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ABSTRACT

In the last years, a lot of attention has been faidieveloping technologies for low grade heabvecy.
This work focuses on the possibilities to incretiseperformance of the Organic Rankine Cycle, iizung

low grade heat source within a temperature ran@®ut - 200°C.

One way to improve the performance is a propeicieleand design of the components. On the othed,ha
a way of enhancing the overall cycle efficiencyingoduced with supercritical heat transfer in theat
exchanger. The advantage is a better thermal mia¢tween the heat source and the working fluid
temperature profiles in the heat exchanger. Becaumeelations available from literature were ufed
designing of this component safety factor was mggemented to reduce the uncertainty level.

In this work, results from measurement campaigmsafbieat exchanger obtained at supercritical stege
presented. It can be concluded that improving thasigh of the heat exchanger leads to better cycle
efficiency and reducing the cost of an ORC instialia

1. INTRODUCTION

Organic Rankine Cycles (ORC) are considered aaldaitechnology for converting low-grade heat sesirc
(e.g. from process industry, solar energy, etcystable electrical energy. Even though this teaols not
new and is well developed, there is still roomifoprovement of the performance and the efficiencthese
cycles. In order to have good performance of thidegya proper design and selection of the comparteate

to be done. On the other hand, a way of enhantiagverall cycle efficiency in ORC is introducedtwi
supercritical heat transfer in the heat exchanger.

As main challenge to work with supercritical OR@sa better thermal match temperature profiles betw
the heat source and the working (organic) fluidhi@ heat exchanger. Moreover, at supercriticaé dtatre
are strong variations of the thermophysical properof the fluid. As the value of the heat transfer
coefficient depends on these variations, it is irtga to study and understand the behaviour offithid
properties when going from subcritical to supeieait state. In order to have a proper design oft hea
exchanger suitable to work at supercritical conddi it is important to determine the local heangfar
coefficients and correlations.

Other important parameters that influence on that transfer are the working fluid flow directionybe
diameter, heat and mass flux, buoyancy and sefeofiproper organic fluid.

In the past years, more precisely starting fromO089BL], [2], [3] a lot of research activities redeng
supercritical heat transfer have been performedtsThad been done mainly in vertical positioninghwi
various tubes diameters [4], [5], [6]. There asoaihany paper related to heat transfer in critiwal near-
critical region for variety of working fluids suchs water, carbon dioxide and helium [7], [8]. This
necessitates development of new correlations deitip supercritical working conditions for ORCsdan
fluids of interests. Therefore, in order to provigseful correlations for design of a heat exchatigermheat
transfer process to the working fluids at supdoaitconditions has to be studied [9].

Even though the research activities regarding supieal heat transfer started long time ago thstfi
published paper found in the literature regardingescritical ORC dates from 1981[10]. Haskins (1981
performed research activities of solar receiverptedi to a supercritical ORC engine in order to maze
the thermal efficiency by using toluene as workingl.

A basic layout of a supercritical ORC is presentedrigure 1. The cycle components are a superatitic
pump, a vapour generator (heat exchanger), an depand a condenser. The working fluid is pumped



above its critical pressure (from state point lil@tate point 2) and then heated with a constapéescritical
pressure from liquid directly to supercritical vapdstate point 3). The supercritical vapour isanged in
the expander (turbine) to extract mechanical wéndn{ state point 3 until state point 4). After erpin,
the fluid is condensed in the condenser by dissigpdtteat to a heat sink (state point 4 until spatiet 1) and
the condensed liquid is then pumped to the highgume again, which completes the cycle. In an acyude
there will be some pressure loss in the vapour rgéore(2-3) and condenser (4-1). Furthermore, tier®
big difference on component level between the stitarand supercritical cycles. In supercriticgtles the
heat exchanger instead of evaporator is named v@gemerator because the two-phase region is onatidd
evaporation is no longer occurring.
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Figure 1. Schematic overview of supercritical ORC Figure 2. T,s-diagram of supercaiticycle

Figure 2 presents T,s - diagram of a supercritigale, where it can be noticed that the workingdfiisom
liquid-like region before expansion is heated gaa-like phase while omitting the two phase hedlitiaah.
Furthermore, from the literature review [11] it Haeken concluded that there is lack of knowledgheheat
transfer to the applied working (organic) fluidsthimn these supercritical ORCs. The main reasorés t
difference of the working conditions of an ORC planch as relatively higher temperature and pressur
This lack of knowledge necessitates the developmwienéw heat transfer correlation for working flsidsed
under the supercritical conditions in ORC. An in&ate correlations lead to an over-sizing of heat
exchangers, thus resulting in a lower economiciliédig of such cycles. The heat exchanger represkay
component in every ORC engine. This component distthe efficiency of the cycle and the total aufst
one ORC plant. It is estimated that the cost ofrtsat exchanger is usually up to 30% of the tatat of an
ORC where evaporator, (regenerator) and condemeetaken into account [12]. Because the ratio ef th
total heat exchanger area to net power output iI@RE is considerably high it presents an imporissiie

of consideration.

