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METHOD AND SYSTEM FOR EVALUATING
FLUID FLOW THROUGH A HEAT
EXCHANGER

TECHNICAL FIELD OF THE INVENTION

The present invention relates to the field of heat exchang-
ers. More specifically, the present invention relates to evalu-
ating a flow of fluid through a heat exchanger.

BACKGROUND OF THE INVENTION

A heat exchanger is a device for moving heat from one
fluid to another (i.e., from a warm or hot fluid to a cold or
cooler one) without allowing the fluids to mix. A heat
exchanger typically consists of a series of tubes in which one
of the fluids runs. The second fluid runs over the tubes and
is heated or cooled. Evaporators, condensers, radiators, and
the like are heat exchangers. For example, refrigeration
systems, i.e., air conditioners, typically include two heat
exchangers, usually referred to as the evaporator and the
condenser.

FIG. 1 shows a simplified block diagram of an exemplary
refrigeration system 20. Refrigeration system 20 includes a
compressor 22 in fluid communication with a condenser 24
via a fluid line 26. Condenser 24 is in fluid communication
with a metering device 28, which may be in the form of a
restrictor or an expansion valve, via a fluid line 30. Metering
device 28 is coupled with an evaporator 32 via a fluid line
34, and a fluid line 36 connects evaporator 32 to an input of
compressor 22.

In operation, relatively high pressure refrigerant, denoted
by arrows 38, is discharged in a gaseous form from com-
pressor 22 via fluid line 26 to condenser 24. At condenser 24,
refrigerant 38 is condensed by the action of a cooler fluid,
such as air, flowing through condenser 24. The liquid
refrigerant 38 thus formed flows via fluid line 30 to metering
device 28. Metering device 28 controls the pressure and flow
of refrigerant 38 into evaporator 32 in accordance with need.
Refrigerant 38 passes into fluid line 34 and flows at rela-
tively high velocity through fluid line 34 and into evaporator
32. Air, as denoted by an arrow 40, may be either blown or
drawn through evaporator 32. As air 40 passes through
evaporator 32, evaporator 32 removes heat (i.e., cools) air
40. The cooled air 40 is subsequently returned to the area to
be cooled, for example, air 40 may be returned to a vehicle
compartment. Warmed refrigerant 38 exits evaporator 32
and is returned via fluid line 36 to compressor 22 where the
refrigeration cycle is continued.

To obtain the maximum heat transfer from air 40 to
refrigerant 38, refrigerant 38 may be routed in evaporator 32
to make multiple passes through the air stream to be cooled,
prior to being discharged from evaporator 32 for recircula-
tion. Indeed, evaporators may be categorized in accordance
with the number of times cold refrigerant 38 passes through
the core portion of the evaporator, for example, a two-pass
system, a three-pass system, and so forth.

FIG. 2 shows a perspective view of an exemplary con-
figuration of evaporator 32. Evaporator 32 includes a refrig-
erant inlet 42, a refrigerant outlet 44, and a plurality of tube
sheet assemblies 46 arranged in a stacked or back-to-back
manner and brazed together to form the central portion, or
core, of evaporator 32. Tube sheet assemblies 46 are opera-
tively connected at their upper ends by an inlet conduit 48
and an outlet conduit 50 (each of which are shown in ghost
form). Tube sheet assemblies 46 are further operatively
connected at their lower ends by a first intermediate conduit
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52 and a second intermediate conduit 54 (each of which are
shown in ghost form). Conduits 48, 50, 52, and 54 will be
discussed in greater detail below. Tube sheet assemblies 46
are arranged to define spaces 56 therebetween to accommo-
date fins 58. Fins 58 operate to increase the heat transfer
performance of evaporator 32, as known to those skilled in
the art.

Each of tube sheet assemblies 46 includes a pair of tube
plates arranged in a face-to-face manner and brazed together
about their periphery. A cavity (not shown) is formed
between the brazed tube plates through which refrigerant 38
flows. Evaporator 32 includes two types of tube sheet
assemblies 46, straight tube sheet assemblies 60 and U-turn
tube sheet assemblies 62.

Referring to FIGS. 3-4 in connection with FIG. 2,

FIG. 3 shows a planar view of a first tube plate 64 of one
of straight tube sheet assemblies 60. FIG. 4 shows a planar
view of a second tube plate 66 of one of U-turn tube sheet
assemblies 62. It should be noted that one of straight tube
sheet assemblies 60 is formed by a pair of first tube plates
64. Similarly, one of U-turn tube sheet assemblies 62 is
formed by a pair of second tube plates 66. First and second
tube plates 64 and 66, respectively, are provided to illustrate
the intended flow of refrigerant 38 through their correspond-
ing straight and U-turn tube sheet assemblies 60 and 62,
respectively.

