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(57) Abstract: A waste heat recovery apparatus, for use
with an internal combustion engine, includes a working
fluid circuit to circulate working fluid, a boiler connected
on the working fluid circuit and adapted to recover waste
heat from a source to heat working fluid, an expander
connected on the working fluid circuit to receive working
fluid from the boiler, and, a heating jacket associated with
the expander. The working fluid circuit downstream of
the boiler includes a first branch connecting to an inlet of
the expander and a second branch connecting to the heat-
ing jacket. A valve is connected on the working fluid cir-
cuit to selectively control working fluid flow to one of the
first branch for expansion and recovering work or to the
second branch to heat the expander responsive to a tem-
perature of the working fluid.
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Method and Apparatus for Heating an Expansion Machine

of a Waste Heat Recovery Apparatus

Field of the invention

The invention relates to bottoming cycle apparatuses, such as Rankine cycle
apparatuses, for recovering energy from waste heat of internal combustion engines, and

more particularly, to the expansion machine of such an apparatus.
Background and Summary

For a bottoming cycle apparatus, such as an apparatus based on the Rankine cycle,
system efficiency is related directly to the up-time, that is, the operational time during
which recovery of waste heat occurs. Inactive periods are often due to poor quality heat
being available (not enough waste heat) or due to component warm-up time (when boilers

and expansion machines are warming up).

The invention proposes a solution to increase operational time by improving thermal
management during periods of poor quality heat availability and to decrease the warm up

time of the apparatus when returning to operation.

The invention is applicable to bottoming cycles such as the Rankine cycle, the

Ericsson cycle and other waste heat recuperating cycles.

According to the invention, an expansion machine of a bottoming cycle apparatus is
connected in a working fluid circuit to receive working fluid from a heat recovery heat
exchanger, such as a boiler, vaporizer, or heat exchanger. The working fluid directed to an
expansion machine is expanded in the expansion machine to generate usable work or
energy. The expansion machine also includes a heating jacket that is connected to receive
working fluid for the purpose of heating the expansion machine. A bypass vaive controls

whether the working fluid is directed to the expansion inlet or the heating jacket.

Control of the bypass valve is based on the temperature of the working fluid (which
may be measured at the outlet of the boiler) and the temperature of the expander {(which

may be measured at a convenient location). The bypass valve may also be regulated based
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on other conditions such as, but not limited to, control of expansion machine rotational
speed, working fluid temperature regulation, or expansion machine torque demand (such as

a request to stop power generation during engine brake mode).

According to the invention, an expander may be a turbine machine, a piston
machine, a scroll, a screw, or another device capable of extracting useful work by expanding
a working fluid. A multistage expander arrangement may be used in an apparatus according

to the invention, with bypass being selectively controlled for one or more stages.
According to the invention, the heating jacket may be in the form of a water jacket.
Brief Description of the Drawings

Figure 1 is a schematic view of a typical Rankine cycle apparatus according the prior

art.

Figure 2 is a schematic view of a Rankine cycle apparatus having a bypass circuit for

. working fluid for bypassing the expansion machine.

Figure 3 is a schematic view of a bottoming cycle according to an embodiment of the
invention in which an expansion machine has a heating jacket to receive working fluid for

warming the expansion machine.

Figure 4 is a schematic view of an alternative embodiment of the apparatus of Figure

Figure 5 is an alternative embodiment of an expander in accordance with the

invention.

Figure 6 illustrates an alternative arrangement of multiple expanders having working

fluid heating jackets.
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Detailed Description

As seen in Figure 1, a typical bottoming cycle waste heat recovery apparatus includes
a vaporizer or boiler 10 to recover heat from a heat source {not illustrated), such as waste
heat from an internal combustion engine exhaust, engine coolant, engine oil cooler, or other
source, to heat a working fluid. Working fluid is carried through the apparatus by a working
fluid circuit 12, The heated working fluid exiting the boiler 10 is directed through a working
fluid circuit line 12a to an expansion machine or expander 14, which generates work by
expanding the working fluid. The expander may be a turbine, a piston engine, a scroll, a
screw, or other machine. The generated work may be transmitted through a shaft 15, and
may be used, for example, in driving an electrical generator or as mechanical power added
to the drive shaft of the internal combustion engine. Expanded working fluid is directed
through the circuit line 12b to a condenser 16, which removes heat from and condenses the
working fluid. The condensed fluid is then directed by through a circuit line 12c to a pump
18, which compresses the working fluid. A circuit line 12c carries the working fluid from the

pump 18 to the boiler 10 to repeat the waste heat recovery cycle.

