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Chapter 1: Introduction

1.1 The Rankine cycle

The Rankine cycle (RC) is a thermodynamic cycle which utilizes phase change of the
working fluid. Based on the selection of the working fluid, the RC can be categorized into
steam Rankine cycles and organic Rankine cycles (ORC). Nevertheless, the well-known
principle of the cycle remains the same. Firstly, liquid is compressed in a pump (1 — 2); then,
it runs through a boiler or other heat source where it is turned into vapour or steam and
usually superheated (2 — 3); the vapour or steam then enters an expander, usually a turbine,
where it expands, doing work in the process (3 — 4); finally, the steam or vapour, which is
now at low pressure, is condensed in the condenser and the cycle repeats itself (4 - 1) .

(3}
3 =l::l
4
’ >
]
i, m
A i

Figure 1 - Scheme of a simple RC

Rankine Cycle T-s diagram

700
650 /
600 ’
550
500
450
400
350
300
250
200
150
100

Temperature [°C]

Entropy [kJ/kg K]
Figure 2 - T-s diagram of a simple RC!

! Figures 1 and 2 were obtained from the Cycle-Tempo software
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The Rankine steam cycle is the most widely used thermodynamic cycle in large-scale
power generation. While its properties and modifications in high power applications are well
studied and understood, utilizing it in low-power applications is not as thoroughly examined.
Organic Rankine Cycles (ORC) have been developed in recent years to replace the steam
cycle at low power and waste heat recovery applications, thanks to favourable properties of
organic fluids such as low boiling point and dry expansion. However, steam has undisputed
advantages, especially when a high-temperature heat source such as boiler is available.

Firstly, water has better heat transfer characteristics than organic fluids. This results in
lower mass flow rates and therefore smaller heat exchangers and condensers. Secondly, water
is a cheaper, more accessible and less dangerous working fluid than its organic counterparts.
Furthermore, the problem of wet expansion with steam can be resolved if a high-temperature
heat source is available, thus enabling higher superheating on the inlet, or if volumetric
expanders, which are not threatened by droplet erosion to a large degree, are used instead of a
turbine [1] [2].

It is well-known that the Rankine cycle efficiency increases with increasing steam
temperature and pressure at the rubine inlet. For each temperature of the superheated steam,
there is a peak in efficiency for a specific pressure as illustrated in Fig. 4.

37

36.5

36 -

355

Efficiency (%)
w
[V, ]

34.5 370 °C

34

335

33 :
10,000 12,000 14,000 16,000 18,000 20,000 22,000 24,000 26,000 28,000 30,000
Pressure (kPa)

Figure 3 - Efficiency of the RC on steam temperature and pressure from 370 up to 450 C. The condensation pressure is 10
kPa. The dotted line displays the optimum pressure for each temperature [3].

For this reason, utilising high inlet parameters of steam is an important factor when
designing any steam cycle. The effort of maximizing the parameters of inlet steam led to the
development of modern supercritical and ultra-supercritical power plants which are used in
high power generation and are briefly described in chapter 4.



1.2 Combined heat and power (CHP) generation

A combined heat and power plant produces electricity and useful heat simultaneously,
boosting the plant’s efficiency. Even state-of-the-art steam power plants can reach
efficiencies of up to 48% when producing electricity only, while CHP plants often reach up to
80% or higher thanks to utilizing some or all of the exhaust heat that would otherwise go to
waste [4].

For efficiency of a plant producing electricity only:

Wel Qin—CQout

= = 1
Nnet Oin O 1)
Whereas for a CHP plant:
W PR—
nnet — el + Qu — Qin ?loss (2)
an an

Where 1, is the net efficiency, W,; is the electric work, Q;,, is the heat input from
the fuel, Q,,; 1S the rejected heat, Qy is useful heat and Q,,¢s represents the heat losses [4].

The size of CHP plants varies widely, from large centralised plants of over 1 GW [5]
to small domestic units of 1 kW. Technologies applied in these plants are numerous — from
combined cycles, gas and steam turbines, through microturbines, internal combustion engines
and organic Rankine cycles (ORCs) to fuel cells and Stirling engines.

Main advantages of CHP plants are therefore high efficiency and high degree of fuel
utilization, along with increased energy security, diversity of energy sources, flexibility and
affordability [6]. CHP technologies are applied in municipal, district or commercial building
heating or in the industrial and marine sector [7].

Large-scale CHP, typically defined as installations over 2 MW, has been used
worldwide since the beginnings of the 20" century. In large industrial applications, exhaust
gas from a gas turbine is frequently used to heat a process, while back-pressure steam
turbines are widely applied in CHP plants for district heating.

However, the widest range of applications for cogeneration falls into small (100 kW —
2 MW) or micro (up to 50 kW) scale. They can be widely applied for domestic, municipal,
and industrial uses. The heat for these plants can be provided either by combusting fuel or by
utilizing waste heat [6]. A report developed in the frame of the CODE2 project estimates the
potential for annual sold micro-CHP systems in the EU for residential applications (up to 5
kW¢) of about 2,9 million and for small and medium business application (up to 50 kW¢) of
about 68 000 units in 2030. This would amount to a cost-effective potential for cogeneration
to deliver 20% of electricity and 25% of heat in the EU [8] [9].



CHP technology

Approximate power
range applied in

Approximate
electric efficiency

Approximate peak
CHP efficiency [%0]

CHP range [%0]

CCGT 20 MW - 600 MW 30 -55 85
Gas turbine 2 MW - 500 MW 20 - 45 80
Steam turbine 500 kW - 850 MW 15-47 75
Inte_rnal combustion KW - 10 MW 25 - 40 90
engine

ORC 1 kW -15MW 5-15 90
Microturbine 30 kW - 250 kW 25-30 75
Fuel cell 5KkW -1 MW 30-40 75
Stirling engine 0,6 KW - 50 kW 10-30 95

Table 1 - Overview of main CHP technologies and their characteristics [5] [6] [8]

While large-scale steam CHP technologies are technologically feasible and widely
employed, scaling a steam power or CHP plant down below the 500 kW threshold becomes
problematic mainly due to difficulties with selecting and designing the appropriate expansion
machine. Large power stations use turbines for steam expansion due to their high efficiency,
reliability and scalability in a very wide range of power outputs. In a small-scale Rankine
cycle below 500 kW, deploying turbines becomes problematic due to low mass flow rates,
which causes poor efficiency, high production costs and danger of erosion of the turbine
blades due to expansion into wet steam [1].




Chapter 2: Biomass-fired CHP technologies up to
50 kWe

2.1 Advantages and perspectives of micro cogeneration

Modern trends in energetics are focused on improving sustainability, decreasing the
impact of power generation on the environment, and maximizing the efficiency of fuel
economy. Micro- and small-scale cogeneration and waste heat recovery hold significant
potential for improvement in all of these areas. Their benefits over conventional systems can
be summarized as follows:

- Micro- and small-scale CHP produces heat and electricity at point on demand to

fulfil the industrial / residential / domestic electric and heating requirements.

- A high utilization of primary energy source is achieved by reducing waste heat.

- Emissions are significantly reduced owing to high overall efficiency of the CHP

system.

- A small CHP system can work independently from the grid and thus provide

power and heat even during blackouts.

- Local energy sources can be utilised.

Furthermore, small-scale cogeneration provides the opportunity for more people and
entities to participate in the energy market and to be also producers of heat and power, not
just consumers. Small CHP units are often put forward as key microgrid components.
Therefore, they hold tremendous potential for future energy concepts like smart grids and
local energy communities [10]-[13].

2.2 Commercially available biomass technologies

Biomass is a very broad term which describes a variety of matter of organic origin
such as trees and crops, but also industrial, agricultural and domestic organic waste. All
biomass is a product of solar energy which is captured by plants through the process of
photosynthesis. The range of technologies which can be used to convert biomass into heat
and electricity is also very wide and includes combustion, gasification, pyrolysis,
fermentation and anaerobic digestion. Biomass is considered a renewable and CO2 neutral
energy resource due to the relatively short period it takes to form. Burning biomass simply
returns to the atmosphere CO that was absorbed by the plant as it grew. Of course, additional
emissions produced by transportation or processing must be considered.

Biomass is well-suited for decentralized, small - and micro-scale CHP plants due to
its lower calorific values, local availability and often lower costs than fossil fuels [6]. In the
micro-scale with power output up to 50 kWe, the commercially implemented technologies are
organic Rankine cycles (combustion), internal combustion engines and Stirling engines
(combustion or gasification) [14]. Biomass may become particularly relevant in Europe due
to the uncertainty of natural gas deliveries in the coming years [15].
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Table 2 summarizes several commercially available biomass micro-CHP technologies

and their attributes.

Unit name, manufacturer Technology Power Heat output CHP
output [kKW] [kwW] efficiency [%]
ENO 10 — 40LT. ORC 10-40 ~ 200 -
Enogia [16] (~5% el.
efficiency)
WAVE 120, LORCA ORC 6,2 120 89
(UCEEB) [17]
ORChidea, Kaymacor ORC 3-128 - -
[18]
Winno Energy ICE + gasification 40 80 -
gasification unit [19]
Q-PowerGen, NewEnCo Stirling + 36 120 -
[20] gasification
Froling CHP 50, Froling | ICE + gasification 46 — 56 95-116 85
[21]
Microgen Stirling engine Stirling + 1 3-24 -
[8] [22] gasification /
combustion
PACK, ORC, wide range 50 - 200 - -
Orcan Energy [23] of fuels cited
Green Steam + Neumot Steam piston 30 110 ~90
VEP Fordertechnik [24] engine

Table 2 - Overview of current commercial biomass CHP technologies with power output up to 50 kWe

While the Stirling engine has the potential to be a highly efficient technology even at
micro-scale, multiple companies trying to develop them have either discontinued their
activities or have been stuck on demonstration and commercialization phase for several years
[14] [25] [26]. This is largely due to investment costs, which can be up to 7 500 € / KW [8].

ORCs are becoming a widespread technology because of their numerous advantages
over steam cycles such as dry expansion, lower boiling temperatures, and low vaporization
heat. On the other hand, water is a much more accessible, cheaper and safer working fluid
with a higher heat capacity [6]. Another important aspect is the heat source temperature.
While ORCs are much more suitable than steam for utilizing low-temperature heat sources
such as waste heat, organic fluids become thermally unstable at high temperatures over 300
°C, where they undergo thermal degradation into methane, alkanes and other substances.
Maximum operating temperatures for most organic fluids are around 290 — 320 °C [27].

2.3 Research projects and development regarding biomass
micro-CHP technologies

On top of numerous commercial technologies on the market, new technologies are
being constantly researched or improved. Their scope is naturally wider, encompassing
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internal combustion engines, ORCs, Stirling engines and even unconventional technologies
such as thermoelectric generators (TEGS) or hot air turbines. More information is provided in

Table 3.
Reference Technology Power output [KW] Heat output CHP efficiency

[kW] [%]

[28] mobile ICE + 3-35 8-9 47,7-51,5
gasification
[29] TEG 0,25 10-20 >92
[30] ORC 32-44 26 - 29 75
[31] Hot air turbine 47,5 (el. efficiency 217 83
15 %)

[32] Stirling 0,5 - 65
[33] Stirling 0,7 2,3 40
[34] Steam engine 5 20 -
[35] Steam engine (no 23 104 78

testing yet)

Table 3 - Research and development regarding micro-CHP biomass technologies

A microturbine CHP with biomass gasification is sometimes also considered [34]
[35]. Company Xcel Energy is actively researching this concept with the aim of developing a
30 kW microturbine. Although the development has been going for around 10 years, the
biomass gasification technology has not yet been constructed and tested [38]. The

technology is also examined by the microturbine manufacturer Bladon [39].




Chapter 3. Steam cycles utilizing high-parameter
steam

3.1 High pressure and temperature steam in high-power
applications

3.1.1 Current state-of-the-art

Supercritical power plants are the state-of-the-art among thermal power plants. They
take advantage of the fact that the efficiency of the thermodynamic cycle rises with
increasing pressure and temperature by employing steam above the critical point (p = 22,12
MPa and t = 374,15 °C) and can thus achieve an efficiency close to 50%, especially if a very
low pressure can be achieved in the condenser. Modern supercritical steam power plants
usually operate at steam pressure of 25-28 MPa and temperature up to 600 - 620 °C. Single
or, more often, double reheating of the steam is necessary to avoid expanding into wet steam
[4][40].

When talking about plants with high steam parameters, the terminology typically used
is as follows:

e Subcritical plants below the critical point of water at ~540°C and 17 — 22 MPa,

efficiencies usually up to 38%.

e Supercritical (SC) plants that operate slightly above the critical point at 22 — 25
MPa and 600 °C / 615 °C with efficiency up to 42%.

e Ultra-supercritical (USC) plants significantly above the critical point at 25 — 30
MPa and 620 °C with efficiency in the range of 42 - 48%. These are the current
state-of-the-art plants. Examples — Moorburg (Germany), Patnéw (Poland), Wai
Gao Qiao (China).

e Advanced ultra-supercritical (A-USC) next generation of power plants not
deployed for commercial purposes so far. These plants would target steam
pressures up to 35 MPa, 700 — 760 °C temperature range and efficiencies over
50% [8] [10].
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Figure 4 - Supercritical steam Rankine cycle with single reheat [43]

3.1.2 Brief history of development of supercritical plants

Although using supercritical steam in power generation is not a new idea, with first
commercial uses dating as far back as 1950s, their operation was problematic, mainly from
metallurgic standpoint. They suffered from high costs, low reliability and high failure rate.
These were caused mainly by lack of adequate materials durable at high temperatures. What
later enabled supercritical plants to attain better feasibility was the development of steel
grades 91 and 92 and durable nickel-based alloys for heavy section tubular components and
derivatives for the cast and forged components [41]. Highly durable steel like the T91 and
T92 and their derivatives P91 and P92 thus enabled the reliable running of USC plants, but to
make A-USC plants possible and thus achieve the threshold of 50% efficiency, a new
generation of materials would be required.

To develop new materials, multiple research programs were launched on the national
and international level in late 1990s and early 2000s. One such notable program was the
AD700, which was comprised by over 40 companies and funded by the European Comission,
Its goal was the research and development of materials for A-USC plants. The project was
divided into several phases and culminated in building the COMTES700 (COMponent TESt
facility for a 700°C power plant) demonstration site at the E.ON coal fired Scholven plant in
Germany in 2005, which aimed to test the limits of using supercritical steam at the 700 °C
temperatures. The main concerns were naturally the materials required for such application
[44]. The test facility used steam from the Scholven plant and achieved 17 000 hours of
operation from 2005 until 2009. It tested boiler components such as tubes, valves and
superheaters at 705 °C and 22.6 MPa. The components were made of alloys T24, HCM12,
Alloy 617, Inconel 740 and others. Following the successful component test facility, a full-
scale demonstration was planned to begin in 2014 at E.ON’s plant at Wilhelmshaven.
Although the project got suspended and the demonstration never took place [45][44][46], a
list of candidate materials for various components of the demonstration plant, shown in Table
4, was worked out.



