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The study on structural design and efficiency improvement of the micro impulse water turbine with the super-low specific speed
has rarely been reported in literature. In this paper, a micro impulse water turbine was optimized on the base of the orthogonal
array of L18(3

7) with six factors. The range analysis and variance analysis were conducted to present the significance ranking of
factors and the optimal combinations of factors, aiming to improve the water turbine efficiency taken as the experimental indicator
in the orthogonal experiment. And then the optimal parameter combination for the water turbine was calculated by orthogonal
experiment. Moreover, the internal flow field and hydraulic performance were simulated numerically to investigate the principle of
performance improvement by comparing the optimized water turbine with the original. Also, the numerical method was verified
by experimental result from performance tests of the original water turbine. As a result, the runner torque of the optimized water
turbine was 13% higher than that of the original and the water turbine efficiency was improved by 5.8 percentage points at the rated
operating condition.

1. Introduction

Water resource is only the clean and renewable energy and
applicable for the large-scale development by far. Hydraulic
turbine has been used to convert hydraulic energy into
mechanical energy or electric energy for centuries in several
fields. In industry, the water turbine is applied to recycle
the energy from industrial water [1–4] or drive the cooling
tower fan [5–11]. In agriculture, the water turbine in irrigation
machinery is used to rotate the nozzle andmove the sprinkler
trolley [12–14]. The water turbine is not only used in large
hydropower station as large as a unit capacity of 700MW
but is also applied to power a sensor as small as a micro
pipeline turbine [15–17].The orthogonal experimental design
is a method based on orthogonal array to obtain an optimal
scheme with multiple factors and levels in a certain range.
The orthogonal array can maximize the test coverage while
minimizing the number of test cases to consider and can be
used in various fields. An orthogonal experimental design
considering the interactions was used to obtain an optimized
wind rotor to improve energy utilization of vertical axis

wind turbine. Three factors including radius of curvature,
installation angle, and central angle of small arc were selected
in this orthogonal experimental design [18]. The effect
degree of main geometry factors of splitter blade on the
performance of pump as turbine was obtained (in order,
the outlet deflection angle, the outlet diameter, the number
of blades, and the blades circumferential biasing degrees)
based on the L9(3

4) orthogonal design method [19]. The
structure of turbine blade was optimized by a seven-factor
orthogonal array with the Kriging model to maximize the
fatigue life of turbine blade [20]. The orthogonal experiment
design method was applied to evaluate the performance of
ASHP (air source heat pump). The optimized ASHP with
optimum parameter combination was proposed and the
most significant parameter was identified [21]. The control
parameter of the industrial controller was tuned through an
orthogonal test considering the interactions to match the
characteristics of the controlled system [22]. Moreover, an
optimal scheduling method of urban pumping stations was
proposed based on orthogonal array to cut down the energy
cost. The total electric power consumption in a study case
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with the optimized schedulingmethod reducedmore than 1/4
compared with the traditional one [23].

Water turbine mainly has two types, impulse turbine and
reaction turbine; the former works in nonpressure system
while the latter works in pressure system. Moreover, the
pump reversal is also used as the turbine. The water turbine
from large scale to small scale has drawn enough attention.
However, researches on structural design and efficiency
improvement of the micro water turbine with the power
less than 1 kW, especially for the super-low specific speed
one (less than 20m⋅kW), are still inadequate. In this paper,
the orthogonal array was used to improve the performance
of the original water turbine by combining with numerical
simulations. The result of orthogonal design was analyzed
by the statistical method to rank the significance of factors,
and the optimized water turbine with optimal combination
of factors was proposed.

2. Materials and Methods

2.1. Geometry and Meshing for the Water Turbine. The entity
and three-dimensional model of the original water turbine
are shown in Figure 1. The specific speed under the rated
working condition is 14.55. The rated rotational speed (𝑛𝑒) of
water turbine is 700 rpm, the rated flow (𝑄𝑒) is 17.5m3/h, and
the operation condition ranges from 15m3/h to 21m3/h.

The polyhedral mesh was used in the entire compu-
tational domain of water turbine as shown in Figure 2.

The mesh was generated with a combination of surface
remesh, polyhedral mesher, and prism layer mesher.The grid
independence was conducted, and the result is presented in
Table 1. It shows that the head and efficiency basically remain
about the same (the variation magnitude less than 2%) when
the grid number is greater than 106. Thus, the mesh scheme 3
was used in this work.