Referring particularly to FIG. 3, first tube plate 64
includes a first fluid flow section 68 in fluid communication
with each of inlet conduit 48 and first intermediate conduit
52. First tube plate 64 further includes a second fluid flow
section 70 in fluid communication with each of outlet
conduit 50 and second intermediate conduit 54. A first
dividing wall 72 separates first and second fluid flow sec-
tions 68 and 70, respectively. As such, when a pair of first
tube plates 64 are brazed together, refrigerant 38 flowing in
first fluid flow section 68 cannot mix with refrigerant 38
flowing in second fluid flow section 70.

Refrigerant 38 flows into first fluid flow section 68 of
straight tube sheet assembly 60 from inlet conduit 48 and
exits first fluid flow section 68 via first intermediate conduit
52. In contrast, refrigerant 38 flows into second fluid flow
section 70 of straight tube sheet assembly 60 from second
intermediate conduit 54 and exits via outlet conduit 50.

Referring now to FIG. 4, second tube plate 66 includes a
third fluid flow section 74 in fluid communication with first
intermediate conduit 52. Second tube plate 66 further
includes a fourth fluid flow section 76 in fluid communica-
tion with second intermediate conduit 54. A second dividing
wall 78 partially separates third and fourth fluid flow sec-
tions 74 and 76, respectively. In addition, a third dividing
wall 80 separates third and fourth fluid flow sections 74 and
76 from inlet and outlet conduits 48 and 50, respectively. As
such, when a pair of second tube plates 66 are brazed
together, refrigerant 38 flows from third fluid flow section 74
into fourth fluid flow section 76. However, this refrigerant
38 cannot mix with refrigerant 38 flowing in inlet and outlet
conduits 48 and 50.

Refrigerant 38 flows into third fluid flow section 74 of
U-turn tube sheet assembly 62 from first intermediate con-
duit 52. Refrigerant 38 subsequently flows from third fluid
flow section 74 into fourth fluid flow section 76, and exits
fourth fluid flow section 76 via second intermediate conduit
54.

FIG. 5 shows a phantom schematic representation of
evaporator 32 illustrating a pre-determined flow path 79 of
refrigerant 38 from refrigerant inlet 42, through evaporator
32, to refrigerant outlet 44 of evaporator 32. As shown,
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refrigerant 38 enters evaporator 32 via refrigerant inlet 42,
and flows in inlet conduit 48 to straight tube sheet assem-
blies 60. Refrigerant 38 flows through first fluid flow section
68 (FIG. 3) of each of straight tube sheet assemblies 60,
where refrigerant 38 enters first intermediate conduit 52
(FIG. 2). Refrigerant 38 then flows through first intermediate
conduit 52 to U-turn tube sheet assemblies 62, enters third
fluid flow section 74 (FIG. 4), and flows into fourth fluid
flow section 76 (FIG. 4). Refrigerant 38 subsequently flows
out of U-turn tube sheet assemblies 62 into second interme-
diate conduit 54 (FIG. 2), and enters second fluid flow
section 70 (FIG. 3) of straight tube sheet assemblies 60.
Refrigerent 38 flows from second fluid flow section 70 into
outlet conduit 50 (FIG. 2), where it exits evaporator 32 via
refrigerant outlet 44.

Evaporator 32 represents a multiple pass flow through a
central core 82 of straight and U-turn tube sheet assemblies
60 and 62, respectively. This multiple pass flow technique
facilitates optimal cooling performance of evaporator 32.
Unfortunately, the cooling performance of evaporator 32
may be compromised when a bypass situation occurs in core
82. The bypass situation occurs when the flow of refrigerant
38 deviates from its pre-determined flow path 79. That is,
refrigerant 38 is able to bypass into another section of core
82, instead of being directed through evaporator 32 in the
pre-determined, designed, or expected manner.

Internal leakage, or bypass, in a heat exchanger can be
caused by a faulty manufacturing technique. For example,
the incomplete brazing of first tube plates 64 (FIG. 3) that
form straight tube sheet assemblies 60 and/or second tube
plates 66 (FIG. 4) that form U-turn tube sheet assemblies 62,
can result in defects in the internal bracing of core 82 that
lead to the bypass situation. Some examples of bypass
include, but are not limited to, leakage between first and
second fluid flow sections 68 and 70 (FIG. 3), respectively,
leakage between inlet and outlet conduits 48 and 50 (FIG. 2),
respectively, leakage between first and second intermediate
conduits 52 and 54 (FIG. 2), respectively, and so forth.

Some manufacturing facilities perform validation testing,
or audit checks, to identify defective heat exchanger cores
prior to their entry into the market. One such test attempts
to identify internal leakage, or bypass, by measuring a
quantity of heat rejection for a heat exchanger core and
comparing that measured quantity of heat rejection with a
desired heat rejection threshold. Unfortunately, such testing
is complex, time consuming, and prone to error.

