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Description

BACKGROUND

[0001] The present disclosure relates to a cascaded
organic Rankine cycle.
[0002] The Organic Rankine Cycle (ORC) is a vapor
power cycle with an organic fluid refrigerant instead of
water/steam as the working fluid. The working fluid is
heated in an "evaporator/boiler" by a source of waste or
low quality heat. The fluid starts as a liquid and ends up
as a vapor. The high-pressure refrigerant vapor expands
in the turbine to produce power. The low-pressure vapor
exhausted from the turbine is condensed then sent back
to the pump to restart the cycle.
[0003] The simple rankine cycle used for power gen-
eration follows the process order: 1) Adiabatic pressure
rise through a pump; 2) Isobaric heat addition in a pre-
heater, evaporator and superheater; 3) Adiabatic expan-
sion in a turbine; and 4) Isobaric heat rejection in a con-
denser, although other cycle modifications are possible
such as the addition of a vapor-to-liquid recuperator.
[0004] A main thermodynamic irreversibility in organic
Rankine cycles is caused by the large temperature dif-
ference in the evaporator between the temperature of
the waste heat stream and the boiling refrigerant. The
higher the waste heat stream 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.
[0005] Cascaded Organic Rankine Cycle (ORC) sys-
tems are known from US 2010/319346 A1, WO
2006/104490 A1, WO 2009/045196 A1 and DE 199 07
512 A1.

SUMMARY

[0006] A cascaded Organic Rankine Cycle (ORC) sys-
tem according to an exemplary aspect of the present in-
vention includes a bottoming cycle in thermal communi-
cation with a topping cycle through a condenser/evapo-
rator in which a bottoming cycle working fluid is first evap-
orated and then superheated and a topping 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 evap-
oration, wherein only said bottoming cycle includes a re-
cuperator.
[0007] A method of operating a cascaded Organic
Rankine Cycle (ORC) system in which a bottoming cycle
is in thermal communication with a topping cycle accord-
ing to an exemplary aspect of the present invention which
includes maintaining a percentage from a fluid in the top-
ping cycle at equal or less than a percentage of total heat
transfer to a fluid in the bottoming cycle, wherein only the

working fluid in the bottoming cycle (24) is recuperated
by use of a recuperator (24).

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Various features will become apparent to those
skilled in the art from the following detailed description
of the disclosed non-limiting embodiment. The drawings
that accompany the detailed description can be briefly
described as follows:

Figure 1 is a schematic diagram of a cascaded or-
ganic rankine cycle with a topping cycle and a bot-
toming cycle;
Figure 2 is a TS-diagram for the bottoming cycle;
Figure 3 is a TS-diagram for the topping cycle; and
Figure 4 is a plot of temperature profiles in the coun-
ter-flow heat exchangers of the desuperheating and
then condensing topping fluid (Siloxane MM), and
the evaporating and then superheating bottoming
fluid (R245fa).

