CONTROL OF ATMOSPHERE WITHIN A CLOSED ENVIRONMENT

Background of the Invention

[0001] This invention relates generally to controlling the composition of the
atmosphere within a closed environment and, more particularly to the removal of
carbon dioxide, and optionally other byproduct of gases from the respiration of fresh
produce, from an atmosphere within a closed environment, such as the cargo box of
a refrigerated transport container.

[0002] Perishable goods are commonly transported in a controlled
environment within an enclosed space such as a cargo box of a truck, trailer, sea
container, or intermodal container. A refrigeration system, also known as a transport
refrigeration system, is used in operative association with the enclosed space within
the cargo box for controlling the temperature of the air within the enclosed space.
The refrigeration system is operative to maintain the air temperature within the
enclosed space within a desired temperature range selected for the particular type of
perishable goods stowed within the cargo box. The refrigeration system includes a
refrigeration unit including a refrigerant compressor and condenser disposed
externally of the cargo box and an evaporator disposed in operative association with
the enclosed space of the cargo box. The compressor, condenser and evaporator are
connected in a refrigerant circuit in series refrigerant flow relationship in a
refrigeration cycle. When the refrigeration system is operating, air is drawn from
within the enclosed space by a fan or fans associated with the evaporator, passed
through an evaporator disposed in operative association with the enclosed space in
heat exchange relationship with the refrigerant circulating through the refrigerant
circurt to be cooled, and cooled air is then supplied back to the enclosed space.
[0003] Certain perishable produce, such as fresh fruits, vegetables and
flowers, produce carbon dioxide as a product of the respiration process. In a closed
environment, due to post harvest respiration, the carbon dioxide concentration rises
and the oxygen concentration drops in the atmosphere within the closed
environment. If the oxygen concentration gets too low or the carbon dioxide
concentration gets too high, the produce can spoil. Additionally, certain fruits,
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of the ripening process. The presence of ethylene-based gases within the enclosed
space of the cargo box is known to promote the ripening process.

[0004] To alleviate these conditions, it is known to introduce ambient air
into the closed environment within the cargo box, while simultaneously venting air
from within the closed environment in the cargo box. Various air exchange systems
are available for use in connection with the transport of perishable cargo. For
example, U.S. Pat. No. 6,763,677 discloses a manually operated fresh air vent
associated with a refrigerated transport container for providing fresh air to the
circulating air and exhausting a portion of the circulating air exteriorly of the cargo
box of the container, whilst U.S. Pat. No. 6,460,352 employs materials which
remove gases through the use of absorptive materials. EP. Pat. No. 0467668 on the
other hand discloses a system for controlling the atmosphere of a container for use in
the storage of perishable goods and an adsorption means for the selective adsorption
in whole or in part (and in a predetermined order) of water vapour, carbon dioxide,
oxygen or ethylene, U.S. Pat. No. 4,740,378, also removes unwanted gases in a
predetermined order. WO. Pat. Pubn. No. 98/31235 employs a system which em-
ploys a gas supply and a gas discharge conduit for connecting alternatively to either
the environment or the area containing the unwanted gases. WO. Pat. Pubn. No.
95/05753 discloses a system for controlling the atmosphere which employs nitrogen
to initially purge the space and a regenerating carbon dioxide absorption bed.
[0005] It is also known in the art to delay ripening of a perishable produce in
transit within a container or other enclosed cargo storage space by providing a
controlled atmosphere within the enclosed cargo storage space. Typically, a high
nitrogen, low oxygen atmosphere is provided by either replacing the atmospheric air
within the enclosed cargo storage space with nitrogen gas prior to shipment or
displacing the atmospheric air with nitrogen generated by an onboard system that
extracts nitrogen from the ambient air. The former approach may be suitable for
well sealed containers over a short haul, but inadequate for long haul transport of
perishable produce. The latter approach is generally considered more suitable for
longer haul transport of perishable produce, but requires higher capital costs, as well
as higher operating costs.

[0006] It is also known to remove carbon dioxide produced by respiration



during transit from the atmosphere within an enclosed cargo storage space by
passing the gas within the cargo storage space through a bed of carbon dioxide
adsorbent associated with the cargo storage space to scrub carbon dioxide from the
gas passing through the adsorbent bed. However, conventional systems of this type
are non-regenerative and lose scrubbing efficiency as the adsorbent bed becomes
saturated. Therefore, such non-regenerative systems have limited application,

particularly in the long haul transport of perishable produce.

Summary of the Invention

[0007] A method is provided for controlling a concentration of carbon
dioxide in a gaseous atmosphere within a closed environment to maintain the
concentration of carbon dioxide in the gaseous atmosphere within the closed
environment at a desired level.

[0008] A carbon dioxide scrubber apparatus operable alternately in an
adsorption mode and a regeneration mode is also provided.

[0009] The method for controlling a concentration of carbon dioxide in an
atmosphere within a closed environment includes the steps of: providing a porous
mass of a regenerative carbon dioxide adsorbent material; circulating a flow of air
from within the closed environment through the carbon dioxide adsorbent material
to remove at least a portion of carbon dioxide in said flow of air and then directing
the air back into the closed environment; regenerating the porous mass of carbon
dioxide adsorbent by removing adsorbed carbon dioxide from the porous mass of
carbon dioxide adsorbent; and selectively repeating the aforesaid second and third
steps to maintain the concentration of carbon dioxide in the gaseous atmosphere
within the closed environment at a desired level or within a desired range. The
concentration of carbon dioxide within the closed environment may be maintained at
a desired level to retard ripening of a perishable produce stowed therein. The
concentration of carbon dioxide within the closed environment may be maintained at
a concentration of less than 5 percent by volume. In an embodiment, the
regenerative carbon dioxide adsorbent material may comprise activated carbon. In
another embodiment, the regenerative carbon dioxide adsorbent material may

comprise Zeolite. In another embodiment, the regenerative carbon dioxide adsorbent



material may comprise metal organic frameworks. The regenerative carbon dioxide
adsorbent material may include both a carbon dioxide adsorbent and an ethylene
adsorbent.

