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AIR-COOLED HEAT EXCHANGER AND
SYSTEM AND METHOD OF USING THE
SAME TO REMOVE WASTE THERMAL
ENERGY FROM RADIOACTIVE MATERIALS
[00011 CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS
[00021 This application claims the benefit of U.S. Provisional Patent Application No. 61/478,788, filedApr. 25, 2011,
the entirety of which is incorporated herein by reference.
FIELD OF THE INVENTION
[00031 The present invention relates generally to air-cooled
heat exchangers and systems and methods of using the same
to remove thermal energy from radioactive materials, and
specifically to air-cooled heat exchangers and systems and
methods of using the same to remove waste thermal energy
from radioactive materials, such as waste thermal energy of
spent nuclear fuel.
BACKGROUND OF THE INVENTION
[00041 The reactor vessel and the spent fuel pool in nuclear
power plants are principal locations of heat generation during
the plant's operation or subsequent to a scram. In lightwater
reactor installations, the heat produced in a reactor even after
shutdown can be as much as 8% of the reactor's thermal
power at the beginning of the scram decaying exponentially
to less than 1% of the operating thermal power in a day' s time.
The heat energy produced by the irradiated nuclear fuel is
deposited in the body of water surrounding the fuel in both the
reactor and the fuel pool. Nuclear power plants are equipped
with multiple systems to transfer the energy from the heated
water mass (which is typically contaminated by traces of
radionuclides) to a clean water loop (sometimes referred to as
the component cooling water) using a shell-and-tube heat
exchanger. The heat collected by the "component cooling
water" is in turn rejected to the plant's natural heat sink such
as a lake, a river, or an ocean through another tubular heat
exchanger. The use of a closed loop component cooling water
system to deliver the non-beneficial heat generated inside the
nuclear plant (i.e., heat that cannot be harnessed as productive
energy) to the aqueous environment has been the universal
means of removing heat from the (potentially contaminated)
fuel-exposed water in a nuclear plant. However, the recent
devastating tsunami in the wake of the massive earthquake in
the Pacific Ocean that struck Fukushima Daiichi plants in
Japan showed the vulnerability in the state-of-the-art nuclear
plant design practice. The Fukushima catastrophe suggests
that the means for removing the plant's decay heat should be
diversified to include direct rejection to air to further harden
nuclear plants against beyond-the-design basis extreme environmental phenomena.
BRIEF SUMMARY OF THE INVENTION
[00051 These, and other drawbacks, are remedied by the
present invention, which provides an independent system for
rejecting waste heat generated by radioactive materials within
a nuclear power plant to the ambient air.
[00061 I n one embodiment, the invention can be a system
for removing thermal energy generated by radioactive materials comprising: an air-cooled heat exchanger; a heat rejection closed-loop fluid circuit comprising a tube-side fluid path
of the air-cooled heat exchanger, a coolant fluid flowing
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through the heat rejection closed-loop fluid circuit, the heat
rejection closed-loop fluid circuit thermally coupled to the
radioactive materials so that thermal energy generated by the
radioactive materials is transferred to the coolant fluid; and
the air-cooled heat exchanger comprising a shell-side fluid
path having a first air inlet, a second air inlet and an air outlet,
the first air inlet located at a first elevation, the second air inlet
located at a second elevation, and the air outlet located at a
third elevation, the second elevation greater than the first
elevation and the third elevation greater than the second
elevation, the air-cooled heat exchanger transferring thermal
energy from the coolant fluid flowing through the tube-side
fluid path to air flowing through the shell-side fluid path.
10007] I n another embodiment, the invention can be a system for removing thermal energy generated by radioactive
materials comprising: an air-cooled shell-and-tube heat
exchanger comprising a shell and plurality of heat exchange
tubes arranged in a substantially vertical orientation within
the shell, the plurality of heat exchange tubes comprising
interior cavities that collectively form a tube-side fluid path,
the shell forming a shell-side fluid path that extends from an
air inlet of the shell to an air outlet of the shell, the first air inlet
located at a lower elevation than the air outlet; a heat rejection
closed-loop fluid circuit comprising the tube-side fluid path
of the air-cooled heat exchanger, a coolant fluid flowing
through the heat rejection closed-loop fluid circuit, the heat
rejection closed-loop fluid circuit thermally coupled to the
radioactive materials so that thermal energy generated by the
radioactive materials is transferred to the coolant fluid; and
the air-cooled shell-and-tube heat exchanger transferring
thermal energy from the coolant fluid flowing, through the
tube-side fluid path to air flowing through the shell-side fluid
path.
10008] I n yet another embodiment, the invention can be a
tube-and-shell air-cooled heat exchanger apparatus comprising: a shell having a shell cavity, a primary air inlet at a first
elevation, a secondary air inlet at a second elevation, and an
air outlet at a third elevation, wherein the second elevation is
greater than the first elevation and the third elevation is greater
than the second elevation, each of the primary air inlet, the
secondary air inlet, and the air outlet forming a passageway
through the shell to a shell-side fluid path; and a plurality of
heat exchange tubes that collectively form a tube bundle
having a substantially vertical longitudinal axis, the tube
bundle located within the shell cavity, a tube-side fluid path
comprising interior cavities of the plurality of heat exchange
tubes.
