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1. Introduction

Owing to the global energy challenges associated feissil fuel — rising cost, energy security and
climate change there has been growing interest into sustainalgnratives or renewable energy
sources such as: wind, solar, geothermal, biomasgsvaste heat. Presently, renewable energy
sources account for less than 15% of the globatggnsupply [1], of which biomass is a major
contributor. However, solar has recorded the fagjeswvth, and renewables have been projected to
become the world’s second largest source of poweemgtion by 2015 [2]. Studies have already
shown that the renewable heat sources have thetiabtef meeting the global energy demand several
times over [3]. As a means of encouraging the dtgilon of the renewable heat sources, ‘heat
policies’ (including incentives) have been introdddn some countries [4]. Globally, solar, biomass
and waste heat are readily available in distrioftedh as low-grade (<25Q) heat, and are well
suited for decentralized small-scale (<100 kW) mapilons Thus there has been a renaissance of
interest in small-scale external combustion hegtres (gas and vapour power cycles) to convert the
thermal energy into useful work, with particular gmasis onimproving performance. Isothermal
expansion is one technique for achieving such ingmreent

Ideally, certain gas power cycles (such as Stirlargl Ericsson cycles) perform work by the
isothermal (constant temperature) expansion ofrapcessed and heated gas working fluid (which
remains gaseous throughout the entire cycle). Téey noted for having the high theoretical
efficiencies of the Carnot cycle — which is the imaxm obtainable efficiency for given temperature
limits [5]. On the other hand, for vapour power legc(typically the Rankine cycle), the working fui

is a condensable vapour, and is intermittentlyoviged and condensed; the expansion process is
adiabatic (i.e. the fluid expands without experiegceat transfer during the process) and produces
less work than its isothermal counterpart [6]. Neweless, in comparison to the gas compression
work of the gas power cycles, less input work iguieed to pressurize the condensed liquid of the
vapour power cycles, and the total cycle pressoleave characteristics exhibit greater work output
than the gas cycles. Thus the vapour cycle endiaes higher specific work output [7]. The vapour
power cycles can also have advantages over gas egdivalents because the phase change allows
smaller surface areas and temperature differercesive the boiling/condensation required by the
cycle. This inference arises from the higher heatdfer coefficients associated with phase change (b
orders of magnitude) relative to that of forcedvamtion for gas [8]. The smaller surface areas tead
compact heat exchangers and engine size [9]; digistiier with the higher work output gives the
vapour cycle engines higher power density; and lthe temperature differences aid better
performance (relative to the gas cycles) in lowdgrheat applications. This has been demonstrated in
a study that showed the Rankine cycle to be mdigegft than Stirling cycle for temperature rande o
150 — 306C [10].

In power plants operating on the Rankine cyclegaging is a practical approach to improve the cycle
efficiency and specific work output. As the numbéstages of reheating increases, the expansion and
reheat processes approximate an average isothprowdss and the cycle efficiency increases [11].
But in the reheating process, the steam must lened back to the boiler for each reheat, which,
besides requiring many additional components, tably adds complexity to the plant layout and
geometry, and results to heat and pressure los2gsAlternatively, the vapour cycle engine could b
designed in such a way that (like the Stirling oicg&son engines) heat is continuously transferoed t
the working fluid during the expansion process thesulting in isothermal expansion, or more
realistically, quasi-isothermal expansion — whichy be somewhere between the adiabatic and ideal
isothermal processes.

In this paper, relevant research works with emghasi low temperature vapour power cycles with
guasi-isothermal expansion will be presented. \mrimethods employed to effect quasi-isothermal
operation, including concepts, studies and resulils,be reviewed to provide an insight into their
practicality, system performance and energy efficye The first part (section 2) of the paper présen
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the general theoretical advantage of quasi-isotakeexpansion, including the various heat transfer
methods used to achieve it. The second part ($e@tib) of the work covers the power cycles to
which the methods are applied. For each power cyble theory and principle of operation is
explained, and then specific studies are revieweghich these cycles have been implemented. Fig. 1
classifies the methods and vapour power cyclesqf@si-isothermal operation according to the
approach used in this review.

2. Quasi-lsothermal expansion

The paths of both the isothermal and adiabatic resipa processes can be illustrated graphically on a
pressure-volume (P-v) plane as shown in Fig. Zigu8ie gas equatiafy v;' = P,v}. The expansion
index n is equal to 1 and k for isothermal and laati@ processes respectively [13], where k is the
ratio of the specific heats g(C,) of the gas, and is always >1[14]. For examplejenra substantial
range of operating conditions, k is about 1.4 ftmogen gas and steam [15].

The work output is simply the integral PdV ) between the two end states (1 and 2), as is
represented by the area under the path curveseHfEom the figure it can be seen that the areauund
the curve (i.e. the expansion work output) forad@batic expansion is less than that of an isotaker
expansion having the same initial operating cood#i This can also be seen numerically from the
integration of both curves from state 1 (start>gansion) to state 2 (end of expansion).

The work done by isothermal expansion can be gageji 6]:

Py
Wi, = f PdV = Pv,In (—) )
P,

Similarly, the work done by adiabatic expansion barexpressed as:

1-n
P\
w, —deV—Pvﬂ (2)
ad 1Y1 n—1
Hence, from the above equations, the relative ingmment of the isothermal expansion work over the

adiabatic work can be expressed in terms of tharesipn indeand pressure ratigg = P, /P, as:

w; n —1)In(n
Relative improvement = —— — 1 = Ll(_fl) -1 3)

o (1 - rp)T

For example, with;, =7 and n = 1.4, eq. 3 shows that the isothermal esipargives 83% more
work than the adiabatic.

The expansion process of conventional vapour payeles is generally assumed adiabatic, and as
such is subject to this reduced work output [6]e Hdiabatic expansion process is also characterised
by drop in temperature fromy, To T,'. Hence, modifying an adiabatic expansion to athisrmal one
would ideally require the addition of heat to tkkp@&nding fluid to maintain its temperature constant

In reality, when the heat absorbed by the vapounoissufficient to maintain isothermal expansion,
the result is termed quasi-isothermal expansiorthig case, the heat absorbed shifts the expansion
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process from adiabatic behaviour towards the itzhermal behaviour. Consequently, the work
output will be more than the adiabatic work, busléhan the isothermal work available, in proportio
to the extent to which the expansion approachesstittermal case. This extent has been termed
isothermality,y, defined as the ratio of actual work output toittesal isothermal work [17].

_ Wae

e @)

Thus it determines the work output as a fractiothefisothermal work available. On the other hand,
for rotary expanders some authors have described thatexf isothermal behaviour as the ratio of
discharge temperature to supply temperature [18].

2.1. Methods of effecting quasi-isothermal expamsio

Over the years, a number of methods have beenaja| by which a vapour power cycle’s working
fluid can continuously gain heat during the expangirocess to effect quasi-isothermal expansion;
often times this result in variants of the traditib power cycles. The identified methods can be
generally grouped on the basis of the means oftreradfer as: secondary fluid heating and expander
surface heating. The methods and the power cyilekiding the variants) to which it is applied are
shown in Table 1.

2.1.1. Expander surface heating

A simple approach to achieve heat transfer to thekiwg fluid during the expansion process is to
provide a means of heating the expander suffigieatibve the fluid temperature; such that during the
expansion process, heat could be effectively tearedl from the surface of the expansion chamber to
the fluid, as illustrated in Fig. 3a. This is qupepular for reciprocating expanders as found in
conventional Stirling engines, and steam-jacketedrs engines. The extent of isothermal operation
achievable here will depend on the rate of heasfea, which is a function of the overall heat &fen
coefficient and temperature differential betwees ¢ngine wall and the fluid, and the surface afea o
the wall exposed to the fluid [19]. As such, getmes giving high surface to volume ratios such as
tubes and fins are generally utilised to incre&getttal heat transfer area as found in converitiona
Stirling engines [20].

2.1.2. Secondary fluid heating

The heat transfer required to effect quasi-isotlaérexpansion could be provided by means of a
secondary fluid which co-exists with the workingifl in the expander during the expansion process
(Fig. 3b). In this case, the secondary fluid — \mhveill ideally be of a high thermal content — is
dispersed into the working fluid such that durihg expansion process, the temperature dropped by
the expanding working fluid is quickly recoverearfr the secondary fluid. The heating fluid could
ideally be a vapour — as with direct steam injattior more practically, a liquid — as with liquid
flooded expansion.

2.1.2.1. Direct steam injection

The concept of achieving isothermal expansion kngatlisteam injection entails injecting small
amount of relatively very high temperature steaet@sdary fluid) into the expanding steam [21].
The secondary steam transfers heat to the workeasby virtue of its higher temperature thermal
content, as such requires the secondary steamdon@uously injected with appropriate amount and
temperature in such a way as to keep the expateigperature constant.
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2.1.2.2. Liquid flooding

The liquid flooding process involves literally fldimg a screw or scroll machine with a large qugntit
of liquid simultaneously as the working fluid pass$erough the device, such that the liquid proviaes
medium of heat exchange with the working fluid whiin transit through the device. Unlike with
steam injection, the secondary fluid is normallifegent from the working fluid, and is immiscible
with it. This concept can ideally be applied to guession and expansion processes (its application t
expansion processes will be covered in sectiorlB.2ver the last two decades, there have been a
significant number of studies on the applicatiodigfiid flooding to compressors. Researchers have
studied oil-flooding in screw compressors [22] aswloll compressors [23] primarily to improve
sealing and lubrication, but without much emphasis heat transfer [24]. In recent years,
conventional screw [25] and scroll [26] compressheve been effectively used in reverse as
expanders (with minor modifications) , thus widenithe scope for liquid-flooded expansion. The
combinations of the different working fluids anddting liquid considered in the literature are show
in Table 2.

The concept of flooded expansion (and compressicag studied by Hugenroth [27] in a liquid
flooded Ericson cycle cooler, which used liquidofffing of both the compressor and the expander (to
achieve nearly isothermal compression and expanhsmrovercome the practical difficulties of
achieving isothermal conditions in the basic regdericson cycle. In a later experimental work [28]
off-the-shelf automotive scrolls were used as th@mressor and expander, nitrogen as the working
fluid and alkyl-benzene as the flooding liquid. Tperformance of the off-the-shelf scroll machine
was not sufficient to achieve high cycle efficiendyor increasing operating pressure ratios, the
expander adiabatic efficiency was seen first togase and then to decrease. This effect was partly
attributed to the limitation of the expander nonigedesigned for liquid flooded operation

To optimize the design of the compressor and tiparoter, Bell et al. [29] developed comprehensive
models of both machines. Validation of the modeld aptimization of the design were also carried
out [30]. The model developed was an extensioradies models that were developed by Halm [31],
and Chen et al [32] for scroll compressors withayiid flooding. The important contribution of the
work was said to be the treatment of a mixtureas gnd large fraction of oil. Alsbemort et al. [33]
further studied the performance of liquid floodegb@nsion using scroll expander and developed a
detailed model of the flooded scroll expander atilitate predictions of the performance over aewid
range of operating conditions and design changes.model was able to predict the shaft power to
about 6.7% maximum deviation from measured experialealue.

2.2. Summary

In summary quasi-isothermal expansion has been identified asalistic alternative to adiabatic
expansion to improve the work output of vapour pogyele engines. This can be achieved by further
heat addition to the working fluid during the expi@m process. The heat can be transferred by means
of heating the expander external surface, or byns@d a secondary heating (flooding) fluid. The
expander surface heating is found to be more populth reciprocating engines, whereas the
secondary fluid heating is more popular with rotangines
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3. Quasi-isothermal Rankine cycle engines
3.1. Theory and principle of operation

The quasi-isothermal Rankine cycle is simply a Ramkycle whose working fluid gains significant
amount of heat during the expansion process ofyhke, such that it is somewhere between adiabatic
and isothermal, but its reference limit is ideadlgthermal, as depicted on the temperature eni{fbpy

s) diagrams in Fig. 4. Fig 4a shows a case wherexpansion starts from a super-heated state [34];
while in Fig 4b, the expansion starts from a saagatate [35]. As a result of the heat additionirdy

the expansion process, the spent vapour becomeificsigtly superheated at the end of expansion,
thus necessitating regeneration (utilising the lagatlable at the end of expansitmnpreheat the feed
working fluid) to improve the thermal efficiencytuslies have shown that the efficiency of the ideal
cycle (with isothermal expansion and regenerataan be up to 93% of the efficiency of a Carnot
cycle operating with the same temperatures linftk].[ Where isothermal expansion is not fully
achieved, the resulting quasi-isothermal cycle’ggmance will depend on the quantity of heat
successfully absorbed during expansion, which ofs®is dependent on the heat transfer technique
employed.

