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Optimization Design of Inlet and Outlet Clearance between Stator and
Rotor of Full Cross-flow Pump Unit Based on Doehlert Matrix

LIU Jianfeng' XI Wang' LU Weigang' LU Wen® YANG Chenxia’
(1. College of Hydraulic Science and Engineering, Yangzhou University, Yangzhou 225009, China
2. Jiangsu Water Conservancy Survey and Design Institute Co. , Ltd. , Yangzhou 225127, China)

Abstract. Full cross-flow pump is a new type of pump with its motor integrated. However, during its
operation, the occurrence of clearance backflow between the stator and rotor can disrupt the flow field
distribution inside the impeller, leading to energy loss, pressure fluctuations and noise in the pump unit,
even affecting the normal operation of the pump station. To understand the influence mechanism of
clearance flow on the pump unit, firstly, the hydraulic characteristics of the clearance flow between the
stator and rotor of a full cross-flow pump unit was investigated through the methods of numerical
simulation and model experiments. Secondly, combined with scheme design method of Doehlert Matrix —
response surface optimization, the inlet and outlet clearance structure of the stator and rotor was
optimized, with the overall operating efficiency of the unit, the axial velocity uniformity and the average
vortex angle at the outlet section of the outlet channel selected as the evaluation indexes. Lastly, the
influence mechanism of the inlet and outlet clearance structure of the stator and rotor on the performance
of the pump unit was revealed, along with the final optimized scheme for the inlet and outlet clearance
between the stator and rotor obtained, that was the outer extension section ¢, was 4.921r, the outer
contraction section x, was 0. 624r, the inner extension section ¢, was 3. 655r and the inner contraction
section x, was 1. 6r where r represented the width of the clearance between stator and rotor in which case,
the head and the operating efficiency of full cross-flow pump can be improved by around 10.3% and
5.2% , respectively.

Key words: full cross-flow pump unit; clearance flow between stator and rotor; Doehlert Matrix design
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Range and level of four-factor DM design
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Tab.2 Design scheme and results of four-factor DM

W SMERB R SR BIE R B IR il B e Wk Ry
57 FHm, S F M n, F B m, B % B/ % (*)
1 5 0.7 1.0 3 66. 59 85.01 -5.53
2 6 0.7 1.0 3 64. 46 83.36 -6.21
3 5.5 1.0 1.0 3 65.34 86. 92 -1.47
4 5.5 0.8 1.6 3 68.72 86. 08 -0.51
5 5.5 0.8 1.2 4 66. 13 86. 54 -4.43
6 4 0.7 1.0 3 65.69 82. 82 -4.47
7 4.5 0.4 1.0 3 68.97 717.65 -0.96
8 4.5 0.6 0.4 3 66. 85 85.20 -1.70
9 4.5 0.6 0.8 2 69. 04 77.39 -1.47
10 5.5 0.4 1.0 3 60. 92 78. 64 -4.98
11 5.5 0.6 0.4 3 67.25 88.08 -6.96
12 5.5 0.6 0.8 2 60. 71 79.74 -0.62
13 4.5 1.0 1.0 3 60. 65 88.36 -2.04
14 5 0.9 0.4 3 60. 25 87.35 -1.44
15 5 0.9 0.8 2 55.86 80. 24 -4.83
16 4.5 0.8 1.6 3 69. 65 87.67 -4.22
17 5 0.5 1.6 3 61.75 81.05 -0.72
18 5 0.7 1.4 2 63. 65 80.29 -1.78
19 4.5 0.8 1.2 4 58.08 87.66 -1.04
20 5 0.5 1.2 4 59.23 78.96 -5.72
21 5 0.7 0.6 4 59.92 87.82 -5.16
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BRECR Y, 504 m, n, n, m, ZRHLRN
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Tab.3 Comparison of unit efficiency between its