2.2. Governing Equations. The three-dimensional governing
equation [24, 25] of mass and momentum conservation
for steady, turbulent, incompressible flow can be written in
Cartesian tensor form as

𝜕𝜕𝑥𝑖 (𝜌𝑢𝑖) = 0,
𝜕𝜕𝑥𝑗 (𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝𝜕𝑥𝑖 +
𝜕𝜕𝑥𝑗 [𝜇(

𝜕𝑢𝑖𝜕𝑥𝑗 +
𝜕𝑢𝑗𝜕𝑥𝑖 )]

+ 𝜕𝜕𝑥𝑗 (−𝜌𝑢𝑖𝑢𝑗)
(1)

where 𝜌 is liquid density and 𝜇 is dynamic viscosity.
The SST 𝑘-𝜔 turbulence model was used for turbulence

closure. The turbulence kinetic energy 𝑘 and the specific
dissipation rate 𝜔 are obtained from the following transport
equations:

𝜕𝜕𝑡 (𝜌𝑘) + 𝜕𝜕𝑥𝑖 (𝜌𝑘𝑢𝑖) =
𝜕𝜕𝑥𝑗 [(𝜇 +

𝜇𝑡𝜎𝑘)
𝜕𝑘𝜕𝑥𝑗] + [min(−𝜌𝑢𝑖𝑢𝑗 𝜕𝑢𝑗𝜕𝑥𝑖 , 10𝜌𝛽∗𝑘𝜔)] − 𝜌𝛽∗𝑘𝜔𝑘,

𝜕𝜕𝑡 (𝜌𝜔) + 𝜕𝜕𝑥𝑗 (𝜌𝜔𝑢𝑗) =
𝜕𝜕𝑥𝑗 [(𝜇 +

𝜇𝑡𝜎𝜔)
𝜕𝜔𝜕𝑥𝑗] +

𝜔𝑘 (−𝜌𝑢𝑖𝑢𝑗
𝜕𝑢𝑗𝜕𝑥𝑖 ) − 𝜌𝛽𝑖𝜔2 + 2 (1 − 𝐹1) 𝜌

1𝜔𝜎𝜔,2
𝜕𝑘𝜕𝑥𝑗
𝜕𝜔𝜕𝑥𝑗 𝜔

𝜇𝑡 = 𝜌𝑘𝜔 1
max (1/𝛼∗, 𝑆𝐹2/𝛼1𝜔)

𝛽𝑖 = 𝐹1𝛽𝑖,1 + (1 − 𝐹1) 𝛽𝑖,2
𝐹1 = tanh

{{{{min[max( √𝑘0.09𝜔𝑦 , 500𝜇𝜌𝑦2𝜔) , 4𝜌𝑘
𝜎𝜔,2max (2𝜌 (1/𝜎𝜔,2) (1/𝜔) (𝜕𝑘/𝜕𝑥𝑗) (𝜕𝜔/𝜕𝑥𝑗) , 10−10) 𝑦2]}

4}}}
𝐹2 = tanh{[max(2 √𝑘0.09𝜔𝑦 , 500𝜇𝜌𝑦2𝜔)]

2}

(2)

where 𝜇𝑡 is turbulent viscosity, 𝑆 is strain rate, and the
coefficients are as follows: 𝛼∗ = 1, 𝛼1 = 0.31, 𝛽∗ = 0.09,𝜎𝑘,1 = 1.176, 𝜎𝑘,2 = 1.0, 𝜎𝜔,1 = 2.0, 𝜎𝜔,2 = 1.168, 𝛽𝑖,1 = 0.075,𝛽𝑖,2 = 0.0828.
2.3. Calculation Method and Boundary Conditions. Three-
dimensional steady flow field of water turbine was solved
by the commercial software Star-ccm+. The computational

domain includes inlet section (stationary domain), outlet
section (stationary domain), and runner section (rotating
domain). Data between neighboring domains was trans-
mitted through interface. The reference coordinate system
for rotating domain is the rotating frame rotated about
the runner central axis and for stationary domain is the
lab reference frame. And the other setups for numerical
calculation are shown in Table 2.
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Figure 1: The original water turbine.

(a) (b)

(c) (d)

Figure 2: Water turbine meshes. (a) Three-dimensional meshes. (b) Radial cross-section meshes. (c) Local meshes of blade tip. (d) Local
meshes of blade outlet.
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Table 1: Grid independence analysis.

Mesh scheme 1 2 3 4 5
Grid number 378861 569762 1141389 2386757 4696273
Grid size/mm 6 4 2 1 0.5𝜂/% 36.03 35.01 34.32 34.02 33.87𝐻/m 12.56 12.32 11.97 11.95 11.96

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Figure 3: Schematic diagram of experimental apparatus. (1) Water supply pump; (2) motor; (3) electromagnetic flowmeter; (4) regulating
valve; (5) pressure gauge; (6) tested water turbine; (7) torque-revolution speed transducer; (8) magnetic powder brake; (9) measuring system.