Components

Candidate alloys

Walls

Membrane walls

T23, T92, similar ferritic steels

Pipes and tubing

Superheaters

T92, Alloy 617m, Alloy 174,
Inconel 740

Reheaters

Alloy 617m, S304, T91

Outer casing

Cast steel (9-10% Cr)

Turbine casing Alloy 625 (cast), welded with 9-

Inner casing 10% martensitic steel
Valves Casing Alloy 625 (cast)
Weld-on ends Alloy 617m
Turbine rotor HP and IP Alloy 617 welded with 10Cr steel
Turbine blades HP and IP Martensitic steels, Nimonic80,

Waspalloy

Table 4 - Components and their candidate materials for a A-USC plant as a result of the COMTES700 and
AD700 programmes [47]

3.2 Materials of components

The most important factor that determines the use of higher pressure and temperatures
is the availability and cost of materials to withstand these conditions [41]. There are a number
of other demands on these materials, depending on what they’re used for — boiler membrane
walls, heat exchangers, pipes, turbine components etc.

The first SC plants used austenitic steels, but this caused difficulties, mainly because
of their higher thermal expansion coefficient and low thermal conductivity. That’s why focus
was later shifted to ferritic and martensitic steels and then to nickel-based alloys [41].
However, austenitic steels do have an advantage over their counterparts in terms of better
weldability [48].

In the following chapters, some of the most widely used generations of materials used
for high-temperature steam are presented.

Material type Thermal conductivity Coefficient of thermal expansion
Ferritic steel High (~50W/m°C) Low (~11x107%)
Austenitic steel Low (~16W/m°C) High (~18x 107¢)

Nickel alloy Moderate (~24W/m°C) Moderate (~14.7 x 10-%)

Figure 5 - Thermo-physical properties of ferritic and austenitic steels and nickel alloys [41]

3.2.1 Low-alloyed ferritic and martensitic steel grades

After austenitic steels were no longer a candidate material for high-temperature
applications, development efforts focused on 9-12% Cr ferritic steels. This resulted in the
T23 (2.25Cr-1.6WVNDb), T24 (2.5CR-1MoVBTi) and later T91 and T92 (X10CiMoVNDb)
steels with maximum working temperatures 560 - 625 °C. These steels are mostly annealed
and used in boiler membrane walls and steam generator components, headers and heat pipes.
T92 has also been used in superheater tubes [49][48]. They’re weldable, with necessary
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preheating in the temperature range 150-250°C to prevent cold cracking. T23 is an exception,
tests showed that no cracking occurred even under room temperatures [41].

YSIT .
SITS Max. recommended work temperature (in
Steel at room temperature o - .
power engineering applications) [°C]
[MPa]
T23 400/510 580
T24 415/585 590
T91 415/585 600
T92 440/620 625

Table 5 - Mechanical properties of several low-alloyed steels. The properties may vary depending on the type of heat
treatment process applied [41][50]

3.2.2 High-alloyed martensitic steel grades

High tensile and creep strength, good corrosion and oxidation resistance, high thermal
conductivity, and low thermal expansion in combination with relatively low cost make
martensitic 9-12% Cr steels ideal for use in the hottest parts of steam boilers [51].

The P91 steel (X10Cr-MoVNDb) was first used in Europe in 1997 with steam
parameters of 28 MPa and 580 °C. It has since been widely applied in construction of USC
plants in steam pipes and outlet heaters along with its close derivatives, such as the CB2 and
X20 alloys.

P92 is currently the strongest commercially available steam pipe steel, and it has
enabled the construction of several USC power plants with steam parameters up to 30 MPa
and 600°C, and sizes up to more than 1 GW [41].

YS/TS Max. recommended work temperature
Steel at room temperature (in power engineering applications)
[MPa] [°C]
PI1 415/585 625
P92 430/620 650
X20 480/650 620
CB2 500/670 650

Table 6 - Mechanical properties of several high-alloyed martensitic steels. The properties may vary depending on the type of
heat treatment process applied [52][53][54][55]

3.2.3 Nickel-based alloys

The current USC operation temperature limit for 9-12% Cr steels is around 650°C. It
is unlikely that steels will ever have sufficient creep strength and oxidation resistance to
operate beyond 680 °C. Only nickel alloys are likely to maintain sufficient high-temperature
properties. Many nickel-based alloys have been tested and developed, such as the Inconel X-
750 (used for gas turbine blades), Inconel 740H (which was the direct result of the
COMTEST700 tests [46]) and Haynes 282, which can be used for steam temperatures up to
800 °C [41][48][55].
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VS/TS Max. recommehded work
Alloy temperature (in power
at room temperature [MPa] o . .
engineering applications) [°C]
Inconel 740H 750/1120 780
Inconel X-750 815/1200 780
Haynes 282 700/1130 800

Table 7 - Mechanical properties of several high-alloyed martensitic steels. The properties may vary depending on the type of
heat treatment process applied [41][56][57]

3.3 Utilising high-parameter steam in low-power applications

A wide range of installed power in SC and USC plants can be noted. While in China,
the trend is building large plants, European and American units have scaled down to 600-900
MW. According to studies conducted by Siemens and Alstom, the effect of plant size on
efficiency is negligible, less than 0.5% when comparing 400 and 800 MW blocks [58] [47].
Furthermore, a study between Sandia National Laboratories and Siemens confirmed the
feasibility of adapting the Siemens SST-900 turbine for supercritical steam with parameters
of 23 — 26 MPa and ~ 550 °C in a CHP plant with power output of 140 MWe [59]. However,
applications of supercritical steam at smaller scale have not been attempted.

Steam turbines with inlet parameters of around 290 °C and 4 MPa can be deployed for
low-power CHP applications, although commercially available turbines in this area are
usually not primarily designed for this purpose. They are often used in marine or industrial
applications [60][61]. A US-based company CyclonePower claims to have developed a
highly efficient small CHP unit consisting of six piston expanders utilizing steam at almost
critical conditions [62]. However, they have not yet published any proven test results. While
there are concepts considering a steam turbine of under 100 kWe [63], they are yet to be
tested in real applications.

Volumetric expanders can be a viable choice thanks to their ability of easily handling
low mass flow rates and working under a wide range of conditions [64]. While it would be
difficult to deploy and utilize supercritical pressure due to heavy pressure losses, leakage and
possible stability issues, high temperature is limited mainly by the available materials. The
components, such as casing, piping, valves etc. can be designed with materials discussed in
this chapter. In fact, for a given temperature, it is possible that less costly materials than the
ones used in SC plants could be theoretically deployed owing to the lower pressure. In Figure
6, it is observed that each material can be used for a slightly higher temperature at a lower
pressure. Therefore, in a small, decentralized steam unit with a high inlet temperature but
lower inlet pressure, it should be researched whether the T92 and P92 steel grades could be
replaced by the T22 or T23 or by similar, cost-efficient materials.

12



A-USC technology
requires nickel-

Figure 6 - Maximum working temperatures of different materials based on operating pressure [41]
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Chapter 4: Expanders

Expander is a crucial component of the Rankine cycle. The overall performance of the
entire plant depends heavily on its efficiency. This chapter discusses the different types and
categories of expanders, their characteristics, and applications.

4.1 Overview

Expanders can be broadly divided into two categories — volumetric (sometimes called
positive displacement) expanders and dynamic expanders.

volumetric expanders dynamic expanders
work = [ vdp work ~ u?
| 0, ”
:Qg« b | -
a2 &
DR vl )
S 0
. J g
piston screw scroll vane axial cantilever radial

Figure 7 - Types of expanders [65]

Dynamic expanders, referred to as turbines, convert the dynamic pressure or high-
velocity fluid momentum into mechanical energy while passing through a series of blades.
They can be divided into main three categories based on the direction of the incoming fluid —
axial, radial and cantilever, with axial turbines being the most commonly used. They are
standard for larger machines with output > 500 kWe [66].

Volumetric expanders are periodically operating machines that don’t use blades to
generate mechanical energy. Instead, relative position of the stator and rotor defines a one or
several working chambers where the fluid expands. Volumetric expanders have a specific
built-in volume ratio and can be classified into many types. The most usual volumetric
expanders, and the ones discussed in this work, are the piston, screw, scroll and vane type.
Other, more niche and less common expanders include the Roots expander or the Wankel
turbine. The advantage of volumetric expanders is that they are suitable for low volumetric
flow rates, achieve decent efficiencies and low rotational speeds. Therefore, they are used in
smaller plants, such as steam and ORC units for geothermal plants or waste heat recovery
systems [64] .
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Figure 8 - Different types of volumetric expanders sorted by their rotor motion [64]

While dynamic expanders can achieve much greater efficiencies and are widely
deployed in large-scale thermal plants, they are designed for high flow rates and scaling them
down below the 500 kW, threshold is difficult due to both technical issues and high cost.
Technical issues include difficulty when working with low mass flow rates, and high
rotational speed (up to tens of thousands rpm). These high speeds mean that it is more
difficult to connect the turbine directly to the generator. Special high-speed generators or
gearboxes are then needed. Bearings are also burdened by the high speeds due to mechanical
stresses and there is a danger of higher leakage between the stator and the rotor [67][68]. At
the same time, volumetric expanders have low cost, low rotational speed, ability to work with
low mass flow rates and can better withstand two-phase working fluids. Most of the uses and
applications of volumetric expanders nowadays can be found in ORC or CO; systems [64].

4.2 Demands on a micro-scale cogeneration plant expander

Small- and micro-scale power units have received a heightened attention in the
previous years. However, their mode of operation often differs from the classical turbines that
work with high flow rates, high steam parameters and are mostly held at the optimum power
level. Thus, there can be different factors that will influence decision-making apart from
obvious factors such as efficiency and reliability of the machine.

Firstly, a small-scale CHP machine is expected to be subject to varying power
demands depending on the application and the time of the year. Therefore, good off-design
performance is an important factor.

Secondly, small-scale units are more sensitive on the complexity and investment
costs. An expander that is difficult to manufacture or requires costly materials can easily
drive the investment cost per installed kW too high up where commercial deployment of such
a machine would be no longer feasible.

Other technical-economic factors that are of less importance in larger machines can
also come into consideration. A decentralised machine is likely to be installed closer to
habited areas and therefore low noise will be desirable. Compactness is also important as the
machine will likely be placed in industrial or living areas. Availability of materials and
components will also play a larger role. However, properties of volumetric machines can
make certain aspects of design easier, such as lower rotational speeds and ability to handle
two-phase expansion, which are discussed elsewhere in this work [69][70][71].
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Finally, for this particular work, the ability of the expander to withstand high pressure
and temperature of the expanding steam will also be desired. The expected power output of
the unit employing the expander is around 10 - 50 kWe.

4.3 Piston

4.3.1 General information

The piston is among the oldest expanders, having been widely used since the 18"
century until the early years of the 20" century, most notably during the industrial revolution.
Interest in this technology was renewed in recent years for small-scale steam or ORC
systems, waste heat recovery from internal combustion engines and even as means of
propulsion for automobiles [72]. This is due to numerous advantages such as large built-in
volume ratio, high achievable operating pressures and temperatures, low rotational speed, and
even compactness.

Piston expanders work best with low displacement at a relatively high volume ratio.
They are best suited for low power applications because of their ability to work well with
high inlet temperature and a high pressure ratio. Some of its drawbacks, however, are
relatively low power range and limited wet expansion [73].

4.3.2 Modifications

Reciprocating piston

The reciprocating piston is the simplest and oldest type of piston. The piston is
contained in a cylinder and moves in and out as the working fluid expands and is then
exhausted.

Swash-plate piston

The swash-plate piston is the most popular choice among modern experimental units.
A cylinder block containing multiple pistons is attached to a shaft. As the fluid expands, the
pistons move against a stationary plate that sits at an angle to the cylinder. Thus, the shaft
rotates.

Oil Loop

——

{
= | &

LI

Exhaustl
fl Oil Cooler )»———

Figure 9 - An experimental swash-plate piston configuration [72]

Admission

Chamber
Admission System

Rolling piston
The rolling piston is a rarer configuration which is used in CO2 refrigeration cycles.
Both the stator and the rotor are of a cylindrical shape. The rotor (which is attached to a
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crankshaft) is placed inside the stator and rotates eccentrically. A single vane separates the
suction and the exhaust part. This machine then represents a sort of combination of a piston
and a vane expander [74].

.~ Vane

’ Discharge

Suction

Rolling

‘ piston

Crank-shaft Cylinder
Figure 10 - The rolling piston

4.3.3 Specifications and uses

The piston is the only expander which uses linear motion instead of rotational, which
means that a crankshaft needs to be used, which introduces additional losses. When compared
with other volumetric expanders, piston has lower speed of 600 — 2000 rpm [64].

One notable disadvantage of the piston against other expanders is the necessity for
complicated valve-timing gears, which makes it more complex and costly. Wet expansion is
also not recommended [65] [68].

Ref | Working | Isentropic | Power | Volume | Rotational Inlet Inlet
fluid efficiency | output ratio speed pressure | temperature
[%] [kW] [rpm] [MPa] [°C]

[24] Steam - 30 - - 3,2 350

[72] R245fa 53 2 - 1000 3 -

[75] steam 14 - 1500 3,2 380

[76] R245fa 53 2,7 4,7 1000 - 3 153
4000

[77] CO2 45 1,1 2,3 800 - - 48
2000

[78] steam - 2,1 - 200 - 800 1 -

Table 8 - Results from studies and investigations of piston expanders

4.4 Screw

4.4.1 General information

The screw expander is comprised of one or two rotating helical rotors with the
grooves serving as chambers. It is often a favourite choice for ORC plants because of its wide
range of power output applications, ranging from units of kW all the way to units of MW
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[79]. Another used application is WHR. Aside from its excellent scalability, its advantages
over other volumetric expanders are high isentropic efficiency (reaching as high as 80% in
test conditions) and balanced load distribution of the rotor. All variants of the screw machine
generally have a higher relative manufacturing cost than other expanders due to complexity
of their geometry and the need of precise machining [80].

This chapter provides only generalised description of the screw machine. Its attributes
and geometry (especially that of the single-screw variant) is elaborated upon in greater detail
in later chapters.

One area where it has established its dominance are ORC geothermal plants [64].
However, it is reported that the twin-screw becomes unstable for high pressure ratios due to
bearing forces associated with pressure distribution across rotor. This makes it difficult to
work with a higher potential fluid and the screw is therefore used for utilizing low grade heat.
Thanks to low fluid velocities, screw expander can work with a two-phase fluid much better
than dynamic expanders [81] [82].

