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Abstract

This report is concerned with a novel heat cycle termed the Subcooled Liquid
Flash, Boiling cycle (SLFB) and its applicability to waste heat recovery from
automotive internal combustion engines.

The internal combustion engine is set to continue to dominate the transportation
sector as the means of power generation. This is due to its reliability, higher
power to weight ratio than battery powered electrical vehicles, ready availability
of liquid fuels and relative low cost. However, the IC engine is relatively
inefficient in its conversion of combustion energy to mechanical work and up to
60% of combustion energy is wasted. The recovery of this waste heat is an
obvious and effective means of improving the IC engine’s overall efficiency.

The SLFB cycle belongs to the family of Power Flash Cycles of which the
Trilateral cycle (TLC) also known as the Trilateral Flash cycle, is relatively well
known and widely researched. The SLFB cycle is however different to the
hitherto well-known TLC in that it makes use of the un-flashed portion of the
working fluid by inducing convective boiling on this through a second heat
transfer process. The vapour thus generated expands in a near adiabatic
expander. In addition, there is improved efficiency with which heat transfer
occurs in the heat exchanger that generates the subcooled working fluid for the
cycle, as no phase change occurs within the heat exchanger reducing exergy
destruction. Furthermore the phase change during Flashing is an internal heat
transfer process within the working medium and no heat exchanger is required.
These points make the SLFB Cycle more efficient in power production than both
the Rankine Cycle (RC) and the TLC.

The proof of concept of the SLFB Cycle has shown that it is best suited for
application in a positive displacement volumetric expander such as a
reciprocating piston. This is due to the working fluid being in a two-phase state in
the expansion stage of the cycle. The ideal piston engine for the cycle would
have a long stroke and have its components; the block and piston heated to a
temperature high enough to prevent heat transfer from the working fluid to these
components. The subcooled liquid is to be introduced into the expander by
controlled injections with an appropriate injection mechanism. In addition, the
engine would ideally be operated at low speeds and with a subcooled high
temperature working medium as this would ensure that the working fluid would
begin its expansion process at a high temperature, improving the cycle’s Carnot
efficiency. The boiling unit where the atomized unflashed liquid undergoes
convective boiling needs to have the largest possible surface area to maximize
boiling but the smallest possible dead volume. Furthermore, the temperature of
the boiling surface should be just below the Leidenfrost point of the heated
surface for the working medium concerned.

A phenomenon known as the “Residual Mass Effect” was discovered and refers
to the relatively low temperature liquid that doesn’t undergo complete convective
boiling and remains in the boiling unit when flashing occurs. It leads to efficiency
losses through heat dissipation from the flash vapour to this liquid. The residual
mass effect can be mitigated by maintaining the boiling surface just below the
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Leidenfrost point and by designing the boiling unit so that any unvapourised
liquid is flushed out with the exhaust steam.

The Injection pattern was seen to have an effect on the efficiency of the engine.
Split injections of equal masses undergo more efficient convective boiling and
are better able to contribute to the expansion phase. Higher temperatures of the
subcooled liquid and higher engine loads reduce the efficiency of the convective
boiling process but increasing the boiling surface temperature can counteract
this provided the temperature of the convective boiling surface stays bellow the
Leidenfrost point.

The SLFB cycle has great potential if the various systems continue to be
optimized and developed. It also has applications outside the automotive sector
particularly in power generation from low grade heat sources through the use of
different working fluids.
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Chapter 1: Automotive Waste Heat Recovery

1.1 INTRODUCTION AND LITERATURE REVIEW

The world of today is faced with many issues. The more pressing issues include
climate change, poverty, disease, uncontrolled population growth and a lack of
resources. The lack for energy resources is a particularly important one as most
of the world’s conflicts can be traced back to this. As our modern society has
developed around fossil fuels, the efficient and prudent use of this limited
resource has become one of the most important endeavours facing modern
environmental engineering. One of the main consumers of fossil fuels is the
transportation system. With the ever-growing prosperity of the emerging
economies such as China, Brazil and India, the demand for new cars in these
nations is putting even more stress on petroleum reserves. In addition to this
stress, the carbon dioxide emissions from current and future engines are
another contributor to the widely debated Greenhouse Effect and Global
Warming. Climate change led by global warming has led to international
regulation of CO, emissions. The 1992 United Nations Framework Convention
on Climate Change (UNFCCC) was the first international attempt at stabilizing
greenhouse gas concentrations in the atmosphere. This was followed by The
Kyoto Protocol in 1997; the first legally binding agreement to this effect. All
parties to the Kyoto Protocol have set targets to cut and/or reduce their CO,
outputs. At approximately 27% [1], the transportation sector is a significant
source of CO, emissions and is a key target of the regulations.

1.1.1 Automotive Engine C0O, Emission Targets

While zero emission vehicles are the ideal means of transportation in terms of
their emissions, the implementation of the infrastructure required to make them
viable is still many years off and in their current forms, both cost and resource
inhibitive, and according to some literature only offer a modest hope of CO,
reduction in their current form. The fact of the matter remains that while there are
fossil fuels, we will continue to use them. According to British Petroleum (BP), at
the current rate of production and the proved oil reserves reaching 1700.1 billion

barrels as of the end of 2014, there is sufficient supply for a further 52.5 years. In
1



fact world oil reserves at the end of 2014 were 3 times their level in 1971. The
world’s oil reserves have steadily increased even in the face of rising
consumption [2]. Our dependence on fossil fuels is set to continue in the near
future. As mentioned earlier, all parties to the Kyoto Protocol have set CO,
emission targets for automotive vehicles. Of these parties, the European Union
has some of the strictest. At the end of 2013, the European Parliament and the
council of the European Union set mandatory 2020 CO, emission targets for
new passenger cars and light-commercial vehicles in the European Union. The
passenger car standards are set at 95 g/km of CO, and the light-commercial
vehicle standards are 147 g/km of CO,. If these goals are to be met, it becomes
the goal of the engineer to make the current fossil fuel based energy generation
technologies for these vehicles, namely the Internal Combustion Engines (ICEs)
more efficient.

1.1.2 Internal Combustion Engines: More than 370 Years and
Still the First Choice

Christiaan Huygens back in 1678 first introduced the concept of the Internal
Combustion Engine (ICE). Unlike its modern counterparts, this engine generated
its power from the combustion of gunpowder and consisted of a vertical tube
containing a piston. Gunpowder was inserted into the tube below the piston at
the base and lit much like a cannon. The expanding gasses drove the piston up
the tube until it reached a point near the top. Here, holes in the tube were
uncovered allowing any remaining hot gasses to escape. The weight of the
piston then caused it to drop, covering the holes and re-sealing the tube below
the piston. The weight of the piston combined with the vacuum formed by the
cooling gasses drew the piston back down the tube providing additional power.
With the invention of the Atmospheric Engine in 1712 by Thomas Newcomen
and further improvement of it by James Watt, steam powered external
combustion engines captured almost all the development efforts up until the
early 20" century. While the stationary steam engine can be considered the key
component of the Industrial Revolution, it did not make inroads into the
Automobile and Aircraft sector due to the weight of boilers and condensers
which made the power-to-weight ratio of a steam plant lower than that of an
internal combustion engine. This saw the resurgence of the internal combustion
engine in the late 19t century.

With ever growing standards of living and wealth of individuals, the demand for
2



personal transportation gave impetus to the development of the automobile and
with it, its ideal partner the internal combustion engine. The keys to this
partnership were firstly the high power to weight ratio of the ICEs and secondly
and more importantly, its liquid fuel source which has a high energy to weight
ratio and ease and simplicity of storage and use. The ICE continues to evolve
and remains the first choice for automobile power plants.

1.1.3 Electrical Vehicles: Not a Viable Solution As Yet.

The rising cost of Petroleum based fuels for ICEs and the carbon dioxide and
other undesirable emissions from these engines has led to a move into zero
emission vehicles powered by Electricity. In fact the Electric Automobile itself is
as old as the ICE powered automobile. A century ago, the Electric Automobile
lost out to the ICE powered automobile due to two main factors; the poor power
to weight ratio of electrical batteries and the relatively short mileage capable on
a full charge. A hundred years later, though vastly improved, battery powered
modern electrical vehicles are plagued by these same issues. Fuel cell vehicles
are an exception to this issue and show promise. While all electrical vehicles
including Hydrogen powered Fuel Cell Vehicles (FCV) are Zero Emission
vehicles as far as their tailpipes or the lack there of go, the electricity and/or
hydrogen they use are not generated from zero emission sources. According to
the U.S Energy Information Administration data, 67% of the World’s electricity
production in 2012 was from Fossil Fuels and 95% of the Worlds Hydrogen was
sourced from Fossil Fuels. According to Lindly and Haskew [3] who performed a
case study of a 10% penetration of Electric Vehicles (EV), EVs appear to offer
only a modest hope of reducing greenhouse gases and global environmental
change in the near future. This is because electricity generating-plant emissions
of CO, are much greater than vehicular emissions. Thus a reduction in vehicle
emissions is partly counter-balanced by an increase in generating plant
emissions. The infrastructural support for EVs is another issue. When compared
to ICE vehicle re-fueling, the EV charging infrastructure is grossly lacking.
Development of this infrastructure is vital to the proliferation of EVs but the
environmental impact of these needs to be considered. According to Nansai et al
[4] the development of charging infrastructure does not change the advantage of
EVs compared to gasoline vehicles (GV) in terms of CO,, NO, , and
CO emissions. In fact an EV emits more life-cycle SO, than gasoline vehicles
(GVs). These illustrate how EVs and their proliferation are faced with many
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hurdles.

The underlying issue with an EV based transportation system lies with the
electrical power generation system as we know it. Jochem et al [5] sums up this
point very clearly; “Hence, for some countries, the EV will not necessarily help to
significantly reduce CO, emissions of individual road transport by 2030,
especially when the national power plant portfolio consists of many thermal
plants and because emission of conventional vehicles will also be reduced to
about 80 g CO,/km by that time.”

1.1.4 Bio Fuels: Post Petroleum Liquid Fuels

Solar energy is a clean renewable source of energy that has the potential to
solve humanity’s energy needs. The mention of the term “Solar Energy” usually
conjures up the image of solar panels that generate electricity. While this is a
modern artificial iteration of “Solar Energy”, the most common form is
photosynthesis and this process is the source of energy for life on the planet and
the main source of energy for human activity. Fossil fuels are nature’s ancient
solar energy stores. While Fossil Fuels are natural, the combustion of these
Fossil Fuels has upset the fine balance with which nature operates. Fossil Fuels
are not part of the current carbon cycle of the planet and photosynthesis which
sequesters this CO, cannot keep up with the rate of its production. Thus a net
increase in global CO, levels has resulted and will continue to rise while Fossil
Fuels are combusted. If however, combustible fuels were to be sourced from
within the current carbon cycle the issue of rising CO, levels can be mitigated.
Bio Fuels are fuels sourced from the planets current carbon cycle. There are
differing schools of thought on the viability of bio-fuels as a future source of low
carbon emission fuels. According to Graeme and Pearman [6] bio-fuels and
bio-sequestration can only be a small part of a low carbon future due mainly to
the inefficiency of photosynthesis in converting solar energy to usable energy
and the availability of solar radiation. This may very well be the case if all of the
world’s energy were to be sourced from photosynthesized bio mass, but it
doesn’t completely strikeout bio-fuel use in the future. As the saying goes “One
size doesn't fit all” photosynthesized bio-fuels may not be viable in regions of low
solar radiation, but in the tropical and sub-tropical zones the story is quite
different. According to Baral and Guha [7], growing short rotation woody crops
(SRWC) for substituting fossil fuels may become a cost-effective strategy to

combat climate change. In a non-botanical bio-mass study, Ullah et al [8] have
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shown the potential for algal based fuels to take the lion share of transportation
fuels in the future. Other processes also exist for the sequestration of CO, for
fuel production. According to Fortier et al [9], algal bio jet fuel can reduce the life
cycle (LC) greenhouse gas (GHG) emissions by 76% when compared to
conventional jet fuel. Another study by Yasin et al [10], has shown that
methanogens from waste activated sludge has significant potential for
converting the greenhouse gas CO, into the fuel methane with a 77% reduction
in CO,. Furthermore, according to Anwar et al [11], the low-cost conversion of
lignocellulosic biomasses into bio-fuels has great potential due to its abundant
availability and will take the focus of future bio-fuel research. According to the
U.S Energy Information Administration (EIA) the last 10 years ending in 2014
has seen the energy generated from fossil fuels fall by 6.3% and increase by
53% for bio mass although bio mass accounts for 2.5% of the total energy
consumed and fossil fuels account for 42.9%. [12]. What is worthy of note are
the trends seen here which give support to the hypothesis that bio-fuels will
remain in the picture as a post petroleum fuel.

1.1.5 The Future of the IC Engine

The first internal combustion engines had efficiencies of just about 10% but a
century of development has seen its efficiency rise significantly. While the engine
has undergone vast improvements in its efficiency, the most efficient road going
engines today remain just under 43% and the average engine remains at
approximately 35%. The most efficient, The Wartsila-Sulzer RTA96-C
turbocharged two-stroke diesel engine has achieved just over 50% efficiency at
optimal operation. According to Oltra and Saint Jean [13] more than 50% of
automotive related firms' patent portfolios are still dedicated to ICE powered
vehicles. Furthermore according to Oltra and Saint Jean, [13] and Berggren and
Magnusson [14], the share of advanced diesel vehicles is expected to increase
in the next 30 years. ICEs are very competitive. ICEs can be produced at a much
lower cost than its competitors the EV and FCV, and liquid fuels are easily
available now and according to Shafiee and Topal [15], and the BP Statistical
Review of World Energy, June 2015 [2], petroleum is set to remain available for
at least the next 40 years. Factoring in liquid bio-fuels and the issues facing EVs
and FCVs, the dominance of the ICE is set to continue in the foreseeable future.
With that being the case, the efficient use of these fuels becomes vital and the
future of the ICE lies with the improvement of its thermal efficiency.



1.1.6 Waste Heat Recovery

According to Berggren and Magnusson [14], waste heat recovery (WHR)
technologies are recognized as a technology with potential for achieving fuel
economy goals required of future ICEs. According to Armstead and Miers [16]
exhaust gas temperatures of on-road vehicles average between 500°C and
600°C, with maximum values of up to 1000°C, while the coolant fluid
temperatures range between 100°C and 130°C .Taking into account the Carnot
cycle, the maximum amount of energy that ideally can be recovered ranges from
1.7 to 45kW for the exhaust which accounts for approximately 38% of total
exhaust heat and from 0.9 to 4.8kW for the coolant system which is 10% of the
total waste heat. Armstead also states that a WHR system that produces 1.3kW
of electricity would be capable of replacing the alternator of a small passenger
car and as a result improve fuel economy. This has the potential to improve the
fuel consumption of hybrid vehicles by as much as 32%. Several technologies
are common in waste heat recovery: (i) the Rankine cycle, (ii) the organic
Rankine cycle, (iii) thermoelectric generators, (iv) turbo-compounding, (v) the
Kalina cycle, and (vi) the Stirling cycle. Of these, according to Karvonen et al [17],
the prominent technologies with active research in waste heat recovery from
engines comprise of thermoelectric generators (TEGs), Rankine cycle (RC)
based systems with steam or organic working fluids, and mechanical or electrical
turbo-compounding.

1.1.6.1 Turbo Compounding

Diesel engines with mechanical turbo-compounding have been available for
some years. These systems use exhaust gasses to drive a turbine on a shaft
that contains both a compressor and a mechanical transmission. The
compressor compresses the engine’s intake charge to help reduce the engine’s
volumetric inefficiencies and the mechanical transmission transmits the
rotational energy of the shaft to the vehicle’s drivetrain. Knecht [18] argued that
considerably greater reductions in engine fuel consumption could be achieved
by the use of a Rankine cycle instead. And according to Armstead and Miers [16],
thermoelectric generators and Rankine cycles exhibit the greatest potential for
advances in cleaner energy production.



