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Abstract

The reduction of carbon dioxide emissions is becoming an ever increasing driving force in
the development of innovative and technological solutions. The utilization of waste heat
sources can help reduce carbon dioxide emissions. Various technological options exist, one
of which is the Organic Rankine Cycle. Large scale commercial Organic Rankine cycles
are already in operation, however, their transition into smaller scale systems is hindered by
several technical challenges one of which is pump cavitation. Several cavitation mitigation
techniques have been stated in the literature to reduce cavitation with three of the most
practical being stored liquid column height, subcooling and pump bypass. The effects of all
three of these techniques on the overall performance has been experimentally investigated

on a micro scale ORC system designed for such purpose.

Initially, the effects of 2.1 meters of liquid column height and by virtue system mass was
investigated to determine its influence on the ORC cycle at; four differing pump speeds
(600, 800, 1000 and 1200 rpm), three cold sink temperatures (10°C, 15°C and 20°C) and
three expander loads. The effects of stored liquid column height had significant effect on
the operation of the system. The maximum output power of 300W occurred at 1000 rpm
with an optimum expander output trend present in most cases. At the highest tested 1200
rpm case the maximum boundaries of the system where insufficient to result in stable
system operation, resulting in a maximum output power of only 240W. A reduction in cold
side temperature results in no observable change in the stored liquid column height, with a
general increase in expander output as a result of increased pressure ratio across the
expander. The expander load had negligible effect on the low pressure side of the system

both in terms of stored height and pressure.

The experimental test rig was then modified to include a subcooler and pump bypass. The
system was tested with increasing levels of system mass at various pump speeds with
multiple degrees of subcooling and bypass valve angle. The combined influence of liquid
column height with both subcooling and bypass effects was observed for each pump speed.
The inclusion of the system bypass provided no observable benefit to the experimental test
rig and only resulted in a deterioration in system performance. The combined interaction
between subcooling and liquid column height is clearly observable in the data, with only
the combined effect providing significant influence to allow the test rig to operate at its
maximum pump speed and therefore with maximum output power of 370W. However,
although the incorporation of subcooling extended the operational range of the test system.

The system efficiency improvement was negligible, 3.7% compared with 3.6% for the



liquid height only system. The added system components and required additional lower
temperature cold sink, provide further additional barriers. The practical implications of
these findings highlight the continual struggle to improve the viability of micro scale ORC

systems, where the performance of the pump remains a significant barrier.
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Chapter 1 — Introduction
1.1. Background
It is now widely recognized worldwide that the burning of fossil fuels has a significant and
direct impact on the rising global temperature as a result of greenhouse gases. These rising
temperatures are having a drastic impact of the global climate resulting in disappearing
polar ice caps, rising sea levels and an increased frequency of extreme weather events, to
name a few. In 2015 the Paris climate agreement was struck which aimed to mitigate the
catastrophic impacts of climate change by limiting the global rise in temperature to well
below 2°C above pre-industrial levels, preferably to 1.5°C [1]. Since then governments
around the world have produced targets and strategies to reach net zero carbon emissions.
As of 2021 the UK government has set a target to reach net zero emissions by 2050 and is
planning to do this by decarbonizing the power system by 2035, implementing no new gas
boilers by 2035 and the end to new sales of petrol and diesel cars by 2030 [2]. In order to
help meet these ambitious targets, reducing our energy consumption is an important step.
Increased efficiency of energy systems and a better utilization of available energy sources
is one means this can be done. Large amounts of waste heat is produced in many of our
domestic and industrial processes, which in most cases is simply discarded to atmosphere.
Utilization of this discarded energy could play an important role in limiting the impacts of
climate change. In order to recover energy from waste heat a number of technologies and
solutions exist including district heating schemes, combined heat and power, thermal
acoustics, Stirling cycle, kalian cycle and many more. One of these promising potential
solutions in the organic Rankine cycle (ORC) which has received significant research

interest of the decades.

1.2. The Organic Rankine Cycle

The organic Rankine cycle is made up of the same four key processes as the conventional
Rankine cycle namely an evaporation process, an expansion process, a condensation
process and a recirculation or pump process. The four key components are shown in Figure
1.



18

I I T ]
P T
5 2
Heat | ®© < | Cold
Source | & T | sink
g 8
U
& e
¢
Liquid
Receiver
Pump
T

Figure 1: Basic Rankine Cycle system components

Starting from the inlet of the pump the working fluid is fed to an evaporator/boiler where it
is vaporised. The vapour from the exit of the evaporator is then passed through an
expander to extract mechanical work. If attached to a generator this work can be used to
generate electricity. The vapour leaving the expander is then condensed to return it to a
liquid state, before being recirculate back to the evaporator. If the working fluid is water
then this cycle provides the basis for the conventional steam power plant. If the working
fluid is an organic fluid, most commonly refrigerants, then this cycle provides the basis for
organic Rankine cycle systems (ORC). The potentially lower vapour pressure of
commonly used fluids like refrigerants results in lower evaporation temperatures, allowing
lower temperature waste heat streams to be used to produce mechanical work or electricity.
Although already implemented in larger scale systems there remains significant challenges
in downsizing the process into smaller scale ORC applications. Some of these barriers

centre around the ORC pump.

1.3. Organic Rankine Cycle Pump

The pump in the ORC system moves the liquid from the low pressure side of the system
back to the evaporator at the higher pressure side of the system. The most common types
of pumps used within the ORC community are gear pumps, centrifugal and diaphragm
pumps which are normally commercially sourced. The commercially sourced components
are designed to work with a vast range of working fluids across a wide range of
engineering applications. This wide targeted working fluid approach can lead to various
issues when adopted into ORC systems and ultimately leads to low efficiencies down
below 35% [3] [4] [5] [6] [7]. These low efficiencies make a significant impact on the net
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output of small and micro scale ORC systems which highlights the need for significant

further improvements into ORC pumps.

1.4. Pump Cavitation

Cavitation is a phenomenon where the formation of bubbles in liquid occurs as a result of
the pressure falling below the vapour pressure. Cavitation happens in many different
industrial process and causes a problem generally in pumps. The inclusion of bubbles
during the pump process causes a number of problems including mass flow changes and
pump damage. The formed bubbles tend to collapse on surfaces which can cause
significant erosion, vibration and noise issues [8], significantly reducing the working life of
system components. Pump manufactures therefore specify a minimum pressure difference
between the pump inlet pressure and the vapour pressure, to avoid cavitation issues. This
minimum required pressure difference is known as the net positive suction pressure
required (NPSHTr). Its value is normally specified in vertical height in meters and is of the
magnitude of several meters, depending on the pump. Due to the nature of the organic
Rankine cycle, the working fluid leaves the condenser close to its vapour pressure resulting
in a low available net positive suction head (NPSHa). This inherently low available net
positive suction head (NPSHa) combined with generally high required net positive suction
head (NPSHTr) results in a high susceptibility of organic Rankine cycle systems to pump

cavitation.

In terms of a closed loop organic Rankine cycle system, pump cavitation as well as general
pump damage can have a significant effect on the ORC cycle as a result of mass flow
changes. The mass flow rate has a significant effect on several aspects of the ORC system
including: expander work, high side pressure, working fluid density, evaporator hold up
heat transfer co-efficient etc [9] [7] [10] [11]. In general a drop in mass flow rate away
from the design flow rate as a result of cavitation bubble formation results in a
deterioration of performance. In extreme cases due to the closed loop cycle of the ORC
variations in mass flow rate can develop into system instability as a result of pump surge
and collapse, which has been observed in various ORC systems [12] [5] [13]. The author
has also observed this phenomenon in a previous micro scale ORC system as well as in the

development of this thesis.

Several techniques have been mentioned in the organic Rankine cycle literature as a means
of mitigating pump cavitation: Increased liquid column height [13], pre feed pump [10]
[14], pump bypass [15], nitrogen buffer [16] and most commonly sub-cooling [5] [13] [11]
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[7] [4] [12]. However, within the research there remains a significant variation in the
required level and effectiveness of cavitation prevention techniques, and their interaction
between each other. For example in the literature the required degree of subcooling varies
from 1°C [7] to upto 20°C [13]. Since the pump and mass flow play a significant role in the
organic Rankine cycle performance, a further investigation into cavitation and mitigation

techniques would be beneficial.

1.5. Research Areas and themes for this thesis

The broad reaching aim of this thesis is to investigate the effects of cavitation on the
performance of micro scale ORC systems and evaluate the main techniques and their
combined interaction for mitigating cavitation. A broad review of ORC literature, in
general, as well as a more specific look at ORC cavitation has been carried out. The
information from the review was used to develop a micro scale ORC experimental test rig.
Initially investigating the interaction between system mass and stored liquid column
height, and their interaction with several ORC system parameters: pump speed, condenser
temperature and expander load. The initial rig was then modified to include a subcooler
and pump bypass valve to evaluate the combined interaction between liquid column height,
degree of subcooling and pump bypass. Their influence on the system performance was

evaluated at different pump speeds.
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Chapter 2 — Literature Review
A broad and wide reaching review of the organic Rankine cycle literature has been carried

out and is presented initial. The purpose is to give a general background and overview of
micro sized ORC systems. A more specific review of cavitation and its interaction with the

organic Rankine cycle is then presented.

2.1. Broad Review of Organic Rankine cycle systems

2.1.1. Heat sources

The ability to effectively recover energy from heat is highly dependent on the heat source
temperature/quality. The higher the available heat source temperature the higher the system
efficiency which ultimately leads to a more financially viable ORC system. The heat
sources are typically characterized into the following ranges [17]: high temperature
(>650°C), medium temperature (230-650°C) and low temperature (<230°C). The
composition and phase of the heat source medium can have a significant impact on the
system with generally better heat transfer co-efficients for liquid mediums (pinch point
temperatures 5-15 K [18]) compared with gases such as exhaust flue gases and air (pinch
point temperatures 30 K [19]). In current ORC applications the main commonly utilized
heat sources are biomass, solar, geothermal, industrial and power waste heat (including

internal combustion engine and gas turbine).

Biomass

Biomass is normally a plant or animal based material that can be used to produce energy
by either directly burning the material in a boiler such as wood pellets or converting the
biomass material into a synthetic gas via a gasification process. The gas is then burned and
the heat can be directly used for heating stream or used to generate electricity. Due to
working fluid limitations, thermal stability limits the ORC system temperature to 330°C
[20]. Biomass-organic Rankine cycle applications are normally combined as part of a
combined heat and power plant (CHP), which results in higher ORC condenser
temperatures of 80-120°C [21]. Commercial Biomass-ORC systems are already present in
the market with companies such as Turboden, Rank, etc. There are various commercial
biomass ORC plants with Turboden building a 6.5 MW plant in Holbrook industrial estate
(Sheffield) [22] and Electratherma supplied an ORC system to Summerseat & Bradley fold
garden centre which utilises 119°C heat [23]. The already commercialisation of biomass

powered ORC systems shows that biomass already offers an effective heat source. Where
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normally discarded by products can be converted into useful heat and power. The process
by one means or another, however, still involves the burning of either a gas or product that
releases emissions such as carbon dioxide into the atmosphere. Its use in future as a
potential heat source is uncertain in a net zero society, where the release of carbon dioxide

to the atmosphere is continually being restricted.

Solar

Solar panels converting light directly into electric (photovoltaic) is already a highly
commercial industry, producing significant amounts of renewable energy around the
world. An alternative to converting solar directly to electricity is to convert the solar
energy into heat. In order to do this effectively a bank of solar reflectors are used to track
the sun and concentrate the solar energy into a collector which transfers the energy into a
fluid. The elevated temperature fluid can then be used either directly in a heating scheme
or used to produce electricity via conventional power generation systems or using an
Organic Rankine Cycle system. Commercial larger scale ORC systems already exist, with
a significant amount of experimental systems outlined throughout the literature. A 1 MWe
plant has been built in Arizona with a collector field of 10,000 m? [24] along with a 3 kWe
plant in Lesotho with a 75 m? collector field area [25]. The use of solar power in any
application either to provide heat or generate electricity is highly dependent on the amount
of available solar radiation the system can absorb. The irradiation levels vary significantly
around the world and within the Uk with areas in the north of Scotland around 70 Wm?
(Annual Average) compared with approximately 120 Wm? in London and along the south
coast of England [26]. A simulation based paper by Freeman evaluated the use of a solar-
powered ORC system for combined heating and power applications for the UK domestic
market. The result concluded that for a system using R245fa (120°C heat source, 10°C heat
sink) and 15m? solar area: an annual average net power generation of 80-90 We was
possible for an approximate capital cost of £4400-5500. The system also has the potential
to provide 86% of domestic household hot water supply [27]. However, this high capital

cost with low net power generation is potentially hindering commercial adoption.

Geothermal
Geothermal energy is the contained heat energy of the earth’s interior. The earth has a

geothermal gradient as the heat moves from the high temperature depths to the surface.
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This gradient differs at different locations due to the local geology with some high
temperature regions within drilling depth of the surface. In some circumstances water can
collect in the regions, forming high temperature and pressure aquifers providing a source
of extractable energy. The hot water or steam can then be used as a heat source before
being reinjected back into the reservoir which helps prolong the commercial viability of a
field. The temperatures, pressures, quantity and geothermal fluid properties of geothermal
wells are highly dependent on the individual well, but can provide temperatures upto
300°C in some areas of the world [28]. This has led to multiply geothermal applications
around the world including organic Rankine cycle systems. In the Uk the geothermal
activity isn’t as significant as some regions of the world, however, there are areas in which
energy can be utilized. In Southampton a hot sediment aquifer is used to provide water less
than 80°C in a district heating scheme [29]. Higher temperature geothermal sources of
energy are possible in the UK with a Hot Dry Rock approach. HDR involves using two
bore holes at either end of heated network of fractured rock. Water is injected into one of
the bore holes and extracted from the other at a suggested 150°C for a drill depth of less the
5km depth (stated practical lower limit for utilising Hot Dry Rock) [30]. Although this
temperature is higher and provides a better opportunity to extract energy the installation
cost for both the extraction of heat from the rock and the power generation equipment

makes commercial viability of this type of standalone ORC application low.

Industrial waste heat

Industrial processes consume large amounts of energy to produce heat, with a substantial
quantity subsequently discarded into the environment. The temperature and medium in
which the heat is discarded varies significantly with heavy industry such as glass, ceramics
and steel, producing significant quantities of waste heat in the temperature range of
between 300-400°C [31]. A case study on a cement industry carried out by Engin,
demonstrated that approximately 40% of the energy consumed was lost in the hot flue gas,
cooler stack and kiln shell (19.15%, 5.61% and 15.11% respectively) [32]. As well as high
temperature waste heat sources, many industrial processes produce lower grade heat such
as the whisky industry that makes use of steam boilers to heat stills. During the distillation
process large quantities of ethanol are boiled off in stills maintained at temperatures of
78°C for periods of 4 to 7 hours per distillation. The type of still affects the processing but
a typical still used in a malt distillery uses about 700-800 kW of heat from steam per still,

which can be recovered into hot water at around 80°C. A grain distillery can produce in the
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region of 40 metric tonne equivalents of steam per hour which is used for multiple
applications including injection into a grain cooker, drying dark grains and in stills which
have a spent wash temperature of 84-90°C. A significant amount of heat energy is
therefore used throughout the distillation process. A case study of one Scottish distillery
was noted to consume 1,646,320 litres of oil for one year to produce steam at 180°C and 8
barg [33]. In this one industrial process multiple ORC heat sources exist including the
process steam, the exhaust gases from the steam boilers along with the condensation of
distillate. Multiple potential heat source streams is synonymous with many industrial ORC
applications and each case has to be taken in isolation to determine the best possible

utilization of the heat due to the unavoidable process variations.

Power waste heat

Power waste heat can come from a variety of systems including gas turbines and internal
combustion engines. With one significant application of ICE engines being transport.
Generally in most cars and vans etc, approximately one third of energy converted from the
total fuel energy is used for mechanical power, the majority of the remainder is lost as heat
to the atmosphere through the radiator (80-100°C) and the exhaust gases (400-900°C) [34].
A significant amount of research has been carried out in the potential adoption of an ORC
system with vehicle transport. Dual loop systems or systems that use engine cooling as a
preheater can make much better use of the available heat source. However, effectively
utilizing multiple heat sources can add significant complexity [19]. The current major
factor in using ORC’s in vehicle transport in the Uk is the ban on no new diesel or petrol
cars/vans (including hybrids) from 2030 [2]. Although, other transportation options
including larger commercial vehicles, ferries and other marine ICE’s are not currently part
of this ban. Song concluded that from a theoretical point of view a net power output 101.1
kW could be generated from a marine diesel engine [35]. Hoang also concluded in theory
that recovery of waste heat from diesel engines saved up to 10% of the fuel consumption
[36]. The major challenges faced with ORC-transport applications is the significant space

and weight constraint, along with significantly varying load conditions.

2.1.2. Heat Sinks
The heat sink of the ORC is predominantly released to the environment either into air or

water. Due to heat transfer coefficients, water is normally regarded as the better choice,
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however, in certain applications a useable cold water supply may not be available. Mains
water in the UK is typically around 10°C and provides an attractive option. It should be
considered that mains water in the Uk is treated to potable/drinkable standard. The process
of treating the water to a standard well above that required for the purposes of heat transfer
consumes a significant amount of energy and for this reason should be avoided if the water
is to be discarded to the environment. The UKk has a significant network of streams, canals
and reservoirs that can provide fresh water sources along with a significant coastline
whereby salt water can be used. Fresh water sources are preferred to reduce corrosion
problems, however depending on the source, it may be loaded with a significant biological
content promoting fouling of the heat exchangers. It should also be noted that in Scotland
and potentially some other countries the temperature of water discarded into the
environment may be subjected to temperature restrictions [37]. Whether it be an air or
water environmental heat sink, its temperature (which has a significant effect on the
system) will vary throughout the day and sessions. A factor that is often overlooked during

experimental system testing.

2.1.3. Working fluids

The principle of the Rankine cycle can be applied to a huge variety of fluids. The fluids are
typically separated into three categories based on the shape of the saturation vapour curve:
dry fluids have a positive slope, isentropic fluids have a close to vertical vapour saturation
line and wet fluids have a negative slope. The main implication of this categorisation, is
based around the expansion process. A fluid that enters the expander at a pressure and
temperature close to the saturation curve will result in significantly different outlet
conditions based on the working fluid category. A dry fluid with a positive slope will have
an increased amount of superheating after an isentropic expansion process, an isentropic
fluid having very similar amounts of superheating to the inlet condition. Both dry and
isentropic fluids will remain in the vapour phase after isentropic expansion. A wet fluid on
the other hand, will expand into the two phase region of the vapour dome producing
condensation in the expander. The formation of condensate droplets can cause significant
issues depending on the type of expander used. Due to this phenomena many ORC systems
generally opted for dry and isentropic fluids. This working fluid categorisation is only one
of many potential fluid selection criteria, with working fluid selection in general being
investigated significantly within the ORC community [38] [39] [40] [41] [20] [42].

Generally, the fluid selection criteria is based on the application of the ORC system (sink
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temperatures etc) and the individual fluid properties such as latent heat of vaporisation
(lower latent heat of vaporisation leads to closer heat source temperature profile match,
reducing heat exchanger irreversibility’s [43]), heat transfer coefficients, toxicity, ozone
depletion potential (ODP), global warming potential (GWP), decomposition temperature,
flammability as well as cost. Unsurprisingly there is no one fluid that is optimal for all

applications and fluid selection has to be done on a case by case basis.

A major factor that is resulting in a continual reduction in working fluid choice is due to
environmental considerations under the Montreal Protocol [44]. The Montreal Protocol is
an internationally recognised treaty that was introduced to protect the ozone layer, by a
reduction in the production of substances that are contributing to ozone depletion. The
protocol requires the ban on import and production of most chloroflurocarbons (CFS) by
1996, and the ban on import and production of hydrachloroflurocarbons (HCFCs) by 2030:
which includes HCFC-123 used in some experimental ORC systems [14] [45] [46]. The
Kigali Amendment added to the Montreal Protocol which came into force in 2019 added a
further phasing down of hydrofluorocarbons (HFCs) by 80% over 30 years with the Uk
government imposing a 79% reduction by 2030 [47]. HFC-134a is included in this list
which again has been used in Organic Rankine Cycle systems [48] [49]. Although, these
phase outs reduce the available selection of working fluids, there remains an extensive list

of potential options.

