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(57) Abstract: A method and system for monitoring a leak rate of a transport unit is provided. The method and system described
herein can monitor a leak rate of a transport unit based on CO; decay within the transport unit, based on a pressure differential
between the storage space of the transport unit and the ambient surrounding the outside of the transport unit, or based on using one
or more drains of the transport unit.
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METHODS AND SYSTEMS FOR MONITORING A LEAK RATE OF A TRANSPORT
UNIT

FIELD
Embodiments of this disclosure relate generally to a climate controlled transport unit

(CCTU), and more particularly to methods and systems for monitoring a leak rate of a transport
unit of the CCTU,

BACKGROUND
A controlled atmosphere system (CAS) is generally used to control an atmospheric

parameter such as, but not limited to, a nitrogen (N5) content, an oxygen (O,) content and/or a
carbon dioxide (CO,) content within a storage space, for example, within a transport unit.
Examples of a transport unit include, but are not limited to, a marine container, a container on a
flat car, an intermodal container, a truck, a boxcar, or other similar transport unit. A transport
unit is commonly used to transport perishable cargo such as, but not limited to, produce, frozen
foods, and meat products. By controlling one or more atmosphetic parameters within the

transport unit, the rate of ripening of perishable cargo stored in the transport unit can be reduced.

SUMMARY

Embodiments of this disclosure relate generally to a CAS of a CCTU. More specifically,
the embodiments relate to methods and systems for monitoring a leak rate of a transport unit of
the CCTU.

In particular, the embodiments described herein can monitor a leak rate of a transport unit
based on CO;, decay within the transport unit, based on a pressure differential between the
storage space of the transport unit and the ambient surrounding the outside of the transport unit,
and based on using one or more drains of the transport unit.

A high leak rate of a transport unit can be undesirable for a CAS. In particular, a high
leak rate can result in higher heat loss, increased energy consumption by the CAS, decreased
ability to maintain precise temperature and atmosphere control within the transport unit, ete.

The embodiments described hetein can determine when a leak rate of a transport unit is

greater than the level of atmosphere (e.g., the CO; level, the O, level) that can be supplied by the
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CAS. For example, in some embodiments, when the leak rate of a transport unit is determined to
be greater than ~2m’/hr, the transport unit can be determined to be leaky and can be determined

to be out of an acceptable range for use with a CAS.

5 BRIEF DESCRIPTION OF THE DRAWINGS

References are made to the accompanying drawings that form a part of this disclosure,
and which illustrate the embodiments in which the systems and methods described in this
Specification can be practiced.

Fig. 1 illustrates a climate controlled transport unit, with which the embodiments

10 disclosed herein can be practiced.

Fig. 2 is a block diagram of a controlled atmosphere system, according to one
embodiment.

Fig. 3 illustrates a flowchart of a method for monitoring a leak rate of a transport unit
based on CO; level decay, according to one embodiment,

15 Fig. 4 illustrates a graph showing examples of CO, level decay for different storage space
leak rates, according to one embodiment.

Fig. 5 illustrates a flowchart of a method for monitoring a leak rate of a transport unit
based on a pressure differential between the storage space and the ambient outside of the
transport unit, according to one embodiment.

20 Fig. 6 illustrates a graph showing the pressure difference over time as the storage space
reaches a maximum steady state pressure difference.

Figs. 7A and 7B illustrate two different embodiments of a leak rate detection system for a
transport unit,

Fig. 8 illustrates a leak rate device for use with a leak rate detection system, according to

25  one embodiment.

Like reference numbers represent like parts throughout,

DETAILED DESCRIPTION
Perishable goods, such as fruits and vegetables, can consume oxygen and produce carbon
30 dioxide (e.g. due to a ripening effect of the perishable goods) when being stored or in

transportation. The ripening effect can reduce shelf life of the perishable goods. To help
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prolong the shelf life of the perishable goods, atmosphere in an interior space of, for example, a
transport unit can be controlled. During the transportation, the ripening effect of the perishable
goods can continuously cause the concentrations of the oxygen and/or carbon dioxide in the
storage space to change, which may cause undesirable effects on the shelf life of the perishable
goods. It may be desired to control the atmosphere in the storage space during the transportation
and/or storage of the perishable goods.

In many instances, the CAS of a CCTU is required to operate for a long time during
transport (e.g., during oversea transport) and maintaining a desired atmosphere (e.g., oxygen
level, carbon dioxide level, etc.) within the storage space of the transport unit during this time
can be critical in order to maintain the cargo stored within the storage space. If the transport unit
is leaky, the controlled atmosphere air within the storage space will be continuously replaced by
ambient air surrounding the outside of the transport unit. This can prevent the CAS to maintain
the desired atmosphere within the storage space and potentially reduce the efficiency of the CAS.

The leak rate of a transport unit can increase over time due to operation (e.g., handling,
transport, etc.) and aging. Over time, the sealing around the transport unit and the doors of the
transport unit can degrade. As the leak rate of the transport unit degrades, it can be useful to
know when the transport unit may not be adequate to provide controlled atmosphere within the
storage space during transport. Accordingly, the embodiments described herein provide methods
and systems for monitoring a leak rate of a transport unit.

A “climate controlled transport unit” (CCTU) includes, for example, a transport unit
having a controlled atmosphere system (CAS). A CCTU can be used to transport perishable
items such as, but not limited to, produce, frozen foods, and meat products. A transport unit, as
described herein, includes e.g., a marine container, a container on a flat car, an intermodal
container, truck, a boxcar, an air cargo cabin, or other similar transport unit.

A “controlled atmosphere system” (CAS) includes, for example, a controlled atmosphere
circuit for controlling one or more atmospheric parameters (e.g., oxygen level, carbon dioxide
level, etc.) within an interior space of a transport unit. The CAS can include, without limitation,
an air compressor, a CO; filter, one or more carbon dioxide sensors, one or more oxygen sensors,
a fresh air exchange mechanism to control the carbon dioxide concentration and oxygen

concentration between the air within the storage space and the ambient air outside of the CCTU.
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A CAS can include a controlled atmosphere unit (CAU) that is attached to a transport
unit and is configured to control a temperature of a storage space of the CCTU. The CAU can
include, without limitation, the air compressor, the CO, filter and the fresh air exchange
mechanism.

