL EYFo] ADFE I
&k Fo] Zadte Aol fdie £57t BobA fFE
g9 o] Frter] Wil A FA8 TS Flst
HcH(Shin et al., 2014). APATNA A EH 2247
g437] A3 &8 Wue] 28} H55Ad Uit A7 ¥
A o] FolA ea glovt ¥ BHe] Fxo fE5A
HeiME oAs g d77F gasi

E A7 E Hfge] 254/mingl X YEE giyos
ok 71&9 F2Y {79 A dE d7ES e
AES WA, f29 4%, f29 Ho|, 228 &Y, IAGE
5 AANSE EY3Q A nzde] AN E 3
sk EHAos aed v AANFE 4AE A
ol AA AANAME FAAUA Al DAL 7HeAe] Eoh
a2 Bg AAIE 7R o Fd QANTFE SHH R
sl AA A tig 22 4T F UEE F
S v e FEH AAE st BEAA A P4ilo] He
AAMSLE HAEM R gl a8 o8 HAV} 7he
SIS JaFE At A3 ANSYS CFX 16.05
AL-&-31%ct.

2. Iyl Wgo| [x U ZELIT|
Aoz XA I3 ¥EE Rexroth] AE(Rexroth
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Disc Poppet Ball Spring
| | |

(a) Initial position

—
P A A ‘\.({;" T ;\r;
(b) End position
Fig. 1 Actuation principle of poppet valve

Bosch Group Catalogue, 2007)< AM-83l%ith. XX BHE
T 84 fAI7 2+ ¥ bite) &yt 2HE
s ¥R 9| 2 US Alojshs EA], AAE Alojske EH,
¥go] ¥ 1 952 998 va3 aga Jd =
ololA EFE EFAAI = AZYER FAHE). Fig. 12
X3 HHeo] E A& e lojth 3/2Way &#0l=
YEE= P, A T A A9 XER F4H 1, oF F 7ie] X7}
2850l FA7E AEst, shte] XEE =89 XER AL
"o} HEAA] &Peole HHY 27] YR+ Fig. 1(a)9
2t HEAd ™A EE vidY YR {371 HEH
A= Al 54| HE FHA7 TRE DojFA Ha, P
¥EZ 909 FEfe IRE Jd A= oA HAAFA
ot Hd i do|7hA] o] Fd ERL TEE Wke] t&
& 9% Hi PXER #9€ FEf7t ALER ES
HA ok o2 EEFS Fig. 1(b)olA F<lo] 7ksdtrt.
Fig. 1(b)ollA H]EA R & o|=rt AJSE A WH
o8 EFo] 7] AAE FASH Ha, ol HAo] e
HH ZEH7t P-AXER o|F3AY A-PEXER o8 ¥
UA €rt.

3. wSdiiM

3.1 7334 44

H&99e] 84 (Mesh) 442 AA 8479 H4 e
0.0lmm= AFsta FHE 84Y AAdA e LEA H3)
Me S84 84a%E A8t 847 A718 0.5mmE 4%
s, Edeld 43N 45 Hul FAE 0.5mmE
STt 22 UmA] frA9 e AFRA 84%E A8t



8479 7= 0.3mmE A3t U2, ¥, E-A%
2e 1A Y9 FAYYGT 22 AFHA 84S AH-EHA
8499 A7)+ 0.5mm= A5t oluf YAE 8t
w9 1207 BAEYT, 84 o 370WH7E 44
At

HHzAL A A= Zo|(1.63mm)lA ©TE B33
(Steady state)d &3S APy Hstd AA =4
A%< Table 13} Zo] 44315t PXEE 8.29m/s9
P Ao R AHsla, AXEE ESTF AR (0 S 4%,
TZE 239 A0 (S AFsIch 28 Y3 &
2E Fere 5442 Table 29 At ZE¢ 9%+ 879
kg/m’e] 3, $HAL 0.04ke/mse] 54E 7RE 2ol
BHMY k—cBdE AMIE 339 feo] BRET:
BH 4% A7E Fadle] dFRES k08 A5l At
A4S FPslich(Lisowski et al, 2013: Amirante et
al., 2014).