100091 Further areas of applicability of the present invention will become apparent from the detailed description provided hereinafter. It should be understood that the detailed
description and specific examples, while indicating the preferred embodiment of the invention, are intended for purposes
of illustration only and are not intended to limit the scope of
the invention.
BRIEF DESCRIPTION OF THE DRAWINGS
100101 The present invention will become more fully
understood from the detailed description and the accompanying drawings, wherein:
LOON FIG. 1 is a schematic of a system for rejecting thermal energy generated by radioactive waste to the ambient air
according to an embodiment of the present invention;
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[00121 FIG. 2 is a schematic of a shell-and-tube air-cooled
heat exchanger that can be used in the system of FIG. 1
according to an embodiment of the present invention;
[00131 FIG. 3 is a transverse cross-section o f a heat
exchange tube o f the shell-and-tube air-cooled heat
exchanger along a finned section according to an embodiment
of the present invention; and
[00141 FIG. 4 is a graph of the free cross-sectional area of
the shell-side fluid path of the shell-and-tube air-cooled heat
exchanger of FIG. 2 along a length of the shell-side fluid path
in according to an embodiment of the present invention.
DETAILED DESCRIPTION OF THE DRAWINGS
[00151 The following description of the preferred embodiment(s) is merely exemplary in nature and is in no way
intended to limit the invention, its application, or uses. While
the invention is exemplified in FIGS. 1-4 as being used to cool
spent nuclear fuel that is located within a spent nuclear fuel
pool, the invention is not so limited. In other embodiments,
the invention can be used to reject waste thermal energy
generated by radioactive materials to the ambient air irrespective of the type of radioactive materials being cooled and the
type of body of liquid in which the radioactive materials are
(or previously were) immersed. In certain embodiments, the
pool of liquid can be a reactor pool. In other embodiments, the
radioactive materials may be waste, including spent nuclear
fuel, high level radioactive waste or low level radioactive
waste, and/or non-waste.
[00161 Referring first to FIG. 1, a cooling system 1000 for
rejecting thermal energy generated by radioactive waste 20 to
the ambient air 40 according to an embodiment of the present
invention is schematically illustrated. The cooling system
1000 generally comprises an air-cooled heat exchanger 100
and a heat rejection closed-loop fluid circuit 200 that thermally couples the air-cooled heat exchanger 100 to the radioactive materials 20, which are immersed in a pool of a liquid
50. As a result of the thermal coupling, thermal energy generated by the radioactive waste 20 is transferred to the aircooled heat exchanger 100 (and subsequently to the ambient
air 40). Thermal coupling of the air-cooled heat exchanger
100 to the radioactive waste 20 via the heat rejection closedloop fluid circuit 200 can either be direct thermal coupling or
indirect thermal coupling. In the exemplified embodiment,
the thermal coupling of the air-cooled heat exchanger 100 to
the radioactive waste 20 via the heat rejection closed-loop
fluid circuit 200 is accomplished via an indirect thermal coupling that includes an intermediate closed-loop fluid circuit
300. In this embodiment, the intermediate closed-loop fluid
circuit 300 comprises the pool of liquid 50. In other embodiment, a pool of liquid 50 may not be required and the radioactive waste may transfer its thermal energy to a gaseous
volume to which the air-cooled heat exchanger 100 is thermally coupled.
[00171 I t should be noted that in certain alternate embodiments of the invention, more than one intermediate closedloop fluid circuit 300 can be included in the cooling system
1000 that consecutively transfer thermal energy from the
radioactive materials 20 to the heat rejection closed-loop fluid
circuit 200. In such an embodiment, only a first one of the
intermediate closed-loop fluid circuits 300 will comprise the
pool of the liquid 50. Moreover, in certain other alternate
embodiments, the intermediate closed-loop fluid circuit 300
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can be omitted. In such an embodiment, the heat rejection
closed-loop fluid circuit 200 can include the pool of the liquid
50.
10018] The cooling system 1000, i n the exemplified
embodiment, further comprises a n intermediate heat
exchanger 310 which, as discussed below, transfers thermal
energy from the liquid 50 to a coolant fluid 101 that flows
through the heat rejection closed-loop fluid circuit 200. In the
exemplified embodiment, the intermediate heat exchanger
310 is a tube-and-shell heat exchanger. However, in other
embodiments, the intermediate heat exchanger 310 can be a
plate heat exchanger, a plate and shell heat exchanger, an
adiabatic heat exchanger, a plate fin heat exchanger, and a
pillow plate heat exchanger.
10019] The system 1000 further comprises a containment
structure 75, which can be in the form of a building or other
enclosure. The containment structure 75 provides radiation
containment as would be appreciated by those skilled in the
art. In certain embodiment, the system 1000 is designed so
that the liquid 50, which comes into direct contact with the
radioactive waste 20, never exists the containment structure
75. Thus, if a leak were to occur in the intermediate closedloop fluid circuits 300, the contaminated liquid 50 would not
be discharged into the surrounding environment. Thus, in the
exemplified embodiment, the intermediate heat exchanger
310 and the entirety of the intermediate closed-loop fluid
circuits 300 is located within the containment structure 75.
