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ABSTRACT

3D RADIAL INFLOW TURBINE DESIGN AND
ANALYSIS FOR A SMALL SCALE ORC APPLICATION

In this study, the aim is to design and analyze a single stage subsonic radial in-
flow turbine for the Organic Rankine Cycle system established in Bogazici University
Renewable Energy Technologies Laboratory, by using R245fa and R134a as the work-
ing fluids. Complete design process of the ORC turbine, from preliminary design to 3D
blade design stage, is presented. Design point of the turbine is determined according to
the cycle limitations and by comparing the maximum mach number, rotational speed
and mass flow rate parameters found as a result of detailed preliminary turbine design
and basic cycle analysis. Results of the streamline and CFD analysis of the designed
turbine are compared and discussed from the point of Mach number distribution, tur-
bine efficiency and power output. The comparison shows that the two analyses give
similar efficiencies, power outputs and Mach number distributions. Streamline analyses
results show that the maximum total to static turbine efficiency and power output are

87.5 % and 3.97 kW respectively.



OZET

KUCUK OLCEKLI ORC UYGULAMASI ICIN UC
BOYUTLU RADYAL TURBIN TASARIMI VE ANALIZI

Bu cahsmada, Bogazici Universitesi Yenilenebilir Enerji Teknolojileri Laboratu-
vari’'nda kurulu olan Organik Rankine Cevrim sistemi i¢cin R245fa ve R134a akigkanlar:
kullanmlarak, tek kademeli, ses hizi altinda ¢aligsacak, radyal girigli bir tiirbin tasarimi
ve incelemesi yapilmasi amaclanmistir. On tasarim asamasindan iic boyutlu kanat
tasarimina kadar, OR(C tiirbininin tiim tasarim agamalar: gosterilmistir. Tiirbin caligma
noktasi, detayl ¢evrim analizi ve tiirbin on tasarimi sonucunda bulunan Mach sayisi,
rotor dontiig hizi ve kiitlesel akig hizi degigkenleri karsilagtirilarak, cevrim sistemi-
nin smirlamalarina uygun olarak belirlenmigtir. Tasarlanan tiirbinin CFD ve akig
¢izgi incelemelerinin sonuglari, Mach sayisi, tiirbin verimliligi ve gii¢ ¢ikisi 6zelinde
kargilagtirilmig ve tartigilmistir. Karsilastirmalar sonucunda, iki analiz yonteminin
benzer verimlilik, gii¢ ¢ikis1 ve Mach sayis1 degerleri verdikleri gortilmistiir. Akis ¢izgi
incelemelerinin sonuclarina gore, en yiiksek tiirbin verimliligi ve gii¢ ¢ikig1 degerleri

sirastyla 87.5 % ve 3.97 kW olarak bulunmustur.
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1.

INTRODUCTION

Rankine Cycle is a conventional thermodynamic cycle for converting heat into

mechanical energy by using steam as a working fluid. A simple Rankine cycle consists

of 4 components which are evaporator, turbine, condenser and pump. Working fluid

which is heated and pressurized by evaporator and pump respectively transfers its

gained energy to turbine blades and finally returns to liquid phase at a condenser to

complete the cycle.

Power Output

d

A

Heat Source

N

Cooling Source

Turbine
Evaporator Condenser
Pump
—

Figure 1.1. Schematic Diagram of a Simple Rankine Cycle.

In Figure 1.1, schematic diagram of cycle and the components are presented.

Main purpose of the cycle is generating mechanical energy and the amount of this

generation depends on the heat source of the system. Large capacity power plants use

steam as the working fluid because the heat sources of these stations have high tem-

peratures. However, for a low temperature sources such as geothermal, solar, biomass

or waste heat, steam is not the most efficient way to transfer heat because steam can




not reach high pressure values at low temperatures. Therefore, while converting ther-
mal energy into mechanical energy at low or middle level temperatures (from 40 °C' to
600 °C) organic fluids which have a low boiling points are used. These systems, run

with organic working fluid, is called Organic Rankine Cycle (ORC).

400

300 | e S
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¢ 200 | 7 "
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= e
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0 1 2 3 4 5 6 7 ] 9 10
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Figure 1.2. Saturation lines of several fluids in T-s diagram.

Thermodynamics differences between organic fluids and water can be observed in
the T-s diagram presented in Figure 1.2. Saturation lines for water, R245fa, R134a and
CO, are drawn in same scale to understand the regions of fluids that can be efficient
in Rankine cycle. It can be seen that, organic fluids presented in Figure 1.2 give the
opportunity to reach higher pressures at low temperatures when compared to water
steam. For example, while the saturation pressure of steam is 1.01 bar at 100 °C, this

value equals to 12.65 bar for R245fa at the same temperature.

These organic fluids, however, change the system characteristics because fluid
properties affect the performance of components in cycle. For instance, a steam tur-
bine cannot work at high efficiency with an organic fluid due to the different kinematic
viscosity or speed of sound values of organic fluids. Therefore, fluid properties are one

of the most important parameters during the cycle and turbine design process. As a



Table 1.1. Fluid Information from NIST Refprop.

Unit ~ Water  Dry Air R245fa R134a
Molar Mass kg/kmol 18.015  28.965 134.05 102.03
Specific Gas Constant J/kg-K  461.50  287.04  62.02  81.49
Critical Temperature oC 373.95  -140.62 154.01 101.06
Critical Pressure bar 220.64 37.86 36.01  40.59
Critical Density kg/m?  322.00  342.68 516.08 511.90
Kinematic Viscosity(@ 150 °C | 1 bar)  ecm?/s  0.2749 0.1343  0.0381 0.0569
Speed of Sound (@ 25 °C | 1 bar) m/s 1496.70  346.25 136.62 161.55

result, every fluid require different blade design and different turbine dimensions.
Therefore, blade design and optimization of turbine geometry for various organic fluids

are important processes to enhance the system efficiency.

In Table 1.1, several main properties of air, water, R245fa and R134a are shown.
It can be seen that R245fa and R134a have much higher molar mass and lower speed
of sound values when compared with air and water. Also the critical density of organic
fluids are higher than water while the critical pressures and temperatures are lower.
These differences are the main reasons of requirement to a specific turbine design for

organic fluids.

Water vapor has important differences from organic fluids as mentioned above
but there are also critical distinctions exist between organic fluids. One of the main
classification is made between the saturation curve slopes of fluids. In Figure 1.3, ex-
amples of three curve types are presented. Fluids with positive saturation curve slope
is called as dry fluid. Cycles which works with dry fluid have the opportunity to work
without superheat because there is no risk to be in liquid phase at the exit of the
turbine. If the saturation line is vertical then fluid is called as isentropic and when
the slope becomes negative, fluid is called as wet. Studies shows that, for an ORC
application, dry or isentropic fluids are the most suitable options [1,2]. In this study
performance of R245fa and R134a are investigated which are isentropic and wet fluids

respectively.
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Isopentane

Figure 1.3. (a)Wet, (b)Isentropic and (¢)Dry Fluids Saturation Curve Slopes in T-s

Diagram.

As it was mentioned previously, ORC can be suitable for various type of energy
sources [3] such as solar [4], geothermal [5] or waste heat [6]. There are many study
in the literature related with the fluid selection process, effects of organic fluids on
cycle efficiency, application areas of ORC, turbine selection for ORC application and
ORC turbine design [7]. In this study, radial inflow ORC turbine design process is
investigated, therefore the detailed literature survey mostly includes ORC turbines

and their performances.

One of the first experimental study about ORC was introduced in 2001 by Ya-
mamato et al.. They presented a new system to generate mechanical energy from low
heat source by using organic working fluids instead of water in Rankine Cycle. In the
experiment setup, an existing micro turbine with 30 mm rotor diameter was selected.
According to the numerical simulations, it was found that the cycle gives more power
output when organic fluid HCFC-123 is used instead of water. Also, experimental re-

sults show that the cycle with 19.9 kW evaporator input gives a 150 W turbine output



at 45000 rpm by using water as a working fluid while the cycle works with HCFC-123
generates 150 W turbine output at 35000 rpm with 13.0 kW evaporator input [8].

Rawlands et al. focused on the binary cycle geothermal applications of ORC
systems and the preliminary design of radial inflow turbine for several ORC systems
which use R134a, R143a, R236fa, R245fa and n-Pentane as the working fluids. Radial
turbine design was performed based on a preliminary meanline analysis and it was
found that the efficiencies of the turbines were about 77.0 % for 5 different design
based on 5 different working fluids. Values of the power output were between 254 kW
for n-Pentane and 338 kW for R134a. Also the minimum and maximum rotor radii
were calculated as 69.6 mm for R143a and 144.3 mm for n-Pentane. As a result, it
was found that the cycle/turbine couples which work with R134a and R143a were the

promising ones because of their small rotor sizes and high power outputs [9].

In 2012, Fiaschi et al. presented a study about expansion model for real fluids
instead of perfect gas model. Because when fluids are close to their critical conditions,
perfect gas model may not give satisfactory results. Main objective of the study is
to complete the preliminary design of a 50 kWe radial inflow turbine for six different
organic fluids (R134a, R1234yf, R236fa, R245fa, Cyclohexane, N-Pentane). As a result,
rotor diamaters were calculated between 50 mm and 80 mm where the rotational speeds
were found betweeen 32000 and 55000 rpm for five organic fluids. It was observed that
Cyclohexane requires 138 mm rotor diameter as an exception. Also the total to total
turbine efficiencies were found between 78 % and 85 %. For Cyclohexane this value is

69 % [10].

In their next study, Fiaschi et al. proposed a zero dimensional model for the
radial ORC turbine design by applying real equations of state and calculating the losses.
Study aimed to present the effects of organic fluids (R134a, R1234yf, R236fa, R245fa,
Cyclohexane, N-Pentane) on turbine design and performance. Target power output was
50 kW and the results showed that the maximum and minimum total to total efficiencies

of the designed turbine were 80 % for R1234yf and 72 % for Cyclohexane [11].



Last study of Fiaschi et al. includes a design of 5 kW radial inflow turbine from
preliminary design stage to 3D CFD analysis by using R134a as the working fluid.
Designed turbine geometry requires 0.2 kg/s mass flow rate and 87645 rpm speed at
its design point. Rotor inlet diameter was calculated as 35 mm. CFD analysis results

of improved turbine geometry show that the total to static efficiency was 71.76 %. [12].

Ventura et al. also contributed to the literature with their one dimensional

meanline code for preliminary design and performance estimation of radial inflow tur-

bine [13].

Another experimental study of small scale ORC was conducted by Pei et al. in
2011. In this study, R123 was used as the working fluid. As a result of the experiments,
65 % isentropic turbine efficiency and 6.8 % cycle efficiency was obtained for the 70 °C

temperature difference between hot and cold points of the cycle [14].

In 2012, Kang presented a study about design and test of an ORC. Also a radial
turbine was designed based on a geometric similarity of an existing turbine. The aim
was to produce 30 kW power output and R245fa was chosen as the working fluid.
Experiments were conducted for three different evaporation temperatures which are
77.1,79.5 and 82.3 °C. As a result of the experiments, the average turbine efficiencies,
electric power and cycle efficiencies were found as 76.0, 77.5, 82.2 % ; 24.5, 26.9, 31.2

kW and 5.05, 5.24, 5.66 % respectively for these evaporation temperatures [15].

Kang’s next study was focused on designing an ORC and a two stage radial
turbine expander to improve the cycle efficiency by using R245fa. The rotors of the
designed turbine were connected in the same shaft and during the design process, the
rotational speeds of the shaft was selected as 21,200 rpm by considering the perfor-
mance of the low pressure stage of the turbine. As in the first study of Kang, 3D blade
was designed based on the geometric similarity of an existing turbine. Experiment
results showed that the average maximum power and cycle efficiency were 39.0 kW

and 9.8 % respectively. For these cycle conditions, isentropic turbine efficiency for the



first stage, second stage and for the complete turbine were 52.1 %, 76.5 % and 68.5 %

respectively while the turbine efficiency based on power output was 58.4 % [16].

Sauret et al. presented three dimensional viscous simulations of radial inflow
turbine at nominal and off design conditions. Study, includes the design process of
the 400 kW radial turbine where R143a was selected as the working fluid. During the
design process of the turbine one dimensional design and three dimensional analysis
were investigated. In the comparison of the meanline analysis and CFD results, the
maximum total to static efficiencies and power outputs of the designed turbine were
76.8, 83.5 % and 393.6, 421.5 kW according to meanline and CFD analysis results
respectively [17].

Another complete design process of radial inflow turbine was conducted by Lee
et al. in 2015. Their study focused on designing a radial inflow turbine which works
with R-22 to generate 2kWe at a closed cycle ocean thermal energy conversion plant.
As a result of the turbine optimisation and design process, at the optimum efficiency
point, power output, pressure ratio, mass flow rate, mach number and the efficiency

values are 2.5 kW, 1.34, 0.41kg/s, 0.47 and 74 % respectively [18].

As a different turbine geometry design, Pini et al. presented a study on prelimi-
nary design and evaluation of multistage transonic radial outward turbine for an ORC
application where the working fluid was Siloxane MDM. In this process, a mean-line
code was created and results obtained from meanline code were verified with a CFD

solver [19].

As a result, important studies exist related with ORC turbine design for various
types (i.e. scroll, radial outflow, axial, radial inflow) and power output requirements.
Some of these studies include only preliminary or meanline design steps. Also some of
the studies take an existing turbine geometry as a reference and design a turbine by
using the similarity rules. Only some of these studies investigate whole design processes

for radial inflow turbine [17,18] and these studies were conducted for a geothermal and



ocean thermal application where the working fluids are R143a and R22 respectively.
In addition, recently, a 5 kW radial ORC turbine design was presented by Fiaschi et
al. [12] in 2016. Although this study includes preliminary design and CFD analysis
of the designed turbine, turbine was designed for R134a. Up to now, to the best of
author’s knowledge, there is no study on complete radial inflow turbine design process
which uses R245fa as the working fluid for 100 kW heat capacity ORC test system.
Therefore, this study aims to contribute the literature by investigating the complete
subsonic turbine design process starting form preliminary design to 3D blade design
stage by using CFD and streamline analysis calculation methods according to specific

ORC requirements and real R245fa and R134a gas properties.

In Chapter 2, basic knowledge about radial turbines and important formulations
are explained. Then in Chapter 3 and 4, preliminary turbine design process in general
and for specific case are investigated respectively. In Chapter 5, 3D blade optimization
process is performed by using streamline and CFD analysis. Final turbine geometry
is presented in Chapter 6. Lastly, CFD analysis results and are discussed in Chap-
ter 7.Also, turbine performance results, generated with streamline calculations, are
compared with CFD analysis results at several points to obtain whether there is a
incompatibility between two methods. All these analysis are discussed for R245fa and

R134a fluids.



2. FUNDAMENTALS OF RADIAL TURBINE

Turbine design process starts with preliminary design which provides general
information about turbine geometry and thermodynamics boundary conditions. After
deciding the boundary conditions, first 3D turbine geometry is generated in software
by using the preliminary design results. Then, the streamline analysis of the raw
turbine geometry is performed to observe the important turbine parameters such as
mass flow rate, power output, efficiency, mach number and rotational speed. According
to the results obtained from the streamline analysis, an iterative approach is carried
out between 3D blade optimization and streamline analysis outputs. Main purposes
of this design process are to create a 3D stator and rotor blade shapes that generate
a subsonic flow path with the highest turbine isentropic efficiency at its design point.
3D blades are optimized manually. Velocity triangles and other design parameters
are analyzed for each change of the blade geometry with streamline analysis method
to reach the stated purposes. When the demanded turbine parameters are obtained
according to streamline analysis result, 3D model of the designed turbine is analyzed
in CFD solver at its design point to observe the problems that can not be seen in
streamline calculations such as separation. Thus, the efficiency of designed turbine can
be improved. During this process, result of CFD and streamline analyses are compared
to see whether they match up with each other. Finally, turbine design is accomplished

by considering the streamline and CFD analysis result.