Table 2: The primary setup for numerical calculation.

Space Three-dimensional
Time Steady
Material Liquid
Flow Segregated
Equation of state Constant density
Viscous regime Turbulent
Reynolds-averaged turbulence 𝐾-omega turbulence
Transition Turbulence suppression𝐾-omega wall treatment All 𝑦+ wall treatment
Gradient metrics Gradients

At the inlet boundary, the uniform inlet velocity (Vin) is
prescribed with the turbulence intensity (𝐼).

V𝑖𝑛 = 4𝑄in𝜋𝑑2in , (3)

where 𝑄in is inlet flow rate and 𝑑in is inlet pipe diameter.

𝐼 = 0.16Re−1/8 = 0.16 (𝜌V𝑑𝜇 )
−1/8 , (4)

where Re is Reynolds number, V equals Vin, and 𝑑 equals 𝑑in.
At the outlet boundary, the pressure outlet with the

relative static pressure of 0.3MPa according to the actual
working status and the turbulence intensity calculated by (4)

are fixed. At thewall boundary, a no-slip condition is imposed
with the roughness of 0.025mm.

3. Experimental Validation

The performance test of water turbine was conducted in
an open test rig as shown in Figure 3. The test apparatus
includes a water turbine, a water supply pump, a regulating
valve, a magnetic powder brake, a torque-revolution speed
transducer, an electromagnetic flowmeter, torque-rotational
speed measurer, and two pressure gauges.

The water supply pump absorbs water from the reservoir,
then, the water is pressured by pump and flows to the
water turbine as the pressured water. The water flow was
regulated by a valve, and its magnitude is measured by a
flowmeter installed between pump outlet and water turbine
inlet. The length of upstream pipeline of the flowmeter
is about ten times the pipe diameter, and the length of
downstream pipeline of the flowmeter is about five times
the pipe diameter. Pressure measurements were conducted
by pressure sensors installed at both the inlet and outlet
of the water turbine, and measuring positions were both
placed at the distance with double pipe diameter. The shaft
of water turbine, torque sensor, and magnetic powder brake
were connected by flexible coupling with the concentricity
less than 20𝜇m.

Comparisons between numerical simulation results and
test results are shown in Figure 4.Themaximumrelative error
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Figure 4: Comparisons between numerical simulation results and test results.

is less than 5%, which indicates a good agreement between
measured and calculated results. The efficiency curves of
the original water turbine under different rotating speed
conditions show that the performance in low rotation speed
is lower than in high rotation speed, with the increase of
rotation speed, themaximum efficiency running pointmoves
towards the direction of high flow, and the high efficiency area
goes wider.

4. Results and Discussions

4.1. Orthogonal Experimental Design. The influential factors
of the water turbine runner were selected from all the
geometric parameters, and each factor contained three levels,
as shown in Table 3.

The orthogonal experiment is supposed to present a
new type water turbine runner with the high hydraulic
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Table 3: Factors and levels of orthogonal experiment.

Level

Factor

Number of blades𝑍 Blade tip clearance𝛿 Width of blade𝑏 Inlet blade angle𝛽𝑝
Blade outlet
diameter𝐷2

Inclination angle of
blade outlet𝛾2

1 10 7 26 155 65 50
2 12 5 28 145 72 60
3 14 2 31 135 80 70

Table 4: Orthogonal experiment schemes.

Number A/𝑍 B/𝛿 C/𝑏 D/𝛼1 E/𝐷2 F G/𝛾2
(1) A1 (10) B1 (7) C1 (26) D1 (155) E1 (65) F1 G1 (50)
(2) A1 B2 (5) C2 (28) D2 (145) E2 (72) F2 G2 (60)
(3) A1 B3 (2) C3 (31) D3 (135) E3 (80) F3 G3 (70)
(4) A2 (12) B1 C1 D2 E2 F3 G3
(5) A2 B2 C2 D3 E3 F1 G1
(6) A2 B3 C3 D1 E1 F2 G2
(7) A3 (14) B1 C2 D1 E3 F2 G3
(8) A3 B2 C3 D2 E1 F3 G1
(9) A3 B3 C1 D3 E2 F1 G2
(10) A1 B1 C3 D3 E2 F2 G1
(11) A1 B2 C1 D1 E3 F3 G2
(12) A1 B3 C2 D2 E1 F1 G3
(13) A2 B1 C2 D3 E1 F3 G2
(14) A2 B2 C3 D1 E2 F1 G3
(15) A2 B3 C1 D2 E3 F2 G1
(16) A3 B1 C3 D2 E3 F1 G2
(17) A3 B2 C1 D3 E1 F2 G3
(18) A3 B3 C2 D1 E2 F3 G1
Note. A is number of blades, B is blade tip clearance, C is width of blade, D is inlet blade angle, E is blade outlet diameter, F is vacancy, and G is inclination
angle of blade outlet.

performance.The efficiency (𝜂)was regarded as the indicator
to evaluate the hydraulic performance of water turbine.