As seen in Figure 2, and also known in the art, a bottoming cycle waste heat
apparatus may include a bypass valve 20 and bypass circuit 22 to direct working fluid around
the expander 14 to the condenser 16. The bypass valve 20 may be controlled to direct the
working fluid to the expander 14 through line 24 when the working fluid is at operational
condition, or through line 22 to bypass the expander 14 when the quality of the working
fluid is not sufficient for expansion, that is, there is not enough waste heat available at the
boiler 10 to heat the working fluid to an operational temperature, for example, as
superheated steam. The condenser 16 cools the working fluid received from the bypass

circuit and the cooled fluid is pumped by the pump 18 to the vaporizer/boiler 10.

The bypass valve 20 controls whether the working fluid is directed to the expander
14 or the bypass circuit 22 around the expander. When the working fluid is at an
operational temperature, the bypass valve 20 closes the bypass circuit 22 and directs
working fluid through line 24 to the expander 14. The admission of working fluid at
operational condition (i.e., as steam) to the relatively cold expansion machine can cause

thermal shock to the expansion machine. In addition, working fluid may be cooled to
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condensation temperatures in losing heat to the machine structure, causing corrosion,

pitting, or other damage.

Figure 3 illustrates an embodiment of the invention. The apparatus of Figure 3
includes a heating jacket 30 structurally associated with the expander 14. Rather than the
bypass valve and bypass circuit of Figure 2, a first branch 40 of the working fluid circuit line
12a connects to the expander 14 and a second branch 42 connects to the heating jacket 30.
A valve 44 controls whether working fluid flows through the first branch 40 or the second
branch 42. The heating jacket 30 circulates working fluid as a warming fluid around the
expander to heat it before it becomes operational or maintain a temperature between

operational phases.

The heating jacket 30 may be formed as a water jacket known in the art for cooling
engine components. The heating jacket may be one or more passageways formed to carry

working fluid in heat transfer contact with the expansion machine structure.

Check valves 52, 54 at the outlets of the heating jacket 30 and the expander 14
prevent fluid from flowing back into the heating jacket and expander. The working fluid
directed through and exiting the heating jacket 30 may optionally bypass the condenser 16,

as shown by broken line 12bc.

The bypass valve 44 may be operated based on a sensed temperature of the working
fluid exiting the boiler 10. A temperature sensor 46 at the outlet of the boiler 10, or on the
working fluid circuit 12a on the outlet side of the boiler, may be connected to provide a

temperature signal to a controller 48, which is connected to control the bypass valve 44.

The bypass valve 44 may also be regulated based on other operational conditions.
For example, flow of the working fluid to the first branch 40 may be portioned to control a
rotation speed of the expansion machine. A speed sensor 60 may he provided on the
expander output shaft 15 and connected to deliver a speed signal to the controller 48. In
addition or alternatively, the bypass valve 44 may be operated for working fluid
temperature regulation, for example, by dividing working fluid into portions flowing through
the heating jacket 30 and expansion machine 14. A temperature sensor 62 on the outlet

side of the expander {or at the inlet of the condenser) can monitor temperature of the



WO 2014/123572 PCT/US2013/051034

exiting, expanded working fluid and provide a signal the controller. As yet another
alternative, working fluid flow may be controlied responsive to expansion machine output
torque demand (such as a request to stop power generation during engine brake mode}.
The controller 48 according to this aspect of the invention is connected to receive a signal
from a device that receives the output torque of the expander, such as the drive shaft of an
internal combustion engine (not illustrated) or an electric generator/battery apparatus {also

not illustrated).

An alternative embodiment of the apparatus, shown in Figure 4, may include a
recuperator 70 upstream of the boiler 10.. Working fluid exiting the heating jacket 30 may
be carried by line 12e to the recuperator 70 to transfer energy to the working fluid entering
the boiler to improve efficiency. The working fluid exiting the recuperator 70 is carried by
line 12f to the condenser 16. This reduces the load on the condenser 16 and decreases the
amount of energy the boiler 10 must add to the fluid to generate steam. The working fluid
circuit exiting the expander 14 may also be directed through the recuperator 70, as

indicated by the broken line 12g, before being directed to the condenser 16.

As shown in Figure 5, a valve arrangement 80 for controlling the flow of working fluid
into the heating jacket 30 or the expander 14, as well as the check valves 82, 84 for working
fluid outlet, may be integrated with the heating jacket to simplify the arrangement. As
illustrated, the valve 80 on the inlet side and the outlet 86 may be formed as manifolds on

the heating jacket 30.

