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Abstract. An analysis of the application of an organic Raekarycle (ORC) to recover the heat rejected by aariat
combustion engine is presented. The selected iuRR45fa, whose real gas behavior is relevant urlle studied
conditions, as modeled by the Redlich-Kwong-Soawuatiemn of state. A single stage partial admissioraleexpander
is assumed to directly drive a synchronous two geleerator. The loss model for the flow through dhi&l blades
adopted in this work is based on the boundary ldafieory, the concept of diffusion factor, wind tehcascade tests
available in literature and the conservation eqoas for compressible flow. The basic geometry aintexsions
needed to achieve maximum expander efficiency aterrdined under several subcritical and supercaiticycle
conditions by means of a restrained design optitizaalgorithm. The optimum value for the evaporaemperature
is stablished so as to obtain the maximum powen ftike subcritical cycle, according the constructafgernatives
considered. The single stage expander design isrstmbe greatly influenced by media compressjtditd the use of
convergent-divergent profiled nozzles is promigm@chieve the highest possible performance pakmspecially at
high pressure steam generator conditions.

Keywords: organic Rankine cycle, waste heat recovery, deasegy design optimization, axial stage efficiency.
1. INTRODUCTION

Waste heat recovery from an internal combustionnengnay be achieved by an organic Rankine cycleQDR
system, as illustrated in Fig. 1. Unlike the camienal Rankine cycle, an organic fluid is usedvasking fluid, which
may be a paraffinic or aromatic hydrocarbon, aigefant fluid, ammonia-water mixture or a new gatien of silicon
based fluids. In general the organic fluids presepositive slope in the saturated steam curvibeatemperature-
entropy diagram, which will make the expander eshda be overheated. A single stage backpressyraneer is
required for these conditions, in opposition to theltiple stages condensing expander used in tim¥ecdional
Rankine cycle. Furthermore, a minimum amount afrbeat is needed at expander inlet, which make®RE& more
competitive for heat recovery at low and mediumgermture.
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Figure 1. Waste heat recovery scheme applied iotamal combustion engine (Schuster et al., 2009).
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In heat recovery application an intermediary thdrfitoéd must be used to avoid contact of the orgdhiid with the
high temperature engine exhaust. This heat exchsysgiem is usually designed considering a pinchtgmtween the
thermal oil and the organic fluid, which is physigdocated at evaporator inlet. Another pinch goiglating the
exhaust gas and the thermal oil is also considanddt is supposed to be located at the exit obthek heat exchanger.

The traditional approach of cycle analysis considecsnstant efficiency level for the expander (Cle@l., 2012).
In fact this behavior may be at least partiallyiaebd by increasing the number of stages, as redby the increase of
steam generator pressure. The consequence is r@asecof the equipment complexity and cost. In wsk it is
assumed a single stage axial expander, such waffitgency is expected to be closely related t® ¢lycle operating
conditions. The single stage expander will be prielamly designed to achieve the maximum possibieiehcy under
each specified cycle conditions. This way an irdésgt optimization performance procedure is intentiedbe
simultaneously applied to cycle and expander.

2. APPLICATION STUDY

The case studied consists of an ORC heat recovestgrsyusing R245fa as working fluid, to be appliadai
commercial internal combustion engine of the 2 MM&s. The exhaust gas is available at temperatusd I1C and
standard volumetric flow of 9420 Nm3/h. A partiadnasission axial expander is considered to directlived a
synchronous two pole electrical generator, under rtiotivation of lower cost equipment and the mactuféing
capability of the local industry.

Some premises are adopted for the cycle as deddrddew:

- For the evaporator temperature from 80°C to 128AQverheating of 5°C at expander inlet will beugto For

higher evaporator temperatures, 10°C of overheaingnsidered;

- The organic fluid is condensed at 50°C;

- The temperature difference at pinch points are dened as follows: 40°C between flue gas and thesihahd

10°C between organic fluid and thermal oil;

- Pump efficiency is supposed to be 75%.

