University

of Glasgow

Li, H., Li, W., Zhang, X., Zhu, Y., Zuo, Z., Chen, H. and Yu, Z. (2022)
Performance and flow characteristics of the liquid turbine for supercritical
compressed air energy storage system. Applied Thermal Engineering, 211,
118491. (doi: 10.1016/j.applthermalenq.2022.118491)

The material cannot be used for any other purpose without further
permission of the publisher and is for private use only.

There may be differences between this version and the published version.
You are advised to consult the publisher’s version if you wish to cite from
it.

https://eprints.gla.ac.uk/269350/

Deposited on 19 April 2022

Enlighten — Research publications by members of the University of
Glasgow
http://eprints.gla.ac.uk



https://doi.org/10.1016/j.applthermaleng.2022.118491
https://eprints.gla.ac.uk/269350/
http://eprints.gla.ac.uk/

Performance and Flow Characteristics of the Liquid Turbine for
Supercritical Compressed Air Energy Storage System

Hongyang Li
E-mail: lihongyang0@126.com
Institute of Engineering Thermophysics, Chinese Academy of Science
University of Chinese Academy of Sciences

Wen Li
E-mail: liwen@iet.cn
Institute of Engineering Thermophysics, Chinese Academy of Sciences
University of Chinese Academy of Sciences

Xuehui Zhang
E-mail: zhangxuehui@iet.cn
Institute of Engineering Thermophysics, Chinese Academy of Sciences

Yangli Zhu
E-mail: zhuyangli@iet.cn
Institute of Engineering Thermophysics, Chinese Academy of Sciences

Zhitao Zuo
E-mail: zuozhitao@iet.cn

Institute of Engineering Thermophysics, Chinese Academy of Sciences

Haisheng Chen!
E-mail: chen_hs@mail.etp.ac.cn
Institute of Engineering Thermophysics, Chinese Academy of Science
University of Chinese Academy of Sciences
National Energy Large Scale Physical Energy Storage Technologies R&D Center of Bijie High-
tech Industrial Development Zone

Zhibin Yu
E-mail: Zhibin.Yu@glasgow.ac.uk
James Watt School of Engineering, University of Glasgow

Abstract

The liquid turbine can replace throttling valves during the depressurization process of high-

pressure liquid or supercritical fluid and improve the system efficiency of many industrial systems.

I Corresponding author.



However, there is no research about studying the internal flow and total pressure loss of liquid
turbines, which can affect the turbine performance significantly. In this paper, performance and flow
characteristics in a liquid turbine were analyzed for supercritical compressed air energy storage (SC-
CAES) systems in the first time. Three typical topology models (C1, C2 and C3) of the tested liquid
turbine were simulated and their performances were compared with experimental results. The
deviation of the turbine efficiency between C3 and the experiment is less than 2%, while C1 had a
constant increment of the turbine efficiency about 15.8% with the experiment. The total pressure
loss in each part was evaluated and the flow characteristics in the nozzle and the rotor were analyzed.
Nonuniform flow affected the nozzle’s total pressure loss significantly, while the rotor’s total
pressure loss was related to the development of low energy regions. The results obtained in this
paper provides guidance for optimizing liquid turbines and improving the turbine performance for
various industrial systems with throttling valves installed.

Keywords: Liquid turbine; CFD; Total pressure loss; Various rotational speeds; Supercritical

compressed air energy storage system

1 Introduction

The liquid turbine can replace throttle valves in industrial systems to recover the waste energy
of a high-pressure liquid or supercritical fluid and mitigate the vaporization in the depressurization
process [1]. The liquid turbine is a kind of liquid expanders which have been applied in various
industrial systems, such as liquefied natural gas systems [2,3], air separation systems [4,5], trans-
critical CO, refrigeration systems [6—11] and other refrigeration systems [12-14], supercritical
compressed air (SC-CAES) systems [1,15], and so on. The throttling valve equipped between the
heat exchanger and the cryogenic tank wastes the work of compressors. Guo et al. [16,17] argued
that the efficiency of the SC-CAES system with the liquid turbine could be improved by 10%. The
investigation of the liquid turbine’s flow characteristics is essential to the design and operation of
thermal systems with liquid turbines installed.

