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Research on Gas Liquid Two Phase Flow and Vibration

Characteristics inside Low Specific Speed Centrifugal Pump

ABSTRACT

As a widely used fluid machinery in the industrial field, the
performance of centrifugal pumps directly affects the production
efficiency and energy utilization efficiency of many industries. Under
gas-liquid two-phase conditions, the internal flow complexity of
centrifugal pumps is significantly increased, and changes in flow
characteristics not only affect the hydraulic performance of the pump, but
also induce vibration and noise problems, which restrict the reliability
and environmental friendliness of the equipment. This study focuses on
low-speed centrifugal pumps and explores their internal flow field
characteristics, vibration and noise characteristics, and optimization
design methods under gas-liquid two-phase flow. The aim is to provide
theoretical basis and technical support for improving the comprehensive
performance of centrifugal pumps under complex operating conditions.
An optimization scheme was proposed to reduce vibration noise by
optimizing some parameters of the impeller through the whale algorithm,

and the whale algorithm was improved. The main research work includes:
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(1) Based on the set performance indicators, complete the numerical
calculation of the structural parameters of the centrifugal pump, design
the structure of the core hydraulic components, and use 3D modeling
software to construct three-dimensional models such as impellers and
volutes;

(2) The internal flow characteristics of a centrifugal pump under
normal and gas containing conditions were systematically analyzed using
computational fluid dynamics (CFD) methods. Under normal operating
conditions, the standard turbulence model was used to reveal the
distribution pattern of the low-pressure area at the inlet of the impeller
and the high-pressure area at the outlet of the volute. The concentration
characteristics of turbulent energy in key areas of the flow channel were
clarified, and it was pointed out that high energy loss occurred near the
outlet of the impeller flow channel and the baffle of the volute due to
flow separation. Under gas containing conditions, the VOF multiphase
flow model was used to simulate gas-liquid mixed flow with different gas
contents (2%~10%). Through flow field comparison, the negative impact
mechanism of gas-liquid mixed flow on energy conversion was
elucidated, and the core problem of gas occupying the effective flow area
of the channel and exacerbating flow instability was revealed.

(3) By combining flow field simulation and structural dynamics

theory, the mechanism and propagation law of vibration noise in
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centrifugal pumps were systematically explored. Identify the natural
frequency and vibration mode of the rotor system through modal analysis,
and analyze the frequency spectrum of flow induced noise based on
acoustic analogy theory. The study clarified the multi-source
characteristics of vibration noise, pointed out the key improvement
directions for subsequent noise reduction optimization, and conducted
time-domain analysis on the pressure pulsation of centrifugal pumps.

(4) Optimize noise reduction for centrifugal pumps. Firstly, conduct
an orthogonal experiment on the centrifugal pump with the goal of noise
reduction. Orthogonal experiments were conducted using the noise sound
pressure level of centrifugal pumps as the evaluation criterion and the
structural parameters of impellers as the scale factor. The order of
influence of different structural parameters on the noise sound pressure
level and the optimal structural design parameters were obtained through
orthogonal experiments. The orthogonal experimental method was used,
with noise as the evaluation index, and Fourier polynomials were used to
construct the relationship between the structural parameters of centrifugal
pump blades and noise. Then optimize the centrifugal pump by
improving the whale algorithm.

(5) The simulation results were verified through experiments. Three
impellers were printed using 3D printing technology, namely: a basic

impeller, an impeller obtained by the whale algorithm, and an impeller
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optimized by the improved whale algorithm. By conducting vibration and
noise characteristic experiments on the centrifugal pump, noise and
vibration measurements were completed under different working
conditions, and the vibration and noise of impellers with different
structures were verified. The influence of various structural parameters on

their vibration and noise was obtained.

KEY WORDS: Centrifugal pump, Gas liquid two-phase system, Noise,

Orthogonal experiment, Whale algorithm
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a7 7R E CU R X5 i 5 s i DX e AR, DA A Bl Ae S o T AL H Y
WMANRHE; &AL, Wi iRiAAERE (VOF Volume of Fluid) AR AU ELALIAN [F]
FRE (2%~10%) FRIRERS), KIS S AR B 8
PSR EE T, T &R T mo S Re ¥ S s L

(3) S5ERIEN 545050 715, ARMNIRSNME S NI . B RS A
YOI T RGBSR SRAYL, 48 H R A IRAN 59 X I8 B T/ A )
BT A, R BUASIE FER T R I RKE, P e A 7 SRR VA ARG . R
e A AL SR A B A AR

(4) R EZRIG LA S H (8, MO ES |, #iEm v
H 15 G R e f s B B NSO i AR, HET 2 B bR RAL, 3R1E
B2 M R R S 25 K B S B & - AU S5 R M P A T RRAIS, HK e Re ORISR AR E
BAIE T & R B AE B A AR ) R P (& A

(5) NEAEHUERSL SRR TR, AREBEEOESERE, FIH
3D T EIHAR ] & SL Al 50 SR 48, I RS L SEBRRIE 7E o 3 I M A K A1



L N N 2T e A e

FetE i, IESEOCAL MRS AERUE 00 T I RS 7KOT 2 PR, A BT AN EE
Wit 7 se S, BT RIESRE (I 9400 LB IR) 5 T2 M (3D
ITERG LR 2 <0.1 mm) , R 1S3 py T B VE S TRE T, NE LRI
AAL RIS B T HR H A2

1.4 KRB

AE Iy AR GURT 1R L 3 2 O SR IR B M A A SR 1 DRE N 7 o 5
WHTFUOME . B e N T BE& BERAL S A TRARHE SR T N E TSR VI, i 1
PR R SRR 775 AR iE I AR A, IR TR T A
50 7327 25 S RER VR X SR BT (0 S o A0 R AR IR B2 IX — A% o (7]
WL ERIR N ERE S HLER . e st 3% 1 3h /7 S R RS 4 B [ P Ahii -+
TR BEAT R A0 L SRR, Rpa) 0 B A B L AR H I R
FEEQIHTT I . BT I SCRR N BORBE 5 BoR AR 0 M, AW FUR AR T IR
i 2 VAR, POE R ARIR IR 5 B R AL RS & BRI 2, B
DI RAL G ST IR R PR A



L N N 2T e A e

%28 BOFANEI

B IRAL S AR AR SH A R A A0 i A7 e R e A il ] 5 AR 1 2SR A
if RIS A% Sl Al PR B /N T ELAR 5 A1 BT S A7 A S 2 R SR P . AN U SR AR IR
P L 00T B OR a5 M, b iA s A S B s, g RAa TREN
FIUMELI) 1 22 0 AT R

2.1 K&t

JR R E T TT T A8 & PR N R MBS A TRE BT, HAZ OS5 2R
Pk € TS HE U O IRAZ O AT G RIAL o ZHORRE £ E A S 5 LA
G RN A MG RPN KB BL: 1 56 7 B8 OB e M iR A sh 2 vt RS
AR5 A8 Y FVRFAE 25 B3t AT DL C 1 I /K B HE K B i e AL, i IR % 2 id
TS Z 18] i Db R R A 3l DL oK 2R
2.1.1 ZEHSHTHE

GRBRAR PR BE TR br C R G 138 2-1 .