2.1.4. ORC System layout

The Organic Rankine Cycle in its simplest form comprises of the four main elements of the
pump, evaporator, expander and condenser. In practical terms, although possible to get a
system running without one, a working fluid buffer/receiver is commonly part of the basic
Organic Rankine Cycle system shown in Figure 2(left). The working fluid buffer is
normally located before the pump and is used to store low pressure liquid working fluid
after it has been condensed. The liquid receiver provides a mass buffer for the system to
account for any system fluctuations. This simplistic system layout has very few
components, providing a straightforward and low cost organic Rankine cycle solution. As
mentioned in the previous section dry working fluids are commonly adopted in ORC
systems which results in an increase in vapor superheat after expansion.This superheat can
be used to preheat the liquid entering the evaporator, by means of the
regenerator/recuperator. The preheating of the liquid reduces the demand from the heat
source improving system efficiency [50] [51]. This leads to the regenerative cycle system



layout shown in Figure 2(right). However, the additional heat exchanger comes with

increased financial cost along with a system pressure loss.
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Figure 2: Basic Organic Rankine Cycle Layout (Left) with pump, evaporator, expander, condenser and liquid receiver.

Regenerative Organic Rankine Cycle Layout (Right) which is the same as the basic layout with an additional heat
exchanger used as pre heater for the evaporator.

2.1.5. ORC System Components

ORC systems are normally categorised based on the power output of the system, generally
into micro (0.5-10 kW), small (10-100 kW), medium (100-kW — 1Mw) and large (>1MW)

sized systems. Inevitably the system size has a significant effect on the type and size of the

components. Although, overlaps do occur between various components and sizes, the

experimental aspect of this thesis is based on a low temperature (below 100°C) micro scale

ORC system. Therefore, the scope of this section of the literature review is primarily

focused around system components and research in the micro to small region of the

organic Rankine cycle spectrum. Table 1 contains a non-exhaustive list of microscale

experimental research systems found in the literature.

Table 1 Non-Exhaustive list of micro Scale Organic Rankine Cycle Systems. Key: System efficiency (SE), Diaphragm
(Diap), Membrane (Memb), Centrifugal (Cent). Derived from Compressor (DC), Qil-Free (OF), simulated expander
(SME), Pressure Ratio (PR), Where possible the maximum reported values are presented in the table

] Hot Cold
Expander V?;l:irge ngrjli(ljng Og\s\?:rt Side Side SE F;umep
P Temp | Temp yp
Scroll HCFC- 187-
(DC, OF) 4.57 123 256 W - 22 7.2 Gear [14]
Scroll HCFC- 1.82 )
ocor | *O 123 KW : - - | Diap | [45]
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HCFC- : [10]

Scroll - 123 3.2 kW 160 22-25 | 5.1 Piston 52]

Scroll HCFC- 148- :

(OF) 3.5 123 2.8 kW 155 26-28 | 4.9 Diap | [13]

scroll i NS | skw | 99199 | 19 | 64 -y

Scroll 1-3.5

(DC) 2.44 | HCF-134a KW 80 5 - Memb | [48]

a. Rotary-
piston a. 4 i a. 2kw i i Gear/
b.scroll | b.27 | R pakw | 1% piston | [46]

(BC)

Scroll

(DC) - R113 450W 140 20 13 - [53]

Scroll :

(DC) - HFC-134a - - - - Diap | [49]

Scroll PR - HFC-

(DC) 35 245fa 100W 70 20 2.8 Gear | [54]
HFC-

Scroll 3.5 245fa 1 kw 135 8 5.64 Gear | [55]
HFC- 100-

Scroll 3.5 245fa 160W 140 10-30 | 5.7 | Plunger | [9]
HFC-

Scroll - 245fa 550W 180 - 4.4% | Diap | [56]
R601a

Vane - HFE7000 | 860W | 127 5 - - [57]
HFC- :

Vane - 245fa 50W 60-90 | 7-12 - Diap | [58]

Vane : Hfzzc' 500W | 4090 | - | 58 - | 5o
HFC- :

Screw - 245fa - 115 10 - Diap | [60]
HFC- 105- .

Screw - 245fa 3.5kw 120 23-30 | 4.67 Diap | [61]

Piston - HFC-134a | 1.2kW | 50-90 | 16-25 | 45 Gear [7]

(SME) - R600a - 75-100 | 12.2 - Cent | [62]

2.1.5.1. Expanders

There are various options for the choice of expansion device and they are normally

separated into two defined categories, positive displacement and velocity/dynamic

(Turbine) type. The main positive displacement machines comprise of scroll, single and

twin screw, rotary vane and reciprocating piston. Positive displacement devices are defined

primarily by a fixed volume change between the inlet and outlet of the expander due to the

physical geometric volume constraints of the device. Turbomachines normally comprising

radial or axial flow turbines, rely on a pressure differential across a series of blades to
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generate a rotational force producing shaft work. Turbines are susceptible to increasing
windage loss with reducing size, which is one of the main reasons positive displacement
devices are better suited to smaller scale ORC systems [63]. Other reasons include higher
pressure ratios, lower rotational speeds and lower flow rates compared to turbo machines
[45] . Turbines are also much more sensitive to the formation of liquid droplets during
expansion compared with positive displacement devices [64]. The turbine blades can
suffer significant erosion as a result of liquid droplets striking the blades. During expansion
the working fluid, therefore, has to remain in the superheated region. Generally, scroll and
vane devices are used in the 1-10 kWe range, single and twin screws operate in the 15-200
kWe range, reciprocating pistons in the 20-100 kWe range and turbine type devices
typically operating from the hundreds of kWe into the mega Watt range [65].

Positive displacement devices

Although positive displacement devices are generally better suited to smaller scale ORC
applications there remains some significant practical issues with their adoption. The fixed
internal volume change can result in under and over expansion losses. In both cases there is
a mismatch between the internal pressure change of the device, and the system high and
low pressure, which has a significant effect on the expander performance [45]. Lubrication
of these devices helps reduce internal leakage and reduce wear. However, poor oil
management can lead to reductions in expander efficiency and hinder heat transfer in heat
exchangers [66]. The management of lubrication can be handled in numerous ways
including direct high side injection, using the working fluid as the lubricant, etc. [67] [61].
Some expander systems are stated to be oil free, however, they generally have to adopt

larger clearance distances, increasing leakage [68] [69] [70].

Scroll Expander

In a scroll expander two intermeshed scroll wraps create constrained pockets of vapour that
move from the high pressure central region of the device to the low pressure area at the
peripheral. An illustration of the expansion process is shown in Figure 3. The high pressure
from the evaporator enters the expander in the central region, pushing outwards against the
wrap causing the scroll to orbit outwards. This motion encloses a crescent shaped volume
of vapour between the wraps that expands outwards around the scroll until it discharges to

the low pressure side of the system. Multiple vapour pockets expand outward
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simultaneously helping to smooth out the rotation of the device. This type of expander
employs no valves which reduces their part count, improving reliability [64] [14]. The
scroll expander was originally developed from scroll compressors that have been used
extensively as refrigeration compressors and air compressors prior to their adoption as
expanders. Many of the initial scroll expanders used in ORC prototypes where often

converted scroll compressors [14] [45] [48].

Figure 3: Illustration of the expansion process for a scroll expander following an enclosed volume ‘A’. The enclosed
volume bounded by the edge of the wraps moves outward from the central region to the scroll periphery.

Scroll expanders can be broken down into two types, kinematically rigid: which maintains
a small clearance gap between the scrolls. Compliant type: whereby the wraps of the scroll
are allowed to contact each other. Compliance in the radial and axial directions allows for
sudden pressure spike and the presence of small amounts of foreign matter and liquid
without damaging the device. The use of oil is therefore required in compliant type devices
to reduce frication and wear between the wraps. Kinematically rigid devices can be run oil
free, however, the addition of oil can help to seal the larger clearance gaps but too much oil

can lead to a reduction in expander efficiency [66].

Screw Expander

Twin screw expanders consist of a male and corresponding female helical rotor that mesh
together to form a seal. The high pressure vapour enters one end of the housing and pushes
against the enclosed volume created by the pair of meshed rotors and the casing, causing
the screws to rotate. As the screws rotate the enclosed volume moves through the device

and increases in size, expanding the vapour as illustrated in Figure 4.

Iy
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Figure 4: Illustration of the expansion process for a twin screw expander from left to right following an enclosed volume
‘A’. The enclosed volume is created between the meshed rotors and the casing of the device.



31

Rotary Vane

Rotary vane expanders consist of a casing and a rotor which houses a set of sliding vanes
as illustrated in Figure 5. The rotational movement of the rotor imparts a centrifugal force
on the sliding vanes which forces the vanes against the casing creating a seal. In this
example as the vanes rotate, from the inlet to the outlet, they move outwards with the
increasing volume of the casing. The working fluid enters at the inlet of the expander and
is enclosed between two vanes as it rotates. The fluid then expands around the device as
the enclosed volume increases. The working fluid is then exhausted towards the end of the

rotation.
Outlet Inlet Outlet Inlet Outlet Inlet Outlet Inlet

BT T
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Figure 5: Illustration of the expansion process for a rotary vane expander from left to right following an enclosed volume
‘A’. Centrifugal force causes the sliding vanes to press against the casing of the device. The vapour is enclosed between
two vanes and expands as the volume increases.

Compared against an ideal expansion cycle, the most common expansion loses are
attributed to: pressure drops due to filling and evacuation, frication including the contact of

the sliding vanes with the casing, internal leakages and heat loss [59].

2.1.5.2. Heat exchangers

The transfer of heat to and from the system at the condenser and the evaporator can have a
significant impact on system performance as well as cost. In terms of research, the use of
heat exchangers are wide spread in a huge number of engineering applications, with
journals including the journal of heat transfer containing leading edge modelling and heat
transfer applications. In ORC experimental applications the vast majority of systems utilise
commercially available heat exchangers. In general shell & tube type heat exchangers are
normally adopted in larger ORC applications, with brazed plate heat exchangers used in
smaller systems. The flow conditions and the composition of the two fluids are the major
factors determining heat exchanger design. However, in some applications like automotive

applications size and weight are important considerations.
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2.1.5.3. Loads and Generators

In order to create resistance to rotation a load has to be applied to the expander to create
the pressure difference in the system. The greater the resistance to rotation of the expander
shaft the greater the potential pressure difference between the high and low side of the
ORC system. In the experimental systems reviewed in the literature various techniques
have been adopted with Table 2 outlining some different ORC loads. The load types fall
mainly into two main categories mechanical and electrical loads. The electrical load types
require a generator or alternator to convert the rotational movement of the expander into
electrical energy, followed by an electrical circuit to control the electrical load on the
generator. The downstream electrical load varies from a simple resistive load to direct grid
connection [58] [46]. The resulting current and voltage draw on the generator has
significant effect on rotational speed and resistance of the expander [57]. This poses a
significant issue depending on the downstream application of the ORC system, with
varying electrical demand resulting in significant changes to expander rotational speeds,
pressures and performances. The mechanical loads used throughout the ORC literature
normally involve direct coupling (or by means of pulleys and gears) of the expander shaft
to an additional system or device. This can range from simple connection to torque sensors
and brake motors for purely experimental ORC systems to direct coupling to additional
systems such as the compressor of a refrigeration system or high pressure pump in a
desalination system [49]. There is a significant variation in the adopted load types for
Organic Rankine Cycle systems with the chosen load highly dependent on the application

of the system.

Table 2: Non-exhaustive selection of different experimental ORC load types

Load type Notes: Reference
Electrical 3 phase Set of Capacitors, adjustable
asynchronous voltage transformer, fixed resistive [48]

load

Electrical 2 pole generator | The grid: Ohio State [46]

Electrical Alternator Circuit to induce initial alternator
electromagnets and various DC [57]
bulbs to provide resistive load
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Mechanical Torque meter Torque meter connected to (53]
unspecified resistance
Mechanical Oil Pump The movement of oil around a tank
provided the resistive load [71]
(experimental)
Mechanical Desalination Mechanical coupling to (49]
pump desalination pumps via gearing

2.1.5.4. Receivers and system fill

A significant amount of systems opt for ORC liquid receivers to balance the mass flow
around the system, the receiver is most commonly placed before the pump. The purpose of
the liquid receiver is to store any surplus working fluid, most commonly in liquid form,
that isn’t utilised by the ORC under prevailing system conditions. The receiver is most
commonly a simple hold tank although, some experimental systems make use of the
internal condenser volume to store the fluid [13]. A shell-tube heat exchanger was used as
the condenser and to store the excess working fluid. The disadvantage of this approach is
that increasing charge volume, reduces the available condenser heat transfer area which
results in lower heat transfer coefficients and larger system back pressures. The liquid level
and system mass fill is not normally stated in the vast majority of reported experimental
findings, even though the system charge level can have a significant impact on system
performance. Kim noted that increasing the mass in the system resulted in an increase in
expander power output along with pump power consumption, which eventually reaches a
net max power [54]. However, doesn’t provide an explanation as to the reasons behind this
trend. Cao expands this concept further and states that increasing the mass in the system,
increases the expander outlet pressure (as a result of back pressure) and increases the pump
inlet pressure resulting in an increase in system mass flow [60]. Liu notes that increasing
the charge in the system will lead to an increase in evaporator and condenser pressures
[13]. The level of mass or system charge, the size and shape and the location of the

receiver in the system has a significant effect on the pump performance.
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2.1.6. ORC Pumps

The pump in the ORC system moves the liquid from the low pressure side of the system
back to the evaporator at the higher pressure side of the system. The most common types
of pumps used within the ORC community are gear pumps, centrifugal and diaphragm
pumps which are commercially available components. Some of the main performance
aspects of the pump being pump efficiency, tightness, controllability and required Net
Positive Suction Head [72]. The commonly used commercially available components are
designed to work with a vast range of working fluids across a wide range of engineering
applications. Therefore, their adoption into ORC can lead to a wide range of issues. For
example, Mathias found that the low viscosity of the organic fluids resulted in a substantial
amount of leakage back through the gears of a gear pump [46]. In addition these
commercially bought pumps generally have NPSHr values in the range of several meters

that has led to cavitation issues in a number of experimental ORC systems.

2.1.6.1. Pump types

The most commonly used pump types in the ORC community are diaphragm, gear and
centrifugal pumps. Both diaphragm and gear pumps are of the positive displacement type
and centrifugal pumps are of the “rotodynamic” type. A brief description of the different

pump types is outlined as follows.

Diaphragm
A diaphragm pump is a positive displacement device that normally converts a
reciprocating motion into a linear motion to drive a diaphragm. An illustration of a

diaphragm pump is shown in Figure 6.

A | Inlet Inlet

"\ outlet [t outlet

Figure 6: Simplified illustration of a single diaphragm pump during pump inlet stroke (left) and Outlet stroke (right)
The movement of the diaphragm can either be directly flexed using mechanical action (i.e
by a piston) or by means of a hydraulic fluid that occupies one side of the diaphragm with
the working fluid on the other. Similar to strokes of an internal combustion engine these

pumps normally employ valves which are used to mitigate reverse flow. The reciprocating
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motion of diaphragm style pumps can result in pulsation problems, which can cause issues
in experimental pressure sensor fluctuations. Pulsation dampeners can, however, be
employed to elevate the fluctuations. One of the main advantages of the diaphragm pump
is the diaphragm material can provide a dynamic seal between the working fluid and the
environment minimising loses to the environment [73] . Where environmental losses are

strictly controlled when using fluorinated gases.

Gear

Gear pumps are another commonly used type of positive displacement pump with a
simplified illustration shown in Figure 7. Rotating gears or cogs enclose a volume of
working fluid between the casing of the pump and the teeth of the gears. The fluid is drawn
from the inlet and forced out of the enclosed volumes by the meshing of the gears. The
flow pattern is significantly smoother than diaphragm pumps. The clearances between the
teeth and the casing, along with the viscosity of fluid impact the pump leakage. Gear
pumps are generally suited to higher viscosity fluids, whereby Mathais found substantial
leakage between the gears when using R123 in an experimental ORC, partly due to the low

viscosity of the working fluid [46].

Inlet outlet
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Figure 7: Simplified illustration of a gear pump

Centrifugal

Centrifugal pumps or rotodynamic pumps make use of a driven rotor otherwise known as
an impeller to move liquid, in the case of Figure 8, from the central region of the pump to
the peripheries. The fluid enters the central region, whereby the rotational motion of the

impeller accelerates the working fluid along the vanes to the pump casing. The fluid
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velocity is then slowed by means of a volute chamber or a diffuser. Centrifugal pumps are
generally better suited to lower pressure applications using lower viscosity fluids.
Although rotating at constant speeds the systems employ no valves, which can result in

variable volumetric flow rates at fixed impeller speed depending on the system parameters.

outlet

\' Inlet

Figure 8: Simplified illustration of a centrifugal pump

2.1.6.2. Efficiency and Back Work Ratio

In theoretical modelling it has been common practice to assume pump efficiencies of
greater than 50%. However, in small and micro scale applications the real efficiencies are
often significantly lower with Quoilin achieving 25% [3], Landelle reported an average
efficiency of 35% for small scale ORC applications [4] , Yang reported a maximum pump
efficiency of 30% [5], Ziviani reported a maximum overall isentropic efficiency of below
5% [6] using R245fa in a centrifugal pump and Bianchi reported efficiencies of between
10-20% [7]. These significantly low efficiencies make a significant impact on the net
output of small and micro scale ORC systems which highlights the need for significant

further improvements into ORC pumps.

The back work ratio is the ratio of expander generated power to pump power consumption.
An experimental investigation carried out by Bianchi found that the pump consumed 50%
of the generated electricity for heat source temperatures of 65-85°C and sink temperatures
around 20°C. Miao found that the pump consumed 11.5% and 30% of the produced work

at 140 and 160°C heat source temperatures and sink temperatures of around 20°C [10].
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Manolakos calculated the pump power based on the pressure difference and concluded the

pump consumed one tenth of expander generated power. [49]

2.2. Review of Cavitation and the Organic Rankine cycle

In the last section a broad review of the organic Rankine cycle was presented to give some
background and a general overview of the ORC system and the components most
commonly used in a micro sized system. In this section a more specific review is presented

centred on cavitation and its interaction with ORC systems.

2.2.1. Cavitation definition

The phenomenon of cavitation occurs across many different industries and applications
which results in significantly varying definitions. Brennan defines cavitation as ‘The
process of nucleation in a liquid when the pressure falls below the vapor pressure, while
boiling is the process of nucleation that occurs when the temperature is raised above the
saturated vapor/liquid temperature’ [8]. Davis opts for a more in depth definition by
defining cavitation as ‘Cavitation bubbles is the kind which grows in a liquid which is at a
temperature sufficiently low so that the latent heat requirement for evaporation of the
vapor may be neglected’ [74]. The formation of bubbles and their dynamics has been
researched at great length, with the vast majority of the published work in practical terms
out with the scope of this research. The simplest analytical definition of cavitation defines
that cavitation will not occur when the pressure of a fluid (p;) is greater than or equal to

the fluid vapour pressure (p,,) (Equation 1) [8].

Pi = Py Equation 1

The vapour pressure of a particular fluid is a strong function of the temperature. Equation 1
can be converted into units of height resulting in a definition for Net Positive Suction Head
(NPSH).

Net Positive Suction Head (NPSH)

The Net Positive Suction Head (NPSH) is measure of pressure with the units most
commonly stated in meters of water at a set of standard conditions. The Net Positive
Suction head is normally separated into two distinct parts, Net Positive Suction Head

available (NPSHa) and Net Positive Suction Head required (NPSHTr). In terms of pumps;
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NPSHa: Is the pressure at the inlet of the pump minus the vapor pressure and is a function

of the system in which the pump is operating, in this case an ORC system.

NPSHTr: Is the minimum amount of pressure difference required between the pump inlet
pressure and the vapor pressure, in order for the pump to operate correctly. NPSHr is
generally provide by the manufacture. For most variable speed pumps the curves plot
NPSHTr against rotational pump speed.

In order for the pump to operate within the manufacturing specifications the pressure
available at the pump inlet (NPSHa) must be greater than minimum pressure required by
the pump (NPSHTr) (Equation 2)

NPSHa > NPSHr Equation 2

When the criteria in Equation 2 isn’t satisfied then the performance of the pump is effected

which is most commonly attributed to pump cavitation.

2.2.2. Net Positive Suction Head required

The required net positive suction head for a given pump is supplied by the manufacture,
normally in the form of graphs and referenced to water at a set of standard conditions. In
order to use with alternative working fluids the curves have to be converted. Care must
also be taken in the definitions used by manufactures to produce their curves. For example
ANSI/HI 14.6: Rotodynamic Pumps for Hydraulic Performance Acceptance Tests defines
Net Positive Suction head 3% (NPSH3) which is the minimum required pressure at the
pump inlet, whereby the first-stage head drops by 3% [75]. Manufactures sometimes uses
NPSH3 and NPSHr interchangeably.

2.2.3. Net Positive Suction Head available

The net positive suction head available at the pump inlet is determined by the system in
which it operates, which in this case is a closed loop organic Rankine cycle. A large
number of parameters effect the NPSHa in an ORC system including, system layout, mass,
operating conditions etc. The available head of the system therefore becomes very

condition sensitive and is discussed in more detail throughout this thesis.

