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An apparatus for generating steam within a heat exchanger. In
one aspect, the invention can be a heat exchanger comprising:
a shell having an inner surface forming a cavity, the shell
comprising an inlet for introducing the shell-side liquid into
the cavity and an outlet for allowing the vapor to exit the
cavity; a tube bundle comprising a plurality of tubes for
carrying a tube-side fluid located in the cavity and having a
longitudinal axis; a shroud circumferentially surrounding the
tube bundle and positioned between the tube bundle and the
inner surface of the shell so that an annular space exists
between the shroud and the inner surface; an opening in a
bottom portion of  the shroud that forms a passageway
between the annular space and the tube bundle; and an open-
ing in a top portion of the shroud that forms a passageway
between the annular space and the tube bundle.
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1
HEAT EXCHANGER APPARATUS FOR

CONVERTING A SHELL-SIDE LIQUID INTO
A VAPOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 611175,956, filed on May
6, 2009, the entirety of which is hereby incorporated by
reference.

FIELD OF THE INVENTION

The present invention relates generally to a method, system
and/or apparatus for converting a shell-side liquid into a
vapor, and specifically to a heat exchanger apparatus, system
and/or method for generating steam from a non-polluting
energy source, such as the sun or nuclear fission, and using the
steam for power generation.

BACKGROUND OF THE INVENTION

US 8,833,437 B2
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Existing heat exchangers generally comprise a shell (a
large vessel) having a bundle of tubes (commonly referred to
as a tube bundle) positioned within a cavity of the shell. Two
fluids of different starting temperatures flow through the heat
exchanger. One fluid, known as the tube-side fluid, flows
inside of the tubes of the tube bundle. A second fluid, known
as the shell-side fluid, flows through the cavity of the shell on 30
the outside of the tubes. The fluids may both be liquids or they
may both be gases. Alternatively, one of the fluids may be a
gas while the other fluid is a liquid. During operation of a
typical heat exchanger, heat is transferred between the two
fluids without direct contact between the two fluids. Specifi- 35
cally. heat is transferred from the hotter fluid, through the
walls of the tubes, and into the cooler fluid. The transfer of
heat without contact between the shell-side fluid and the
tube-side fluid is particularly desirable in the nuclear power
plant industry because the primary or secondary fluids may 40
become radioactive. Depending upon the fluids used and the
desired results, heat is transferred either from the tube-side
fluid to the shell-side fluid, or vice versa.

A typical solar power plant uses a preheater, a steam gen-
erator and a superheater to produce steam for introduction 45
into a turbine where that steam is converted into useful work.
In such a system, hot oil is typically used as the tube-side fluid
and water (in either liquid or vapor form) is typically used as
the shell-side fluid. A steam generator is a heat exchanger that
serves to transfer the thermal energy of hot oil to liquid water so
to convert the liquid water to steam. The tube bundle is sub-
merged in the liquid water (or other shell-side fluid) during
the transfer of heat into the shell-side liquid. As the water (or
other shell-side fluid) is converted into steam, it is replenished
by introducing additional pre-heated feedwater into the shell- ss
side chamber.

When the cavity of the shell is full of the liquid water and
the tubes are filled with the hot oil, the liquid water surround-
ing the tubes of the tube bundle reaches its boiling point,
thereby creating steam bundles. The process of the liquid 60
water being converted into steam bundles is known as nucle-
ate boiling. In existing steam generators, a deficiency known
as vapor blanketing is prevalent. Vapor blanketing occurs due
to the high surface tension of steam, which causes the liquid
water to be unable to make surface contact with the outer 65
surface of the tubes of the tube bundle. In other words, due to
its high surface tension, the steam hugs the outside surfaces of

2
the tubes and forms a vapor blanket, or a barrier of air, around
the outer surface of the tubes that is impenetrable by the
shell-side liquid water. Since the shell-side liquid water is
unable to make contact with the tubes at areas having vapor
blanketing, the temperature of the tubes exceeds the thermal
capacity of the shell-side liquid water, thereby creating a hot
spot.

Vapor blanketing typically occurs deep inside the tube
bundle because the shell-side liquid water (or other shell-side
fluid) is unable to reach the outer surfaces of the tubes that are
located deep within the tube bundle fast enough to keep the
outer surfaces of those tubes wet. Vapor blanketing inhibits
heat transfer and results in a reduced heat exchanger perfor-
mance.

Previous attempts to address the vapor blanketing problem
have been ineffective and inefficient. For example, a common
remedy to vapor blanketing is to use a more open tube layout
with a larger pitch-to-diameter ratio of the tube bundle. This
remedy requires the use of a much larger shell and therefore
results in a much higher equipment cost. Thus, a need exists
for an apparatus, method and/or system that eliminates the
potential for vapor blanketing while not increasing the costs
of manufacturing.

25 S U M M A R Y  OF THE INVENTION

The present invention eliminates or minimizes the occur-
rence of vapor blanketing while permitting the use of a dense
tube bundle that does not require a larger pitch-to-diameter
ratio. The present invention increases the heat transfer rate,
and hence, the vaporization rate compared to the currently
available designs.

In one aspect, the invention can be a heat exchanger appa-
ratus for converting a shell-side liquid to a vapor comprising:
a shell having an inner surface forming a cavity, the shell
comprising an inlet for introducing the shell-side liquid into
the cavity and an outlet for allowing the vapor to exit the
cavity; a tube bundle comprising a plurality of tubes for
carrying a tube-side fluid located in the cavity and having a
longitudinal axis; a shroud circumferentially surrounding the
tube bundle and positioned between the tube bundle and the
inner surface of the shell so that an annular space exists
between the shroud and the inner surface of the shell; an
opening in a bottom portion of the shroud that forms a pas-
sageway between the annular space and the tube bundle; and
an opening in a top portion of the shroud that forms a pas-
sageway between the annular space and the tube bundle.

In another aspect, the invention can be a heat exchanger
apparatus for converting a shell-side liquid to a vapor com-
prising: a shell having a cavity, the shell comprising an inlet
for introducing the shell-side liquid into the cavity and an
outlet for allowing the vapor to exit the cavity; a tube bundle
positioned in the cavity and comprising a plurality of tubes for
carrying a hot tube-side fluid; a thermal insulating barrier
positioned between the tube bundle and the shell so that a
space exists between the thermal insulating barrier and the
shell, an opening in a bottom portion of the thermal insulating
barrier that forms a passageway between the space and the
tube bundle, an opening in a top portion of the thermal insu-
lating barrier that forms a passageway between the space and
the tube bundle; and wherein heat emanating from the tube
bundle causes a natural cyclical thermosiphon flow of the
shell-side liquid within the cavity.

In a further aspect, the invention can be a method of gen-
erating a vapor within a heat exchanger comprising a shell, a
tube bundle positioned within the shell, and a thermal insu-
lating barrier located between the tube bundle and the shell to



3
form a space between the thermal insulating barrier and the
shell, the method comprising: introducing a shell-side liquid
into the space of the cavity of the shell, the shell-side liquid
submerging the tube bundle and the thermal insulating bar-
rier: and flowing a hot tube-side liquid through the tube
bundle, thereby heating the shell-side liquid that is adjacent
the tube bundle so that a first portion of the shell-side liquid is
vaporized and a second portion of the shell-side liquid is
heated and drawn into a natural cyclical thermosiphon flow
about the thermal insulating barrier within the cavity.

BRIEF DESCRIPTION OF THE DRAWINGS
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5

10

FIG. 1 is a schematic of a heat balance diagram for a solar
power plant. 1 5

FIG. 2 is side view of a heat exchanger according to an
embodiment of the present invention.

