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Abstract

Impeller design of medium-high-specific speed centrifugal pumps is usually
one-dimensional design theory and has few research.In this study, two-dimensional
flow theory is adopted to design impeller of medium-high-specific speed centrifugal
pump.Compared with impeller designed by one-dimensional theory, internal flow
regulation pattern in two-dimensional impeller and pump performance are presented,
based on CFD numerical simulation by the software Fluent6.3.The main work and
achievements are as follows:

I\ According to the given set of operating conditions, both traditional
one-dimensional impeller and six two-dimensional impellers,which have six different
velocity moments distribution,based on two-dimensional flow theory with w,=0,are designed.

2. Three-dimensional solid formations and soild meshes of the impellers in
spatial cylindrical coordinate system was presented.And it is laying a reliable basis
for improving CFD and performance prediction of inner flow of the centrifugal
pump.

3. In this paper, the numerical simulation calculation was based on the
continuity equation and Reynolds-average Navier-Stokes equation. The control
equation was solved by using standard ¥—¢ turbulence model and SIMPLEC
algorithm. Compared with velocity distribution assumptions in two kinds of design theory,
meridional velocity and velocity moments distribution of blades were simulated and CFD
analysis in the real flow field is carried out on these impellers.

4. The three-dimensional turbulent flow fields in the designed pumps were
analyzed respectively in different working operations, which are 0.4Q . 0.6Q. 0.80.
1.00 1.20Q.The distribution of velocity and pressure of the first four impellers in
design operation were emphatically analyzed and compared.

Main innovations in this research work:

1. Adopting two-dimensional design theory to the design of impeller of
medium-high-specific speed centrifugal pumps.An analysis on the difference of flow
regulation between the assumption of two kinds of design theory and the real flow
field is presented.

2, A two-dimensional impeller with potential flow is designed and the relation
between velocity moments at the import and export of impeller and energy head and efficiency

of pump.
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Due to the limits of time and conditions and my lack of experience, there are a
lot of works not done well. It is not satisfied that the Hydraulic model of the
two-dimensional impeller of medium-high-specific centrifugal pump in this paper,
and the distribution and value of velocity moments are not enough advanced too.There

has further room for further study.
Key Words: medium high Specific Speed;Centrifugal pump;One-dimensional

design theory;Two-dimensional design theory;Velocity moments;Numerical

Simulation
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%k JERUA M N-S R R4 3y, K TRS BB, B
BB E TR ENEHTRPEE TR EREHNYHEERNE, T
EFATEAER AT ROBOAAE, ERTRKESE -SSR ETRYE
WA, EEARAEW, DHMEERE, MESIHAMYE, XRTENZTRE
236 5 F 104 = 4 N-S A M. XFF b 86 k88 oh B s 7EDUEE MR o T
e, SR T 5 A6 — i K 0 AR B AR bR R OR R IR IZ B I, MR N B A X B

(2-8)

u,
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Ffi A= F AR 3

B R SE T, AN AT T AR R s 9RO S A T RR A B (N-S) TR K
V-W=0 (2-9)
Dw

T)t_=W-VW=_Yp£+f+%vzw-[2wxw+mx(wx1e)] (2-10)

Kb, WhHSEE: podMAEBRMEE:; fARBEN: pE: RY
¥ 20xW REABES;: -ox(oxR)RFEL T,

2.2.2 im fAEE

LEHEERY

PR HEER, REREEHHTENEEFRUSNS, REEDIE MM
BAKETHAHA. DEENHREEAZ LY B BN EEREEL X, BT
UAEEREENNEERANEN TR L, AL B4 EMERE MR HERL
T. FNREHPHEEMAMELEL, BEKEMAY, WBEBEY LX) RHME
U RI S . o B A 3 R AR B AB X I, th AR A Prandtl B & KRR,
FHREHBHRAREER, REBREIFTEN DS FHREZ MOREXE,
EREEREENYERRERMERY, AP RES HE.

BRGEHER, F-HRNNNA, BHFEAEUTHRA: THEENET Y
WA, e WA ER, HERGERTRAREEROER. 3T
TRBFERSHOEBR AWM, WEFEEEHIEHN_RLRAERS, FE
BEANRNEFERREAN: BEXTHRHRME A5, L@ R0 KHE
NHERRMFERURE BRI R, ZFRFAEE., 2T ERO RN
wimiE, MARMRAERATRANZREAK, So@mAM.

