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drum. The plurality of tubes have fluid
passageways therein extending from
the lower drum to the upper drum. A
duct is provided having a heating gas
passageway provided therein.  The
at least one tube extends through the
heating gas passageway. The fluid
passageways define an overall flow
path from the lower drum to the
upper drum extending in a direction
substantially counter- current to an
overall flow path defined by the heating
gas passageway extending from a gas
inlet of the heating gas passageway to
a gas outlet thereof.
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TITLE OF THE INVENTION

HEAT EXCHANGER HAVING A COUNTERFLOW EVAPORATOR

BACKGROUND OF THE INVENTION
Field of the Invention
[0001] The present invention relates to a heat exchanger that includes a counterflow

evaporator.

Discussion of the Background

[0002] Heat exchangers that include evaporators heated by hot gases typically suffer
from relatively large size and high cost. Further, evaporators that generate steam at a
single pressure typically exhibit poor thermal efficiency because the hot gas contacts the
tubing conveying the liquid being evaporated in a cross-flow or parallel flow configuration
at a single temperature, the saturation temperature at the pressure of interest. While
previous systems and methods have attempted to improve upon steam boiler control and
construction, these systems and methods still suffer from the drawback of cross-flow

contact between the heating gas and the evaporating liquid.

SUMMARY OF THE INVENTION
[0003] In an effort to eliminate the above drawbacks of related art heat exchangers that
include evaporators, the inventors have constructed a heat exchanger that includes a
counter-flow evaporator as described below.

[0004] The present invention advantageously provides an evaporator including a lower
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drum, an upper drum, and a plurality of tubes extending between the lower drum and the

upper drum. The tubes have fluid passageways therein extending from the lower drum to
the upper drum. A duct is provided having a heating gas passageway provided therein.
The plurality of tubes extends through the heating gas passageway. The fluid
passageways define an overall flow path from the lower drum to the upper drum extending
in a direction substantially counter-current to an overall flow path defined by the heating
gas passageway extending from a gas inlet of the heating gas passageway to a gas outlet
thereof.

[0005] The present invention also advantageously provides a heat exchanger including,
in addition to the above evaporator, a superheater having a superheater heating gas
passageway therein extending from a superheater gas inlet to a superheater gas outlet,
where the superheater has at least one superheater tube having a superheater fluid
passageway therein extending from a superheater fluid inlet to a superheater fluid outlet.
The at least one superheater pipe extends through the superheater heating gas passageway.
Additionally, an economizer is provided having an economizer heating gas passageway
therein extending from an economizer gas inlet to an economizer gas outlet, where the
economizer has at least one economizer tube having an economizer fluid passageway
therein extending from an economizer fluid inlet to an economizer fluid outlet. The at
least one economizer pipe extends through the economizer heating gas passageway.
Furthermore, the superheater heating gas outlet is connected to the heating gas inlet of the
evaporator, the heating gas outlet of the evaporator is connected to the economizer heating
gas inlet, the economizer fluid outlet is connected to the lower drum of the evaporator, and
the upper drum of the evaporator is connected to the superheater fluid inlet.

[0006] The present invention further advantageously provides a method of generating
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steam including providing a fluid flowing from a lower drum through a plurality of tubes

to an upper drum, and providing a heated gas flowing from a gas inlet of a heating gas
passageway to a gas outlet of the heating gas passageway such that the heated gas contacts
the plurality of tubes and heats the fluid within the plurality of tubes from liquid-phase to
gaseous-phase. In this method, the fluid flows through the plurality of tubes in a
substantially counter-current direction to an overall flow path of the heated gas flowing
from the gas inlet of the heating gas passageway to the gas outlet of the heating gas
passageway.

[0007] Furthermore, the present invention advantageously provides a method of super
heating steam including providing an economizer having a fluid flowing within at least
one economizer pipe from an economizer fluid inlet to an economizer fluid outlet, and
providing a evaporator having a lower drum connected through a plurality of tubes to an
upper drum, where the lower drum receives the fluid from the economizer fluid outlet, and
the fluid flows from the lower drum through the plurality of tubes to the upper drum. The
method also includes providing a superheater having at least one superheater pipe with a
superheater fluid inlet and a superheater fluid outlet, where the superheater fluid inlet
receives the fluid from the upper drum of the evaporator, and providing a heated gas
flowing through a heating gas passageway extending through the superheater, the
evaporator, and the economizer, such that the heated gas contacts the at least one
superheater pipe, the plurality of tubes, and the at least one economizer pipe. In this
method, the fluid flows through the plurality of tubes of the evaporator in a substantially
counter-current direction to an overall flow path of the heated gas flowing through the

evaporator.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] A more complete appreciation of the invention and many of the attendant
advantages thereof will become readily apparent with reference to the following detailed
description, particularly when considered in conjunction with the accompanying drawings,
in which:

[0009] Figure 1 is a front elevational view of a heat exchanger of the present invention
connected to a evaporating fluid supply pump, where front panels along duct 26 are
removed to reveal a evaporator;

[0010] Figure 2 is a perspective view of the heat exchanger of the present invention,
where the front panels along duct 26 are removed to reveal the evaporator;

[0011] Figure 3 is a cross-sectional view of an upper boiler drum and a portion of boiler
tubes of the evaporator;

[0012] Figure 4 is a schematic drawings of an alternative embodiment of a evaporator of
the present invention; and

[0013] Figure S is a partial cross-sectional view of an alternative embodiment of the heat

exchanger of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0014] Embodiments of the present invention will be described hereinafter with
reference to the accompanying drawings. In the following description, the constituent
elements having substantially the same function and arrangement are denoted by the same
reference numerals, and repetitive descriptions will be made only when necessary.
[0015] As depicted in Figures 1 and 2, the heat exchanger 10 of the present invention

includes at least an evaporator 40. Alternatively, the heat exchanger 10 can also be



WO 2008/058113 PCT/US2007/083740
provided with a first coil (referred to as an “economizer”) 30 to heat the evaporating fluid

16, which begins in a liquid phase, to a temperature below the boiling (saturation)
temperature. The evaporating fluid 16 is pumped to the economizer 30 via a supply pipe
19 by a pump 18, and the evaporating fluid travels through a series of tubes 32 that extend
across a portion of duct 20 of the heat exchanger upstream of an outlet 24 of the duct 20
carrying the heating gas 14 from the heating gas inlet. The tubes 32 extend across the duct
20 in an array 34, and the tubes can extend in a single pass arrangement or in a multi-pass
serpentine manner back and forth across the economizer, in order to achieve the desired
heat exchange between the heating gas and the evaporating fluid. Likewise, one
continuous evaporating fluid path may exist between the inlet and outlet, or more than one
path may be provided in parallel. The configuration of tubes 32 used preferably provide
an overall counter flow arrangement between the flow direction of the heating gas flowing
through the economizer 30 (bottom to top in Figure 1) from heating gas inlet 38 to heating
gas outlet 39, as compared to the flow direction of the evaporating fluid flowing through
the economizer (top to bottom in Figure 1) from evaporating fluid inlet 31 to evaporating
fluid outlet 33. The economizer 30 heats the evaporating fluid 16 from a temperature at
which the evaporating fluid is supplied to the heat exchanger at the supply pipe to a
temperature below the boiling temperature. This advantageously prevents the formation
of vapor inside the evaporating fluid passages of the economizer. When the formation of
gas in the economizer is prevented, a smaller flow area of the evaporating fluid passages
may be employed for a given maximum pressure drop.

[0016] Once the evaporating fluid 16 is heated by the economizer 30, then the heated
evaporating fluid is transported via pipe 36 past duct section 28 to a second coil (referred

to as a “evaporator”) 40. Alternatively, all of the heating from the temperature of the
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evaporating fluid supply 19 to the evaporator exit temperature may be achieved in the

evaporator 40. The evaporator 40 includes a lower drum 42, which receives the heated
evaporating fluid via pipe 36, an upper drum 44, and a series of tubes 46 having fluid
passageways therein that extend between the lower drum 42 and the upper drum 44. In
one embodiment, the evaporator 40 does not raise the temperature of the evaporating fluid
to any large extent, but rather takes care of the phase change of the evaporating fluid from
liquid to gas. In this embodiment, the economizer 30 raises the evaporating fluid
temperature close to the saturation temperature. Preferably, the economizer 30 will have a
lower evaporating fluid flow area than the evaporator 40, such that either fewer tubes flow
in parallel in the economizer and/or those tubes are of a smaller diameter. This
embodiment maximizes the heat transfer rate to the evaporating fluid in the economizer 30
and the evaporator 40, respectively.

[0017] The lower drum 42 preferably includes a temperature sensor 41 for use in
monitoring and controlling the operation of the system, and a blowdown port 43. The
upper drum 44 also preferably includes a temperature sensor 45 for use in monitoring and
controlling the operation of the system according to the method of U.S. Patent No.
7,017,529, which is incorporated herein in its entirety. The system can, optionally, be
provided with one or more level sensing means connected to one or more of the drums 42
and 44 for control according to traditional methods. In the embodiment where little
temperature change occurs across the evaporator 40, a liquid recirculation means can also
be provided to transport evaporating fluid from the upper drum 44 to the lower drum 42, in
order to assure a constant level and temperature of liquid in the evaporator tubes 46.
[0018] The tubes 46 of the evaporator 40 extend through duct section 26, which has a

heating gas passageway therein to carry the heating gas 14 that extends from a heating gas
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inlet adjacent the upper drum 44 to a heating gas outlet adjacent the lower drum 42.