Obviously, it is highly desirable to prevent defective heat
exchangers from entering the market. Moreover, as the
complexity of heat exchanger increases, through more com-
plex fluid flow paths such as heat exchanger 32, so too does
the probability of internal leakage. Accordingly, what is
needed is an efficient method and a cost effective system for
inspecting heat exchangers for internal leakage.

SUMMARY OF THE INVENTION

Accordingly, it is an advantage of the present invention
that a system and method for evaluating a flow of fluid
through a heat exchanger are provided.

It is another advantage of the present invention that a
system and method are provided that enable visualization of
fluid flow through a heat exchanger.

Yet another advantage of the present invention is that the
system and method enable the rapid, cost effective, and
non-destructive evaluation of a heat exchanger for internal
leakage.
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The above and other advantages of the present invention
are carried out in one form by a method for evaluating a flow
of a fluid through a heat exchanger. The method calls for
routing the fluid through the heat exchanger, detecting a
surface temperature across the heat exchanger in response to
a flow of the fluid through the heat exchanger, and deter-
mining an efficacy of the flow in response to the surface
temperature.

The above and other advantages of the present invention
are carried out in another form by a system for visualizing
a flow of a fluid through a heat exchanger. The system
includes a refrigerant subsystem for carrying the fluid, the
refrigerant subsystem including a compressor and a con-
denser in communication via a fluid loop. A platform is
configured for attachment of the heat exchanger, the plat-
form having a fluid inlet and a fluid outlet in communication
with the refrigerant subsystem, and the fluid inlet being
configured for attachment with an inlet of the heat exchanger
and the fluid outlet being configured for attachment with an
outlet of the evaporator. The system further includes control
means for selectively routing the fluid through the heat
exchanger via the fluid loop, and a thermal imaging camera
directed toward a sample location at the platform for detect-
ing infrared radiation corresponding to surface temperature
across the heat exchanger. A monitor is in communication
with the thermal imaging camera, the monitor presenting
thermal images responsive to a variation of the surface
temperature of the heat exchanger.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present invention
may be derived by referring to the detailed description and
claims when considered in connection with the Figures,
wherein like reference numbers refer to similar items
throughout the Figures, and:

FIG. 1 shows a simplified block diagram of an exemplary
refrigeration system;

FIG. 2 shows a perspective view of an exemplary con-
figuration of an evaporator of the refrigeration system;

FIG. 3 shows a planar view of a first tube plate of a
straight tube sheet assembly of the evaporator of FIG. 2;

FIG. 4 shows a planar view of a second tube plate of a
U-turn tube sheet assembly of the evaporator of FIG. 2;

FIG. 5 shows a phantom schematic representation of the
evaporator of FIG. 2 illustrating a pre-determined flow path
of refrigerant through the evaporator of FIG. 2;

FIG. 6 shows a block diagram of a component layout of
a heat exchanger evaluation system in accordance with a
preferred embodiment of the present invention;

FIG. 7 shows a block diagram of a functional configura-
tion of the heat exchanger evaluation system of FIG. 6;

FIG. 8 shows a flow chart of a heat exchanger evaluation
process performed in connection with the system of FIG. 6;

FIG. 9 shows a flow chart of an initiation subprocess of
the heat exchanger evaluation process;

FIG. 10 shows a flow chart of a pre-evacuation subprocess
of the heat exchanger evaluation process;

FIG. 11 shows a flow chart of a vacuum leak condition
subprocess of the heat exchanger evaluation process;

FIG. 12 shows a flow chart of a leak check subprocess of
the heat exchanger evaluation process;

FIG. 13 shows a flow chart of a start test subprocess of the
heat exchanger evaluation process;

FIG. 14 shows a flow chart of an evaluate subprocess of
the heat exchanger evaluation process;
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FIG. 15 shows a flow chart of an end test subprocess of
the heat exchanger evaluation process;

FIG. 16 shows a flow chart of a post-evacuate subprocess
of the heat exchanger evaluation process;

FIGS. 17a-¢ show schematic representations of the
evaporator of FIG. 2 illustrating internal leak, or bypass,
conditions; and

FIGS. 18a-b show schematic representations of succes-
sive thermal images for visualizing a flow of refrigerant
through the evaporator of FIG. 2.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention involves a system and method for
the post-manufacturing evaluation of heat exchangers. Such
an evaluation can reveal internal leakage defects in heat
exchangers. These defective heat exchangers can then be
culled, or rejected, so that they do not enter the market. The
present invention will be described in connection with its
use for evaluating heat exchanger 32 (FIG. 2). However, it
should be readily understood that the present invention may
be adapted for testing any of a variety of multiple-pass heat
exchangers.

FIG. 6 shows a block diagram of a component layout of
a heat exchanger evaluation system 84 in accordance with a
preferred embodiment of the present invention. System 84
includes a mobile test station 86 and a mobile operator
station 88. Test station 86 and operator station 88 may be
coupled via a bi-directional communication link 90. Mobile
test station 86 and mobile operator station 88 are wheeled
vehicles, or carts, utilized to convey the components of heat
exchanger evaluation system 84. However, stations 86 and
88 need not be wheeled vehicles, but may instead be one or
more fixed structures that hold the components of heat
exchanger evaluation system 84.

