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Numerical Simulation of Unsteady Flow Characteristics in Mixed-flow
Pump with Guide Vanes

Ji Leilei Li Wei Shi Weidong Zhang Yang Yang Yongfei
(Research Center of Fluid Machinery Engineering and Technology, Jiangsu University, Zhenjiang 212013, China)

Abstract; In order to study the internal unsteady flow characteristics in the mixed-flow pump caused by
flow rate conditions, the external characteristic of mixed-flow pump was predicted based on the standard
k — & two-equation model by using ANSYS CFX software. The influences of flow rate on internal pressure
distribution, streamlines and turbulence kinetic energy distribution were further analyzed. The time
domain and frequency domain responses at different monitor positions under various flow rate conditions
were compared with each other. The results showed that the trend of external characteristic curve of
mixed-flow pump acquired by numerical simulation or experiment test was basically the same, the
deviations of head and efficiency compared with numerical prediction and experimental measurement were
3.29% and 0. 27% , respectively, which indicated that the numerical calculation was equipped with high
accuracy. When it was operated under part loading conditions, the high pressure gradient between blade
pressure surface and blade suction surface could lead to blade tip leakage flow, which had a great impact
on mainstream in the impeller. Meanwhile, affected by the rotor-stator interaction, more energy loss and

higher turbulent kinetic energy dissipation were appeared in the impeller outlet and flow passages of guide
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vanes. With the increase of flow rate, the tip leakage flow was decreased gradually, the rotor-stator

interaction became weaker and the flow field in the impeller tended to be steady. Under different flow rate

conditions, the pressure fluctuations at different monitoring positions had obvious periodic property, the

time domain curve of pressure fluctuation contained four peak values and four valley values within a spin

cycle of the impeller, and also the blade passing frequency always played the dominant role. Moreover,

the influence of flow rate condition on impeller inlet and guide vane middle section was the most obvious

and the amplitude value of pressure pulsation coefficient under part loading condition was the most

dramatically changed. With the increase of flow rate, the amplitude value of pressure fluctuation in the

frequency domain was decreased. This research provided a reference for expanding the operation range of

mixed-flow pump and optimization design of impeller and guide vanes in mixed-flow pump.

Key words: mixed-flow pump; flow rate conditions; unsteady; turbulence kinetic energy; pressure

fluctuation

515

TR FA R RReR P Pk fese 2500
AU P R T KR A PR 2 K S
TEERAF R R FEETEEM " mT 2t
AR RAR A, AR E RS & 5 5 D48
Rt 22 1S B ShsF w7 B,
TR AL P A8 2% M i BE 22 () A7 A2 [T, AR it T80
TR G 2™ B TR E AR

FURIT , V5 22273 RHEL AL 19 N AR s R v A
TIRARIBEGE 7 R SCik B e B T
DU IR UR A N BRI sl R B RIS, 10X T AN [+ 3
LU AR R TSR R T AR D it AR
FETARE b — o B, WFFE 1 o FU ARG A AN R] 1
DU S T H S5 B A s fok sl s s A 0 e
P W FE 4 R IR AL 2 d3 KT ) k2l % A A e
HE VR, A a1 T i 25 fee 0 T 008 , 48 ik 11 Ak s
FRBOIR AR A o X0 A By 2 SR PV 8 TR O A A 1)
I BRI 53k, ad i %t 3 MR T AR W RUETH 5
P T A [F) R B BLAR TR TR ) s g K sl R I
AT HCB T W9 A BRAE AR R 3o, A [ BT
/0N S AT M A

RICEETFHE b — & PIJTFEASEY G 1 B {E A AL
AIRIRAT 5T EE A AN [F] 9 B T 00 T ¥R 9 2R S e
P BFTEA R TOCRHR A 13 A 2k X i 5l
it S RE AT , JRTAS R R T 00 R IR A A
[Fil {37 Ak 14 s 3 Jk s Sl AT A8 7

1 HE&RE

1.1 =4sfRERl

AR SCHIBIEFE R R 08— G R e HiC s i R IR
B3 L Pro/E B4 % TR U0 S AR Y (9 0 11 B A
St i R B IR T A, T S 1R BR TR

FEATIE ) = A SR T T X AR
BRI PRI 2 1 B R A B, I 1 R
HBGTSHON HUE iR Q. =380 m™/h, Bl 5
H=6m,5EHHE n=1450 v/min, tL 5% n, =480,
SR Z =4, P IE R Z, =T B
250 mm, H 1 E42 4 200 mm, 52 IR 0. 5 mm,