R 2-1 HORK B2

ZH & Q(m’/h) %2 H(m) 3 n(r/min)
HE 16 20 2900

(1) BRI EHAS
BLLARNEE O ARG REFE L (2-1) #AT RN,

Ds=,/4Q 2-1)
7Z'VS

X,

DR N H A2 (m);

0 I E(ms);

Vs R L (m/s)

BUOFEN A A 8 B 2 HAE 1-3m/s (S HIX A £ TR, 45
TR B & R BV BRI R I, RIS SR SR SO RGN




L N N 2T e A e

By IR A RIGsR R EPUE A ERE, R VBRI AL & BOK F AR N H i
o SERRTRER I, FIRE R AR TS Bt AT SR & VP0G, B K S 2R
FEN L b Hxf B R T HAR S AL

BLREI O EARE (2-2) #EATIHE R,

D, =(1~0.7)D,

’ | (2-2)
o,
Di—3 i T H A% (mm).
SRR ARE R (2-3) THEM,

_ 40

vd - 7Z'Dj (2-3)

ve—232 I E T (m/s);

4 Dg=0.71Ds, ZHH G HEAS Da=41mm, va=3.38m/s.
(2) BLIE LR e

BRI R O M RE S, o EARIE AR N AR B RS . %S508
RGN R R SRR A REISAT IR bR, SO AU T (1 B AR . X
TR IR RPN, #7 BER LR BUE A RE R R, X PR B B 7E
IRV & L0 T Sl s et g TR . HArEREA 2% (2-4) 2,
ZA T B T % S HUR I N TE R

3.65n,/0

no=— (2-4)
I
i,
ny—— LI
ZitHAA,
n, =74.62

(3) EOLARIPCEE AL
B LR AR 3R %50 (2-5) TR,

7. z1+0.083511g§/§ (2-5)
n

10
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n, =0.84

ROR R RRRCRE (2-6) 15,

1
= 2 (2-6)
1+0.68n.°

n, =0.96
[ B PR 401 % ML R 4 2 (2-7) 115142,
1

( n jZ (2-7)
100

' =0.90

n =1-0.07

BLORMHUMACEZ (2-8) THHEM,
Mo =M =Ty (2-8)
A,
n——HRFIORHO B R, 7, =0.02,, n, =088
BLORM SRR (2-9) THEMW,

(2-9
77 = nmnvnh )
n=0.71

(4) THEBThR TR
BRI R (2-10) 1H5EH,

PZ% (2-10)
X,
p—— NRFERE, (kg/md); p=1000kg/m?;
g—— HEIJTMEE, (m/s?); g=9.81m/s%;
ZHHA,
P=123kw

W AL TR % (2-11) 5,

11
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P =" (2-1D
n,

A,
kn MWL ERE, ke=1.1~1.2; Bl =12;
n—AESRCR, I ENLE RIS, =1,

P =1.48kw

W B S LY e AL (2-12) T,

!

M = 9550£

! n (2-12)
P'=1.15P

A,

P B, (kw); M, =4.66Nem

RNYERF B D IR R AN m A Ra g T, A Dh R A T E AR A & B R
B T RELZEBITIHEE, AWUFFERN Y2-132S1-2-4kW 4 B HLAE
SEIRAN TR RIIENS, Rali it 1k 3R L] DU PR R 48T SE 1.

2.12 EHEFEMMHEHHER

AN RN AL (2-13) THRE,

d = oMo (2-13)
0.2[7]

{,

[c—VTFHVIN. /7, (Pa).

RENPIM T 45 SN, S IRAORLF I HER S48 AR SV B D) R
719 45MPa. Z5RERZIHE, W R iR /N EAA N 10mm. BB ENZW & UG
FKAEIEA I H AR B FAR, BOR A2 BB AR i e . TEM R R B 1
BEVFERAT, i I AT Ik P Ao LB P A NI R, TR e B A 7 B/
HARM) 1.4-2 fEY6H . 456 TRESRERA M2 4 REER, ANEITH B Hie it
REEALN 20mm.

213 BILEMHEFER

12



LI TR RS S 38 5

ORI R H WA SRR BTG IR, P A= AR
R, B TR R 2R 2L TP BOE Bt AT i, SRR S5 4 TR Uk
HAPT IR MR H— 7T H m A Hul U, /1P RE, BENS AT NI R o T
OUT S S BV RE R H T ARBLAE AR S i Lk e D5 T, LT 2R B ) i
AL HUACHE T Z IR HE R o L =R iE R AL S oot L 240 @i 1 2-1 Py
) LRE B ARRAFERARAE 2

B 2-1 RS S5 R AN 2 3 R
6 B S5 R T I B e 2 M8, R O SR I R R AR LR AR AL
B ORLAEI R ARHHE TV DS TR AME Dy BT Y E A B S HUH B
Pridce AHE T B EIHT RAE TR B REBOEAF 2 0T T B il @ srimiks)
JIEFARERERS 5 () J U R AE S B AT RGP SK A
(1) B ORI HAR
A HE O HARIE A (2-14) THE,

D, =k 3|2 (2-14)

0 0 n
A,
ko——F KL
RO BSOS B B PR i B, SURB A ILAE AR A AR, HL
ko=4.5 .
D, =53mm

PRt O EARE I (2-15) AR,

13
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D,=\D; +d; (2-15)

A,
dn BEHER, (mm);
dp (NAELER I A %, KT3I di=0.

Dj =D, =53mm

Bl D~=53mm.
PRt O EAR R SR (2-16) 2,

D, =kD, (2-16)
A,

ki 2¥, k=0.7~1.0;
ARk R e, IR EEORE, SR EDUNME, k=1 15,

D, =53mm,

(2) BELREHEH O ER
M AR (2-17) HB Al 52,

Dzszi/Q (2'17)
n

1

l’ls 2
kD = 935kD2 ﬁ

X,

kpr——D W& 1E R HL

ko> SEE AT AR EE 80 5%, A SCRA ) /2 SR UBS 09, kp=9.88.
B D>=131mm.
(3) B 58

R e R (2-18) THEML,

bz=kbi/é (2-18)
n

5

n, \6
kb :0.78kb2 ﬁ

14
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A,
kp>——b2 1B 1E R %K
ko2 SERBE AR #RA R, AR RH R OE, kb=1.067.
k, =0.71
b, =7.52mm
EXb2 =7mm °

(4) LRI R EEH 120U
- P 22 JRUS 2 i AR UM P R AR P i 22 807 B P B S 4, LA SO A L
VT 5 900 T A2 LR AN e % Jo) TR DI RS SR A o AR A AE I 13 B, 1%
SRR Ty NP RBER R AL TR DX 8 ff (RG22 780D AT X
A 1 Uity ¥, HJUR R WA 2-2 firos.