2.— R

REKERRNHEMRBREETREEREREG LA E R SEESE
X, MERRKFESEEX, HHIRKRAEERMRIBRBHOELANE. X
Y IREF T BB I B e oK R Bk LA R B2 it , 7 5 U F 2938 B it % 4 4k O
My RAFREMLE, Bm—ANRahGe () FRUHEARHATRY, mie
Tk MR BHMRBEGTREERR, RET—FEER, KPRENTESHES)
A& 4 Prandtl il Kolmogorov # H i 3¢ & 3X 1% 2 B2 R, 17 7 UL B0 fE 10 1l 3% 9L 3)) e 460
& iR E

T —F B R R G BB IF iR BOR 5 3% A K BE R SH S5 10 o 8, 354 %
BT RO MOR, WEE BB T ¥ B Al 0 % 3 X5URT B I e A o R
W, AKERTLHHAERA N, NTFEREILHBAERE. YEERE, 3t
TR LA,

3. k- W R

FRUETR) k- g BER0IA A s SR P 2R O & 170 1) M 080, 8 AN L8 B 4 i s



SET- CFD (7 2L 6 B0 N 48 B T TR

bR B %, T B % R B i 3h & R Ee OB S %, BRL T BB X8 & b 52 K U B IR S
R i AR B ESE, LM, R BN g2z
RAKRAMEFR, EFF&AREEBEmRFERR. B, (—eERBEFE—
sl g, B, MERHSBESBEAENA TS ANER, NRiER. ZHR.
ENSER. HBIURE. 1K Re Hiish. AEHEILHRADTER.

B F Reynolds [ 17 K i i B0 6t R BUER 2 R i), BT Reynolds 7 2 £ A
HAMN, FEEVLSRMBAEXKMEEFEETHA. B wEXAHE R R
I RE R k 75 FEF R MR 3 B RS FE B e O R AT B A RSB R h A AR R B R
R R, ARNEES, B850 E N HEED TS5 H0H T 5,
— WY REL AR, BEHANMRETIRES. ERFERT, KagERR
b R SR A K /NS R G 3R 4 T S8 S R 1 12 B RURS R R T A A s 3D A B
A R SE R U VIR 7 3 B 8 B A5 14 R R SR .

WHEN k- BBPFEENTA:

- ou. Ou, 2
- puty = 1, (G4 L) =2 pkS,
x, ox, 3 @-11)
k2
ﬂl=Cpp———
Hb Rt RrE A £
FENARPEIIAKTEERE L (WEIEIME). e (FEBE) Hi-eBEKRE A,
k H5F
d(pk) O(puk) o u, . ok
+ = — [+ =1+, - pe
o ot Ox; ox, o, Ox, ¢ 2-12)
& JIFE:
ope) O(pue) B H 0 s &
o e o W G PG
J J e O (2-13)
aa g_vau; ou, p k>
k=—L =V , = P i
o 2w, Ox, 0%, s s ) i 1) HE O, £ J iRttt
p =_;_1L(6u,. +3u,)6u,
7%, p Ox, 0x, 0x; yuneerk i, RPME ATER L 2, 3

KR x, yo 2 AR, jHRE—RPEZH KRR, RAZIOKA.
HREEZHAE 2.1:
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R =277 18 3T
Lol 2 R ee— ]

T2l HREI-cHBEPHELRY

C C, C, Oy £

H

0.09 1.44 1.92 1.0 1.3

BRI T RESIANRBRERE, b c TREELEHETE. SIBHERN
FRT 56 4 F PR (09 S T 40 G 4tk O 44 s O A 3D R0 B 1 FR AL
BT EL, AN T s 45 K 08 44 0 L 08 30 1 4 o AR AL A

§y_+ﬁ+@ 0
& O 0z (EEHHE)
Du, — ¢ o o0u, ——
p—L=pF -——+—(u—L—-puu)
< ” TR ’ (FEFE) (2-14)
(k) a(pu,k) T
=—[(u+ )—]+pp - ps
or o, & o & (k H#)
Ape) Hpue) 8 . p 06 & &
\_ Ox, 5;—[( +0s)axj]+qupk PCzk (e HH)
223 1EHI A BRI B