Table 1 Boundary conditions

Boundary Condition Unit Value
P port Inlet m/s 8.29
A port Outlet 0
T port Opening Pa 0

Table 2 Material properties of Hydraulic Qil HLP 46

Property Symbol Unit Value

Density ) kg/m? 879
Dynamic viscosity u kg/ms 0.04
3.2 544

CFD(computational fluid dynamics)olx 2%, +&%,
qAA] T BEA gt Gt AL FEA 2| (FVM,
finite volume method)E 7|¥tez AN S ST
AHEAQ 45784 (transport equation)®ll Tt 2] th-g3}
ZtH(An Introduction to Computational Fluid Dynamics:
The Finite Volume Method, 2015).

p¢dv+pr¢V dA=fAF ¢ dA+f S,V
Vv
(1)

at

A7NM, ok AFTY WE e BWAS, sk Aoz
BgTh o] HolA zge] vl Ae $4 HuF
ANARE WAL, T ¥IA & thRelTt Sl

B2 - HL3 - 2493 - =74 - 93
A WAGL AL oulsia, F "Age] ot AL
AAZH g dutdtolnt. YA v EF2 #4840
09 F7HES HRYL AALLEZHEHY 99 REES 97
gt PN AL Ao A7 g2 FTHEE 9|
atal, GEg2: 2A(AAY) 2 AT 99 T7HES An|dT
2L 747 YN b2 A EHes FEH0EL
T 7= fE Aotk E dAY AFos 32 VA E H
&4 AR FHFHER 5ot WA @ e oy
WgAE AFHE 9 $5F BE WA dANZ devt
ot B2 499 f8de A9REN $FF HE W
o2 3 78 F Uk

3.3 J|ndsy

) % HoldllA Bde frEsidoliM PLER Y€
AEH7H AXER ESHE I3 4¥ X Ai= Fig. 2%
2t PXER f51E FEhe 4% F28 we F9A47
AEshe AR gl 7H Aotk el =L A7t
AEshe AH = E280] 71N g¥o] it A3l Ut
drt. EAF FEste AN d232 ZFR7F wA
WA ke 237t 9 o Z4ske AL 398 4
UAAZ o|Fq FEfe ESTES AXER o] F3[HA T
gtelo] Ak Aot HHEXAA HdRo] AT AL
FUEEANAN 271 AF Zole F9dA s, o
42 H2AE Fil] AXER AFR7l ESWrbEA BT
Ag #AE F ik

PXEN AXER ZFH7} 320 AT =9 4
Q2 Fig. 3& ¥ + 3lvh. vi2ro] & 283 B4
A+ PXER #4949 e AXER WA W] fsio A<
& WFoR o|FsHA Hrh o] TN Axrt &
FRAM Hot 4%} 22 Fhe] 2 oA dizes
fréo] wW2A YA EAA7L g AR et

Pressure
Contour 1

2.294e+006
1.570e+006
8.449e+005
1.203e+005

-6.044e+005
[Pa]

Fig. 2 Pressure distribution at isometric view

o
Hi
=
>
1
va
OH
1o
o
i
Ho
16l

| MI30W M32(2017.6) 241



BEEAE ol &8 dANTIE T B FEEA WA= 9%

Velocity
Streamiine 1

4.720e+001

3.540e+001

2.360e+001

1.180e+001

0.000e+000
[m sh-1]

Fig. 3 velocity vectors on the stream lines of PA flow
path

Pressure
Plane 1

2.294e+006

1.570e+006

8.449e+005

1.203e+005

-6.044e+005
[Pa]

(a) Pressure distribution

Velocity
Plane 3

4.720e+001

3.540e+001

2.360e+001

1.180e+001

0.000e+000
[m s*1]

