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ABSTRACT

The worldwide interest for low grade heat utilipati by using Organic Rankine Cycle (ORC)
technologies has increased significantly. An OrgdRankine Cycle can be combined with several
renewable sources, such as solar energy. Condegtsatlar power is a well proven technology and it
can be efficiently combined with ORC technology &bectricity generation. The goal was achieved
by utilizing the excess heat source from PV collexthrough a low temperature supercritical heat
exchanger in the Organic Rankine Cycle. The matimafior working at supercritical state in the heat
exchanger is the better thermal match betweendhedource and the working fluid, leading to better
overall cycle efficiency.

A designed prototype is a helical coil heat excleangth R404a used as working fluid flowing in the
coil and the heat source fluid in the shell. Theigie of this heat exchanger was done using heat
transfer and pressure drop correlations availabole fiterature. There is a large uncertainty ors¢he
correlations for the considered application becaheg were derived for working fluids water, O
R410a and R404a more than ten years ago. In avdeave adequate performance and heat transfer
rate the heat exchanger was oversized by 20%. Nexprototype was built and installed in a test se
up. In this paper measurements on the supercritieat exchanger prototype are reported. The
measurements on the prototype show that the heditapger is indeed oversized. Based on the
measurements, a new heat transfer correlationggested. In future design this correlation can be
used as less oversized (and thus cheaper) heatreyah

1. INTRODUCTION

An increased demand for energy and environmensakss on a worldwide level have stimulated a
number of researchers to work on improving thecigficy of thermodynamic cycles and look for
ways of utilizing renewable energy sources. Comedéed solar power is one of the renewable energy
sources that have great potential for electric pogeneration. A new system integrating two
technologies the Concentrated Photovoltaics/Therf@&\V/T) and Supercritical Organic Rankine
Cycle (SCORC) was developed and implemented in #gh&reece. One solar collector presents a
combination of photovoltaic panel and a solar tt@roollector that simultaneously generates heat
and electricity. The SCORC engine includes the suiieal heat exchanger that is used for recovery
of the low grade excess heat from the CPV/T looghé SCORC, R404a is used as working medium
where the critical pressure and temperature is937a? and 75.02 °C respectively.

The reason of introducing this innovative conce@®VI in combination with the SCORC was
because the Organic Rankine Cycle is consideredtabse technology for converting low-grade heat
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sources (e.g. from process industry, solar engggthermal, etc.) to electric power generationsThi
is because the organic (working) fluid has reldgivewer critical pressure and temperature compared
to water/steam used in classical Rankine cyclerdier to have a good performance of the cycle, not
only a good selection of the working fluid is impoit but also a proper design and selection of the
cycle components is essential. A way of enhanchg averall cycle efficiency of an ORC is
introduced with supercritical heat transfer in bigat exchanger.

A main challenge to work with supercritical ORCsaisbetter thermal match of the temperature
profiles of the heat source and the working (orgaffluid in the heat exchanger. Moreover, at
supercritical state there are strong variationshef thermophysical properties of the fluid. As the
value of the heat transfer coefficient depends loese variations, it is important to study and
understand the behaviour of the fluid propertiegnvgoing from subcritical to supercritical state. |
order to have a proper design of heat exchangealdeito work at supercritical conditions it is
important to determine the local heat transfer faciefits and correlations.

Other important parameters that influence on treg transfer are the working fluid flow direction,
tube diameter, heat and mass flux, buoyancy aredts@h of proper organic fluid.