4.4.2 Modifications

Single- and twin-screw

Two broad variants of the screw machine can be distinguished:

a) The twin-screw. This type of configuration is boradly used in vapor compression,

ORC applications or geothermal plants. It consists of two rotors - male and
female. As their grooves mesh, working chambers are created in which the fluid is
expanded, as is visible in Figure 12.
The rather complex geometry of the twin-screw machine allows for a very wide
range of different rotor profiles. The geometry has a serious impact on leakage
and friction as well as overall performance of the expander. The early screw
compressors had a symmetric profile, which is easier to design, but leaves a
leakage path when the machine is repurposed as an expander due to a large blow-
hole area. This can be fixed with an asymmetric design at the cost of higher
friction and complexity [64].

Figure 11 - Example cross section of a twin-screw Figure 12 - Operating principle of the twin-screw. A -
expander [81] suction; B and C - expansion; D - discharge
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b) The single-screw. Although the single-screw has a simpler geometry, it is a newer

gate rotor

~

and less widely used design, both in compression and expander application.
However, multiple experiments have been conducted to confirm the viability and
advantages of this configuration [80][83][84]. It consists of a single helical rotor,
while the female rotor is replaced by two or more gate rotors (sometimes also
referred to as starwheels). This eliminates problems with increased leakage area
described above and allows for greater pressure ratios at the cost of more moving
parts and larger dimensions of the expander configuration. Major advantages of
the single-screw variant over the more conventional twin-screw are cited in
literature — a more balanced loading of the helical rotor, low leakage even at high
pressure ratios, lower noise and vibrations [80].

screw rotor

~® =
AN CIAN

(@) (b) (c)

Figure 13 — Cylindrical-plate, the most common Figure 14 - Expansion process of the single screw
configuration of the single-screw expander [85] expander. a) suction, b) expansion, c) end of expansion

and discharge [80]

Dry screw and flooded screw

a)

b)

The dry screw. Also referred to as synchronized, operates without any lubrication
being injected inside the working chambers. This is the simpler variation, without
the need of an external oil loop. Naturally, this comes at the cost of friction,
leakage and stress. To prevent contact between the rotors, external timing gears
are required.

The flooded screw. Injecting oil into the working chamber and thus lubricating the
rotor and the bearings solves the problems of the dry screw. An external oil loop is
required, increasing the complexity, but reducing friction and leakage losses. A
major downside is that it is impossible to completely extract the oil from the
working fluid. For this reason, the oil is sometimes replaced with water as a
lubricant. Further sealing and timing gears are required for this [64][86].
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4.4.3 Specifications and uses

Ref | Working | Isentropic | Power | Volume | Rotational Inlet Inlet
fluid efficiency | output ratio speed pressure | temperature
[%] [kW] [rpm] [MPa] [°C]
[76] | R245fa 65 1.3 2,5 up to 12450 1 130
[82] Steam 70 - 5 - 4 -
[87] Steam ] 100 - ] ) 3 ]
1600
[88] Steam - 50 - 1500 - 1500 - 4000 | 0,15-3 300
[89] | R245fa - 1000 - 1,4 ~100
[64] Steam 22-45 | 200 - 800 - 2500-3300 | 0,3-1,4 177
O] | steam 1 4946 | Uptosso | - 2500 | U0 :
[91] R123 80 100 - 300 3 up to 6000 0,5 65 - 80
[92] Air 55 22 - 2800 1,6 -

Table 9 - results from studies and investigations of screw expanders

The screw has been long been used in air or CO2 compressors. In recent years, it also
is frequently recommended as a viable expander for ORC, steam or air-based systems
utilizing low grade heat, such as in waste heat recovery or geothermal plants. This is mainly
due to a very wide range of power outputs, good efficiency, compactness, and the ability to
handle two-phase working fluid well.

Drawbacks are mainly difficulties when working with higher temperature and
pressure fluids, as well as possibly high leakage losses for the twin screw. Single-screw could
therefore be a viable alternative [93].

An interesting project regarding new possible fields of screw expanders deployment is
a micro-CHP Brayton cycle unit which is being developed by company BraytonEnergy LLC
in cooperation with City University of London. The CHP unit utilizes a twin-screw expander
with inlet temperature as high as 1100 — 1200 °C. To withstand such conditions, the expander
is made of a ceramic material. At the time of writing this work, the project is nearing the end
of its testing phase [94].

4.5 Scroll

4.5.1 General information

The scroll expander has a more complicated geometry than the other devices
mentioned here. It consists of two spirals — an orbiting scroll (rotor) and a fixed scroll
(stator). When the scrolls rotational movement of the orbiting scroll is the same as the
direction of the swirl, the space between them decreases and the machine works as a
compressor. When the wrap rotates in the opposite direction, the gap increases, and the
machine works as an expander [95].
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Discharge process
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Figure 15 - Operating principle of the scroll expander [95]

Scroll expanders report some of the highest efficiencies among volumetric expanders.
They are suited for micro-power applications up to 12 kW. They are generally designed for
lower pressure ratios, and are characterized by low flow rates and rotational speeds, good
efficiency and flexibility [64][96].

Thanks to these qualities, scrolls are generally applied as compressors in air
conditioners and cooling systems.

4.5.2 Modifications

Scroll expanders can be generally divided into two types — compliant and
kinematically constrained. The compliant variation needs lubrication through an external oil
loop to prevent mechanical wear. This also reduced the leakage losses. For constrained scroll
expanders, radial leakages are reduced by low friction material tip [64].

4.5.3 Specifications and uses

The scroll device can work very efficiently as both compressor and expander. As
expander, it is applied only in very low power units below 15 kW. Some of the main
drawbacks of this machine are complicated geometry and production, but also possibly high
leakage losses. Danger of cavitation at high pressures and high velocity of the working fluid
has also been reported [64]. Although the scroll has very good isentropic efficiency and
probably the best partial load performance out of all the volumetric expanders, literature
recommends it for only very small units and reserves power outputs of above 15 kW for other
machines [97].

From the studies in Table 10, it’s clear that scroll expanders are seriously considered
for commercial use only in ORC cycles and not in steam systems. The presented data all
comes from experimental units, with only one exception where commercially available scroll
expander is referenced, specifications cited from the manufacturer’s website [98].
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. Isentropic | Power Rotational Inlet Inlet
Working .. Volume
Ref fluid efficiency | output catio speed pressure | temperature
[%] [kW] [rpm] [MPa] [°C]
1137 -
[76] | R245fa 76 1,5 2,19 2920 1,4 125
[95] R113 63 0,45 - 1800 - 136
[99] Steam 34 15 - 1200 1,38 145
[98] Steam 11 4,5 3600 1 170
[100] | R245fa 50-74 20 3600 2,2 140
[101] | R245fa 75 1,5 2,9 3000 0,7 -
Table 10 - Specifications of various experimental and commercial scroll expanders
4.6 Vane

4.6.1 General information

The vane rotor has slots in which several vanes are set. Their number can vary from 2
to up to 30, but most expanders will have five to ten vanes. These vanes then define the
working chambers. High pressure vapour enters through the inlet, expands between the vanes
and the housing and is then released through the outlet, as shown in Figure 16. Similarly to
the scroll, vane is preferred in ORC systems.
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Figure 16 - Working principle of the rotary vane. 1- inlet; 2-3 - expansion; 4- exhaust [97]

The vanes can move freely in their slots and are pressed to the stator by the
centrifugal force. The vane expander is less complex and costly than the screw and scroll
expanders, but poses higher risks of significant leakage and frictional losses and therefore
lower efficiency [102]. The number of vanes influences these losses — more vanes will mean
lower leakage losses due to lower pressure ratio between two neighbouring working
chambers. On the other hand, more vanes will mean more contact with the stator, which will
increase frictional losses.

4.6.2 Modifications

The rotary vane expander (or compressor) can be constructed with either circular or
non-circular (elliptical) geometry, with the former being the more prevalent solution. Circular
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geometry is naturally less costly and easier to manufacture, while elliptical geometry can be
used to balance pressure forces acting on the rotor and are better suited for working with
higher pressure fluids than the circular geometry [67].

4.6.3 Specifications and uses

Ref | Working | Isentropic | Power | Volume | Rotational Inlet Inlet
fluid efficiency | output ratio speed pressure | temperature
[%] [kwW] [rpm] [MPa] [°C]
[10] | CoH12 - 0,8 - - 0,78 265
[17] MM 52 6,2 3,1 3034 0,52 180
[71] MM 46 2 - - 0,5 176
[103] | steam 20 2 - 840 - 1900 1,03 188
[104] | steam <1 0,03 - 1500 0,15 -
[105] | R141b 1,7 0,2 - 2000 - 3000 - 90
[106] | R245fa 42 0,61 - 1533 1,01 90,7
[106] | R245fa 43 0,47 - 1524 0,85 74,5

Table 11 - Specifications of various experimental and commercial vane expanders

The vane expander is successfully used in the commercially available WAVE 120
CHP unit utilizing an ORC cycle. A study [103] conducting experiments with a steam vane
expander found, however, that the vane had relatively high frictional losses, reducing the
efficiency by 40 — 60%. Higher frictional and leakage losses are also reported by other
studies. To lower friction, a small quantity of lubricating oil is usually added to the working
medium [107]. Price of the vane expander is lower than the screw or scroll thanks to its
simple construction [67].

4.7 Evaluation, expander choice, reasoning

In section 4.2, demands on a desired expander were set. Then, in sections 4.3 — 4.6,
each respective expander is explored. Table 12 shows a summary of the knowledge from
these chapters and from [64] and [65]. The rated power ranges may differ, especially in the
case of the scroll and vane, as these are less explored expanders and the mentioned sources
often studied small experimental units, not commercially deployed ones.
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Piston Screw Scroll Vane
Isentropic efficiency [%] <50 20-70 <80 <70
Maximum pressure [MPa] 4 3 2,2 1,03
Maximum temperature [°C] 380 300 170 265
Volume ratio 6-14 2-8 15-5 2-8
Pressure ratio Up to 40 2,5-15 2-10,2 2—-45
Rotational speed [rpm] 600 - 2000 | 1200 -4000 | 1200 - 3600 1000 - 3000
Leakage losses Low Medium Medium to | Medium to high

high

Frictional losses Medium Low Low Medium to high
Power range [kW] 1-30 1-2000 Upto 13 Upto 10
Flexibility Low Best Good Good
Complexity High Medium Medium Simple
Reliability High High Medium Medium
Compactness Good Average Average Good
Noise High Medium Low Low
Cost and manufacturing Medium Medium to Medium Low
difficulty high

Table 12 - Comparison of different volumetric expander types. Based on information summarized in previous chapters.

Some parameters taken from [64] and [65]

Turbomachinery manufacturer Barber-Nichols takes a more complex approach. They
recommend an appropriate expander based on a dimensional analysis, by introducing several
similarity parameters, namely the specific speed Ns and specific diameter Ds.

1%
N.=N |—— (1)
S Had3/2
1/2
Ds:D Had (2)
%4

where N is the rotational speed in rpm, V is the volumetric flow rate in m%/s, Ah is the
enthalpy drop in kJ/kg and D is the diameter of the expander in meters. These parameters
should account for factors such as parasitic losses and the effect of the Reynolds and Mach
number. Based on these parameters, a selection map for several types of piston and
turbomachines was created [108].
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Figure 17 - Selection map for pistons and turbomachines [108]

Another interesting point of reference can be the map of power ranges for various
volumetric expanders used in ORC systems, put together by Vodicka in [67] from the Zenodo

ORC database.
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Figure 18 - Power output of installed volumetric expanders in ORC systems [67]

Putting together the above-mentioned information, the demands listed in section 2.2.

and comprehensive studies on various types of volumetric expanders such as [64] by Imram
et. al. or [76] by Dumont et. al., several conclusions can be made:

Performance of all volumetric expanders with steam above 300 °C is largely
unexplored. No matter the final expander choice, extensive testing and
experimenting will be required.

While the piston seems like the best candidate for handling high parameter steam
due to its robustness and reliability, it might not be suitable as a decentralised
machine. This is mainly because of its poor off-design performance, high noise
and complexity.

While the scroll appears as an attractive choice thanks to high efficiency, it seems
to be poorly suited for high pressures and larger than micro-scale machines.

Both the vane and screw can be a viable choice. The LORCA laboratory already
has experience with design and manufacture of vane expanders that would prove
useful. However, it is likely that the vane would suffer higher leakage losses when
exposed to higher pressures and the screw seems to be better suited to work with
high-parameter fluids in general. Furthermore, it has a larger power range and
similar, if not better, off-design performance.

Based on the reasons stated above, the screw expander, specifically the single-
screw variant, is chosen as the best candidate for a small-scale unit utilizing high
parameter steam with heat output of 200 — 250 kW and electric power output of
10 — 50 kW. A mathematical description based on semi-empirical models found in
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literature will be used to predict the best conditions for the use of a single-screw
expander in a micro-scale CHP unit.
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Chapter 5: Single-screw expander — description
and geometric parameters.

5.1 Characteristics of the single-screw expander

Single-screw expanders (SSEs) show considerable potential in the power range of
units of KW up to hundreds of kW. As outlined in Chapter 4, they show multiple advantages
compared to the twin-screw variant. A number of both theoretical and experimental studies
have been published which examine the performance of SSEs with a wide range of working
fluids. These mostly include organic fluids [109]-[111], but also compressed air [52] [59],
ammonia-water mixture [112] and steam [80] [113].

The single-screw machine consists of a single helical rotor and two or four gate
rotors, called also starwheels. As the rotors rotate, the volume of the groove changes and the
fluid is expanded or compressed. Depending on the shape of the helical rotor and number and
positions of the starwheels, four different configurations can be distinguished. The first letter
abbreviates the rotor shape and the second letter the starwheel shape.

e Plate-Cylindrical (PC) — a planar main helical rotor and two cylindrical starwheels
which mesh with the grooves on the face of the rotor. The working process occurs
only on one side.

e Cylindrical-Plate (CP) — by far the most common configuration. The main rotor is
cylindrical while the starwheels positioned at the sides are planar. Expansion occurs
on both sides.

e Plate-Plate (PP) — the only configuration involving four starwheels. The planar
starwheels are positioned on either side of the helical planar rotor and expansion
therefore occurs on both sides at the cost of a more complicated machine.

e Cylindrical-Cylindrical (CC) — both the helical rotor and the starwheel are cylindrical.
Expansion takes place on both sides [80].
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Figure 19 - Different configurations of the SSE based on the shape and number of rotors [114]

In [78] by Wang et. al, several organic fluids were calculated along with steam to be
used in a low-power system utilizng an SSE.
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Figure 20 - Compared performance of a SSE when organic fluids and water are used as working fluid [113]

While steam has the lowest produced power and the highest steam loss rate at a low
temperature, it gradually catches up with its counterparts. Higher temperature range should be
therefore explored to determine its further performance.