In some embodiments, the CCTU can also include a transport refrigeration system (TRS).
A TRS can include a transport refrigeration unit (TRU) that is attached to a transport unit and is
configured to control a temperature of a storage space of the CCTU. The TRS may be a vapor-
compressor type refrigeration system, a thermal accumulator type system, or any other suitable
refrigeration system that can use refrigerant, cold plate technology, or the like. The TRU can
include, without limitation, a compressor, a refrigerant condenser, a refrigerant expansion valve,
a refrigerant evaporator, and one or more fans or blowers to control the heat exchange between
the air within the storage space and the ambient air outside of the refrigerated transport unit.

In some embodiments, the TRU and the CAU can be the same unit (herein referred to as
a controlled atmosphere and refrigeration unit (CARU)) that is attached to the transport unit. In
other embodiments, the TRU and the CAU can be separate units that are each attached to the
transport unit.

A “CAS controller” includes, for example, an electronic device (e.g., a processor,
memory, etc.) that is configured to communicate with, manage, command, direct, and regulate
the behavior of one or more components of a CAS (e.g., an air compressor, one or more flow
valves, one or more sensors, one or more switches, etc.). In some embodiments, the CAS
controller can be part of a controller configured to manage, command, direct, and regulate the
behavior of one or more components of a refrigeration circuit (e.g., an evaporator, a condenser, a
compressor, an expansion valve (EXV), an electronic throttling valve (ETV), etc.), one or more
components of a power unit powering, for example, the CAS and the TRS, etc.

A “transport unit” includes, for example, a trailer (e.g., trailer on flat car, etc.), a
container (e.g., container on flat cars, intermodal container, marine container, freight container,
etc.), a truck, a box car, an air cargo cabin, etc. The embodiments disclosed herein can generally
work with a storage space of such as, for example, a refrigeration unit, a cold room, etc. As
discussed herein, the transport unit can include insulated walls, doors and floor and is designed
to retard the rate of heat of transmission (e.g., ISO 1496-2). The transport unit can be used for

transporting frozen or fresh, perishable cargo (e.g., fruits, vegetables, plants, meat, etc.).
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Fig,. 1 illustrates a CCTU 100 with which the embodiments disclosed herein can work.
The CCTU 100 includes a CARU 120 attached to a transport unit 130, The CARU 120 is
configured to control an atmosphere composition such as, for example, an oxygen concentration
and/or a carbon dioxide concentration in the storage space 150. Also, the CARU 120 is

5 configured to control a temperature in a storage space 150 of the transport unit 130.

The CCTU 100 includes one or more sensors (not shown) disposed within the storage
space 150. The one or more sensors can be configured to monitor various environmental
conditions within the storage space such as e.g., a temperature, a carbon dioxide concentration,
an oxygen concentration, efc.

10 The CARU 120 and the one or more of the sensors can work together to provide a CAS
that is configured to provide a desired atmosphere condition within the storage space 150. Also,
the CARU 120 and the one or more of the sensors can work together to provide a TRS that is
configured to provide a desired temperature condition within the storage space 150.

The CARU 120 also includes a programmable controller 135 that includes a single

15  integrated control unit 140, The controller 135 is configured to monitor and control operation of
the CAS and the TRS.

It is to be appreciated that, in some embodiments, the controller 135 may include a
distributed network of control elements (not shown). The number of distributed control elements
in a given network can depend upon the particular application of the principles described herein.

20  The controller 135 can include a processor, a memory, a clock, and an input/output (I/0)
interface (not shown). The controller 135 can include fewer or additional components.

Fig. 2 illustrates one embodiment of CAS 200 for a transport unit 202, such as the
transport unit 130 shown in Fig. 1. The basic components of the CAS include an air compressor
205, a particulate filter 210, a heat exchanger 215, a nitrogen separation membrane 220, a system

25  of metering valves 225, a plurality of gas sensors 230 and a CAS controller 235.

The CAS 200 is configured to control, for example, the amount of oxygen and carbon
dioxide inside the transport unit 202 to change the rate of ripening of cargo (not shown) stored in
the transport unit 202. The CAS 200 can control the amount of oxygen (O2) and carbon dioxide
(CO,) by introducing nitrogen (N2) generated from the nitrogen separation membrane 220.

30 When the CAS 200 is running, ambient air 201 from outside the transport unit 202 enters

the air compressor 205 through a dust filter 240. In some embodiments, air from inside the
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transport unit 202 can also be directed to the air compressor 205 through the dust filter 240 via
an intake line 275. The atmospheric air is then compressed to a high pressure by the air
compressor 205. The high pressure air is then filtered by the particulate filter 210 to remove
moisture and dirt before passing to the heat exchanger 215. A normally closed drain valve 245 is
provided on the particulate filter 210. The drain valve 245 is adapted to be opened when
instructed by the CAS controller 235. The CAS controller 235 can be programmed to
periodically open the drain value 245, for a short time, to remove residue which may build up in
the particulate filter 210.

High pressure air from the particulate filter 210 passes to the heat exchanger 215 where it
can be temperature conditioned (e.g., heated or cooled) to an optimum operating temperature.
The CAS controller 235 receives inputs from a heat exchanger temperature sensor 217 and can
control operation of a heat exchanger switch 219 to maintain the temperature of compressed air
leaving the heat exchanger 215.

