University
of Glasgow

Li, H., Rane, S., Yu, Z. and Yu, G. (2021) An inverse mean-line design method for
optimizing radial outflow two-phase turbines in geothermal systems renewable
energy. Renewable Energy, 168, pp. 463-490.

(doi: 10.1016/j.renene.2020.12.079)

This is the Author Accepted Manuscript.

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/227268/

Deposited on: 18 December 2020

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



http://dx.doi.org/10.1016/j.renene.2020.12.079
https://eprints.gla.ac.uk/227268/
http://eprints.gla.ac.uk/

~ o OB~ W

©

11

12
13
14

15
16
17
18

19

20
21
22
23
24
25
26
27
28
29
30
31
32

An Inverse Mean-Line Design Method for Optimizing Radial Outflow
Two-phase Turbines in Geothermal Systems

Hongyang Li
E-mail: Hongyang.Li@glasgow.ac.uk
James Watt School of Engineering, University of Glasgow
Glasgow G12 8QQ, UK

Sham Rane
E-mail: sham.rane@eng.ox.ac.uk
Department of Engineering Science, University of Oxford
Oxford OX2 OES

Zhibin Yu’

E-mail: Zhibin.Yu@glasgow.ac.uk
James Watt School of Engineering, University of Glasgow
Glasgow G12 8QQ, UK

Guopeng Yu
E-mail: Guopeng.Yu@glasgow.ac.uk
James Watt School of Engineering, University of Glasgow
Glasgow G12 8QQ, UK

Abstract

Radial outflow two-phase turbine (ROTPT) is an impulse two-phase turbine used for total flow
systems in applications like geothermal fields to utilize the two-phase geofluid energy effectively. This
paper presented a one-dimensional nonequilibrium inverse mean-line design method of ROTPT. With
prescribed pressure and blade angle distributions, the averaged geometry and flow parameters in the
rotating impeller channels were derived along the flow direction, the pressure distribution was
formulated on the pressure side (PS) and the suction side (SS), and performance parameters were
deduced in the implementation of the presented algorithm, including torque, output power, efficiency,
etc. By using the design method, a ROTPT for a geothermal system was constructed. The flow field
of the ROTPT was simulated in CFX using the thermal phase change model, which was validated by
experimental results. By evaluating the averaged distribution and examining the three-dimensional
flow, it was suggested that the presented design was consistent with the averaged flow in ROTPT.
Meanwhile, there were three-dimensional effects in the rotating channel causing the deviation between
the design and CFD results. This paper provides a nonequilibrium solver for designing ROTPTs but
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also can bolster the development of two-phase flow with the phase change in curved rotating channels.

Keywords: Total flow systems; Inverse design; Mean-line method; Flashing flow; Multiphase flow
numerical simulation; Radial outflow two-phase turbine.

1 Introduction

Two-phase geofluid energy vastly exists and is under-utilized in many geothermal fields.
Effective thermal to power conversion in these areas is of great significance for sustainable energy
development. Based on the ‘total-flow’ concept, two-phase turbine (TPT) is expected to provide a
more efficient and economically competitive solution for geothermal energy utilization. Analogously,
it can increase the efficiency for many systems such as geothermal system[1], LNG system[2],
refrigeration system[3], supercritical compressed-air energy system[4], etc.

The previous research on TPTs was mainly concentrated on the two-phase impulse turbine (TPIT)
and the two-phase reaction turbine (TPRT). For TPITs, the entire depressurization process is inside
the nozzle or the stator. The two-phase mixture flow issued from the nozzle drives the impeller to
rotate and generate shaft power. Because the flow rate is generally limited in relevant systems, partial
admission is adopted in TPITs frequently. Several researchers, including Starkman et al.[5], Brown[6],
Neusen[7], and Maneely[8], compared the performance of different models including isentropic
homogenous equilibrium (IHE) model, slip flow model and frozen composition model in predicting
the critical flow rate of converging-diverging nozzles for the low quality steam. Austin et al.[1] took
the Salton Sea geothermal area as the case and proposed a total flow system in which a TPIT converted
the energy from the hot brine to the shaft power directly. With TPIT, the total flow system was with
60% better efficiency than the flashed system and binary cycle system[9]. Alger[10] studied the
performance of nozzles used in TPIT for the total flow system and suggested IHE was a reasonably
accurate tool for design and performance predictions. Comfort 11 el al.[11-13] studied the selection,
the design method and the performance analysis of TPIT for the total flow system and the efficiency
of the turbine was 23%. Elliott[14] presented comprehensive studies on the design method and
experiment on the single-stage and the multi-stage TPIT with various working fluids. Hays et al.[15]
described a one-dimensional code for designing an R134a TPIT. The maximum efficiency was 65%,
but the stagnation loss limited the accuracy of the performance analysis method. Hays et al. [16]
reported the TPIT used in a chiller system in Manhattan. The output power of the turbine was 54 kW,
and the rotational speed was 1800 rpm. Brasz[17] stated that the ratio of the nozzle spouting velocity
to the rotor speed affected the performance of a R134a TPIT significantly. Cho et a.[3] presented the
design and experiment on a TPIT with supersonic nozzles for the chiller system. The maximum
efficiency was 15.8% and the output power was 32.7 kW. He et al.[18] presented twin arc blade
impeller for a Pelton type TPIT using R410a as the working fluid. Experimental results showed that
the peak efficiency was 32.8% and the maximum rotational speed was 26500 rpm. Beucher et al.[19]
studied the friction loss formula for the Pelton type TPIT through experiment and CFD. Araj et al.[20]
presented another Pelton type TPIT with 5 nozzles and 24 buckets with finite element method (FEM).
Hays and Elliott[21] proposed the patent for two-phase engine used in vehicles. Studhalter et al.[22]
reported the Biophase TPIT used in a geothermal system could increase 20% output power compared
with the single flash TPIT.

For TPRTs, there are two configurations based on the structure of the turbine studied in the
previous literature, including the radial inflow two-phase turbine (RITPT) and the radial outflow two-
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phase turbine (ROTPT). For RITPTs, Zhang et al.[23] constructed a prototype with six stators and
eleven rotors using R22 as the working fluid in the subcritical refrigeration system. The efficiency of
the turbine was 10.4% and the rotational speed was 3200 rpm. Traditional design methods and
parameters of radial inflow turbines for pure gas or pure liquid are not suitable for RITPT.

For ROTPTSs, they are also called as the Hero’s turbine or the pure reaction two-phase turbine in
previous studies. Akagawa et al.[24] tested a ROTPT with three channels in a 200 mm impeller
diameter and found that the loss of the two-phase flow channel was larger than the single-phase flow.
Akagawa et al.[25] and Ohta et al.[26] carried out experimental investigation and the performance
analysis on the nozzle which could work as the channel used in ROTPTs. Fuijii et al.[27] developed an
expression of internal efficiency of the ROTOT used in the total flow system. Zhao et al.[28] and Date
el al.[29] designed and tested ROTPTs used in the solar power system based on the patent proposed
by Fabris[30]. A two-step method was put forward for designing the channel based on IHE model and
experimental results. The turbine efficiency was 25% under the condition of the maximum output
power. Rane et al.[31-34] validated mathematical models on BNL nozzle[35,36] and ROTPT[28]
through comparison between CFD and experimental results. Optimal model and model parameters
were obtained for ROTPTs in CFX software. Compared to TPITs, the impeller of ROTPT has
advantages of simple structure and moderate cost. Based on the previous studies on two-phase flow in
stationary nozzles[37-39], single-phase flow in rotating channels[40] and multiphase flow models
with CFD[31,41], ROTPT has a great prospect of applications in the energy recovery and geothermal
systems.

