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Fig. 1 3D model of the turbine flowmeter
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Table 1  Plackett —Burman design factors and levels
-~ KF

-1 1
MR TS R,/ mm 19.3 19.7
g BN, 5 7
B AR Hy /mm 51 57
WA N, 3 5
48 3% L/ mm 83 95
A B AE R,/ mm 8.5 1.5
Ja FWATREEL Hy/mm 35 41
MR KR Ly/mm 6.5 9

XFER 1 I 45 2R R AT W 2 o BT, o B 46
RANFR 2 o, BRI 2 22 7 OKF p = 0.004, Ui B
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Table 2 Parameter significance analysis

i [ SR HEE ¥J5 FfE  pME

A 0. 84 8 0.1 50.99  0.004
R, 0. 41 1 0. 41 201.88 0.0008
N, 0.11 1 0.11 53.69 0.0053
H, 0.031 1 0.031 15.11  0.0302
N, 0.025 1 0.025 12.28 0.0394

0. 044 1 0. 044 21.63  0.0187

R, 0. 085 1 0. 085 41.41 0.0076

H, 0.017 1 0.017 8.22  0.0642

Ly, 0.11 1 0.11 53.69  0.0053
2% 6.158 x107? 3 2.053x107%  — —
JENP 0.84 11 — — —
R? 0.9927 20 — — —
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Table 3 Box—Behnken design factors and levels

K
AR
—1 0 1
R,/mm 19.3 19.5 19.7
N, 5 6 7
R,/mm 8.5 10 11.5
L, /mm 6.5 8 9.5

XETY AT 7 22 53 M 2] 89 0 57 16 70 A 45 R

%4  Box-Behnken #1145
Table 4 Box—Behnken design results

REE R/mm N,

R,/mm L /mm 2RM:FEIR2E/%

1 19.3 6 8.5 8 2.2
2 19.5 6 10 8 1.76
3 19.5 6 10 8 1. 69
4 19.7 5 10 8 2.74
5 19.5 6 10 8 1.73
6 19.5 7 10 9.5 2. 64
7 19.5 7 11.5 8 2.76
8 19.5 6 10 8 1. 67
9 19.7 6 10 6.5 2.76
10 19.3 6 10 6.5 2.18
11 19. 6 8.5 9.5 2.44
12 19.5 5 10 6.5 2.48
13 19.7 6 8.5 8 2.78
14 19.5 7 10 6.5 2.94
15 19.5 5 10 9.5 2.28
16 19.7 6 10 9.5 2.65
17 19.5 6 11.5 9.5 1.88
18 19.5 6 11.5 6.5 2.38
19 19.3 7 10 8 2.76
20 19.5 5 11.5 8 1.89
21 19.3 6 10 9.5 1.99
22 19.5 6 8.5 6.5 2.26
23 19.7 6 11.5 8 2.79
24 19.5 6 10 8 1.76
25 19.3 5 10 8 1.88
26 19.5 5 8.5 8 2.35
27 19.5 7 8.5 8 2.67
28 19.7 7 10 8 3.24
29 19.3 6 11.5 8 1.91

%5 Fis,p <0.0001 <0. 05, FHZAR 2 20,
BRI R, WERS FdEn1E, AR R N, .
R, L (p <0.05) , 44 HE 6 )0 {6 4 5% i) 7 i
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H AP B By, BE A 5 1% a1 13 J7 R % i g 45 2R
HEATHHOC T, etk BE R 22 R 1y IRlA 05 FE 2R
R=17.22 +3.37R, +2.82N, —0.91R, —0.93L, —
0.95R N, +0.75R R, +0.2R L, +1.38N,R, —0.25N,L, —
1.70R L, +4.22R} +5. 16N; +2.26R> +2.971;
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Table 5 Box —Behnken design variance analysis

MIE 2 (a) ~ (£) ATIE G 520 AR R 5L

K EAFM AmE M F1H p1E
Y 538. 08 14 38.43 53.87  <0.0001
R, 136. 01 1 136.01  190.63  <0.0001
N, 95.77 1 95.77  134.22  <0.0001
R, 9.9 1 9.9 13.88  0.0023
L, 10. 45 1 10. 45 14.65  0.0018
RN, 3.61 1 3.61 5.06 0.0411
RR, 2.25 1 2.25 3.15 0.0975
RL, 0.16 1 0.16 0.22 0.643 1
N,R, 7.56 1 7.56 10.6 0. 0057
N, L, 0.25 1 0.25 0.35 0.5633
R,L, 11.56 1 11.56 16.2 0.0013
R? 115.47 1 115.47 161.84 <0.0001
N? 172. 48 1 172.48  241.75 <0.0001
R? 33.03 1 33.03 46.3  <0.0001
2 57.18 1 57.18  80.15  <0.0001
Gk 9.99 14 0.71 — —
KPlRE 9.32 10 0.93 5.58 0. 056
4l iR 2% 0. 67 4 0.17 — —
B 548. 07 28 — — —
R? 0.9818 — — — —
R, 0.9635 — — — —
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Table 6  Comparison of parameters before and after