The temperature conditioned, high pressure air passing from the heat exchanger 215
enters the nitrogen separation membrane 220, where it can be separated into high purity nitrogen,
which passes from a nitrogen outlet 212, and oxygen/and other gases which are passed to an
oxygen outlet 214. The rate of separation occurring in the nitrogen separation membrane 220
depends on the flow of air through the nitrogen separation membrane 220. This flow rate is
controlled by the pressure in the nitrogen outlet 212, The higher the pressure in the nitrogen
outlet 212, the higher the nitrogen purity generated, and the lower the flow rate of nitrogen. The
nitrogen separation membrane 220 can be capable of generating nitrogen purity levels greater
than, for example, about 99 percent. As the pressure in the nitrogen outlet 212 falls, the purity
level of the nitrogen falls, and the flow rate increases.

The nitrogen enriched gas passing from the nitrogen separation membrane 220 through
the nitrogen outlet 212 passes to the flow control valves 225. The oxygen/other gasses from the
oxygen outlet 214 are exhausted to the outside air.

The pressure on the nitrogen outlet 212 of the nitrogen separation membrane 220 is
regulated by the aforementioned flow control valves 225. To control the percentage of nitrogen
present in the transport unit 202, the CAS controller 235 can be programmed to cycle the flow
control valves 225 to increase or decrease the amount/purity of nitrogen in the transport unit 202
as required. The CAS controller 235 may also add CO, from a CO, source 250 if desired. In



WO 2016/108953 PCT/US2015/035431

10

15

20

25

30

some embodiments, the CO; source 250 is an internal CO, source that can be configured to inject
CO; within the storage space of the transport unit during transport. In other embodiments, the
CO; source 250 is an external CO, source that can be configured to inject CO, within the storage
space of the transport unit prior to transport.

In some embodiments (e.g., during a ventilation mode), the temperature conditioned, high
pressure air passing from the heat exchanger 215 can bypass the nitrogen separation membrane
220 and pass directly to the transport unit 202 via a bypass line 270. Accordingly, the amount of
oxygen in the transport unit 202 can be increased and the amount of carbon dioxide in the
transport unit 202 can be decreased.

The gas sensors 230 can include, for example, an oxygen concentration sensor, a carbon
dioxide concentration sensor, an ethylene concentration sensor, an ozone sensor, a tracer gas
sensor, etc. Periodic calibration of the gas sensors 230 to correct drifts with time and temperature
can require sampling outside air via a line 260. The gas sensors 230 can be provided at various
locations within the CAS 200 including the transport unit 202, a CARU (e.g., the CARU 120
shown in Fig. 1), etc.

The CAS controller 235 is configured to monitor the amount of oxygen and carbon
dioxide in the transport unit 202, using the gas sensors 230 via a sample line 255. The oxygen
and carbon dioxide concentrations monitored by the CAS controller 235 can be stored in a data
recorder 280.

Fig. 3 illustrates a flowchart of a method 300 for monitoring a leak rate of a transport unit
(e.g., the transport unit 130 shown in Fig. 1) based on CO, level decay. At 305, a CO, sensor
(e.g., one or more of the gas sensors 230 shown in Fig. 2) is configured to measure an initial CO,
level within the transport unit and is configured to send initial CO; level data to a CAS controller
(e.g., the CAS controller 235). The CAS controller then stores the initial CO; level datain a
memory portion (e.g., the data recorder 280 shown in Fig, 2). The method 300 then proceeds to
310.

At 310, the CAS controller instructs a CO; source (e.g., the CO; source 250 shown in
Fig. 2) to inject CO, within the storage space of the transport unit. During this time the CAS
controller is configured to monitor the CO, level within the storage space via the CO, sensor.

Once the CAS controller determines that the CO, level within the storage space reaches a
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setpoint X, the CAS controller instructs the CO, source 250 to stop injecting CO; into the storage
space (315).

The setpoint X can be a system or user defined CO; level that can vary based on the

volume of the storage space within the transport unit being monitored, the desired amount of
5 time required to calculate the leak rate of the transport unit, the sensitivity of the CO, sensor,

whether any cargo is stored in the storage space, and the type of cargo stored in the storage
space, etc. For example, in one embodiment, when the volume of the storage space within the
transport unit is ~67m>, and the desired amount of time required to calculate the leak rate of the
transport unit is between ~1 to ~8 hours, the setpoint X can be set to ~1%. It will be appreciated

10  that the higher the setpoint X, the less amount of time required to calculate the leak rate of the
transport unit.

At 320, the CO, sensor continuously or periodically monitors the CO, level within the
storage space and sends the monitored CO; level data to the CAS controller over a time period
Ti. The CAS controller receives the monitored CO; level data and stores said data into the

15 memory portion over the time period T;.

The time period T can be the desired amount of time required to calculate the leak rate
of the transport unit. For example, when the setpoint X is set to ~1%, the time period T can be
set, for example, to about two hours.

After the time period T, has passed, the CAS controller can determine a CO, decay based

20  on the monitored CO; level data stored in the memory portion. Fig. 4 illustrates a graph 400 with
examples of CO, decay for different storage space leak rates. The examples shown in the graph
400 are for a storage space having a volume V of ~67m> and a setpoint X of ~1%.
Based on the CO, decay, the CAS controller can determine a leak rate of the transport
unit. For example, in some embodiments, the CO, leak rate can be determined using the
25  equation:
(CO2) = (COxgiitiay COinjcteqy) * (1- EXPHWWY)  EXplieaisV*
where:
(COy): = the concentration of CO; at time t
COqy(initiaiy = the initial (e.g., ambient) concentration of CO; within the storage space (305)
30 COx(injected) = the COy level of setpoint X

V = the volume of the storage space (in)
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t = time (hrs)
leak = leak rate (m*/hr)

Fig. 5 illustrates a flowchart of a method 500 for monitoring a leak rate of a transport unit
5  (e.g., the transport unit 130 shown in Fig. 1) based on a pressure differential between the storage
space of the transport unit and the ambient surrounding the outside of the transport unit,
according to one embodiment. In some embodiments, the method 500 can be an operation mode
of a CAS (e.g., the CAS 200 shown in Fig. 2). In some embodiments, it is preferable that all
doors of the transport unit are closed, any fresh air control mechanism is in a fully closed state,
10 any drain plugs of the transport unit are plugged, and an evaporator drain tube of the transport
unit is flooded. Further, in some embodiments, it is preferable that the ambient temperature
surrounding the outside of the transport unit is at least 5° Celsius. '

