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Abstract

An unsteady three-dimensional simulation based on Reynolds time-averaged governing equation and RNG k-¢
turbulence model, was presented for pump-as-turbine, the pressure fluctuation characteristic of hydraulic turbine with
guide vane was obtained. The results show that the time domains of pressure fluctuation in volute change periodically
and have identical cycles. In volute tongue and inlet pressure fluctuations are light, while in dynamic and static
coupling interface pressure fluctuations are serious; In impeller blade region the pressure fluctuation of pressure surface
are lighter than that of suction surface. The dominant frequencies of pressure fluctuation concentrate in low frequency
region, and concentrate within 2 times of the blade passing frequency.
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1. Introduction

In general pump-as-turbine is used to recover residual pressure energy of high pressure fluid, and has a high efficiency, so it
is applied widely in petrochemical engineering. desalination plant and ferrous metallurgy[1-6], etc. But this kind of hydraulic
turbine belongs to typical rotary machinery, the operating condition of which is very narrow, and vibration always appears. There
are three types of vibrations for hydraulic turbine: mechanical vibration. electromagnetic vibration and hydraulic vibration.
Mechanical vibration is caused by the mechanical design and manufacturing, while electromagnetic vibration is caused by the
vibration of motor, currently these two vibrations had been perfectly solved through active control technology[7-8]; Hydraulic
vibration is mainly caused by pressure fluctuation in hydraulic turbine, and pressure fluctuation is one of the key factors of
affecting the stability of turbine unit , so it is important to analyse the pressure fluctuation for the solution of hydraulic vibration.
Several research studies have indicated that the efficiency can be improved and the radial force can be reduced by adding guide
vane[9] , but the hydraulic vibration still exists, so the pressure fluctuation for hydraulic turbine with guide vane needs to be
studied to further understand the vibration problem. The research for the pressure fluctuation of hydraulic turbine with guide vane
is scarce, but the experiences of pressure fluctuation in centrifugal pumps and other hydraulic machineries can be used for
reference. A lot of research studies about pressure fluctuation for centrifugal pump and hydraulic turbine have been done by
researchers. Experiments [10-13]and numerical calculations[14-15] are the main method. In this paper, the hydraulic turbine with
guide vane in a chemical plant in operation is studied, an unsteady three-dimensional simulation based on Reynolds time-averaged
governing equations and RNG k-¢ turbulence model is presented for hydraulic turbine with guide vane, the pressure fluctuation
characteristic of which is obtained, and the theoretical basis for the stability of hydraulic turbine operation is provided.

2. Calculation model and monitoring position

Different from other hydraulic turbines, in this paper the hydraulic turbine model consists of three parts: volute. guide vane
and impeller. Under the design condition, the flow rate Q=63m’/h, the head H =81m, the speed n=2980r/min. The
performance parameter of turbine is shown in table 1. Figure 1 shows the position of points. There are totally 9 points
(P1. P2, P3. P4. P5. S1. D1. P6. P7): Pl is near the volute tongue, P2. P3. P4 and P5 are in the dynamic and static
coupling interface, S1 is selected in the inlet of turbine, D1 is near the impeller outlet; In addition, P6. P7 are respectively in
suction side and pressure side of the impeller.
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Table 1 main geometric parameters of hydraulic turbine

Impeller Guide vane
D, D, B, Z B B S Z; L Bs B
276 90 6 5 38 30 6 30 9 13

Fig.1 Monitoring points in the Hy_/d_réulic turbine with guide vanes
3.Numerical method

Currently both large eddy simulation and Reynolds time-averaged are adopted to deal with the problem of pressure fluctuation
for centrifugal pumps. By contrast, Reynolds time-averaged method has a low requirement on grid, computer and calculation
time[16-17], so in this paper Reynolds time-averaged and RNG K —& model are adopted, the unstructured grids are meshed, and
the grid independence is verified under steady state, the relation curve of grid number and efficiency is shown in Fig. 2, firstly the
efficiency increases rapidly with the grid number increases, and then increases slowly, when the grid number increases to 900000,
the change range of efficiency is less than 0.5%, so the grid number more than 900000 is more appropriate, the final grid number
is 1042502. The grids in computational region is shown in Fig. 3.
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Fig.2 relation curve of grid number and efficiency Fig.3 Grids in computational region