M LEXF @R BN RS HEH, Bt ERERHM®RN, B,
HTHRANEAEEGHRRE, MERMAREY, REFEOSNERNES, &
SRR G TR RO, Bk, R BRSBTS E RS R
BETMES ) EMEERYEREE R B RAL M, WTEL—H%FXEEH
BB R, 285 3 oK e A 5007 72 4 ok 18 35X 26 3 A48, Wi B A At 4
B MR 9 AL B L R E o IR, R T4 5 R s A ) S ) £ A v T
L ABAMB: Bk, AMEEEEEN RS DEREBA, HiEIUE
AR TR MR W A LN RS R, BT
BB RA: RE, AN ERBERTRA, B5WA M.

H i R 8 B T A4 . W% 4 i (FiniteDiffereneeMethod), %5 f8 4 #1
¥ (FiniteVolumeMethod), % P& JC¥% (FiniteElementMethod). ', % M8k Bl £
IFERE AR BN —F BB %, H AR ENER, B CFD #
WEHATIRZNRA, KXRAGRAEREBE. HEARSR. B0 EX
X5y J Wk, AR AWM R — AT ARE M PR R 5 R 15 1
(FE B J7 Ry A P bR RSy, T 13 2 — 41 78 M AR . ﬁl‘ﬁi%ﬂxdﬁﬂ’]% LR
KRN SRR I E AN EAELN TR, W5 Mk (Grid), B3 A
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3T CFD feh o HU G 990 3T 42 Bt T TARE T

W s 25 R R N T 4 (0 25 KO AL U AR o DA B 38 A0 1T (Node) B A 7 sl AR 4 — AN Tl
1 1t 42 1 44 B2 (Control Volume) ELIH, #5541 4k 9 & il #5 4 F [ (Face), FRliid A 45
AP HEE L, B0 E LT AR .
2.2.4 R EIRTE f1358 A 8 SIMPLEC Bi%

SIMPLE HERTIE ENARITZMHHn W HE A%, SIMPLEC HiER
SIMPLE E ks 8 vE2Z —. SIMPLE HEMEABHWMT: BREENE, K
MERKAMBEHR, BLERY, HEBENERS - RIHEELTRE,
FREEBTFENG. BERN: 56K E D5 N K £ 6w 2 X —
ERER FMEEAR. REWYE, AEBEEHABS®. SIMPLE HiLA
Tk ERMEEBFESEETEE, BAEWRSRENE, B HEAE
FE 3% 16 AW SGE FE 1% ; SIMPLEC H ik 5 SIMPLE HE i H P BWMFA, HER
A EEBIEFRELR, RREZRR.

225 MIsE RO RFH

i REAMRIBERBENLR LIIRBHTERK —H S HMM AL
BRI . HTRARBCEENGEEZY. RERETEEMUR %4,
A EERIGOMR. REQR4HCBRE DGR M. W3 DR &4
FEmAG. FAMRNEONLRFGRBEESED., EH#ONREHND: #
A Ob RAaEEE. EAMBHER, SHEOUREHEKEMEN.

St T 3 G v 5, i 0 A O B X A N B R, BT A4 X A 8 X SR R BE il R B0k
HEABMEL: HFREKOR MRS KAH - BRKM, TR X AL
ki, HEFHELRAXBEO ELNYBESHEKCK AKKEERKRR
k¥, HEBIS5BEMSESNERNTSLEME.