3.2. Studies and performance

Using the thermodynamic cycles of Fig 4, reseagheare proposed and studied different versions of
the quasi-isothermal Rankine cycle using differmoides of heat transfer. Thus, both liquid flooded
and external heated surface machines have beemtegpdhese implementations will now be
reviewed.

3.2.1. Liquid-flooded Rankine cycle

The idea of liquid flooded expansion can be appie®ankine cycle, as patented by Woodland [36].
A schematic of the system is depicted in Fig. 5e Working fluid and the flooding liquid are both
pressurised and heated to the required high sielespre and temperature (via separate pumps and
heat exchangers). The fluids are then mixed andddtie expander where they flow together to do
work. During the expansion process, temperature dfcthe working fluid (vapour) is inhibited by
heat gain from the liquid (because the liquid haslatively higher heat capacity), thus resultingi
near isothermal expansion. At the end of expandlmn superheated working fluid is then separated
from the liquid and passed through a regeneratefio(b being condensed) to preheat the condensed
fluid pumped for the next cycle, as the floodinguid is simultaneously re-pressurized and heated
back to the high side conditions.

Woodland [37] also carried out theoretical studytlwé application of liquid flooding to organic
Rankine cycle (ORC) with regeneration, for differemorking fluids (ammonia, carbon dioxide,
R410a and dry fluids such as iso-butane, n-peraadeR245fa ). The analysis showed that, working
fluids ammonia and R410a exhibited higher perforteamprovement due to the flooded expansion.
For ammonia, the addition of the liquid floodingesed about 20% more improvement in thermal
efficiency. A later study [38] that featured wats a working fluid in the liquid flooded ORC,
showed a relative improvement of 10% due to thediéml expansion; the improvement increased with
the source temperature. In contrast, the improvéerwerthe dry fluids was significantly less (only
about 5%), and approaches zero at higher (32606perating temperatures. Higher work output was
expected from the more isothermal flooded expandlman from ordinary expansion process.
However, for these dry fluids, the improvement iorkvoutput is not high enough to significantly
outweigh the additional energy inputs (pump worét heat input) required for the flooding process.
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Lemort et al. [39] developed a prototype of a fleddRankine cycle engine with a hermetic scroll
expander and R245fa working fluid. The study wazuged on investigating the impact of oil quantity
on the expander performance. For operating presaticeof 4.2 bar, supply temperature of®@2nd

oil mass fraction of 0.023 — 0.1, the results stobimt the expander overall isentropic effectivenes
(ratio of the measured power output to the ideglaedler power) decreased with increasing oil
quantity. Further investigation was recommendeddoertain with certainty the underlying reason;
nevertheless, increase of supply pressure dropshétexpander inlet) and viscous losses were
mentioned as likely reasons for the decrease iiopeance. This is in agreement with the resulta of
previous study on the performance of liquid flooéegansion using scroll expander [33]. For a given
pressure level, in the experiment, the measurecepowtput reportedly decreased with the oil flow
rate as a result of increasing pressure drops fitteeil suction process at the expander inlee Th
study also analysed the variation of exhaust teatpex with oil fraction for different operating
speeds. As would be expected, the result furthewst that the expansion tends to approach
isothermal behaviour for higher oil fractions. Tlamge of isothermal expansion (in this case defined
as the ratio of discharge temperature to supplyésature) achieved was about 0.93 to 0.99 for oil
fractions of 0.2 to 0.8 respectively. This showat ttalthough the liquid flooding facilitated suféat
heat transfer, such that isothermal behaviour ipragrhed, there are practical challenges in
translating it to net performance improvement. Aweot practical issue worth noting is that the
separation of the refrigerant from the oil in thikeseparator is not generally perfect, as such some
amount of refrigerant usually remain entrainedhia oil [28]. This entrainment may pose a durability
issue in the long run, as higher oil flow rate wibkult to larger amount of refrigerant entrainbds

it can result in the need for frequent servicirghas been observed with oil flooded compressdr [40

For the purpose of increasing the efficiency ofransg-critical CQ Rankine cycle thermo-electric
energy storage (TEES) system, Kim et al. [41] psepbthe application of a variant of the liquid
flooded concept to achieve isothermal expansiord (eampression) for the discharging (and
charging) process of the TEES system. The disamgrgirocess is basically the retrieval of
mechanical-electrical energy from the stored théremergy by means of a heat engine (Rankine
cycle, in this case). Fig. 6 depicts the dischaygirocess of the proposed isothermal TEES system.

The system is somewhat like a double cylinder engbn operation, pressurised £6 heated in the
evaporator and fed via valve ‘A’ into the first mder which is initially filled with hot liquid. Ta
vapour then exerts pressure and expands againsothtiguid (serving as a liquid piston) which flew
through the 4-way valve and the hydraulic motor €rein the flow and pressure of the liquid is
converted into rotary work). During the expansithig circulation pump continually sprays a portion
of the hot liquid unto the expanding vapour, thusviging a means of heating the vapour to effect
isothermal expansion. The expended liquid contisuaulow, through the heat exchanger in the hot
storage tank and back through the 4-way valve th&o second cylinder, thus exhausting the hot
expanded vapour in the second cylinder via valveald the regenerator to the condenser. As the
stroke ends, the 4-way valve switches to revergefldbw (between the two cylinders), without
changing the hydraulic pump’s direction of rotatidm analysis of the system performance for the
operating conditions of 160 bar and i2Zhowed that the isothermal expansion can resw@t46%
increase in work output.

3.2.2. Expander surface heated engines

3.2.2.1. Steam jacketed reciprocating steam engine

The steam engine with steam jacket is a classimapp to quasi-isothermal expansion. Nevertheless,
certain features and observations are interestitige modern context where steam or other (organic)

working fluids may be used.

In steam engines, there tends to be heat transterebn the steam and the cylinder wall, in such a
way that heat is rejected by the steam to the dglirduring the admission and early expansion
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process, while heat is transferred from the cylindghe steam in the later part of the expansiah a
exhaust. This phenomenon is most pronounced fostrgm (relative to superheated steam) as the
heat rejection and gain respectively leads to steamdensation on the cylinder wall and re-
evaporation of some of the condensate during teieafethe expansion process thus leaving behind
some amount of condensate-water in the cylindeg.cimdensation of steam in the cylinder results in
a very rapid drop in maximum pressure and thusedeser in work output, which implies an increase
in steam consumption (quantity of steam) required athieve a given power output. This
consequently results to reduced efficiency, sinaeatl the admitted steam is available to produce
work for a given amount of heat energy input toegate the steam [42].

Besides the use of sufficiently superheated steamrotecting the cylinder with lagging (insulatjpn
steam jacketing the cylinder can be effectivelfisgd to mitigate the heat loss from the steam.
Various Experiments carried out by a number ofaeseers, as recorded by Clark [43] in the 1800
have showed that the alternate condensation aadasration in steam jacketed cylinders are much
less than that in unprotected cylinder. The steachdgted cylinders results to economy in the steam
consumption and displayed a greater degree ofigfifig than the cylinder with superheated steam,
whilst both of them are clearly superior to an wt@cted cylinder with saturated steam. The steam
jackets have reportedly resulted to economy of 28% in steam consumption rate per power output,
net specific work output increase of 42% (from 2@818 kJ/kg) and efficiency (in terms of the total
heat passed into the cylinder and the work outimatiease of 28% (from 8.65 to 11.05%). Further
results showed that better performance was recoiatetligher working pressure — this could be
explained by the fact that heat transfer is fad#itl by higher pressure. It was also demonstraggd t
by the utilisation of the steam jacket with higmfeerature, heat can be supplied (from the cylinder
the working steam) in quantity sufficient to prevdpr mitigate) the initial condensation in the
cylinder and to re-evaporate the whole of suchteag have been condensed.

3.2.2.2. Surface heated boiler-less Rankine engine

The speed of heat transfer is a limiting factothia steam jacket design, but for certain applicatio
speed is not considered critical. Igobo and Dafdd$ proposed to use a slow-moving machine to
drive a high pressure reverse osmosis proces®galidation that works on a cycle time of the order
of minutes. In this case, it was proposed to elat@rthe traditional boiler (evaporator) of the stea
engine and rely on the jacket (which may be theroilaled) alone for heat transfer to vaporise the
working fluid and to maintain quasi-isothermal exgian. Fig 7 shows a schematic layout for the
cycle, its corresponding temperature-entropyg)(is similar to that depicted in Fig 4b; on operati
water injected into the heated cylinder vaporisesantact with the hot walls, and exerts pressuare o
the piston to perform work while expanding. Givée trelatively higher temperature of the cylinder
wall, further heat is transferred to the steamrduthe expansion process. At the end of expansion,
the superheated exhaust steam could be passedtitadweat exchanger — prior to been condenser, to
preheat the condensed fluid pumped for the nexecyc

Parametric analysis of the engine showed thathéat transfer rate and thus speed of operation will
increase with increasing wall temperature and webreasing cylinder size. Preliminary experiment
carried out on a 100 mm bore cylinder at Z5@vall temperature, showed that engine performance
increased with the volume of water injected (0.B6-ml). A maximum pressure of about 18 bar and
336 KJ/kg of specific work output was achievedXd@ ml of injected water. The cycle efficiency also
increased with the injected water volume, as efficy range of 14-16% was achieved, which is
about a half of the ideal cycle efficiency. Thesksan-ideal performance was attributed mainly to
non-isothermal operation as a result of insuffitisarface area (of the expansion space) for heat
transfer. This assertion is expected, as it has eged in literature that: in reality, isothermal
operation cannot be carried out in reciprocatingjrezy due to limited heat transfer area [45].
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3.2.2.3. Surface heated Rankine cycle scroll engine

The scroll expander is a compact device with fewimg parts compared to the reciprocating engine.
Scroll expanders and compressors are widely usedfiigeration cycles and have become popular
for use in small scale ORC heat engines [46]. Amibigge, engines using isothermal expansion are
an interesting option.

Kim et.al. [47] proposed a scroll expander witheertl heating structure which included externas fin
attached on the scroll casing and a heating ja@etdepicted in Fig. 8); such that heat could be
effectively transferred from an external sourceptigh the scroll casing into the scroll interiar.the
expansion process of the system, the transferatffr@m the scroll interior to the working fluid Wi
reduce the temperature drop that would have otlBerngsulted, thus effecting a quasi-isothermal
expansion, and consequently contributing to impmuaet in specific work and thermal efficiency.
For air as the working fluid, the isothermal pracesn result in a potential 34% increase in the
expansion work. The system was suggested to be&abpla to Ericsson cycle, refrigeration cycle and
Rankine cycle.

For use in Rankine cycle, they also highlightedpbssibility of the system acting as an expanddr an
partially as a boiler, such that a very wet vapourld be employed as the working fluid at the point
of entry into the expander, since the scroll maghiare noted for tolerating substantial quantifes
liquid fraction. In that case, given that suffididreat is available from the scroll, the liquiddiian

will vaporise during the expansion process, thuslitey to reduce the rate of fall in pressure that
would have otherwise resulted, and permitting higkielumetric expansion ratio and thereby
enhancing the extraction of more work.

3.3. Summary

To summarise with regard to the Rankine cycle engind its implementation with quasi-isothermal
expansion, the expander surface heating can acbkigwdicant improvement in performance even
though the expansion chamber surface area avaifabléeat transfer may not be sufficient to
approach the level of isothermal behaviour reporiti the liquid flooding system. On the other
hand, the liquid flooding may experience deteriagperformance in reality, mainly because, unlike
the expander surface heating, the liquid floodinguirs additional pumping energy input (for the
liquid loop) and increased suction pressure drdmchv(together with other associated losses) can
eventually outweigh the expected performance imgmments. From the perspective of technology
availability, liquid flooding can be easily implented, since its main components (scroll compressor,
pump and heat exchanger) are readily commerciallylable. Nevertheless, it is a relatively new
technology (that is yet to be fully developed), domparison to steam jacketing, which can be
regarded as a mature technology that has been rpreffective and operational. However, for
practical consideration for both technologies, promsulation is recommended, to ensure that the
heat loss (from the engine and piping) to the anthi greatly minimised, so as not to result to a
detrimental effect on the overall performance.ddition, further research work should be carrietl ou
on modelling of complex, unsteady multi-phase hteansfer with liquid flooding devices; and
development of efficient separation mechanismHerftooding liquid separator.
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4. Cryogenic heat engine
4.1. Theory and principle of operation

Cryogenic engines are another example where gs@igrmal expansion is used. It is interesting to
review the works in this area for possible appiaatof similar features to heat powered engines
working at higher temperatures.