Mathematical models describing the vaporization mainly include analysis model for
turbomahcinery[42,43], evaporation-condensation model[44], cavitation model[45,46], wall boiling
model[47], flashing model[48,49] and so on. Karathanassis et al.[50] simulated the flashing flow in
the Moby Dick nozzle using both the cavitation model and the flashing model, and stated that the
cavitation and the flashing are of different nature. Because driving forces of the vaporization in
ROTPT are mainly the depressurization of the fluid and the heat transfer between two phases, the
flashing model is suitable to describe the formation and the development of the vapour in the channels
of ROTPT.

Previous numerical studies on the flashing flow in convergent-divergent nozzles have introduced
various reliable numerical models. Le et al.[51] compared the numerical simulation using ad hoc
modelling of the boiling delay with experimental results of BNL nozzles. Angielczyk et al.[52]
presented the enhanced Possible-Impossible Flow algorithm to predict the flashing flow of CO- in the
two-phase ejector and found that the conventional Delayed Equilibrium Model (DEM) for water is not
suitable for the flashing of CO,. Gértner et al.[53] used the one-fluid approach and the homogeneous
relaxation model to study the flashing flow of cryogenic nitrogen. Zhu et al.[54,55] employed the
thermal phase change model in the simulation of the enhanced flashing flow of R134a with the vortex
generator applied and validated simulation results with the experiment. Yin et al.[56] compared
different mathematical methods for the nucleation and flashing inception and found that the pressure
undershoot was affected by nucleation rates and heterogeneity factors. Liao et al.[57] reviewed
previous numerical models for generally simulating the flashing flows and pointed out that closure
models were of high influence on the accuracy of the prediction, including interphase transfer, bubble
dynamics (nucleation, coalescence and breakup) as well two-phase turbulence.

For a ROTPT’s impeller, the inlet and outlet flow parameters are highly correlated with the flow
along a channel. Lacking published correlations or experimental data in rotating two-phase flow

3



119
120
121
122
123
124
125
126

127

128
129
130
131
132
133
134
135
136

137
138
139
140
141

channels has imposed considerable difficulties in building efficient design models for ROTPT’s
channels. The direct three-dimensional design method using CFD technology can consume huge
computing resources and requires long and costly design cycles. Therefore, it is essential to develop a
reliable indirect one-dimensional inverse mean-line design method for ROTPT prior to numerical
investigations.

In this paper, subcooled liquid at the inlet vaporizes in the rotating channel of ROTPT. By using
the presented inverse design method, geometrical and flow parameters of the channel can be derived
under given pressure distribution and blade angle distribution inversely.

2 Design Method

2.1 Impeller Geometry and Velocity Triangles

The flow in the impeller is shown in Figure 1(a). High-pressure subcooled liquid flows into the
impeller in the axial direction and is fed into different channels of the impeller. The pressure of the
flow decreases gradually along the channel, and the liquid vaporizes in the channel. Finally, the
mixture of the liquid and the vapour leaves the channel. The impeller includes three segments: the
inlet tube (IT), the inlet section (IS) and the main flow passage (MFP), as shown in Figure 1(b). IT
collects the subcooled liquid from the inlet pipe. IS and MFT are the two sections of the rotating
channel. IS connects IT and MFP. The shape of MFP, as shown in Figure 1(c), can control the
depressurization and vaporization process.

Shroud

(@) Meridian view of the impeller

Inlet section

Inlet tube

Outlet

(b) Sections of the channel (c) Cross-section of the channel
Figure 1. Diagram of the channel in TPROT
Parameters of the rotating channel can be categorized into two types, including the geometrical
parameters and the flow parameters as shown in Table 1. Geometrical parameters are related with
geometry information of the channel. Flow parameters contain state and process parameters of the
fluid in the channel.
Table 1 Parameters in the channel

Geometrical parameters Flow parameters
Position Pressure
Polar angle Temperature
Blade angle Relative velocity
Width Absolute velocity
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Height Relative flow angle
Curvature radius Absolute flow angle
Length

The MFP is enclosed by six surfaces, as shown in Figure 2(a), which include Pressure Side (PS),
Suction Side (SS), Top Side (TS), Bottom Side (BS), Inlet and Outlet. The inlet of the MFP is
connected to the outlet of IS and the outlet of MFP is the outlet of the channel. The cross-section of
MFP is square along the flow direction, as shown in Figure 2(b). It can be noted that the shape of the
centerline and the area A of the channel along the flow direction L are crucially important to the design
of the rotating channel. The centerline of MFP is illustrated as the red dot-dash line in Figure 1(b) and

affects the bending of the channel.
Top Side (TS)

Suction Side (SS)

4= QOutlet

/

Pressure Side (PS) Bottom Side (BS)

Inlet

(@) Boundary surfaces of MFP

ZMFP{

; MFP
\
Z

(b) Cross-sections of MFP

Figure 2. Diagram of MFP
Three target curves should be designed precisely, including the centerline (CL), the pressure line
(PL) and the suction line (SL) on the two-dimensional middle cross-section plane, as shown in Figure
3. PLand SL are dependent on the shape of CL and the distribution of the area along the flow direction.

- = =Center Line (CL)

Pressure Line (PL)

Suction Line (SL)

Inlet Line (IL)

Outlet Line (OL)

Figure 3. Target curves of MFP
The output power of the impeller is obtained from the thermal fluid. Flow in the channel
accelerates due to the change of the internal energy and drives the impeller to output power. The inlet
and the outlet velocity triangle are shown in Figure 4. The velocity triangles of ROTPT are different
from radial inflow or axial turbines. The flow in ROTPT accelerates remarkably due to the
vaporization. The acceleration is useful to convert the fluid energy to the shaft power.
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Radius direction
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(@) Inlet (b) Outlet
Figure 4. Velocity triangles at inlet and outlet

2.2 Mathematical Models of Geometry

For designing the cross-sectional area of a rotating channel, mathematical models are built
according to geometrical relationships and physical laws. For a point Q on CL, which represents an
element in the channel, as shown in Figure 5, two different coordinate systems can be established. One
is the stationary coordinate system IT° based on the rotating center of the impeller. The other is the
coordinate system I1°¢ based on the movable point Q of CL. Coordinate axes on II¢ are in the direction
stand the direction s!*. The direction s is the flow direction, and the direction s/* is perpendicular
to the flow direction on the x-y plane. For convenience, the z direction is called the spanwise direction.