At 505, a CAS controller (e.g., the CAS controller 235 shown in Fig. 2) determines a size
of the transport unit (e.g., a ~40 ft container, a ~20 ft container, etc.). The size of the transport

15  unit can be used by the CAS controller to determine constant values and a proper calibration
curve to be used in the leak rate calculation. In some embodiments, the size of the transport unit
can be entered and stored in a memory portion (e.g., the data recorder 280 shown in Fig. 2) via a
human machine interface (not shown) of the CAS by a CAS operator. In other embodiments, the
size of the transport unit can be entered and stored in the memory portion, for example, from an

20  external operator device (e.g. a smart phone, tablet, third party device, etc.), from a control
center, etc. via a wired or wireless connection.

At 510, the CAS controller obtains an ambient temperature of the air surrounding the
outside of the transport unit and an internal temperature within the storage space within the
transport unit. In some embodiments, the ambient temperature and the internal temperature are

25  obtained using one or more temperature scnsors that are part of the CAS and disposed within the
storage space and/or an outside portion of the transport unit, and the one or more temperature
sensors are configured to send internal temperature data and ambient temperature data to the
CAS controller. In some embodiments, the ambient temperature can be sent to the CAS
controller via a third party device (e.g., smart phone, tablet, etc.), for example, using a WiFi,

30  Bluetooth, Zigbee, Infrared, etc. connection.
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At 515, the CAS controller calculates an absolute temperature difference between the
ambient temperature and the internal temperature and determines whether the absolute
temperature difference is within a range A. In some embodiments, the range A can be, for
example, ~5° Celsius. If the absolute temperature difference is within the range A, the method

5 500 proceeds to 525. If not, the method 500 proceeds to 520.

At 520, the CAS controller starts the TRS to control the temperature within the storage
space so that the absolute temperature difference is within the range A. Then, the method 500
proceeds back to 515,

At 525, the CAS controller obtains an ambient pressure of the air surrounding the outside

10 of the transport unit and an internal pressure within the storage space within the transport unit.
In some embodiments, the ambient pressure and the internal pressure are obtained using one or
more pressure sensors are part of the CAS and disposed within the storage space and/or an
outside portion of the transport unit, and the one or more pressure sensors are configured to send
internal pressure data and ambient pressure data to the CAS controller. The CAS controller

15  calculates an initial pressure difference Apnina based on the internal pressure and the ambient
pressure and stores the initial pressure difference Apinisiai Within a memory portion of the CAS
(c.g., the data recorder 280 shown in Fig. 2). The method 500 then proceeds to 530.

At 530, the CAS controller instructs the CAS to supply a known and constant supply air
flow rate into the storage space for a time period T, in order to create an overpressure situation in

20  the storage space. In some embodiments, the CAS controller instructs an air compressor of the
CAS (e.g., the air compressor 205 shown in Fig. 2) to operate in a ventilation mode to supply the
known and constant air flow rate within the storage space. In other embodiments, the CAS
controller can instruct an air pump or a vacuum pump of the CAS to supply the known and
constant supply air flow rate into the storage space. The time period T is a time period for the

25  storage space to reach an overpressure situation and reach a maximum steady state pressure
difference. In some embodiments, the time period T; is ~13 minutes. Fig. 6 illustrates a graph
600 showing the pressure difference Ap over time as the storage space reaches a maximum
steady state pressure difference.

At 535, the CAS controller monitors the pressure difference between the storage space

30  and the ambient for a time period T3. The CAS controller uses the pressure difference data over

the time period Tj to calculate an average pressure difference ADP. In some embodiments, the

10
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time period T; can be ~2 minutes. At 540, the CAS controller stops the supply of the known and
constant air flow rate into the storage space.

At 545, the CAS controller determines whether the average pressure difference ADP is
less than a minimum pressure threshold Y. In some embodiments, the minimum pressure

5  threshold Y can be, for example, 3 Pa. If the average pressure difference ADP is less than the
minimum pressure threshold Y, the method proceeds to 550. If the average pressure difference
ADP is not less than the minimum pressure threshold Y, the method proceeds to 555.

At 550, the CAS controller determines that a leak rate calculation is not possible and that
the transport unit has a leak rate that is beyond an acceptable level for CAS operation.

10 At 555, the CAS controller uses the average pressure ditference ADP to calculate a leak
rate Q using a predetermined calibration curve. The calibration curve is a predetermined curve
stored in a memory portion of the CAS controller that is based on, for example, the size of the
transport unit, the known and constant supply air flow rate supplied by the CAS at 530, etc. In
some embodiments, the calibration curve can be derived based on experimental data. In one

15  embodiment, the leak rate Q can be determined using the equation:

Q =k(ADP*)™,
where k, r and f are predetermined and experimentally derived constant values obtained based on
the calibration curve.

At 560, the CAS controller determines whether the leak rate Q is less than a category I

20  threshold Z;. Ifthe leak rate Q is less than the category I threshold Z1, the method 500 proceeds
to 565. If the leak rate Q is not less than the category I threshold Z;, the method 500 proceeds to
570. At 565, the CAS controller determines that the transport unit is a Category I transport unit
indicating that the transport unit can provide temperature control and atmosphere control easily
and efficiently and can retain desired temperature and atmosphere levels for a longer time than,

25  for example, Category II or Category III transport units.