𝜂 = 𝑃𝑠𝑃𝑤 × 100%, (5)

where 𝑃𝑠 is the shaft power (output power) (W) and 𝑃𝑤 is the
water power (input power) (W).

𝑃𝑤 = 𝜌𝑔𝑄𝐻,
𝑃𝑠 = 2𝜋𝑛𝑀60
𝐻 = Δ𝑝𝜌𝑔

(6)

where 𝜌 is the fluid density (kg/m3), 𝑔 is the gravitational
acceleration (9.8N/kg), 𝑛 is the rotational speed (rpm),𝑀 is
the runner torque (N⋅m), and Δ𝑝 is the pressure drop from
the inlet of water turbine to the outlet of water turbine (Pa).

The orthogonal array without considering interactions
requires six columns for six-factor analysis (three levels
for each factor) and at least one vacant column for error

analysis. The vacant column with no contributing factor can
well reflect the error induced by random chance, and it
takes effect in the subsequent statistical data analysis. The
vacant column (also called the error column) guarantees the
reliability of the experimental results. Thus, the orthogonal
array of L18(3

7) was determined in this study. The whole
experimental arrangement including 18 times is shown in
Table 4.

The performance of the water turbine is expected to keep
the high efficiency in common used conditions. Thus, all the
water turbine efficiencies in the low-flow condition (0.8𝑄𝑒),
the rated flow condition (1.0𝑄𝑒), and the high-flow condition
(1.2𝑄𝑒) were observed, as shown in Table 5.

4.2.Direct Analysis of theOrthogonal Experiment Results. The
direct analysis for the experimental results is to determine
the important order of all factors by means of the range
analysis.The range analysis in this study reveals the influence
extent for the efficiency of water turbine by comparisons
among mean values and range values in different factors.
Range analyses of orthogonal experiment results in three
operating conditions are shown in Table 6. 𝐾𝑚 is the sum of
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Table 5:Orthogonal experiment results at the rated rotational speed
(𝑛𝑒 = 700 r/min).

Number 0.8𝑄𝑒 1.0𝑄𝑒 1.2𝑄𝑒
(1) 34.52 34.92 35.45
(2) 30.89 31.46 31.13
(3) 29.63 30.39 30.22
(4) 35.80 36.32 37.26
(5) 25.30 26.91 27.77
(6) 37.87 39.10 38.98
(7) 31.69 32.74 32.94
(8) 34.58 35.46 35.36
(9) 34.61 35.30 35.22
(10) 29.96 30.46 30.46
(11) 28.23 29.48 29.47
(12) 35.68 35.85 35.19
(13) 35.56 36.49 36.56
(14) 37.81 39.27 39.68
(15) 28.13 30.36 31.32
(16) 32.90 33.55 33.38
(17) 34.64 35.42 36.18
(18) 31.39 31.77 31.58

efficiencies at the𝑚th level for a certain factor in one column,
and 𝑘𝑚 is the mean value of 𝐾𝑚. 𝑅 is the range for certain
factor in one column and can be calculated by (7) [26]. The
value of 𝑘𝑚 indicates that the 𝑚th level for a certain factor
is either a superior level or an inferior level, and the value
of 𝑅 indicates the changing amplitude of the water turbine
efficiency with the variation of levels for a certain factor. The
higher value of 𝑅 shows the greater effect on water turbine
efficiency. Therefore, the descending order of the 𝑅 value is
the important order of factors, as shown in Table 7.

𝑅 = max 𝑘𝑚 −min 𝑘𝑚. (7)

The range of vacant column means the limit of error; it is
used to estimate whether a factor has an effect on the water
turbine efficiency. The factor is an influential one if the range
of this factor is larger than the range of vacant column, while
the factor is an effect-free one if the range of this factor is less
than the range of vacant column and the range of this factor
is considered to be caused by experimental error.

As shown in Table 7, factor E (blade outlet diameter) is
the most important factor while factor B (blade tip clearance)
is the least important factor for the observed operating
conditions (0.8𝑄𝑒, 1.0𝑄𝑒, and 1.2𝑄𝑒). Factors G, C, and
D always have the significance relation that G > C > D.
Factor A presents different significance in different operating
conditions. It is a less important factor in low-flow operating
condition and a secondary important factor in both rated and
high-flow operating conditions.