23 KE NG

AENBTHELORMOER TR E LMK, ZHAELT HEERY A
By EHEAT A HHOBAMAENSHNXR N BT HETEEES
PRI REN-S HiE, MAMHEABESTFREER, — RGN - HTBER
B, NATEHAENSETE, #ESRE DS SIMPLEC 5ILM SIMPLE
Bk, UARGERBAE T EIR 0 R &, 8 R T B E SRS B
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147 8

#3E BT —mi@itERsn Rk iRt

3.1 Hig— it Big

—REERRGRERRE LOSHARTHERR RO — BT E, K
BRT MEHE LS50 E B R S, 5 T = SRS i A
REKE . M FHEEREME, HAERESKEZURK, FURA—T
BRRAEMK, ARG FENLRILBERB, H TSR, BrrZRA—75x

3.2 K higit

3.2.11&it3

EXBRHETFHEKEELERMERSEDTER 3.1
#31 BLRQHSBNER

i & BB L2p0 3 g thEE KoK
Q/m’[hy  Hm n/(r/min) 7, n, - NPSH [m
400 20 1450 n,27% 186 2.95
3.22 REUKNIHE

—. EH#HOERMNITHE
1L.E#DOEHR D,

e %0 4400
AT WAFERIER, B v=4.0m/s, D= =J =0.188
TRAPRMER, By, ° axv, V3600x3.14x4 "

I D=200mm.,
22X WM HHER Dy D= (0.7-1.0) Dyy MEANTiiHXE, WIK D,~0.8 190

=152mm

NEEBOHEZ D/~150mm.

T BMHEML BN

ﬁiﬁtt%ﬁc:%. I C=1210, NPSH,=2.95m

15



T CFD I B HAE B O R MHE W BT AT

CxNPSH** _ 1210x2.95"

ﬂ: 7% r N S
5.62xJ0  5.62x \/40%600

=1453.9r/min.

% & ¥ 3E n =1450r/min

3.65x1450x /400/
] b 5 ns=3'65x"x‘/§= /3600 _1g6 44.

H3/4 203/4
=, VIERE
1L.3%
400
a.7;=1+0.0835 | g§/§=1+0.0835 lg{,—@ =0.885
n 1450
b.n, ! ! 0.98

T14068xn 7" 1+0.68x186.447°
c.n, BEH A 0.88.

iUl BMERn =1, n, 1,=0.8850.980.88=0.7 63
2.5 h R

1000x9.8x 20 x 400
=pxgxHXQ 25600 _ g 541
1000x 5 1000x0.763

REME. K=1.2, W P,=1.2 P 4 =34.248kw.
323 REREBEHEHBEENRT
— HBFELMSH

1.dy
ARITRABEMNR, REARLRN 4,~0.
2.3k D;

GIAYBHR, FMBCRMA M, W Kp=4.5

D, = KOXJ§=4.SX ;/ﬂ— =0.191m
n 3600x1450

D, =Dy +d,} =0.191 +0* = 0.191m

I D=190mm.
3.0, 4%
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R ATATS'S

SR U 5 4 KW 52 D,
] ~-112
n 186.44
=9.35x|—=| =9. —| =684
Ko, [100] 9.35%| o ] 6.848
D,=K, xg/g = 6.848 x 3/—400— =0.29077m
n 3600x1450
B D,=291mm.
4.b, 17+ H
7 # ,
5/6 5/6
K, =0.64x[n‘] = 0.64x| 5044\ 1 08
: 100 100
b,=K, xi/g=l.08x3—40L—=0.04567m
1 "\'n {3600x1450
B 5,=46.1mm.
5.0 R0 £
B=B+AB, tan/3.'=uv’”‘ . R O AB — BN 3°~5°,
l_vul
6.4 F O f
B,=18°~40°H B, }h 24°,
7.0 &

bLE B R 186.44, HEBUH B E 6 K.

2=13Rn g, B tP
e 2

Ry— MBAEMAREAPREL LR
e— MEHBEMBBLNPRMBITKE
= HRIMEREHE

LARM SR

2BERE
w=a 1+ﬁ)=o. 75 (1+2—4j)=1. 063
60° 60
XTI RIEKE, «=0.65-0.85.
3.4 Sl 00 B 5 P o R X e B h ) i

i=]