Hence, from the arguments mentioned above it candpeluded that more accurate design of the heat
exchanger with appropriate correlations leads tprawed cycle efficiency and lowering the cost offsu
installation. In this work a supercritical heat leanger is designed and constructed using literature
correlations. Next, the heat exchanger is testddt@measurements are compared to the design specs

2.  SUPERCRITICAL HEAT EXCHANGER DESIGN

2.1. Design specifications

A helical coil heat exchanger is fabricated outradtal coil - tube that is fitted in annular portiohtwo
concentric cylinders. The working fluid R404a flows upward direction in the helical coil and theate
source (water-glycol) flows downward in the annulasulting in a counter-flow configuration. The hea
transfer takes place across the coil wall. The deims of both cylinders are determined by the aiglo
needed to meet heat transfer requirements. Figupee8ents the configuration of the helical-coil thea
exchanger.

A representative supercritical heating procesgaesgnted in Figure 4, showing the temperatureheheat
transfer fluid and an organic fluid R404a, withiagh point temperature difference of 10 K, whichséxat
the organic fluid's outlet.

The selection of the heat exchanger is accomplithiddg into account that the velocity and pressingp

in the tube and annulus are within the allowabihegjes.
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Figure 3. Schematic cut-away view of a helical-coil  Figure 4. T,s-diagram of the heatingcess in the
supercritical heat exchanger

The velocity ranges of the working fluid R404a wéxed at minimum 0,5 m/s and maximum 2,17 m/s, the
overall pressure drop was neglected in the calonlaand was afterwards calculated and should berow
than 40 kPa. The heating fluid is flowing relativelow (Re = 4200 - 5900).

2.2. Design methodology

A widely used method of calculating the heat transfapacity (UA) and eventually sizing the heat
exchanger is the logarithmic mean temperature réiffee (LMTD) method, applied between the inlet and
outlet of the heat exchanger [13], [14], [15], @mken by Eq. (1).
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whereQ is the heat transferretl] the overall heat transfer coefficiertthe total heat exchanging surface
and AT,y is the logarithmic temperature difference or LMTDhere is assuming that a generic heat
exchanger (or a heat exchanging control volume)thasends (‘1’ and ‘2’) at which the hot and cold
streams enter or exit on either side. However Lilid D-method is based on constant fluid propertees,
assumption leading to incorrect results in the adssupercritical fluids. An alternative solutionrsists in
discretizing the heat exchangers to a large numbeontrol volumes so that the properties variatiorach
step is small and an average constant value camssigned within each volume. The discretization is
performed in EES (Engineering Equation Solver) bydihg the overall enthalpy change for one of the
streams iN (hereN = 40) equal differencedh. Discretization is advisable to be in the rangevben 20 and
40 equal distances. Lower than 20 leads to inateuesults, while above 40 is not desirable dud¢oe is
no big difference in the terms of accuracy butrreetconsumable.

Q =U.A.AT),, = U.A.

2.2.1.Heat transfer coefficient at the shell side (ansulu

In a helical-coil heat exchanger, the heating figidirculated in the annulus. As the flow ratetwd heating
fluid is rather low, the following Nusselt-corratan, valid for Reynolds number (Re) between 50 40@00
can be used (Eq. (8)) [16].

Nu = 0,6Re%°pro31 (2)
wherePr is the Prandtl number.
For higher Reynolds numbeR¢> 10000), Eq. (9) is used [17].

1
Nu = 0,36Re*>5Pr3(u/u,,)%** 3
whereu is the fluid's bulk viscosity and, is the fluid’s viscosity at the wall temperature.

2.2.2.Heat transfer coefficient at the helical coil side
At the helical coil side supercritical fluid is culated in upward flow. Several correlations carfdaend in
the literature for the calculation of the heat $fen coefficient at supercritical conditions. Instwvork three



correlations for sizing of the heat exchanger demtified and compared. The conventional heat feans
correlations for single phase flow (calculatiortlé Nusselt number) cannot be used in the cures#, due
to the variations of the fluid properties around thmitical point. For the calculations of the halicoil heat
exchanger, three heat transfer correlations argaced.

Petukhov et al. [18] developed correlations for esaptical fluid parameters. The correlations have
correction factor, which neutralizes the effectlof variations of the thermo-physical propertiesuad the
pseudo-critical point and provides more stable aodurate results. The Nusselt-correlation propdsed
Petukhov et al. [6] for carbon dioxide in the sugpigical range at high temperature drops takes attmount
the difference in properties between the wall ane bulk, and is given below. This correlation was
originally developed for carbon dioxide, but candpplied for the organic fluid R404a.