The relations between efficiencies and factors are shown
in Figure 5. It clearly shows the effects of factor on the
efficiency of water turbine and the variation trend of the
efficiency with levels of factor.

28

31

34

37


(%

)

G
3

G
2

G
1F3F2F1E3E2E1D
3

D
2

D
1C3C2C1B3B2B1A
3

A
2

A
1

(a)

G
3

G
2

G
1F3F2F1E3E2E1D
3

D
2

D
1C3C2C1B3B2B1A
3

A
2

A
129

32

35

38


(%

)
(b)

G
3

G
2

G
1F3F2F1E3E2E1D
3

D
2

D
1C3C2C1B3B2B1A
3

A
2

A
129

32

35

38


(%
)

(c)

Figure 5: Relations between efficiencies and factors. (a) 0.8𝑄𝑒; (b)
1.0𝑄𝑒; (c) 1.2𝑄𝑒.

The factors show the nearly same change rules in low-
flow operating condition (0.8𝑄𝑒), rated operating condition
(1.0𝑄𝑒), and high-flow operating condition (1.2𝑄𝑒).

For factor A, the efficiency of level A2 is the highest, and
the efficiency of level A3 is slightly less than that of level A2,
while the efficiency of level A1 is obviously lower than that
of level A2 and level A3. For factor B, the efficiency of level
B1 is the highest, followed by that of level B3 and level B2,
but the differences among them are quite modest. For factor
C, the efficiency of level C3 is the highest, and the efficiency
of level C1 is little higher than that of level A2. For factor
D, the efficiency of level D1 is the highest, and efficiencies of
levels D1, D2, and D3 decrease in sequence. For factor E, the
efficiency of level E1 is the highest, and efficiencies of levels
E1, E2, and E3 descend in turn with the largest change range.
Factor F is vacant. For factor G, the calculated efficiency of
level G3 is the highest, and efficiencies of levelsG1, G2, andG3
increase in sequence, with the second largest change range.
The level with the highest efficiency for each factor (A2, B1,
C3, D1, E1, and G3) can be combined to structure a newwater
turbine with the better performance.
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Table 6: Range analyses of orthogonal experiment results.

0.8𝑄𝑒

𝐾1 188.90 200.42 195.93 201.51 212.84 200.82 183.88𝐾2 200.45 191.44 190.50 197.97 200.46 193.17 200.06𝐾3 199.82 197.31 202.74 189.69 175.87 195.18 205.23𝑘1 31.48 33.40 32.65 33.58 35.47 33.47 30.65𝑘2 33.41 31.91 31.75 32.99 33.41 32.19 33.34𝑘3 33.30 32.88 33.79 31.62 29.31 32.53 34.21𝑅 1.93 1.50 2.04 1.97 6.16 1.28 3.56

1.0𝑄𝑒

𝐾1 192.56 204.48 201.80 207.28 217.23 205.79 189.87𝐾2 208.46 198.00 195.22 203.00 204.57 199.54 205.38𝐾3 204.23 202.76 208.22 194.97 183.44 199.91 210.00𝑘1 32.09 34.08 33.63 34.55 36.21 34.30 31.65𝑘2 34.74 33.00 32.54 33.83 34.09 33.26 34.23𝑘3 34.04 33.79 34.70 32.49 30.57 33.32 35.00𝑅 2.65 1.08 2.17 2.05 5.63 1.04 3.35

1.2𝑄𝑒

𝐾1 191.91 206.05 204.89 208.09 217.71 206.69 191.94𝐾2 211.58 199.58 195.16 203.64 205.33 201.00 204.73𝐾3 204.65 202.50 208.08 196.40 185.10 200.45 211.46𝑘1 31.98 34.34 34.15 34.68 36.28 34.45 31.99𝑘2 35.26 33.26 32.53 33.94 34.22 33.50 34.12𝑘3 34.11 33.75 34.68 32.73 30.85 33.41 35.24𝑅 3.28 1.08 2.15 1.95 5.43 1.04 3.25

Table 7: Important order of factors.

Operating condition Major→minor
0.8𝑄𝑒 E G C D A B
1.0𝑄𝑒 E A G C D B
1.2𝑄𝑒 E A G C D B

In comparison to the change range of factor F (vacancy),
factor B has basically the same change range, all the factors A,
C, andDhave slightly larger change ranges, and both factors E
and G have significantly larger change ranges. Therefore, the
effect of factor B on water turbine efficiency can be neglected,
while the effect of other factors on the efficiency should be
further investigated.