[0010]

The method may further include terminating the flow of air from the closed
environment through the carbon dioxide adsorbent material after a predetermined
time from the initiation of the flow of air from the closed environment through the
carbon dioxide adsorbent material. The method may further include the step of
sensing a concentration of carbon dioxide in the circulating flow of gas from the
closed environment and terminating the flow of gas from the closed environment
through the carbon dioxide adsorbent material in response to the sensed
concentration of carbon dioxide in the circulating flow of gas from the closed
environment. The concentration of carbon dioxide in the circulating flow of gas
from the closed environment may be sensed at a location that is either upstream or
downstream of the porous mass of carbon dioxide adsorbent material.

[0011]

The step of regenerating the porous mass of regenerative carbon dioxide adsorbent
by removing adsorbed carbon dioxide from the porous mass of carbon dioxide
adsorbent may include passing a flow of ambient air from outside the closed
environiment through the carbon dioxide adsorbent material to remove at least a
portion of the absorbed carbon dioxide from the carbon dioxide adsorbent material,
and terminating the flow of ambient air through the carbon dioxide adsorbent
material prior to reestablishing the circulating flow of air from the closed
environment through the porous mass of carbon dioxide adsorbent material.

[0012]

The method may further include the step of preheating the flow of ambient air for
regeneration of the carbon dioxide adsorbent material prior to passing the flow of
ambient air through the carbon dioxide adsorbent material. The step of preheating
the flow of ambient air may include passing a flow of ambient air in heat exchange
relationship with a refrigerant in a refrigerant heat rejection heat exchanger. The

step of preheating the flow of ambient air may alternatively include passing a flow



of ambient air in heat exchange relationship with a flow of exhaust gases from a
fuel-fired engine.

[0013]

In an embodiment, the step of regenerating the porous mass of carbon dioxide
adsorbent by removing adsorbed carbon dioxide from the porous mass of carbon
dioxide adsorbent may inelude heating the porous mass of carbon dioxide adsorbent.
In another embodiment, the step of regenerating the porous mass of carbon dioxide
adsorbent by removing adsorbed carbon dioxide from the porous mass of carbon
dioxide adsorbent may include establishing a vacuum across the porous mass of
carbon dioxide adsorbent to draw absorbed carbon dioxide from the porous mass of
carbon dioxide adsorbent.

[0014]

In an embodiment of the method, the step of providing a porous mass of a
regenerative carbon dioxide adsorbent material includes providing a first porous
mass of a regenerative carbon dioxide adsorbent material and a second porous mass
of a regenerative carbon dioxide adsorbent material, the first porous mass of a
regenerative carbon dioxide adsorbent material and the second porous mass of a
regenerative carbon dioxide adsorbent material operatively disposed in parallel
relationship. In this embodiment, the method may include the further step of
operating one of the first and second porous masses of a regenerative carbon dioxide
adsorbent material in an adsorption mode and simultaneously operating the other
one of the first and second porous masses of a regenerative carbon dioxide adsorbent
material in a regeneration mode. The method may also include the further step of
switching operation of each of the first and second porous masses of a regenerative
carbon dioxide adsorption material in coordination between the adsorption mode and
the regeneration mode, such as periodic time elapsed intervals or a sensed concen-
tration of carbon dioxide in the circulating flow of gas from the closed environment.
foo15]

The regenerative scrubber system for removing carbon dioxide from a closed
environment housing a perishable produce includes at least one scrubber apparatus
housing a porous mass of a carbon dioxide adsorbent material and defining a flow

path through the scrubber apparatus traversing the porous mass of a carbon dioxide



adsorbent material, and a controller configured for selectively directing a flow of air
from within the closed environment through the flow path during operation in an
adsorption mode, and selectively directing a flow of air from outside the closed
environment through the flow path during operation in a regeneration mode. The
controller may also be configured for switching operation of the scrubber apparatus
between the adsorption mode and the regeneration mode. In an embodiment, the
controller is configured for switching operation of the at least one scrubber appara-
tus between the adsorption mode and the regeneration mode at periodic time inter-
vals. In an embodiment, the controller is configured for switching operation of the
at least one scrubber apparatus between the adsorption mode and the regeneration
mode in response to a sensed concentration of carbon dioxide in the closed environ-
ment.

[0016]

In an embodiment, the regenerative scrubber system includes a first scrubber
apparatus and a second scrubber apparatus operatively disposed in parallel
relationship, the first scrubber apparatus housing a first porous mass of a carbon
dioxide adsorbent material and the second scrubber apparatus housing a second
porous mass of a carbon dioxide adsorbent material. In this embodiment, the
controller is configured to operate one of the first and second porous masses of a
regenerative carbon dioxide adsorbent material in an adsorption mode and
simultaneously operate the other one of the first and second porous masses of a
regenerative carbon dioxide adsorbent material in a regeneration mode. The
controller may be configured to switch operation of the first scrubber apparatus and
the second scrubber apparatus between the adsorption mode and the regeneration
mode at periodic time intervals. The controller may be configured to switch
operation of the first scrubber apparatus and the second scrubber apparatus between
the adsorption mode and the regeneration mode in response to a sensed concen-
tration of carbon dioxide in the circulating flow of gas from the closed environment.
[0017]

In an embodiment, the scrubber apparatus comprises a canister including an outer
shell, an inner shell and an intermediate shell disposed in radially spaced relation-

ship about a central axis of the canister. The porous mass of regenerative carbon



dioxide adsorbent is disposed in the annular space between fhe inner shell and the
intermediate shell. The inner shell defines a hollow inner core, An annular outer
flow passage is defined between the intermediate shell and the outer shell, A
plurality of flow openings are formed in each of intermediate and inner shells
thereby establishing flow communication between the inner core and the annular
outer flow passage through the porous mass of regenerative carbon dioxide
adsorbent material.