Cryogenic heat engines utilize the thermodynamiemiial between the ambient atmosphere and a
cryogenic fluid, which is generally regarded asrgpestorage medium. The basic concept of the
cryogenic heat engine is to utilize ambient heainfrthe atmosphere as heat source to heat a
pressurised cryogenic fluid which can be usedrive a prime movefThis is in contrast with typical
heat engines which utilize an energy source at ¢éeatpre significantly above ambient and use the
atmosphere as a heat sink [48]. As with conventibeat engines, the performance of the cryogenic
engine is strongly dependent on the cryogenic wgrkiuid employed. A study pointed out the
benefits of using low-mass gases (likg He, Ne, N, and air) in two-phase systeas having large
maximum specific work values [49], with,Hhaving the largest value. Other common cryogeas ar
hydrocarbons, including liquefied natural gas (LNG) which methane (CHl is noted for having
high specific work output potential [50]. Nevertbes, liquid nitrogen and liquid air are considered
most attractive because they are essentially inesthde resource (that can be effectively produced
from air) with considerable safety and environmEbéanefits.

Standard thermodynamic power cycles can be empltayg@doduce useful work from the cryogenic
fluid. For instance, cryogenic gas Stirling cyclaultl utilise seawater (ambient temperature) as the
heat source to heat nitrogen gas in the expandsie liquefied natural gas (LNG) serves as the heat
sink to cool the gas during compression [51]. Sinyl ambient evaporation of a cryogenic fluid and
condensation by means of LNG as heat sink, canmptoged for cryogenic Rankine cycle (Fig. 9a);
and multiple cryogenic cycles can be cascadedet yietter cold energy recovery (Fig. 9b and c)
[52]. For these closed cycles, propangHg and ethane (£ls) are commonly considered as the
working fluids; nevertheless, other low boiling poisubstances can be employed. The cryogenic
power cycle can also be used as the bottom cydaerimbined (or hybrid) cycles with other relatively
higher temperature power cycles [53]. However,dingplest and most applicable power cycle is the
open system (direct expansion) Rankine cycle [ddiere the spent exhaust gas is released into the
atmosphere. In this case the principle of operaisosimilar to that of a typical open cycle steam
engine.

A schematic of a typical cryogenic heat engineeigicted in Fig. 10. The cryogenic liquid storedin
tank (which may be vacuum jacketed) is pumped éordyuired working pressure; the pressurised
liquid is then vaporised and heated in an apprtpambient heat exchanger system, and then fed to
an expander, where it expands to do woBince the rapid expansion process of the cryoged fl
results in the temperature of the fluid always beless than ambient, the expander will be at a
relatively higher temperature than the expandiogiflthus during the expansion process, furthet hea
may be transferred from the expander to the fltedulting to a possible quasi-isothermal expansion
process [48]. The T-s diagram of the ideal cyclerdical pressure operatids shown in Fig. 10b.
Process 1-2 indicates the pumping process, pr@:8sis the heating process in the heat exchanger,
and process 3-0 is the isothermal expansion. Psdkdsl is the condensation stage (for closed loop
system), or the liquefaction process which takeselremotely in an air processing plant [55] (for
open system).
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4.2. Studies and performance

Over the years, there have been investigationtb@mapplication of cryogenic heat engine for power
generation, and also as an automotive propulsiomdo-polluting zero emission vehicles; concept
and technical feasibility have been evaluated [86}y simulations in the engine have been carried
out [57], and demonstration models have been hailiest its practicality [58]. Key for practical
realisation of the engine is the heat exchangensidering the low temperature of the cryogenic
fluid, it will be essential for the liquid to be parized without the accumulation of frost, so as to
avoid deteriorating performance. William et al.9]Sleveloped a frost free heat exchanger for using
atmospheric air to vaporize and superheat relgtilaige quantities of liquid nitrogen without the
adverse building up of frost. Amrit et al. [60] @lsleveloped a cryogenic heat exchanger and
presented analytical model for turbulent flows.

Research work carried out at the University of Vagton highlighted substantial benefits in the

overall energy efficiency for isothermal expandeeran adiabatic one in liquid nitrogen cryogenic

engines [61]. The study investigated the specificknoutput as a function of peak cycle pressure for
adiabatic and isothermal expansions and showedthkaisothermal work increases monotonically

with increasing pressure, while that for the adii@harocess is found to be only weakly dependent on
peak cycle pressure above 4 MPa. For pressure rdrigieto 300 bar at 300 K, the net specific work

is 190 to 420 kJ/kg and 140 to 190 kJ/kg for isotted and adiabatic conditions respectively.

Knowlen [62] studied the performance of two othgrogens (hamely CHand GHg) alongside M

for both isothermal and adiabatic expansion, dad showed that for all the working fluids, at a
given injection pressure, the specific work obthledrom isothermal expansion exceeded that of the
adiabatic expansion, with the difference greatgurassure is increasethe study also examined the
use of N as a heat sink for different closed loop Gkhd GHe topping cycles, and found that for
binary (N-CH,) and ternary (MCH,-C,He) cascaded cycles, specific energies in the rah@d@-

380 kJ/kg and 300-450 kJ/kg can be realized resdgt depending on the extent of isothermal
operation achievable. Yuanwei et al. [63] proposedemperature-Energy level-Energy @FH)
diagram method for analysing the performance of different configurations of three-loop cascaded
cycles with seawater and LNG respectively as tha Beurce and heat sink. They claimed that the
proposed method facilitates quick optimisation psscon a base case design. A number of authors
have also explored different closed cycles thatsesevater and LNG respectively as the heat source
and heat sink. Choi et al. [64] compared the peréorce of different configurations of two and three
loop cascaded cycles and combined (closed-opet@<iit comparison with the conventional single
closed or open cycles. The study showed that teead®&d cycles exhibited better performance than
the conventional single closed or open cycles;Isb sshowed that, {£s-C,Hs cascaded cycle
exhibited 51%, 49% and 89% more work output thahl¢&;Hg cascade, §Hg and GHs cycles
respectively; while the g cycle gave 27% more work thanHg. Liu and Guo [65] studied a
variant of the cascaded cycle combined with vadagorption process, the cycle employed a binary
mixture of Tetrafluoromethane (QFand GHs as the working fluid. The study showed that, the
proposed cycle can achieve 206 kJ/kg specific veotput, which is 63% higher than that of ¢Hg
cycle (124 kJ/kg). In a study by Li et al. [54], apen cycle with two-stage expansion was shown to
exhibit 326 kJ/kg work output. This compares reabiy with the performance reported for other
two-loop cascaded cycles. Hence, although cascadioged cycles can significantly improve
performance, it is also possible to achieve reddenperformance improvement with the relative
simpler open system, with the aid of multiple exgian stages.

In a bid to avoid drop in expander wall temperatwiich could result to deteriorating performance,
Knowlen [48] suggested the use of “warmant” argefrte liquid (as a heat transfer fluid) to be
pumped through the wall, so as to maintain it air enbient temperature. Alsoparametric analysis
on engine (reciprocating expander) geometry shotlad long strokes, small bore and low RPM
enhances heat transfer during the expansion probéssertheless, the transferable heat will be
limited by the expander’s surface area exposetiddltid, which will limit the degree of isothermal
operation achievedFor standard engine (without modifications to ogén piston geometry),

11
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isothermality is typically about 0.75 and can beiiaved further by enhancing heat transfer during
expansion. Further analysis showed that finnedpiand cylinder head geometries (Fig. 11) having
high surface-to-volume ratios can be used to fatdifurther heat transfer during the expansion,
resulting in potential net work output of 0.85 bétideal isothermal work.

Liquid air has similar properties to those of liduiitrogen since air is composed of 78% nitrogen.
Chen et al. [17] studied the performance of a ticair engine for a range of working conditions and
reported that, for a properly designed and manufadtengine with operating conditions of 100 bar
and 300 K, the practical (taking into account tbesks associated with conventional engines) net
work outputs of the liquid air engine for isothetities of y = 0.90 and 0.75 were respectively 200
kJ/kg and 150 kJ/kg, i.e. respectively about 12@ &6% higher than that for an adiabatic engine
(about 90 kJ/kg). Given that the energy consumptawriquid air production is about 1080 kJ/kg
[55], the efficiency of the cryogenic engine (imnts of energy in and energy out) for the abovesdtat
isothermalites will be about 18.5% and 13.9%, witilat for the adiabatic condition will be 8.3%.
However, Ameel et al. [66] indicated that the @éicy of the isothermal cycle can be improved by
about 17%, if the liquefaction process is combiwéti the heat engine.

Dearman [67] developed a variant of the cryogengiree, whereby the cryogenic liquid is directly
injected into a heat exchange liquid (water) ireiprocating expander, thus the heat exchange takes
place inside the engine, consequently eliminatirggrteed for the relatively complicated, heavier and
expensive heat exchanger as required previously.pFimciple of operation is such that, when the
piston is at the top of the cylinder, water is aitledi into the cylinder dead space, and then & littl
amount of the cryogen is injected into the wateinc& the water temperature (ambient) is
substantially higher than that of the cryogen, tigogen rapidly vaporises, builds up pressure,
becomes superheated and pushes the piston asaitd=xpp do work. At the return stroke, the spent
gaseous cryogen and the water are exhaust outwates can be recovered, reheated and pumped
back to the cylinder for another cycle [68].

Wen et al [69] studied the heat transfer behavimiween liquid nitrogen and water (as the heat
transfer fluid) in Dearman’s engine, and reportethich stronger heat transfer than that obtained
from boiling on smooth surfaces and flow boilingaiigh pipes, but comparable to that of rough
surfaces and pipes with porous inserts. The pressas seen to develop very rapidly (up to 500
kPa/s) and increased approximately linearly wita thjiection pressure; thus indicating that high

pressure could be effectively developed to runeihgine. Morse and Kytomaa [70] also carried out
experimental study of the vaporisation of liquidrogen and LNG in water, and found that, the

evaporation rate is significantly dependent on libthturbulence intensity of the water surface, and
the thickness of the cryogenic liquid layer. Howewaaporising LNG in water may require safety

precautions against possible ignition of the vapaarhas been reported with incidents of LNG spills
on sea [71].

4.3. Summary

In summary, the cryogenic engine provides an intareeans of effecting quasi-isothermal expansion
with ambient temperaturdhe potential isothermal performance increases imitheasing pressure
and could be as much as twice that of the adiabatie. Cascading multiple cycles would give better
energy recovery than single closed or open cyblesever, the open cycle is the most applicable. For
an operating pressure of 10 bar, the potentiabpednce of the liquid nitrogen open cycle cryogenic
engine can have an ideal efficiency of 19% and ifpesork of 200 kJ/kg; but this performance is
quite low in comparison to the 27% ideal efficieqrgdicted for a surface heated engine operating on
steam with similar pressure [44], and the repo®®&8 kJ/kg specific work achieved for a real surface
heated (steam jacketed) engine operated at 5 BarHdrthermore, unlike the surface heated engine,
although the cryogenic engine has the advantagetoliosing heat to the ambient (since it can be at
the same or even lower temperature potential wighaimbient), it could suffer evaporative losses and

12



O©CO~NOOOTA~AWNPE

safety (explosion) risks at the storage tank; aoivly absorbs heat from the ambient, which could
result to excessive pressure rise [72]

5. Vapour Stirling cycle engine
5.1 Theory and principle of operation

The ideal Stirling cycle is a classical implemeiotat of isothermal expansion. Though ideally
efficient, it suffers from low specific power outpat moderate temperatures and pressures [73]. As a
means of increasing the specific power output, ke of condensable working fluid has been
investigated in prior arts — the vaporisation qtild at the hot side of the Stirling engine follangy
condensation at the cold side has been identified @able solution [74], the use of refrigerargs a
working fluid has also been considered [78fior arts (including a number of patents) have
investigatedvarious means of employing vapour as the workingdfin the Stirling cycle engine
(including liquid-piston variants).

