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A review of ltalian activity in the field of Organic Rankine
Cycles

G. Angelino, M. Gaia and E. Macchi, Milano/ltaly

Summary

In the recent past, the authors have been involved in the development
of a number of Organic Rankine Cycle engines, designed for a variety of
heat sorces (solar-energy, geothermal fluids, industrial waste heat),
within a wide range of design power outputs (from 3 to 500 kwe]) and
maximum operating temperatures (from 70 to 340°C).

A brief but comprehensive review of this activity which has been finan-
ced either by Italian University, Research Institutes and private Compa
nies or by the Commission of the European Communities, is presented in
the paper. In particular, the adopted criteria for the working fluid se
lection and the thermodynamic cycle optimization and the procedure fol-
lowed in the design of the most critical plant components are discussed.

1 Introduction

Purpose of this paper is to present a review of the authors' activity
in the design, construction and testing of Organic Rankine Cycles (ORC).
This activity was financed by various Institutions (Italian University,
Italian National Research Council (CNR), Commission of the European Com
munities (CEE), National Council for Alternative Energies (ENEA)), or
by private Companies (Ansaldo, Belgonucleaire, Turboden). The engines
described in the paper (see Tables 1 and 2) do not completely cover the
Italian realizations in this field, since some prototypes were develo-
ped by Fiat /22/ and by other researchers, €.9. /23/.

The main engines'features are summarized in Tables 1 and 2, while an
idea of the aspect, mechanical arrangement and dimensions of some re-
presentative units can be drawn by the photographs in Fig. 1 and 2. It
can be seen that the engines were designed for a variety of heat sour-
ces (solar energy, geothermal fluids, industrial waste heat, fossil
fuels), within a wide range of design power outputs (from 3 to 500 kweT)
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Characteristics of developed ORC engines

TAB. 1
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FIG. 1 Output power vs. maximum cycle temperature for the
engines of TAB. 1.




WD BERICHTE 469

DIRECT DRIVE
OF GENERATOR |

EVAPORATOR

m
n

(o
"

CONDENSER

TURBINE

—
n

GRAVITY
FEED

WATER / WATER / No. 12 T T
ENGINES /

WATER / AIR |
ENGINES

FIG. 2 View of some enginesof TAB. 1.



470 VDI BERICHTE

and maximum operating temperatures (from 70 to 340°C). More detailed
information on the various engines, including experimental results, can
be found in the references quoted in Table 1.

2 Working Fluid Selection and Thermodynamic Cycles

The adoption of an organic fluid in place of water for a Yhermodynamic
cycle allows the achievement of one or of several aims among those 1i-
sted below:

a.| thermodynamic cycle configurations which are inaccessible in the sta-
te diagram of water can be obtained with fiuids having different cri-
tical parameters (for instance supercritical cycles can be designed
even at low temperature);

b. even for large source/sink temperature ratios, efficient thermodyna-
mic cycles can be obtaingd with a simple layout and a one stage expan
der, thanks to the non-extractive, desuperheating regeneration which is
typical of organic fluids;.

c. low peripheral speeds are in general reguired for the turbine and
fluid condensation during the expansion process is avoided;

d. the selection of fluids giving rise to proper volume flows allows
optimum turbine sizes for any power level;

e. fluid pressure levels within the various components can be selected,
to a certain extent, indipendently of the source-sink temperatures
(for instance, low temperature can be associated with high pressure
and high temperature with low pressure).

As examples of how some of the aforesaid goals were achieved in actual

engines, we shall quote, with reference to engine numbers in Tables 1

and 2:

. a number of small (3 to 12 kW) low temperature (75 to 83°C) perchloro
ethylene engines (No 1-5 and 12), in which the working fluid selection
was at the service of a good turbine design;

. a 500 kW R-114 geothermal engine (No 11), in which the Teading aim was
the optimum exploitation of a given heat source through a fluid of
optimized critical temperature and molecular compiexity; 4

. two comparatively high temperature per-fluorocarben engines (No 8-9)
designed to achieve a high efficiency, at the cost of a multi-stage
turbine and of a complex regenerator;

- a cogenerating, dichlorobenzene engine (No 13) featuring-a direct-dri
ve 3000 rpm turbo-alternator.
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Aiming to achieve the main goal through an appropriate fluid selection,
one must then accept a number of secondary characteristics which are
connected with the wanted primary target. In other words, the change of
the working fluid affects the design and performance of most cycle
components so that any judgement about the merits of a particular solu-
tion must include a quantitative evaluation of many different techni-
cal details.