1.1.6.2 Thermoelectric generators (TEGs)

TEGs can convert waste heat directly into electricity. Such generators can be
used both to convert heat into electricity and electrical power into cooling or
heating power. The working principle of TEGs is based on the Seebeck effect,
which converts the temperature difference between the hot source and cold
source directly into electricity. The advantages of using TEG technology in waste
heat recovery are its silent operation and high reliability as these systems have
no moving or mechanically complex components. The primary challenge facing
current TEGs is their relatively low efficiency in converting thermal energy to
electricity. Zorbas et al [19] estimated that the use of TEGs could achieve a 5%
reduction in the fuel consumption of a passenger car at the current technology
level.

1.1.6.3 Rankine Cycle WHR systems

This is the most widely experimented upon WHR option. In the Rankine Cycle
(RC), a high pressure liquid is evaporated at a constant pressure in an
evaporator by a source of heat power. The high pressure vapour is then
expanded to a lower pressure, and power extracted from the expansion. The
expansion can be harnessed in either a turbine or a piston expander, which
intern produces either mechanical power or is coupled to a generator to produce
electrical power. The low pressure vapor is then condensed back into the liquid
phase by a condenser, after which the pressure of the liquid is raised in a feed
pump which in turn feeds the evaporator. Conventional RCs use steam as the
working medium whereas the Organic Rankine Cycle (ORC) employs an organic
working medium. Sprouse and Depcik [20] in their literature review discovered
that the concept of using ORCs to recover waste heat from internal combustion
engines had been explored in the 1970s, showing significant fuel economy
improvements in the studied engine systems. According to Bombarda et al [21],
Studies on systems using exhaust gas heat have shown that an approximately
10% increase in the power output of an engine system can be achieved when
using ORCs to recover heat from industrial scale reciprocating engines, and
smaller-scale engines are capable of achieving fuel economy improvements of

around 10% if suitable working fluids are selected and advanced expander
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technologies are adopted. Karvonen et al [17] in his patent landscape analysis
states; “In automotive applications, RC and ORC development has focused
particularly on heat recovery from long-haul truck engines, because the available
amount of heat is sufficient for current expander designs and the large number of
cruising hours plays an important role in profitability.” According to Sprouse and
Depick [20], while the performance and technology implemented in RCs and
ORCs are technologically satisfactory, lower-cost solutions are needed to make
these systems economically feasible for small-scale WHR applications. Another
key aspect of RC and ORC application is the choice of the working fluid.
Sprouse and Depick [20] concluded that no single configuration or single
working fluid can be identified as optimal for different waste heat sources at
different temperature levels. They also go on to state that the available space for
the WHR system for road going vehicles is limited, and working fluids having low
volumetric flow rates, enabling the use of small-size heat exchangers, are
desirable.

1.1.6.4 A New WHR system

It can be deduced that the ideal WHR system would be one that is compact,
durable, cheap to mass produce and ultimately provide an efficiency
improvement that significantly outweighs its cost. This study introduces a WHR
system that operates on a novel heat cycle. Furthermore, it is capable of being
produced with currently available mass produced components. Table 1 shows
the proposed automotive WHR system compared with some of the current
automotive systems being investigated.



Table 1. Comparison of the proposed system with some current research.

Car WHR System Efficiency Key Points
Maker Improvement
BMW Twin circuit ~15% A]?'e to EthtaC:lUPttO 80%
Organic Rankine of  wasteheal.
9 Cvel (Fuel economy) Complex heat extraction
ycle system.
Toyota Sterling ~ 2%, Simple and compact.
. . . Low heat extraction
(Engme EfflClency) efficiency from exhaust
gasses.
Honda | Rankine/Electric ~3.8% Volumetric expander has
Fuel 13% efficiency.

( ue economy) Low heat extraction
efficiency from exhaust
gasses.

Honda Thermo-electric <1% Low efficiency of thermo-
electric units.

(Fuel economy)

1.2 THE OUTLINE OF THE THESIS

This report will first introduce a novel heat cycle and the concept behind the
proposed WHR system in Chapter 2. This will then be followed by experimental
investigation into the proof of concept and its application to a reciprocating piston

engine in Chapter 3. Chapter 4 will cover the fundamentals governing the

operation and efficiency of a reciprocating engine running on the novel heat

cycle. Chapter 5 will deal with optimisation of the cycle for automotive waste heat

recovery based on the findings of experimentation and will also introduce some

alternative means of harnessing the cycle for automotive WHR. This chapter will

also lay out the path of future experimentation that will see the system realize its
goal of being employed as a WHR system in mass produced vehicles. Finally
Chapter 6 will deal with the conclusions drawn from the research.
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Chapter 2: An Introduction to the Subcooled Liquid
Flash, Boiling Cycle (SLFB)

The SLFB Cycle is a novel heat cycle. It is an augmented version of a hitherto
well known cycle called the Trilateral Cycle (TLC). [11,[2],[3].[41].[5].[6].,[7],[8]

2.1 THE TRILATERAL CYCLE

The ideal Trilateral Cycle may be summarized by Figure 1, which represents the
temperature versus entropy diagram of this cycle.

Temp (T) ﬁ

Isobar

Pmax

T max

| Isobar
I Pmin

—_ 4
T min "
1 Vapour Quality X \

ﬁ

Entropy (S)

Figure 1. The TS Diagram of the TLC

1-2 is the isentropic compression of the liquid phase to a maximum pressure
P.ax by an isentropic pump. The pump compresses the liquid to a pressure high
enough to maintain it in a subcooled state at T,,,,.

2-3 is the isobaric heating of the liquid phase up to the temperature T,,,,. At
state 3 the liquid is in a subcooled state.

3-4 is the isentropic expansion of the vapour generated from "flashing". In this
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process, wet saturated steam is generated and expands doing work. In the
process, the temperature and pressure of the working fluid drops to the
temperature T,,;, and pressure P,,;, with a vapour quality x.

4-1 is the condensation of the wet vapour back to state 1.

The Isentropic expansion in stage 3-4 is commonly known as “Flashing”.

2.1.1 Flashing

A high temperature liquid held in its liquid phase by a high vapour pressure is
termed a subcooled liquid. When this subcooled liquid is released into a lower
vapour pressure environment, the liquid phase can hold less heat and must
“‘dump” some of this energy. This “dumping” occurs by converting a certain
portion of the liquid into the gas phase and the unflashed portion of the original
liquid falls to its new and lower saturation temperature. The phase change
described above is an almost instantaneous process and is known as “Flashing”.
The enthalpy this “Flash steam” possesses is the difference between the
enthalpies of the liquid phase of the subcooled water and the liquid phase of the
water at the lower vapour pressure to which it falls after flashing has taken place.
The work potential of this steam comes from this heat which it possesses. The
vapour content of the wet steam generated by flashing can be described by
equation (1).

_ hisl - hfvp

Lfvp

(1)

x is the vapour quality (also known as the vapour content or Flash %) of the
steam generated. Furthermore, the heat possessed by this vapour can be
described by equation (2)

hfs = hig — hfvp
(2)

The example bellow illustrates the work potential of flash steam.
Subcooled water held at a temperature of 240°C and a pressure of 5SMPa has an

enthalpy of 1038kJ/kg (h;s). If this water were suddenly released into an
14



environment at a vapour pressure of 0.1MPa (atmospheric pressure), where
water in its liquid phase can naturally hold a maximum of 422kJ/kg (hs,,;), and
factoring in the latent heat of vaporisation of water (Ls,,) at 0.1MPa being 2281
kJ/kg, approximately 27% of the injected mass would flash into steam. The heat
possessed by the vapour phase of the flash steam is 616kJ/kg and has the
potential to do 616kJ/kg of expansion work.

A point worthy of note is that although the percentage of flash steam is just 27%.
The energy it possesses is a much larger fraction of the original subcooled liquid.
This is described by equation (3).

hisl - hf vp
hisl

% higp ~ps =

3)

The steam would contain approximately 59% of the original enthalpy of the
subcooled water.

2.1.2 The TLC Efficiency

With reference to Figure 1, the working fluid of the TLC gains its heat from an
isobaric heating process in stage 2-3. Here, heat transfer occurs from the heat
carrier to the working fluid. The TLC has the advantage of the cooling down
curve of the heat carrier and the heating up curve of the working fluid matching
up well which means a very efficient heat transfer and resulting high system
efficiency. Fischer [1] clearly demonstrates this point as do Ho et al [2] in their
comparisons of TLCs and ORCs. According to Fischer [1], the exergy efficiency
for power production is larger by 14% ~ 29% for TLCs than for ORCs.

Key Points of heat transfer efficiency are as follows:

1. The heat source and working fluid must be separated by a temperature
difference in order for heat transfer to occur; however, heat transfer across a
finite temperature difference, i.e.; constant temperature phase change,
inherently causes irreversibilities.

2. Good temperature matching between the heat exchanger streams minimizes
these irreversibilities
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3.

In a conventional heat exchanger (RC or ORC), the working fluid is first
heated as a liquid, undergoes liquid to vapour phase change, and if
necessary, further superheated as a vapour thereafter. Its temperature profile
will first be near linear, then constant during phase change, and then near
linear again, as shown in Figure. 2. Temperature mismatching causes a
pinch point to form, destroys potential work or exergy, and reduces the
effectiveness of the heat exchanger.

A method to avoid the phase change region and exergy destruction is
transferring heat at pressures high enough to prevent phase change of the
working fluid. This avoids the temperature mismatching encountered in the
constant temperature phase change process. The improved temperature
matching is shown in Figure. 3.
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Figure 3. The variation in stream temperatures during the heat addition process for

working fluids that do not undergo phase change.
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For heat engines that operate on external heat sources such as the RC, ORC
and TLC, the heat exchange process in the heat exchanger is a key aspect of
the overall efficiency of the cycle. Thus it can be said that the TLC owes its
improved efficiency for power production to the higher efficiency with which heat
transfer happens between the heat carrier and the working fluid in the heat
exchanger. [1], [2], [3], [4]

2.2 THE S.L.F.B CYCLE, AN AUGMENTED T.L.C

As mentioned earlier, the SLFB Cycle is an augmented version of the TLC.
Figure 4 shows the temperature versus entropy representation of The SLFB
Cycle.

Temp (T) 0
Tmax )
| Isobar
Ig" Pmin
T min
Vapour Quality
Entropy (S)

Figure 4. The SLFB Cycle.

The SLFB cycle is identical to the TLC in process stages 1-2, 2-3 and 3-4. In a
conventional TLC cycle, the liquid or unflashed portion is discarded as it cannot
contribute to expansion work [2]. However it possesses a significant amount of
heat energy. The SLFB Cycle aims to harness this energy. Stage 4-5 is the
multiphase convective boiling of this unflashed liquid portion generated in
process stage 3-4. This is achieved by the impingement of this liquid onto an
appropriately heated surface. The "B" in the cycle's acronym "SLFB" stands for
this convective boiling process. The vapour generated from this convective
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boiling is capable of reaching a maximum pressure of P,,, determined by the
wall temperature(T,,,,). Stage 5-6 is the isentropic expansion of the vapour
generated and stage 6-1 is the complete condensation of the vapour back to
state 1. The multiphase convective boiling supplements the work output of the
cycle.

Unlike the Rankine cycle and the TLC which only has a single heat input stage in
the cycle, the SLFB possesses two. The first is at the stage 1-2 where the
subcooled liquid is generated, and the second at stage 4-5 where multiphase
convective boiling takes place. Furthermore, the convective boiling process
initiated by the spraying of finely atomised liquid droplets onto the heated
surface is also very efficient [9].

l. The liquid portion is already at a significantly elevated
temperature, thus relatively little energy is required in the heating
up process prior to phase change.

Il. The flashing of the subcooled liquid leads to fine atomisation of
the unflashed liquid portion. This in turn improves its ability to
transfer heat off the heated surface it impacts through increased

surface coverage. [9],[10],[11],[12],[13]

Figure 5 demonstrates the expandable vapour generating process of the SLFB
Cycle.
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2. The water droplets strike the hot surface and
undergo multiphase convective boiling.

Injector e %0
%o
Subcooled OO
COO0
Wgter 3. Steam is generated from both
Flashing and boiling
f)Ooo
Hot surface 0080

1. Subcooled water flashes as it exits the
injector and a stream of wet steam (steam
and water droplets) results.

Figure 5. The Flash/Convective-Boil Mechanism
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2.2.1 A Mathematical Description of Work Output of the SLFB
Cycle

The theoretical net-work output of the system is governed by 4 parameters.

1) Q. — The heat transferred to the subcooled liquid by exhaust gasses
with no phase change occurring in either of the hot or cold streams. This may be
described as follows:

Qn = hyg - Ayg - LMTD
4)
Where:
hyr - heat transfer coefficient
Ayg - transfer area
LMTD -log mean temperature difference between the hot and cold streams of
the exchanger

AT, — ATy

LMTD = s ar,7aty)

(6)

Where:

AT - the temperature difference between the two streams at end A,
ATg - is the temperature difference between the two streams at end B.

Ends A and B describe the points where the two fluids meet and depart
respectively.
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2.) Q.» — The heat transferred in the convective boiling process. The actual
boiling regime involved is dependent on many factors [12], but for the purpose of
simplification, it is assumed that the impinging liquid droplets form a thin film on
the heated surface before undergoing multiphase convective boiling.

Qcp = hCB(Ts_ Tl)-Acl and Qw=Bs - L

(6)
Where:
hcg - heat transfer coefficient
T - temperature of heated surface
T; - temperature of liquid
A, - surface area in contact with the liquid.
L - latent heat of vaporisation of the liquid
B; - speed of evaporation
Thus the speed of evaporation can be described as:
B, = [hep(Ts — T - Acl]/L
)

This evaporation speed is the determining factor in the ability of Q., to
contribute to power generation when engine speeds increase.

3) Q..: — The heat dissipated by the condenser. The condenser is only
required to return the wet steam to its liquid phase. The Q,,; will depend on the
ability of the engine unit to harness work from the generated steam. Any heat in
the steam which the engine cannot convert to work will be the Q... This can
thus be described as:

Qout = (Qn + Qcp) - 1- rlengine)
(8)
Where:
Nengine - €fficiency of the engine
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4.) W, — The pumping work loss. The pumping work will depend on the
efficiency of the pump and the difference in enthalpy of the water entering it and
leaving it. In the current system, the pump is only used to raise the water to a
desired pressure. Due to the extremely low compressibility of the liquid phase, a
relatively small increase in enthalpy of the liquid results. Thus relatively little
power is needed for pumping. This can be described by as:

— APV
va - /rlpump
)
Where:
AP - change in pressure of the liquid
% - pumped volume

Npump- €fficiency of the pump

Thus all the above can be combined to give the following equation for the
net-work output of a flash steam engine:

Whet = (Qh + ch)_ Qout — VVp
= rlengine(Qh + Q) — Wy

Therefore:

Wnet = [(U . AHE . LMTD) + (th(Ts - Tl) ' ACl)] - [APV/I]pump]

(10)
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2.3 THE S.L.F.B AUTOMOTIVE WASTE HEAT RECOVERY
SYSTEM

It has been shown that the RC and ORC are the preferred heat cycles for
automotive WHR to date with over 3 decades of research history and a
significant amount of current research interest and investment [14]. It has also
been shown that the TLC has a higher power production efficiency than the ORC
[1]. The SLFB cycle improves upon the TLC and should provide even better
power production efficiencies. However, the TLC isn’t without its issues. In the
TLC, the working medium usually exists in a two-phase state when expansion
work is extracted from it and this necessitates the use of a two-phase expander
[1]. The SLFB cycle is faced with the same issue. However, such expanders do
exists and the humble reciprocating piston expander is one such cost effective
solution.