The polar angle 6(x, y) of the point Q(x, y) on IT° between the radial direction and the x-axis is
calculated as

tang =" 1)
X

The blade angle A(x, y) between the flow direction s{ and the x-axis represents the slop of the
centerline at the point Q(x, y) and can be calculated through Equations (2) and (3)
Ay =ALsin g ()
Ax=ALcos 3)
The relative flow angle y represents the deviation between the flow direction s} and the radial
direction s;*, which can be calculated as

y=0-p (4)

0 X

Figure 5. Directions and angles for a point on CL

2.3 Physical Laws

Based on the conservation of mass, momentum and energy, mathematical models can be built on
the element i in the rotating channel, as shown in Figure 6. There is no mass flow across TS, BS, PS
and SS, as shown in Figure 6(a). Several assumptions must be made, including:

1. Flow parameters and thermal properties are averaged within the element.

6



182
183
184
185
186
187
188

189

190
191

192

193
194

195

196
197

198

199

200
201

202

203
204

2. Directions of the relative liquid velocity W, and the relative vapour velocity W,y are the
identical, i.e. y, = y;, as shown in Figure 4(b).

The minimum vapour fraction amin is 1.0

The minimum mean bubble diameter Dy is 1.0° m.

The bubble number density Ny is 5.0x107.

The temperature of the vapour Ty is the saturation temperature under the local pressure.

The pressure on TS and BS is equivalent to the pressure at the center point.

3.
4.
5.
6.
7.

y

o X

(@) Surfaces of the element i (b) Body force of the element i
Figure 6. Diagram of the element i in the channel

2.3.1 Conservation of mass, momentum, and energy
Based on the conservation of mass, Equation (5) can be derived
d[aApW, +(1-a)ApW, ] o ©)
dL
On the inlet or outlet plane of the element shown in Figure 7(b), Equation (5) can be rewritten in the
following form

aPp W, +(1-a)ApW, =m (6)

And the average density p,, is ap, + (1 — a)p,. Based on the conservation of momentum, Equation
(7) can be derived in the flow direction
d[aAoW; +(1-a)ApW ] gp (dp

o =—Ag A ij +Alap, +(1-a)p ] f2cosy ©)

where £2 = Q2r. Based on the conservation of energy, Equation (8) can be derived as

W2 -U? W2 -U?
d| aApW,| H, +— +(1-a)ApW,| H, +—
|:a pv v[ v 2 j ( 0!) pl I[ | j:| dPOf

2
= 8
dL dL ®)
where Pos is the energy loss due to the friction and can be evaluated by
dPo
L= A(d—P] dL 9)
dL dL /,

2.3.2 Vapour generation model
Due to the phase change, there is a mass transfer between the liquid and the vapour. Thus,
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Equation (10) can be derived as

d[(1-a)ApW ] dm,
dL dL
where the right item in Equation (10) is the mass source.
The thermal flow change model is used to calculate the mass source. Thus, the interphase mass flow
rate is read as

(10)

dm|v hIv Ant (TI _Tv ) A

= 1
dL H,-H, (1)
Wolfert model[58] is used to evaluate the heat transfer coefficient. Peclet number Pe is
pe— 2:I€ =Cil (12)
X
where y is the thermal diffusivity. Jakob number Ja is
CpT.
Ja _ pl pl sup - (13)
p,(H —H, +1.07)
where Tsyp is the super heat of the liquid and calculated as
Tp = max(T, =T,,0) (14)
The Nusselt number Nuy, is
Nu, = 12Ja +2 Pe (15)
T VA
Thus, the heat transfer coefficient hy, between the liquid and the vapour is
h = Wl (16)
Db
The interfacial area A;,; between the liquid and the vapour is
6
== 17
A= &)
The vapour mass fraction xy can be deduced from Equation (18)
g%, _1dm, (18)
d. m dL

2.3.3 Slip model and frictional pressure reduction model
The slip between the liquid and the vapour can be modelled with a vapour sphere particle. In
Equation (19), the momentum conservation law is applied on the particle, where Cp is the drag
coefficient. The slip ratio S can be derived by solving this equation.
7Dy} dw, __7sz2 dpP . 7Dy D}

L= Q*rcosy —
6 4L 4 dup 6V 4

Co (W, -W )W, -W|  (19)

The void fraction a can be evaluated using Equation (20).
XA
o= (20)
(1-x)AS+xp
The correlation of the frictional pressure reduction (dP/dL); was firstly proposed by Lockhart
and Martinelli[59]. Although the correlation has been developed by many researchers[39], the

appropriate correlation for rotating channels is few in the published literature. The correlation of [60]
8
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is used in the paper since it is suitable for single component. Reynold numbers of the liquid and the
vapour are

mZ
Re, =—— 21
e (21)
mZ
Re =—— 22
Y Au, (22)
The friction coefficient for only liquid fio is
- 1-2
150.39 152.66
f =0'25_|g[Re|°'98865 “Re J (23)
The friction coefficient for only vapour fy is
- 1-2
150.39 152.66
f, =025 Ig(ReS'%%s “Re, j (24)
The frictional pressure reduction for only liquid is
(d_PJ — f|0m2 (25)
dL /s 2N’ pZ
The frictional pressure reduction for only vapour is
(d_Pj — fvomz (26)
dL f,vo 2A2pvz
The factor of two-phase frictional pressure reduction @ is
® =(1+054Laf1-X, ){szj' +(L-x,) 1+ 2%, (Y2 —1)}} @7)
where Y and La is
=) &) &
dL f,lo dL f vo
o
La= 29
\/9.807(,0, - p,)WD (29)

Thus, the pressure reduction due to friction in two-phase flows is

dP dP
(d—Ll “D(d—Ll,.o 0

Using Equations (5), (6), (7), (8), (10), (19), (20) and (30), all mathematical equations are
closed, and all parameters can be solved using an appropriate algorithm.

2.4 Solver

According to the mathematical equations mentioned above, when the distributions of the pressure
and the blade angle are given, as well as sufficient design parameters, the shape of the channel can be
determined using an inverse solver. The presented solve uses the one-order upwind scheme, which is
fast and robust, although high-order schemes may derive higher accurate results.
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2.4.1 The frame of the solver

To solve the above equations by the numerical method, MFP is divided uniformly along the flow
direction as shown in Figure 7. The total length of the channel L is 7;7; and the space interval AL is
L/(n — 1). All parameters are solved at computational station i using finite volume method (FVM).
For node i+1/2, a parameter ¢ is calculated using Equation (31).

¢i+1/2 = ¢| + ¢i+1 (31)

N
&
&)

Figure 7. Computational stations in MFP
The whole design algorithm consists of four programs, including CL design, MFP cross-sectional
area design, IS design and output power evaluation, as illustrated in Figure 8. The procedure of the
whole design method is illustrated in Appendix A.

10
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Requirements

Distribution of
Blade Angle

Distribution of
Pressure

Figure 8. The design process of the channel
The corrected values are given according to the results of the three design programs. According
to Equation (6), the corrected width Z; o is

. m/B,
nmfp = TZ (32)
anmprv,nmfp /Dv,n,“fp + (1 - anm,p )\NI Nt P Nty

where z; is the width factor. The corrected length ratio z; is
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* r-n 0

= (33)

max

where Rmax is the set value of the maximum radius of MFP according to the design requirements. The
corrected pressure P; is

P =R +(R°-R) (34)
where Pot's is the set value of the inlet total pressure according to design requirements.