calculated and predicted values of numerical model

%
W REHCR O MR || KR RENCK M
FE O OHRE BINE 2E | FS HRE BE EE
1 66.59 66.59 0 12 60.71 59.91 1.31
2 64.46 64.41  0.07 | 13 60.65 59.98 1.10
3 65.34 65.69 0.53 || 14 60.25 59.17 1.79
4 68.72 68.15 0.84 | 15 5586 57.26 2.50
5 66.13 66.41 0.42 || 16 69.65 69.47 0.26
6  65.69 65.74 0.08 || 17 61.75 62.83 1.75
7 68.97 68.62 0.50 || 18 63.65 63.32 0.5l
8 66.85 67.43 0.86 | 19 58.08 58.83 1.37
9  69.04 68.77 0.39 || 20 59.23 57.83 2.36
10 60.92 61.59 1.10 || 21  59.92 60.24 0.54
11 67.25 67.43  0.26

x4 FEREEBFTESH(ANOVA)

Tab.4 Analysis of model variance of unit efficiency

(ANOVA)
JrERWE AHME CFA ¥or F P
mYE| 14 319.975  22.855  44.093 0. 002
B 22 6 9.731 1.622
it 20 329. 706
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Tab.5 Factor significance test of multiple regression

model for response value Y,

2R X1 i i 2 t P

B 190. 468 53.385 3.568 0.012
m, -16.717 -2.059 -1.035 0.341
n -145.853  -6.222 -4.591 0. 004
n, -2.915 -0.265 -0.202 0. 846
m, ~17. 499 -2.726 -1.892 0. 107
my -1.515 - 1.869 -0.971 0. 369
n? -24.903 -1.501 -1.916 0. 104
nl -0.262 -0.049 -0.093 0. 929
m3 -4.468 -4.212 -4.784 0. 003
myn, 21.233 4.900 5.002 0. 002
mn, —4.647 -2.193 -2.077 0. 083
m,m, 6. 996 6. 043 5. 100 0. 002
n n, 37. 495 2.906 5. 806 0. 001
nym, 11. 090 1.876 2. 800 0.031
nym, 0.737 0.242 0. 406 0. 698
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Fig.6 Effect curve of study factors on pump unit
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17.264m, —1.92m] —18. 194n] +4. 386n; -
2.383m; —4.05m,n, =3.05m,n, —
0.72m,m, +13.843n,n, +7.787n,m, - 1. 816n,m,
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Tab.6 Comparison of velocity uniformity between
its calculated and predicted values of numerical model

%

g WS MR | s WS M
o AR mE 2E || B HEE A 2E
1 8501 85.010 0 12 79.74 79.699 0.05
2 83.36 83.405 0.05 | 13 88.36 87.826 0.60
3 86.92 86.926 0.0l 14 87.35 88.193 0.97
4  86.08 86.288 0.24 | 15 80.24 79.925 0.39
5 86.54 86.281 0.30 || 16 87.67 88.208 0.6l
6 82.82 82.775 0.05 | 17 81.05 80.207 1.04
7 77.65 77.644 0.01 18 80.29 80.387 0.12
8  85.20 84.992 0.24 || 19 87.66 87.701 0.05
9 77.39 77.649 0.33 || 20 78.96 79.275 0.40
10 78.64 79.174 0.68 | 21 87.82 87.723 0.1l
11 88.08 87.542 0.6l

xRT REHHEHEBFESH(ANOVA)
Tab.7 Model variance analysis of velocity

uniformity (ANOVA)
JrERBE BHE CFHAM ¥yor F P

mYE| 14 299.336 21.381  42.536  0.001
B 2% 6 3.016 0.503
it 20 302. 351

X E RO E A0L TH 5 R R F0 00 (R, A HC AR
B 22 B, AT LA A BT A O SR UM A AR S 3
BN HEAT AN 8 22 TR 2% LA, UL U5
14 22 T 2R B 0% 22 B/ o AR Y 5 22 3 A 45 2R ok
A ML F {H 0 42. 536, P {H/NTF 0. 01, 15 W] %A%
MAARE KA. 2058, 88 R KT
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Tab.8 Factors significance test of multiple regression

model for response value Y,

SRR EY 4 P 2 t p

A -27.960 29.721 -0.941 0.383
m, 27. 560 8. 993 3. 065 0. 022
n, 23. 464 17. 686 1.327 0.233
ny 0. 564 8. 027 0. 070 0. 946
m, 17. 264 5.149 3.353 0.015
mi -1.920 0. 868 -2.211 0. 069
n? -18.194 7.236 -2.514 0. 046
n3 4.386 1. 563 2.807 0. 031
m3 -2.383 0. 520 —-4.583 0. 004
mn, -4.050 2.363 -1.714 0. 137
mn, -3.050 1.246 -2.449 0. 050
mym, -0.720 0.764 -0.943 0.382
nn, 13.843 3.596 3. 850 0. 008
n,m, 7.787 2.205 3.532 0.012
nym, -1.816 1.010 -1.799 0.122

