CASCADED ORGANI C RANKI NE CYCLE SYSTEM BACKGROUND The present
di sclosure relates generally to Organic Rankine Cycle (ORC) 5systens
and, nore particularly, to a cascaded organi ¢ Ranki ne cycle. The

Organi ¢ Ranki ne Cycle éCRC%}is a vapor power cycle with an organic
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such as the addition of a vapor-to-liquid recuperator.

A main thermodynamic irreversibility in organic Rankine cycles is caused by
the large temperature difference in the evaporator between the temperature of the
waste heat stream and the boiling refrigerant. The higher the waste heat stream

20  temperature the greater this irreversibility becomes. One way to reduce this loss is to
cascade two thermodynamic cycles together where a cycle operating at higher

temperatures rejects heat to a cycle operating at lower temperatures.

SUMMARY
25

A cascaded Organic Rankine Cycle (ORC) system according to an exemplary
aspect of the present disclosure includes a bottoming cycle in thermal
communication with a topping cycle through a condenser/evaporator in which a
bottoming cycle working fluid is first evaporated and then superheated and a topping

30  cycle working fluid is first desuperheated and then condensed such that a percentage
of total heat transfer from the topping cycle fluid that occurs during a saturated
condensation is equal to or less than a percentage of total heat transfer to the

bottoming cycle fluid that occurs during a saturated evaporation.



30 cycle working fluid is first desuperheated and then condensed such
that a percentage of total heat transfer fromthe topping cycle fluid
that occurs during a saturated condensation is equal to or |ess than
a percentage of total heat transfer to the bottom ng cycle fluid that
occurs during aAsathedoedpaatappoa asscaded Organic Rankimee€hadd (ORCY pestaniing
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detai |l ed description of the disclosed non-limting enbodi nent. The
10drawi ngs that acconpany the detail ed description can be briefly

descri bed as fol | ows: BRIEF DE§GRIPTION QFSEHERRAWEYGYr am of a

cascaded organi c rankine cycle with a topping cycle and a bottomi ng
cycl e; Figure Narpua fFBunts agtlaacbure apperebbta dwisegkidlgd lia; theiaguirem3the s
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t he evaporating and then superheating bottom ng fluid (R245fa).
DETAI LED DESCRI re)N is a schematic diagram of a cascaded organic rankine cycle with a
topping cycle and a bottoming cycle;
Figure 2 is a TS-diagram for the bottoming cycle;
Figure 3 is a TS-diagram for the topping cycle; and
15 Figure 4 is a plot of temperature profiles in the counter-flow heat exchangers
of the de-superheating and then condensing topping fluid (Siloxane MM), and the

evaporating and then superheating bottoming fluid (R245fa).

DETAILED DESCRIPTION
20

Figure 1 schematically illustrates a cascaded Organic Rankine Cycle (ORC)
system 20. The cascaded ORC system 20 includes at least two Rankine cycles,
where a relatively hotter topping cycle 22 is cascaded with a relatively cooler
bottoming cycle 24. In the disclosed non-limiting embodiment, the topping cycle 22

25  uses Siloxane MM as the working fluid while the bottoming cycle 24 uses R245fa. It
should be appreciated, however, that additional cycles and other working fluids may
additionally be utilized.

The topping cycle 22 generally includes a power producing turbine 26 which
is driven by the working fluid to drive a generator 28 that produces power. A

30  refrigerant pump 30 increases the pressure of the working fluid from a
condenser/evaporator 32. The heat exchanger group that transfers heat from the
topping cycle 22 to the bottoming cycle 24 is referred to herein as the

“condenser/evaporator” 32, although it should be understood that it may also include



20 Figure 1 schematically illustrates a cascaded Organi ¢ Ranki ne
Cycle (ORC) system 20. The cascaded ORC system 20 includes at | east
two Ranki ne cycles, where a relatively hotter topping cycle 22 is
cascaded with a relatively cooler bottom ng cycle 24. In the
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15 working fluid and ultimately condenses the working fluid back to liquid for
communication through the pump 30. The condensed working fluid is then circulated
to the evaporator 34 by the pump 30 to complete the topping cycle 22.
The bottoming cycle 24 generally includes a power producing turbine 36
which is driven by the working fluid in the bottoming cycle and in turn drives a
20  generator 38 that produces power. A refrigerant pump 40 increases the pressure of
the working fluid from a recuperator 40. The bottom cycle working fluid is in
thermal communication with a cooling system such as a water circuit 42 through a
water cooled condenser 44.
By the nature of the proposed cycle, the vapor entering and leaving turbine 36
25  is highly superheated. The energy potential of the superheated vapor at the turbine
exit is not wasted, but is fed into a recuperator 46. The recuperator 46 transfers heat
from the low-pressure hot vapor from the turbine exit to the high pressure liquid at
the pump exit.
The recuperator 46 uses this superheat to preheat the liquid working fluid
30 downstream of the pump 40. That is, if a cycle is driven to high turbine inlet
superheat, then turbine outlet superheat will be high. The availability of this heat is
thereby captured to maintain cycle efficiency as the recuperator 46 is an internal heat
exchanger. When the low pressure side of the topping cycle 22 is de-superheated, it