2.1. Turbine Geometry

Radial turbine consists of four parts which are volute, nozzle(stator), rotor and
diffuser.Flow enters the turbine from an inlet volute. In the volute, velocity of the flow
increases, pressure drops and flow gains an important angular momentum.Then flow
passes through the nozzle which has a stationary blade set. In the nozzle, velocity of
the flow increases, pressure drops and flow is guided by this stationary blade set. After

the nozzle, flow enters the rotor to develop work with rotating blade set by decreasing
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the pressure and temperature of fluid. Finally, at the exit of the rotor, flow passes
from the diffuser and velocity of the flow decreases and static pressure of the fluid

increases. In Figure 2.1, these four parts are presented where stator and rotor parts

are shown with blue and red blade sets respectively.

(-

\i

“ //\\ "( . Volute

Diffuser

A

(a)

Figure 2.2. Geometry of Turbine Blades - (a)Radius, (b)Edge Heights.

Nomenclature used in the design process is presented in Figure 2.2. In part (a)
of the Figure 2.2 several important radii of the turbine are shown. At the inlet and
exit of the stator, radii are ry and r; respectively. At the inlet of the rotor, radius is

r9 and in this section there is no difference in radii between hub, middle and tip region of
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the rotor. However, at the exit of the rotor, hub, mid and tip radii are represented
with rsp, r3m, 73 respectively.Edge widths also have an important place in the design
process. Part (b) of the Figure 2.2 shows the edge heights of stator and rotor where
Lo and L, are stator leading and trailing edge widths; L, and L3 are rotor leading
and trailing edge widths respectively. Finally, L,, represents the axial length of the

turbine.

Figure 2.3. Offset Angles of Rotor and Stator.

In addition to the lengths of blades, several important angles are also used during
the design process. In Figure 2.3, turbine blade offset, §, angles with sign convention
are presented. 0y and 0, represent the stator inlet and outlet offset angles respectively.
Similarly, in rotor, these angles are 65 and 3 respectively. In this figure, 6y and 6, are

both 0 degree therefore they are presented with vertical axis.

Finally, blade (metal) angles of stator and rotor are presented in Figure 2.4. Also
in Figure 2.5, both offset and blade angles are presented in polar view to show the hub

mid and tip section of the rotor clearly.
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Camber Line

(a) (b)

Figure 2.4. Blade(Metal) Angles of (a)Stator and (b)Rotor.

it

Hub Mid Tip

Figure 2.5. Offset and Blade(Metal) Angles of Rotor in polar view.
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2.2. Turbine Power and Velocity Relation

Turbine is the Rankine Cycle component where the fluid transports its energy
to the blades. Therefore, one should clarify the relationship between fluid velocity,
blade velocity and turbine power output. For this purpose, firstly important angle
conventions and velocities are defined. Then, the relation between velocity and power
is explained by using thermodynamic and kinematic equations. As a result Euler

Turbine Equation is derived.

2.2.1. Velocity Triangles and Angle Convention

In cascade notation, 3 velocity vectors are defined. Absolute velocity, C , is the
velocity of the fluid according to a stationary observer. U is the circumferential velocity
of rotor. Finally, relative velocity, W, is the velocity of fluid relative to turbine blades.
Because there is no motion in the stator (i.e. blades are stationary) relative velocity
and absolute velocity refers to same vector. Subscriptions used with velocities and

angles indicate the location as it was shown in Figure 2.2.

In this study, tangential angle convention is used. Figure 2.6 presents the relative,
absolute flow velocities and corresponding angles at the inlet and outlet sections. At the
inlet of the rotor, ay and [, are the absolute and relative velocity angles respectively.
Similarly, at the outlet of the rotor, a3 and 53 show the angles of absolute and relative

velocities respectively.

2.2.2. Euler Turbine Equation

Euler Turbine Equation is one of the most important equation for the turbine
design as it establishes relation between tangential component of absolute velocities
and enthalpy difference at the rotor inlet-exit section by using the energy conservation

law and angular momentum conservation law [20].
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Figure 2.6. Velocity Vectors at (a) Stator and (b) Rotor.
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According to the change in angular momentum equation;

T = m(OUQT'Q — Cug’f‘g) (21)

If one multiplies the torque with angular velocity of the rotor, power can be calculated

as follows:

N=Tw= mw<0u27“2 — Oung) (22)

The power can also be calculated from the total enthalpy change between rotor inlet

and outlet by assuming there is no heat loss.

N = m(H; — Hj) (2.3)

Combining equation 2.2 and 2.3, Euler Turbine Equation is given as;

Hj — Hy = (Cy2Us — Cy3U3) (2.4)

where the circumferential speed, U, is

For an ideal gas with constant ¢, value, equation 2.4 becomes

(13 = T3) = (Culs — Cu3Us) (2.6)

This is the basic version of the Euler Turbine Equation. After the definition of
Rothalpy, another version of the Euler Turbine Equation will be derived. Rothalpy,

I, is the result of rearrangement of Euler Turbine Equation and it is conserved in an
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adiabatic, irreversible and steady system.
I=(H"-C,U) (2.7)

Using the equation 2.7, rothalpy values at the inlet and exit of the rotor can be equalized

according to conservation assumption.
(Hy — CyoUy) = (Hy — Cyu3Us) (2.8)
where the total enthalpy can be described as follows:

1
fﬁ:H+§ﬁ (2.9)

Figure 2.7. Sample Velocity Triangle of Rotor.

According to the velocity triangle shown in Figure 2.7, which can occurs at the

inlet and exit of the rotor, rothalpy becomes:

1
]:H+?V—QU (2.10)
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—

The tangential component of absolute velocity, C,, is described as follows:

— -

Co=W,+U (2.11)
Also, absolute speed, C', can be written as follows:
C?*=C%+C3 (2.12)
where (), is the meridional component of absolute velocity. Therefore,
C? = (W, +U?+C% =W2+2W,U +U? +C? (2.13)
Using equation 2.13 in equation 2.10, rothalpy becomes
[—H+%(W5+2WUU+U2+C;)—(WU+U)U (2.14)
Note that
W2+ 02 =W? (2.15)
Thus, rothalpy can be expressed as
w2  U?

I=H+ - = 2.16

Rothalpy is conserved as it was mentioned in equation 2.8. Therefore, equation 2.16

can be written as

”72 U2 ”f2 U2
2t 5 3t 5~ 5 (2.17)

where the subscriptions 2 and 3 define the inlet and outlet section of rotor respectively.
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Enthalpy difference between the rotor inlet and outlet can be explained by using

equation 2.17 as follows:
Hy— Hy=—3% - 22422 _ 238 (2.18)

Then the total enthalpy difference becomes

Wi Wi U2 U\ C: C?
H —H =3 _-""24,22_ =3 2 _ 3 21
203 (2 > T T2 )t T (2.19)

Finally, Euler Turbine Equation can be described in a different aspect by using equation
2.4 and 2.19 as following.
wg Wi U3

_ _ Uz c: (2

(2.20)

3=

Equation 2.20 is the Euler Turbine Equation where the turbine power output is related

with rotor inlet and outlet velocity components.

2.2.3. Mollier Diagram

As it can be understood from the Euler Turbine Equation, power output is directly
related with enthalpy difference between turbine inlet and outlet. Turbine enthalpy
change observation is a critical part of the turbine design and analysis process to
understand the reasons of losses and improve the turbine efficiency. Therefore enthalpy-
entropy graph is explained in this section. In the next section, enthalpy data taken from
this graph are used to generate non dimensional parameters such as turbine efficiency,

isentropic velocity ratio.

Figure 2.8 is a simple H-S diagram of a single stage radial turbine. Blue and red
lines indicates stator and rotor of the turbine. States from 0 to 3 specify the turbine
sections which were presented in Figure 2.2. Constant pressure lines are shown with

dashed lines. AH},; shows the isentropic enthalpy drop in the turbine. Star character,*,
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Figure 2.8. Turbine Enthalpy vs Entropy Diagram.

indicates the total properties at that point and subscript ”s” presents the final point
of a process in an isentropic case. For example, 1, shows the outlet condition of stator
for an isentropic process. Numbers with no subscripts present the static and actual
states of that turbine section. Therefore, enthalpy difference between isentropic case
and actual case of the same state gives the amount of enthalpy loss at that section.
Finally, subscript ”st”, is presented to calculate the isentropic enthalpy difference for

the complete turbine stage.

2.3. Non Dimensional Turbine Design Parameters

In this section, general non dimensional parameters used in turbine design and

analysis processes are defined.
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2.3.1. Degree of Reaction

Ratio of theoretical enthalpy drop in rotor to theoretical enthalpy drop in rotor
and stator [21].
H2 - H3s

= (HO - Hls) + (HQ - HSS) (221)

For a turbine, degree of reaction must have a positive value. Optimum value for R is

around 0.5.
2.3.2. Load Coefficient

Load coefficient is the ratio of isentropic enthalpy drop in turbine to exit circum-

ferential kinetic energy of rotor [21].

o M= Hou A,
U3 U3

(2.22)

2.3.3. Isentropic Velocity Ratio

Isentropic enthalpy drop is used to create another important non dimensional

preliminary design parameter as following [20];

(2.23)

where spouting velocity, Cy, is a theoretical velocity which is proportional to turbine

isentropic ethalpy drop as following [20];

Cyo = /2(H; — Hyy) (2.24)
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2.3.4. Flow Coeflicient

Flow coefficient is the ratio of meridional component of absolute speed at the exit

of the rotor, C,3, to the blade velocity at the exit of the rotor,Us [20].

=3 (2.25)

2.3.5. Turbine Efficiency

There are several efficiency terms exist for the design of a radial turbine. First one
is total to total stage efficiency which is used if kinetic energy of the fluid is consumed
by the propelling nozzle or the next stage of the turbine at the rotor outlet. Second
type is called total to static stage efficiency. This efficiency term is used if the kinetic

energy of the fluid at the exit of the rotor is not spend by another purpose.

Hy — Hj

= —> 2.26
HS - HSst ( )

Nts
In this study, the designed radial turbine has one stage therefore total to static efficiency

should be used. Total to static efficiency is presented in equation 2.26 [21].
2.4. Losses and Loss Models

Generating an efficient turbine geometry is the crucial part of this study therefore
one should examine the sources of losses and observe the predicted performance of the

turbine before staring the CFD calculations.

In the literature, sufficient testing data is not exist for radial turbine to evaluate
the loss models due to its difficult shape when compared to axial turbines. Therefore

loss models in the literature are based on overall stage data [22].
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In this study, following loss models are used during the performance analysis;

e Profile (primary) losses model : AxS by Mitrohin-Stepanov
e Secondary Losses Model : AxS by Stepanov
e Deviation Angle Calculation Model : AxS Subsonic-Zero (real gas)

where profile losses contain friction losses inside the flow path, shock wave losses due
to supersonic flow and trailing edge losses caused by wake flow after trailing edge.
Secondary losses also have an important effect on turbine efficiency and they are caused

by the vortices inside the boundary layer of blade passage.

Losses mostly occur at rotor section of the turbine. Stator loss coeflicients are
generally lower when they are compared to rotor losses [23]. Most significant rotor

losses can be classified as following.

Incidence losses. In the turbine, fluid is guided by the stator to enter the rotor
at the most suitable angle. However, small amount of energy is spent during this
transition. Effect of this loss type increases at the off design condition of turbine
because required energy increases at high or low rotational speed and mass flow rates.
Incidence loss coefficient can be calculated as follows;

B Wisin?(a;)

§in = 5 (2.27)

In the literature, incidence angle lies between 20 and 40 degree to obtain the suitable

flow path with minimum amount of vortices [24].

Passage losses.  This losses occur between rotor blades and consist mostly loss of

kinetic energy due to separation. Passage loss coefficient is firstly formulized by Futral
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and Wasserbauer as following [23, 25];

- O.3(W2200322(a,~) + W2) (2.28)

Tip clearance losses. As the nature of turbine, there must be a gap between rotor
blade tip and shroud. This gap causes some leakage and the distance between blade
and shroud is decided according to aerodynamic and manufacturing necessities. As a
result, this leakage results with energy loss in specific work [26,27]. In the literature

this loss is described with the following equation by Rodgers [22];

€a €r
Ay = () + K () (2:20)

Windage (Disk Friction) losses. In addition to the losses in the flow path and
above the flow path, losses occurs also between the back side of the rotor and case of
the turbine [22]. Disk frictional torque can be calculated with the equation created by
Daily and Nece [28] as following;

Trrie = Kap(0.25)pUgrs (2.30)
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3. PRELIMINARY DESIGN

Turbines are the most critical component of cycles and even a small change in its
isentropic efficiency directly affects the cycle efficiency and power output. Therefore,
turbine designs should be cycle specific to be able to get the maximum power from cycle.
Turbine preliminary design is the first and most important step of whole turbine design
process and there are important studies in the literature for design process [20,29,30]. In
this chapter, firstly, a general, simple ORC analysis is performed for R245fa and R134a
organic fluids in order to observe the potential power output and cycle efficiency. Then,
results found in cycle analysis are used to estimate the suitable turbine geometries and
parameters. After generating the maps to understand the relationship between cycle
boundary conditions and turbine parameters, finally the specific turbine preliminary
design is performed in Chapter 4 by taking into consideration the limitations of BURET
Laboratory ORC system facility.

3.1. Basic ORC Analysis for R245fa and R134a

Organic fluids consist of varied molecular structures therefore they can have dif-
ferent thermodynamics parameter values at same boundary conditions. (i.e. for same
temperature and pressure values). Because the primary purpose is to design an efficient
radial inflow turbine with a subsonic flow path at its design point, main variable of the
cycle analysis will be the pressure ratio between turbine inlet and outlet. In Figure 3.1,
temperature-entropy diagram of R245fa and cycle process states are presented. 1, 2, 3

and 4 are the turbine inlet, outlet, condenser outlet and pump outlet state respectively.

Cycle analyses are performed for three pressure ratio values. Maximum pressure
ratio is selected according to the recommended limitation for an efficient, subsonic
one stage radial inflow turbine design [31]. Six different turbine outlet pressure values
are selected and cycle efficiencies are calculated for these six outlet pressure values at

three different pressure ratio. Outlet pressure values for R245fa and R134a are selected
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Figure 3.1. Temperature vs Entropy Diagram of R245fa.

according to their saturation temperatures. Details of the selected boundary condi-
tions can be seen in Appendix A. Several important assumptions used during the

analyses are listed below:

e Turbine efficiency is 85 %
e (Cycle pressure losses are neglected.

e Temperature (Enthalpy) rise at the pump is neglected (ie. Hs = Hy)

Given or known parameters are as following:

e Turbine outlet pressure

e Cycle pressure ratio

e For R245fa, turbine inlet temperature(max. 1°C super heat)
e For R134a, turbine outlet temperature(max. 1°C’ super heat)
e Saturated liquid enthalpy value at condenser pressure

e Cycle power input is 100 kW.
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To start the analysis, turbine inlet pressure is calculated for a given outlet pressure
and pressure ratio. Because R245fa is a dry fluid, there is no possibility of the expanding
gas to end up in a liquid-gas mixture state. Therefore, temperature of the turbine
inlet is fixed and the outlet temperature value is found in gas phase for an isentropic
process. However, R134a is a wet fluid, therefore during the cycle analysis for this fluid,
temperature of the turbine outlet is fixed so that the fluid is still in gas phase after
expansion process. As a result, turbine inlet temperature is found for an isentropic
process. Thus, turbine inlet and outlet conditions are fixed. Condenser pressure is the
same as turbine outlet pressure. Then, the corresponding liquid enthalpy value for the
given condenser pressure is found. With the known enthalpy values at the inlet of the
turbine and exit of the condenser, mass flow rate can be calculated for a given heat

rate input as follows:

. Qheater
= _Lnearer 3.1
(O (3.1)

After finding mass flow rate, one can calculate the required chiller capacity by using

the following equation:

Qchiller = m(HQ - HS) (32)

N = m<Hl - H28)775 (33)

Thus, turbine power output is found according to ideal enthalpy drop and 85.0 %
turbine efficiency with equation 3.3. Finally, efficiency of the cycle is calculated by

using the following equation:

Hy, — H,

cycle — 3.4
nyl Hl—H4 ( )
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As a result, cycle efficiencies are found at 18 boundary conditions for three differ-
ent pressure ratio by using R245fa and R134a. Results are presented in Figure 3.2 and

3.3 respectively for R245fa and R134a. Details of the results can be seen in Appendix
A.