Liquid expanders can be classified mainly into two types, including the positive displacement
expander [18-20] and the liquid turbine. The positive displacement expander was preliminarily
applied in refrigeration systems, but its performance was limited by the friction and internal leakage
inside the expander. The liquid turbine was widely used in various systems and mainly included the
impulse type [12—-14,21,22] and the reaction type [5,23-27]. Elliot [12] studied experimentally the
performance of the single-stage and two-stages two-phase turbines with various two-phase fluids,
including nitrogen-water, R22 and steam-water. The output power of the single-stage turbine was
9.9 kW for nitrogen-water, 6.34 kW for R22 and 33.9 kW for steam-water, while the output power
of the two-stages turbine was 10.57 kW for nitrogen-water and the turbine efficiency was 50.7%.
Hays and Brasz used [22] air and water mixture to simulate the refrigerant for testing the
performance of an R134a turbine. Cho et al. [13] tested two-phase turbines with one nozzle and 29
blades using R134a and found that the total-to-static efficiency was 15.7% and the specific output
power was 0.4 kJ/kg. He et al. [14] measured a Pelton-type turbine with R410a as the working fluid
and the maximum isentropic efficiency was 32.8% and the maximum specific recovery work was
2.45 kl/kg.

The reaction type liquid turbine was designed and tested for liquefied natural gas [2,3], air
separation [4,5], refrigeration [24] and geothermal systems [25-27]. Patel and Kimmel [2] presented
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the characteristics of the liquid turbine under various working conditions, while Kimmel and
Cathery [28] introduced the principles of two-phase turbines. Date et al. [25,29] measured the
performance of a radial outflow two-phase turbine with the brine as the inflow and the gas-water as
the outflow, which was applied in geothermal systems. The maximum output power was about 1.33
kW and the isentropic efficiency was about 25%. Wang et al. [5] conducted the experiment of a
liquid turbine with liquid nitrogen as the working fluid and the maximum shaft power was about
2.2 kW, while Zhang et al. [24] tested another turbine with R22 as the working fluid and the peak
output power was about 100W. Li et al. [1] presented experimental performance of the liquid turbine
used in SC-CAES under various working conditions, while the output power was 30.44 kW and the
efficiency was 75.16% under the designed flow rate.

In recent years, CFD methods were used to predict the performance and study the
characteristics of liquid turbines. Zhao et al. [30] predicted the performance and carried out design
optimization of the liquid turbine. Li et al. [31] simulated internal flow in the liquid turbine with the
annular bend, the nozzle and the rotor, and analyzed the influences of the blade twist angle, the
radial gap and the nozzle vane stager angle on the performance of the turbine. Through CFD,
characteristics of cavitation in the liquid turbine were investigated numerically. He et al. [32]
presented steady and unsteady performance of the liquid turbine and used Zwart-Gerber-Belamri
model [33] to simulate the cryogenic cavitation. Song et al. [34-38] developed optimization
methods to design the geometry of the liquid turbine and suppress the cavitation. Wang et al. [39]
studied the influence of the impeller faring cone on cavitation. Sun et al. [23] added thermal and
turbulence effects into the Rayleigh-Plasset model. Li et al. [40,41] presented preliminary design
method of liquid turbines for SC-CAES and applied cavitation models to design the annular nozzle
used in multistage two-phase turbines. In addition to the cavitation, numerical simulation has also
been applied to predict the strength [42], the axial thrust [43] and rotor dynamics [44] of the liquid
turbine. Rane and He [45—48] carried out numerical models to simulate the flashing flow in a radial
outflow turbine for geothermal systems. Li et al. [26,27] proposed an inverse design for radial
outflow two-phase turbines in geothermal systems and presented performance evaluation methods
of the turbine based on the numerical simulation.