1s essentially recuperated into the bottoming cycle 24 which is where high superheat
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10 In the disclosed non-limting enbodinent, the turbine 26 is a
radi al inflow turbine that expands the topping cycle working fluid
vapor down to a |ower pressure and generates power by the extraction
of work fromthis expansion process. The vapor is still superheated
so that i tis aplaeredpdyletehing|ofitie woiking Beids and He messures Searead\iag bragasdhis
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wor ki ng f 1 0 dRG ultimately condenses the working fluid back to

liquid for conpuyrealpeenon 40 ©ealy hhke W@llﬁ%4y&8@40ﬁ@(ﬂl€d1t&pﬁng/@9&b ng

fluid is then circulated to the evaporator by the punp 3

conpl et e tih@ot HspPPHEcdyisy waste heat is captigedut rﬁon@en@v&vepmtoge’»ﬁer%@thy
| ud

o o8 R RGOt AU It SRS S L b IS

t hat pr Odu%sfepmmyerat&erﬁfémgﬁ@ﬂtmmmeﬁﬂ)cbmmaﬁablliﬁjle pressure of
the working fluid froma recuperator 40. The bottom cycle workin
fluid is in theige onthaWscat ilon dirgmmy fopofhenPolpayng Sislan %s

wat er CirGthher §@r/é\}% Qe 32 MBaLeLs &Qﬁg%gtuﬁ%&j 8'(a fén &Multgﬂﬁaﬂgngsg

of the propose cyc t he vapor entering an eaV| n tur
is highlyts lbpﬂmg)s&bmdhe Tehnap@rm@r g9. ﬂihe emdemermﬁaﬁomaosiq)banhetherehbamqher

at the turbine exi.t is no |sfed|nt r 46.
The r d0unaPittarnh ot SAGHbIaT IR Siaft epallivh i By P E PRIy 1B et
fromthe tubEBR B hirbing 3%“&21@'29& d%oelﬁgh!’y%ubérﬁéﬁtéh afhd J&@uﬁ%‘rﬁf@r £ hdes
The recuperator 46 uses this superheat "t 0 preheat the |iquid working

fluid 30 thicvmait(staterd ®f3)tthéae€pttlh¢)hk$b prephiare wagking filugd (sfate & to 6). d¥izingroft o

hi gh tur bi | et t t ] et h L]
i oh. | The (B ECPRBFT (1 GRCERIE Rodt Pl iErar St dPER P e

cycl e effilgds@RerastdiRe ahe Chepeoat PEocdét théredibiodl &l stat ahe dhicxefanRge! -
When the | ow pressure side of the to g@l ng cycle 22 is de-superheated,
it isléssemreahea) ensfprereauagdi fiem tthee d9pdensei/eigpesptdre 324 apfi & hlarger

where hi 9 C?C%H QS?'&'IF{ ?%igﬁ‘rﬂh?ﬁ e(ijlea %Eﬁllale o(%];tlrié]l%ﬁ%@t{skl ng fluids and

t he pressures ereo S |n rac The

recuperator 46 H1§.1rer3l shoivg at e dta(g’fehm)mrrtge eppirg; dle 28 The eiu@pﬂaten@f the
cycle 22 is not recuperated, its waste heat is captured by

condenser /eRRpDF ¥ DRIEDE 264 ek FEpEcaFd Dhf @Fﬂcyp@eiﬁéﬁﬁ@apéﬁﬁl Je%tead
d h
avoi eattﬁ@ﬁ)ﬁx??feérgsgl%% gb%gf ?lu&f)vdﬁ'op A& %Hﬁal@@ Ak thd Erﬁ@ﬁnﬁé cycle high-

t enperature M nNi M ze process Irreversi
Fi gur @02 gheraseawdi®ingy dgidain siuplerltehlted bothorhedice of @l kea24. mdleenle such as

Femper at UrGORRIR of BiepORBE CorBaRPGS 1f ABiEHs *oeled seLish dgme: The
condenser rgxap@katief st tdRibife LK Lillgal ghtlyNBperheated.