[0018]

In an embodiment, the scrubber apparatus comprises an outer shell defining a core
and a plurality of tubes disposed coaxially and arrayed in spaced parallel
arrangement within the core. The porous mass of regenerative carbon dioxide
adsorbent is disposed in the core in the space between the array of tubes and the
outer shell. Each tube provides a flow passage through the porous mass of
regenerative carbon dioxide absorbent material, through which a heated gas may be
passed in a regeneration mode to heat the carbon dioxide adsorbent material.
[0019]

In an embodiment, the scrubber apparatus comprises an outer shell circumscribing
and disposed in radially spaced relationship to and coaxially about an inner shell,
thereby defining an annular outer flow passage about the inner core. The porous
mass of regenerative carbon dioxide adsorbent is disposed within an inner core
defined within the inner shell. The annular flow passage formed between the inner
shell and the outer shell provides a flow passage through which a heated gas may be
passed in a regeneration mode to heat the porous mass of regenerative carbon
dioxide adsorbent material disposed in the inner core.

[0020]

In an embodiment, the scrubber apparatus comprises a canister including an outer
shell, an inner shell and an intermediate shell disposed in radially spaced relation-
ship about a central axis of the canister. The annular space between the inner shell
and the intermediate shell comprise a open metal or carbon foam to enhance the
thermal conductivity through the porous mass of regenerative carbon dioxide
adsorbent material.

[0021]



In an embodiment, the scrubber apparatus comprises an outer shell defining a core
and a carbon monolith or carbon fiber material is placed within the core or within

the annular space.

Brief Deseription of the Drawings

[0022] For a further understanding of the disclosure, reference will be made
to the following detailed description which is to be read in connection with the
accompanying drawing, wherein:

[0023] FIG. 1is a schematic representation of an exemplary embodiment of
a refrigerated transport container equipped with a cargo box air scrubber system;
[0024] FIG. 2 is a schematic representation of an exemplary embodiment of
the box air scrubber system as disclosed herein;

[0025] FIG. 3 is a schematic representation of another exemplary
embodiment of the box air scrubber system as disclosed herein;

[0026] FIG. 4a is a sectioned elevation view, in perspective, of an
embodiment of a gas adsorption apparatus operating in an adsorption mode;

[0027] FIG. 4b is a sectioned elevation view, in perspective, of the gas
adsorption apparatus of FIG. 4a operating in a regenerative mode;

[0028] FIG. 5a is a sectioned elevation view of another embodiment of a gas
adsorption apparatus operating in an adsorption mode;

[0029] FIG. 5b 1s a sectioned elevation view of the gas adsorption of FIG. 5a
operating in a regenerative mode;

[0030] FIG. 6ais a sectioned elevation view of another embodiment of a gas

adsorption apparatus operating in an adsorption mode;

{0031] FIG. 6b is a sectioned elevation view of the gas adsorption of FIG. 5b
operating in a regenerative mode;

[0032] FIG. 7 is a cross-sectional elevation view taken along line 7-7 of FIG.
4; and

[0033] FIG. 8 is a cross-sectional elevation view of an alternate embodiment

of the arrangement of the adsorbent material of FIG. 7.

Detailed Description of the Invention



[0034] Referring initially to FIG. 1 of the drawing, there is depicted schem-
atically an exemplary embodiment of a refrigerated cargo container, generally refer-
enced 10, equipped with an atmosphere control system. The container 10 defines a
closed environment that serves as a cargo space 12, referred to herein as the cargo
box, wherein bins, cartons or pallets of cargo (not shown) such as, for example, but
not limited to fresh produce, are stacked for transport. The rear wall 14 is provided
with one or more doors (not shown) through which access to the cargo box may be
had for loading the cargo into the container 10, When the doors are closed, a
substantially air-tight, sealed environment is established within the container 10
which, to a substantial extent, prevents air within the container from escaping and
prevents air outside the container from penetrating into the cargo box 12.

[0035] A refrigeration unit 20 is mounted to a wall of the container 10,
typically being received in an opening in the forward wall 16 of the container 10 for
conditioning the air within the refrigerated closed environment of the cargo box 12.
The refrigeration unit 20 includes a compressor 22 and a condenser/gas cooler
module isolated from the cargo box 12 by a partition wall 18, and an evaporator
module in air flow communication with the cargo box 12 through a return air
opening 15 and a supply air opening 17 in a back panel 19 of the transport
refrigeration unit 20 that also forms a front wall of the cargo box 12.

[0036] The condenser/gas cooler module includes a condenser/gas cooler
heat exchanger 24, which functions as a refrigerant heat rejection heat exchanger,
mounted in the forward section of the refrigeration unit 20 external to the cargo box
12 and positioned in assoctation with one or more condenser fans 26 for drawing
ambient air, typically through an opening at the lower front of the refrigeration unit
20, passing that air through the condenser/gas cooler heat exchanger 24, and
discharging the air back into the ambient environment. The evaporator module
includes an evaporator heat exchanger 28, which functions as a refrigerant heat
absorption heat exchanger, and one or more evaporator fans 30 that draw return air
from the cargo box 12 through a return air duct 32 to pass through the evaporator
heat exchanger 28 and thereafter be supplied back into the cargo box 12 of the
container 10 through supply air duct 34. The compressor 22, the condenser/gas

cooler heat exchanger 24 and the evaporator heat exchanger 28 are disposed in a



conventional manner in a refrigerant circuit in a conventional refrigeration cycle
arrangement whereby the circulating air is cooled when passing through the
evaporator heat exchanger 28 in heat exchange relationship with the refrigerant.
[0037] Although the closed environment of the cargo box 12 is substantially
air-tight, when freshly harvested produce, such as fiuits, vegetables and flowers, are
stowed in the cargo box 12, the composition of the atmosphere within the closed
environment will change due to respiration by the produce. More specifically, the
concentration of carbon dioxide will rise and the concentration of oxygen will fall as
the produce ripens. Additionally, ethylene will be produced as a product of the
respiration of fresh produce. As ethylene promotes ripening, the increase of
ethylene is undesirable, particularly for long haul transmit. Thus, the term “box air”
as used herein refers to the atmosphere within the closed environment of the cargo
box 12 irrespective of the composition of the atmosphere.