Based on previous research, it can be found that the liquid turbine can be the replacement of
the throttling valve in various systems and CFD methods are useful in studying the cavitation and
other performance of the liquid turbine. However, the flow characteristics of the liquid turbine have
not been investigated sufficiently. Firstly, total pressure loss of the liquid turbine has not been
analyzed. Secondly, the influence of the volute on the nonuniform flow in the nozzle and the rotor
has not been studied. Thirdly, influences of various topological models on the deviation between
the simulation and the experiment have not been clarified. These characteristics can not only affect
the performance of the liquid turbine, but also influence the operation and reliability of the system.
Thus, it is essential to present detailed investigation on the internal flow of the liquid turbine.

In this paper, the numerical method is applied to study the internal flow characteristics of the
liquid turbine for SC-CAES systems and validated with experimental results. Section 2 describes
the experiment and the simulation of the liquid turbine. Section 3 presents the performance of the
liquid turbine under various flow rates and rotational speeds. Section 4 discusses the total pressure
loss in each part and the flow characteristics in the nozzle and the rotor under various flow rates.
The comparison between the simplified simulation, the whole three-dimensional simuation and the
experiment and the performance analysis can help to guide the design and optimization of the liquid
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turbines.

2 System, experiment and numerical simulation

2.1 The SC-CAES

The flow chart of the SC-CAES is illustrated in Figure 1. During the charging phase, the air is
compressed to the supercritical state by the multi-stage compressors, which are driven by the motor
and the electrical power. The supercritical air is cooled in the cold storage/heat exchanger and the
state of the air is changed from the supercritical state to the liquid state. Then, the high-pressure
liquid air is depressurized by the valve and the low-pressure liquid air is stored in the cryogenic
storage tank. During the releasing phase, the liquid air is pressurized to the supercritical pressure
and pumped into the cold storage/heat exchanger by the cryopump. The high pressure air is heated
in the heat storage/heat exchanger and absorbs the heat of compression. Finally, the air is expanded
in the multi-stage expanders and produces the shaft power, which is converted into the electrical
power by the generator.

Atmosphere

Expand
Xpancer Cold storage/

heat exchanger

Generator

Cryopump

Industrial

waste heat Valve/

Liquid turbine

Cryogenic

Heat storage/
= storage tank

heat exchanger

Pollutant
Motor
Compressor

Atmosphere Atmosphere
Figure 1 Flow chart of SC-CAES[16]

In the charging process, the pressure of the high-pressure liquid is decreased by the valve.
However, both the energy and mass of liquid is wasted in the throttling process. The liquid turbine
can replace the valve and recover the energy and liquid. The inlet of the liquid turbine is high-
pressure liquid in this study.

2.2 Experiment

The liquid turbine is tested in another cycle, which was described by Li et al[l1]. For
convenience in testing, a model test method is used and the working fluid in the cycle is water. The
model test method for the liquid turbine was proposed by Li et al[41] to simplify the operation
conditions of the liquid turbine. The model test method contains two parts. The first part changes
the working fluid from the liquid nitrogen to the water and the rotational speed. The second part
alters the geometry of the turbine and working conditions. The performance of modelled turbines
performance agrees with the prototype if the flow rate is higher than 70% rated flow rate.

As shown in Figure 2(a), the liquid is stored in the liquid tank. The pressure of the liquid is
increased by the booster pump to the pressure above the inlet pressure of the liquid turbine. The
pressure is stabilized by the buffer vessel. The outflow separates into two ways. The dominated flow
rate enters the liquid turbine and is measured by flow meter 1. The other portion of the flow is
depressurized by the control valve 1, which can control slightly the flow rate of the liquid turbine.
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The outflow of the liquid turbine enters another buffer vessel. The outflow of the buffer vessel
separates into two ways. One way is for the circulation pump, which can circulate the major portion
of the flow. The other way is for the control valve 2, which can depressurize the flow into the
atmospheric pressure. The performance of the liquid turbine is measured by the pressure sensors at
the inlet and outlet of the turbine, as well as the torque sensor and the rotational speed sensor. The
rotational speed is controlled by the generator and the frequency converter. Figure 2(b) shows the
layout of the test section. The turbine has a vertical inlet and a horizontal outlet. The shaft of the
turbine is coupled to the shaft of an electrical dynamometer by an elastic coupling. The design
rotational speed of the turbine is 1550 rpm. The electrical dynamometer can convert the shaft power
of the turbine directly into the electric power and control the rotational speed by a frequency
converter. The torque of the turbine is measured by the torque sensor, while the accuracy is +0.5%.
The accuracy of the rotational speed sensor and its accuracy is £1 rpm.