At 570, the CAS controller determines whether the leak rate Q is less than a category II
threshold Z;. If the leak rate Q is less than the category II threshold Z,, the method 500 proceeds
to 575. If the leak rate Q is not less than the category II threshold Z,, the method 500 proceeds
to 580. At 575, the CAS controller determines that the transport unit is a Category II transport

30  unit indicating that the transport unit can provide temperature control and atmosphere control,

but not as easily and efficiently and cannot retain desired temperature and atmosphere levels as

11
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long as a Category I transport unit. At 580, the CAS controller determines that the transport unit

is a Category III transport unit indicating that the transport unit may have difficulty providing

temperature control and atmosphere control, and cannot provide temperature and atmosphere

control as easily and efficiently and cannot retain desired temperature and atmosphere levels as
5  long as either a Category I transport unit or a Category II transport unit.

It will be appreciated that in some embodiments, the CAS controller need not determine
whether the transport unit is a Category I, I or III transport unit. In some embodiments, the
CAS controller may use the leak rate Q directly to determine the operability/reliability of the
transport unit.

10 An advantage of the method 500, is that the CAS controller can determine a leak rate of
the transport unit without need of any additional instrumentation. Also, the leak rate of the
transport unit can be provided throughout the lifetime of the transport unit. Accordingly, as the
transport unit degrades, the method 500 can determine when the transport unit may be
unacceptable for controlled atmosphere and temperature control requirements. Also, the method

15 500 can provide more information regarding the leak rate of the transport unit than the ISO 1496-
2 test. Also, the method 500 can be recalculated to ISO 1496-2 airtightness requirements.
Moreover, the method 500 can provide pre-trip leak rate calculations that can allow immediate
improvement of the tightness of the transport unit if the leak rate calculation is not acceptable,
thereby preventing damage to cargo during transport. Further, the method 500 can allow the

20  transport unit to keep required internal atmosphere and temperature requirements with a lower
energy consumption of the CAS and the TRS, can allow for lower heat losses and more precise
atmosphere and temperature control. Also, the method 500 can calculate the leak rate of the
transport unit, for example, in ~10 to ~15 minutes.

Figs. 7A and 7B illustrate different embodiments of a leak rate determination system

25 700, 700 for determining a leak rate of a storages space 707 transport unit 705 using one or
more drains 710 of the transport unit 705.

The leak rate determination system 700 shown in Fig. 7A includes the transport unit 705,
two open drains 710a,b, closed drains 712, a sampling leak rate device 720a, a dosing leak rate

device 720b, and a measurement device 730.
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The sampling leak rate device 720a is configured to connect and tightly seal to the drain
710a and the dosing leak rate device 720b is configured to connect and tightly seal to the drain
710b. The closed drains 712 are tightly sealed using, for example, a rubber kazoo.

The sampling leak rate device 720a is configured to include a sensor (not shown) for
measuring a parameter within the storage space 707 and is connected to the measurement device
730 to send parameter data to the measurement device 730.

The sampling leak rate device 720a and the dosing leak rate device 720b are fluidly and
electrically connected to the measurement device 730. The preparation of installing the leak rate
devices 720a,b can be, for example, ~15 minutes,

As shown in Fig. 8, a transport unit 805 includes a drain 810 that allows a leak rate
device 820 to attach thereto. A conventional drain, such as the drain 810, typically can have an
inner diameter of about 40 mm and an outer diameter of about 44 mm. The leak rate device 820
can be composed of an ¢lastic material and includes a drain connection portion 822 and a
measurement device portion 824. In order to securely fit the leak rate device 820 to the drain
810, the drain connection portion 822 can have an inner diameter d that is smaller than the outer
diameter of the drain 810 (e.g., smaller than ~44 mm). The outer diameter of the measurement
device portion 824 can vary based on the type of measurement device (e.g., the measurement
device 730 shown in Figs. 7A and 7B) being connected thereto. The leak rate device 820 can be
a low cost fixture and can be universal and suitable for usage in all types of transport units.

Returning to Fig. 7, the measurement device 730 is configured to operate a leak rate test
using the dosing leak rate device 720b to supply a fluid or gas into the storage space 707 and
using the sampling leak rate device 720a to measure a parameter within the storage space 707.
The measurement device 730 can include a processor, a memory, a clock, and an input/output
(1/0) interface (not shown) to run the leak rate test. The leak rate test can be one or more of a
pressure increase test, a pressure decay test, a tracer gas decay test, a constant injection test, a
constant concentration test, etc.

In some embodiments, the measurement device 730 can apply a pressure increase test to
determine the leak rate. In these embodiments, the measurement device 730 can include an air
compressor (not shown) that can supply a known and constant air flow rate through the dosing
leak rate device 720b. In these embodiments, the measurement device 730 can obtain an initial

pressure within the storage space 707 from the sampling leak rate device 720a. The
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measurement device 730 can then supply compressed air from the air compressor for a time

period (e.g., ~15 minutes) and then use the sampling leak rate device 720a to sample a post

pressure within the storage space 707 after the time period. The measurement device 730 can

determine a leak rate for the transport unit 705 based on the initial pressure and the post pressure
5  using a leak rate method (e.g., the leak rate method 500 shown in Fig, 5).

In some embodiments, the measurement device 730 can apply a pressure decay test to
determine the leak rate. In these embodiments, the measurement device 730 can include an air
compressor (not shown) that can supply an air flow rate high enough to create an overpressure
situation within the storage space 707 (e.g., ~5 to ~30 m’/hr) through the dosing leak rate device

10 720b. Once the measurement device 730 and the sampling leak rate device 720a determines that
a selected pressure within the storage space 707 is reached (e.g., ~500 to ~1000 Pa), the air
compressor is turned off and a time period is measured for the measurement device 730 and the
sampling leak rate device 720a to determine that the pressure storage space 707 has reached a
second pressure level (e.g., 200 Pa). Based on the measured time period, the measurement

15 device 730 can calculate the leak rate of the transport unit 705.