Under typical operation, the evaporating fluid is in the liquid phase in the lower drum 42
and in the gas phase in a discharge pipe 56 from the upper drum 44. The evaporating fluid
is present within the tubes 46, and absorbs heat from the heating gas 14 traveling over the
outside of the tubes 46. The flow of the heating gas 14 through the evaporator 40 is in an
overall counter-current direction as compared to the flow of the evaporating fluid 16
traveling through the evaporator. In other words, the heating gas 14 is traveling through
the evaporator 40 in a downward vertical direction in the embodiment in Figure 1, while
the evaporating fluid 16 is traveling through the evaporator 40 in an upward vertical
direction. The evaporator 40 includes at least one baffle 48 within the duct section 26 in
order to force the heating gas 14 to cross the tubes 46 as the heating gas 14 travels through
the evaporator 40. The velocity of the heating gas is necessarily higher than it would be if
the heating gas flowed across the tubes 46 directly in cross flow. This increased velocity
results in increased heat transfer rate compared to the case of single-pass cross flow, thus
reducing the size of the evaporator 40. Further, if the temperature in the inlet drum 42 is
below the saturation temperature, the separation of the heating gas flow into more than one
sequential, cross-flow step allows for a more efficient heat transfer between the cooled
heating gas and the evaporating fluid. In the embodiment shown in the figures, the
spacing between the baffles 48 is constant. In another embodiment of the present
invention, the spacing of the baffles is varied. For example, the spacing can be reduced in
proportion to the temperature drop of the heating fluid, in order to keep the inlet velocity
of the fluid constant at the beginning of each cross-flow pass. The optimization of the
baffle spacing to achieve this or other optimization criteria is known in the art of heat

transfer.
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[0019] In one embodiment of the present invention, the baffles 48 are spaced to

maintain a maximum heating gas velocity through the tube bundle greater than 3 meters
per second. In another embodiment, the baffles 48 are spaced to maintain a maximum
heating gas velocity through the tube bundle greater than 6 meters per second.

[0020] In one embodiment of the present invention, the evaporating fluid 16, which is
now in the gaseous form, is transferred from the upper drum 44 to a third coil (referred to
as a “superheater”) 50 via a pipe 56. The superheater 50 brings the evaporating fluid to its
final temperature, which can be any temperature above the saturation temperature, but
below the maximum service temperature of the superheater materials of construction. In
the superheater 50, the evaporating fluid enters through an inlet 51 and travels through a
series of tubes 52 that extend across a portion of duct 20 of the heat exchanger adjacent an
inlet 22 of the duct 20 carrying the heating gas 14 from a heat source. The tubes 52 extend
across the duct 20 in an array 54, and the tubes can extend in a single pass arrangement or
in a multi-pass serpentine manner back and forth across the superheater, in order to
achieve the desired heat exchange between the heating gas and the evaporating fluid.
Likewise, one continuous evaporating fluid path can exist between the inlet and outlet, or
two or more paths can be provided in parallel. The configuration of tubes 52 used
preferably provide an overall counter flow arrangement between the flow direction of the
heating gas flowing through the superheater 50 (bottom to top in Figure 1) from heating
gas inlet 22 to heating gas outlet 23, as compared to the flow direction of the evaporating
fluid flowing through the superheater (top to bottom in Figure 1) from evaporating fluid
inlet 51 to evaporating fluid outlet 58. Once the evaporating fluid 16 is heated by the
superheater 50 to its final temperature, then the heated evaporating fluid exits the

superheater 50 via outlet 58.
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[0021] Overall the three coils of the embodiment depicted in Figure 1 are arranged so

that the heating gas 14 first reaches the superheater 50, then the evaporator 40, and finally
the economizer 30 through duct 20, which includes duct sections 25, 26, and 28. This
configuration provides a counter flow arrangement that allows the hottest heating gas to
heat the hottest evaporating fluid. Furthermore, internally each coil is run in a counter
flow configuration. Such a counter flow arrangement for an evaporator is unique. In the
steam generator of the present invention and in other designs, the fluid passageways for
the process liquid being evaporated are oriented substantially upright, such that evaporated
evaporating fluid separate from the denser liquid phase by gravity. In other designs, the
heating gas is also generally caused to flow upwards locally, such that the heating gas’s
flow is assisted by gravity buoyancy effects. However, in the present invention, the
heating gas is directed downward through the evaporator, and baffles are used to enhance
heat transfer within the evaporator by causing the heating gas to increase in velocity. This
configuration allows the evaporator to be internally counter flow in nature and has the
added benefit of reducing the overall size of the unit.

[0022] The evaporator 40 preferably includes a structure for removing droplets from the
evaporating fluid exiting the evaporator 40. The present invention includes a mist
eliminator within the upper boiler drum 44, as depicted in Figure 3. The mist eliminator
includes a housing 60 with holes 62 provided on the bottom surface thereof. The tubes 46
extend through the holes 62 and discharge the evaporating fluid within the housing 60.
This evaporating fluid contains both liquid phase and vapor phase material. Packings 66
(only one packing is shown for clarity) substantially fill the housing 60. The packings 66
are preferably sized such that they will not fall into the open ends of the boiler tubes 46.