FIG. 3 is a perspective view of the heat exchanger of FIG.
2 with a longitudinal cross-section of the shell cutaway and a
section of the insulating shroud removed so that the details of 20
the tube bundle are visible.

FIG. 4 is perspective view of the heat exchanger of FIG. 2
with a longitudinal cross-section of the shell cutaway and the
insulating shroud in place.

FIG. 5 is a lateral cross-sectional schematic of the heat 25
exchanger of FIG. 2.

FIG. 5a is a close-up cross-sectional view of the insulating
shroud in accordance with an embodiment of the present
invention.

FIG. 6 is a front view of a portion of a stabilizing plate of
the heat exchanger of FIG. 2 according to one embodiment of
the present invention.

FIG. 7 is a perspective view of the stabilizing plate of the
heat exchanger of FIG. 2 removed from the heat exchanger
according to one embodiment of the present invention.

FIG. 8 is a perspective view of a stabilizing plate according
to a second embodiment of the present invention.

FIG. 9 is a side view of a flexible stake according to one
embodiment of the present invention; and

FIG. 10 is a longitudinal cross-sectional schematic of a 40
scalloped tube sheet according to one embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

30

35

45

Referring to FIG. 1, a schematic of a solar power plant 200
is illustrated according to an embodiment of the present
invention. While the invention is discussed in terms of (or
incorporated into) a solar power plant 200, the invention is not
so limited and can be used in any environment in which a heat so
exchanger is desired to convert liquid into a vapor.

The solar power plant 200 generally comprises a preheater
10, a steam generator 20, a superheater 30, a high pressure
(HP) turbine 40, a reheater 50, a low pressure (LP) turbine 45,
an air cooled condenser 60, a condensate pump 65, a low ss
pressure feedwater heater 70, a deaerator 80, a boiler feed
pump 85 and a high pressure feedwater heater 90. All of the
aforementioned components of the solar power plant 200 are
arranged and operably coupled to one another as is known in
the art. 6 0

In the solar power plant 200, the preheater 10 is used to
preheat a secondary fluid, which is water in the exemplified
embodiment. Once preheated in the preheater 10, the pre-
heated water flows into the steam generator 20 where it is
converted (i.e., boiled) into vapor (i.e., steam). However, it is 65
possible to omit the pre-heater 10 if desired. Although the
solar power plant 200 will be discussed as using water as the
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secondary fluid, the invention is not so limited and other fluids
may be used in place of water. Furthermore, as used herein,
the term fluid is intended to include liquid, gas, vapor, plasma
or any combination thereof that may be used in a heat
exchanger device.

The preheater 10 is a high pressure container or shell that
preheats the water so that the water does not need to be heated
in one step from an ambient temperature to a final temperature
within the steam generator 20. Using the preheater 10 is
preferred because it increases efficiency and minimizes ther-
mal shock stress to components, as compared to injecting
ambient temperature liquid into a steam generator or other
device that operates at extreme temperatures.

The preheated water, often referred to as the feedwater, is
introduced into the steam generator 20 where the preheated
water is converted to steam. As water in the steam generator
20 continually turns to steam and vacates the steam generator
20, additional preheated water from the preheater 10 is con-
tinuously introduced into the steam generator 20 to replenish
the recently vacated water. The steam generator 20 uses heat
from the tube-side fluid, which is preferably a hot oil or other
primary fluid that is heated through the use of solar panels, to
convert the preheated water to steam through a thermal
energy transfer process. Of course, the primary fluid may be
the shell-side fluid and the preheated water may be the tube-
side fluid if desired.

The tube bundle of the steam generator 20 is preferably a
two pass U-tube design. The invention, however, is not so
limited. For example, the steam generator 20 may be a single
pass heat exchanger or a U-tube heat exchanger with four, six,
eight or more passes. The steam generator 20 in the solar
power plant 200 serves to produce high pressure steam in a
classical kettle type heat exchanger by circulating hot oil
through the tubes of the tube bundle. The hot oil is the primary
fluid (i.e., the tube-side fluid) and it is typified by a high
boiling point and an even higher flashpoint so that the energy
captured by the solar collectors can be transferred to it, raising
its temperature to between 700' F. and 800° F. without any
risk. The hot oil primary fluid causes the water or other
secondary fluid (i.e., shell-side fluid) to heat up, evaporate
and convert to pressurized vapor or steam.

The steam produced within the cavity of the shell that exits
the steam generator 20 is introduced into the superheater 30
where the saturated or wet steam is converted into a dry steam
that can be used for power generation. The superheater 30 is
also preferably a two pass U-tube heat exchanger but can be
any of the types mentioned above in a preferred embodiment,
the solar heated primary fluid flows through the tube-side and
the wet steam flows through the shell-side of the superheater
30. Of course, the invention is not so limited.

Upon exiting the superheater 3 0, the superheated dry steam
enters the HP steam turbine 40 where the thermal energy from
the pressurized steam is converted into rotary motion. Next,
the partially spent steam that emerges from the HP turbine 40
is reheated by the primary fluid in the reheater 50, which is
another heat exchanger apparatus. The steam emerging from
the HP turbine 40 has a small fraction of moisture content.
Utilizing the heat from the primary fluid, the wet steam is
superheated in the reheater 50 prior to being introduced into
the LP turbine 45 in order to remove as much of the moisture
as possible. Reheating the steam in the reheater 50 enhances
the thermal efficiency of the power plant.

Once reheated, the steam is introduced into the LP turbine
45. 'rhe HP and LP turbines 40, 45 are coupled with electric
generators in order to produce electricity. Specifically, the
pressurized steam that is fed through the HP and LP turbines
40, 45 is used to drive an electrical generator which is con-



5
nected to the electric grid for distribution. The spent steam
emerging from the LP turbine 45 is transported to the water or
air cooled condenser 60 where it is converted into condensate.
The condenser 60 converts the steam back to a liquid so that
it can be pumped back to the steam generator 20. However,
prior to re-entering the steam generator 20, a few more steps
must be completed.

Specifically, the condensate is pumped from the condenser
60 by a condensate pump 65 to one or more low pressure
feedwater heaters 70 for preheating. The heated condensate is
then deaerated in a deaerator 80 and pumped into the high
pressure feedwater heater 90 using boiler feed pumps 85. The
preheated and pressurized condensate is then pumped back
into the preheater 10 where the process starts over.

Referring now to FIGS. 2 and 3 concurrently, an embodi-
ment of the steam generator 20 (referred hereafter as a heat
exchanger) according to the present invention will be
described. The heat exchanger 20 is specially designed to
eliminate and/or reduce vapor blanketing and the other prob-
lems discussed above by facilitating a natural cyclical ther-
mosiphon flow of the shell-side liquid (i.e., the water) within
the cavity of the shell 110. The heat exchanger 20 reduces
costs and enhances heat transfer rates.

The heat exchanger 20 is preferably a kettle-type steam
generator. In the exemplified embodiment, the heat exchanger
20 is an elongated tubular type heat exchanger that extends
along a longitudinal axis A-A from a proximal end 101 to a
distal end 102. The heat exchanger 20 comprises a plurality of
vents 202 and a plurality of drains 203 for emptying a shell-
side liquid from the shell 110 and/or for maintaining a desired
shell-side liquid level within the shell 110. Preferably all
components of the heat exchanger 20, including the shell 110,
the tube bundle 130 and all other major components, are
constructed of a metal, such as steel, aluminum, iron, etc. Of
course, other materials can be used as desired so long as the
proper thermal transfer can be effectuated between the shell-
side fluid and the tube-side fluid. It is preferable that the
materials used for the various components are capable of
withstanding corrosion or damage when submerged in or
otherwise subjected to temperatures in excess of 800' F.