I

o

/ |

/
/
’ :
s
/

7 M

I e e W %

P 2-2 ARt 22 A
Iy BE VTR B LR TR f B, HZE AR =B — B, s, BUEIEEN
3°~15°
BE AR A B 1A (2-19) THEM,

tanf3! = ul"_mlvul (2-19)
=,
ur—— B AR B R JH R L, (m/s);
Vil TS ARTR AT, (m/s);
vir— & R 15 5 533 B, (m/s)

15
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[543 5 PR IR K I R g, A SCR R RKE, v=0, 3 JEEE
R, (2-20) PtEE,

_rDpn

u, = <0 (2-20)
W gk T e 2 (2-21) TH I,
_ 0

b = P (2-21)

Vo= (0.4 ~ O.83)vm0

Vo = K g/28H
A,
b, AN 56 FE (m));
Vino— M FS N 3 (m/s);

Ko— R H; ARBMF K, =017,
B v, =078v,,,

b =10.59mm ~ 11mm

W 22 35 A (A f e SO SR AR E SR I 0 o S VO IR HERY R B0, IR B0 R
MR |, GO TREERENGEENAALE, HEFHHYIDREEAMP.
Wz A FEARNHEDY R ALY AR AT IR, TH g RS TR 1 i 72 Ak
TRVEE AR, RIRT#IAS AR THE: HWZE-EHRE, WHEEREY,
SHOATIERIE H B 2K

WFRBIE SR, N2 AL MR HUE A 25°, %% Calid £ 4 Se 5
PRIRIUECR, XTI, %5 BB ISR 1 B e (R HUE Y
F 18°-40°) , S5& HHTHIFUN R LU R, BRI E Br=35ME Nl . X
ol P T B AE DRAIE R BN AR RIS, A Rz 7 30 5 4 B A5 /K D4 2K il R
()OI 4L

HF 5 (2-22) M,

, =65t Dig BtP
v "D D 2

2

(2-22)

1

z. =7.66

y

16
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AT ARIESOEEFEEMRE, B\ TEEEE 2-6.
(6) B Lo IR bz
BOEHRHIEEA (2-23) 1HHER,

H =

t

H
—_ (2-23)
m,

H, =23.8m
AIRM 28 218 A0 (2-24) H5HML,

2
Pzzz 2R2 2
z R, —R,

—al14 P
y/—a(1+60j

(2-24)

A,

20 25, Ho=0.7;
Rt A2, (m);
Rr——T" 4%, (m).

4

R;

P=0.44
YR A R s (2-25) iH AR,

\% v

2
u, =—="2—+ i +gH,, (2-25)
2tan f3, 2tan f3,

L0
m2 D
T 2b2¢277v

2
4 =1.9% 1+(%J

D,r sin/,
H,=(1+P)H,
A,
Vmr——H DRI, (m/s);
pr— i D HRT R AL

Ho—— 55 B R FE, (m);
Sr—M At SRR, (m);

17
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Ao—— I Y VBT 26 5 il T R e B) e A, ()5

afg, v,=0.83m/s u, =18.93m/s

S H O B A (2-26) THEM,

D, - 60u,

n

(2-26)
D, =124.67mm
Bt D, =131mm

(7) WA R E

M RN 5-8 A LR, TR SRR WA S 8 E A
75°-150°Vu [ . ZLEE AL, AW E K 130° 0 M3t 7 %2 .
(8) M 2 i iz £

AT 5T 34 FH EL A S5 A RRAE (V5 SO e 2 B AR g e S AR AL

MBiAB I, PR (2-27) TFEHEE,

B(6) = arctan (a@kz +b) (2-27)
o tanﬁ2¢;tan B,
b=tanf,
- (tan B, —tan B )¢ |
In’2 - ¢tan S,
h
X,
O——BL o)A, BUEIEEIN0, o], (°);
k2 fRHL.
IRHRR L T ezl (2-28) ZeHi]l42),
9[7“%??”‘ 5) “a“ﬂlJ (2-28)
r=re

WS HEE NS R AN, RIRERAF ALk
(9) v

I J5 BB AR 4-8mm N, ASCEEEH 7 N RN 4mm, 1 HE
9 4mm, M RIS

18
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2.14 EXREFER

B BRI =W R 72 R« BEIEASOE, Wit T DURYE e /5 2
BEATIEHE), B0 SR K R ST BT « BRI ANALIE AR5 mlo HEIE W I 25 4 T
B, I E, @ MURAR LA IR, (H/K PRI B s B Wi .
Sz, AKIIMERESF, PR B d A5 R SRR R A B s BT I AR B T R
AT, ARBERT SR 22 5B, Bt — D B ik, R R RCR,
i TR RO ORI e Y B R A R o IR o AR SR Bl s 50, i e W T A
B I o
(1) S 5g i (1) 22 5 B4

HEEAEA (229 iR,

D, =(1.03~1.08)D, (2-29)
A%, D, =14Imm
(2) SRR HE A58

'S R E 158 A K (2-30) AN,

b, =b, +(5~10) (2-30)
A%, b, =16mm
(3) 1y = R I 22 A

Wy = () B8 T 22 TR B 5 B O, ARSI == R B 7 22 TR 00=20°
(4) 2%y 25 1) i 18 [T A

iy = (1) 5 \ Wi T AR % A 30 (2-31) 1502

O
F, = ]
el (2-31)
3609,
%="3 ¢

A,
Os 5 )\ KT I 7 B (mP/s);
Fs o8 J\ Wt T TR AR (m?);

19
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IS R, k=0.34;
2R, F=623.55mm?
oAt W T AR R IS (2-32) AT,

P}:vé]% (2-32)
X,

—1~7;

At W [T AR (mm?) o

g = W T BT H 4 SRR R

F 2-2 WA E W AR

i 5 1 2 3 4 5 6 7 8
fff/rad w4 /2 3n/4 n Sm/4 3n/2 Tn/4 2n

A /mm? 7794 15589 23383 311.78 389.72  467.66  545.61  623.55

2.2 WRERHAIIREY I N

SERAR PR B O AR M S BT i, B R A TR, R
FH = GERRAT X B0 1K) T LA S A AT AR, X BL 2 B2l 4 S i e 5 =R P

£4 Q7

L4

rrnmm

T [TTT 1
H + E N

K 2-3 MEE HEEMK

20
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n=2000 imin

E
i

ewaleg[en
TITT 1
A E T

S
:
I

K 2-4 diic —4EF (K]

K 2-5 B0 AR K 2-6 20 R 5 = ZEAE T
2.3 AKRE/g

A ISR LR B O R KK Bt T, T4 € MR AR EeE %
SR, e T RS IR TS SRR AE I L 2RO R S SR et SRTEE
REUEHE R EERT, GFEOES. HOES AL A EA%,
FFER L R A O BB L, Al EARE R AR K . WRSE i A EIE
Wi, B S ERVCACE R ELAR . B A A BT T AR A, B ORI TE Y B Y

21
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AR B R o B A ] = YA 1 42 | W58 SRR LIS 1Y SR AR A,
N JE SRS IREN 70 BT 5206 1 Ra# 10 TLAT itk o A 5 AN DURAE 1% Ge K it
JIEs R XS o T AR E AT G NVE R, DN R S FEBE 1 S5 ILAe i
BIARHMEZE

22
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£3E RUEERESOREAMS SEZHTRERNFEFE

RERE TR EE B QR AR ST KRt SUER %, IR T
FA S A 5 R SR e AEBUE B ZRAT T, BT 1 BRI AR EAR AR
RN RN, NJRELET S 00T AR AT Rt 7 kA

3.1 FHRERE

BN R, O T IRTUR TE R B IR A B (K, K%
FAERITIA O RE Ty HRE L i Fe A0 HY T DA 32 23R 316l IR Y = 4R poxt Heidt
ATIRAARERL, W& 3-1 fos. UTRIRILSNRENS 78 70 A e, XY Rt H 1138 73 at
177V IE A RALEE

B 3-1 B0 AL AR

3.1.1 MHgXI9

ARG LU A T o SR SEEAT A R, X AR P L g 5 ol o [X g AT A%
w, e MBATIER R, WK R 2 i meg, Wi 3-2 fros.

