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Abstract: Currently, the Greenhouse Effect has
caused great influence on the development of industry
and agriculture. Considering the research development
request of new-type agricultural deep well pump, the test
research was taken to increase the efficiency of well pump
using hydraulic design of impeller, the modern numerical
CFD technology and the orthogonal test method based on
guadratic regression. The experiment was carried out with
two geometric factors including outlet angle and outlet width.
Then ten impellers were designed as per the orthogonal
testing schemes based on quadratic regression. The full flow
field of the two-stage agricultural well pump including
impellers and guide vanes under the design condition was
simulated by CFD, finally obtaining the rated efficiency of
each scheme. The influence mechanism of outlet angle and
outlet width on efficiency was investigated through the
orthogonal testing method. According to the calculation
results, constrained quadratic regression equation of the
efficiency was put forward. The result showed that it would
be instructive to increase the hydraulic efficiency of the new-
type deep well centrifugal pump for agriculture engineering
by using the impeller maximum - diameter approach.

Keywords: Agricultural well pump; Hydraulic design;
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INTRODUCTION

Due to the strict working conditions, the diameter of the
submersible pump for agricultural well is limited by the well
diameter when it works in the motor-pumped well, and the
single-stage head of the pump can't be efficiently increased
due to the limited space using the traditional design
methods, especially regarding the performance of centrifugal
pump[6]. Therefore, the maximum diameter design method
of impeller was proposed for the first time [4, 8], this method
was successfully applied to the 100SJ8 centrifugal pump for
deep well. The theoretical analysis, numerical simulation as
well as the experimental investigation showed that the
single-stage head of the centrifugal pump for deep well had
been improved dramatically and the efficiency was also
higher than before. This method is highly superior to the
traditional design method in the hydraulic design of the
agricultural well pump.

According to the requirements of orthogonal test
based on quadratic regression, 10 impellers of the
150QJ20 new-type agricultural well submersible pump
were optimized using the maximum diameter method.
After conducting two-stage full flow field CFD simulation
using 10 groups of impeller with twisted return guide vane
of the new-type agricultural deep well pump, and
comparing the test results with the simulation results, the
influence of two main geometric parameters including
outlet width and outlet angle on the efficiency of the pump
was found. The efficiency constrained quadratic regression
equation of this type well pump was also obtained [9].
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MATERIALS AND METHODS
Hydraulic Design

Qq - Flow rate (m®s);
H - Head (m);
n - Rotation speed (r/min) ;

Q - Flow (m%/s);

3.65n/Q 3.65.r /minym?/s

ns - Specific speed= — @ - e

P; - Total pressure at inlet (Pa);

Po - Total pressure at outlet (Pa)

M - Moment of force (N -m);

n - Efficiency (%);

5, - Vane outlet angle (°);

b, - Outlet width(mm);

Xj - Natural variables(Dimensionless);
z; - Canonical variable (Dimensionless);
r - Asterisks arm (Dimensionless);

m — Factor.

The design parameters

The basic design parameters of the 150QJ20 agricultural
well submersible pump is that, Q;=20 m*/h, single-stage
head H=11m, speed n=2850r/min, ns=128. 10 impellers
were optimized according to orthogonal experiment.

The maximum diameter design method of impeller

According to the relevant national standard, the
allowable outer diameter and inner diameter of the
150QJ-type agricultural well pump are 143mm and
121mm respectively. Supposing the diameter of the
impeller front shroud to be 119mm, the impeller diameter
could achieve maximum, which was shown in Fig.1.
Once the diameter of impeller's front cover was
determined, then other parameters of the impeller can be
determined. Seeing Tab.1 for the specific information,
other parameters of this design could be found in [5].

(1) The diameter of the shaft and wheel hub

Matching power with P=11kW, minimum shaft
diameter was calculated using the following formula:

Ay =z _16 mm
0.2[7]

® 16mm stainless steel shaft was selected, the wheel
hub diameter was selected as follow:

D, =22mm
(2) Impeller inlet diameter
D,, =375

Q
D, =1000xk x 3 = 46.84
° ) X\/3eooxn mm

D, =D, + D, = 47.82mm
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D, = 48 mm was determined

(3) Impeller outlet width

According to the structure and experience, take
b>=(9~13) mm.