DETAILED DESCRIPTION

[0009] 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 dis-
closed non-limiting embodiment, the topping cycle 22 us-
es 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 addi-
tionally be utilized.
[0010] 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 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 bot-
toming cycle 24 is referred to herein as the "condens-
er/evaporator" 32, although it should be understood that
it may also include desuperheating and subcooling of the
working fluid in the topping cycle 22, and preheating and
superheating of the working fluid in the bottoming cycle
24.
[0011] An evaporator 34 such as a boiler receives a
significant heat input from, for example, an oil circuit 36
to vaporize the Siloxane MM working fluid with the vapor
thereof passed through to the turbine 26 to provide motive
power. Upon leaving the turbine 26, the relatively lower
pressure working fluid vapor passes to the condens-
er/evaporator 32 and is condensed by way of a heat ex-
change relationship with the bottoming cycle 24 such that
the condenser/evaporator 32 operates as a condenser
in the topping cycle 22 as well as an evaporator in the
bottoming cycle 24.
[0012] In the disclosed non-limiting embodiment, the
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turbine 26 is a radial inflow turbine that expands the top-
ping cycle working fluid vapor down to a lower pressure
and generates power by the extraction of work from this
expansion process. The vapor is still superheated so that
its heat potential is utilized in the condenser/evaporator
32. The condenser/evaporator 32 actually de-superheats
the 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.
[0013] 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 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 communica-
tion with a cooling system such as a water circuit 42
through a water cooled condenser 44.
[0014] By the nature of the proposed cycle, the vapor
entering and leaving turbine 36 is highly superheated.
The energy potential of the superheated vapor at the tur-
bine 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.
[0015] The recuperator 46 uses this superheat to pre-
heat the liquid working fluid 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 efficien-
cy as the recuperator 46 is an internal heat exchanger.
When the low pressure side of the topping cycle 22 is
de-superheated, it is essentially recuperated into the bot-
toming cycle 24 which is where high superheat is
achieved. Matching of the working fluids and the pres-
sures thereof facilitates this interaction.
[0016] The recuperator 46 is only in the bottoming cy-
cle 24. As the topping cycle 22 is not recuperated, its
waste heat is captured by the condenser/evaporator 32.
Both cycles are highly superheated yet avoid heat-ex-
changer pinches to minimize the heat-transfer tempera-
ture difference and minimize process irreversibility
[0017] Figure 2 shows a TS diagram for the bottoming
cycle 24. The condenser/evaporator 32 receives nearly
saturated liquid (a temperature that is close to boiling)
from the recuperator 46. The condenser/evaporator 32
boils then heats the refrigerant from state 6 to 1. The
state 1 condition is highly superheated. The exit state
from the turbine 36, state 2, is also highly superheated.
The recuperator 46 uses this heat (state 2 to 3) to heat
the high pressure working fluid (state 5 to 6). Sizing of
the recuperator 46 affects state 6. A smaller recuperator
46, for example, results in less heat transferred and there-
fore a cooler more subcooled state at 6 which results in
more heat transfer required from the condenser/evapo-
rator 32, and a larger percentage of that heat in the pre-
heating and evaporating regimes.

[0018] Figure 3 shows a TS diagram for the topping
cycle 22. The exit state of the topping cycle turbine 26 is
highly superheated, but a recuperator is not used. In-
stead, the low pressure working fluid vapor is de-super-
heated as the bottoming cycle high-pressure working flu-
id is superheated. The choice of a heavy molecule such
as Siloxane for the topping cycle 22 results in the highly
angled saturation dome. As a result, the inlet state to
turbine 26 is only slightly superheated.
[0019] 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 is based on the First Law of Thermodynamics
which can be written for a heat exchanger as: 

[0020] Where the subscripts A and B refer to streams
A and B respectively, m is the mass flow rate, and h is
the enthalpy of the fluid.
[0021] 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 trans-
fers 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 must
be true. For example, the first 10% reduction in enthalpy
of Fluid A must equal the last 10% increase of enthalpy
of fluid B. If the fluids were simple fluids with constant
specific heat, then each temperature profile would be a
straight line. When the fluids are refrigerants, the tem-
perature profiles have various non-linear shapes. When
a fluid is saturated there is no change in temperature with
change in enthalpy. The change in temperature with en-
thalpy is generally different for a fluid as a liquid than as
a vapor; therefore, the choice of fluid and operational
temperatures affect the shape of these curves. Further-
more, the choice of other system components will affect
their shape. Specifically the choice of and the size of the
recuperator 46 in the proposed cycle affects the starting
enthalpy (and therefore temperature) of stream B.
[0022] Figure 4 shows how each temperature profile
relates to the other at each physical location along the
heat exchanger. In order for heat to flow from Fluid A to
Fluid B, Fluid A must always be warmer than Fluid B. If
A gets too close to B this is referred to as a temperature
"pinch" condition. This is undesirable because a large
heat exchange area is required to exchange the enthalpy
in this region. In fact, the entire size of a heat exchanger
may be defined by a "pinch" condition. Where the tem-
perature difference is large, the thermodynamic cycle will
be less efficient since more entropy is generated by heat
exchange through larger temperature differences. An
ideal arrangement is when the temperature difference
throughout the heat exchanger remains relatively con-
stant. Since vapor heat exchange usually has a lower
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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 temperature
profiles are flat. This section covers about 40 percent of
the total heat transfer in the disclosed non-limiting em-
bodiment. The second (on the right in Figure 4) is super-
heated 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.
[0023] The point where the temperature profile transi-
tions 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 en-
thalpy plot. If the "knee" lies far to the left then the satu-
rated section may have a good heat transfer difference
(typically 5 to 15F; 3 to 8C), but the heat transfer differ-
ence of the vapor section will be too large. If the "knee"
lies too far to the right then a "pinch" condition will be
created between the two fluids. Practically the tempera-
ture difference will increase and the saturated tempera-
ture difference will be too high.
[0024] The effect of the recuperator 46 on the condens-
er/evaporator 32 in the proposed cycle is to change the
inlet enthalpy, and therefore temperature, of the colder
fluid, B. By increasing the size of the recuperator 46, the
enthalpy of the inlet of B increases by recovering heat
from the turbine exit. This results in a smaller percentage
of the total heat transfer for Fluid B occurring to the left
of the knee, shifts the knee of B to the left and results in
a pinch condition. Conversely, if the recuperator heat ex-
change is reduced or eliminated, this shifts knee of B to
the right and therefore increases the temperature differ-
ence in the vapor section. That is, a percentage of total
heat transfer from the working fluid in the topping cycle
22 that occurs during a saturated condensation is equal
to or slightly less (within 10%) than a percentage of total
heat transfer to the working fluid in the bottoming cycle
24 that occurs during a saturated evaporation.
[0025] The selection of a high superheat cascaded cy-
cle with a condenser/evaporator heat exchanger trans-
ferring heat from the topping cycle to the bottoming cycle,
and the selection of refrigerants for the topping and bot-
toming cycles and recuperator in the bottoming cycle al-
lows for optimized heat exchanger temperature profiles.