Alternatively, the packings can be replaced by a structured media, such as layers of wire
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mesh, expanded metal screen, metal or ceramic foam, or other materials having a

substantial surface area per unit volume.

[0023] The mist eliminator further includes a mist eliminator pipe 70 that is provided
within the housing 60 in an inclined manner such that a lower inlet end 72 is within the
housing and pipe 70 extends through an opening 64 in the housing 60 such that an upper
outlet end 74 is outside of the housing 60. The mist eliminator pipe 70 has packings 76
(only one packing is shown for clarity) fully packed therein. Alternatively, the packings
76 can be replaced by a structured media, as in the case of the packings 66. In the
embodiment employing individual packings 76, the mist eliminator pipe 70 preferably is
provided with a mesh or perforated plate 73 welded to the lower inlet end 72 in order to
retain the packings 76 within the pipe 70, and a mesh or perforated plate 75 welded to the
upper outlet end 74 in order to prevent the evaporating fluid flow from carrying the
packings 76 out of the pipe 70. The velocity of the steam evaporating fluid is typically
well below fluidization velocity of the packings; however, it is preferable to provide such
mesh or perforated plates in order to prevent the packings from being carried out by the
steam evaporating fluid flow.

[0024] In this bed within a bed configuration, the mixed-phase evaporating fluid enters
the housing 60 from the tubes 46, enters the lower inlet end 72 of the mist eliminator pipe
70, and then exits the upper outlet end 74, which is fluidly connected to pipe 56. The
packings 66 are intended to intercept and coalesce the majority of liquid-phase droplets
that may be present within the evaporating fluid exiting from the tubes 46 of the
evaporator. The packings 76 within the mist eliminator pipe 70 provide for further capture
and elimination of droplets that may have made it passed the first set of packings.

[0025] In one embodiment of the present invention, the cross sectional area of the pipe

10
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70 is smaller than the cross sectional area available for fluid flow in the housing (or shell)

60. In one embodiment of the present invention, all of the packings 76 and 66 are similar
in characteristic size. In another embodiment of the present invention, the packings 66
possess a larger characteristic size than the packings 76. In another embodiment of the
present invention, the packings 76 possess varying characteristic size from the inlet end 72
to the discharge end 74. In one embodiment of the present invention, the velocity of the
gas phase evaporating fluid through the pipe 70 is below the droplet entrainment velocity
(or “superficial velocity,” which is a velocity of flow if the pipe were empty (i.e., no
media), and at which droplet shear within the pipe occurs) for the evaporating fluid in
question. In another embodiment of the present invention, when the evaporating fluid is
water, the velocity in the pipe 70 is below 5 m/sec. In another embodiment of the present
invention, when the evaporating fluid is water, the velocity in the pipe 70 is below 3
m/sec. Such velocities may be necessary to prevent droplet shear within the pipe 70 in
conjunction with a desired maximum velocity of heating gas through the bundle of tubes
46.

[0026] Figure 4 depicts an alternative embodiment of the evaporator of the present
invention. In this embodiment, the lower boiler drum 42 is provided with a supplemental
heat transfer coil 82. The heat transfer coil 82 is fed by a heat transfer fluid circuit 80 that
provides a secondary source of heat to the evaporator, and thereby allows for a reduction
in the energy transfer required from the heating gas to vaporize a fixed flowrate of
evaporating fluid. This reduction in energy can advantageously be used to reduce the
discharge temperature of the heating gas, to reduce the flowrate of heating gas required, or
to achieve a combination of these goals. This can materially reduce the heat losses in the

cooled heating gases exiting the economizer.

11
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[0027] Figure 5 depicts an alternative embodiment of the heat exchanger 110 of the

present invention, which also includes a three coil configuration. The alternative
embodiment has an inverted V-shaped evaporator, which provides evaporator with the
advantages of the present invention having a lower total height.

[0028] The first coil (referred to as an “economizer”) 130 heats the evaporating fluid 16,
which begins in a liquid phase, to a temperature below the boiling temperature. The
evaporating fluid 16 is pumped to the economizer 130 via a supply pipe 19 by a pump 18,
and the evaporating fluid travels through a series of tubes 132 that extend across a portion
of duct 120 of the heat exchanger upstream of an outlet 124 of the duct 120 carrying the
heating gas 14 from a heat source. The configuration of tubes 132 used preferably provide
an overall counter flow arrangement between the flow direction of the heating gas flowing
through the economizer 130 (bottom to top in Figure 5) from heating gas inlet 138 to
heating gas outlet 139, as compared to the flow direction of the evaporating fluid flowing
through the economizer (top to bottom in Figure 5) from evaporating fluid inlet 131 to
evaporating fluid outlet 133.