(4) Vane outlet angle

According to the structure
experience, take ,=(10°~25°).

Blade number z, wrap angle and hydraulic fillet radius
of front and back cover plate was selected based on
experience and graphing.

and engineering
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Fig. 1 - Cross-section of impeller

Table 1

Main structural parameters of the impeller

Structural parameters of impeller

Parameter selection

Blade number Z

Inlet vane angle B (°)

Wrap angleg (°)

Impeller front covering plate Damax (mm)

Impeller front covering plate Domin (mm)

Impeller inlet diameter D; (mm)

Wheel hub diameter d, (mm)

Hydraulic fillet radius of front cover plate Ry (mm)
Hydraulic fillet radius of back cover plate R, (mm)

Shaft diameter d (mm)

6
39
125
119
108
48
22

18
16

In order to reduce the production costs of the well
pump, a new type of twisted return guide vane was
selected to replace the common guide blades. Compared
with the old space guide vane, the axial length of twisted
return guide vane is shorter, and it is easier to be
manufactured. The conventional return guide vane is
pure cylindrical blades, its hydraulic loss is larger than
common guide blades. The main innovations are as follows:

(1) The inlet of guide vane within @100mm and
¢®121mm was twisted, its blades angle was selected
basing on flow directions. This is the main differences
between new twisted return guide vane and conventional
return guide vane, which is also the main measure to
reduce the hydraulic loss.

(2) The outlet diameter of the guide vane is @48mm
as shown in Fig.2.

(3) The middle part of guide vane’s convex surface,
which 2D cylindrical surface. The concave surface 3D
surface and connected with vane inlet and outlet
smoothly.
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Fig. 2 - Cross-section of guide vane

Orthogonal testing method based on Quadratic regression

Using the point of mathematical statistics and
principle of orthogonality, orthogonal testing method
based on quadratic regression is a scientific method
which is used to examine a number of factors
simultaneously when these factors are under changing,
For various factors in the changing circumstances; we
use a normalized orthogonal table to arrange the test
rationally. Orthogonal testing method based on quadratic
regression uses combination design, which has the
feature of less times of experiment, higher precision,
simpler testing results treatment; meanwhile it could be
optimized and analyzed [9].

The factors which affect the efficiency and head are
Z, B2, D2, by, u; and so on. Based on professional
knowledge and special design requirements of the new-
type agricultural well, the following geometric parameters
were taken into consideration: 3, (vane outlet angle), b,
(outlet width).

This study applied the orthogonal testing method
based on quadratic regression to analyze the relationship
among these factors such as 2 (10°~25°), b, (9mm~13
mm) with the head and efficiency.

As the factor (m=2), if the frequency of zero level
testing me=2, according to the formula of asterisk arm
length r [3] (I =1.078).

According to the factor X;,, for which the upper limit is
25°, the lower limit is 10 degrees, so the zero level
( %o =17.50), change interval ( A, =6.96), upper level
( X%,=24.46), lower level (X =10.54). The code of exit
width by (x,) can be calculated similarly, shown in Table 2.

Considering the factor number (m = 2), using orthogonal
table Ls (23) for transforming, two level test number
(mc:22:4), test scheme is shown in Tab.3. Other

geometric factors were set according to the calculated
values. 10 groups of hydraulic model were obtained.

ZKEHIEX RS
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WAL B IEAZ ROk & H M 2 RS . = R A1 IR A2 50 R A
Gk, BA RIS, R E, W as S AL A
i, JERTBEATARAL AT IR AL [9]6

SMBCE SRR ZN Z. By Dov oy U %%, 7%
SR AN BT R T B A L, IEBUE IR IO R
M, DR ETEFE RN H OZA B, HH A
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AR R EHERZ R ST E AR R B
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WIEPIAEZE XD 19 ERR X A 25°, IR X
10°, FiBAZAE N Xi0=17.50, ki Ay=6.96, Lk
- X12=24.46, FKF X2 =10.54. [, A LLIFE T A
FHOBE by (Xp) Mgwig, Wk 2.