5.2 Geometry and leakage of single-screw machines

Scroll and screw machines are geometrically among the more complex positive
displacement machines. The single-screw expander or compressor usually consists of one
helical rotor and two starwheels (the CP configuration). The meshing profile and conditions
therefore need to be determined and the helical rotor precisely machined to prevent
deformations and leakage. The manufacture of these machines is particularly difficult since
the helical profile cannot be produced or measured by usual machining tools. Single-screw
machines are usually manufactured by contouring machining methods, but even these can
have significant errors. Inaccuracies in the meshing profiles result mainly in reduced lifespan,
increased leakage, and noise of the machine. This can be considered as one of the biggest
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drawbacks when compared with other volumetric machines [92] [111]. Casting and high
precision CNC grinding can be adopted when ceramic materials are used [94].

The geometry is influenced mainly by the number of grooves on the helical rotor, the
number of starwheel teeth, the main rotor diameter, and the ratio of the diameters of the
helical rotor and the starwheel. This is shown in greater detail in following chapters. A
combination of 6 grooves on the main rotor and 11 teeth on the starwheel is most commonly
adopted for the CP configuration [80].

As for leakage, the screw machines generally have good volumetric efficiency among
the positive displacement machines. This means that the relative share of the leakage mass
flow is small in comparison with the entire mass flow. Volumetric efficiencies of 75 — 85 %
are achievable, or even over 90 % for low rotational speeds [110].
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Figure 21 - Filling factor and volumetric efficiency on inlet pressure (working fluid is R245fa) [110]

The leakage flow in an expander will be divided among several leakage paths. Single-
screw expander leakage paths were classified and described in detail by Shen et al [85]. In
total, 9 different leakage paths were identified and described as functions of the rotor rotation
angle. They were classified into three main categories:

e Fitting leakage paths. These are between the shell and the screw rotor.

e Meshing leakage paths. These involve the meshing sides of the main rotor grooves
and the starwheel teeth.

e Splitting leakage paths. These are between the shell and the starwheels [85].
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Figure 22 - Leakage paths within a single-screw expander — fitting (L7 — L9), meshing (L1 — L5) and splitting (L6) [85]

Despite this complex leakage model, a single constant leakage area is usually
assumed in thermodynamic models of single-screw machines. This method was validated by
multiple experiments and is considered to have good accuracy [79] [84] [85].
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Chapter 6: Mathematical modelling of a single-
screw expander

In order to assess the performance of the single-screw expander as accurately as
possible, mathematical models were used to model the geometry and the expansion process.
This chapter presents detailed description of the performed calculations and assumptions.

6.1 Available thermodynamic models of screw expanders

The single-screw machine started to be considered for use as an expander only
recently. While a lot of professional (and expensive) modelling software exist for the twin-
screw machine, such as SCORG, SCCAD or KaSim [117]-[119], this cannot be said for the
single-screw. The mathematical models that exist were published in scientific studies which
often resulted in tested prototypes and there is so far no commercial program for calculating
either the geometry or the thermodynamics of single-screw expanders. The modelling work
done on SSEs so far focuses only on compressed air or organic fluids [52] [59] [80] [109]-
[111]. A prototype has been tested and validated also for the Kalina cycle [112].

Multiple models for volumetric expanders have been developed in recent years. Most
of the models are proposed by researchers from the University of Liége, Belgium. Lemort et.
al first designed a model for a scroll expander [120]. The model described the processes
during expansion in several steps, taking into account the suction pressure loss, heat losses
into the environment and also leakage losses. The expansion was divided into two parts — an
isentropic and isochoric part. After it was proven that the model had very good agreement
with measurements (maximum deviation of 5% for the shaft power), subsequent models for
volumetric expanders were derived from these ideas, though each model uses different
methods to approximate the various losses and relations within the system [110] [120] [121].
These models are semi-empirical, meaning that the coefficients and relations are derived
from experimental testing of prototype expanders.

The only publicly available software for predicting the behaviour of volumetric
machines is the open-source software package PDSim developed by Ziviani and Bell [109],
[115]. This is a python-based software used for simulation of positive displacement
machines. It has been validated with experiments multiple times. This tool would have been
useful to compare results with, but unfortunately, the single-screw expander templates are
currently missing from the template library and only the scroll and piston expander models
are available [122]. A request to add the SSE templates was submitted to Mr. Bell via the
PDSim’s Github page [123]. Hopefully, the templates will become available in the future.

6.2 Description of used thermodynamic model

This work uses single-screw expander thermodynamic model proposed by A.
Giuffrida in 2017 [110] as it is the most recent SSE model with revised and more complex
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computational methods for some of the aspects of the model. While Ziviani et. al proposed
their versions of the SSE model over multiple papers [50] [84] [86], many of the relations for
losses and heat transfer are identical to the scroll models. Giuffrida proposes new relations
for the pressure, frictional and ambient heat losses and good agreement with experimental
results is demonstrated. For example, it takes into account the thermo-physical properties of
the working fluid during heat losses unlike the older scroll models, where the heat losses
depend only on the mass flow rate [110].

While the relations for pressure, frictional and heat losses were adjusted according to
experimental data, the structure of the model remains the same or similar to thermodynamic
models of other volumetric expanders mentioned at the start of this chapter.
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Figure 23 - Schematic of the screw expander model [110]
The expansion of the working fluid is described in six steps:
0 — 1 represents the supply pressure drop during filling of the chamber
1 — 2 represents isobaric cooling of the working fluid by a fictitious envelope
2 — 3 represents the first stage of the expansion, which is considered as isentropic
3 — 4 is the second stage of expansion, which is considered isochoric
4 — 5 is adiabatic mixing of the main flow and the leakage flow
5 — 6 represents the heating or cooling of the exiting fluid by the envelope [110].
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6.2.1 Mathematical modelling

The flowchart in Figure 24 shows the inputs and outputs of the thermodynamic

model.
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Figure 24 - Inputs and outputs of the SSE model

The four main inputs are the characteristics of the expansion process, where po and To
are the inlet pressure and temperature, pe is the outlet pressure and N is the rotational speed.
Ambient temperature also needs to be specified in order to calculate the temperature of the
fictitious isothermal envelope.

The model then gives three outputs: the shaft power Pshatt, the mass flow rate m and
the outlet temperature Te. Other parameters and coefficients, shown in the bottom, need to be
specified as well. These will be explained as the steps of the calculation are reviewed.

Supply pressure drop

The steam is throttled at the expander inlet as it enters the working chamber. An
isentropic flow through a converging nozzle with a cross sectional area of Ain is assumed:

m= P1,is A \/2 “(hy — hl,is) (3)

The pressure p;1 is calculated iteratively based on this equation. The enthalpy h; is
equal to ho because of the throttling process.

Isobaric cooling-down of the steam

Heat transfer occurs between the steam and isothermal envelope of the expander. The
heat transfer is modelled as:

AUin
Qsy =m- (hy — hy) = ll_emel'm'Cp'(Tl_Tz) (4)

where AUin is the supply heat transfer coefficient expressed as follows:
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m 0,8
AU = Kin-x-(;) - Prm (5)
where Kin is a geometric constant. The exponent m is equal to 0,4 if the fluid is heated by the

wall and 0,3 if it is cooled down by the wall.

Internal leakage

Not all of the entering mass flow is usefully expanded in the chambers of the
expander; a part of the mass flow leaks and does no useful work on the shaft. Shen et. al
described in detail the different leakage paths in the SSE which can be obtained by
numerically solving differential equations related to the angles of the main rotor and the
starwheels [85]. However, in this model, a single hypothetical area is used to account for all
the leakage paths. This area is then used to simulate the leakage as an isentropic flow through
a converging nozzle, similarly to equation ( 3).

Mieak = Pleak " Ateak \/2 *(hy — hleak) (6)

While the pressure on the inlet of this nozzle is p2 (see Figure 23), the outlet pressure
is the highest out of ps and the critical pressure peritieak Which is calculated from p2 by
assuming the medium to be an ideal gas.

.
k_
) ! (7)

k+1
where K is the isentropic exponent (1,33 assumed for steam as a 3 atomic gas).

The leakage area is usually regarded as a constant. In this model, however, it is a
function depending on the expander load:

Pcritleak = P2 (

Alear = QAreak,0 T Aieak,1 * Pload (8)
where pioad IS the mean absolute pressure on the rotating parts and is obtained as
follows:
Pioaa = P3° (ha — hy) + pg (9)

The utilized mass flow needs to rotate the shaft at a specified speed and needs to fill
the grooves of the rotor, which are characterized by swept volume. Therefore, the relation for
the entering and exiting mass flow is finally defined as:

mzpz'ﬁ'N+mleak (10)
Isentropic expansion

The non-leaked part of the fluid expands in two stages. In the first stage, it expands
isentropically to the adapted pressure which is defined by sz and vs, where s3 = s and:

v3=BVR 'vz (11)
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Adiabatic expansion at constant volume

The second stage of the expansion occurs adiabatically at constant machine volume.
The model assumes that some fluid flows out or into the chambers instantly as they open up
at the discharge. The discharge is then defined by ps = ps = pe and by h4 from the relation:

hs —hy = v3* (p3 — P4) (12)

The adapted pressure ps can be either lower or higher than the system outlet pressure
ps. Based on this, under- or over- expansion occurs, as illustrated on Figure 25.
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W

Figure 25 - Under- and over-expansion in the p-V diagram [110]

For both under- and over-expansion, equation ( 12 ) applies. For over-expansion, the
term ps — ps4 will be negative and therefore the shaft power will be lower. Both cases mean
losses, but the losses associated with over-expansion are cited to be higher [111].

Adiabatic mixing

After the expansion, the main mass flow and the leakage are again joined into one
flow. They mix together and the enthalpy is increased as a result between points 4 and 5.
_ (M — Myear) * Ry + Myeqr * ho

he =
5 m (13)

Isobaric heating up or cooling down on the exhaust

The last stage is heat transfer to or from the environment. Similarly to the heat
transfer on the supply side, heat is exchanged between the fluid being exhausted from the
expander and the isothermal envelope:

AUoue

Qex:m-(hs_h6):l1—em6pl-m-6p-(T5—Tw) (14)

Geometric constant Koyt is introduced and AUoy is calculated just like AUin in
equation (5).

Heat losses

There will naturally be an imbalance between the heat flows on the supply and
exhaust side of the expander. On top of that, the model assumes all mechanical losses to be
injected as heat into the envelope. This will cause that heat to be transferred from the
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expander envelope to the environment which is assumed to be at constant temperature Tam.
This heat can be calculated either from the envelope temperature:

5
Qamp = bnc - (Tw - Tamb)4 + brg - (Tvﬁ - T;mb) (15)

where both convection and radiation are taken into account, or from the energy balance for
heat transfer between the system of the expander and the environment:

Ploss+(1_ngen)lpsh+qu_ Qamp £ Qex =0 (16)

Power output and power losses
After determining the thermodynamic states in steps 0 — 6, the expander internal
power can be calculated:
Pipe = (M — 1yeqy) - (hy — hy) (17)

Next, a power loss accounting for friction must be introduced. The method of
calculating it is different throughout the various expander models. The followed model
calculates it as a function of rotational speed and the pressure pioad from equation (9 ):

N

]'pload'N (18)
Pioad

Poss = [floss,o + floss,l '

Thus, the shaft and subsequently electric power can be obtained:

Psp = Pint — Pross (19)

Pel: PSh-ngen (20)

Finally, the expander efficiency can be calculated. Since mechanical losses were
already subtracted in equation ( 19 ), the expander efficiency as defined here means the
mechanical efficiency of the expander and its shaft:

n _ Psh
exp m:- (ho - h6,is)

(21)

6.2.2 The calculation environment

The described model was implemented in MATLAB, where CoolProp and Refprop
libraries were used to obtain the state properties of water and steam. While Coolprop has a
simpler interface in MATLAB, it has difficulties obtaining state properties from certain
combinations of inputs, such as density and entropy. Therefore, it was supplemented with
Refprop where necessary.

An iterative approach was used to obtain the pressure drop, the flow rates and the
envelope temperature, similarly to the approach taken by Rathan in his modelling of a scroll
expander [124].
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The model has several nodes where the iteration and the new result is compared and,
if needed, recalculated. The model can then be used to calculate a wide range of input
parameters of the inlet steam. Figure 26 shows the schematic of the calculation approach.
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Figure 26 - Flowchart of the iterative calculation of the expansion

6.3 Geometry design model

The thermodynamic model described in the previous section depends on the
geometric properties and design of the expander. The most notable of these characteristics are
the swept volume Vs and the built-in volume ratio BVR. Built-in volume ratio is the ratio of
volumes at the beginning and the end of the expansion. Swept volume is the volume of liquid
that can is displaced in a single rotation [80]. A geometry model is introduced to estimate the
dimensions of the examined expander and to determine whether Vsw and BVR can be chosen
independently or not.

Geometry model presented by Ziviani and Bell in [80] and [114] is used to obtain the
angles and dimensions. The model presents geometric relations for a cylindrical-plate single-
screw expander, in other words, one helical rotor and two starwheel rotors whose shafts are
parallel to each other and perpendicular to the rotation axis of the main screw.