The waste heat output of an ICE powered vehicle varies with the driving mode
[6],[71,[14]. RC and ORC based systems are capable of high power outputs
when the waste heat flows from the main IC engine of the vehicle is high but
don’t allow on-demand power production. The SLFB based system on the other
hand has the added advantage of allowing the storage of heat energy in the form
of the subcooled liquid, akin to a liquid fuel, and allows on-demand use of this for
power production by the expansion unit. Figure 6 shows the proposed SLFB
automotive waste heat recovery system

The key aspects of an SLFB powered WHR system may be summarised as
follows:

l. High power production efficiency due to the high efficiency with
which heat transfer happens between the heat carrier and the
working medium.

. The existence of two heat addition processes within the cycle in
the form of generating the high temperature subcooled liquid and
the multiphase convective boiling of the unflashed liquid phase.

. The ability to reduce the wetness of the working medium through
the convective boiling process which helps mitigate the mechanical
issues caused by two-phase working mediums on expanders.
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V. The ability to store energy from highly energetic waste heat flows
and allow on-demand power generation from the system’s power
engine when waste heat flows are small from the main IC engine of
the vehicle.

V. The ability to use cheap mass produced components such as
piston expanders.

The above key aspects of an SLFB based WHR system make it an attractive
option for automotive waste heat recovery.
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Figure 6. The proposed WHR system based on the SLFB cycle.
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The SLFB Cycle automotive waste heat recovery system operation may be
summarized as follows

1. Exhaust gasses of a conventional I.C engine heats water in a heat
exchanger. The one-way valve and closed injector prevents any
pressure from escaping and subcooled water results.

2. Exhaust gasses from the |.C engine are also directed over the head
and block of the “Flash Steam Engine” unit. These exhaust gasses
raise the temperature of the head, block and piston and provide
further heating of the injector body to mitigate any heat losses the
subcooled water may have incurred on its journey from the heat
exchanger.

3. The subcooled water is injected into the cylinder in specific amounts
dependant on the output desired of the engine.

4. a) Flashing of the subcooled water generates steam.
b) The non-flashed water, now in a finely atomised state impacts the
hot surfaces, forms a liquid film and undergoes multi-phase heat
transfer, causing it to be converted to steam (convective boiling).

5. The expanding steam does work giving rise to the power stroke of the
engine.

6. Once the piston has reached BDC, the momentum of the flywheel
causes it to rise and the exhaust stroke of the engine takes place.
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DEFINITIONS, ACRONYMS, hcy | Heat  transfer  coefficient  for
ABBREVIATIONS convective boiling process
AT, | Temperature difference of streams at L Latent heat of vaporization of liquid
end A striking the heated surface
ATy | Temperature difference of streams at LMTD | Log Mean Temperature Difference
end B ORC | Organic Rankine Cycle
hyg | Heat transfer Coefficient for heat RC | Rankine Cycle
exchanger SLFB | Subcooled Liquid Flash Boiling Cycle
hsypy | Specific enthalpy of liquid at final TLC | Trilateral Cycle
vapour pressure % Pumped volume
his; | Initial specific enthalpy of subcooled x | Quality of vapour / Flash percentage /
liquid Vapour content
Nengine| Efficiency of Engine
Npumyp | Efficiency of Pump
Ayp | Heat transfer area of heat exchanger
A. | Area covered by liquid
B, | Convective boiling speed
Hgs | Enthalpy of flash steam
Lsyp, | Latent heat of vaporization at final
vapour pressure
Py | In-cylinder pressure
P,; |In-cylinder pressure at end of
injection
Prax | Maximum pressure of working fluid
Pin | Minimum pressure of working fluid
Q, |Heat from exhaust gasses to
subcooled liquid
Q., | Heat from convective boiling
Q..: | Heat dissipated by condenser
T; Temperature of liquid striking surface
Tmax | Maximum temperature of working
fluid
Tmin | Minimum temperature of working fluid
T,, | Temperature of pressure vessel
T, | Temperature of heated surface
Wye: | Net-work output
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Chapter 3: The Development of a Subcooled Liquid
Flash, Boiling (SLFB) engine for Waste Heat
Recovery from Reciprocating Internal Combustion

Engines

3.1 INTRODUCTION

While the reciprocating IC engine has undergone vast improvements in its
efficiency, the most efficient road going engines today remain just under 45%
and the average engine remains at approximately 35%. It is now generally
accepted that the mass produced Otto and Diesel cycle engines will never
exceed the 50% efficiency mark due to several limitations owing to practicality. In
most automotive situations, it is common for 30% of combustion heat to be lost
in exhaust gasses and a further 35% through heat transfer to the cylinder walls
and through coolant. This energy split is shown in Figure 1. The harnessing of
this waste heat is the key to improving the overall efficiency of an internal
combustion engine. Automotive Waste Heat Recovery (AWHR) research has
gained momentum in recent years. Unlike conventional waste heat recovery
systems, one of the major hurdles faced by AWHR systems is size. The ideal
AWHR system needs to be compact and efficient, and the ease of being
integrated to the powertrain would be highly advantageous as well.
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30% Exhaust Gas

Figure 1.Typical energy split in a gasoline ICE

3.2 CURRENT SYSTEMS

While many forms of waste heat recovery exist, the most keenly researched
include the Rankine cycle, Organic Rankine Cycle (and combinations of these),
Thermo-electric, Turbocharging and Sterling cycles [1]. A relatively new cycle
known as the Trilateral Cycle (TLC) [2],[3] is also showing promise. The
commonality shared by a lot of these systems is the requirement of an
intermediate storage system for the energy they produce and in most cases this
is an electrical battery. As necessity dictates, an electrical power generating
system is part of the package as well. The usage of batteries, while an obvious
choice, brings with it the drawbacks of current electrical battery technology which
include low power storage to weight ratio, relatively short life spans and high
cost. While some waste heat recovery systems allow direct power delivery to the
power train, it can be hypothesized that they would suffer from poor transient
response due to the nature of their expansion units and not allow for
"on-demand" power delivery.
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3.3 THE PROPOSED SYSTEM

A WHR system that allows on-demand direct power delivery to the power train
with good transient response has been envisioned by the author. The key
feature of the system is its use of a working medium that is kept in its liquid
phase for storing energy and then converted to its vapour phase, releasing its
stored energy in the power generation unit. The cycle on which this system
works has similarities to the TLC with its key benefit [2],[3],[4],[5]. Furthermore,
the working medium in its liquid phase is comparable to a liquid fuel which has
such inherent benefits as it relatively small volume and ease of handling [11].
Superior transient response and good efficiency is also achievable by the use of
a compact positive displacement reciprocating power unit. Figure 2 illustrates
the operation of the reciprocating engine powered by the SLFB Cycle.
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Figure 2. The Operation of a two-cycle Flash steam engine
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3.3.1 The Heat Cycle Powering the Engine

The proposed system works on a heat cycle termed the Subcooled Liquid Flash,
Boiling Cycle (SLFB). This cycle generates work by the harnessing of vapour
expansion. The vapour is generated in two processes, namely the Flashing
process and the Multiphase Convective Boiling process.

The ideal SLFB cycle can be summarized by Figure 3.

Temp (T) ﬁ
Tmax
Isobar
/ Pmin
T min
Vapour Quality
Entropy (S)

Figure 3. The TS Diagram of the ideal SLFB Cycle

The SLFB cycle is identical to the TLC [2],[3],[4],[5] in steps 1-4. 1-2 is the
isentropic compression of the liquid phase to a maximum pressure B,,, by an
isentropic pump. The pump compresses the liquid to a pressure high enough to
maintain it in a subcooled state at T,,,,. 2-3 is the isobaric heating of the liquid
phase up to the temperature T,,,,. At state 3 the liquid is in a superheated state.
3-4 is the isentropic expansion of the vapour generated from "flashing". In this
process, wet saturated steam is generated as the temperature of the working
fluid drops to the temperature T,,;,, and pressure P,,;, with vapour content x.
Stage 4-5 is unique to the SLFB cycle and is the multiphase convective boiling of
the wet portion of steam generated in process stage 3-4, from the heated walls
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of a specially designed component within the expansion unit. The multiphase
convective boiling supplements the work output of the cycle, and simultaneously
helps reduce the wetness of the vapour generated in the process stage 3-4. This
is important as it reduces the liquid phase which is undesirable for the
mechanicals of the reciprocating expansion unit.

3.3.2 Unique Aspects of The SLFB System
The unique aspects of the SLFB system are as follows:

1. The working fluid (subcooled water) is delivered directly into the expansion
unit using a fast response electro-mechanical injector which allows fine control
of the timing and mass of working fluid injected.

2. Work is generated in the power unit from two processes; (a) The Flashing of
the subcooled working medium and (b) The Multiphase Convective Boiling of the
unflashed liquid portion by heat transfer from heated surfaces within the power
unit.

3.4 OVERALL AIM

To investigate the nature of Flashing and Convective Boiling and its ability to
generate power in a reciprocating positive displacement expansion unit.

3.5 THE EXPERIMENT OUTLINE

The experimental was carried out in 3 main stages.

Stage 1: The construction of an injector: The construction/modification of an
electrically controlled injector capable of operating under the conditions of this

experiment was the first and one of the most important goals of this experiment.
This enabled the second and third stages to be carried out.
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Stage 2: The high temperature subcooled water injection experiments: This
stage was carried out to determine the potential of the Flash and Convective
Boiling processes to generate work.

Stage 3: The powering of an engine with the SLFB cycle: This stage investigated
the SLFB cycle's ability to produce power in a piston engine.

3.5.1 Stage 1: The Construction of an Injector

The injector employed in the flash engine, needs to be able to hold high
temperature liquids at very high pressures. As the design and construction of an
injector was beyond the scope of this research, a commercially available diesel
common rail injector was used. The reasons for this was that common ralil
injectors operate at pressures of up to 160MPa and their all-metal construction
allowed high temperature applications as well. However the original design of
the injector needed some modifications for the flash experiment application.
Figure 4 shows the stock common rail diesel injector used. Figures 5a and 5b
illustrate the modifications made to the standard injector. The internals of the
injection control system and the cooling adapter are shown disassembled in
Figure 5a. Figure 5b illustrates the modifications made to allow injections at
pressures lower than what the stock injector originally could.
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Figure 4.The Standard Injector
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Original spring
20MPa rating

New stainless steel spring 3MPa
rating

Figure 5b. The Nozzle spring modification
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The injector employed (with modifications) for this experiment was a Bosch
solenoid actuated common rail diesel injector that is originally used in the Toyota
IND-TV engine. This injector contains a high speed solenoid which is sensitive
to heat and requires cooling when in operation. In standard applications, this
solenoid is cooled by fuel that flows through it. However, when used to inject
high temperature subcooled water, this solenoid requires a separate cooling
system. The Original injector was fitted with a cooling adapter to protect this heat
sensitive solenoid. The adapter included a passive radiative cooling system to
protect from the heat of the superheated liquid and a separate coolant circulation
system to cool the solenoid while in operation.

The components starting from the solenoid down to the control valve lifter,
control the “Injector Control Valve”. This control valve allows minute amounts of
high-pressure liquid to leak out of the top of the injector (back leakage) which in
turn allows control of the “nozzle needle lift” and injection events through a
pressure difference in the hydraulic circuit within the injector body.

The “Nozzle spring” in the original injector allowed the injector to only operate at
pressures above 20Mpa. As the experiment was carried out at liquid pressures
of 5Mpa, this spring was replaced with one of a lower spring force that allowed
operation at pressures of 3Mpa. Figure 5b shows this modification. Other
modifications included the enlargement of the nozzle tip orifices’ diameter from
the standard 125um to 400um to increase the mass flow rate. Table 1 lists these
modifications, and the modified injector is pictured in Figure 6.

Table 1. The injector modifications.

Original Injector Modified Injector
Min operating pressure 20MPa 5MPa
Nozzle orifice diameter 125um 400um

3.5.2 Stage 2: The High Temperature Subcooled Water Injection
Experiments

Figure 7 illustrates the experimental setup for used for investigating the SLFB
process
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Figure 6. The Modified Bosch Common Rail Diesel Injector used for injecting subcooled water.

42



Expansion Tube ressure Gauge

(P1)

Bloe-off Valve

luid Inlet and One-way Valve

PC

PreasineVesssl = EEEEEE

Ribbon Heater

Injector Coolant ~

Data Logger

Heater Controler P
| ) Heater Controller (Te)

(Tov)

[Pressule I Temperature

Injector Controller ——

Inline Filter

Constant Pressure Expander _ (D)
High Speed Camera

Figure 7. The Experimental Set-up for investigating the SLFB process.
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3.5.2.1 The apparatus

While stable injector operation was achieved, the injector remains prone to
rusting due to the high temperature of the water that is used and the dissolved
oxygen in this water. Ideally, the injector used in the flash steam engine would
be constructed out of materials that provide better rust prevention. For the
purpose of maintaining the current injector in a rust-free condition after water
injection experiments, the injector was removed from the set-up, and connected
to a supply of automotive brake fluid. The injector was then operated with brake
fluid to flush out any water within it. The highly hygroscopic nature of the brake
fluid helps prevent rusting of the injector internal parts during its non-use.
Furthermore, the water solubility of brake fluid allows the injector to be easily
flushed with water prior to its use in further subcooled water injection
experiments.

With reference to Figure 7, subcooled water was generated and maintained in a
pressure vessel heated by an electric ribbon heater and heater controller. The
subcooled water was then injected into a constant pressure expander (CPE).
This expander was a SMC brand air actuator, which contained a cylinder and a
free moving piston. The CPE itself was heated and maintained at predetermined
temperatures by a ribbon heater and control system. It was insulated to prevent
any heat loss. A head for the CPE was designed and built to accommodate the
injector, a pressor sensor, a thermocouple and purge valves. This head was
maintained at the same temperature as the CPE. Thermocouples were placed at
various points on the surface of the CPE and head to monitor the temperature.
The injector was controlled by a pulse generator and pressure data was
recorded on a digital data logger.
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3.5.2.2 Injector mass flow rate

Prior to the injection experiments, the mass flow rate of the injector was
measured. These measurements were carried out for both non-flashing and
flashing flows. Figure 8 shows the experimental setup used to investigate the
flowrate of the injector. Injections were carried out into an airtight aluminium
canister that was maintained at approximately 16°C by a bath of cold water. The
interior of the canister was filled with stainless steel wool to provide a large cold
surface area for the flashed vapour to condense on. A rubber bellows was fitted
to the canister to absorb any sudden pressure rises that may result from the
expanding vapour. The injected mass was determined by measuring the mass of
the canister (with bellows attached) prior to injection and then post injection.

<«—— Insulation

Heated

injector

Aluminium canister

. Rubber
bellows

Stainless
steel wool

Figure 8. Experimental setup for measuring injector flow rate.

Water held at temperatures of 24°C (room temperature), 130°C and 240°C
(maximum temperature possible with the subcooled water generator) was
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injected in 3 different modes namely 5ms x 50 injections, 10ms x 50 injections
and 15ms x 50 injections to observe the general trend of mass flow rate variation
with the degree of subcooling. Figure 9 shows the results of the variation of
mass flow with water temperature.

Injection Mass vs Injection Period

35 |

25
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Injection Mass (g)
[yv]

—e—20°c
—m—130°c
——240°c
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0 2 4 6 8 10 12 14 16

Injection Period (ms)

It is observed that the flow rate of the injector decreases for flashing injections. It
is known that as the temperature of the subcooled water increases, its flash
percentage also increases. It was observed that the injected mass was inversely
related to the percentage of flash steam generated.