B 3-2 A bh A s B0 22 A Kl 4

23
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3.1.2 4 Jo < M IE

FEAR L2 T B o AR (R BB AU 78, S TG S MR BRI R W R T BRGS0t
SRR IZ O HE AR, AR TA0E Tl (R 2900r/min, W& 10) FF
J& Z GV RS BRI 1R, S8 I oy 2 SR B D B T SRR 1 W A 2 R, [
i WA R S B RE AR AR AR A 3h . BB SLIG R, SRS AT A 3
2.27x100 BRI, R ELE KRS E B S T+0.5% LA, il R AR HR 7
PR E R o % IR UL R B 58 7090 7% 18 T BB AR IO USCSSCRe I 7 DRATE T SR0RS BE 11
A3 T & R RRUAS, 5 R0k S T i 2 s 5 EUR R AR R ) . TR
SCERAEI, AT TR RS A RO B S R IR RN 545 R T FEE, 2 B L
¢ HH i) R A A

18.9 -

18.8 1 /
18.7 - /

£ 186

T ]

18.5 -

18.4 H

18.3 "

5.0x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 3.5x10°
Mesh
K 3-3 WS T I RIS IE
3.13 HEHERALE
RYAEHESLIEFMET , SHE bE 8 200 22 13047 08 11 B 378 B P i e A 72
NFRIE k — & Wi AR S]] R -

0 (pk) 0 Cpu k>
ot ox;

=p, - 8+~£z{< + ) — (3-1)
PP 6x"u0'6x )

J k J

i)ék]
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o(pe) O(pu;e) & g 0 U
+ =C,—P-C_,p—+—[(u+— -
o x, ay b e K ar [(u 8) ) (3-2)
kZ
m :% (3-3)

A,

BB RN C, =144 C,, =192 0,=13 0, =1.0,C, =0.09 P 5]
REAE I, RImUkE T R, £ A ML k RIESIEE (m2/s?) R
FEHUR (m2/s2) ;¢ RAKRHL

3.1.4 BETTEDRZH

RN FAR EC e T 12500 R K AN PR BERFIE 5 N SR 70 A AR, ASHIE 0K
FHREAS A5 206 H T I s e A o AETHSRIE BT T, R SRS & 20 [X
J7a R DXOE SOM TR AR &R FLAR DA A s OR35S 1) AL

AR BL 25° IS KA N AR ot T Td ¥ 5E 0 2900 ¥/ %o 1526 AFR
AR ERE S S (AR FXCEERIR, RN &G
BEIA S AT 2%

Residuals 1e+02 -
—— continuity
— x-velocity 1e+01 -
-y-velocity
—— z-velocity
. 1e+00
——omega k{/’v“
1e-01 -
1e-02
1e-03 -
st L&"\’\M
18'05 T T T T T T T 1
0 100 200 300 400 500 600 700 800

lterations
K 3-4 B2z 2k
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TR R A 2R3

3.2 HBEIRAERIA D

DB FUR S TOLRAT T AL B LR RE AR AL AR AR S B, A5 X L
(0AR N BB EAT 704

3.2.1 BRBERPEEEHE SR

;Piressura ;{e“u e ;veuure
1.410e+05 2.180e+05 2.161e+05
9.756e+04 1.766e+05 1.740e+05
5.415e+04 1.352e+05 1.320e+05
1.074e+04 9.379e+04 £.998¢+04
-3.267e+04 5.241e+04 4.795e+04
-7.608e+04 1.102e+04 5.915¢+03
-1.185¢+05 -3.037e+04 . -3.612e+04
-1.628e+05 -7.176e+04 -7.815e+04
2.0630405 -1.131e+05 -1.202e+05
24970405 -1.545€+05 -1.622e+05

-1.950e+ -2.042e+05

s e ] el

(a) 0.20 (b) 0.40 (c) 0.60

Pressure

Pressure
2.130e+05 v
IR 2.120e+05
1.348¢+05 15568405
9.5726+04 S.0¥7at04
5.663¢+04 4.273e+04
1.753e+04 -1.371e+04
2.156e+04 -7.015¢+04
-5.066e+04 -1.266e+05
0.975e+04 -1.830e+05
-1.388e+05 -2.395¢+05
-1.779e+05 -2.959¢+05
[Pa) -3.524+05
[Pa]
(d) 0.80 (e) 1.00
Pressure ﬁ’“’“m
’ 2.173e+05 2.183e+05
1.607e+05 1.688e+05
1.042e+05 1.193e+05
4.760e+04 6.983e+04
-8.960e+03 2.034e+04
-6.552e+04 .2.015e+04
-1.221+05 7.884e+04
=1780e100 -1.281e+05
-2.352¢+05 L atn
et -2.271e+05
-3.483+05
[Pa] -2.766e+05
[Pa]

(H1.20 (g) 140
K 3-5 2900r/min L R 250028 Hh [a] #1112 1

3-5 J&7R [ AE 2900r/min F5I8 N, ASERE ST 2028 R R R )
SrATE L. B s I B AR A R R R R TN, B N B 2 AL, AR
JEJIMMERI S 128 . B BoR T AN AR E &, 7008 020, 0.40.
0.60- 0.80. 1.00. 120 f11.4Q. 1E 020 WMESKMF, K10 fikhBsl,
0 DX TR B AR A, B R BN, FoRZ X R 18N . B R
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RI3fn, o0 AT i IR AL, HoC DX F B BT RGN, R 32 1 4R
T, REEIMEAK. 7£0.60 MENXM T, KOSt EHIAY A,
o O XU R A AR SR 3 I, T 320 2 X3 R T E AR BUIS . £E 0.80 F1 1.0Q Wi
BT, E At — A S, ol X e (E 4k S N, 144 X IR &
THEA BUE, B EE NGOG, 76 1.20 Al 1.40 AT, K04
SEANAIE], Hl XS ) e i — AP B, 302 X3 R B AR B, B
FEORBOABE, LRBITAOXE, RUEEBOR. &P E 775010 13
R RS0 B O IR BT R = AR R, S N 2R (A KU T B AR SR R R

B e T B iR s i 0 0.20 & 1.4Q, LA 11 4R Sifl, BIAREH
MIE FE [ 47 6 b R0 . BEE R R A 0.20 M8 % 1.40, W AW & KK /178
2.12x10° Pa % 2.18x10° Pa [A]/NEHE SN, {247 X 52 38 08, fACH I M-2.93%10°
Pa (0.20) ¥ JEZ-3.52x10°Pa (0.80) , B&IEIL 20.1%, RPERE FRGIEE
SRR, AREX R R8T R, fEE 0.80 I LR H BRF% (-3.52x10° Pa) ,
BB LA (0.60 N-1.78%10° Pa) PR3, W] RE HHV & RIYG 51 K5Ik
TN JEEE 1.20 £ 1.40 K J1/NEEITH2-3.48%10° Pa, Ui AL ELE T i
TR P AR SR E-EREARAM R, AUEY R R E R i
k.