The concept of liquid-piston Stirling (fluidyne) gine is to replace the conventional solid-pistohs o
Stirling engine with columns of liquid (typicallyater) in U-tubed cylinder. Unless the liquid in the
expansion cylinder has a low vapour pressure abpleeating temperature or is separated from the hot
gas by some kind of insulating float (generallyeredéd to as dry fluidyne), ample evaporation will
take place from the liquid surface and wetted ddmwalls to effect a mixture of gas and vapour
working fluid [76]. As such the fluidyne engine cprovide both gas and vapour power cycle. One
critical design parameter in the fluidyne enginthisfrictional losses in the oscillating liquidigmns
[77]. Studies have shown large dry fluidynes toghge successful, but on the other hand, small dry
fluidynes (which generally suffer from the largartsient heat-transfer and flow losses associatdd wi
small-diameter tubes) have been reported to beaictipal in the absence of evaporation [76]. The
evaporation tends to raise the pressure duringtpansion phase and thus increases the indicated
power in the fluidyne engine. Owing to the facttttize power output is available in the form of
pulsating pressure/movement of liquid in a tube mhost obvious application was as a pumping
engine [78]. However, a rotating shaft power outppiion have also been identified, via the use of
hydraulic motor [79] or solid pistons [80]; witheéhformer, as shown if Fig. 12, the solid piston
converts the pressure in the liquid piston intooecé which can then be applied to a shaft, like
conventional engines.

Since liquids can conform to irregular shapes,kensiolid-piston, liquid pistons have the advantaige
possibly allowing the adoption of working chambwiigh very large surface area to volume ratios
such as wire matrix, tube bundle, metal foam, (@ig. 12), to substantially improve heat transter t
the working fluid and consequently bring the wotkifiuid behaviour into the nearly isothermal
regime (which will result to improved power outpamd efficiency). However, the high area to
volume ratio will result to smaller size of flow gsages, increased flow restrictions and thus,
increased viscous losses. As such the heat tramsfer and the viscous frictional losses must be
adjusted to maximize the efficiency of the liquidtpn engine [81]. Besides the increased viscous
losses, the liquid piston also suffers operatimgkst and frequency limitations imposed by gravity-
controlled oscillation and by surface instabilityhégh frequency; and the need to keep a moresar le
constant orientation of the engine [80].

Various concepts involving the conventional solistgn Stirling engines variants with modifications

on operational configurations have also been rexbréiRedderson [82] patented a vapour Stirling
machine based on the alpha Stirling configuratlbfeatured heating and cooling chambers on the
hot and cold cylinder tops respectively, and witlegenerator interconnecting the two chambers (Fig.
13). But in contrast, the working fluid in the cmgy chamber is substantially in the liquid phase as
such resulting to a significantly larger swept vokiratio than a conventional Stirling engine. On
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operation, the upward motion of the cold cylindistgn pumps the fluid through the regenerator into
the hot chamber where it gets completely vaporeed superheated and then expands to perform
work against the hot piston while gaining furtheahfrom the hot chamber, thus tending to approach
isothermal expansion. At the end of expansionugheard motion of the hot piston pushes the spent
vapour through the regenerator and into the coratemkere it condenses back to water. As a means
of providing output control, a control cylinder iiscluded at the cold section to vary the effective
mass of the working fluid within the engine.

Davoud and Burke [83] patented a condensing vag@tiing engine, in which at the end of
expansion, a portion of the spent vapour is exgél@ a receiver cylinder) and condensed, whiée th
remaining portion is compressed in the power cgindluring which the weight equivalent of the
condensed portion is pump and injected back indccifiinder as a fine spray of water. This was said
to lower the entropy and enthalpy of the steanhandylinder, and thus lower the compression work
that would have been required. The compressed siget®m superheated in the heater tubes
arrangement at the top dead centre of the cylirate,then expands against the piston to do work.
They later went further to patent a simpler vergwith only one cylinder), in which bulk of the spe
steam is expelled directly to the condenser. Timelensed water is then pumped and injected into the
cylinder top dead volume containing the heaterguwhieere it gets vaporised and superheated [84]

5.2. Studies and performance

West [74] developed a two-phase, two component iwgriuid system for an alpha Stirling engine
configuration (Fig. 14), in which, the working ftlconsists of both a condensable vapour (steam) and
permanent gas (air), such that the air is contaimédle cold section, and prevented from passitg in
the hot section by means of controlled evaporafien steam pressure) in the hot section. Water
injected into the evaporator vaporises into the ¢yinder where it expands to do work. The
expended vapour then passes into the cold end itremedenses and is subsequently removed.

The analysis showed that under moderate operatinditions the engine can achieve a cyclic power
output at least five times greater than a convaatiStirling-cycle machine of similar dimensionst b

at the expense of significantly lower ideal cycftBceency. Nevertheless, by controlling the rate at
which the liquid is evaporated into the expansigiinder an indicated efficiency in the range ofo3 t
9% at low temperatures (110°C to 130°C) may beeaethile even without regeneration.

Isshiki et.al. [85], developed a steam Stirling isegwhich operates as a hybrid of Stirling and
Rankine systems, such that the engine featureda@rmpoylinder (with heating tube at the cylinder
top), displacer cylinder and a regenerator in betweas with Stirling; but also has injection/exhaus
port, thus spent steam could be ejected, condemqmsedp and re-vaporised externally just like
Rankine. On operation, when the power piston conegs its top dead centre, saturated steam from
the external boiler injected into the displacerirayér, passes through the regenerator and heater, a
then expands into power cylinder at near constagit temperature. On the return stroke, the spent
steam passes through the regenerator and is egdaiest condenser where it gets condersset
then pumped back to the boiler. Experiment caroigdon a mini scale prototype operated at 0.2 Mpa
(gauge) and 250°C showed that output power of ath8utvatt was achieved at 400 rpm. This is
significantly higher (approximately five times) théhe reported 2.6 watt achieved for a conventional
gas Stirling engine operated at 32(Q86].

5.3. Summary

In summary, the use of vapour as the working finidtirling engines can result in power outputs
about five times larger compared to conventionai-oondensable gas working fluid. To facilitate
more heat transfer to the fluid to approach a msothermal behaviour, liquid pistons could be
employed to allow the expansion space to be enldawith high surface aregeometries like wire
matrix. However, it introduces practical issued thidl need to be further investigated. As sucksit
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recommended that further research be carried aunodelling the behaviour of the oscillating liquid
in liquid piston devices with particular attentiom viscous forces and inertia effect of the liquid
oscillation. Since the various technologies presgrare still in the concept or early development
stage, further experimental studisbould be carried to give a better insight on thmiactical
realisations; and optimization of the various ffigine dynamics to maximize efficiency and power
density for specific applications.

6. Conclusion

To convert low-grade thermal energy into useful ky@xternal combustion engines using vapour
cycles (though relatively less efficient) have beeeferred over those using gas powered cycles due
to the former’s higher specific work output and Bemaengine size. Relative to the traditional ideal
adiabatic expansion process in the vapour powde @mgines, quasi-isothermal expansion has been
found to improve the specific work output and cyefiéciency of the engines.

Two main methods of effecting the quasi-isotherexgdansion have been identified — liquid flooding
and expander surface heating. The expander sunfzting has been studied for both reciprocating
and rotary expanders; however there are more refesan the literature for its use with reciprocgti
expanders. Liquid flooding is referenced more feg with rotary expanders.

In practical performance of the quasi-isothermadamsion, studies have showed that liquid flooded
expansion approaches isothermal behaviour witheasing oil fraction; but at the expense of
deteriorating overall performance, that was pattyibuted to the resulting increased suction press
drop and viscous losses. On the other hand, thenebgp surface heating has been shown to achieve
significant improvement in performance (over 40%l &9% increase in specific work output and
efficiency respectively). Here, a relatively slowgperating speed is required to enable significant
heat transfer during the expansion process asytheler wall surface area available for heat transf
limits the isothermal operation. However expandeorgetries with high surface-to-volume ratios
(such as fins) could be employed to facilitate hemtsfer and further improve performance, as has
been demonstrated with cryogenic engine. Furtheemmouch higher surface area to volume ratios
(such as wire matrix) could be easily realized Wl adoption of liquid pistons.

With regards technology availability, it can berséleat the expander surface heating has been ready
for many decades in the form of steam jacketingereis liquid flooding is a relatively new
technology that is yet to be fully developed. Néveless, it can be easily implemented with
commercially available parts.

This paper concludes that, while quasi-isothernagdour power cycle engines have the potential to
significantly improve the performance in a numbérmpplications (e.g. desalination, transport and
heat recovery), there are research areas to beefueixamined. As such, it is recommended that
further research be carried out on: modelling ahplex, unsteady multi-phase heat transfer with
liquid flooding devices to predict performance datlor to applications; modelling the behaviour of
the oscillating liquid in liquid piston devices Wiparticular attention to inertia and viscous |lessad

the investigation (selection) of other appropriitpiids and working fluids for a range of low
temperature operations. Further experimental stualie also recommended to give better insights on
the practical realisations and optimisations of thehnologies presented as concepts or early
developmental stages.
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Abstract

External combustion heat cycle engines convertmbkeenergy into useful work. Thermal energy
resources include solar, geothermal, bioenergy veasie heat. To harness these and maximize work
output, there has been a renaissance of interéise imvestigation of vapour power cycles for quasi
isothermal (near constant temperature) insteaddibatic expansion. Quasi-isothermal expansion
has the advantage of bringing the cycle efficiecloger to the ideal Carnot efficiency, but it reqsi
heat to be transferred to the working fluid asxjppands. This paper reviews various low-temperature
vapour power cycle heat engines with quasi-isotaéaxrpansion, including the methods employed to
realize the heat transfer. The heat engines takdottm of the Rankine cycle with continuous heat
addition during the expansion process, or theigirtycle with a condensable vapour as working
fluid. Compared to more standard Stirling enginsmal gas, the specific work output is higher.

| Cryogenic heat engines based on-#igen Rankine cycle have also been enhanced with quasi-
isothermal expansion. Liquid flooded expansion arpander surface heating are the two main heat

transfer methods employed. Liquid flooded expansias been applied mainly in rotary expanders, [ Formatted: Font color: Auto
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including scroll turbines; whereas surface healiag been applied mainly in reciprocating expanders.
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1. Introduction

Owing to the global energy challenges associateld fossil fuel — rising cost, energy security and
climate change there has been growing interest into sustainaligratives or renewable energy
sources such as: wind, solar, geothermal, biomadsweaste heat. Presently, renewable energy
sources account for less than 15% of the globatggnsupply [1], of which biomass is a major
contributorwhite. However,solar has recorded the fastest grevithe tEA-has—projected-thand
renewabledave been projected become the world’s second largest source ofgpa@eneration by
2015 (-2}[2]. Studies have already shown that the renewable dmaces have the potential of
meeting the global energy demand several times EBe#}-[3]. As a means of encouraging the
exploitation of the renewable heat sources, ‘helitips’ (including incentives) have been introddice
in some countrieg5—6}[4]. Globally, solar, biomass and waste heat are neaalihilable in
distributed form as low-grade (<2%%) heat, and are well suited for decentralized kstalle (<100
kW) applications Thus there has been a renaissance of intereshafi-scale external combustion
heat engines (gas and vapour power cycles) to cotive thermal energy into useful work, with
particular emphasis oimproving performance. Isothermal expansion is @mohnique for achieving
such improvement

Ideally, certain gas power cycles (such as Stirlargd Ericsson cycles) perform work by the
isothermal (constant temperature) expansion ofrapcessed and heated gas working fluid (which
remains gaseous throughout the entire cycle). Ty noted for having the high theoretical
efficiencies of the Carnot cycle — which is the imaxm obtainable efficiency for given temperature
limits [A—On-the-other-hand,farapairpower-cyclegs]. On the other hand, for vapour power cycles
(typically the Rankine cycle)the working fluid is a condensable vapour, and iniermittently
vaporised and condensed; the expansion procesdligbatic (i.e. the fluid expands without
experiencing heat transfer during the process)paaduces less work than its isothermal counterpart
F81I6]. Nevertheless, in comparison to the gas compressirk of the gas power cycles, less input
work is required to pressurize the condensed ligdiithe vapour power cycles, and the total cycle
pressurévolume characteristics exhibit greater work outfh#n the gas cycles. Thus the vapour
cycle engines have higher specific work outpit[7]. The vapour power cycles can also have
advantages over gas cycle equivalents becausehtise rhange allows smaller surface areas and
temperature differences to drive theat-supplremovaboiling/condensatiomequired by the cycle.
This inference arises from the higher heat transtefficients associated with phase change (by
orders of magnitude) relative to that of forcedvemtionbetween-a-gasid-selid-surfacéor gas [8].

The smaller surface areas lead to compact heategehs and engine size}[9]; this together with
the higher work output gives the vapour cycle eegihigher power density; and the low temperature
differences aid better performance (relative toghg cycles) in low-grade heat applicatiofsis has
been demonstrated in a study that showed the Ramkicle to be more efficient than Stirling cycle
for temperature range of 150 — 36J10].