(b) Velocity distribution

Fig. 4 Pressure and velocity distribution on Y-Z plane
of P port

EEolN 729 JPos UL Faske W AT
LN SEE B M. B TG =
Foz EUAZL ABHE W AN fAE BIPo=
SAsEA WRE A H3 PEES 498 FHE
Hlste] Jrim o ke lele] RES 7 Bk W e
Ae AFRY SE F9E Bur FYHEA S5} Yo
A7 €k e EE ASY AEHE ALES £33
5ol U228 Al Sed PR gase) el
o} FH7F AFTUA f450] WekAlr, Arjzoz oo

el
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Pressure
Plane 2

aa
2.204e+006

1.570e+006

8.449e+005

_a
_

1.203e+005

-6.0448+005 "

[Pa] A port

(a) Pressure distribution

Velocity
Plane 4

4.720e+001
3.540e+001
2.360e+001

1.180e+001

0.000e+000 ‘

[m s-1] A port

(b) Velocity distribution

Fig. 5 Pressure and velocity distribution on Y-Z plane
of A port

EX7t A B} @& ggo] PHHE A2 IWE +
Aok d23g AA 32+ FAEhHe EESHEY AXER
BA W #gA taze] FH Fo] EERfEHT AL
FAol7] Wi dAF g FEf7t AFHA wA v
BES R Utk 52 IY9dA WL 9o Aehrt
ol st A7} Ao FA2 wet TR AP AA
o] E3}1%7] Wi AXER ESHUA 9F7} dAH e
AE A & Ut

Fig. 49X PXES] V-7t U3t 9427} &5 XS
A & 9t} Fig. 4(a)€ PXES #949 ¥¥e] Yehd
Y-Z9H ot PXEZ {YE ¢ FHE AXHA

REHo o] Fasts Aol Uehdrh #9€ g
&% WBke Fig. 4(b)olH ¥l 7hsditt. PEER 3547}
£98 ¥ 249 942 AN S ST 454
Bago] WiHTEN HYE AFRe] Suo vslel FpHo2
S59] Hol7}t ek AL FAT 4 ek

Fig. 55 PEER §9€ 45471 W2 oM AT
E3 B35/N 92T S5 BEE Hs] A Roldh
Fig. 5(a) AXES] Y-7ZeHio] te 98 XY, A=
#98 A547 TamE ANBA o] sl H1, S



HuA e oz 4ol ¢ ase B¥s AT 7 i
olFE HET AP s &= L3 e Fig.
5(b)E Fastd PLECA #9d LE= QH nlt]e] J4&
n2t Y5 el 2AERE A9A H F49A7 FEske
BH7E A w2t aaE A AYER ESET W
+9E FESHe LE v J4S w EFeE AdE
PN EA FEGGNAE S50 AastE §= 2340t
ok, A Hn F2 t23 YiE Ad o $571 74
A =t AER7t EET AXER 71HA oA e

S5 I} PSR AR SE $EE K

3.4 AAM4 4A

2E% Lol LE 54 N Aol dHe] HgAel
S A A dANFEE IR, ANEAY, A=Y
733 (Choi et al., 2002) 0.8 A4 AL Fash] 2712d
Aol FFHolut frsel W37 A e SHA T
FHulelolde] ARl Sle IS A sl AANSFE
A8 AN AF S fst qFd 728 Aok
st ¥ Rl e 22y AR 227 dssl i 4
A%k 540] AHo|1L, EH 9| Axe Yade] YRS ¥A

(a) Front side view

X7
(b) Left side view
Fig. 6 Side view of poppet valve

B2 - HL3 - 2493 - =74 - 93

xX; ——

(g) =,

Fig. 7 Design variables

g o 28 fAsie] T A Fe] v L o] R I 4=
A= WE7t YAl AR AN A ot
Fig. 6olM= E3 BEo| AAPMAS 9ix]olr}. A &gl
7Fe¥ A2 Fig. 6(a) % Bt} 7 IMe #9979 4%, ta4,
ESHY| f29 FA AT ARE &9l 7Fssitt. Fis.
6(b)= A nlElE TR QHe] Yook, FHAA=
ES%e fZ Yo| ¥4 g AT AXE Rl 7hesith
Fig. 7& AA¥Se] AA=zeltth. Fig. 7(a)E FY97¢
45 4xdslel, Fig. 7(b)= fd7e 5 =iz
FAA dre 4= e Aotk Fig. 7(c)€ ZEE H&
=9 WAeolx, Fig. 7(d)= A t239 Yotk Fig.