3.2.2 HREVRmBRED T

jiisNBE (Turbulence Kinetic Energy) A& — 1 F SR IR AR, 14 #E RUAE BE
FRANG = ik Eh T Ea B BE R, T DU R Sl 5
]{Z%(ul)2 (3-4)

e w APIHE, m/s; [ ORISR .

L\;rbulence Kinetic Energy
2.900e+00
2.611e+00
2.323e+00
2.034e+00
1.746e+00
1.457e+00
1.168e+00
8.799e-01
5.914e-01
3.028e-01

1.429e-02
[m*2 s-2]

;I;urbuience Kinetic Energy ;I’;urbu\ence Kinetic Energy
in n

2.990e+00
2.692e+00
2.394e+00
2.096e+00
1.798e+00

4.652e+00
4.188e+00
3.723e+00
3.258e+00
2.793e+00
2.329e+00
1.864e+00
1.399e+00
9.346e-01

4.689e-01

5.144e-03
[m*2 s°-2]

1.500e+00
1.202e+00
9.044e-01
6.064e-01
3.085¢-01

1.052e-02
[m"2 s*-2]

(a) 0.20 (b) 0.40 (c) 0.60
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Lt:‘mulence Kinetic Energy Turbulence Kinetic Energy
tdn

2.743e+00
2.470e+00
2.198e+00
1.925¢+00
1.652e+00
1.380e+00
1.107e+00
8.342e-01

5.616e-01

2.889e-01

1.618e-02
[m"2 s"-2]

3.703e+00
3.334e+00
2.964e+00
2.594e+00
2.225e+00
1.855e+00
1.485e+00
1.116e+00
7.46%e-01

3.765e-01

6.902¢-03
M2 $-2)

(d) 0.80 (e) 1.00

;I;urhu\em:e Kinetic Energy
. 2.887e+00
2.600e+00
2.313e+00
2.026e+00
1.738e+00
1.451e+00
1.164e+00
8.768e-01
5.896e-01
3.024e-01

1.522e-02
[m*2 s*-2]

Turbulence Kinetic Energy
tdn

3.785e+00
3.407e+00
3.029¢+00
2.651e+00
2.273e+00
1.894e+00
1.516e+00
1.138e+00
7.596e-01

3.814e-01

3.191e-03
[m*2 s*-2]

(H 1.20 (g) 1.40
K 3-6 2900r/min ., K 250028 vh (8] 8% T )T 3 g = 1K

MBI 3-6 Al ISR, BEE R RO Mg, inahfef ot R4 1A
o fE 020 %M T, shRE MBS, AR HBIRIRsIRE K. BE
ETEIGINE 0.40, AR AEEM XL RE EE, S HRAEIXX
AR E R . SR E PG N E] 0.60 BF, TN AR 1 = E X AR 15 5 A
R, JUHRAER v BT, XX B AU E S AL () Tt I 5 8 8 35

£ 0.80 %A F, TishBEMEEMR M 5 0.60 AL, (HEE X HEH, H
HUETE S, SR HEERZANRRILG . L EEH 1.00 B, Jizh 878N RE
N B A AAF BN A%, AMUAER Bt D A7 AR (B I, 10 HLAE P gk Ak
I T B S T B BRI, 3X AT RS Y TR AR Z IR B IR KA T RE R
1.

BEE R R ARSI N E) 1.20, ImBhRe o A EINAI AT, e (A X
S RN HRUATE 2 AN B A R A RIZUR RIS . Bn, TE 140 %M F,
it ) BE (AR TR B T fsy, BEANIAUTE P #SAE AR I R ) (DX ae, =
DI, SRR Z AT T I o Bk B T B oK fE

B i B A ORI 25 R T 0.20 & 1.40, AR ZIFE R B AL AL
PEFFIE. M 0.20 £ 0.60Q, THABIEELE FH5E, HAMEM 2.900e+00 (0.20) F+
£ 4.652e+00 (0.60) , HIEIE 60.4%; f/MEM 1.429¢-02 F+ & 5.144¢-03, &
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AN T Ui AL 5 BT SR A AR R 4k S0 & 0.8 Q B, Bt K AR [F1 74 28 3.703e+00,
B J57E 1.00 /Mg TH 2 3.785¢+00, 1.20 F1 1.4Q I3t — D% % 2.887¢+00, K
s REE T iR (0.60-1.00) B BWE(H 5 T855, P REFIIARE B AERL
BRSNS o HAFE R, 0.60 THUAHE 4 2, Has KAl (4.652¢+00)
BE S T AL, B IR T A SR R e A R B 4 B I A . B
BAR BRI aE S E IR R IEA S, PRE (0.60-1.00) MG X
], mE (1.20-1.40) FREERME, FIRES R IERE /)38 smElin s T2
SEH K

SERRE, W R AL T B AR AEAN R LT I AAE B 2 A0 K B E
A BT ARG TAR R BN R o G AT, R DA DR R BB, R
FEANTE) LI T IR R A A%

3.2.3 HERRELE S

H Velocl Velocity
i St ,d
2.005e+01 2.158e+01 1.981e+01
1.805e+01 1.942e+01 1.783e+01
1.604e+01 1.727e+01 1.585¢+01
1.404e+01 1.511e+01 1.387e+01
1.203e+01 1.295e+01 1.189¢+01
1.003e+01 1.079e+01 9.906e+00
8.021e+00 8.633e+00 7.925e+00
6.015e+00 6.475e+00 . 5.944e+00
4.010e+00 4.316e+00 3.962e+00
2.158e+00 1.981e+00
2,005e+00 -
000e+00 0.000e+00 0.000e+00
0 A [m s*-1]
[m A1) [m s*-1]
(a) 0.20 (b) 0.40 (c) 0.60
Veloci "
sd v :l:!oculy
2158610 2231e+01
i 2.008e+01
et 1.785¢+01
1.532e+01 R
(ieol 1.338e+01
1.095e+01
1.115e+01
8.756e+00
8.923e+00
6.567e+00 i
4.378e+00 Lol
2.189¢+00 4.461e+00
0.000e+00 % 2.231e+00
[m et 0.000e+00
[ms*1]

(d) 0.80
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;f;loc\ty ) ;/delocwty
2.082e+01 | 2.082e+01 ‘ |
1.874e+01 " 1.874e+01 | Y
1.665e+01 m— | 1.666e+01 = |
1.457e+01 : - b 1.458¢+01 kl |
1.24%e+01 | | 1.249e+01 |
1.041e+01 ¢ r | | 1.041e+01 ! / |
8.327e+00 | 8.330e+00 i
6.245¢+00 | 6.247¢+00
4.164e+00 L 7 \ “ 4.165e+00 |
2.082e+00 | 2,082¢+00
0.000e+00 0.000e+00 )

[m s*-1] - [m ™1

(H 120 (2) 1.40

K 3-7 2900r/min L7 55 5 Hh 8] 48K T 1Y) 3k 2

ML 3-7 Haf USR], BEE R R A O ISEAN, VA S A 10 T8 P 43 AT
RAETBEB. ERRERL (10020 1 0.40) W, FAAHEREF:EERAETRE
fIH X8, EUBRBERR FEROR, SRR TE IR S X IR BN 35 . BEE T
FREIGIN, SAARTEE  Ai TF R AR R O XA R, EUH R R R,
S A S N 1) 43 A SE N8 50