In power plants operating ovepour—geles{typically-the Rankine cycle reheating is a practical
approach to improve the cycle efficiency and specifork output. As the number of stages of

reheating increases, the expansion and reheatgsex@pproximate an average isothermal process
and the cycle efficiency increasésl]. But in the reheating process, the steam mustthened back

to the boiler for each reheat, which, besides ragyimany additional components, inevitably adds
complexity to the plant layout and geometry, ansults to heat and pressure losges—212[12].
Alternatively, the vapour cycle engine could beiglesd in such a way that (like the Stirling or
Ericsson engines) heat is continuously transfetweithe working fluid during the expansion process
thus resulting in isothermal expansion, or mordisteally, quasi-isothermal expansion — which may
be somewhere between the adiabatic and ideal isogh@rocesses.

In this paper, relevant research works with emphasi low temperature vapour power cycles with
quasi-isothermal expansion will be presented. \arimethods employed to effect quasi-isothermal
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operation, including concepts, studies and resulii,be reviewed to provide an insight into their
practicality, system performance and energy efiicye The first part (section 2) of the paper présen
the general theoretical advantage of quasi-isothkaxpansion, including the various heat transfer
methods used to achieve it. The second part ($e8tb) of the work covers the power cycles to
which the methods are applied. For each power cyble theory and principle of operation is
explained, and then specific studies are revieweashich these cycles have been implemented. Fig. 1
classifies the methods and vapour power cyclesgf@si-isothermal operation according to the
approach used in this review.

Quasi-Isothermal Expansion

{ {

Methods of Heat Transt Power Cycles
| [
Expander ‘ ‘
surface heating Rankine  Cryogenic Vapour
Cycle heat engine  Stirling cycle
_ Secondan
fluid heating

Fig. 1. Overview of the review approach

2. Quasi-Isother mal expansion

The paths of both the isothermal and adiabatic resipa processes can be illustrated graphically on a
pressure-volume (P-v) plane as shownfigiig. 2, using the gas equatidhvi* = P,v}. The
expansion index n is equal to 1 and>k3)-for isothermal and adiabatic processes respectpiely
144[13], where k is the ratio of the specific heats/() of the gas, and is always >1[14]. For
example, under a substantial range of operatingitons, k is about 1.4 for nitrogen gas and steam
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Adiabatic

Isothermal

Quasi-Isothermal

V1 U, v
Fig. 2. Graphical representation of isothermal adidbatic expansion processes

The work output is simply the integral PdV ) between the two end states (1 and 2), as is
represented by the area under the path curveseHEom the figure it can be seen that the are@und
the curve (i.e. the expansion work output) forddé@batic expansion is less than that of an isothker
expansion having the same initial operating cood#i This can also be seen numerically from the
integration of both curves from state 1 (startxg@ansion) to state 2 (end of expansion).

The work done by isothermal expansion can be gageji6]:

Py
Wigy = f PAV = Py, In (—) 1)
P,

Similarly, the work done by adiabatic expansion lbarexpressed as:

1-n
- ()

Wad=J-PdV=P1U1 n—1

)

Hence, from the above equations, the relative ingmeent of the isothermal expansion work over the
adiabatic work can be expressed in terms of tharesipn indeand pressure ratig = P, /P, as:

w; n—1)In(r
Relative improvement = —2 — 1 = (—)1(_2:1) -1 3)

“ (-n)™

For example, with;, =7 and n = 1.4, eq. 3 shows that the isothermal esipargives 83% more
work than the adiabatic.

The expansion process of conventional vapour payeles is generally assumed adiabatic, and as
| such is subject to this reduced work outp@t17-[6]. The adiabatic expansion process is also
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characterised by drop in temperature fromtd@ T,’. Hence, modifying an adiabatic expansion to an
isothermal one would ideally require the additidnheat to the expanding fluid to maintain its
temperature constant.

In reality, when the heat absorbed by the vapoumoissufficient to maintain isothermal expansion,
the result is termed quasi-isothermal expansiorthis case, the heat absorbed shifts the expansion
process from adiabatic behaviour towards the idemhermal behaviour. Consequently, the work
output will be more than the adiabatic work, bssl¢han the isothermal work available, in proportio

to the extent to which the expansion approachesstitermal case. This extent has been termed
isothermality,y, defined as the ratio of actual work output toittesal isothermal work:8}-[17].

_ Wac
- Wiso (4)

Thus it determines the work output as a fractiothefisothermal work available. On the other hand,
for rotary expanders some authors have described thateof isothermal behaviour as the ratio of

discharge temperature to supply temperaitii8e20}-[18].

2.1. Methods of effecting quasi-isothermal expamsio

Over the years, a number of methods have beenagealby which a vapour power cycle’s working
fluid can continuously gain heat during the expangirocess to effect quasi-isothermal expansion;
often times this result in variants of the tradiib power cycles. The identified methods can be
generally grouped on the basis of the means oftheadfer as: secondary fluid heating and expander
surface heating. The methods and the power cyiekiding the variants) to which it is applied are
shown intableTablel.

Table 1. Heating methods and the applicable peweles for quasi-isothermal operation, with
relevant examples from the literature

Method: Secondary fluid heating | Expander surface
Application: heating
Rankine cycle engine Theoretical study of Fhossobenlot ol
liquid flooded scroll strfaec-heotedseroll
(section 3) turbine, using various turbine[12}
fluids f24[19]
Expermental-stuehy-of
Experimental study of the surface-hated

effect of flooding liquid | reciprocating-eytinder
quantity in scroll turbine | {23}Theoretical study
[2220] of surface heated scrall

turbine [21

Experimental study of
surface heated
reciprocating cylinder

[22]
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Cryogenic engine

(section 4)

Eroormoniolatudenf
ovoperoing-esesonic
i i (24,25
Experimental studies of
evaporating cryogenic

hoerstenloncb ol
surface-heated

. i inder
2426l Theoretical

studies of surface

liquid in water [23, 24]

heated reciprocating

cylinder [23, 25]

Stirling cycle engine

(section 5)

hisrotenl ot ol
conelodomsamiion
inel27.
28

Bepeﬁmgn{&al—study—of

somelrSEingonsine
28} Theoretical studies

of controlled
evaporation in Stirling

engine [26, 27]

Experimental study of
vapour Stirling engine

[27]

b

2.1.1. Expander surface heating

A simple approach to achieve heat transfer to thekiwg fluid during the expansion process is to
provide a means of heating the expander suffigiaatibve the fluid temperature; such that during the
expansion process, heat could be effectively tearesfi from the surface of the expansion chamber to
| the fluid, as illustrated ifigFig. 3a. This is quite popular for reciprocating expens as found in
conventional Stirling engines, and steam-jacketedrs engines. The extent of isothermal operation
achievable here will depend on the rate of heasfea, which is a function of the overall heat sfan
coefficient and temperature differential between ¢ngine wall and the fluid, and the surface afea o
| the wall exposed to the flujg-6)-[28]. As such, geometries giving high surface to voluai®s such
as tubes and fins are generally utilised to in@ehs total heat transfer area as found in conweati

Stirling engines [29].



Heat source

o Working fluid

e Heating fluid

(a) (b)

Fig. 3. The two main means of heat transfer usettiieve isothermal expansion: (a) expander
surface heating; (b) secondary fluid heating system

2.1.2. Secondary fluid heating

The heat transfer required to effect quasi-isotla¢rexpansion could be provided by means of a
secondary fluid which co-exists with the workingidl in the expander during the expansion process
(figFig. 3b). In this case, the secondary fluid — which ideally be of a high thermal content — is
dispersed into the working fluid such that durihg £xpansion process, the temperature dropped by
the expanding working fluid is quickly recoveredrfr the secondary fluid. The heating fluid could
ideally be a vapour — as with direct steam injectior more practically, a liquid — as with liquid
flooded expansion.

2.1.2.1. Direct steam injection

The concept of achieving isothermal expansion beadisteam injection entails injecting small

amount of relatively very high temperature steaptgadary fluid) into the expanding steam [30].
The secondary steam transfers heat to the workésgrsby virtue of its higher temperature thermal
content, as such requires the secondary steamdorti@uously injected with appropriate amount and
temperature in such a way as to keep the expatesigperature constant.

2.1.2.2. Liquid flooding

The liquid flooding process involves literally floimg a screw or scroll machine with a large qugntit
of liquid simultaneously as the working fluid passlerough the device, such that the liquid proviges
medium of heat exchange with the working fluid whiin transit through the device. Unlike with
steam injection, the secondary fluid is normallffedent from the working fluid, and is immiscible
with it. This concept can ideally be applied to @uassion and expansion processes (its application t
expansion processes will be covered in sectiorlB.Qver the last two decades, there have been a
significant number of studies on the applicatiorigdid flooding to compressors. Researchers have
studied oil-flooding in screw compressors [31] awoll compressors [32] primarily to improve
sealing and lubrication, but without much emphasis heat transfer [33]ir—recent—years,
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m+ner—medmeanensm recent years, conventlonal screw [34] and S({&ﬂ%ﬂ— 35 compressors

have been effectively used in reverse as expar(@&its minor modifications) thus widening the
scope for liquid-flooded expansion. The combinatiar the different working fluids and flooding
liquid considered in the literature are showteiblelable?2.

Table 2. Combinations of different working fluidsdaflooding liquid

Working fluid Flooding Expansior Ref. | Study
liquid device type
Ammonia(R717, Ry T
Carbon dioxide (R744) Water 19]
R410A Scroll
R600a
n-pentane Zerol 60
R245fa
R245f¢ Compresso Scroll R3[| Ex
oil 20]
Liquid air Watel Reciprocating¢ | {24; | Ex
cylinder 2512
3,
24]

T. Theoretical
Ex. Experimental

The concept of flooded expansion (and compressiag studied by Hugenroth [36] in a liquid
flooded Ericson cycle cooler, which used liquidofling of both the compressor and the expander (to
achieve nearly isothermal compression and expansmrovercome the practical difficulties of
achieving isothermal conditions in the basic regdgricson cycle. In a later experimental work [37]
off-the-shelf automotive scrolls were used as themressor and expander, nitrogen as the working
fluid and alkyl-benzene as the flooding liquid. Tiperformance of the off-the-shelf scroll machine
was not sufficient to achieve high cycle efficiendyor increasing operating pressure ratios, the
expander adiabatic efficiency was seen first tadase and then to decrease. This effect was partly
attributed to the limitation of the expander nonigedesigned for liquid flooded operation

eendmens-and—des;gn—ehandés] developed comprehenswe models of both mzmhlh’alldatlon

of the models and optimization of the design wése aarried out [39]. The model developed was an
extension of earlier models that were developedHaym [40], and Chen et al [41] for scroll
compressors without liquid flooding. The importamantribution of the work was said to be the
treatment of a mixture of gas and large fractioroibf Also, Lemort et al. [42] further studied the
performance of liquid flooded expansion using $a&rpander and developed a detailed model of the
flooded scroll expander, to facilitate predictiasfsthe performance over a wide range of operating
conditions and design changeEhe model was able to predict the shaft power ouga 6.7%
maximum deviation from measured experimental value.




| 2.2. Summary

In summary quasi-isothermal expansion has been identified asahstic alternative to adiabatic
expansion to improve the work output of vapour pogyele engines. This can be achieved by further
heat addition to the working fluid during the exp@m process. The heat can be transferred by means
of heating the expander external surface, or bynsied a secondary heating (flooding) fluid. The
expander surface heating is found to be more popuith reciprocating engines, whereas the
secondary fluid heating is more popular with rotangines

3. Quasi-isother mal Rankine cycle engines
3.1. Theory and principle of operation

The quasi-isothermal Rankine cycle is simply a Raakycle whose working fluid gains significant
amount of heat during the expansion process ofyhke, such that it is somewhere between adiabatic
and isothermal, but its reference limit is ideddigthermal, as depicted on the temperature en{fbpy
s) diagrams irfigFig. 4. Fig 4a shows a case where the expansion $tantsa super-heated state
H42-whiteinfig[43]; while in Fig4b, the expansion starts from a saturated gt&td44]. As a result
of the heat addition during the expansion prodssspent vapour becomes significantly superheated
at the end of expansion, thus necessitating regéoer(utilising the heat available at the end of
expansiono preheat the feed working fluid) to improve thermal efficiency. Studies have shown
that the efficiency of the ideal cycle (with isotimal expansion and regeneration) can be up to 3% o
| the efficiency of a Carnot cycle operating with twme temperatures limif€3-301[30]. Where
isothermal expansion is not fully achieved, theultdsy quasi-isothermal cycle’s performance will
depend on the quantity of heat successfully absodbeing expansion, which of course is dependent
on the heat transfer technique employed.