4.3. Variance Analysis of the Orthogonal Experiment Results.
The range analysis is simple and convenient, but it does not
consider the influence of experimental error on experimental
indicator and not calculate the magnitude of experimen-
tal error. Thus, it is unable to distinguish the change of
experimental indicator resulting from factors various and
experimental error. Moreover, the range analysis is incapable
of not only precisely calculating the effect degree of factors on
experimental indicator, but also determining the significance
of each factor as a standard. Therefore, the variation analysis
needs to be added to determine the significance of each factor.

The variation analysis for experimental results is to
analyze the significance of each factor by comparing value
of 𝐹 and critical value of 𝐹. 𝐹 is calculated from the sum of
squares and the degree of freedom. The value of 𝐹 is used to
show that the effect of a factor on the efficiency is less than

that of experimental error if the value of 𝐹 is less than 1. The
variation analysis process [26] is as follows.

(1) Calculation for the Sum of Squares

(a) The Sum of Squares for Total. The sum of squares for total(𝑆𝑇) is defined as

𝑆𝑇 = 𝑛∑
𝑘=1

𝑥2𝑘 − 1𝑛 (
𝑛∑
𝑘=1

𝑥𝑘)
2 . (8)

𝑆𝑇 resulting from variation of factor levels and experimental
error shows the variation degree of the efficiency with
different parameter combinations.

(b) The Sum of Squares for Factor. The sum of squares for
factor is collectively named 𝑆𝑓 (𝑓 = A to G), then the sum
of squares for factor A is defined as

𝑆A = 13
3∑
𝑖=1

( 𝑎∑
𝑗=1

x𝑖𝑗)
2

− 1
n
( 3∑
𝑖=1

𝑎∑
𝑗=1

x𝑖𝑗)
2

(𝑖 = 1, 2, 3, 𝑗 = 1 ⋅ ⋅ ⋅ 𝑎) ,
(9)

where 𝑥𝑖𝑗 is the experimental efficiency for factor A with the𝑖th level and the 𝑗th experiment. 𝑆A shows the change of the
efficiency with varying levels for factor A. Sums of squares for
other factors are calculated by the same way.

(c) The Sum of Squares for Error.The sum of squares for error(𝑆𝑒) is defined as

𝑆𝑒 = 𝑆𝑇 −∑𝑆𝑓, (10)

where ∑𝑆𝑓 is the sum of squares for all factors.
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Table 8: Variance analyses in the working condition of 0.8𝑄𝑒.
Source of
variation

Sum of
squares

Degree of
freedom Mean square 𝐹 Critical value Significance

(relative)
A 14.06 2 7.03 4.90

𝐹0.10(2, 5) = 3.78𝐹0.05(2, 5) = 5.79𝐹0.01(2, 5) = 13.27

∗
B 6.93 2 3.47 2.42
C 12.54 2 6.27 4.37 ∗
D 12.25 2 6.13 4.27 ∗
E 118.01 2 59.00 41.16 ∗ ∗ ∗
G 41.38 2 20.69 14.43 ∗ ∗ ∗
Error 5.24 5 1.05
Total 210.41 17
Note. ∗ ∗ ∗means significant effect and ∗means slight effect.

Table 9: Variance analyses in the working condition of 1.0𝑄𝑒.
Source of
variation

Sum of
squares

Degree of
freedom Mean square 𝐹 Critical value Significance

(relative)
A 22.61 2.00 11.30 7.12

𝐹0.10(2, 5) = 3.78𝐹0.05(2, 5) = 5.79𝐹0.01(2, 5) = 13.27

∗∗
B 3.76 2.00 1.88 1.18
C 14.09 2.00 7.05 4.44 ∗
D 13.01 2.00 6.51 4.10 ∗
E 97.14 2.00 48.57 30.61 ∗ ∗ ∗
G 37.05 2.00 18.52 11.67 ∗∗
Error 4.10 5 0.82
Total 191.76 17
Note. ∗ ∗ ∗means significant effect, ∗∗means visible effect, and ∗means slight effect.

(2) Calculation for the Degree of Freedom. The total degree of
freedom is 𝑓𝑇 defined as 𝑓𝑇 = 𝑛 − 1 = 18 − 1 = 17, where 𝑛 is
the total number of experiments. The degree of freedom for
factor is collectively named 𝑓𝑓 (subscript 𝑓 = A to G). Take,
for example, the degree of freedom for factor A,𝑓A = 𝑛A−1 =3 − 1 = 2, where 𝑛A is the number of levels for factor A. The
degree of freedom for experimental error is 𝑓𝑒 calculated by
the total degree of freedom minus degrees of freedom for all
factors, that is, 𝑓𝑒 = 𝑓𝑇 − 𝑓A − 𝑓B − 𝑓C − 𝑓D − 𝑓E − 𝑓G =17 − 2 − 2 − 2 − 2 − 2 − 2 − 2 = 5.
(3) Calculation for the Mean Square Value. The sum of
squares for factor (𝑆𝑓) affected by the number of additive
data does not accurately reflect the influence of each factor.
Therefore, the mean value of the sum of squares is needed
to be calculated. The definitions for both the mean square
value of factor (𝑀𝑆𝑓) and the mean square value of error(𝑀𝑆𝑒) are given in the same way, respectively, and defined as𝑀𝑆𝑓 = 𝑆𝑓/𝑓𝑓,𝑀𝑆𝑒 = 𝑆𝑒/𝑓𝑒.
(4) Calculation for Value of 𝐹. The value of 𝐹 shows the effect
degree of each factor on the efficiency, which is defined as

