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(57) Abstract: A first exhaust gas recirculation (EGR) valve is positioned within a first EGR passage fluidly connecting an engine
exhaust stream and an engine intake stream, while a waste heat recovery (WHR) system is used to recover heat from the EGR
stream. When the working fluid of the WHR system approaches a critical breakdown temperature, an engine control unit (ECU)
closes the first EGR valve in response to a sensor reading and opens a second EGR valve positioned with a second EGR passage flu -
idly connecting the engine exhaust stream and the engine intake stream. The second EGR flow is cooled by an engine coolant loop
before being routed into the engine intake system. The ECU also operates to divert the cooling working fluid flow away from a tur -
bine when sensors indicate characteristics of the working fluid may be damaging to the turbine.
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PROTECTION SYSTEM FOR
WHR SYSTEM AND ENGINE SYSTEM

TECHNICAL FIELD

[0001] The present device relates to system and methods which protect the working fluid
of a waste heat recovery system and the engine turbo charger from the possible damages of
overheating. Particularly, the system and methods relate to diverting potentially harmful
high-temperature exhaust fluids to prevent the breakdown of working fluid and exposure of

high- and low-pressure turbo chargers.

BACKGROUND

[0002] In internal combustion engines, when the combustion temperatures exceed about
2500 °F (about 1371 °C), atmospheric nitrogen begins to react with intake oxygen to form
compounds called nitrogen oxides (NOx). These compounds play a major role in air
pollution, particularly in high traffic areas such as cities. To reduce the formation of NOx,
combustion temperatures must be kept below the 2500 °F threshold. One way this is
achieved is by re-circulating a small amount of engine exhaust back into the engine intake
through an exhaust gas recirculation (EGR) valve.

[0003] The EGR valve controls a passageway between the intake and exhaust manifolds.
Sensors and a control unit are used to open the valve to allow the intake vacuum to draw a
portion of the exhaust stream through the valve and into the intake stream. The exhaust gas
flow dilutes the incoming air/fuel mixture and has a quenching effect on combustion
temperatures, which keeps NOx production within acceptable limits. As an added benefit, it
also reduces the engine's octane requirements which lessens the occurrence of detonation
(spark knock).

[0004] However, when a waste heat recovery (WHR) system is also used to recover
energy from the EGR exhaust flow before it enters the engine intake system, the working
fluid of the WHR can be exposed to very high temperatures. In fact, if uncontrolled, the
refrigerant can reach breakdown temperatures in the EGR cooler components—i.e., the boiler
and the super heater. To avoid this scenario, the EGR valve may be closed, allowing the
high-temperature exhaust gas to run directly to the turbo charger. Unfortunately, the turbo
chargers may also be damaged from exposure to the high-temperature exhaust.

[0005] The disclosed system and methods address these problems in the prior art by
providing a protection system for both the WHR working fluid and the engine turbo chargers.
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The system provides means for protecting against exposing either component to the
potentially damaging temperatures of the exhaust stream. Likewise, the methods provide for
protecting an engine and a WHR system from damage due to extreme high-temperature

exhaust flow.

SUMMARY

[0006] An engine system for protecting the waste heat recovery system and engine
components by diverting high-temperature EGR flow is disclosed. In basic form, the system
comprises a first exhaust gas recirculation (EGR) valve positioned within an EGR passage
fluidly connecting an engine exhaust stream and an engine intake stream, a second EGR
valve positioned within a second EGR passage fluidly connecting the exhaust stream and
intake stream, a waste heat recovery (WHR) system having a working fluid loop for
recovering heat from the first EGR stream, a sensor for determining a characteristic of the
WHR working fluid and an engine control unit (ECU).

[0007] In an embodiment of the system, the ECU diverts exhaust gas from the first EGR
into the second EGR by closing the first EGR valve and opening the second EGR valve. An
engine coolant loop provides heat exchange relationship with the high- and low-temperature
coolers of the second EGR to facilitate cooling of the EGR flow before adding to the engine
intake system.

[0008] A method of protecting engine components from condensation damage is also
disclosed. Generally speaking, the method comprises the steps of opening a first EGR valve
to divert an exhaust flow from a portion of an engine exhaust stream through a first EGR
passage, directing the exhaust flow through a super heater and a boiler coupled to the first
EGR passage, pumping a working fluid through a waste heat recovery (WHR) system fluid
loop thermally coupled to the first EGR passage, exchanging heat between the exhaust flow
and the working fluid as the two pass through the boiler and the super heater to cool the
exhaust flow, introducing the cooled exhaust flow into an engine intake stream, determining
characteristics of the working fluid, and in response to a determination of an unfavorable
characteristic, closing the first EGR valve and opening a second EGR valve to divert the
exhaust flow through a cooler and into the engine intake system.