The input properties of the model are the main rotor diameter Dsr, number of grooves
of the rotor zsr, number of teeth of the starwheels zsw and two lambda coefficients A, and
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Aopt- Aq is the ratio of the starwheel diameter Dsw and main rotor diameter Ds, While A, is
the ratio of the distance between the center axes of the main rotor and starwheels dsrsw and
Dsr. Based on these inputs, the entire geometry of the expander can be designed. In this work,
the foucs will be mainly on obtaining the swept volume, the built-in volume ratio through
calculation of the groove volumes at suction and discharge points.

zsr, Zs“. —

————————————- Vs‘“’
Dsr —————-

Geometry model

Ay —— ——— BVR

opl

Figure 27 - Scheme of the inputs and desired outputs of the geometry model
Starwheel angles and main rotor section lengths
Firstly, the meshing pair engaging ratio is defined as:

Zaw _ Osw  wgy

= = = (22)
ZST' HST wST

The degree of penetration of the tooth into the groove is given by the distance of the
axes of the main rotor and the starwheel:

dsr.sw = )\opt * Dy (23)

The last input parameter that needs to be defined is the starwheel inner diameter,
where for obvious structural reasons:

Rsr - (st - st,in) > Rsr,sh (24)

Finally, the meshing angles can be calculated. Figure 28 shows where the respective

angles are located in regard to the fixed coordinate systems of both the starwheel and the
main rotor.
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Figure 29 - Schematic view of the rotor meshing, suction and discharge side [80]

For the angles starwheel angles and rotor section lengths, the following relations are
followed:

d -R
Bs = cos™?! (%) (25)
sw
] w (26)
* -1
p7=sin (ZRSW)
w 21 (27)
B;n = 2sin™" ( )tﬁfn <—
2RSW ZSW
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Ls = Ry, - sinfs (28)
Ld = RSW ' Sinﬁd (29)
L= (0,1 —0,15) - D, (30)

The effective length of the expander that participates in the expansion is then obtained
by simply adding the suction and discharge lengths:

Lrot,eff =Ls+Lg (31)

Since ag,, = 90°, relation for the angle corresponding to the point of the discharge
opening can be obtained:

aswzﬁopen_i'ﬁ*-l'ﬁs (32)
While the relation for S.;,se IS NOt given, we can approximate it from the ratio of the
suction and discharge angles:
B (33)
Bciose = ﬁopen ) ﬁ_s
d
However, it would be more accurate to obtain the angle from a CAD model.
The tooth width can also be calculated:

D
w= 2 (dsr,sw — %) sing — EDsrcosg (34)

Where y = == and ¢ = 0,017 ~ 0,025.

Groove volume

Using the cylindrical coordinates from Figure 28 and 29, and the angles and
dimensions from equations (25) — (35), the variational groove volume can be calculated.
Three approaches exist to obtain the groove volume: the polygon approach, the differential
approach, and the analytic approach. In this work, the analytic approach is used. It is obtained
by performing a numerical integration of functions describing the groove are during rotation.
For full process of the integration, see [80].

The solution gives lengthy relations for two parts of the groove, Vg1 and Vgo. Vg1 is
the groove volume during the suction, when 6,,, < B*, while Vg2 is the volume of the groove
on before the discharge open B* < 6g,, < Bopen-

_ 2 e W, WP i}
Vgl(esw):l dsw,sr R§,B +§ RSW_T (Bs — B — 6sy)

RZ,w w3\ | ;
N w3 1+ sin(fs + £*)
4 [(dsw,sr + Rsr)aw + EI llog 1 —sin(Bs — B*)
l 1+ sinfy,,
°971_ sinfg,

(35)
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w2 1

i(Bs— B* —04,)3 w

ng (st) = X

128+ x ~ "eos(B, — )
1
{Rsr - F [RSWCOS(.BS - BZ*) - a] (Bs o gsw)}
B (36)
Now the groove volume at discharge opening can be obtained as:
Vg = Vg1t Vg2 (37)

.............................

2 Vg (Ba)
Vg,Z(.Bopcn)

- e e e e e e e e e e e e e e e e e,
.

Figure 30 - Representation of Vg1 and Vg2 volumes [80]

The built-in volume ratio can then be obtained as the ratio of the groove volumes at
suction closure and discharge opening [80].

_ VQ(BSW = .Bopen) (38)
I{q(esw = .Bclose)

The swept volume can be approximated from the sum of the groove volumes at
suction closure and discharge opening also. The relation between Vgmax amd Vsw presented
by Giuffrida is used here [110]. The real swept volume will be slightly larger however,
owing to the limitations of the analytic method. To obtain a more accurate result, the polygon
approach would need to be modelled or a CAD model made.

. 2ng‘{g,max - an [Vg (esw = .Bopen) + I{g(esw = .Bclose) ] (39)
W™ BVR BVR
where ng is the number of grooves, and it is multiplied by 2 because the expansion takes place
on both sides of the rotor. The width of the entire expander configuration can be also
calculated to estimate how much space it will take:

BVR

Wexp,conf = Ds,, + 2a + Dy, (40)
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The model was set up in Microsoft Excel. Through experimentation, it became
apparent that the swept volume and built-in volume ratio can be chosen independently. This
is because BVR depends only on the A, coefficient and Vsw depends in turn only on BVR and
the initial chosen rotor diameter. Therefore, BVR and Vs, in this order, can be selected in a
wide range of reasonable values and the geometry is then calculated in reverse by the solver
function.

6.4 Boundary conditions of the examined steam cycles and
desired outputs

The expander models described above are set into Rankine cycles to determine the
overall efficiency and heat output. In this section, boundary conditions and assumptions for
the cycles are listed. Both variants assume cogeneration. Simple cycle consisting only of a
pump, a heat exchanger / boiler, the expander, and a condenser is assumed, as visualized at
the beginning of this work in Figure 1.

Variant 1 is intended to transfer heat into supply or process water. Therefore, the
condensation temperature is chosen at 100 °C, which corresponds to atmospheric
backpressure of 0,1 MPa.

Variant 2 is intended to be connected to a bottoming ORC based on the WAVE 120
CHP unit developed by the Laboratory of Organic Rankine Cycle Applications (LORCA) at
UCEEB CTU. The unit uses MM (hexamethyldisiloxane) as working fluid with evaporation
temperature at 170 °C and superheating to 180 °C [17]. Temperature difference in the heat
exchanger between the two cycles is estimated at 20 - 30 °C. The condensation temperature
of the topping Rankine cycle is therefore chosen at 200 °C, which corresponds to
backpressure of 1,55 MPa. This configuration (topping RC + bottoming ORC) was
considered also in [125] and tested in [126] for larger CHP systems with 189 kW and 260 kW
respectively in net power output. The results indicate that this combined cycle achieves better
heat source temperature matching than a single ORC or RC and with more generated power.
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Figure 31 - Schematic of RC + ORC combined cycle system tested in [126]
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6.4.1 Boundary conditions for two variants of the Rankine cycle

While Variant 1 uses backpressure equal to one atmosphere, Variant 2 assumes
backpressure of 1,55 MPa. The range of inlet parameters is adjusted accordingly. The
generator efficiency is assumed at 91,2 % [127] and the pump efficiency at 48 % [128]. The
suction port area and the hypothetical leakage area are taken from [110].

For Variant 1, pressure ratios between 2,5 and 15 will be considered, following the
knowledge gained in Chapter 4. Considering that new ceramic materials could be used to
manufacture this expander, the temperature range can go up. Inlet temperatures from 180 °C
up to 600 °C will be considered.

The second variant works under fundamentally different conditions. Pressure
corresponding to condensation temperature of 200 °C is 1,55 MPa. That means that using
pressure ratios as high as in the first variant becomes difficult. As outlined in Chapter 4, the
highest inlet pressure found in literature for any volumetric expander was 4 MPa (piston) and

for screw it was only 3 MPa, which would correspond to pressure ratio of only % = 1,94.

However, since losses associated with high pressure are all accounted for in the model, it will
be attempted to produce results for pressures up to 5 MPa ( €max = 5/1,55 = 3,2).

The high-temperature ceramic screw expander developed by BraytonEnergy [94] is
purposed for a gas cycle and therefore likely for lower pressures. However, the goal of this
work is to assess the potential of low power steam cycles in a wide context and therefore,
even higher pressures will be considered, although a combination of high temperature and
pressure could turn out to be not possible for a real application. Subsequent prototyping and
testing will be required to establish the limits of the assumed materials.

BVR is considered in the range dictated by literature (see Chapter 4). For the swept
volume, the dimensions of the expander need to be taken into account.

Cycle properties . i
Symbol Name [unit] Variant 1 Variant 2
Pe Exhaust pressure [MPa] 0,1 1,55
To Inlet temperature [°C] 180 - 600 280 — 600
Ngen Generator efficiency [%] 91,2
Npump Pump efficiency [%] 48
ATgyp | Minimum superheating [°C] 10
€ Pressure ratio [-] 2,5-15 1,4-3.2
X4 Minimum exhaust steam quality [-] 0,9
Apcycie | Pressure losses outside the expander (pipes, 0
heat exchangers, boiler) [kPa]

Table 13 - Boundary conditions for cycle properties of two variants of examined Rankine cycles
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Expander propertle_zs Variant 1 Variant 2
Symbol Name [unit]
BVR Built-in volume ratio 2-7
Viw Swept volume [cm?] 200 - 2000
Ain Expander suction port area [mm?] 93
aleak,0 Nominal leakage area [mm?] 17
Qleak 1 Coefficient for leakage area [m?bar?] 0,76 -107°
Bra Coefficient of heat losses for radiation [W K*] 3,14-1078
Bne Coefficient of heat losses for natural 1,32
convection [W K12]
fioss,0 Coefficient for mechanical losses [m?] 103,2-107°
floss 1 Coefficient for pressure and speed dependent 3,03-10°°
mechanical losses [m®s bar]
Kin Heat transfer coefficient at the inlet [m#] 1,12
Kout Heat transfer coefficient at the outlet [m#] 1,12
Tamb Ambient temperature [°C] 20

Table 14 - Expander properties and coefficients

Only two rotational speeds will be considered — 3000 and 1500 rpm, to eliminate the need for
a gearbox between the shaft and the generator. Where possible, 3000 rpm will be maintained.

The coefficients, leakage area and suction port area in Table 14 are adopted from
[110]. BVR and Vsw will be selected based on analysing how they influence the expansion
process.

Furthermore, for the single-screw expander geometry outlined in 6.3, recommended
values for some of the coefficients are adopted. If the recommended value is in a range, the
middle value is chosen. Namely, a standard configuration of 6 grooves on the main rotor and
11 starwheel teeth will be used. Starwheel inner diameter is chosen to be half the outer
diameter. All of the chosen parameters and coefficients for the expander geometry are stated
in Table 15.

Coefficients
- . Value
Symbol Explanation [unit]
Zsr Number of grooves on the main rotor [-] 6
Zsw Number of starwheel teeth [-] 11
Aopt Ratio of distance between the rotor axes and 0,8
the main rotor diameter [-]
Ba Starwheel discharge angle [°] 0,7 - B
Dsw,in Starwheel inner diameter [mm] 0,5 Dy,
L* Length of the initial section of the expander 0,125 - Dy,
before the grooves [mm]
3 Tooth width parameter [-] 0,02

Table 15 - Assumed geometry coefficients of the expanders [80]

Therefore, for the expander geometry model, the defining input parameters that
determine the expander swept volume and built-in volume ratio will be the main rotor
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diameter Ds (influences the swept volume) and the ratio of starwheel and main rotor diameter
A4 (influences the built-in volume ratio). The largest dimension of the entire machine will be
its width across both the starwheels and the main rotor. The upper limit value for this width
was chosen at 1 meter, as a decentralised expander machine cannot be too big and size is an
important factor when designing and considering a decentralised CHP unit [6]. Width of 1
meter across the starwheels corresponds to about 2000 cm? swept volume, depending on the
built-in volume ratio.

6.4.2 Limitations, assumptions and possible inaccuracies of used models

The previous sections outlined in detail how the single-screw geometry and expansion
process are modelled to obtain results for a single-screw expander in a steam Rankine cycle
operating under a wide range of inlet conditions. However, since the model does not account
for factors such as strength of the materials under high temperatures or mechanical
deformations caused by a high pressure or vibrations, the model will naturally have some
limitations. The thermodynamic model was also originally designed for an organic working
fluid, so the differences for water need to be taken into account. Firstly, the assumptions and
limitations of the thermodynamic model are as follows:

e The kinetic energy of the fluid is neglected in comparison with its internal energy. No
pressure drop is assumed at the expander outlet. Fluid leakage through the clearance is
assumed to be adiabatic and the presence of lubricating oil is neglected [110].

e The inputted inlet pressures and pressure ratios will be used in the ranges as cited in
literature in Chapter 4.

e When initially testing the model, it was noted that at some combinations of the inlet
parameters, such as high Vsw and low BVR, the model could not iterate the pressure
loss at the expander inlet (process 0 — 1, see section 6.2). This is because the model
calculates pressure p1 through an isentropic pressure drop first in equation ( 3 ). This
becomes problematic when the isentropic point 1 drops below the saturation curve
and the model is unable to find a point under the saturation curve, whose enthalpy
would satisfy equation ( 3 ). These cases will therefore be omitted from the results,
and it will likely not be possible to test all of the expanders designed in further
chapters on the entire range of inputs.

Secondly, the results will be inadvertently subjected to various inaccuracies:

e The models themselves have an inherent inaccuracy. For the thermodynamic model,
mean absolute percentage errors for the mass flow rate, electric power output and
exhaust fluid temperature are cited as 0,69%, 1,77% and 0,33% respectively [110].

e For the geometry model, error of up to 3,66% for the maximum groove volume Vg max
is stated [80].

e A possibly larger error can be caused by taking the suction inlet port area and the
leakage area as fixed values without regards to the dimensions of the expander, while
in real applications, these would go up with the size of the expander.

e Approximating Vgmax in equation ( 39 ) will also yield an inaccuracy, since the real
Vg,max Will always be slightly larger. These errors could be eliminated by constructing
CAD models for all of the single-screw expanders designed in the later sections and
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obtaining these values from them. However, as this is outside of the scope of this
work, the above-stated assumptions will be taken and suction port and leakage area
values from [110] assumed as fixed values in all considered expanders.
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Chapter 7: Defining the geometry of appropriate
expanders for two pressure levels

Two important characteristics influence the behaviour of a volumetric expander, as
outlined in previous chapters. These are the built-in volume ratio and the swept volume, as
outlined in the previous chapter.

A wide range of combinations of BVR and Vsw can be achieved, as BVR depends
mainly on the ratio of the rotor and starwheels diameter while Vsv depends mainly on the
rotor diameter Ds. In this chapter, dependencies of expander and cycle efficiency, delivered
power and outputted heat on these two properties will be determined.

As outlined in previous chapters, to aim of this work is to model expanders for two
different Rankine cycles:

e Variant 1 with condensation temperature 100 °C (corresponding to pressure of
0,1 MPa)

e Variant 2 with condensation temperature 200 °C (corresponding to pressure of
1,55 MPa)

Based on the data presented in this chapter, 1 - 5 expanders will be modelled along
with their geometry for both of the variants. It is expected that for each pressure ratio and
temperature, there will exist a different appropriate expander. This chapter will propose
expanders that perform well in a range of conditions and these machines will then be tested
under a wide range of pressure ratios and temperatures in future chapters.

The dependence of four outputs is evaluated as the key factors when defining
expanders for further testing — expander efficiency, heat output, net electric power output and
electrical efficiency. Net electric power output is evaluated as the shaft power multiplied by
generator efficiency and reduced by the pump work. The net electrical efficiency is then
calculated as the net electric power divided by the heat input into the cycle. As for the
thermal output, it is assumed that all of the rejected heat from the cycle can be utilized.