A lot of research activities regarding supercriticaat transfer started in the second half of & 2
century. Many studies were related to heat traregferitical and near-critical region for a varietly
working fluids such as water, carbon dioxide antiune Back in 1957, Bringer and Smith (1957a)
[1] were the pioneers on experimental researcinéat transfer to supercritical fluids. Becausehef t
rapid variations of thermal conductivity, viscosépd density they have found out that the existing
empirical and semi-theoretical correlations did gote accurate results. The rapid variations of
thermal conductivity, viscosity and density wereritified as the main reasons for the deviation
between experimental results and expectations fhantorrelation. Dickinson and Weich (1958) [2]
are one of the first researchers who did investgasbout heat transfer to supercritical water. The
work was followed by Shitsman (1959) [3] who dicah&ansfer research at the near critical region,
not only on water but on oxygen and £@s well. Krasnoschekov and Protopopov (1959) [4]
published a work related to the heat transfer atstipercritical region in tubes for the fluids sash
water and C@ In 1963 Shitsman (1963) [5] published a work tedato impairments on heat
transmission at supercritical pressure. Bisabgl. (1964) [6] investigated the forced convection heat
transfer to water at near critical temperaturessupercritical pressure. In 1970, Ackerman (1970) [
investigated the parameters that influence on #eeigho-boiling heat transfer to supercritical water
smooth and ribbed tubes. Yamagataal. (1972) [8] conducted research related to forcedreotion
heat transfer to supercritical water flowing intieal tubes. Jackson and Fewster (1975) [9] didkwor
on forced convection to supercritical fluids. Mo$tthe experimental investigations had been mainly
done in vertical positioning of the tube. In 1964krev and Lokshin [10] performed one of the
earliest studies about supercritical heat tranfewater at horizontal flow. This study is of great
importance because it was first attempt to quangly formulate deterioration of heat transfer
coefficients in supercritical conditions. The bungg effect in a turbulent and vertical flow wassfir
studied by Jackson and Hall (1979) [11].

In order to provide accurate correlations for desifja heat exchanger the heat transfer procdse to
working fluids at supercritical conditions has te btudied. Even though the research activities
regarding supercritical heat transfer started ltinge ago the first published paper found in the
literature regarding supercritical ORC dates fro881L Haskins (1981) [12] performed research
activities of solar receiver coupled to a supe@itORC engine in order to maximize the thermal
efficiency by using toluene as working fluid. Fuetmore, ten years later a first papegarding
numerical investigations of the flow pattern andcéal convective heat transfer in supercritical pwuch as
those encountered in compact heat exchangers leadpblished [13]. While the first work related@®C and

the influence of the parameters on plate heat exgdradesign was presented by Schustex. (2012) [14].

Many heat transfer and pressure drop correlati@ve lbeen proposed from the authors mentioned
above. It is important to notice that the correlasi are derived mainly for fluids such as water, CO
and helium. However, it is important to be pointed that this does not marginalize the importance
and the scientific value of previously performeseaarch.

From the literature review by Lazow al. (2014) [15] can be concluded that there is vemytéd
experimental and heat transfer data at superdrgtate for organic fluids used in transcritical CR
The main reason is the difference of the workingditions of an ORC plant such as relatively higher
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temperature and pressure. This lack of knowledgessitates the development of new heat transfer
correlations suitable for working fluids used undee supercritical conditions in ORC. Inaccurate
correlations lead to an over-sizing of heat exckasighus resulting in a lower economic feasibibity
such cycles. The heat exchanger is a key componevery ORC engine. This component dictates
the efficiency of the cycle and the total cost Bf@RC plant. It is estimated that the cost of thath
exchangers is usually up to 30% of the total cdshiro ORC where evaporator, (regenerator) and
condenser are taken into account Zhahal. (2010) [16]. The cost of the heat exchanger in the
CPV/T-Rankine prototype system is only 12% becaheamajor part belongs to the solar collectors.
Because the ratio of the total heat exchangertareat power output in an ORC is considerably high
it presents an important issue of consideration.

Hence, from the arguments mentioned above it caiobeluded that more accurate design of the heat
exchanger with appropriate correlations leads toraved cycle efficiency and lowering the cost of
such installation. In this work a supercritical hexchanger is designed and constructed using
literature correlations. Next, the heat exchangdested and the measurements are compared to the
design specs.