1 2 3 4 5
|

IIIIr /

cof

K1 IR AR
Fig. 1 Mixed-flow pump model
LiEmE 2.m%B 3. M 4. HBRE 5. MO

1.2 MigXH5aREG

A TR A A B R A R 0 B RS B
B R B B, BRI, A R A R 4Bt SR
FHPIS Az B TCEM 43 530 %1 I 558 4530 40 B
AT7STHAR S 2546 K] 43, 76 056 05 i Ak 43 ) 2R
170 BUIHFNGE R A H/ O BUAR M a5 4, F 11 Bk 1)
Y — block BUAHFME 2, I 7E 17 J8 A BE 2 T B 50 1 1)
TP TE G AT XA NS T AR, (A A e
HERE 1T R RN 51284 B S #E ANSYS CFX Hij4b
PR TP AT RE R ol IR 2R A P T [ B X P
R RO N FERA T AR E B I S i X el
PR A ol 2 o) (1) R 97 8 ) 5 i 3K, 2 R VR D 2
I T ) it g R = 9 X I AR R 22 S ok,
a4 ) ) i DX RS 4, ) e T i) B DX o A i 4
I AL, GniEl 2 Frs , I 4R ] B DR A y B
7 100 LANAEAE

WV T AL T - B RE T O T A B, AR BT FS




Hi) Tfhdn G R A N ERARE W SRR E A 157

U PUE
Eine

B2 R X%

Fig.2 Mesh of computational area

I 3 T RS S A IR 1 BN - B AT i A, ARk
TraARE WITFR R 2 B AR PR RITE K Ieht S
138 27 ) B4 22 B T 18 # Transient Frozen Rotor 45
2, S S 2 (] 1) B s ok 22 {8 7 kAT 1L 0 %
TS E S i R 1T, R opening, 2
SR 1.01 x 10° Pa, Hy F5% 48 5 BE 1 Bt & T e
B DX Il T2 e 2 T I, Sy 4 %o e L RS PR
XE N The Counter Wall, # 11 X I8 B 1fj 1% & & No
Slip Wall, $144 R I8 7K, % 5 1000 kg/m*,
IR 1.0 x 1077 Pa-s, J- %5 B Sy, SEik
e wiHaE IR LUE BT R S5 RO IR E R TR
EHE EBOGT R SR KON 5 s, BN EHE]
HARH0. 000 4 s, RIEEEFE N 22177 100 25 FE AN
) 254 A BB Rk AR B R 2 000 3, LAPRUE7E 5
AN B 25 A BB 48 X W S8, B 25 WA BSOS T 1
107 MR A 1 1 SR FARCE R A5k E
Wb i
1.3 #=FIAERmRER

HET, FEIR TS W BUEITT b b b — & Py
FEBAUTE AR N A 22, I H LR 15000 45 R A
IR RC bRl 7 . R, AR SO B %
it I ABE R BIF S8 AN (R U ot 000 XYL 28 PN I It
SN, BRI T IR N =S J7F2 i 3Ll
B BIA—A KT S REARHCR Yy B 5 i Sk Uy
T Bl R AR R . RIS AT R4
TEARUE k — & PIJFRRIEAY R i SR & FIABHCE & 1Y
R T REN

E P DV B R )
o (PR) + 5 (Phu) "ax].[ (“"Lak)axj
Gk+Gb —pS_YM+Sk (1>
E R S N R
o (PE) axj(psui) = axj[ (u+0£ ) axj] +

2

C (G +CyG) ~Copo4S, (2)

k2
Hrp wo=pC, (3)
L o —KENS o —HE,m/s
x——hifg,m  ——f[E],s

u—AhGE , Pa-s

p, i PR EE , Pas

p— AR kg/m’

k——i 3, m*/s®

£ FERR ,m* /s

G, — 2 B B 5 S 4 i Bl E
G,—— T I3 R I S fE

Y — A s i 30 DK 3l 2 I 5 | RS B i 3 g

FEHL
C[J.‘Cls \ng \C38——é’é3/ﬁ”‘$’§ﬁ
It S BE k& FAGHL R & XY
Prandtl %%

S S, E SCRY P
C,=1.44,C,,=192,C,=0,C,=0.09,0,=1.0,
o, =13,

L4 WELXMESH

AR SOV SR AE BT 008 H 8l T 1) A% 5k
PEAT TR o >R P [R)RE B A 31 R 254, 3
RSB HANR SR B AR T B H IR R R AR Y
A A A B DR — B B3 TR Oh 5 RPN ]
B H B RS BT R AR R 7 R A R
FrAR AR, DAL Hh ] i, 20 4 Ry T B8 A B30k %)
140 J3 BT, 350 A% BO TR FE AR AR/ %
ZETE + 5% VAN A5 AR TC IR 36 2K