Isothermal

| Quas-
! isothermal

/-\ Isothermal

Adiabatic

Fig. 4

4;Iat T-s dlaqrams of Ranklne cycle with
isothermal expansmn (a) starting from superliestate [30]; (b) starting from saturated statd.[44

3.2. Studies and performance



Using the thermodynamic cycles of Fig 4, reseaschere proposed and studied different versions of

the quasi-isothermal Rankine cycle using diffemaoides of heat transfer. Thus, both liquid flooded

and external heated surface machines have beemte@pdhese implementations will now be
| reviewed.

3.2.1. Liquid-flooded Rankine cycle

The idea of liquid flooded expansion can be appiEe&ankine cycle, as patented by Woodlgéé-
A-schematic-ofie-system-is-depicted-in{i¢5]. A schematic of the system is depicted in BigThe
working fluid and the flooding liquid are both psesised and heated to the required high side
pressure and temperature (via separate pumps ahéxahangers). The fluids are then mixed and fed
to the expander where they flow together to do wbrkring the expansion process, temperature drop
of the working fluid (vapour) is inhibited by hegain from the liquid (because the liquid has a
relatively higher heat capacity), thus resulting annear isothermal expansion. At the end of
expansion, the superheated working fluid is thegmassted from the liquid and passed through a

| regenerator (before being condensed) to preheabiidensed fluid pumped for the next cyels the
flooding liquid is simultaneously re-pressurized &reated back to the high side conditions.

. .

C

%

Regenerator

p

Working fluid loop

Regenerator

. Condenser

Flooding medium loop

Fig. 5. Schematic of the liquid flooded ORC [19]
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| Woodlandf24}[19] also carried out theoretical study of the appiicabf liquid flooding to organic
Rankine cycle (ORC) with regeneration, for differemorking fluids (ammonia, carbon dioxide,
R410a and dry fluids such as iso-butane, n-perdadeR245fa ). The analysis showed that, working
fluids ammonia and R410a exhibited higher perforceaimprovement due to the flooded expansion.
For ammonia, the addition of the liquid floodindes&d about 20% more improvement in thermal
efficiency. Alaterstudyf45]A later study [46]that featured water as a working fluid in the igu
flooded ORC, showed a relative improvement of 1a% tb the flooded expansion; the improvement
increased with the source temperature. In contrde, improvement for the dry fluids was
significantly less (only about 5%), and approache® at higher (>25C) operating temperatures.
Higher work output was expected from the more isotfal flooded expansion than from ordinary
expansion process. However, for these dry flutdks,improvement in work output is not high enough
to significantly outweigh the additional energy utp (pump work and heat input) required for the
flooding process.

| Lemort et al{22}[20] developed a prototype of a flooded Rankine cyolgires with a hermetic scroll
expander and R245fa working fluid. The study wasifed on investigating the impact of oil quantity
on the expander performance. For operating presaticeof 4.2 bar, supply temperature of@2and
oil mass fraction of 0.023 — 0.1, the results skttt the expander overall isentropic effectivenes
(ratio of the measured power output to the idegdaeder power) decreased with increasing oil
quantity. Further investigation was recommendeddeertain with certainty the underlying reason;
nevertheless, increase of supply pressure dropshéatexpander inlet) and viscous losses were
mentloned as Ilkely reasons for the decrease ﬁmmancelh&s—%—ag%eemen{—ml@the—msu%sea
AdETS is in
aqreement W|th the results of a previous studvlfmznrxerformance of I|qmd flooded expansion using
scroll expander [42]For a given pressure level, in the experiment, tieasured power output
reportedly decreased with the oil flow rate as sulteof increasing pressure drops due of the oil
suction process at the expander inlet. The stusly ahalysed the variation of exhaust temperature
with oil fraction for different operating speedss Avould be expected, the result further showed that
the expansion tends to approach isothermal behafoohigher oil fractions. The range of isothermal
expansion (in this case defined as the ratio afhdigye temperature to supply temperature) achieved
was about 0.93 to 0.99 for oil fractions of 0.20t8 respectively. This shows that, although theidiq
flooding facilitated sufficient heat transfer, sutttat isothermal behaviour is approached, there are
practical challenges in translating it to net perfance improvement. Another practical issue worth
noting is that the separation of the refrigeraatrfithe oil in the oil separator is not generallyfpet,
as such some amount of refrigerant usually rematramed in the oil [37]. This entrainment may
pose a durability issue in the long run, as higfikitow rate will result to larger amount of refgrant
entrained, thus it can result in the need fordesy servicing, as has been observed with oil #ood

compressor4e47]. { Field Code Changed

[ Field Code Changed

For the purpose of increasing the efficiency oframs-critical CQ Rankine cycle thermo-electric
energy storage (TEES) system, Kim et al. [48] pssgbthe application of a variant of the liquid
flooded concept to achieve isothermal expansiord (aampression) for the discharging (and
charging) process of the TEES system. The disah@rgirocess is basically the retrieval of
mechanical-electrical energy from the stored théremergy by means of a heat engine (Rankine
cycle, in this case). Fig. 6 depicts the dischargirocess of the proposed isothermal TEES system.

The system is somewhat like a double cylinder endn operation, pressurised 06 heated in the
evaporator and fed via valve ‘A’ into the first imder which is initially filled with hot liquid. Th
vapour then exerts pressure and expands againsothiquid (serving as a liquid piston) which flew
through the 4-way valve and the hydraulic motor €r@in the flow and pressure of the liquid is
converted into rotary work). During the expansith® circulation pump continually sprays a portion

11



of the hot liquid unto the expanding vapour, thusviling a means of heating the vapour to effect
isothermal expansion. The expended liguid contisunulow, through the heat exchanger in the hot
storage tank and back through the 4-way valve th&o second cylinder, thus exhausting the hot
expanded vapour in the second cylinder via valveaid the regenerator to the condenser. As the
stroke ends, the 4-way valve switches to reverseflthw (between the two cylinders), without
changing the hydraulic pump’s direction of rotatidm analysis of the system performance for the
operating conditions of 160 bar and I2Zhowed that the isothermal expansion can resw@t46%
increase in work output.
Evaporator
VVWW
— A
Circulation |
pump ,A ............ L AMVVW
/ . Regenerator
pealigRach
) I
A B ¢l co |o
Hot liquid €O, :
Tank - ' Expansion @
Liquid | Liquid
piston i piston 5
Heat L [ 2
exchange! T 2
Ll Ll o
LEE| 1T |E_T 8
(>
/% 4 way valve
Hydrauli Work output
Motor
Fig. 6. Isothermal TEES system [48]

3.2.2. Expander surface heated engines
3.2.2.1. Steam jacketed reciprocating steam engine

The steam engine with steam jacket is a classimapp to quasi-isothermal expansion. Nevertheless,
certain features and observations are interestiniges modern context where steam or other (organic)
working fluids may be used.

In steam engines, there tends to be heat traneferebn the steam and the cylinder wall, in such a
way that heat is rejected by the steam to the dglirduring the admission and early expansion
process, while heat is transferred from the cylirtdehe steam in the later part of the expansiwh a
exhaust. This phenomenon is most pronounced fostdgm (relative to superheated steam) as the
heat rejection and gain respectively leads to steamdensation on the cylinder wall and re-
evaporation of some of the condensate during thieafethe expansion process thus leaving behind
some amount of condensate-water in the cylindeg.cimdensation of steam in the cylinder results in
a very rapid drop in maximum pressure and thusedeser in work output, which implies an increase
in steam consumption (quantity of steam) required athieve a given power output. This
consequently results to reduced efficiency, sinceatl the admitted steam is available to produce

| work for a given amount of heat energy input toegate the steapi$,-4749]. [ Field Code Changed
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Besides the use of sufficiently superheated steamprotecting the cylinder with lagging (insulatjpn
steam jacketing the cylinder can be effectiveljisgd to mitigate the heat loss from the steam.
Various Experiments carried out by a number of aedeers, as recorded by ClgekA[50] in the
18005, have showed that the alternate condensationeasdaporation in steam jacketed cylinders are
much less than that in unprotected cylinder. Tlearatjacketed cylinders results to economy in the
steam consumption and displayed a greater degre&icfncy than the cylinder with superheated
steam, whilst both of them are clearly superioatiounprotected cylinder with saturated steam. The
steam jackets have reportedly resulted to econdmy e 25% in steam consumption rate per power
output, net specific work output increase of 42%rf 224 to 318 kJ/kg) and efficiency (in terms of
the total heat passed into the cylinder and thekwatput)increase of 28% (from 8.65 to 11.05%).
Further results showed that better performancera@srded for higher working pressure — this could
be explained by the fact that heat transfer idifatgd by higher pressure. It was also demonstrate
that by the utilisation of the steam jacket witlgthitemperature, heat can be supplied (from the
cylinder to the working steam) in quantity suffici¢o prevent (or mitigate) the initial condensatio

the cylinder and to re-evaporate the whole of shehmay have been condensed.

3.2.2.2. Surface heated boiler-less Rankine engine

The speed of heat transfer is a limiting factothie steam jacket design, but for certain applicatio
speed is not considered criticljobe-and-Bavief23llgobo and Davies [22)roposed to use a slow-
moving machine to drive a high pressure reverseosgnprocess for desalination that works on a
cycle time of the order of minutes. In this caseyas proposed to eliminate the traditional boiler
(evaporator) of the steam engine and rely on tbleefa(which may be thermal oil fed) alone for heat
transfer to vaporise the working fluid and to maintquasi-isothermal expansion. FE/ shows a
schematic layout for theycle, its corresponding temperature-entropsg)(is similar to that depicted

in figFig 4b; on operation, water injected into the heatdohder vaporises on contact with the hot
walls, and exerts pressure on the piston to perfeonk while expanding. Given the relatively higher
temperature of the cylinder wall, further heatr@sferred to the steam during the expansion psoces
At the end of expansion, the superheated exhaesinstould be passed through a heat exchanger —
prior to been condenser, to preheat the condehsddpimped for the next cycle.
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Parametric analysis of the engine showed thath#ae transfer rate and thus speed of operation will
increase with increasing wall temperature and wébreasing cylinder size. Preliminary experiment
carried out on a 100 mm bore cylinder at Z5@vall temperature, showed that engine performance
increased with the volume of water injected (0.B.6-ml). A maximum pressure of about 18 bar and
336 KJ/kg of specific work output was achievedXd ml of injected water. The cycle efficiency also
increased with the injected water volume, as &fficy range of 14-16% was achieved, which is
about a half of the ideal cycle efficiency. Theslisan-ideal performance was attributed mainly to
non-isothermal operation as a result of insufficisarface area (of the expansion space) for heat
transfer. This assertion is expected, as it has meged in literature that: in reality, isothermal

operation cannot be carried out in reciprocatingjre® due to limited heat transfer aréa8d1].  Field Code Changed

( Field Code Changed

3.2.2.3. Surface heated Rankine cycle scroll engine

The scroll expander is a compact device with fewing parts compared to the reciprocating engine.
Scroll expanders and compressors are widely usedfiigeration cycles and have become popular
for use in small scale ORC heat engif&®-[52]. Among these, engines using isothermal expansion
are an interesting option.

Kim et.al.f22[21] proposed a scroll expander with external heatingtire which included external
fins attached on the scroll casing and a heatickpja(as depicted ifig—7Fig. 8); such that heat could
be effectively transferred from an external soutiemugh the scroll casing into the scroll interilor

the expansion process of the system, the tranéfeeas from the scroll interior to the working i
will reduce the temperature drop that would haventise resulted, thus effecting a quasi-isothermal
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expansion, and consequently contributing to impmoeet in specific work and thermal efficiency.
For air as the working fluid, the isothermal pracesin result in a potential 34% increase in the
expansion work. The system was suggested to be&aple to Ericsson cycle, refrigeration cycle and
Rankine cycle.

Condenser

Heating fins

) Scroll casing
Heat jacket

N

Heat pipe

Condenser

Fig. 8. Schematic of the Rankine cycle with a heéatgoll expander [21]
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For use in Rankine cycle, they also highlightedpbssibility of the system acting as an expanddr an
partially as a boiler, such that a very wet vapmuld be employed as the working fluid at the point
of entry into the expander, since the scroll maehiare noted for tolerating substantial quantiies
liquid fraction. In that case, given that suffididreat is available from the scroll, the liquiddtian

will vaporise during the expansion process, thuslitey to reduce the rate of fall in pressure that
would have otherwise resulted, and permitting higlkielumetric expansion ratio and thereby
enhancing the extraction of more work.