In the process of unsteady numerical simulation, sliding mesh technology is performed inside the static and dynamic
coupling interface of hydraulic turbine with guide vane, PISO algorithm is adopted for the simultaneous solution of the
momentum equation and continuity equation. Velocity condition is used for the inlet boundary condition, pressure condition is
used for the outlet boundary condition. Solid walls of hydraulic model include volute and guide vane, in which no slip boundary
condition is adopted. The calculation accuracy of convergence is 10, a complete calculation is done from inlet of volute to outlet
of impeller. The unsteady calculation is based on the steady calculation convergence. The time step of unsteady numerical
simulation is 2.013x10™s, and the angle of rotation of the impeller for each cycle is 360°, so every 100 time steps the impeller
rotates one circle. The impeller totally rotated five cycles during the process of unsteady calculation, and the data of the fifth circle
is adopted for analysis. The rotation speed of the hydraulic turbine is n=2980r / min, and the vane numbers of impeller is Z= 5, so
the frequency of rotation is f=49.67Hz, and the blade passing frequency ( product of the rotation frequency and blade numbers) is
f=248.35Hz.

4, Test

The test bench for hydraulic turbine is shown in Fig. 4. The accuracy of the numerical calculation is verified by experiment.
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Fig.4 Test bench for hydraulic turbine
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Figure 5 lists the comparison between experimental and numerical performance curves. As is shown in Fig. 5, the tendency of
hydraulic turbine’s numerical predicted performance curves agree well with that of experimental. Numerical predicted efficiency
and head are higher than those of experimental, the reason is that in numerical calculation the leakage loss through balancing
holes and mechanical loss caused by mechanical seal and bearings are not included. At the best efficiency point the relative error
of efficiency and head is 4.82% and 3.6% respectively, it is fully proved that RNG k-¢ turbulence model in the description of fully
developed turbulent flow has good applicability, so the numerical method can better predicts the performance of the hydraulic

turbine, can be used to calculates the pressure fluctuation of hydraulic turbine.
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Fig.5 Comparison between experimental and numerical performance curves

5. Results and analysis
5.1 Static pressure contour inside hydraulic turbine with guide vane

Take one impeller blade as a mark, and according to the blade passes through different position, a cycle(T )is divided into

five moments: t=1T [t =§T 't =§T 't =%T and tng , the static pressure contour in volute and guide vane at

different moment is shown in Fig.6. At different moment the internal pressure of hydraulic turbine with guide vane changes
1 2
obviously, and reduces gradually from inlet to outlet. Assuming that t = gT is the initial moment, so at the t = ET moment

the impeller blade passes the volute tongue, where the static pressure increases obviously and distributed uneven, even more, an
obvious high pressure area appears, the reason is that when the liquid impacts volute tongue the velocity of liquid reduced,which
leads the liquid gathered and a high presure area appeared around volute tongue. After the impeller blade goes away from volute

3 4
tongue, the static presure distribution gradually becomes even, and the presure distributes more even at t = ET and t= ET .

The hydraulic turbine with guide vane has rotated one circle at t = ET , and returns to the initial position.
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Fig.6 Static pressure contour in volute and guide vane at the different moment
5.2 Pressure fluctuation characteristics in inlet and outlet of the hydraulic turbine with guide vane

The time domain spectrums of monitoring points S1. D1 are shown respectively in Fig. 7 and Fig. 8. The abscissa represents
time in one cycle(the fifth rotating cycle is 0.082~0.10s), the ordinate represents static pressures. Totally four conditions are
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simulated:0.8Qe. Qe. 1.2Qe and 1.4Qe, Qe is the flow rate of the best efficiency point.
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Fig.7 Time-domain spectrums of monitor point S1 Fig.8 Time-domain spectrums of monitoring point D1

The static pressure differences of monitor points S1. D1 are shown in Table 2, and the static pressure differences is defined
asP :
P=P-AP 1)
P — the maximum instantaneous static pressure;
AP —the average static pressure.

