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ABSTRACT

Supercritical Organic Rankine Cycle is introduced a
promising technology for low grade waste heat recpvThe
advantage of this supercritical cycle is a bettermal match
between the heat source and the working fluid teaipee
profiles in the supercritical heat exchanger.

Heat exchangers have a vital part of this cyclenamner of
cycle efficiency and for the economic feasibilith ane ORC
installation. There are many challenges in thegteprocess of
these components suitable to operate at relathigly pressure
and temperature. The reason for that is strong quiies
variation of the organic working fluid at superiwé state.
Since, the value of the heat transfer coefficieapahds on
these thermophysical properties of the working dfluit is
important to study and understand the behavior loé t
properties of the fluid going from subcritical tapercritical
state.

The supercritical heat exchanger was first modeileHES
software, and then designed and built. For the gdés
procedure of the heat exchanger several differemelations
available from literature were selected. Thesedtations have
been previously validated at supercritical state,fbr working
fluids such as kD, CG and refrigerants blends R404a and
R410a. However, the diameters tested and the apiplis
differ from this research. In order to ensure prageeration of
the heat exchanger, this component was oversiz@@¥y

From the first set of measurements it can be caecluhat
the size of this component can be lowered by 10% \aiti
result in reduced cost of an ORC installation.

INTRODUCTION

Organic Rankine Cycles (ORC) are considered asldeit
technology for converting low-grade heat sourceg.(&om
process industry, solar energy, etc.) to usabletrgtal energy.
Even though this technology is not new and is welteloped,
there is still room for improvement of the perfomma and the
efficiency of these cycles. In order to have goedgrmance of
the cycle, a proper design and selection of thepmorents have
to be done. On the other hand, a way of enhantiegverall
cycle efficiency in ORC is introduced with supetical heat
transfer in the heat exchanger.
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As main challenge to work with supercritical ORGs,a
better thermal match temperature profiles betwden hHeat
source and the working (organic) fluid in the heathanger.
Moreover, at supercritical state there are stroagations of
the thermophysical properties of the fluid. As ttedue of the
heat transfer coefficient depends on these vanstiot is
important to study and understand the behavioutheffluid
properties when going from subcritical to supelcaitstate. In
order to have a proper design of heat exchangdabdaito
work at supercritical conditions it is importantdetermine the
local heat transfer coefficients and correlations.

NOMENCLATURE
EES [ Engineering Equation Software
p [bar] Pressure
Q [MW/m2)]  Mass flux
D [mm] Diameter
Tb [°C] Bulk temperature
G [Mg/m2s]  Heat flux
L [mm] Length (tube)
SCORC [-] Supercritical Organic Rankine Cyc
Nu ] Nusselt number
] Reinolds number

[-
Re [
Pr [-] Prandtl numbe

Other important parameters that influence on that he
transfer are the working fluid flow direction, tulskameter,
heat and mass flux, buoyancy and selection of propganic
fluid.

In the past years, more precisely starting fromO&9R],
[2], [3] a lot of research activities regarding sugpitical heat
transfer have been performed. Tests had been dairdynin
vertical positioning with various tubes diamete$, [5], [6].
There are also many paper related to heat traimségitical and
near-critical region for variety of working fluidaich as water,
carbon dioxide and helium [7], [8]. This necessiat
development of new correlations suitable for supiécal
working conditions for ORCs and fluids of intereskberefore,
in order to provide useful correlations for desigha heat
exchanger the heat transfer process to the worltinds at
supercritical conditions has to be studied [9].

Even though the research activities regarding suitieal
heat transfer started long time ago the first mhigd paper
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found in the literature regarding supercritical OR&es from
1981[10]. Haskins (1981) performed research aaiof solar
receiver coupled to a supercritical ORC engine iidep to
maximize the thermal efficiency by using toluenevwasking
fluid.