Whether or not containment of the liquid 50 within the contaimnent structure is required will depend on whether or not
the liquid is contaminated, the type of radioactive waste 20
being cooled, and applicable regulations.
10020] A s mentioned above, radioactive materials 20 are
immersed in the pool of the liquid 50, which in the exemplified embodiment is a spent fuel pool. Radioactive materials
20, such as spent nuclear fuel, generate a substantial amount
of heat for a considerable amount of time after completion of
a useful cycle in a nuclear reactor. Thus, the radioactive
materials 20 are immersed in the pool of the liquid 50 to cool
the radioactive materials 20 to temperatures suitable for dry
storage. In embodiments where the radioactive materials 20
are spent nuclear fuel rods, said spent nuclear fuel rods will be
supported in the pool of the liquid 50 in fuel racks located at
the bottom of the pool of liquid 50 and resting on the floor.
Examples of suitable fuel racks are disclosed in United States
Patent Application Publication No. 2008/0260088, entitled
Apparatus and Method for Supporting Fuel Assemblies in an
Underwater Environment Having Lateral Access Loading,
published on Oct. 23, 2008, and United States Patent Application Publication No. 200910175404, entitled Apparatus or
Supporting Radioactive Fuel Assemblies and Methods of
Manufacturing the Same, published on Jul. 9, 2009, the
entireties of which are hereby incorporated by reference.
100211 As a result of being immersed in the pool of the
liquid 50, thermal energy from the radioactive materials 20 is
transferred to the pool of the liquid 50, thereby heating the
pool of liquid 50 and cooling the radioactive materials. However, as the pool of liquid 50 heats up over time, thermal
energy must be removed from the pool of the liquid 50 to
maintain the temperature of the pool of the liquid 50 within an
acceptable range so that adequate cooling of the radioactive
materials 20 can be continued.
10022] The intermediate closed-loop fluid circuit 300 comprises, in operable fluid coupling, the pool of the liquid 50, a
tube-side fluid path 320 of the intermediate heat exchanger
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310, and a hydraulic pump 330. The aforementioned components/paths of the intermediate closed-loop fluid circuit 300
are operably and fluidly coupled together using appropriate
piping, joints and fittings as is well-known in the art to form
a fluid-tight closed-loop through which the liquid 50 can flow.
The hydraulic pump 330 flows the liquid 50 through the
intermediate closed-loop fluid circuit 300 as is known in the
art. Of course, valves are provided as necessary and/or desirable along the intermediate closed-loop fluid circuit 300.
[00231 I n the exemplified embodiment, the tube-side fluid
path 320 of the intermediate heat exchanger 310 comprises a
tube-side inlet header 321, a tube-side outlet header 322 and
interior cavities 324 of the heat exchange tubes 325 of the
intermediate heat exchanger 310. The shell 329 of the intermediate heat exchanger 310 comprises a tube-side inlet 328
for introducing heated liquid 50 into the tube-side fluid path
320 of the intermediate heat exchanger 310 and a tube-side
outlet 331 for allowing cooled liquid 50 to exit the tube-side
fluid path 320 of the intermediate heat exchanger 310.
[00241 Interior cavities 324 of the heat exchange tubes 325
fluidly couple the tube-side inlet header 321 and the tube-side
outlet header 322. thereby forming the tube-side fluid path
320 of the intermediate heat exchanger 310. The heat
exchange tubes 325 of the intermediate heat exchanger 310
are connected to an inlet tube sheet 326 and an outlet tube
sheet 327 at opposite ends.
[00251 The heat rejection closed-loop fluid circuit 200
comprises, in operable fluid coupling, a shell-side fluid path
340 of the intermediate heat exchanger 310. a tube-side fluid
path 110 of the air-cooled heat exchanger 100, a fluid coolant
reservoir 210 and a hydraulic pump 220. The aforementioned
components/paths of the heat rejection closed-loop fluid circuit 200 are operably and fluidly coupled together using
appropriate piping, joints and fittings as is well-known in the
art to form a fluid-tight closed-loop through which the coolant
fluid 101 can flow. The hydraulic pump 220 flows the coolant
fluid 101 through the heat rejection closed-loop fluid circuit
200 as is known in the art. Of course, valves are provided as
necessary and/or desirable along the heat rejection closedloop fluid circuit 200. The coolant fluid 101 can take on a wide
variety of fluids, including both liquids and gases. In one
embodiment, the coolant fluid 101 is water in liquid phase.
[00261 The tube-side fluid path 110 of the air-cooled heat
exchanger 100 comprises, in operable fluid coupling, a coolant fluid inlet header 111, interior cavities 112 of a plurality of
heat exchange tubes 113, and a coolant fluid outlet header
114. The plurality of heat exchange tubes 113 collectively
form a tube bundle 115 that extends along a substantially
vertical longitudinal axis A-A. Furthermore, each of the heat
exchange tubes 113 of the air-cooled heat exchanger 100 are
arranged in a substantially vertical orientation. The tube
bundle 115 further comprises a top tube sheet 116 and a
bottom tube sheet 117. The heat exchange tubes 113 of the
air-cooled heat exchanger 100 are connected to and extend
between the top tube sheet 116 and the bottom tube sheet 117.