As future experiments were to be carried out with flashing flows, the goal was to
establish a mathematical function that would describe the mass of subcooled
water injected for a given injection duration. As the individual injection masses
are very small and could not be accurately measured, the mass flow-rate for
injections was measured by taking the average of 5 sets of 50 injections, for
particular injection durations. The injection durations ranged from 2ms up to
20ms. In order to generate the mass-flow rate function G (t),,, , a graph of
injected mass vs injection period was plotted and polynomial regression done on
this graph to generate the function G(t)r,,, With a best possible R? value.
(R2=0.9969)
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Figure 10 shows the results of the injection experiments for flashing flows for
water at 150°C.

Injector Flow Rate
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Figure 10. The mass-flow rate for Flashing injections of water at 150°C.

The mass-flow rate for water at 150°C can thus be described by:
G(t) flow(1s0) = 0.000001¢2 + 0.0000109¢t (g)

It was beyond the capabilities of the available equipment to simulate pressure
variance in the injection environment when measuring mass-flow rate. The
mass-flow rates described by G(t)s,, are of injections done in atmospheric
pressure. According to the principles of critical flow of subcooled liquids through
small diameter pipes, the critical mass-flow rate depends solely on the pressure
of the liquid in the reservoir once a choke plane is generated in the flow path. If
the reservoir pressure is low, the flashing occurs within the pipe prior to the exit
and if the pressure is high enough the flashing occurs at the exit of the pipe. The
mass-flow rate cannot be increased any further by decreasing the pressure at
the pipe exit (downstream). Thus only the upstream pressure affects the
mass-flow rate. In the case of the SLFB engine injections, the very fact that
flashing occurs (at either the exit of the nozzle or within the nozzle) leads to
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chocked flow and renders the flashing mass-flow rate immune to the pressure
fluctuations downstream of the flash generated choked plane. Therefore the
in-cylinder pressure fluctuations have no influence on the flashing mass-flow
rate as long as flashing occurs throughout the duration of the injection.
Back-pressure would only influence the mass-flow rate in the case of
non-chocked flows, i.e. if the in-cylinder pressure is higher than the saturation
pressure of the liquid exiting the injector nozzle, as in this situation flashing
would cease and non-choked flows would result.

3.5.2.3 The constant pressure expander (CPE)

A commercially available air actuator was modified for use in the experiment.
The modifications made were mainly to the head of the actuator to allow the

attachment of the injector and various other sensors and components. The CPE
used for these experiments are shown in Figure 11 and the modifications to the

head are shown in Figure 12
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Figure 11. The modified SMC Air Actuator
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Figure 12. The modifications to the head.
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3.5.2.4 The injection experiment procedure

Pure distilled water was heated in a pressure vessel up to a temperature of
240°C and maintained in a subcooled state at a vapour pressure of 5MPa by
compressed Nitrogen. A pressure of 5SMPa was used in order to achieve
adequate injection mass flow rate and to ensure that the level of subcooling was
high enough that flashing only occurred at, or very close to the exit of the injector
nozzle tip orifices and not within the injector or delivery pipes. Each injection
experiment consisted of 50 consecutive injection events. The injected mass was
varied by varying the injection duration. The first set of experiments used a 15ms
ON duration with a 1ms OFF duration between each injection. Experiments were
carried out using a Constant Pressure Expander (CPE) with wall temperatures
(T,) of 80°C, 120°C, 130°C, and 140°C. The start of the injections simultaneously
triggered the gathering of pressure data by the high speed data logger and high
speed video camera. The data gathered from the pressure sensor output and
the video from the high-speed camera were used to plot a Pressure vs Volume
graph for each injection experiment. This graph was then used to calculate the
indicated work (W;) done by the expanding steam for the duration of the
injections. It became apparent that the subcooled water was losing heat to the
CPE head prior to injection and accurate knowledge of the injected water
temperature could not be established. Consequently, the temperature of the
CPE head on to which the injector was connected needed to be at the same
temperature T, as the subcooled liquid. This mitigated any heat loss from the
subcooled liquid prior to injection. The temperature at which the CPE could
safely be maintained for extended periods of time was 130°C and so the
temperature of the subcooled water was also maintained at 130°C and injection
experiments repeated for 50 X 10ms ON and 1ms OFF followed by 50 X 5ms
ON and 1ms OFF. Injection experiments were also carried out with non-flashing
injection of 50 X 5ms ON and 1ms OFF for water temperatures (T,,,) of 70°C and
90°C with a T, temperature of 130°C. Figure 13 illustrates the experimental
procedure of the CPE injection experiments. It is worthy of note that the
temperature of the injected liquid is the same as the temperature of the injector
T;; and the subcooled water generating pressure vessel T,, if no heat loss
occurs on its journey between the pressure vessel and the injector.
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Figure 13. The Experimental procedure of Stage 2.
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3.5.2.5 Results

The Indicated work was calculated according to equation (1). v; is the volume
of the CPE at injection initiation and v, at the end of injection. P is the constant
pressure at which expansion takes place within the CPE.

vy
Wi= f P dv
v

(1)
The enthalpy of Flash steam was calculated according to equation (2). This
enthalpy is a function of the pressure within the cylinder as is the specific
enthalpy of the liquid at the final vapour pressure, and is thus denoted as
Hes(Pey) and hgyy,(Peyp) respectively.

Hfs(Pcyl) = (hisl - hfvp(Pcyl)) Tmy
(2)

In the CPE experiments, the expansion occured at a constant pressure, thus
P,y = constant and this constant pressure was used to determine the hy,,,.
The efficiency with which the enthalpy of Flash steam was converted to work
was calculated according to equation (3). E,, is termed the efficiency value.

E, = lWil 100
v Hfs
(3)
An E, value of 100 relates to the work output being equal to the enthalpy of
flash steam generated by the injected mass of subcooled liquid. Values larger

than 100 indicated an input of energy in addition to that of the flash steam energy.
Figure 14 shows the efficiency values at various CPE wall temperatures.
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Figure 14. The efficiency of conversion of flash steam enthalpy to expansion work
within the CPE for injections of subcooled water at a temperature of 240°C (T,,,,)

It can be seen that a wall temperature of 80°C all but removes the work
output of flashing. This is due to condensation of the flash steam.
Furthermore it is clear that as the wall temperature increases, the efficiency
also increases. The relatively low efficiencies can be attributed to heat lost
from the subcooled water prior to it being injected. Figure 15 shows the
efficiency values when the injections were carried out at near adiabatic
conditions. Here, the subcooled water was at a temperature of 130°C (T,,)
as was the CPE temperature (T;) and the injector temperature(T;,;).
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Figure 15. The results of the experiment carried out under near adiabatic conditions
where no heat is gained or lost by the injected fluid prior to it being injected

By the definition of efficiency value in equation (3), it can be determined that an
additional source of energy input was present as the indicated work output was
larger than that possible from flash steam alone. This additional work is the
multiphase convective boiling of unflashed water off the CPE walls (Q.,). This
convective boiling input may be described by equations (4) and (5).

Qcp = hep (Ts - Tl) “Ag
(4)
Qo= Bs L
()

T, and T, are the temperatures of the surface and liquid striking the surface
respectively. A, , L; and C refer to the area covered by the liquid striking the
surface, the latent heat of vaporisation of the liquid striking the surface and the
coefficient of heat transfer respectively.

The speed of boiling can be described by equation (6).
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heg(Ts —Tp) - Ay

(6)

The boiling speed B; is the determining factor in the ablity of convective boiling
to contribute to power output as engine speeds increase.

Figure 16 shows the indicated work for non-flashing injections in comparison to a
flashing injection. The CPE wall temperature is at 130°C and the injected water
temperatures are at 70°C, 90°C and 130°C.

Indicated Work vs Injected Water Temperature

g S ~ @
o o o o

Indicated Work (J)
F-N
o

30
OFlash Steam
20 Enthalpy
10 | mHeat Transfer
from Wall
0

70°C 90°C 130°C
Temperature of injected water (Tpv)

Figure 16. The results of non-flashing injections when compared to flashing injections
into the CPE with a wall temperature of 130°C.

While there is no significant change in the convective boiling work output for
temperatures of 70°C and 90°C, the contribution of convective boiling off the wall
reduces when flashing occurs. As noted earlier, the contribution of convective
boiling is dependent on the mass of liquid striking the hot wall, the surface area
of the wall it covers and the boiling speed (convection). Flashing causes a
chocked flow, reducing the mass flow rate of the injector. So less liquid strikes
the hot wall. Furthermore, the liquid phase of the wet steam exiting the injector is
at a relatively higher temperature than the non-flashing injections. As boiling
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speed is dependent on the temperature difference between the bulk of the liquid
and the hot surface, i.e. the larger the difference the larger the convection. The
smaller temperature difference between the wall and the liquid phase of the
flashed water further reduces the contribution of convective boiling. When taking
into account the reduction in mass flow rate of the injector due to flashing flow
(choked flow), the reduction in liquid water striking the walls and other effects
such as reduced boiling speed, a total reduction of more than 11% in convective
boiling work is expected. However the results show a reduction of only 8.89%.
Research in the field of heat transfer has shown that spray cooling can increase
Critical Heat Flux (CHF) values and more efficiently transfer heat off hot surfaces
when compared to liquid jets of the same mass flux [13],[14].[15],[16].
Investigations by the authors into the injection patterns of non-flashing and

flashing injections from the injector indicates a significant widening of the spray
cone angle due to flashing. This would in theory translate to a larger area of the
heated internal surface of the cylinder being impacted by the unflashed liquid
portion. Furthermore, research on flash boiling and atomization has shown
enhanced atomization through flashing [6],[7],[8]. It can thus be hypothesized
that the smaller than expected decrease in convective boiling which in effect is
an improvement in convective boiling for flashing injections was due in part to
the enhancement of heat transfer from the walls of the CPV resulting from flash
induced atomization of the liquid striking the walls. Figure 17a shows a
non-flashing injection at a liquid temperature of 70°C and Figure 17b shows a
flashing injection at a subcooled liquid temperature of 130°C.
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Figure 17a. A Non-Flashing injection from the constructed
injected. T;,; at70°C.

Figure 17b. A Flashing injection from the constructed injected.
T at 130°C
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3.5.3 Stage 3: The Powering Of an Engine with the SLFB Cycle

In order to investigate the repeatability of the findings of stage 2 in a
reciprocating piston engine (the power generation unit of the WHR system), an
experimental engine was built. As with the injector construction, the fabrication
of a complete engine was beyond the capabilities of the author, so the
modification of a commercially available single cylinder engine was undertaken.
The engine chosen was a Yamaha 7CN. The head of this engine was removed
and a new block for the new power unit, mounted in its place. A piston extension
for this unit was attached onto the piston of the 7CN. This in effect gave an
engine with the same stroke as the 7CN but with a smaller bore diameter. The
specifications of each engine are listed in Table 2.

Table 2. Specifications of the 7CN and the new engine hereafter referred to as FB1.

Specifications Yamaha 7CN FB1

Bore 67mm 35mm
Stroke 49mm 49mm
Swept Volume 173cms3 47cm3

Heating fins were attached onto the injector holder, boiling plate and cylinder
block. The cylinder block and above were encased in an insulated aluminium
casing and hot gasses were fed through this casing to provided heating for the
various heated surfaces and components of the FB1. Figure 18 shows the
cross-sectional view of the FB1.
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Figure 18.The FB1 with casing, fins, pressure sensor and injector attached.
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3.5.3.1 Procedure

The experimental conditions for investigating the SLFB cycle in a piston engine
are listed in Table 3 and Figure 19 shows the experimental setup.

Table 3. The experimental conditions.

Working fluid

Water

Working fluid temperature(T,,,)

150+£3 °C
(controllable variable)

Injector temperature(T;y;)

150+3 °C and 180+11 °C
(controllable variable)

Boiling plate temperature (T}, )

195 °C ~ 297 °C
(non-controllable variable)

Cylinder wall temperature(Ty;,)

149 °C ~ 253 °C
(non-controllable variable)

Injection period

10ms and 20ms
(controllable variable)

Injection pressure
(gauge pressure)

8 MPa
(constant)
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Figure 19. The experimental setup used to investigate the SLFB cycle.
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The experiment was carried out by injecting measured amounts of high
temperature subcooled water, by altering injection timing, directly into the heated
boiling plate section with the piston stationary at 5° ATDC. Injection durations
were set at 10ms and 20ms. Heating for the power unit was provided by a gas
burner and vacuum fan combination and heat input was controlled by fan speed
and burner output adjustment. This heating set-up was chosen as it was
analogous to the proposed system that would gain its heat from automotive
exhaust. The temperatures of the injector(T;,;), the boiling plate(T},),
block(Ty,), pressure vessel(T,,), heating gases at inlet(T,;) and heating gases
at outlet(T,,) were logged as was the in-cylinder pressure(P). Injections were
carried out at water temperatures of 150°C and 180°C(T),,). The exact
temperature of injected water was taken to be the values of T;,; atthe
beginning of an injection as this was a more accurate measure of the injected
liquid temperature, as was learned in stage 2. The experiments were carried out
as single injection events.

3.5.3.2 Results

For single injection events, the engine was seen to turn over successfully.
Figures 20a to 20d show the pressure versus volume charts of 10ms duration
injections and Figures 21a to 21d are of 20ms duration injections. The pressures
indicated are gauge pressures. The dead volume of the expansion region has
been ignored and only the volume swept by the piston has been considered. At
the first 10ms injection of water at 148°C, the engine did not complete a full cycle.
However all injections thereafter did.
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Figure 20a. PV chart for the engine cycle for a 10ms injection of subcooled water at

148°C(Tyy ).
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Figure 20b. PV chart for the engine cycle for a 10ms injection of subcooled water at

153°C(Tin)
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Figure 20c. PV chart for the engine cycle for a 10ms injection of subcooled water at

179°C(Ty ).
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Figure 20d. PV chart for the engine cycle for a 10ms injection of subcooled water at

187°C(Ty)).
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Figure 21a. PV chart for the engine cycle for a 20ms injection of subcooled water at

151°C(Tyy ).
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Figure 21b. PV chart for the engine cycle for a 20ms injection of subcooled water at

153°C(Tyy ).
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Figure 21c. PV chart for the engine cycle for a 20ms injection of subcooled water at

191°C(Tipj).
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Figure 21d. PV chart for the engine cycle for a 20ms injection of subcooled water at
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The pressure data was sampled at 0.5° intervals of the crank rotation. Due to the
heating system employed by this engine, exact, arbitrary control of the
temperature of the various parts of the engine namely the injector holder, boiling
plate and engine block was not possible. Figures 22a to 22d show Pressure vs
Time charts during the power stroke for each 10ms injection and Figures 23a to
23d for 20ms duration injections. The pressure data shown is for a duration of
200ms from the start of injection. Injection was initiated 5° ATDC and exhaust
valve opening at 5° BBDC.
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Figure 22a. Detail of pressure rise with respect to time during the power stroke for a

10ms injection at 148°C(T;,;) and T, at 180°C.
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Figure 22b. Detail of pressure rise with respect to time during the power stroke for a

10ms injection at 153°C(T},) and T, at 195°C.

69
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Figure 22c. Detail of pressure rise with respect to time during the power stroke for a
10ms injection at 179°C(T;,;) and T, at 289°C.
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Figure 22d. Detail of pressure rise with respect to time during the power stroke for a
10ms injection at 187°C(T;,;) and Ty, at 294°C.
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In-Cylinder Pressure vs Time
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Figure 23a. Detail of pressure rise with respect to time during the power stroke for a
20ms injection at 151°C(T;,;) and T,, at 213°C.
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Figure 23b. Detail of pressure rise with respect to time during the power stroke for a
20ms injection at 153°C(T;,;) and T,, at 215°C.
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Figure 23c. Detail of pressure rise with respect to time during the power stroke for a
20ms injection at 191°C(T;,;) and Ty, at 296°C.
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Figure 23d. Detail of pressure rise with respect to time during the power stroke for a
20ms injection at 189°C(T;,;) and Typat 297°C.