[0029] Once the evaporating fluid 16 is heated by the economizer 130, then the heated
evaporating fluid is transported via pipe 136 to a second coil (referred to as an
“evaporator’”) 140. The evaporator 140 includes two lower drums 142A and 142B, which
receive the heated evaporating fluid via pipe 136, and an upper drum 144. Alternatively, it
should be appreciated that a single lower drum 142 and multiple upper drums 144 can be
provided. In fact, embodiments having a number of upper and lower drums operated in
parallel are possible with greatly-reduced height compared to the embodiment depicted in
Figure 1.

[0030] In the embodiment of Figure 5, a first series of tubes 146A extend between the

12
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lower drum 142A and the upper drum 144, and a second series of tubes 146B extend

between the lower drum 142B and the upper drum 144. Temperature sensors and
blowdown ports can be provided in the lower boiler drums 142A and 142B, and a
temperature sensor can be provided in the upper boiler drum 144 for use in monitoring and
controlling the operation of the system. Likewise, traditional level controls and/or
recirculation piping may be provided as in the case of the embodiment of Figure 1. Note
that the blowdown ports of the lower boiler drums can be operated alternately in order to
reduce interruption to steam generation, or blowdown can be carried out simultaneously to
both lower boiler drums through one or more valves.

[0031] The tubes 146A and 146B of the evaporator 140 extend through duct sections
126A and 126B, respectively, which carry the heating gas 14. Under typical operation, the
evaporating fluid is in the liquid phase in the lower boiler drums 142A and 142B and in
the gas phase exiting the upper drum 144. The flow of the heating gas 14 through the
evaporator 140 is in an overall counter flow direction as compared to the evaporating fluid
16 traveling through the evaporator. In other words, the heating gas 14 is traveling
through the evaporator 140 in an overall downward direction in the embodiment in Figure
5, while the evaporating fluid 16 is traveling through the evaporator 140 in an overall
upward direction. The evaporator 140 includes one or more baffles 148 A and 148B within
the duct sections 126A and 126B, respectively, in order to force the heating gas 14 to cross
the tubes 146A and 146B as the heating gas 14 travels through the evaporator, thereby
increasing the heat transfer between the heating gas and the evaporating fluid.

[0032] The evaporating fluid 16, which is now in the gaseous form, is transferred from
the upper drum 144 to a third coil (referred to as a “superheater”) 150 via a pipe 156. The

superheater 50 brings the evaporating fluid to its final temperature above the saturation
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temperature. In the superheater 150, the evaporating fluid enters through an inlet 151 and

travels through a series of tubes 152 that extend across a portion of duct 120 of the heat
exchanger adjacent an inlet 22 of the duct 120 carrying the heating gas 14. The
configuration of tubes 152 used preferably provide an overall counter flow arrangement
between the flow direction of the heating gas flowing through the superheater 150 (bottom
to top in Figure 5) from heating gas inlet 22 to heating gas outlet 123, as compared to the
flow direction of the evaporating fluid flowing through the superheater (top to bottom in
Figure 5) from evaporating fluid inlet 151 to evaporating fluid outlet 158.

[0033] Once the evaporating fluid 16 is heated by the superheater 150 to its final
temperature, then the heated evaporating fluid is discharged from outlet 158.

[0034] The embodiment depicted in Figure 5 is self insulating. In this configuration, the
hottest part of the system (i.e. the superheater 150) is position inside of the heat exchanger.
Since the evaporator 140 is the next hottest part of the system, the amount of instlation
needed for the superheater is advantageously reduced. Additionally, the evaporator is
inside of the ducting that directs the heating gas to the economizer, and so the ducting
insulates the evaporator. In a standard linear arrangement of these components, it is
usually necessary to insulate the superheater against the ambient environment and insulate
the boiler against the ambient environment. In the embodiment in Figure 5, it is only
typically necessary to insulate the gas exiting the evaporator against the ambient
environment. This gas is at an advantageously lower temperature than in the embodiment
of Figure 1.

[0035] The embodiment in Figure 5 can be modified within the scope of the invention,
for example, by incorporating various extended heat transfer surfaces, such as heat transfer

fins, within the evaporator, economizer and/or superheater. The embodiment could also

14
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be modified such that the tubes 146A and 146B are oriented in a vertical orientation, or at

different angles than shown. Additionally, the embodiment can be modified to include a
V-shaped evaporator with a single lower boiler drum and two upper boiler drums, and
modification of the ducting in order to achieve the counter current flow through the
evaporator. Also, note that the economizer could be split into two economizers in the
embodiment depicted in Figure 5, such that each economizer receives heating gas from a
different side of the inverted V-shaped evaporator.