2.4.2 Design of MFP’s CL

The procedure of the program of designing CL of MFP is shown in Figure 9 and Appendix B.
When the position of the first node is given, positions of other nodes can be derived. Other ways for
deriving CL can also be adopted. For example, in this paper the distribution of the flow angle is the
given condition, and the distribution of the blade angle is the derived result. In some cases, it is more
convenient if the distribution of the blade angle is the given condition, and the distribution of the flow
angle is the derived result. However, it is hard to adjust the distribution of the blade angle to get a
smooth enough distribution of the flow angle. So, in this paper, a smooth distribution of the flow angle
is given, and the distribution of the blade angle is the derived result.

Input i, Ry, n

Loop i from | to n-1

Distribution of
Flow Angle 7"

Figure 9. Algorithm for designing CL

The distribution of the relative flow angle y<, the inlet relative flow angle y£! and the outlet
relative flow angle y&, affect the CL significantly, as shown in Figure 10. Under the same inlet
relative flow angle, the CL with the low outlet relative flow angle has a short length. Under the same
outlet relative flow angle, the CL of the low inlet relative flow angle has a more distinct bending.

12
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Figure 10. Centerlines of MFP under different yin and yout

2.4.3 Design of MFP’s cross-sectional area

The procedure of the design of MFP’s area is shown in Figure 11 and Appendix C. The
distribution of pressure should be given along CL. Because the pressure undershoot is of great
importance in flashing nozzles, there is a large gradient of pressure in the distribution. Thermal
properties of the vapour are assumed to be identical with the saturation properties at the local pressure.
There are four lays of iteration for solving the void fraction, the area, the slip ratio and the liquid
temperature sequentially. Other orders of the layers may also be applied in this program. But this order
is highly recommended because it is robust for most cases.

13
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Figure 11. Algorithm for designing the area of MFP

2.4.4 Design of IS

IS connects IT and MFT and guides the subcooled liquid to flow from IT to MFT, as shown in
Figure 12(a) and (b). Different shapes of IS also affect the performance of the impeller. But, to build
IS as simple as possible, PL and SL of IS are straight lines which are tangent to PL and SL of MFP
separately in this paper. After attaining the design of MFP’s CL and MFP’s area, PL, SL, inlet, and
outlet of MFP are obtained. The outlet of IS has been exposed since it is the same to the outlet of IS,
as shown in Figure 12(a). The cross section of IS is rectangular rather than square. But the height of
IS at each computational stations is set to be the same to the inlet width of MFP for convenience, i.e.
hIS = ZMFP as shown in Figure 12(c).
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Figure 12. Diagram of IS

The blade angle of PL of IS is the same to the blade angle of PL of MFP at the inlet of MFP, i.e.
BPY = gPY™P \while the blade angle of SL of IS is the same to the blade angle of SL of MFP at the
inlet of MFP, i.e. 5% = BS™P The inlet of IS is determined by the inlet radius of IS RE, which is
decided according to the requirements of the structure. Positions of the first node are solved through
Equation (35).

2 2

(lel) +(y1pl) :RIZT
plis _ ,pl,mfp

2 iy = tan

XX (35)
sl\? s1\2 2

(6 <) =R

ysl,is _ ysl,mfp am

X}I,is — X}I,mfp =tan ﬂ1| "

Computational stations in IS are specified similarly to those in MFP, as shown in Figure 13(b).
Computational stations of PL and SL are linearly distributed between the inlet and the outlet. For the
computational station i, geometry parameters of PL, SL and CL can be derived by Equation (36).

P = x P +i(xn‘js"i5 —xe )/(nis -1)

X = (0 ) (0, -1)

Y =y i (ya -y f(n, -1) )

X = (xip'*‘S + X )/2

yP = (P +ye) 2

The polar angle and the flow angle of CL in IS can be calculated with Equation (37)
-t =
A
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The width of IS is

Ziis _ \/( Xipl,is _ sI |s) (ylpl Jis ylsI |s) (38)

Because the vaporization happens in MFP, it can be assumed that several thermal properties in IS
are constant and equal to the thermal properties at the inlet of MFP, for example the density, i.e. p{sl =

P11 mip . According to the conservation of mass, the relative flow velocity Wl‘sls

" mz?
WH = |sh|s (39)
pl i<

The Bernoulli equation in the relative frame is applied to determine the pressure in IS. The
pressure along CL of IS is

Wmfp 2_ UcI,MFP 2 ' is 2_ Uicl,is 2
Piclls Pcl mfp+pmfp ( 11 ) 2( 1 ) _pll,si ( I,l) 2( )

(40)

2.4.5 Evaluation of output power

The output power of the impeller Po is generated by the force exerted by the flow in the rotating
channel. Boundaries of an element in the channel are shown in Figure 13(a). The force on the element
is shown in Figure 13(b). Each force is normal to the boundary except for the friction force.

(@) Surfaces of an element (b) Forces on boundaries

Figure 13. Diagram of an element in the channel
The torque of the element To,;,,,, and the output power Po is derived as Equation (41) and
(43).

_ [Ps p PS pl ss ss TS
Toz,i+1/2 - Fx i+1/2 yi+1/2 I:y |+1/2X|+1/2 + Fx i+1/2 y|+1/2 I:y i+1/2 |+1/2 + Fx i+1/2 y|+1/2 (41)

':yT |S+1/2 |C+IJ/2 x,i+1/2 ym/z Fysus+1/z 2t Fr i ym/z - Ff,y,i+1/2XicJIrl/2
It should be noticed that the torque at the outlet of MFP should be deducted. The torque at the outlet
can be simply calculated by

To,, _Ij e (X Y)sin|y (X, y)| P, dA(X, Y) (42)
Abut

Actually, T,,; should be replaced with the torque generated on the hub and the shroud of the impeller
as shown by Figure 1(c). Equation (42) only considers the force generated by the pressure without
the friction. The evaluation of the friction torque requires geometry information of the shroud, which
may be generated or constrained by the strength of the material and the structure of the turbine. For
the design of the flow channel in this paper, the friction torque generated on the hub and the shroud is
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i —1 N 1
Po = —( > BT0,.,,Q+ Y. BT0,,.,,Q- BNTOOmQJ (43)
i=1 i=1

where By is the number of blades. The sign of Equation (43) is negative because for the case studied
in this paper, the direction of the rotation is opposite to the z-axis, as shown in Figure 7. The first item
in the right side of Equation (43) is termed as Po;g, the second item in the right side of Equation (43)
is termed as Poyrp, and the third item in the right side of Equation (43) is termed as Po,,;. In the
design method, the friction force Fr;,,/, issimplified as Equation (44).

dP 7
Ff,x,i+]/2 = _[ij‘iﬂﬂ (Li+1 - Li ) AH/Z COoS [ﬂiﬁﬂ —Ej

. v
Ff‘y,i+jl/2 - _(Ij”ﬁvz (Li+1 - I‘| ) AH/Z sin (ﬂiﬂ/z - E)

The force onPSand SS Ff,/, and FS/, isexerted by the pressure on PS and SS, and derived
using Equation (45).