Table 3 Design variables of Poppet valve

Value
Desi .
esign variable Symbol /B | Initial | U/B
Upper angle of curve
line for inlet(®) 1 % 106 116
Lower angle of curve
line for inlet(®) k& 90 110 130
Front disc bore(mm) T4 5.35 | 6.35 | 9.35
Center disc bore(mm) Ty 5.35 | 6.35 | 9.35

Side hole offset with M
hole disc(mm)
Thickness of fluid path
for outlet(mm)
Width of fluid path for

Ty 4.00 | 5.00 | 6.00

T 2.50 | 3.50 | 4.50

Ty 7.50 | 8.50 | 9.50

outlet(mm)
L/B : Lower bound, U/B : Upper bound
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T(e)= ME 3¢ taze &4 & LS 4A ¥s=
A% Ao, Fig. 7(DE EZF =29 T/% Fig. T(g) =
EZE $29 Yol BRI g AAMSelt. Zzte
AP g Bl X EEleo| =t B biriel GF
He Z4d 9¥Fe] g HH ddAM AFHA, FYT
9} gaa YA Ag, 8 & o34, ESHe Z3
A& Table 38 2t}

4. A0 ME FEEA

4.1 A¥ZE=}

PAA GRS sl AFE TS AAMS 4 A
A%} S AE Fa ShF o w3l AAg disk]
AN 3T A= Table 49 2tk S WAL o &
AL Umz] QANSE 23S FA8ES it
HEH( )2 XY BEu] ] $YAFE o F Ue
842 $EFo] AT A9 xR HFel} ¥ Hir]9
ghol G v|A F gk HANE(P,,,)S FHAY AH
oA kel FAS AstE Qs 7137t HEA T 712t
A kel FeoE EAIHA AAdEHE o714 &% &
o] S 7Fe4e] Ah(Park et al., 2011: Shin et
al., 2014). Ha4Ee) 718 dutF oz A fA49] 23}
FNNEE Bt X3SV oI5t Eold o FjH|Eo| Aol
T 4 glrha 7|EeE sl HLP 469 E3B74%
FHd ] Age] Tt Ar|AME HAUE S AN

Table 4 Analysis results

Classifi- max P P
cation

Design Value | P/C | Value | P/C | Value | P/C

. (MPa) | (%) |(MPa)| (%) |(MPa)| (%)
variables
L/B | 2.322 | 1.20 |-0.601| -0.54 | 2.250 | 1.03
U/B | 2.317 | 1.01 |-0.654| 7.98 | 2.249 | 0.95
| L/B[2.307| 0.56 |-0.631| 4.43 |2.239 | 0.5
"? | U/B|2.378 | 3.64 |-0.601| -0.49 | 2.305 | 3.47
. | L/B | 2.601 | 56.94 |-2.654|339.07| 3.535 | 58.69
| u/B|1.997 [-12.95(-0.609| 0.83 | 1.931 [-13.30
. | L/B |2.278|-0.70 -0.590 | -2.40 | 2.212 | -0.71
“ |u/B|2.358 | 2.78 [-0.661| 9.40 | 2.291 | 2.86
. | L/B | 2514 | 9.57 |-0.828|36.99 | 2.443 | 9.68
* | U/B|2.168 | -5.52 |-0.505[-16.43| 2.101 | -5.69
L, | L/B|2.540 | 10.71 |-1.016| 68.16 | 2.472 | 10.96
° |U/B|2.166 | -5.60 [-0.581 | -3.88 | 2.110 | -5.25
N L/B | 2.418 | 5.38 |-0.727] 20.35 | 2.350 | 5.52
U/B | 2.260 | -1.50 |-0.509 |-15.78 | 2.194 | -1.52