[0038] In accord with the method disclosed herein, a porous mass of a
regenerative carbon dioxide adsorbent is provided onboard the container 10 through
which box air from the closed environment within the cargo box 12 may be
circulated for removing at least a portion of the carbon dioxide present in the box air
flowing through the porous mass of carbon dioxide absorbent. The carbon dioxide
adsorbent may itself comprise a material that will also adsorb ethylene or may be
mixed with an adsorbent that is specific for adsorbing ethylene. Itis to be
understood that the term “regenerative” means that the efficiency of removal of
carbon dioxide, or carbon dioxide and ethylene, can be maintained by desorbing
adsorbed carbon dioxide from the adsorbent material. Due to this regenerative
characteristic, the carbon dioxide adsorbent is suitable for use in accordance with the
method disclosed herein over the time span of several days or even weeks during the
long haul transport of fresh produce. In an embodiment, the porous regenerative
carbon dioxide adsorbent consists essentially of activated carbon. In an embodi-
ment, the porous regenerative carbon dioxide adsorbent consists essentially of
zeolite. In an embodiment, the porous regenerative carbon dioxide adsorbent
comprises a mixture of activated carbon and at least one other active adsorbent
material, such as, for example, but not limited to zeolite. In an embodiment, the

porous regenerative carbon dioxide adsorbent includes a metal organic framework.
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The carbon dioxide adsorbent material may be, for example, in the form of particles,
granules, pellets, extruded pellets in a loose packed bed, or as fibers or as a
monolithic member, or as a coating on a support framework.

[0039] Referring to FIGs. 1 and 2, there is depicted an exemplary
embodiment of a regenerative scrubber system 38 for removing carbon dioxide from
an atmosphere within a closed environment, in particular the box air within the
cargo box 12 of a refrigerated transport container 10 housing perishable produce. In
the depicted embodiment, the regenerative scrubber system 38 includes a single
scrubber apparatus 40 housing a porous mass of regenerative carbon dioxide
absorbent 42 disposed onboard the refrigerated transport container 10 disposed in
the evaporator compartment 80 in association with the evaporator module of the
transport refrigeration unit. The porous mass of regenerative carbon dioxide
adsorbent 42 is disposed upstream of the evaporator fan 30 in the flow path of
circulating box air. When the evaporator fan 30 is operating, box air is drawn from
the cargo box 12 through the return air duct 34, passes through the porous
regenerative carbon dioxide adsorption material 42 and thence through the
evaporator heat exchanger 28 and back to the cargo box 12 through the supply air
duct 34. An isolation damper 36 may be disposed between the box air scrubber
system 40 and the evaporator heat exchanger 28.

[0040] When the scrubber system 38 is operated in the regenerative mode,
air from outside the cargo box 12 is passed through a regeneration air duct 50a and
the scrubber apparatus 40. The regeneration air traverses the porous mass of
regenerative carbon dioxide adsorption material 42 and in doing so collects adsorbed
carbon dioxide from the carbon dioxide adsorption material 42, Having traversed
the porous mass of regenerative carbon dioxide adsorption material 42, the
regeneration air, now laden with carbon dioxide, is exhausted outside through the
downstream leg 50b of the regeneration air duct 50, The fan or fans 26 associated
with the refrigerant heat rejection heat exchanger 24 may be used to convey the
regeneration air through the regeneration air duct 50. In the embodiment depicted in
FIG. 1, the regeneration air constitutes air drawn through the refrigerant heat
rejection heat exchanger 24 by the fan or fans 26. Alternatively, a separate

dedicated fan (not shown) may be provided for conveying the regeneration air
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through the regeneration air duct 50. Additionally, the regeneration air may be
ambient temperature air or ambient air having been preheated by passing in heat
exchange relationship with a heating fluid, such as, for example, but not limited to
refrigerant or even engine exhaust gas if a fossil fuel engine is carried on board the
container 10 for powering the refrigerant unit or even engine exhaust gas from an
engine powering a truck or trailer cab associated with the container 10.

[0041] The box air scrubber system 38 may further include a controller 60
and a plurality of flow control devices 44, 46 and 48, for example flow control
dampers, in control communication with and selectively positionable by the
controller 60. The first flow control damper 44 is operatively disposed in the return
air duct 32 upstream of the porous bed of regenerative carbon dioxide absorbent 42.
The second flow control damper 46 is operatively disposed in the upstream leg 50a
of regeneration air duct 50 and the third flow control damper 48§ is operatively
disposed in the downstream leg 50b of the regeneration air duct 50. For operation of
the regenerative scrubber system 38 in an adsorption mode for removing carbon
dioxide from the circulating box air, the isolation damper 36 and the first flow
control damper 44 are positioned open and both the second flow control damper 46
and the third flow control damper 48 are positioned closed. For operation of the
regenerative scrubber system 38 in a regeneration mode for desorbing adsorbed
carbon dioxide from the porous bed of regenerative carbon dioxide adsorbent 42, the
isolation damper 36 and the first flow control damper 44 are both positioned closed
and the both the second flow control damper 46 and the third flow control damper
48 are both positioned open.

[0042] Additionally, a scrubber system bypass 54 may be provided through
which box air drawn by the evaporator fan 30 from the cargo box 12 through the
return air duct 34 may pass directly to and through the evaporator heat exchanger 28,
bypassing the box air scrubber system 38. A bypass flow control device 56, for
example a flow control damper, may be operatively disposed in the scrubber system
bypass 54 for controlling the amount of air flow through the scrubber system bypass
54. When the box air scrubber system 38 is operating in the adsorption mode, the
bypass flow control damper 56 may be positioned fully closed or partially open. In
the fully closed positioned, the bypass flow control damper 56 substantially blocks
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box air flowing through the return air duct 34 from passing through the scrubber
system bypass 54, whereby substantially all of the circulating box air flow will pass
through the box air scrubber system 38. When the bypass flow control damper 56 is
positioned in a partially open position, a first portion of the circulating box air
flowing through the return air duct passes through the box air scrubber system 38,
while the remainder of the circulating box air passes through the scrubber system
bypass 54. When the box air scrubber system 38 is operating in the regeneration
mode and the refrigeration unit is in operation, or when the scrubber system 38 is
out of service, the bypass flow control damper 56 is positioned fully open to allow
all of the circulating box air to flow from the return air duct 34 through the scrubber
system bypass 54.