|
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- > :
Liquid tank \ Turbine main body

Flow meter 1 Torque sensor

Booster pump Buffer vessel ‘Generator

=) L} ; Pressure sensor
g £ \
= b I
ad =3 =" z *
“ £ . - L £ T |~ '?-w-'—
E - -—I—-n
‘ © Liquid turbine
- ® "
-
rE—— 1
Control valve 2 Flow meter 2

Buffer vessel

(a) Flow chart

1 Rotation speed sensor

'S

2 Generator
3 Torque sensor
4 Liquid turbine
5 Qutlet section

(b) Test section
Figure 2 Flow chart and test section of the experiment

The geometry of the tested liquid turbine is shown in Figure 3(a). The volute (grey part) is a
type of collectors for its convenience in manufacturing and assembling. The nozzle (green part) has
25 blades and is covered by a nozzle plate (purple part). The rotor (gold part) has 19 blades and is
installed on the inner side of the nozzle and the nozzle plate. The outlet section (brown part) is
connected at the outlet of the rotor for convenience in the measurement. As shown in Figure 3(b),
the flow passages in the turbine include the volute, nozzle, rotor, interspace, Gap A, Gap B and
outlet. The dominated liquid flows from the volute, enters the nozzle and rotates the rotor. However,
there is also a fraction of flow leaking into Gap A and Gap B. The flow in Gap A not only produces
frictional power on the front plate, but also generates leakage loss through Seal A. The flow in Gap
B only produces frictional power on the backplate of the rotor, because the leakage through seal B
is blocked by the mechanical seal in the manufacture turbine. The detailed geometry of the liquid
turbine is listed in Table 1. The design inlet pressure is 1.4 MPa and the design outlet pressure is
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0.7 MPa.

Volute

(a) Geometry model (b) Flow direction
Figure 3 Model of the tested liquid turbine
Table 1 Configuration of the liquid turbine

Parameters Values

Inlet diameter of the nozzle 405.5 mm
Outlet diameter of the nozzle 319.0 mm
Inlet diameter of the rotor 308.9 mm
Inlet height of the rotor’s blade 9.6 mm

Outlet diameter of the rotor’s hub 72.9 mm
Outlet diameter of the rotor’s shroud 133.7 mm

2.3 Numerical simulation
2.3.1 Simulation configuration

In this paper, three regular kinds of computation domains are studied based on the structure of
the manufactured liquid turbine. The first one includes only the nozzle and the rotor and is used to
obtain the performance of the nozzle and the rotor. The second one includes the nozzle, the rotor
and the volute and can reflect the nonuniform flow caused by the volute and the performance of the
volute. The third one includes the whole flow passages in the turbine and can reflect not only the
performance of the nozzle, the rotor and the volute, but also the leakage through the seal and the
friction loss of the plate. Therefore, three geometrical models are constructed for the tested liquid
turbine: the single nozzle and rotor (C1); the volute and all nozzles and rotors (C2); the volute, all
nozzles and rotors, Gap A, Gap B and outlet section (C3), as shown in Figure 4(a), (b) and (c).

(a) C1 on the meridional plane  (b) C2 on the meridional plane (c) C3 on the meridional plane



Volute Gap B Volute

Nozzle
Nozzle

Qutlet section
Qutlet section

(d) C1in 3D space (e) C2in 3D space (f) C31in 3D space
Figure 4 Diagram of geometry models [15]
Volute [l Nozzie [0 Rotor |70 Gap A Gap B [l Outlet scetion

The corresponding 3D models are built as shown in Figure 4(d), (e) and (f). It should be noted
that a small computational domain for the interspace (clearance) is placed between the nozzle and
the rotor in C3. The inflow of the interspace comes from the outlet of the nozzle. Three are three
outlet boundaries, connecting the rotor, Gap A and Gap B.