To show this, let us work out an example concerning the selection of the
working fluid for a hypotetic low temperature engine (100° - 40°C evapo-
ration-condensation temperature), of 100 kW capacity. Somewhat arbitra-
rily, it was decided to seek the solution within the class of Tinear hy-
drocarbons. Seven substances - from C4H]0 to CmH22 - are considered.
The increase in molecular complexity has the effect of rising the fluid
critical temperature (while reducing its critical pressure) so that the
same 40-100°C temperature span corresponds to regions of the state dia-
gram of lower reduced temperatures (Tr = T/Tcr) as the number of atoms
in the molecule is increased. This is clearly shown in Fig. 3, giving
the saturation vapour curves and cycle configurations for the conside-
red fluids.

The main physical difference among the various cycles is to be found in
the condensation pressure, which range from 377 to 0.49 kPa (similar va-
riations affect also the evaporation pressure). As a consequence, volu-
me flows at condenser inlet exhibit wide variations, which directly af-
fect the turbine design and dimensions. As shown in Fig. 4a), optimized
/25/ stage rotating speeds range from 57000 rpm (for n-butane) to 1800
rpm (for n-decane), with mean diameters of 0.074 and 2.110 m respective-
ly. Cycle pressure ratio steadily increases from about 4 (butane) to
about 20 (decane), causing the turbine work to increase notwithstading
the well known adverse effect of molecular weight (Fig. 5b).

Cycle efficiency is positively influenced by operation at low reduced
temperatures (large number of atoms in the molecule), mainly if the cy-
cle includes regeneration (Fig. 4B), in which case the amount of regene-
rated heat increases steadily from butane to decane: in the first case
being sufficiently small to allow the suppression of the regenerator
without excessive losses.

Finally, pump work and head are analyzed: starting from hexane or octa
ne, the pump work becomes very small, so that also inefficient pumps are
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acceptable. Moreover, the evaporation pressure is so limited that con-
densation at a moderate height above the evaporator can supply,
directly, the required head to the feed line. Even more pronounced va-
riations in cycle parameters would be found if larger maximum to mini-
mum temperature ratios were considered. Analogous, though different,
considerations would be appropriate for other classes of fluids (for in-
stance:chloro-fluorocarbons, perfluorocarbons, aromatic hydrocarbons,
silanes etc.), which further highlights the effectiveness of working
fluid selection in shaping the thermodynamic cycle characters.

3 Components Design

3.1 Turbines

The efficiency of a turbine stage is set by many factors, including bla
de profiles, fluid properties and manufacturing characteristics (clea-
rances, surface roughness, etc.). However, according to the analysis de-
veloped in /24,25/, it can be stated that the efficiency of an axial
flow turbine stage of good aerodynamic design is mostly determined by
the following parameters, based on the similarity rules:

a. The isentropic head coefficient kis’ defined by:
= 2
kg = Ahyg/(u%/2)

where u(m/s) is the peripheral speed at the turbine mean radius and
Ahis (J/kg) is the isentropic enthalpy drop.

b. The specific speed Ns’ defined by:

= 3/ 4
Ng = n \/Voue/ Ahis

where n is the speed of rotation (revolutions/s) and &out (m®/s) is
the volumetric flow rate at the stage exit.

c. The "size" parameter, defined by:
_\f. /4
Vi = vout/Ahis 4

The physical significance of VH is given by its proportionality to
actual turbine dimensions.
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d. The volumetric expansion ratio, defined by:
R = Vout/Vin

where Qi" is the volumetric flow rate at stage inlet. It was demon-
strated in /25/ that VR accounts for the compressibility effects in
a more generalized way than other equivalent parameters (pressure ra
tio, Mach numbers).