The heat exchanger 20 generally comprises a shell 110
having an internal cavity 113 and a tube bundle 130 posi-
tioned therein. The heat exchanger 20 also comprises a tube
sheet 115 disposed in the cavity 113 in a substantially trans-
verse orientation that separates the internal cavity 113 into a
tube-side chamber 116 and a shell-side chamber 117. The
tube-side chamber 116 extends longitudinally from the tube
sheet 115 to the proximal end 101 of the shell 110 while the
shell-side chamber 117 extends longitudinally from the tube
sheet 115 to the distal end 102 of the shell 110.

The heat exchanger 20 comprises a plurality of inlets and
outlets 120-123 that form passageways through the shell 110
so that fluids can pass into or out of different constituent
components and/or internal chambers of the shell 110. Spe-
cifically, the heat exchanger 20 comprises a tube-side fluid
inlet 120, a tube-side fluid outlet 121, shell-side fluid inlets
122 and shell-side fluid outlets 123. In a preferred embodi-
ment, the tube-side fluid inlet 120 is located on a top portion
118 of the shell 110 while the tube-side fluid outlet 121 is
located on a bottom portion 119 of the shell 110. As will be
described below with reference to FIG. 5, positioning the
tube-side fluid inlet 120 on the top portion 118 of the shell 110
and the tube-side fluid outlet 121 on the bottom portion 119 of
the shell 110 assists in facilitating an efficient natural cyclical
thermosiphon flow of the shell-side fluid within the shell-side
chamber 117.

US 8,833,437 B2
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The shell-side fluid inlets 122 form passageways into the
shell-side chamber 117 from outside of the shell 110 so that a
shell-side fluid can be introduced into the shell 110 for vapor-
ization. The shell-side fluid may be a fluid that is preheated

5 within the pre-heater 10 or it may be a fluid that is introduced
into the heat exchanger 20 at ambient temperature. The shell-
side fluid is preferably water because steam is an efficient
vapor for use in power generation. Of course, the invention is
not so limited and other fluids may be used as desired. As

lo discussed above with respect to FIG. 1, the shell-side fluid
inlet 122 may be coupled to the outlet of the pre-heater 10 so
that preheated water exiting the pre-heater is introduced into
the heat exchanger 20. As discussed below with reference to
FIGS. 3-5, the position of the shell-side fluid inlets 122 on the

15 shell-side chamber 117 is selected to facilitate and/or enhance
a natural cyclical thermosiphon flow of the shell-side fluid
within the shell-side chamber 117 during operation.

The shell-side fluid outlets 123 are located on a top portion
129 of the shell 110. Positioning the shell-side fluid outlets

20 123 on the top portion 129 of the shell 110 allows the vapor-
ized shell-side fluid to freely and naturally escape the shell-
side chamber 117 and, thus, the heat exchanger 20. In other
words, as the shell-side fluid is boiled and converted to its
vapor state within the shell-side chamber 117, it rises within

25 the shell-side chamber 117 and flows out of the outlets 123.
In a preferred embodiment, the tube-side fluid is hot oil and

the shell-side fluid is preheated water. The invention, how-
ever, is not so limited and the shell-side fluid may be hot oil
and the tube-side fluid may be preheated water. Of course, any

30 other fluids can be used as desired.
The tube-side chamber 116 of the heat exchanger 20 has a

constant circular transverse cross-sectional area. Of course,
the tube-side chamber 116 may have a cross-sectional area of
any shape and does not need to be constant. The cross-sec-

35 tional area of the shell-side chamber 117 is no constant for its
entire longitudinal length and gradually increases at a transi-
tion section 105 moving from the tube sheet 115 toward the
distal end 102. The shell-side chamber 117 has a constant
cross-sectional area and shape from the tube sheet 115 to the

40 transition section 105. After the transition section 105, the
shell-side chamber 117 once again has a constant cross-sec-
tional area (that is increased in size) until the end 102 of the
shell 110. The invention, of course, is not limited to any
specific geometric arrangement and/or size of the shell-side

45 chamber 117 (or any other chamber) unless specifically
recited in the claims.

Conceptually, the shell-side chamber 117 of the cavity 113
comprises an upper portion 156 and a lower portion 166 that
extend in a longitudinally adjacent manner. The upper portion

so 156 is defined along the longitudinal length of the shell-side
chamber 117 in that portion of the shell-side chamber 117
after the transition section 105 that has the increased cross-
sectional area. The upper portion 156 of the shell-side cham-
ber 117 contains those components of the heat exchanger 20

ss that are not intended to be submerged in the liquid form of the
shell-side fluid during operation, such as the drip tray 1.57
and the moisture separators 155, 154. Though of another way,
the liquid level of the shell-side liquid is preferably main-
tained below the upper portion 156 during operation. To the

60 contrary, the lower portion 166 of the shell-side chamber 117
of the cavity 113 is intended to be filled with the liquid state
of the shell-side liquid and, thus, contains those components
of the heat exchanger 20 that are meant to be submerged in the
liquid state of the shell-side fluid, such as the stabilizing

65 plates 140. the partition plates 150, and the tube bundle 130.
The heat exchanger 20 further comprises a pair of fixed

supports 106 for maintaining the heat exchanger 20 in a
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horizontal orientation. However, the invention is not limited
to horizontal heat exchangers and vertical heat exchangers are
also contemplated and within the scope of the present inven-
tion.

Referring now solely to FIG. 3, the internal components of
the heat exchanger 20 will be described in greater detail. The
internal cavity 113 of the shell 110 is formed by an inner
surface 112 of the shell 110. The tube bundle 130 comprises
a plurality of double pass U-tubes 131 arranged in a dense
packing (only a few of the U-tubes 131 are illustrated for
clarity and to avoid clutter). The tube bundle 130 is positioned
within the shell-side chamber 117 of cavity 113 and is gen-
erally coextensive with the longitudinal axis A-A. Of course,
other shaped tubes, including straight tubes, may be used in
the tube bundle 130. However, as will be described below
with reference to FIG. 5, U-tubes 131 are preferred in order to
achieve a natural cyclical thermosiphon flow of the liquid
state shell-side fluid within the shell-side chamber 117 that is
effective in eliminating and/or reducing vapor blanketing on
the U-tubes 131 of the tube bundle 130 during operation.
Finally, while the U-tubes 131 are exemplified as being
double pass U-tubes, the invention is not so limited and each
of the U-tubes 131 may include four, six, eight or more
passes.

The U-tubes 131 have a general U-shape having a bight
portion 132 that is generally located adjacent the distal end
102 of the shell 110 and two straight legs 108, 109 that are
operably coupled to (or extend through) openings 133 in the
tube sheet 115. The legs 108, 109 extend through the open-
ings 133 in the tube sheet 115 so as to form passageways into
the tube-side chamber 116. The tube-side chamber 116 is
separated into a top chamber 103 and a bottom chamber 104
by a partition plate 107. The partition plate 107 is a transverse
wall that extends along the longitudinal axis A-A from the
tube sheet 115 to the proximal end 101 of the shell 110 and
creates two distinct, hermetically isolated chambers 103, 104.
The partition plate 107 separates the tube-side chamber 116
so that the tube-side fluid can be introduced into the top
chamber 103 via the tube-side fluid inlet 120 and flow into the
top legs 108 of the IJ-tubes 131. The tube-side fluid will
continue to flow through the bight portions 132 of the U-tubes
131 and into the bottom legs 109. where it will exit the
U-tubes 131 into the bottom chamber 104. Once in the bottom
chamber 104, the tube side fluid will be forced out of the shell
110 via the tube-side fluid outlet 121. By having the tube-side
fluid enter the top legs 108 first, the top legs 108 are consid-
ered the "hot legs" because the tube-side fluid is hotter therein
than in the bottom legs 109 because heat of the tube-side fluid
is dissipated prior to reaching the bottom legs 109. Thus, the
bottom legs 109 are considered the "cold legs." As discussed
below, designing the heat exchanger 20 so that the hot legs
108 are above the cold legs 109 assists in facilitating an
effective natural cyclical thermosiphon flow, as will be
described in detail below with reference to FIG. 5.