The mesh of the nozzle and the rotor is structured and constructed in TurboGrid. The mesh of
the outlet section, Gap A and Gap B is also structured and generated in ICEM. The mesh of the
volute is unstructured and constructed in ICEM. The mesh sizes of the three models are different
and listed in Table 2. ANSYS CFX is used in the paper to simulate the flow in the turbine and
evaluate the turbine performance. The mass flow rate is given at the inlet boundary while the
pressure is given at the outlet boundary. The turbulence model is k-¢ model. The rotor’s interfaces
are connected to the nozzle and outlet section using the stage (mixing plane) method because the
stage method can reflect the total performance of the turbine during operation.

Table 2 Mesh size of the domain in different cases (Unit: Million)

Volute Nozzle Interspace Rotor GapA GapB Outlet Total
Cl1 - 1.0 - 0.5 - - 0.7 22
C2 8.6 8.9 - 8.0 - - 6.1 31.6
C3 8.6 9.2 2.4 8.9 5.4 4.5 4.0 429

2.3.2 Mesh independence
Before giving the simulation results of the turbine, the inaccuracy brought by the mesh size is
studied by comparing the performance of C1, which has different numbers of elements. The mesh

of the nozzle and rotor is illustrated in Figure 5.

Figure 5 Mesh of the nozzle and rotor

The turbine efficiency is defined as



n=— 100% (1)

(P~ P.)Q
where the numerator represents the real output power of the liquid turbine and the denominator
means the ideal output power of the liquid turbine. The mesh of different element numbers ranging
from 0.04 million to 2 million has been created. The turbine efficiency deviates from each other if
the element number is lower than 1 million, as shown in Figure 6. However, when the element is
higher than 1 million, the efficiency keeps about 89.8%. Thus, 1 million element number is

sufficient for the simulation of the turbine.
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Figure 6 The efficiency of the turbine with different element numbers

3 Results of the experiment and numerical simulation

3.1 Design rotational speed
Among the three models, one of the most differences in the performance results is the turbine
efficiency, which can be defined as the ratio between the shaft power and the ideal output energy.
The efficiency of the experiment and predicted C1, C2 and C3 at the design rotational speed is
illustrated in Figure 6. The predicted and experimental data are fitted using the second-order
Gaussian equation in MATLAB, which read as
2]

{22

where 7’ is the turbine efficiency and the coefficients a;, b1, ¢1, s, by ¢, are listed in Table 3.

r_
n'=ae +a,e

)

Table 3 Coefficients in the fitting equation for the efficiency

ap by Ci a by (&)

Experiment 73.27 70.08 46.41 15.56 39.93 19.15

C1 54.88 40.74 28.41 84.84 87.98 43.36
C2 54.38 74.19 44.80 43.67 40.87 34.79
C3 73.54 66.08 45.22 10.13 41.36 15.20

As shown in Figure 6, C3 agrees well with the experiment in the entire range of the flow rate
and the deviation of the efficiency between C3 and the experiment is less than 2%. The efficiency
deviation is the absolute reduction of the efficiency. The low efficiency deviation indicates that the
mathematical models, including the turbulence model, interface method and so on, can predict the
internal flow in the turbine with high accuracy. Both C1 and C2 have a large deviation from the
experiment. At the design flow rate 61 kg/s, the efficiency of the experiment, C1, C2 and C3 is
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75.2%, 90.6%, 79.4% and 74.3%, respectively. At the 50% flow rate, the efficiency of the
experiment, C1, C2 and C3 is 48.0%, 64.0%, 61.3% and 46.1%, respectively. When the flow rate is
lower than the design flow rate, the turbine efficiency of the experiment, C1 and C3 increases with
the flow rate. C1’s efficiency is higher than the experiment and the deviation of the efficiency Ay
between C1 and the experiment is 15.8% within the entire range of the flow rate. The deviation is
caused by the neglect of the nonuniform flow in the volute, the friction loss in the volute and on the
front and back plates of the rotor, and the leakage loss through the seal. At the 50% flow rate, the
deviation of the efficiency between C2 and the experiment is 13.2%. As the flow rate increases, the
deviation decreases. At the 110% flow rate, the deviation of the efficiency between C2 and the
experiment is 2.4%. The difference in the efficiency between C1 and C2 increases with the flow
rate. At the 50% flow rate, the difference in the efficiency between C1 and C2 is 2.8%, while the
difference is 12.8% at the 110% flow rate. The maximum efficiency point of C2 is at 90% of the
design flow rate, while the maximum efficiency point of the experiment, C1 and C3 is at 100% of
the design flow rate.
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Figure 6 Comparison between efficiencies from the simulation and the experiment