[00271 The air cooled heat exchanger 100 further comprises a shell 118 that forms a shell cavity 119. The tube
bundle 115 is positioned within the shell cavity 119. The air
cooled heat exchanger 100 further comprises a primary air
inlet 120, a secondary air inlet 121 and an air outlet 122. Each
of the primary air inlet 120, the secondary air inlet 121 and the
air outlet 122 form passageway through the shell 118 from the
shell cavity 119 to the ambient air 40. As such, ambient air 40
can flow into and/or out of the shell cavity 119 via the primary
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air inlet 120, the secondary air inlet 121 and the air outlet 122
so that thermal energy can be convectively removed from the
exterior surfaces of the heat exchange tubes 113. More specifically, cool ambient air 40 flows into the shell cavity 119
via the primary air inlet 120 and the secondary air inlet 121
while warmed ambient air 40 flows out of the shell cavity 119
via the air outlet 122. As can be seen, the primary air inlet 120
is located a first elevation El, the secondary air outlet 121 is
located at a second elevation E2 and the air outlet 122 is
located at a third elevation E3. The second elevation E2 is
greater than the first elevation El. The third elevation E3 is
greater than the second elevation E2. In one embodiment, the
primary air inlet 120 has a greater effective cross-sectional
area than the secondary air outlet 121. The invention, however, is not so limited in all embodiments. While not illustrated in FIG. 1, the air-cooled heat exchanger 100 can comprise a blower (see FIG. 2) to induce air flow through the
shell-side fluid path 123 of the shell cavity 119. Conceptually,
the shell-side fluid path 123 of the air-cooled heat exchanger
100 is the remaining free volume of the shell cavity 119
through which the ambient air 40 can flow (after the tube
bundle 115 and other components are positioned therein).
10028] I n other embodiments of the present invention, the
air cooled heat exchanger 100 may comprise a plurality of
secondary air inlets 121. In such instances, the plurality of
secondary air inlets 121 may be at varying elevations between
the first elevation El and the third elevation E3. Stated
another way, in such embodiments the plurality of secondary
air inlets 121 may be at a plurality of different elevations
between the first elevation El of the primary air inlet 120 and
the third elevation E3 of the air outlet 122. In further embodiments, the secondary air inlet 121 may be omitted.
10029] I n the exemplified embodiment, the air-cooled heat
exchanger 100 is a vertical single tube pass counter-current
heat exchanger. However, in certain embodiment, multiple
pass heat exchangers can be used for either the air-cooled heat
exchanger 100 and/or the intermediate heat exchanger 310.
The heat exchange tubes 325 o f the intermediate heat
exchanger 310 and the heat exchange tubes 113 of the aircooled heat exchanger 100 are made of made of a highly
thermally conductive and corrosion resistant material. Suitable materials include aluminum, copper, and aluminum
alloys.
10030] During operation o f the system, the hydraulic
pumps 330 and 210 are activated. Activation of the hydraulic
pump 330 flows liquid 50 through the intermediate closedloop fluid circuit 300 while activation of the hydraulic pump
220 flows coolant fluid 101 through the heat rejection closedloop fluid circuit 200. As discussed above, the thermal energy
generated by the radioactive waste 20 is initially transferred
to the liquid 50 while in the pool. This heated liquid 50 flows
from the pool and into the tube-side fluid path 320 of the
intermediate heat exchanger 310. Simultaneously, the coolant
fluid 101 (which at this stage has been cooled by the aircooled heat exchanger 100) flows through the shell-side fluid
path 340 of the intermediate heat exchanger 310. As the
heated liquid 50 flows through the tube-side fluid path 320 of
the intermediate heat exchanger 310, thermal energy is transferred from the heated liquid 50 to the cool coolant fluid 101
that is flowing though the shell-side fluid path 340 of the
intermediate heat exchanger 310. The cooled liquid 50 then
exits tube-side path 320 of the intermediate heat exchanger
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310 and is returned back to the pool for further cooling of the path 123A as discussed above for FIG. 1 to effectuate transfer
radioactive materials 20 where it is again heated up and the of thermal energy from the coolant fluid 101 to the ambient air
40.
cycle continues.
