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Abstract. A detailed experimental investigation on the heansfer, effects of the system
pressure and thermal match of a helical coil heaha&nger installed in a solar Organic
Rankine Cycle was carried out. The heat exchanger specially designed for supercritical
working conditions in a small-scale installationthwa net cycle capacity of 3 kW. There are
many parameters such as the heat source tempenaase flow rate and operational pressure
that influence on the performance of the heat exgba The tests are performed at sub- and
supercritical operating conditions, for low-gragenperature heat source of 95 °C. From the
experimental evaluation of the heat exchanger it @und that a better performance is
achieved when operating at supercritical conditions

1. Introduction
The wide usage of the conventional energy resoyfossil fuels) through the decades has led ta thei
depletion on one hand and environmental problemshenother. This situation necessitates using
renewable energy sources and developing new teadiiesl for electricity production. The Organic
Rankine Cycle is one of the technologies that e istudied intensively by many researchers in the
past years. This technology is a promising prodessconversion low and medium heat source
temperature into electricity. As low grade heatassidered a heat source with a temperature below
400 °C due to it can't be efficiently utilized bprventional thermal processes. ORC can exploit the
low grade heat from several renewable energy sewseeh as biomass, geothermal, solar, waste heat
from various processes etc.

Solar (power) is a continual and important sourderenewable energy. There are many
technologies that have been developed for deployroérihe solar energy such as photovoltaic
systems concentrating solar power, solar receigtrs The produced heat from the solar thermal
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collectors can be transferred to a power cycle €dRICs for electricity generation. Many state-of-the
art small-scale ORCs applications that can be coesbiwith solar desalination reverse osmosis
system, concentrated photovoltaics/thermal collsabo solar receiver have been investigated. Small-
scale ORC is a promising technology for decreasirgnvestment cost due to the installed power can
be reduced to kW scale and the operation is divelalow temperature. The first ORC prototype for
solar application appeared in early 70s when mapgr@mental and theoretical investigations about
different working (organic) fluids and configurat®took place [1].

In the literature there is lack of experimentalad&r (solar) ORCs operating at supercritical
conditions. However, many of the work publishedbelates the benefits of operating with
supercritical CQ in solar power cycles. Haskiret al. (1981) [2] were among the first that had
research activities of supercritical ORC applicatiddore particularly a development of a solar
receiver coupled to an ORC engine that uses tolasmaorking fluid was investigated.

The performance objective of the solar receiveigiewas to maximize the thermal efficiency and
heat capacity of the core. A solar receiver contepased on waste heat utilization of directlytada
mono-tube normally operating at supercritical puess In 2010 Schusteet al. [3] performed
simulation of the ORCs and optimization potentifadlle process when using supercritical parameters
of various working (organic) fluids for differentpplications and heat sources. Experimental
investigation of transcritical solar ORCs was reeth10 years ago.

Analyze about a combined concentrating solar p@ystem and a geothermal binary plant based
on a supercritical heat transfer in an organic Rankycle (ORC) was performed in 2011. Astelfi
al. [4] designed the optimal utilization of an intenli@ge enthalpy geothermal source. Moreover, in
the plant a solar parabolic trough field was ineldidin order to increase the power production. The
performance analyze of the power cycle have beeforpged by carrying out the estimation of the
yearly power output by using a detailed solar fielddel. Finally, a differential economic analyze
have been conducted in order to determine theofdlke electricity generated by the solar source.

In 2012 a new combined power and desalinatioresystas investigated. lat al. [5] proposed a
system that can utilize low grade heat source fsotar energy, geothermal or waste heat. The system
itself is a combination of transcritical (superical) Rankine cycle, an ejector and a multi-effect
distillation (MED) system which could be used faraswater or concentrated brine. In order to
quantify the performance of the combined power amdler system a parametric sensitivity of the
model was carried out. This combined system shayeed results for desalination with no additional
energy input except heat supply to the power cycle.

Research activities regarding desalination probgsmeans of transcritical (supercritical) Rankine
cycle driven sea water reverse osmosis systemmuadiin 2013 by Liet al. [6]. In this work a
comparison between SCORC-RO and ORC-RO using twestyf low grade heat sources with a
maximum temperature of 150°C was performed. Thaiobtl results show that SCORC-RO system
provides stable performance while using differeeathsources. Moreover, a comprehensive list of
suitable working fluids for SCORC-RO is proposedc@generation system that produces electricity
and fresh water by a solar driven transcriticapésaritical) ORC coupled with a desalination unésw
examined by Li et al. [7]. The system was coupléth \warabolic trough solar collectors that could
produce 700kW thermal energy with temperature & 4D at peak condition. Cycle efficiency close
to 21% could be achieved thanks to the use of heiaddisiloxane as a working fluid in the
transcritical ORC. Based on variable incident sakdiation, the proposed system can generate
electricity only or water-electricity co-generatiorhis system could decrease the negative influence
of intermittent solar energy without thermal enestigrage by converting solar energy to desalinated
water and is ideal for small/medium applications.