Pel,net = Pgp - Ngen — Ppump (41)
1 _ Pel,net
elnet — 42
Qcycle,in (42)

7.1 Expanders for the 100 °C condensation variant (Variant 1)

7.1.1 Demands on the expanders and desired outputs

The single-screw expander can be designed in a number of ways and can operate
under a wide range of working conditions. Therefore, demands have to be set as to what is
expected from the machine.
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As the system is designated to work as a cogeneration device, the most important
demand is the heat output. For the variant with exhaust pressure equal to atmospheric, heat
output ranging between 200 and 250 kW is determined. Built-in volume ratios will range
from around 2,4 to 7. Very low BVRs result in pressure losses and they are omitted (see
6.4.2).

Owing to low efficiencies of the expander, the expansion often ends in superheated
steam, or very slightly in wet steam (for high pressure ratios).

Firstly, the influence of BVR on the stated outputs will be determined and a specific
value or a range will be selected. Next, the effect of increasing or decreasing swept volume
will be studied and finally, several combinations (and therefore expander geometries) of BVR
and swept volume will be selected for further testing under various conditions.

7.1.2 Determining how BVR influences the cycle

Firstly, let us determine how a lower or greater built-in volume ratio influences the
performance of the expander with other input parameters set at fixed values. Here, we have
set the following starting conditions:

Tad [°C] €[] N [rpm] Vsw [cm®]
220 5-15 3000 1400
Table 16 - Conditions for determining influence of BVR, T =220 °C, Var 1

The outputs are evaluated for five different pressure ratios from 5 to 15 with a step of
2,5. Since exhaust pressure remains the same (0,1 MPa), it is only the admission pressure that
changes (so pa = 0,5 Mpa for € = 5 and so on). Originally, lower € of 2,5 was also studied.
However, its performance in all observed outputs was much poorer than its counterparts and
was therefore eliminated.

Expander mechanical efficiency on built-in volume ratio

—_—E=5
€=175
—E=10
59 —t=12,5
—E=15

2,4 2,8 3,2 3,6 4,0 4,4 4,8 5,2 5,6 6,0 6,4 6,8
BVR []

Graph 1 - Expander efficiency on BVR, T = 220 °C, Var 1
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Graph 2 - Outputted heat on BVR, T = 220°C, desired range of outputs highlighted, Var 1
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Graph 3 — Net electric power electric power on BVR, T = 220°C, Var 1
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Net electrical efficiency on built-in volume ratio
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Graph 4 - Electrical efficiency of the cycle on BVR, T = 220°C, Var 1

We can observe that while lower BVRs seem to produce significantly more useful
heat and electricity, the efficiency of the cycle peaks slightly towards higher BVR. It is also
notable that in terms of efficiency, higher pressure ratios will peak at higher built-in volume
ratios. This is because the nature of the model — naturally, for each pressure ratio, the most
efficient built-in volume ratio will be the one that will extend the isentropic part of expansion
and supress the isochoric part.

Despite greater pressure and leakage losses and therefore lower expander efficiency,
higher inlet pressures will result in a higher system efficiency.

The declinein power and heat output as the BVR grows is because the model tends
towards a lower mass flow rate with increasing BVR (see equation ( 10)).

One more run of the model will be made with a higher temperature to determine
whether the relations will be different. Therefore, the inputs for the following graphs will be:

Tad [OC]

€[]

N [rpm]

Vsw [cm®]

450

5-15

3000

1400

Table 17 - Conditions for determining influence of BVR for Var 1, T =450 °C
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Expander efficiency on built-in volume ratio
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Graph 5 - Expander efficiency on BVR for Var 1, T = 450 °C
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Graph 6 - Heat output on BVR, T =450 °C, with the desired range highlighted, Var 1
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Net electrical power on built-in volume ratio
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Graph 7 - Electric power on BVR for Var 1, T = 450 °C
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Graph 8 - Electrical efficiency on BVR for Var 1, T =450 °C

The expander efficiency is lower because at higher inlet temperatures, the relative
leakage mass flow rate becomes greater. The curve of the decreasing ne,, is much steeper
than for the lower temperature. A greater range of BVRs is possible, as pressure drops that
would have ended in wet steam below the saturation curve (see limitations in 6.4.2) end in
superheated steam instead and can therefore be calculated. Despite a decline in expander
efficiency, the overall system efficiency is greater thanks to the increased temperature.
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The heat and power curves are similar to the lower temperature variant. The heat
output is even somewhat lower. There are several reasons for this. At higher temperatures,
the model will lean towards lower mass flow rates at the same swept volume; the ambient
heat loss is greater; larger fractions of the inputted heat are converted into electricity
Therefore, dependence of the outputs on changing swept volume should be examined next.

7.1.3 Determining how BVR in combination with Vs influences the cycle

These relations are now observed when the swept volume of the expander is changed
along with the BVR. On the graphs below, three different pressure levels with two different
BVRs are shown for the following conditions:

Tad [°C] €[] N [rpm] BVR [-]
220 5-10 3000 3,2and 4,2

Table 18 - Parameters for determining the influence of swept volume on the performance for Var 1

Heat output on swept volume

300 €=10,BVR=3,2
280 | — —€=10,BVR=4,2
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— —£=5BVR=4,2
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5
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3
Vawlem?]

Graph 9 - Heat output on swept volume for Var 1
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Net electrical power on swept volume
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Graph 10 - Power output on swept volume for Var 1
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Graph 11 - Power output on swept volume and volume ratio for Var 1

While lower BVRs still push the system towards better performance, larger expander
has a positive effect on all observed outputs. An interesting point in the above-shown graph
occurs for the “€ = 10” lines where at a large swept volume, the higher BVR achieves a better
electrical efficiency, which is something that wasn’t apparent when examining the BVR
alone with Vs fixed. This increase is only fractions of a percentage point. For a combination
of higher BVR and Vsw, the model is also capable of calculating a wider range of operating
conditions. This is because a combination of low BVR and high Vs leads to a high mass
flow, which in turn results in a greater pressure loss, which, if it gets so high that the
computational nodes drop below the saturation curve, exit the boundary of this model.
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7.1.4 Defining expander parameters for further testing
Knowledge from this subchapter can be summarized as follows:

e A lower BVR favours the production of work and heat. However, in order to stay
within the boundaries of the model, there is a minimum required BVR for each
pressure ratio (see graphs in 7.1.2)

e For each admission pressure, there exists a peak in both expander and overall
efficiency on a specific BVR value.

e Taking these two points into account, the ideal range of BVRs is between 3 and 6,4. A
very wide range of BVRs satisfies the demand of heat output between 200 and 250
kW when pressure ratios of 5 — 15 are considered.

e A high Vs positively affects all observed outputs owing to greater mass flow rates
and lower relative leakage flow rates. Increasing BVR along with Vs affects the
work and heat output negatively but can increase cycle efficiency.

e Combinations of a low BVR and high Vsw should yield strong performance with high
efficiency and high power outputs. However, the range of acceptable conditions for
such a combination is expected to be smaller because of higher mass flow rates that
will lead to pressure drops which are problematic for the model.

Based on these standpoints, four expanders are defined for further analysis under
different pressures and temperatures:

Expander A Expander B Expander C Expander D
BVR [-] 3 4.4 6,2 3,5
Vsw [cm?] 1300 1800 2000 2000

Table 19 - Selected expanders and their swept volumes and volume ratios for Var 1

Expanders A, B and C all have a swept volume defined proportionally to their BVR,
which will allow for a wide range of operating conditions to be tested. They are expected to
work under a wide range of conditions and provide the desired outputs while maintaining
good efficiency. It will be examined whether expander A will achieve better efficiency thanks
to a low BVR, expander C thanks to a high swept volume or expander B in the middle and
how well they will be able to satisfy the stated demands. The width of expander C slightly
exceeds 1 meter, but the properties are kept to explore whether the machine will give a better
performance as compensation.

Expander D was chosen with a relatively low BVR and a high Vsw. This will make the
range of acceptable inputs for this expander smaller, but since both lower BVR and higher
Vsw increase the work and heat output and to a certain point efficiency, a good performance is
expected even at lower pressure ratios.

Based on their respective BVR and Vsw, geometry of these expanders can be designed
based on the model presented in section 6.3. A reverse approach is used — BVR and Vs are
chosen, and the geometric parameters are calculated from them. The respective geometries of
the expanders can be found in Appendix A.

56



7.2 Expanders for the 200 °C condensation variant (Variant 2)

Next, Variant 2 with exhaust pressure of 1,55 MPa will be examined and the influence
of BVR and Vsw determined, building on knowledge from the previous chapter. Lower
efficiencies are to be expected from this setup because a higher pressure will inevitably lead
to higher pressure, leakage and friction losses. However, this variant is proposed with the
assumption that a bottoming ORC cycle would be installed and therefore all of the exhaust
heat utilized.

While the pressure is limited, inlet temperature can be studied for much wider range.
The only limitation is that of materials. However, as outlined in Chapter 3, very high steam
temperatures can be deployed in modern supercritical plants and steels such as P91 and P92
can be employed up to 600 °C. Therefore, temperature range of 350 - 600 °C can be
considered.

It is expected that the swept volume will need to be lowered to decrease the mass flow
rate and therefore minimize the pressure losses. Finally, it has been noted during the first
initial runs of the model for this variant that rotational speed also needs to be decreased,
otherwise either the pressure loss is too great, or the heat output greatly exceeded the defined
200 — 250 kW range. Therefore, n = 1500 rpm is used instead of 3000.

When it comes to determining the expander geometry, similar approach to the
previous variant will be used. First, the effect of built-in volume ratio on different pressure
ratios and inlet temperatures will be studied. Then, change in swept volume will be
introduced. The results and trends will be evaluated and, if the desired heat output can be
achieved, one or more expanders will be defined for further testing.

7.2.1 Determining how BVR influences the cycle

Admission temperatures up to 600 °C will be considered, as in Variant 1.
Temperature of 450 °C is chosen again as a starting point.
Tad [°C] €[] N [rpm] Vsw [cm®]
450 2-4 1500 500

Table 20 - Boundary conditions for a second iteration of BVR evaluation for Var 2

The heat output range and expander efficiency were evaluated first. It is apparent that
the heat output exceeds the desired range, despite running the model on low rotational speed
and swept volume. Heat output can be decreased with decreasing pressure ratio and
increasing BVR. This, however, affects the already-low expander efficiency and it begins to
dip below 10% and towards zero. Even negative values were returned from the calculation
since the model still takes friction and over- and under-expansion losses into account. It is
known from the previous chapter that changing the admission temperature does not affect the
heat output enough to make a significant difference in this case.
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Expander mechanical efficiency on built-in volume ratio
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Graph 12 - Expander efficiency on BVR for Var 2
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Graph 13 - Heat output on BVR for Var 2, T = 450 °C

To reduce the heat output, pressure ratio and BVR need to be lowered, but that
inevitably decreases the expander efficiency, which drops below zero long before the heat
output reaches even 300 kKW.

7.2.2 Determining how BVR in combination with Vs influences the
cycle

The influence of swept volume will be determined next to see if there is a reasonable
value that would produce the desired results.
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Tad [°C] €] N [rpm] BVR [-]
450 2,5and 4 1500 2-4

Table 21 - Boundary conditions for determining the influence of swept volume on the expander performance, Var 2

Outputted heat on swept volume
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Graph 14 - Outputted heat on Vsw for different BVRs, Var 2
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Graph 15 - Expander efficiency on Vsw for different BVRs, Var 2

Changing the swept volume does not improve the results. The model would
theoretically return the desired heat output for very low swept volume but at that point, the
expander efficiency would be already close to zero or even negative. Therefore, it is
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examined why the expander efficiency comes out so low. Below, losses for Var 1 and Var 2

are compared for matching conditions.

Tad [°C] €[] N [rpm] BVR [-]
Variant 1 3000
- 450 25-35 3
Variant 2 1500
Table 22 - Boundary conditions for testing the losses for both variants
Various losses of the two variants on pressure ratio
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e = \/1, pressure drop
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V2, mechanical losses
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V2, pressure drop

V2, volumetric efficiency

Graph 16 - Dependence of various losses on pressure ratios for Var 1 and Var 2

Graph 16 displays the various losses for both variants and their dependence on the
pressure ratio. The performance of Variant 2, which works with much greater pressure
levels, is significantly worse. The most notable difference is in the expander volumetric
efficiency, only 30 — 40% for Variant 2. This means that only around third of the total mass
flow rate usefully expands and does work, the rest leaks outside of the working chambers.
The rate of growth of the respective losses is also greater for Variant 2. This is because the
same incremental increase in pressure ratio translates to a higher absolute inlet pressure than
for Variant 1 because of the higher backpressure. However, as seen in the previous graphs,
the growth in overall expander efficiency with increasing pressure ratio is roughly the same
for both variants. Similar trend can be observed for pressure loss on the expander inlet, which
is over 100 times larger for Variant 2.
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7.2.3 Discussion on the impact of leakage losses for Variant 2

The most detrimental loss in Variant 2 is the leakage loss. The volumetric efficiency
is only 35 — 40 % compared to 70 — 75 % for Variant 1 for the same conditions. The
dependence of the share of leakage flow in the overall flow pressure ratio for Vsw = 300 — 700
cm? for Variant 2 is shown.

Relative leakage flow rate on pressure ratio; Variant 2
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€[]
e/ sw =300 cm3 V_sw =500cm3 V_sw =700cm3
Graph 17 - Relative leakage flow rate on pressure ratio, Var 2

The leakage area depends linearly on the mean absolute pressure on the rotating parts
Pload iN equation ( 8 ) with coefficient ajeax,1, and pioad in turn depends on the exhaust pressure
in equation ( 9 ). However, the exhaust pressure for Variant 2 is over 15 times higher and the
effect of this relation becomes disproportionally larger for Variant 2, resulting in extremely
high leakage. The coefficient aeax,1 IS likely put in place to correct the initial model for
slightly higher inlet pressures. But since the model was likely not considered for calculating
such high inlet parameters, it becomes questionable whether the relation between the leakage
area Ajeak remains linearly dependent on pioad. It is examined how the relative leakage flow
changes when the coefficient a1 iS set as equal to 0, in both variants for matching
conditions.

61



Relative leakage flow on pressure ratio with constant
leakage area; Variant 1
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Graph 18 - Comparison of the relative leakage flow with and without the correction coefficient, Var 1
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Graph 19 - Comparison of the relative leakage flow with and without the correction coefficient, Var 2

The linear dependence of the model has a significant effect on the leakage loss. For
Variant 1, it accounts for a relatively small correction, whereas for Variant 2, it alters the
behaviour of the mass flow more profoundly. Since it is not clear that the model [110] was
considered for use at higher absolute pressures, the leakage area coefficient ajeak,1 Will be
neglected in further analysis of Variant 2 and the theoretical leakage area Ajeax Will equal
aleak 0. In other words, it will remain at a constant value of 17 mm?.
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7.2.4 Determining the behaviour in Variant 2 with constant leakage
area

The same methodology is applied and the effect of BVR on the expander and cycle
outputs is determined.