(44)

T

Fx'?iiuz = Piﬂ/zzm/z (Lip+|1 - l-ipI )COS(,@’”M _Ej
FPS _Pp| Z Lp| _Lp| H _Z
yi+l/2 = Vity2 i+]/2( i+1 i )Sln ﬂi+1/2 2

(45)
S| S| S| T
Fxs,is+1/2 = _Pi+|1/zzi+1/2 (Lm - I-iI )Cos(ﬂiwz - Ej

s S S i z
Forye = —PiyeZiy (Li|+l U )sm(ﬁwz _E)

Pressure gradient (dP/dL), in the normal direction is derived through using simple radial
equilibrium assumption as Equation (46). The first item in the right of Equation (46) is the pressure
gradient due to the centrifugal force of the flow. The second item is the pressure gradient due to the
centrifugal force of the rotating frame. The third item is the pressure gradient due to the Coriolis force.

de 9 2 Zi2+1/2 2.d i pl 2
o = (1= iy ) PriyWiie + X2 Py Woiie |—a— + Prminy2827T 2SN BinZia
(dL - [( v2) P My v2Puisy2Woivy :|gi+|-]/2 28 Ny b e

- ZQ[(l ~ iy )pl,i+1/2\NI,i+1/2 + o Py iy Wy 2 ] Zi2+1/2

where ¢ is the curvature radius. The pressure on PS and SS is

Z.
Pufll/z = Puill/z + (d_Pj %1/2
n,i+1/2

s cl dpP Zi+
Pi+ll/2 = Pi+ll/2 _(Ej %
n,i+y2

According to Assumption (7), the pressure on TS and BS is the same. The force exerted on TS
and BS is

(47)
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FxT,iS+1/2 = _Piill/ZZi+1/2 (Lid+1 - I-iCI )Sin SCOSﬂM/Z

Foe = —PohZige (L — L' )sin dsin 8, )
Fo e =PoaZie (L‘i"+1 —~L§')sin9cos B,

Firaz = RiaZiys (L — L' )sin 9sin 3y,

where $is defined by arctan[(Z;., — Z;)/(L;+1 — L;)], as shown in Figure 14(b). It should be noted
that in this paper the force exerted on TS and BS is zero in IS because the height of channel in IS is
constant and & is zero. The efficiency of the impeller is defined as

B Po
n= m(Hi?]’iS —H s,mfp)

out

(49)

3 Case Study

3.1 Design Case
Design requirements are listed in Table 2. The inflow is subcooled liquid. The outlet pressure is
lower than the atmospheric pressure. The inlet liquid relative velocity is 10 m/s. The blade number is
two, and the area factor is 1.1. The inlet radius of IS is 28 mm, and the inlet radius of MFP is 30 mm.
The outlet radius of MFP’s PL is 100 mm. All thermal properties are evaluated through IAPWS in the
paper.
Table 2 Design requirements and given parameters for the case

Parameters Value
Inlet total pressure PY, 500 kPa
Inlet temperature T;, 110 °C
Outlet static pressure P,,; 15 kPa
Mass flow rate m 1000 kg/h
Rotational speed N -3000 rpm
Inlet relative flow angle yin 45°
Outlet relative flow angle yout 70°

To present smooth and continuous distribution of the relative flow angle in MFP, second order
Bezier curve fitting method is used as shown in Figure 14.
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Figure 14. Relative flow angle distribution in MFP
Control points of normalized relative flow angle and normalized length are given from 0 to 1.
Distribution of normalized relative flow angle ynorm is derived using second order Bezier method.
Distribution of relative flow angle y is scaled from yin to yout Using Equation (50) and the length is

scaled between O and L iy

Yi=in * oom,i (Youw = 7in) (50)

The distribution of pressure along MFP’s CL is given through the control points of normalized
pressure using the same method of the relative flow angle. The given pressure is shown in Figure 15.
The vaporization does not happen immediately when the local pressure is lower than the saturation
pressure at the inlet temperature, which is called the pressure undershoot. Long enough channel with
low pressure should be provided to boost the vaporization. Thus, the pressure should decrease
significantly from the inlet to the middle of the channel and gradually from the middle to the outlet of
the channel.

Distribution

©  Control values

Prorm

40.25

100 s L L s L s —-0.25

0 25 50 75 100 125 150
L (mm)

Figure 15. The given pressure distribution in MFP
After using the program of designing CL, positions of CL can be determined as shown in Figure

16(a). Because for MFP’s CL, the inlet radius is 30 mm and yi is 45° as shown in Figure 14, the initial
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408  position (X1, y1) is (0.03, 0), Gin is 0°, yin is 45° and Bin is 45° as shown in Figure 16(b).

" 250 T T
—0——p —|
60
200} /
50
40
150
E 30 ;
B 201 é 100
10
S0
ok
T 60 T 20 0 20 40 % 2 50 7 100 125 150 175
X (mm) L (mm)
(@ CL (b) Polar angle, blade angle and relative flow angle
Figure 16. The designed CL profile and polar and blade angles
409 After using the program of designing area and IS, all parameters can be derived. The width of the

410  channel and void fraction is shown in Figure 17 (a). The saturation pressure at the inlet temperature,
411 PE% ) is 143 kPa. At R = 53.9 mm, the local pressure P reaches P32, the liquid temperature is
412  equal to the local saturation temperature, and the vapour starts vaporizing. At R¢ = 56.5 mm, Z
413  reaches the minimum 2.4 mm and the void fraction « is 0.0048, and this position is called the throat.
414  After the throat, liquid vaporizes remarkably, and the width of the channel increases significantly. In
415 IS, the pressure decreases sharply due to the significant reduction of the width, as shown in Figure

416 17(b).
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(a) Pressure, void fraction and width
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(b) Shape of MFP
Figure 17. Results of the design

After using the program of evaluation of output power, the output power is 480 W, the torque is
1.53 N'm, and the efficiency of the impeller is 9.27 %.

3.2 Numerical Simulation

In this paper, CFX is used to validate the design method through comparing CFD results and one-
dimensional design results in the designed case. Using Euler multiphase flow model and the thermal
phase change model, CFX can predict the flow field of flashing. Wolfert model[58] is used to calculate
Nusselt number between the liquid and the vapor. The SST turbulence model is launched to model the
turbulent flow in the channels and the bubble number density is set as 5x107. Rane et al.[31-34] have
introduced the mathematical models and model parameters of CFX for simulating ROTPT.

3.2.1 Validation of CFX

The RMIT’s ROTPT published by Date et al.[29] is simulated in CFX to check the validity of
CFD on ROTPT. Geometry model of the ROTPT is built and structural mesh is generated in ICEM as
shown in Figure 18. A thin inlet tube hub is set in the core of the inlet tube to set the periodic boundary
to reduce the total number of elements. The number of elements is 258,640. The total pressure and
temperature are given at the inlet boundary and the static pressure is set at the outlet boundary.

Inlet Boundary

Periodic Boundary 4

/ Flow passage

Inlet Tube Hub

Inlet Tube Shroud

Inlet Tube Wall

e Outlet Boundary

(@) Geometry
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(b) Mesh
Figure 18 Geometry and mesh of RMIT’s ROTPT

According to Date et al.[29], at the maximum output power point, the inlet pressure is 400 kPa,
the inlet temperature is 117.1°C, the outlet pressure is 7.7 kPa, the mass flow rate is 822 kg/h, the
rotational speed is 4614 rpm, the output power is 1.33 kW, and the efficiency is 17%. CFD results
show that the CFD mass flow rate is 766 kg/h and the CFD output power is 1.12 KW.
3.2.2 CFD model of the design case

Using the design results, the geometry model of the computational domain is built, as shown in
Figure 19(a). Because the number of blades is two in this paper, the computational domain is half of
the geometry. Two periodic boundaries are set in the domain of the inlet tube. For the convenience of
generating the mesh, an inlet tube hub is set in the core of the inlet tube. The structural mesh is
generated in ICEM, as shown in Figure 19(b).