[0043] Referring now to FIG. 3, a second exemplary embodiment of the
scrubber system 38 is depicted having multiple scrubber apparatus disposed onboard
the refrigerated transport container 10 in association with the evaporator module of
the transport refrigeration unit. In the depicted embodiment, the onboard scrubber
system 38 includes a first scrubber apparatus 40A and a second scrubber apparatus
40B operatively disposed in paraliel relationship upstream of the evaporator fan 30
in the flow path of circulating box air. The first scrubber apparatus 40A houses a
first porous mass of a carbon dioxide adsorbent material 42A and the second
scrubber apparatus 40B houses a second porous mass of a carbon dioxide adsorbent
material 42B. In this embodiment, the controller 60 (not shown in FIG. 3) is
configured to operate one of the first and second scrubber apparatus 40A, 40B in an
absorption mode and simultaneously operate the other one of the first and second
scrubber apparatus 40A, 40B in a regeneration mode. When the evaporator fan 30
(not shown in FIG. 3) is operating, box air is drawn from the cargo box 12 through
the return air duct 34, passes through the porous regenerative carbon diokide
adsorption material 42A or 42B associated with the one of the scrubber apparatus 40
A or 40B that is in an adsorption mode and thence through the evaporator heat
exchanger 28 and back to the cargo box 12 through the supply air duct 34. With
respect to the other of the first and second scrubber apparatus 40A, 40B operating in
the regeneration mode, air from outside the cargo box 12 is passed through the

upstream leg 50a of the regeneration air duct 50 and the porous regenerative mass of
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carbon dioxide absorbent to 424, 42B associated therewith to remove adsorbed
carbon dioxide and then exhausted through the downstream leg 50b of the regener-
ation air duct 50. An isolation damper 36 (not shown in FIG. 3} may be disposed
between the box air scrubber system 40 and the evaporator heat exchanger 28.
[0044] In this embodiment, the box air scrubber system 40 further includes a
plurality of flow control devices 44A, 46A and 48A, for example flow contro}
dampers, associated with the scrubber apparatus 40A and a plurality of flow control
devices 44B, 46B and 48B, for example flow control dampers, associated with the
scrubber apparatus 40B. The first flow control dampers 44A, 44B are operatively
disposed in the return air duct 32 upstream of the scrubber apparatus 40A, 40B,
respectively. The second flow control dampers 46A, 46B are operatively disposed
in the upstream leg 50a of the regeneration air duct 50 upstream of the scrubber
apparatus 40A, 40B, respectively, and the third flow control dampers 484, 48B are
operatively disposed in the downstream leg 50b of the regeneration air duct 50
downstream of the scrubber apparatus 40A, 40B, respectively. Additionally,
isolation dampers 62 and 64 may be provided in association with the scrubber
apparatus 40A and isolation dampers 66 and 68 may be provided in association with
the scrubber apparatus 40B. Each of the aforementioned dampers is in control
communication with and selectively positionable by the controller 6.

[0045] In the multiple scrubber embodiment of the scrubber system 38, one
of the scrubber apparatus 40A, 40B is operated in the carbon dioxide adsorption
mode, while the other of the scrubber apparatus 40A, 40B is operated in the
regeneration mode. Then after a predetermined time period of operation, the
scrubber apparatus that had been operating in the adsorption mode is switched to the
regeneration mode, and the scrubber apparatus that had been operating in the
regeneration mode is switched to the adsorption mode.

[0046] When the scrubber apparatus 40A is operated in an adsorption mode
for removing carbon dioxide from the circulating box air, the isolation dampers 62,
64 and the first flow control damper 44A are open and both the second flow control
damper 46A and the third flow control damper 48A are closed and the circulating
box air passes through the porous mass of regenerative carbon dioxide absorbent

42A. At the same time, the scrubber apparatus 40B is operated in the regeneration
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mode for removing carbon dioxide from the porous mass of regenerative carbon
dioxide adsorbent 42B, isolation dampers 66, 68 and the second and third flow
control dampers 46B and 48B are open and the first flow control damper 44B is
closed.

[0047] When the scrubber apparatus 40B is operated in an adsorption mode
for removing carbon dioxide from the circulating box air, the isolation dampers 66,
68 and the first flow control damper 44B are open and both the second flow control
damper 46B and the third flow control damper 48B are closed and the circulating
box air passes through the porous mass of regenerative carbon dioxide absorbent
42B. At the same time, the scrubber apparatus 40A is operated in the regeneration
mode for removing carbon dioxide from the porous mass of regenerative carbon
dioxide adsorbent 42A, isolation dampers 62, 64 and the second and third flow
control dampers 46A and 48A are open and the first flow control damper 444 is
closed.

[0048] Various exemplary embodiments of the regenerative scrubber
apparatus 40 are depicted in FIGs. 4, 5 and 6, respectively. Referring now to FIGs.
4A and 4B, the scrubber apparatus 140 depicted therein comprises a canister
including an outer shell 144 circumscribing both an inner shell 146 and an
intermediate shell 148. The three shells 144, 146 and 148 may each be cylindrical
shells coaxially disposed about a central axis of the canister. The inner shell 146
defines a hollow inner core 150 that is open at a first end of the canister and closed
at a second end of the canister. The intermediate shell 148 is spaced radially
outboard of and circumscribes the inner shell 146 thereby forming an annular space
which is closed at both the first and second ends of the canister. The outer shell
144 is spaced radially outboard of the intermediate shell 148 to form an annular
outer passage 152 that is closed at the first end of the canister and open at the second
end of the canister.