A basic layout of a supercritical ORC is preserniteBigure
1. The cycle components are a supercritical pumpagour
generator (heat exchanger), an expander and a megde he
working fluid is pumpedabove its critical pressure (from state
point 1 until state point 2) and then heated witltomstant
supercritical pressure from liquid directly to supéical
vapour (state point 3). The supercritical vapouexpanded in
the expander (turbine) to extract mechanical wdrng state
point 3 until state point 4). After expansion, tfleid is
condensed in the condenser by dissipating heatheat sink
(state point 4 until state point 1) and the conddnkquid is
then pumped to the high pressure again, which ceteplthe
cycle. In an actual cycle there will be some pressoss in the
vapour generator (2-3) and condenser (4-1). Furtbes, there
is no big difference on component level betweenstitecritical
and supercritical cycles. In supercritical cycldse theat
exchanger instead of evaporator is named vapouerggr
because the two-phase region is omitted and evigora no
longer occurring.

) Generator
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expander ’ ( )

1

Waste heat (3
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Vapor Generator
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Condenser

m 1
Circulation pump

Figure 1 Schematic overview of supercritical ORC

Figure 2 presents T,s - diagram of a supercritmalle,
where it can be noticed that the working fluid frdicuid-like
region before expansion is heated to a gas-likesghahile
omitting the two phase heat addition.

Furthermore, from the literature review [11] it haden
concluded that there is lack of knowledge of thatheansfer to
the applied working (organic) fluids within thesapsercritical
ORCs. The main reason is the difference of the imgrk
conditions of an ORC plant such as relatively highe
temperature and pressure.
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Figure 2 T,s-diagram of supercritical cycle

This lack of knowledge necessitates the developnoént
new heat transfer correlation for working fluidsedsunder the
supercritical conditions in ORC.

An inaccurate correlations lead to an over-sizifigheat
exchangers, thus resulting in a lower economicitbdayg of
such cycles. The heat exchanger represents keyar@npin
every ORC engine. This component dictates theieffay of
the cycle and the total cost of one ORC plants lestimated
that the cost of the heat exchanger is usuallyoupOfo of the
total cost of an ORC where evaporator, (regeneraaod
condenser are taken into account [12]. Becauseatiw of the
total heat exchanger area to net power output IrORC is
considerably high it presents an important issue
consideration.

Hence, from the arguments mentioned above it can be
concluded that more accurate design of the hedtagger with
appropriate correlations leads to improved cycfeiehcy and
lowering the cost of such installation. In this Wwoma
supercritical heat exchanger is designed and aartstt using
literature correlations. Next, the heat exchangetested and
the measurements are compared to the design specs.

of

EXPERIMENTAL TEST SET-UP

The experimental test set-up consists of heat source
installation and ORC system. Heat sources that can be utilized
for these applications are waste heat recovery from industry
processes, solar and geothermal energy sources and others. The
temperature range that is of interest in this research work is
between 90°C to 200°C. One ORC system consists of pump
(for the organic fluid), expander, condenser and the
supercritical heat exchanger. Figure 3 illustrates simplified
layout of the experimental test set-up.

During the experimental campaigns, temperature and
pressure measurements were conducted. The positioning of the
pressure and temperature sensors is indicated in Figure 3. In
order to evaluate the performance of the heat exchanger, one
temperature sensor is placed at the inlet and one at the outlet of
the heat exchanger and the heat source respectively. It is
important to be mentioned that the system is well insulated,
which means that the heat loss to the environment is reduced.

Several measurements campaigns were done, where the
supercritical state was achieved under the following conditions
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- the inlet temperature at the cold side of the heat
exchanger is 36,3 °C

- the inlet temperature at the hot side of the heat
exchanger is 101 °C.

These two values were held constant while running the

tests. For this set of measurements the mass flow rate of

the hot source is 2,5 kg/s and of the working (organic) fluid

R404a is 0.23 kg/s.
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Figure 3 Layout of the experimental test set-up

The aim of these measurements was to evaluate the,

performance of the heat exchanger working at suitieed
state. This component is first of its kind spegialksigned and
build for an ORC installation, suitable to operaterelatively
higher pressure and temperature.