Figure 6 illustrates an arrangement of two expanders 114a, 114b connected in
series. Both the first expander 114a and the second expander 114b are shown with heating
jackets 130a, 130b. Each expander stage 114a, 114b includes a bypass valve 1443, 144b to
control whether the working fluid is directed through a first branch 140a, 140b to the
expander for generating work or through a second branch 142a, 142b to the respective
heating jacket 130a, 130b to heat the expander. In each arrangement, the first branch
140a, 140b further divides to a first line 150a, 150b to deliver working fluid to the expander
114a, 114b, and a second line 152a, 152b to bypass the expander. A second valve 146a,
146b controls whether the working fluid passes through the first line 1502, 150b or the
second line 152a, 152h,
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The arrangement of Figure 6 can include a controller as shown in the embodiments

of Figures 3 and 4, connected in a similar manner to control the valves.

The invention has been described in terms of preferred principles, embodiments,
and components. Those skilled in the art will understand that substitutions may be made
for the components shown without departing from the scope of the invention as defined by

the appended claims.
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Claims:
1. A waste heat recovery apparatus, comprising:
a working fluid circuit to circulate working fluid;

a boiler connected on the working fluid circuit and adapted to recover waste heat

from a source and transfer recovered waste heat to the working fluid;

an expander connected on the working fluid circuit to receive working fluid from the

bailer; and,
a heating jacket in heat transfer contact with the expander;

wherein, the working fluid circuit downstream of the boiler includes a first branch
connecting to the expander and a second branch connecting to the heating jacket, and
comprising a valve to selectively control working fluid flow to the first branch and second

branch.
2. The waste heat recovery apparatus of claim 1, comprising:

a temperature sensor disposed to sense a temperature of the warking fluid at an exit

of the boiler and generate a temperature signal representative thereof; and,

a controller connected to receive the temperature sighal from the temperature
sensor and connected to control the valve, the controller adapted to control the valve

responsive to the temperature signal.
3. The waste heat recovery apparatus of claim 1, comprising:

a condenser connected on the working fluid circuit to receive working fluid from the

expander and the heating jacket; and,

a pump connected on the working fluid circuit to receive working fluid from the
condenser, the pump adapted to compress the working fluid and direct the working fluid to

the boiler.

4, The waste heat recovery apparatus of claim 3, comprising a recuperator connected to

receive working fluid from the heating jacket and direct working fluid to the condenser.

7
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5. The waste heat recovery apparatus of claim 3, comprising a recuperator connected to

receive working fluid from the expander and direct working fluid to the condenser.

6. The waste heat recovery apparatus of claim 1, comprising a recuperator connected to

receive working fluid from the heating jacket.

7. The waste heat recovery apparatus of claim 1, comprising a recuperator connected to

receive working fiuid from the expander.

8. The waste heat recovery apparatus of claim 1, wherein the valve is mounted on the

heating jacket and wherein the first branch and the second branch extend from the valve.

9. The waste heat recovery apparatus of claim 1, wherein the valve controls working fluid

flow proportionately to the first branch and second branch.

10. The waste heat recovery apparatus of claim 1, wherein the first branch includes a first
fine connecting to an inlet of the expander and a second line bypassing the expander, and

comprising a valve to selectively control flow through one of the first line and second line.

11. The waste heat recovery apparatus of claim 1, wherein the expander is a first expander,

and further comprising:

a second expander connected on the working fluid circuit downstream of the

expander; and,
a second heating jacket associated with the second expander,

wherein, the working fluid circuit downstream of the first expander includes a third
branch connecting to the second expander and a fourth branch connecting to the second
heating jacket, and comprising a second valve to selectively control working fluid flow to the

third branch and fourth branch.

12. The waste heat recovery apparatus of claim 11, wherein the third branch includes a first
line connecting to an inlet of the second expander and a second line bypassing the second
expander, and comprising a line valve to selectively control flow through the first line and

second line.
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13. The waste heat recovery apparatus of claim 12, wherein the line valve controls working

fluid flow proportionately to the first [ine and second line.

14. The waste heat recovery apparatus of claim 11, wherein the first branch includes a first
fine connecting to an inlet of the expander and a second line bypassing the expander, and
comprising a third valve to selectively control flow through one of the first line and second

line.

15. The waste heat recovery apparatus of claim 14, wherein the third valve controls

working fluid flow proportionately to the first line and the second line.

16. The waste heat recovery apparatus of claim 11, wherein the second valve controls

working fluid flow proportionately to the third branch and the fourth branch.
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