S, n
§= [RdS =" AS,R =0.00773m’
5,



3T CFD () h eg b #6 3 B O IR e Y i v aF 7t

AFRH A BBERYK
2 0.291/2)
P=¢,/R—2=1.063x(——)-=0.485
Zs 6x0.00773
5.EFHARHEERTRE
H,_=(1+P)H,= (1+0.485)x22. 6=33.56m
6H A HOHFRE
z5 cotf, Y 6x5 24" Y
“1.2% | P | 220 i S 0922
Y, [sinz,) 3.14x291 (sin90 0
7.4 O T
Vyp = Y = 0.111 =2 91m/s
zDby ,n, 3.14x0.291x0.461x0.922x0.98
8.4 ) B B B
’ 291 201 Y
=ty [ m |y 2 ,+( ' ,)+9.8x33.56
2tan B, \\2tan B, 2tan24  \\2tan24
=21.52m/s
I .HNER
_60u, _ 60x21.52 oo

2

zn  3.14x1450

BEN26%, MF 3%,

G LA, HRAARHES RN D~291mm.
3.2.4 M £ 45

9 T B SLHARE T 46 R (38 B A, B AT 4 P 00 U U o BB 7R
SRETH. GEMST—ARE. HEABRERRERY, REENEETHL
A o IR BRHE 40 P U ) T 4k b BF LA TR R 5D R AL IAT 4 A
3B B 1 B A R 216 O T AR R — B, B RO O 00 3T A2 A Bl RO B
do RN ERRL, BETFRETS, BAXLREMPR
#—r, X, ASFRESAMRE LN —FRARE T XRRALRRM RN
R, HAREAGNHESE —FXE HBEHORE . HFELAREHY
AT — S B A (it O R — S ) Rk, BB — AR R,
mEEE, RAMANBHAIRE. TR, R, REEMMEDRE.

44 T 4 A2 0 5 T 0 2, DRI 43 SR T B U 53 A LA /D oA
BT . — B & AN A% SR, FLE RS & AN AE MR R G E A A



iR REETA 'S

Koy, MB—E, RWENEESHPOER S AH K, LW—TER, D
KL K ] 25 4 A, X LR R K8 T 4 R L AN AR 5 0 /0 st K 0 TR B AT 58
R R ERERRATHER, W 3.1 5w,

wl

-—/.

A A L A ' A A J
0 20 40 60 80 100 120 140 160
-_— L(mm)

M3l MEARIKEEERRERNE
MR n ANNRE, GNNRENHEBE N F, RER, A—3KEELEHR
LEPMLKMEEREEHSE, FHENNER, HAHSHMEEIZ2ZH
Ak A KETEZDATE T A AKKRAES . AT KK TR E R KR
AF=2r R by, WRI—1E/KMKHE N 2L R, bi=conste —JLMH LT AL ME 3.2
B

H32 —aMitEmRER
325MR%R
Frifim R R B B, NS ZE LN B (MR B, R
Fifl— & 0 ARSI ER, AR T BB MM, F SR 4 B m A
LIRS AN 25 ) i, PP AR T bR s, $ﬁ%%&fmmﬁzm%mum;wmm
fro DK 5 9 V2 0 970 1 8 1 KM -



¥ T CFD i i L MO O B A8 B TR

1. 2REH

ERELE, A—AWE A—AkmR40WMmI, I, I, V... H—
AFEEMEHFE 1, 2, 3. . 58KE, FZERDEHBRPHERN, FH
SNFROMEREKER 45, MEAAL ROKE 4u 8%, 0 d5=du. HHH
BT R/, SEBM AT LB ER/DES . R LKk D 3
H T 18 K T OB 4 R A 2R AR R R A R I b R B T A O 1) i A A
A5 {4 A5 ¥ o 76 F T _E 04 R T U 2k B SR 3L K5 [ R TR YK A A 2B ) IR 4 A R R
RAH%E. BRRENKERNBRUY G CHRRETRA .
2. LRLE

AT & A

TR &S L REERT LB EE, AREEHRMN. KXCKAHAE
By sk, AHMmREEEL, BHEARMAET A00HL. IHEFEER
I h A0 AT . — BRI 46=3°~5°. M OTFEG, BRI 45, F 45 F
HEBXNMEEHEZBHIMK du, SR 45 W%, WHAREHN,
WRAERZEVGEE, BHE ds=du ik, F—pWEE, FARKTES 2, 3,
4o . BRAEFTHER, du RE, AXNK 4s BBORLW AT . &AM
HIF I 4s 57 R

o0
_o '
b
— _
B33 —aMEBESSE

B) i - 1 77 #% P4 3F £ 1 i 2k

FARAAREETRBAL, TUABKRHHE, BTLUJLA G T 2L
75 % K AC 8% o 75 4R B OK /N AT BRI, B ORI SR A 2 R, BEEK
£ 0 0FE S KB BT A0 B4 . T RS PIRS, EHSEE R gk, D
R BiEHENEASE, SAKMEE, EXE—xH A EMIN 800, #Hiinik
EHRMNE—BEE, #0AER—BE ERR#EDDETR— ik,
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- # 08 3