SUPERCRITICAL HEAT EXCHANGER DESIGN

Design Specifications

A helical coil heat exchanger is fabricated outradtal coil-
tube that is fitted in annular portion of two contréc cylinders.
The working fluid R404a flows in upward direction the
helical coil and the heat source (water-glycolw#odownward
in the annulus resulting in a counter-flow configiimn. The
heat transfer takes place across the coil wall.dimensions of
both cylinders are determined by the velocity neettemeet
heat transfer requirements. Figure 4 presents dhéguration
of the helical-coil heat exchanger.

p=1.25%do

Inner radius “R;” |

Outer radius “Rg”

Figure 4 Schematic cut-away view of a helical-coil
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A representative supercritical heating processlustiated
in Figure 5, showing the temperatures of the heauster fluid
and an organic fluid R404a, with a pinch point tenapure
difference of 10 K, which exists at the organiddis outlet.

R404A

—o—Temperature working fluid /

100 | ——Temperature heating fluid

25+

1350
s [J/kg-K]
Figure 5 T,s-diagram of the heating process in the
supercritical heat exchanger
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The selection of the heat exchanger is accomplishledg
into account that the velocity and pressure drofhéntube and
annulus are within the allowable ranges.

The velocity ranges of the working fluid R404a wéxed
at minimum 0,5 m/s and maximum 2,17 m/s, the oVeral
pressure drop was neglected in the calculation e
afterwards calculated and should be lower than B8. KThe
heating fluid is flowing relatively slow (Re = 420G900).

Design M ethodol ogy

A widely used method of calculating the heat transfpacity
(UA) and eventually sizing the heat exchanger i® th
logarithmic mean temperature difference (LMTD) nueth
applied between the inlet and outlet of the heaharger [13],
[14], [15], and given by Eq. (1).

ATl - ATZ

In (2—%)

Q =U.A.AT;py = U.A. (1)

where Q is the heat transferred) the overall heat transfer
coefficient, A the total heat exchanging surface afg, is the
logarithmic temperature difference or LMTD. Thers i
assuming that a generic heat exchanger (or a lxehteging
control volume) has two ends (‘1’ and ‘2’) at whittte hot and
cold streams enter or exit on either side. Howetrex LMTD-
method is based on constant fluid properties, auraption
leading to incorrect results in the case of sujtéral fluids. An
alternative solution consists in discretizing tleahexchangers
to a large number of control volumes so that theperties
variation in each step is small and an averagetanhvalue
can be assigned within each volume. The discraizais
performed in EES, by dividing the overall enthaffhange for
one of the streams iN (hereN = 40) equal differencedh.
Discretization is advisable to be in the range leetw20 and 40
equal distances. Lower than 20 leads to inaccureselts,
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while above 40 is not desirable due to there ibigaifference
in the terms of accuracy but is time consumable.

Heat Transfer Coefficient at the Shell Side (Ansilu

In a helical-coil heat exchanger, the heating fligictirculated
in the annulus. As the flow rate of the heatingdflis rather
low, the following Nusselt-correlation, valid for enolds
number (Re) between 50 and 10000 can be used§Bq{16].

Nu = 0,6Re%>pr031 )
wherePr is the Prandtl number.
For higher Reynolds numbeR¢> 10000), Eq. (9) is used [17].

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

Heat Transfer Coefficient at the Helical Coil Side
At the helical coil side supercritical fluid is cidated in
upward flow. Several correlations can be foundhim literature
for the calculation of the heat transfer coeffitieat
supercritical conditions. In this work three coatédns for
sizing of the heat exchanger are identified and pamed. The
conventional heat transfer correlations for singlease flow
(calculation of the Nusselt number) cannot be usedhe
current case, due to the variations of the fluiopgrties around
the critical point. For the calculations of theibal coil heat
exchanger, three heat transfer correlations argaced.
Petukhov et al. [18] developed correlations for esaptical
fluid parameters. The correlations have a corractiactor,
which neutralizes the effect of the variations bé thermo-
physical properties around the pseudo-critical poand
provides more stable and accurate results. The dluss
correlation proposed by Petukhov et al. [6] forbcar dioxide
in the supercritical range at high temperature glrigkes into
account the difference in properties between thié aval the
bulk, and is given below. This correlation was wraly
developed for carbon dioxide, but can be applied tfee
organic fluid R404a.