Combined system of concentrated PV/thermal couwpidt ORC engine that is designed to operate
at supercritical conditions is investigated expemtally. In this work the performance of all
components is evaluated while the main focus waassessing the performance of the scroll expander
Kosmadakiset al.[8] and the supercritical heat exchanger Lazetval.[9]. The net power output of
this system was 3 kW. In this article an experirakistudy of this heat exchanger designed for



supercritical operation in ORC is presented. Furtte focus of this study is to examine and compar
the performance of the heat exchanger operatirgupércritical and subcritical condition in solar
ORCs.

Today, the number of commercial transcritical OR®ver plants worldwide is 3 with 28 MWe
power and are installed for solar, geothermal aadtevheat applications. The first solar transaiitic
ORC pilot plant for power and industrial heat witht power output of 150 kW was built in 2014 in
Wallsend, NSW, Australia [10]. However, there is iaterest for new transcritical (supercritical)
ORCs power plants worldwide.Transcritical Organankine Cycle

2. Sub- and Supercritical heat transfer in the heat exchanger in the solar Organic Rankine

Cycle

In the recent years a lot of attention has beed paiimproving the efficiency of ORCs. However,
there are many parameters that influence on thie @fficiency such as a proper selection of the
working fluids, adequate selection/design of thengonents, the operating conditions etc. Further,
according to the theoretical studies [11] promisiegults are obtained by ensuring supercriticat hea
transfer in the heat exchanger (vapour generdiamely, a better thermal match between the heat
source and organic fluid temperature glide yietdsnproved heat transfer in the heat exchanger. The
difference between the sub- and transcritical cyales in the heat addition process in the heat
exchanger (evaporator, vapour generator, boilefj-sAdiagram representing the sub- and transdritica
cycle is depicted in Figure 1.
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Figure 1. T-s diagram of sub- and transcritical ORC.
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Due to the organic fluids have lower critical temgiare and pressure, compared to water that is
used in classical Rankine cycle thermal procesgsy, tlan be pressurized above its critical pressude a
heated above its critical temperature while avajdhre two phase region. By bypassing the isothermal
boiling process, a better thermal match is fountsvben the temperature curve of the heat source and
the working fluid, reducing entropy generation déimass raising cycle efficiency.

2.1. A helical coil heat exchanger

A helical coil heat exchanger, presented in Figumgas particularly designed and built for the new
CPV/T-Rankine test set-up. Details about the deprgeedure of the heat exchanger can be found in
Lazovaet al.[12]. This heat exchanger integrates the ORC engiith the concentrating PV/thermal
collectors in one system (Figure 3). Further, theiglon to work with a helical coil heat exchaniger
due to several advantages such as compact desigp,imegration in the system, enhanced heat
transfer, cost-effectiveness etc. This componerts @esigned with a capacity of 41 kWth and can
operate properly at relatively high pressure andperature. Several set of measurements were
conducted at sub- and supercritical working coaditi



The shell side of the heat exchanger is fabricatedy two concentric cylinders in which a metal
coil tube with length of 66 m and coil diametetOo® m is fitted. Moreover, the heating fluid - waite
flowing downwards in the shell and the working dlui R404a circulates in upward direction in the
coil resulting in a counter flow heat exchanger.

Figure 2. Helical coil heat exchanger installed in the laory in an ORC installation.

The heat transfer of both fluids takes place actiosscoil wall with a total heat exchange area of
~7nt. Furthermore, the heat exchanger is well insularedrder to reduce the heat loss to the
environment.

2.2. Description of the transcritical CPV/T- Ram&iset-up
Small-scale solar ORC with a net capacity of 3 Was built in Athens, Greece [8], [9]. The new
CPV/T-Rankine set-up integrates two technologieshsas the concentrated photovoltaic/thermal
collectors and transcritical Organic Rankine cyitieone system. In Figure 3 a basic layout of a
CPV/T-Rankine set-up is presented.
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Figure 3. Layout of the experimental CPV/T- Rankine set-up.



On the layout, with the red line the heating lospdenoted and represents the solar PV/thermal
collectors that simultaneously generate heat amdtridity. The excess thermal heat from the
collectors is utilized by the helical coil heat baoger that couples the CPV/T field and the
supercritical ORC engine in one system. The tratisar ORC loop is denoted with the blue line and
consists of a pump, condenser, expander and evapwepour generator. The cooling of the system
is accomplished by an air driven condenser thpaitof the cooling loop and denoted with green lin
on the layout.