In this exemplary configuration, test station 86 includes a
condenser 92 and a platform 94 positioned on an outer top
surface 96 of test station 86. Platform 94 is configured for
attachment of a heat exchanger, for example, evaporator 32
(FIG. 2). In addition, condenser 92 and platform 94 are
aligned in spaced-relation with one another. Thus, a con-
denser fan 98 of condenser 92 can be utilized to draw
ambient air 40 across heat exchanger 32 toward condenser
92.

Operator station 88 includes a monitor 100, a camera lens
102 directed toward a sample location 103 at platform 94,
indicators 104, and operator controlled actuators 106 posi-
tioned about an outer surface 108 of operator station 88.
Indicators 104 may be lights that are illuminated or extin-
guished in response to various operating configurations of
system 84. Indicators 104 include, for example, a “system
fail” indicator 110, a “system ready” indicator 112, a “sys-
tem running” indicator 114, and a “vacuum leak” indicator
116. Actuators 106 include, for example, a “system on”
pushbutton 118, a “system off”” pushbutton 120, a “test start™
pushbutton 122, and a “test stop” pushbutton 124. The
remaining components of test station 86 and operator station
88 and the function of each will be described below.

FIG. 7 shows a block diagram of a functional configura-
tion of heat exchanger evaluation system 84. Dashed lines
delineate those components that form test station 86 and
those components that form operator station 88. In general,
test station 86 includes a closed loop refrigeration subsystem
126 into which evaporator 32 can be installed and evaluated.
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Whereas, operator station 88 includes the appropriate con-
trol and data collection mechanisms with which an operator
may evaluate evaporator 32.

Refrigeration subsystem 126 includes a compressor 128
in fluid communication with condenser 92 via a first fluid
loop section 130. A second fluid loop section 132 intercon-
nects an outlet of condenser 92 with a receiver 134. Receiver
134 includes a filter 135 for filtering contaminants from
refrigerant 38 circulating within refrigeration subsystem
126. As such, refrigerant 38 will enter evaporator 32 free
from contaminants that might otherwise compromise its
performance prior to its entry into the market. Although only
filter 135 is shown, receiver 134 may further include a
desiccant for removing water from refrigerant. In addition,
those skilled in the art will recognize that receiver 134 could
be integrated into condenser 92 and/or that filter 135 may be
integral to condenser 92.

Receiver 134 is in fluid communication with a metering
device 136, such as an expansion valve, an orifice tube, and
the like, via a third fluid loop section 138. A first valve 140,
labeled “MBV1”, is positioned in third fluid loop section
138 between receiver 134 and metering device 136. In
addition, a first solenoid valve 141, labeled “SV1”, is
positioned in third fluid loop section 138 between first valve
140 and metering device 136. Although metering device 136
is shown as being interposed between first valve 140 and a
first fluid port 142 of platform 94 along a fourth fluid loop
section 144, metering device may alternatively be incorpo-
rated into platform 94.

In an exemplary embodiment, first valve (MBV1) 140 is
a mechanical ball valve that opens when a first control signal
is applied and closes when a second control signal is applied.
First valve 140 is controlled to enable a flow of fluid 38
through third fluid loop section 138. First solenoid valve
(SV1) 141 is normally held open through the application of
a control signal, but closes in response to the loss of the
control signal, which may occur during a power outage. The
closure of first solenoid valve 141 enables test station 86 to
be placed into a fail safe mode with all valves closed in
response to a power outage.

The nomenclature “MBV” indicates the utilization of a
mechanical ball valve for controlling the flow of fluid 38
through the fluid loop of test station 86. The nomenclature
“SV” indicates the utilization of a solenoid valve for ensur-
ing valve closure and the cessation of the flow of fluid 38
through the fluid loop of test station 86. This nomenclature
applies to other valves discussed below. The pairing of a
mechanical ball valve with a solenoid valve, as in first valve
140 with first solenoid valve 141, represents a compromise
in which the ball valve is utilized to control fluid flow, but
requires two signals (one to open and one to close) while the
solenoid valve only requires one signal. Thus, the solenoid
valve closes on loss of power, but not tightly enough to be
used without the ball valve for controlling fluid flow. How-
ever, those skilled in the art will recognize that alternative
valve configurations may be employed for selectively con-
trolling the flow of fluid 38 that are also able to close on loss
of power.

A fifth fluid loop section 146 interconnects a second fluid
port 148 and a third valve 150, labeled “MBV3”, with a third
solenoid valve 151, labeled “SV3”, interposed between
them. A sixth fluid loop section 152 interconnects third
valve, V3, 150 with compressor 128. Thus, first, second,
third, fourth, fifth, and sixth fluid loop sections 130, 132,
138, 144, 146, and 152 form a closed fluid loop of refrig-
eration subsystem 126.