SR RE (A1 0.60 1 0.80) I, A4 IH L 73 A B I H BN B AR
A, BEA I XA R X, X AT R BT AR TE S P TS BR AR A A K
THRFIE S BN . IR RYCT, WAARRITS) T A832 252 A 4514 52 m, n
Wb P BRI VCVT I 31, DT S M AT A% FRD S 82 531

ERmERE (0 1.00. 1.20 A1 1.4Q) W, MAEE M TRE, HE
BT b R 22 R, R M URARLE SR N IR Bl S NP AR . X R] RE & Y
TAERME T, 0T RS 58 MU SR A R Bl 7 5K, ATk It 4 (iR i
AL, 32w A B

P 1 T3 52 50 S I M e KA 2 MR T ek 2 R 1) o A R . BRI 0.2Q 3
£ 1.0Q, HEFIE(EM 20.05 m/s BDHET R 22.31 m/s, IEIRL 11.3%, KRFKE
WA AT R SRR AN AN RE R E AR 2 1.2Q 1 1.4Q I, (AR A
20.82 m/s, BEMRZ) 6.7%, ViHIEmE T RS8R AE RS % B 7 3 o 5 e S A6 0N
Jil PO B2 R o % OB S AR R — 3, SO S B E E) R 503k, i
0.6Q INFI# A 19.81 m/s F& 2 0 m/s, BN 1.80 m/s FHEfE i, RSN R AT |
FAERSE IR PR FE RN o et s AE 1.0Q L, FdFEIEAE (2231 m/s)
N4 R, BEJGTE 1.2Q-1.4Q BT [RI, R RE PR It & 1 s S8 i It 49 129 B
FBH 77 R I ) 55 % O IR B R . BRI Bl B S B AR IR R, e
= (0.6Q-1.0Q) NHEEMKIFERIX [H], (HEWHE (1.2Q-1.4Q) NHIE A KF4L,

30



L N N 2T e A e

BERE, Pz EIR AL 7RO RAEAN R O A oA K EILE
A BT BRI AR BB AR RE . A, AT RARE LR B, R
FEANTR BT AR REAN AR

3.3 RRKEARERIEIRE A

L R A H e 2 B WA, 2 N R S IR, U
AR 225 T IRARISATRAPERO, A 70 R Gl iR R P AR AL 30 A Atk 21
ST FAR R AT SRR & 0L T R R A, BAREE: RGt R A PIA
IR ENIERS, FHRNRIS SIEB) J7 A4 S AN B B, 98 TR S
o A () 2 AR A T 1% A, B e BRI SR IR SR R, RV
KEGAETTI, N JESNLIER I 5 E LIS

b SR R L SOR SRR PR R TR 1 2 AR sl iR & O EME
B KR Bt 5 RE B AR G I RE , FEAR T 20T S 408 B Bkl 1k
MR IRmENERZ

33.1 REWESBAENTRETRMEREEN

(D EWse
AR IS 5 2 5 B B E I RE B IMEFR 2 N FEl, ) H Rox, AL

H=E2_E1 (3-5)
B RAE 1) v
B, TR 1. 2 RMREREIER D,
FEH 1 A B B BRI RE BN -

2
E1=£+;—1+z1 (3-6)
PE g
Rt O b A AR I RE A :
2
E2=£+V—2+z2 (3-7)
pg 28

RIHIEN:
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H:Pz_Pl+V22_V12+(zz—zl) (3-8)
Pg 2g
XTNRE S NREVR P ERE, %A AT LRIRN:
p=p,+(1-a)p, (3-9)
B ANRERE: Nhr g [ RARE S
WG & ST S R AT AR R N
H:: ng+<1l—a> plgdp+ V§2;Vf+(zz_zl) (3100
ER: 2 RORFUT R EFE A IR, HAH m;
(2) FIREE
IRINRRN R M TR SMANTIRIILE, MR P A LLRRA:
P=Mo (3-11)
it DI P, IR
P =HQ,g= pgOH (3-12)
TZR R RN
=%=% (3-13)
MR IR B IR TR A I, R IRER T N
n:[pg+(1—a)p1]g(Ql+Qg)H (3.14)
Mo
A, —ABREVMRERE, ke/s: M—SURFAMHME, Nem: o—

%:‘@EE, rad/s °

332 RASKAEERRE

RN TIRPEAR B 2 A B O A R B PR AR, F T AR YR A A

A0 o s FL4 3 9 DY A i R AR 520,
(D) EHRRERE

AR AU, AU BN BARBRIE SR 2538 50 70 HLE HHFE JiiE A R
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TR TR A 2 183

IR E ISR EU AT RHE o
(2) AEIFRA
BEE ARG, AURBIRE A SBUE R REROR, R AR
K 51 & S THAR ELAR F Ak, P A RS RIS
(3) APFHA RS
ARG ST R, BRI A H I SRS, X 2K RS BB
PIRES IR & /A RO A, SRS BRI .
(4> F7 &
RS SR LAN, A e 4 SR E A, R AR S &, i
I 2 40 IR E R I IKENAFAE, P BEIK 71 e S5k P
LI AT AR WL AR AR 7 % A A P R B SORBN ) ERHER I T
WA 12 SR SO RS I AR DR 3%, 1 IS B2 )2 77 54 FH I BAASRAE

333 ERANSRMEERER

Z A EME RSO 3 B S SRR T BB A% B H V-5 MR- B
%o BB RGHUARA T AL B ONESLAN, 1RO R B SO E s 5 IR
PRFIRORL A2 R FE S A1 B e, mT [R5 AT UKL 31 /0 2 A 5 L B 4T 9 » 4
BRAL-IRRIAHESE T, FEAE =R MR YA 2. TR S AL 0] =R AH ) R 5 RIS
R A TR i 18] 22 AR SL P ) 7 FE SR, VOF AR TOR S 4 . 7R Al b
KRS VBRI (PBMD M ROFALE (Musig) #E—D 9N 1 RRDRE
T ARt SRR R IR R IR B S O L . TRESCE R, AR A A
TR T2 EARAE AT S AL B 7 2 oy IR K AR &=
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R~ % B H ik

A 4

Z M p|  TRAEA
X"V
%
L, €A TR p| BRI
> VOF Fifid

P 3-8 A AR R A A DL i
3.4 FEFHTRILERE ORARIAR
AHITFE LMK EE i B O SR AE &5 SN B L0 R BB AT R AT AN R,
RHRE G RORF IV BT AR (AU o B3R BB X A AR A 4 5
VOF Z AT 1%, W% N R ARRS ST sl AT BUE AT, TRAER
FOMFEIEITE WA AR IE S s AL . fE B B, 45 SRS TRATIA R
Gt 18 1R 2 AR A e A AR K I VERE IR FH AL, 57 SBOR S sh I & 5 R ARy
P2 18] ) 5 B QIR A
ARICR SR AR AR 2 VOF AL, JRi kgl AR i
BT
op
—+V(pU)=0 -
Py +V(pU) (3-15)
/\I:P’ p%?ﬁé\%gi U%ﬁgiﬁc
BT R R AR IE 5 -

o(pU
%+V-(pUU)—V-T=—Vp+pg+F (3-16)