Inlet

Intube hub

Intube shroud

Intube periodic

Intube bottom wall

(&) Geometry

il
L
0 0.025 0.050 (m)
1
0.0125 0.0375

(b) Mesh
Figure 19. Computational domain of the design case

By using the same mathematical models as the validation case, comparison of the performance
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between the design and CFD is shown in Table 3. Design values of mass flow rate, output power agree
and efficiency with those of CFD.
Table 3 Performance of design and CFD

Parameters Design CFD

Inlet total pressure PY, 500 kPa 500 kPa

Inlet temperature Ty, 110 °C 110 °C
Outlet static pressure P,,; 15 kPa 15 kPa
Outlet liquid temperature Tj oy 89 °C 84 °C

Mass flow rate m 1000 kg/h 997 kg/h
Output power of the impeller Po 480 W 454 W
Output power at IS Poy 117 W 116 W
Output power at MFP Poy, ¢, 875W 845 W
Output power at the outlet Po,,; 510 W 507 W
Efficiency n 9.27% 8.81%

4 Flow Details and Discussion

4.1 Average flow parameters in the channel

Averaged flow parameters are calculated in cross-sections which are perpendicular to the flow
direction, as shown in Figure 2(b). Distribution of pressure is shown in Figure 20(a) and the deviation
between the design and CFD is illustrated in Figure 20(b). Distribution of the design has a similar
tendency as CFD, but there is a certain deviation between them.

In respect of the pressure, pressure of CFD is higher than pressure of design in the MFP upstream
the throat and lower than pressure of design at the downstream channel after the throat, as shown in
Figure 20(a). The deviation upstream the throat is caused by the incidence near the inlet of the channel.
The deviation after the throat is determined by the pressure undershoot near the throat. In Region A,
pressure of CFD has a larger gradient than pressure of design. Region A is in the channel of MFP at
the downstream channel after the throat.
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o
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g \ z
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2
Outlet of MFP S b
100} E o
o L L L L L P 60 L . L L L L
20 30 40 50 60 70 80 90 20 30 40 Sucl 60 70 80 90
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(@) Pressure (b) Deviation

Figure 20 Distribution of pressure and deviation between design and CFD
In respect of the void fraction, design agrees with CFD in the whole channel since the maximum

deviation is less than 0.05, as shown in Figure 21. It indicates that the design method can predict the
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inception and the development of the flashing with high accuracy. The tiny disagreement is caused by
the difference of the interphase mass flow rate between design and CFD as shown in Figure 23(a), and
mainly appears in the inception of the flashing at Region B which is at the downstream channel after
the throat. The maximum deviation appears at r'=60.7 mm which is at the upstream channel before
the maximum deviation of the interphase mass flow rate.
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Figure 21 Distribution of void fraction and deviation between design and CFD

The distribution of the velocity is shown in Figure 21(a). The velocity of the design increases
smoothly, but the velocity of CFD fluctuates near region A. The vapour velocity is not zero before the
throat because the minimum void fraction is set to be 1.06. The distribution of the slip ratio is shown
in Figure 22(b). The slip ratio of the absolute velocity is larger than that of relative velocity in CFD
and design except for the inlet region. Both the maximum slip ratio of the absolute velocity and the
relative velocity locates near the throat for CFD and design. There is certain deviation between CFD
and design. For CFD, the slip ratio fluctuates in Region C, and the global maximum slip ratio of
relative velocity is 1.23 at r=61.3 mm. At the downstream channel after Region C, the slip ratio
remains in increasing smoothly and decreasing after the local peak value. But for design, the slip ratio
curve is much smoother, and the global maximum slip ratio of relative velocity is 1.15 at r=61.3 mm.
After the global maximum slip ratio position, the slip ratio keeps decreasing until the outlet of the
channel.

120 T T T T T T 1.6

Design of vapour relative velocity
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Design of liquid relative velocity ,
100 |- oeoe CFD of liquid relative velocity /
Design of vapour absolute velocity f
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Fl===== CFD of liquid absolute velocity
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(a) Liquid and vapour velocity (b) Slip ratio
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Figure 22 Distribution of velocity, slip ratio, mixture velocity and deviation of mixture velocity along the channel
The mixture velocity W, is defined as aW,, + (1 — a)W,. The distribution of mixture velocity
is shown in Figure 22(c). In the one-dimensional design, the mixture velocity increases with the length
of the channel. CFD results show that there is fluctuation in Region D and reduction of the mixture
velocity in Region E. The deviation between design and CFD is shown in Figure 22(d). The maximum
deviation of the mixture velocity is 16.9 m/s at r=81.6 mm in Region E near the outlet of the channel.
Liquid temperature and vapour temperature is shown in Figure 23. Because the vapour
temperature is set to be the saturation temperature at local pressure, the vapour temperature has similar
trends as the pressure. In the downstream channel after the throat, the liquid temperature of CFD is
lower than the design.

1401
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100F
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80
sob Design of liquid temperature
’ =====CFD of liquid temperature
Design of vapour temperature

----- CFD of vapour temperature

40 X L L L L "
20 30 40 50 60 70 80 92
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Figure 23 Distribution of vapour and liquid temperature

The interphase mass flow rate is the mass flow rate transferred from the liquid to the vapour per
volume, as shown in Figure 24(a). Design distribution and CFD have the similar trend, but the
maximum interphase mass flow rate of CFD is lower than that of design, and the position for the
maximum value in CFD is at the upstream location of the position in design. The heat transfer
coefficient and Nusselt number are shown in Figure 24(b). For the heat transfer coefficient, CFD shows
the similar trend as design except the inlet region. At r'=54.3 mm, heat transfer coefficient of design
reaches the local peak value while CFD results show that the peak value locates at r¢=56.0 mm. For
Nusselt number, CFD results show the similar trend as design in almost the whole channel except the
outlet region of the channel.
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Figure 24 Distribution of interphase mass flow rate, heat transfer coefficient and Nusselt number

502 4.2 Three-Dimensional Flow

503 The aforementioned regions are concluded in Figure 25. All regions except Region E are located
504  mainly near the throat. Region E is near the outlet of the channel. It suggests that the effects of the
505 three-dimensional flow on the averaged parameters are evident in these regions.
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507 Figure 25 Location of different regions
508 For analyzing the three-dimensional flow in these regions, twelve cross-sectional planes are cut

509 along the channel, as shown in Figure 25 and Figure 26. These planes are perpendicular to the flow
510  direction of the channel and covers all the aforementioned regions. Plane 2 locates at the throat of the
511 channel. Detailed geometrical parameters of these planes are listed in Table 4.
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Figure 26 Cross-sectional planes specified in the channel
Table 4 Center points of the planes

Planes x (mm) y (mm) z (mm) Z (mm)