Figure 3.2 shows that the highest cycle efficiency, 10.4 %, is reached when the
pressure ratio is maximum. Also it is observed that the efficiency is increasing with
rising turbine outlet pressure for the same pressure ratio. Minimum cycle efficiency is

found as 5 % for the PR=2.
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Figure 3.2. R-245fa Cycle Efficieny vs Turbine Outlet Pressure Lines for Different

Pressure Ratio.
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In Figure 3.3, cycle efficiencies for R134a are shown where the pressure ratio

values are same as R245fa case. Maximum efficiency for R134a is found as 11.4 % at

PR=4 which is 1 % higher than the cycle that works with R245fa.
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Figure 3.3. R-134a Cycle Efficieny vs Turbine Outlet Pressure Lines for Different

Pressure Ratio.

Results show that, maximum cycle efficiency values of ORC for given pressure

ratios are around 10 % which is significantly lower than average steam cycle (i.e. Rank-

ine Cycle) efficiency. However this is not a surprising result because, working condition

of steam cycles have much higher pressure ratio and temperature values than ORC.

In Table 3.1, maximum theoretical (Carnot) cycle efficiency values are presented with

the actual cycle efficiency values for given pressures. It can be seen that the maximum

theoretical efficiency is 12.0 % for the case where the maximum actual cycle efficiency
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was found. As a reminder, Carnot cycle efficiency is calculated as following;

Nearnot = 1—— (35)

Table 3.1. Actual vs Carnot Cycle Efficiency.

Highest Lowest Actual Carnot
Cycle Pressure (bar) Cycle Pressure (bar) Cycle Efficiency (%) Cycle Efficiency (%)
3.0 1.5 5.1 5.5
4.5 1.5 7.8 8.6
6.0 1.5 9.6 10.9
6.0 3.0 5.3 5.7
9.0 3.0 8.3 9.1
12.0 3.0 10.2 11.5
8.0 4.0 5.4 5.9
12.0 4.0 8.6 9.4
16.0 4.0 10.4 12.0

Increase in the pressure ratio results with higher enthalpy difference in the turbine.
However, at high pressure ratio values, shock waves occur in the turbine flow path and
it affects the turbine efficiency dramatically. Therefore, pressure ratio should be limited
to avoid choked flow in the turbine flow path and low turbine efficiency.Detailed results

of the calculations for several cycle conditions can be seen in Appendix A and B.

In Section 3.2, turbine geometries will be generated by taking into consideration
the cycle boundary conditions. Also, maps that show the suitable turbine geometries

for each boundary condition are presented.
3.2. Preliminary Turbine Geometry Generation
For the generated boundary conditions, one can start to evaluate the geometry

of turbine. There are many correlations in the literature and in this study Aungier’s

Turbine Aerodynamics book is used [20] as a reference. In his book, design process
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starts with Balje’s specific speed definition which is shown in Equation 3.6.

ho— WV
t(AHR)T

Specific speed, ng, is chosen as 0.55 according to turbine total to static efficiency -
specific speed graph in Aungier’s Turbine Aerodynamics book where the recommended
range is between 0.45 and 0.75 [20]. For the given range, total to static efficiency shows
difference between 80 % and 85 %. Also the volume flow rate, (03, can be calculated
for given mass flow rate using density of the fluid at the exit of the turbine. Thus, the
rotational angular speed is found by putting the isentropic total enthalpy drop, AH?,,
value into equation 3.7.

ns(AH},)0

w= — 0, (3.7)

To calculate the basic parameters of the turbine rotor, equations from 3.7 to 3.22

are used.
Firstly, rotor inlet blade speed is calculated as follows:
Us = 95sCy (3.8)

where the result of spouting velocity, Cy, and total to static velocity ratio, ¥, are

found as follows:

Cyo = /2AH, (3.9)
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¥, = 0.737n%2 (3.10)

Inlet and outlet hub radius of the rotor are calculated with the following two

equations respectively.

Uy
= — 3.11
2= ( )
rsp — 01857"2 (312)

Leading edge height of the turbine, Lo, can be calculated by using the definition
of mass flow rate follows:
m

Ly (3.13)

T o r202Cm,

Meridional component, 52m, and tangential component, égu, of absolute velocity, c ,

are determined from the following two equations respectively.

Cgm = Cgu tan (6%) (314)
o U27]s
Cou = 7 (3.15)

In equation 3.15, 7, is the isentropic turbine efficiency. Also, in equation 3.14, ay indi-

cates the rotor inlet absolute flow angle and it is calculated as follows:
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s = 10.8 + (14.2)n? (3.16)

Relationship between inlet and outlet meridional flow speed is shown in the fol-
lowing equation:

L 2
1+5(—2)
()

Rotor outlet tip radius, r3;, is proportional with inlet radius of rotor so that;

T3t = 1.29n57’2 (318)

Finally, rotor trailing edge height, L3, and axial rotor length , L., can be calcu-

lated by

Ly =13 —13n (3.19)

La:c = 15 (’f’gt — Tgh) (320)

Preliminary turbine geometry can now be generated by using equations from 3.6
to 3.20. Detailed results of the calculations for several cycle conditions can be seen in

Appendix B.
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3.3. Turbine and Cycle Relation

In the final section of this chapter, relationships between cycle boundary condi-
tions and turbine geometries, which are calculated according to the preliminary design

considerations, are presented.

During the analysis, three pressure ratio values are investigated at three heat rate
(power input) cases which are 100 kW, 500kW, IMW. The main reason is to show the
effects of energy source capacity on turbine dimensions. As a result, relation between
rotor diameter, rotational speed, mass flow rate, rotor inlet absolute mach number
and turbine power output are presented in the following figures for R245fa and R134a.
These relations are presented at three different pressure ratio and three cycle power

inputs.

In Figure 3.4 and 3.5, rotational speed change with respect to outlet pressure for
R245fa and R134a are shown respectively. First important observation is the reduction
of rotational speed with increase in power supply for all pressure ratio. Proportional
increase of mass flow rate with power supply is the reason of this reduction for the same
pressure ratio and outlet pressure value.In addition, rise in the outlet pressure value
also causes an increase in rotational speed for a constant power input and pressure
ratio due to the density augmentation at turbine outlet condition. Finally, for all heat
input cases, it is observed that the pressure ratio and rotational speed are proportional

to each other.

Similar behaviors can be observed for both R245fa and R134a. However, a slight
difference exists between rotational speeds of two fluids for the same pressure ratio and
heat supply. For example, rotational speeds are calculated as 50000 and 55000 rpm for
R-245fa and R134a respectively while the pressure ratio is 3 and heat input value is
100 kW at 3 bar turbine outlet pressure. This rotational speed difference between two

organic fluids changes inversely proportional with heat supply capacity of system.
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Figure 3.4. R-245fa Rotational Speed vs Turbine Outlet Pressure Lines for Different

Pressure Ratio.

Figure 3.6 and 3.7 present the required rotor inlet diameters for given pressure
ratio and heat input. General trends show that rotor inlet diameter increases with
rising heat input. A cycle with 100 kW power input, requires a rotor diameter which
changes between 40 mm. and 80 mm. according to pressure ratio and outlet pressure
value while this range is between 125 mm. and 250 mm. for a cycle with 1 MW heat
supply. As it can be seen, turbine outlet pressure decision gains more importance at

high power sources.

Another important observation is the inverse proportionality between pressure
ratio and rotor diameter independent from heat source capacity. Similar behaviors are
observed for both fluids and it can be said that the diameter requirements of R134a

and R245fa are close to each other.
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Pressure Ratio.

During the boundary condition decision process for turbine, one of the most
critical parameter that should be investigated is the Mach number. Shock waves are
one of the main reasons for turbine losses. Therefore, before the detailed 3D turbine
design, one should estimate the maximum Mach number that can be occurred in the

turbine sections.

Absolute and Relative Mach number at the turbine is calculated by using the
following equations respectively. Speed of sound, ¢, data are taken from NIST Refprop

9.1 fluid properties database.

Q

Mups = — 21
bs = (3.21)
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Figure 3.6. R-245fa Rotor Inlet Diameter vs Turbine Outlet Pressure Lines for

Different Pressure Ratio and Power Input.

M, = % (3.22)

In Figure 3.8 and 3.9, rotor inlet absolute Mach numbers are presented. At the
inlet of the rotor relative velocity is smaller than the absolute velocity while the relative
velocity at the outlet of the rotor is higher than absolute velocity. Therefore, one should

check absolute velocity at the rotor inlet and relative velocity at the rotor exit.

Increase in the pressure ratio results a higher Mach number as expected. It is
seen that to stay in the subsonic flow regime, pressure ratio should not exceed 3 if
the outlet pressure value is smaller than 1.5. This ratio should be reduced for higher

turbine outlet pressures. Results are similar for both fluids as expected.
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Figure 3.7. R-134a Rotor Inlet Diameter vs Turbine Outlet Pressure Lines for

Different Pressure Ratio and Power Input.

As the last two comparisons, mass flow rates and turbine power outputs with

respect to rotor inlet diameters are presented.

In Figure 3.10 and 3.11, mass flow rate and rotor inlet diameter relation for
efficient turbine design are shown. There are three group of turbine dimension exist

which are separated from each other according to cycle heat supply capacities.

For R245fa cycles with 100, 500 and 1000 kW power input capacity, it is calculated
that the necessary mass flow rates should be close to 0.5, 2.5 and 5 kg/s while the rotor
diameters changes between 40 to 80, 90 to 170 and 125 to 225 mm. respectively. Points

on the pressure ratio lines are the outlet pressure values shown in the previous figures.
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Lines for Different Pressure Ratio.

Similar mass flow rate and diameter distribution is also observed for R134 cycle

at all levels of heat source capacity. Details can be seen in Figure 3.11.

Lastly, in Figure 3.12 and 3.13, generated power from corresponding turbine
dimensions are presented for R245fa and R134a cycles respectively. Pressure ratio is
the key factor to obtain desired power output for a specific power source. However, it

is seen that the effect of pressure ratio increases with rising power input.

As a result of all these analyses, dimensions of turbines for several power output
purposes were generated and their mass flow rate, rotational speed requirements were
calculated for different pressure ratio values. With all these experiences about rela-

tionship between turbine kinematic and thermodynamics parameters, one can start a
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preliminary design for a specific case. After this point, all studies are conducted to

generate a unique turbine geometry for a specific ORC system which has a 100 kW

power input.
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4. PRELIMINARY DESIGN FOR SPECIFIED ORC
SYSTEM

Preliminary design process for a specific case consist of two parts. In the first
part, boundary conditions are decided and in the second part, these parameters are

used to determine the basic turbine geometry.
4.1. Determination of Design Condition
In this section, design conditions of the turbine are determined by satisfying
the Bogazici University Renewable Energy Technologies Laboratory (BURET Lab.)
ORC test bed limitations. Photographs of the ORC test bed, heater and chiller of
the established system can be seen in Figure 4.1 and Figure 4.2 respectively. Primary
constraints of the ORC system in BURET Lab. are listed as follows:
e Capacity of Electric Heater:
Nheater = 100kW
e Capacity of Chiller:
Nchiller = 100kW
e Condenser inlet pressure:
ps = 1.bbar
During the preliminary design process, these limitations will be the guide to find

the optimum design conditions of the turbine. In order to specify the inlet and outlet

conditions, four parameters should be fixed. Firstly, outlet pressure and temperature



Figure 4.1. Organic Rankine Cycle.
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values of the turbine are fixed to 1.5 bar and 33 °C respectively. Liquid enthalpy of

the fluid at desired outlet condition can be seen in Table 4.1.

Table 4.1. Saturation Point Data of R245fa at 1.5 bar

Pressure bar 1.50
Temperature oc 25.32
Liquid Enthalpy kJ/kg 232.88

Last two parameters to be fixed are the turbine inlet temperature and pressure
values.To decide the proper pressure value to stay in the subsonic region at the turbine
inlet, three different cases are generated and investigated for three different pressure
ratio. By using the constant outlet pressure and temperature values, for an isentropic
expansion process, inlet temperatures of the turbine at these three assigned inlet pres-
sures can be found. In Table 4.2, inlet and outlet boundary conditions of these three

cases are shown.

Table 4.2. Boundary Conditions for 3 Different Pressure Ratio

Fluid: R245fa  Unit Case-1 Case-2 Case-3
Inlet Outlet Inlet Outlet Inlet Outlet
Pressure Ratio - 4.0 3.0 2.0
Pressure bar 6.0 1.5 4.5 1.5 3.0 1.5
Temperature oC 70.3  33.0 61.8  33.0 50.6  33.0
Density kg/m? | 33.14 8.36 24.64 8.36 16.42 8.36
Enthalpy kJ/kg | 455.6 430.3  450.3 430.3 4429 430.3
Speed of Sound m/s 131.8 136.6  134.1 136.6 135.9 136.6

After fixing the temperature and pressure values of the three cases, maximum
mass flow rates can be calculated with equation 3.1 by taking into consideration the

heater and chiller capacity of the specified ORC system.

Finally, in Table 4.3 estimated net power output and mass flow rate values for
three different pressure ratio are shown. Isentropic turbine efficiency are assumed to
be 85.0 % for all cases. As a result, Case-1 which has the highest pressure ratio, gen-

erates more power than others as expected. However, final decision for the design point
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Table 4.3. Results of 3 different boundary case according to limitations

Unit  Case-1 Case-2 Case-3
Max. Heater Power Input kW 100 100 100
AH;y kJ/kg 25.2 20.0 12.6
Mass Flow Rate kg/s  0.45 0.46 0.48
Estimated Turbine Efficiency % 85 85 85
Net Power Output kW 9.6 7.8 5.1

should not be given yet because there is an optimum pressure ratio for a given mass
flow rate value to design an efficient turbine and to stay in the subsonic region. There-
fore, velocity triangles should be generated for these 3 cases and mach numbers should
be calculated. For this purpose, in the following section, preliminary turbine geometry

parameters are going to be calculated for these 3 cases.

4.2. 2D Turbine Geometry Generation

As it was mentioned in Section 3.2, turbine rotor parameters are calculated by
using equations from 3.7 to 3.22. Detailed results of these calculations for 3 cases can
be seen in Table 4.4.

Table 4.4. Geometric and Thermodynamics Preliminary Design Results of 3 cases

Fluid: R245fa Unit Case-1 Case-2 Case-3
Inlet  Outlet Inlet Outlet Inlet Outlet

GEOMETRIC RESULTS
Rotational Speed rpm 45360 37655 26150
Blade Tip Velocity m/s  146.87 104.20 130.76 92.77 103.73  73.59
Rotor Hub Radius mm 3092 572 3316 613 37.88 7.01
Rotor Tip Radius mm 3092 2194 33.16 23.53 37.88 26.88
Blade Height (LE and TE)  mm 1.77 1622 256  17.39 438  19.87
Rotor Axial Length mm 24.33 26.09 29.80
Rotor Blade thickness mm 1.24 0.62 1.33 0.66 1.52 0.76
Rotor Absolute Flow Angle  deg 15.10  90.00 15.10 90.00 15.10  90.00
THERMODYNAMICS RESULTS
Mass Flow Rate kg/s 0.45 0.46 0.48
Temperature °C 70.30  33.00 61.80 33.00 50.60 33.00
Pressure bar 6.00 1.50 4.50 1.50 3.00 1.50
Mach Number - 1.15 0.29 1.00 0.26 0.81 0.22
Density kg/m3  33.13 8.36 24.64 8.36 16.42 8.36
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According to the results obtained from preliminary turbine geometry calculations,
thermodynamics boundary conditions and geometric estimations, Case-3 is chosen as
the design point due to its low (subsonic) mach number value at the inlet of the rotor.

From this point on, turbine design is going to be performed by using the results of

Case-3.