With reference to Figures 23a to 23d, it is noteworthy that flashing occurs only
within the injection period and results in the initial steep pressure gradient. Once
injection is complete, a positive but smaller pressure gradient continues to be
observed in all experiments for varying durations of time during the expansion
phase. This indicates additional heat input into the working fluid within the
cylinder. As convective boiling is the source of this additional heat input, this
additional heat input with respect to boiling plate temperature is illustrated by
Figure 24. AP in Figure 24 may be defined by equation (7).

AP = Ppeak_ Pe;

(7)

Pyear and P,; refer to the peak in-cylinder pressure and the pressure at the end
of injection respectively. Thus AP is representative of the contribution of the
convective boiling input.

AP vs Boiling Plate Temperature
500
450 | ¢ 152.9
400
151.3m
20 - | 189
T30 | 148
X L
:ggg | m 1907 —
< Injections
150 P + 1872 B30ms
4 178.8
100 | Injections
50 F
0 ' ' [ 2 'l 'l
0 50 100 150 200 250 300 350
Boiling Plate temperature (°C)

Figure 24. AP with relation to the boiling plate temperature. Data labels indicate
injection temperature.

It can be seen from Figure 24 that AP increases with increasing boiling plate
temperatures of 180°C ~ 215°C but then significantly falls off for boiling plate
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temperatures of 289°C ~ 297°C. This fall is more pronounced for smaller
injection masses (10ms).

In contrast to the CPE experiment where flashing occurred at a constant
pressure, the heat release from flashing within the cylinder of the engine is time
variable as it happens at ever increasing in-cylinder pressures. The amount of
heat held by the flash steam (H¢s) can only be determined empirically from the
known information of in-cylinder pressure and injector mass flow rate. The
flashing mass flow rate of the injector has already been established
experimentally, and is represented by the time variable functionG(t) f;ou. The
specific enthalpy of flash steam is dependent on the in-cylinder pressure seen by
the subcooled fluid as it enters the cylinder. The time variable in-cylinder
pressure function (P, (t)) was established from experiment data (pressure
sensor data) and was then used to calculate the time dependent specific
enthalpy (hs,, (t)). Thus the total flash steam enthalpy (Hs) released during an
injection period t may be represented by Equation (8).

t
Hfs:f [hisl_hfvp(t)] G(t)flow dt
0

(8)

It is worthy of note that the flashing mass-flow is not influenced by in-cylinder
pressures as long as flashing continues to occur during injection. This is
because flashing flows through the injector are chocked flows. Furthermore,
flashing heat release is only calculated from this mass-flow rate for the duration
that flashing occurs and not the entire duration of injection.

The efficiency value for each experiment was calculated according to Equation

3).

Figure 25 shows the relationship of the efficiency of flash energy conversion to
indicated work, in relation to the boiling plate temperature.
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Figure 25. The Efficiency of conversion of Flash energy to work in relation to the
boiling plate temperature. The data labels indicate the injection temperatures.

It can be seen from the results that the efficiency tends to increase with boiling
plate temperature increase and injected mass of fluid, up to around 215°C but
then falls drastically at boiling plate temperatures of around 290°C. The
relationship of injected mass to efficiency is also seen to invert at these high
temperatures. This can be explained by the Leidenfrost effect where the
significantly large temperature difference between the boiling plate surface and
the boiling point of the liquid hitting it, generates an insulating vapour layer
between the hot surface and the liquid striking it. This prevents the liquid from
rising in temperature and delays boiling. This relatively cooler liquid (due to it
being generated at a lower saturation pressure) mixes with the fresh in-flow of
hotter working fluid and causes dissipation. Figures 26a to 26¢ demonstrates
this Dissipation effect. This effect is seen to be more pronounced at higher
injection masses and can be attributed to larger masses of the liquid phase
remaining in the boiling plate. According to simulations done by Steffen et al on a
TLC powered piston engine [2], residual liquid mass within the dead space of a
hydro-cyclone separator has a similar effect causing the reduction in the
isentropic efficiency of the engine. The results of this experiment reflect this.
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Boiling plate is at a
Injection Begins temperature over 290°C
ie: At the Liedenfrost point

The generated steam and
liquid water are at T1
(determined by internal
pressure P1).

Figure 26a.Stage 1 of the process that leads to Dissipation

Internal pressure rises to P2.

Po>Pa Boiling plate is at a
T2>T1 temperature over 290°C.

~T1

1. The Lidenfrost Effect dramatically slows down the heat transfer
between the walls and the liquid preventing boil-off.

2. This prevents the temperature of the residual Liquid rising far beyond T1.

Figure 26b. Stage 2 of the process that leads to Dissipation.
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Internal pressure is at P2.

P2>P1 Boiling plate is at a

temperature over 290°C.

~T1

1. The new out-flow from the injector sees a saturation pressure of
P2and flashes generating steam at a temperature of Tz.

Heat is transferred from the steam at 7 to the residual liquid at T2
reducing its work potential.

This is “Dissipation” and it reduces Efficiency.

Figure 26c¢. Stage 3 of the Process that leads to Dissipation.
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Tables 4a and 4b show the temperature of the various parts of the FB1 engine
just prior to injection.

Tables 4a. Temperatures of various parts of the FB1 engine for 10ms injections.

Temperature ['C]
Boili
o Injector oring Block
Injection Plate
150 10 [ms] (First) 148.0 180.0 149.0
[C]
10 [ms] 152.9 195.1 183.4
(Second)
180 10 [ms] (First) 178.8 288.5 244.3
[C]
10 [ms] 187.2 294.1 249.1
(Second)

Tables 4b. Temperatures of various parts of the FB1 engine for 20ms injections

Temperature [‘C]

Injection Injector Boiling Plate Block

150 ['C] 20 [ms] (First) 151.3 213.2 178.7
20 [ms] (Second) 153.3 214.9 182.5

180 [C] 20 [ms] (First) 190.7 295.8 251.5
20 [ms] (Second) 189.0 296.7 252.9

Figure 27 shows the relationship of flash energy conversion efficiency to the
injection temperature.
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Figure 27. The Efficiency of conversion of Flash energy to work in relation to the
injected liquid temperature. The data labels indicate boiling plate temperatures.

A similar relationship to that seen between the flash to work efficiency and
boiling plate temperature is also observed between the injection temperature
and flash to work efficiency. With reference to tables 4a and 4b, it must be noted
that due to the nature of the heating system, the boiling plate temperature is not
arbitrary to the injector temperature which is taken to be the injected fluid
temperature. Thus the effect of the high boiling plate temperature dominates
here as well. In addition to this effect, Steffen et al [2] also found that higher
injection temperatures resulted in efficiency decreases due to higher exergy
losses caused by spontaneous evaporations in the dead volume. This could also
be a contributing factor to the efficiency reduction observed in the SLFB engine
with high injection temperatures. The indicated power is calculated from the
indicated work and the time taken to produce that work. In all cases except for
the very first injection were the engine did not complete a full cycle, the time ¢,
is taken as the period for one complete cycle and W; is the indicated work for
that single cycle. For the incomplete cycle of the first injection, t.,. was taken
as the time duration the engine was in rotation. Indicated power is described by
equation (9)
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Figure 28 shows the relationship between the peak in-cylinder pressure and
indicated power. It is clear from this that power output is proportional to peak
in-cylinder pressure and that higher peak in-cylinder pressures are generated by
larger injection masses, higher boiling plate temperatures and if overall trends
are taken, on injection temperatures. Figure 29 shows the relationship of peak
in-cylinder pressure to injected liquid temperature, and Figure 30 shows the
relationship of peak in-cylinder pressure to boiling plate temperature.

Indicated Power vs Peak In-Cylinder Pressure
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Peak In-cylinder Pressure (kPa)

Figure 28. Engine power output in relation to In-Cylinder peak pressure.Data labels
indicate the injection temperature and boiling plate temperatures respectively.
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Peak In-Cyl Pressure vs Injection Temperature
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Figure 29. Peak In-Cylinder Pressure in relation to the injected liquid temperature. Data
labels indicate boiling plate temperature.
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Figure 30. Peak In-Cylinder Pressure in relation to the Boiling Plate temperature. Data
labels indicate injection temperature.
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While it may seem from Figure 30 that higher boiling plate temperatures result in
a higher peak in-cylinder pressures, it must be noted that the boiling plate
temperatures are a non-controllable variable in this experiment and higher
boiling point temperatures have corresponding higher injection temperatures as
well. Thus it is highly plausible that the higher peak in-cylinder pressures at
boiling plate temperatures of 289°C ~ 297°C are a result higher injection
temperatures alone. This argument is further strengthened by the trend seen in
Figure 24 of reducing convective boiling input with increasing boiling plate
temperatures.

3.6 DISCUSSION

It has been established that the TLC has the potential to efficiently generate
power as a WHR system. It has also been shown by some researchers [4] albeit
in simulations to be superior to the ORC systems [9],[10],[12]. The SLFB cycle
was envisioned to improve upon the standard TLC.

The existence of wet steam is one of the major issues with TLC cycles running at
low subcooled temperatures. Such devices as cyclone separators have been
proposed for removing the liquid portion of the working fluid prior to it being
introduced into the expansion unit [2] and shows promise. However it is not
without drawbacks due to dead volume related exergetic losses [2]. The SLFB
cycle eliminates the need for separating the two phases. It also helps mitigate
any heat losses from the working fluid which should lead to a cycle working at
higher efficiencies than the standard TLC. It is also expected to overcome the
efficiency drop with increased stroke volume that standard TLC engines suffer
from, due to the need for increased injection durations [2]. The SLFB engine
achieves this by the convective boiling process which continues to generate
steam throughout the power stroke.

The results of the experiment have proven the SLFB piston engine to have a
greater efficiency than the TLC powered piston engine with a cyclone separator
if all other factors such as the working fluid (water), the efficiency of the heat
exchanger, work required to power the high pressure pump and mechanical
losses of the piston engine remain the same. Consequently the SLFB powered
piston engine is expected to be superior in exergic efficiency to the supercritical
ORC as well.” [2] [4]. In order to realise this, the convective boiling process of the
SLFB cycle needs to be optimized as do the parameters of the piston engine
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such as its stroke length, boiling surface temperature, injection pattern and
timing, exhaust valve timing and location, the ideal operating engine speed (in
order for convective boiling to be able to contribute) and engine load control (so
that the in-cylinder pressure needed to overcome load doesn’t surpass the
saturation pressure of the boiling plate or block temperatures).

Figure 31 shows the TS chart comparison of the ideal SLFB cycle to that of the
current engine working under the same conditions. The cycle shown in Figure 31
(in orange) achieved a flash to work conversion efficiency value (E,) of 174
which translates to 100% of the flash energy being converted to work and
convective wall boiling contributing an additional 74% of the flash energy input.
The shaded region (in orange) of the observed cycle is only hypothesised to be
as such as this region contains both flashing and convective boiling occurring
simultaneously and their interactions are beyond the capabilities of the current
experimental setup to quantify. It can however be determined that increasing the
convective boiling speed would result in a higher peak in-cylinder pressure
resulting in a higher power output. Equation (5) confirms this fact. Furthermore,
increasing the stroke length will allow more work to be extracted from the
expanding steam as steam generation through convective boiling is an ongoing
process throughout the entire power stroke. This should therefore result in an
improvement in efficiency.

As noted by Steffen et al, the dead volume causes exergetic losses which leads
to an overall reduction in efficiency. The SLFB engine is not immune to this as is
clearly seen in the very first injection experiment of 10ms at 148°C which has a
significantly smaller efficiency to the second experiment at roughly the same
parameters. In this first injection experiment, the dead space of the boiling plate
contains only dry air. However subsequent injections were made into a saturated
low pressure steam environment.

The ideal design of the boiling plate would need to improve boiling effectiveness
while reducing its dead volume. The observed effect of improved heat transfer
between the wall and liquid striking it due to flash induced atomization is a bonus
and should be taken into consideration when designing the boiling surface.
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Figure 31. Comparison between the ideal cycle and the most efficient cycle achieved.

Future research will concentrate on enhancing the convective boiling process
and the optimizing of boiling plate design and the piston engine’s operating
parameters for maximum efficiency.

3.7 CONCLUSION

The SLFB cycle is capable of producing power efficiently through a combination
of flash evaporation and convective boiling. However, heat losses from the high
temperature subcooled liquid prior to injection must be minimised in order to
realise high efficiencies. The application and repeatability of this cycle was
confirmed in a piston engine. Under optimized boiling plate temperatures, it is
capable of surpassing the efficiency of a TLC powered piston engine with a
hydro-cyclone separator operating under the same working fluid temperatures.
The power output of the experimental SLFB piston engine is directly related to
the mass of injected working fluid and its temperature, for temperatures of 180°C
~ 215°C. The efficiency of the engine is directly related to the mass and
temperature of injected working fluid for boiling plate temperature of 180°C ~
215°C but inverts in relationship at boiling plate temperatures of 289°C ~ 297°C
due to the influence of the Leidenfrost effect and heat dissipation into the
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residual liquid mass. The effective removal of the residual liquid mass during the
exhaust stroke is expected to improve the overall efficiency of the engine.
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Definitions/Abbreviations

outlet

Tinj | Temperature of injector
ATDC | After top dead center T, Temperature of liquid striking surface
AWHR| Automotive waste heat recycling Tmax | Maximum temperature of working
A, | Area covered by liquid fluid
BBDC | Before bottom dead center Tmin | Minimum temperature of working fluid
B; Convective boiling speed T,, | Temperature of pressure vessel
hcg | Constant of heat transfer T, | Temperature of surface
CHF | Critical heat flux vr | Final volume
CPE | Constant pressure expander v; Initial volume
E, | Efficiency value WHR | Waste heat recovery
Hys | Enthalpy of flash steam W; | Indicated work
hss% | Percentage of specific enthalpy in hsvp | Specific enthalpy of liquid at final
flashed steam vapour pressure
Lsyy | Latent heat of vaporization at final his; | Initial specific enthalpy of subcooled
vapour pressure liquid
Latent heat of vaporization of liquid teye | Time taken for one cycle of rotation
L striking the surface X Quality of vapour
m; | Injection mass
Py | In-cylinder pressure
P,; | In-cylinder pressure at end of
injection
Di Indicated power
Prax | Maximum pressure of working fluid
Ppin | Minimum pressure of working fluid
Ppear | Peak in-cylinder pressure
Q., | Heat from convective boiling
TDC | Top dead center
TLC | Trilateral cycle
T, Temperature of CPE wall.
Ty, | Temperature of block
Typ | Temperature of boiling plate
Ty; | Temperature of heating gasses at
inlet
Tyo | Temperature of heating gasses at
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Chapter 4. The Fundamentals Governing the
Operation and Efficiency of a Subcooled Liquid
Flash, Boiling (S.L.F.B) Cycle Powered
Reciprocating Engine for Automotive Waste Heat

Recovery

4.1 INTRODUCTION

It has been established that the SLFB cycle is capable of generating power [1]
and some of the fundamental phenomenon governing the cycle have been
proven and others discovered. Theoretically, it has the potential for higher
efficiencies in power production than the RC or the ORC [2], [3]. Experimentation
carried out thus far has been for single cycle operations of the engine and further
investigation is required in multi-cycle operation. Multicycle operation will provide
an insight into the other fundamentals governing the efficiency of a reciprocating
engine operating on the SLFB cycle.