— 0.35 -0.33 -
c Ab Up 0.11
Cp,b Aw Uy

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

The heat-transfer coefficient of the organic flélimving inside the coil is calculated using the retations
for supercritical heat transfer in a straight pipéis coefficient is then corrected for a coiledeauby
multiplying it by a factorF;.;;.4;, given by Schmidt’s correlation, which has a laagelication range [19].

di di 0,8

Fretica = 1+36[1- 35| (51) (5)
H H

This expression is applicable for 2 X**¥0Re< 1.5 x 18 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-Kirllgorrelation [20] and the bulk temperature

of the fluid.

%’RebW
Nuyp, = 052 (6)
12.7(k) (Pr3—1>+1.07
where the Darcy friction factof)(is expressed as:
f = (1.82log,o(Rep) — 1.64)72 @)
The average specific hegt is defined as:
_ hy — hy, 8

Garimella [21] developed correlations for supeicait heat transfer based on measurement data from
refrigerants bends R410a and R404a. Three regiomsad transfer were identified based on the siatee
heat transferring fluid: Liquid-like region, Pseuddtical transition and Gas-like region. For eaelyion a
separate correlation for Nusselt number and frictactor was identified. However, these correlaiarere
developed for smaller diameter (9,4 and 6,2 mm)fandupercritical heat transfer cooling applicaoAs
already mentioned in the text the tube diameter ihisence on the heat transfer rate. The designed
supercritical heat exchanger has relatively higheer diameter of 26 mm and the working conditians
different from one for ORC application. Therefditeese correlations were taken into account and aoeadp

to other without completely relaying during the idesprocess. The average uncertainties in these hea
transfer coefficients were £10%. These correlatanaslisted in continuation;

Liquid-like region:

0,444 _
Nu = 1:421Nuchurchil—modfied (Cp,w/Cp,b) (dactual/dbaseline) 0.183 (15)
Pseudo-critical transition:
0,249 -
Nu = 1'350Nuchurchil—modfied (Cp,w/Cp,b) (dactual/dbaseline) 0,066 (16)
Gas-like region:
-0,212 —_
Nu = 1:556Nuchurchil—modfied (Cp,w/Cp,b) (dactual/dbaseline) 0,308 (17)

These correlations are valid for the following wiakrange: 200 kg/m?s < G < 800 kg/m?s and 1.0R; R/
1.2. Also there are correction factors developedlfidlow regimes boundaries [21].



The majority of empirical correlations were propbde the 1960s — 1970s, when experimental techsique
were not at the same level (i.e., advanced lewethay are today. Also, thermo-physical propemiesater
have been updated since that time (for exampleal m thermal conductivity in critical and pseuxtdtcal
points within a range of pressures from 22,1 toMf%a was not officially recognized until the 1990s).
Therefore, recently a new or an updated correlatiased on a new set of heat-transfer data ankhtiet
thermo-physical properties was developed and etedu@okry et al. [22]):

Nu = 0,0061Re*20*Pro684(p,, /p))056 (18)
This correlation is valid for the following workingnge: 200 kg/m2s < G < 1500 kg/m2s.

2.3. Dimensions of the heat exchanger

As summary, the final design of the heat exchategmts to coil length of 66 m and inner diametethef
coil of 26 mm. To account for heat transfer cotrelauncertainty the heat exchanger is oversizedhbmnut
20%. Table 1 presents summary of the heat exchalegagn.

Table 1. Summary of the heat exchanger design
Helical coil heat exchanger
do t L D D, 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 0.526 0.6740.6 1508 6.988 41 403 2200

where d is the tube outer diameter, t the tube thickn&she inner shell diameter,,0he outer shell
diameter, D the coil diameter, H the height of the HX and A thtal heat exchanger surface. Q is the heat
transfer capacity of the heat exchanger coefficienavg is the average heat transfer coefficient.

3. EXPERIMENTAL TEST SET-UP

The experimental test set-up consists of heat sonstallation and ORC system. Heat sources thabea
utilized for these applications are waste heatwegofrom industry processes, solar and geotheemetgy
sources and others. The temperature range thatrigeeest in this research work is between 90°2@06°C.
Figure 5 illustrates simplified layout of the exipeental test set-up. During the experimental cagsi
temperature and pressure measurements were cotdilitie positioning of the pressure and temperature
sensors is indicated in Figure 3. In order to eat@uhe performance, one temperature sensor iscpkltdhe
inlet and one at the outlet of the heat exchanger the heat source respectively. It is importanbéo
mentioned that the system is well insulated, whiwans that the heat loss to the environment isceztiu
Several measurements campaigns were done, wheseftbecritical state was achieved under the folgwi
conditions presented and compared with the degigrondition in Table 2;