While not necessary, the proximal end 101 of the shell 110
also comprises an access door 139 for accessing the internal
cavity 113 of the shell 11.0 so that the tube bundle 130 and
other components can be removed, cleaned and/or worked on
for maintenance and up-keep. Removably attached to the
access door 139 is an end cap 138 that creates a solid, her-
metically sealed proximal end 101 of the heat exchanger 20.

The heat exchanger 20 also comprises a plurality of stabi-
lizing plates 140 for supporting the U-tubes 131. The stabi-
lizing plates 140 are positioned within the shell-side chamber
117 and arranged in a substantially transverse orientation.
The stabilizing plates 140 comprise a lattice structure 165
having openings 141 that receive the legs 108. 109 of the
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U-tubes 131, thereby stabilizing the U-tubes 131 of the tube
bundle 130 and permitting axial flow of the shell-side fluid
along the IJ-tubes 131. The stabilizing plates 140 are prefer-
ably disk-shaped structures wherein the lattice structures 165

5 are formed by intersecting members in the form of thin, flat
linear strips. These strips form a grid having rhombus shaped
openings 141 (FIGS. 6-8). However, the invention is not so
limited and the stabilizing plates 140 can take on any known
shape and/or structural arrangement. Of course, the plate

to structures 140 may be omitted all together if desired.
The outer peripheral frames 142 of the stabilizing plates

140 preferably conform to the shape of the imier surface 112
of the shell 110. The peripheral frames 142 also enclose the
lattice structure 165. The peripheral frames 142 of the stabi-

15 lizing plates 140 are preferably welded, bolted, or otherwise
attached to a structure within the heat exchanger 10 to provide
stability and rigidity to the tube bundle 130. The specific
details of the rhombus shaped openings 141, as well as the
specific manner by which the U-tubes 131 are secured within

20 the rhombus shaped openings 141 of the lattice structure 165,
will be described below in greater detail with reference to
FIGS. 6-8.

Referring still to FIG. 3, the heat exchanger 20 also com-
prises a plurality of transversely oriented partition plates 150

25 positioned within and axially interspersed throughout the
longitudinal length of the shell-side chamber 117, thereby
dividing the shell-side chamber into axial/longitudinal sec-
tions. The partition plates 150 are positioned between the
stabilizing plates 140 throughout the axial length of the shell-

30 side chamber 117 of the cavity 113. In the illustrated embodi-
ment, there are seven stabilizing plates 140 and three partition
plates 150 positioned within the cavity 113. However, the
invention is not so limited and any number of partition plates
150 and/or stabilizing plates 140 may be positioned in the

35 cavity 113. The exact number of each will depend on the size
and length of the shell-side chamber 117, the structure of the
tube bundle 130, and the operating condition of the heat
exchanger 20.

The partition plates 150 comprise openings for supporting
40 the U-tubes 131 therein. The openings of the partition plates

150 are sized to tightly retain the U-tubes 131 to prevent
sagging of the U-tubes 131 and to prevent the U-tubes 131
from suffering damage due to vibration. The partition plates
150 also comprise two elongated slits 151 for enabling the

45 shell-side fluid to flow axially therethrough. The partition
plates 150 also comprise four flanges 152 extending trans-
versely from an outer edge of the partition plates 150. The
flanges 152 extend radially outwardly from the partition
plates 150 toward the shell 110. The flanges 152 are used to

so retain and hold in place an insulating shroud 180, as well as
secure the entire tube bundle assembly within the shell-side
cavity 117, as will be discussed below in greater detail with
reference to FIG. 4. The flanges 152 may extend to the inner
surface 112 of the shell 110 so that they can be secured to the

55 shell 110 by welding, bolting, etc. directly to the inner surface
112 of the shell 110 or to corresponding flanges extending
therefrom.

It should be noted that relative terms such as axially, lon-
gitudinally, cross-flow, back-and-forth, left, right, up and

60 down are merely used to delineate relative positions of the
internal components of the heat exchanger 20 with respect to
one another and with respect to the longitudinal axis A-A and
are not intended to be in any further way limiting of the
present invention.

65 T h e  heat exchanger 20 further comprises a first moisture
mesh 155 located in the upper portion 156 of the shell-side
chamber 117 of the cavity 113. As noted above, the upper
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portion 156 of the shell-side chamber 117 is the portion of the
shell-side chamber 117 that makes up the increased cross-
sectional area of the shell-side chamber 117 in comparison to
the tube-side chamber 116. The first moisture mesh 155 is
positioned within the upper portion 156 of the shell-side
chamber 117 of the cavity 113 so that it remains generally free
of direct contact with the bulk liquid state shell-side fluid
because it will not operate effectively i f  it becomes sub-
merged in the liquid.

The first moisture mesh 155 is a piece of material that
separates any liquid-phase moisture that remains in the vapor
before the vapor exits the heat exchanger 20. As the shell-side
liquid is boiled and converted to vapor, it flows upwardly
towards the shell-side fluid outlet 123, as discussed above.
However, as it flows upwardly, the vapor will still contain
some minute droplets of liquid and, thus, is not a completely
dry vapor. The first moisture mesh 155 serves to remove/filter
the liquid droplets from the vapor so that the vapor exiting the
heat exchanger 20 is as dry as possible.

A second moisture mesh 154 is located within the shell-
side fluid outlet 123. The second moisture mesh 154 captures
and separates any finer liquid droplets that may have passed
through the first moisture mesh 155 with the vapor. Prefer-
ably, the second moisture mesh 154 has a smaller pore size
than the first moisture mesh 155, and thus can capture smaller
sized droplets. The first and second moisture mesh can be a
wire mesh or of other constructs know in the art.

Alternatively. rather than using a mesh-type construct as
the moisture separator. it may be in some embodiments to
incorporate a centrifugal-type moisture separator. Centrifu-
gal moisture separators induce a circular flow, helical flow, or
other type of flow of the exiting steam (which includes the
entrained water droplets) that will subject the steam to cen-
trifugal force. When subjected to centrifugal force. the large
difference in density between the entrained water droplets
(liquid phase) and the steam (vapor) causes the water droplets
to separate from the vapor.

The heat exchanger 20 further includes a drip tray 157
located within the upper portion 156 of the shell-side cham-
ber 117 below the moisture separators 154, 155 and above the
tube bundle 130. The drip tray 157 is essentially a trough that
is capable of catching liquid moisture that is filtered by the
moisture separators 154, 155 (or otherwise condenses before
exiting the heat exchange 20). The drip tray 157 is sloped
and/or oriented to redirect the flow of the captured liquid to a
desired area within the shell-side chamber 117 that will not
detract from the thermosiphon flow. Alternatively, the drip
tray 157 may redirect the captured liquid to a position outside
of the shell 110. Any liquid that is captured by the first and
second moisture meshes 154, 155 will be caught by the drip
tray 157 in order to keep the reclaimed liquid from merely
dripping into the shell-side liquid immediately below it. This
is desirable because at the point directly below the second
moisture mesh 154, the shell-side liquid has been converted
into a bath of steam flow 199 (FIG. 5). If the moisture caught
by the moisture mesh 154, 155 were to intermix with the bath
of steam flow 199, it would negatively affect the efficiency of
the heat exchanger 20. Therefore, the drip tray 157 captures
the reclaimed liquid and either carries it to a port for exiting
the heat exchanger 20 or introduces it back into the shell-side
chamber 117 at some position away from the bath of steam
flow 199 (such as in the annular gap 190 or at a point after the
tube bundle 130).