In Chapter 5, these results are used to create the first 3-D model of the turbine.
Then, streamline analysis is performed for this 3-D turbine geometry and the results
are compared with the results of preliminary design stage to see whether the raw 3-D

turbine geometry satisfies the boundary conditions and performance expectations.
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5. 3D BLADE DESIGN

3-D turbine geometry is generated in software after completing preliminary design
stage by using the preliminary design results of Case-3. Generated turbine has 24
stator blade and 16 rotor blade. This composed turbine geometry should be analyzed
to check whether the mass flow rate, power output and turbine efficiency values found

in preliminary design step meet the requirements for the given boundary conditions.

5.1. Streamline Analysis

In the streamline analysis, inlet total pressure, temperature, outlet static pressure
and rotational speed are defined as input parameters. As a result, important thermo-
dynamics and kinematic parameters such as turbine efficiency,power output, velocity
triangles, enthalpy drop and also temperature, pressure, mach number, density distri-
bution are calculated by considering the losses. In Table 5.1, comparison of preliminary

design and streamline analysis results of the generated turbine is shown.

Results of the streamline analysis show that, calculated mass flow rate value,
0.84 kg/s, for the generated turbine geometry exceeds the desired value according to
ORC system limitations. Also the 75.4 % turbine efficiency is below the targeted point
while the power output is relatively high due to the high mass flow rate. Lastly, both

calculation methods give similar Mach numbers at the inlet and outlet.

During the blade design process, one of the most important guide will be the
velocity triangles of the turbine. In Figure 5.1, velocity triangles of the rotor are
presented. These vectors are found as a result of streamline analysis performed for

preliminary turbine geometry.

Because of the differences between the requirements and the calculated results

of the streamline analysis, shape of the stator and rotor are optimized by changing their



Table 5.1. Comparison of Streamline Analysis and Preliminary Design Results

Fluid: R245fa Unit  Streamline Analysis Result Preliminary Design Result

Inlet Outlet Inlet Outlet
Temperature (T) e 50.60 33.00 50.60 33.00
Pressure (P) bar 3.00 1.50 3.00 1.50
Mach Number (M) - 0.78 0.37 0.81 0.22
Blade Tip Velocity (U) m/s 103.73 73.59 103.73 73.59
Absolute Flow Velocity (C) m/s 102.29 51.40 106.77 29.67
Relative Flow Velocity (W) m/s 71.15 104.86 27.81 79.35
Absolute Flow Angle () deg  40.40 67.16 15.10 90.00
Relative Flow Angle () deg  111.29 26.86 90.00 21.96
Total to Static Efficiency (n;s) % 75.40 85.00
Power Output (1) kW 7.95 5.09
Rotational Speed (n) rpm 26,150 26,150
Mass Flow Rate (rn) ke/s 0.84 0.48

Mach =1

Figure 5.1. Preliminary Design Velocity Triangles at Rotor Inlet and Outlet.
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geometric and kinematic parameters to reach the maximum efficiency at the design
point by using AxStream 3-D Blade Design Tool. Flow chart used during the 3-D

blade design process is presented in Figure 5.2.

Calculate relative and absolute velocity angles at rotor

inlet and outlet for three (hub,middle,tip) sections
l n
Draw the velocity triangles at rotor inlet
and outlet
Do the velocity triangles satisfy the Do the velocity triangles satisfy the Do the velocity triangles satisfy the
requirements for hub section? requirements for middle section? requirements for tip section?
lNO YES YES lNO YES INO
Change; Change; Change;
L— » Axial length * Axial length *  Axial length —
* Rotor TE angular offset * Rotor TE angular offset * Rotor TE angular offset
* Outlet hub diameter * Outlet tip diameter
NO
Do the mass flow rate, power

output,mach number and turbine
efficiency satisfy the requirements? YES

Do the all velocity triangles still satisfy [

the requirements?

NO
YES

Change,

* Rotor LE and stator LE,TE heights
* Stator blade number

Check the Results with CFD
Tool

* |Inlet total pressure

Figure 5.2. Streamline Analysis and 3D Blade Design Optimization Process Scheme.

As the final step of 3D blade design process, in Section 5.2, details of the CFD

analysis performed during and after the design process are explained.

5.2. 3D CFD Analysis

CFD analysis of the designed turbine is performed to compare and support the
results found in streamline analysis and find the reasons of losses such as separation by
using AxCFD software which includes a mesh generator and 3D Navier-Stokes Solver.
With the 3D CFD analysis, parameters such as surface roughness, turbulence model

and heat transfer calculation are taken into consideration.
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5.2.1. Turbulence and Heat Transfer Modelling

During the CFD analysis for all boundary conditions, SST k-w turbulence model
with middle level initial turbulence is chosen. While calculating the heat transfer, sand
grain roughness is selected as 0.1 mm and blade temperature are selected as the average

of the turbine inlet and outlet temperature values for each boundary conditions.

5.2.2. Thermodynamics Properties

In this study, turbine is designed for R245fa organic fluid however during the
analysis process, performance of the turbine is also investigated by using R134a as
the working fluid. Redlich-Kwong-Aungier Real Gas Model are used during the CFD
analysis with R245fa and R134a. Gas constant values for R245fa and R134a were

previously shown in Table 1.1.

5.2.3. Computational Mesh

Mesh generation process is performed according to two different mesh quality
methods which are Jacobian Matrix Determinant and Angle of the cell’s edge. The
jacobian matrix value can be varied in the range of -1.0 and 1.0. Major part of the
Jacobian matrix determinant should be close to 1.0 and cell’s edge angles should not
be smaller than 12 degree for a good mesh generation. Detailed distributions of meshes
satisfying these criteria are presented in Table 5.2 and generated meshes are presented

in Figure 5.3.

5.2.4. Convergence Criteria

During the CFD calculations, convergence criteria is mass flow rate. In the be-
ginning, inlet and outlet mass flow rates start at different values. Iteration process is
terminated when the inlet and outlet mass flow rate values converge to the same value.

This result also should be close to the mass flow rate value which was assigned to the



Table 5.2. Detailed Quality of Meshes by Jacobian and Angle

Mesh Quality by Jacobian

Mesh Quality by Angle

Total count mesh element 523908
count with determinant <= 0.3 0
count with determinant <= 0.4 0
count with determinant <= 0.5 0
count with determinant <= 0.6 0

count with determinant <= 0.7 22
count with determinant <= 0.8 573
count with determinant <= 0.9 3152
count with determinant <=1 520161

Total count mesh element 523908
Count with angle <= 12 0
Count with angle <= 20 0
Count with angle <= 30 3286
Count with angle <= 40 19540
Count with angle <= 50 27780
Count with angle <= 60 41925
Count with angle <= 70 73280
Count with angle <= 90 328097

Figure 5.3. Geometry Mesh of the Turbine.

o1
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system in the beginning. As an example, convergence result for the design point of the
turbine is show in Figure 5.4. For this specific example, it is observed that the inlet

and outlet mass flow rate values are converged to 0.48 kg/s in 3000 iteration.

0.6
Fluid: R245fa
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Figure 5.4. Convergence of Inlet and Outlet Mass Flow Rate Values.
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6. RESULTS

Optimized turbine flow path is generated based on the requirements stated in
preliminary design step. Thermodynamics and kinematics parameters are also obtained
by CFD calculations for the generated geometry. Design process was terminated when
the CFD results are compatible with streamline calculation results.In the following
sections, results of streamline and CFD analyses are presented. In addition, effect of

several turbine dimensions on velocity triangles are also presented in Section 6.4.

6.1. Streamline Analysis Results

At the end of this iterative design process,turbine inlet total pressure at the
design point is selected as 2.5 bar. The underlying reason of this change is to satisfy
the required mass flow rate value and stay at the subsonic region both at stator and
rotor. There is a correlation between mass flow rate, rotational speed, inlet pressure
and turbine geometry. To decrease the mass flow rate, firstly the leading edge and
inlet rotor diameter value had been decreased however this alteration had required to
increase the rotational speed and it was concluded with high Mach number value at the
inlet of the rotor. Stator blade shape, number and other rotor geometry parameters

were also changed to avoid the high Mach number at the inlet.

Table 6.1. Streamline Analysis Result after Blade Design Process

Parameters Unit Values
Inlet Total Pressure bar 2.5
Inlet Total Temperature oc 50
Outlet Static Pressure bar 1.5
Mass Flow Rate kg/s 0.483
Shaft Rotational Speed rpm 24700
Power kW 3.974
Total To Static Efficiency - 0.875
Total To Total Efficiency - 0.916
Mach Number at Rotor Inlet - 0.62
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Table 6.2. Details of Velocity Triangles after Blade Design Process

Angles (degree) Velocities (m/s)

Qg 16.97 Cs 85.04

o3 91.68 Cs 30.01

By 13172 W, 3325

By 2917 Wy 61.55
U, 103.46
Us 54.63

As aresult, inlet pressure value has decreased to 2.5 bar at the end of optimization
process shown in Figure 5.2 to design a turbine with reasonable rotor diameter and
rotational speed range at its design point. Also the temperature was set to 50 °C' which
is 10 °C higher than the saturation point at 2.5 bar. Details of design point after blade
design is presented in Table 6.1.

Mach =1

Figure 6.1. Final Design Velocity Triangles at Rotor Inlet and Outlet.

In Figure 6.1, velocity triangles of the turbine rotor at its design point are pre-
sented according to streamline analysis results. Magnitude of the speed of sound at
the design condition is also drawn to compare the magnitude of velocity vectors at the
inlet and outlet of rotor. Speed of sound values at the inlet and outlet of the rotor are

both close to 138 m/s. Kinematic results of streamline analysis at design point can be

observed in Table 6.2.
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Figure 6.2. Final Design Enthalpy vs Entropy Diagram.

Mollier diagram of the turbine at its design point according to streamline analysis
result is shown in Figure 6.2. Degree of Reaction value was found as 0.59. It is seen that
the losses are minimized both at the stator and rotor. Also, results of the losses can be
matched up with the previous studies in the literature [11,24]. Results were calculated
by the software according to the equations presented in Section 2.4. Efficiency loss
due to stator is found as 1.3 % while the disk friction loss is 0.5 %. Results of radial
inflow ORC turbine design of Fiaschi et al. show that, for R245fa, stator losses and
disk friction losses are found as 1.7% and 2.3 % respectively [11]. Also in this study,
incidence and passage losses are found as 0.4 % and 3.0 % respectively while these

values equal to 0.27 % and 6.0 % in the study of Fiaschi et al..

6.2. CFD Analysis Results

At the design point of final turbine geometry, thermodynamics and kinematic

parameters are calculated in CFD. Results are presented in Table 6.3. Mass flow rate
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and turbine efficiencies are found satisfactory according to design requirements of ORC
and turbine.

Table 6.3. CFD Analysis Result after Blade Design Process

Parameters Unit  Values
Inlet Total Pressure bar 2.5
Inlet Total Temperature oc 50
Outlet Static Pressure bar  1.51
Mass Flow Rate kg/s 0.481
Shaft Rotational Speed rpm 24700
Power kW 3.828
Total To Static Efficiency - 0.897
Total To Total Efficiency - 0.957
Mach Number at Rotor Inlet - 0.65

Temperature and relative meridional velocity distribution of the designed turbine
at its design point appear in Figure 6.3. Further detailed analyses of CFD results are
discussed in Chapter 7.

6.3. Detailed Geometry

The resulting 3D model of the designed turbine is shown in Figure 6.4. Details
of the designed turbine geometry are presented in table 6.4. Rotor and stator blade
numbers have been decreased to 11 and 18 respectively. Major parameters as leading
edge, trailing edge heights, axial length, rotor and stator diameters are optimized

according to streamline and CFD analysis results.

Stator and rotor blade curvatures are optimized to generate an efficient flow path
by investigating the CFD results. In this process, blade metal angles, offset angles and
thickness values along the blade meridional length for 3 sections were edited. At the
end of design process, offset angle and thickness distribution of the rotor blades were
found as in Figure 6.5. As in the literature [12], thickness distributions were edited
symmetrically according to the meanline and also the maximum thickness values were

reached at the middle of camberline for all sections.
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Figure 6.3. (a)Static Temperature Distribution and (b) Relative Meridional Velocity

of Turbine at Its Design Point.

Figure 6.4. Final Turbine Rotor and Stator.



Table 6.4. Final Turbine Geometry Details

o8

Rotor Geometry Improved Design Preliminary Design
Number of Blades - - 11 12
Inlet Metal Angle Qom deg 90 90
Outlet Metal Angle Tip O3mt deg 39 19.7
Outlet Metal Angle Mid O3mm deg 55 25.5
Outlet Metal Angle Hub Q3mh deg 71 26.8
LE Angular Offset 0y deg 0 0
TE Angular Offset 03 deg -38 -46.4
Tip Diameter at Inlet dy mm 80 75.8
Hub Diameter at Outlet dap, mm 20 14
Tip Diameter at Outlet dst mm 56 53.8
Leading Edge Height Loy mm 7 4.4
Trailing Edge Height Ls mm 18 19.9
Axial Length L. mm 27 29.8
Stator Geometry Improved Design Preliminary Design

Number of Blades - - 18 25
Inlet Metal Angle Qom deg 90 90
Outlet Metal Angle Q1 deg 12.15 15.1
Leading Edge Angular Offset 0o deg 0 0
Trailing Edge Angular Offset 01 deg 20 6.4
Diameter at Inlet do mm 99.8 94.8
Diameter at Outlet dy mm 82.8 81
Leading and Trailing Edge Heights Lo, Ly mm 7 4.4

6.4. Effect of Turbine Dimensions on Velocity Triangles

Final design of the turbine has passed from many optimization processes and
the operations performed during this period has been already presented in Figure 5.2.
Now, the effects of these turbine parameters on velocity triangles are investigated by
using streamline calculation method. During this analysis, parameters of the designed

turbine are changed and streamline calculation is performed for every change.

In Figure 6.6, generated velocity triangles for five different leading edge heights
are shown. Triangles at the top presents the rotor inlet velocities while the triangles at

the bottom shows the rotor outlet velocities. Leading edge for the final design of the
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turbine is 7 mm. According to design procedure, desired absolute velocity at the rotor
exit should be close to axial direction and this requirement is obtained when 7 mm. is

selected as the leading edge length.

oe— o d3n: 15 mMm. o — — — —odzp: 17.5 mm.
e n -e d3n:20mm. ocng d3p: 22.5 mm.
- — ——s d3y: 25 mm.

Figure 6.7. Effect of Rotor Outlet Hub Diameter on Rotor Outlet Hub Velocity

Triangles.

In Figure 6.7, effect of the outlet hub diameter change on outlet hub velocity
triangle is shown. Comments about the direction of exit absolute velocity has already

done previously and this requirement is met when the hub diameter equals to 20 mm.



61

7. DISCUSSION AND CONCLUSIONS

7.1. CFD Analysis Results

CFD analysis is performed for different boundary conditions by using R245fa and
R134a as the real gases. In this study, one of the main targets is to design a turbine with
a subsonic flow region. Therefore, analyzing the Mach number distribution becomes
crucial. Following figures presents the turbine absolute and relative mach number
distribution at different boundary conditions. Analysis are performed for both stator
and rotor part of the turbine. Figures present the middle section flow path of the

turbine.

Stator is the stationary part of the turbine therefore in that region, only velocity
that can be observed is the absolute velocity. However, at the exit of the stator, relative
velocity is also calculated according to rotational speed of the turbine. As a result, one
should investigate absolute and relative mach numbers at stator and rotor part of the

turbine respectively.

7.1.1. Working Fluid: R245fa

In Figure 7.1, relative mach number distributions of turbine at four different
boundary conditions are shown. Pressure ratio values from 1.67 to 3.00 is observed at
different rotational speeds. It is seen that the separation region is minimized at pressure
side of the rotor for the design point as a result of the design optimization. However,
this region expands with increasing pressure ratio and it decreases the efficiency of the

turbine from 89.7 % to 72.5 %.