𝐹 = 𝑀𝑆𝑓𝑀𝑆𝑒 . (11)

(5) Significance Test for Factors. Variation analyses in the
working condition of 0.8𝑄𝑒, 1.0𝑄𝑒, and 1.2𝑄𝑒 using the above

method are shown in Tables 8–10. In the working condition
of 0.8𝑄𝑒, factors E and G have significant effects on the result,
while factors A, C, and D have slight effects on the result.
In the working condition of 1.0𝑄𝑒, factor E has significant
effects on the result, and factors A and G also have visible
effects on the result, while factors C and D have slight effects
on the result. In the working condition of 1.2𝑄𝑒, factor E has
significant effects on the result, and factor G also has visible
effects on the result, while factors A, C, and D have slight
effects on the result.

The effect degree of each factor onwater turbine efficiency
is, in order, E, G, A, C, D, B, which has basically consistent
tendency with the result of the range analysis. Therefore,
the water turbine with the optimal parameter combination
resulting from the range analysis is receivable.

4.4. Flow Field Analysis. The internal flow analysis was con-
ducted to reveal the principle of performance improvement
by comparing the optimized and original water turbines.The
runner of the optimized water turbine wasmodeled as shown
in Figure 6.

The velocity distribution in mid-axial section of water
turbine is shown in Figure 7. Both the velocities around blade
outlet and draft tube wall of the optimized water turbine
are lower than those of the original. The optimized water
turbine just presents slight higher velocity in draft tube inlet.
It indicates that the optimized water turbine has the ability to
transform more kinetic energy to pressure energy.
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Table 10: Variance analyses in the working condition of 1.2𝑄𝑒.
Source of
variation

Sum of
squares

Degree of
freedom Mean square 𝐹 Critical value Significance

(relative)
A 33.19 2.00 16.59 11.08

𝐹0.10(2, 5) = 3.78𝐹0.05(2, 5) = 5.79𝐹0.01(2, 5) = 13.27

∗
B 3.50 2.00 1.75 1.17
C 15.11 2.00 7.55 5.05 ∗
D 11.61 2.00 5.80 3.88 ∗
E 90.32 2.00 45.16 30.17 ∗ ∗ ∗
G 32.78 2.00 16.39 10.95 ∗∗
Error 3.98 5 0.80
Total 190.48 17
Note. ∗ ∗ ∗means significant effect, ∗∗means visible effect, and ∗means slight effect.

Figure 6: Runner of optimized water turbine.
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Figure 7: Velocity distribution in mid-axial section of water turbine.

The pressure distribution in radial mid-span section of
water turbine is shown in Figure 8. The pressure distribution
in radial mid-span section of the optimized water turbine
is more evenly than that of the original. The high pressure
region around blade tip circumference of the optimizedwater
turbine is narrower than that of the original.

The pressure distribution in mid-axial section of water
turbine is presented in Figure 9.The pressure in inlet circle of
the runner for the optimized water turbine is obviously lower
than that for the original, while the pressure in draft tube
inlet of the optimized water turbine is visibly higher than that
for the original. It indicates that the pressure energy rallies
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Figure 8: Pressure distribution in radial mid-span section of water turbine.
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Figure 9: Pressure distribution in mid-axial section of water turbine.
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Figure 10: Vortex structure in draft tube.

substantially in draft tube for the optimized water turbine,
and the low pressure region in the inlet of draft tube for the
original tends to induce the vortex.

The method of 𝑄-Criterion is used to detect vortices
considering that the pressure distribution is unable to visually

display the vortex. The 𝑄 is the second invariant of the
velocity gradient tensor. The vortex structure in draft tube
with the level of 0.04𝑄 is shown in Figure 10.The vortex zone
for the original almost occupies the whole bend section of the
draft tube and extends even longer in helicalmanner.Theflow
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Figure 11: Force on working surface of runner. (a) Force on working surface of original. (b) Force on working surface of optimized runner.
(c) Comparisons of force on working surface.

structure with the large volume of the vortex likely induces
the vibration of the draft tube. However, for the optimized
water turbine, the vortex just takes up half of the bend section
of draft tube and has fully developed before going across
the bend section. This behavior makes for improving flow
characteristics in the draft tube and diminishes the vibration
induced by the unsteady flows.