3.2 Various rotational speeds

The efficiency of C1 under various rotational speeds is predicted by using the CFD method
and illustrated in Figure 7(a). The predicted efficiency data is fitted using Equation (2). Figure 7(a)
indicates that there is a range of flow rate where the efficiency reaches the maximum and the range
increases with the rotational speed. The flow rate where the maximum efficiency reaches increases
with the rotational speed. The maximum efficiency under various rotational speeds varies between
89.7% and 90.9%.

Table 4 Coefficients in the fitting equation for the C1’s efficiency under various rotational speeds

Rotational speed a; by c a, b, )

620 rpm 36.25 20.11 34.60 58.85 51.85 94.55
775 rpm 17.18 32.75 2591 73.64 42.88 103.8
930 rpm 43.20 29.40 30.99 71.12 74.82 63.38
1085 rpm 45.42 33.25 30.52 75.43 80.20 58.32
1240 rpm 32.59 35.82 2491 83.65 76.90 58.56
1395 rpm 33.75 37.90 24.25 86.42 80.01 54.91
1550 rpm 54.88 40.74 28.41 84.84 87.98 43.36



1705 rpm 53.65 45.12 30.52 87.00 98.56 50.05

As shown in Figure 6, the C3’s efficiency agrees with the experiment better than the C1’s
efficiency at the design rotational speed. It implies that the accuracy of using the C3 model may be
still high under various rotational speeds. However, the mesh size of C3 is much larger than that of
C1 and the simulation of C3 costs much longer computational time than C1. Thus, in this paper, a
modified prediction method using C1 is used. At the design flow rate, the deviation of the efficiency
between C1 and the experiment remains almost the constant value Az (in this paper, Ay is 15.8%
obtained by Figure 6 and Figure 7(a)). The C1’s efficiency could be modified under various speeds
using Equation (3). The experimental data of the turbine efficiency under various rotational speeds
is illustrated in Figure 7(b). It can be found that using Equation (3) the modified C1’s efficiency
agrees with the experiment.

An=n'-7n" (€)
where 7' is the predicted C1’s efficiency, 7" is the experimental C3’s efficiency, and Az is the

efficiency reduction between the predicted C1’s efficiency and the experimental C3’s efficiency.
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4 Discussion

4.1 Total pressure loss

In the typical turbomachinery, there are several kinds of flow losses including the profile loss,
secondary loss, annulus loss and so on [49,50]. Empirical loss expressions have been built for
conventional turbines in the previous research [49,51]. Entropy analysis is another method to
characterize reflect the energy loss in the turbine [52]. In this paper, because the whole flow details
in the turbine are obtained using the simulation. Thus, the relative total pressure loss of each
component can be directed calculated as

‘ Fi _ Fi _ i
égz _ Zin out VVax x 100% (4)

The numerator in Equation (4) represents the net energy reduction in the component i. The energy
flux F is defined as

F'=PQ )

where P is the total pressure and Q is the volumetric flow rate. Using Equation (4), total pressure
loss of each C3’s component can be derived. The relationship between each part in C3’s model and
the tested turbine is illustrated in Figure 8(a). The inflow of the liquid turbine enters the volute and
the nozzle. The outflow of the nozzle flows into the interspace (clearance) between the nozzle and
the rotor, which exists in the assembled liquid turbine. There is flow loss in the interspace caused
by the mixing process of the nozzle’s outflow due to the trailing flow at the outlet of the nozzle. The
major portion of the interspace’s outflow enters the rotor, while the others go into Gap A and Gap
B. The outlet of Gap A connects to the outlet section, while Gap B is a closed chamber. The rotating
walls of Gap A are the front plate of the rotor, while the rotating walls of Gap B are the backplate
of the rotor.