Initial 2.294 - -0.604 - 2.227 -
L/B: Lower bound, U/B: Upper bound,
P/C: Percentage change
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I

I 298 HagEoz Pan. FHTHAPE PE
Est AZE BHEoIMY 948 Ro|2 ZFegon, FEYshe
Buo] s2E §3E Aotk A7 Gl At 2e
B2 gePe fAE AT BuAN FAAI ol
72 o7t gIek. webd FAGEIA £ Bu R
FAZL BEE HIAL ) ) O S € £8E R4
Aclel 23 o] g3k Relth(Park et al., 2003). #Y7<)
AR 2% (2, & WEE AN ANSE N5g 2217
CLELDEEEPOLREE UM EMLEL R
19 53] W5 BT FUT 4% 24wg 2P 23
sfEshe YR RS ol oF 1% Z7iethaL,
HEGHAE F 8% Aol ekt FUT
A% (0,8 AT AT ARE TRARE o, Hez
FEASE %F 0.5%9) F7P Ueksteh. AT A2
e YT AR AEE 29 A% 29 o 4% 9
Z7t Uit 4wg 271 AlA Avnd Ao
FH FEFSHE oF 397t F7HIT H2UEL F 0.5%
2% AL AL F Ik TBE g9 B (0) €
WBE AE AESE LAV AUEe 2729
Hle o 56% Z7HEE, HAUEE 300% o4 2
Aoz Uehdnt. 2eln Egske o 58%9 2kt et
S AANSE Y A AddEn FEgseIn o
13% 82 B dehda HAagEANE % 1%
a7} etk A8 dase] WA, S WA Aol
WS 2 o A A9 2 ol 1~2% H4E Aol
et WA BE AT gl wsks AN s
I o 2% 48 Z7b} eidaL, AagEeldE gl
% 9% Z7HSigTh. ME tade] 28 & 0TAH(:,)E
2HE AN AANFE Fold AT FHY
% 9% 7Hska, A4UEe YA F 3697 TR
Ao Edth. B¢ AANMSE SO AL 4EY
she o 5%7 AAst HAgHEE o 16%7h Bt
ESRES] $4(z,) WA QAW Z1EE o A
SFT FEASRE oF 10%9) Stele] 27k Aol s
HAYHE % 68%7F 1. 2T T HANSE EHE 1)
SFEIo] sk Aol Uehted Aisreis sl
o 5%7} ZHAeka A2 o 3% o] gAY
EZHEY F(a)ol BT N57H HHS AvuE AARG7H
29¢ W, ARYE FHYee) FEe % 5y ZRIEL
HAYHE F 20971 1 AL HAL 5 Uk, AANSE
59 A% ARYYD PR F 1% B, A
e o 15% FAske Ao Yehge



Pressure Poppet Front Plunger
Plane 2 disc

3.600e+006 _ , l

2.037e+006

4.734e+005 Y r

- /
-1.080e+006
Center M hole
disc disc

-2.6546+006
[Pa]

(a) Pressure with lower bound of

Velocity
Plane 4

8.215¢+001

s
6.161e+001
—

4.107e+001
2.054e+001

0.000e+000
[m sh-1]

(b) Pressure with upper bound of =,
Fig. 8 Comparison of pressure by Y-Z Plane on A

port of «,
Pressure Poppet Front Plunger
Plane 2 disc
1.997e+006 l ﬂ
1.345e+006
6.939€+005 |
- -
4.221e+004
Center M hole
disc disc

-6.094¢+005
[Pa]

(a) Velocity with lower bound of

Velocity
Plane 4

4.789¢+001 ‘

3.592e+001
2.394e+001
1.197e+001

0.000e+000
[m sA-1]