[0009] In a further embodiment of the methods, the working fluid may be diverted to
bypass an engine turbine when the working fluid is in a state unsuitable for introduction to
the turbine. The working fluid is instead routed through an expansion valve before

continuing through the WHR loop.
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[0010] These and other embodiments of the system may be more readily understood with

reference to the following description and the appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIGURE 1 is a schematic of a engine system having an EGR system and a WHR
system; and
[0012] FIGURE 2 is a schematic of an embodiment of the protection system for a WHR

system and an Engine in accordance with the present disclosure.

DETAILED DESCRIPTION

[0013] Generally speaking, and with reference to the schematic of Fig. 1, an engine 120
operates to drive a transmission 122 which turns a drive shaft coupled to wheels and
ultimately propels a vehicle. The engine 120 is kept within a desired temperature operating
range by a cooling system 124. However, engine combustion may cause engine chambers to
exceed a 2500 °F threshold temperature at which point the production of nitrogen oxides
(NOx) reaches an unsatisfactory level.

[0014] As a means for preventing the production of NOx, an EGR system 130 is
employed. As a means for utilizing some of the energy from the heat expelled by the EGR
system 130, a WHR system 150 recovers heat from the exhaust flow through the boiler 132
and the super heater 134 and then uses the energy to drive a turbine 152. However, as the
engine exhaust gets hotter, the working fluid of the WHR begins to breakdown. The engine
controller has the ability to shut down the EGR to let the working fluid cool, but such a
situation is potentially damaging to engine components.

[0015] Accordingly, the present system 10 operates to provide a second EGR system 330
which can take over for the first EGR system 230 to allow the working fluid to cool without
creating damaging conditions for other engine components, and to thereby protect the engine
and an intake system from such damaging conditions.

[0016] With reference to FIG. 2, an embodiment of the system 10 can be seen to
comprise an engine 220 coupled to a transmission 222 and having a cooling system 224
comprised of a fan 225, radiator 227 and coolant loop 229 for maintaining a desired operating
temperature range in the engine 220. The engine 220 also includes an intake system 226 and
an exhaust system 228, as well as a first exhaust gas recirculation (EGR) system 230, a waste

heat recovery (WHR) system 250, and a second exhaust gas recirculation (EGR) system 330.
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The first EGR system 230 creates an exhaust flow by diverting a portion of the engine
exhaust stream 240 into a first passage 236 with the opening of a first EGR valve 238. The
first passage 236 connects at a discharge end to the engine intake system 226. Within the
first EGR passage 236, a super heater 234 and a boiler 232 are used to cool the exhaust flow
through the passage 236 before introducing the flow into the intake system 226.

[0017] As for the WHR system 250, the following components are fluidly connected by a
loop 251 of working fluid, preferably refrigerant: pump 253, filter 254, check valve 255,
recuperator 256, turbine 252 connected by a drive shaft 257 to a torque converter 258,
condenser 259, and sight glass 260. For certain operations, a bypass valve 262 is added
before the loop 251 enters the turbine 252, to divert working fluid directly from the super
heater 234 into a variable expansion valve 265 and then into the super recuperator 256 of the
WHR system 250. Additionally, the recuperator 256 includes its own bypass valve 263.
[0018] A second EGR system 330 is connected to bridge the engine intake system 226
and the engine exhaust system 228, arranged serially to the first EGR system 230. A second
passage 336 connects the EGR system 330 to the exhaust system 228 and, when opened, a
second EGR valve 338 allows the vacuum pressure of the intake system 226 to draw a
portion of the exhaust stream 240 into the passage 336. The exhaust flow in the second EGR
system 330 passes through a high-temperature cooler 334 and then into a low-temperature
cooler 332. Exiting the low-temperature cooler 332, the exhaust flow enters the engine intake
system 226. In order to cool the exhaust flow, the engine cooling loop 229 connects to the
low-temperature cooler 332 and high-temperature cooler 334 passing in a heat-exchange
relationship with the exhaust flow before returning to the engine 220.

[0019] Finally, an engine control unit (ECU) 270 is electronically coupled to and controls
operation of the first EGR valve 238, second EGR valve 338, the bypass valve 262 and the
recuperator bypass valve 263. Other components of the exhaust system 228 and intake
system 226 include intake throttle 280, HP-CAC 281, HP-compressor 282, LP-CAC 283, LP-
compressor 284, HP-turbine 285 with a bypass valve 286, and LP-turbine 287.