Claims

1. A cascaded Organic Rankine Cycle (ORC) system
(20) comprising:

a topping cycle (22); and

a bottoming cycle (24) in thermal communica-
tion with said topping cycle (22) through a con-
denser/evaporator (32) in which a bottoming cy-
cle (24) working fluid is first evaporated and then
superheated and a topping cycle working fluid
is first desuperheated and then condensed such
that a percentage of total heat transfer from said
topping cycle fluid that occurs during a saturated
condensation is equal to or less than a percent-
age of total heat transfer to said bottoming cycle
fluid that occurs during a saturated evaporation,
characterized in that only said bottoming cycle
(24) includes a recuperator (46).

2. The system (20) as recited in claim 1, wherein said
working fluid for said topping cycle (22) is Siloxane
MM.

3. The system (20) as recited in claim 1 or 2, wherein
said working fluid for said bottoming cycle (24) is
R245fa.

4. The system (20) as recited in any preceding claim,
wherein both said bottoming cycle fluid and said top-
ping cycle fluid in the condenser/evaporator (32) are
saturated over approximately 40% of said total heat
transfer.

5. The system (20) as recited in any preceding claim,
further comprising a hot oil circuit (36) in thermal
communication with said topping cycle (22) through
an evaporator (34).

6. The system (20) as recited in any preceding claim,
further comprising a cooling circuit (42) in thermal
communication with said bottoming cycle (24)
through a condenser (44).

7. A method of operating a cascaded Organic Rankine
Cycle (ORC) system (20) in which a bottoming cycle
(24) is in thermal communication with a topping cycle
(24) comprising maintaining a percentage of total
heart transfer from a working fluid in the topping cycle
(22) at equal to or less than a percentage of total
heart transfer to a working fluid in the bottoming cycle
(24),
characterized in that only the working fluid in the
bottoming cycle (24) is recuperated by use of a re-
cuperator (46).

8. The method as recited in claim 7, further comprising:

utilizing Siloxane MM as the working fluid in the
topping cycle (22); and/or
utilizing R245fa as the working fluid in the bot-
toming cycle (24).

9. The method as recited in claim 7 or 8, further com-
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prising utilizing a condenser/evaporator (32) as the
thermal interface between the bottoming cycle (24)
and the topping cycle (22).

10. The method as recited in any of claims 7 to 9, further
comprising operating a condenser/evaporator (32)
as a condenser for the topping cycle (22) and as an
evaporator for the bottoming cycle (24).

11. The method as recited in any of claims 7 to 10, where-
in a "knee" of the working fluid in the topping cycle
(22) flowing right to left lies to the left of the "knee"
of the working fluid of the bottoming cycle (24) flowing
left to right in a normalized enthalpy plot.