B34 —RAMHRRERAE
C) 724 # 3% B = i 4 1 R 4k
MM ERAHM=40E, RETAH=ZK£8L, FM@RNHH, FT#
MZRELRRE —£HEABE. MEHBREN T FERETL, REFHERE
HREMZAEIE 90°, —BADF 60°, FEUMA M, HFL™E, TAM
HERBEDSR.

C

M35 1 THhihummEisE
DM H i E
LEmEABpmEE sy THEmD, mHAYmimeE, S ELEE, £

mﬁ%=éb,ﬁﬁ&%ﬁ%@ﬁﬁ,%ﬁ%@@ﬂ@ﬁﬁME,%E%&E

36 00 20 o 1 450 PR AR R A o P B RS O R SR I B AT R,k D
e, .

E) it f 87 4% 14

R — 41 %% B B A S B0 R M R, B ANRI R R WAL L, e
B ARTRV M J 0 05T 00 R 4R 4 A b, B A RSN . A i
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JEF CFD (e LU o B0 R4 B0 AT 9T

ok P o T A E = 4 B R T ARG = 4 A AR A

E36 —nxTHRTFENHEA
HRLEE, RAEM FHNEREw REEE Vr BRENTHE, X
REEEDIthg il 3.7 i, EREEME.

- o
<m/m> c
. i

orPNWINONROBERGY

20 40 60 80 100 120 x-wux_.s_g"

B37 —naHAcREEETURR

33 RE NG

AEBEAHFAMERT ET —woot BRmH 8K NSO &, B R#T
TN, BARMNBOEART, REAAT — B R L HIH Kk
A H 2Rk, R ARG, 4T MR 06 2 & . oo 2k M A
Koy gEes, RIS S8REARA, RERHMHAERT KM
B, BERET M B0 AR xR R R A A
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-+ S

HAE BT 0,0 HZTZITRILHMR B N R

41 =TT 0,=01i8itE it

ZRBERFEANNHEEE v, BEDKS TR SN, MERER
ZICHE . 0,0 M BRI B R A B B E

LIR& 2

Hits hZEBRTm, i TR ER, TURAGiEHFBYUELE LK
R RFURACK, HEM FERR—AREFERNBRE, KEFSENFEL
BEEMHAMBRMER, RELLTFHRE L, REASHRE—HBUIERE, FR
BETH R BEMREHT . ERLELIERSD, BREFRER:

o _o._o @1
dr dz rdé

e, o 0. F o, IRREER o CEHAERFN=ZADLE: dr. dz R rdb K
WE LB ds GRS RPH=A28, BFREHARS

|
| =
/N
Q
=
|
lm
=
~
N———

(4-2)

{8 5 0 ) &2 5 BR
v, _ov,_,
06 96
1 oV,r
W, =—
" 2r oz
1 vy

oo2r oor
HPBW I 0.0,
o,dz-,dr =0
6;/;)‘ dr— 6;/;r =0 -
d(¥,r)=0
V,r =const

I Y, 70 il A a4 b i el T 0 28 L OSE RS T 8

(4-3)

il (4-5)
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X CFD #vh i L e B0 FE 48 B 77 TP A
——————————————————————————————————————————

245 5

(1) WERTFHELE, BEmmL.

FERAELEFED, A 0,0,

0=, + 0, (4-6)

BREANEEN, RBRAE o LT rv z FENSE L, &TE— SRR
mMEYTFRE, FTUARE LA THEE.

(2) VEHhTEIRZE V,r = const

Q) HERERH AFHHAL. BABRETFRELEH—RIREHBAN R
00, BT LAWR ST ok R, RS T A 2T 4k (il I 2 ) B R TR R T
i AT 8 —— il T 4k .