In some embodiments, the measurement device 730 can apply a tracer gas decay test to
determine the leak rate. In these embodiments, the measurement device 730 can include a tracer
gas source (e.g., a CO; source) that can supply an inert gas (e.g., CO,) through the dosing leak
rate device 720b into the storage space 707. In these embodiments, the sampling leak rate device

20 720a can monitor the inert gas level within the storage space 707 and send the monitored inert
gas data to the measurement device 730. The measurement device 730 can supply inert gas from
the inert gas source until the measurement device 730 determines that the inert gas level in the
storage space reaches a preset value (e.g., ~1%). The measurement device 730 can then
determine a leak rate for the transport unit 705 by monitoring a inert gas decay for a time period

25 (e.g., ~1 to ~8 hours) within the storage space 707 using a leak rate method (e.g., the leak rate
method 300 shown in Fig. 3).

In some embodiments, the measurement device 730 can apply a constant injection test to
determine the leak rate. In these embodiments, the measurement device 730 can include a tracer
gas source (e.g., a CO; source) that can supply a constant supply and air flow rate of an inert gas

30 (e.g., CO,) through the dosing leak rate device 720b into the storage space 707. In these

embodiments, the sampling leak rate device 720a can monitor the inert gas level within the
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storage space 707 and send the monitored inert gas data to the measurement device 730. The
measurement device 730 can then determine a leak rate for the transport unit 705 by monitoring
reached concentration values of the inert gas within the storage space 707 by analyzing, for
example, build-up of the achieved inert gas concentration due to a known supply of the inert gas
flow rate.

In some embodiments, the measurement device 730 can apply a constant concentration
test to determine the leak rate. In these embodiments, the measurement device 730 can include a
tracer gas source (e.g., a CO, source) that can supply a constant supply and air flow rate of an
inert gas (e.g., CO,) through the dosing leak rate device 7200 into the storage space 707. In
these embodiments, the sampling leak rate device 720a can monitor the inert gas level within the
storage space 707 and send the monitored inert gas data to the measurement device 730. The
measurement device 730 can then determine a leak rate for the transport unit 705 by monitoring
the amount of inert gas required to be injected within the storage space 707 to maintain a
constant concentration of the inert gas within the storage space 707,

It will be appreciated that the above listed tests are non-limiting, and other tests could be
applied by the measurement device 730 to determine the leak rate within the storage space 707.

The leak rate determination system 700 shown in Fig. 7B is similar to the leak rate
determination system 700. The leak rate determination system 700’ includes a single open drain
710 and only one leak rate device 720 required. The leak rate device 720 can be used for both
dosing and sampling,

An advantage of the leak rate determination systems 700, 700’ is that simple leak testing
for any conventional transport unit can be completed, even when the storage space 707 is loaded
and/or not accessible via, for example, a transport refrigeration unit, a fresh air exchange
mechanism, etc. and when leak rate testing is not possible via a CAS. Moreover, the leak rate
determination systems 700, 700° are non-invasive (e.g., does not break any tightening and/or
security measures) and can easily be performed in field conditions. The leak rate determination
systems 700, 700° can also use different test methods (e.g., pressure increase, pressure decay,
tracer gas decay, constant injection, constant concentration, etc.) for determining the leak rate of
the transport unit. The leak rate determination systems 700, 700’ test procedures can be quickly
prepared by any skilled technician and requires an inexpensive leak rate device that can be used

on all types of transport units.
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Aspects:
It is noted that any of aspects 1-3 below can be combined with any of aspects 4-20. Also,

any of aspects 4-10 can be combined with any of aspects 11-20.

Aspect 1. A method for monitoring a leak rate of a transport unit comprising:

measuring, via a carbon dioxide sensor, an initial carbon dioxide level within the
transport unit;

sending the initial carbon dioxide level to a controller;

injecting carbon dioxide into the transport unit until a carbon dioxide setpoint level is
reached;

the controller monitoring a carbon dioxide level within the transport unit over a time
period T;

the controller determining a leak rate of the transport unit based on the monitored carbon

dioxide level within the transport unit over the time period T.

Aspect 2, The method of aspect 1, wherein determining the leak rate of the transport unit
based on the monitored carbon dioxide level within the transport unit over the time period T

includes the controller determining a carbon dioxide decay of the transport unit.

Aspect 3. The method of any one of aspects 1-2, wherein the controller determining the leak
rate of the transport unit using the equation:

(CO): = (COsmiiay COxinjcteay) * (1- EXPEeAVY)  EXpLIealsvt
wherein (CO,). is a concentration of carbon dioxide within the transport unit at a time t, COxnitiary
is the initial carbon dioxide level within the transport unit, COy(njecteq) is the carbon dioxide

setpoint level, V is a volume of the storage space, and leak is the leak rate of the transport unit.

Aspect 4. A method for monitoring a leak rate of a transport unit comprising:
a controller calculating an absolute temperature difference between an ambient
temperature of ambient air surrounding an outside of the transport unit and an internal

temperature of internal air within the transport unit;
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when an absolute temperature difference between the ambient temperature and the
internal temperature is within a maximum threshold, supplying an air flow into the transport unit
until a maximum steady state pressure difference between an ambient pressure of the ambient air
and an internal pressure of the internal air is reached;

after reaching the maximum steady state pressure, monitoring a pressure difference
between the ambient air and the internal air for a time period T;

calculating an average pressure difference between the ambient air and the internal air
based on the monitored pressure difference for the time period T;

determining the leak rate based on the average pressure difference.

Aspect 5. The method of aspect 4, wherein the controller determining the leak rate of the
transport unit using the equation:

Q =k(ADP*n),

where Q is the leak rate, ADP is the average pressure difference and k, r and f are predetermined

constants.

Aspect 6. The method of any one of aspects 4-5, further comprising:

measuring the ambient temperature of ambient air surrounding an outside of the transport
unit;

measuring the internal temperature of internal air within the transport unit;

wherein the controller calculating the absolute temperature difference based on the

measured ambient temperature and the measured internal temperature.

Aspect 7. The method of any one of aspects 4-6, wherein supplying the air flow into the
transport unit until the maximum steady state pressure difference between the ambient pressure
of the ambient air and the internal pressure of the internal air is reached includes operating an

air compressor in a ventilation mode to supply the air flow.