2.2.4. Cavitation damage
Cavitation and the formation and subsequent collapse of bubbles during the pump
operation can cause significant component damage. The bubbles tend to collapse on

surfaces which cause localised high pressure shock waves which can cause significant
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erosion, vibration and noise issues [8]. These effects can significantly reduce the working

life of pumps, along with any potential vibration damage to other system components.

2.2.5. Cavitation mass flow effect

The formation of bubbles has a significant effect on the pumps mass flow rate. In the case
of diaphragm pumps the average density of the fluid contained within the enclosed volume
is reduced due to the incorporation of vapour bubbles, which in turn reduces the mass flow
out of the pump. The changes in ORC mass flow results in a number of whole ORC system

changes;

The mass flow rate has a significant effect on the high side pressure [9] [7]. The expander
in the ORC system due to the load applied imparts a resistance which is a function of the
ORC flow. An increase in mass flow results in and increase in resistance which results in a
higher expander inlet pressure. A change in high side pressure has a significant impact on
the system performance, effecting expander work output, including working fluid
properties and degree of expander inlet superheating. It also results in a change in the
liquid hold up in the evaporator [10] [11]. During evaporation the heat exchanger is
arguably split into three sections a pre heat, evaporation and superheat section. Depending
on the working fluid a rise in pressure, elongates the pre heating section of the exchanger
[61] [13]. The increase in working fluid density at higher pressure may also increase the
mass of working fluid entrained in the system high side. The change in liquid mass

distribution changes the stored liquid height before the pump.

The mass flow rate effects the pressure drop and heat transfer coefficients of the heat
exchangers. It’s common knowledge that heat transfer coefficients and pressure drop are
functions of flow rates. Changes in flow rate can therefore result in changes in the

temperature and pressure of the low side of the system, effecting the pump.

In both the above cases due to the closed cycle nature of the ORC system, the onset of
pump cavitation can result in changes to the conditions at the pump inlet causing system
feedback. The potential creation of system feedback loops can result in system instability
which is reported throughout the literature. Leontartis reported instability with the system
producing significant oscillations in pressure when trying to get their experimental ORC
system up and running and attributed the problem to pump cavitation [12]. Yang observed
significant oscillating flow rates in an organic Rankine cycle system using a gear pump [5].

A system operated by Liu became unstable with oscillations of + 100kg/h when the load on
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the expander was increased which Liu attributed to pump cavitation [13]. The expander

load is widely known to have a significant effect on the expander inlet pressure.

2.2.6. Cavitation mitigation techniques

The negative effects of cavitation and their influence on ORC systems can be severe either
in terms of component damage or system instability. In order to mitigate the potential onset
of pump cavitation several techniques have been stated in the literature: Increased vertical
column height of the stored working fluid before the pump, pre feed pump, pump bypass,
nitrogen buffer, and sub-cooling. All these techniques either aim to increase the pump inlet
pressure away from vapour pressure or reduce the working fluid temperature away from
the saturation temperature. Liu showed that increasing the charge level in the system
increased the stored excess liquid working fluid, which increased the liquid column height
and increased the pump inlet pressure [13]. However, due to system layout the increased
charge flooded the ORC condenser. Miao used a centrifugal pump to pre feed a piston
pump [10] and Peterson uses a small centrifugal pump to pre feed and sub cool the liquid
entering a Sucton-shoe gear style pump [14]. Pei found pump cavitation to be a significant
problem during system commissioning and attributed this to low vertical distance between
liquid receiver and pump. Which was improved when they added a bypassline [15].
Although stated as a potential solution, to the best knowledge of the author at the time of
writing no experimentally published ORC systems have adopted a nitrogen buffer as a
cavitation mitigation technique. Nitrogen was used to pressurise the liquid in the receiver
of an experimental system tested by Cao [16]. However, it is not stated if this addition was
to mitigate or improve cavitation problems. The most commonly adopted technique for
mitigating the effects of cavitation is sub-cooling. Sub-cooling in most cases involves the
addition of an additional heat exchanger to reduce the temperature of the liquid working
fluid away from the saturation temperature. Yang [5] reported having to use significant
amounts of subcooling above 20.7°C in order to minimise the impacts of cavitation.
Quoilin suggests subcooling in the range of 20-44°C. Liu [13] reported between 2-20°C of
subcooling when operating one experimental system will maintaining 5°C in a previous
experimental system [11]. Bianchi reported that 1°C was enough to prevent cavitation [7].
Landelle [4] noted that a minimum of 2.5°C to 4.4°C of subcooling was required for a
pump speed of 20 to 100% of the maximum. Leontartis added a subcooler to the initial

experimental system but the degree of subcooling has not been stated.
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2.2.7. ORC Cauvitation Literature Review Conclusion

Across the literature the onset of pump cavitation can result in both physical pump damage
and changes in system mass flow, which can affect the ORC cycle performance and in
severe cases cause cycle instability. A number of mitigation techniques have been stated in
the literature including: increasing liquid column height, pre-feed pump, pump bypass,
nitrogen buffer and most commonly subcooling. Even within the most commonly used
mitigation technique there remains a significant degree of discrepancy between the stated
required degree of sub-cooling. In addition all these systems will contain some degree of
stored liquid refrigerant which will have an impact on the pump inlet conditions. A
combined effect therefore exists between techniques which is scarcely commented upon in
the literature. In order to investigate organic Rankine cycle cavitation and the influence of

mitigation techniques further experimental evaluation would be beneficial.
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Chapter 3 — Experimental Setup and Theory

In order to investigate the effects of cavitation mitigation techniques on ORC performance
an experimental test rig was designed and constructed; to initial test the influence of mass
and liquid column height, before being modified to test the combined interactions between

subcooling, pump bypass, liquid column height and system charge.

During the process of experimentally investigating the effect of cavitation mitigation
techniques, the experimental test rig had undergone a series of modifications before
reaching “Test system 17 (used to test the sole effects of liquid column height) and “Test
system 2” (used to test the combined effects of liquid column height, subcooling and pump
bypass). A brief summary of the base system and the numerous system modifications to
get to Test system 1 has been outlined initial before a more detailed account of Test

System 1 and Test System 2 is presented.

3.1. Base Experimental Test system and major modifications

3.1.1. Initial base experimental test system.
The problem of cavitation has been tackled in various ways in the literature with
subcooling, pump bypass or pre-feed pump. The simplest method to mitigate against the
occurrence of cavitation is to increase the vertical distance between the pump and the top
of the liquid of column. This in theory allows for control of the pump inlet pressure:
without having to add an additional pump which increases energy consumption and capital
cost, or imposes significant subcooling of the liquid refrigerant. The initial base
experimental test system was therefore designed to accommodate the pump requirement
NPSHTr through liquid column height alone which was calculated at 2.5m. However, due to
physical manufacturing constraints a maximum of 2.3m was achieved between the outlet
of the condenser and the pump inlet. The calculation of this number is given in more detail
in Test system 1. An illustration of the basic ORC layout and a more detailed layout of the

low pressure side of the system is given in Figure 9 and Figure 10 respectively.
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Figure 9: The initial base ORC experimental test system consisted of the basic Organic Rankine cycle components, with
the exception of the significant vertical distance of 2.3m between the ORC pump and the condenser outlet.
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Figure 10: llustration of vertical column at the low pressure side of the system

In order to minimize the amount of refrigerant required to increase the liquid column
height, small bore 1/2” copper pipe was used as the column. However, it became apparent
when testing began that due to the liquid column set up. The system was extremely

sensitive to mass and for the most part uncontrollable. At even half the maximum pump
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speed, as can be seen in Figure 11, the system became extremely unstable with drastic

collapsing and surging of the system pressure.
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Figure 11: Initial base case experimental system: Pressure at the pump inlet and outlet at a pump speed of 35 Hz. The
pump outlet has extreme oscillations in pressure varying from 5 bar to 2 bar over the span of a 2 min period. The pump
inlet pressure also unstably fluctuates from 1 bar to just above 1.5 bar.

Sight Glass Observations

Figure 12: Images from Sight Glass S6 at 5mins (left) and 5 min 30 seconds (Right) for system pump speed running at 35
Hz.

Images taken from the lowest located sight glass on the column, sight glass (S6), shown in

Figure 12 show the change in stored liquid level as the system surges and collapses.
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It was concluded from various tests carried out. That the sensitivity of the system to stored
mass resulted in any small variations in mass distribution significantly changing the liquid
column height. The changing liquid height developed into system instability. In order to
reduce the sensitivity and stabilise the system, it was concluded that additional liquid

storage was required.

3.1.2. Modification 1: Increased liquid storage
In order to overcome the mass sensitivity and system instability of the base experimental
system the layout between the outlet of the condenser and the inlet of the pump was
modified to include additional liquid storage. A liquid buffer was added at the same height

as each of the three sight glasses at 1.1, 1.6 and 2.1m, shown in Figure 13.
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Figure 13: ORC Modification 1: The only system change was the addition of three liquid buffers in the liquid column.

The addition of the liquid buffers reduced the sensitive of the system and allowed it to
operate in a more stable manner, for a series of tests to be carried out. However, during
analysis of the results it became evident that natural fluctuations in the supply chilled water
added significant uncertainty to the experimental results. An illustration of this is shown in
Figure 14, the cold side of the system has a steady oscillation in temperature of around
3°C.
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Figure 14: ORC modification 1: Pump Inlet, Pump Outlet and Evaporator Inlet Temperature 1 hour after system start
up. The pump inlet temperature varies between 6 and 9 degrees. The pump outlet varies between 7 and 10 degrees
Celsius.

This variation in temperature was as a result of the on/off control system of the large

chiller used as the system cold sink. It was not possible to reduce this fluctuation with the
chiller its self therefore further modification was required.

3.1.3. Moadification 2: Cold sink improvements
Modification 1 to the initial base system helped to reduce the system instability but the 3°C
variation in cold side temperature as a result of the supply chiller made analysis of the
recorded data difficult. In order to provide a steadier supply temperature an additional

temperature controlled water loop was added to the cold side supply as shown in Figure 15.
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Figure 15: Simplified schematic diagram of the revised cooling circuit. The system has been split into a chiller loop
which still provides 6-9 degrees chilled water which feeds into a temperature controlled water loop.

The original cooling loop has been split into the original external chiller circuit and a

temperature controlled water loop. A water pump is used to pump water from a tank
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through the chiller heat exchanger. The chiller heat exchanger cools the water loop
temperature down to between 6-9 degrees before an immersion heater maintains the cold
water feed temperature at a minimum of 10 degrees Celsius. A Titian mass flow meter is

used to measure the water flowrate.
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Figure 16: Pump inlet, pump outlet and evaporator inlet temperature after system start up. The average temperature
values over this period are 12, 13 and 13 degrees Celsius respectively

The additional secondary cooling loop significantly stabilises the chilled water temperature
as shown in Figure 16. This revised system layout forms the basis for test system 1 with

more detailed system information outlined in the next section.
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3.2. Test System 1

The experimental test rig used to test the effects of liquid column height on pump
cavitation is outlined in detail in this section. An overview of the ORC layout is shown in

Figure 17.
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Figure 17: Organic Rankine Cycle schematic for experimental test system 1 (Top), used to test the effects of liquid
column height on pump cavitation. Image (bottom)
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3.2.1. General ORC components
The expander used in the ORC test system was an Air Squared scroll expander
(E15H022A-SH) which is directly coupled to a single phase generator (Voltmaster:
AB30L WEIPU). Any power generated by the ORC system was dissipated in 400W bulbs.
A small diaphragm pump (Hydra-cell G20 EDSPHFEHG) attached to a three phase 6 pole
motor (AEG: AM 80z AA 6), provided refrigerant flow. An inverter drive (Lenze: SMV)
provided pump speed control. Brazed plate heat exchangers (Alfa Laval: AC-70X100M-F)
where used in counter flow configuration for both the condenser and the evaporator. The
remaining inline piping components including sight glasses, piping, vibration eliminators

and pressure relief valves are all standard refrigeration components.

3.2.2. Liquid column
In order to test the effects of liquid column height the net positive suction head required by
the pump is specified by the manufacture. The maximum motor range of the pump is 402-
1200rpm which, using Equation 8, results in NPSHr of 2.5m and 3.5m of water

respectively. Converting this to meters of R245fa, using Equation 9, with liquid density of

R245fa (15°C) taken as 1373.1% and water density at manufacture specified condition

998.2%. Results in 1.8m at 402 rpm and 2.5m at 1200 rpm of R245fa, respectively. Due to
physical height limitations the condenser outlet height was set at 2.3m above the pump
inlet as shown in Figure 18. In order to monitor the liquid level three sight glasses where
set at height intervals of 1.1m, 1.6m and 2.1m respectively. Based on mass sensitivity
issues, as discussed in the previous section, three liquid buffers where installed in parallel
to the sight glasses. The sight glass line of piping consisted of 2" pipe with the liquid

buffer line consisting of 7/8” pipe and three 300mm 1-1/8” inch pipe sections centered on

the sight glasses.
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Figure 18: Schematic of ORC liquid column containing three sight glasses and liquid storage at 1.1m, 1.6m and 2.1m
(left). Image (right).

3.2.3. Data Acquisition and Sensors
An Omega data acquisition board and accompanying software (DAQTEMP 14A,
DAQView software) was used for data acquisition. The board has 7 analogue input
channels, fourteen available temperature sensor inputs and four counter inputs with the
allocation of channels shown in Table 3: Temperature Sensors and Table 4: Pressure

Sensors.

Twelve k-type temperature sensors have been spread throughout the system with their
acquisition channel number, label and location outlined in Table 3 with sensor layout also
depicted in Figure 17.
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Table 3: System temperature data acquisition channel number, label and system location

D".ﬂ‘f’l. Data
Ag?::ﬁ:;?n Type LF;Ib[t)a | Acquisition System Location
Label
Number

0 i i CICO0-L Dag Board: Cold Junction
Temperature

1 WTF — K-type T1 TPumpO Pump Outlet

2 WTF — K-type T2 TEvapln Evaporator Inlet: ORC

3 WTF — K-type T3 TEvapO Evaporator Outlet: ORC

4 WTF — K-type T4 TEXpIn Expander Inlet

5 WTF — K-type T5 TExpO Expander Outlet

6 WTF — K-type T6 TCondIn Condenser Inlet: ORC

7 WTF — K-type T7 TCondO Condenser Outlet: ORC

8 i i CICO0-H Daq Board: Cold Junction
Temperature

9 WTF — K-type T8 TPumpin Pump Inlet

10 - - - Not in use

11 - - - Not in use

12 MI — K-type T9 TCi Cold Water Feed

13 MI — K-type T10 TCo Cold Water Return

14 MI — K-type T11 THi Hot Water Feed

15 MI — K-type T12 THo Hot Water Return

Note: Welded Tip Fiberglass ~WTF, Mineral Insulated - Ml

Four Omega gauge pressure sensors are distributed throughout the system to monitor the

ORC. The specification and location are outlined in Table 4 with sensor layout depicted in

Figure 17.

Table 4: System pressure sensor data acquisition channel number, pressure sensor type and location

Data
Acquisition D‘fﬂ?. .
Type PID Label Acquisition System Location
Channel
Label
Number
1 PX-319 P1 Pump Out Pump Outlet
2 PX-319 P2 Exp In Expander Inlet
3 PX-319 P3 Exp Out Expander Outlet
4 PX-319 P4 Pump In Pump Inlet
5 PX-319 P5 Cond Out Condenser Outlet

The electrical power used by the pump and generated by the expander is measured by

electrical power meters. The consumed pump power, including the frequency converter, is

measured by a HOBUT M880-DMF-RS-Pro power meter. The generated power from the

expander/ generator combination is measured also by a HOBUT (149333/6/002) power

meter.
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3.2.4. Heater Circuit
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Figure 19: Heating circuit schematic diagram (Left), Image (right)
The supply of heat to the evaporator is via a water heating loop shown in Figure 19. The
system makes use of a small water pump (Grundfos: UPS2 15-50/60) to circulate water
through the ORC evaporator. The flow rate of water was set to 1.8 m%h. The temperature
of the water is maintained via four 9kW immersion heaters, which are submerged into a

110 litre stainless steel water tank.

3.2.5. Chiller Circuit
The revised chiller circuit as mentioned previously is shown in Figure 20. A 40L stainless
steel water tank provides a buffer tank for the system. A flowrate controllable Grundfos
centrifugal pump (MagNa3 25-120 180) is used to pump water from the buffer tank
through the chiller heat exchanger. The measured flow rate produced by the pump due to

system losses is 17 litres/min of water. The chiller heat exchanger cools the water loop
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temperature down to between 6-9 degrees before an immersion heater (EX HEAT:

MLH18L) maintains the cold water feed temperature at a minimum of 10 degrees Celsius.
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Figure 20: Simplified schematic diagram of revised cooling circuit (top). The system consists of an external chiller unit
and a temperature controlled secondary loop. Image of the revised cooling circuit (bottom).

3.3. Test System 2
After the testing of system 1 was completed the system was modified to include a
subcooler and pump bypass. The overall modified system layout is shown in Figure 21.
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Unless otherwise stated the system components and test set up remain the same as test
system 1.
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Figure 21: The Organic Rankine cycle overall schematic for Test system (Top). Image of additional subcooler and pump
bypass addition (bottom).
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The original internal pressure relief valve of test system 1 was replaced with a %" ball

valve which provided a manual pump bypass (PB1). A brazed plate heat exchanger
(Sondex: SL23TL-30-AA) was installed at the bottom of the liquid column, with an
optional bypass, to act as a sub cooler. A separate portable chiller unit (Thermo scientific:

ThermoFlex7500) was used to supply the subcooler with 1.6 m3/h of cold water glycol

mixture at varying temperatures. The ORC liquid column was also modified to include an

additional liquid buffer and sight glass pair 0.5m meters below S6, as shown in Figure 22.

An additional sight glass was added midway between the bottom two sight glasses.
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Figure 22: Test system 2 revised layout of ORC liquid column (Top). Drawing is not to scale and it should be noted that
S4, S5, S6 and S9 sight glasses are equally spaced and S8 is added at the midpoint between S6 and S9. Image (right)
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3.4. Experimental Analysis
This section outlines the equations that have been used to evaluate the experimental results

produced by the ORC test systems.

3.4.1. First Law of Efficiency
The first law efficiency is the simplest analysis of the cycle and used extensively in the

research. It calculates the net work output of the cycle and divides it by the heat input.

n _ (Wexpander - M/pump) n3
cycle — Equation
Qevaporator

3.4.2. Back Work Ratio
The back work ratio is the ratio of the expander outlet power to the consumed pump

power.

w,
BWR = <ﬂ> Equation 4

expander

3.4.3. Net Positive Suction Head
In order to satisfy the pump cavitation criteria the net positive suction head available

(NPSHa) must be greater than the net positive suction head required (NPSHTr)
NPSH = NPSH, — NPSH, Equation 5

NPSH, > NPSH, Equation 6

Net positive suction head available

The net positive suction head available is a function of the system and is calculated from

experimental data using

NPSA = Ppump,lnlet - Satppump,lnlet Equation 7

The pump inlet pressure is taken directly from experimental data and the saturation

pressure is calculated from pump inlet temperature.

Net positive suction head required
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The required net positive suction head is pump dependent and is supplied by the
manufacture. The pump used in this thesis is a diaphragm pump (Hydra-cell G20
EDSPHFEHG). The supplied manufacturing curves for the pump are shown in Figure 23

which has been curve fitted using a 2" order polynomial given in Equation 8.
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Figure 23: Hydra-cell G20 manufacturer supplied technical data for Net Positive Suction Head required (NPSHr). The
graph shows the NPSHTr specified in meters of water against pump rotational speed in RPM [76]

NPSHr(water) = 8x10~"n? — 6x10~>n + 2.3993 Equation 8

The manufacturing data is specified in terms of meters of water, however, the working

fluid in the ORC system is R245fa. The conversion has been carried out using

pwater

pref

NPSH,er = NPSHyqter X Equation 9

The experimental testing of the pump occurs at four speeds: 600, 800, 1000 and 1200 Rpm.

3.4.4. Analysis Software and Error Analysis
Experimental analysis was carried out using Microsoft excel with fluid properties
generated using NIST RefProp 10. The potential error within the data was calculated based

on the population standard deviation of each data set recorded by the data acquisition
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system. Due to the nature of the available equipment the pump and expander power where

recorded manually at a single point at the mind point of the test run.