2.3. Test procedure and uncertainty analysis
The first tests were conducted in the laboratorgnehan electrical heater with capacity of 48kW
was used instead of the solar collectors. All tiemsurements reported in this paper were perforined a
sub- and supercritical operating conditions andtitdmperature of the heating fluid of 95 °C. Dgrin
the measurements the pressure of the heating \flail constant at 3 bar and the pressure of the
working fluid R404a was varied between 18 bar tdbdd The mass flow rate of the heating fluid was
kept stable at 2.7 kg/s while the mass flow ratéheforganic fluid varied between 0.10 kg/s to 0.30
kg/s. All set of measurements were conducted atdgtestate while keeping the temperature, the
pressure and the mass flow rate at the inlet ofiia exchanger at hot and cold side stable.

Once all the measurements were done and the valudise pressure and temperature were
recorded the heat transferred to the organic fkad calculated from the enthalpy changes at tle inl
and at the outlet of the heat exchanger with tHeviing equation (1):

Q = mwf (hwf_out - hwf_in) 1)

To calculate the overall heat transfer coefficieaggation (2) was used:

y__ 0 @
A.ATyq
whereQ is the heat transferredt), is the overall heat transfer coefficieAt,is the total heat transfer
areasm,, is the mass flow rate of the organic flukg, s is the enthalpy of the working fluidT;,, is
the logarithmic temperature difference or LMTD.

2.3.1. Uncertainty analysisTemperature and pressure measurements were pedfomat
temperature sensors Pt100 and pressure transdyper@lY (manufactured by Keller) placed at the
inlet and at the outlet of the hot and cold sidgpeetively. All sensors have high accuragy.@ %
temperature error - 1 % full scale pressure emog their positioning in the system is indicated in
Figure 3. Mass flow meters are not used becaugbeatheasurements were performed at steady-state
conditions. The parameters at the hot side areauledded from the conditions from the ORC side,
because a positive displacement pump that hagarloorrelation of the flow rate with the speed and
has a constant coefficient of 0.0205 I/min/RPM tpadvides reliable calculation of the volumetric
flow rate is used. An estimated accuracy of thishoe is 2%. From the measured temperature and
pressure of the fluid at the pump outlet using EHefdrop database for R-404a the mass flow rate can
be calculated [8]. The control of the rotation bé tpumps was done with a frequency inverter. All
thermodynamic properties were calculated with auecy of about 1.2%.

In Table 1 the mean values of the relative measenemrror for each parameter are included. The
thermal efficiency has the highest error, since yr@arameters are included in its calculation fommul
However, this error is still low and does not igfiice the relative differences of the results.

However, it is important to be noted that local pemature measurements on the coil and hence
determining the local heat transfer coefficientaas possible. The performance evaluation of tre he
exchanger is rather done as a black box modeflaigng into account the temperature and pressure
measurements at the inlet and at the outlet dfi¢la¢ exchanger.



Table 1. Accuracy of calculated parameters

Parameter ange Relative error (%)
Heat input to ORC 12 - 48 kWth 2.62
Pressure ratio 1.7-26 14
Thermal efficiency 0-42% 3.71
Volume flow rate 1-30 I/min 2

Expander power production 0.5-3 kWe 2.62
Expansion efficiency 20 -85 % 2.66

3. Performance evaluation of the heat exchanger at sub- and supercritical operating conditions

3.1. Heat transfer at variable mass flow ratetw brganic fluid at constant heat source tempematur

of 95 °C

Evaluation in terms of the heat transfer of thetheahanger at sub- and supercritical operational
condition was performed at constant inlet propsrtiethe heating fluid such as temperature at 95 °C
pressure at 3 bar and mass flow rate at 2.7 kgieer8l set of measurements were performed, where
the mass flow rate and the inlet pressure of tigaroc fluid R404a were varied in the range between
0.10 kg/s to 0.30 kg/s and 18 bar to 41 bar resmdgt The inlet temperature at the cold side is
dependent from the mass flow rate of the organid fl
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Figure 4. Heat transfer on organic fluid side at differerdgsure and mass flow rates at 95 °C.