A pinch point is characterized by the same slopthéntemperature versus heat transferred curveldibr fluids
involved. Under these assumptions the temperattokition at the hot source heat exchangers arénedtin Tab. 1,
according to the specified evaporator temperatatet and outlet temperatures and mass flow foretkigaust gas, the
thermal oil and the organic fluid, the rate of h&ansferredQ and the isentropic enthalpy drop available for the
expanderdh are shown. The temperature evolution versus rénetion of heat transferred for the three fluidsaat
evaporator temperature of 140°C is illustratediin E.

Table 1. Operation of the heat exchange systenbatitioal cycle.
Exhaust gas Thermal oil Organic fluid

Tin CC)  Tou CC) rn(kg/s) Q (KW) | Tin °C)  Tour °C) 1 (kg/s) | Tevap °C) Tin CC)  Tow (°C) 1 (kg/s) Ahis (kI/kg)
511,0 100,7 3,496 1612,4 60,7 188,2 6,406 80,0 50,3 85,0 7,989 15,59
511,0 101,4 3,496 1609,8 61,4 191,0 6,278 90,0 50,4 95,0 7,719 20,26
511,0 102,5 3,496  1605,4 62,5 193,0 6,203 100,0 50,5 105,0 7,469 24,69
511,0 104,6 3,496 1597,7 64,6 194,2 6,200 110,0 50,8 115,0 7,236 28,81
511,0 108,1 3,496 1584,6 68,1 194,2 6,305 120,0 51,0 125,0 7,010 32,62
511,0 1145 3,496 1560,5 74,5 192,3 6,624 130,0 51,2 135,0 6,775 36,15
511,0 119,8 3,496  1540,6 79,8 190,2 6,956 135,0 51,4 140,0 6,641 37,70
511,0 127,6 3,496 1510,9 87,6 190,6 7,274 140,0 51,5 150,0 6,243 40,70
511,0 140,3 3,496  1463,2 | 100,3 185,5 8,460 145,0 51,7 155,0 6,008 42,22
511,0 162,7 3,496 1378,0 | 122,7 177,2 12,355 150,0 51,9 160,0 5,632 43,64
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Figure 2. Engine exhaust gas, organic fluid andlaéoil temperature evolution versus the fractbheat transferred
at 140°C ORC evaporator temperature.
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3. REAL GASEFFECTS

The real gas behavior of R245fa is relevant undeisthdied conditions, especially near the crifozaht where the
dense gas condition is reached. The use of the dReldivong-Soave equation of state is indicated byahugt al.
(2012) to satisfactorily represent the non-idetda$ of R245fa fluid. This fact is confirmed bysaloving in Fig. 3 that
RKS results for the enthalpy and entropy deparfumetions are virtually the same as those from NtfaTabase. The
non-dimensional departure functions are plottedw®the reduced pressure for the isothermal ateediemperature
equal to 1,014. The results obtained from the Leda{esgjuation of state are also shown for comparison
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Figure 3. Enthalpy and entropy departure functiagns@uced temperature equal to 1,014 from RKS ardWesler
(Lee and Kesler, 1975) equations of state comparedlties from NIST database for the R245fa fluid.

The correspondent aero-thermal equations are demdlating the temperature and pressure stagnatistatic ratio
To/T andpy/p to the flow Mach numbevl. The non-ideal effects are accounted through théribation of the enthalpy

and entropy departure functiodby./RT. and4ds;./R and the compressibility factor Z, beiRgthe gas constant afid
the critical temperature.
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The presented expressions are obtained from a cinvstiae of the ideal gas state isentropic expokenthey are
also acceptable when this parameter show a linggaerdlency on temperature, if it is evaluated agcprivalent value
given by the arithmetic mean for Eq. (1) or by tbgdrithmic mean for Eq. (2). A variation of lessriz2o ink* is
verified for the R245fa under the cycle conditiatisdied in this work, validating the above premi3ée real gas state
isentropic exponerk, otherwise, is highly influenced by temperaturd anessure, assuming a lower value as the fluid
approaches the critical point. The large variatiok affects the sound speed as described by the fusrttahderivative
of gas dynamics (Colonna et al., 2009). Unlikeitteal behavior, a dense gas will experience areas® in the sound
velocity along an isentropic expansion (Wheeler @nd, 2013).