Aspect 8. The method of any one of aspects 4-6, wherein supplying the air flow into the

transport unit until the maximum steady state pressure difference between the ambient pressure
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of the ambient air and the internal pressure of the internal air is reached includes operating at

least one of an air pump and a vacuum pump to supply the air flow.

Aspect 9. The method of any one of aspects 4-8, further comprising:
when the absolute temperature difference is greater than the maximum threshold,
providing temperature control within the transport unit until the absolute temperature difference

is within the maximum threshold.

Aspect 10.  The method of any one of aspects 4-9, further comprising:
the controller determining an efficiency of the transport unit to provide temperature

control and atmosphere control based on the determined leak rate.

Aspect 11. A method for monitoring a leak rate of a transport unit comprising:
supplying, via a dosing leak rate device, at least one of a fluid and a gas into the transport
unit;
monitoring, via a sampling leak rate device, a parameter within the transport unit;
determining the leak rate of the transport unit based on the monitored parameter over a

time period T.

Aspect 12.  The method of aspect 11, further comprising a measurement device applying a

leak rate test to determine the leak rate based on the monitored parameter over the time period T.
Aspect 13, The method of aspectl12, wherein the leak rate test is one or more of a pressure
increase test, a pressure decay test, a tracer gas decay test, a constant injection test, and a

constant concentration test.

Aspect 14.  The method of any one of aspects 11-13, wherein the dosing leak rate device and

the sampling leak rate device are formed as a single leak rate device.
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Aspect 15.  The method of any one of aspects 11-14, wherein at least one of the dosing leak
rate device and the sampling leak rate device are connected and tightly sealed to a drain of the

transport unit.

Aspect 16.  The method of any one of aspects 1115, wherein supplying, via the dosing leak
rate device, at least one of the fluid and the gas into the transport unit includes supplying, via an
air compressor, a compressed air flow into the transport unit for a time period T, and the method
further including:

determining an initial pressure within the transport unit prior to supplying the
compressed air flow based on the monitored parameter;

determining a post pressure within the transport unit upon supplying the compressed air
flow for the time period T; and

a measurement device calculating the leak rate based on the initial pressure and the post

pressure.

Aspect 17.  The method of any one of aspects 11-15, wherein supplying, via the dosing leak
rate device, at least one of the fluid and the gas into the transport unit includes supplying, via an
air compressor, a compressed air flow into the transport unit, and the method further including;

supplying, via the dosing leak rate device, the air flow at a rate sufficient to create an
overpressure situation within the transport unit by reaching a first pressure level;

monitoring a pressure within the transport unit, via the sampling leak rate device;

when the monitored pressure within the transport unit reaches a second pressure level,
determining the time T for the pressure within the transport unit to decay from the first pressure
level to the second pressure level; and

a measurement device calculating the leak rate based on the determined time period T.

Aspect 18.  The method of any one of aspects 11-15, wherein supplying, via the dosing leak

rate device, at Jeast one of the fluid and the gas into the transport unit includes supplying, via an

inert gas source, an inert gas into the transport unit, and the method further including:
supplying, via the dosing leak rate device, the inert gas within the transport unit until an

inert gas level within the transport unit reaches a first level;
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after supplying the inert gas, monitoring an inert gas decay for the time period T via the
sampling leak rate device;

a measurement device calculating the leak rate based on the monitored inert gas decay

over the time period T.
5
Aspect 19.  The method of any one of aspects 11-15, wherein supplying, via the dosing leak
rate device, at least one of the fluid and the gas into the transport unit includes supplying, via an
inert gas source, an inert gas into the transport unit, and the method further including:
supplying a constant flow of the inert gas within the transport unit via the dosing leak rate
10 device;

monitoring an inert gas level via the sampling leak rate device;
a measurement device calculating the leak rate based on the monitored inert gas level

reaching a set threshold level.

15  Aspect20.  The method of any one of aspects 11-15, where supplying, via the dosing leak rate
device, at least one of the fluid and the gas into the transport unit includes supplying, via an inert
gas source, an inert gas into the transport unit, and the method further including;

supplying a flow of the inert gas within the transport unit via the dosing leak rate device;
monitoring an inert gas level via the sampling leak rate device;

20 a measurement device calculating the leak rate based on an amount of inert gas required
to be supplied within the transport unit to maintain a constant concentration of the inert gas

within the transport unit.

The terminology used in this Specification is intended to describe particular embodiments
25  and is not intended to be limiting. The terms “a,” “an,” and “the” include the plural forms as
well, unless clearly indicated otherwise. The terms “comprises” and/or “comprising,” when used
in this Specification, specify the presence of the stated features, integers, steps, operations,
elements, and/or components, but do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, and/or components.
30 - With regard to the preceding description, it is to be understood that changes may be made

in detail, especially in matters of the construction materials employed and the shape, size, and
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arrangement of parts without departing from the scope of the present disclosure. The word
“embodiment” as used within this Specification may, but does not necessarily, refer to the same
embodiment. This Specification and the embodiments described are exemplary only. Other and
further embodiments may be devised without departing from the basic scope thereof, with the

5 true scope and spirit of the disclosure being indicated by the claims that follow.
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CLAIMS

1. A method for monitoring a leak rate of a transport unit comprising:

measuring, via a carbon dioxide sensor, an initial carbon diexide level within the
transport unit;

sending the initial carbon dioxide level to a controller;

injecting carbon dioxide into the transport unit until a carbon dioxide setpoint level is
reached;

the contreller monitoring a carbon dioxide level within the transport unit over a time
period T;

the controller determining a leak rate of the transport unit based on the monitored carbon
dioxide level within the transport unit over the tme period T,
2. The maethod of claim 1, wherein determining the leak rate of the transport unit based on
the monitored carbon dioxide level within the transport unit over the time period T includes the

controller determining a carbon dioxide decay of the transport unit.