[0036] The present invention provides a system that allows for efficient heat transfer
due to the overall counter-current flow. The present invention also allows for minimized
size by controlling the Reynold’s number of the heating gas across the liquid-conveying
tubes of the evaporator independent of the tube array depth or total heat transfer area. The
present invention also allows for minimized depth of the tube array (number of rows of
tubes in the array) as well as more uniform temperatures in the tubes, thus advantageously
reducing thermal stresses as compared to an overall cross-flow configuration.

[0037] The present invention can be constructed using a housing and seal configuration
as taught in U.S. Patent No. 6,957,695 in order to further accommodate thermal expansion
with a sealing ductwork.

[0038] It should be noted that the exemplary embodiments depicted and described
herein set forth the preferred embodiments of the present invention, and are not meant to
limit the scope of the claims hereto in any way.

[0039] Numerous modifications and variations of the present invention are possible in
light of the above teachings. It is therefore to be understood that, within the scope of the
appended claims, the invention may be practiced otherwise than as specifically described

herein.
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CLAIMS:

1. An evaporator comprising:

a lower drum,;

an upper drum,;

at least one tube extending between said lower drum and said upper drum, said at
least one tube having an evaporating fluid passageway therein extending from said lower
drum to said upper drum; and

a duct having a heating gas passageway provided therein, said at least one tube
extending through said heating gas passageway, said heating gas passageway has a gas
inlet and a gas outlet,

wherein said evaporating fluid passageway defines an overall flow path from said
lower drum to said upper drum extending in a direction substantially counter-current to an
overall flow path defined by said heating gas passageway extending from said gas inlet to
said gas outlet.

2. The evaporator according to Claim 1, wherein:

said upper drum is provided at an elevation above said lower drum; and

said gas inlet is provided at an elevation above said gas outlet.

3. The evaporator according to Claim 1, wherein said duct includes at least one
baffle extending partially across said heating gas passageway.

4. The evaporator according to Claim 1, wherein said lower drum includes a
secondary heat transfer coil provided therein connected to a heat transfer fluid circuit.

5. The evaporator according to Claim 1, wherein said upper drum comprises:

a housing;

a mist eliminator pipe provided within said housing at an incline, said mist
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eliminator pipe having a lower inlet end provided within said housing and an upper outlet
end extending outside of said housing;

first coalescing media provided within said housing; and

second coalescing media provided within said mist eliminator pipe.

6. The evaporator according to Claim 5, wherein said first coalescing media have
a larger characteristic length than said second coalescing media.

7. The evaporator according to Claim 5, wherein said mist eliminator pipe has a
mesh or perforated first plate provided at the lower inlet end and a mesh or perforated
second plate provided at the upper outlet end.

8. The evaporator according to Claim 5, wherein said mist eliminator pipe has a
smaller cross sectional flow area than a cross sectional flow area in said housing.

9. The evaporator according to Claim 5, wherein said mist eliminator pipe is
configured such that a velocity of gas traveling therethrough is below a droplet
entrainment velocity.

10. The evaporator according to Claim 1, further comprising:

a second lower drum;

at least one second tube extending between said second lower drum and said upper
drum, said at least one second tube having a second evaporating fluid passageway therein
extending from said second lower drum to said upper drum; and

a second duct having a second heating gas passageway provided therein, said at
least one second tube extending through said second heating gas passageway, said second
heating gas passageway has a second gas inlet and a second gas outlet,

wherein said second evaporating fluid passageway defines an overall flow path

from said second lower drum to said upper drum extending in a direction substantially
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counter-current to an overall flow path defined by said second heating gas passageway

extending from said second gas inlet to said second gas outlet.

11. The evaporator according to Claim 10, wherein said upper drum is connected
to said lower drum via said at least one tube and is connected to said second lower drum
via said at least one second tube in an inverted V-shaped configuration.

12. The evaporator according to Claim 10, wherein:

said upper drum is provided at an elevation above said second lower drum; and

said second gas inlet is provided at an elevation above said second gas outlet.

13. The evaporator according to Claim 10, wherein said second duct includes at
least one baffle extending partially across said second heating gas passageway.

14. A heat exchanger comprising:

at least one superheater having a superheater heating gas passageway therein
extending from a superheater gas inlet to a superheater gas outlet, said at least one
superheater having at least one superheater tube having a superheater fluid passageway
therein extending from a superheater fluid inlet to a superheater fluid outlet, said at least
one superheater pipe extending through said superheater heating gas passageway;

at least one evaporator according to Claim 1; and

an economizer having an economizer heating gas passageway therein extending
from an economizer gas inlet to an economizer gas outlet, said economizer having at least
one economizer tube having an economizer fluid passageway therein extending from an
economizer fluid inlet to an economizer fluid outlet, said at least one economizer pipe
extending through said economizer heating gas passageway,

wherein said superheater gas outlet is connected to said gas inlet of said at least

one evaporator, and said gas outlet of said at least one evaporator is connected to said
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economizer gas inlet, and

wherein said economizer fluid outlet is connected to said lower drum of said at
least one evaporator, and said upper drum of said at least one evaporator is connected to
said superheater fluid inlet.