(4) EEHTE R £ V,r =const, FTUAER—HH &% £ V,r=const .

4.2 K higit

4.2.1 BE K%L

22l T O 2 O AT % B 42 I T O R, IR RE SR M A0 U Vi () O R AW
%, BRABHENREMBEOHFERR. FEHE VO UAE R L, BihE
RANERRG, WELEERZER, THEYPHEARE, BIE—KEM
VAR

R B AR S OIS — 5 0 0 B S TR 46 % I 4 & BT U FE 5
BB O 7 BT V2 b R B BOR S T B T R v

_Ao (4-7)

v

HERTUREEREN DL, EXPEBUEE-HENFRE, Bo—
HEHL. PR 6] B R N

AQ =2xtAbv, =2n1Ab AD
m (4-8)
[ — 261 AH 48 55 % 22 R0 % Sl o oA 4 2H 1O % BRI
T b = const (4-9)

Ab—— HIAT — I 9 2 ] 38 o 2 G

R—— AL ERZ

AL —— % B o 4 i 0 25 K
%ﬁ—%%%&t%&mni

AT HB, WA IF 5 — YO o 1 i 4%
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RS A"

HIGLE, w5 AbIFI9E 1E A TE A, 44 A8 T (8K O A4l 1R A0 28 0 8 % 34 4 RE
F%HL%, RABZKEMMMTREN, B EAAHEERSER L. — K
BERFEIS~4%, RAZTRIFERLSH R MERENE 4.1,

41 EF_m@HBELHHRBRETLZE
422 BHERE v. D
ZﬂZ(rXL:)
ARANFALANACHEHRAFRM, —AEHEH, LKX@-100TBFH

Rif ADE, @) EMERE LN AT RE v, FEHMERE v, -

MR O B#OBSRE LR Aidisk, WHE 4.2,
Vmim/s)

80 ]
l’""\\
N\
6'0 :
v 5
4.0 LA g
Elo
- U 2U 4 &0 00 1 T30 160 180" 200 md

42 BEALHERETILHS
423 AT E Ve TR E

HZu R AR AR AL R TTEYS, FTUAY ¢
WM IEHE, R TAN Ve 4k, WA 4.3 iR,
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3 F CFD My g tb§%  B O 2 8 ¥ i 75 TR

10 4#7R

6#7%

V. r,(m’s)

0.2
0-0 2 [ 2 Il " 1 e [l " ]
0.0 0.2 0.4 0.6 0.8 1.0
s (mm)
M43 28~TERMHBG R EANEEESGNENE
424 KRR

R 0,0 (= TEBHHE G EETH LR, WA IR E
STEY WR-HEHEL MECBAME, EREEHESE, AUTAEE
HREAHE -MAERE LEEES AT RAZESRPERTHREE, §

or’ -V,r
vor? AL, (4-11)

LB —FRERE Lo R

YW e REENB—FHHRE, o OB EARE, WD 5% €Mk
BKE, RMBERKNAL, EHBRTEAERA , A HOEERER LR
KER Ly, AEEES &R, EERESAMEE, TERSHB T AH
va Ml Vur, HHBE or’, v, RAR@- 1), o7 SR T %308 1 4l fr
BA A0, & v SR BB A BE B AT S B b o oL B A

2. 3 At 4l 1 U £ b 9y e

B O R AT SR 4 R, B A T R % B A6 R Y B 5) )
SF c %k EMX M & B AR Vr i, N R @-11) i H X R HOTB AL,
AU IE& S R L.

3.4 o) i 17T A

&Pk L RIR 48 A, BOGEEEAE S A, o T R 518 B 00 o A
K A FAME, WL HE, WAo=5, o= (L,)MLmlsH, EF
WA, EREFAAR, WAA0FFHEROMmEL. bT W 00550 Hin#&
%, “HRIBLNEABETAHEH.

AG=
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2~7 SR B AR 0 B 4.4, SR T 5 6 A 44 o 4% R R 4
4.5, MAEOAMEOAHRAM, F—THE By —FEE T B E et
Fo &M A B B LA 4.6, FIREAT A8 5] 2 B~7 SRt A 0 = 48 B A 847 4,
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