Figure 4 represents an idealized counter-flow heat exchanger. The x-axis is

normalized enthalpy change of each fluid, and the y-axis is temperature. The x-axis

25 is based on the First Law of Thermodynamics which can be written for a heat

exchanger as:
TﬁA ChA - hA m&r} = ﬂa’B (hB out hB in)

Where the subscripts A and B refer to streams A and B respectively, m is the

mass flow rate, and % is the enthalpy of the fluid.
30 In Figure 4, the warmer fluid (A) is shown to travel from right to left, and the
colder fluid (B) to travel from left to right through the heat exchanger. Heat
transfers from fluid A to fluid B; therefore, fluid A’s enthalpy decreases while fluid

B’s enthalpy increases. For each section of the heat exchanger the above equation
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10 refrigerant fromstate 6 to 1. The state 1 condition is highly
superheated. The exit state fromthe turbine 36, state 2, is also
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An ideal arrangement is when the temperature difference throughout the heat
20  exchanger remains relatively constant. Since vapor heat exchange usually has a
lower heat transfer rate than saturated, it may be desirable to maintain a somewhat
higher temperature difference in this region, typically up to or equal to 1 to 2 times.
For the ORC system 20, the condenser/evaporator 32 heat exchanger has two major
regions. The first (on the left in Figure 4) is saturated for both fluids and the
25  temperature profiles are flat. This section covers about 40 percent of the total heat
transfer in the disclosed non-limiting embodiment. The second (on the right in
Figure 4) is superheated and temperature increases with enthalpy. That is, a percent
saturation for a fluid in the topping cycle 22 is maintained at 38 percent saturation
compared to a 40 percent saturation for the working fluid in the bottoming cycle 24.
30 The point where the temperature profile transitions from flat (saturated) to
increasing (vapor) will be identified herein as the “knee.” For the above goals to be
achieved, the “knee” of fluid A must lie equal to or slightly to the left of the “knee”
of fluid B in the normalized enthalpy plot. If the “knee” lies far to the left then the

saturated section may have a good heat transfer difference (typically 5 to 15F; 3 to
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5 Wien a fluid is saturated there is no change in tenperature with
change in enthal py. The change in tenperature with enthal py is
generally different for a fluid as a liquid than as a vapor;
therefore, the choice of fluid and operational tenperatures affect
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The foregoing description is eXemplary rather than definéd by t%e limitations
within. Various non-limiting embodiments are disclosed herein, however, one of

ordinary skill in the art would recognize that various modifications and variations in
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The sel ection of a high superheat cascaded cycle with a

condenser/ evaporator heat exchanger transferring heat fromthe
topping cycle to the bottom ng cycle, and the sel ection of
refrigerants for the topping and bottom ng cycles and recuperator in
20 t he botligh#iofghecaboive teachings wild falbptthin thedcoeae! thg @hpenged claims. It is
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identify corresponding or 25 simlar elenents throughout the several
drawi ngs. It should al so be understood that although a particular
conponent arrangenent is disclosed in the illustrated enbodi nent,

ot her arrangenents w Il benefit herefrom Al t hough particul ar
step sequences are shown, described, and clained, it should be
understood that steps nmay be perfornmed in any order, separated or
30conbi ned unl ess otherw se indicated and will still benefit fromthe
present disclosure. The foregoing description is exenplary
rather than defined by the limtations within. Various non-limting
enbodi ments are di scl osed herein, however, one of ordinary skill in
the art would recognize that various nodifications and variations in
i ght of the above teachings will fall within the scope of the
appended clains. It is therefore to be understood that within the
scope of the appended cl ains, the disclosure nmay be practiced ot her
than as specifically described. For that reason the appended clains
shoul d be studied to determ ne true scope and content. CLAINMS



What is clainmed is: 1. A cascaded Organi ¢ Rankine Cycle (ORC
system conpri sing: 5a topping cycle; and a bottomng cycle in
thermal communi cation with said topping cycle through a

condenser/ evaporator in which a bottomn l&ycl e working fluid is
first evaporated and then superheated(aﬁgl St oppi ng cycl e worki ng
fluid is first desuperheated and then condensed such that a