2. DESCRIPTION OF THE CPV/T — RANKINE TEST SET-UP

A new test set-up that integrates two technologiesh the Concentrated Photovoltaics/Thermal
(CPVIT) and Supercritical Organic Rankine Cycle (3RC) was developed and built in Athens,
Greece. The supercritical heat exchanger is thgoaent that couples the CPV/T field from one side
with the SCORC engine. For the first measuremdm@stpercritical heat exchanger was tested in the
laboratory where an electrical heater was usee@auisbf solar collectors. The final engine is codple
with solar collectors. Heat sources that are @fradt in this research work are with temperatungea
between 70°C to 100°C. Figure 3 illustrates singgiflayout of the experimental test set-up. During
the experimental campaigns temperature and pressesmeurements were conducted, while the mass
flow rate of the organic fluid was determined fr@worrelations of the positive displacement pump
(SCORC feed pump). The positioning of the presancetemperature sensors is indicated in Figure 3.
In order to evaluate the performance of the heabhaxger, one temperature sensor is placed at the
inlet and one at the outlet of the heat exchangdrtiae heat source respectively. It is importariido
mentioned that the system is well insulated, whigdans that the heat loss to the environment is
reduced
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Figure 3: Simplified layout of the experimental test set-up
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Several measurements campaigns were done, whemupieecritical state was achieved under the
following conditions presented and compared withdlesigning condition in Table 1; While running
the measurements these values were held conswptesented in Table 1, there is variation between
the design and measurements conditions which ¢ivesr heat transfer capacity.

Table 1: Summary of the design and measurement conditions

MEASUREMENTS DESIGN
m_wf 2,7 [ka/s] 2,5 [kals]
T_hf_in 101 [°C] 95 [°C]
m_wf 0,226 [ka/s] 0,2539 [ka/s]
T wf 36,3 [°C] 27,37 [°C]
p_crit 1,026 1,034
Q 36 kw 41 kW

The difference between the initially designed moaledl the built component in the terms of heat
transferred is 41 kW and 36 kW respectively.

The aim of these measurements was to evaluateettiermance of the heat exchanger working at
supercritical state. This component is first of kisd specially designed and build for an ORC
installation, suitable to operate at relativelyi@gpressure and temperature.

3. DESIGN OF A SUPERCRITICAL HEAT EXCHANGER

The heat exchanger is part of the SCORC enginadiatupled to the CPV/T circuit in one system.
This component was designed by using correlati®ethukov, Garimella, Mokry) available from
literature. The heat capacity of this supercritivght exchanger is 41 k\WAccording to the results of
the simulations helical coil type heat exchanges welected based on its ability to withstand high
pressure, compact size, performance, easy integrtdithe system, relatively simple manufacturing
and cost. This component is first of this kind sakic designed and built for ORC application suleab
to operate at supercritical conditions.

3.1 Design characteristics

A counter flow heat exchanger of helical coil typatil et al. (1982) [17] is fabricated out of metal
coil - tube that is fitted in annular portion of dwconcentric cylinders. The dimensions of both
cylinders are determined by the velocity neededthéet heat transfer requirements. At the annulus
side in downward direction the heat source (walgred) flows while the working fluid R404a runs
in upward direction in the helical coil. The hegnisfer takes place across the coil wall. Figure 4
presents the configuration of the helical-coil hexathanger.

p=125*do

Inner radius “R;” |

Outer radius “Ro”

Figure 4: Schematic representation of the helical coil re@hanger

3" International Seminar on ORC Power Systems, OctbBd 4, 2015, Brussels, Belgium



Paper 1D: 198, Page 5

A representative supercritical heating processésgnted in Figure 5, showing the temperatures of
the heat transfer fluid and an organic fluid R404ih a pinch point temperature difference of 10 K,
which exists at the organic fluid’s outlet.
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Figure 5: T,s-diagram of the heating process in the supg@afrheat exchanger

The design of the heat exchanger is accomplishadgtanto account that the velocity and pressure

drop in the coil-tube and annulus are within tHevehble ranges. In the calculation procedure, the
velocity ranges of the working fluid R404a wereefixat minimum 0.5 m/s and maximum 2.17 m/s,

while the overall pressure drop was neglected.als walculated afterwards and should be lower than
40 kPa. The heating fluid is flowing relatively gi¢gRe = 4200 - 5900).