6.5

OO,

1 L L L 1 L 1
T 60x10° LOX10° 14x10° 1.8x 10°
Rt

K3 AR RN

Fig.3  Comparison of head with different mesh elements

2 MR IEE

2.1 KEEREMREFE
R T BB A MERA I P T AN 4 B

K4 e B
Fig.4 Photo of experiment setup
LiRFAE 2. AR 3. RUERE 4. HSJ2010 BUK Ty HLAKRES
Ao



158 /B | R/ =2

2016 4

REAYAEFH AR (90 R FAS FE S 0.2 9y 7] A
e e R ) 2 AN, A A SR RS R 0.5 4y
LWGY AU S i1, 2F W 01 s 7 % 00 R ARG B
0.2 iy WT — 1151 B R Jp ARt 4, i 56 & 15 3]
1 JORE FE R, 00 A8 Ab i o 5 Hh 450 I i
PEAY BT SR S B, 1l HSJ2010 RUK FyHLBRZ:E A
RACRAE fe i BB 2T ALIFIE RS i 5
TP A B

TEIRIE TG HT, Skl & ) O i ) JF B
B F K, JE Bl B HL T AR AT 28 1 75 L S LA S AR
FE 1450 v/ min , 2Z J5 2 88N ORI BE ARl
SR LA MR R RE RS S Mt
W1 T OCBERT 452 1 HL B BIL, R 4 B N AR EE BT AR
AT Bk 3 R MR .
2.2 SMFMEXTEE

BE TR T 0 SRS IR S 1 SRR 2
XL Z i 5 Brs . M s R R BB A R Ah
FRPEZE R 50 I 5 45 R 0 G A A — B, TN
LOUT , BOE T i M fE h 2 5 ik e Al e SR A
A BUE TR S 0 WA BT TR R
LU A b e R, BSR4 B R R
DR IR & 2 3 AR 228N, R T
BT B0 T 00 i 55 45 R 1 47 R RO 1 1R 22
539K 3.29% F1 0. 27 % , i B B T 58 ) A 1
LZg =

14 o BBl o p A5G0 & PABE{T 724 980
Foo HiESEE o it BEE & PR

IhE PAW

=
B ni%

. 1 " 1 M 1 L ] L 1 L 1 0 _-“
0 100 200 300 400 500 600
A Ofim?=s7)

Bs e S BTSSR R L

Fig.5 Comparison of simulated and experimental

external characteristics

3 ERBELRSH

3.1 Eheat

N T WA R TOO R A 5 N R
M2, 3R 1T AR 00 MAe M A b s g i
I A T e A o [l — R 00 R AN [
Fr B R 3o AT A B A 5 1) B A X AR DRI R
By Herp—Ast i BRI A L i 6 B
(K Qu ittt ToL) o o118 6 AIH, 7EA

IR 00, 13 7 ), £ R T A g
LT e =7 R N 0 ) R i e I A R AN )
Je F AR ETHES 1E0.6Q, i TAL T, M4
PR AR B8 s B, B I i ) T2, e PN 4
Jie 3 5 AR A A A, {EL /NIt e T e s DX T
BRUE/IN, dei B g DCH BUAE M A s 7 T HE TR AL
W ) O o T DX T AR LI i R, AR BE T
DU B T AE Fr i VR ZRAR 1 e i X HE KA, e
Fr i PR ARt B /N R T X, 2 9 R
1. 4Q,. I, i B XL B2 i B B s 7 s 2
g o AEANRIGE U0, (e 7 He Iy ar b A (4 e
R A B3 B 7 s gk 13, 9 HLAR
e DX SsR 5 O 8 KT Dk 0 2 P W T T B
R A b3 i BRI P g g 2k rhas, ml UL
TRIAAEA R 00T iz SE s, 76 48 I 7 if it
1 AN T i Fr o o A by e A 2 AT
O R T BIR , FE SE PRI AT I NS E B AL, HE
BRIt 00 A He 15 9 g T s 22 Al
R, B A AR D, R TS I T T T
FZEAEZ WA, PG, 76 7 Fs ) 1 -5 1 A v 2 1)
FAERBRMIE I . T M R R e —
AN T BT DR i A B R H T A Gk AL Y
A e 3 6 B A A R I R Ty T e i
5 S B 2 i) 4[] B3 U 30 A % g TR 5 B4 G E
w3 P U R A DA TR] B AL e, i T R B
J7 15 TR 1 A B, A LR A S T RURE TR, E T
HR O B T AR T O TR D, DT 3 A T AR R A T
Ttk
3.2 &N