per cent ageyf iEBfaﬂhechﬁat transfer fromsaid topping cycle 10 fluid
that occurs during a Saturated condensation is equal to or |ess than
a percentage of total heat transfer to said bottom ng cycle fluid
that occurs durjing a saturated evaporatjan. 2. The system as
recited in-cl aiWiﬁca%ﬁi&’@aﬂlc&Pﬁlr\ﬁ&}l@fg@&qﬁtﬁyﬁteﬁ’o@%%@f oppi ng 15
cycle iss Silox Je: 2hje systemas recited in claim1l1, wherein
sai d wor ki ng f%ﬂﬁa&h%fys%fi bottom ng cycle is R245fa. 20 4. The
system as reci tadebtiomiog ajaie in theimerleomnsaiichtivo twidnsandtoppigesycledhwagh
recuper at or. 5., The system.as recited in claim1l,. wherein both
o d" bot t GrieRHPEPP I CL A PTHH PRIy BT Feilds Eirtengborated
condenser /g4 aRQT alRfhcafed Mata e Bl eYaE vaRB@ R Lt dedp¥rehted ahd
total heat transfer. 6. The systemas recited in claim1, further
conpri si ndhen ¢ondenset! soeh that & percentage nélotaddreatiivansderi foom whidHopeing cycle

t oppi cygcl.e .t hrough.an evapor at.or., 7. The systemas,.recited jn
ci o mtd, Y el OG0 Pt B Roidpnsdiionti el REIRR & eRnloe
comuni catdfabtaMhest Saisekriot JaiTbigorbing| &clehfieidOthaf o€ BRSHE a saturated

evaporation.

2. The system as recited in claim 1, wherein said working fluid for said topping

15  cycleis Siloxane MM.

3. The system as recited in claim 1, wherein said working fluid for said

bottoming cycle is R245fa.

20 4. The system as recited in claim 1, wherein said bottoming cycle includes a
recuperator.
5. The system as recited in claim 1, wherein both said bottoming cycle fluid and

said topping cycle fluid in the condenser/evaporator are saturated over approximately

25  40% of said total heat transfer.

6. The system as recited in claim 1, further comprising a hot oil circuit in

thermal communication with said topping cycle through an evaporator.



8. A nethod of operating a cascaded Organi ¢ Rankine Cycle (ORC
systemin 5 which a bottomng cycle is in thermal comrunication with
a topping cycle conprising: mai ntai ning a percent saturation
for a working fluid in the topping cycle at |ess than a percent

sat ur ati on’-f or ’Bhwsmnmgmflmml imclape lbdilt“tbm PG 2 codngirirchitinod
as recite I I n 1 zi ane MM as
t he wor ki %Bérg}aﬁl %lnl n Cﬁ{é&i %ﬂgﬁﬁlg%g%#“ﬂg E{ ﬁ%l% %ﬁ%ﬂﬁ%f a as the
working fluid in the bottonming cycle. 10 The met hod as recited in
claim8, further conprising: 15utili qdo(gﬁ a condenser/ evagor ator as
the ther e i ntémmathed phongaing heassed gagicakineaaprle KeRCospitey in
cycl e. 11 }I@l‘f' zpq}olf't /11% 8@' %e(}]n tHeI%Jla"f'EB ultuE{!t (J?ler\zvl Or;plid&%h%g cgcl
operatlng a4 condenser ora as a condénser or t

and as 20 empeigmgor at or for the bottom ng cycl e. 12. The nethod as
recited in claim@8, wherein a "knee" f t he wor fluid in the

t oppi ng cycl e fPYRRHYNS Fld’ﬁ"fcef‘bsalt%r@fm?l s ﬂ"@ﬂflﬁglh”écgfn Hie topRing eyeleat of
the worki ngssfihati éjpé}EeIﬁ Q&uﬁ%ﬁw moﬁy@ fuift llﬁme%ttbﬁﬁﬁg SR ight in a
normal i zed ent hal py pl ot. hod as recit In claimsS§,
wherein the worki ng f|UId |n the topping cycle is at less than a 40%

satur %' Orb For ”It eme c1te Inq:lallrrr]l 8t I%urtf?e?%:%?n?ﬁg:cyd €.

utilizing Siloxane MM as the working fluid in the topping cycle; and

utilizing R245fa as the working fluid in the bottoming cycle.

10.  The method as recited in claim 8, further comprising:
15 utilizing a condenser/evaporator as the thermal interface between the

bottoming cycle and the topping cycle.

11.  The method as recited in claim 8, further comprising:
operating a condenser/evaporator as a condenser for the topping cycle and as

20  an evaporator for the bottoming cycle.

12.  The method as recited in claim 8, wherein a “knee” of the working fluid in
the topping cycle flowing right to left lies to the left of the “knee” of the working
fluid of the bottoming cycle flowing left to right in a normalized enthalpy plot.

25
13.  The method as recited in claim 8, wherein the working fluid in the topping

cycle is at less than a 40% saturation for the working fluid in the bottoming cycle.