Referring now to FIGS. 4-5 concurrently, the heat
exchanger 20 further comprises an insulating shroud 180 that
is positioned within the shell-side chamber 117 between the
shell 110 and the tube bundle 130, thereby forming an annular
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space 190 between the insulating shroud 180 and the shell
110. The shroud 180 is a thermal insulating barrier that is
positioned between the tube bundle 130 and the inner surface
112 of the shell 110. More specifically, the shroud 180 com-

5 prises a first arcuate section 182 and second arcuate section
192 that collectively form a generally cylindrical structure
that circumferentially surrounds the tube bundle 130. The
shroud 180 further comprises a top opening 198 above the
tube bundle 130 and a bottom opening 193 below the tube
bundle 130. While the shroud 180 is formed by the two
separate and distinct arcuate (or par-cylindrical) sections 182,
192, the invention is not so limited and the shroud could be a
singular structure with the top and bottom holes 198, 193

15 formed appropriately therein.
In the exemplified embodiment, the arcuate sections 182,

192 are positioned on opposite lateral sides of the tube bundle
130. In such a structural embodiment, the bottom opening
193 is formed between a bottom edge 211 of the first arcuate

20 section 182 and a bottom edge 212 of the second arcuate
section 192. Similarly, the top opening 198 is formed between
a top edge 213 of the first arcuate section 182 and a top edge
214 of the second arcuate section 192. In the illustration
shown in FIG. 4, only one of the arcuate sections 182, 192 of

25 the shroud 180 is visible.
The insulating shroud 180 comprises one or more slots 181

that are sized and configured so that the flanges 152 of the
partition plates 150 can extend therethrough. As a result, the
flanges 152 of the partition plates 150 support the insulating

30 shroud 180 and retain it in its desired position within the
shell-side chamber 117. The flanges 152 extend through the
slots 181, thereby extending from an outer surface 187 of the
shroud 180 so that the flanges 152 can be secured to the shell
110 as described above. However, the invention is not limited,

35 and the shroud 180 can be supported in any other manner. For
example, the shroud 180 may extend the entire longitudinal
length of the shell-side chamber 117 so that it can be welded,
bolted or otherwise secured directly to the shell 110 and/or the
tube sheet 115.

40 Each  of the arcuate sections 182, 192 of the shroud 180
may be formed as a single unitary structure or as several
longitudinal sections that are welded or otherwise fastened
together. Regardless of whether the arcuate sections 182, 192
of the shroud 180 are formed of a unitary piece or attached

45 sections, each arcuate section 182. 192 of the shroud 180 is
substantially impermeable to the flow of the shell-side liquid,
thereby forcing the shell-side liquid to flow around the shroud
180 during operation of the heat exchanger 20. As discussed
below with respect to FIG. 5 alone, it is the existence of the

so insulating shroud 180 that is primarily responsible for the
natural cyclical thermosiphion flow of the shell-side liquid.

Moreover, the shape of the shroud 180 (or its sections 182,
192) is not limiting of the present invention. For example, the
sections 182, 192 may be mere flat plates or a combination of

55 planar sections. Finally, as used herein, the term "arcuate"
includes shapes formed by a plurality of linear segments that
overall resemble an arc.

Referring solely now to FIG. 5, a transverse cross-sectional
schematic of the heat exchanger 20 is illustrated. In the exem-

60 plified embodiment, both of the arcuate sections 182, 192 that
make up the shroud 180 are clearly visible. Each arcuate
section 182, 192 of the shroud 180 is positioned in the shell-
side chamber 117 between the inner surface 112 of the shell
110 and the outer surface of the tube bundle 130 so that the

65 annular space 190 is formed between the shell 110 and the
shroud 180. It is also preferable that an annular gap/space 191
exists between the tube bundle 130 and the shroud 180.

10



1 1
During operation, the hot tube-side fluid is introduced into

the tube-side chamber 116 via the tube-side fluid inlet 120.
The tube-side fluid is preferably hot oil having a temperature
in the range of 700-800' F. However, the invention is not so
limited and the tube-side fluid may have hotter or cooler
temperatures depending on the particular use to which the
heat exchanger will be put. This hot tube-side fluid then flows
through the U-tubes 131 of the tube bundle 130, entering the
hot legs 108 and exiting the cool legs 109. As can be seen, the
hot legs 106 are positioned above the cool legs 109. As the
tube-side fluid flows through the U-tube bundle 130, it cools
down slightly due to heat being transferred to the shell-side
liquid. Therefore, as the tube-side fluid passes the bight por-
tions 132 and enters the cool/bottom legs 109 of the U-tube
bundles 130, the tube-side fluid is cooler than it is in the
hot/top legs 108. The tube-side fluid is still extremely hot as it
enters and flows through the bottom legs 109 of the U-tube
bundle 130. However, the term cool is used in order to
describe the temperature of the tube-side fluid in the bottom
leg 109 of the U-tube bundle 130 relative to the temperature of
the tube-side fluid in the top leg 108 of the U-tube bundle 130.
Thus, the top leg 108 of the U-tube bundle 130 is referred to
as the hot leg of the U-tube bundle 130 and the bottom leg 109
of the U-tube bundle 130 is referred to as the cool leg of the
U-tube bundle 130. Orienting the U-tubes 131 so that the hot
legs 108 are above the cool legs 109 helps facilitate a strong
natural cyclical thermosiphon flow within the shell-side
chamber 117 by accelerating the upward flow of the shell-side
liquid within the region of the tube bundle 130.

During operation, the shell-side liquid is also introduced
into the cavity 113 at an elevated temperature but under high
pressure so as to prevent vaporization. However, as the shell-
side liquid is further heated by the tube bundle 130 within the
shell-side chamber 117 of the cavity 113, it is converted into
vapor. As used herein, it is to be understood that any reference
to the temperature of the shell-side fluid being cool is in
comparison to a higher temperature of the shell-side fluid (for
example at the temperature that it becomes converted into
vapor). Stated simply, the use of the terms "hot" and "cool"
with reference to both the shell-side fluid and the tube-side
fluid are intended to be relative only and are not intended to
indicate an actual or specific temperature of the fluids.

As mentioned above, the shell-side liquid is introduced
into the cavity 113 of the shell 110 at a relatively cool state
through the shell-side fluid inlets 122. Specifically, the cool
shell-side liquid is introduced into the annular space 190
formed between the shell 110 and the shroud 180. Thus, the
cool shell-side liquid is introduced into the annular space 190
prior to any initial heating by the primary fluid flowing
through the tube bundle 130. The shell-side liquid is provided
and maintained at a level that submerges the tube bundle 130
and the shroud 180, as well as the stabilizing structures 140
and the partition plates 150.