Tad [°C] €[] N [rpm] Vaw [cm?]
450 15-4 1500 500
Table 23 - Boundary conditions for determining the influence of BVR on the expander behaviour, Var 2, constant leakage
area

Expander efficiency on built-in volume ratio
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Graph 20 - Expander efficiency on BVR, Var 2, constant leakage area

Outputted heat on BVR
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Graph 21 - Thermal output on BVR, Var 2, constant leakage area, desired range of heat outputs highlighted
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Net electric power on built-in volume ratio
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Graph 22 - Net electric power output on BVR, Var 2, constant leakage area
Net electrical efficiency on BVR
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Graph 23 - Net electrical efficiency on BVR, Var 2, constant leakage area

Even with constant leakage area assumed, expander efficiencies are relatively low,
not even reaching 35% at these conditions. Influence of swept volume will be determined
next for several pressure and built-in volume ratios.

Tad [°C] €[] N [rpm] BVR [-]
450 15-3 1500 15-25

Graph 24 - Boundary conditions for determining the influence of both Vsw and BVR on the expander and cycle, Var 2,
constant leakage area
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Expander efficiency on swept volume
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Graph 25 - Expander efficiency on Vsw and BVR, Var 2, constant leakage area
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Graph 26 -Heat output on Vsw and BVR, Var 2, constant leakage area
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Graph 27 - Net electrical efficiency on Vsw and BVR, Var 2, constant leakage area

It is visible that achieving heat output of 200 — 250 kW while maintaining a

reasonable efficiency is still impossible. Therefore, the required heat output will be doubled,
to 400 — 500 kW, with the aim to place an ORC system with two parallel vane expanders as a
bottoming cycle beneath the cycle in Variant 2.

The range of acceptable expander geometries is narrower than for Variant 1. Two

expanders are proposed.

Expander E Expander F

BVR [] 16 2,5

Vsw [cm?®] 1100 950

Graph 28 - Defining the geometry of expanders for further testing in Variant 2, desired thermal output 400 - 500 kW

Expander E is expected to better utilise lower inlet pressures, while expander F is

expected to achieve better overall efficiency at pressure ratios of over 2,5. Their respective
geometries can be found in Appendix A.
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Chapter 8: Obtaining the outputs for a range of
working conditions for the examined
expanders

8.1 Sensitivity analysis for Variant 1

The four expanders defined in Chapter 7.1 are tested under a wide range of conditions
— temperatures between 180 °C and 600 °C and pressure ratios of 5 — 15 (0,5 MPa up to 15
MPa of inlet pressure, see Table 13 and section 7.1.2). Below are the four evaluated
parameters of each expander — expander efficiency n.,,, net cycle electrical efficiency
Nernet, Produced electric power and heat output Qout. These are mapped against expander
admission temperature Taq and the cycle pressure ratio € using MATLAB.

8.1.1 Expander A

Expander A is the smallest expander with a BVR of 3,2 and Vs of 1300 cm?. This
means it works better with lower inlet pressures than the larger expanders, but the overall
efficiencies are lower.
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Figure 32 - Expander efficiency (left) and net electrical efficiency (right) of expander A

As outlined in previous chapters, the highest expander efficiency is achieved at low
inlet parameters, whereas the overall electrical net efficiency is highest at high inlet
parameters, despite the decreasing expander efficiency.
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Figure 33 - Net electric power (left) and heat output (right) of expander A

As expected, the net power and heat output increase with increasing parameters. What
perhaps wasn’t apparent from the graphs in section 7.1, is that for a given inlet pressure, the
net electric power increases with temperature, while for outputted heat, the opposite is true. It
is important to note that for all of the expanders, the setting with the highest efficiency will

not be applicable, as the corresponding heat output exceeds the upper threshold of 250 kW
defined in earlier sections.

8.1.2 Expander B

This is the medium-sized expander with a BVR of 4,4 and Vs of 1800 cm?. As
observed in section 7.1.3, the overall performance of the expander improves with increasing
BVR and Vs, with the net electrical efficiency roughly 1,5% higher than expander A.
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Figure 34 - Expander efficiency (left) and net electrical efficiency (right) of expander B

The maximum achieved power output is higher and the heat output lower than for
expander A, which is better for us since a setting with higher efficiency can be now used.
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Figure 35 - Power output (left) and heat output (right) of expander B

8.1.3 Expander C

Expander C is the largest expander with a BVR of 6,2 and Vsw of 2000 cm®. While the
maximum value for efficiency is very similar to those achieved by expander B, the expander
efficiency across the entire range is better. It dips below 50% for only one combination of
inlet conditions.

N ‘x‘\\\\\
R
“g\“&&

Mg net [70]

Figure 36 - Expander efficiency (left) and electrical efficiency (right) of expander C

Both the net electric power and outputted heat are around 10% lower than for
expander B. This means that a configuration of inlet parameters with a higher net efficiency
can be used while still keeping the cycle in the 200 — 250 kW heat output.
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Figure 37 - Power output (left) and heat output (right) of expander C

8.1.4 Expander D

Expanders A — C had their geometries chosen to provide a compromise between BVR
and Vsw and could therefore be calculated for a wide range of inlet conditions. However,
expander D was chosen with a relatively low BVR of 3,5 and a high Vs of 2000 cm?® to see
how this affects the machine performance. The expectation of higher output parameters was
fulfilled. This machine is the only one achieving expander efficiency over 65,5% and net
electrical efficiency over 13%. The range of steam inlet conditions is significantly smaller
due to a higher mass flow rate which can cause pressure drop below the saturation curve and
thus becomes difficult for the iterative mechanism to calculate, as outlined in 6.4.2.
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Figure 38 - Expander efficiency (left) and electrical efficiency (right) of expander D

The machine also achieves the highest net power output of over 55 kW. The
maximum heat output, while higher than for expanders B and C, is lower than for expander
A. Therefore, a combination of inlet steam parameters that satisfies the heat demand with a
relatively high efficiency can be chosen.
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Figure 39 - Power output (left) and heat output (right) of expander D

It is also important to note that expander D is the second smallest expander after
expander A, with 789 mm across the rotor and the starwheels.

8.1.5 Exhaust temperature, filling factor and losses

The efficiency of both the expander and the steam Rankine cycle, along with
delivered electric power and heat output for each of the proposed expanders were evaluated
in the previous sections. Several more indicative parameters are evaluated in this section to
have a better idea about the expanders’ performance and losses.

Exhaust temperature and ambient heat loss

Firstly, exhaust temperature is examined. Because of the unusually intensive
superheating on the steam inlet, the fixed range of inlet pressures and the isentropic
efficiencies of 50 — 65%, the expansion process mostly ends significantly in superheated
steam. The exhaust temperature depends on both inlet parameters, but more on inlet
temperature because of the wider temperature range. The dependence of exhaust temperature
Te of all four expanders on admission temperature Taq is shown in the graph below, for a
pressure ratio of 10.

As visible from the graph, some of the bottom values end up in wet steam, the quality
however, is never lower x = 0,95, which, as learned in Chapters 4 and 5 is completely
acceptable for the single-screw expander.
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Expander exhaust temperature on admission temperature
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Graph 29 - Exhaust steam temperature on admission temperature for €= 10

Qamb is a loss associated with both the inlet pressure and temperature, but depends
more heavily on the temperature. It is the heat emitted from the imaginary expander envelope
to the environment which is at constant ambient temperature. The only inherit losses it
contains are the heat transfers between the fluid and the envelope at the expander inlet and
exhaust. But the mechanical losses are considered to transform completely into heat and are
also included in this loss (see equation ( 16 )).

Ambient heat losses on admission temperature
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Graph 30 - Ambient heat losses on admission temperature for expanders A - D for €= 10
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Filling factor and volumetric efficiency

Positive displacements machines can suffer from significant leakage and therefore

their volumetric performance is often evaluated [83]-[85]. This is done by expressing the
machine’s filling factor FF or volumetric efficiency 1,,,;. Filling factor is defined as the ratio
of the actual mass flow rate and the mass flow rate that could be theoretically displaced by
the expander.
m
FE=—— (43)

SW
PogyR N

Volumetric efficiency is defined as the ratio of the internal mass flow that participates
in producing work and the complete mass flow including the leakage [110].

mint — m— mleak (44)

Nyot =

m m

FF [
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Figure 40 - Filling factor for the four expanders A — D

The filling factor rises with temperature but remains fairly constant for a given
temperature level with increasing pressure ratio, which is consistent with experimental
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findings obtained by the author of the used thermodynamic model in [110] and by Ziviani in
[111]. Filling factor is useful for evaluating the performance of the expander because it
increases with internal leakage and supply cooling down and decreases with the inlet pressure
drop. Values both above and below 1 are possible.

Volumetric efficiency is useful for knowing the relative internal mass flow rate to the
entire mass flow rate and therefore gives information about the leakage. It decreases with
increasing inlet temperature and pressure.
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Figure 41 — Volumetric efficiency for the four expanders A — D

Expander C, the largest expander, has the worst volumetric performance out of all the
studied machines, while expander D has the best one. Corresponding the data presented in
sections 8.1.1 and 8.1.2, expanders A and B have a very similar volumetric performance.

8.2 Sensitivity analysis for Variant 2

Similar sensitivity analysis is performed for expanders proposed for Variant 2. In a
more detailed analysis, the efficiency of utilising the heat from the heat sources should also
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be evaluated as it would become highly relevant in this variant because the flue gasses will
not be completely cooled down to regular exhaust temperatures. However, this falls outside
the scope of this work and can be analysed in subsequent studies.

8.2.1 Expander E
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Figure 43 - Net electric power and heat output for expander E

While this expander can achieve relatively high efficiency and electric power output
on the given range of steam inlet conditions, most of the more interesting values also produce
more heat than desired. As predicted, this expander is more suitable for working with lower
inlet pressure.
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8.2.2 Expander F
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Figure 45 - Net electric power and heat output for expander F

The range of thermal output of this expander is much closer to the desired values.
Peak electrical net efficiency is achieved only slightly above the upper threshold of 500 kW.

The dependence of heat losses and exhaust steam temperature on the inlet temperature
was already established in 8.1. The volumetric performance of expanders E and F will now
be evaluated.
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8.2.3 Volumetric performance
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Figure 47 - VVolumetric efficiency of expanders E (left) and F (right)

The volumetric performance of expander E is quite close to expanders examined for
Variant 1, while expander F suffers from higher relative leakage. This is the reason for
slightly lower expander efficiency across the entire range of values. The curve of the
volumetric parameters is noticeably different than in Variant 1 and there is a pit in volumetric
efficiency curve at a pressure ratio of around 2. Overall, the relative leakage goes up with
temperature due to higher steam density and lower total mass flow rate.

8.3 Recommended ranges of inlet steam parameters

In this chapter, the data presented in 8.2 is evaluated and it is shown which inlet steam
parameters correspond to the desired heat output of 200 — 250 kW (Var 1) and 400 — 500 kW
(Var 2). It is also shown what power outputs and efficiencies can be expected for these inlet
steam parameters.
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8.3.1 Ranges of viable inlet conditions for Variant 1

Because the desired heat output can be achieved under a wide range of steam inlet
conditions, the conditions are presented as approximate ranges, both graphically and
numerically, rather than as specific values.
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Figure 48 - Ranges of pressures and temperatures that satisfy the stated heat output for expanders A — D

The desired heat output can be achieved for all of the admission temperatures 180 —
600 °C by expanders A and B and for 220 — 600 °C by expanders C and D. The table below
summarizes the ranges of pressure ratios for which the desired heat output can be achieved as
well as the range of corresponding delivered electric power and efficiencies. The highest
power delivery and highest net cycle efficiency are naturally achieved for Tag = 600 °C and
the highest corresponding pressure ratio.
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Expander A | Expander B Expander C Expander D
Pressure ratio range [-] 75-119 7,8-12,6 94-145 6,7 —-10,4
Net electric power | 4735 3229 | 20,08-3652 | 20,70 36,66 | 1876 36,89
range [kKW]
Mass flow rate [g/s] 72-111 72 - 107 73 -110 74 - 106
Expander efficiency | o, 1) 5957 | 56976510 | 55276282 | 61,0 6583
range [%]
Net electric eficlency | 78 10,04 | 8731236 | 925 12,38 | 842 1243
range [%]
Maximum electric
efficiency for 200 kW 10,54 11,66 11,70 11,66
heat output [%] *
Pressure ratio for 200
KW heat output at 9,5 10,0 11,9 8,2
maximum efficiency [-]
Maximum electric
efficiency for 250 kW 10,94 12,36 12,38 12,43
heat output [%]
Pressure ratio for 250
KW heat output at 11,9 12,6 14,5 10,4
maximum efficiency [-]

Table 24 - Overview of delivered electric power and efficiencies of expanders A - D for a heat output of 200 - 250 kW
* Maximum efficiency for both 200 and 250 kW is always achieved for the maximum temperature, 600 °C

Despite the differences in geometries and performance on the entire range of inlet
conditions, expanders B — D show very similar performance for the defined range of heat
output of the cycle, with expander D coming out slightly on top with higher expander
efficiency, higher net power output and slightly higher net electrical efficiency. Furthermore,
its dimensions are significantly smaller than for expander B and C and size is an important
factor for decentralised machines.

Expander A, the smallest expander, achieves roughly 1 — 1,5% lower net electrical
efficiency than the other expanders, along with correspondingly lower power output. This
expander should be chosen only if size was the most important factor.

The performed sensitivity analysis conveys that it is sensible to design single-screw
expanders with built-in volume ratio of around 3,5 and with a high corresponding swept
volume. The drawback is that at lower admission temperatures, a narrower range of inlet
steam conditions can be calculated using the presented thermodynamic model.