3.5. Summary

The details of the experimental test rigs used for the testing of pump cavitation mitigation
techniques are outlined in this chapter. The initial system build was unable to provide
sufficient stability to enable reliable system testing therefore a series of modifications were
made to increase the liquid storage capacity of the rig and reduce the temperature variation
of the cold water feed to the condenser. After modification this experimental setup was
then used to test the effects of liquid column height on ORC performance, the results of
which are outlined in chapter four. After testing was complete the experimental test setup
was further modified to include a subcooler and pump bypass. This modified setup was
then used to test the combined effects of liquid column height, pump bypass and

subcooling on pump cavitation. The results are outlined in chapters five and six.
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Chapter 4 — Effect of Liquid Column Height on ORC

System performance
In order to investigate the cavitation phenomenon and evaluate if simply increasing liquid

column height would be sufficient to elevate the cavitation problem. An ORC test rig was
specifically built with a significant vertical distance between the condenser outlet and the
pump inlet. The mass of the system was varied in order to adjust the liquid column height

under several steady state test conditions.

The distribution of mass around the ORC cycle varies depending on the operational
conditions of the system. For a set of stable operating conditions the excess refrigerant in
the system is stored in the low pressure, cold side of the system normally in a liquid
receiver. Depending on the location, shape and size of the receiver a relationship exists
between the mass of the system and height of stored refrigerant. The stored liquid column
height is therefore a function of the operational conditions and the system charge level. In
order to investigate how these parameters interact with each other a series of tests have
been conducted.

— Firstly: The effect of system charge is evaluated for a single set of ORC operational
conditions

— Secondly: The effect of system charge is evaluated at various pump speeds

— Thirdly: The effects of system charge is evaluated at three cold side temperatures

— Finally: The effects of system charge is evaluated for at three load

Key: The observed liquid height at and between the system sight glasses has been included
in the graphs as data symbol changes. The data in this chapter follows

Table 5: Experimental Liquid level Indication: Liquid column only

Symbol Liquid level | Sight glass

style (m) number
A <ll1 < S6
1 1.1 S6
1.1-1.6 S6-S5
% 1.6 S5
A 1.6-2.1 S5-54
% 2.1 S4
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4.1. System Charge/liquid column effect on a single set of ORC

operational conditions at a single pump speed

For a set of stable conditions, the liquid height within the system will maintain a constant
level. In order to vary the liquid column height R245fa was added in 100g mass
increments, while the system was operated at 800rpm, 3 light resistive load, 15°C cold sink
temperature and 93°C heat source temperature.

4.1.1. Experimental results

Experimental results observation summary: For a single set of ORC conditions
increasing the system mass increases the ORC output up to a peak value. Further
additional charge past this value results in a decline in system output. The power
consumed by the pump shows no significant variation with charge. Likewise there is
no significant changes in the recorded system temperatures with mass, with the
exception of the expander outlet temperature which shows sustained increase with
increasing mass. However, the system charge has significant effect on both the high

side and low side pressures.
Overall performance:

The overall effect of changing the system mass on the ORC performance under a single set
of conditions is shown in Figure 24 and Figure 25. Expander rotational speed (Figure 24)
and, pump and expander power (Figure 25) plotted against mass. The rotational expander
speed increases from an initial 2902 rpm upto a maximum of 2977rpm at 3.78kg of system
mass. Further, additional system charge results in a decline in rotational speed down to a
value of 2913 rpm at the last data point. Since the expander rotational speed is linked to the
electrical power output, the output power follows the same trend as the rotational speed.
Increasing from 0.14kW to 0.19kW at 3.78kg of system charge followed by a decline in
expander output power as the charge level is increased. The power consumed by the pump
shows no significant variation with mass and fluctuates around an average power

consumption of approximately 0.08 kW.
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Figure 24: Expander Rotational speed for various system charges at 800 rpm pump speed. The visible liquid level at
each of the three sight glasses is noted on the chart, along with marker changes to indicate in between levels. The
expander rotational speed increases with system charge before reaching a peak at approximetly 3.8 kg of system charge.
Further increase in system mass results in a deterioation in expander roatational speed.
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Figure 25: Expander and Pump power for various system charges at 800rpm pump speed. The expander power increases
with the mass up to a maximum of 0.19 kW at approximately 3.8 kg of system charge.

Pressure:

Increasing the system charge results in an increase in both high side and low side
pressures. Both the pump out and expander inlet pressure follow a very similar trend as
shown in Figure 26. The pressures both increase initially from 4.06 bar at the pump outlet
and 4.24 bar at the expander inlet. To an initial peak value of 4.45 bar and 4.64 bar at the
pump outlet and expander inlet respectively. The pressure plateaus around these pressures
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with a potential slight decline from a system charge of 3.68 to 4.12kg, after this there is a
further gradual increase in pressure with system charge. It is worth noting here that the

plateau in high side pressure is close to the system charge level of peak ORC output.
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Figure 26: Averaged pump outlet and expander inlet pressure for various system charges at 800rpm pump speed.
Increasing the system mass leads to an increase in ORC high side pressure up to approximately 3.8 kg of system mass.
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Figure 27: Averaged expander outlet and pump inlet pressure for various system charges at 800 rpm pump speed.
Increasing the system mass results in a steady increase in cold side pressure at both the pump inlet and the expander
outlet. A comparable small pressure differential exists between the pump inlet pressure and the expander outlet pressure
up to 4.2kg of system charge. After this point these pressures begin to diverge significantly as the mass is increased.

The low pressure side, shown in Figure 27, of the system shows a gradual and sustained
increase in pressure with increasing system charge. Albeit at different rates the pump inlet,
expander outlet and condenser outlet increase in a fairly linear manner with system charge.

There is an evident cross over in pressure between the pump inlet and expander outlet at
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4kg of system charge, which equates to a liquid level column height in line with sight glass
(S5) (1.6m).

Temperature:

During the experimental testing the system temperatures in general show no significant
changes. The cold water feed temperature and condenser outlet temperature, shown in
Figure 28, remain at effectively the same temperature across the testing range of
15.3+<0.1°C and 15.2+<0.1°C. Likewise after a slight increase in temperature over the first
three data points (related to increasing performance of the system), the temperature of the

cold return remains consistent at 22.8+<0.1°C for the remainder of the data points.
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Figure 28: Average condenser outlet, cold water feed and cold water return temperature for various system charges at
800 rpm pump speed. The cold water feed and condenser outlet temperature show a close temperature match, with no
significant change in temperature with system charge. The cold water return temperature on the other hand shows a
gradual increase in temperature up to 4.2 kg system charge after which the temperature levels off with a potential slight
decline.
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Figure 29: Average pump inlet, pump outlet and evaporator inlet temperatures for various system charges at 800rpm
pump speed. The pump inlet and outlet, and evaporator inlet temperatures remain reasonable constant with increasing
mass. Note: These initially high temperatures at the evaporator inlet are a result of thermocouple location.

The pump inlet and pump outlet temperatures, shown in Figure 29, remain consistent
across the test range, with the pump inlet temperature maintaining an average of
15.3+<0.1°C and the pump outlet similarly maintaining an average of 16£<0.1°C. After an
initial elevated value, as a result of sensor location, the evaporator inlet temperature settles
around an average of 16.5+<0.1°C. After an initial 2°C increase in temperature in the first
two system charges, the expander inlet, hot water feed and hot water return temperatures,
shown in Figure 30, stabilise out and maintain values of 83.9+<0.2°C, 86.7°C+<0.2°C and

85.1+<0.4°C respectively.
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Figure 30: Average expander inlet, hot water feed and hot water return for various system charges at 800 rpm pump
speed. After an initial increase in all three cases over the first two data points, the temperatures remain reasonable
consistent for the remainder of the mass increments.
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Figure 31: Average expander outlet temperature for various system charges at 800rpm pump speed. The expander outlet
temperatures shows a steady and sustained increase in temperature with increasing system charge.

The expander outlet temperature of the system is the only measured temperature that
shows significant change in temperature over the test range as presented in Figure 31.
From an initial system temperature of 57°C, the expander outlet temperature shows a
reasonably linear increase in temperature with system charge, up to approximately 60

degrees at 4.44kg of mass.

4.1.2. Discussion

The effect of increasing system mass results in a peak in system performance. Since the
temperatures in the system shows no significant change over the tested charge range then
the change in performance is as a results of the changes in system pressure. The low
pressure side of the system shows a steady and linear increase in pressure whereas the high
pressure side of the system shows a significantly steep increase in pressure followed by a
plateau with increasing charge levels. Since the output of the expander is a function of the
pressure differential across the expander and the low side pressure of the system
continually increases with charge, the peak in system output coincides with the initial
plateau in high side pressure. Increasing system charge and in effect system liquid column
height improves the cycle performance as the pump output increases with reducing
cavitation. Once the gains of this benefit begin to dwindle, the continual increasing low
side pressure results in the decline in the overall performance. However, when calculating

the NPSH based on the available NPSH from the measured data at the pump inlet and
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required NPSH from the manufacture data. We get no indication of potential cavitation

with a significant net positive suction head across the entire test range as shown in Figure

32.

Net Positive Suction Head
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Figure 32: Net Positive Suction head for various system charges at 800rpm pump speed.



67

4.2. System Charge effect/Liquid column height on single set of

ORC operational conditions at various pump speeds

In the last section it is evident that the increase in mass and associated increase in stored
liquid column height has a significant impact on system performance. Since the NPSHr for
the pump varies with pump speed, the same test was carried out at three additional pump
speeds: 600, 1000 and 1200rpm. The results of these three cases and the previous 800 rpm
case have been compared in this section.

4.2.1. Experimental results: Pump Speed Comparison

Pump Speed Comparison Experimental Observation Summary:

For the tested pump speeds below 1000rpm - The peak overall performance for the
ORC system at different pump speeds varies with system mass and liquid column
height. The high side pressure shows an initial steeper increase with increasing mass
before leveling off with only a slight increase in pressure. The low side pressure
increases in a linear manner with increasing mass. For the most part the system
temperatures remain stable, with the most significant change occurring at the

expander outlet which shows a reasonably linear increase in temperature with mass.

For the 1200 rpm case- The data fluctuates significantly throughout, in complete

contrast to the previous test points. .
Overall performance:

The overall performance of the ORC system is evaluated from the expander rotational
speed, expander output power and consumed pump power. The combined effect of pump
speed and mass are compared in Figure 33, Figure 34 and Figure 35 respectively. Since the
expander rotational speed and electrical output are directly linked the overall trends of
Figure 33 and Figure 34 are similar. For the 600, 800 and 1000 rpm pump speed cases the
system output initially increases with increasing mass to a peak, plateaus and then begins
to decline. The maximum rotational expander speed occurs at: 1000rpm — 3247rpm,
5.14kg of system charge with the liquid height visible at sight glass S6. 800rpm- 2977rpm,
3.78kg and liquid height between sight glass S6 and S5. 600rpm- 2765rpm, 3.74kg with
liquid height located below sight glass S6. As would be expected a higher pump speed
results in a higher peak expander rotational speed for these three cases. However, as is
evident from Figure 33 the increase to the highest pump speed results in a peak rotational

speed of 2990, which is on par with the 800rpm pump speed case.
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Figure 33: Expander rotational speed for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. For
the 600, 800 and 1000 rpm pump speed cases: the rotational speed initially increases with mass to a peak value before
reducing, an increasing pump speed results in an increase in the peak expander rotational speed. The 1200 rpm case
does not conform to either of these trends
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Figure 34: Expander power output for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. The
trend of the electrical power output follows a very similar trend to the expander rotational speed. There is a peak in
power, with increasing mass and overall increase in output with increasing pump speed for the 600, 800 and 1000 rpm
cases. The 1200 rpm case does not follow either of these trends.

The expander electrical power output (Figure 34) follows a similar trend to expander
rotational speed, with a slight difference in peak points: 1000rpm- 0.3 kW, 800rpm-
0.24kw, 600rpm- 0.16kW and 1200rpm- 0.24kW. The maximum power consumed by the
pump as would be expected generally increases with increasing pump speed as shown in
Figure 35. 600rpm- 0.07kW, 800rpm — 0.09kW, 1000rpm- 0.11kW and 1200rpm- 0.11kW.
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Figure 35: Pump power consumed for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. The
pump power consumed shows a general increase for all four cases with increasing pump speed.

Pressure:

Both the pump outlet (Figure 36) and expander inlet (Figure 37) follow the same trend in
pattern with differing pressure values. For the majority of data points in the 600, 800 and
1000rpm case, there is an initial steeper increase in pressure and a levelling off to a more
gradual increase in pressure. Like most aspects of the 1200rpm case, the high side pressure
doesn’t follow this trend. The maximum pressure in the high side is on par with the slower
pump speed case of 800rpm and well below that of the 1000 rpm case. Overall, the
increase in pump speed leads to an increase in high side pressure, with the exception of the
1200rpm case.
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Figure 36: Pump outlet pressure for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. The
general trend for the individual cases is an initially steeper increase in pressure with increasing charge, followed by a
levelling off to a slight increase in pressure. Overall for these cases, an increase in pump speed for a fixed expander load
results in an increase in pump outlet pressure. The 1200 rpm case does not conform to either of these trends.
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Figure 37: Expander inlet pressure for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. The
expander inlet follows the same trend as the pump outlet pressure.

The expander outlet pressure (Figure 38) in all four cases rises linearly with increasing
mass. The average rate of pressure increase with mass for the four pump speeds is:
600rpm- 0.27 barg/kg, 800rpm- 0.31barg/kg, 1000rpm-0.33 barg/kg and 1200rpm- 0.30
barg/kg. These rates are all fairly similar and are comparable with the condenser outlet,

shown in Figure 39.
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Figure 38: Expander outlet pressure for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. In all
four pump speed cases the expander outlet pressure increases in a linear manner, with increasing system charge. The
rate of increase in all fours cases is very similar.
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Figure 39: Condenser outlet pressure for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. In all
four cases the condenser outlet pressure increases in a reasonable linear manner.

The average rate of pump inlet pressure increase with increasing mass for the four pump
speeds is 0.29, 0.32, 0.33, and 0.31 barg/kg for 600, 800, 1000 and 1200 rpm respectively.
The pump inlet pressure shown in Figure 40, also shows this increasing trend with mass.
However, the rates of increase are more varied than those recorded at the expander outlet
and condenser outlet. The average rate of increase with mass is 0.40, 0.43, 0.39 and 0.31

barg/kg.
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e Pressure: Pump Inlet
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Figure 40: Pump inlet pressure for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. In all four
cases the pressure at the pump inlet increases with increasing mass in a linear manner.

Temperature:

The temperature of the cold water feed (Figure 41) is externally controlled and shows no
significant changes or patterns with ORC system operation. All the recorded data points for

the four pump speeds lie between 15.1 and 15.4°C.
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Figure 41: Cold water feed temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. The
controlled cold feed inlet temperature which is independent of the ORC operational conditions for all test data point lies
between 15.10 and 15.35°C.

The cold water return temperature (Figure 42) for the 600, 800 and 1000rpm all show an
initial increase with mass before flattening off and maintaining average temperatures of

21, 23 and 24°C respectively. The 1200rpm case does not stabilise at a consistent value.
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Temperature: Cold Water Return
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Figure 42: Cold water return temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm.
For the 600, 800 and 1000 rpm pump speed cases the return temperature shows an initial increase in temperature with
increasing mass before levelling off and maintaining a consistent value for the remainder of the test range. The 1200 rpm
case varies significantly with increasing mass and follows a similar trend to the expander rotational speed and high side
pressure.
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Figure 43: Condenser outlet temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm.
With the exception of the 1200 rpm case, the remaining average recorded data points lie comfortably between 15.1 and
15.4°C. In the 1200 rpm case, the outlet temperature decreases towards 5.5kg of charge before increasing for the
remainder of the test range.

The vast majority of condenser outlet temperature data points shown in Figure 43 lie
between 15.1 and 15.4°C. The 1200rpm pump speed is the only case in which the data lies
out with this range. The pump inlet temperatures (Figure 44) follows a similar trend with
the majority of data points lying between 15.1 and 15.4°C. Likewise the 1200rpm pump

speed is the only case which falls out with this range.
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Temperature: Pump Inlet
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Figure 44: Pump inlet temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. With the
exception of the 1200 rpm case, the remaining test data points fall between 15.1 and 15.4°C. In the 1200 rpm case the
initial test results up to around 5 kg of charge sit slightly higher than the bulk of the data points.

Again the pump outlet temperature (Figure 45) data points in the vast majority of cases fall
between 15.8 and 16.3°C. The 1200rpm pump speed case starts with some initially high

values but becomes more consistent with increasing mass.
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Figure 45: Pump outlet temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. The
majority of the three lower pump speed data points fall between 15.8 and 16.1°C. The 1200rpm case initially starts with a
scattering of higher temperature data points with reduce towards 5kg of system charge. The temperature remains
reasonably constant for an additional 0.5kg before steadily increasing at the end of the test run.

For the lower system charges of 600, 800 and 1200rpm pump speeds, the evaporator inlet
temperature (Figure 46) has initially high values. As the mass is increased the temperature

reduces significantly and the temperature becomes more consistent. It has been noted
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throughout that these initially high temperature values are a result of the sensor location,

which results in a measurement that is sensitive to ORC system flow rate.

2100 Temperature: Evaporator Inlet
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Figure 46: Evaporator inlet temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm.
For the 800 rpm case there is no significant change in evaporator inlet temperature throughout the entire test run. In the
1000rpm case the majority of the test data, with the exception of three data points at low charge levels, coincides with the
800rpm data. At the slower pump speed of 600 rpm the temperature reduces significantly to a minimum point around
4.24kg of system charge. The temperature then gradually increases. The 1200 rpm case has significant variation in
temperature as the charge level increases to 5kg before levelling off for the remainder of the test run. Note: The high
initial temperatures are a result of sensor location and are sensitive the ORC system flow.

Like the cold water feed temperature the hot water feed temperature is controllable, with
the measured temperatures shown in Figure 47. The total range of the measured data is
within 2.5°C, although the majority of the data points particular for the 600, 800 and 1000
rpm case fall between 86 and 87°C. It should be noted that the heating control system has
a much slower response than the cold side feed system. When the ORC system is subjected
to significant system changes during operation, the controller struggles to manage the
supplied heat. The majority of outlying values are at the lower system charge levels or the
1200rpm case.
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Temperature: Hot Water Feed
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Figure 47: Hot water feed temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. For
the vast majority of the data points of the 600, 800 and 1000 rpm pump speed cases, the recorded values fall between 86
and 87°C. The data that falls out with this range for the lower speed cases is at the lower end of the mass range. The feed
temperature of the 1200 rpm cases varies significantly throughout the testing. Note: When the system is significantly
unstable the heater controller has issues maintaining consistent temperatures.

The hot water return temperature shown in Figure 48 for the 600 and 1000 rpm case show
an initial decrease in temperature before levelling off around 86°C and 83.5°C respectively.
The 800rpm case shows an initial increase in temperature before levelling off at

approximately 86°C. The 1200rpm case settles around no consistent value.
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Figure 48: Hot water return temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. In
both the 600 and 1000 rpm case, the return temperature shows a reasonable decrease in temperature initially before
levelling off. The 800 rpm case shows an initial increase in temperature before levelling off. The 1200 rpm case shows no
consistent trend and varies significantly throughout testing.
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Temperature: Expander Inlet
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Figure 49: Expander inlet temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. For
the 600, 800 and 1000 rpm pump speed cases the expander inlet temperature shows an initial increase in temperature
with increasing mass before levelling off and maintaining a consistent value for the remainder of the test range. The 1200

rpm case varies significantly with increasing mass and follows a similar trend to the expander rotational speed and high
side pressure.

The expander inlet temperature shown in Figure 49 show an initially steep increase in
temperature for the 600, 800 and 1000rpm cases, before levelling off at approximately 82,
84 and 85°C respectively. The 1200rpm case does not settle around a consistent value. The
expander outlet temperature (Figure 50) for all four cases shows a general increase in
temperature with increasing system charge. The increase for the 600 and 800 rpm cases is
reasonable linear increasing at 1.12°C/kg and 3.1°C/kg respectively. The 1000 rpm case
shows a section consistent linear increase between 4.5 and 6 kg of system charge, however
shows significant changes at each end of the test range. Although the overall trend is

increasing, the 1200rpm case shows inconsistent change between individual test

increments.
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Temperature: Expander Outlet
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Figure 50: Expander outlet temperature for various system charges at pump speeds of 600, 800, 1000 and 1200 rpm. For
both the 600rpm and 800rpm case the rate of increase with expander outlet temperature is similar with increasing
charge level. Likewise a significant proportion of 1000rpm data points conform to a linear trend, where both the initial
and end points show some significant changes. The 1200 rpm pump shows an overall increasing trend with mass but
fluctuates significantly.