3.3. Summary

To summarise with regard to the Rankine cycle emgind its implementation with quasi-isothermal
expansion, the expander surface heating can acBigm#icant improvement in performance even
though the expansion chamber surface area avaifabléeat transfer may not be sufficient to
approach the level of isothermal behaviour reportéti the liquid flooding system. On the other
hand, the liquid flooding may experience deteria@performance in reality, mainly because, unlike
the expander surface heating, the liquid floodingurs additional pumping energy input (for the
liquid loop) and increased suction pressure drdmchv(together with other associated losses) can
eventually outweigh the expected performance imgmmants. From the perspective of technology
availability, liquid flooding can be easily implemted, since its main components (scroll compressor,
pump and heat exchanger) are readily commerciaiyjlable. Nevertheless, it is a relatively new
technology (that is yet to be fully developed), domparison to steam jacketing, which can be
regarded as a mature technology that has been mreffective and operational. However, for
practical consideration for both technologies, projpsulation is recommended, to ensure that the
heat loss (from the engine and piping) to the amtbie greatly minimised, so as not to result to a
detrimental effect on the overall performance.ddition, further research work should be carriet ou
on modelling of complex, unsteady multi-phase heansfer with liquid flooding devices; and
development of efficient separation mechanismHerftooding liquid separator.

4. Cryogenic heat engine
4.1. Theory and principle of operation

Cryogenic engines are another example where gs@tsiedrmal expansion is used. It is interesting to
review the works in this area for possible appiaratof similar features to heat powered engines
working at higher temperatures.

Cryogenic heat engines utilize the thermodynamiemtal between the ambient atmosphere and a
cryogenic fluid, which is generally regarded asrgpestorage medium. The basifzaconceptof the
cryogenic heat engine is to utilize ambient heanfthe atmosphere asheat source teaporizeand
superheatlzeat a pressurisettyogenicliguid-into-pressurized-géiaid which can be useth drive a
prime mover.This is in contrast with typical heat engines whigtilize an energy source at
temperature significantly above ambient and useathmsphere as a heat sf@6-50}[25]. As with
conventional heat engines, the performance of tigegenic engine is strongly dependent on the
cryogenic working fluid employed. A study pointedt¢he benefits of using low-mass gases (like H
He, Ne, N, and air) in two-phase systeas having Iarge maX|mum specmc work Va|l{+5$]—WI-th

{52}[53] with H2 havmq the largest value Other common cryogers hvdrocarbons including
liguefied natural gas (LNG), of which methane (Li$ noted for having high specific work output
potential [54].Nevertheless, liquid nitrogen and liquid air aoesidered most attractive because they
are essentially inexhaustible resource (that caeftaetively produced from air) with considerable
safety and environmental benefits.
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Standard thermodynamlc power cycles can be emplt:yqadoduce useful work from the cryogenic

v = #8]. For instance,
cryogenic gas Strrlrnq cycle could utilise seawa(mnblent temperature) as the heat source to heat
nitrogen gas in the expander, while liquefied ratgas (LNG) serves as the heat sink to cool tise ga
during compression [55]. Similarly, ambient evapiora of a cryogenic fluid and condensation by
means of LNG as heat sink, can be employed forgamit Rankine cycle (Fig. 9a); and multiple
cryogenic cycles can be cascaded to yield betterewergy recovery (Fig. 9b and c) [56]. For these
closed cycles, propane ) and ethane (£ls) are commonly considered as the working fluids;
nevertheless, other low boiling point substances wa employed. The cryogenic power cycle can
also be used as the bottom cycle in combined (dorithy cycles with other relatively higher
temperature power cycles [57]. However, the simipd@si most applicable power cycle is the open
system (direct expansion) Rankine cycle [S®&here the spent exhaust gas is released into the
atmosphere. In this case the principle of operaigosimilar to that of a typical open cycle steam
engine.

A schematic of a typical cryogenic heat engine épicted infig—8Fig. 10 The cryogenic liquid
stored in a tank (which may be vacuum jacketedjuisiped to the required working pressure; the
pressurised liquid is then vaporised and heateuhinppropriate ambient heat exchanger system, and
then fed to an expander, where it expands to dk.w@&ince the rapid expansion process of the
cryogen fluid results in the temperature of thédflalways being less than ambient, the expandér wil
be at a relatively higher temperature than the edipg fluid, thus during the expansion process,
further heat may be transferred from the exparm:lﬁnet qurd resultlng to a possmle qua5| |sothazlrm
expansion procege6}- #
fig—8b[25]. The T-s diagram of the |deaI cycle at crltlprnessure operatron is shown in qu 10b
Process 1-2 indicates the pumping process, pr@:8sis the heating process in the heat exchanger,
and process 3-0 is the isothermal expansion. Psdkdsl is thewould-becondensation stage(for
closed Ioop system), dhe Ilquefactlon process WhICh takes place remotean air processrng plant
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Over the years, there have been investigationtt@mapplication of cryogenic heat engine for power

generation, and also as an automotive propulsiomdn-polluting zero emission vehicles; concept
and technical feasibility have been evaluated [86y simulations in the engine have been carried
out [61], and demonstration models have been hwiliest its practicality [62]. Key for practical
realisation of the engine is the heat exchangensidering the low temperature of the cryogenic
fluid, it will be essential for the liquid to be parized without the accumulation of frost, so as to
avoid deteriorating performance. William et al.3[@eveloped a frost free heat exchanger for using
atmospheric air to vaporize and superheat relstilaige quantities of liquid nitrogen without the
adverse building up of frost. Amrit et al. [64] @lsleveloped a cryogenic heat exchanger and
presented analytical model for turbulent flows.

Research work carried out at the University of Wagton highlighted substantial benefits in the
overall energy efficiency for isothermal expanderero an adiabatic one ieryogenic—engines
E#-liguid nitrogen cryogenic engines [65The study investigated the specific work outputaas
function of peak cycle pressure for adiabatic asdthermal expansions and showed that the
isothermal work increases monotonically with insieg pressure, while that for the adiabatic process
is found to be only weakly dependent on peak cgossure above 4 MPa. For pressure range of 10
to 300 bar at 300 K, the net specific work is 1®@20 kJ/kg and 140 to 190 kJ/kg for isothermal and
adiabatic conditions respectivelsmewlen{52

Knowlen [66] studied the performance of two other cryogens éar@H, and GH¢) alongside N
for both isothermal and adiabatic expansion, dsd showed that for all the working fluids, at a
given injection pressure, the specific work obthledrom isothermal expansion exceeded that of the
adiabatic expansion, with the difference greatepm@ssure is increas .

: i i i itteigd Hi .-The study also examined the use
of N, as a heat sink for different closed loop £thd GH, topping cycles, and found that for binary
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| (N,-CH,) and ternary (BMCH, -C,He) systemsascaded cyclespecific energies in the range of 200-
380 kJ/kg and 300-450 kJ/kg can be realized relsedgt depending on the extent of isothermal

operation achievabje¥uanwei et al. [67] proposed a Temperature-EnesyeltEnergy (TQ-H) /{Formatted: Not Highlight

diagram method for analysing the performance of different configurations of three-loop cascaded
cycles with seawater and LNG respectively as that keurce and heat sink. They claimed that the
proposed method facilitates quick optimisation pescon a base case design. A number of authors
have also explored different closed cycles thatsessvater and LNG respectively as the heat source
and heat sink. Choi et al. [68] compared the peréorce of different configurations of two and three
loop cascaded cycles and combined (closed-opetgscirt comparison with the conventional single
closed or open cycles. The study showed that teeaded cycles exhibited better performance than
the conventional single closed or open cycles;Isb sshowed that, $s-C;Hs cascaded cycle
exhibited 51%, 49% and 89% more work output thaHsC;Hs cascade, s and GHs cycles
respectively; while the s cycle gave 27% more work thanHg. Liu and Guo [69] studied a
variant of the cascaded cycle combined with vagisorption process, the cycle employed a binary
mixture of Tetrafluoromethane (QFand GHg as the working fluid. The study showed that, the
proposed cycle can achieve 206 kJ/kg specific veotiout, which is 63% higher than that of gHg
cycle (124 kJ/kg). In a study by Li et al. [58], apen cycle with two-stage expansion was shown to
exhibit 326 kJ/kg work output. This compares readbyn with the performance reported for other
two-loop cascaded cycles. Hence, although cascadioged cycles can significantly improve
performance, it is also possible to achieve redsenperformance improvement with the relative
simpler open system, with the aid of multiple exgian stages.

Al

; In_a bid to avoid drop in
expander wall temperature whrch could result tteruteratlnq performance, Knowlen [25liggested
the use of “warmant” anti-freeze liquid (as a heansfer fluid) to be pumped through the wadlthe
e*pande,r SO asto marntarnthe—eylmder—wait at near ambrent temperatyius—enhancing-heat

g nAlso, aparametric analysis on
engrne (recrprocatrnq expandergeometry showed that long strokes, small bore lamd RPM
enhances heat transfer during the expansion probémseertheless, the transferable heat will be
limited by the expander’s surface area exposedacﬂurd whrch will limit the degree of |sothermal

operation achleve {Formatted Font color: Auto

(W|thout mod|f|cat|ons to cylinder plston qeometrvéothermalltv is tvprcallv about 0.75 awdn be

improved further by enhancing heat transfer duempansion. Further analysis showed that finned
| piston and cylinder head geometriég-(9Fig. 11) having high surface-to-volume ratios can be used
to facilitate further heat transfer during the exgian, resulting in potential net work output d8® of
| the ideal isothermal wo#Rs}-.

|
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Fig. 11. Conical finned piston and heater corenci@r head [25]

quU|d alris—eﬂQaSS|m|lar propertlesmthto those ofllqmd n|trogen smce air is composed of 78%

pFesswes—F(ﬂhen et al. [17] studled the performance of a dic_m_lr engine for a range of worklng

conditions and reported that, f@ properly designed and manufactured engine wiérasing
conditions of 100 bar and 300 K, the practical iftgkinto account the losses associated with
conventional engines) net work outputs of the ticgir engine for isothermalities pf= 0.90 and 0.75
arewere respectively 200 kJ/kg and 150 kJ/kgzich-ard.e. respectively about 122 and 66% higher
than that for an adiabatic engine (about 90 kJ/&yen that the energy consumption for liquid air
production is about 1080 kJ/k§3}[59], the efficiency of the cryogenic engine (in terofi€nergy in
and energy out) for the above stated isothermalittde about 18.5% and 13.9%, while that for the
adiabatic condition will be 8.3%1owever, Ameel et al. [70] indicated that the @éfncy of the
isothermal cycle can be improved by about 17%héfliquefaction process is combined with the heat
engine.

Bearmar24;-59Dearman [23developed a variant of the cryogenic engine, wiertéhe cryogenic
liquid is directly injected into a heat exchangpild (water) in a reciprocating expander, thusitbat
exchange takes place inside the engine, conseguefithinating the need for the relatively
complicated, heavier and expensive heat exchamsgezgaired previously. The principle of operation
is such that, when the piston is at the top ofdylender, water is admitted into the cylinder dead
space, and then a little amount of the cryogenjecied into the water. Since the water temperature
(ambient) is substantially higher than that of émgogen, the cryogen rapidly vaporises, builds up
pressure, becomes superheated and pushes the gésiibaxpands to do work. At the return stroke,
the spent gaseous cryogen and the water are exhatusthe water can be recovered, reheated and
pumped back to the cylinder for another cy€ld].
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Wen et al [24] studied the heat transfer behavimtween liquid nitrogen and water (as the heat
transfer fluid) in Dearman’s engine, and reportechiech stronger heat transfer than that obtained
from boiling on smooth surfaces and flow boilingotigh pipes, but comparable to that of rough
surfaces and pipes with porous inserts. The pressas seen to develop very rapidly (up to 500
kPa/s) and increased approximately linearly wita thjection pressure; thus indicating that high

pressure could be effectively developed to runethgine. Morse and Kytomaa [72] also carried out
experimental study of the vaporisation of liquidregen and LNG in water, and found that, the

evaporation rate is significantly dependent on hbghturbulence intensity of the water surface, and
the thickness of the cryogenic liquid layer. Howewaporising LNG in water may require safety

precautions against possible ignition of the vapaarhas been reported with incidents of LNG spills
on sea [73].