4.1.1 The Subcooled Liquid Flash, Boiling Cycle

The ideal SLFB cycle is illustrated in Figure 1, and as it applies to a reciprocating
engine may be summarized by Figure 2.
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Figure 1. The TS Diagram of the ideal SLFB Cycle
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Figure 2. The PV Diagram of the ideal SLFB Cycle in a Piston Engine.
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The SLFB cycle researched in this paper has similarities to the Trilateral Cycle
(TLC) [2],[3],[4].[5]. Research done on the TLC has shown it to be superior [4] to
the well-established ORC [5],[6],[7]. Both the SLFB and TLC use a phenomenon
known as “Flashing” to generate an expandable vapour which in turn can be
used in an expansion engine.

With reference to Figure 1, the stages of the SLFB Cycle may be described as
follows:

e 1-2is the isentropic compression of the liquid phase to a maximum
pressure P,,,, by an isentropic pump. The pump compresses the liquid
to a pressure high enough to maintain it in a subcooled state at T,,4,-

e 2-3is the isobaric heating of the liquid phase up to the temperature T,,-
At state 3 the liquid is in a superheated state.

e 3-4is the isentropic expansion of the vapour generated from "flashing”. In
this process, wet saturated steam is generated as the temperature of the
working fluid drops to the temperature T,,;,, and pressure P,,;, With
vapor content x.

e 4-5is the multiphase convective boiling of the wet portion of steam
generated in process stage 3-4, from the heated walls of a specially
designed component within the expansion unit. The vapour generated is
capable of reaching a maximum pressure of P,,,, determined by the
wall temperature(T jax)-

e 5-6is the isentropic expansion of the vapour generated.

e 6-1is the complete condensation of the vapour back to state 1.
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With reference to Figure 2:

e 3c-4cis Flashing Heat Release.

e 4c-5c is Convective Boiling Heat Addition.

e 5c-6¢ is Adiabatic Expansion

e 6c-1cis Exhaust.

e 1c-2c¢c-3c is Condensation, Pressurisation and Heating.
The TLC is represented by process stages 1-2-3-4 in Figure 1. The SLFB Cycle
augments the output of the TLC through multiphase convective boiling of the
unflashed liquid generated in stage 3-4, which in the TLC would be discarded.
This makes the SLFB Cycle inherently more efficient than the TLC.

The principle of operation of the SLFB engine is illustrated in Figure 3.

e High temperature subcooled water is delivered directly into the expansion
unit using a fast response electro-mechanical injector.

e Work is generated in the power unit from two processes;
(a) The Flashing of the superheated working medium and
(b) The Multiphase Convective Boiling of the unflashed liquid portion by heat
transfer from heated surfaces within the power unit.
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Flashing and boiling Exhaust valve open. Exhaust steam exits

Injection of subcooled water generates steam cylinder.
which expands.

Exhaust valve closed Piston at TDC

Water catch

Heat is transferred
from the hot block to
the working medium
inside the cylinder.

Injection and Power Stroke Exhaust Stroke

Figure 3. The 2-Cycle SLFB piston engine.
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4.1.1.1 Flashing

When a high temperature subcooled liquid is released into an environment with
a vapour pressure lower than the pressure required to maintain the liquid in its
subcooled state, the liquid phase can hold less heat and discards this excess
heat by converting a certain portion of the liquid into the gas phase. This phase
change is an almost instantaneous process known as “Flashing”. Flash steam
enthalpy is the difference between the enthalpies of the liquid phase of the
subcooled water and the liquid phase of the water at the lower vapour pressure
to which it falls after flashing has taken place. The vapour content of the wet
steam generated by flashing can be described by equation (1).

— hisl - hfvp
Lyvp
1)
x is the vapour quality of the steam generated. The heat possessed by this
vapour is described by equation (2)
hfs = hig — hfvp
2)

Thus the enthalpy of Flash steam may be calculated according to equation (3).
This enthalpy is a function of the pressure within the cylinder as is the specific
enthalpy of the liquid at the final vapour pressure, and is thus denoted as
Hgs(Pgy) and hgyy, (Peyp) respectively.

Hfs(Pcyl) = (hisl - hfvp(Pcyl)) Tm;

®3)

94



4.1.1.2 Multiphase convective boiling

The convective boiling of the unflashed liquid that occurs within the heated part
of the engine may be described by equations (4) and (5).

Qcp = hep (Ts - Tl) "Ag
(4)
Qo= Bs L
(5)

T, and T, are the temperatures of the surface and liquid striking the surface
respectively. A, , L; and C refer to the area covered by the liquid striking the
surface, the latent heat of vaporisation of the liquid striking the surface and the
coefficient of heat transfer respectively.

The speed of boiling may be described by equation (6).

_ hCB (Ts - Tl) ’ Acl
S Ll

(6)

The boiling speed B is the determining factor in the ablity of convective boiling
to contribute to power output as engine speeds increase.

The Efficiency Eg, describes the efficiency with which the total enthalpy of

injected subcooled water is converted to work in the engine. This is described by
Equation 7.

(7)

H, is the total enthalpy of the subcooled water and w; is the indicated work.
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4.1.2 Single Event Experiment Results

Single event experiments carried out on the flash engine (The FB1) showed that
both Flashing and Convective Boiling contributed to the power output of the
engine as was theorised. It was seen from the results that the efficiency E, of
the engine tended to increase with boiling plate temperature increase and
injected mass of fluid, up to around 215°C but then fell drastically at boiling plate
temperatures of around 290°C. This was attributed to the Leidenfrost Effect
which causes a buildup of “residual mass” of relatively cooler liquid within the
expansion engine. This residual mass buildup led to “dissipation”, which is a loss
of flash steam heat to the relatively cooler residual mass. This effect was seen to
be more pronounced for larger injection masses.

Furthermore, the engine efficiency was seen to decrease for both small and
large injected masses with the onset of the Leidenfrost effect. Furthermore, the
engine efficiency was shown to decrease more significantly for larger masses.
Figure 4 illustrates this.

Flash to Work Efficiency vs Boiling Plate Temperature
200
180 B 1533
=160
< 140 |
g 120 Py 113 4 10ms
© 1529 Injections
; 100
0 M 20ms
g 80 ¢ 148 iect
o 60 178.8 Injections
ﬁ ¥4 1872
w 40
20 190.7. =
0 'l 'l 'l
150 200 250 300 350
Boiling Plate temperature (°C)

Figure 4. The Efficiency of conversion of Flash energy to work in relation to the
boiling plate temperature for single event experiments. Data labels indicate injection

temperature.
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The efficiency with which the enthalpy of Flash steam was converted to work
was calculated according to equation (8). E,, is termed the efficiency value.

E, = [Hﬂfs] 100
(8)

An E, value of 100 relates to the engine’s work output being equal to the
enthalpy of flash steam generated by the injected mass of subcooled liquid.
Values larger than 100 indicated an input of energy in addition to that of the flash
steam energy, in other words the input from Convective Boiling.

4.2 AIM

To investigate the SLFB Cycle in cyclic operation of a reciprocating piston
engine.

4.3 PROCEDURE

The engine shown in Figure 5 was used for running the experiments. The FB1
engine is the result of a modification of a commercially available single cylinder
Yamaha 7CN engine. The head of this engine was removed and a new block for
the new power unit, mounted in its place. A piston extension for this unit was
attached onto the piston of the 7CN which in effect gave an engine with the
same stroke as the 7CN but with a smaller bore diameter. Heating fins were
attached onto the injector holder, boiling plate and cylinder block. The cylinder
block and above were encased in an insulated aluminium casing. The
experiments were then carried out using the experimental setup seen in Figure 6.
The specifications of each engine are listed in Table 1.
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Table 1. Specifications of the 7CN and the new FB1 engine.

Specifications Yamaha 7CN FB1

Bore 67mm 35mm
Stroke 49mm 49mm
Swept Volume 173cms3 47cm3

98



injector holder injector
hot gasses /

[

casing

_wvalve

”~
7

pressure sensor

exhaust port
. —push rod

cvlinder block

ai-' ron )

extension piston-] /ﬁ/

|

7CN piston

Figure 5.The FB1 with casing, fins, pressure sensor and injector attached.

99



Texh Ting Subcooled water feed from
To pressure vessel

Injector
Spacer plate

Pressor sensor

{|

Heating gasses in I Start assist motor system

Heating
gasses out

| |
Il
- ] |
Flvwheel Timing pulley
b ywhee Support bearing
Timing plate Coupling Engine brake
St Iv

Figure 6. The experimental setup used to investigate the SLFB cycle
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The experiment was carried out by injecting measured amounts of high
temperature subcooled water, by altering injection duration, directly into the
heated boiling plate at 5° ATDC. Injection durations per cycle were set at 20ms
and 30ms for single injections and 10i-5-10i-5-10i, 20i-5-5i-5-5i for split injections.
The “” indicates the duration for which the injector solenoid was energized, thus
10i-5-10i-5-10i indicates three 10ms periods of injection with 5ms of
non-injection between them. Heating for the power unit was provided by a gas
burner and vacuum fan combination and heat input was controlled by fan speed
and burner output adjustment. The temperatures of the injector(T;,;), the boiling
plate (Typ), block (Ty,), heating gases at inlet (Ty;) and heating gases at
outlet (Ty,) were logged as was the in-cylinder pressure(P). Injections were
carried out at subcooled water temperatures (T,,), of 150°C and 180°C. The
exact temperature of injected water was taken to be the temperature of the
injector (T;y,;) at the beginning of an injection. Once the engine started turning
over, a brake (load) was applied and data acquisition started. The experimental
conditions are listed in Table 2.

Table 2. The experimental conditions.

Working fluid Water
Working fluid 150+3 °C
temperature(Tp,) 180+3 °C

Injector temperature(T;y;)

150£3 °C (20ms,30ms)

180+10 °C (20ms,30ms)
200+12 °C

(10-10-10ms,20-5-5ms)

Boiling plate 195 °C ~ 285 °C
temperature(Typ)
Cylinder wall 149 °C ~ 247 °C

temperature(Ty;,)

10ms and 20ms

Injection period 10-10-10ms
20-5-5ms
Subcooled water pressure 8 MPa

(gauge pressure)
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The split injection experiments were carried out at approximately equal Injector
and Boiling Plate temperatures. The single injection experiments were also
carried out at approximately equal injector and Boiling Plate temperatures which
were different to the split injections.

The injection masses with relation to injection pattern are shown in Table 3.

Table 3. Injected masses.

Injection Pattern Injected mass (Q)
20ms (150°C) 0.622
20ms (180°C) 0.589
30ms (150°C) 1.210
30ms (180°C) 0.945

10i-5-10i-5-10i (200°C) 0.621
20i-5-5i-5-5i (200°C) 0.777

The efficiency of the engine was determined according to the definition of Eg,
from Equation 7. The Efficiency E, describes the efficiency with which the total
enthalpy of injected subcooled water is converted to work in the engine.

4.4 RESULTS

The engine was successfully run under load for all the above injection patterns.
Figures 7a and 7b show samples of in-cylinder pressure data for single 30ms
injections and Figures 8a and 8b show single 20ms injections. Both are for
multi-cycle engine operation.
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Figure 7a. Pressure information with relation to piston position for the engine cycles

of single 30ms injections of subcooled water at 150°C (T;y;).
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Figure 7b. Pressure information with relation to piston position for the engine cycle

of single 30ms injections of subcooled water at 174°C (T;y;).
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Figure 8a. Pressure information with relation to piston position for the engine cycle
of single 20ms injections of subcooled water at 153°C (Tiy;).
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Figure 8b. Pressure information with relation to piston position for the engine cycle

of single 20ms injections of subcooled water at 178°C(T ;).
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With single injections, it was seen that injections with the higher injection masses
and temperatures of subcooled water generated higher in-cylinder pressures
and as a result higher power outputs. At low temperatures of subcooled water,
smaller masses of water were able to achieve higher levels of efficiency (Eg,,) on
average in converting the total enthalpy of injected subcooled water to work than
larger injection masses with the same temperature. However, as the
temperature of subcooled water increases, smaller masses result in reduced
efficiency while larger masses lead to an increase in efficiency. Figure 9
illustrates this.

Efficiency (Esv) vs Temperature of
5 Subcooled Water
;'\;; 4 ¢
T 3l
LIbJO [ | ¢
2 1 n30ms
0 1 1 1 1 1 ]
150 155 160 165 170 175 180
Temperature (°C)

Figure 9. The efficiency of the conversion of the enthalpy of injected water to work.

Figures 10a and 10b show the in-cylinder pressure data for split injections of
10i-5-10i-5-10i and 20i-5-5i-5-5i respectively.
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Figure 10a. Pressure information with relation to piston position for the engine cycle of

10i-5-10i-5-10i injections of subcooled water at an average temperature of 210°C(T ;).
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Figure 10b. Pressure information with relation to piston position for the engine cycle of

20i-5-5i-5-5i injections of subcooled water at an average temperature of 194°C(Ty,;).
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With split injections, the 20i-5-5i-5-5i was shown to produce more power per
cycle on average than the 10i-5-10i-5-10i as was expected with its larger
injection mass. In terms of efficiency (Es,) , the 10i-5-10i-5-10i was shown to
achieve higher efficiencies. In fact the 10i-5-10i-5-10i injection mode was shown
to be the most efficient of all the injection patterns. It is worthy of note that the
horizontal axis of Figures 10a and 10b do not start at the same point within the
cycle. Figure 11 illustrates the relationship between the various injection patterns
and the average efficiency Eg, measured over 30 cycles.

Efficiency (Esw) of Various Injection Patterns at ~
200°C

35 ¢
SN
S 25t —
LiJn 2 | B 20i-5-5i-5-5i
% 10i-5-10i-5-10i
15 | 230
"t 120
05 f

Figure 11.The efficiency of the conversion of the enthalpy of injected water to work for
various injection patterns at injection temperatures of 200+10° C.

The 10ms split injection shows the highest average efficiency (Es,,) followed by
the larger single injected mass of 30ms. The single 20ms injection shows no
significant difference to the 20i-5-5i-5-5i split injection.

The changes in temperature of the various components are shown in Figure 12a,
12b and 12c. In Each chart the x-axis begins at the start of injection and the
lowest point of the Boiling Plate temperature data indicate the end of injections
and the end of the cyclic running of the engine.

107
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Figure 12a.The change in temperature of the Exit heating gases, the boiling plate
and the block for the 10i-5-10i-5-10i injection pattern. Injections begin at the 25ms
point.
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Figure 12b.The change in temperature of the Exit heating gases, the boiling plate

and the block for the 30ms injection pattern. Injections begin at the 33ms point.
108




It can be seen from Figures 12b and 12a that more heat is transferred away from
the Boiling Plate for the 30ms single injection than the 10ms split injection.

Engine Runs for 30ms Injections
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Figure 12c¢.The change in temperature of the Exit heating gases, the boiling plate
and the block for the 30ms injection pattern measured over a longer duration of
time.

It is clear from Figure 12c that heat transfer to the working medium is occurring
from not only the Boiling Plate but also from the Block.

109



4.5 DISCUSSION
4.5.1 Results Analysed

Previous single event experiments carried out showed that the conversion of
Flash Steam enthalpy (H;,) to work increased in efficiency with increasing
temperatures of the subcooled liquid for larger injection masses. Although both
large and small injection masses see a significant drop in E, efficiency beyond
the Leidenfrost Point (LFP), smaller masses show a continued fall in E, with
increasing temperatures of subcooled fluid. Larger masses on the other hand
seem to show a relative increase, although this cannot be said for certain as the
temperature difference between the two injections is only 1°C. Figure 13
illustrates this.