Table 2 Summary of the design and measurement tommsli

MEASUREMENTS DESIGN
m_wf 2,7 [ka/s] 2,5 [ka/s]
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

While running the measurements these values wedecbastant. As presented in the table the desigh a
measurements conditions vary which gives lower traasfer capacity. The difference between théaiyt
designed model and the built component in the thaasferred and that is 41 kW and 36 kW respegtivel
The aim of these measurements was to evaluate eénfermance of the heat exchanger working at
supercritical state. This component is first ofkiisd specially designed and build for an ORC ilstian,
suitable to operate at relatively higher pressadetamperature.
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Figure 5. Layout of the experimental test set-up

4. COMPARISON BETWEEN RESULTSOBTAINED FROM THE DESIGN AND
EXPERIMENTAL MEASUREMENTS OF THE SUPERCRITICAL HEAT EXCHANGER

4.1. Analysisof the design and measurement constraints of the heat exchanger

To check the performance of the helical coil he@hanger, the influence of changing mass flow tatéhe
heat transferred and the outlet temperatures dtacal hot side is investigated. The constraintpegsented
in Table 2. The outlet temperatures at the cold laotdside and the pinch point temperature diffeeeae
determined by the flow rates and inlet temperatures
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Figure 6. PP temperature difference off-design ufey. PP temperature difference measurements

By changing the flow rate of the heating fluid vath changing the flow rate of the working fluid niésult

in a decrease of the outlet temperature of theirigediuid, a decrease of the outlet temperaturehef
working fluid and an increase of the pinch poinmperature difference. The designed pinch point
temperature difference is 10 K.

From the sets of measurements covering supertrijoeration specific conclusions are reached abwait
heat exchanger performance. Namely, the main adgans the very low temperature differences between
the heating fluid and the organic fluid R404a (ie tange of 1.5-2.5 °C). Moreover, the pressurp dfdhe
heating fluid is very small and equal to 0.1-0.2, mhile that of the organic fluid R404a is higlaerd in the
range of 0.6-1 bar. This value is low, which shdogdhowever considered during the design stagerder

to select the correct size of this component.

In figure 6 and 7 the pinch point temperature difee (design and measurements) between the heating
fluid and the working fluid R404a is presented.

4.2. Development of new correlation suitablefor helical coil heat exchanger

Using a modified Wilson method [23], [24] the mealue of the convection coefficient outside theesib
and the convection coefficient inside the tubea &mction of the working fluid mass flow (or veityg are
obtained. Figure 8 is logarithmic graph that ddssithe Nu number as a function of the Re and Rbeu
This graph presents comparison of the experimelatal and the correlations used from literature.edwoer,
the coefficient C and the exponent of the Reynaldsber m of the general dimensionless correlation
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Nu = CRe™Pr™ are also obtained, thus the general correlatiadetermined assuming only the value of the
exponent of the Prantdl number, n.
Nu = 0,0044Re'91pr04 (19)

In the design process of this supercritical heaharger, three calculation methods for superctitieat
transfer were implemented and compared (Petukhasii@lla, and Mokry). These heat transfer correfeti
were developed independently. A safety factor wapldanted to account for heat transfer correlation
uncertainty. The measurements and the new cooeldgrived from this experiment indicate (Figuretejt
the measured heat transfer is about 10% higher tiarused correlations. Hence, the size of the heat
exchanger can be reduced by 10% by keeping the gedddrmance (heat transfer rate). On the othedhan
by reducing the size the cost for this componefithvei lowered and that will have economic benefittbe
whole plant as well.As conclusion that can be drénem this analysis is that by reducing the undetya
these heat exchangers can be designed and builtleviter safety factor. The benefit would be more
accurate design and use of less material whictsleadower costs and lower pressure drop for bhutial f
circuits.

5.  CONCLUSIONS

In this work a supercritical heat exchanger sugdbl ORC applications is investigated. Even thoGQdtC

is not new technology, there is still room for impement by working at supercritical state of thgamic
fluid. However, there is still lack of experimenfatcurate) data, especially suitable for ORC Itadtans. A
helical coil heat exchanger was designed and bidtrelations available from literature were usEdese
correlations were developed for water, £fd refrigerants like R404a and R410a. The cdroals were
derived for smaller diameter and different workaunditions than ORCs. In order to check the peréorce

at supercritical working conditions set of measwreta was conducted. The inlet temperatures of the
working and heating fluid were held constant 36,a87@ 101°C respectively. For this measurement tgsm
flow rate was 0,226 kg/s and the heat exchangeveth@ood performance. The pinch point temperature
difference at these working conditions is lowemtd®K. From the mentioned arguments in this papegn

be concluded that more accurate design of the &relanger with appropriate correlations leads to
improved cycle efficiency and lowering the costsoich installation. Therefore, this technology canab
promise within the current energy markets.
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