US 7,428,919 B2

7

In a preferred embodiment, a safety mechanism, in the
form of an interlock 153, is incorporated into platform 94.
Interlock 153 is an electromechanical element that either
prevents the disconnection of evaporator 32 from platform
94, or alternatively, allows the installation or removal of
evaporator 32 from platform 94. By way of illustration, a
controller 166 may continually send an interlock control
signal (not shown) to interlock 153 via communication link
90. The provision of the interlock control signal causes
interlock 153 to disengage, as represented by the open
switch configuration of interlock 153. Under such a condi-
tion, evaporator 32 can be installed or removed from plat-
form 94. Alternatively, the absence of the interlock control
signal at interlock 153 causes interlock 153 to engage. When
interlock 153 is engaged, evaporator 32 is locked onto
platform 94, thereby preventing its removal. This interlock
feature prevents an operator from removing evaporator 32
when evaporator 32 is under test.

Refrigeration subsystem 126 further includes a pressure
sensor 154 in communication with fifth fluid loop section
146 for detecting a fluid pressure of refrigerant 38 in fifth
fluid loop section 146. In addition, a fluid bypass line 156
interconnects third fluid loop section 138 with sixth fluid
loop section 152 into which a bypass valve system 158 is
incorporated. Fluid bypass line 156 splits into parallel first
and second line sections 156' and 156", respectively. As
shown, a fourth solenoid valve 157, labeled “SV4”, and a
liquid desuperheat solenoid valve 159, labeled “LDSH-17,
are configured in series along first line section 156'. Bypass
valve system 158 further includes a fitth solenoid valve 161,
labeled “SV5” and a hot gas bypass valve 163, labeled
“HGBP-1”, configured in series along second line section
156".

Fluid bypass line 156 and bypass valve 158 are utilized to
maintain a minimum flow of refrigerant 38 through com-
pressor 128, as known to those skilled in the art. In particu-
lar, liquid desuperheat solenoid valve (LDSH-1) 159 and hot
gas bypass valve (HGBP-1) 163 are employed to maintain a
constant pressure in the fluid loop of test station 86 when
station 86 is idle. Once evaporator 32 is evacuated (dis-
cussed below), fourth and fifth solenoid valves (SV4, SV5)
157 and 161, respectively, are opened to allow station 86 to
idle properly.

Refrigeration subsystem 126 further includes a vacuum
pump 160 interconnected with fifth fluid loop section 146
via a vacuum line 162. A second valve 164, labeled
“MBV2”, and a second solenoid valve 165, labeled “SV2”
are interposed in vacuum line 162 between fifth fluid loop
section 146 and vacuum pump 160.

Operator station 88 of heat exchanger evaluation system
84 includes controller 166, a thermal imaging camera 168 of
which camera lens 102 is part thereof, monitor 100, indica-
tors 104, and actuators 106. Controller 166 generally over-
sees, manages, and controls the various components of
system 84, including interlock 153, a pump down timer 167,
labeled T1, and an evacuation timer 169, labeled T2. Con-
troller 166 may encompass a wide variety of electrical
devices (programmable or not programmable) having the
ability to provide various output signals in response to
various input signals.

Communication between controller 166 and test station
86 is schematically represented by communication link 90.
In addition, communication between controller 166 and
thermal imaging camera 168 is schematically represented by
a second communication link 170. Similarly, communica-
tion between controller 166 and indicators 104 is schemati-
cally represented by a third communication link 172, and
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communication between controller 166 and actuators 106 is
schematically represented by a fourth communication link
174. Images detected by thermal imaging camera 168 are
conveyed to monitor 100 via a first video link 176. The
images detected by thermal imaging camera 168 may also be
optionally digitized and stored in memory (not shown) of
controller 166, as generally represented by a second video
link 178. Examples of system controller 166 include, but are
not limited to, microcomputers, personal computers, dedi-
cated electrical circuits having analog and/or digital com-
ponents, programmable logic controllers, and various com-
binations thereof.

Lens 102 of thermal imaging camera 166 is directed
toward evaporator 32, i.e., sample location 103 (FIG. 7),
when evaporator 32 is secured to platform 94. Thermal
imaging camera 168 is an infrared device that detects the
different levels of infrared energy given off by areas of
different temperatures and displays these as a pattern on
monitor 100. As refrigerant 38 flows through evaporator 32,
the cool refrigerant 38 causes a surface temperature of
evaporator 32 to cool. This change in surface temperature of
evaporator 32 is detectable by thermal imaging camera 166.
Thermal images generated by thermal imaging camera 166
are presented on monitor 100. An operator can readily
review the thermal images to determine whether the surface
temperature of evaporator 32 is changing in accordance with
pre-determined flow path 79 of refrigerant 38. Thus, the
presentation of the thermal images enables a user to ascer-
tain whether the flow of refrigerant 38 deviates from pre-
determined flow path 79. A deviation from pre-determined
flow path 79 indicates internal leakage, i.e., a bypass con-
dition.