10035] The tube-and-shell air-cooled heat exchanger appa[00311 The heated coolant fluid 101 (which has absorbed
ratus
500A comprises a primary air inlet 120A, a secondary
the thermal energy from the heated liquid 50) exits the shellair inlet 121A, and an air outlet 122A. The primary air inlet
side path 340 of the intermediate heat exchanger 310 and
flows into the top header 111 of the air-cooled heat exchanger 120A and the secondary air inlet I22A form passageways
from the ambient air 40A outside of the shroud 160A into the
100 where it is then distributed to the interior cavities 112 of
the plurality of heat exchange tubes 113. The heated coolant shell-side fluid path 123A, thereby allowing cool air to enter
the shell-side fluid path 123A from outside of the shroud
fluid 101 flows downward through the plurality of heat
160A. The air outlet 122A forms a passageway from the
exchange tubes 113. As the heated coolant fluid 101 flows
shell-side fluid path 123A to a shroud outlet plenum 162A
through the plurality of heat exchange tubes 113, thermal
that
circumferentially surrounds a top portion of the shell
energy from the heated coolant fluid 101 is transferred to
ambient air 40 that is flowing through the shell-side fluid path 118A. A chimney 163A is provided on the shroud 160A that
123 of the air cooled-heat exchanger 100. The ambient air 40 forms a passageway from the shroud outlet plenum 162A to
enters the primary air inlet 120 as cool air. As thermal energy the ambient air 40A outside of the shroud 160A. Thus, as
from the coolant fluid 101 is transferred to this cool ambient warmed ambient air 40A exits the shell-side fluid path 123A
via the air outlet 122A, the warmed ambient air 40A will flow
air 40 within the shell-side fluid path 123, the ambient air 40
into the shroud outlet plenum 162A, rise therein, and exit the
becomes warmed and rises naturally within the shell-side
fluid path 123 and exits the air-cooled heat exchanger 100 via shroud via the passageway of the chimney 163A. In order to
induce greater flow of ambient air through the shell-side fluid
the air outlet 122 as heated air. Additionally, as the warmed
path 123A of the tube-and-shell air-cooled heat exchanger
ambient air 40 rises within the shell-side fluid path 123,
apparatus 500A, a blower 170A is provided in the chimney
additional cool ambient air 40 is drawn into the shell-side
fluid path 123 via the second air inlet 121. The second air inlet 163A. In other embodiments, the blower 170A may be positioned at other suitable locations.
121 also serves as a backup to the primary air inlet 120 in the
10036] Each of the primary air inlet 120A, the secondary air
event that the site is flooded and the primary inlet 120
inlet I21A, and the air outlet 122A extend through the shell
becomes submerged in water.
118A and are substantially horizontal. The primary air inlet
[00321 Referring now to FIG. 2, a tube-and-shell air-cooled 120A is formed by one or more conduits that extend through
heat exchanger apparatus 500A that is particularly useful as the shroud 160A and to the shell 118A so that all of the
the air-cooled heat exchanger 100 for the cooling system
incoming cool air flows into the shell-side fluid path 123A
1000 is illustrated. The tube-and-shell air-cooled heat
and not into the shroud cavity 161A. Similarly, the secondary
exchanger apparatus 500A will be described with the under- air inlet 121A is formed by one or more conduits that extend
standing that those parts of the tube-and-shell air-cooled heat through the shroud 160A and to the shell 118A so that all of
exchanger apparatus 500A that correspond to the air-cooled the incoming cool air flows into the shell-side fluid path 123A
hate exchanger 100 will be given like reference numbers with and not into the shroud cavity 161A.
the addition of an "A" suffix.
10037] The primary air inlet 120A is located a first elevation
[00331 The tube-and-shell air-cooled heat exchanger appa- El, the secondary air outlet 121A is located at a second
ratus 500A generally comprises a tube-and-shell air-cooled elevation E2 and the air outlet 122A is located at a third
heat exchanger 100A and a shroud 160A. The tube-and-shell elevation E3. The second elevation E2 is greater than the first
air-cooled heat exchanger 100A comprises a tube bundle
elevation El. The third elevation E3 is greater than the second
115A and a shell 118A. The shroud 160A comprises a shroud elevation E2. In one embodiment, the primary air inlet 120A
cavity 161A. The shell 118A comprises a shell cavity 119A.
has a greater effective cross-sectional area than the secondary
air outlet 121A.
The tube bundle 115A is positioned within the shell cavity
119A and supported therein a substantially vertical orienta10038] The plurality of heat exchange tubes 113A are distion along substantially vertical axis A-A. The tube-and-shell continuously finned tubes. In other words, each of the pluralair-cooled heat exchanger 100A is positioned within the
ity of heat exchange tubes 113A comprise axial sections that
shroud cavity 161A and supported therein in a substantially include fins 180A (FIG. 3) and axial sections that are free of
vertical orientation along vertical axis A-A. In certain
any fins. In certain alternate embodiments of the invention, a
embodiments, the shroud 160A may be omitted. In certain
first subset of the heat exchange tubes 113A may be disconother embodiments, the shroud 160A may be considered the tinuously finned tubes, a second subset of the heat exchange
shell of the tube-and-shell air-cooled heat exchanger appara- tubes 113A may be continuously finned along their length,
tus 500A while the shell 118A is omitted.
and a third subset of the heat exchange tubes 113A may be
[00341 The tube-and-shell air-cooled heat exchanger appa- free of fins along their entire length.
ratus 500A comprises a shell-side fluid path 123A and a
100391 In the exemplified embodiment, the plurality of heat
tube-side fluid path 110A. As mentioned above, the shell-side exchange tubes 113A collectively form the tube bundle USA.
fluid path 123A can be conceptualized as the free volume of Due their discontinuously finned nature, the tube bundle 115a
the shell cavity 119 that remains after the tube bundle 115A
comprises finned tube sections 151A, 153A and non-finned
(and other components) is positioned therein. The tube-side tube sections 150A, 152A, 154A. The finned tube sections
151A, 153A and the non-finned tube sections 150A, 152A,
fluid path 110A comprises the interior cavities 112A of the
plurality of heat exchange tubes 113A along with the coolant 154A are in,axial alignment and arranged in an alternating
fluid inlet header 111A and the coolant fluid outlet header
manner. In the finned tube sections 151A, 153 A of the tube
114A. The coolant 101 flows through the tube-side fluid path bundle 115A, each of the heat exchange tubes 113A comprise
110A while the ambient air flows through the shell-side fluid fins 180A that increase thermal energy transfer from the
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coolant fluid 101A to the ambient air 40A by increasing the
outer surface area of the tubes 113A. In the non-finned tube
sections 150A, 152A. I54A, the plurality of heat exchange
tubes 113A are free of any fins.