3.2 Methodology for designing the heat exchanger
A widely used method of calculating the heat transfapacity (UA) and eventually sizing the heat
exchanger is the logarithmic mean temperatureréifiee (LMTD) method, applied between the inlet
and outlet of the heat exchanger Cagteral (2010) [18], Royet. al(2010) [19], Claesson (2005) [20]
and given by Eq. (2).

AT, — AT,
AT (D)

In (A_TZ)

Q=U.A.AT},; =U.A

whereQ is the heat transferretl the overall heat transfer coefficiert,the total heat exchanging
surface andi Ty is the logarithmic temperature difference or LMTDd ‘1" and ‘2" is the ends of the
heat exchanger at which the hot and cold streates enexit on either side.

However, the LMTD-method is based on constant flpidperties. When working with fluids at
supercritical state this assumption leads to immnresults. An alternative solution is to disaetihe
heat exchangers to a large number of control vatugsaethat the properties variation in each step is
small and an average constant value can be assigitkith each volume. The discretization is
performed in EES (Engineering Equation Solver) bydihg the overall enthalpy change for one of
the streams ilN (hereN = 20) equal differencegh. Discretization is advisable to be in the range
between 20 and 40 equal distances. Lower than& Io inaccurate results, while above 40 is not
suggested, due to the large increase of requiragbetational time (the accuracy is more or less the
same).

3.2.1 Heat transfer coefficient at the shell si@en(lus): In a helical-coil heat exchanger, thetihga
fluid is circulated in the annulus. As the floweatf the heating fluid is rather low, the following
Nusselt-correlation, valid for Reynolds number (Retween 50 and 10000 can be used Eqg. (2)
Coates (1959) [21]

Nu = 0,6Re%>Pr%31 (2)

wherePr is the Prandtl number.
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For higher Reynolds numbdré> 10000), Eq. (3) is used Kern (1950) [22]

1
Nu = 0,36Re*>>Pr3(u/u,)"* (3)
whereu is the fluid's bulk viscosity and, is the fluid’s viscosity at the wall temperature.

3.2.2 Heat transfer coefficient at the helical @ide: At the helical coil side supercritical fluisl
circulated in upward flow. Several correlations t@found in the literature for the calculationttod
heat transfer coefficient at supercritical conaiioln this work three correlations for sizing bét
heat exchanger are identified and compared. Theetdional heat transfer correlations for single
phase flow (calculation of the Nusselt number) cdnipe used in the current case, due to the
variations of the fluid properties around the catipoint. For the calculations of the helical dugat
exchanger, three heat transfer correlations argaced.

Petukhowet al. (1961) [23] developed correlations for supercaitituid parameters. The correlations
have a correction factor, which neutralizes theeaffof the variations of the thermo-physical
properties around the pseudo-critical point andviges more stable and accurate results. The
proposed Nusselt-correlation originally developaeddarbon dioxide in the supercritical range ahhig
temperature drops takes into account the differanpeoperties between the wall and the bulk, &nd i

given below.
_ 035 -0.33 —
c 1 0.11
Nup = Nugy (-2) - (32) (22) 4)
’ Cp,b AW Uy

whereb refers to the bulk fluid temperature amdo the wall temperature.

The heat-transfer coefficient of the organic fldidwing inside the coil is calculated using the
correlations for supercritical heat transfer intrmight pipe. This coefficient is then corrected &
coiled tube by multiplying it by a factoFyeico given by Schmidt's correlation, which has a large

application range
0,8

d;1/d;
Froica = 14361 =355 ®
This expression is applicable for 2 x*30Re< 1.5 x 16 and for 5 <R/a< 84, withR the radius of
the coil [m] anda the radius of the tube [m].