[0020] In the present system 10, a portion of the engine exhaust gas stream 240 is routed
into the first EGR passage 236, through the super heater 234 and the boiler 232, then into the
intake system 226 of the engine 220, by opening the first EGR valve 238. Heat from the
exhaust flow transfers into the working fluid (refrigerant) in the WHR system 250 through
the super heater 234 and the boiler 232. The pressure of vaporization of the hot working fluid
is dramatically decreased through the turbine 252 while still in the vapor phase.
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[0021] Unlike prior systems, however, if the temperature of the hot exhaust flow is too
high, as determined by a first sensor 290 feeding information to the ECU 270, or if the
working fluid is reaching a breakdown temperature as determined by a second sensor 292
also feeding information to the ECU 270, then the ECU will signal the first EGR valve 238 to
close and signal the second EGR valve 338 to open, thereby diverting the exhaust flow into
the second EGR system 330.

[0022] The disruption of flow through the first EGR system 230 allows the working fluid
of the WHR system 250 to cool before reaching a temperature where it may begin to break
down. Further, by opening the second EGR valve 338 of the second EGR system 330, a
portion of the extremely hot exhaust flow is diverted from the turbo charger 285 where it may
cause damage. The diverted flow enters the second EGR system 330 at passage 336. The
flow encounters a high-temperature cooler 334 where the temperature of the exhaust flow is
reduced through heat exchange with the radiator fluid loop 229. The exhaust flow continues
entering low-temperature cooler 332 where it is cooled further before being routed to enter
the engine intake system 226.

[0023] When the first EGR system 230 is bypassed, the working fluid cools and falls out
of a vapor phase. When the working fluid is not in the vapor phase as it reaches the inlet of
turbine 252, as determined by second sensor 292 feeding information to the ECU 270, then
the working fluid is diverted to pass through the variable expansion valve 265 to protect the
turbine 252. The noted sensors 290, 292 feed information to the ECU 270 related to
characteristics (e.g., temperature, pressure) of the exhaust flow and the working fluid.

[0024] Whether the low-pressure, hot gas passes through the turbine 252 or is diverted
through the variable expansion valve 265, it then passes through the recuperator 256 to
reduce the working fluid temperature on the condenser 259. After the working fluid is cooled
by the recuperator 256, it enters into the condenser 259 to return fully to liquid phase. In the
liquid phase, the working fluid can be more readily handled without damaging other system
components. The fully sub-cooled fluid passes through the sight glass 260 and into the pump
253. The pump 253 is used to control the amount of working fluid in the WHR system 250.
From the pump 253, the fluid passes through a filter 254, a check valve 255, the recuperator
256 again—the high-side fluid picks up heat from the low-side fluid returning to the
condenser 259—the boiler 232, and then the super heater 234. In passing through the latter
two components, as described above, the working fluid picks up waste heat and is changed to

vapor form.
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[0025] The bypass valve 262 is controlled by real-time signals from the ECU 270.
Preferably, the signals for the bypass valve 262 are based on either the state of the working
fluid or the status of the first EGR system 230. Sensors 290, 292, ecither temperature or
pressure, are used to feed information to the ECU 270 about the characteristics of the exhaust
stream entering the first EGR system 230 and/or the working fluid. The bypass valve 262
controls working fluid amounts through the turbine 252 by bypassing working fluid directly

to the variable expansion valve 265 when necessary, as illustrated in FIG. 2.
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CLAIMS

What is claimed is:

1. A protection system for a waste heat recovery system, the protection system comprising:

a first exhaust gas recirculation (EGR) valve positioned within a first EGR passage

which fluidly connects an engine exhaust stream and an engine intake stream;

a second exhaust gas recirculation (EGR) valve positioned within a second EGR

passage which fluidly connects the engine exhaust stream and the engine intake stream;

a waste heat recovery (WHR) system for recovering heat from a first EGR stream

passing through the first EGR passage, the WHR system comprising:

a fluid loop including a fluid pump continuously circulating a working fluid
from an outlet end of the pump to an inlet end of the pump, wherein the fluid loop
passes into and out of a thermal exchange with the first EGR stream as it passes

through the first EGR passage; and

a sensor for determining a characteristic of the working fluid passing out of

thermal exchange with the first EGR stream; and

a controller electronically coupled to the sensor, the first EGR valve and the second
EGR valve, wherein the controller closes the first EGR valve and opens the second EGR

valve in response to a signal from the sensor.