HTHNEHEM=2, ®HIELE Ly (23) TR,
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o

Table 2

Factors and levels

Canonical variable (z))

Natural variables (x;)

Asterisks arm (r)
Upper level (1)
Zero level (1)

Lower level (-1)

Under asterisks arm (-r)

Changes in pitch (4))

X1 X2
25.00 13.00
24.46 12.86
17.50 11.00
10.54 9.15
10.00 9.00
6.96 1.86
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Table 3
Experiment program
Test number Z1 Z2 Vane outlet angle B,/ (°) Outlet width b2/ mm
1 1 1 12.86 24.46
2 1 -1 12.86 10.54
3 -1 1 9.15 24.46
4 -1 -1 9.15 10.54
5 1.078 0 13.00 17.50
6 -1.078 0 9.00 17.50
7 0 1.078 11.00 25.00
8 0 -1.078 11.00 10.00
9 0 0 11.00 17.50
10 0 0 11.00 17.50
Numerical simulations HlEE
Governing equations B oy =tk
The over-current components of agricultural well R BB (P K . 2 F s

pump consist of the inlet, several stages impeller and
guide vane. The relative reference system fixed to the
rotor with speed 2850r/min was adopted. The whole flow
field was assumed to be 3-D incompressible steady
viscous turbulent flow field. The calculation model was
created based on the real machine; the whole flow
domain of two stages consists of 5 components: inlet
section, seal ring, impeller, guide vane, and outlet
section, as shown in Fig.4. The outlet section extended to
2 times the impeller diameter length, so that the flow
could be fully developed at the outlet. After modeled in
Pro/E, the assembly model was imported to Gambit for
further processing.

Inlet Impeller Guide vane Cutlet

\ N

Fig.4 - Sketch of flow domain

The properties of working media

The medium is water at room temperature and
pressure with fixed density (p=998.2 kg/m3) and dynamic
viscosity (U = 0.001003 kg / m's).

Meshing of calculation region and the selection of
calculation model

After modeled by Pro/E, the import section, impeller
and guide vane were imported to the Gambit for further
processing. The two stages full-flow field was meshed
with structured and unstructured grids, shown in Fig.5.
After comparing the five groups model grids between(1~
2.5)million, the results showed that the efficiency
fluctuates within 0.5% when the grid number surpass
1.75 million. Considering the performance of the
computer, grid number of 1.75 million was selected.

The two stages flow channel of agricultural deep well
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pumps was taken as the computing area. At the same
time, the whole calculation area was divided into two
parts. The first is the import section of the pump and the
rotating part of the impeller chamber. The second is the
distorted-reversed guide vane static area. The
connection surface between the two sub-regions is the
interface. The coupling between the rotator and stator
was simulated using Multiple Reference Frame (MRF).

Boundary condition

Supposing that the impeller inlet is irrotational flow [5],
inlet surface center as the pressure reference point [1, 2,
3, 7, 10, 11], and the relative pressure is zero. The
boundary condition of outlet is set to be outflow [4]. Solid-
wall is supposed to be no slip. The turbulent flow of near-
wall was handled by standard wall function [7].

Numerical algorithm and solution control parameters

The SIMPLEC algorithm and discrete difference
equation of second-order upwind were applied. The
factor coefficients of sub-relaxation for algebraic
equations are as follows, pressure coefficient of Asian
Relaxation is 0.3, momentum sub-relaxation factor 0.7,
turbulent kinetic energy sub-relaxation factor 0.8,
turbulent kinetic energy dissipation rate 0.8. The
convergence precision is set to be 10

RESULTS ANALYSIS
Orthogonal combination design based on binary
quadratic regression