4. AXIAL EXPANDER PERFORMANCE

The ORC axial expander performance estimation i®dam the determination of the velocity diagramse Th
performance estimation is intended to be done @elaninary meanline design (Zhdanov et al., 2043 it shall be
dependent only on few geometrical parameters,thkemeanline curvature length to chord rdf® and the cascade
solidity g, defined as the chord length to blade spacing.rdthe velocity vectors are calculated at statimested
upstream and downstream of each blade row, wher#éaWw is supposed to be circumferentially uniforffor a known
upstream velocity,,, the downstream velocityy.wn is determined taking into consideration the amaefrthermal
energy converted into kinetic energy, the mass ewasion and the kinetic energy loss coefficient thoat specific
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blade row. The axial stage velocity diagram is cti@rized by some parameters as the axial acceler&ctorand the
degree of reaction. The axial acceleration factatefined as the ratio of downstream to upstredor exial velocities
and the degree of reaction is defined by the ratithe energy converted in the rotor channel to ttital energy
available for the stage. The axial acceleratioiofadepends on the specific mass ratio and thedimedl area ratio
through the rotor blade.

The flow loss model adopted in this work is basedrengrowth of boundary layer momentum thickness the
occurrence of diffusion on the blade profile sue&cA non-dimensional momentum thickness is obthlnedividing it
by the mean camberline lengthA correlation between th&/l and a diffusion parameter specifically stablisffied
axial turbine blades was presented by Stewartl. €1960), based on low speed cascade tests (Dohawa Erwin,
1956) and also on design data of transonic rotaddd (Stewart, et al., 1960), as given by Eq. TBg diffusion
parameteD,, proposed was called total diffusion factor, takintp account the amount of diffusion in both prees
(concave) and suction (convex) blade surfaces.

9 0003 3)

|~ 1-14D,,

The flow through a blade cascade is realized to beparposition of a uniform field and a circulatdigld, such
way a correlation can be stablished between theérmer surface profile velocity to upstream velocigitio and a
circulation parameter. This parameter is suggelsyethe application of the Kelvin circulation theoreén the inter-
blade channel. It follows that the circulation axdwone blade can be represented by the produbedflade spacing by
the difference of downstream to upstream tangemgdcities4V,. A non-dimensional parameter is obtained if the
circulation is divided by the product of the upatrevelocity and the blade chord. A linearized datien intended to
be generically applied for all axial cascades wapgased (Baljé, 1968), which was based on a citionigparameter
projected in the axial direction and on deceletptoascade experimental data. When applying thishadeto
accelerating cascades, however, the loss estimagéems to be conservative. The slope coefficienwels the
circulation parameter originally proposed were sedi (Martins, et al., 2015) by analyzing the tuebilade cascade
tests presented by Dunavant and Erwin (1956). Thetireg expression for the equivalent diffusion facis given by
the following expression, whetk,,,/C is the cascade thickness to chord ratio:
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After calculating the equivalent diffusion factaiofn Eqg. (4), the entire set of experiments weresfatiorily
matched to Stewart correlation given by Eq. (3slaawvn in Fig. 4.
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Figure 4 — Matching of experimental data (Dunaward Erwin, 1956) to the non-dimensional momenturcktigss
versus diffusion factor correlation (Stewart, ef 4960).

From the profile momentum thickness determinedhasabove description, a tridimensional momenturcktieéss
parameter can be obtained taking into considerdticher the boundary layers developed along thievealls. From
mass and momentum conservation equations beforaftardmixing boundary layers with free streamotaltpressure
ratio is obtained and then the kinetic energy logsfficient is stablished. The overexpansion lassuiting from
supersonic exit flow in convergent blades has #&tsbe considered. Disk friction and partial adnusslosses are
further taken into account. The proposed loss made validated through the comparison with someiticenl
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methods published, with experimental results ircades and turbine stages and with results fronofiadtench tests of
commercial single stage steam turbines.