3. The method of claim 1, wherein the controller determining the leak rate of the transport
unit using the equation:

(CO2) = (COgminayf COxpimecreay) ¥ (1- EXPURNII . gy plteatdinn
wherein (CO;); is a concentration of carbon dioxide within the transport unit at a time t, COugnitan
is the initial carbon dioxide level within the transport unit, COpnjeneqy 18 the carbon dioxide

setpoint level, V 1s a volume of the storage space, and leak is the leak rate of the {ransport unit.

4. A methed for monitoring a leak rate of a transport unit comprising:

a controller calculating an absolute temperature difference between an ambient
temperature of ambient air surrounding an outside of the transport unit and an internal
temperature of internal air within the transport unif;

when an absolute temperature difference between the ambient temperature and the
internal temiperature is within a maxirmun threshold, supplying an air flow into the transpert unit
until a maximum steady state pressure difference between an ambient pressure of the ambient aiy

and an infernal pressure of the internal air is reached;
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after reaching the maximum steady state pressure, monitoring a pressure ditference
between the ambient air and the internal air for a time period T}

calculating an average pressure difference between the ambient air and the internal air
based on the monitored pressure difference for the time period T;

determining the leak rate based on the average pressure difference.

5. The method of claim 4, wherein the controller determining the leak rate of the transport
unit using the equation:

Q =k(ADP*1),

where Q is the leak rate, ADP is the average pressure difference and k, v and f are predetermined

constants.

6. The method of claim 4, further comprising:

measuring the ambient temperature of ambient air surrounding an putside of the transport
unit;

measuring the internal temperature of internal air within the transport unit;

wherein the controller calculating the absolute temperature difference based on the

measured ambient temperature and the measured internal temperature,

7. The method of elaim 4, wherein supplying the air flow into the transport unit until the
maxintum steady state pressure difference between the ambient pressure of the ambient air and
the internal pressure of the internal air is reached includes  operating an air compressor in a

ventilation mode to supply the air flow,

8. The method of claim 4, wherein supplying the air flow into the transport unit until the
maximum steady state pressure difference between the ambient pressure of the ambient air and
the internal pressure of the internal air is reached includes operating at least one of an air pump

and a vacuum pump to supply the air flow.

9. The method of claim 4, fuether comprising
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when the absolute temperature difference is greater than the maximum threshold,
providing temperature control within the transport unit until the absolute temperature difference

1s within the maximum threshold.

10, The method of claim 4, further comprising:
the controller determining an efficiency of the transport unit to provide temperature

contrel and atmosphere control based on the determined leal rate.

t1. A method for monitoring a leak rate of a transport unit comprising:

supplying, via a dosing leak rate device, at least one of & fluid and a gas into the transport

unit;
monitoring, via a sampling leak rate device, a parameter within the transport unit;
determining the leak rate of the transport unit based on the monitored parameter over a
time peried T.
12. The method of claim 11, further comprising a measurement device applying a leak vate

test to determine the leak rate based on the monitored parameter over the time period T.

13, The method of claim 12, wherein the leak rate test is one or more of a pressure increase
test, a pressure decay test, a tracer gas decay test, a constant injection test, and a constant

concentration test.

14.  The method of claim 11, wherein the dosing leak rate device and the sampling leak rate

device are formed as a single leak rate device.

15, The method of claim 11, wherein at least one of the dosing leak rate device and the

sampling leak rate device are connected and tightly sealed fo a drain of the transport unit,
16.  The method of claim 11, wherein supplying, via the dosing leak rate device, at least one

of the fluid and the gas into the transport unit includes supplying, via an air compressor, a

compressed air flow into the transport unit for a time period T, and the method further including:
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determining an initial pressure within the transport unit prior to supplying the
compressed air flow based on the monitored parameter;

determining a post pressure within the transport unit upon supplying the compressed air
flow for the time period T; and

a measurement device calenlating the leak rate based on the initial pressure and the post

pressufe.,

17.  The method of claim 11, wherein supplying, via the dosing leak rate device, at least one
of the fluid and the gas into the transport unit inclodes supplying, via an air compressor, &
compressed air flow into the transport unit, and the method further including:

supplying, via the dosing leak rate device, the air flow at a rate sufficient to create an
overpressure situation within the transport unit by reaching a first pressure level;

monitoring a pressure within the transport unit, via the sampling leak rate device;

when the monitored pressure within the transport unit reaches a second pressure level,
determining the time T for the pressure within the transport unit to decay from the Hrst pressure
level to the second pressure level; and

a measwement device calculating the leak rate based on the determined time period T.

18.  The method of claim 11, wherein supplying, via the dosing leak rate device, at least one
of the fluid and the gas into the transport unit includes supplying, via an inert gas source, an inert
gas into the transpott unit, and the method further including:

supplying, via the dosing leak rate device, the inert gas within the transport unit until an
inert gas level within the transport unit reaches a first level;

after supplying the inert gas, monitoring an inert gas decay for the time period T via the
sampling leak rate device;

a measurement device calculating the leak rate based on the monitored inert gas decay

over the time period T,
19, The method of claim 11, wherein supplying, via the dosing leak rate device, at least one

of the fQuid and the gas into the transport unit includes supplying, via an inert gas source, an inert

gas into the transport unit, and the method further including;
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supplying a constant flow of the inert gas within the transport unit via the dosing leak rate
device;

monitoring an inert gas level via the sampling leak rate device;

a measurement device calculating the leak rate based on the monitored inert gas level

reaching a set threshold level.

20, The method of claim 11, where supplying, via the dosing leak rate device, at least one of
the fluid and the gas into the transport unit includes supplying, via an inert gas source, an inett
gas into the transport unit, and the method further including:
supplying a flow of the inert gas within the transport unit via the dosing leak rate device;
monitoring an inert gas level via the sampling leak rate device;

a measurement device calculating the leak rate based on an amount of inert gas required

to be supplied within the transport unit to maintain a constant concentration of the inert gas

within the transport unit.
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