Once the shell-side liquid fully submerges the tube bundle
130 and the shroud 180, the tube-side fluid begins to flow
through the tube bundle 130. The tube-side fluid, by nature of
its temperature being higher than the temperature of the shell-
side liquid, heats the shell-side liquid that is adjacent the tube
bundle 130 (i.e., in the space 194 between the two arcuate
sections 182, 192 or within the shroud 180). As a result of this
thermal transfer, a portion of the shell-side liquid is vaporized
and a second portion of the shell-side liquid is further heated
(but does not vaporize), thereby rising upward within the
space 194 and through the tube bundle 130. As the rising
warmed shell-side liquid absorbs additional heat from the
tube bundle 130, its upward flow is further encouraged. As
mentioned above, this upward flow is further facilitated and
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strengthened by the hot legs 108 being positioned above the
cool legs 109 of the tube bundle 130. The flow of the shell-
side liquid that is induced within the shell-side chamber 117
is indicated by cyclical arrows 195.

5 A s  the shell-side liquid (and the vapor) within the space
194 flows upward, it exits the space 194 via the top opening
198 in the shroud 180 and flows into the annular space 190.
From here, the vaporized shell-side fluid flows around the
drip tray 157, through the moisture separators 155, 154, and

to out of the shell-side chamber 117. However, as the portion of
the shell-side liquid that was not converted into vapor during
its first pass through the tube bundle 130 flows through the top
opening 198, it begins to cool slightly by virtue of no longer
being directly adjacent the tube bundle 130. The continued

15 upward flow of more shell-side liquid coming out of the top
opening forces the slightly cooled shell-side liquid outward
toward the walls of the shell 110. Thereafter, this slightly
cooled portion of the shell-side liquid flows downwardly
through the armular space 190 where is siphoned back into the

20 shroud 180 and into contact with the tube bundle 130 again
via the bottom opening 193, thereby completing a natural
thermosiphon flow cycle. The process repeats itself as the
shell-side fluid in the space 194 adjacent the tube bundle 130
becomes heated through heat transfer from the fluid in the

25 tube bundle 130 and flows upwardly.
Additional shell-side liquid is introduced into the thermo-

siphon flow/stream in the annular space 190 via the shell-side
fluid inlet 122 in order to replace any shell-side liquid that has
become vaporized. This newly added shell-side liquid is

30 cooler than the shell-side fluid that is already within the cavity
113 and, thus, assists with the natural downward flow of the
shell-side liquid through the annular space 190.

As mentioned briefly above, while this natural cyclical
thermosiphon flow of the shell-side liquid is taking place,

35 some of the shell-side liquid is becoming heated to its boiling
point so as to create the bath of steam flow 199. The vaporized
shell-side fluid escapes the shell-side liquid and rises above
the liquid level 196 of the shell-side liquid within the cavity
113. The vapor then continues to flow up through the first

40 moisture mesh 155. The first moisture mesh 155 traps mois-
ture from the liquid vapor, which then falls into the drip tray
157. The vapor continues to rise up through the shell-side
fluid outlet 123 and passes through the second moisture mesh
154.

45 I t  should be apparent that it is the existence of the shroud
180 that facilitates the aforementioned natural cyclical ther-
mosiphon flow (arrows 195) by keeping the less dense vapor
bearing shell-side liquid in the space 194 from the denser
single-phase shell-side liquid within the annular space 190.

so This recirculation flow 195 has the effect of sweeping up the
vapor bubbles within the space 194 and keeping the tube
bundle 130 wet, thereby avoiding the negative effects of vapor
blanketing. Furthermore, the recirculation flow 195 ensures
an increased heat transfer rate.

55 I n  order to promote the thermosiphon flow, it is preferred
that the shroud 180 thermally insulate the shell-side liquid
located within the annular space 190 from the shell-side liq-
uid located within the annular space 194. Stated simply, one
does not want heat to transfer freely through the shroud 180.

60 Thus, it is preferred that the shroud 180 be an insulating
shroud in the sense that its coefficient of thermal conductivity
(in the radial direction) is less than the coefficient of thermal
conductivity of the shell-side liquid. Making the coefficient of
thermal conductivity of the shroud 180 less than the coeffi-

65 cient of thermal conductivity of the shell-side liquid ensures
that the shell-side liquid in the annular gap 190 remains cooler
than the shell-side liquid located in the space 194, thereby
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maximizing the fluid circulation rate. In a very simple con-
struction, this can be achieved by creating the shroud 180 out
of a single solid material that has a low coefficient of thermal
conductivity. However, it must be considered that the material
should neither degrade nor deform under the operating tem-
peratures and pressures of the heat exchanger 20. Thus, in one
preferred embodiment, the low coefficient of thermal conduc-
tivity of the shroud 80 is achieved by making the shroud 180
as a multi-layer construction. Of course, when the shroud 180
is made of a multi-component construct, it is the effective
coefficient of thermal conductivity of the shroud 180 that is
preferably less than the coefficient of thermal conductivity of
the shell-side liquid. Of course, the same principle applies to
the shell-side liquid if it were a multi-component solution or
mixture.

Referring now to FIG. 5a, a cross-sectional view of the
shroud 180, which is a multi-layered construct, is illustrated.
The shroud 180 comprises a first inner plate 183 that is adja-
cent to the U-tube bundle 130 and a second outer plate 184
that is adjacent to the inner surface 112 of the shell 110. The
first and second plates 183, 184 are preferably made of a
material that is highly resistant to corrosion, such as stainless
steel. The first and second plates 183, 184 are separated by a
thermal insulating layer 185 so that the heat from the first
plate 183 is not effectively transferred to the second plate 184.
By maintaining the thermal insulating layer 185 between the
first and second plates 183, 184, the circulation of the shell-
side fluid by natural thermosiphon flow is not effectuated. The
thennal insulating layer 185 is preferably a hermetically
sealed gap that is filled with a non-reactive gas, such as an
inert gas, nitrogen, helium or the like. Of course, any gas or
other thermal insulating material can be used. In order to
maintain the gap between the first and second plates 183, 184,
a spacer 186 comprised of a poor thermally conducting mate-
rial, such as, for example, plastic, is positioned between the
first and second plates 183, 184.

Referring now to FIGS. 6-8 concurrently, a description of
the stabilizing plates 140 will be undertaken. As mentioned
above, the stabilizing plates 140 comprise a lattice structure
165 having openings 141 through which the U-tubes 131 of
the tube bundle 130 extend and are supported. The stabilizing
plates 140 generally comprises a ring-like peripheral frame
142 forming a central opening and a lattice structure 165
disposed within and filling this central opening. The lattice
structure 165 comprises a first set of thin parallel linear strips
145 and a second set of thin parallel linear strips 146. The first
set of strips 145 intersects with the second set of strips 146 so
as to form a gridwork within the peripheral frame 142. The
first and second sets of parallel strips 145, 146 are preferably
thin, flat strips having major surfaces that extend substantially
parallel to the longitudinal axis A-A when the stabilizing
plates 140 are installed within the heat exchanger 20.