R T WFFEAS R b 00 T IR A N AR R i
Sha% R T MR AT N = ER I I R O A
ATk I 5 A O 2 A I T 48 O £ o0 A L
K 7RTR

HT I I P = R R 0 A R R FE BT
IR B0 A A R TE N IR o A AR
S AP R B B AR/ AR DO A
kSRR B AL BT — AR R R A
R SR e 2k A] B DX B RDA LA, [l 3 -5 ok i
K HEAR R T e i , U i 0 R 8l
T3 A BT R AN ZL P AR BORRE AR
2NN o RV R {5 ) W REN A R BT AEs) A
JiEi i 28 T RS> T RE , 3 AR RE IR
(IR 191 570 VAN = o IV U S

Hy e T 37 B AR 3 2 oAl /N
O AEM R e G AT UV . 1 i 16 Bl O
FEOR, WD (9 A5 M i N o 32 B e S it U O



bl Fedndn A5 PR A RRARRE H U S R 159

He J3/kPa y HHkPa H:J3/kPa

2243 178.1 144.0

212.7 y \ 1707 4 121.6

201.0 /‘ 163.2 \ 99.2

189.4 155.7 76.8

177.7 148.2 544

166.1 140.8 321

154.4 133.3 9.7

142.8 125.8 ~127

131.1 1184 -35.1

1195 1109 575 \
107.9 1034 -799
{a) 0.60 ., FE 1] (b) Q... FE 11T () 1.4Q,., A1

HJ1/kPa Hoh/kPa Het1/kPa

186.7 155.5 188.1

166.5 1447 172.6

146.3 133.9 157.1

126.1 123.1 141.5

105.9 1123 126.0

85.7 101.5 110.5

65.5 90.7 95.0

452 79.9 79.5

25.0 69.1 64.0

48 583 48.5

154 475 329 G

(d) 0.6Q,.., "W (e) Qun MW (f) LAQ,., Wi

K6 AR TO0 N i o A

Fig. 6  Static pressure distributions of blade under different flow rate conditions

mls mls
15.1305 16,6422
114254 12.4975
7.7204 | 8.3529
40154 42083 WA
0.3103 0.0637

() PHEE RO A =HER A 47, 0.60,

() - e i) AT 07 R A4 S0, 0,60

DA I M S i Sl T 0 B R IR A AR A
BOZRAL, AL Tt 1Ak B , BE (15 T
A U AN, HEBT R R K, AR R K
JEHIE /N TN, e B SR IE S B AL B T
— BRI EEH , BE RIS BN, B i

(b) IFEEFN G =

(e) B B s TR BRSO,
B7  ORFEG R TR gk

Fig.7 Streamline distributions under different flow rate conditions

m/fs
18.3849

13.8492

93134 |

4.9777

0.2420 &
(c) I EFIGOF I MBI AT, 140,

(F) iy el e A FAb ik or 7 140,

AR FE Sk M T A0 T i 2, Bl AR AT R Dk
55, 1. 40, D AR IR 5
3.3 mEEED

SR 24 VI N = IR Oy | S
TR B P RE R SR R0, I 48 2E 11 31 0 1



160 1 R A= S 4

2016 4

I T — FR 5045 (8] A T BT e e % il vy A
AT B =2 8] P B 0 20 mm, BRAG T OX LA AT L
(i SRE A1, WP 8 Firzis o el T Al A, FEAS [ I
B, S P i 30 RE A BE A A Y
KGN, 12 0. 6Q, i TOL T, o1 T sh A
T , FEAS U L i sh BB B, RE AR UK, X
IR PR o A I AR — B RN 7EAH AR
M-JIE A fi S RE A AR B 22001, 1k T2
E2I e I U i RO (SR I R ) WO S
TS B 1h) S BEAR X AR 5 100 7E B 0

1L 4Q, I O T, HHFe AT Py i 3 RE (E 2
B, BUI RESER R B/, AR /D i 00, TR i
RISt VAL A, DR = T AR L
- VI ARUOR T I — 5 7RI, £ T MR A H 1 Ak
T2 it 2l BE 7 A1 e K DX it 3L 31 BE 70 A1 1 DL
A e/ N TO0 T, it W S REAR TR BB R 2, 3
SRR RE R 2R 3 -5 MR R U o /Nt i R
T HAR B T o0 — 2. L, 75 % I8 25k
g T RECHR AT RS2 T, TR I 2R I 123 4B 17 7 /)
P = BRLT A

mfs? m m¥fs?