Inflow of the liguid turbine 100

Volute

¥

Nozzle g
|::> Flow direction ~
3
InterSpace @ Rotational boundary z Turbine efﬁciency
i l g &5 Outlet section

g 5 GapB

GapA Rotor é S Gap A

s & Rotor

l 207 7 Interspace
75 Nozzle
Outlet section Volute
50 60 70 80 90 100 110
Outflow of the liquid turbine Flow rate (%)
(a) Relationship between different parts (b) Total pressure loss under various flow rates

Figure 8 Relationship between different parts and total pressure loss at the design rotational speed
As shown in Figure 8(b), at the design flow rate (100% flow rate), the relative total pressure
loss of the volute, nozzle, interspace, rotor, Gap A, Gap B and outlet section is 6.1%, 6.8%, 1.4%,
5.5%, 3.7%, 1.3% and 0.9%, respectively. The flow loss of the nozzle accounts for the largest
proportion among all parts at the 100% flow rate. In addition to the nozzle’s flow loss, the relative
total pressure loss of the volute and the rotor are larger than 5%. Gap A’s flow loss is mainly caused
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by leakage. At 50% flow rate, the relative total pressure loss of the volute, nozzle, interspace, rotor,
Gap A, Gap B and outlet section is 2.7%, 3.2%, 0.5%, 28.9%, 9.8%, 5.3% and 4.3%, respectively.
The rotor’s relative total pressure loss accounts for the largest proportion among all parts at the 50%
flow rate. Gap A’s relative total pressure loss accounts for the second-largest proportion and is
caused by the increment of the ratio between the leakage flow rate and the total flow rate. The Gap
B’s relative total pressure loss is also larger than 5%. The rotor’s relative total pressure loss increases
significantly as the flow rate decreases due to the increment of the incidence loss. Total pressure
loss of the nozzle and the volute decrease with the flow rate due to the reduction of the flow velocity.
Total pressure loss of Gap A and outlet section increase slightly as the flow rate decreases. Within
the entire range of the flow rate, the volute’s flow loss varies between 2.7% and 6.4%, the nozzle’s
flow rate varies between 3.2% and 7.4%, and the rotor’s relative total pressure loss varies between
5.2% and 28.9%. Gap B’s relative total pressure loss varies between 0.8% and 5.3%, while Gap A’s
relative total pressure loss varies between 3.3% and 9.8%. The outlet section’s relative total pressure
loss varies between 0.9% and 4.3% and the interspace’s relative total pressure loss varies between
0.5% and 1.6%.
4.2 Flow characteristics
4.2.1 Nozzle

The geometry of the volute is not axisymmetric, because there is an inlet port connected to the
inner wall of the volute, as shown in Figure 2(a), Figure 3(b) and Figure 4(f). The energy flux at
each channel of the nozzle is calculated to characterize the uniform flow. The individual passage of
the nozzle is covered by several surfaces, including the inlet, outlet, hub, shroud, the pressure side

and the suction side, as shown in Figure 9(a).
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Figure 9 Energy flux in the nozzle

The energy flux at the inlet can reflect the nonuniform flow rate and pressure distribution
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caused by the volute. The energy flux in the individual passage of the nozzle is illustrated in Figure
9(b). The energy flux at the inlet is different in each passage. Passage 13 and 14 face the inlet portion
of the volute, so the energy flux in the two passages is much higher than that in the other passages.
The fluctuation of the energy flux shows that the position of the inlet position significantly affects
the flow in the nozzle. At the 50% flow rate, the fluctuation of the energy flux is similar to that at
the 100% flow rate.
4.2.2 Rotor