Up -0.11

()

2\
Nuy, = Nug, | —= <—b)
b 0,b (Cpl)) AW

whereb refers to the bulk fluid temperature awdo the wall

temperature.

The heat-transfer coefficient of the organic flflmlving inside

the coil is calculated using the correlations fgpercritical heat
transfer in a straight pipe. This coefficient igthcorrected for
a coiled tube by multiplying it by a factoFy,.;;.q;, given by

Schmidt’s correlation, which has a large applicatiange [19].

—0.33

4

di1(di®
Freteat = 1+36[1- 35| (55)
H

D, 5)
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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] and the
radius of the tube [m].

The termNu,, is calculated using the following Petukhov-
Kirillov correlation [20] and the bulk temperatuwéthe fluid.

%’Rebﬁ

Nuo,b = 052 (6)

127(“2) (W3—1>+1.07
where the Darcy friction factof)(is expressed as:
f = (1.82log,o(Rep) — 1.64)72 (7)
The average specific hegt is defined as:
~ hb - hw 8
=T, -7, ®)

Garimella [21] developed correlations for supeicait heat
transfer based on measurement data from refrigeraands
R410a and R404a. Three regions of heat transfere wer
identified based on the state of the heat trarisfgrfluid:
Liquid-like region, Pseudo-critical transition an@as-like
region. For each region a separate correlation Naosselt
number and friction factor was identified. Howevéehese
correlations were developed for smaller diametet ¢hd 6,2
mm) and for supercritical heat transfer coolinglegations. As
already mentioned in the text the tube diameterihfisence
on the heat transfer rate. The designed supesdiritieat
exchanger has relatively higher inner diameter ®&fn@n and
the working conditions are different from one forRO
application. Therefore, these correlations wereenaknto
account and compared to other without completelsyneg
during the design process. The average uncertaiimighese
heat transfer coefficients were +10%. These cdiogla are
listed in continuation;

Liquid-like region:

-0,183

C 0,444 d
Nu = 1'4’21Nuchurchil—mod. <%> (daCﬂ) (15)
p,b baseline
Pseudo-critical transition:
C 0,249 d . —0,066
W actua
Nu = 1,350NUchyrchil-mod. (Cp_> <d—) (16)
p.b baseline
Gas-like region:
C —-0,212 d rual -0,308
W actua
Nu = 1,556 NUcpyrchi-moa (CP_> <d—) 17)
p.b baseline

These correlations are valid for the following wiok range:

200 kg/m3s < G < 800 kg/m2s and 1.0 <P4PL1.2. Also there
are correction factors developed for all flow regén
boundaries [21].

The majority of empirical correlations were propbsa the

1960s — 1970s, when experimental techniques wetratnihe

same level (i.e., advanced level) as they are toddso,
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thermo-physical properties of water have been wgataince
that time (for example, a peak in thermal condiitstiv critical
and pseudo-critical points within a range of pressdrom 22,1
to 25 MPa was not officially recognized until th@®9Ds).
Therefore, recently a new or an updated correlathased on a
new set of heat-transfer data and the latest theimysical
properties was developed and evaluated (Mokry. ¢22]):

Nu = 0,0061R60'904Pr0'684(pw/pb)°'564 (18)

This correlation is valid for the following workingnge: 200
kg/m2s < G < 1500 kg/ms3s.