5. EXPANDER OPTIMIZATION CRITERIA

The optimum expander design comprises the deterimmaf the stage geometry required to obtain th&imam
possible efficiency under the known operating ctods. Stage efficiency calculation is based oa W#elocity
diagrams and loss estimation methods describdukiprteceding section. The optimum efficiency posrdf an axial
turbine stage is usually expressed as functionhef rfon-dimensional similarity parameters specipeesiNs and
specific diameteDs, defined by Eq. (5) and Eq. (6), respectively. Bpecific speed is the parameter responsible to
specify the service conditions for which the stégyetended to work, to know: the rotational spe2dthe enthalpy
drop availabledh;s and the volumetric flow at rotor blade egit. The specific diameter incorporates the effecthef t
selected blade tip diametBr and it shall be optimized for those conditionsrespnted by the specific speed, unless
some added restriction enforces it to assume aptmum value.

N, = 0Q.! 5)
ARy

p, = Do (6)
Q?

The efficiency potential of partial admission axééhge under incompressible media and minimum ldsia is
stablished by Baljé and Binsley (1968). Macchi detdichizzi (1981) have studied the full admissixial stage
optimization under nonconventional fluids considess a perfect gas, once geometry and performasmeot be
anticipated based on previous experience. The presark adds the real gas and compressible metkatefto the
partial admission stage design. The variable tmaeimized is the total to static efficiency, onbe exit kinetic energy
is not supposed to be recovered. A flared bladggdeor a lap arrangement is predicted to accominoitie large
volume ratio at which the stage is expected touigested under the ORC operation. The lap raticefindd as the
rotor height to nozzle height ratio.

Two restrictions associated with media comprelisibare imposed to ensure acceptable performaackmit
aerodynamic load for a convergent blade and a limet flow condition for a transonic blade. A camgent profiled
blade cascade is able to produce supersonic floexiatby means of a Prandtl-Mayer corner expansimund the
trailing edge. A maximum exit Mach of 1,4 is stahkd for stationary as well for rotating converganmatfiled blade. A
supersonic inlet flow shall be avoided for a trarisdblade, as it must be free of shock waves witas across the
blade channel. A maximum inlet Mach number of G;8sfated for rotating blades, although this valugy e
considered somewhat conservative for a low spesjfeed stage.

Geometrical restrictions are also considered tarenan efficient flow path as well a feasible mawtidire, like a
maximum flare angle of 7° and a minimum throat tviof 3 mm. Some other variables are set to cohstdnes, as a
nozzle exit flow angle of 15° and a trailing edpiekness equal t6,15 mm. Surface roughness and internal clearances
are also fixed to standard values.

The following stage variables are set free to beipudated by the optimization algorithm: the specidiameter, the
degree of reaction, the blade height to tip diametto, the lap ratio, the axial solidity of nogznd rotor blades and
the number of nozzle and rotor blades. The numesaation of the restrained optimization problesrachieved by the
external penalty method, coupled with the Powedkrsle algorithm. In general 6 to 9 restrained opation iterations
were needed to achieve solution convergence, qameling respectively to about 15000 to 25000 sfayéormance
calculations.

6. SSIMULATION RESULTS

The expander stage performance is simulated underatecycle conditions indicated by the steam gatioer
pressure, as shown in Tab. 1. The convergent prafitetle use is limited to a maximum evaporator mare of
140°C, condition which the stage has reachedniit kherodynamic load. The simulations with convetginergent
profiled nozzles are extended to the supercritioalditions. The expander efficiency for both corsttue alternatives
analyzed is shown in figure 5. High efficiency shieved for a single stage design at low evapomatessure, as the
viscous losses are diminished by the high localnRlEs numbers found in organic fluid service. Thezrdasing
expander performance trend with steam generatsspre can be explained by the reduction of theifipsepeed, due
to the increase in the specific enthalpy drop abéd and decrease of the circulated organic flladsflow, as shown
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in Tab. 1. This decreasing trend is seen to bepstewith the convergent profiled nozzle design. Teéasons are
clarified after examining the stage aerodynami@peters. The stage degree of reaction, the axiglexation factor
and the rotor blade diffusion factor are shownim B and the absolute and relative flow Mach numlae shown in
Fig. 7, as function of steam generator pressurdoth graphics the convergent profiled nozzle tesaite plotted in
blue as well the convergent-divergent profiled nezare plotted in black.
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Figure 5. Expander total to static efficiency versteam generator pressure for convergent and agevedivergent
profiled nozzle design.
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For the stage equipped with convergent profiledzleszthe maximum aerodynamic load is reached imtezle
blade row at an evaporator temperature of 100°0ratite rotor blade row at an evaporator tempeeadfirl40°C. The
degree of reaction and the axial acceleration fa® seen to be sharply increased with the steamargtor pressure in
order to keep the maximum Mach number restrictidim result is a simultaneous increase of thelkénétic energy
loss and the corresponding decrease in performance.