R, BB, 05 R Vor = Ve(v(VU+VUT))
FREWHKAT. EHENF=0,Va

Hrp, o ZRIMIKAARE, « &S,
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3.4.1 HERAEERTRRZEE D

F:TESSU!'E Pressure Pressure
By 1.924e+04 — 1.391e+04
-3.759e+04 -3.992e+04 -3.43%e+04
-9.443e+04 -9.266e+04 -8.269e+04
-1.513e+05 -1.454e+05 -1.310e+05
-2.081e+05 -1.981e+05 -1.793e+05
-2.649e+05 -2.509e+05 -2.276e+05
_3.2186+05 -3.036e+05 -2.759e+05
_3.7866+05 -3.563e+05 -3.242e+05
e s
-4.922e+05 L
_5.491e+05 [Pai-5.1455+05 [Paldtﬁmeﬂlﬁ
[Pa]
(a) 2% (b) 4% (c) 6%
F:resswe ,I:ressure
B 41120403 2.782e+02
-4.437e+04 -4.182e+04
-9.285e+04 -8.393e+04
-1.413e+05 -1.260e+05
-1.898e+05 -1.681e+05
-2.383e+05 -2.102e+05
-2.868e+05 _2.523e+05
-3.353e+05 _2.944e+05
-3.837+05 o
-4.322¢+05 S 7hRaitE
EPa]-d'Bme+05 n2314.2079»«05
(d) 8% () 10%

Kl 3-9 ANREIE R TOL T B2 P AR UL b [R) B 1) 1B ) 2= &

B 3-9 JEa 1 AEA RS AR AT T LR PR R HH 1) ) E 3 0 A 1 Do
FEAN TR AR 0L 10 252 P AR JAE o 1) 48 T 1 6 70 o R B o 1 i A
AR B AR B L SRR SRR AR . MBI Rl W B, bR &R
M 2%IZLR-TTE 10%, S EHEVEE o A RO 22240, Bk 7
TP AR BN S N IR S T AT AR ZIRE R . & R BRI (2%) , R A{E
oA AR SR, 1R DT DX ) S BRSO TR M o R W I 0 = e a7
RELERFIC R IR RE AR AR, $UE DXCRT RESR AR AR N L BRI i At X 38, <k
JRSE i Ak T R 4 L

MEARTHEE 6%M 8%, K1 HIshaS Rk K A B AR . S ER
LERHE ARG R, USRI B, ERIEENEEE, XU gehes
AERES RGBS, SRS TR ESAE, 51k
fkEhABEE R . BEAh, IR 25 PR, RIIRARARE 1ias, A HARSAA
R AT BEFELAS VAR AT 28BN, R T 5 i B AR 37 RE R e

BRI E 10%I0, T o0 A I R R B ARAMERFAE . B X Y B R
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Gy K, (HIE B AT V42, BRI SV — 5B SRS AH Y
FEAF RN, = DL IR BB 2o A FmIE - 80R #8 E 77 JR 2
o RARBESIEAMONRINURIRS, ERTRETE A vE Mg . tAh, RAAERL
B mE A, REREALES AR B T .

"/

3.42 BILRPEERIARE D

Velocity Velocity Velocity
o s sd
2.220e+01 2.561e+01 2.192e+01
1.998e+01 2.305e+01 1.973e+01
1.776e+01 2.049e+01 1.754e+01
1.554e+01 1.793e+01 1.535e+01
1.332e+01 1.537e+01 1.315e+01
1.110e+01 1.281e+01 1.096e+01
‘B & 850e+00 1.024e+01 8769e+00
6.660e+00 7.683e+00 6.577e+00
4.4406+00 5.122¢+00 43856400
2.2200+00 2.561e+00 2.192e+00
0.000e+00
[m s?\-?(],woo fet) Im 59.-[1’?%*00

(a) 2% (b) 4% (c) 6%
et -
2.459¢+01 3.020e+01
2.213e+01 2.718e+01
1.967e¢+01 2.416e+01
1.721e+01 2.114e+01
1.475e+01 1.812e+01
1.229¢+01 1.510e+01
9.836e+00 1.208e+01
7.377e+00 9.059e+00
4.918e+00 6.039e+00
2.459e+00 3.020e+00
0.000e+00 0.000e+00
[m s*-1] [m s*-1]
(d) 8% () 10%

1 3-10° AR [RL S A 0L 1o R A R v W A T 4 3 2

] 3-10 7R T A A& A3 0L 180 B SR P A v ) T (i = L
HRE S AR A ok R T P AR AL, T M € BT (0 TR T AR A, AR THE IS
FEeAR . B ER T IAAFRRETERLL, 2008 2% 4%, 6% 8%A
10%. FEA& SR, EESAHRAET BEBN. £ 2%SET, HE
SAEONIS], FEARRTEE ORI O XIS, B BN A, RN R
B SSRGS AR ARSI 5, GG I G (AN 3 (O, R
AN LB . 1E 8% 10% &R T, WEDAMEIMAYS, I T HER
R X, B RS G, Hr I A X, RN . X
RS A PR TT BB 2% B O IR PR R P AR RE I o [ T R T AR S R T
PRI BE I3 AT, S SR PI AR IAUE BE AT 4R At 1 B S o X 45 R A
A DU B O AR BT AL AT SR B S 5 4, AR AT 58N 54 50 4 1 22 i
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R B O R T R AT . SR o] LA OLA 32 M i, DL
BHLAER & SR A R 0 RS

3.4.3 FHEREES KD

Air.Volume Fraction Air.Volume Fraction
su su

Air.Volume Fraction
su

1.000e+00 1.000e+00 1.000e+00
9.000e-01 9.000¢-01 9.000e-01
8.000e-01 8.000e-01 8.000e-01
7.000e-01 7.000e-01 7.000e-01
6.000e-01 6.000e-01 6.000e-01
5.000e-01 | 5.000e-01 5.000e-01
4.000e-01 4.000e-01 4.000e-01
3.000e-01 3.000e-01 3.000e-01
2.000e-01 2.000e-01 2.000e-01
1.000e-01 1.000e-01 1.000e-01
0.000e+00 0.000e+00 0.000e+00

(@) 2% (b) 4%

AirVolume Fraction Air.Volume Fraction
su su :

1.000e+00 1.000e+00
9.000e-01 9.000e-01
8.000e-01 8.000e-01
7.000e-01 7.000e-01
6.000e-01 6.000e-01
5.000e-01 5.000e-01
4.000e-01 4.000e-01
3.000e-01 3.000e-01
2.000e-01 2.000e-01
1.000e-01 1.000e-01
0.000e+00 0.000e+00
(d) 8% () 10%

B 3-11 ARSI B0 2 SR AR v (R T A A 2 1B

B 3-11 Jgom 1 ANRIS TR 00T B0 22 P A F TR (1SR A =
P i I B A OR BN AR B i) 22 A, B N G 220tz A4k, AR
RABEIRIENER R A . B ER T IR E IR, 2508
2%~ 4%~ 6% 8% 10%. FEA S RAHEM, SAEERO BRI fth kA T
BERA . 2% E TR, AR MBS, EEERAR LR F L X,
Pt BN, R TR BB . BEE & ORI, SRR TR
BARE], BB s O, Ko TURER 0 BoZdigin. & 8%M
10% &R, AP EIMALS], WL TR URENX R, Bt 2R
o th, HRMI SO, LR TRER BiiE . XA A AL
PRT BE 208 2R BRI B 7 A R M, S Jin 252 8t XU, R BRI RO 3503 R
TIEAS RS RN AR AT AT TR B O R B BT A AT BT B
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3.5 KENE