response surface optimization

- HufH
G oAb JE Tt
R,/mm 19.5 19.4
N, 6 6
R,/mm 10 10. 57
L,/mm 8 8.42
R P BE 15 2 T — 1.618
LR PR R 2% (1 FLIH 1.71 1. 624

*7 ERRBEES5KF

Table 7 Factors and levels of orthogonal tests

K
EES
1 2 3
L/mm 83 88.5 94
H,/mm 51 54 57
N, 3 4 5
H,/mm 35 38 41

*8 IEIKKEI RSB

Table 8 Results and mean values of orthogonal test

RS  L/mm  H/mm N, Hy/mm Stk IR/ %
1 83 51 3 35 1.78
2 83 54 4 38 1.71
3 83 57 5 41 1.70
4 88.5 51 4 41 1.62
5 88.5 54 5 35 1.62
6 88.5 57 3 38 1.59
7 9 51 5 38 1.68
8 94 54 3 41 1.68
9 9% 57 4 35 1.64

YA 1 1.730 1. 693 1. 683 1. 680 —
HE2 1610 1. 670 1. 657 1. 660 —

Y3  1.667 1.643  1.667 1.667 —
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Fig.3  Velocity distribution cloud diagram for the

original flowmeter section
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Fig.4 Velocity distribution cloud diagram for the

flowmeter section after optimization
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Fig.5 Flow detection test equipment



5

SRR AR A5 ¢ T WA RO T 32 A TE A2 1K 4 o e U BT Ak et -85

M GR R AL K, R0 TP B U 5 o3 AT 3 IR
FHERE IR 2EH/N T 0.025% |,

W IR R TR R B RALE 0 Y
FKABOATR I, S5 RN 6 FiR, i i E
FECFD i BAE 5 BAEW) & EB T CFD ffj &
OMERRE . X EL R LG I8 58 8 1 T AN b S I A T
IR R BRI i LA 1 AL S B T
FEAN [R) i et Ak 1 A 3R 2R B8 s L 2 I ok 1 oy
o, &M B, NERZBEEERZERELRDY
1.71% T2 T 1.59% , 8 F =& TR R R

1 I
81
80 -
ﬁ 79+
g —— AR
sl o (AL R O AL
— - AR R
- a- AL g
77 | | L | | L |

| I I
0 3 6 9 12 15 18 21
PRBGHR/ (m* - h )

Ko Ik SURAMICR
Fig.6 Relationship between the flow point and

instrument coefficient
5 i

(1) Plackett —Burman #iHH1 22 B, X IR 2 I
Eanilbeili s ALRTEATE S Il TR N
M B MR AR R AR B R R
FEWMSHA MR SE BT KE 5SRO
F U A R

(2) 5 Box — Behnken %31 ¥ %t i 1% H ok
) S S HOHE AT I B S T AR IR T
LNEE R ZE M Z e M ARERL, A 56 1 0 A 1Y 1y
WAL, A5 AR S BRAE S 3T
REWZ 1z JT] ) iy TE 32 T 8 56 U = 3 45 0 2 8GR AT
Ak

(3) M) 37 T 7 D0 Ak ) A 8 0 % LR R Y
VETE S A e G pl 'S a7 & W L e
MG, I IR RS KR OIS i i Fe i I
R EARE] TR,

S

(1] AW, E7H. Wit m]. dbat: pEE

(2]

(3]

[4]

(5]

(6]

[7]

(8]

HRRAL, 2011.

YANG Y T, WANG Z G. Turbine flowmeter[ M ]. Bei-
jing: Chinese Quality Inspection Publishing House,
2011. (in Chinese)

LI W G. Effects of viscosity on turbine mode performance
and flow of a low specific speed centrifugal pump[J].
Applied Mathematical Modelling, 2015, 40 (2) . 904 -
926.

UL, BRSO RGO S A i R RECY
WA SERATFE ()], TR B 24, 2002, 23 (1) :
55-58.