At the suction side, there is no problem with the flow path until the pressure ratio
reaches to 3.00 at 24700 rpm. At that pressure ratio, flow path in the rotor becomes

supersonic and separation also occurs at the suction side. As a result, 72.5 % total to
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Figure 7.1. R245fa - CFD Result Comparison of Relative MACH Number

Distribution at Different Pressure Ratios.
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static turbine efficiency is found for this boundary condition.

In Figure 7.2, absolute Mach number distributions of the turbine flow paths for
the same working conditions with previous figure are presented. As it was mentioned
before, absolute mach number gains importance at the inlet part of rotor. Thus, flow
regimes at the entrance region of rotor are investigated in this figure. It is seen that
the absolute velocity vectors exceed the speed of sound when the pressure ratio is 2.
However, there is no significant difference observed up to the flow path where pressure
ratio is 3. In this case, rotational speed value of the turbine was assigned to 24700 rpm
which is lower than its most efficient point. As a result, absolute Mach number reaches
to 1.8 for this condition and the total to static turbine efficiency drops dramatically
to 72.5 % due to the expanding turbulent region and shock wave loss. Detailed CFD

results of these working conditions will be presented and discussed in Section 7.2.

7.1.2. Working Fluid: R134a

Although the turbine design was conducted by using R245fa as the working fluid,

CFD analysis are also performed by using R134a on the same turbine geometry.

In Figure 7.3, relative Mach number distributions are presented for 3 different
working conditions. It is observed that there is no significant difference between per-
formance of two fluids at similar working conditions. For the first condition where
pressure ratio is 1.67 and rotational speed is 24700, maximum relative mach number
value is found as 0.87. This result shows similarity with the condition where R245fa
is working fluid. However for the other two conditions, similar Mach number distri-
butions with R245fa are reached at slightly high rotational speeds. Also it is found
that the power outputs of these working conditions are higher when it is compared to

R245fa cases.

In Figure 7.4, absolute Mach number distributions of the flow path are presented

for R134a cases. In the first working condition where pressure ratio is 1.67, it is observed
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that the maximum absolute Mach number reaches to 1.2 while this value was 0.9
for R245fa case. As it was mentioned in the previous paragraph, rotational speed is
the main reason for this result. It can be said that the most efficient rotational speed

values for R134a is slightly higher than the R245fa cases at same pressure ratios.

7.2. Comparison of CFD and Streamline Results

In this section, streamline and CFD results are compared at several conditions
to obtain the difference and decide whether streamline analysis results are suitable for
generating turbine performance maps. For this purpose, turbine power output, mass
flow rate, turbine efficiency and Mach number results are presented and compared for

each calculation methods.

7.2.1. Working Fluid: R245fa

Streamline analysis and CFD results are observed and compared at four different

conditions while the working fluid is R245fa.

Table 7.1. R245fa - Streamline and CFD Result Comparison at 2.5 Bar Inlet Pressure

Fluid: R245fa Unit CFD Result Streamline Result
Turbine Inlet Total Pressure bar 2.5 2.5
Turbine Outlet Static Pressure bar 1.51 1.5
Inlet Total Temperature C 50 50
Rotational Speed rpm 24700 24700
Mass Flow Rate kg/s 0.481 0.483
Power kW 3.83 3.97
Total to Static Efficiency - 89.7 87.5
Stator Inlet Mach Number (middle section) - 0.1265 0.13
Mixing Surface Absolute Mach Number (middle section) - 0.655 0.62
Rotor Outlet Relative Mach Number (middle section) - 0.34 0.44

In table 7.1, result of important turbine parameters calculated by streamline
and CFD analysis are presented at the design point where the pressure ratio is 1.67.

For the same boundary conditions, it is observed that the mass flow rate, power output
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and turbine isentropic efficiency values found in streamline calculation show similarity
with CFD. Mach numbers at the critical parts of the turbine are also calculated with
streamline analysis and results matches with the CFD analysis for inlet of the stator
and rotor. At the exit of the rotor there is a slight difference between streamline and

CFD result and the 2 % efficiency difference may occur due to this variation.

Figure 7.5 shows the relative mach number distribution at the mixing surface
(i.e. surface between stator and rotor) and rotor exit surface according to CFD and
streamline analysis at the design point of turbine. It can be seen that the streamline
analysis gives similar result to CFD both at the inlet and outlet section of the rotor.
In general, major deviation occurs at the rotor outlet and this difference is increasing

towards to tip of the trailing edge where the average difference is 0.1 Mach.

Pressure Ratio:1.66 Rotor Trailing Edge Height (mm) Fluid: R245fa
10 12 14 16 18 20 22 24 26 28
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Figure 7.5. R245fa - MACH Number Distribution Results at 2.5 bar Inlet Pressure by

Streamline and CFD calculation.
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Table 7.2. R245fa - Streamline and CFD Result Comparison at 3 Bar Inlet Pressure

Fluid: R245fa Unit CFD Result Streamline Result
Turbine Inlet Total Pressure bar 3 3
Turbine Outlet Static Pressure bar 1.51 1.5
Inlet Total Temperature C 50 50
Rotational Speed rpm 27500 27500
Mass Flow Rate kg/s 0.621 0.63
Power kW 6.53 6.85
Total to Static Efficiency - 0.891 0.867
Stator Inlet Mach Number (middle section) - 0.1356 0.14
Mixing Surface Absolute Mach Number (middle section) - 0.7569 0.7116
Rotor Outlet Relative Mach Number (middle section) - 0.4438 0.5544

Several off design points are also investigated to observe and clarify the deviation
between CFD and streamline results. In table 7.2, this comparison is presented at 3 bar
inlet pressure and 27500 rpm. Results shows that the amount of deviation is similar

to boundary condition with 2.5 bar inlet pressure.

Similar to first boundary condition, mach number distribution for 3 bar inlet
pressure is shown in Figure 7.6. Streamline analysis results gives 0.04 lower absolute
mach number at the inlet of the rotor and approximately 0.1 higher relative mach

number at the outlet of the rotor.

Table 7.3. R245fa - Streamline and CFD Result Comparison at 3.5 Bar Inlet Pressure

Fluid: R245fa Unit CFD Result Streamline Result
Turbine Inlet Total Pressure bar 3.5 3.5
Turbine Outlet Static Pressure bar 1.51 1.5
Inlet Total Temperature C 52 52
Rotational Speed rpm 30000 30000
Mass Flow Rate keg/s 0.743 0.758
Power kW 9.35 9.91
Total to Static Efficiency - 0.8705 0.8556
Stator Inlet Mach Number (middle section) - 0.139 0.144
Mixing Surface Absolute Mach Number (middle section) - 0.81 0.77
Rotor Outlet Relative Mach Number (middle section) - 0.573 0.653
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Figure 7.6. R245fa - MACH Number Distribution Results at 3 bar Inlet Pressure by

Streamline and CFD calculation.

The third comparison for R245fa is performed at 3.5 inlet pressure where the
outlet pressure is still 1.5 bar and results are presented in Table 7.3. In this boundary
condition rotational speed is increased to 30000 rpm and it is observed that streamline
results are still compatible with CFD results and the deviation does not increased by

changing pressure or rotational speed for R245fa.

Mach number distribution for the third boundary condition is shown in Figure
7.7. Differences at the mach numbers are still same with previous boundary conditions
therefore it can be said that the performance maps of the designed turbine can be

generated by using streamline calculations for R245fa.

Finally, the last comparison is performed at a higher pressure ratio where the su-
personic flow regime affects turbine efficiency and power output. Previously, in figure

7.2, it is observed that the absolute mach number reaches to 1.8 at the rotor inlet
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Figure 7.7. R245fa - MACH Number Distribution Results at 3.5 bar Inlet Pressure by

Streamline and CFD calculation.

suction side region while the middle section is close to 0.9. This condition definitely
affects the efficiency of the turbine. Detailed results of this condition is presented in
Table 7.4. Results shows that, total to static efficiency is found as 72.5 % for both
calculation methods. Also the power output, mass flow rate and Mach number values

are similar to each other.

In Figure 7.8, mach number distributions at the inlet and outlet are presented
for 4.5 bar inlet pressure working condition. This pressure ratio and rotational speed
is selected as the final condition because it is one of the turbine off design condition
and streamline resuls should be checked before generating design and off design perfor-
mance maps of the turbine. As a result, it is seen that the deviation at the inlet part
is still same with previous conditions.In addition, CFD and streamline calculations
give different results at the exit tip section of the rotor while the exit meanline section

results coincide with each other.However,it is seen that, differences at the tip and hub
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Table 7.4. R245fa - Streamline and CFD Result Comparison at 4.5 Bar Inlet Pressure

Fluid: R245fa Unit CFD Result Streamline Result
Turbine Inlet Total Pressure bar 4.5 4.5
Turbine Outlet Static Pressure bar 1.5 1.5
Inlet Total Temperature C 64 64
Rotational Speed rpm 24700 24700
Mass Flow Rate kg/s 0.987 1.008
Power kW 15 14.76
Total to Static Efficiency - 72.5 72.5
Stator Inlet Mach Number (middle section) - 0.147 0.15
Mixing Surface Absolute Mach Number (middle section) - 0.96 0.9
Rotor Outlet Relative Mach Number (middle section) - 0.79 0.85

sections does not affect the efficiency and other important streamline calculation re-

sults.

7.2.2. Working Fluid: R134a

CFD studies are also conducted for R134a organic fluid to observe whether
streamline analysis results are applicable for a different fluid characteristics. As a
result, designed turbine is analyzed at two different pressure ratio by using R134a and
the detailed comparison of streamline and CFD analysis results are presented in Table

7.5 and 7.6.

Table 7.5. R134a - Streamline and CFD Result Comparison at 2.5 Bar Inlet Pressure

Fluid: R134a Unit CFD Result Streamline Result
Turbine Inlet Total Pressure bar 2.5 2.5
Turbine Outlet Static Pressure bar 1.51 1.5
Inlet Total Temperature C 50 50
Rotational Speed rpm 24700 24700
Mass Flow Rate kg/s 0.431 0.4345
Power kW 4.63 4.69
Total to Static Efficiency - 0.85 0.85
Stator Inlet Mach Number (middle section) - 0.1287 0.13
Mixing Surface Absolute Mach Number (middle section) - 0.696 0.65
Rotor Outlet Relative Mach Number (middle section) - 0.34 0.43
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Figure 7.8. R245fa - MACH Number Distribution Results at 4.5 bar Inlet Pressure by

Streamline and CFD calculation.

First boundary condition is selected as the design point for R245fa to see the
turbine reaction on R134a. Results shows that the efficiencies, power outputs and mass
flow rates are found close to each other two calculation method. Also it is observed
that the power output value is higher although the mass flow rate is smaller when it is

compared to the R245fa case with same boundary conditions.

Table 7.6. R134a - Streamline and CFD Result Comparison at 3.5 Bar Inlet Pressure

Fluid: R134a Unit CFD Result Streamline Result
Turbine Inlet Total Pressure bar 3.5 3.5
Turbine Outlet Static Pressure bar 1.5 1.5
Inlet Total Temperature C 21 21
Rotational Speed rpm 32500 32500
Mass Flow Rate keg/s 0.686 0.696
Power kW 10.3 10.8
Total to Static Efficiency - 0.8534 0.856
Stator Inlet Mach Number (middle section) - 0.138 0.14
Mixing Surface Absolute Mach Number (middle section) - 0.797 0.75
Rotor Outlet Relative Mach Number (middle section) - 0.5275 0.51
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Turbine is also observed at 3.5 inlet pressure and 32500 rpm. Results are pre-
sented in Table 7.6 and it is seen that there is no significant difference in the power
output, mass flow rate and efficiency.
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Figure 7.9. R134a - MACH Number Distribution Results at 2.5 bar Inlet Pressure by

Streamline and CFD calculation.

Detailed mach number distributions of CFD and streamline analyses for R134a
cases are shown in Figure 7.9 and 7.10. At both pressure ratio, results show that the
streamline analysis are still valid and can be used to create performance chart by using

R134a.

In conclusion, six working condition were investigated with two organic fluids.
Results show that,although 0.1 Mach number deviation exists at some points, stream-
line and CFD calculations gives similar efficiency, power output, mass flow rate values
at different working conditions. Therefore one may generate performance map of the

turbine by using streamline calculation to prevent time consuming.
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Figure 7.10. R134a - MACH Number Distribution Results at 3.5 bar Inlet Pressure
by Streamline and CFD calculation.

7.3. Conclusions

In this study, design and analysis of a single stage radial inflow turbine with a
subsonic flow path which works with R245fa were studied. Design point of the turbine
was determined by satisfying the BURET Lab. ORC test system limitations. Design
procedure starts with preliminary design studies. In this stage, relationship between
cycle and turbine requirements was investigated. As a result, dimensions of turbines
for different power inputs were determined. Then, preliminary turbine design process
for specific cycle conditions was completed. By using the preliminary design result, 3D

turbine geometry was generated in the software.

As the second step of the design process, streamline analysis was performed for
this geometry. Analysis results have showed that the mass flow rate and turbine effi-
ciency values were not matched up with preliminary design predictions. Therefore, 3D

turbine geometry optimisation was performed by investigating the streamline and CFD
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analyses results to create an efficient subsonic turbine flow path. As a consequence,
small scale turbine was created which gives 3.97 kW power with 87.5 % total to static
efficiency at its design point according to streamline analysis results. For the same
working condition, CFD analysis results have showed that the power output is 3.83
kW while the efficiency is 89.7 %.

As the final part of the thesis study, turbine performance maps were created for
R245fa and R134a by using streamline calculation method. Reliability of the stream-
line analyses results were checked with CFD analyses results at different boundary
conditions. During the comparison, mach numbers , efficiencies, mass flow rates are
calculated. It was observed that the CFD results give absolute Mach numbers 0.5
higher than streamline results at the rotor inlet while streamline analyses results give
relative Mach numbers 1.0 higher than CFD results. In general, meanline section gives
closer results to CFD analyses results. However, differences in Mach numbers have not
created an inconsistency in the efficiency, power and mass flow rate values between

streamline and CFD analyses results.



7

REFERENCES

. Hung, T.-C., T. Shai and S. Wang, “A review of organic Rankine cycles (ORCs)
for the recovery of low-grade waste heat”, Energy, Vol. 22, No. 7, pp. 661-667,
1997.

. Desai, N. B. and S. Bandyopadhyay, “Process integration of organic Rankine cy-
cle”, Energy, Vol. 34, No. 10, pp. 1674-1686, 2009.

. Tchanche, B. F., G. Lambrinos, A. Frangoudakis and G. Papadakis, “Low-grade
heat conversion into power using organic Rankine cycles—A review of various ap-
plications”, Renewable and Sustainable Energy Reviews, Vol. 15, No. 8, pp. 3963—
3979, 2011.

. Wang, X. and L. Zhao, “Analysis of zeotropic mixtures used in low-temperature
solar Rankine cycles for power generation”, Solar Energy, Vol. 83, No. 5, pp. 605—
613, 2009.

. Hettiarachchi, H. M., M. Golubovic, W. M. Worek and Y. Ikegami, “Optimum
design criteria for an organic Rankine cycle using low-temperature geothermal

heat sources”, Energy, Vol. 32, No. 9, pp. 1698-1706, 2007.

. Liu, B.-T., K.-H. Chien and C.-C. Wang, “Effect of working fluids on organic
Rankine cycle for waste heat recovery”, Energy, Vol. 29, No. 8, pp. 1207-1217,
2004.

. Bao, J. and L. Zhao, “A review of working fluid and expander selections for organic
Rankine cycle”, Renewable and Sustainable Energy Reviews, Vol. 24, pp. 325-342,
2013.

. Yamamoto, T., T. Furuhata, N. Arai and K. Mori, “Design and testing of the
organic Rankine cycle”, Energy, Vol. 26, No. 3, pp. 239-251, 2001.



10.

11.

12.

13.

14.

15.

16.

17.

78

Sauret, E. and A. S. Rowlands, “Candidate radial-inflow turbines and high-density
working fluids for geothermal power systems”, Energy, Vol. 36, No. 7, pp. 4460—
4467, 2011.

Fiaschi, D., G. Manfrida and F. Maraschiello, “Thermo-fluid dynamics preliminary
design of turbo-expanders for ORC cycles”, Applied energy, Vol. 97, pp. 601-608,
2012.