A E RIS EIRAAS) )% (CFD) LRG3 1 B L IRAE 4K K5 A L0
TR . A TR, SRR RS R 1 4k U X 505
ot s e DX 0 A e, WA T i 2 REAE T T B X IR ) B RFAE, 4
LI T RO SR T DR s o B AR AR AR R . SR LU, FIA VOF
LTRSS 2%~10%) FISBIRETSN, RIVSHBE &S %It
R A AT B, TERRRR B, SRR S R B . Ei
WAL, BT ASIRIR S IR SR RE R i 0 SR 2 AL, dEoR T AU SRR
A ROLR AR IR S AR E VE R O 8 . A BT 5T 8 Ja BagR s e 75 70 Hr
MR RATRME T OSBRI EARE, R TSR PR 30 52 1 B B A R
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£ 48 BORNIRISIEEFED

AHIE FEET XS B 2R 2 L BLIBATIN (i [ R 5 4 R TR, RBL L=
IR R ELRESE, o AR A S e SR i A F RS I R IR 71, %
R R T RGRAAE . T HUE R FBL ARG T84T LU 7
S AR B, A FRIT M 6 € BT 1 0024 S A 18] 1) Rk
Fitk, It — b ai e Sia sl B 1 R AR S 0 A B L DL AR AR R . W T
LN LR LA SR B B R S

4.1 BFiRshorth

4.1.1 eSS H 2

ey ey e A IRy ikt AT 1 B, sty 52 2 A 71 A E
PRBNE N AT — 2 H ARG aR I RSN R BRI PRS0 T FE T AR RN

[M]{c}+[C){o}+[K Jio} = {P(t)} (4-1)

X, [M] ABTESERE: [C] ABLJERERE: [K] AWIERERE: (P} NEh&
AT o

2w, +&,0,)

(@, o), —0) 4
2 o +ém)
(o), -) 43
S [C) AT BT
(€] af]+ AlK] (4t

A, o o 8% i j BIEAEWE; . ¢, 8% i j e,

412 ¥BFHEWHE

B BRI T IIRBI N AT L, A SCRH 2 B & ot ik, JEidw
TSR E T HT B B 5 AT s i e R SRR pLE] . F
FRET AFLF LR N T3 /1 2R AL, AR IRBIALA% 74 B
N BEEAR BRI . K 4-1 R AR EUHE B O AR e 7 I 4RO, oAz
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BB AE T R R SR B R . %5 T RGUR T ASTM S5 KA, +4
BIZH T %L 7.85g/cm?, 1A R4 0.31. EBUEERITH, R/ ANSYS
Workbench ~F- & P # ] Mesh B AT JUT B B AL BE, T8 1 & 6mm 42 Ja) Y
BRSEAN 0.05 R I, ARG H 8627 ML 16625 A7 S 104G PRIGH
T 42, X IR RE IC B 75 SRAE VT BORE FE  SRAR R 2 TR S T AR P
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fRf st i %

5.1.1 BT EORMERIERZRIERIT5KFERRER

TEAZ 5w A2 ) 207 Gt v v B AR HE A IR A R kg i 5e 77 kAT e 24 1)
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QR HIE= S S iRVl €

I IEAR S, #iE 1 RTIE S, JFHIE TR R E R AR AR .

(20 I R - 1 228 BB it A5 2% 1) i
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! 6 6 34 59 90.689
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20.6 87.148
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24 84.582
19.9 87.774
21.6 87.196
22.5 90.689
23 85.747
20.7 88.738
21.6 83.166
22.1 84.900
23.8 86.414
20.9 86.209
21.4 86.354
23.1 90.057
24 83.916

TS M B B 5 345 1A R 8 il A MATLAB, Al MATLAB %X
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+a,#cos (3% X #w)+b, #sin (3% X *w)+a, *cos (4* X *w Hb, *sin @4+ X *w)
+as*cos (5% X xw)+bxsin (5 X *w)
efficient(with 95% confidence bound) :

w=2.1780(1.8764,2.4795 );a, = 87.1877 (85.5450,88.83 05) (5-2)
a, =1.4489(~1.1256,4.0234 );b, = ~0.5051 (~10.6623,9.6520)

a, =0.5227(~4.6550,5.7003 );b, = 0.3616 (~9.3666,10.0898 )

a, =—1.2783(~3.0994,0.5428 );b, = —0.0287 (~27.0342,26.976 9)

a, = —6.444(—40.0879,38.7991); b, =1.4997 (~14.7215,17.720 8)

a; =1.4582(~23.2627,26.1790 ); b, = 0.7985 (~40.3343,47.9 313)
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Edtl, BAREKIN:

X(t+)=X*(t)—AxD (5-4)

A=2xaxrand —a (5-5)

D=[CxX*(t)-X(t)] (5-6)

C =2xrand (5-7)

FEEATRE R (¢ FRRBREERRED , S8 a BHUE M 2 Zeitkidi 2

0, BT RE A A C Py [F) 58 B B 5 3

PRBVERAN, 1 B S SEOMURY PR AR BT SRS « LI 3o Wi 4 6 B P 5 M e T B
B8 B BRI BEAT B4, AT 0 e LTSN, S48 a BT HLE] AT
DR R B iz . BSR4 MBUE X EN[-a,a]. =
ZH a IO A€ -1, Hrir B X+ )RR AT X(0) 5 P s s
il X(O) K PR PR 2 [B) N EAT BhAS TR, AL R ORIE 1 SRAE R (i)
Je Bl e it g g o FLAST B BB 5 RE W] SRR O«

X(t+1)=X"(t)-D,e" cos(27l) (5-8)
H, D, =\X*(t)—X(t)\, TR T Ak SR BE B O R, HA A b

SE T HIS AR T B BB e A5 K . ST ON[-1, 10X TR A BN L AR &
FEM R AR, i 2 [R5 St B BB SRS AR e B A2 18 3, Dt i sE R 4T
NHJEFERER S 50%, EEALAJECARERLNN s

(A ATy < (5-9)
K= oo 20

B ARSI, (B R IR = BN (R p. IR T o
WRNIRIE ) BISEFIRI . Foh R p 7E[0, 11X MIBENLAE A, 0 X =4 5
BB AL FOETT S22 REA 0 B VR B S LU B LR (A 1 2
B AR RR e BB IREE A FURCRIR T @ 2B . 2 A <1
[ 5 2 I, 2 S0 AR B L L B, RN B 60 A AT BRI 24 i 0
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D=|CX,..(0)-X(@)| (5-10)

X(t+)=X,_ (f)-AD (5-11)

et AL FE T, 280D AR AT -5 REA LI 3 1) fit #8142 T8] 1Y )
PE, Xana TR BENIEBANMA 25 (R A8 AR . 24 R 5L A4 At E R FEEET 1, &
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b, SRR R B SO BGEBE A R A R E S, T
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DR AT S, BE— PR A R RIS ). IR SH T S S WS
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