15. The heat exchanger according to Claim 14, wherein said superheater fluid
passageway has a smaller cross sectional flow area than a cross sectional flow area of said
evaporating fluid passageway.

16. The heat exchanger according to Claim 14, wherein said economizer fluid
passageway has a smaller cross sectional flow area than a cross sectional flow area of said
evaporating fluid passageway.

17. The heat exchanger according to Claim 14, wherein said superheater fluid
passageway defines an overall flow path from said superheater fluid inlet to said
superheater fluid outlet extending in a direction substantially counter-current to an overall
flow path defined by said superheater heating gas passageway extending from said
superheater gas inlet to said superheater gas outlet.

18. The heat exchanger according to Claim 17, wherein said economizer fluid
passageway defines an overall flow path from said economizer fluid inlet to said
economizer fluid outlet extending in a direction substantially counter-current to an overall
flow path defined by said economizer heating gas passageway extending from said
economizer gas inlet to said economizer gas outlet.

19. The heat exchanger according to Claim 14, wherein said economizer fluid
passageway defines an overall flow path from said economizer fluid inlet to said
economizer fluid outlet extending in a direction substantially counter-current to an overall

flow path defined by said economizer heating gas passageway extending from said
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economizer gas inlet to said economizer gas outlet.

20. A heat exchanger comprising:

a superheater having a superheater heating gas passageway therein extending from
a superheater gas inlet to a superheater gas outlet, said superheater having at least one
superheater tube having a superheater fluid passageway therein extending from a
superheater fluid inlet to a superheater fluid outlet, said at least one superheater pipe
extending through said superheater heating gas passageway;

an evaporator according to Claim 10; and

an economizer having an economizer heating gas passageway therein extending
from an economizer gas inlet to an economizer gas outlet, said economizer having at least
one economizer tube having an economizer fluid passageway therein extending from an
economizer fluid inlet to an economizer fluid outlet, said at least one economizer pipe
extending through said economizer heating gas passageway,

wherein said superheater gas outlet is connected to said gas inlet of said
evaporator, and said gas outlet of said evaporator is connected to said economizer gas
inlet, and

wherein said economizer fluid outlet is connected to said lower drum of said
evaporator, and said upper drum of said evaporator is connected to said superheater fluid
inlet.

21. The heat exchanger according to Claim 20, wherein:

said superheater fluid passageway defines an overall flow path from said
superheater fluid inlet to said superheater fluid outlet extending in a direction substantially
counter-current to an overall flow path defined by said superheater heating gas

passageway extending from said superheater gas inlet to said superheater gas outlet; and
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said economizer fluid passageway defines an overall flow path from said

economizer fluid inlet to said economizer fluid outlet extending in a direction substantially
counter-current to an overall flow path defined by said economizer heating gas
passageway extending from said economizer gas inlet to said economizer gas outlet.

22. The heat exchanger according to Claim 21, wherein:

said upper drum is connected to said lower drum via said at least one tube and is
connected to said second lower drum via said at least one second tube in an inverted V-
shaped configuration;

said superheater is provided below said inverted V-shaped configuration of said
evaporator; and

said economizer is provided above said inverted V-shaped configuration of said
evaporator.

23. The heat exchanger according to Claim 20, wherein:

said upper drum is connected to said lower drum via said at least one tube and is
connected to said second lower drum via said at least one second tube in an inverted V-
shaped configuration;

said superheater is provided below said inverted V-shaped configuration of said
evaporator; and

said economizer is provided above said inverted V-shaped configuration of said
evaporator.

24. A method of generating steam comprising:

providing a fluid flowing from a lower drum through at least one tube to an upper
drum;

providing a heated gas flowing from a gas inlet of a heating gas passageway to a
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gas outlet of the heating gas passageway such that the heated gas contacts the at least one

tube and heats the fluid within the at least one tube from liquid-phase to gaseous-phase,

wherein the fluid flows through the at least one tube in a substantially counter-
current direction to an overall flow path of the heated gas flowing from the gas inlet of the
heating gas passageway to the gas outlet of the heating gas passageway.

25. The method according to Claim 24, further comprising providing at least one
baffle within the heating gas passageway to direct the heated gas across the at least one
tube as the heated gas flows from the gas inlet to the gas outlet.

26. The method according to Claim 24, further comprising providing a secondary
heat transfer coil within the lower drum to heat the fluid within the lower drum.

27. The method according to Claim 24, further comprising providing a mist
eliminator at the upper drum to remove liquid droplets suspended in the gaseous phase of
the fluid as the fluid travels through the upper drum.

28. The method according to Claim 27, wherein the mist eliminator includes:

a housing;

a mist eliminator pipe provided within the housing at an incline, the mist
eliminator pipe having a lower inlet end provided within the housing and an upper outlet
end extending outside of the housing;

first coalescing media provided within the housing; and

second coalescing media provided within the mist eliminator pipe.