4.2.2. Analysis and discussion

It is evident across all the presented data in this section that the ORC system follows the
same trends with increasing mass upto a pump speed of 1000rpm. There is an initial
increase in performance as the increase in mass results in a reduction in pump cavitation.
As the effects of cavitation become less prominent the continual increase in low side
pressure with charge begins to reduce system output. At the highest pump speed of 1200
rpm the increasing system charge, resulting in an increase in liquid column height, is
insufficient to fully satisfy the pump operational requirement and results in system
performance far from what would be expected. However, based on the calculation of
NPSH as shown in Figure 51, even for the 1200rpm pump speed case there is no indication
from the calculation that pump cavitation is an issue. There is therefore a significant

discrepancy between the experimental findings and the NPSH calculation.
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Figure 51: Net positive suction head at pump speeds of 600, 800, 1000 and 1200 rpm. With the exception of the very first
1200rpm case the Net positive suction head is positive across the entire test range indicating no cavitation would occur.

This point is further emphasised when the maximum output power case is taken from each
of the three pump speeds and the measured available NPSH plotted against the

manufactures data, shown in Figure 52.
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Figure 52: NPSH comparison: measured available NPSH from ORC at 600, 1000, 1200rpm. Compared against supplied
manufacturer data for required NPSH based on water and R245fa.
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4.4. System Charge effect/liquid height on three cold side
temperatures at fixed pump speed on ORC operational

conditions
In the previous two sections the effects of mass on a single set of operational conditions
with varying pump speeds was considered. In order to assess if the effects of other system
parameters affected the stored liquid column height. Three cold side temperatures and
three expander loads for a single pump speed were conducted in a single mass fill run,
which produced six individual data sets. There is significant amount of repetition in the
data, therefore only the three light load results are presented in this section. Additionally,
for these tests the overall tested mass range was reduced to cover the peak system

performance up to a liquid column height of 1.6m.

4.4.1. Experimental results

Experimental observation summary: Reducing the cold side temperature has no
effect on the stored liquid column height of the system. The overall performance of
the system increases with reducing cold sink temperature. Both the high side and low
side system pressures reduce with reducing cold sink temperature. The reduction in
cold stream temperature results in a corresponding reduction in temperature from
the condenser outlet to the evaporator inlet. There is no effect on the expander inlet
temperature, however, there is a notably observable change in expander outlet

temperature.
Overall performance:

Reducing the cold side temperature from 20 to 10°C results in a general increase in the
rotational speed of the expander as shown in Figure 53. The maximum recorded rotational
speed for the three cases is 2745, 2819 and 2893rpm for 20, 15 and 10°C respectively.
Although, the value recorded at 20°C is significantly different from its surrounding data
points. The second highest recorded value for the 10°C is 2876rpm. The most significant
observation is that changing the cold sink temperature had negligible effect on the liquid
column height over this temperature range and receiver volume with the level remaining

visible at both sight glasses.
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Rotational Speed: Expander
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Figure 53: Expander rotational speed for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. Overall the expander rotational speed increases with reducing cold side temperature,
changing the cold side temperature had negligible effect on the liquid column height.

The expander outlet power and consumed power for the three temperature cases at 800rpm
pump speed are presented in Figure 54 and Figure 55. As with the expander rotational
speed, the output power generally increases with decreasing cold sink temperature. The
maximum recorded output power for the three cases is 0.13, 0.18 and 0.2 for 20, 15 and
10°C. It is worth noting that the peak expander rotational speed for the 20°C case does not

match with a corresponding peak output power.
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Figure 54: Expander output power for various system charges: 800rpm pump speed and three cold sink set temperatures;
10, 15 and 20°C. There is a general increase in electrical output power with decreasing temperature.
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The recorded pump power for all three cases varies between 0.07 and 0.1kW with an
average of 0.08kW for the 20 and 15°C, and 0.09kW for the 10°C case across the mass test

range.
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Figure 55: Pump power consumed for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. All the recorded data points for all three cases vary between 0.07 and 0.1 kW of
consumed pump power

Pressure:

Reducing the cold side temperature of the system results in a decrease in high side pressure
as shown in the recorded pump outlet and expander inlet pressure, Figure 56 and Figure
57. The average pressure for each of the three cases is 4.83 (20°C), 4.68 (15°C) and 4.49
barg (10°C) at the pump outlet and 4.97 (20°C), 4.84 (15°C) and 4.68 barg at the expander

inlet.
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Figure 56: Pump outlet pressure for various system charges: 800rpm pump speed and three cold sink set temperatures;
10, 15 and 20°C. Decreasing the cold sink temperature results in a decrease in pump outlet pressure.
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Figure 57: Expander inlet pressure for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. Decreasing the cold sink temperature results in a decrease in expander inlet pressure.

In a similar manner decreasing the cold side temperature results in a decrease in low side

pressure at the expander outlet (Figure 58), condenser outlet (Figure 59) and pump inlet

(Figure 60). Similar to previously presented results the cold side pressure increases in a

linear manner with increasing mass. The average rate of pressure increase with mass is:
0.40 (20°C), 0.36 (15°C) and 0.39 (10°C) barg/kg for the expander outlet, 0.40 (20°C), 0.47
(15°C) and 0.47 (10°C) at the condenser outlet, and 0.52 (20°C), 0.43 (15°C) and 0.35

(10°C) at the pump inlet.
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Figure 58: Expander outlet pressure for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. The expander outlet pressure increases in a linear manner with mass and shows an
overall decrease with decreasing temperature.
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Figure 59: Condenser outlet pressure for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. The condenser outlet temperature increases with increasing mass and decreases with
decreasing cold sink temperature.
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Figure 60: Pump inlet pressure for various system charges: 800rpm pump speed and three cold sink set temperatures;
10, 15 and 20°C. The pump inlet temperature increases with increasing mass and decreases with decreasing cold sink
temperature.

Temperature:

Decreasing the cold sink set point temperature unsurprisingly reduces the cold water feed
temperature as shown in Figure 61. The resulting measured cold water feed water
temperature is 20+£0.5°C, 14.8+0.5°C and 9.7+0.5°C.
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Figure 61: Cold water feed temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. Reducing the cold sink set point temperature results in a reduction in cold water feed
temperature.

The most significant change in temperature of the cold water return temperature (Figure

62) is as a result of the incremental change in feed temperature. There is a slight variation



86

with changing mass as has been noted to be a factor in previous sections, however this
comparably small in relation to the 5°C feed changes. The average temperature across the

entire tested charge range is 27+1°C, 22.2+1°C and 17.4+1°C.
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Figure 62: Cold water return temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. Reducing the cold water feed temperature results in a reduction in cold water return
temperature.

In a similar manner the 5°C change in feed temperature dominates any smaller fluctuations
in temperature between changes in mass intervals. Since the change in cold sink
temperature has negligible effect on liquid height the overall results trend for the condenser
outlet (Figure 63), pump inlet (Figure 64), pump outlet (Figure 65) and evaporator inlet
(Figure 66) are very similar. Therefore, in all four cases reducing the cold sink temperature
results in a reduction in measured temperature in all four cases with the average

temperatures across the tested mass range summarized in Table 6.

Table 6: Averaged temperatures at several ORC locations, for the three cold sink set point temperatures

Temperature Cold sink set point temperature
location 20°C 15°C 10°C
Condenser Outlet 19.6+£0.9°C 14.9+0.9°C 10.1+£0.9°C
Pump Inlet 19.7+0.8°C 14.9+0.9°C 10.1+£0.9°C
Pump Outlet 20.1£1.1°C 15.5+1.1°C 10.9+1.2°C
Evaporator Inlet 20.4+1.3°C 16.1+1.4°C 11.8+1.5°C
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Figure 63: Condenser outlet temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. Reducing the cold water feed temperature results in a reduction in condenser outlet

temperature.
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Figure 64: Pump inlet temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. Reducing the cold water feed temperature results in a reduction in pump inlet

temperature.
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Figure 65: Pump outlet temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. Reducing the cold sink temperature results in a reduction in pump outlet temperature.
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Figure 66: Evaporator inlet temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. Reducing the cold sink temperature results in a reduction in the evaporator inlet

temperature.

Although the hot water feed temperature is externally controlled, there is a three degree

range in temperature across all the data points as shown in Figure 67. The average

temperatures for the three cold sink temperature cases are 86.5+1.3°C (20°C), 86.7+1.3°C

(15°C) and 86.5+1.4°C (10°C). The same three degree range is present at the hot water

return and the expander inlet shown in Figure 68 and Figure 69. The average hot water

return temperatures for the three cases is 85.4+1.3°C (20°C), 85.6+1.3°C (15°C) and

85.3+1.3°C. The average expander inlet temperature for the three cases is 20.4+1.3°C

(20°C), 87.7+1.2°C (15°C) and 84.3+1.6°C (10°C).
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Figure 67: Hot water feed temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. The recorded data points for all three cases lie within 85 and 88°C.
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Figure 68: Hot water return temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. The data points for all three cases lie within 84 and 87°C.
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Figure 69: Expander inlet temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. The data points for all three cases lie within 82.5 and 86°C.

Of all the high temperature data recorded the only location that shows any indicative
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change with respect to the reduction in cold side temperature is the expander outlet shown

in Figure 70. Overall, the generally observed increasing temperature with increasing mass

is evident in all three cases. Albeit less consistent compared with previously presented data

as a results of the larger variation in feed temperature. There is also however a reduction in

expander outlet temperature as a result of decreasing cold sink temperature with the degree

of change showing some variation between each mass set.
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Figure 70: Expander outlet temperature for various system charges: 800rpm pump speed and three cold sink set
temperatures; 10, 15 and 20°C. In general the expander outlet temperature increases with increasing mass and
decreases with reducing cold sink temperature.
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4.4.2. Discussion

The reduction in cold feed temperature results in no significant change in liquid column
height but does result in a reduction in both the low and high side system pressure. The
reduction in temperature however, results in a more significant change to the low pressure
side than the high leading to an increase in pressure ratio across the expander as the
condenser temperature reduces. For the 800rpm case the reduction in pressure at the pump
inlet as the temperature decreases, doesn’t appear to have a significant influence on pump
cavitation. The calculated net positive suction head for this case is shown in Figure 71,
although there is no change in the column height with varying condenser temperature there
is slight variation in NPSH. Over the tested range the NPSH was well above the calculated

threshold for cavitation.

o Net Positive Suction Head
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Figure 71: Net Positive Suction head for 800rpm pump speed and three cold sink set temperatures; 10, 15 and 20°C.
Slight increase in measured NPSH with increasing condenser temperature.
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4.5. System Charge/liquid height effect at three expander loads at

fixed pump speed on ORC operational conditions
In the previous sections the effects of mass on a single set of operational conditions with
varying pump speeds was considered. In order to assess if the effects of other system
parameters affected the stored liquid column height. Three cold side temperatures and
three expander loads for a single pump speed were conducted in a single mass fill run,
which produced six individual data sets. There is significant amount of repetition in the
data, therefore only the 15°C cold sink temperature results are presented in this section.
Additionally, for these tests the overall tested mass range was reduced to cover the peak
system performance up to a liquid column height of 1.6m.

4.5.1. Experimental results

Overall Performance: The overall performance of the system decreases with increased
expander load, the increase in load takes the electrical generator further way from its
design speed of 3600 rpm. Increasing load results in an increase in high side pressure
and has negligible effect on the low pressure side of the system. Increasing expander
load has no significant effect on the system temperatures. The increase in expander load

also has no effect on the liquid column height of the system.

The overall performance of the ORC system with increasing system charge at three
different electrical loads of 3, 4 and 5 resistive lights is shown in Figure 72, Figure 73 and
Figure 75, the expander rotational speed, electrical power output and the pump power
consumed. Increasing the resistive load on the expander reduces the expander rotational
speed. The average rotational speed for the three cases is 2801 (3L), 2659 (4L) and 2547
rpm (5L).
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Figure 72: Expander rotational speed for various system charges: 800rpm pump speed at varying electrical loads of 3, 4
and 5 lights. Increasing the resistive load on the expander reduces the expander rotational speed. There was negligible
change in the liquid column height with the level remaining within the visible limits of the sight glass.

The decrease in expander rotational speed results in a corresponding reduction in real
electrical power output with average power outputs of 0.17 (3L), 0.15 (4L) and 0.13
kW(5L). However, it is worth considering that the reduction in rotational speed takes the
electrical generator away from its design speed of 3600rpm. The reactive electrical power

has been included in this example and is shown in Figure 74.
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Figure 73: Real electrical expander output power for various system charges: 800rpm pump speed at varying electrical
loads of 3, 4 and 5 lights. Increasing electrical resistance on the expander reduces the real electrical power output.
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Figure 74: Reactive electrical expander output power for various system charges: 800rpm pump speed at varying
electrical loads of 3, 4 and 5 lights. Increasing the expander rotational speed increases the reactive electrical power
output.

The trend of the reactive power is the opposite of the real power trend, with increasing
electrical resistance resulting in an increase in reactive power. The average reactive power
for the three cases is 0.19 (3L), 0.21 (4L) and 0.23 kVA (5L). The power consumed by the
pump for the three resistive loads is shown in Figure 75. The average consumed pump
power for the three cases is 0.08 (3L), 0.08 (4L) and 0.08 kW (5L).
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Figure 75: Pump power consumed for various system charges: 800rpm pump speed at varying electrical loads of 3, 4
and 5 lights. The electrical power consumed by the pump fluctuates between 0.07 and 0.1 for all electrical resistive loads.
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Increasing the electrical resistance increases the high side pressure of the system as shown
at the expander inlet and pump outlet, Figure 76 and Figure 77. The average pressure
across the tested mass range is 4.68 (3L), 4.78 (4L) and 4.88 barg (5L) for the pump outlet
and 4.84 (3L), 4.94 (4L) and 5.04 barg (5L) for the expander inlet.
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Figure 76: Pump outlet pressure for various system charges: 800rpm pump speed at varying electrical loads of 3, 4 and
5 lights. Increasing the rotational resistance of the expander increases the pump outlet pressure.
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Figure 77: Expander inlet pressure for various system charges: 800rpm pump speed at varying electrical loads of 3, 4
and 5 lights. Increasing the rotational resistance of the expander increasing the expander inlet pressure.

Although increasing the rotational speed of the expander increases the high side pressure
of the system. It has negligible impact on the system low side pressure as shown at the

expander outlet, condenser outlet and pump inlet: Figure 78, Figure 79 and Figure 80



respectively. In all three cases the low side pressure increase in a linear manner with

increasing mass, but shows comparable insignificant change with changing load.
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Figure 78: Expander outlet pressure for various system charges: 800rpm pump speed at varying electrical loads of 3, 4
and 5 lights. The expander outlet pressure increases with increasing mass but shows no significant change with respect

to changes in rotational resistance.

Pressure: Condenser Outlet

Pressure (barg)

0.9

0.85
®15-3L A15-4L

15-5L

0.8

3.8 3.9 4 4.1 4.2 4.3

Mass (kg)

4.4 4.5 4.6 4.7

4.8

Figure 79: Condenser outlet pressure for various system charges: 800rpm pump speed at varying electrical loads of 3, 4

and 5 lights. The condenser outlet pressure increases with increasing mass but shows no significant change with
increasing expander rotational resistance.
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s Pressure: Pump Inlet
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Figure 80: Pump inlet pressure for various system charges: 800rpm pump speed at varying electrical loads of 3, 4 and 5
lights. The pump inlet pressure increases with increasing mass but shows no significant change with increasing expander
rotational speed.

Temperature:

Similar with no significant change in low side pressure the cold side of the system at the:
cold water feed (Figure 81), cold water return (Figure 82), condenser outlet (Figure 83),
pump inlet (Figure 84), pump outlet (Figure 85) and evaporator inlet (Figure 86) show no
significant changes in temperature with changing rotational resistance. All six locations

follow the same variation trend in temperature as the cold water feed.
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Figure 81: Cold water feed temperature for various system charges: 800rpm pump speed at varying electrical loads of 3,
4 and 5 lights. The cold water feed temperature is controlled externally and has a slight variation in temperature from
slightly lower initial temperatures of 14.4 to 15.1°C.
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a0 Temperature: Cold Water Return
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Figure 82: Cold water return temperature for various system charges: 800rpm pump speed at varying electrical loads of
3, 4 and 5 lights. The cold water return temperature shows no significant changes in temperature as a result of changes
in expander resistive load. Some variation exists as a result of feed temperature fluctuation.
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Figure 83: Condenser outlet temperature for various system charges: 800rpm pump speed at varying electrical loads of
3,4 and 5 lights. The condenser outlet temperature shows no significant changes in temperature as a result of changes in
expander resistive load. Some variation exists as a result of feed temperature fluctuation.
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Temperature: Pump Inlet
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Figure 84: Pump inlet temperature for various system charges: 800rpm pump speed at varying electrical loads of 3, 4
and 5 lights. The pump inlet temperature shows no significant changes in temperature as a result of changes in expander
resistive load. Some variation exists as a result of feed temperature fluctuation.
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Figure 85: Pump outlet temperature for various system charges: 800rpm pump speed at varying electrical loads of 3, 4
and 5 lights. The pump outlet temperature shows no significant changes in temperature as a result of changes in
expander resistive load. Some variation exists as a result of feed temperature fluctuation.
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15,00 Temperature: Evaporator Inlet
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Figure 86: Evaporator inlet temperature for various system charges: 800rpm pump speed at varying electrical loads of
3, 4 and 5 lights. The evaporator inlet temperature shows no significant changes in temperature as a result of changes in
expander resistive load. Some variation exists as a result of feed temperature fluctuation.

The externally controlled hot water feed temperature is subjected to a three degrees
variation in temperature across the testing range as shown in Figure 87 as a results there is
no observable changes in temperature at the hot water return, expander inlet and expander
outlet (Figure 88, Figure 89 and Figure 89) as a result of changes in increasing expander

rotational resistance.
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Figure 87: Hot water feed for various system charges: 800rpm pump speed at varying electrical loads of 3, 4 and 5
lights. The hot water feed temperature is subject to a 3°C variation in temperature across the test range, with recorded
temperatures between 85 and 88°C.
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Temperature: Hot Water Return
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Figure 88: Hot water return for various system charges: 800rpm pump speed at varying electrical loads of 3, 4 and 5
lights. There is no observably significant change in hot water return temperature as a result of changes in expander
rotational resistance.
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Figure 89: Expander inlet temperature for various system charges: 800rpm pump speed at varying electrical loads of 3,
4 and 5 lights. There is no observably significant change in expander inlet temperature as a result of changes in
expander rotational resistance.
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Figure 90: Expander outlet temperature for various system charges: 800rpm pump speed at varying electrical loads of 3,
4 and 5 lights. There is no observably significant change in expander outlet temperature as a result of changes in
expander rotational resistance.

4.5.2. Discussion

Since the load on the expander has negligible effect on the liquid column height and the
pump inlet pressure, it has no significant effect on the cavitation performance of the pump.
The increase in mass in this case has a more dominant effect on the overall system
performance. The calculated NPSH for this case is shown in Figure 91, and shows no

significant effect on the low pressure side of the system as a result of changing load.

Net Positive Suction Head
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Figure 91: Net Positive suction head at 800rpm pump speed at varying electrical loads of 3, 4 and 5 lights. The expander
load has no significant effect on cavitation performance of the ORC system.
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4.6. Summary

For a single set of ORC conditions, increasing the mass results in an increase in overall
system performance to a peak value. Further increase in charge results in a decrease in
performance. This same trend was repeated at different pump speeds with the exception of
the 1200rpm case where the system performance showed significant instability.
Calculation of the net positive suction head indicated that there should be no pump

cavitation occurring which directly contradicts the experimental findings.

For the 800 rpm case both a reduction in cold side temperature and increase in expander
load had no effect on liquid column height. Although a small change in NPSH occurred
with increasing condenser temperature. Decreasing the cold sink temperature resulted in a
decrease in both the high and low side pressure. The overall performance of the system
increased as a result of the increase in pressure ratio across the expander. The reduction in
pressure at the pump outlet as a result appeared to have adverse effects on the system. The
expander load had negligible effect on the liquid column height and the low pressure side
of the system. The overall reduction in performance is as a result of a drop in rotational

speed pushing the generator further way from its design speed.

Although the NPSH calculation based off of the experimental data indicated that the layout
and operation of Test system 1 was sufficient to overcome pump cavitation. The pump
failed to operate in a stable manner at the higher tested pump speed of 1200 rpm. Based on
the current system layout no further operational changes can be made to enable the pump
to operate in the higher range. Further investigation is required both in terms of

experimental testing of cavitation mitigation techniques and required NPSH model.
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Chapter 5 — Effect of Subcooling and Liquid Column
Height on ORC System performance

In the previous chapter the effect of system mass and liquid column height was
investigated to determine its impact on the performance of the ORC system and in
particular its effect on pump cavitation. The increase in system mass significantly
improved the ORC performance, however, operation at the highest pump speed was still
subjected to flow problems. The 2.3m liquid column height was itself insufficient to cover
the full pump operational range. A further increase in column height could be adopted,
however 2.3m is already impractical in real world applications of small scale ORC.
Therefore, in order to try and reach the full potential of the pump and thus maximise the
performance of the ORC system, the two other cavitation mitigation techniques,
subcooling and pump bypass, have been investigated. The combined effects of subcooling
and liquid column height in this chapter and combined effects of pump bypass and liquid
column height in the subsequent. The experimental test rig was therefore adapted to

include a subcooler and pump bypass valve (Test system 2).