Table 2 The static pressure differences of monitoring points S1. D1 (kpa)
Flow rate (Q/Qe) 0.8 1.0 1.2 1.4
s1 45.03 76 106.90 148.42
ressure
P D1 98 205 378 58.65

From Fig. 7 and Table 2: the pressure fluctuation in inlet of turbine is periodical, and becomes greater with the flow rate
increases. In 0.8Qe condition, the inlet pressure and pressure fluctuation are the smallest; Contrary in 1.4Qe condition, the inlet
pressure and corresponding pressure fluctuation are the biggest. From Table 2 and Fig.8: the pressure fluctuation in outlet
increases with the flow rate increases, the static pressure difference in optimal condition is 20.5Kpa. the pressure fluctuations is
relatively disordered in each fluctuation cycle, and tiny wave is found. The greater the flow rate, the more serious of the tiny
wave, the reason is that from inlet to outlet most of the pressure energy of liquid had been consumed, and in impeller outlet liquid
pressure greatly reduced, the liquid casted off the constraint of impeller. Compared with the value of inlet(45.03~148.42kpa),
the static pressure difference in outlet reduced greatly, which only is 9.8~58.65kpa.
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Fig.9 Frequency spectrums of monitoring point S1 Fig.10 Frequency spectrums of monitoring point D1

Figure 9 shows the corresponding frequency spectrums of S1, which is transformed from Fig.7 through FFT (Fast Fourier
Transform) . The abscissa represents frequency, the ordinate represents amplitude of pressure fluctuation. From Fig 9: the main
fluctuation frequencies of S1 are less than 40Hz, which is less than the frequency of rotation (f=49.67Hz). With different flow rate,
the pressure fluctuation amplitude is also different. The fluctuation amplitude in 1.0Qe condition is 447kpa, which is 1.25 times of
amplitude in 0.8Qe condition; The fluctuation amplitude in 1.4Qe condition is 712kpa, which is 1.6 times of amplitude in1.0Qe
condition, but all the main frequencies of different conditions are identical.

The frequency spectrums of monitoring point D1 are shown in Fig.10. The main frequency of pressure fluctuation concentrates
in low frequency region, in high frequency region which is smaller, and has little effects on the flow state of outlet. All the
frequencies of pressure fluctuation are less than rotating frequency.
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5.3 Pressure fluctuation characteristics of volute tongue, dynamic and static coupling interface

The static pressure differences of P1~P5 in volute tongue and static and dynamic coupling interface are shown in table 3. The
time-domain spectrums of P1~P5 under optimal condition are shown in Fig. 11.
Table 3 The static pressure differences of P1~P5 at the best efficiency (kpa)

Flow ratio (Q/Qe) 0.8 1.0 1.2 1.4
P1 48 77 101 137
P2 49 82 109 153

pressure P3 101 238 339 440
P4 48 67 93 120
P5 103 193 293 389
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Fig.11 Time-domain spectrums of P1~P5 at the best efficiency
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From table 3 and Fig. 11: the pressure fluctuation of each point is a periodic variation, and with a same cycle. P1 locates the
volute tongue, which is near the inlet, so the flow loss is the minimum, the static pressure is the maximum, and after FFT the
amplitude of pressure fluctuation is also the maximum, but the pressure fluctuation amplitude difference is lesser, so in volute
tongue the pressure fluctuation is minor, this result is in accord with reference [14]. The static pressure difference P1 is 7.2
percent of the average static pressure. Points P2~P5 are in the dynamic and static coupling interface, the static pressure difference
of P2 and P4 are smaller, but P3 and P5 are biggish. Among four points, the static pressure difference of P4 is the minimum,
which is 7.6 percent of the average static pressure, the static pressure difference of P3 is the maximum, which is 28.2 percent of
the average static pressure. In addition, during the process of pressure fluctuation changes with time, the pressure fluctuation
waveform of P2 and P4 are alike, P3 and P5 are alike, while they are just half cycle apart respectively.