ML 8 A LLE M, — KT m,  m,, I n; .
n:oms, 3% X m,n, .n,n, n,m,f P{E/NT 0.05,
Wl B 3X LI Y 2R BTE TSR B rp 2 B3 AL
st Hoh K I my, 38 LI nyn, (P AH /N T
0.01, PERHIX JL I Y 28 B0 7T 506 B v 2 4 g 2%
MROCR . BB I B0 4 T R rp g B 7 F
Dt 1E] B 1) A7) A2 A B R BE R 0 me, AT 0 S i B K
JEZRE m, W2 5 e 3] 4 B A ke B oK i a
R T 1 B BE I O B DR ER, HG At A PR R X e
JVEAEL Y, B8 5% ) DA ORI /N 43 1 2 A0 e 4 B K 3 &R
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Fig.7 Effect curves of research factors on velocity

uniformity at outlet section of outlet channel
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Tab.9 Comparison of average vortex angle of its

calculated and predicted values of numerical model

U CPEIRA/(0)  AEXTES || B8 PHRA/ () AR
J¥E A BME 2% | e VHSE BUNE 2R/ %
1 -553 -5.53 0 12 -0.62 -0.77 19.48
2 -6.21 -6.44 3.57 || 13 -2.04 -2.55 20.00
3 -1.47 -1.36 8.09 || 14 -1.44 -1.62 11.11
4 -0.51 -0.70 27.14 || 15 -4.83 -4.25 13.65
5 -4.43 -4.12 7.52 || 16 -4.22 -4.09 3.18
6 -4.47 -4.24 542 || 17 -0.72 -0.54 33.33
7 -0.96 -1.07 10.28 || 18 -1.78 -1.90 6.32
8 -1.70 -1.51 12.58 || 19 -1.04 -0.90 15.56
9  -1.47 -1.78 17.42 || 20 -5.72 -6.30 9.21
10 -4.98 -4.47 11.41 || 21 -5.16 -5.04 2.38
11 -6.96 -7.09 1.83

10 TH93R BT T £ 547 (ANOVA)

Tab.10 Model analysis of variance of average vortex

angle( ANOVA)
FEKRE AmE CEHA ¥ F P
mYE| 14 91.418  6.530  22.115 0. 001
B 22 6 1.772 0.295
it 20 93.190
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Tab.11 Factors significance test of multiple regression

model for response value Y,

SR R T v 22 t P

W 67.978 22.779 2.984 0.024
m, -2.182 6.892 -0.317 0.762
n, -126.362  13.555 -9.322 0. 001
n, -39.301 6.152 -6.389 0. 001
m, -0. 695 3.946 -0.176 0. 866
mi 0. 190 0. 666 0. 285 0.785
n} 34. 667 5.546 6.251 0.001
n3 6. 148 1.198 5.133 0. 002
m3 1.386 0.399 3.477 0.013
myn, 7.650 1.811 4.224 0. 006
m,n, 6.200 0.955 6. 495 0.001
m,m, -4.125 0.585 -7.047 0. 001
nn, ~7.083 2.756 -2.570 0. 042
n,ym, 16. 008 1. 690 9.474 0.001
n,m, 0.774 0.774 1. 000 0.356
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Fig.8 Effect curves of research factors on average vortex

angle at outlet section of outlet channel
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Fig. 10  Performance curves of full cross-flow pump unit

with optimized inflow and outflow clearance schemes
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Flow field diagrams of impeller chamber of pump unit under optimized scheme of

inflow and outflow clearance between stator and rotor
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Fig. 12 Pressure and suction surfaces of blade and flow line distribution
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