12. The method as recited in any of claims 7 to 11, where-
in the working fluid in the topping cycle (22) and the
working fluid in the bottoming cycle (24) are saturat-
ed over approximately 40 % of said total heat trans-
fer.

Patentansprüche

1. Kaskadiertes Organischer-Rankine-Kreislauf
(ORC)-System (20), enthaltend:

einen oberen Kreislauf (22); und
einen unteren Kreislauf (24) in thermischer Ver-
bindung mit dem oberen Kreislauf (22) durch ei-
nen Kondensator/Verdampfer (32), in dem ein
unterer-Kreislauf (24)-Arbeitsfluid zunächst ver-
dampft und dann überhitzt wird und ein oberer-
Kreislauf-Arbeitsfluid zuerst entüberhitzt und
dann kondensiert wird, so dass ein prozentualer
Anteil einer Gesamtwärmeabgabe von dem
oberer-Kreislauf-Fluid, die während einer gesät-
tigten Kondensation erfolgt, gleich oder geringer
ist als ein prozentualer Anteil einer Gesamtwär-
meabgabe an das unterer-Kreislauf-Fluid, die
während einer gesättigten Verdampfung erfolgt,
dadurch gekennzeichnet, dass nur der untere
Kreislauf (24) einen Rekuperator (46) aufweist.

2. System (20) nach Anspruch 1, wobei das Arbeitsfluid
für den oberen Kreislauf (22) Siloxan MM ist.

3. System (20) nach Anspruch 1 oder 2, wobei das Ar-
beitsfluid für den unteren Kreislauf (24) R245fa ist.

4. System (20) nach einem der vorhergehenden An-
sprüche, wobei sowohl das unterer-Kreislauf-Fluid
als auch das oberer-Kreislauf-Fluid in dem Konden-
sator/Verdampfer (32) über etwa 40% der Gesamt-
wärmeabgabe gesättigt sind.

5. System (20) nach einem der vorhergehenden An-
sprüche, ferner enthaltend eine Heißöl-Zirkulation

(36) in thermischer Verbindung mit dem oberen
Kreislauf (22) durch einen Verdampfer (34).

6. System (20) nach einem der vorhergehenden An-
sprüche, ferner enthaltend eine Kühlmittel-Zirkulati-
on (42) in thermischer Verbindung mit dem unteren
Kreislauf (24) über einen Kondensator (44).

7. Verfahren zum Betreiben eines kaskadierten Orga-
nischer-Rankine-Kreislauf (ORC)-Systems (20), bei
dem ein unterer Kreislauf (24) in thermischer Ver-
bindung mit einem oberen Kreislauf (24) ist, enthal-
tend Aufrechterhalten eines prozentualen Anteils ei-
ner Gesamtwärmeabgabe von einem Arbeitsfluid in
dem oberen Kreislauf (22) bei gleich oder geringer
als einem prozentualen Anteil einer Gesamtwärme-
abgabe an ein Arbeitsfluid in dem unteren Kreislauf
(24),
dadurch gekennzeichnet, dass sich nur das Ar-
beitsfluid in dem unteren Kreislauf (24) unter Ver-
wendung eines Rekuperators (46) regeneriert.

8. Verfahren nach Anspruch 7, ferner enthaltend:

Verwenden von Siloxan MM als das Arbeitsfluid
in dem oberen Kreislauf (22); und/oder
Verwenden von R245fa als das Arbeitsfluid in
dem unteren Kreislauf (24).

9. Verfahren nach Anspruch 7 oder 8, ferner enthaltend
Verwenden eines Kondensators/Verdampfers (32)
als die thermische Schnittstelle zwischen dem unte-
ren Kreislauf (24) und dem oberen Kreislauf (22).

10. Verfahren nach einem der Ansprüche 7 bis 9, ferner
enthaltend Betreiben eines Kondensators/Ver-
dampfers (32) als ein Kondensator für den oberen
Kreislauf (22) und als ein Verdampfer für den unteren
Kreislauf (24).