Fiaschi, D., G. Manfrida and F. Maraschiello, “Design and performance prediction

of radial ORC turboexpanders”, Applied Energy, Vol. 138, pp. 517-532, 2015.

Fiaschi, D.,; G. Innocenti, G. Manfrida and F. Maraschiello, “Design of micro
radial turboexpanders for ORC power cycles: From 0D to 3D”, Applied Thermal
Engineering, Vol. 99, pp. 402-410, 2016.

Ventura, C. A., P. A. Jacobs, A. S. Rowlands, P. Petrie-Repar and E. Sauret,
“Preliminary design and performance estimation of radial inflow turbines: An

automated approach”, Journal of Fluids Engineering, Vol. 134, No. 3, p. 031102,
2012.

Pei, G., J. Li, Y. Li, D. Wang and J. Ji, “Construction and dynamic test of a

small-scale organic rankine cycle”, Energy, Vol. 36, No. 5, pp. 3215-3223, 2011.

Kang, S. H., “Design and experimental study of ORC (organic Rankine cycle) and
radial turbine using R245fa working fluid”, Energy, Vol. 41, No. 1, pp. 514-524,
2012.

Kang, S. H., “Design and preliminary tests of ORC (organic Rankine cycle) with
two-stage radial turbine”, Energy, Vol. 96, pp. 142-154, 2016.

Sauret, E. and Y. Gu, “Three-dimensional off-design numerical analysis of an or-
ganic Rankine cycle radial-inflow turbine”, Applied Energy, Vol. 135, pp. 202-211,
2014.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

79

Nithesh, K., D. Chatterjee, C. Oh and Y.-H. Lee, “Design and performance analysis
of radial-inflow turboexpander for OTEC application”, Renewable Energy, Vol. 85,
pp. 834-843, 2016.

Pini, M., G. Persico, E. Casati and V. Dossena, “Preliminary design of a centrifugal
turbine for organic rankine cycle applications”, Journal of Engineering for Gas

turbines and power, Vol. 135, No. 4, p. 042312, 2013.

Aungier, R., Turbine Aerodynamics: Axial-flow and Radial-inflow Turbine Design

and Analysis, ASME Press, 2006.

Cohen, H., G. F. C. Rogers, H. I. H. Saravanamuttoo and H. (r.) Saravanamutto,
“Gas turbine theory”, 1987.

Waste Heat Recovery Systems Fundamentals Training Course, Softinway, 2015.

Benson, R. S., “A review of methods for assessing loss coefficients in radial gas
turbines”, International Journal of Mechanical Sciences, Vol. 12, No. 10, pp. 905—
932, 1970.

Whitfield, A. and N. C. Baines, “Design of radial turbomachines”, 1990.

Futral Samuel M. Jr., W. C. A., Off design performance prediction with experi-
mental verification for a radial-inflow turbine, Tech. rep., Ohio, Washington, DC;
Lewis Research Cener Cleveland, National Aeronautics and Space Administration,

1965.

Rohlik, H. E., Analytical Determination of Radial Inflow Turbine Design Geometry
for Maximum Efficiency, Tech. rep., NASA TN D-4384, 1968.

Rodgers, C. and R. Geiser, “Performance of a high-efficiency radial/axial turbine”,

Journal of turbomachinery, Vol. 109, No. 2, pp. 151-154, 1987.

Daily, J. W. and R. E. Nece, “Chamber dimension effects on induced flow and fric-



29.

30.

31.

80

tional resistance of enclosed rotating disks”, Journal of basic engineering, Vol. 82,

No. 1, pp. 217-230, 1960.

Whitfield, A., “The preliminary design of radial inflow turbines”, ASMFE
1989 International Gas Turbine and Aeroengine Congress and Fxposition, pp.

V001T01A049-V0O01T01A049, American Society of Mechanical Engineers, 1989.

Rodgers, C., Efficiency and performance characteristics of radial turbines, Tech.

rep., SAE Technical Paper, 1966.

Qiu, X. and N. Baines, “Performance prediction for high pressure-ratio radial inflow
turbines”, ASME Turbo Expo 2007: Power for Land, Sea, and Air, pp. 945-956,

American Society of Mechanical Engineers, 2007.



81

APPENDIX A: TABLE OF CYCLE PRELIMINARY
DESIGN MAPS

HE fEE G Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet QOutlet
Pressure Ratio - 1.60 1.60 1.60 1.60 1.60 1.60
Pressure bar 2.40 1.50 3.20 2.00 4.00 2.50 4.80 3.00 5.60 3.50 6.40 4.00
Temperature| Celcius 40.00 28.19 48.00 35.71 55.01 42.31 62.00 48.92 67.00 53.52 72.00 58.18
Density| kg/m3 13.47 8.54 17.87 11.26 22.25 13.94 26.54 16.55 31.03 19.25 35.49 21.90
Enthalpy| ki/kg 434.07 425.75 439.61 431.20 444,50 436.06 449,72 441.19 452.99 444.45 456.44 447,90
Entropy| kij/kg-K 1.76 1.76 1.76 1.76 1.77 1.77 1.77 1.77 1.77 1.77 1.78 1.78
Speed of Sound m/s 134.80 135.13 134.13 135.18 133.41 135.16 132.97 135.35 131.89 134.95 130.98 134.69
Unit Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Max. Heater Power Input]| kW 100.00 100.00 100.00 100.00 100.00 100.00
Ideal Enthalpy Drop| ki/kg 8.32 8.41 5.44 8.53 8.54 8.54
Mass Flow Rate kg/s 0.497 0.510 0.521 0.528 0.538 0.546
Power Qutput kw 3.52 3.60 3.65 3.69 3.72 3.73
Estimated Turbine Efficiency % 85.00 34.00 83.00 82.00 81.00 80.00
Cycle Efficiency % 3.52 3.60 3.85 3.69 3.72 3.73
Saturation Point Case-1 |Case-2 |Case-3 |Case-4 |Case-5 |Case-6 Chiller Power Required (kW)
Pressure bar 1.50| 2.00 2.50| 3.00 3.50| 4.00 Case-1 95.86(|Case-4 109.51
[Temperature Celcius 25.32 33.35 39.94 45.59 25.32 25.32 Case-2 101.17|Case-5 113.78]
Liguid Enthalpy kifkg 232.88 243.59 252.49 260.20 267.05 273.24 Case-3 105.82|Case-6 117.37|
Figure A.1. R245fa Cycle Analysis - Pressure Ratio:1.6.
HlifeL T Ui Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Inlet Outlet Inlet Outlet Inlet Qutlet Inlet Qutlet Inlet Outlet Inlet OQutlet
Pressure Ratio - 2.00 2.00 2.00 2.00 2.00 2.00
Pressure bar 3.00 1.50 4.00 2.00 5.00 2.50 6.00 3.00 7.00 3.50 8.00 4,00
Temperature| Celcius 46.00 28.32 55.00 36.59 63.00 43.94 70.00 50.34 76.00 55.74 81.00 60.14
Density| kg/m3 16.78 8.53 22.25 11.21 27.70 13.84 33.17 16.44 38.74 19.04 44,50 21.69
Enthalpy| k/kg 438.18 425.87 444.50 432.07 450.24 437.70 455.27 442.65 459.44 A46.77 462.66 449.99
Entropy| kj/kg-K 1.76 1.76 1.77 1.77 1.77 1.77 1.78 1.78 1.78 1.78 1.78 1.78
Speed of Sound m/s 134.26 135.17 133.40 135.48 132.57 135.74 131.65 135.86 130.55 135.79 129.15 135.46
Unit Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Max. Heater Power Input]| kW 100.00 100.00 100.00 100.00 100.00 100.00
Ideal Enthalpy Drop| kJ/kg 12.31 12.43 12.54 12.62 12.67 12.67
Mass Flow Rate kg/s 0.487 0.498 0.506 0.513 0.520 0.528
Power Qutput kw 5.10 5.20 5.26 5.30 5.33 5.35
Estimated Turbine Efficiency % 85.00 84.00 83.00 82.00 81.00 80.00
Cycle Efficiency % 5.10 5.20 5.26 5.30 5.33 5.35
Saturation Point Case-1 |Case-2 |Case-3 |Case-4 |Case-5 |Case-6 Chiller Power Required (kW)
Pressure bar 1.50 2.00 2.50 3.00 3.50 4.00 Case-1 54.00|Case-4 107.54f
[Temperature Celcius 25.32 33.35 39.94 45.59 25.32| 25.32 Case-2 99.14|Case-5 111.18]
Liquid Enthalpy ki/kg 232.88 243.59 252.49 260.20 267.05 273.24 Case-3 103.58|Case-6 114.62|

Figure A.2. R245fa Cycle Analysis - Pressure Ratio:2.
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HlifeL T Ui Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Inlet Outlet Inlet Outlet Inlet Qutlet Inlet Qutlet Inlet Outlet Inlet Outlet
Pressure Ratio - 3.00 3.00 3.00 3.00 3.00 3.00
Pressure bar 4,50 1.50 6.00 2.00 7.50 2.50 9 3 10.5 3.5 12 4
Temperature| Celcius 60.00 31.18 70.30 40.12 78.00 46.57 86 53.477 92 58.274 98 63.171
Density| kg/m3 24,86 8.43 33.13 11.04 41.75 13.68 50.233 16.205 59.342 18.822 68.501 21.383
Enthalpy| K/kg 448.41 428.60 455.55 435.52 460.43 440.35 466.06 445.86 469.57 445.42 473.34 453.21
Entropy| kj/kg-K 1.77 1.77 1.78 1.78 1.78 1.78 1.7852 1.7852 1.7873 1.7873 1.7912 1.7912
Speed of Sound m/s 133.37 136.07 131.78 136.64 129.56 136.64 127.95 136.98 125.56 136.72 123.48 136.62
Unit Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Max. Heater Power Input]| kW 100.00 100.00 100.00 100.00 100.00 100.00
Ideal Enthalpy Drop| kJ/kg 19.81 20.03 20.08 20.20 20.15 20.13
Mass Flow Rate kg/s 0.464 0.472 0.431 0.486 0.494 0.500
Power Qutput kw 7.81 8.03 8.21 8.34 8.46 8.55
Estimated Turbine Efficiency % 85.00 85.00 85.00 85.00 85.00 85.00
Cycle Efficiency % 7.81 8.03 8.21 8.34 8.46 8.55
Saturation Point Case-1 |Case-2 |Case-3 |Case-4 |Case-5 |Case-6 Chiller Power Required (kW)
Pressure bar 1.50 2.00 2.50 3.00 3.50 4.00 Case-1 50.81|Case-4 103.46|
[Temperature Celecius 25.32 33.35 39.94 45.59 25.32| 25.32 Case-2 95.60|Case-5 106.92]
Liquid Enthalpy ki/kg 232.88 243.59 252.49 260.20 267.05 273.24 Case-3 99.77|Case-6 110.11
Figure A.3. R245fa Cycle Analysis - Pressure Ratio:3.
_ Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
unie Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet Cutlet Inlet Outlet
Pressure Ratio - 4.00 4.00 4.00 4.00 4.00 4.00
Pressure bar 6.00 1.50 8.00 2.00 10.00 2.50 12 3 14 3.5 16 4
Temperature| Celcius 70.30 33.00 80.54 41.37 89.75 48.81 97.657 54,981 104.64 60.254 110.91 64.765
Density| kg/m3 33.13 8.36 44.63 10.98 56.39 13.54 68.683 16.097 81.587 18.653 95.226 21.226
Enthalpy| ki/kg 455.55 430.33 462.10 436.75 468.05 442.59 472.88 A447.4 476.89 451.48 480.21 454.89
Entropy| kj/kg-K 1.78 1.78 1.78 1.78 179 1.79 1.7899 1.7899 1.7935 1.7935 1.7962 1.7962
Speed of Sound m/s 131.78 136.64 128.90 137.05 126.16 137.39 123.23 137.5 120.15 137.44 116.94 137.21
Unit Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Max. Heater Power Input kw 100.00 100.00 100.00 100.00 100.00 100.00
|deal Enthalpy Drop| kl/kg 25.22 25.35 25.46 25.48 25.41 25.32
Mass Flow Rate kg/s 0.449 0.458 0.464 0.470 0.477 0.483
Power Output kw 9.63 9.86 10.04 10.18 10.29 10.40
Estimated Turbine Efficiency % 85.00 85.00 85.00 85.00 85.00 85.00
Cycle Efficiency % 9.63 9.86 10.04 10.18 10.29 10.40
Saturation Point Case-1 |Case-2 |Case-3 |Case-4 |Case-5 |Case-6 Chiller Power Required (kw])
Pressure bar 1.50 2.00 2.50 3.00 3.50 4.00 Case-1 88.67|Case-4 100.87|
[Temperature Celcius 25.32| 33.35 39.94 45.59 25.32| 25.32 Case-2 93.30|Case-5 104.17|
Liquid Enthalpy kl/kg 232.88 243.59 252.49 260.20 267.05 273.24 Case-3 97.29|Case-6 87.77]

Figure A.4. R245fa Cycle Analysis - Pressure Ratio:4.
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_ : Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Fluid: R134a Unit
Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet
Pressure Ratio - 1.60 1.60 1.60 1.60 1.60 1.60
Pressure bar 4.80 3.00 6.40 4.00 7.20 4.50 3 5 8.80 5.50 9.6 [
Temperature| Celcius 16.73 1.00 26.46 10.00 29.85 13.00 33.201 16 36.53 15.00 39.861 22
Density| kg/m3 23.06 14.75 30.59 19.42 34.57 21.85 38.551 24.28 42.54 26.69 46.502 29.08
Enthalpy| kJ/kg 408.97 359.29 414.48 404.72 415.94 406.19 417.46 407.73 419.04 409.33 420.71 411
Entropy| kj/kg-K 1.73 1.73 1.73 1.73 1.72 172 1.7206 1.7206 1.72 1.72 1.7189 1.7189
Speed of Sound m/s 146.98 147.06 145.93 146.95 144.88 146.38 143.91 145.89 143.03 145.46 142.26 145.11
Unit Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Max. Heater Power Input]| kW 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
Ideal Enthalpy Drop| kJ/kg 9.68 9.76 9.75 9.73 9.71 9.71
Mass Flow Rate kg/s 4.806 4.541 5.026 5.103 5.173 5.235
Power Qutput kw 39.54 40.99 41.66 42,21 42.69 43.21
Estimated Turbine Efficiency| % 85.00 85.00 85.00 85.00 85.00 85.00
Cycle Efficiency % 3.95 4.10 4.17 4.22 4,27 4.32
Saturation Point Case-1 [Case-2 [Case-3 |Case-4 |Case-5 |Case-6 Chiller Power Required (kW)
Pressure bar 3.00 4.00 4.50 5.00 5.50 6.00| Case-1 953.48(Case-4 1055.47
Temperature Celcius 0.67 8.93 12.48 15.74 18.75 21.57 Case-2 1007.17|Case-5 1078.16
Liguid Enthalpy k) kg 200.90 212.11 216.99 221.50 225.72 229.68 Case-3 1031.87|Case-6 949,17
Figure A.5. R134a Cycle Analysis - Pressure Ratio:1.6.
e I Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet
Pressure Ratio - 2.00 2.00 2.00 2.00 2.00 2.00
Pressure bar 6.00 3.00 8.00 4.00 9.00 4.50 10 5 11.00 5.50 12 6
Temperature| Celcius 24.62 1.00 34.80 10.00 33.41 13.00 41.981 16 45.52 19.00 45.054 22
Density| kg/m3 28.64 14.75 38.16 19.42 43.23 21.85 48.322 24.28 53.44 26.69 58.549 29.08
Enthalpy| k)/kg 413.63 | 399.29 | 419.15 | 404.72 | 420.59 | 406.19 | 422.09 | 407.73 | 423.64 | 409.33 425.3 411
Entropy| kj/kg-K 1.73 1.73 173 1.73 1.72 1.72 1.7206 1.7206 1.72 1.72 1.7189 1.7189
Speed of Sound m/s 146.42 147.06 144,80 146.95 143.45 146.38 142.19 145.89 141.04 145.46 140.02 145.11
Unit Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Max. Heater Power Input kw 100.00 100.00 100.00 100.00 100.00 100.00
Ideal Enthalpy Drop|  ki/kg 14.34 14.43 14.40 14.36 14.31 14.30
Mass Flow Rate kg/s 0.470 0.483 0.4951 0.459 0.505 0.511
Power Qutput kw 5.73 5.92 6.01 6.09 6.15 6.21
Estimated Turbine Efficiency % 35.00 85.00 85.00 85.00 85.00 B85.00
Cycle Efficiency % 5.73 5.92 6.01 6.09 6.15 6.21
Saturation Point Case-1 |[Case-2 [Case-3 |Case-4 |Case-5 [Case-6 Chiller Power Required (kW)
Pressure bar 3.00 4.00 4.50 5.00 550 6.00 Case-1 93.26|Case-4 103.11
Temperature Celcius 0.67| 8.93 12.48 15.74 18.75 21.57| Case-2 98.44(Case-5 105.31
Liguid Enthalpy kifkg 200.90 212.11 216.99 221.50 225.72 229.68 Case-3 100.83[Case-6 92.69

Figure A.6. R134a Cycle Analysis - Pressure Ratio:2.