Flash to Work Efficiency vs Injection Temperature
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Injection Temperature (°C)
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Figure 13. The Efficiency of conversion of Flash energy to work in relation to the
Injection temperature for single event experiments. Data labels indicate boiling plate
temperatures.
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However, when the Eg,, efficiency analysis is done on the same single event
experiment data, smaller injection masses show a higher Eg, efficiency than
larger masses at similar temperatures as is seen Figure 14.

The Enthalpy of Subcooled Water (Hs)
to Work Conversion Efficiency

;c'; 5 215
20 - ¢
LCLI% 151 . 294
? 10 - .235 2 ’. . + 10ms Injections
o 213 W29 B 20ms Injections
g
g
w o 1 1 1 L )

100 120 140 160 180 200

Injection Temperature(°C)

Figure 14. The Efficiency of conversion of the total enthalpy of subcooled water to
work in relation to the Injection temperature for single event experiments. Data
labels indicate the boiling plate temperature.

As can be seen in Figure 14, the E,, efficiency falls significantly beyond the
LFP for smaller injection masses but shows less of a fall for larger injection
masses as their temperatures increase. When this is compared to the Figure 9,
the commonality observed between the E,, efficiency analysis for single events
and multiple cyclic events is that smaller injection masses with low temperatures
result in higher Eg,, efficiencies. This is opposite to the trend seen in Figure 4 of
higher E, efficiencies for larger injection masses below the LFP. This is most
probably due to the fact that at low subcooled water temperatures, the work
generated by the engine is dominated by convective boiling. Larger injection
masses result in higher pressure spikes within the cylinder during injection
preventing the latter part of the injected liquid from flashing due to the higher

vapour pressures they observe [1]. This results in smaller Hg values.
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Furthermore, as the steam generated from convective boiling is dependent on
the mass of liquid water available, larger injection masses lead to larger boil-offs
giving larger values of W; and higher E, efficiencies. Eg,, efficiencies on the
other hand are higher at low temperatures of subcooled water for smaller
masses because the lower temperatures of the subcooled water and smaller
masses result in smaller Hg values which are independent of all in-cylinder
factors. The w; values are once again dominated by the Convective Boiling
output. Thus more efficient convective boiling should result in more Qg,. AS Q¢
is dependent of the temperature difference (T — T;), smaller injection masses
with lower temperatures will result in smaller pressure spikes in-cylinder which in
turn will result in lower levels of T; (unflashed water). Thus the result is more
efficient Convective Boiling, larger values of w; and higher values of Eg,. The
fall in Eg,, efficiencies with increasing enthalpy Hg of smaller injection masses
is due to the effect of reduced boiling efficiency form a smaller (T, — T)
difference due to higher in-cylinder pressures and relatively higher Hg values.

The splitting of the injections are an effective method of increasing efficiency
particularly if each injection has enough Flash heat release to maintain positive
pressure on the piston as it moves down. This is clearly seen in Figure 11a.
However, if the post-injections lack heat release to maintain positive pressure on
the piston, this heat release ends up being lost in the exhaust stroke as can be
ascertained by comparing the exhaust pressure of Figures 10a and 10b. The
20i-5-5i-5-5i split injections have higher exhaust pressures than the
10i-5-10i-5-10i, indicating an exhausting of useful pressure. It is also clear from
this series of experiments that the “Cyclic-build up Residual Mass” of unflashed
liquid that doesn’t boil off during each cycle is a significant mode of efficiency
loss for a piston engine operating under the SLFB Cycle. The residual mass is
the liquid that remains in the boiling plate when the next cycle’s injection begins.
As the residual liquid is at a lower temperature than the Flash Steam that results
from the injections, heat transfer occurs from the flash steam to the cooler
residual liquid reducing the steams potential to do work. This was hypothesized
in an earlier paper by the authors [1] as its effects were seen even in single
event experiments due the onset of the Leidenfrost effect. In multiple cycle
operation this effect is clearly observable from the results seen in Figure 11. The
efficiencies across the board are significantly lower than those observed with

single event injection experiments below the LFP. It can be seen from Figure
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12c that heat transfer also occurs from the engine block to the working medium
as it expands within the cylinder. This was not observed in Figures 12a and 12b
due to the x-axis durations being shorter. Any temperature drop of the block is
delayed due to its large heat capacity and can only be observed over longer
durations. This proves that heating the engine block helps contribute to overall
heat input into the system. Increasing stroke length should in turn enable this
heat input to contribute to work output.

45.2 The Subcooled Water Generator

An important component of the SLFB system for automotive applications is the
subcooled water generator. A heat exchanger capable of being installed in a car
has been tested for its potential for generating the subcooled liquid for the SLFB
Engine. In its current state, the heat exchanger only generates subcooled water
but one which is capable of generating heated oil for heating the Boiling Plate
and the Block of the SLFB engine itself, is planned for the future. A sample of the
performance data of the heat exchanger is listed in Table 4. This sample is most
representative of a modern gasoline powered sedan’s engine operating
conditions at highway cruising speeds of 80km/hr (in terms of exhaust
temperatures). Figure 15 shows a schematic of the heat exchanger, and Figure
16 shows the experimental setup used for testing the heat exchanger.

The heat exchanger was fed exhaust gases from a 2000cc Mazda LF-VE, 4
cylinder gasoline engine mounted to an engine bench with an engine
dynamometer. Experiments were carried out with the engine operating at
various load conditions to simulate highway cruising conditions (1300RPM). The
throttle position was set at ~10% to 40% of wide open throttle (WOT) and engine
speeds was maintained at the desired speed by the dynamometer.
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Figure 15. The Subcooled water generator
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Figure 16. The experimental setup for testing the performance of the heat exchanger.
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Table 4. Exhaust Heat Exchanger Performance Data at partial load.

IC Engine Operating Speed 1300RPM
Exhaust in temp °C 492
Exhaust out temp °C 225
Water in Temp °C 77
Water out Temp °C 247
Mass flow rate of Exhaust gasses kg/s 0.0102
Mass flow rate of water kg/s 0.0035
Power Output kw 2.502
Effectiveness (Average) 0.71
Pump Power consumption kw 0.5
Net Power Output kw 2.002

When the engine was operated at varied loads, the exhaust gas temperatures at
the heat exchanger inlet and exit were seen to vary, dropping with reduced

load and increasing with increasing load. The effectiveness of the heat
exchanger was seen to reduce with increased engine speeds and exhaust
temperatures. This relationship between exhaust temperatures and
“Effectiveness” is shown in Figure 17. For the purpose of clarity, the
effectiveness of a heat exchanger may be described by equation 7.

actual heat transfer

Ef fectiveness =

maximum possible heat transfer

()
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Figure 17. The performance of the exhaust heat exchanger with respect to exhaust
temperature. The data labels indicate engine RPM.

The reduction in heat exchanger effectiveness at elevated engine speeds and
exhaust temperatures is hypothesized as being due to the increase in exhaust
gas velocity as it passes through the heat exchanger. This increase in velocity
leads to a reduction in the effective time within which heat exchange can
happen.

The current heat exchanger design places no more restriction on the exhaust
flow than the standard exhaust pipes of the exhaust system the road going
version of this engine would experience. This is due to the “straight-pipe” like
design of the heat exchange surface, and the internal diameter of that virtual
pipe being larger than the internal diameter of the standard exhaust pipes. Thus,
in order to maintain the low exhaust restriction of the current design while
improving its effectiveness, lengthening of the heat exchanger would be required.
It is also worthy of note that the heat exchanger was attached over 2m
downstream of the engine’s exhaust manifold, when performing these
experiments.

At ~250°C (The output temperature of subcooled water from the heat

exchanger), the temperature of the subcooled liquid is high and an SLFB engine
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operating at appropriate engine speeds to maximize convective Boiling and
Block Heat Transfer should deliver good efficiency. The current FB1 engine
which has not been designed with efficiency in mind but solely for the
investigation of the SLFB phenomenon has shown itself to be able to operate at
E,, efficiencies of up to 21% in single event experiments when the boiling plate
temperature is below the Leidenfrost point. The low efficiencies observed in
cyclic operation have been due to the significant influence of residual mass
buildup in the Boiling Plate and the Dissipation that results. By effective removal
of the residual mass during the exhaust stroke, Dissipation can be eliminated
and appropriately controlling engine speed should work to improve the overall
efficiency of the engine. Further improvements such as increasing the stroke
length and adding boiling enhancements to the interior of the boiling plate should
improve efficiency even further. It is also worthy of note that in order to achieve
high power outputs, the injection system will also have to be improved upon to
deliver larger injection masses in shorter injection durations. As has been proven
in the authors’ earlier work [1], the SLFB Cycle if optimized can be superior to
both the TLC and the ORC as a waste heat recovery option.

4.6 CONCLUSIONS

At low temperatures of subcooled water of ~150°C, single injections of smaller
masses resulting from 20ms injection durations are able to achieve higher levels
of efficiency in converting the total enthalpy of injected subcooled water to work,
than single larger injection masses at the same temperature which result from
30ms injection durations. However at higher temperatures, subcooled water of
(~180°C) smaller injection masses lead to a reduction in efficiency, whereas
larger masses increase engine thermal efficiency. In cyclic operation, the
efficiency of converting the enthalpy of subcooled water to work falls off
significantly due to the effects of “Residual Mass and Dissipation” effects
hypothesised in an earlier study [1]. Furthermore, multiple equal small injections
of subcooled water at high temperatures are able to achieve higher levels of
efficiency than single large injections at the same subcooled temperature. The
effective removal of the Cyclic-Build up Residual Liquid mass during the exhaust
stroke is vital to improving the overall efficiency of the engine.
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DEFINITIONS, ACRONYMS,

T Temperature of surface
W, Indicated work
m; Injection mass
12 Indicated power
teye | Time taken for one cycle of rotation
Vf Final volume
v; Initial volume
LFP | Leidenfrost Point
ATDC | After top dead center
AWHR | Automotive waste heat recovery
BBDC | Before bottom dead center
L Latent heat of vaporization of liquid
striking the surface
TDC | Top dead center
TLC | Trilateral cycle
WHR | Waste heat recycling
X Quality of vapour

ABBREVIATIONS
Hg Enthalpy of subcooled water
hcg | Constant of heat transfer
Brop Specific enthalpy of liquid at final
vapour pressure
Initial specific enthalpy of subcooled
hisl . .
liquid
Ay Area covered by liquid
B, Convective boiling speed
Efficiency of converting the enthalpy
E,, | of subcooled water to Indicated
Work
Hgs | Enthalpy of flash steam
Lrup Latent heat of vaporization at final
vapour pressure
Peyy In-cylinder pressure
p In-cylinder pressure at end of
®|injection
Prax | Maximum pressure of working fluid
Ppin | Minimum pressure of working fluid
Ppear | Peak in-cylinder pressure
Q., | Heat from convective boiling
Tyio | Temperature of block
T,p, | Temperature of boiling plate
- Temperature of heating gasses at
9t linlet
Temperature of heating gasses at
Tyo
outlet
Tin; | Temperature of injector
T Temperature of liquid striking
surface
Maximum temperature of working
Tmax fluid
Minimum temperature of working
Tmin | g
T,, | Temperature of pressure vessel
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Chapter 5: Optimisation of the SLFB Cycle Powered

System for Automotive Waste Heat Recovery

5.1 INTRODUCTION

The SLFB Cycle is hitherto unprecedented and the mechanical systems needed for its
application in a reciprocating piston engine have required the designing and
manufacturing of unique components. In this process, many new insights have been
made and these discoveries have required the redesigning of key components and the
re-thinking of system outlines for improving the efficiency of the WHR system. Their
application to the experimental engine will lead to the improvement of its experimental
capabilities. This chapter deals with these design improvements and some alternative
applications of the SLFB cycle for automotive WHR.

5.2 THE NEW SYSTEM OUTLINE

The WHR system for automotive applications is illustrated by Figure 1. This set up
employs a single heat exchanger to generate both the subcooled working fluid and the
heating fluid for the convective boiling process and engine block heating. It also
includes a storage system for the heating oil and the subcooled working fluid to allow a
certain degree of energy storage and on-demand delivery of power from the system at
a later stage.
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Figure 1. The SLFB WHR System for Automotive Applications
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5.2.1 The FB2: The Second Generation Experimental Engine

Lessons learned with experimentation on the first generation FB1 engine demanded
the re-designing of it to optimise several of its systems. These included the mitigation of
the cyclic built-up residual mass effect, a revised heating system for the engine block
and convective boiling surface, a robust lubricating system that would allow continuous
engine operation and a re-designed piston and an injection system that eliminated
injector back leakage and subsequent efficiency losses related to this back leakage.
These changes and improvements have given birth to the second generation
experimental SLFB cycle engine, the FB2.

5.2.1.1 Mitigating the cyclic build-up residual mass effect

The discovery of the cyclic build-up residual mass effect has led to a redesigning of
components of the engine where the convective boiling takes place. The new design
has the injector, boiling surface and the exhaust valve in a unit assembly known as the
boiling unit. In this unit, the injection of the subcooled liquid is done directly onto a
heated surface. The liquid portion strikes the surface and undergoes convective boiling
as it flows down the surface due to the effects of gravity. The steam generated from the
flashing and convective boiling processes flows out the top of the boiling unit into the
piston expansion unit. At the bottom of the heated surface is the exhaust poppet valve
which opens during the exhaust stroke. Exhaust steam is pushed out the expansion
unit, back into the boiling unit and out the exhaust valve. This flow of steam will ensure
that any unvaporised liquid flowing down the boiling surface is flushed out eliminating
the cyclic build-up of residual mass. Figure 2a shows this new design and Figure 2b
shows the comparison between the FB1 and FB2 experimental engines.
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It is clear from Figure 2b that the design of the FB1 engine leads to the build-up of
residual mass due to the exhaust valve being at a higher elevation than the surface
where convective boiling occurs. The FB2 engine overcomes this problem with its new
boiling unit design.

5.2.1.2 Quantification of convective boiling and block transferred heat
input

The first generation experimental engine, the FB1 had experimental limitations due to
its design. Of these, the one that required immediate attention was a boiling unit and
block heating system that allowed accurate measurement of the heat flow. The
previous system in the FB1 engine employed a heated gas system but high
temperature gas mass flow rates proved difficult to measure accurately. However, this
issue has been resolved through a heat transfer fluid based heating system. In fact this
heat transfer fluid based system is envisioned as the heating system the revised road
going version of the WHR system will employ. Figures 3a and 3b show the new
experimental engine setup with the heat transfer fluid heating system. The FB2 engine
employs the same bottom end from the original FB1 engine, i.e. the Yamaha 7CN, and
maintains the bore and stroke dimensions of the FB1 engine.
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5.2.1.3 Piston and lubrication

The FB1 engine used the 7CN engine’s piston with a piston extension mounted on this
piston to form the piston of the SLFB expansion unit. This design led to ineffective
lubrication and didn’t allow engine operation for more than 100 cycles. The stable
continuous operation demanded a more robust lubrication system and with it a
re-designed piston. Figures 4a show the FB1 extension piston setup. Due to this
extension piston setup, the lubricating oil couldn’t return to the crankcase directly and
required a scavenging system. The inability to scavenge effectively led to oil pooling in
the 7CN engine bore and the engine stalling when the system was run for extended
durations of time. Figure 4b shows the unit piston setup employed by the FB2 engine.
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This design with oil return holes cut into the base of the piston allowed lubrication oil to
flow down into the crankcase eliminating the need for an oil scavenging system, and
solved the problem of oil pooling and consequent engine stalling. This design had the
added advantage of reducing the total weight of the reciprocating parts, namely the
piston by almost 35% as the 7CN piston was eliminated. Furthermore, it helped better
center the piston in the bore of the SLFB expansion unit, which could not be achieved
in the FB1 engine. Figures 4c show the detailed design of the FB2 unit piston.