FIG. 8 shows a flow chart of a heat exchanger evaluation
process 180 performed utilizing heat exchanger evaluation
system 84 (FIG. 7). In general, heat exchanger evaluation
process 180 represents tasks needed to evaluate the refrig-
erant flow path of one heat exchanger, for example, evapo-
rator 32 (FIG. 1). However, process 180 can be repeated a
multiplicity of times to evaluate a corresponding multiplicity
of heat exchangers. Process 180 is envisioned as being
executed during post-manufacturing validation testing to
verify the efficacy of the manufacturing process. For
example, one heat exchanger from a single production lot of
heat exchangers may be tested to verify the efficacy of the
manufacturing process for that particular production lot of
heat exchangers. The present invention enables post-manu-
facturing validation testing that is rapid and does not result
in the destruction of the tested heat exchanger. Accordingly,
the present invention achieves great cost savings, in terms of
materials, time, and labor, over prior art validation testing
techniques.

Heat exchanger evaluation process 180 includes a series
of subprocesses, or subroutines, executed and controlled in
large part by controller 166 (FIG. 7) of heat exchanger
evaluation system 84 (FIG. 7), interspersed with operator-
assisted tasks and decisions. An overview of heat exchanger
evaluation process 180 is provided below, and detailed
discussion of the subprocesses is provided in connection
with the ensuing figures.

Heat exchanger evaluation process 180 begins with an
initiation subprocess 182. Initiation subprocess 182 is per-
formed by controller 166 (FIG. 7) to initiate the startup of
refrigeration subsystem 126, to set system 84 in the correct
configuration, and to check for safety hazards. Initiation
subprocess 182 is described below in connection with FIG.
9.
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In response to a successful execution of initiation sub-
process 182, a task 184 is performed by an operator. At task
184, the operator loads heat exchanger 32 (FIG. 2) onto
platform 94 (FIG. 7) of system 84.

Next, a pre-evacuate subprocess 186 is performed by
controller 166 to draw a vacuum on system 84 utilizing
vacuum pump 160 (FIG. 7) and pull any air out of system
84. Air is undesirable in system 84, because the air com-
promises the effective operation of condenser 92 (FIG. 7). In
addition, pre-evacuate subprocess 186 is performed to verify
that evaporator 32 has no leaks to the outside environment,
i.e., external leaks. Pre-evacuate subprocess 186 is described
below in connection with FIG. 10.

Following pre-evacuate subprocess 186, a query task 188
is performed to determine whether evaporator 32 success-
fully passed pre-evacuate subprocess 186. When evaporator
32 fails pre-evacuate subprocess 186, evaporator 32 is likely
to be defective, and process 180 proceeds to a vacuum leak
condition subprocess 190. However, when pre-evacuate
subprocess 186 is passed, heat exchanger evaluation process
180 proceeds to a leak check subprocess 192.

Vacuum leak condition subprocess 190 is managed by
controller 166 (FIG. 7) to indicate an evaporator external
leak, to discontinue further testing, and to optionally repeat
initiation subprocess 182. Vacuum leak condition subpro-
cess 190 is described below in connection with FIG. 11.

Leak check subprocess 192 tests whether evaporator 32
can sustain the vacuum imparted on it during pre-evacuate
subprocess 186. Thus, leak check subprocess 192 deter-
mines whether evaporator 32 might have a minute leak to the
outside environment that causes it to lose its vacuum after a
period of time. Leak check subprocess 192 is described
below in connection with FIG. 12.

In response to the execution of leak check subprocess 192,
a query task 194 is performed to determine evaporator 32
passed leak check subprocess 192. When evaporator 32 fails
leak check subprocess 192, evaporator 32 is likely to be
defective, and process 180 proceeds to vacuum leak condi-
tion subprocess 190. However, when leak check subprocess
192 is passed, heat exchanger evaluation process 180 pro-
ceeds to a start flow test subprocess 196.

Start flow test subprocess 196 is performed by controller
166 to start thermal imaging camera 168 (FIG. 7) and begin
the flow of refrigerant 38 (FIG. 7) through refrigeration
subsystem 126. Start flow test subprocess 196 is described
below in connection with FIG. 13.

Following start flow test subprocess 196, an evaluate
subprocess 198 is performed. Evaluate subprocess 198
involves the review of thermal images generated by thermal
imaging camera 168 to determine and record whether refrig-
erant 38 (FIG. 7) follows pre-determined flow path 79 (FIG.
5) through evaporator 32. Evaluate subprocess 198 is
described below in connection with FIG. 14.