The first and second sets of parallel strips 145, 146 of the
lattice structure 165 intersect to form a honeycomb-like
arrangement of rhombus shaped openings 141. Of course, the
invention is not limited to rhombus shaped openings and other
shaped openings, such as, for example. other quadrilateral,
parallelogram, and/or prismatic shaped openings are contem-
plated and within the scope of the present invention. Further-
more, although the openings 141 are described as being
rhombus shaped, the four sides of the openings 141 need not
be of equal length. Any size and shaped openings may be used
as long as the U-tubes 131 are stabilized within the openings
141 and a sufficient portion of the openings 141 remain unob-
stmcted by the U-tubes 131 to enable axial flow of the shell-
side liquid as will be described below.
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Each rhombus shaped opening 141 comprises two diago-
nals, namely a major diagonal 143 that extends from a top
corner 147 to a bottom corner 148 of the opening 141 and a
minor diagonal 144 that extends between two side corners

5 149, 160 of the opening 141. As such, the major and minor
diagonals are substantially perpendicular to one another. The
major diagonal 143 is larger than the minor diagonal 144. It
should be noted that the orientation of the opening 141 could
of course be rotated as desired.

lo T h e  U-tubes 131 fit within the rhombus shaped openings
141 such that portions of the outer surface of the U-tubes 131
contact portions of the parallel strips 145, 146. Specifically,
portions of the parallel linear strips 145, 146 tangentially
contact the contoured outer surface 161 of the tubes 131 of the

15 tube bundle 130. Because the U-tubes 131 have a circular
cross-section and the openings 141 are rhombus shaped, a
vastly substantial portion of the outer surface 161 of the
U-tubes 131 is not in contact with the parallel strips 145, 146.
Instead, in the exemplified embodiment, there are only four

20 points of contact between the outer surface 161 of the U-tubes
131 and the parallel strips 145, 146. Of course. the term
"points of contact" is not limited strictly limited to a "point,"
but rather is a "line" due to the tubes 131 and the strips 145,
146 having an axial length. There are four separate parallel

25 strips 145, 146 that make up each opening 141. The outer
surface 161 of the U-tube 131 within each opening 141 has a
point of contact with each of the four parallel strips 145, 146
that makes up the opening 141.

Furthermore, there are minor gaps 162 between the outer
30 surface 161 of the U-tubes 131 and the parallel strips 145, 146

along the direction of the minor diagonal 144 and major gaps
163 between the outer surface 161 of the U-tubes 131 and the
parallel strips 145, 146 along the direction of the major diago-
nal 143. These major and minor gaps 162, 163 remain unob-

35 structed by the U-tubes 131 when the U-tubes 131 are posi-
tioned within the openings 141 of the lattice structure 165 in
order to promote and allow axial flow of the shell-side fluid
through the openings 141 with minimal pressure loss.
Although the major gap 163 is shown as being a larger space

40 than the minor gap 162, the relative sizes of the major and
minor gaps 162, 163 may change depending on the relative
sizes of the major and minor diagonals 143, 144.

The axial flow of the shell-side fluid through the unob-
structed portions of the openings 141 is driven by the axially

45 varying temperature difference between the hot oil flowing
through the U-tube bundle 130 and the shell-side fluid flow-
ing through the cavity 113 of the shell 110. This axial flow of
the fluid further improves the boiling rate. Furthermore, the
axial flow of the shell-side fluid prevents oxidation products

so and sludge from depositing in the crevices at the tube support
locations, which has been known to cause the demise of
numerous steam generators in nuclear plants in the past.

The stabilizing plate 140 shown in FIGS. 6-7 is shown as
one unitary disk-shaped plate formed by a peripheral frame

55 142 that encloses the lattice structure 165. However. FIG. 8
shows an embodiment of the stabilizing plate 140 that com-
prises two distinct semicircular plates 171, 172 separated by
a space 173. 'The embodiment of FIG. 8 may be preferred in
order to maintain a separation between the hot leg 108 and the

60 cool leg 109 of the U-tube bundle 130. Such a separation will
promote the natural thermo siphon flow of the shell-side fluid.

Referring now to FIG. 9, a tube stake 300 in accordance
with an embodiment of the present invention is illustrated. In
a typical heat exchanger, vibration of the U-tubes is of utmost

65 concern. Specifically, heat exchanger tube bundles may fail
due to excessive vibration or noise generated by the shell-side
fluid that passes around and between the tubes. In the present
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invention, the bight portions 132 of the U-tubes 131 have a
natural fundamental frequency in excess of 40 Hz and may be
more susceptible to flow induced vibration and, therefore,
failure. Therefore, the U-tubes 131 with a natural thndamen-
tal frequency in excess of 40 Hz are preferably restrained by
the flexible stakes 300. The flexible stakes 300 comprise a
J-shaped structure having a straight portion 301 and a I-bend
portion 302. The I-bend portion 302 is preferably flexible so
that a U-tube 131 can be tightly held therein. The straight
portion 301 preferably comprises two layers of material 310,
311 in order to add structural rigidity to the straight portion
301 of the tube stake 300 in this way, the tube stake 300 will
securely retain the U-tubes 131 in place and prevent flow
induced vibration from causing the U-tubes 131 to fail.

The flexible stakes 300 may be attached to the U-tubes 131
by a snap fit connection by stretching the flexible I-bend
portion 302 so that the U-tubes 131 will fit therein and then
allowing the I-bend portion 302 to conform to and tightly
retain the U-tubes 131. In order to assist with removing the
flexible stakes 300 from the U-tubes 131, the end of the
J-bend portion 302 comprises a flange 303. The flange 303
enables a user or a machine to create sufficient space between
the U-tube 131 and the flexible stake 300 so that the U-tube
131 can be removed therefrom. Of course, the invention is not
limited to a snap fit connection between the flexible stakes
300 and the U-tubes 131 and other types of attachment are
contemplated within the scope of the present invention, such
as, for example, threaded screw, bolt, welding or the like.

The flexible stakes 300 can be positioned in various loca-
tions throughout the cavity 113 as needed. For example, if a
particular U-tube 131 is more susceptible to vibration caused
failure, more than one flexible stake 300 may be attached to
the U-tube 131 in order to further secure it and prevent it from
vibrating. The other ends of the flexible stakes 300 are
secured to a stable structure to prevent unwanted vibration.

Referring now to FIG. 10, a scalloped tube sheet 400 in
accordance with an embodiment of the present invention will
be described. The scalloped tube sheet 400 may be incorpo-
rated into the heat exchanger 20 as desired to deal with ther-
mal transients. The junction 410 between the tube-side cham-
ber 416, the tube sheet 415 and the shell-side chamber 417 is
a location of high rigidity and high thermal stress. Therefore,
the present invention improves the structural flexibility of the
junction 410 by creating a groove 401 in the tube sheet 400.
The groove 401 is essentially an area of the tube sheet 400 that
is thinned in comparison to the rest of the tube sheet 400. The
groove 401 substantially eliminates the solid outer portion of
tube sheets used in conventional heat exchangers. The groove
401 will allow a steam generator that uses the scalloped tube
sheet 400 to withstand thermal transients caused by the daily
rapid ramp-up and ramp-down that is required in solar power
plants. In other words, the groove 401 allows the scalloped
tube sheet 400 to expand and contract freely when experienc-
ing thermal cycling and thermal transients. A further discus-
sion of a scalloped tube sheet is discussed in United States
Patent Application Publication No. 2008/0314570, filed on
May 27, 2008, the entirety of which is hereby incorporated by
reference.

While the invention has been described with respect to
specific examples including presently preferred modes of
carrying out the invention, those skilled in the art will appre-
ciate that there are numerous variations and permutations of
the above described systems and techniques. It is to be under-
stood that other embodiments may be utilized and structural
and functional modifications may be made without departing
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from the scope of the present invention. Thus, the spirit and
scope of the invention should be construed broadly as set forth
in the appended claims.