The cycle efficiency rises with the inlet temperature, as was shown at the very
beginning of this work in Figure 3, despite the decreasing expander efficiency. These two
factors seem to even out as the temperature is increased and the rise in the cycle efficiency
becomes more and more marginal at temperatures over 450 °C. A techno-economic analysis
would need to be conducted to determine the optimal operating conditions, respecting both
the efficiency and the cost of the materials. This is highly relevant in micro-CHP systems,
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since electrical efficiency is often cited as secondary to other properties such as size,
complexity or investment costs [27].
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Graph 31 - h-s diagram of the expansion process for expander D at Tad = 220 °C and € = 6,7

Cycle diagram, expander D, T,, = 220 °C
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Graph 32 - T-s diagram of the entire Rankine cycle for expander D at Tad = 220 °C and € = 6,7; expansion is simplified to a
single curve
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Graph 34 - T-s diagram of the entire Rankine cycle for expander D at Tad = 600 °C and € = 10,4; expansion is simplified to

asingle curve

8.3.2 Ranges of viable inlet conditions for Variant 2

Similar summarization is performed for Variant 2 and inlet steam conditions for

which thermal output in the range of 400 — 500 kW can be achieved are presented. Both
expanders can work across the entire range of examined temperatures 280 — 600 °C.
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Figure 49 - Thermal output in the range of 400 - 500 kW for Rankine cycles with expanders E (left) and F (right)

Expander E Expander F
Pressure ratio range [-] 1,57 -2,50 2,08 — 3,04
Net electric power range [kKW] 4,38 — 23,75 7,93 - 27,66
Mass flow rate [g/s] 149 - 248 148 - 247
Expander efficiency range [%] 25,40 — 46,65 30,70 — 44,45
Net electric efficiency range [%] 1,05-4,38 1,92-5,10
Maximum electric efficiency for
400 kW heat output [%] 2,69 3,52
Pressure ratlo_for 400 kW heat 230 241
output at maximum efficiency [-]
Maximum electric efficiency for
500 kW heat output [%] 4.38 510
Pressure ratlo_for 500 kW heat 250 3,04
output at maximum efficiency [-]

Table 25 - Power output and efficiencies for expanders E and F on the given thermal output range
* Maximum efficiency for both 200 and 250 kW is always achieved for the maximum temperature, 600 °C

The mass flow rates for both expanders are almost exactly the same. Expander F can
achieve higher overall efficiency than its counterpart despite its higher leakage owing to a
built-in volume ratio that is better suited for the examined range of pressure ratios. This
allows larger part of the expansion to occur isentropically, see eq. (11 ) and (12).

For this Variant, the degree of utilisation of the heat from the heat source (a boiler or a
flue gas heat exchanger) should also be evaluated. However, as this falls outside the scope of
this work, it is omitted here and readdressed in the closing chapters.
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Figure 50 - Expansion process for expander F at admission temperature 280 °C and pressure ratio 2,08
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Figure 51 - T-s diagram of Rankine cycle with expander F at admission temperature 280 °C and pressure ratio 2,08
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Figure 52 - Expansion process for expander F at admission temperature 600 °C and pressure ratio 3,04
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Figure 53 - T-s diagram of Rankine cycle with expander F at admission temperature 600 °C and pressure ratio 3,04
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Chapter 9. Evaluation of performance and
perspectives of studied expanders

9.1 Comparison of obtained results with commercial and
research projects

The single-screw expanders proposed for Variant 1, where steam condensates at
atmospheric pressure, can achieve similar or better expansion efficiency than their twin-screw
counterparts summarized in Chapter 4, Table 9. The newly opened high temperature area has
been examined and at 600 °C, the proposed Rankine cycle can achieve net electrical
efficiency of up to 12,43% delivering up to 36,9 kW of net electric power while providing
250 kW of useful heat. This is over double the net efficiency of the smaller ORC unit WAVE
120 with a thermal power output of 113 kW [17] or the ORC units offered by Enogia [16].
Even at lower temperatures that do not require new generations of durable materials, the
cycle can achieve efficiency of 8 — 10 % if the expander is designed correctly. However,
when compared to other biomass technologies presented in Chapter 2, it is still within the
range of efficiencies achieved by other tested biomass technologies. In particular, the internal
combustion engines integrated with biomass gasification technology can achieve greater
electrical efficiencies, although this comes at the cost of a much more complex system.
Furthermore, the area of low-power steam cogeneration is still largely unexplored and
significant research and testing still needs to be done before the technology can be considered
feasible.

9.2 Possibilities of connecting a steam Rankine cycle with a
bottoming ORC

Section 8.3 examined single-screw expander utilised in a Rankine cycle where the
steam condensates at a temperature of 200 °C. This temperature was proposed with the idea
of combining the RC with a bottoming ORC based on the WAVE 120 unit, but with two
parallel vane expanders. This method was chosen because of poor performance of the
expander in Variant 2 for a lower cycle heat output of 200 — 250 kW (see 7.2.4).

By itself, this Rankine cycle can achieve maximum net electrical efficiency of 5,10 %.
Unlike in Variant 1, high temperatures are necessary to produce electric power with a
reasonable efficiency. In this discussion, the bottoming ORC is assumed to have the same
performance as the WAVE 120 unit. The ORC mass-flow is assumed to distribute equally
into both of the vane expanders All of the output heat from the topping RC is considered to
transfer completely into the bottoming cycle (except for the ambient losses from the expander
envelope, see energy balance of the expander in eq. ( 16 )). The overall electrical and CHP
efficiency of this system can then be obtained in the following steps:

Peinetorc = Qoutre * nel'net,ORC (45)
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nel,net,system -

ch,system

r’CHP,system =

_ Pel,net,RC + Pel,net,ORC (46)

Qin
= Qnorc = Qoutre * Ny ore (47)
Peinet,rc t Petnet,ore + Qtnorc (48)

Qin

Expander F is considered for both cases due to its better overall performance at its
peak electrical efficiency for both cases. Net electrical and thermal efficiency of the
bottoming ORC are assumed to be equal to those of WAVE 120, therefore 5,12 % and 83,88

% respectively [17].

Rankine cycle thermal output [kW]

400 500
System thermal input [KW] 430,84 542,47
System power output [KW] 35,67 53,26
System electrical efficiency [%] 8,28 9,82
System thermal output [kW] 335,32 419,15
System overall peak CHP efficiency [%] 86,15 87,13

Table 26 - Parameters and performance of two variants of a Rankine cycle with a bottoming ORC
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T
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Figure 54 - Energy balance and flow in the entire system RC + bottoming ORC
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Q-T diagram of heat exchange between the topping and
bottoming cycle
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Figure 55 - Q-T diagram of heat exchange between the steam cycle and the ORC, thermal input into the ORC is 500 kW.
Parameters of the ORC cycle were obtained from [17].

The diagram in Figure 55 displays the heat transfer between the two cycles in a
counterflow heat exchanger. The temperature differences are quite high, especially on the
right-hand side of the diagram, which would create exergy losses. The following relations for
exergy efficiency of this heat exchange can be expressed with formulas from [129] :

E—fQ(1 TO)@ (49)
= . T Q

EORC
Nex,nx = E_RC (50)

where Eorc is the exergy transfer into the organic Rankine cycle, Erc is the exergy
transferred from the steam Rankine Cycle and To is the dead state temperature in Kelvins.
The exergy efficiency of the heat transfer between the topping and the bottoming cycle could
be increased by:

- selecting different condensing temperature of the RC and different evaporation

temperature of the ORC.

- increasing the superheating in the ORC.
It should be noted that higher exergy efficiency would not necessarily produce more desirable
results. For example, higher superheating of the ORC would lead to a lower mass flow rate in
the cycle (assuming the heat input is firmly set), thus possibly decreasing the actual power
output.

The degree to which the heat from the heat source is utilised is another factor. It was
touched upon only briefly in 8.2. but it is important when designing a real application of a
cycle. Lower steam condensing temperature would lead to better utilisation of the heat
source.

By doubling the thermal output, this system may no longer be applicable in some of
the micro systems described in the beginning of this work. Modifications described
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throughout this section are necessary to scale it back down while retaining reasonable
performance. These modifications should be subjected to analysis and optimization to
determine the most desirable configuration.

This chapter contains rough calculation and estimate of the potential of combining the
steam and the ORC cycle. The nature of the heat exchange between them and their
optimization should be investigated in greater detail in future works.

9.3 Defining boundary conditions and recommendations for
subsequent conceptual studies

The goal of this work is to establish a foundation in the field of micro- and small-scale
cogeneration from biomass by utilizing steam technologies. Future authors are welcome to
build upon and discuss the knowledge presented here. There are multiple pathways for
subsequent conceptual studies that can stem from this work:

- Boundary conditions optimization — the boundary conditions of both examined
variants were firmly set by the desired condensation temperatures. But since the
expansion mostly ends in superheated steam, the minimum temperature differences in
the heat exchangers could likely be respected with lower steam condensation
temperatures in both variants. In Variant 2, different evaporation pressure or
superheating in the ORC could also be chosen. The high steam condensing pressure in
Variant 2 caused poor performance of the expander even after modifying the leakage
relations of the model. A new variant with condensation temperature at 150 — 195 °C
should be examined. Correctly optimizing these parameters holds the potential to
improving the expander performance, the cycle efficiency, but also increasing the heat
source utilisation (see 9.2.).

- Improving the accuracy of the used models — as outlined in 6.4.2, some
assumptions were made regarding the single-screw expander geometry. These can
become sources of errors when predicting the behaviour of the expansion machine. To
improve this, a complex leakage model could be implemented to better asses the size
of the leakage area. Furthermore, CAD models of the defined expanders can be
constructed to validate the geometry model and to accurately obtain the suction port
area for each configuration of the single-screw machine. This approach can eventually
lead to prototype manufacturing and testing.

- Simulating other types of volumetric expanders — in this work, the single-screw
expander was chosen after carefully researching the available expanders and their
limitations. However, other expansion machines have the potential to be utilised in a
low power steam unit. Namely the twin-screw and piston expander have been
implemented in steam cycles at larger scale and should be researched further in the
context of micro-scale steam CHPs.
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Heat transfer calculation and condenser design — heat transfer between the
condensing steam and cooling water (RC in Variant 1) and between the condensing
steam and organic working fluid (RC in Variant 2) should be calculated and
optimized. This calculation will then serve as the foundation for a conceptual design
of the condenser.

Evaluating and optimizing the utilisation efficiency — as outlined in 8.2, analysing
the heat source utilisation efficiency should be another objective for further research.
Specifically in Variant 2, the flue gases will not be cooled down to the standard
temperatures of 120 — 180 °C [130]. This will decrease the amount of utilised heat
from the heat source and make the entire system less feasible if this heat is not utilised
elsewhere.

Techno-economic analysis — employing high temperature steam can increase the
cycle efficiency. On the other hand, designing, testing, and constructing the proposed
CHP units could prove economically challenging. In section 8.1, it was explained that
as the steam inlet temperature increases, the rise in cycle electrical efficiency becomes
milder. A fundamental question is whether utilizing a very high steam temperature
could be justified in the context of increased investment costs. A techno-economic
study could be performed to assess the optimal operating conditions, as well as the
feasibility and economic potential.
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Conclusion

The research part of this work focused on three main subjects. Micro- and small-scale
biomass CHP technologies, materials for utilising steam at high temperatures and finally on
different types of volumetric expanders, their characteristics, and possible applications. It was
explained that biomass is a highly perspective type of fuel that is CO2 neutral, cost-efficient
and locally available. Next, it was found that thanks to advances in material engineering,
higher steam inlet temperatures of up to 600 °C can be achieved. Based on this detailed
research, the single-screw expander was chosen as a viable expansion machine for a low-
power steam CHP unit.

Two mathematical models were selected to predict the performance and geometry of
the single-screw expander. Two variants of Rankine cycle were then defined as main areas of
interest, both with different CHP perspectives Upon analysing the impact of the expander
geometry on its behaviour and performance, several different single-screw expanders were
proposed for further examination.

This was done by performing a sensitivity analysis, where a wide scale of inlet
temperatures and cycle pressure ratios was tested on the selected expanders. Their
performance was summarized and evaluated. Expander efficiency ranging from 52,02 to
65,10 % and net electrical cycle efficiency of 7,88 — 12,43 % can be achieved under the given
conditions for a steam cycle condensing at atmospheric pressure. Another variant where the
heat output from the steam cycle is utilized by an ORC based on the WAVE 120 unit was
proposed and its rough potential estimated. This cycle operates with expander efficiency
25,40 — 46,65% and net electrical cycle efficiency 1,05 — 5,10 %. The results obtained
throughout this work were compared with similar technologies and a rough assessment of the
potential of the proposed cycles was evaluated. It is important to note that simply plugging
the computed expander efficiency into a model steam cycle will yield slightly inaccurate
results because of the more complicated energy balance of the thermodynamic model.

The stand-alone steam cycle technology in Variant 1 attained better net efficiencies
than some of the micro- and small-scale ORCs offered on the market. Combining the steam
cycle examined in Variant 2 with a bottoming ORC based on the WAVE 120 unit can
increase the overall system electrical efficiency, but the thermal output is roughly four times
higher. With electrical efficiency < 10 %, the technology may be less competitive in this
range. Optimization of both cycles can make the system more efficient and scale it down.
However, further investigation and testing needs to be made before the technology can be
proclaimed feasible and competitive. Little information is available about utilising high
parameter steam in low-power applications. Therefore, while the presented concepts have
potential, more research and testing must be made. Possible areas of further study are
highlighted towards the end of the work.
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Appendix A Geometry of designed expanders

Expander label

A B C D E F
Parameter
Zsr 6
Zsw 11
i 1,83
Dsr [mm] 239,06 | 327,53 398,52 | 301,18 140,72 192,22
Dsw [mm] 246,40 329,63 396,34 | 306,86 165,02 201,94
Dsw,in [Mmm] 82,13 109,88 198,17 | 102,29 55,01 67,31
wit [mm] 35,82 49,08 59,72 45,13 21,09 28,80
Aa [ 1,03 1,01 0,99 1,02 1,17 1,05
dsr.sw [MM] 191,25 262,02 318,81 | 240,94 112,57 153,78
Aopt [] 0,80
Bs [°] 54,40 53,40 52,89 53,92 59,23 55,17
B [°] 8,36 8,56 8,67 8,46 7,34 8,20
Bin I°] 51,72 53,06 35,08 52,36 45,08 50,67
Bal’l 38,08 37,38 37,03 37,75 41,46 38,62
L, [mm] 100,17 132,32 158,05 | 124,00 70,89 82,88
Lg [mm] 75,98 100,07 119,33 93,92 54,63 63,02
L* [mm] 29,88 40,94 49,81 37,65 17,59 24,03
Lrotery [mm] 176,16 232,39 277,38 | 217,93 125,52 145,90
gy [°] 90
Y [°] 32,73
Bopen [°] 27,24 28,03 28,44 27,62 23,43 26,63
Bciose [°] 38,92 40,05 40,63 39,46 33,47 38,04
$ [ 0,02
a [mm] 71,72 98,26 119,55 90,35 4221 57,67
BVR [-] 3,0 4,4 6,2 3,5 1,6 2,5
Vsw [cm3] 1300 1800 2000 2000 1100 950
Wexp,conf [MM] 628,89 853,68 | 1033,97 | 78374 390,16 509,49

Table 27 - Geometry parameters of designed expanders. See Figure 28 for visualization.
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