2. The protection system of Claim 1, wherein the second EGR passage is downstream of the

first EGR passage.

3. The protection system of Claim 1, wherein the sensor is a temperature sensor and the

signal is a temperature of the working fluid.

4. The protection system of Claim 1, wherein the sensor is a pressure sensor and the signal is

a pressure of the working fluid.

5. The protection system of Claim 1, further comprising an EGR cooler fluidly coupled to

the second EGR passage.

6. The protection system of Claim 5, further comprising an engine cooling loop, wherein the

engine cooling loop flows from an engine radiator into the EGR cooler.
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7. The protection system of Claim 6, wherein the EGR cooler comprises a low-temperature

cooler fluidly coupled to a high-temperature cooler.

8. The protection system of Claim 1, wherein the first EGR valve and the second EGR valve

are comprised of a single three-way valve.

9. The protection system of Claim 1, further comprising a bypass valve coupled to the WHR
fluid loop to bypass a turbine.

10. The protection system of Claim 9, wherein the bypass valve is opened when the first

EGR valve is closed.

11. The protection system of Claim 9, further comprising an expansion valve fluidly coupled
to the bypass valve wherein working fluid bypassing the turbine is directed into the expansion

valve.

12. The protection system of Claim 9, wherein the bypass valve is electronically coupled to

the controller.

13. A protection system for preventing breakdown of working fluid in a waste heat recovery

(WHR) system, the protection system comprising:

a first exhaust gas recirculation (EGR) valve positioned within a first EGR passage

fluidly connecting an engine exhaust stream and an engine intake stream;

a super heater fluidly coupled by an inlet and an outlet to the first EGR passage after
the first EGR valve;

a boiler fluidly coupled by an inlet to the super heater and by an outlet to the first
EGR passage;

a first sensor for determining a characteristic of the engine intake stream;

a waste heat recovery (WHR) system for recovering heat from an EGR stream passing

through the first EGR passage, the WHR system comprising:

a fluid loop including a fluid pump continuously circulating a working fluid
from an outlet end of the pump to an inlet end of the pump, wherein the loop passes

into and out of the boiler and then into and out of the super heater;
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a condenser coupled to the fluid loop;
a turbine coupled to the fluid loop;
a recuperator coupled to the fluid loop;

a second sensor for determining a state of the working fluid before it enters the

turbine; and

a bypass valve coupled to the fluid loop for diverting the working fluid away

from the turbine;

a second exhaust gas recirculation (EGR) valve positioned within a second EGR

passage fluidly connecting the engine exhaust stream and the engine intake stream;

a controller electronically coupled to the first EGR valve, the second EGR valve, the
first sensor, the second sensor and the bypass valve, wherein the controller opens the second
EGR valve and closes the first EGR valve in response to a signal from the first sensor, and

wherein the controller opens the bypass valve in response to a signal from the second sensor.

14. A method for protecting components of an engine system and a waste heat recovery

system comprising the steps of:

opening a first EGR valve to divert an exhaust flow from a portion of an engine

exhaust stream through an EGR passage;

directing the exhaust flow through a super heater and a boiler coupled to the EGR

passage;

pumping a working fluid through a waste heat recovery (WHR) system fluid loop
thermally coupled to the EGR passage;

exchanging heat between the exhaust flow and the working fluid as the two pass

through the boiler and the super heater to cool the exhaust flow;
introducing the cooled exhaust flow into an engine intake stream;
determining characteristics of the heated working fluid;

closing the first EGR valve to discontinue exhaust flow from a portion of the engine

exhaust stream;
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opening a second EGR valve to divert an alternate exhaust flow from a portion of an

engine exhaust stream through a second EGR passage;

exchanging heat between the alternate exhaust flow and a cooling loop to cool the

alternate exhaust flow;
introducing the cooled alternate exhaust flow into an engine intake stream.

15. The method of Claim 14, wherein the step of determining characteristics of the heated

working fluid comprises the step of sensing the working fluid temperature.

16. The method of Claim 14, wherein the step of closing the first EGR valve is done in

response to determining characteristics of the working fluid.

17. The method of Claim 16, wherein the characteristics of the working fluid comprise a

temperature close to a threshold temperature.

18. The method of Claim 14, further comprising the step of bypassing a turbine in the waste

heat recovery loop when the first EGR valve is closed.

19. The method of Claim 18, further comprising the step of expanding the working fluid in a

variable expansion valve.

10
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