The increment of the rotor’s relative total pressure loss with the reduction of the flow rate is
the largest compared with other components. The increment is caused by the incidence loss and the
intensification of the inlet vortex. Figure 10 shows contours of the relative velocity under various
flow rates at the design rotational speed on the blade to blade view. Because the liquid turbine is
designed with a negative incidence angle at the inlet of the rotor, a low-velocity region (S1) exists
near the pressure side of the blade. S1 extends from the pressure side towards the suction side and
streamwise towards the outlet as the flow rate decreases. At the 80% flow rate, S1 accounts for
about 50% of the passage’s area. At the 70% flow rate, there is another low-velocity region (S2) in
the middle of the downstream passage. At the 60% flow rate, S2 extends streamwise and attaches
to the suction side of the blade. At the 50% flow rate, S1 and S2 connect and the relative velocity
near the front of the suction side increases. It can be found that S1 is generated at the front of the
pressure side, but does not attach to the suction side, while S2 generates in the middle of the passage
and attaches to the suction side but does not attach to the pressure side.
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(c) 80% flow rate (d) 70% flow rate
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(e) 60% flow rate ® 50% flow rate

Figure 10 Contours of relative velocity on the mid-span plane at 100% rotational speed

Figure 11 shows contours of the relative velocity on ten planes along the streamwise direction
and can illustrate the development of the low-velocity region. The planes are distributed uniformly
from the front to the end of the rotor’s passage. The low-velocity region S1 in Figure 10(a) is larger
near the corners (L1 and L2) of the shroud and the hub, as shown in Figure 11(a). At the 100% flow
rate, the size of L1 is almost equal to that of L2. On P2, sizes of L1 and L2 are the largest and
decrease along the streamwise direction. As the flow rate decreases, sizes of L1 and L2 increase. At
the 90% flow rate, L1 is slightly larger than L2 on P2. At the 80% flow rate, L1 increases
significantly and extends towards L2 apparently on P3, P4 and P5. At the 70% flow rate, the low-
velocity region L3 is the integrated and further developed region of L1 and L2. L3 extends along
the streamwise direction and becomes the largest on P3. The size of L3 on P3 at the 70% flow rate
is larger than that on the 80% flow rate. At the 60% flow rate, the size of L3 reaches the largest on
P4 and the low-velocity region S2 becomes obvious on P9 and P10. At the 50% flow rate, the
velocity near the shroud and the hub is higher than the middle of the passage on P4. The low-velocity
core develops along the streamwise direction. It can be found that the wall effect of the shroud

significantly affects the development of the low-velocity region.
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Figure 11 Contours of relative velocity on various streamwise planes

5 Conclusion

The liquid turbine is an energy recovery device, which is a desirable replacement of the
throttling valve during the depressurization process in industrial systems. In this paper, the
performance and flow characteristics of the liquid turbine are analyzed based on experimental and
numerical results. Detailed conclusions include:

(1) The predicted performance of three computational domains (C1, C2 and C3) is compared with
the experimental results. The C3’s efficiency agrees with the experiment and the deviation
between C3 and the experiment is less than 2%.

(2) C1 has a constant deviation (about 15.8%) from the experiment at the design rotational speed
under various flow rates. Using the constant deviation, the modified predicted performance of
C1 agrees well with the experimental results under various rotational speeds.

(3) Asthe flow rate decreases, the rotor’s relative total pressure loss increases due to the increment
of the incidence loss in the rotor’s passage, while the nozzle’s relative total pressure loss
decreases due to the reduction of the velocity.

(4) The geometry of the velocity affects significantly the nonuniform flow in the nozzle. The
position of the inlet portion intensifies the energy flux. Under various flow rates, the energy
flux distribution in individual nozzle’s passage is similar, although the magnitude of the energy
flux decreases with the flow rate.

(5) The low-velocity regions develop in three-dimensional directions. The low-velocity region
starts from the suction side near the shroud and the hub. As the flow rate decrease, the wall
effect of the shroud becomes more and more significant along the streamwise direction.

The unsteady flow in the turbine will be studied in the future research through using frozen
rotor method and experimental data. The geometry of the nozzle and volute will be also optimized
in the future research.
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F Energy flux, W
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> won

Highlights

Geometrical models of liquid turbines affect the accuracy of predicted efficiency.
The model with a nozzle and a rotor predictes the efficiency with 15.8% error.
The total pressure loss of the rotor accounts for the largest portion among all parts.

The nonuniform flow in the nozzle and the rotor is significant at low flow rates.
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