The termNu,, is calculated using the following Petukhov-Kiril§1958) correlation [24] and the
bulk temperature of the fluid.

%b Re, Pr

£\ (522
127(8)” (P75 -1) 4107
where the Darcy friction factof)(is expressed as:
f = (1.82log,o(Rep) — 1.64)™%2 (7)

The average specific hegt is defined as:

_ hb B hw

Cp = T, =T, (8)
Garimella (2005) [25] developed correlations fopeseritical heat transfer based on measurement
data from refrigerants bends R410a and R404a. THegiens of heat transfer were identified based
on the state of the heat transferring fluid: Ligliké region, Pseudo-critical transition and G&®li
region. For each region a separate correlatiorNfgselt number and friction factor was identified.
However, these correlations were developed for lemaliameter (9,4 and 6,2 mm) and for
supercritical heat transfer cooling applications. #ready mentioned, the tube diameter influences
the heat transfer rate. The designed supercritieat exchanger has relatively higher inner diameter
of 26 mm and the working conditions are differamtn one for ORC application. Therefore, these
correlations were taken into account and compaveattier without completely relaying during the
design process. The average uncertainties in theaé transfer coefficients were +10%. These
correlations are listed in continuation;
Liquid-like region:

Nu = 1:421Nuchurchil—modfied (Cp,w/cp

(6)

NuO,b =

0,444 _
,b) (dactual/dbaseline) 0.183 (9)
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Pseudo-critical transition:

0,249 -
Nu = 1'350Nuchurchil—modfied (Cp,w/cp,b) (dactual/dbaseline) 0,066 (10)
Gas-like region:

Nu = 1'556Nuchurchil—modfied (Cp,w/cp,b) (dactual/dbaseline)_o'308 (11)
These correlations are valid for the following wiakrange: 200 kg/m2s < G < 800 kg/m2s and 1.0 <
P/R,< 1.2. Also there are correction factors develdpeall flow regimes boundaries.
The majority of empirical correlations were propbse the 1960s — 1970s, when experimental
techniques were not at the same advanced levekegsate today. Also, thermo-physical properties of
water have been updated since that time (for ex@anappeak in thermal conductivity in critical and
pseudo-critical points within a range of pressudres 22,1 to 25 MPa was not officially recognized
until the 1990s). Therefore, a new or an updateck@ion, based on a new set of heat-transfer data
and the latest thermo-physical properties was thcdaveloped and evaluated by Mokry et al. (2011)
[26]

0,212

Nu = 0,0061Re%%%4pyr0684(p  /p, 0564  (12)
This correlation is valid for the following workingnge: 200 kg/m?s < G < 1500 kg/m?s.
3.3 Dimensions of the heat exchanger
As summary, the final design of the heat exchategais to coil length of 66 m and inner diameter of
the coil of 26 mm. To account for heat transferektion uncertainty the heat exchanger is ovedsize
by about 20%. Table 1 presents summary of thechedtanger design.

Table 2: Summary of the heat exchanger design

Helical coil heat exchanger

do t L D; Do D. H A Q h_hf avg h_wf avg
[mm] [mm] [m] [m]  [m] [m] [m]  [m?  [kW] [W/m?K]  [W/m?K]
33.7 4 66 0526 0.674 0.6 1508 6.988 41 403 2200

where ¢ is the tube outer diameter, t the tube thicknBsthe inner shell diameter,,Ehe outer shell
diameter, Rthe coil diameter, H the height of the HX and A tbtal heat exchanger surface. Q is the
heat transfer capacity of the heat exchanger cieffi. h_avg is the average heat transfer coefiicie

4. COMPARISON OF THE CALCULATED WITH THE MEASURED D ATA OF
THE SUPERCRITICAL HEAT EXCHANGER

4.1 Analysis of the constraints of the designed arlilt model

To check the performance of the helical coil heahanger, the influence of changing mass flow rate
to the heat transferred and the outlet temperatitresld and hot side is investigated. The congsai
are presented in Table 2. The outlet temperaturefeacold and hot side and the pinch point
temperature difference are determined by the flat@s and inlet temperatures. In figures 6 and 7the
pinch point temperature difference (design and oreasents) is presented.