A lower degree of reaction is shown to be enougloptimize the stage performance by the introductién
convergent-divergent profiled nozzles. In this ctise performance decrease with steam generatosyseess less
pronounced, once only a slight increase of the ele@f reaction is needed and the exhaust lossekeateunder
control. In this case the Mach number of the inéhtive rotor velocity is seen to assume its maximlimit in the
whole range of simulated cycle conditions.

The waste heat recovery cycle thermal efficiencghiswn in Fig. 8 as function of steam generatorqunes Both
the convergent profiled nozzle expander and thevexgent-divergent profiled nozzle expander consions are
considered for the cycle performance calculatiore Teal cycle performance is also shown for conspari In this
case both the pump and the expander are consigergdopic machines.
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Figure 8. Organic Rankine cycle efficiency versigam generator pressure.

The gross power produced by the expander-genenadiotha net power produced by the recovery cycleatipg at
subcritical conditions are shown in Fig. 9 for botinstructive alternatives analyzed. Ideal cycle/groresults are also
depicted for comparison. Once the amount of heaivered is seen to decrease with evaporator tetopenahile the
cycle efficiency is seen to increase, the maximyelecnet power produced is shown to take place dg¢tarmined
optimum value. This optimum evaporator temperatsrshiown to assume different values according thetaactive
conception adopted. For the convergent profiledzlgoexpander the optimum evaporator temperatut@@C and the
net power is 148 kW, while for the convergent-digemt profiled nozzle expander the optimum evaporaimperature

is 135°C and the net power is 161 kW. The idealecyould present its best performance under evaporamperature
of 140°C with a respective net power productio@4i kW.
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Figure 9. Expander generated power and cycle nptibat subcritical cycle versus evaporator tempeeat
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7. CONCLUSIONS

The application of single stage axial expander tetevhieat recovery ORC system is explored in theegptewvork.
Expander performance modeling is conducted undeglarpnary design basis, incorporating real gas@# and a loss
model based on the diffusion phenomena which tplee in the profile surfaces. A restrained optation algorithm
was successfully implemented to find the most kffit solution for each operating condition. The wigbn of
compressibility constrains are taken under a chgitey strategy, allowing the rotating blade rovb®subjected to full
aerodynamic loading. The performance simulationlteshows that the single stage partial admisaiaal expander
directly driving a two pole electrical generatoripossible solution for the ORC application urttierfluid R245fa.

The high compressibility organic fluid media is fouto have decisive importance over the single stagel
expander design. The convergent profiled nozzigesim shown to be acceptable for subcritical cgoleditions, under
an evaporator temperature below 140°C. The perfocenags markedly impaired by evaporator temperanmease due
to the kinetic energy exit loss. This result is @ngence of the need to increase the stage degreeation in order to
limit the nozzle exit Mach number. Therefore, thenwergent-divergent profiled nozzle stage promiaebetter
performance at high evaporator temperature orprsutical cycle conditions.

The optimum value for the evaporator temperaturgvldith the maximum net power output is produced by a
subcritical cycle is shown to result from the desieg trend of heat recovered and the increasirgdtiof cycle
efficiency. The optimum value for the evaporatonperature is determined for the application progdserein, taking
into account the particular expander performance.imtegrated optimization strategy is shown tohgerhost adequate
approach to determine the maximum net output fileenQRC system after the expander design conceistidefined,
as its efficiency will meaningfully affect the cecperformance.
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