(b) Velocity with upper bound of =,

Fig. 9 Comparison of velocity by Y-Z Plane on A
port of z,

B2 - HL3 - 2493 - =74 - 93

A7 W02 Q13 A3E Y] fsl 71 st
A vehd Z2E d23 YA did 3= Fig. 8, Fis.
9¢} 2t} ZEE tja3e YHEXE Fig. 8% Zth. Fig.
8(a)€ ZBE T2e] RVAIE WA AEEXY, 271
RdHo ZEE 2371 Zo/E0M BeE 93 T53e=
ZEE "i3 W3e] I JY= EolEH. TEE H2IE
A7) el 9o 2r2de] ¥En 50%°14 57t
e A2 8§98 Ut ole #dHe St ZEE
H&gg Ad v 72 kg F F UaS ovid. B2
WA =9t FoAE FAAlldA 71t olste] FHe]
Uehte A Hol 4¥Aje|7t A vehiaA 7jvleeld
2] S5 ST Ao 3PPt ZEE taIo| WS
A 35S W FHEELE Fig. 8(b) ¢} 2t} TEE 239
WaE s2HA 282 #AIs] At THe| F4 =
S7HI. 2AEh7t E27ke ZRE HaH9] 99| 37t
sPaA AEo] edlEe] fFUEE FHe Aol 7| RdHn
10%°1°8 @3t A%l HEETh A4S £ ZdoM<t
ge] EYA Fest ZEE tad AleldM FEHT 4Y Aole
el 43It Fig. 9dM & ZEE t&39] dAMsy
WAd i £= £X WHE AT 3 Fig. 9(a)=
A7l €& W] £5 BXolth. A4S ERE W A
EO1E ZEE Y230 WAldN 343 £5 T7F £XE
I + itk FHT £ Zole FHT ¢Y Aol7t
AT 7FeAo] e Aolnt. <AL 7137t AT 7FsAdl
Atk Aol o|fA BAd 712 A7t 2E5es £3d
o BEEA AfHEeldo] AT ARE FHEH. Fis.
9(b)= H&A W3S E3E W §59 £Xov. 27|29
HIRE o] 5 237 YEsT. 27| 2doly A
stgate 24 794 g E9A4 =7t sl AH FYelA
SR8 Z2E faze] o] AXNEA HFHU S5
T AR g 3T ¢ 3o AANeE WEE 9
AN ALEAE BAT 5 Sled, 72 A=l v|siA
U& ot w2 el Ea7t FA veigt.

4.2 BT84

QIAIZEe] kS Fofehet] B4 (analysis of means,
ANOM), B4HE4 (analysis of variance, ANOVA), 37
-4 (regression analysis) 53 2] Tkt E4ubHo] &A)
stetl, A d7dAe Z AAEY AHA FeA4E F
817] 8l S AMSsIsith Hd oA 2E=e] 71E
717t S5 FEIY AR HdsH Hed AAES WA
g PN A7E HTEH O FRISHH Fig. 107 2t} B
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BEENE ol§F YAMGTL £3 Arel 4554 v

w00 LB UB LB UB LB UB LB UB LB UB LB UB LB UB

320
240
160
0.80

000
X Xz X3 Xg X5 X6 X7

(a) Maximum pressure

. LB UB LB UB LB UB LB UB LB UB LB UB LB UB
Q0.