In order to assess the combined effects of subcooling and liquid column height the cold
water feed temperature was reduced from 14°C to 6°C in 2°C increments, with the
remaining ORC parameters held constant. This test was then repeated for increasing mass
increments of 200g. The resulting data set has been presented for the three pump speeds of
800, 1000 and 1200 rpm.

Key: The observed liquid height at and between the system sight glasses has been included
in the graphs as data symbol changes. The data in this chapter follows

Table 7: Experimental Liquid level Indication: Subcooling data

Symbol Liquid level | Sight glass
style (m) number
A <0.6 <S9

0.6-0.85 S9-S8
A 0.85-1.1 S8-S6
A 1.1-1.6 S6-S5

1.6-2.1 S5-S4
o >21 >S54
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5.1. Experimental results: 800 Rpm pump speed

Experimental results observation summary: At a pump speed of 800rpm the
decreasing subcooler temperature has no observably effect on the overall system
performance. The high pressure side of the system shows a general decrease in
pressure with decreasing subcooler temperature at the lower levels of system charge.
The low pressure side of the system shows no change in pressure with decreasing
subcooler temperature. The ORC temperature from the subcooler to evaporator inlet
reduces accordingly and the temperature at the expander inlet and outlet showing no

obvious trend with decreasing subcooler temperature.
Overall performance:

The overall performance of the ORC system at 800rpm pump speed is shown in Figure 92,
Figure 93 and Figure 94 the expander rotational speed and output power, and consumed
pump power respectively. In terms of the expander rotational speed, electrical output
power and consumed pump power, decreasing the subcooler temperature shows no clearly
observable change to the overall performance. In addition both the expander speed and the
expander output power decrease with increasing levels of system charge. The maximum
output occurs at the lowest level of system charge 4.38kg and one degree of system
subcooling. The consumed pump power shows no significant change with either increasing

mass or increasing levels of subcooling.
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Figure 92: Expander Rotational speed for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. The stored liquid height level between the sight glasses is indicated by marker changes. Overall the expnder
rotational speed decreases with increaseing mass (which would indicate the system is past the point of caviation). There
is no clearly observable trend between expander rotational speed and decreaseing subcooler temperature.
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Figure 93: Expander power output for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. There is a general decrease in expander output power with increaseing mass. The decreasing subcooler
temperature shows no decernable positive benefit on the expander output power.
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Figure 94: Consumed pump power for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. There is no significant change in pump power with increasing mass of decreasing subcooler temperature.

Pressure:

The high pressure side of the system is shown in Figure 95 and Figure 96, the pump outlet
and expander inlet respectively. The recorded trend at both the pump outlet and expander
inlet are the same, with a general reduction in pump outlet pressure with decreasing
subcooler temperature. The effect is more prominent at the lower end of tested system
charge. Increasing the system mass results in an increase in high side pressure shown at

both the expander inlet and the pump outlet. The maximum high side pressure occurs at



107

5.48kg of system charge, which doesn’t correlate with the maximum output power case of
4.48Kkg.
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Figure 95: Pump outlet pressure for various system charges and multiple subcooler inlet temperatures at 800rpm pump
speed. In general across the entire test range a reduction in subcooler temperature tends to result in a decrease pump
outlet pressure, this effect is more prominent at lower system charge levels.
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Figure 96: Expander inlet pressure for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. In general across the entire test range a reduction in subcooler temperature tends to result in a decrease in
pump outlet pressure, this effect is more prominent at lower system charge levels.

The low pressure side of the system is shown in Figure 97, Figure 98, Figure 99 and Figure
100, the expander outlet, condenser outlet, sub cooler inlet and pump inlet respectively.
Reducing the sub cooler temperature has no effect on the low pressure side of the system in
comparison to system charge which has a significant effect. In all four cases the pressure

follows the same consistent trend with increasing levels of system charge resulting in
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increasing pressure. The lowest low side pressure of approximately 1.04 barg at the
expander outlet corresponds with the maximum output power case of 4.38kg of system

charge. Due to the liquid column height the resulting pressure at the pump inlet is 1.09

barg.
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Figure 97: Expander outlet pressure for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. Decreaseing subcooler temperautre has negligable effect on the expander outlet pressure.
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Figure 98: Condenser outlet pressure for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. Decreasing the subcooler temperature has negliable effect on the condenser outlet pressure.
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. Pressure: Sub Cooler Inlet
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Figure 99: Subcooler inlet pressure for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. Decreasing the subcooler temperature has negligable effect on the subcooler inlet pressure.
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Figure 100: Pump inlet pressure for various system charges and multiple subcooler inlet temperatures at 800rpm pump
speed. Decreasing the subcooler temperature has negligable effect on the pump inlet pressure

Temperature:

The cold water feed, cold water return and condenser outlet temperature are shown in
Figure 101, Figure 102 and Figure 103 respectively. The cold water feed temperature and
condenser outlet temperature have a variation of less than 1°C across the entire test range
and follows a very similar pattern, with fluctuations in controlled cold water feed
temperature. Since these temperatures are controlled parameters the close match in

temperature helps to improve the reliability of the data.
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Lo Temperature: Cold Water Feed
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Figure 101: Cold water feed temperature for various system charges and multiple subcooler inlet temperatures at
800rpm pump speed. The controlled cold water feed temperature has a variation of approximetly 1°C over the entire test
range.
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Figure 102: Cold water return temperature for various system charges and multiple subcooler inlet temperatures at
800rpm pump speed. The cold water return temperature shows no observably consistant trend with decreasing subcooler
temperature.
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150 Temperature: Condenser Outlet
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Figure 103: Condenser outlet temperature for various system charges and multiple subcooler inlet temperatures at
800rpm pump speed. The condenser outlet temperature has an overall variation of approximently 1°C and follows a
similar pattern to the cold water feed temperature.

The pump inlet, pump outlet and evaporator inlet temperatures are shown in Figure 104,
Figure 105 and Figure 106. The temperatures in all three cases has a corresponing
reduction in temperature with reducing subcooler temperature. Similar to the cold water
feed temperature the very close match in subcooling temperature between each test run

indicates good repeatability in the experimental testing.
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Figure 104: Pump inlet temperature for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. Decreasing the subcooler temperature results in a reduction in pump inlet temperature.
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Temperature: Pump Outlet
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Figure 105: Pump outlet temperature for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. Decreasing the subcooler temperature results in a reduction in pump outlet temperature
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Figure 106: Evaporator inlet temperature for various system charges and multiple subcooler inlet temperatures at
800rpm pump speed. Decreasing the subcooler temperature results in a decrease in the evaporator inlet temperature.

The controlled hot water feed and return temperatures are shown in Figure 107 and Figure
108. The hot water feed temperature has a variation of over 3°C for the entire test range but
less than 1°C variation for each individual mass run. The hot water return temperature
shows a similar overall trend to the feed temperature with no clearly observable trend

between return temperature and decreasing subcooler temperature.
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55,00 Temperature: Hot Water Feed
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Figure 107: Hot water feed temperature for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. The controlled hot water feed temperature has a variation of approximetly 3°C over the entrire test range.
The variation for each individual mass increament is <1°C.

Temperature: Hot Water Return

87.5
87
86.5
o
@ 86 ¢
2 $ : 3
© ! F 4
g 855 2 -
£ +
'_
85 é i 3
84.5 =
©14°C A12°C W10°C 98°C @6°C
84
4.18 4.38 4.58 4.78 4.98 5.18 5.38 5.58 5.78

Mass (kg)

Figure 108: Hot water return temperature for various system charges and multiple subcooler inlet temperatures at
800rpm pump speed. The data shows no obvious trend between hot water return tempertautre and decreasing subcooler
temperature.

The expander inlet and outlet temperature are shown in Figure 109 and Figure 110
respectively. The variation in expander inlet temperature is as a result of hot water feed
variation, with no clearly observable trend between expander inlet temperature and
subcooling temperature. Likewise the variation in expander inlet translates through to the
outlet temperature with no clearly observable trend. In both cases the trend increases with

increasing levels of system mass.
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Pressure: Expander Inlet
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Figure 109: Expander inlet temperature for various system charges and multiple subcooler inlet temperatures at 800rpm
pump speed. There is no obvious trend between expander inlet temperature and decreasing subcooler temperature.
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Figure 110: Expander outlet temperature for various system charges and multiple subcooler inlet temperatures at
800rpm pump speed. There is no obvious trend between expander outlet temperature and decreaseing subcooler
tempeature.
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5.2. Experimental results: 1000 Rpm pump speed

Experimental results observation summary: At 1000rpm pump speed there is a clear
increase in overall system performance with decreasing subcooler temperature.
Likewise the pressure in the high side of the system shows a clear increase with
decreasing increments of temperature, the degree of change decreases with increasing
system mass. In comparison to increasing system charge decreasing subcooler
temperature has negligible effect on the low pressure side of the system. The
temperature at the pump inlet and outlet decrease according, along with the majority
of evaporator inlet temperatures with the exception of the lower mass higher
subcooler temperature results. The expander inlet temperature increases with
decreasing subcooler temperature, indicating and increase in flow. The expander

outlet temperature shows no observably consistent trend.
Overall performance:

The overall performance of the ORC system operating at 1000rpm pump speed with
varying subcooler temperature is shown in Figure 111, Figure 112 and Figure 113, the
expander rotational speed, electrical power output and the consumed pump power
respectively. It is clear from both the expander rotational speed and the output power that
decreasing subcooler temperature results in an increasing in ORC output. The degree of
improvement reduces with increasing system charge. The consumed pump power shows no

clear trend with varying subcooler temperature and fluctuates between 0.09 and 0.11 kW.
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Figure 111: Expander rotational speed for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. Decreasing subcooler temperature results in an incerase in expander rotational speed, the degree of change
reduces with increasing system charge.
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Power: Expander

0.35
0.3 ®
8 - .
0.25 ° . A
L]
— <
2 02 A -
= g A o a
9] =] @ (o]
2 015 L
3 o
A
0.1 it A ®
0.05 o
©14°C A12°C W10°C 8°C @6°C
0
4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 6.2
Mass (kg)

Figure 112: Expander power output for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. Expander output power increases with decreasing subcooler temperature, the degree of change reduces
with increasing charge.
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Figure 113: Pump power consumed for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. There is no distinct trend between pump power consumption and decreasing sub cooler temperature.

Pressure:

The pressure on the high side of the system at the pump outlet and expander inlet is shown
in Figure 114 and Figure 115. Both graphs show the same trend with reducing sub cooler
temperature resulting in an increase in high side pressure, the degree of change reduces
with increasing system mass. The pressure at the expander inlet reaches 5.1barg at 5.48kg

of system charge and 6°C of sub cooler inlet temperature. For the same level of system
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charge the reduction in sub cooler inlet temperature from 14°C to 6°C results in an increase

in approximately 1.4 barg significantly improving the output of the system.
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Figure 114: Pump outlet pressure for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. Pump outlet pressure increases with decreasing subcooler temperature. The change is smaller with
increasing system charge.

Pressure: Expander Inlet

6
®
5 © . - o
o n 0) e =
. O A ‘;‘ ae #
— 4 o A @
3 o . * ¢
2 ° A
v 3 a
=}
wv
(%]
o o
a2
1
®14°C A12°C 10°C 8°C 6°C
0
4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 6.2

Mass (kg)

Figure 115: Expander inlet pressure for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. The expander inlet pressure increases with reducing subcooler temperature, The change is smaller with
increasing system charge.
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os Pressure: Expander Outlet
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Figure 116: Expander outlet pressure for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. Decreasing subcooler temperature has negligable effect on expander outlet pressure.

The low pressure side of the system is shown in Figure 117, Figure 118 and Figure 119 at
the condenser outlet, sub cooler inlet and pump inlet. In all three cases the subcooler
temperature has minimal effect on low side pressure in comparison to increasing system
charge. Similar to the previous test cases, only the increase in system mass effects the low
pressure side of the system with 200g of refrigerant resulting in an increase of
approximately 0.6 barg. For the 5.48kg of system charge case the pressure at the pump
inlet shows no change, as a result the increase in performance in due to the decreasing
subcooler temperature alone.
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Figure 117: Condenser outlet pressure for various system charges and multiple subcooler inlet temperatures at 12000rpm
pump speed. Decreasing subcooler temperature has negligable effect on condenser outlet pressure
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Pressure: Sub Cooler Inlet
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Figure 118: Sub cooler inlet pressure for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. Decreasing subcooler temperature has negligable effect on subcooler inlet pressure.

Pressure: Pump Inlet

1.2
1 I
+.
I i
@ 0.8 f ! i
g by : 1
v 06 ﬁ ? I
>
¢
S 04 § 4
0.2
| ®14°C A12°C 10°C 8°C 6°C
0
4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 6.2

Mass (kg)

Figure 119: Pump inlet pressure for various system charges and multiple subcooler inlet temperatures at 2000rpm pump
speed. Varying subcooler temperature has minor effect on the pump inlet pressure in comparision to increasing levels of
system charge.

Temperature:

The controlled cold water feed is shown in Figure 120 there is an overall temperature
variation of less than 0.6°C over the entire test range. The variation for each mass
increment is considerably less. The cold water return temperature is shown in Figure 121.
Reducing subcooler temperature results in an increase in cold water return temperature

with an increase in temperature indicative of higher system heat removal.
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Lo Temperature: Cold Water Feed
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Figure 120: Cold water feed temperature for various system charges and multiple subcooler inlet temperatures at
1000rpm pump speed. The controlled cold water feed temperature has a variation of <0.6°C acorss the entire test range
and <0.3°C or each individual mass increment.
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Figure 121: Cold water return temperature for various system charges and multiple subcooler inlet temperatures at
1000rpm pump speed. The cold water return temperature increases with decreasing subcooler temperature.

The condenser outlet temperature is shown in Figure 122. The trend in data is very similar
to the cold water feed temperature and has a variation of less than 0.4°C, over the entire

test range and significantly less for the majority of individual mass increments.
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Temperature: Condenser Outlet
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Figure 122: Condenser outlet temperature for various system charges and multiple subcooler inlet temperatures at
1000rpm pump speed. The condenser outlet temperature has a variation of <0.3°C across the entire test range.

The pump inlet and outlet temperature are shown in Figure 123 and Figure 124 in both
cases the reduction in subcooler temperature results in a corresponding reduction in
temperature. The consistence between each data point is indicative of strong repeatability
in the experimental testing.
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Figure 123: Pump inlet temperature for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. The pump inlet temperature decreases accordingly with decreasing subcooler temperature.
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Temperature: Pump Outlet
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Figure 124: Pump outlet temperature for various system charges and multiple subcooler inlet temperatures at 1000rpm
pump speed. The pump outlet temperature decreases accordingly with decreasing subcooler temperature.

The evaporator inlet temperature is shown in Figure 125, the reduction in sub cooler
temperature also results in a reduction in evaporator inlet temperature. The unexpectedly
high evaporator inlet values upto 5.4kg of system charge are as a result of temperature

sensor location and are normal an indication of low working fluid flow.
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Figure 125: Evaporator inlet temperature for various system charges and multiple subcooler inlet temperatures at
1000rpm pump speed. The evaporator inlet temperature decreases with decreasing subcooler temperature. Note: The
location of the temperature sensor results in the unexpectedly high values over the initial masss increaments

The controlled hot water feed temperature is shown in Figure 126, the feed temperature has
a variation of less than 3°C. The hot water return temperature is shown in Figure 127 , the

hot water return temperature decreases with decreasing subcooler temperature.
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Temperature: Hot Water Feed
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Figure 126: Hot water feed temperature for various system charges and multiple subcooler inlet temperatures at
1000rpm pump speed. The controlled hot water feed temperature has a varation of approximetly 2°C over the entrire test
range.
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Figure 127: Hot water return temperature for various system charges and multiple subcooler inlet temperatures at
1000rpm pump speed. The hot water return temperature decreases with decreasing subccoler temperature. The
incremental change decreases with increasing system charge.

The expander inlet and outlet temperatures are shown in Figure 128 and Figure 129
respectively. The expander inlet temperature shows an overall increase with decreasing
subcooler temperature. The expander outlet generally indicates an opposite trend with a

reduction in subcooler temperature resulting in a reduction in expander outlet temperature.



124

Temperature: Expander Inlet
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Figure 128: Expander inlet temperature for various system charges and multiple subcooler inlet temperatures at
1000rpm pump speed. The expander inlet temperature increases with decreaseing subcooler temperature.
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Figure 129: Expander outlet temperature for various system charges and multiple subcooler inlet temperatures at
1000rpm pump speed. There is no observably consistant trend between decreasing subcooler temperature and expander
outlet temperature.
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5.3. Experimental results: 1200 Rpm pump speed

Experimental results observation summary: The overall performance of the ORC
system increases with decreasing subcooler temperature, the benefit decreases with
increasing system mass. The high side system pressure increases with decreasing
subcooler temperature, the incremental increase in pressure decreases with
increasing system charge. The low pressure side of the system shows no significant
change in pressure with decreasing subcooler temperature. The pump inlet and outlet
temperature decrease accordingly, with a significant variation in evaporator inlet
temperature over the entire test range. The expander inlet temperature increases
with decreasing subcooler temperature, the effect of which decreases with increasing
mass. The expander outlet temperature shows no observably consistent trend with

temperature.
Overall Performance:

In a similar trend to the 1000rpm case the overall system performance of the ORC system
increases with decreasing subcooler temperature. The increase in performance decreases
with increasing system charge. The expander rotational speed and generated electrical
output are shown in Figure 130 and Figure 131 respectively. In both cases the output of the
ORC system increases with decreasing subcooler temperature, the degree of improvement
decreases with increasing system charge. The maximum expander rotational speed and

output power occur at 6.3kg of system charge generating 370W of power.
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Figure 130: Expander rotational speed for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. The expander rotatational speed increases with decreasing subcooler temperature. The degree of change
decreases with increasing system charge.
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Figure 131: Expander power output for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. The expander outlet power increases with decreasing subcooler temperature. The degree of change
decreases with increasing system charge.

The consumed pump power is shown in Figure 132 the consumed pump power fluctuates

between 0.1 and 0.13 kW with no obvious trend with decreasing subcooler temperature.
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Figure 132: Consumed pump power for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. The consumed pump power shows no observable trend with decreasing subcooler temperature.

Pressure:

The high pressure side of the system shown in Figure 133 and Figure 134 follows a very
similar trend with an increase in pressure with decreasing subcooler temperature. The

degree of increase reduces with increasing system charge. The maximum high side
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pressure corresponds with 6.3kg of system charge and results in 6 barg in pressure at the

expander inlet.
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Figure 133: Pump output pressure for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. The pump outlet pressure increases with decreasing subcooler temperature, the degree of change reduces
with increasing system charge.
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Figure 134: Expander inlet pressure for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. The expander inlet pressure increases with decreasing subcooler temperature, the degree of change reduces
with increasing system charge.

The low pressure side of the system is shown in Figure 135, Figure 136, Figure 137 and
Figure 138, the expander outlet, condenser outlet, sub cooler inlet and pump inlet
respectively. In all four cases there is no significant change in pressure with decreasing

subcooler temperature in comparison to an increase in system charge.
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Pressure: Expander Outlet
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Figure 135: Expander outlet pressure for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. There is no significant change in expander outlet pressure with decreasing subcooler temperature.
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Figure 136: Condenser outlet pressure for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. There is no significant change in condenser outlet pressure with decreasing subcooler temperature.
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Pressure: Sub Cooler Inlet
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Figure 137: Sub cooler inlet pressure for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. There is no significant change in subcooler inlet pressure with decreasing subcooler temperature.
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Figure 138: Pump inlet pressure for various system charges and multiple subcooler inlet temperatures at 1200rpm pump
speed. There is no significant change in pump inlet pressure with decreasing subcooler temperature.

Temperature:

The cold water feed temperature is shown in Figure 139 with the return temperature shown
in Figure 140. There is less than 1°C variation in temperature across the entire test range
with a significantly small variation for each individual mass increment. The cold water

return temperature shows an increase in temperature with a reduction in subcooler

temperature.
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Temperature: Cold Water Feed
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Figure 139: Cold water feed temperature for various system charges and multiple subcooler inlet temperatures at
1200rpm pump speed. The controlled cold water feed temperature has a variation of <1°C over the entire test range.
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Figure 140: Cold water return temperature for various system charges and multiple subcooler inlet temperatures at
1200rpm pump speed. The cold water return temperature increases with decreasing subccoler temperature, the degree of
change decreases with increasing mass

The condenser outlet temperature is shown in Figure 141 and it follows a similar trend to
the cold water feed temperature with a variation of less than 1°C over the entire test range.