[0049]

The porous mass of regenerative carbon dioxide adsorbent 142 is disposed in the
annular space between the inner shell 146 and the intermediate shell 148. The inner
shell 146 is perforated with a plurality of openings 154 and the intermediate shell
148 is perforated with a plurality of openings 156 such that air may pass through the
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porous mass of regenerative carbon dioxide adsorbent 142 disposed in the annular
space between the inner shell 146 and the intermediate shell 148. In an embodi-
ment, the porous mass of regenerative carbon dioxide adsorbent 142 may comprise a
bed of carbon dioxide adsorbent particles packed into the annular space between the
inner shell 146 and the intermediate shell 148, for example as depicted in FIG. 7. In
an embodiment, an open metal or carbon foam may be disposed within the annular
space between the inner shell and the intermediate shell 148 to enhance the thermal
conductivity through the porous mass of regenerative carbon dioxide adsorbent
material.

[0050] In an embodiment, the porous mass of regenerative carbon dioxide
adsorbent 142 may comprise a folded ribbon impregnated with particles of a carbon
dioxide adsorbent and extending circumferentially between the inner shell 146 and
the intermediate shell 148, for example as depicted in FIG. 8. The folded ribbon
embodiment of FIG. 8§ typically would result in a lower pressure drop in the box air
or regeneration air passing through the canister scrubber apparatus 140 as compared
to the packed bed arrangement of FIG. 7. In another embodiment, a carbon
monolith or carbon fiber material is placed within the annular space between the
inner shell 146 and the intermediate shell 148. However, it is to be understood that
other arrangements of the carbon dioxide adsorbent may be used in carrying out the
method disclosed herein, For example, the scrubber apparatus may simply comprise
a canister having an outer shell defining core and having a carbon dioxide adsorbent
material disposed within the core, such as a bed of granules or pellets loosely packed
into the core, or a carbon monolith or carbon fiber material placed within the core.
[0651] When the scrubber apparatus 140 is operated in an adsorption mode
as depicted in FIG. 4A, the carbon dioxide containing gas, such as the circulating
box air, enters the inner core 150 at the first end of the canister, passes through the
openings 154 in the inner shell 146 into and thence through the porous mass of
regenerative carbon dioxide adsorbent material 142, and thence passes through the
openings 156 in the intermediate shell 148 into the outer passage 152 to exit through
the annular opening at the second end of the canister. The scrubbed air is then
returned to the circulating container box air. When the scrubber apparatus 140 is

operated in a regeneration mode as depicted in FIG. 4B, the regeneration air flow
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passes through the canister in reverse. That is; in the regeneration mode, the
regeneration air enters the annular outer passage 152 through the annular opening at
the second end of the canister, passes through the openings 156 in the intermediate
shell 148 into and thence through the porous mass of regenerative carbon dioxide
adsorbent material 142, and thence passes through the openings 154 in the inner
shell 146 into the inner core 150 to exit through the central opening in the first end
of the canister of the scrubber apparatus 140. The carbon dioxide laden air is then
exhausted outside of the cargo box.

[0052] Referring now to FIGs. 5A and 5B, the scrubber apparatus 240
depicted therein comprises an outer shell 244 defining an inner core and a plurality
of tubes 246 disposed coaxially within the inner core and arrayed in spaced
relationship relative to each other and relative to the outer shell 244. The porous
mass of regenerative carbon dioxide adsorption material 242 is packed into the inner
core in the space provided between the array of the plurality of tubes 246 and the
outer shell 244. Each tube of the plurality of tubes 246 provides a flow passage
through the porous mass of regenerative carbon dioxide adsorption material 242.
[0053] When the scrubber apparatus 240 is operated in an adsorption mode
as depicted m FIG. 5A, the carbon dioxide containing gas, such as the circulating
box air, enters a first end of the inner core (i.e. the upper end as depicted in FIG. 5A)
and passes through the porous mass of regenerative carbon dioxide adsorbent
material 242 disposed within the inner core defined by the outer shell 244 and about
the tubes 246, and exits the scrubber apparatus 240 through the second end of the
inner core (i.e. the lower end as depicted in FIG. 5A). In the adsorption mode, no
gas passes through the tubes 246. When the scrubber apparatus 240 is operated in a
regeneration mode as depicted in FIG. 5B, the regeneration air enters the second end
of the inner core (i.e. the lower end as depicted in FIG. 5B) and passes through the
porous mass of regenerative carbon dioxide adsorbent material 242, and exits the
scrubber apparatus 240 through the first end of the inner core (i.e. the upper end as
depicted in FIG. 5B). Simultaneously, a heated gas is passed through the plurality
of tubes 246 so as to heat the porous mass of regenerative carbon dioxide adsorbent
material 242 during the regeneration mode to enhance the desorption of carbon

dioxide from the adsorbent material 242. The heated gas exits tubes 246 and is
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directed outside the cargo box. When the scrubber apparatus 240 is used in
connection with a transport refrigeration unit, the heated gas may comprise air
having traversed the refrigerant heat rejection heat exchanger of the transport
refrigeration unit, or outdoor air preheated prior to passing through the tubes 246, for
example by passing in heat exchange relationship with a heating gas, such as engine
exhaust gases. The heated gas passed through the tubes 246 may also comprise
engine exhaust gases from on onboard engine powering the refrigeration unit or
from the engine of a truck or a trailer cab associated with the container.

[0054] Referring now to FIGs. 6A and 6B, the scrubber apparatus 340
depicted therein comprises an outer shell 344 circumscribing and disposed coaxially
about an inner shell 346. The inner shell 346 defines an inner core. The porous
mass of regenerative carbon dioxide adsorption material 342 is packed into the inner
core. The outer shell 344 is spaced radially outboard of the inner shell 346 to form
an annular gap 348 about the inner shell 346,