4.3. Summary

In summary, the cryogenic engine provides an initereans of effecting quasi-isothermal expansion
with ambient temperaturdhe potential isothermal performance increases witheasing pressure
and could be as much as twice that of the adiabatie Cascading multiple cycles would give better
energy recovery than single closed or open cyblesever, the open cycle is the most applicabbs.

an operating pressure of 10 bar, the potentiabpmdnce of théquid nitrogen open cycleryogenic
engine can have an ideal efficiency of 19% and ifipegork of 200 kJ/kg; but thiperformancds
quite low in comparison téhat-ethe 27% ideal efficiency predicted far surface heated engine
operating on steam with similar pressusérich-can-ideally-have 27%efficiend3l-Also,the-ideal
specific-work-of-the-eryogenisratherlow-compai@ (2], andthe reported 318 kJ/kg specific work
achieved for a real surface heated (steam jacketegipe operated at 5 bgF4-[50]. Furthermore,
unlike the surface heated engine, although thegenyiw engine has the advantage of not losing heat
to the ambient (since it can be at the same or xger temperature potential with the ambient), it
could suffer evaporative losses and safety (expisiisks at the storage tank; as it slowly absorbs
heat from the ambient, which could result to exieesgressure risgs6l-[74].
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5. Vapour Stirling cycle engine
5.1 Theory and principle of operation

The |deal Stlrllng cycle is a classmal |mplemematof |sothermal expan5|oriliheugh—+deauy

({neludmg#quw-p&wwanam}Thouqh |deaIIv eff|C|ent |t suffers from Iow sp&cmower output at

moderate temperatures and pressures [75]. As asnedamcreasing the specific power output, the use
of condensable working fluid has been investigategtior arts — the vaporisation of liquid at thet h
side of the Stirling engine followed by condensatai the cold side has been identified as a viable
solution [26], the use of refrigerants as workirgid has also been considered [76]. Prior arts
(including a number of patents) have investigat@dous means of employing vapour as the working
fluid in the Stirling cycle engine (including ligiHpiston variants).
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| The concept of liquid-pistostirling (fluidyne) engine is to replace the conventioraidspistons of
Stirling engine with columns of liquid (typicallyater) in U-tubed cylinder. Unless the liquid in the
expansion cylinder has a low vapour pressure abpleeating temperature or is separated from the hot
gas by some kind of insulating float (generallyereéd to as dry fluidyne), ample evaporation will
take place from the liquid surface and wetted ddinwalls to effect a mixture of gas and vapour
working fluid - Ll gi an-provi S vaHp wer-cyely 7]. As
such the fluidyne engine can provide both gas eambur power cycle. One critical design parameter
in the fluidyne engine is the frictional lossestire oscillating liquid columns [78]Studies have
shown large dry fluidynes to be quite successfut,dn the other hand, small dry fluidynes (which
generally suffer from the large transient heatgfanand flow losses associated with small-diameter
| tubes) have been reported to be impractical iratisnce of evaporatida5}.[77]. The evaporation
tends to raise the pressure during the expansiasepand thus increases the indicated power in the
fluidyne engine. Owing to the fact that the powatpait is available in the form afither pulsating
pressure/movement of liquid in a tube, the mosiais/applicatioriswasas a pumping engirfféé}-
oweverarotating—shafbower—outputoptiorrave—also—beeidentified-lately{79]. However, a
rotating shaft power output option have also bekmtified, via the use of hydraulic motor [80] or
solid pistonsf6A—Here—as-shown-iffigto—481]; with the former, as shown if Fig. 12, tiselid
piston converts the pressure in the liquid pistin & force which can then be applied to a sli&é
conventional engines.
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| Fig. 12. Liquid piston Stirling engine [81]

Since liquids can conform to irregular shapes kendiolid-piston, liquid pistons have the advantaige
possibly allowing the adoption of working chambueiith very large surface area to volume ratios

| such as wire matrixiube bundlemetal foam, etc.fig—210Fig. 19, to substantially improve heat
transfer to the working fluid and consequently grithe working fluid behaviour into the nearly
isothermal regime (which will result to improvedvper output and efficiency). However, the high
area to volume ratio will result to smaller sizeflofv passages, increased flow restrictions andg,thu
increased viscous losses. As such the heat traasfer and the viscous frictional losses must be

| adjusted to maximize the efficiency of the liquitpn enging65-681-[82]. Besides the increased
viscous losses, the liquid piston also suffers afiey stroke and frequency limitations imposed by
gravity-controlled oscillation and by surface ifsligy at high frequency; and the need to keep aemo

| or less constant orientation of the endié®-64-[81].

Various concepts involving the conventional soligtgn Stirling engines variants with modifications

| on operational configurations have also been retbrederseRedderson{69}[83] patented a
vapour Stirling machine based on the alpha Stiringfiguration. It featured heating and cooling
chambers on the hot and cold cylinder tops respagtiand with a regenerator interconnecting the

| two chambers fig—24Fig. 13. But in contrast, the working fluid in the codinchamber is
substantially in the liquid phase as such resulting significantly larger swept volume ratio than
conventional Stirling engine. On operation, the apimotion of the cold cylinder piston pumps the
fluid through the regenerator into the hot chameere it gets completely vaporised and superheated
and then expands to perform work against the h&tbpiwhile gaining further heat from the hot
chamber, thus tending to approach isothermal expanAt the end of expansion, the upward motion
of the hot piston pushes the spent vapour throbghrégenerator and into the condenser where it
condenses back to water. As a means of providitgubgontrol, a control cylinder is included at the
cold section to vary the effective mass of the vimagKluid within the engine.

Regenerator

Cooler

Control
cylindel

. [ Field Code Changed

| Fig.1113. Vapour Stirling enginedy ~ Field Code Changed
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| Davoud and Burké70}[84] patented a condensing vapour Stirling engine, fiichv at the end of
expansion, a portion of the spent vapour is exgdila a receiver cylinder) and condensed, whige th
remaining portion is compressed in the power cgimdluring which the weight equivalent of the
condensed portion is pump and injected back irgccifinder as a fine spray of water. This was said
to lower the entropy and enthalpy of the steanhéaylinder, and thus lower the compression work
that would have been required. The compressed sigein superheated in the heater tubes
arrangement at the top dead centre of the cyliratet,then expands against the piston to do work.
They later went further to patent a simpler vergioith only one cylinder), in which bulk of the sge
steam is expelled directly to the condenser. Thelensed water is then pumped and injected into the
cylinder top dead volume containing the heater sutbere it gets vaporised and superheated

| FPa85].

5.2. Studies and performance

West {24[26] developed a two-phase, two component working flgstem for an alpha Stirling
engine configurationfig—22Fig. 14), in which, the working fluid consists of both andensable
vapour (steam) and permanent gas (air), such beatair is contained in the cold section, and
prevented from passing into the hot section by medicontrolled evaporation (i.e. steam pressure) i
the hot section. Water injected into the evaporasgorises into the hot cylinder where it exparads t
do work. The expended vapour then passes intodideend where it condenses and is subsequently
removed.

Water
injection

Condenser
Evaporator Region
Region
Expansion Compression
Cylinder Cylinder
| Fig.1214. Basic layout of the two-phase, two-componentiSgrenging 2726] " Field Code Changed

( Field Code Changed

The analysis showed that under moderate operatinditions the engine can achieve a cyclic power
output at least five times greater than a convaatiStirling-cycle machine of similar dimensionst b
at the expense of significantly lower ideal cycfécency. Nevertheless, by controlling the rate at
which the liquid is evaporated into the expansiginder an indicated efficiency in the range ofo3 t
9% at low temperatures (110°C to 130°C) may beeaelhile even without regeneration.

Isshiki et.al.f28}[27], developed a steam Stirling engine which operagea hybrid of Stirling and
Rankine systems, such that the engine featureda@rpoylinder (with heating tube at the cylinder
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top), displacer cylinder and a regenerator in betwas with Stirling; but also has injection/exttaus
port, thus spent steam could be ejected, condeqmsedp and re-vaporised externally just like
Rankine. On operation, when the power piston conees its top dead centre, saturated steam from
the external boiler injected into the displaceirmyér, passes through the regenerator and heatér, a
then expands into power cylinder at near constagit temperature. On the return stroke, the spent
steam passes through the regenerator and is egaest condenser where it gets conderasetl
then pumped back to the boiler. Experiment camigdon a mini scale prototype operated at 0.2 Mpa
(gauge) and 250°C showed that output power of abh@uivatt was achieved at 400 rpm. This is
significantly higher (approximately five times) théhe reported 2.6 watt achieved for a conventional

gas Stirling engine operated at 32(7286].  Field Code Changed

\/ Field Code Changed

5.3. Summary

In summary, the use of vapour as the working finidtirling engines can result in power outputs
about five times larger compared to conventional-condensable gas working fluid. To facilitate
more heat transfer to the fluid to approach a msothermal behaviour, liquid pistons could be
employed to allow the expansion space to be enkanith high surface aregeometries like wire
matrix. However, it introduces practical issued thil need to be further investigated. As suclsit
recommended that further research be carried aunodelling the behaviour of the oscillating liquid
in liquid piston devices with particular attentiém viscous forces and inertia effect of the liquid
oscillation. Since the various technologies presgrare still in the concept or early development
stage, further experimental studiskould be carried to give a better insight on thgctical
realisations; and optimization of the various fefigine dynamics to maximize efficiency and power
density for specific applications.

6. Conclusion

To convert low-grade thermal energy into useful kyaxternal combustion engines using vapour
cycles (though relatively less efficient) have bpeeferred over those using gas powered cycles due
to the former’s higher specific work output and Bereengine size. Relative to the traditional ideal
adiabatic expansion process in the vapour powde @mgines, quasi-isothermal expansion has been
found to improve the specific work output and cyefficiency of the engines.

Two main methods of effecting the quasi-isothereglansion have been identified — liquid flooding
and expander surface heating. The expander sunfeing has been studied for both reciprocating
and rotary expanders; however there are more refesan the literature for its use with reciproogti
expanders. Liquid flooding is referenced more feg with rotary expanders.

In practical performance of the quasi-isothermaglamsion, studies have showed that liquid flooded
expansion approaches isothermal behaviour witheasing oil fraction; but at the expense of
deteriorating overall performance, that was pattyibuted to the resulting increased suction pness
drop and viscous losses. On the other hand, thenebgn surface heating has been shown to achieve
significant improvement in performance (o¥€% and20% increase iefficiency-and-40%-inerease
in-specific work outputand efficiency respectivély Here, a relatively slower operating speed is
required to enable significant heat transfer duthmg expansion process as the cylinder wall surface
area available for heat transfer limits the isatiedroperation. However expander geometries with
high surface-to-volume ratios (such as fins) cdaddemployed to facilitate heat transfer and further
improve performance, as has been demonstratedonjtigenic engine. Furthermore, much higher
surface area to volume ratios (such as wire matox)d be easily realized with the adoption of igju
pistons.

With regards technology availability, it can berséeat the expander surface heating has been ready
for many decades in the form of steam jacketingenehs liquid flooding is a relatively new
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technology that is yet to be fully developed. Ndélveless, it can be easily implemented with
commercially available parts.

This paper concludes that, while quasi-isothernagdour power cycle engines have the potential to
significantly improve the performance in a numbémpplications (e.g. desalination, transport and
heat recovery), there are research areas to beefueixamined. As such, it is recommended that
further research be carried out on: modelling ahplex, unsteady multi-phase heat transfer with
liquid flooding devices to predict performance dailor to applications; modelling the behaviour of
the oscillating liquid in liquid piston devices Wiparticular attention to inertia and viscous lessad

the investigation (selection) of other approprifitplids and working fluids for a range of low
temperature operations. Further experimental sfudie alsceceemmendagcommendedo give
better insights on the practical realisations guiihtsations of the technologies presented as qisce
or early developmental stages.

= { Formatted: Font: 11 pt
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Fig. 14. Basic layout of the two-phase, two-compur&dirling engine [26]
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Tables

Table 1. Heating methods and the applicable power cycles for quasi-isothermal operation, with

relevant examples from the literature

Methods
Applications

Secondary fluid heating

Expander surface
heating

Rankine cycle engine

(section 3)

Theoretical study of
liquid flooded scroll
turbine, using various
fluids [19]

Experimental study of the
effect of flooding liquid
quantity in scroll turbine
[20]

Theoretical study of
surface heated scroll
turbine [21]

Experimental study of
surface heated
reciprocating cylinder
[22]

Cryogenic engine

(section 4)

Experimental studies of
evaporating cryogenic
liquid in water [23, 24]

Theoretical studies of
surface heated
reciprocating cylinder
[23, 25]

Stirling cycle engine

(section 5)

Theoretical studies of
controlled evaporation
in Stirling engine [26,
27]

Experimental study of
vapour Stirling engine
[27]

Table 2. Combinations of different working fluids and flooding liquid

Working fluid Flooding Expansion Ref. | Study
liquid device type

Ammonia (R717) [191 | T

Carbon dioxide (R744) | Water

R410A Scroll

R600a

n-pentane Zerol 60

R245fa

R245fa Compressor Scroll [20] | Ex
oil

Liquid air Water Reciprocating | [23, | Ex

cylinder 24]

T. Theoretical
Ex. Experimental