The load distribution on the working surface of runner is
presented in Figure 11. Larger forces on the working surface

for both the optimized water turbine and the original con-
centrate on the blade tip and blade lower-middle part, but the
force magnitude of the optimized turbine is obviously larger
than that of the original. In the rated flow, the maximum
force on the working surface for the optimized turbine is 59%
higher than that for the original, and the resultant force on the
working surface for the optimized turbine is 11% higher than
that for the original. The larger blade load generates greater
rotating torque for the runner. Thus the optimized turbine is
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Figure 12: Torques on working surface and runner.

capable of delivering greater torque than the original. Torques
on theworking surface and the runner are shown in Figure 12.
In the rated flow, the torque on the working surface of the
optimized turbine is 10% higher than that of the original,
and the torque on the optimized runner is 13% higher than
that of original. The greater torque indicates higher output of
water turbine. So the optimized water turbine delivers greater
output; that is, this turbine has the better performance.

4.5. Hydraulic Performance Analysis. The performance pre-
dictions of the original and the optimized water turbine for
the rotational speed ranging from 500 rpm to 900 rpm are
shown in Figure 13. The efficiency of the optimized water
turbine at the rated condition with the rotational speed
of 700 rpm and the flow rate of 17.5m3/h is 39.6%, which
is 5.8 percentage points higher than that of the original
(33.8%). Thus, the optimized water turbine has the obvious
performance improvement in the operating flow rate (from
15m3/h to 21m3/h).

5. Conclusion

In this work, the micro impulse water turbine with super-
low specific speedwas optimized to improve the performance
characteristics, based on the orthogonal array together with
the numerical calculation. The experiment for the original
water turbine was conducted in an open test rig. Its result has
a good agreement with the numerical simulations, which was
used to verify the accuracy of numerical methods.

Six main geometry parameters of the water turbine
runner, including number of blades 𝑍, blade tip clearance 𝛿,
width of blade 𝑏, inlet blade angle 𝛽𝑝, blade outlet diameter𝐷2, and inclination angle of blade outlet 𝛾2, were selected as
factors in orthogonal array. The efficiency of water turbine
was chosen as the experimental indicator in the process of

statistical analysis. Specifically, the range analysis presents
the variation trend of the factor with different levels and
the optimal combination of factors (A2, B1, C3, D1, E1, G3).
The variance analysis shows that the effect degree of each
factor on water turbine efficiency is, in order, E(𝐷2), G(𝛾2),
A(𝑍), C(𝑏), D(𝛽𝑝), B(𝛿), and factor B almost has no effect
on the water turbine efficiency. The variance analysis result
has a basically consistent tendency with the range analysis
result, so the optimal parameter combination calculated from
the statistical analysis is receivable to structure a new water
turbine with the better performance.

The internal flow characteristics and hydraulic perfor-
mance of the optimized water turbine were investigated by
comparing with the original. The pressure distribution in
the optimized water turbine is more evenly than that in the
original. The vortex in draft tube of the optimized water
turbine generated from the lower velocity near the blade
outlet and the higher pressure around the draft tube inlet is
smaller than that in the original. Moreover, the blade inlet
of the optimized water turbine has a larger curvature so that
the jet flow from the nozzle concentrates in the impacted area
of the blade. As a result, the runner torque of the optimized
water turbine was 13% higher than that of the original and
the water turbine efficiency was improved by 5.8 percentage
points at the rated operating condition.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the National Key Research and
Development Program (2016YFC0400202).



14 Mathematical Problems in Engineering

700 ＬＪＧ-original
700 ＬＪＧ-optimized

15 25 35 455
Q (Ｇ3·Ｂ−1)

10

15

20

25

30

35

40

45


(%
)

(a)

500 ＬＪＧ-original
600 ＬＪＧ-original

500 ＬＪＧ-optimized
600 ＬＪＧ-optimized

10

15

20

25

30

35

40

45


(%

)

15 25 35 455
Q (Ｇ3·Ｂ−1)

(b)

800 ＬＪＧ-original
900 ＬＪＧ-original

800 ＬＪＧ-optimized
900 ＬＪＧ-optimized

10

15

20

25

30

35

40

45


(%

)

15 25 35 455
Q (Ｇ3·Ｂ−1)

(c)

Figure 13: Performance curves of the water turbine. (a) Rated rotation speed condition. (b) Low rotation speed condition. (c) High rotation
speed condition.
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