[0055] When the scrubber apparatus 340 is operated in an adsorption mode
as depicted in FIG. 6A, the carbon dioxide containing gas, such as the circulating
box air, enters a first end of the inner core (i.e. the upper end as depicted in FIG. 6A)
and passes through the porous mass of regenerative carbon dioxide adsorbent
material 342 disposed within the inner core defined by the inner shell 346 (i.e. the
lower end as depicted in FIG. 6A). The scrubbed air is then directed back to the
circulating box air. In the adsorption mode, no flow passes through the annular gap
346. When the scrubber apparatus 340 is operated in a regeneration mode as
depicted in FIG. 6B, the regeneration air enters the second end of the inner core (i.e.
the lower end as depicted in FIG. 6B) and passes through the porous mass of
regenerative carbon dioxide adsorbent material 342 packed within the inner shell
346, and exits the scrubber apparatus 340 through the first end of the inner core (i.e.
the upper end as depicted in FIG. 6B). Simultaneously, a heated gas is passed
through the annular gap 348 between the outer shell 344 and the inner shell 346 so
as to heat the porous mass of regenerative carbon dioxide adsorbent material 342
during the regeneration mode to enhance the desorption of carbon dioxide from the
adsorbent material 342. The carbon dioxide laden gas is then exhausted outside the

cargo box and the heated gas is directed (also outside the box?) When the scrubber
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apparatus 340 is used in connection with a transport refrigeration unit, the heated gas
may comprise air having traversed the refrigerant heat rejection heat exchanger of
the transport refrigeration unit, or outdoor air preheated prior to passing through the
annular gap 348, for example by passing in heat exchange relationship with a
heating flow, such as engine exhaust gases. The heated flow passed through the
annular gap 348 may also comprise engine exhaust gases from on onboard engine
powering the refrigeration unit or from the engine of a truck or a trailer cab

associated with the container.
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CLAIMS

1. A method for controlling a concentration of carbon dioxide in an atmosphere
within a closed environment of a transport refrigeration container (10) comprising
the steps of;

a. providing a regenerative scrubber system (38) including a scrubber appar-
atus (40) housing a porous mass of a regenerative carbon dioxide adsorbent ma-
terial (42; 42A, 42B);

b1. removing at least a portion of carbon dioxide in a flow of air by circulating
the flow of air from within the closed environment through the carbon dioxide ad-
sorbent material (42; 42A, 42B):

b2. passing the flow of air through a heat exchanger (28) of a transport refri-
geration unit (20); and

b3. circulating the flow of air back into the closed environment;

c1. regenerating the porous mass of carbon dioxide adserbent material (42;
42A, 42B) by removing adsorbed carbon dioxide from the porous mass of carbon
dioxide adsorbent by passing air from outside the container (10) through the
scrubber apparatus (40) while

c2. continuing to flow air from within the closed environment through the heat
exchanger (28) while the transport refrigeration unit {20} is in operation bypassing
the regenerative scrubber system (38) via a scrubber bypass (54) including a by-
pass flow control device (56), in particular a bypass flow control damper; and

d. selectively repealing steps b1, b2, b3, ¢1, and ¢2 to maintain the concen-
tration of carbon dioxide in the gaseous atmosphere within the closed environ-
ment at a desired level.
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2. The method as recited in claim 1 wherein the step of seleciively repeating steps b1, b2, b3, c1 and
€2 o maintain the concentration of carbon dioxide in the gaseous atmosphere within the closed
environment at a desived level comprises selectively repeating steps bl, b2, ©3, cl and 2 1©
maintzin the concentration of carbon dioxide in the atmosphere within the closed environment at a
desired level, wherein the step of selectively repeating steps b1, b2, b3, c! and ¢2 to maistain the
concentration of carbon dioxide in the ammosphere within the closed environment at a desired level
in particular comprises maintaining the concentration of carbon dioxide at less than 5 percent by

volume,

3. The methed as recited in claim 1 further comprising the step of terminating the flow of air from
within the closed envirorument through the carbon dioxide adsorbent material (42; 42A, 42B; 142;
242; 342) after a predetermined periad of time, after sieps bl, b2, and b3 and before the step of

regenerating the porous mass of carbon dioxide adsorbent material (42; 42A, 42B; 142; 242; 342).

4. The method as recited in claim 3 further comprising the step of sensing a concentration of carbon
dioxide in the circulating flow of air from the closed environment, wherein the step of terminating
the flow of air from within the closed environment through the carbon dicxide adsorbent material
(42; 424, 42B; 142; 242; 342) comprises terminating said flow of afr in respense to the sensed
concentration of carbon dioxide, wherein the stepof sensing the concentration of carbon dioxide in
the circulating flow of air from within the closed environment in particutar comprises sensing the
concentration of carbon dioxide in the circulating flow of airfrom within the closed environment at
a location upstream of the porous mass of carbon dioxide adsotbent inaterial (42; 424, 42B; 142;
242; 342), or at a Jocation downstream of the porous mass of carban dioxide adsorbent material {42;
427, 42B; 142; 242; 342),

5. The methed as recited in claim 1 wherein the vegenerative carbon dioxide adsorbent material (42;
424, 42B; 142; 242; 342} comprises activated carban, zeaolite or both a carbon dioxide adsorbent

and an ethylene adsorbent.

6. The method as reeited in claim 1 wherein the step of regenerating the porous mass of
regenerative carbon dioxide adsorbent material (42; 42A, 42B; 142; 242; 342) by removing
adsorbed carbon dioxide from the porons mass of carbon dioxide adsorbent material (42; 42A, 42B;
142; 242; 343) comprises:

directing a flaw of air from outside the closed environment through the carbon dioxide



adsorbent materfal (42; 424, 42B; 142; 242; 342) to remove at least a portion of the absorbed
carhon dioxide from the carbon dioxide adsorbent material (42; 42A, 42B; 142; 242; 342);

terminating the flow of air from ocutside the closed environment through the carbon dioxide
adsorbent materfal (42; 427, 42B; 142; 242; 342) prior to repeating steps b1, b2, b3,

7. The method as recited in claim 6 further comprising the step of preheating the flow of air from
outsicle the ¢losed environment prior to directing the flow of air through the earbon dioxide
adsorbent materfal (42; 42A, 42B; 142; 242; 342), wherein the step of preheating the flow of air in
particular comprises one of: passing a flow of ambient air in heat exchange relaiionship witha
refrigerant in a refrigerant heat rejection heat exchanger (24); and passing a flow of ambient alr in

heat exchange relationship with a flow of exhaust gases from a fuel-fired engine.