[0040] A s can be seen in FIG. 2, in the exemplified embodiment, the non-finned tube sections 150A, 152A, 154A are
transversely aligned with the primary air inlet 120A, the
secondary air inlet 121A, and the air outlet 122A respectively.
By aligning each of the primary air inlet 120A, the secondary
air inlet 121A, and the air outlet 122A with one of the nonfinned tube sections 150A, 152A, I54A, ambient air 40A can
enter and exit the tube bundle 115A more effectively. Stated
simply, by omitting (or substantially reducing the number of)
the fins in these sections 150A, 152A, 154A, the impedance
effect that the fins have on the cross-flow of the ambient air is
eliminated and/or minimized Thus, air flow through the
shell-side path 123A is increased. Furthermore, the creation
and arrangement of the tinned tube sections 151A, 153A and
the non-tinned tube sections 150A, 152A, 154A on the tube
bundle 115A (as discussed above) can create a venturi effect
at the secondary air inlet 121A (and potentially at the primary
air inlet I20A).
[00411 Referring to FIGS. 2 and 4 concurrently, it can be
seen that providing fins 180A on the finned tube sections
151A, 153A effectively reduces the free transverse crosssectional area of the shell-side path 123A because the fins
180A occupy additional space of the shell cavity 119A. Thus,
from the perspective of the shell-side fluid path 123A, the
fumed tube sections 151A, 153A create a reduced crosssectional area, which can be considered a venturi restriction.
As a result of the finned section 153A, which is located at an
elevation between the secondary air inlet 121A and the air
outlet 122A, a venturi is formed that assists in drawings
additional cool ambient air 40A into the secondary air inlet
I21A. Thus, in the exemplified embodiment, the venturi is
created by the fins 180A of the plurality of heat exchange
tubes 113A. Each of the fins 180A of the plurality of heat
exchange tubes 113A comprise opposing surfaces that extent
substantially parallel to the substantially vertical axis A-A.
[00421 The shell-side fluid path 123A comprises a first
venturi located at an elevation between the primary air inlet
120A and the secondary air inlet 121A. Furthermore, the
shell-side fluid path 123A comprises a second venturi located
at an elevation between the secondary air inlet 121A and the
air outlet 122A. As graphically illustrated in FIG. 4, the
shell-side fluid path 123A comprises a first free transverse
cross-sectional area at the second elevation (i.e. at the secondary air inlet 121A) and a second free transverse crosssectional area at an elevation between the secondary air inlet
121A and the air outlet 122A, wherein the second free transverse cross-sectional area is less than the first free transverse
cross-sectional area. Moreover, the shell-side fluid path 123A
comprises a third free transverse cross-sectional area at the
third elevation (i.e., at the air outlet 122A), wherein the third
free transverse cross-sectional area is greater than the second
free transverse cross-sectional area.
[00431 I n embodiments of the invention where the focus is
on existence of a venturi being created in the shell-side fluid
path 123A, the venturi can be created in additional ways, such
as for example reducing the transverse cross-section of the
shell 119A or adding additional flow barriers. In certain other
embodiments, a venturi can be created by simply adding more
or thicker fins to the desired area of the tube bundle.
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10044] Referring now to FIG. 3, a transverse cross-section
of one of the heat exchange tubes 113A taken along one of the
finned tube sections 151A, 153 is exemplified. The heat
exchange tubes 113A comprise a plurality of fins 180A
extending from a tube body 181A. The fins 180A can be
formed by extruding a set of axial spines that give the tube
113A a "star burst" cross section. The height of the find 180A
is selected to accord with the layout pitch of the tube bundle
115A such that the fins 180A provide a complete cross sectional coverage in the tube bundle 115A so as to promote
maximum contact between the turbinated air and the fin surfaces. A candidate shape of the star burst for the square layout
pitch is shown in FIG. 3. Of course, any number of fin
arrangements and patterns can be used in other embodiments
of the invention.
100451 The design of the tube-and-shell air-cooled heat
exchanger apparatus 500A described above has several
parameters for modification to maximize its heat rejection
capability for a specific application. The available parameters
include tube 1.D., number of fins per tube and size/shape of
each fin, tube layout pitch, height of the tube bundle, in-tube
flow velocity (by using the appropriate size pump) and air
flow velocity (by selecting the appropriately sized blower).
By an adroit selection of the above design parameters, it is
possible to achieve the overall heat transfer coefficient for the
bundle in excess of 10 Btu/hr-sq ft-deg F. Scoping calculations show that a 12 ft diameter, 20 ft tall heat bundle can
remove as much as 5858 kW from contaminated water g 140
deg. F. Multiple units can be arrayed in parallel to increase the
heat removal capacity to the desired level.