Two of these parameters, VH and VR, can be regarded as thermodynamic da
ta, set only by the working fluid properties, the thermodynamic cycle
and the power output. The other two, ng and kis’ are to be selected by
the turbine designer.

As far as k].5 is concerned, it should be pointed out that it is general
1y possible to adopt optimum kis values with organic fluids. In fact,
they are compatible with conservative levels of peripheral speeds, a
feature far to be achieved in single stage steam turbines, for which Toy
kis
be drawn for NS, since the possibility of selecting optimum N5 depends

are a major cause of poor efficiency. A similar statement cannot

on the particular application.

If we stipulate to select optimum values for NS and kis’ it is possi-
ble to represent the achievable efficiency in the VH-VR plane, as done
in fig. 6 (from /24/): as obvious, highest efficiencies are found for
large turbines and low expansion ratios.

Let's now consider the engines of Table 1. The operating conditions of
various turbine stages can also be indicated in Fig. 6: it can be seen
that the working fluid selection philosophy discussed in the previous
section yields favourable VH even at very low power outputs (engines

No 1-5). When high VR become unavoidable, as in engines operating under
large temperature spans, a two (engines No 10 and 13) or multi-stage
(engines No 8 and 9) solution is chosen.

As above said, the curves of Fig. 6 represent the limiting efficiency,
achievable only by operation at optimum values of kis and NS. While op-
timum kis could be actually maintained for all considered turbines, NS
quite far from optimum had to be selected in some cases, with and im-
portant efficiency decrease, as shown in Fig. 7 (from /25/). It is the
case of the first stages of pluristage turbines, and of the two stages
of engine No 13, where the speed of revolution was selected at a lower
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than optimum value for direct drive of a 50 Hz generator. It should be
pointed out that the curves of Fig. 7 were obtained for a constant VH
value (v 0.06 m). Quite lower efficiencies are found for stages having
lower VH, as shown in Table 3. The combined effects of low VH and NS
are so strong for the first stages of engines No 8, 9 and 10, that the
adopted solution, an impulse stage with partial admission, becomes prac-
tically mandatory.

Engine No|VH, m |4n 3.2 Heat Exchangers
L% 0.065 | O 3.2.1 Evaporators
3,4,5 0.056 | O The following types of evaporators we-
6 0.129 | O re employed during the experimental
7 0.124 | 0 activity reported herewith: pool-boi-
81 0.020 |-0.21 lers, reboilers and once through eva-
IT 0.039 |-0.08 porators. Provided the evaporating
III 0.061 | O pressure is not exceedingly low (in
IV 0.098 | O which case hydrostatic heads could ad
91 0.016 |-0.38 versely affect the heat transfer pro-
II 0.051 [-0.02 cess), pool-boiling heat exchangers
I11 0.114 [ O were found the simplest to design and
10 I 0.016 |-0.18 to run, also owing to their intrinsic
II 0.092 | 0 heat storing capability. Once through
11 0.093 [ O boilers, even at sub-critical pressu-
12 0.066 | O res, were found the best solution to
13 1 0.031 |+0.01 minimize working medium inventory in
FE 0.066 |+0.01 the case of costly fluids (engines No
8-9 of Table 1).

TAB. 3 Efficiency decrease

from values of Fig.7 3.2.2 Condensers

due to parameter VH. Volume flow at condensers inlet being
similar to turbine exhaust flow, the need of free flow area is related
directly to turbine size. Low speed, Targe diameter turbines imply a
free access of vapour to the whole boundary of the condenser tube
bundle. Some low drag penetration lines to the bundle cere were necessa-
ry in special cases. Tubes with low integral fins were found an advisa-

ble solution to reduce condensers' size and, to a lesser extent, cost.
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3.2.3 Regenerators