A comparison of the nominal designed values ofhisat exchanger such as the heat transfer of 41
kW, heating fluid inlet temperature of 95 °C anchass flow rate of the organic fluid of 0.25 kg/dtwi
the measurements at sub- and supercritical stagepesdormed. At these inlet conditions at hot and
cold side of the heat exchanger a heat transfdB8dWth at subcritical and 48 kWth at supercritical
state was achieved. This yields a better performancterms of heat transfer of ~15 % in the
evaporator. Figure 4 presents the heat transfartatand supercritical state of the organic flltidan
be concluded that the correlations used for desiptiie heat exchanger under-predict the heat tansf
and new correlations for heat transfer at sub- aupercritical state in ORC’s conditions need to be
developed.

3.2. Effect of the system pressure on the heasfiea
Investigation of the system pressure on the haaster of the organic fluid that circulates in &#da
coil heat exchanger is evaluated next. The heasfeea is increasing as the system pressure istaear



the critical pressure of R404A. At the nominal desid pressure of 38.4 bar a heat transfer of 58
kWth is achieved. However, at higher system presstid0 bar and 41 bar the heat transfer is lower
compared to the inlet pressure of 26 bar and 34 bar

Figure 5 shows the effects of the system pressaréhe performance of the evaporator. At
relatively high inlet temperatures of the heatihgdf, in this case of 95 °C the heat transfer i leat
exchanger at sub- and supercritical conditionsoigarable. This indicates that an optimal heat
transfer in the heat exchanger can be achievedlatively lower system pressure and operating at
high system pressure is no longer required.
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Figure5. Effects of the system pressure to the hat transfer

However, the best performance is reached at né#ratregion or ~5% higher than the critical
pressure of the working fluid of the organic fliRd04a.

3.3. Thermal match analysis at sub- and supecaitperating conditions at 95 °C

Analyses of the thermal match in the helical cadlah exchanger were conducted at sub- and
supercritical operating conditions. During the mgaments, the inlet temperature of the heat source
was kept constant at 95 °C, while the inlet temjpeeaof the organic fluid depends from the mass
flow rate and the pressure. Further, the pressubeth fluids was also kept steady at the inlethaf
heat exchanger. The pinch point temperature diffa¥ds determined by the flow rates and the inlet
temperatures of the heating and organic fluids.t Besformance in terms of heat transfer was
achieved at mass flow rate of the heating and wigrkuid of 2.7 kg/ and 0.3 kg/s respectively, taki

into account when the fluid is superheated at and-supercritical operating conditions.

Due to local heat transfer measurements in thécpkat prototype are not possible the values from
the developed EES model were used to make thenpkegure 6.

Line 1 illustrates the heat source that flows doards in the annulus of the heat exchanger. A
temperature drop of 3 °C occurs between the imdtthe outlet of the hot side in the heat exchanger
At the cold side, the working fluid circulates ihet coil in upward direction and is evaporated/
vaporized at constant pressure.

Line 2 shows the heat transfer to the organic fRd4a at supercritical state. The organic fluid is
pressurized above its critical pressure and the@éeature increases during the heat transfer prasess
illustrated with line 2. At supercritical heat tsder process a good thermal match is obtainedeat th
outlet of the heat exchanger of only 2 °C. The heatsfer to the supercritical fluid is higher ahe
irreversibility and exergy destruction are consididy lower in this case.



When the organic fluid is evaporated at constahtstical pressure as presented with line 3, the
average temperature increase of R404a, during &a¢ transfer is significantly lower than the
temperature of the heat source. In this case d#isimymt exergy destruction and irreversibility ocsu
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Figure 6. Thermal match in the heat exchanger for sub- apdrsritical heat addition.

From the analysis described in the text aboverithm concluded that improved thermal match in
the heat exchanger is reached for supercritical.flu

4. Conclusion

An experimental study was conducted to evaluat@énmrmance of the helical coil heat exchanger at
sub- and supercritical operating conditions for C&pplications. For all set of these measuremests th
inlet temperature of the heating fluid was keptstant at 95 °C.

From the measurements and the analysis it can &ud®d that in terms of heat transfer, better
performance is achieved at supercritical conditiddewever, compared to the nominal designed
values such as mass flow rate of 0.25 kg/s of tbekwg fluid and inlet temperature of the heating
fluid of 95 °C, the heat exchanger outperforms %X both operating conditions.

Evaluating the effects of the system pressure erh#at transferred in the heat exchanger yields a
conclusion that best performance is achieved at er@&cal region. While operating at higher system
pressure doesn’t bring any improvement of the traasfer compared to lower system pressure.

However, a better thermal match is achieved atrstifieal state where the irreversibility and
exergy destruction are considerably lower compamdhe subcritical heat transfer in the heat
exchanger.

In order to have optimal design and operation aodt-effective heat exchanger from the
investigation results from this study it is clebatt new and more accurate correlations need to be
developed for designing a heat exchanger suitabdgérate in ORC conditions.
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