84

: . Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Fluid: R134a Unit
Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet Cutlet
Pressure Ratio - 3.00 3.00 3.00 3.00 3.00 3.00
Pressure bar 9.00 3.00 12.00 4.00 13.50 4.50 15 5 16.50 5.50 13 [
Temperature| Celcius 39.85 1.00 51.04 10.00 55.19 13.00 59.276 16 63.31 19.00 67.318 22
Density| kg/m3 42.82 14.75 57.69 19.42 65.73 21.85 73.894 24.28 82.16 26.69 90.477 29.08
Enthalpy| ki/kg 422.15 399.29 427.63 404.72 428.99 406.19 430.41 407.73 431.90 409.33 433.51 411
Entropy| kj/kg-K 1.73 1.73 1.73 1.73 1.72 1.72 1.7206 1.7206 1.72 1.72 1.7189 1.7189
Speed of Sound m/s 144.28 147.06 141.36 146.95 139.34 146.38 137.46 145.89 135.75 145.46 134.23 145.11
Unit Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Max. Heater Power Input kw 100.00 100.00 100.00 100.00 100.00 100.00
Ideal Enthalpy Drop|  ki/kg 22.86 22,91 22.80 22.68 22.57 22.51
Mass Flow Rate kg/fs 0.452 0.464 0.472 0.479 0.485 0.491
Power Output kw 3.78 9.04 9.14 9.23 9.30 9.39
Estimated Turbine Efficiency % 85.00 85.00 85.00 85.00 85.00 85.00
Cycle Efficiency % 8.78 9.04 9.14 9.23 9.30 9.39
Saturation Point Case-1 [Case-2 [Case-3 |Case-4 |Case-5 |Case-B Chiller Power Required (kw)
Pressure bar 3.00 4.00 4.50 5.00 5.50 6.00 Case-1 89.67|Case-4 99.00
Temperature Celcius 0.67 8.93 12.48 15.74 18.75 21.57 Case-2 94.57|Case-5 101.09
Liquid Enthalpy k/kg 200.90 212.11 216.99 221.50 225.72 229.68 Case-3 96.83 |Case-6 83.96
Figure A.7. R134a Cycle Analysis - Pressure Ratio:3.
e FaEE O Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Inlet Qutlet Inlet Outlet Inlet Qutlet Inlet Outlet Inlet Qutlet Inlet Outlet
Pressure Ratio - 4.00 4.00 4.00 4.00 4.00 4.00
Pressure bar 12.00 3.00 16.00 4.00 18.00 4.50 20 5 22.00 5.50 24 6
Temperature| Celcius SlE5 1.00 63.67 10.00 68.31 13.00 72.878 16 77.37 19.00 81.803 22
Density| kg/m3 57.49 14.75 78.25 19.42 89.64 21.85 101.3 24.28 113.19 26.69 125.18 29.08
Enthalpy kJ,i'kg 428.18 399.29 433.57 a04.72 434.84 406.19 436.18 a07.73 437.59 409.33 439.13 411
Entropy| kj/kg-K 1.73 1.73 1.73 1.73 1.72 1.72 1.7206 1.7206 1.72 1.72 1.7189 1.7189
Speed of Sound m/s 141.68 147.06 137.66 146.95 135.10 146.38 132.77 145.89 130.70 145.46 128.92 145.11
Unit Case-1 Case-2 Case-3 Case-4 Case-5 Case-b
Max. Heater Power Input kw 100.00 100.00 100.00 100.00 100.00 100.00
Ideal Enthalpy Drop| kJ/kg 28.89 28.85 28.85 28.45 28.26 28.13
Mass Flow Rate kg/s 0.440 0.452 0.459 0.466 0.472 0.477
Power Output kw 10.80 11.07 11.18 11.26 11.34 11.42
Estimated Turbine Efficiency % 85.00 85.00 85.00 85.00 85.00 85.00
Cycle Efficiency % 10.80 11.07 11.18 11.26 11.34 11.42
Saturation Point Case-1 |Case-2 |Case-3 |Case-4 |Case-5 |Case-6 Chiller Power Required (kW)
Pressure bar 3.00| 4.00 4.50 5.00 5.50| 6.00 Case-1 87.29|Case-4 96.34
Temperature Celcius 0.67 8.93 12.48 15.74 18.75 21.57 Case-2 52.03|Case-5 98.38
Liguid Enthalpy ki/kg 200.90 212.11 216.99 221.50 225.72 229.68 Case-3 94.23|Case-b 86.57

Figure A.8. R134a Cycle Analysis - Pressure Ratio:4.
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APPENDIX B: TABLE OF TURBINE PRELIMINARY

DESIGN MAPS

Juid: i . Case-1 | Case-2 Case-3 | Case-4 | Case-5 | Case-6
Fluid: Raasta UM nlet | outlet | nlet | outlet | inlet | outlet | nlet | outlet | mlet | outlet | inlet | outlet
GEOMETRIC RESULTS
Specific Speed 0.55 0.55 0.55 0.55 0.55 0.55
Rotational Speed rpm 18964.15 21667.65 23929.35 26105.56 27912.29 29554.40
Total to Static Velocity Ratio: 0.65 0.65 0.65 0.65 0.65 0.65
Spouting Velocity 129.00 129.69 129.92 130.61 130.69 130.69
Blade Tip Velocity m/s 84.36 59.85 84.81 60.17 84.96 60.28 85.41 60.60 85.46 60.64 85.46 60.64
Absolute Flow Velocity m/s 86.83 24.95 86.27 24,82 85.40 24.60 84.82 24.47 83.83 24,22 82.80 23.95
Absolute Flow Velocity(Tan)  |m/s 83.84 0.00 83.30 0.00 82.45 0.00 81.89 1.00 80.94 1.00 79.94 1.00
Absolute Flow Velocity(Axial) |m/s 22.61 24.95 22.47 24,82 22.24 24.60 22.09 24.47 21.83 24.22 21.56 23.95
Relative Flow Velocity m/s 22.62 64.84 22.52 65.09 22.38 65.11 22.37 65.35 22.30 65.29 22.26 65.20
RotorTip Radius mm 42.48 30.14 37.38 26.52 33.91 24.06 31.24 22.17 29.24 20.74 27.61 19.59
Rotor Hub Radius mm 42.48 7.86 37.38 6.91 33.91 6.27 3124 5.78 29.24 5.41 27.61 5.11
Blade Height (LE and TE) mm 6.11 22.28 5.41 19.60 4.94 17.78 4.59 16.39 4.32 15.34 4.11 14.48
Rotor Axial Length mm 3342 29.41 26.67 24.58 23.00 21.73
Rotor Blade thickness mm 1.70 0.85 1.50 0.75 1.36 0.68 1.25 0.62 1.17 0.58 1.10 0.55
Rotor Abs. Flow Angle deg 15.10 90.00 15.10 90.00 15.10 90.00 15.10 91.00 15.10 91.00 15.10 91.00
Blade Angle deg 90.00 90.00 90.00 90.00 90.00 90.00
THERMODYNAMICS RESULTS

Mass Flow Rate kg/s 0.50 0.51 0.52 0.53 0.54 0.55
Temperature C 40.00 28.19 48.00 35.71 55.01 42.31 62.00 48.92 67.00 53.52 72.00 58.18
Pressure bar 2.40 1.50 3.20 2.00 4.00 2.50 4.80 3.00 5.60 3.50 6.40 4.00
Absolute Mach Number - 0.64 0.18 0.64 0.18 0.64 0.18 0.64 0.18 0.64 0.18 0.63 0.18
Density kg/m3 13.47 8.54 17.87 11.26 22.25 13.94 26.54 16.55 31.03 19.25 35.49 21.90

Figure B.1. R245fa Turbine Analysis - Pressure Ratio:1.6.
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) ] Case-1 [ Case 2 [ Case 3 Case-4 Case 5 Case 6
Fluid: R245fa Unit
| mlet | outlet | inlet | outlet | inlet | outlet | inlet | outlet | let | outlet | inlet | outlet
GEOMETRIC RESULTS
specific Speed 0.55 0.55 0.55 0.55 0.55 0.55
Rotational Speed rpm 25692.33 29347.32 32558.76 35411.83 37965.30 40204.92
Total to Static Velocity Ratio: 0.65 0.65 0.65 0.65 0.65 0.65
spouting Velocity 156.91 157.67 158.37 158.87 159.19 159.15
Blade Tip Velocity m/s 10261 [ 72.80 | 10311 [ 7315 | 10356 | 73.48 | 103.89 [ 7371 | 10430 [ 73.86 | 10410 | 73.86
Absolute Flow Velocity m/s 10562 | 2924 | 10488 [ 295 | 10408 [ 2834 | 10317 | 2869 | 10211 | 2842 | 10085 | 28.08
Absolute Flow Velocity(Tan) _[m/s 10197 | o000 | 10127 | 000 | 10050 | 000 | ssel | 100 | 9859 | 100 [ s7.27 | 100
Absolute Flow Velocity(Axial) [m/s 2751 | 2924 | 2731 | 2945 | 2711 | 2834 | 2687 | 2869 | 2659 | 2842 | 2626 | 28.08
Relative Flow Velocity m/s 2751 [ 784s | 2738 [ 7875 | 2728 | 7897 | 2721 [ 78.10 | 2716 [ 7814 | 2711 | 78.2
RotorTip Radius mm 3814 | 27.06 | 33.55 | 23.80 | 30.37 | 2155 | 28.02 | 19.88 | 2618 | 1858 | 2472 | 17.54
Rotor Hub Radius mm 3814 | 706 | 3355 [ 621 | 3037 | 562 | 3802 | 548 | 2618 | 484 | 2472 | 457
Blade Height (LE and TE) mm 440 [ 2000 | 3288 [ 1760 | 3.53 1592 | 327 [ 1489 | 307 [ 1373 [ 201 | 1297
Rotor Axial Length mm 30.00 26.40 23.90 22.04 20.60 19.5
Rotor Blade thickness mm 1.53 0.76 1.34 0.67 121 0.61 112 0.56 1.05 0.52 0.99 0.49
Rotor Abs. Flow Angle deg 1510 | 90.00 | 1510 | so.0 | 1510 | 90.00 | 1510 | 9100 | 1510 | 9100 | 1510 | 9100
Blade Angle deg 90.00 90.00 90.00 90.00 90.00 90.00
THERMODYNAMICS RESULTS
Mass Flow Rate ke/s 0.49 0.50 0.51 0.51 0.52 0.53
Temperature c 45.00 | 2832 | ss.00 | 3659 | e3.00 | 4394 | 7000 | s0.24 | 7600 | 5574 | si00 | 6014
Pressure bar 3.00 1.50 4.00 2.00 5.00 2.50 6.00 3.00 7.00 3.50 5.00 4.00
Absolute Mach Number - 0.79 0.22 0.79 0.22 0.79 0.21 0.78 0.21 0.78 0.21 0.78 0.21
Density kg/m3 | 1578 | 853 2225 | 1121 | 2770 | 1384 | 3337 | 1544 | 3874 | 19.04 | aas0 | 2169
Figure B.2. R245fa Turbine Analysis - Pressure Ratio:2.
N ] Case-1 Case 2 Case 3 [ Case-4 [ Case 5 [ Case 6
Fluid: R245fa Unit
| mlet | outlet | inlet | outlet | inlet | outlet | nlet | outlet | nlet | outlet | inlet | outlet
GEOMETRIC RESULTS
specific Speed 0.55 0.55 0.55 0.55 0.55 0.55
Rotational Speed rpm 37380.00 13527.76 47244.95 51399.41 5484123 58059.70
Total to Static Velocity Ratio: 0.65 0.65 0.65 0.65 0.65 0.65
spouting Velocity 199.05 200.15 200.40 201.00 200.75 200.65
Blade Tip Velocity m/s 12017 [ 9235 | 12089 [ 92.86 | 12105 [ 9298 | 12144 [ 93.26 | 13128 | 93.14 | 13121 | 93.10
Absolute Flow Velocity m/s 13399 | 3593 | 13473 | 36.09 | 12490 | 36.10 | 135.30 | 36.48 | 13513 | 36.10 | 135.06 | 36.06
Absolute Flow Velocity(Tan) _[m/s 129.36 | o000 | 13008 | 000 | 13024 | o000 | 13062 | 100 | 13047 | 100 | 13040 | 1.00
Absolute Flow Velacity(Axial) [m/s 34.89 | 3593 | 3508 | 3609 | 3513 | 3610 | 3524 | 3618 | 3519 | 36.10 | 3517 | 36.06
Relative Flow Velocity m/s 3490 [ 99.03 | 3510 [ 9963 | 3514 [ 9974 | 3524 [ 100.03 | 3520 [ 9985 | 3518 | 99.83
RotorTip Radius mm 33.25 | 2359 | 9239 [ 6555 | 2649 | 1879 | 2442 [ 1732 | 2285 | 1622 | 2158 | 1531
Rotor Hub Radius mm 33.25 | 615 9239 [ 1709 | 2649 [ aso | 2442 [ as2 | 2285 [ a2 2158 | 3.99
Blade Height (LE and TE) mm 256 | 1744 | 699 [ asas | 197 [ 1289 | 179 [ 1281 | 165 1199 | 153 11.32
Rotor Axial Length mm 26.16 72.69 20.84 19.21 17.98 16.98
Rotor Blade thickness mm 133 0.67 3.70 1.35 1.06 0.53 0.98 0.49 0.91 0.46 0.86 0.43
Rotor Abs. Flow Angle deg 1510 | 90.00 | 1510 | 0.0 | 1510 | 90.00 | 1510 | 9100 | 1510 | 9100 | 1510 | 9100
Blade Angle deg 90.00 90.00 90.00 90.00 90.00 90.00
THERMODYNAMICS RESULTS
Mass Flow Rate ke/s 0.46 4.72 0.48 0.43 0.49 0.50
Temperature c 50.00 | 2118 | 7030 | 4012 | 7800 | 4657 | 8600 | 5348 | 9200 | 5827 | sso0 | 6307
Pressure bar 4.50 1.50 6.00 2.00 7.50 2.50 9.00 3.00 | 1050 | 350 | 12.00 | 400
Absolute Mach Number - 100 0.26 1.02 0.26 1.04 0.26 106 0.26 1.08 0.26 1.09 0.26
Density kg/m3 | 2486 | 843 3303 | 1104 | 4175 | 1368 | 5023 | 1621 | 59.34 | 18.82 | 6850 | 21.38