Changing the flow rate of the heating fluid withalianging the flow rate of the working fluid will
result in a decrease of the outlet temperatur@eheating fluid, a decrease of the outlet tempegat
of the working fluid and an increase of the pincinptemperature difference.

The designed pinch point temperature differenck0iK. From the sets of measurements covering
supercritical operation it is shown that the mailvamtage is the very low temperature differences
between the heating fluid and the organic fluid &4@in the range of 1.5-2.5 °C). Moreover, the
pressure drop of the heating fluid is very smadl agual to 0.1-0.2 bar, while that of the orgahiaf
R404a is higher and in the range of 0.6-1 bar. Vaise is low, which should be however considered
during the design stage, in order to select theecosize of this component.
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In figure 6 and 7 the pinch point temperature défee (design and measurements) between the
heating fluid and the working fluid R404a is presen
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Figure 6: Pinch point temperature differences: a. designedat) b. built model

4.2 Development of new correlation suitable for halal coil heat exchanger

Using a modified Wilson method introduced by Sha89Q) [27], Joseet. al (2005) [28] the mean
value of the convection coefficient outside theesiland the convection coefficient inside the tudses

a function of the working fluid mass flow (or veityg are obtained. Figure 8 is logarithmic graphtth
describes the Nu number as a function of the RePamiimbers. This graph presents a comparison of
the experimental data and the correlations used tie literature. Moreover, the coefficient C and
the exponent of the Reynolds number m of the géderensionless correlatiaiu = CRe™Pr™ are
also obtained, thus the general correlation isrdeted assuming only the value of the exponent of
the Prantdl number, n.

Nu 1(Pr) Modified Wilson plot analysis
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Figure 8: Logarithmic graph describing the Nu number asretion of the Re and Pr numbers
(comparison of calculated with measured data)

Nu = 0,0044Re'1Pro* (13)

In the design process of this supercritical heaharger, three calculation methods for superctitica
heat transfer were implemented and compared (Petuk¥arimella, and Mokry). These heat transfer
correlations were developed independently. A safaetyor was implemented to account for heat
transfer correlation uncertainty. The measurememd the new correlation derived from this

experiment indicate (Figure 8) that the measureat ransfer is about 10% higher than the used
correlations. Hence, the size of the heat exchargebe reduced by 10% and still keeping the good
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performance (heat transfer rate). On the other hlayndeducing the size of this component, the cost
will be decreased and an economic benefit on thaevblant will be achieved. The benefit would be
more accurate design and use of less material hwbads to lower costs and lower pressure drop for
both fluid circuits.

6. CONCLUSIONS

In this work a supercritical heat exchanger suidbr ORC applications is investigated. Even though
ORC is not new technology, there is still room ifoprovement by working at supercritical state of
the organic fluid. However, there is still lack efperimental (accurate) data, especially suitadnle f
ORC installations. A helical coil heat exchangeswlasigned and built. Correlations available from
literature were used. These correlations were deeel for water, COand refrigerants like R404a
and R410a. The correlations were derived for smdiemeter and different working conditions than
ORCs. In order to check the performance of theghesl and built heat exchanger at supercritical
working conditions, measurements have been condiu€tee inlet temperatures of the working and
heating fluid were held constant 36,3°C and 10¥s$pectively. For this measurement the mass flow
rate was 0,226 kg/s and the heat exchanger showadl gerformance. The pinch point temperature
difference at these working conditions is lowemtd®K. From the mentioned arguments in this work,
it can be concluded that more accurate design efhtat exchanger with appropriate correlations
leads to improved cycle efficiency and lowering tiest of such installation.
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