B
Plane 1 23.8 453 0.0 25 131.8
Plane 2 16.7 51.7 0.0 24 142.0
Plane 3 8.5 56.9 0.0 24 151.4
Plane 4 -0.3 60.7 0.0 31 160.3
Plane 5 -9.7 63.2 0.0 7.5 168.7
Plane 6 -19.3 64.3 0.0 11.2 176.7
Plane 7 -28.9 64.1 0.0 13.8 184.3
Plane 8 -384 62.7 0.0 15.8 191.5
Plane 9 -47.7 60.1 0.0 17.6 198.5
Plane 10 -56.7 56.4 0.0 19.3 205.1
Plane 11 -65.1 51.8 0.0 21.3 2115
Plane 12 -76.7 43.1 0.0 255 220.7

The pressure on surfaces of the channel is shown in Figure 26. For design, the pressure is assumed
to be constant along the span direction, and the pressure in linearized along the normal direction based
on the simple radial equilibrium hypothesis. For CFD, the pressure is ununiform along the span
direction near the inlet of the channel as shown in Figure 27(a) and in the divergent part of the channel
especially on Plane 4, 5, 6, 7, 8, 10 and 11. The pressure on PS is always higher than the pressure on
SS on Plane 4 and 5. Plane 4 and Plane 5 are located in Region A as shown in Figure 25. In these
planes, a high-pressure region appears inside the channel. Along the flow direction, the high-pressure
region stems from PS, appears in the channel within Region A, and returns back to PS. The
development of the high-pressure region is of high relevance with the deviation between design and
CFD in Region A, which is shown in Figure 20. The pressure on Plane 12 is uniform because the
computational domain ends at Plane 12.
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Figure 27 Contour lines of pressure on walls and cross planes of the channel
526 The process of vapour generation, growth and development is shown in Figure 28. For the design,

527  the void fraction is constant on the normal direction and span direction. For the CFD, it is obvious that
528  the generation of the vapour is heterogeneous and there are low void fraction areas on the walls where
529 liquid reattaches. The generation of vaporization starts from walls and develops into the channel. On
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530  Plane 3, the vapour is generated on most of SS, sections of TS and BS near SS, and corners of PS near
531 TS and BS shown in Figure 28(b). On Plane 4, it is shown that the vapour has already covered all the
532  walls, while there is liquid and vapour mixture in the middle area of the plane. On Plane 5 and 6, the
533  vapour keeps growing. On Plane 6 and Plane 7, there is liquid attached on the walls.

Outl . .
et Void fraction

1.0
09 .
0.8
0.7
0.6
05

0.4
0.3

0.2

AN 0.1
Throat

0.0

— —
z Inlet of 1S i
L_‘.
[ 00z 004 1m)
— —
a1 003

(@ Planes in the channel

Outlet Void fraction
—

Inlet of IS

L] 0.2

0.1
. ) 0.02 0.04 im)
— I
001 0.03 0.0

(b) Surfaces of the channel

Void fraction Void fraction

0.00 0.00
0.00 0.00
0.00 0.00
| 0.00 0.00
[ 0.00 0.00
0.00 SS 0.00 SS
| 0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
BS BS
o 00008 0001 (m o oS oo ()
H _oumze _uuwvs
(c) Planel (d) Plane?2

30



TS

Void fraction
Void fraction

011 1.00
0.10 0.91
0.09 0.83
0.08 0.75
0.07 - 0.66
0.05 SS 0.58 SS PS
0.04 0.49
0.03 0.41
0.02 0.32
0.01 0.24
0.00 0.45
BS
o Doons 0801 (m) [ 00005 0001 {m)
0.00025 0.0007% 000025 0.00075
(e) Plane3 (f) Plane 4
TS

Void fraction
Void fraction

1.00

1.00
0.98

0.96
0.96

0,92
0.89 0.94
0.85 0.92

081 SS 090 S8
0.77 0.88
0.73 0.86
0.70 0.84
0.66 0.82
0.62 0.80
[] 0002 0.004 (m) 1] 00008 0.007 (m)
0.001 0003 0.00178 0.00525
() Plane5 (h) Plane 6
TS
Void fraction Void fraction
1.00 1.00
0.94 0.91
0.89 0.81
1 083 0.71
077 0.62
0.72 SS 0.52 SS
0.66 0.43
0.60 0.34
0.54 0.24
0.49 0.14
0.43 0.05
o 0.0045 0.008 (m) a 00045 0,008 (m}
0.00225 0.00675 0.00225 0.00675

(i) Plane?7

31

(i) Plane8



534
535
536
537
538

Void fraction
1.00

0.97
0.94
0.91
0.88
085 SS
0.82
0.79
0.76
0.73

0.70

Void fraction
1.00

0.99
0.98
0.97

‘ 0.96
0.95 SS
0.94
0.93
0.92
0.91

0.90

TS

.PS

BS
o 0008 001 (m)
(k) Plane 9

TS

BS
o 0005 0.01 m}

—— Ee—
D.0m2S 00075

(m) Plane 11

Void fraction

Void fraction

1097

| 0.96

1.00
0.97
0.94
0.91
0.88
0.85 SS
0.82
0.79
0.76
0.73

0.70

[ 0005 00t iy

00028 10,0075

() Plane 10

TS

1.00
0.99
0.98

0.95 SS
0.94
0.93
0.92
0.91

0.90

BS

o 0005

0.01 (m)
— 1
00025 0.0078

(n) Plane 12

Figure 28 Contours of void fraction in the channel

The liquid relative velocity is shown in Figure 29. For the design, the relative velocity is
homogenous on the planes based on the assumption. For the CFD, it is obvious that there are high
velocity regions near SS. On Plane 1, 2 and 3, the profile of the velocity is similar although the
magnitude is different. From Plane 5 to Plane 12, there are high velocity regions in the four corners.
From Plane 6 to Plane 9, there are low speed regions near the walls.
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Figure 29 Contours of liquid relative velocity in the channel

5 Conclusions

In this paper, an inverse mean-line design method of ROTPTSs is presented. It considers various
non-equilibrium effects such as slip between phases, nonequilibrium properties, and interphase heat
transfer. Under the implementation of the distribution of the pressure and the blade angle, the flow
path centerline, channel area and flow parameter distribution along the flow direction can be calculated.
According to the simple radial equilibrium principle, the design method can also evaluate the pressure
distribution on the pressure surface and the suction surface and deduce impeller performance
parameters.

Using the proposed design method, a ROTPT has been designed for the condition where the total
inlet pressure is 500 kPa, the inlet temperature is 110°C, the outlet static pressure is 15 kPa, and the
mass flow rate is 1000 kg/h. According to the design, the output power is 480 W, the torque is 1.53

N-m, and the efficiency is 9.23%. Through the numerical simulation, which is validated using

experimental results, it shows that the output power is 454 W, the mass flow rate is 997 kg/h, the
efficiency is 8.81%.