CAO G J, XUE D S. Experiment studying on turbine
flowmeters factor with different viscous liquids[ J]. Jour-
nal of Engineering Thermophysics, 2002, 23 (1) 55-
58. (iin Chinese)

IMNEZE, e, 5Kk, SF. T PERE 32 T i R E
PEEISER [ )], REERF R ( ARPHES TR
ARR), 2018, 51(4) ; 422-432.

SUN L J, DANG S Z, ZHANG T, et al. Experiment on
the influence of flow stability on flowmeter measuring per-
formance[ J]. Journal of Tianjin University ( Science and
Technology) , 2018, 51(4) : 422-432. (in Chinese)
FARY, RIET, MR, ORI EA R R
BERAR A b dr (U], Tl it &, 2015, 25
(4):22-25.

WANG J T, SANG P Y, SHANG Z Q, et al. Test and
analysis of turbine flowmeter in liquid medium with differ-
ent viscosity[ J |. Industrial Metrology, 2015, 25(4) .
22-25. (in Chinese)

XTESG, FRIERR. WA T At 11 AT 5 Ui d A 4540 5 1L g
[J]. HULBCT AR, 2008, 44(1) : 233-237.

LIU Z X, XU L H. Structure and performance of front
oriented-body in turbine flowmeter[ J]. Chinese Journal
of Mechanical Engineering, 2008, 44 (1) : 233-237. (in
Chinese)

SRR, skik, IMLE, . RSP iR i
ARG RE AT E [ T] . R, 2015, 36
(11) . 2473-2478.

GUO S N, ZHANG T, SUN L J, et al. Research on im-
proving the performance of liquid turbine flow sensor with
flow field analysis[ J]. Chinese Journal of Scientific In-
strument, 2015, 36(11) : 2473-2478. (in Chinese)
BT, SR, HET A AU A R B R T A i
R )], IR ARG HESR, 2017(9) ; 24-29.
LYU S, GUO Y Q. Intelligent turbine flow sensor based
on automatic code generation technology[ J]. Instrument

Technique and Sensor, 2017(9) : 24-29. (in Chinese)



- 86 - R TR A2 (A RBRAR) 2019 4

(0] WA, A, BRAOG, WH S I A Technique, 2016(9) : 24-27. (in Chinese)
PR RE R A A S A B [T ], TR R, 1986 [11] FHiR. 50 v e A R AN [ U A A 1 0 1 B Y
(7): 24-28. WEFE[D]. KAt KHAY:, 2008.
GAO P F, LI X H, CHEN D G. Automatic compensation WANG Z. Research on the performance of turbine
device for influence of liquid viscosity change on accuracy flowmeter under different fluid conditions [ D]. Tianjin;
of turbine flowmeter[ J|]. Measurement Technology, 1986 Tianjin University, 2008. (in Chinese)
(7):24-28. (in Chinese) [12] R, A, REE. RS M]. et
[10] #%7y. EAEBKEX s E s se i sgm[J]. P E TR A, 1992,
UFREEAR, 2016(9) ; 24-27. SU Y X, SHENG J, LIANG G W. Flow measurement
YANG F. Effects of straight pipe section on the measure- and testing [ M ]. Beijing: China Metrology Publishing
ment performance of turbine flowmeter [ J]. Instrument House, 1992. (in Chinese)

Optimization of the design of a turbine flowmeter based on the
response surface method and orthogonal tests

ZHANG XiaoDong LI Jin GONG Yan

College of Mechanical and Electrical Engineering, Southwest Petroleum University, Chengdu 610500, China)
8 g g y g

Abstract; In order to reduce the errors in a turbine flowmeter influenced by fluid viscosity, the minimum turbine
meter instrumental coefficient linearity error was employed as the target function. Firstly, Plackett —Burman design
was used to screen out structure parameters by CFD. The influence of the geometrical structure on the target func-
tion can be divided into two levels; significant influencing factors and time-significant influencing factors. Second-
ly,, Box —Behnken design and a response surface method were employed to optimize the design of significant influen-
cing factors. The interactions between structural parameters were analyzed in order to obtain the optimal design pa-
rameters. Finally, by combining the response surface analysis with orthogonal tests, the sub-significant influencing
factors were optimized and the optimal parameter combination was obtained. In an experimental investigation of the
optimal combination of parameters for a turbine flowmeter, the instrumental coefficient linearity error in the test re-
sults and CFD calculated values, decreased from 1. 71% to 1. 59% . The optimized turbine flowmeter thus gave sig-
nificantly higher measuring precision. Our optimization method based on the response surface method combined with
orthogonal tests can be used to improve the structural design of turbine flowmeters.

Key words: turbine flowmeter; viscosity; optimization design; response surface method; orthogonal test
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