The lubrication system for the piston included an oil squirter which was inserted at the
center of the moving piston through an enlarged slit in the piston skirt as can be seen in
the C-C cross-section of Figure 4c. The oil that leaves the squirter does so through 6
strategically placed orifices which ensures that the oil travels out through the olil slits in
the skirt of the piston onto the bore assuring a good supply of oil for lubrication. Excess
oil runs down the bore, through oil return holes in the base of the piston back into the
crankcase. The oil supply for the squirter comes from the crankcase through a pump.
Figures 4d show the comparison between the FB1 extension piston and FB2 unit
piston.
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This oil squirting system has its applications in the road going version of the SLFB
engine as heated lubrication oil is to be used to heat up the piston head.

5.2.2 The Injection System

The current injection system employs a modified common rail diesel injector. As the
original injector was designed to operate at fuel pressures of 160MPa, it uses a
hydraulic servo-system to achieve extremely short duration injection at these high
pressures. The hydraulic servo-system operates by using a solenoid to actuate a
control valve that allows small amounts of high-pressure liquid to leak out of the top of
the injector which in turn controls the “nozzle needle lift” and injection events through a
pressure difference in the hydraulic circuit within the injector body. Figure 5
(www.car-engineer.com) illustrates the principle involved in the hydraulic servo.
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Thus, every time an injection is performed, a portion of the higher pressure fuel leaks
out of the control chamber. As the injector used in current SLFB system operates on
the same principle, the back leak phenomenon leads to loss of subcooled liquid. This
subcooled liquid flashes in the low pressure return channel and loses its energy
resulting in a net loss of energy from the system and a decrease in the SLFB WHR
system efficiency. Furthermore flashing of subcooled liquid in the return channel
generates low temperature liquid which in turn has a cooling effect on the injector. This
leads to further heat losses.

It thus becomes necessary to prevent back leak from the injector. The revised injection
system is to use a much simpler injector. This injector is completely mechanical with no
heat sensitive components and has no back leakage. These injectors are the injector
nozzle holders used in diesel engines prior to common rail technology. Figure 6 shows
the operating principle of these injectors.

A nozzle holder of similar design to Figure 6 is to be used with the subcooled water

generation system that includes the heat exchanger, a high pressure pump and a
high-speed solenoid actuated valve. Figure 7 describes the revised injection system.
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The revised injection system will have the following benefits:

1. No back leakage so no heat losses related to this.

2. The elimination of back leakage reduces the mass-flow rate of working fluid
thorough the system and reduces the pump work.

3. As the injection control electronics are not within the injector holder, no cooling of
the injector in required, further eliminating heat loss.

4. Currently available injector holders of the design envisioned for the system are 1/5
the cost of common rail injectors reducing system cost.

One drawback with the above injection system is the inability to perform multiple
injections with the accuracy and speed possible with a solenoid based injector.
However, the SLFB cycle based reciprocating engine is envisioned operating at
relatively low revolutions speeds. The response of an injection system described in
figure 7 needs to be research and optimized for the entire SLFB WHR system.

5.3 ALTERNATIVE MODES OF APPLICATION OF THE S.L.F.B
CYCLE FOR AUTOMOTIVE W.H.R

The SLFB WHR system investigated thus far is of a design that would allow it to be
attached as a sub-system to the IC engine powertrain of any currently mass produced
road going vehicle. In other words as a “bolt-on “option. Other variations of bolt-on
systems and IC engine integrated systems have been envisioned and are described
below.

5.3.1 The SLFB Cycle in a Wankel Rotary Expander

The Wankel rotary engine is of a simpler and cheaper design than conventional piston
reciprocating engines due to its fewer components. However, the Wankel IC engine
has lower thermal efficiencies than it piston counterparts due to the larger surface
areas the combustion gasses come into contact with. This causes larger amounts of
heat to be transferred out of the combustion gasses reducing their work potential. The
SLFB cycle on the other hand, transfers heat from the engine surroundings (block and
piston) to the working medium and so the issue of heat losses in IC Wankel engines
becomes a mode of improved heat addition in the SLFB Wankel engine. In addition, the
Wankel engine allows separation of the in-cylinder lubrication from the eccentric shaft
lubrication system and prevents lubrication oil contamination by the working medium.
This provides it with a further advantage over the piston engine. These advantages of

the Wankel rotary expander combined with it being a positive displacement expander
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like the piston expander makes it ideal for application with the SLFB cycle. This system
would involve an induction stroke where hot gasses or even low pressure steam is
drawn into the engine before it is compressed and highly subcooled liquid injected into
it. It is expected that the existence of vapour prior to injection would improve heat
transfer and overall efficiency.

5.3.2 The Open Cycle S.L.F.B Engine

Another option involves the SLFB cycle running in an open cycle. A certain portion of
the exhaust gasses from the main IC engine are to be ingested as the intake charge of
a suitable expansion engine such as a two-stroke piston engine. These exhaust gasses
are then compressed in the compression stroke. Subcooled water which is generated
from the major portion of the IC engine’s exhaust gasses is then injected just after TDC
into the now even hotter (due to compression) exhaust gasses. Provided the saturation
pressure inside the piston is lower than the saturation pressure of the subcooled water,
flashing will occur. The advantage of this system is that better heat transfer can be
expected between the saturated flash steam and the hot exhaust gasses which contain
a large concentration of high temperature water vapour from combustion. Exhaust from
the SLFB engine is cooled by the use of an appropriate exhaust cooler/condenser, and
a large portion of this exhaust steam should be recoverable for re-use. The remaining
exhaust gasses from the SLFB cycle are re-mixed with the main exhaust stream and
leave the tail pipe. Figure 9 shows the concept of the open cycle SLFB engine.

5.3.3 The Six Cycle Engine

Another variation involves the use of the SLFB cycle in a six stroke engine. This engine
is to operate on either the Otto cycle or the Diesel cycle for the first 4 strokes. The 5%
stroke is a partial exhaust stroke. At the end of the exhaust stroke a new power stroke
is generated by the injection of subcooled water. This power stroke is then followed by
a steam exhaust stroke, which completes the engine cycle. This system can be applied
to a single cylinder of a multi cylinder engine and activated only when necessary.
Integrating the SLFB cycle expansion unit into the IC engine should help reduce cost,
package weight and size. Figure 10 shows the concept of the six-cycle engine.
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Figure 8. The application of the SLFB Cycle in a Wankel Rotary Expander (Source: Japan Patent No 5804555 (2015))
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Figure 10. The six stroke engine incorporating the SLFB Cycle (Source: Japan Patent No 5804555 (2015))
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5.4 SUMMARY

Certain areas of the FB1 experimental engine require improvement. New phenomena
that affect the efficiency of a SLFB cycle powered reciprocating engine have also come
to light. In order for the system to be viable in road going vehicle applications, it
requires compactness. One way of achieving this is to use a heat transfer liquid to heat
the boiling unit, block and piston of the SLFB engine. This in turn would require a heat
exchanger that could generate both the subcooled working fluid and the high
temperature heat transfer fluid. This system would also provide a means of energy
storage from high waste heat outputs situations for later use. The FB2 experimental
engine has been designed to work with such a heating system. This engine also
incorporates an improved lubrication system and piston design.

A phenomenon that affects the efficiency of the SLFB cycle powered engine is the
Cyclic Build-up Residual mass effect. This is a result of liquid that doesn’t boil off from
one cycle prior to the beginning of the next cycle. This leads to heat loss through
dissipation and a subsequent loss of efficiency. This phenomenon can be mitigated by
the flushing of any un-boiled liquid in the exhaust stroke with the exhaust gasses.

The injection system for the SLFB cycle powered engine requires an injector that is
more robust and capable of operating without back leakage as back leakage results in
the loss of efficiency of the SLFB WHR system. This can be achieved by the use of a
simple injector design similar to that of pre-common rail diesel injectors. Alternative
applications of the SLFB cycle include a Wankel rotary engine powered by the cycle
which could provide better heat transfer to the working fluid within the expander and
minimize lubrication issues. Another alternative is the Open Cycle SLFB engine that
would involve injecting subcooled water into an expander which has ingested hot
exhaust gasses. The improved heat exchange between the water vapour rich hot
exhaust gasses and the flash steam would result in improved engine efficiency. The
third and most ambitious application is a six cycle engine that has the 4 cycles of a
conventional Otto or Diesel cycles, followed by a SLFB power cycle and exhaust. This
system could be run on just one cylinder of a multi-cylinder engine and called into
action when necessary to increase engine output.
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Chapter 6: Conclusions

From the literature study of the state of IC engines and their future prospects, the
following conclusions can be drawn of the SLFB cycle and its applicability to automotive
waste heat recovery;

6.1 AUTOMOTIVE WASTE HEAT RECOVERY

It has been shown in chapter 1 that the internal combustion engine will continue to
dominate the transportation sector as the means of power generation. This is due to its
reliability, higher power to weight ratio than battery powered electrical vehicles, ready
availability of liquid fuels and relative low cost. In a world striving to cut down on CO,
emissions, electrical cars of both, battery powered and fuel cell design currently
produce as much or even more €0, emissions over their lifetimes than IC engine cars
do because the electricity and hydrogen they require come either directly from fossil
fuels and/or from the burning of them.

The IC engine is relatively inefficient in its conversion of combustion energy to
mechanical work and typically up to 60% of combustion energy is wasted. The recovery
of this waste heat is an obvious and effective means of improving the IC engine’s
overall efficiency. With current IC powered car being equal to or less polluting than its
electrical rivals in terms of CO, emissions, improving the IC engine’s overall efficiency
will help them become even less polluting and this is vitally important as the IC engine
will continue to dominate the market for many years to come. Various WHR systems
exist but their cost, poor efficiency or the difficulty of application to automotive situations
have resulted in no mass produced commercial application to date. The SLFB cycle
offers an attractive alternative.

6.2 THE S.L.F.B CYCLE

In chapter 2, it was seen that the Subcooled Liquid Flash, Boiling Cycle (SLFB) is a
heat cycle that belongs to the family of Power Flash Cycles. It is however different to
hitherto well known Power Flash Cycles such as the Trilateral Cycle (TLC), in that it
makes use of the unflashed portion of the working fluid by inducing convective boiling
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on this through a second heat transfer process. The vapour thus generated contributes
to the expansion stage of the cycle. Figure 1 illustrates this.
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Figure 1. The SLFB Cycle

The TLC has been shown to have higher power production efficiency than the RC due
to the improved efficiency with which heat transfer occurs in the heat exchanger that
generates the subcooled working fluid of the cycle. The SLFB Cycle shares this
advantage with the TLC over the RC. While the TLC discards the energy rich unflashed
portion of the working fluid, the SLFB Cycle makes use of this energy and as a result, is
more efficient than the TLC. This makes the SLFB Cycle more efficient in power
production than both the RC and the TLC.

6.3 THE S.L.F.B CYCLE POWERED RECIPROCATING ENGINE
SYSTEM

The development of the FB1 experimental engine and experimentation done with it has
led to the following conclusions:
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6.3.1 The Expansion Unit

Chapter 3 demonstrated the proof of concept of the SLFB Cycle and showed that it is
best suited for application in a positive displacement volumetric expander such as a
reciprocating piston. This is due to the working fluid being in a two-phase state in the
expansion stage of the cycle. The reciprocating piston provides a more durable
cost-effective solution than rotodynamic turbomachinery. The ideal piston engine would
have a long stroke to maximize the expansion of the working fluid and have its
components; the block and piston heated to prevent heat transfer from the working fluid
to these components. In addition the engine would be operated at high load as this
would ensure that the working fluid would begin its expansion process at a high
temperature, improving it Carnot efficiency. In order for the engine to operate at high
loads the level of subcooling of the working medium would have to be proportionately
high.

6.3.2 The Boiling Unit

It was also seen in chapter 3 that the boiling unit where the atomized unflashed liquid
undergoes convective boiling needs to have the largest possible surface area to
maximize boiling but the smallest possible dead volume as the expansion of the vapour
in the dead volume doesn’t generate any work and reduces efficiency. Furthermore, the
temperature of the boiling surface should be just below the Leidenfrost point as
temperatures at or above the Leidenfrost point reduces boiling efficiency and leads to a
phenomenon known as the “residual mass effect”.

6.3.3 The Residual Mass Effect

The residual mass effect was discovered in the first stages of experimentation done on
the FB1 engine seen in chapter 3. This effect is due to the relatively low temperature
liquid that remains in the boiling unit when flashing occurs, and leads to efficiency
losses through heat dissipation from the flash vapour to this liquid. The residual mass
effect can be divided into two categories. The first termed the “Leidenfrost Residual
Mass” arises from the Leidenfrost effect and affects efficiency from the very first cycle
of engine operation. This was observed in the single cycle injection experiments carried
out in the experiments of the third chapter. The fourth chapter involved running the
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engine in multiple cycle operation and led to the discovery of a similar phenomenon
which is termed the “Cycle Built-Up Residual Mass”. This was seen to result from
unvapourised liquid which builds up from cycle to cycle. This phenomenon was also
seen to drastically reduce engine efficiency. The residual mass effect can be mitigated
by maintaining the boiling surface just below the Leidenfrost point and by designing the
boiling unit so that any unvapourised liquid is flushed out with the exhaust steam.

6.3.4 Injection Pattern

The effects of injection pattern on engine efficiency were investigated in the
experiments of chapter four. Injection pattern was seen to have an effect on the
efficiency of the engine. Split injections of equal masses undergo more efficient
convective boiling and are better able to contribute to the expansion phase. However
the ability to inject the required mass of subcooled liquid in the shortest possible time is
also important in order to maximize the duration of expansion available. In addition,
higher temperatures of subcooled liquid and higher engine loads reduce the efficiency
of the convective boiling process but increasing the boiling surface temperature can
counteract this provided the temperature stays bellow the Leidenfrost point.

The SLFB reciprocating engine has many factors that affect its efficiency and power
production. Power generation is achieved thorough a fast process and a slow process.
The Flash Steam generation and expansion is the fast process and the convective
boiling process is the slow process. It has also been experimentally observed that heat
transfer occurs from the engine block to the working medium but whether this is able to
effectively contribute to power production needs to be further investigated. Figure 2
illustrates the above mentioned fundamentals that govern the operation of the SLFB
reciprocating engine.
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Figure 2. A Summary of the Fundamentals of the SLFB reciprocating engine
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6.4 THE FUTURE OF THE S.L.F.B WASTE HEAT RECOVERY
SYSTEM

While automotive WHR systems have taken the back burner to other IC engine
developments, the significant amount of waste heat generated by IC engines
cannot be ignored and their recovery will at some stage become cost effective
through necessity. The SLFB cycle is a novel heat cycle and research into it is
still in its infancy. The research to date has proven its viability to harness power
from automotive waste heat and has come to understand, albeit not exhaustively,
the fundamentals governing the cycle and its applications to a reciprocating
piston engine. It is thus vital that the research on the SLFB cycle and the WHR
system based on it continue so that it is optimized and ready to offer an efficient
and effective alternative when car makers are finally ready to mass produce
WHR systems for their vehicles. It has great potential if the various systems
continue to be optimized and developed. It is also worthy of note that the SLFB
cycle has applications outside the automotive sector particularly in power
generation from low grade heat sources. This is achievable by the use of PFC,
HFCs and HCs as its working fluid. This opens a new frontier for its application.

One may be led to believe that in a world of ever increasing electrification, heat
engines would gradually be phased out. However, Heat is a fundamental form of
energy and harnessing it to do work is and will always be an endeavor of
engineering. The SLFB cycle is a cycle that allows the harnessing of heat to
generate power. Automotive applications are just the beginning.
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