? ’":‘9 /.\) ‘

o O CRCTR ot 1 >
P Ulevp DN DN v 9 4,9

{a) 0,60,

: o 9,0.0.0 0 0
2 > 2 .7 A . i d d
PNy Ny N2 Ve R - e

| - m*s?
-

[
2, 9 9 7,

2

Sl S e

(b) Qs (e} 1.4Q,.,

K8 i shfig A

Fig.8 Distributions of turbulence kinetic energy

4 FEBMELRSN

4.1 ENRkFNEHES

Fs 3 Dk 2l J2 418 it 38 P Hs 7 B 2 Ik ] A4 72 A
T 38 0 TR L 7 K3l 14 73 A nl L8] 4 3t J e
TR N IR A B AR I Sh Bl 1) A2t MU . 78
ARl et R AN o R TN g s RN S R Sl ]
4 AL B T kSl i I A 67 B0 A
K9 Pis.

PO i g M ) s Aoy A
Fig.9 Layout of pressure monitoring points
A I BB B AT 4 AR AL AL 4 s
BRBIIREE R, I A 1 RECR IR AR Tk
AR C BN

o, )
Pt
X Ap—— WL S 5 2 2%, Pa
w,—— M4 Y TR AL, m/s
ARAGIE JAL A 8 E 3 0 L oo v [ R i o ]
Ak 4 A I R AE A ] O i 00 T #Y IR g ik 3l i
L i 10 firzn . H I 10 AT, 72 A ) O i o0

A W A 7 ksl B S A4 R AR A fE—
JHEA JEL I, 5 e vy e R S 1 g Jikesh it 2%
A4 PR 4 NPT, 5 R A — 2
£ 0. 6Q,. Vit TOU N, 2 il s Ak i B g Bk 3l i
(EXIH R, BEAA T K, WA TR S BT UE , TR
JIBK SRR QLTI N o AE R I AL,
Jis 3 Ik 2l 4 e sl g A5 A K, T Bk 3l & 8k C, 1
+0. 04 JEE AL (HAS R 00 F 1 ) AR 4k
M2 BRI Bl D00 A5 ) 48 A2 30, 1E 0T 42
R E, TR A R TR T ZEEOR
FAE T N DA A T T 30, 6645 T 7 3
BUBESR LT AIZIR T BB HA N O T Y
Fe 73 R BOEAE AR , it 50X H g Ik 2l A i {1
AN AN A, o A -4 Y 1000 5 it r ] 2 [ ) X
S, B T RAL R R I Bl T o R E A X
SR, s Bk sl AR R g (Lt R, [ ey Tl
WA, AT 00T A9 07 R O A4 [
PIMZEROR, IF BLAE 1. 4Q,. i E TOL T, RT3k 3l
O I PEA Bt s , F HAE R R s Bl T =
UKV ZERY o AR I (B A2 BLAL i T 5 A R A
YRR, Fs 3 Jk sl 28 500 FELAT BT/ N AELLE /NI A T 00
N RN RPN EER R 28 EPng AR T
DU, R DU RHE 5% PN 454 M i o7 B AL Y 52
i 25 H A, JE A 58 0 3 (8 Sl 3 X5 £/
ViR TOU R, R ksl R B iR (A e R



AT Zfndn & TR TRIE NEREEE F I Sl R A E AR 161
008F = 060,, —o 0. — 140, 06
0.06 o4l
0.04
.02k 02+
Sy oF < 0r
-0.02- —02F
-0.041
~0.06F -04r
T30 40 60 80 100 120 06020 20 60 80 100 120
i 18] #/ms A 8] #/ms
(a) W A5 A (b) Y55
0.08 —=—0.60,, —— 0, ——140, 008 —=—060,. —0Q,  —140,
0.06 - 0.06-
0.04 0.041
0.02F 0.02f
<o 0r &) o
—0.02}F -0.02F
~0.041 -0.04f
~0.06 ~0.06
0085020 60 80 100 120 008 60 80 100 120
i A t/ms i [d] /ms
(o) Wil C () Yo
& 10 Wi o5 He 7 ok Sl ek [l

Fig. 10 Time domain plots of pressure fluctuation at monitoring points
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