Heat exchanger evaluate process 180 continues with an
end flow test subprocess 200. End flow test subprocess 200
is performed by controller 166 (FIG. 7) to discontinue
thermal imaging and to drain evaporator 32 (FIG. 7) of
refrigerant 38 (FIG. 7). End flow test subprocess 200 is
described below in connection with FIG. 15.

Next, a post-evacuate subprocess 202 is performed by
controller 166 to draw a vacuum on evaporator 32 and to set
test station 86 in the correct configuration for unloading
evaporator 32. Post-evacuate subprocess 202 is described
below in connection with FIG. 16.

Once post-evacuate subprocess 202 has been performed,
process 180 continues with a task 204, performed by the
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operator. At task 204, the operator unloads, i.e., removes,
heat exchanger 32 (FIG. 2) from platform 94 (FIG. 7) of
system 84.

Following task 204, a query task 206 is performed to
determine whether evaporator 32 successfully passed the
refrigerant flow test, as noted during evaluate subprocess
198. In an exemplary embodiment, evaporator 32 passes the
flow test when the thermal images indicate that refrigerant
38 flows through evaporator 32 in correspondence with
pre-determined flow path 79 (FIG. 5). Conversely, evapo-
rator 32 fails the flow test when the thermal images indicate
that the flow of refrigerant 38 deviates from pre-determined
flow path 79.

When it is determined at query task 206 that evaporator 32
has passed the refrigerant flow test, process 180 proceeds to
a task 208. At task 208, evaporator 32 is enabled for
shipment to market, per conventional labeling and inventory
control procedures.

However, when it is determined at query task 206 that
evaporator 32 has not passed the refrigerant flow test, or
alternatively, following vacuum leak condition subprocess
190, process 180 proceeds to a task 210. At task 210, the test
failure is reported along with, for example, the production
tracking number of evaporator 32, and the nature of the
failure, i.e., an external leak or an internal, bypass, leak.
Following either of tasks 208 and 210, heat exchanger
evaluation process 180 exits.

FIG. 9 shows a flow chart of initiation subprocess 182 of
heat exchanger evaluation process 180. As mentioned above,
initiation subprocess 182 is performed by controller 166
(FIG. 7) to initiate the startup of refrigeration subsystem
126, to set system 84 in the correct configuration, and to
check for safety hazards.

Initiation subprocess 182 begins with a query task 212.
Query task 212 determines whether a system start signal has
been detected. Through the execution of subprocess 182,
controller 166 continuously monitors for activation of “sys-
tem on” pushbutton 118 (FIG. 6) by the operator. When
activation of “system on” pushbutton 118 is not detected,
initiation subprocess 182 loops back to query task 212 to
continue monitoring for activation of “system on” pushbut-
ton 118. However, when activation of “system on” pushbut-
ton 118 is detected, initiation subprocess 182 proceeds to a
task 214.

At task 214, controller 166 (FIG. 7) signals first, second,
and third valves (MBV1, MBV2, MBV3) 140, 164, and 150,
respectively (FIG. 7) to close. In this exemplary embodi-
ment, first, second, and third valves 140, 164, and 150 are
mechanical ball valves, i.e., valves that require a first control
signal open the valves, and a second control signal to close
the valves. Thus, controller 166 is readily able to individu-
ally control and signal first, second, and third valves 140,
164, and 150 into closed or open positions. It bears noting
that first, second, and third solenoid valves (SV1, SV2,SV3)
141, 165, and 157, respectively, require the first control
signal to open. Loss of the first control signal will subse-
quently cause first, second, and third solenoid valves 141,
165, and 157 to close.

Following task 214, a task 216 is performed. At task 216,
controller 166 enables power up of refrigeration subsystem
126. In particular, compressor 128 and condenser 92 motors
are turned on, fan 98 is turned on, and vacuum pump 160 is
activated. Refrigerant 38 is allowed to flow via bypass valve
158 to circulate through refrigeration subsystem 126,
bypassing evaporator 32. Other components, known to those
skilled in the art, may be included along fluid bypass line
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156 (FIG. 7) that changes the state of refrigerant 38 into the
liquid-gas mixture expected by compressor 128.

In response to system startup at task 216, a task 218
initiates pump down timer 167 (FIG. 7), by first setting it to
zero and then allowing pump down timer 167 to increment.
The term “pump down” referred to herein is the activity of
draining refrigerant 38 from evaporator 32 via refrigeration
subsystem 126, and storing excess refrigerant 38 in receiver
134 (FIG. 7).

Initiation subprocess 182 continues with a query task 220.
At query task 220, controller 166 determines whether a
current time on pump down timer 167, i.e., T1, is greater
than a pre-determined pump down time limit, i.e., TILIMIT.
The pump down time limit is a pre-determined value,
retained in program code executed by controller 166, that
establishes a maximum amount of time needed for drainage
of refrigerant 38. Of course, during a first iteration of query
task 220, the current time on pump down timer 167 will not
be greater than the pump down time limit. As such, program
control proceeds to a query task 222.