<120
-1.80

-3.00

X Xy Xy X4 X5 Xg Xy

(b) Minimum pressure

160 LB UB LB UB LB UB LB UB LB UB LB UB LB UB

2.88
216

072
000 - -
X1 X Az Xy X5 X X7

(c) Pressure drop
Fig. 10 Results of analysis of means

A2 AAS ] ¥ElE TS v 27|29 = et
@9 Aol g 7172 HoiFe Aol At |
¥4 7= Fig. 10(a)¢h 2o vkl 93 2A vix=
AANSFE | 7, 2 YERE, UHA AAdSEE 2
ggko] vlm|siA Vel PXER fYHE 29 4%E
248199 S o Hg=e] AMe] ddEHR oM 1y, 2,9 BF-
oA FHuiske o] ¥sls} vn|g FELE YEhd Aol <l
HA. d23e WA F 2,9 A5< Hd A= ZoldA
XRo] TEER 32F ZFHE YolF+ AX9 e d&
e Az FER7t 528 d9dr BT FHHew
do] gl 239 AS WAds 2Asitgs 1 g3l
e Ag R F AN HAsHEe BFEN Ae
Fig. 10(b)¢} 23, FEIE 7 AANFEE 2, 1,
g, z;°] VERRTE Folelol & F& 2,9 A5 HadE S AN
= Aol glod AANSE ZMA FAEE S A
) 1 o] 27| B H|Rg FEOE UEd ZoR 1,9
7k FadEE AT o 2 3ol mHE A= F9l
At A e AARGTE Y 35 HaUHo| §43] F7t
& A A F AT, oA & ZdA ZRE tx
A9 WAE 27|RYRT FA 5 5 AHH o]
LAl FHM 571 & o] AANFE EL W b2
AAESFE Bt B 8T ool T ou|ditt. PXE {29
A% F z, 2 F7HRIIE wuleR|e HAagkge] ek
7357t AT AAEA AAE A¥EE o3& F3
oxz 1A F Ye FEoI Fig. 10(c)= ¢=H78t
g FiEAolct. FAslAN FEAHAE 7w AANTE
Ty, T5, T, 2,2 HEIRTH T8 A ¥gs ¥sp) vw|g #&
iR, HUFEANMAY 2,9 AAWAFI}E AL FF
Hoe st AN 93l o & AE IUE + U

9]
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4.3 A34

SHuEs BTRNE FUte] BB B AT A7
A (r,)8 2 A% 1 WShe W@ £E02 e
ot AN A oA BET § UL, $X oA
B Aol obd AS 94 2] AgSHAE 1 Fge]
THE AANSE Mgkl AriR oz ujn|g Aoz ddEnt.
FUT Y AR E 5 A5 AoUe) wske 8%e)
MSle $AAoRE 2 Wit Yo BRENY A9E
49U e AANSEY vs] Pt viud Aos
feE

FUTS HRAE(2,) E AR BT RUTY AF =g
£ Ao oIBn T AT Ald 3T JBAE 5
7] oidTh ST FREYIA Hd BE A%
Mabh the AAESe) MaE Nt 93] ulujsid 4%
Mg BHoR S AAMSF HANE $H Delseloh
¢ Aoz washlt oy Bt

Z2E taze] WA(e,) & 28 B3 Table 4o0Ash
LA BT 71 2 9% vIAE A4 Aes el
% & 99k

AW tlazs) WAe)E AT Ao BAE Ae
TgE tszs gol A5H7L AA0R B2k 99 Wbt
ol & FFE FAW, AE) tlazs o] TPo| WES
FABE FRANE AANS WSt 4R 0 e
IS FE Aos 2Pt ol AAUI A A
Hal JFE FU A9 Adel EAE 9 FHe Havt
dehda, ARel EIEHE gl e 9o 73
e

ME tizie] 38 & QIAH(r,) S 28T A B
2 4 9t Ae YA TR PUANE ta Yot
£y 7] B A% AR 7V & 9FE Frhn A
A7d 293} go| g9 FAd) Fo] 3lu #F Eol £F
F25} ololltha T2z el 2TYAY B s
2 9% uXE Joz F3dn.

E2H2 FA( ) B, & 208 A5 92l ¥
FHE FAL H29 F& 2AN: AuT TS 2AAAE
LESERLRUEEY ELEEE S

T 9u AANN A JIS TAE YANSE
ZEE Ua ()& 28 W 71 93] 2 RS 3
Aok AagYe JFE AL WANSE TRE Gz
(2,)9 ME Ts3e] 39 & OXAF(,), BE H29] T
(25)7F 9] Be Ao Uehger. FHY3A e JFe



ZEE f&3( )9 ME "a3e] 58 & 23 (a,),
EZ 729 A (zy)ol 9%l B2 A2 IAHUH.