COMPARISON OF THE RESULTS OBTAINED FROM
THE DESIGN AND EXPERIMENTS OF THE HEAT
EXCHANGER

Analysis of the Design Constraints of the Heat Exchanger

To check the off-design performance of the heliwail heat
exchanger, the influence of changing mass flow tathe heat
transferred and the outlet temperatures at coldrextcside is
investigated. The inlet temperature at the col@ $d27.37 °C
and at the hot side is 95 °C. These two value$iaconstant.
The designed mass flow rate of the organic fluid.2539 kg/s.
The outlet temperatures at the cold and hot sidetlh@ pinch
point temperature difference are determined byfline rates
and inlet temperatures.

From the figure shown it can be noted that changiegflow
rate of the heating fluid without changing the floate of the
working fluid will result to a decrease of the aittemperature
of the heating fluid, a decrease of the outlet terafure of the
working fluid and an increase of the pinch poinnperature
difference. The pinch point temperature differeisck0 K.
Figure 6 presents the pinch point temperature rdiffee
between the heating fluid (water) and an organiicifR404a.

100
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60

——T_heating fluid

T_working fluid

Temperature ['C]

0 33 66
Length [m]

Figure 6 Pinch point temperature difference between the two

fluids

Results Obtained for Heat Transfer M easurements of the
Super critical Heat Exchanger

From the sets of measurements covering supertritica

operation specific conclusions are reached aboat tbat
exchanger performance. Namely, the main advantagehe
very low temperature differences between the hgdtind and
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the organic fluid R404a (in the range of 1.5-2.5 ®Btained
from measurements). Moreover, the pressure dropthef
heating fluid is very small and equal to 0.1-0.2, kehile that
of the organic fluid R404a is higher and in thegarmf 0.6-1
bar. This value is low, which should be however sidered
during the design stage of new heat exchangersrder to
select the correct size of this component.

In figure 7 the pinch point temperature differeretween
the heating fluid and the working fluid R404a iggented. The
outlet temperatures at the cold and hot side aagitich point
temperature difference are determined by the flates of the
working fluid and inlet temperatures.

120
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40
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o
0 33 66
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Figure 6 Pinch point temperature difference between the
two fluids

The selection of the heat exchanger is accomplishledg
into account that the velocity and pressure drofhéntube and
annulus are within the allowable ranges.

As conclusion that can be drawn from this analisithat
by reducing the uncertainty, these heat exchangars be
designed and built with lower safety factor. Theddfé would
be more accurate design and use of less materiehwdads to
lower costs and lower pressure drop for both fairduits.

CONCLUSION

In this work a supercritical heat exchanger sudgdbtr ORC
applications is investigated. Even though ORC it new
technology, there is still room for improvement Wwgrking at
supercritical state of the organic fluid. Howevttere is still
lack of experimental (accurate) data, especiallijable for
ORC installations. A helical coil supercritical hesxchanger
was designed and built. Correlations available fiderature
were used. These correlations were developed feerw@Q
and refrigerants R404a and R410a. The correlatiopse
derived for smaller diameter and different workicgnditions
than ORCsln order to check the performance at supercritical
working conditions set of measurements was conductbe
inlet temperatures of the working and heating fluidre held
constant 36,3°C and 101°C respectively. For thissuement
the mass flow rate was 0,23 kg/s and the heat egenahad
good performance. The pinch point temperature wdiffee at
these working conditions is lower than 10K. As dasmn that
can be drawn from this analysis is that by reducthg
uncertainty, these heat exchangers can be desigmedouilt
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with lower safety factor. The benefit would be maacurate
design and use of less material which leads to H@ests and
lower pressure drop for both fluid circuits. Frohe tmentioned
arguments in this paper, it can be concluded tlakeraccurate
design of the heat exchanger with appropriate tairoas leads
to improved cycle efficiency and lowering the cadtsuch
installation. Therefore, new heat transfer coedfits and
correlations suitable for these special applicaibave to be
determined experimentally. This will result in iroped
technology that can be a promise within the curemérgy
markets.
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