Using numerical simulation of 10 sets of programs at
rated conditions the efficiency value of deep well
centrifugal pump, the table and results of orthogonal
combination design based on dual quadratic regression
were shown in Tab.4. According to the requirements of
orthogonal combination design based on dual quadratic
regression, centralization of the quadratic term of

2%2,%2 2, is shown in Tab .5.
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Table 4
Design and test result of binary quadratic regression combination
Test number Zy Z; 2125 Z; Z; Z; Z; y
1 1 1 1 1 1 0.368 0.368 64.46
2 1 -1 -1 1 1 0.368 0.368 66.74
3 -1 1 -1 1 1 0.368 0.368 66.54
4 -1 -1 1 1 1 0.368 0.368 67.44
5 1.078 0 0 1.162 0 0.530 -0.632 63.31
6 -1.078 0 0 1.162 0 0.530 -0.632 67.34
7 0 1.078 0 0 1.612 -0.632 0.531 65.29
8 0 -1.078 0 0 1.612 -0.632 0.531 67.25
9 0 0 0 0 0 -0.632 -0.632 66.46
10 0 0 0 0 0 -0.632 -0.632 66.46
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Table 5
Binary quadratic regression combination design calculations (Part A)
i z z, 212, z' z,' y e Z1y Zy
1 1 1 1 0.368 0.368 64.46 4 155.092 64.46 64.46
2 1 -1 -1 0.368 0.368 66.74 4 454.228 66.74 -66.74
3 -1 1 -1 0.368 0.368 66.54 4 427.572 -66.54 66.54
4 -1 -1 1 0.368 0.368 67.44 4 548.154 -67.44 -67.44
5 1.078 0 0 0.530 -0.63 63.31 4 008.156 68.25 0
6 -1.078 0 0 0.530 -0.632 67.34 4 534.676 -72.60 0
7 0 1.078 0 -0.632 0.530 65.29 4262.784 0 70.38
8 0 -1.078 0 -0.632 0.530 67.25 4 522.563 0 -72.50
9 0 0 0 -0.632 -0.632 66.46 4 416.932 0 0
10 0 0 0 -0.632 -0.632 66.46 4 416.932 0 0
> 661.29 43 747.09 -7.12 -5.29
Binary quadratic regression combination design calculations (Part B)
i (z122)y z1'y 2"y (2122)° z,"? z,% z)? z)’
1 64.46 23.721 23.721 1 0.135 0.135 1 1
2 -66.74 24.560 24.560 1 0.135 0.135 1 1
3 -66.54 24.486 24.486 1 0.135 0.135 1 1
4 67.44 24.817 24.817 1 0.135 0.135 1 1
5 0 33.554 -40.011 0 0.281 0.399 1.162 0
6 0 35.690 -42.558 0 0.281 0.399 1.162 0
7 0 -41.263 34.603 0 0.399 0.281 0 1.162
8 0 -42.502 35.642 0 0.399 0.281 0 1.162
9 0 -42.003 -42.002 0 0.399 0.399 0 0
10 0 -42.003 -42.002 0 0.399 0.399 0 0
> -1.38 -0.939 1.256 4 2.701 2.701 6.324 6.324
Notes: Owing to the limited space, Table 5 was divided into Part A and Part B.
_ Accordln.g to Tab.4, each regression coefficient is W 4 T, &/ BT
listed below:
a=13y —66.120 )
n i=1
" ®)
b =>yz, , =-1.12653
i=1 sz
i=1
0 6
b, => vz, ., =-0.83693 ©
i=1 2
2%
i=1
. )
b12 =2 (lez)| n =0.345
= Z(Z1zz)|2
i=1
L ®)

Therefore, the regression relationship (regression

equation) between the standardized variables and test

index is shown as follow:

HITRE) 9:
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y =66.129 —1.12653z, —0.83693z, —0.3452,7, )
—0.34799z, '+ 0.46505395z, '