A,

5 E

¥ due] A E A ZE AAESLE st A%
St Aol 74 ool AA) A= Al Ak, B84
A & AA SolA Thget A g 8ol T U B
AdTAME /=2 4%, de3 YA, /2 Ag, 228 A4,
IR 4% 5 UG 4A ¥ T A Adge] 24T 9
#29 4%, d&3 Wy, /8 AE AR s
3l PlAE S Yt diFeE Yol Feske
Fool Wom w2 Fai7t YA Ao|1, Y] FoH w2
Fol7t YA Ao oS53 4 gink. s, AA| Al2"lolM
ofw g FHe] o]H T Wl VAR = FRlsl7] oL o] &
gQlsh7] A3l Hhd B AANE,E At A T IF=
sl B&HQ AANT NS 7Hest=S Sigith

F97e] 45 4%, 7979 85 4%, TEE (A9
W, AlE tasie] ud, ME 34 ta3 55 & o =A%,
EEF 29| T, BN #=29] Hole o] T/l9] A
T TRE 239 WAS IS W HUgHe] 7P Bl
#HaslYa ZRE v23e WAEE E3e o HWA™Hol 7
Bo| 7tk A4l 78 el #ad Ate ME
t23e £ F 9 IAZFS 53 S ol TEE Had
Was €l HaUYo| 7H4 Rol TVt =78zt 7178
Bo| FOE Zf= ZEE "3 YHs ERS 1 ol
ZEE f2aIe| WS s9d d¥Ast 7HE Bel S7R.

3 2de] AN e BdEd o BAsE 4
HE A% e W Z2E g2 U, ME t&se) 59
T 23IAF, ESfRS TV F2 Yo Wl 1gsA
et ZEE tad YA AeE WAEe =N HY
T skdste] Wl 78 1A Aos eyt ZEE
Had yide 2dsiel HUAdHH EdsE e
Mg & S Aes dddn. J8n ME fase] §9
T LI FH ESRES FAE HEATIE ZEE a3
W3l vlste HhdH dFAste] A4 Ede vlvlsht
HaEE ] fdiMe ZEE "2 i Bt A
AHow w2 898 71U & & Ao dddn.

Ay Aol RS w017 AdiMe dEas g1
stof Hlws] B $2 Ao A4HL BT HA AN =
AARATe e Ago] Yehd 7hsAde] Slens wdAe-<
AT PN S FPste A WS wY 7 & A=
o dot.

B2 - HL3 - 2493 - =74 - 93

Al =

2 d7e (TS 8991 'MEAR FE
Aole-d &dol= PE AT M FPHJoH o] ZHAL
=HYoH(No. 201519320001).
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2 =

gdxol= MRE T2 we 2F Wod Ty WBE TEAT 727 BT ool URH 2F W st
A7t Bol AYHT Yt WE odel Y UKL PN FF] Sol¥ Ty WnE T} e oldd B AF
b Basith £3 888 AN AN DFsol e 4GOS TR 4%, ¥R A%, grae AF, 21y B4,
223 qatE, 42 TE 5 UFE AAVFA YT AE ATAAE AAVFE BN A4 A7 AAHL,
HAWSIE £R R 554 MAE GF P AT $ESHTE  =RAAE 32Way &S Wy g T3
gre AANSG wsle] e #5549 NE Rt ER WHe HANS HAL AAATR Ads 2/ LA
4A%E Fasted ARG 29T AAWFe BE oG, AAGY, FAPH FFS BTEAANOME AH§-3t
of AT FF 32Way SUx0/= UHE ¥R UNS AT o FEHES votelel AARS AR A8 g
49 AAWS Aol A5 Aoz qaan,

Ago] : 32Way Edo|= HE, ¥ ¥, AU, FT 24 (ANOM), HAAH#-A 95}
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