Regenerator is a characteristic heat transfer equipment in organic fluid
cycles. In the case of large source/sink temperature ratios and for
fluids having complex molecules, cycle efficiency is extensively depen-
dent on regenerator effectiveness. Furthermore, only counter-flow heat
exchangers offer an adequate performance. For technological reasons,
true counter-flow configurations are extremely difficult to be achieved
in a heat exchanger in which volume flows in the cold and hot sides can
be several order of magnitude different. Ordinary configurations featu-
re local cross-flow, overall counter-flow arrangements, with finned sur-
face vapour-side and tubular surface liquid-side. Eight to ten passages
can be requested to achieve a satisfactory degree of counter-flow effec
tiveness. As in the case of condensers, turbine exhaust volume flow,
often selected to obtain a desired turbine size and rotating speed, has
a determining 1influence on regenerator configuration. Low speed large
diameter turbines call for a large free-flow area regenerator which is
sometimes difficult to install within a given engine frame.

4 Control items

The control of an Organic Rankine Cycle engine is conceptually analogous
to the control of a conventional steam plant. However, a few practical
differences are worth to be discussed:

a. Organic fluid engines are typically low power machines, to be used
in adverse environment (industrial or rural) without skilled opera-
tors. Low cost and reliability are primary factors for the selection
of the control subsystem.

b. The fluid inventory is generally as low as possible to minimize cost
and hazard, while the mass flow in the expander is much higher then
in a steam plant of the same power. Hence, the time for the hot well
to be emptied or, conversely, for the evaporator to be overfilled du
ring transients is generally lower and a faster level control system
is often required.

c. High molecular mass fluids yield Tow peripheral and low fluid velo-
cities. As a consequence, some degree of control inaccuracy, yielding
for instance a temporary flow of low quality vapour in the turbine,
can be tolerated.

d. Even in the engines having an impulse stage, the reduction of output
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power is preferably obtained by throttling the admission instead of
decreasing the arc of admission. The losses due to throttling are in
part recuperated as thermal energy in the regenerator,

e. The number of ftems to be connected by fittings to the working fluid
path has to be as low as possible, each connection being a potential
source of leak. For this reason the number of controlled parameters
is generally lower then in steam plants.

A general rule for control philosophy cannot be given due to the diffe-
rent uses of the power produced.

In Table 4 the admission valve mode of operation is presented for the
various kind of generators adopted in the engines of Table 1.

USE OF POWER MODE TYPE OF GENERATOR ADMISSION VALVE
MODE OF OPERATION
ELECTRIC GENERATOR STAND ALONE AC SYNCHRONOUS MODULATING ( ISOCHRONOUS BR
OROBP CONTROL)

STAND ALONE WITH ASYNCHRONQUS WITH CAPACITORS | ON-GFF

BATTERY STORAGE AND RECTIFIER

GRID. OPERATION ONLY ASYNCHRONOUS ON-0FF

BOTH GRID AND STAND SYNCHRONOUS WITH, ROTATING ON-0FF MODULATING

ALONE BRIDGE FOR SYNCHRONISATION (TSOCHRONDUS OR DROOP COKTROL)
MECHANICAL DRIVE OF PUMP OR COMPRESSOR ON-0FF

TAB. 4 Admission valve operation vs. use of shaft power,

For industrial heat recovery applications in developed countries, the
asynchronous generator with an on-off admission valve (sTow opening/
fast closing) seems to be the best option. In fact, the advantages of
supplying power during grid failure and of improving the power factor
seldom compensate for the higher cost of the synchronous solution.
Moreover, Italian experience with cogenerating gas turbines in the few
hundred kW range has shown that it is difficult to avoid occasional
counterphase operation of small generators in a disturbed grid /27/.
The use of a high speed, 400 Hz asynchronous generator-was tried by
the authors as a way to provide, through a rectifier, DC current to
lead-acid batteries. In this case the required reactive power is given
by three capacitors with a solid state control to keep the voltage wi-
thin an acceptable range. A more costly but probably more efficient op-
tion is to utilize a permanent magnet multi-pole synchronous generator.
This solution was adopted e.g. by Barber /28/ for a 25 kW engine.
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