There is no obvious or significant trend with decreasing sub cooler temperature.
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Temperature: Condenser Outlet

RN

14.80 !
1

15.20

15.00

s 2. 3
Ho-Ob-
aH® = —

H-1sH
[

14.60

[ R
[ ]
HHR—

Temperature (°C)

14.40

14.20

®14°C A12°C W10°C #8°C @6°C

14.00

4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6

Mass (kg)

Figure 141: Condenser outlet temperature for various system charges and multiple subcooler inlet temperatures at
1200rpm pump speed. The condenser outlet temperature shows no observable trend with decreasing subccoler
temperature. The values follow a similar pattern to the variation in cold water feed.

The pump inlet and outlet temperature are shown in Figure 142 and Figure 143
respectively. The reduction in sub cooler temperature results in a corresponding reduction

in both the pump inlet and outlet temperature.
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Figure 142: Pump inlet temperature for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. The pump inlet temperature decreases with decreasing subcooler temperature
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Temperature: Pump Outlet
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Figure 143: Pump outlet temperature for various system charges and multiple subcooler inlet temperatures at 1200rpm
pump speed. The pump outlet temperature decreases with decreasing subcooler temperature.

The evaporator inlet temperature is shown in Figure 144, the reduction in subcooler
temperature results in reduction in evaporator inlet temperature. The unexpectedly high
temperature readings are a result of the temperature sensor location, which indirectly gives

an indication of low ORC system flow.
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Figure 144: Evaporator inlet temperature for various system charges and multiple subcooler inlet temperatures at
1200rpm pump speed. In general the evaportor inlet temperature decreases with decreasing subcooler temperature, this
is particulary clear above 5.8kg of system charge. Note: The location of the temperature sensor results in the
unexpectedly high values over the initial masss increaments.

The hot water feed and return temperature is shown Figure 145 and Figure 146
respectively. The hot water feed temperature has an overall variation of less than 3°C over

the entire test range. The variation is significantly less for the majority of individual mass
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increments. The hot water return temperature reduces with decreasing subcooler

temperature.
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Figure 145: Hot water feed temperature for various system charges and multiple subcooler inlet temperatures at
1200rpm pump speed. The controlled hot water feed temperature has an overal variation of <2°C, for the most part the
variation within each mass test is significantly less.
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Figure 146: Hot water return temperature for various system charges and multiple subcooler inlet temperatures at
1200rpm pump speed. The hotwater return temperature decreases with decreasing subcooler temperature. The degreee
of change reduces with increasing mass.

The expander inlet temperature is shown in Figure 147 with the expander outlet
temperature shown in Figure 148. The expander inlet temperature increases with
decreasing subcooler temperature, with a lesser degree of change with increasing system
charge. The expander outlet temperature in this case shows clearly observable trend with

decreasing subcooler temperature.
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Temperature: Expander Inlet
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Figure 147: Expander inlet temperature for various system charges and multiple subcooler inlet temperatures at
1200rpm pump speed. The expander inlet temperature increases with decreasing subcooler temperature, the degree of
change decreases with increasing mass increment.
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Figure 148: Expander outlet temperature for various system charges and multiple subcooler inlet temperatures at
1200rpm pump speed. The expander outlet temperature shows no observable trend with decreasing subcooler
temperature.

5.4. Analysis & Discussion

The results of the 800 rpm test case indicate that the base test point already has sufficient
subcooling in order to mitigate the impacts of cavitation. Therefore any increase in system
subcooling has no significant effect on the expander output. The increase in system charge

therefore only results in a deterioration in system performance.

The effect of sub-cooling on the performance of the ORC system is prominent in both the

1000 and 1200rpm pump test run. In both cases decreasing subcooler temperature



135

increases the overall performance of the system, the degree of improvement in both cases
reduces with increasing system charge. The sub cooling has negligible effect on the low
side pressure of the system, whereas the increasing mass continues to have a significant

effect.

The interaction between the system charge and the system subcooling follows a fairly
consistent trend for both the 1000 and 1200rpm case with the 1000rpm case shown in
Figure 149.

Net Positive Suction Head

NPSH (meters)
N

14 12 10 ©8 @6

Mass (kg)

Figure 149: Effect of subcooling and increasing system charge on the NPSH at 1000rpm and 5 pump inlet temperatures.
In theory operational tests cases which have the same NPSH would result in similar output
performances of the pump. This holds reasonably true for the 1000 rpm case particularly
between 5 and 5.6 kg of system charge. However, below this range the system shows signs
of instability and you would also expect the output of the system to converge with
increasing NPSH. If you treat each subcooling case as separate increasing mass test run as
was conducted in the last chapter then the output of each case increases to a maximum

point (at 5.5kg) then begins to decline.

The 1200rpm case differs from the 1000 rpm case where a significant step up in system
output occurs after 5.6kg of charge where by the output of the system increases
significantly with system charge and the subcooling has minor effect in comparison. The

output of the system then plateaus.

Tradeoff between system charge and subcooling
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Various attempts have been made to numerically compare the trade offs between liquid
column height and subcooling, using the collated data. However, neither data set conforms
to the idea that the required NPSH can be meet by subcooling alone, liquid column height
alone or a combination of the two. This issue can be illustrated from a comparison of the
output power between the 5.9kg and 6.08 kg of system charge case at 1200rpm, as shown
in Figure 150.

Power: Expander
0.4

0.35
0.3
— 0.25

0.2

Power (kW
L]

0.1

0.05

14°C 6°C

5.5 5.7 5.9 6.1 6.3
Mass (kg)

Figure 150: Shortened data set of the expander power output at 1200rpm.

Considering the 5.9kg of system charge at a subcooling temperature of 14°C (which is 1°C
colder than the condenser temperature), a 200g increase in system charge resulted in an
increase in approximately 120W of power. Compared to only a 50W gain for a reduction in
subcooler temperature to 6°C. Assuming, 7/8” copper tubing, the 200g increase in system
charge is equivalent to a liquid level height increase of approximate 350mm. In practice an
increase is 350mm is significantly less system complexity and cost compared to the
incorporation of a subcooler and sourcing a lower temperature source. However, when this
liquid column idea only was applied to Test system 1 in Chapter 5 the system failed to
operate in stable manner. Where the maximum output power reached 250W at 1200 rpm
and 300 W for the 1000 rpm case, which is the same as the maximum output power for

Test system 2 at 1000rpm.

Test system 1 and 2 comparison

The maximum output power of test system 1 reached 300W based on a 1000 rpm pump
speed. The maximum output power of test system 2 of 370W occurred at 1200 rpm at a

subcooler supply temperature of 12°C. Although, there is an increase in maximum output
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power for Test system 2, the overall system efficiency is 3.6% compared to 3.7% for the
1000 rpm case. The back work ratio is also 2.8 compared with 3%. Based on these simple
calculations it becomes evident that the increased complexity in order to reach the higher

pump speed of Test system 2 provides no benefit based on the calculated results.

5.5. Summary

The effects of liquid column height and subcooling on the micro-scale ORC system show
that decreasing subcooler temperature increases the overall performance of the system, if
the pump is cavitating. However, if there is sufficient liquid column height in order for the
pump to operate properly, decreasing subcooler temperature has a negative impact on the
system performance. The increasing of mass with decreasing sub cooler temperature
follows a fairly consistent trend. However, when compared against the liquid only case the
additional complexity, capital cost and lower temperature cold sink only results in a 0.1%
increase in overall system efficiency. It is therefore difficult to justify the addition of
subcooling to increase the operational range of the pump, in this organic Rankine cycle test

system.
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Chapter 6 — Effect of bypass and Liquid Column Height

on ORC System performance
In a previous chapter the effect of system mass and liquid column height was investigated

to determine its impact on the performance of the ORC system and in particular its effect
on pump cavitation. The increase in system mass significantly improved the ORC
performance, however, operation at the highest pump speed was still subjected to flow
problems. The 2.3m liquid column height was insufficient to cover the full pump
operational range. In order to try and reach the full potential of the pump and thus
maximise the performance of the ORC system, the two other commonly used cavitation
mitigation techniques, subcooling and pump bypass, have been investigated. The combined
effects of subcooling and liquid column height in the last chapter and combined effects of
pump bypass and liquid column height in this chapter. The experimental test rig was

therefore adapted to include a subcooler and pump bypass valve (Test System 2).

In order to assess the combined effects of pump bypass and liquid column height the pump
bypass valve was opened from 0°C to 25°C in 5° increments, with the remaining ORC
parameters held constant. This test was then repeated for increasing mass increments of
200g. The resulting data set has been presented for the three pump speeds of 800, 1000 and
1200 rpm.

Table 8: Experimental Liquid level Indication: Bypass

Symbol Liquid level | Sight glass
style (m) number
A <06 <S9

0.6-0.85 S9-S8
A 0.85-1.1 S8-S6
A 1.1-1.6 S6-S5

1.6-2.1 S5-S4
o >2.1 >S4
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6.1. Experimental results: 800 rpm

Experimental results observation summary: Up to 15° bypass angle the pump bypass
had negligible effect on the overall performance of the ORC system. Further increase
in bypass angle resulted in a deterioration in system performance. This was also
observed in the high pressure side of the system. In the low pressure side of the
system, up to 15° bypass angle had negligible effect on the pressure. Further increase
in bypass angle results in an increase in pressure. The temperature from the pump
inlet to the evaporator inlet showed no change up to 15°, past this point there was an

increase in temperature.
Overall performance:

The overall performance of the bypass valve at varying levels of system charge is shown in
Figure 151, Figure 152 and Figure 153, the expander rotational speed, output power and
consumed pump power. Increasing degree of bypass opening angle has a negative effect on
overall system performance. In terms of both the expander rotational speed and the
generated expander output power, there is little change in output from 0 to 15° after which
there is significant deterioration. The consumed pump power fluctuates between 0.07 and

0.11 kW with no observable change with increasing bypass angle.
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Figure 151: Expander Rotational speed for various system charges and multiple bypass valve postitions at 800rpm pump
speed. Increasing the bypass opening angle has negligable effect upto 15° after which a further increase results in a
significant reduction in expander rotational speed.
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Figure 152: Expander power output for various system charges and multiple bypass valve postitions at 800rpm pump
speed. Increasing the bypass opening angle past 15° results in a significant redution in expander output power.
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Figure 153: Expander consumed pump power for various system charges and multiple bypass valve postitions at 800rpm
pump speed. The low resoultion of the power meter makes it diffiuclt to assess the effect of bypass angle with pump power
consumption.

Pressure:

The high pressure side of the system is shown in Figure 154 and Figure 155 at the pump
outlet and pump inlet. The trend at both the pump inlet and outlet is the same there is no
significant change in pressure upto a bypass angle of 15°, further increase results is a

significant reduction in high side system pressure.
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Pressure: Pump Outlet
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Figure 154: Pump outlet pressure for various system charges and multiple bypass valve postitions at 800rpm pump
speed. Upto 15° opening angle the is no significant changes in pressure with bypass valve angle. Further increase results
in a significant drop off in pump outlet pressure.
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Figure 155: Expander inlet pressure for various system charges and multiple bypass valve postitions at 800rpm pump
speed. Upto 15° there is no significant change in expander inlet pressure with bypass opening angle. Further increase
results in a singificant reduction in expander inlet pressure.

The low pressure side of the system at the expander outlet and condenser outlet shown in
Figure 156 and Figure 157, show no significant change in pressure with increasing bypass

opening angle in comparison to increasing system charge.
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e Pressure: Expander Outlet
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Figure 156: Expander outlet pressure for various system charges and multiple bypass valve postitions at 800rpm pump
speed. The bypass opening angle has negliable effect on the expander outlet pressure incomparison to the system mass.
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Figure 157: Condenser outlet pressure for various system charges and multiple bypass valve postitions at 800rpm pump
speed. The bypass opening angle has negliable effect on condenser outlet pressure incomparision to the refigerant mass
of the system.

The pressure at the sub cooler inlet and pump inlet, Figure 158 and Figure 159, on the
other hand show a clear increase in pressure at a bypass opening angle of 20 and 25°. This
pressure increase does not correlate with an improvement in system performance and is
likely to be a results of increased stored liquid column height which is observable from the
marker changes indicating liquid level height.
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s Pressure: Sub Cooler Inlet

1.7
1.6 i

1.5

1.4

=& ——
HE8E

13

1.2
]
1.1 a

1

p———
He—E—
HH+O—E—

Pressure (barg)

0.9
®0° A5° W10° €15° @®20° 25°|

0.8
4.18 4.38 4.58 4.78 4.98 5.18 5.38 5.58 5.78

Mass (kg)

Figure 158: Sub cooler inlet pressure for various system charges and multiple bypass valve postitions at 800rpm pump
speed. Upto 15° bypass opening angle there is negliable change in the subcooler inlet pressure further increase results in
an increase in pressure at both 20 and 25° opening angles.
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Figure 159: Pump inlet pressure for various system charges and multiple bypass valve postitions at 800rpm pump speed.
Upto 15° bypass opening angle there is negliable change in the pump inlet pressure, further increase result in an
increase in pump inlet pressure at 20 and 25°.

Temperature:

The controlled cold water feed temperature is shown in Figure 160 with the return
temperature shown in Figure 161. There cold water feed temperature has an overall
variation of less than 1°C over the entire test range and significantly less for each
individual mass increment. The cold water return temperature shows no significant change

upto an opening angle of 15° with further increase resulting in a reduction in temperature.
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Figure 160: Cold water feed temperature for various system charges and multiple bypass valve postitions at 800rpm
pump speed. There is a small variation in cold water feed temperature: approximetly 0.4 °C variation for each individual
mass test and approximetly 1°C over the entire test range.
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Figure 161: Cold water return temperature for various system charges and multiple bypass valve postitions at 800rpm
pump speed. The stored liquid height level between the sight glasses is indicated by marker changes. Generally, there is
no significant change in return temperature up to 15° bypass opening angle, past this point there is a noticeable decline
with increase opening angle.

The condenser outlet temperature is shown in Figure 162, the temperature follows a very
similar trend to the cold water feed temperature, with the exception of the 25° case. In the
majority of cases a 25° opening angle results in a significant increase in condenser outlet

temperature.
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Temperature: Condenser Outlet
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Figure 162: Condenser outlet temperature for various system charges and multiple bypass valve postitions at 800rpm

pump speed. There is approximetly 0.2°C variation in condenser outlet temperature for the majortiy of data points for

each indvidual mass increament, with the expception of the 25° bypass opening angle which has a considerably higher
temperature.

The pump inlet and pump outlet temperature are shown in Figure 163 and Figure 164. Both
cases follow a very similar trend with no significant variation in temperature upto a 15°
bypass angle opening. Above 15° there is a slight increase in temperature for the 20° case
and a significant increase for the 25° case.
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Figure 163: Pump inlet temperature for various system charges and multiple bypass valve postitions at 800rpm pump
speed. There is negligable changes in pump inlet temperature upto 15° at which point the pump inlet temperature
increases with increasing bypass opening angle.
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Temperature: Pump Outlet
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Figure 164: Pump outlet temperature for various system charges and multiple bypass valve postitions at 800rpm pump
speed. Theres is negligable changes in pump outlet temperature upto a bypass opening angle of 15° after which the pump
inlet temperature increases with increase valve opening angle.

The evaporator inlet temperature is shown in Figure 165 upto 15° opening angle there is no

significant change in temperature. A further opening of the valve results in a significant
increase in temperature.
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Figure 165: Evaporator inlet temperature for various system charges and multiple bypass valve postitions at 800rpm
pump speed. Upto 15° opening angle there is negligable change in evaporator inlet temperature after which the
evaporator inlet temperature increases with increasing opening angle

The controlled hot water feed temperature is shown in Figure 166 with the hot water return
temperature shown in Figure 167. The feed temperaure has an overall varation of around
3°C over the entire test range and significantly less for the majority of individual mass

increments. There is no clearly observable trend between hot water return temperature and
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upto 15° bypass opening angle. A further increase in valve opening leads to an increase in

the hot water return temperature.
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Figure 166: Hot water feed temperature for various system charges and multiple bypass valve postitions at 800rpm pump
speed. The externally controlled hot water feed temperature lies with 1°C varation for the majoriy of indivual mass
increment tests and has an overal variation of approximetly 3°C over the entire test range.
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Figure 167: Hot water return temperature for various system charges and multiple bypass valve postitions at 800rpm
pump speed. The hot water return temperature for the majority of data points upto 15° opening angle falls within an
approximelty 1°C range. Further increase in opening angle results in a significant increase in hot water return
temperature.

The expander inlet and outlet temperature are shown in Figure 168 and Figure 169. The
expander inlet case upto 15° opening has no significant effect on temperature. Further
increases in bypass results in a reduction in temperature. The expander outlet temperature

on the other hand shows no observably clear change in temperature with bypass.



Temperature: Expander Inlet

85.00
83.00 [} ’
¥ A $
81.00 A 1 8 1 S é
T ® (©] ® ®
79.00 -
G @
T 77.00
35
& 75.00
1
€ 73.00 o ®
@ o : .
71.00
69.00
67.00 +
®0° A5° B10° ¢15° ®20° ®25°| (f
65.00
4.18 4.38 4.58 478 4.98 5.18 5.38 5.58

Mass (kg)

148

5.78

Figure 168: Expander inlet temperature for various system charges and multiple bypass valve postitions at 800rpm pump
speed. Upto 15° opening angle the expander inlet tempeature remains within a 1°C variation in temperature. After which

further increase in opening angle results in a significant reduction in expander inlet temperature.
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Figure 169: Expander outlet temperature for various system charges and multiple bypass valve postitions at 800rpm
pump speed. The variation in expander outlet temperature shows no significant trend with opening angle with the
exception of the 20° case which records consistently higher outlet temperatures across the test range.
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6.2. Experimental results: 1000 Rpm pump speed

Experimental results observation summary: Above 5.08kg of system charge there is
no significant variation upto 15° bypass angle for the overall system performance, the
high and low side pressure and the majority of temperatures. Above 15° bypass angle
there is a significant deterioration in the system with increasing opening angle. Below
5.08kg of system charge there is no observable system trend with increasing bypass

angle.
Overall performance:

The overall performance of the ORC system at 1000rpm with varying bypass valve
opening angles is shown in Figure 170, Figure 171 and Figure 172, the expander rotational
speed, generated output power and consumed pump power respectively. The output of the
ORC system with regards the expander rotational speed and output power show no
significant variation upto 15° bypass opening angle and above 5.08kg of system charge. A
further increase in bypass angle results in a reduction in system output. Below 5.08kg of
system charge there is no consistent trend with increase degrees of bypass. In terms of
consumed pump power there is no clearly observable trend between consumed pump
power and bypass opening angle, with the consumed power fluctuating between 0.8 and
0.1 kW.
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Figure 170: Expander rotational speed for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. The expander roational speed above 5.08 kg of mass produces a reasonably consistant trend with
increseing mass, with small comparable changes in roational speed upto 15° bypass valve opening. Further increases in
valve opeinging results in a significant drop off in expander roational speed. Below 5.08kg of system charge there is no
obserable correlation between bypass valve opening and expander rotational speed. At 5.08kg of system charge the
expander roational speed decreases with increasing bypass valve opening.
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Power: Expander
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Figure 171: Expander output power for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. At 5.08 and 4.8kg of charge the rotational speed of the expander is below the synconisation speed of the generator
resulting in the recoreded output power of OW. Above 5.08 kg of mass there is no significant change with increaseing
bypass angle upto 15° after which there is a significant drop off in expander output power with increase bypass angle.
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Figure 172: Consumed pump power for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. There is an oversable dip in pump power between 4.8kg ang 5.08 kg. Above 5.08 the pump power shows no
significant change with bypass opening angle with the exception of the 25° case which is consistantly lower.

Pressure:

The pressure in the high side of the system at the pump outlet and expander inlet are shown
in Figure 173 and Figure 174, with the trend in both cases is being very similar. Above
5.08kg of system charge there is no significant change in pressure with increasing bypass

angle upto 15°. Any further increase results in a deterioration in high side system pressure.
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Below 5.08kg of system charge there is no obvious trend between increasing bypass angle

and high side system pressure.
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Figure 173: Pump outlet pressure for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. Above 5.08kg upto 15° opening angle there is no signficant change in pressure with increaseing bypass angle.
Further increase in opening angle results in a significant decrease in pump outlet pressure.
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Figure 174: Expander inlet pressure for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. Above 5.08kg and upto 15° opening angle there is no significant change in expander inlet pressure with increasing
opening angle. Further increase in angle results in a decrease in expander inlet pressure.