29. The method according to Claim 28, wherein the mist eliminator pipe is
provided with a smaller cross sectional flow area than a cross sectional flow area in the
housing.

30. The method according to Claim 28, wherein a velocity of gas traveling
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through the mist eliminator pipe is maintained below a droplet entrainment velocity.

31. The method according to Claim 28, wherein a velocity of gas traveling
through the mist eliminator pipe is maintained below 5 meters per second.

32. The method according to Claim 28, wherein a velocity of gas traveling
through the mist eliminator pipe is maintained below 3 meters per second.

33. The method according to Claim 28, further comprising providing a plurality of
baffles within the heating gas passageway to direct the heated gas across the at least one
tube as the heated gas flows from the gas inlet to the gas outlet, wherein said plurality of
baffles are spaced to maintain a maximum velocity of heated gas flow at greater than 3
meters per second.

34. The method according to Claim 33, wherein said plurality of baffles are
spaced to maintain the maximum velocity of heated gas flow at greater than 6 meters per
second.

35. The method according to Claim 24, further comprising:

providing a second fluid flowing from a second lower drum through at least one
second tube to the upper drum,;

providing a second heated gas flowing from a second gas inlet of a second heating
gas passageway to a second gas outlet of the second heating gas passageway such that the
second heated gas contacts the at least one second tube and heats the second fluid within
the at least one second tube from liquid-phase to gaseous-phase,

wherein the second fluid flows through the at least one second tube in a
substantially counter-current direction to an overall flow path of the second heated gas
flowing from the second gas inlet of the second heating gas passageway to the second gas

outlet of the second heating gas passageway.
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36. The method according to Claim 35, wherein the upper drum is connected to

the lower drum via the at least one tube and is connected to the second lower drum via the
at least one second tube in an inverted V-shaped configuration.

37. A method of super heating steam comprising:

providing an economizer having a fluid flowing within at least one economizer
pipe from an economizer fluid inlet to an economizer fluid outlet;

providing a evaporator having a lower drum connected through at least one tube to
an upper drum, where the lower drum receives the fluid from the economizer fluid outlet,
and the fluid flows from the lower drum through the at least one tube to the upper drum;

providing a superheater having at least one superheater pipe with a superheater
fluid inlet and a superheater fluid outlet, where the superheater fluid inlet receives the fluid
from the upper drum of the evaporator; and

providing a heated gas flowing through a heating gas passageway extending
through the superheater, the evaporator, and the economizer, such that the heated gas
contacts the at le~ast one superheater pipe, the at least one tube, and the at least one
economizer pipe,

wherein the fluid flows through the at least one tube of the evaporator in a
substantially counter-current direction to an overall flow path of the heated gas flowing
through the evaporator.

38. The method according to Claim 37, wherein a cross sectional flow area
through the at least one superheater pipe is smaller than a cross sectional flow area through
the at least one tube.

39. The method according to Claim 37, wherein a cross sectional flow area

through the at least one economizer pipe is smaller than a cross sectional flow area
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through the at least one tube.

40. The method according to Claim 37, wherein the fluid flows through the at least
one superheater pipe in a substantially counter-current direction to an overall flow path of
the heated gas flowing through the superheater.

41. The method according to Claim 38, wherein the fluid flows through the at least
one economizer pipe in a substantially counter-current direction to an overall flow path of
the heated gas flowing through the economizer.

42. The method according to Claim 37, wherein the fluid flows through the at least
one economizer pipe in a substantially counter-current direction to an overall flow path of
the heated gas flowing through the economizer.

43. The method according to Claim 37, wherein:

the evaporator has a second lower drum connected through at least one second tube
to the upper drum, where the second lower drum receives the fluid from the economizer
fluid outlet, which fluid flows from the second lower drum through the at least one second
tube to the upper drum;

the heated gas contacts the at least one second tube as the fluid flows through the
evaporator; and

the fluid flows through the at least one second tube of the evaporator in a
substantially counter-current direction to the overall flow path of the heated gas flowing
through the evaporator.

44. The method according to Claim 43, wherein the upper drum is connected to
the lower drum via the at least one tube and is connected to the second lower drum via the
at least one second tube in an inverted V-shaped configuration.

45. The method according to Claim 44, wherein:

25



WO 2008/058113 PCT/US2007/083740
the superheater is provided below the inverted V-shaped configuration of the

evaporator; and

the economizer is provided above the inverted V-shaped configuration of the
evaporator.

46. The method according to Claim 43, wherein the fluid flows through the at least
one superheater pipe in a substantially counter-current direction to an overall flow path of
the heated gas flowing through the superheater, and wherein the fluid flows through the at
least one economizer pipe in a substantially counter-current direction to an overall flow

path of the heated gas flowing through the economizer.
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