100461 As used throughout, ranges are used as shorthand
for describing each and every value that is within the range.
Any value within the range can be selected as the terminus of
the range. In addition, all references cited herein are hereby
incorporated by referenced in their entireties. In the event of
a conflict in a definition in the present disclosure and that of a
cited reference, the present disclosure controls.
10047] 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 appreciate that there are numerous variations and permutations of
the above described systems and techniques. It is to be understood that other embodiments may be utilized and structural
and functional modifications may be made without departing
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.
I. A system fur removing thermal energy generated by
radioactive materials comprising:
an air-cooled heat exchanger;
a heat rejection closed-loop fluid circuit comprising a tubeside fluid path of the air-cooled heat exchanger, a coolant
fluid flowing through the heat rejection closed-loop fluid
circuit, the heat rejection closed-loop fluid circuit thermally coupled to the radioactive materials so that thermal energy generated by the radioactive materials is
transferred to the coolant fluid: and
the air-cooled heat exchanger comprising a shell-side fluid
path having a first air inlet, a second air inlet and an air
outlet, the first air inlet located at a first elevation, the
second air inlet located at a second elevation, and the air
outlet located at a third elevation, the second elevation
greater than the first elevation and the third elevation
greater than the second elevation, the air-cooled heat
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exchanger transferring thermal energy from the coolant
fluid flowing through the tube-side fluid path to an flowing through the shell-side fluid path.
2. The system of claim 1 wherein the shell-side fluid path
comprises a venturi located at an elevation between the second air inlet and the air outlet.
3. The system of claim 2 wherein the tube-side fluid path
comprises internal cavities of a plurality of heat exchange
tubes, the plurality of heat exchange tubes located within the
shell-side fluid path, wherein the venturi is created by fins of
the plurality of heat exchange tubes.
4. The system of claim 3 wherein the plurality of heat
exchange tubes form a tube bundle having a longitudinal axis,
and wherein each of the fins of the plurality of heat exchange
tubes comprise opposing surfaces that extend substantially
parallel to the longitudinal axis.
5. The system of claim 1 wherein the shell-side fluid path
comprises a first free transverse cross-sectional area at the
second elevation and a second free transverse cross-sectional
area at an elevation between the second air inlet and the air
outlet, the second free transverse cross-sectional area being
less than the first free transverse cross-sectional area.
6. The system of claim 5 wherein the shell-side fluid path
comprises a third free transverse cross-sectional area at the
third elevation, the third free transverse cross-sectional area
being greater than the second free transverse cross-sectional
area.
7. The system of claim 1 further comprising:
an intermediate heat exchanger;
an intermediate closed-loop fluid circuit comprising, in
operable fluid coupling, a pool of a liquid and a first fluid
path of the intermediate heat exchanger, the radioactive
materials immersed in the pool of the liquid, the liquid
flowing through the intermediate closed-loop fluid circuit; and
the heat rejection closed-loop fluid circuit further comprising a second fluid path o f the intermediate heat
exchanger, the intermediate heat exchanger transferring
thermal energy from the liquid flowing through the first
fluid path to the coolant fluid flowing through the second
fluid path.
8. The system of claim 7 wherein the pool of the liquid and
the intermediate heat exchanger are contained within a containment structure.
9. The system of claim 1 wherein the tube-side fluid path of
the air-cooled heat exchanger comprises internal cavities of a
plurality o f heat exchange tubes, the plurality o f heat
exchange tubes arranged in a substantially vertical orientation.
10. The system of claim 8 wherein the plurality of heat
exchange tubes collectively form a tube bundle that extends
along a longitudinal axis, and the tube bundle comprising
finned tube sections and a non-finned tube section arranged in
axial alignment, the second air inlet transversely aligned with
the non-firmed tube section.
11. The system of claim 10 wherein the finned tube sections and the non-finned tube section alternate along the longitudinal axis.
12. The system of claim 10 further comprising a plurality of
the non-firmed tube sections, each of the first air inlet, the
second air inlet and the air outlet transversely aligned with
one of the non-finned tube sections.
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13. The system of claim 10 further comprising:
the air-cooled beat exchanger comprising a top tube sheet
and a bottom tube sheet, the plurality of heat exchange
tubes extending from the top tube sheet to the bottom
tube sheet, the first air inlet located adjacent the bottom
tube sheet and the air outlet located adjacent the top tube
sheet; and
the tube-side fluid path of the air-cooled heat exchanger
comprising a coolant fluid inlet header and a coolant
fluid outlet header, the internal cavities of the plurality of
heat exchange tubes forming passageway between the
coolant fluid inlet header and the coolant fluid outlet
header.
14. The system of claim 1 wherein the air-cooled heat
exchanger comprises a s each of the first air inlet, the second
air inlet and the air outlet formed in the shell.
15. The system of claim 14 further comprising:
a shroud forming a shroud cavity, the air-cooled heat
exchanger located within the shroud cavity, the shroud
cavity comprising a shroud outlet plenum circumferentially surrounding the air-cooled heat exchanger, the air
outlet of the shell located within the shroud outlet plenum; and
a chimney forming a passageway from the shroud outlet
plenum to an ambient environment.