The low pressure side of the ORC system is shown in Figure 175, Figure 176, Figure 177

and Figure 178. Both the expander and condenser outlet pressure show no significant

variation with changing bypass angle when compared with increasing system charge. The
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subcooler inlet and pump inlet pressure show a similar trend with the exception of the 25°

bypass angle which shows an increase in pressure on both cases.
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Figure 175: Expander outlet pressure for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. There is negligable change in expander outlet pressure with increasing bypass opening angle.
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Figure 176: Condenser outlet pressure for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. There is negligable change in condenser outlet pressure with increasining bypass angle.
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Pressure: Sub Cooler Inlet
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Figure 177: Sub cooler inlet pressure for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. Upto 15° there is negligable change in subcooler inlet pressure with increasing bypass angle. Above 15° there is
an increase in subcooler inlet pressure particulary for the 25° case.
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Figure 178: Pump inlet pressure for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. Upto 15° there is negligable change in pump inlet pressure with increasing opeing angle. The 25° case shows in
considerable increase in pump inlet pressure.

Temperature:

The cold water feed and return temperature are shown Figure 179 and Figure 180
respectively. The controlled water feed temperature has a variation of less than 0.6°C
across the entire test range with significantly less variation for each individual mass
increment. The cold water return temperature above 5.08kg of system charge shows no

significant variation with increasing bypass angle upto 15°. A further increase results in a
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reduction in return temperature. Below 5.08kg of system charge there is no observable

trend between cold water return temperature and increasing bypass angle.
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Figure 179: Cold water feed temperature: for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. The controlled cold water feed temperature has a varation of 0.7 °C across the whole test range.
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Figure 180: Cold water return temperature for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. Upto 5.08kg of system charge there is no obvious trend between bypass opening angle and cold water return
temperature. Above 5.08kg of system charge and upto 15°C opening angle there is no signficant change accosciated with
increaseing bypass valve angle. Further increase in opening angle resutls in a decline in cold water return temperature.

The condenser outlet temperature is shown in Figure 181 which follows a similar trend to
the cold water feed temperature with an overall variation of less than 1°C over the entire

test range and significantly less for each individual mass increments.
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Lo 50 Temperature: Condenser Outlet
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Figure 181: Condenser outlet temperature for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. The overall variation across the test range is less than 1°C with no obvious significant trend increaseing
bypass angle.

The pump inlet and pump outlet temperatures are shown in Figure 182 and Figure 183
respectively. In both cases there is no significant change in temperature upto 15° bypass

opening angle, any further increase in both cases results in an increase in temperature.
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Figure 182: Pump inlet temperature for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. The pump inlet temperature upto 15° opening angle shows no significant change with varying bypass angle.
Further increase results in an increase in pump inlet temperature.



21.00

20.00 @

&l

19.00

18.00

17.00

Temperature (°C)

ag

16.00

a@o

15.00

14.00

Temperature: Pump Outlet

®0° A5° W10° @15°

13.00
4.38 4.58 4.78

4.98

“e®
OJG)
@

e
S

5.18 5.38 5.58
Mass (kg)

156

Figure 183: Pump outlet temperature for various system charges and multiple bypass valve postitions at 1000 rpm pump
speed. The pump outlet temperature upto 15° opening angle shows no significant change with varying bypass angle.
Further increase resultsin in an increase in pump outlet temperature.

The evaporator inlet temperature is shown in Figure 184 above 5.08kg of system charge

upto 15° bypass angle there is no significant change in pressure with increasing bypass

angle, further increases results in an increase is temperature. Below 5.08kg of system

charge there is no consistent trend between bypass angle and evaporator inlet temperature.

It is again worth nothing that the unexpectedly high temperature reading are as a results of

the temperature sensor location. It readings give an indication of ORC system flow.
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Figure 184: Evaporator inlet temperature for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. Note: the location of the temperature sensor effects the measurement at the evaporator inlet and gives an
indication of system flow. Above 5.08kg of system charge and upto 15° bypass angle there is no substantial change in the
majority of the data points with bypasss angle. Further increase in opening angle results in an increase in evaporator
inlet tempeature. Below 5.08kg of charge there is no obvious trend with increasing bypass angle.
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The hot water feed and return temperatures are shown in Figure 185 and Figure 186
respectively. The controlled hot water feed temperature has a variation of less than 2°C
with a significantly smaller variation for each individual mass increment. Above 5.08kg of
system charge and upto 15° bypass angle there is no significant change in hot water return
temperature with increasing bypass angle. Below 5.08kg of system charge there is no

observably consistent trend between return temperature and increasing bypass angle.
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Figure 185: Hot water feed temperature for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. The controlled hot water feed temperature has a 1.5°C variation in temperature across the entire test range.
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Figure 186: Hot water return temperature for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. Above 5.08kg of system charge and upto 15° bypass opening angle there is no substantial change in hot
water return temperature with increasing bypass opening angle. Further increase in opening angle results in increase in
hot water return temperature. Below 5.08kg of system charge there is no obvious trend with increasing bypass opening
angle.
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The expander inlet and outlet temperature are shown in Figure 187 and Figure 188
respectively. In both cases above 5.08kg of system charge there is no significant change in
temperature with increasing bypass angle. Any further increase results in a reduction in
temperature. Below 5.08kg of system charge there is no observable consistent trend
between increasing bypass angle and temperature.
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Figure 187: Expander inlet temperature for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. Above 5.08kg of charge there is no significant change in expander inlet temperature with increasing bypass

opening angle. Futher increase in bypass angle results in a decrease in temperature. Below 5.08kg of charge there is no
obvious trend with increasing bypass angle.
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Figure 188: Expander outlet temperature for various system charges and multiple bypass valve postitions at 1000 rpm
pump speed. Above 5.08kg of system charge upto 15° bypass opening angle there is no significant change with increasing

bypass angle. Futher increase results in a reduction in expnader outlet tmperature. Below 5.08kg of system charge there
is no obvious trend in increaseing bypass angle.
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6.3. Experimental Results: 1200 Rpm pump speed

Experimental results observation summary: Above 5.08kg of system charge and upto
15° bypass angle there is no significant change in overall system performance, high
and low side pressure and the majority of temperatures. Further increase in bypass
angle results in a deterioration in system parameters. Below 5.08kg of system charge

there is no real observable trend with increasing bypass angle.
Overall Performance:

The overall performance of the ORC system at the maximum pump speed of 1200rpm, at
varying degrees of bypass angle and system charge are shown in Figure 189, Figure 190
and Figure 191: The expander rotational speed, generated electrical output and consumed
pump power. Above 5.08kg of system charge and upto 15° degrees bypass angle there is
no significant change between increasing bypass angle and expander rotational speed. A
further increase in bypass angle results in a deterioration in expander rotational speed. The
generated electrical output follows a very similar trend with the exception that below
5.48kg of charge the expander rotational speed is below the synchronization speed of the
generator. Resulting in no electrical output. Below 5.48kg of system charge the pump
consumes 0.1kW of energy in all test cases which then increase to between 0.11 and 0.13

kW above 5.48kg of charge.
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Figure 189: Expander rotational speed for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. Above 5.08kg of charge and upto 15° bypass opening angle there is no significant change in expander
rotational speed with increasing bypass angle. Further increase in bypass opening results in a decrease in expander
rotational speed. Below 5.08kg of charge there is no obvious trend with increaseing bypass angle.
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Power: Expander
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Figure 190: Expander power output for various system charges and multiple bypass valve postitions at 1200 rpm pump
speed. Below 5.48kg of system charge the expander rotational speed is below the synchronisation speed of the generator
and therefore the electrical output power is registered as OW. Above 5.48kg of system charge and upto 15° opening angle
there is no significant change with incrreasing bypass angle. Further increase results in a reduction in expander output
power.
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Figure 191: Consumed pump power for various system charges and multiple bypass valve postitions at 1200 rpm pump
speed. Below 5.48kg of system charge there is no change in consumer pump power. Above 5.48kg there is no discerable
trend with increasing bypass opening angle.

Pressure:

The pressure in the high side of the system recorded at the pump outlet and expander inlet
are shown in Figure 192 and Figure 193 respectively. The pressure in both cases follows a
very similar trend with a significant increase in system pressure occurring at 4.58kg of

system charge for a bypass angle less than 15°. An increase in angle above 15° results in a

significant reduction in high side system pressure.
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Pressure: Pump Outlet
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Figure 192: Pump outlet pressure for various system charges and multiple bypass valve postitions at 1200 rpm pump
speed. Below 5.48kg of system charge the maximum pump outlet pressure is around 2 barg. Above 5.48kg there is a
significant jump upto around 5barg. Upto 15° opening angle there is potentially a slight decrease in presure with
increasing bypass opening angle. Above 15° there is a significant decreasing in pressure with increasing bypass anlge.
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Figure 193: Expander inlet pressure for various system charges and multiple bypass valve postitions at 1200 rpm pump
speed. The trend of the expander inlet pressure is the same as the pump outlet pressure in Figure 192.

The low pressure side of the system is shown in Figure 194, Figure 195, Figure 196 and
Figure 197: the expander outlet, condenser outlet, sub cooler inlet and pump inlet pressure
respectively. In all four cases there is no significant change in low side pressure with
increasing bypass angle with the exception of above 15° bypass angle at the subcooler inlet

and pump inlet. In both cases there is a respective increase in pressure with further
increasing bypass angle.
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Pressure: Expander Outlet
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Figure 194: Expander outlet pressure for various system charges and multiple bypass valve postitions at 1200 rpm pump
speed. In comparision to the effect of increasing mass the bypass opening angle has ngeligiable effect on the expander
outlet presure.
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Figure 195: Condenser outlet pressure for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. In comparision to the effect of increasing mass the bypass opening angle has negligable effect on the
condenser outlet pressure.
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Figure 196: Sub cooler inlet pressure for various system charges and multiple bypass valve postitions at 1200 rpm pump

speed. Upto 15° opening angle there is no singificant change in sub cooler inlet pressure with increasing degree of

bypass. Further increase results in an increase in subcooler inlet pressure.
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Figure 197: Pump inlet pressure for various system charges and multiple bypass valve postitions at 1200 rpm pump

speed. Upto 15° opening angle there is negligable change in pump inlet pressure. Further increase in bypass angle

results in an increase in pump inlet pressure.

Temperature:

The cold water feed, cold water return and condenser outlet temperature are shown in

Figure 198, Figure 199 and Figure 200. The controlled cold water feed and condenser

outlet temperature follow a very similar trend with a variation of less than 1°C over the

entire test range and significantly less for each individual mass increment. There is a

significant jump in cold water return temperature initial at 4.58kg of system charge and
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again at 5.88kg. However, in all cases there is no significant change in temperature with

increasing bypass angle upto 15°, a further increase results in a reduction in temperature.
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Figure 198: Cold water feed temperature for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. The cold water feed is externally controlled and has less than 1°C variation in temperature across the entire
test range. For each individual mass test run the variation is significantly less.
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Figure 199: Cold water return temperature for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. Below 5.48kg of system charge the cold water return temperature remains below 18°C. Above 5.48kg of
charge there is a significant increase in return temperature. Upto 15° opening angle there is no signficant change.
Further increase results in a reduction in the cold water return temperature.
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Lo 50 Temperature: Condenser Outlet
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Figure 200: Condenser outlet for various system charges and multiple bypass valve postitions at 1200 rpm pump speed.
With the exception of the first mass run the remaining test points have a relatively minnor change in temperature with
bypass opening angle.

The pump inlet, pump outlet temperature is shown in Figure 201 and Figure 202
respectively. In both cases upto 15° bypass angle results in no significant change in
temperature. A slight increase in temperature is observable in some cases at 20° bypass

angle with a more significant increase observable for the 25° case.
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Figure 201: Pump inlet temperature for various system charges and multiple bypass valve postitions at 1200 rpm pump
speed. Upto 15° opening angle there is no significant change with increasing opening angle. Further increase results in
an increase in pump inlet pressure.
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Temperature: Pump Outlet
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Figure 202: Pump outlet temperature for various system charges and multiple bypass valve postitions at 1200 rpm pump
speed. Upto 15° there is no significant change in pump outlet temperature with increasing bypass angle. Further increse
results in an increase in pump outlet temperature.

The evaporator inlet temperature is shown in Figure 203, below 5.28kg of system charge in
this case there is no consistent trend between evaporator inlet and bypass angle. Above
5.28kg of system charge and upto 15° bypass angle there is no significant change in
temperature with increasing bypass angle. For the most part in this system charge range a
further increase in bypass angle results in an increase in evaporator inlet temperature. The
unexpectedly high temperatures are a result of temperature sensor location and give an

indication of ORC system flow.
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Figure 203: Evaporator inlet temperature for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. Note: the location of the temperature sensor effects the measurement at the evaporator inlet and gives an
indication of system flow. Above 5.08kg and upto 15° opening angle there is no significant change in evpaorator inlet
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temperature with increasing opening angle. Further increase in opening angle results in an increase in evaporator inlet
temperature. Below 5.08kg there is no obvious trend with increasing bypass opening angle.

The hot water feed and hot water return temperature are shown in Figure 204 and Figure
205. The controlled water feed temperature has an overall variation of less than 3°C with
the exception of one outlying data point. In a similar manner to other data presented in this
section, below 5.48kg of system charge there is only a small variation in temperature
between the majority of data points. This changes at 5.48kg of system charge and again
above 5.88kg where there is no significant change in temperature upto 15° bypass angle
with further increase resulting in a rise in temperature.
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Figure 204: Hot water feed temperature for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. The extrenally controlled hot water feed temperature has a higher than normal overall variation across the
entire test range of 4°C. For each individual mass run the variation is in the most part significantly less.
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Temperature: Hot Water Return
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Figure 205: Hot water return temperature for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. The higher degree of variation in the feed temperature is reflected in hot water return temperature data.

The expander inlet and outlet temperature are shown in Figure 206 and Figure 207. In both
cases above 5.08kg of charge and upto 15° bypass opening angle there is no significant

change in temperature. Further increase in bypass angle results in a larger variation in

temperature.
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Figure 206: Expander inlet temperature for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. Above 5.08kg of system charge and upto 15° opening angle there is negligiable change in expander inlet
temperature with increasing opening angle. Further increase in opening angle results in a reduction in expander inlet
temperature. below 5.08kg of system charge there is no obvious trend with bypass opening angle.
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Temperature: Expander Outlet
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Figure 207: Expander outlet temperature for various system charges and multiple bypass valve postitions at 1200 rpm
pump speed. Above 5.08kg of system charge an upto 15° opening angle there is negligable change in expander outlet
temperature with increasing bypass angle. Below 5.88kg of charge and above 15° opening angle results in a decrease in
expander outlet temperature, and above 5.88kg results in an increase in expander outlet temperature.

6.4. Analysis and Discussion

The experimental effects of a combined pump bypass and liquid column height approach
to cavitation mitigation was examined in this chapter at three pumps speeds of 800, 1000
and 1200 rpm. The results show that the addition of a bypass valve doesn’t help mitigate
the impacts of pump cavitation in this case and only results in a detrimental impact on the

ORC system parameters.

The addition of the bypass valve for the 800rpm pump speed case provided no
improvement in the overall performance of the ORC system. The opening of the bypass
valve results in an increase in pressure at the subcooler inlet and pump inlet but this
increase in pressure does not help the system. It is likely that the system charge and
resulting liquid column height at the lowest system mass charge was sufficient to meet the
Net Suction Head requirement of the pump. Therefore any reduction in high side pressure
as a result of flow bypass would result in the observed deterioration in system

performance.
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6.5. Summary

The effect of liquid column height and pump bypass where tested at different operational
pump speeds to determine the combined influence on the performance of the ORC pump.
The liquid column height alone performed in the same manner as the results in Chapter
four, with the addition of the pump bypass having no positive influence on the ORC

performance.
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Chapter 7 - Conclusions and Outlook

The worldwide burning of fossil fuels is having a direct impact on the rising global
temperature as a result of greenhouse gases. The UK government along with other
countries has set ambitious targets to reach net zero carbon emissions. In order to reach
these targets, reducing our energy consumption with increased system efficiency and better
utilization of energy plays an important role. Large amounts of waste heat is produced in
many of our domestic and industrial processes, which in most cases is discarded to
atmosphere. In order to recover energy from waste heat various solutions have been
developed one of which is the organic Rankine cycle (ORC). The ORC is based off the
traditional steam power plant except organic fluids are used instead of steam, usually
refrigerants. The cycle pump is normally a commercially sourced component, not designed
specifically for ORC application. This can cause numerous issues one of which is pump
cavitation. Pump cavitation in ORC systems can cause various problems including, noise,

vibration, damage and mass flows problems.

This work set out to investigate the effects of cavitation on the performance of microscale
ORC systems and evaluate the main techniques and their combined interaction for
mitigating cavitation. Initially, a micro scale ORC system was designed and constructed to
test the effects of liquid column height on the performance of the pump. The system was
designed with a significant vertical distance between the condenser outlet and the pump
inlet (2.3m). It became apparent when testing begin that the design of the liquid column
was extremely sensitive to mass variations, which lead to an unstable system with
significant surging followed by collapse. In order to improve the stability of the system, the
liquid column was modified to increase the mass storage capacity. Resulting in a
significantly more stable system. However, a 3°C variation in condenser chilled water
supply led to significant error in the data analysis. The chilled water system was also then

modified to produce significantly more stable temperatures.

The system was then tested under various conditions to investigate the influence of mass
and liguid column height on the ORC performance. Firstly the system was tested at a
single set of system temperatures with increasing system mass at four pump speeds of 600,
800, 1000 and 1200rpm. In the 600, 800 and 1000 rpm case the system trends where the
same. Increasing mass resulted in an increase in performance up to a peak value, any
further increase in system mass resulted in a deterioration in output. The experimental data

indicates that as the mass/liquid column is increased the operation of the pump improves.
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Once the increase in mass no longer improves the pump output, the continued increase in
low side pressure reduces the pressure difference across the expander, reducing system
output. The highest tested pump speed of 1200 rpm did not conform to this trend. The
maximum output of the system was significantly less than the 1000 rpm case and the
stability of the system was questionable. Although, the calculated required liquid column
height for the 1200 rpm case (2.5m) could not be achieved due to physical limits. The
available net positive suction head measured at the pump inlet was significantly above the
manufactured stated requirement. However, at this rotational speed the available liquid

height alone was not sufficient to ensure stable operation of the pump.

In order to test the potential effects of other system parameters on the liquid column. Three
cold side supply temperatures and three expander loads where tested at a single pump
speed, with increasing system mass. The results produced a significant amount of
repetition. The change in expander load had significant effect on the high pressure side of
the system and the expander output. However, changes in expander load had negligible
effect on the liquid column height and the pump inlet pressure, and therefore has no effect
on the available NPSH of the ORC cycle. Likewise, changing the condenser temperature of
the ORC system had no effect on the stored liquid column height. There is however a
change in the pump inlet pressure as a result of changes in saturation temperature. As a

result an increase in temperature corresponds with a small increase in NPSH.

Due to the inability of the pump to operate at the highest pump speed of 1200 rpm at the
limits of test system 1. The ORC rig was modified to include a subcooler and a pump
bypass to test the combined effects of mass, subcooling and pump bypass on the
performance of the pump. A reduction in subcooler temperature in 2°C increments from
14°C to 6°C and bypass valve opening angle increments of 5° from 0 to 25°C, was tested
at three pump speeds of 800, 1000 and 1200rpm in a single increasing mass test run. The
test has be carried out in this manner to allow direct comparison between the mass,

subcooling and bypass.

The experimental data concluded that a pump bypass valve provided no positive benefit to
the ORC system and only resulted in a deterioration in the performance of the ORC

system.

The subcooling of the liquid entering the pump provided no discernible benefit to the 800
rpm test case. Due to decrease in expander performance with increasing mass during the

test range. It is strongly suspected that the lower end of the tested range was already above
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the optimum mass point and therefore subcooling the liquid would provide no further
benefit. The interaction between the subcooling and liquid column height was significantly
more visible for the 1000 rpm and 1200rpm case. The addition of subcooling resulted in
stable operation of the pump at the 1200rpm case. However, the increased output at the
1200 rpm case resulted in a system efficiency of 3.6% compared with 3.7% from test
system 1 and 1000rpm. It is fairly evident from this that the increased cost and complexity

of adding a sub cooler does not provide any benefit to the tested ORC system.

The issue of pump operation and feasibility of micro scale ORC systems remains a
persistent challenge. Based on the findings of this work a number of areas require further
work. Firstly: there remains a significant discrepancy between the required NPSH outlined
by the manufacture for the chosen pump and the required level for the pump to operate
effectively. Various attempts were made to find the underlying reason behind this during
this work however one could not be found. Secondly, in order to achieve full operation of
the pump a stored liquid column height of approximately 2m and significant subcooling
was required. Neither of these additions are practically convenient and therefore
significantly restrict the adoption of ORC systems into commercial settings. Further work
is needed in the design, of diaphragm pumps in this case, to improve the system feasibility.
Thirdly: Information produced from direct comparisons of different ORC pumps remains
scare in the ORC literature. Future work in comparing different types of pumps and their

required system requirements would be beneficial.
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