8. The method as recited in claim 1 wherein the step of regenerating the porous mass of carbon
dioxide adsorbent by removing adsorbed carbon dioxide from the porous mass of carbon dioxide
adsorbent material (42; 424, 42B; 142; 242; 342} comprises heating the porous mass of carbon
dioxide adsorbent material (42; 42A, 42B; 142; 242; 342) or establishing a vacuum across the

porous mass of carbon dioxide.

9. The method as recited in claim 1 wherein the step of providing a porons mass of a regencrative
carbon dioxide adsorbent material (42; 42A, 42B; 142; 242; 342) comprises providing a first porous
mass of a regenerative carbon dioxide adsorbent material (42A) and a second porous mass of a
regenerative carbon dioxide adsorbent material (421) operatively disposed in parallel relationship
with said first porous mass of a regenerative carbon dioxide adsorbent material (42A), in patiicular
further coimprising the step of operating one of the first and second porous masses of a regenerative
carbon dioxide adsorbent material {42A, 42B) in an adsorption mode, wherein only steps bi, b2, b3
are performed, and simultaneously operating the other one of the first and second porous masses of
a regenerative carbon dioxide adsorbent material {424, 42B} in a regeneraton mode, wherein only
steps c1 and c2 are perforrmed, the method in particalar further comprising the step of switching
operation of each of the first and second porcus masses of a repenerative carbon dioxide adsorption
material in coordination between the adsorption mode and the regeneration mode, wherein the step
of switching operation of each of the first and second porous masses of a regenerative carbon
dioxide adsorbent material (42A, 42B) in coordination between the adsorption mode and the
regeneration mode in particular occurs after a predetermined period of time, or wherein the step of

switching operation of each of the first and second porous masses of a regenerative carbon dioxide
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adsorbent material (424, 42B) in coordination between the adsorption mode and the regeneration

mode comprises switching operation in response to a sensed concentration of carbon dioxide in the

circelatng flow of air from the closed environmeént.

10. A regenerative scrubber system (38) for removing carbon dioxide from an at-
mosphere within a closed environment of a refrigerated container (10) for frans-

port of perishable produce, comprising:

at least one scrubber apparatus (40; 40A, 40B) housing a porous mass of a
carbon dioxide adsorbent material (42; 42A, 42B), the scrubber apparatus (40;
40A, 40B) defining a flow path through the scrubber apparatus {40; 40A, 40B)
traversing the porous mass of a carbon dicxide adsorbent material {(42; 42A, 42B)
and comprising a scrubber system bypass (54) including a bypass flow control de-
vice (56), in particular a bypass flow control damper, allowing to selectively by-
pass the regenerative scrubber system (38);

a heat exchanger (28) of a transport refrigeration unit (20); and
a controller (60) which is configured for

selectively directing a gas from the atmosphere within the closed environ-
ment along said flow path through the heat exchanger (28) during operation in an
adsorption mode, and

selectively directing air from outside the closed environment along said
flow path and passing the gas from the atmosphere within the closed environment
through the heat exchanger (28) bypassing the regenerative scrubber system (38)
via the scrubber system bypass. (54) during operation in a regeneration mode,
while the transport refrigeration unit (20) is in operation.

" 11. The regenerative scrubber system as recited in claim 10 wherein the controller (60) is operative
for switching operation of said at least oné scrubber apparatus between the adsorption mode and the
regeneration mode, wherein the controller (60} is in particular operative [or switching operation of
said at least one scrubber apparatus between the adsorption mode and the regeneration mode at
predetermined time intervals, or for switching operation of the at least one serubber apparatus
between the adsorption mode and the regeneration mode in response to a sensed conceniration of

carbon dioxide in the atmosphere within the closed environment,
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12. The regenerative scrubber system as recited in claim 10 wherein: said at least one scrubber
apparatus comprises a first scrubber apparatus (404) and a second scrubber apparatus (408)
operatively disposed in paralle] relationship, the first scrubber apparatus (40A) housing a first
porous mass of a carbon dioxide adsorbent matérial (42A) and the second scrubber apparatus (40B)
housing a second porous mass of a carbon dioxide adsorbent material (42B); and said controller
(60) is configured to operate one of the first and second porous masses of a regenerative carbon
dioxide adsorbent material (424, 42B) in an adsorption mode and simultanecusly operate the other
one of the first and second porous inasses of a regénerative carbon dioxide adsorbent material (424,
428} in a regeneration mode, wherein the controller (60) is in particular configured to switch
operation of the first scrubber apparatus (40A) and the second scrubher apparatus (40B) between
the adsorpticn mode and the regeneration mode afier a predetermined petiod of time, or in response

10 a seased concentration of carbon dioxide in the atmosphere within the ¢losed environment.

13. The regenerative scrubber syster as recited in ctam 10 wherein the scrubber system comprises:

an inner shell (148), an intermediate shell (148) and an outer shell (144) disposed in radially
spaced relaticnship about a central axds;

said inner shell (146) defining a hollow core;

said inner shell (146) and said intermediate shell (148) defining an annular space
therebetween, the porous mass of regenerative carbon dioxide adsorbent (142} disposed in the
annular space between sajd inner shell (146) and said intermediate shell (148);

said outer shell (144} and said intermediate shell (148) defining an annular outer flow
passage therebetween;

a plurality of flow openings (156) formed in said intermediate shell (148); and

a plurality of flow openings (154) formed in said inner shell (146).

14, The regenerative scrubber apparatus as recited in claim 10 wherein the scrubber apparatus
comprises:

an outer shell (244) defining a hollow core; and

a plurality of tubes (246) dispased coaxially and arrayed in spaced parallel arrangement
within the core defined by the outer shell (244), the porcus mass of regenerative carbon dioxide
adsorbent (242} disposed in the core amongst the array of tubes (246) and between the array of

tubes {(246) and the outer shell (144).
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15, The regenerative scrubber apparatus as recited in daim 10 wherein the scmbber apparatus

comprises:

an outer shell (344) and an inner shell {346), the outer shéll {344} circumscribing and
disposed in radially spaced relatienship to and coaxially about the inner shell (346), thereby
defining an annular outer flow passage about the inner shell (346), the inner shell (346) defining a
hollow core in which a porous mass of regenerative carbon dioxide adsorbent material (342) is

disposed.
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