Variance analysis of orthogonal test based on quadratic SR IER IR AT
regression
From Tab. 4, we know: H 4 Al %0
y? =43747.09 (10)
i=1
So the total variation can be expressed as: bl S AR
n 1 n 2
Ss, =) y? ——(ZyiJ =16.6395 (1)
i1 n\iz
The variation of quadratic regression can be = VRIR I AR 2 49 5]
expressed respectively as follow:
SS,=b?) z,* =8.025755 12
i=1
SS, =b,°> 7,2 = 4.4297651 13)
i=1
1, =0,"> (2,2,)° =0.4761 (14)
i=1
SS, =b,2)z,? =0.327101 (5)
i=1
SS,, =b,,2> 2", = 0.584207 (16)
i=1
Total regression variance could be expressed as . o
follow: ’ P REEAR 2
SS; =SS, +SS, +SS,, +SS,, +S,, =13.84292 (17)
Experimental error could be expressed as follow: SIS R A .
SS, =SS, - SS, =16.63949 -13.84292 = 2.796569 (18)
Variance gnaly5|s |s_shown in _Tab.6, the resqlts_s_how FENANIE 6, EEEH, FAMRE I RRGAS T 5
that, two partial regression coefficient reached significant
level, in which FKF, HAd
Fo(14)=4.54 Fou(14) = 4.54 -
Table 6
Variance analysis
Difference Deviation quadratic Estimate of Statistical quantity Conspicuousnes
stems sum (SS) Free degree (dy) variance (MS) F s
Z; 8.025 1 8.026 11.479 **
Z; 4.429 1 4.429 6.336 **
212, 0.476 1 0.476 0.681
7' 0.327 1 0.327 0.467
z' 0.584 1 0.584 0.835
Recurrence 13.842 5 2.768 3.959
Residual 2.796 4 0.699
Sum 16.639 9 1.848
Quadratic regression equation of the efficiency BT = [E T T 72
From the centralization formula of quadratic term, we BRI ME AR, BRATATE:
know:
z,'=27} —Eszi =2/ -0.6324 (19)
n

i=1
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1

' 2

Z, =17, __ZZZi =
niz

These formulas were substituted into the following
equation, then we obtain:

y =66.129-1.12653z, —0.83693z, — 0.3452,7, —
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n
2

22 -0.6324 (20)

ANEAT R, WA

(21)

0.34799(z; - 6.324/10) +0.46505395(z, — 6.324 /10)

According to the coding formula:

X, —11
z, =1 ' Z

SURR g 23 2K

X, -17.5 (22)

o371
The quadratic regression-based constrained equation of

the efficiency of the new-type deep well centrifugal pump for

agricultural engineering could be expressed as follow:

So 77 can also be expressed as follow:

2

13.91

FNES, B A3 BRI B0 JE R — Ik A
HAFTTRE (EHAKD A

y = 66.835+0.373x, —0.0699x, —0.0068X,X, — (23)
0.025x,” +0.0024x,?
17 = 66.835+0.373B,-0.0699b,-0.0068B2b,-0.0258,%+ 0.0024b, (24)

CONCLUSIONS

Based on the orthogonal testing method of quadratic
regression and numerical calculation, the hydraulic
model of the new-type deep well centrifugal pump was
conducted using the numerical simulation of two-stage
full flow field. The influence mechanism of impeller outlet
angle, outlet width on the pump for agriculture was
obtained, the conclusions are shown as follows:

(1) The single-stage head of the deep well centrifugal
pump which was designed using the maximum-diameter
method is improved greatly and the efficiency is also
higher than before. And combining the numerical
simulation and orthogonal test based on binary
regression could optimize the design of the centrifugal
pump while complying with the design requirements.

(2) Using the two levels of the whole flow field for
numerical simulation on the multistage deep well
centrifugal pump for agriculture could optimize the design
more accurately.

(3) Through the 10 groups of design schemes
obtained from orthogonal testing method based on
quadratic regression, we find the influence mechanism of
two main geometric parameters of impeller with outlet
width and outlet angle on the efficiency of the pump,
meanwhile the optimal regression equation of this type
well pump was also obtained, which can provide
references for the optimization target design of new-type
deep well pump for agricultural engineering.
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