16. The system of claim 1 further comprising a blower for
inducing air flow through the shell-side fluid path.
17. A system for removing thermal energy generated by
radioactive materials comprising:
an air-cooled shell-and-tube heat exchanger comprising a
shell and plurality of heat exchange tubes arranged in a
substantially vertical orientation within the shell, the
plurality of heat exchange tubes comprising interior
cavities that collectively form a tube-side fluid path, the
shell forming a shell-side fluid path that extends from an
air inlet of the shell to an air outlet of the shell, the first
air inlet located at a lower elevation than the air outlet;
a heat rejection closed-loop fluid circuit comprising the
tube-side fluid path of the air-cooled heat exchanger, a
coolant fluid flowing through the heat rejection closedloop fluid circuit, the heat rejection closed-loop fluid
circuit thermally coupled to the radioactive materials so
that thermal energy generated by the radioactive materials is transferred to the coolant fluid; and
the air-cooled shell-and-tube heat exchanger transferring
thermal energy from the coolant fluid flowing through
the tube-side fluid path to air flowing through the shellside fluid path.
18. The system of claim 17 further comprising a pool of a
liquid, the radioactive materials immersed in the pool of the
liquid, wherein thermal energy generated by the radioactive
materials is transferred to the liquid of the pool prior to being
transferred to the coolant fluid.
19. The system of claim 17 further comprising:
a shroud forming a shroud cavity, the shell-and-tube aircooled heat exchanger located within the shroud cavity,
the shroud cavity comprising a shroud outlet plenum
circumferentially surrounding the shell-and-tube aircooled heat exchanger, the air outlet of the shell located
within the shroud outlet plenum; and
a chimney forming a passageway from the shroud outlet
plenum to an ambient environment.
20. The system of claim17 further comprising a blower for
inducing air flow through the shell-side fluid path.
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21. (canceled)
22. The system of claim 17 wherein the shell-side fluid path
comprises a venturi located at an elevation between the air
inlet and the air outlet, the venturi created by fins of the
plurality of heat exchange tubes.
23. (canceled)
24. The system of claim 22 wherein the shell comprises a
second air inlet located at an elevation between the air inlet
and the air outlet, the venturi located between the second air
inlet and the air outlet.
25. (canceled)
26. The system of claim 17 wherein the plurality of heat
exchange tubes collectively form a tube bundle that extends
along a longitudinal axis, and the tube bundle comprising
finned tube sections and non-finned tube sections arranged in
alternating axial alignment.
27. A tube-and-shell air-cooled heat exchanger apparatus
comprising:
a shell having a shell cavity, a primary air inlet at a first
elevation, a secondary air inlet at a second elevation, and
an air outlet at a third elevation, wherein the second
elevation is greater than the first elevation and the third
elevation is greater than the second elevation, each of the
primary an inlet, the secondary an inlet, and the air outlet
forming a passageway through the shell to a shell-side
fluid path; and
a plurality of heat exchange tubes that collectively form a
tube bundle having a substantially vertical longitudinal
axis, the tube bundle located within the shell cavity, a
tube-side fluid path comprising interior cavities of the
plurality of heat exchange tubes.
28. The tube-and-shell air-cooled heat exchanger apparatus of claim 27 wherein the tube bundle comprises finned tube
sections and a non-finned tube section arranged in axial alignment, the secondary air inlet transversely aligned with the
non-fumed tube section.
29. (canceled)
30. The tube-and-shell air-cooled heat exchanger apparatus of claim 28 further comprising a plurality of the non-
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finned tube sections, each of the primary air inlet, the secondary air inlet and the air outlet transversely aligned with one of
the non-finned tube sections.
31. (canceled)
32. The tube-and-shell air-cooled heat exchanger apparatus of claim 27 wherein the shell-side fluid path comprises a
venturi located at an elevation between the secondary air inlet
and the air outlet, the venturi created by fins of the plurality of
heat exchange tubes.
33. (canceled)
34. (canceled)
35. The tube-and-shell air-cooled heat exchanger apparatus of claim 27 wherein the shell-side fluid path comprises a
first free transverse cross-sectional area at the second elevation and a second free transverse cross-sectional area at an
elevation between the secondary air inlet and the an outlet, the
second free transverse cross-sectional area being less than the
first free transverse cross-sectional area.
36, The tube-and-shell air-cooled heat exchanger apparatus of claim 27 further comprising:
a top tube sheet and a bottom tube sheet, the plurality of
heat exchange tubes extending from the top tube sheet to
the bottom tube sheet, the first air inlet located adjacent
the bottom tube sheet and the air outlet located adjacent
the top tube sheet; and
the tube-side fluid comprising a coolant fluid inlet header
and a coolant fluid outlet header, the internal cavities of
the plurality of heat exchange tubes forming passageway
between the coolant fluid inlet header and the coolant
fluid outlet header.
37. The tube-and-shell air-cooled heat exchanger apparatus of claim 27 further comprising:
a shroud forming a shroud cavity, the shell located within
the shroud cavity, the shroud cavity comprising a shroud
outlet plenum circumferentially surrounding the shell,
the air outlet located within the shroud outlet plenum:
and
a chimney forming a passageway from the shroud outlet
plenum to an ambient environment.
38. (canceled)