Figure B.3. R245fa Turbine Analysis - Pressure Ratio:3.
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N ] Case-1 [ Case-2 [ Case-3 [ Case-4 [ Case5 [ Case-6
Fluid: R245fa Unit
| inlet [ outlet | nlet | Outlet | inlet | Outlet | Inlet | Outlet | Inlet | Outlet | Inlet | Outlet
GEOMETRIC RESULTS
specific Speed 0.55 0.55 0.55 0.55 0.55 0.55
Rotational Speed rpm 45360.53 51686.15 57196.49 61975.41 66131.15 69574.65
Total to Static Velocity Ratio: 0.65 0.65 0.65 0.65 0.65 0.65
spouting Velocity 224.59 225.17 225.65 225.74 225.43 225.03
Blade Tip Velocity m/s 146.87 | 104.20 | 147.25 [ 104.47 | 14757 [ 104.70 | 147.62 | 104.74 | 147.42 | 104.59 | 147.16 | 104.41
Absolute Flow Velocity m/s 15118 | 40.02 | 15157 [ 40.09 | 15190 [ 4045 | 15195 [ 4013 | 15175 [ 4005 | 15148 | =9.95
Absolute Flow Velocity(Tan) [m/s 14596 | 0.00 | 14634 | 0.00 | 14665 | 000 | 14671 | 1.00 | 14651 | 1.00 | 14625 | 1.00
Absolute Flow Velocity(Axial) |m/s 39.37 | 4002 | 3347 [ 4009 | 3956 | 40as | 3557 [ ana3 | 3952 [ a00s | 3945 | =995
Relative Flow Velocity m/s 39.38 | 111.62 | 3948 [ 11190 | 39.57 [ 11212 | 3958 [ 11216 | 39.52 [ 112.00 | 3946 | 111.79
RotorTip Radius mm 3092 | 2194 | 2720 [ 1930 | 2464 | 1748 | 2275 [ 1614 | 2129 | 1510 | 2041 | 1437
Rotor Hub Radius mm 3092 [ 572 | 2720 [ 503 | 2464 [ 456 | 2275 [ 421 | 2129 [ 384 | 11 | 3m2
Blade Height (LE and TE) mm 177 | 1622 | 152 | 1437 | 134 | 1292 | 121 | 1193 | 11 | 1117 | 1.02 | 1055
Rotor Axial Length mm 24.33 21.40 19.38 17.90 16.75 15.82
Rotor Blade thickness mm 1.24 0.62 1.09 0.54 0.99 0.49 0.91 0.45 0.85 0.43 0.80 0.40
Rotor Abs. Flow Angle deg 1510 | 90.00 | 1510 | sooo | 1510 | 90.00 | 1510 | stoo | 1510 | 9100 | 1510 | st
Blade Angle deg 90.00 90.00 90.00 90.00 90.00 90.00
THERMODYNAMICS RESULTS
Mass Flow Rate ke/s 0.45 0.46 0.46 0.47 0.48 0.48
Temperature C 7030 | 33.00 | 8054 | 4137 | 8975 | 4881 | 9766 | 5438 | 10464 | 60.25 | 11091 | 6477
Pressure bar 6.00 1.50 8.00 200 | 1000 | 250 | 1200 | 200 | 1400 [ 3s0 | 1600 | 400
Absolute Mach Number - 115 0.29 118 0.29 120 0.29 123 0.29 126 0.29 130 0.29
Density kg/m3 | 3333 | .36 | 4463 | 1098 | 5639 | 1354 | eses | 1600 | 8159 | 1365 | 9523 | 2123
Figure B.4. R245fa Turbine Analysis - Pressure Ratio:4.
- ] Case-1 [ Case-2 [ Case-3 [ Case-4 [ Case-5 [ Case-6
Fluid: R1342 tnit | mnlet | outlet | inlet | outlet | let | outlet | mlet | outlet | inlet | outlet | inlet | outlet
GEOMETRIC RESULTS
specific Speed 0.55 0.55 0.55 0.55 0.55 0.55
Rotational Speed rpm 8977.75 10222.64 10745.46 11223.46 11669.74 12108.67
Total to Static Velocity Ratio: 0.65 0.65 0.65 0.65 0.65 0.65
spouting Velocity 139.14 139.71 129.64 139.50 139.26 129.26
Blade Tip Velocity m/s 90.95 [ 6456 | 9137 | 6482 | 9132 | 6479 | 9122 | 6472 | 9113 | 6466 | 9113 | 64.66
Absolute Flow Velocity m/s 93.66 | 2696 | 94.05 | 27.03 | 5400 [ 2700 | 9390 [ 2696 | 9z.80 [ 2691 | 5380 | 2639
Absolute Flow Velocity(Tan) [m/s 9043 | 000 | 9080 | o000 | 9075 | o000 | 9066 | 100 | 9057 | 100 | gos7 | o0
Absolute Flow Velocity(Axial) |m/s 2435 [ 2696 | 2449 [ 2703 | 2448 [ 2700 | 2445 [ 2696 | 2443 [ 26091 | 2443 | 2639
Relative Flow Velocity m/s 2440 [ 6996 | 2450 [ 7024 | 2449 [ 70as | 2446 [ 7011 | 2444 [ 7003 | 2444 | 70.02
RotorTip Radius mm 96.78 | 68.67 | 85.35 | 60.55 | 8115 | 5758 | 77.62 | 55.07 | 7457 | 5291 | 71.87 | 50.39
Rotor Hub Radius mm 96.78 | 17.90 | 8535 [ 1579 | sn15 [ 1501 | 7762 [ 1436 | 7457 | 1380 | 7187 | 1330
Blade Height (LE and TE) mm 1405 [ 5076 | 1230 [ 2476 | 11.65 | 4256 | 1110 | 4071 | 10.62 | 3941 | 10.20 | 37.70
Rotor Axial Length mm 76.14 67.15 63.85 61.07 58.67 56.54
Rotor Blade thickness mm 3.87 1.94 3.41 1 3.25 162 3.10 155 2.98 1.49 2.87 1.44
Rotor Abs. Flow Angle deg 1510 | so.00 | 1510 | so00 | 1530 | seoc | 1510 | siee | 1510 | sioo | 1510 | s100
Blade Angle deg 90.00 90.00 90.00 90.00 90.00 90.00
THERMODYNAMICS RESULTS
Mass Flow Rate ke/s 4.81 4.94 5.03 5.10 5.17 5.23
Temperature C 1673 | 100 | 2646 | 1000 | 29.85 | 13.00 | 3320 | 1600 | 3653 | 19.00 | 39.86 | 22.00
Pressure bar 4.0 3.00 6.40 4.00 7.20 a.50 8.00 5.00 8.80 5.50 9.50 6.00
Absolute Mach Number - 0.64 0.18 0.64 0.18 0.65 0.18 0.65 0.18 0.66 0.18 0.66 0.19
Density kg/m3 | 23.06 | 1475 | 3059 | 1942 | 3457 | 21.85 | 3855 | 2428 | 4254 | 2669 | 4650 | 29.08

Figure B.5. R134a Turbine Analysis - Pressure Ratio:1.6.
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. . Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Fluid: R134a Unit
Inlet Outlet Inlet Qutlet Inlet Qutlet Inlet Outlet Inlet Outlet Inlet Qutlet
GEOMETRIC RESULTS
Specific Speed 0.55 0.55 0.55 0.55 0.55 0.55
Rotational Speed rpm 38546.30 43840.92 46053.25 48081.60 49943.95 51801.21
Total to Static Velocity Ratio: 0.65 0.65 0.65 0.65 0.65 0.65
Spouting Velocity 169.35 169.88 169.71 169.47 169.17 169.12
Blade Tip Velocity m/s 110.75 78.57 111.09 78.82 110.98 78.74 110.82 78.63 110.63 78.49 110.59 78.46
Absolute Flow Velocity m/s 114.00 31.72 114.35 31.77 114.23 3L.71 114.08 31.64 113.88 31.56 113.84 31.53
Absolute Flow Velocity(Tan) |m/s 110.06 0.00 110.41 0.00 110.29 0.00 110.14 1.00 109.95 1.00 105.91 1.00
Absolute Flow Velocity(Axial) |m/s 29.69 31.72 29.78 31.77 29.75 3L.71 29.71 31.64 29.66 31.56 29.65 31.53
Relative Flow Velocity m/s 29.70 84.73 29.79 84.98 29.76 84.88 29.72 84.76 29.66 84.60 29.65 84.56
RotorTip Radius mm 27.44 19.47 24.20 17.17 23.01 16.33 22.01 15.62 21.15 15.01 20.39 14.46
Rotor Hub Radius mm 27.44 5.08 24.20 4.48 23.01 4.26 22.01 4,07 21.15 3.91 20.39 3.77
Blade Height (LE and TE} mm 3.21 14.39 2.80 12.69 2.64 12.07 2.51 11.54 2.40 11.09 2.30 10.69
Rotor Axial Length mm 21.59 15.04 18.10 17.32 16.64 16.04
Rotor Blade thickness mm 1.10 0.55 0.97 0.48 0.92 0.46 0.88 0.44 0.85 0.42 0.82 0.41
Rotor Abs. Flow Angle deg 15.10 90.00 15.10 50.00 15.10 90.00 15.10 91.00 15.10 91.00 15.10 91.00
Blade Angle deg 90.00 90.00 90.00 90.00 90.00 90.00
THERMODYNAMICS RESULTS
Mass Flow Rate kgs 0.47 0.48 0.49 0.50 0.51 0.51
Temperature C 24.62 1.00 34.80 10.00 38.41 13.00 41.98 16.00 45.52 15.00 49.05 22.00
Pressure bar 6.00 3.00 8.00 4.00 9.00 4.50 10.00 5.00 11.00 5.50 12.00 6.00
Absolute Mach Number - 0.78 0.22 0.79 0.22 0.80 0.22 0.80 0.22 0.81 0.22 0.81 0.22
Density kg/m3 23.64 14.75 38.16 19.42 43.23 21.85 48.32 24.28 53.44 26.69 58.55 29.08
Figure B.6. R134a Turbine Analysis - Pressure Ratio:2.
. N Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Fluid: R134a Unit
Inlet Qutlet Inlet Outlet Inlet Qutlet Inlet Outlet Inlet Qutlet Inlet Outlet
GEOMETRIC RESULTS
Specific Speed 0.55 0.55 0.55 0.55 0.55 0.55
Rotational Speed rpm 55770.59 63265.27 66331.31 69130.60 71743.13 74309.95
Total to Static Velocity Ratio: 0.65 0.65 0.65 0.65 0.65 0.65
Spouting Velocity 213.82 214.06 213.54 212.98 212.46 212.18
Blade Tip Velocity m/s 139.83 99.21 139.98 99.32 139.64 99.08 139.28 93.82 138.94 98.58 138.75 93.45
Absolute Flow Velocity m/s 143.93 38.63 144.09 38.62 143.74 38.50 143.36 38.37 143.01 38.26 142.82 38.19
Absolute Flow Velocity(Tan)  |m/s 138.96 0.00 139.12 0.00 138.78 0.00 138.42 1.00 138.08 1.00 137.90 1.00
Absolute Flow Velocity(Axial) |m/s 37.48 38.63 37.52 38.62 37.43 38.50 37.34 38.37 37.25 38.26 37.20 38.19
Relative Flow Velocity m/s 37.49 106.46 37.53 106.56 37.44 106.30 37.35 106.01 37.26 105.74 37.21 105.59
RotorTip Radius mm 23.94 16.99 21.13 14.99 20.10 14.26 19.24 13.65 18.49 13.12 17.83 12.65
Rotor Hub Radius mm 23.94 4.43 21.13 3.91 20.10 3.72 15.24 3.56 18.49 3.42 17.83 3.30
Blade Height (LE and TE) mm 1.87 12.56 1.61 11.08 1.52 10.54 1.44 10.09 1.36 9.70 1.30 9.35
Rotor Axial Length mm 18.84 16.62 15.82 15.14 14.55 14.03
Rotor Blade thickness mm 0.96 0.48 0.85 0.42 0.80 0.40 0.77 0.38 0.74 0.37 0.71 0.36
Rotor Abs. Flow Angle deg 15.10 50.00 15.10 90.00 15.10 50.00 15.10 91.00 15.10 91.00 15.10 91.00
Blade Angle deg 90.00 90.00 90.00 90.00 90.00 90.00
THERMODYNAMICS RESULTS

Mass Flow Rate kg/s 0.45 0.46 0.47 0.43 0.49 0.49
Temperature C 39.85 1.00 5104 10.00 55.19 13.00 59.28 16.00 63.31 19.00 67.32 22.00
Pressure bar 9.00 3.00 12.00 4.00 13.50 4.50 15.00 5.00 16.50 5.50 18.00 6.00
Absolute Mach Number - 1.00 0.26 1.02 0.26 1.03 0.26 1.04 0.26 1.05 0.26 1.06 0.26
Density kg/m3 42.82 14.75 57.69 19.42 65.73 21.85 73.89 24.28 82.16 26.69 90.48 29.08

Figure B.7.

R134a Turbine Analysis - Pressure Ratio:3.
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- ] Case-1 [ Case2 Case 3 Case-4 [ Case 5 [ Case 6
Fluid: R134a UM iniet | outlet | et | Outlet | mlet | Outlet | inlet | Outlet | Inlet | Outlet | mmlet | Outlet
GEOMETRIC RESULTS
Specific Speed 0.55 0.55 0.55 0.55 0.55 0.55
Rotational Speed rpm 67374.84 76235.94 79803.47 83064.59 86083.95 89022.54
Total to Static Velocity Ratio: 0.65 0.65 0.65 0.65 0.65 0.65
Spouting Velocity 240.37 240.21 229.37 238.54 237.74 237.19
Blade Tip Velocity m/s 157.19 [ 111.53 | 157.08 [ 11145 | 156.54 | 111.06 | 155.99 [ 110.67 | 15547 | 110.30 | 155.11 | 110.05
Absolute Flow Velocity m/s 161.80 | 42.85 | 16169 | 4278 | 161.13 | 4261 | 160.57 | 4244 | 160.03 | 42.27 | 159.66 | 42.16
Absolute Flow Velocity(Tan) _[m/s 15622 | 0.00 [ 15611 | o0.00 | 15557 | o000 [ 155.03 | 100 [ 15451 | 100 [ 15415 | 100
Absolute Flow Velocity[Axial) [m/s 2214 [ 2285 | 4201 [ 4278 | 4196 | 4261 | 4182 [ 4244 | a168 [ 4207 | 4158 | 4016
Relative Flow Velocity m/s 4215 [ 11948 | 4212 [ 119.38 | 41,97 | 118.95 | 41.83 | 118.53 | 41.69 | 118.13 | 4159 | 117.85
RotorTip Radius mm 2228 [ 1581 | 1968 [ 1396 | 1873 [ 1329 | 1793 [ 1072 | 1725 [ 1224 | 1664 | 1180
Rotor Hub Radius mm 2028 | 412 | 1968 | 3.64 | 1873 | 347 | 1793 | 332 | 1725 | 3.9 16.64 | 3.08
Blade Height (LE and TE} mm 130 [ 1169 | 111 [ 1032 [ 104 9.82 0.98 9.41 0.92 9.05 0.88 8.73
Rotor Axial Length mm 17.53 15.48 14.74 1411 13.57 13.09
Rotor Blade thickness mm 0.89 0.45 0.79 0.39 0.75 0.37 0.72 0.36 0.69 034 0.67 0.33
Rotor Abs. Flow Angle deg 1510 | 90.00 | 1510 | 90.00 | 1520 | s0.00 | 1510 | 9100 | 1510 | 9100 | 1510 | 9100
Blade Angle deg 90.00 90.00 90.00 90.00 90.00 90.00
THERMODYNAMICS RESULTS

Mass Flow Rate kg/fs 0.44 0.45 0.46 0.47 0.47 0.43
Temperature c 5152 | 100 | 6367 | 1000 | 6831 | 13.00 | 7288 | 1600 | 7737 | 19.00 | s1.80 | 20.00
Pressure bar 1200 | 3.00 | 1600 | 400 | 1800 | 450 | 2000 | 500 | 2200 | 550 | 2400 | 6.00
Absolute Mach Number - 114 0.29 117 0.29 1.19 0.29 121 0.29 1.22 0.29 1.24 0.29
Density kg/m3 | 5749 | 1475 | 7825 | 1942 | 8964 | 2185 | 10130 | 2428 | 1139 | 26.69 | 125.18 | 29.08

Figure B.8. R134a Turbine Analysis - Pressure Ratio:4.