600
— 400g
B3
©
L 2003
£
§
pt°
WA p2
N~ p4"“?1”nonitor
V\/\/\/—’\M/\/\/ps point

0 400 800 1200 1600 2000
frequency /Hz

Fig.12 Frequency spectrums of monitoring points P1~P5 at the best efficiency

The frequency spectrums of monitoring points P1~P5 are shown in Fig. 12. Major pressure fluctuation amplitudes are
concentrated in low frequency region, the main frequencies of each point are mainly low frequency. There are two obvious
frequencies within 400Hz: the first one is near the 1 time rotation frequency, the second is near the 1 time blade passing frequency.
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the frequencies of outside 400Hz have little effects on the pressure fluctuation, so the pressure fluctuations in dynamic and static
interference are mainly to low rotating frequencies and blade passing frequencies.

4.4 Pressure fluctuation characteristics in blade region

Table 4 The static pressure differences of monitoring points P6. P7(kpa)

Flow ratio (Q/Qe) 0.8 1.0 1.2 1.4

ressure P6 124.7 167.67 229.04 342.04
u

P P7 76.08 131.69 189.40 28552

The static pressure differences of monitor points P6. P7 in blade region are shown in Table 4. The static pressure difference

increases with the flow rate increases. For the same flow rate, the amplitude difference of P6 is greater than that of P7, and at the
best efficiency the static pressure difference of P6 is 1.27 times of P7.
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Fig.13 Time-domain sée)ctrums of monitoring point P6 in different (()p)erating conditions
Figure 13 and Fig. 14 respectively shows the time-domain spectrums and frequency spectrums of monitor points P6. The time-
domain spectrum of P6 is a sinusoidal variation, and two complete fluctuation periods are included in one rotation cycle, the
greater the flow rate, the greater the amplitude of pressure fluctuation. In 0.8Qe and Qe conditions, the maximum pressure
amplitudes appear near the 1 time of rotation frequency, while in 1.2Qe and 1.4Qe conditions which occur in the vicinity of the 1

time of blade passing frequency, so for small flow rate the pressure fluctuation frequencies are mainly to rotation frequecies, for
large flow rate the rotating frequencies and blade passing frequencies exist simultaneously.
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Fig.14 Frequency spectrums of monitoring point P6
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Fig.15. Time-doméir)1 spectrums of monitoring point P7 in different ope(ra)ting conditions

The time-domain spectrums and frequency spectrums of P7 are shown in Fig.15 and Fig.16. Time domain presents a periodic
change, two times pressure fluctuation appears in each fluctuation cycle, the greater the flow rate, the more obvious the two
times fluctuation, and the greater the amplitude difference of pressure fluctuation. The static pressure difference in 1.4Qe is 3.75
times of that in 0.8Qe. From Fig.16: the main frequencies of pressure fluctuation appear in the low frequency region, the
amplitude of main frequency increases with the flow rate increases. In different conditions the main frequencies are identical and
near the 1 time rotating frequency.
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Fig.16 Frequency spectrums of monitoring point P7

5. Conclusions

To hydraulic turbine with guide vane, because of its special technics, operating condition is narrow, so the pressure fluctuation
exists in any condition, and changes periodically. In volute tongue the pressure fluctuation is small, but in dynamic and static
coupling interface which is large. With different flow rate, the pressure fluctuation is also different, the greater the flow rate, the
more serious the pressure fluctuation. The main frequency for pressure fluctuation appears in low frequency region, in high
frequency region the pressure fluctuation is not obvious. In inlet and outlet the pressure fluctuation is small, less than 1 time of

rotation frequency. In impeller blade region the pressure fluctuation is biggish, and mainly to rotation frequency and blade
passing frequency, the pressure fluctuation of suction surface is greater than that of pressure surface.
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Nomenclature

D, Impeller inlet diameter[mm] D, Impeller outlet diameter [mm]
b, Impeller inlet width[mm] S Impeller inlet installing angle [°]
pl Impeller outlet installing angle [°] L Guide vane length[mm]

S Impeller thickness [mm] Ba Guide vane outlet angle[°]

B3 Guide vane inlet angle [° ] t Flow time[s]

Z; Impeller vane number f Frequency [Hz]

Z, Impeller vane number T Cycle
H Head[m] n Efficiency[%]
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