Through analysis on the average flow parameters along the flow direction in CFD results, the
distribution of void fraction agrees well with the design, while there is a certain deviation in the
pressure. Through analysis on contours of pressure, void fraction and liquid relative velocity along the
channel, significant three-dimensional flow effects are found in the channel. The generation of the
vapour starts from the walls of the channel and develops into the middle of the channel. There is also
reattachment of the liquid in the divergent part of the channel. There is a high-pressure region in the
middle of the channel near the throat and high relative velocity region near the four corners of the
channel. In future research, the three-dimensional effects, such as the incidence near the inlet and
pressure undershoot, on the turbine performance will be evaluated in the one-dimensional design.
Design parameters, including the area ratio and the maximum radius, will be optimized.
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Nomenclature
A Area
Aint Interfacial area between liquid and vapour
C Absolute velocity
Co Drag coefficient
Cp Specific heat capacity at constant pressure
Do Bubble diameter
f Friction coefficient
h Height of the channel
hiv Heat transfer coefficient between liquid and vapour
H Enthalpy
Ja Jakob number
L Length
La Laplace number
m Mass flow rate
my, Mass flow rate transferred from liquid to vapour per volume
Node
N Rotational speed
Nb Bubble number density
Nu Nusselt number
P Pressure
Pe Peclet number
Po Output power
Q Arbitrary point
r Radius
R Set value of the radius from the design requirement
Re Reynold number
S Direction
S Slip ratio
T Temperature
Tsup Superheat of the liquid
To Torque
X Y, Z Cartesian coordinate axes
Xv Mass fraction
Two phase friction factor
Width of the channel

Greek Symbols

o Void fraction
B Blade angle
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570

571

572

DX B s 3

Superscripts
0
n
(0]
t

Subscripts
ce

Abbreviations
CFD
cL

Relative flow angle

Efficiency

Polar angle for a point on the Cartesian coordinate
Kinetic viscosity

Coordinate system

Coordinate system based on a movable point along CL
Coordinate system based on the rotating center of the impeller
Density

Surface tension

Length ratio

Width factor

Arbitrary parameter

Two-phase frictional pressure reduction factor

Thermal diffusivity

Angular velocity

Total quantity

Normal direction

Coordinate system based on the rotating center
Relative flow direction

Centrifugation
Friction

Liquid

Arbitrary node
Inlet

Mixture

Outlet

Isentropic quantity

Vapour

Computational fluid dynamics
Centerline

Bottom side

Finite volume method

Isentropic homogenous equilibrium
Inlet section

Inlet tube

Main flow passage

Outlet line

Pressure line

Pressure side
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574
575
576
577
578
579
580
581
582
583
584

585

586
587
588
589

590

591
592
593

594
595

596

597
598
599
600

ROTPT
RITPT
SL

SS
TPIT
TPRT
TPT

TS

Radial outflow two-phase turbine
Radial inflow two-phase turbine
Suction line

Suction side

Two-phase impulse turbine
Two-phase reactional turbine
Two-phase turbine

Top side

Appendix A: Procedure of the whole design method

As shown in Figure 8, the procedure of the whole design method is

1.

Assume the static pressure P) at the inlet of MFP, the width Z2 at the outlet of MFP and
the length ratio ;.

Design CL of MFP using the given distribution of blade angle.

Design the area of MFP using the given distribution of pressure and derive all geometry and
flow parameters MFP.

Check the error of the outlet width and the error of the length ratio. Iterate step 2 and step 3
until required tolerance is reached.

Design IS, check the inlet pressure error and iterate the whole design process using updated
values.

Evaluate the output power of the impeller.

Appendix B: Procedure of the design of MFP’s CL

As shown in Figure 9, the procedure for the program of the design of MFP’s CL is

1.
2.
3.

Prepare flow and geometrical parameters at node i.
Assume the blade angle B¢ atnode i+ 1.

Derive geometrical parameters of node i + 1 using Equation (B.1).

Xy =X +ALcos A7,

in+|1 = YiCI + ALSin:BiclJC/Iz (B.1)
9ic-11 =arctan ( Yicalfl/ Xicalrl)
Derive the corrected blade angle SY; at node i+ 1 using the given distribution of flow
angle and Equation (B.2).

:Bic+li* = ‘9|C+|1 - 7ic+|1 (B.2)
Check the error of the relative flow angle and iterate until required tolerance is reached.
Loop node number i from1to np,q, — 1.

Appendix C: Procedure of the design of MFP’s area

As shown in Figure 10, the procedure for the program of the design of MFP’s area is

1.
2.

Prepare all parameter values at node i.
Assume the liquid temperature T, atnode i + 1, and derive thermal properties at node
i+1and i+1/2.
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616

617
618
619
620
621

622

623

624

3. Assume the slip ratio S2,, the area AY,, and the vapour volume fraction a?,; at node
i+ 1.

4. Derive the interphase mass flow rate mff +1/2» liquid mass flow rate m;;,, and vapour mass
flow rate m,;,; atnode i+ 1 using Equations (10-17) and (C.1).

My = m/ By — Zmlim/z
- (C.1)

i
_ i
mv,i+1 - Z mk+1/2
k=1

5. Derive the slip ratio S;,; and the corrected vapour volume fraction «;,, using Equations
(19) and (20) atnode i+ 1.

6. Check the vapour volume fraction error and use the corrected value to iterate until the

required tolerance is reached.

Derive (dP/dL);+1/, Using Equations (20-29), W;;,; and W,;,, using Equation

(C.2).

~

A+ cl ¢ c ¢ dP
Wl,i+1 =ﬁ{—(% -P ')‘*‘(Lilu - Li' )(Il,iwz

v,i+1Yi+1 1,i+1
+ |:ai+]/2pv,i+]/2 + (l_ iy )A,m/z]gzriiluz cos 7&1/2 (Lic+l - )}
N m, W, +m W,;

(C.2)

Vit Vi
0
mv,i+18i+l + rnl,i+l
_ o
Wv,i+l - SiJerI,iJrl

8. Derive the corrected area Aj,, at node i+ 1 using Equation (C.3) and Z;,; using
Equation (C.4), where t, is the width ratio.
. m/By,
A+l:
ai+1pv,i+le,i+1 + (1_ ai+1)pl,i+lvvl,i+1

Zi+l :Tz\/E (C4)

9. Check the area error and use the corrected area Aj,, to iterate until the required tolerance
is reached.

10. Derive the vapour relative velocity W, ;,, at node i+1 using Equation (19). Derive the
corrected slip ratio S;,; and iterate until the required tolerance is reached.

11. Derive the liquid enthalpy H,;,, atnode i + 1 using Equation (C.5).

1 cl cl
H,. .= -W. . I
e (1_ai+l)A+1pl,i+1WI,i+l|: f’Hl/Z( ok )

(C.3)

2

W -V W3 -U?
+a;Ap, W, ; (Hv,i +%J +(1-a)Ap W, (Hu + —j (C.5)

2
W2 —Uu? W2 —U?
_ai+lA+lpv,i+1Wv,i+1[Hv,iﬂ+ VYle Hl]_ |'H12 Hl]

12. Derive the corrected liquid temperature T;;,, atnode i + 1 using Equation (C.6).

* HI i+1 Hli
T =T +— - (C.6)
CPijya
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13. Check the liquid temperature error and iterate until the required tolerance is reached.
14. Derive the geometrical information of PL and SL using Equation (C.7).

Z V4
x” =x +Zeos| B, —=
i+1 i+1 2 (IBHl zj
Yip+|1 = inJIrl + %Sin(ﬂnl _%j
C.7
X =x" — Zia cos(ﬁ —Ej “
i+1 i+1 2 i+1 2
sl o Zig T
=Y, = sin| b5 —
Y|+1 y|+1 2 ﬁwl 2

15. Loopifrom1to nys, — 1.
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