What is claimed is:
5 1 .  A heat exchanger apparatus for converting a shell-side

liquid to a vapor comprising:
a shell having an inner surface forming a cavity, the shell

comprising an inlet for introducing the shell-side liquid
into the cavity and an outlet for allowing the vapor to exit

to t h e  cavity;
a tube bundle comprising a plurality of tubes for carrying a

tube-side fluid located in the cavity and having a longi-
tudinal axis;

a shroud circumferentially surrounding the tube bundle
15 a n d  positioned between the tube bundle and the inner

surface of the shell so that an ammlar space exists
between the shroud and the inner surface of the shell,
wherein the shroud comprises a first plate and a second
plate separated by a thermal insulating layer;

20 a n  opening in a bottom portion of the shroud that forms a
passageway between the annular space and the rube
bundle; and

an opening in a top portion of the shroud that forms a
passageway between the annular space and the tube

25 b u n d l e .
2. The heat exchanger apparatus of claim 1 wherein the

shroud has an effective coefficient of thermal conductivity
that is less than a coefficient of thermal conductivity of the
shell-side liquid.

30 3 .  The heat exchanger apparatus of claim 1 wherein the
thermal insulating layer is a hermetically sealed cap formed
between the first and second plates and filled with a gas.

4. The heat exchanger apparatus of claim 1 further com-
prising a stabilizing plate positioned within the cavity and

35 arranged in a substantially transverse orientation, the stabi-
lizing plate comprising a lattice structure having openings for
stabilizing the tube bundle, wherein the tubes of the tube
bundle extend through the openings formed by intersecting
members of the lattice structure.

40 5 .  The heat exchanger apparatus of claim 4 wherein the
openings of the lattice structure are sized and shaped so that
the tubes contact the intersecting members and a portion of
the openings remain unobstructed by the tubes, thereby
allowing axial flow of the shell-side liquid along the tubes

45 while transversely retaining the tubes.
6. The heat exchanger apparatus of claim 5 wherein the

openings of the lattice structure have a rhombus shape having
a. major diagonal and a minor diagonal, the major diagonal
being larger than the minor diagonal.

50 7 .  The heat exchanger apparatus of claim 1 further com-
prising:

a lattice structure for stabilizing, the tube bundle, wherein
tubes of the tube bundle extend through openings
formed by intersecting members;

ss wherein the tubes are transversely retained by the intersect-
ing members of the lattice structure; and

wherein a portion of the openings remain unobstructed by
the tubes to allow the shell-side liquid to flow through
the lattice structure in a direction of the longitudinal

60 a x i s .
8. The heat exchanger apparatus of claim 1 wherein the

shroud comprises a first arcuate section and a second arcuate
section positioned on opposite lateral sides of the tube bundle.

9. The heat exchanger apparatus of claim 8 wherein the
65 opening in the bottom portion of the shroud is formed

between a bottom edge of the first arcuate section and a
bottom edge of the second arcuate section and wherein the
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opening in the top portion of the shroud is formed between a
top edge of the first arcuate section and a top edge of the
second arcuate section.

10. The heat exchanger apparatus of claim 1 wherein the
inlet is positioned on the shell to introduce the shell-side
liquid into the annular space.

11. The heat exchanger apparatus of claim 10 wherein the
outlet is located in a top portion of the shell.

12. The heat exchanger apparatus of claim 11 further com-
prising a means for maintaining a. level of the liquid within
the shell at a height above the shroud and the tube bundle and
below the outlet.

13. The heat exchanger apparatus of claim 12 further com-
prising a drip tray positioned in the cavity between the outlet
and the liquid level.

14. A heat exchanger apparatus for converting a shell-side
liquid to a vapor comprising:

a shell having, an inner surface forming a cavity, the shell
comprising, an inlet for introducing the shell-side liquid
into the cavity and an outlet located in a top portion of the
shell for allowing the vapor to exit the cavity, wherein
the inlet is positioned on the shell to introduce the shell-
side liquid into the annular space;

a drip tray positioned in the cavity between the outlet and
the liquid level;

a first moisture separator positioned within the outlet; and
a second moisture separator positioned in the cavity
between the drip tray and the outlet:

a tube bundle comprising a plurality of tubes for carrying a
tube-side fluid located in the cavity and having a longi-
tudinal axis;

a shroud circumferentially surrounding the tube bundle
and positioned between the tube bundle and the inner
surface of the shell so that an annular space exists
between the shroud and the inner surface of the shell;

an opening in a bottom portion of the shroud that forms a
passageway between the annular space and the tube
bundle:

an opening in a top portion of the shroud that forms a
passage way between the annular space and the tube
bundle: and

a means for maintaining, a level of the liquid within the
shell at a height above the shroud and the tube bundle
and below the outlet.

15. The heat exchanger apparatus of claim 1 wherein the
shell-side liquid is water and the tube-side fluid is hot oil.

16. The heat exchanger of claim 1 further comprising a
plurality of transversely oriented partition plates that divide
the cavity into longitudinal sections, and wherein tubes of the
tube bundle extend through the partition plates, and wherein
each of the partition plates comprise one or more flanges
extending transversely from an edge, the partition plates pass-
ing through slots in the shroud, a portion of the flanges
extending from an outer surface of the shroud and secured to
the shell.

17. The heat exchanger of claim 1 wherein the tube bundle
comprises a plurality of U-tubes having a hot leg and cool leg,
wherein the hot leg is above the cool leg so that the cool leg is
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adjacent the opening in the bottom portion of the shroud and
the hot leg is adjacent the opening in the top portion of the
shroud.

18.A heat exchanger apparatus for converting a shell-side
5 liquid to a vapor comprising:

a shell having a cavity, the shell comprising an inlet for
introducing the shell-side liquid into the cavity and an
outlet for allowing the vapor to exit the cavity:

a tube bundle positioned in the cavity and comprising a
to p l u r a l i t y  of tubes for carrying a hot tube-side fluid;

a thermal insulating barrier positioned between the tube
bundle and the shell so that a space exists between the
thermal insulating barrier and the shell, an opening in a
bottom portion of the thermal insulating barrier that

15 f o r m s  a passageway between the space and the tube
bundle, an opening in a top portion of the thermal insu-
lating barrier that forms a passageway between the space
and the tube bundle;

wherein heat emanating from the tube bundle causes a
20 n a t u r a l  cyclical thermosiphon flow of the shell-side liq-

uid within the cavity;
and further comprising:
the inlet positioned on the shell to introduce the shell-side

liquid into the space;
25 t h e  outlet is located in a top portion of the shell;

means for maintaining a level of the shell-side liquid within
the cavity that submerges the thermal insulating barrier
and the tube bundle;

a drip tray positioned in the cavity between the outlet and
30 t h e  liquid level;

a first moisture separator positioned within the outlet; and
a second moisture separator positioned in the cavity

between the drip tray and the outlet.
19. The heat exchanger apparatus of claim 18 wherein the

35 natural cyclical thermosiphon flow comprises:
(i) an upward flow of the shell-side liquid through the tube

bundle and out of the opening in the top portion of the
thermal insulating barrier;

(ii) a downward flow of the shell-side liquid through space;
and

(iii) an upward flow the shell-side liquid from the space
through the opening in the bottom portion of the thermal
insulating, barrier to the tube bundle.

20. The beat exchanger apparatus of claim 19 wherein the
45 tube bundle comprises a plurality of U-tubes having a hot leg

and cool leg, wherein the hot leg is above the cool leg so that
the cool leg is adjacent the opening in the bottom portion of
the thermal insulating barrier and the hot leg is adjacent the
opening in the top portion of the thermal insulating barrier.

so 2 1 .  The heat exchanger apparatus of claim 20 wherein the
thermal insulating barrier comprises a first section and a
second section positioned on opposite lateral sides of the tube
bundle.

22. The heat exchanger apparatus of claim 19 wherein the
55 thermal insulating barrier has an effective coefficient of ther-

mal conductivity that is less than a coefficient of thermal
conductivity of the shell-side liquid.

40