11. Verfahren nach einem der Ansprüche 7 bis 10, wobei
ein "Knie" des Arbeitsfluids in dem oberen Kreislauf
(22), das von rechts nach links strömt, in einem nor-
mierten Enthalpiediagramm links von dem "Knie"
des Arbeitsfluids des unteren Kreislaufs (24), das
von links nach rechts strömt, liegt.

12. Verfahren nach einem der Ansprüche 7 bis 11, wobei
das Arbeitsfluid in dem oberen Kreislauf (22) und
das Arbeitsfluid in dem unteren Kreislauf (24) über
etwa 40% der Gesamtwärmeabgabe gesättigt sind.

Revendications

1. Système (20) à cycle de Rankine organique (ORC)
en cascade comprenant :
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un cycle de tête (22) ; et
un cycle bas (24) en communication thermique
avec ledit cycle de tête (22) à travers un con-
denseur/évaporateur (32) dans lequel un fluide
de travail du cycle bas (24) est d’abord évaporé
puis surchauffé et un fluide de travail du cycle
de tête est d’abord désurchauffé et puis conden-
sé de telle sorte qu’un pourcentage du transfert
thermique total dudit fluide du cycle de tête qui
se produit pendant une condensation saturée
est égal ou inférieur à un pourcentage de trans-
fert thermique total vers ledit fluide du cycle bas
qui se produit pendant une évaporation saturée,
caractérisé en ce que seul ledit cycle bas (24)
comprend un récupérateur (46).

2. Système (20) selon la revendication 1, dans lequel
ledit fluide de travail pour ledit cycle de tête (22) est
le Siloxane MM.

3. Système (20) selon la revendication 1 ou 2, dans
lequel ledit fluide de travail pour ledit cycle bas (24)
est R245fa.

4. Système (20) selon l’une quelconque des revendi-
cations précédentes, dans lequel ledit fluide du cycle
bas et ledit fluide du cycle de tête dans le conden-
seur/évaporateur (32) sont saturés sur environ 40 %
dudit transfert de chaleur total.

5. Système (20) selon l’une quelconque des revendi-
cations précédentes, comprenant en outre un circuit
d’huile chaude (36) en communication thermique
avec ledit cycle de tête (22) à travers un évaporateur
(34).

6. Système (20) selon l’une quelconque des revendi-
cations précédentes, comprenant en outre un circuit
de refroidissement (42) en communication thermi-
que avec ledit cycle bas (24) à travers un condenseur
(44).

7. Procédé de fonctionnement d’un système (20) à cy-
cle de Rankine organique (ORC) en cascade dans
lequel un cycle bas (24) est en communication ther-
mique avec un cycle de tête (24) comprenant le
maintien d’un pourcentage de transfert thermique to-
tal d’un fluide de travail dans le cycle de tête (22) à
un niveau égal ou inférieur à un pourcentage de
transfert thermique total vers un fluide de travail dans
le cycle bas (24),
caractérisé en ce que seul le fluide de travail dans
le cycle bas (24) est récupéré par l’utilisation d’un
récupérateur (46).

8. Procédé selon la revendication 7, comprenant en
outre les étapes consistant à :

utiliser le siloxane MM comme fluide de travail
dans le cycle de tête (22) ; et/ou
utiliser le R245fa comme fluide de travail dans
le cycle bas (24).

9. Procédé selon la revendication 7 ou 8, comprenant
en outre l’étape consistant à utiliser un conden-
seur/évaporateur (32) comme interface thermique
entre le cycle bas (24) et le cycle de tête (22).

10. Procédé selon l’une quelconque des revendications
7 à 9, comprenant en outre une étape consistant à
faire fonctionner un condenseur/évaporateur (32)
comme condenseur pour le cycle de tête (22) et com-
me évaporateur pour le cycle bas (24).

11. Procédé selon l’une quelconque des revendications
7 à 10, dans lequel un « coude » du fluide de travail
du cycle de tête (22) s’écoulant de droite à gauche
se trouve à gauche du « coude» du fluide de travail
du cycle bas (24) s’écoulant de gauche à droite dans
un diagramme d’enthalpie normalisée.

12. Procédé selon l’une quelconque des revendications
7 à 11, dans lequel le fluide de travail du cycle de
tête (22) et le fluide de travail du cycle bas (24) sont
saturés sur environ 40 % dudit transfert thermique
total.
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