At query task 222, controller compares a pressure value
detected at pressure sensor 154 with a high pressure thresh-
old for system 84. When the measured pressure is greater
than the high pressure threshold, initiation subprocess 182
proceeds to a task 224 to attempt to lower the pressure
detected at pressure sensor 154. The detected pressure at
pressure sensor 154 may be undesirably high if refrigerant
38 remains in fifth fluid loop section 146 (FIG. 7) from a
previous test and/or if an evaporator is still connected to
platform 94. However, when the measured pressure is lower
than the high pressure threshold, initiation subprocess 182
proceeds to a task 226 (discussed below).

At task 224, controller 166 signals third valve (MBV3)
150, to open and signals fourth and fifth solenoid valves
(SV4, SV5) 157 and 161, respectively to close to allow any
remaining refrigerant 38 to drain, i.e., pump down, for
collection in receiver 134 (FIG. 6). A background activity,
task 228, is performed to increment pump down timer 167.
Although shown as a discrete task, it should be understood
that incrementing task 228 is performed in accordance with
conventional timing procedures. In response to tasks 224
and 228 and following a waiting period, subprocess 182
loops back to query task 220 to determine whether a current
time on pump down timer 167 exceeds the pump down time
limit. Accordingly, tasks 220, 222, 224, and 228 are per-
formed to drain, or pump down, refrigeration subsystem 126
as needed, so as to put test station in a safe mode.

Conversely, when query task 222 determines that the
pressure detected at pressure sensor 154 is less than the high
pressure threshold, task 226 causes controller 166 (FIG. 7)
to convey signaling to close first, second, and third valves
(MBV1, MBV2, MBV3) 140, 164, and 150, as needed. Task
226 also causes controller 166 to convey signaling to open
fourth and fitth solenoid valves (SV4, SV5) 157 and 161,
respectively (FIG. 7), so that test station 86 will idle prop-
erly.

A task 230 is performed following task 226. At task 230,
controller 166 indicates that heat exchanger evaluation sys-
tem 84 is ready. Indication is made by illuminating system
ready indicator 112 (FIG. 6).

Following task 230, a task 232 is performed by controller
166 to disengage interlock 153 (FIG. 7). As mentioned
above, controller 166 normally provides an interlock control
signal to interlock 153 which causes interlock 153 to be
disengaged, thereby allowing evaporator 32 to be installed
or removed from platform 94. Accordingly, if another
evaporator from a previous test was already locked onto
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platform 94, it can now be safely removed. Moreover, task
232 ascertains that interlock 153 is “disengaged”, so that
evaporator 32 (FIG. 2) can be successfully loaded onto, and
engaged with first and second fluid ports 142 and 148 (FIG.
7) of platform 94. Thus, interlock 153 is disengaged only
after it has been determined that the pressure detected at
pressure sensor 154 has dropped to a safe level below the
high pressure threshold. Following task 232, initiation sub-
process 182 exits and heat exchanger evaluation process 180
(FIG. 8) can continue. For example, the operator can now
safely load evaporator 32 (FIG. 2) onto platform 94, as
shown in task 184 (FIG. 8) of process 180 (FIG. 8).

Returning back to query task 220, when pump down timer
167 times out, i.e., the value of pump down timer 167
exceeds the pump down time limit, TILIMIT, program
control proceeds to a task 234. It should be appreciated that
task 234 is arrived at only when pump down timer 167
exceeds the pump down time limit, TILIMIT, and the
system pressure detected at pressure sensor 154 (FIG. 7)
fails to drop below the high pressure threshold. In such an
instance, system 84 (FIG. 7) cannot be placed in a safe
operating mode. Thus, task 234 is performed to indicate a
system malfunction. Indication is made by illuminating
system fail indicator 110 (FIG. 6).

A task 236 is performed in connection with task 234. At
task 236, refrigeration subsystem 126 (FIG. 7) is deacti-
vated. For example, controller 166 sends the appropriate
signaling via communication link 90 to deactivate the com-
ponents of test station 86 (FIG. 7). Following task 236,
initiation subprocess 182 exits, but heat exchanger evalua-
tion process 180 (FIG. 8) cannot continue due to a malfunc-
tion of test station 86 (FIG. 7).

FIG. 10 shows a flow chart of pre-evacuate subprocess
186 of heat exchanger evaluation process 180 (FIG. 8). As
mentioned above, pre-evacuate subprocess 186 is performed
to draw a vacuum on system 84 utilizing vacuum pump 160
(FIG. 7), pull any air out of system 84, and to verity that
evaporator 32 has no leaks to the outside environment. Thus,
subprocess 186 external leakage validation testing of evapo-
rator 32.

Pre-evacuate subprocess 186 begins with a query task
238. Query task 238 determines whether a test start signal
has been detected. Through the execution of subprocess 186,
controller 166 continuously monitors for activation of “test
start” pushbutton 122 (FIG. 6) by the operator. When
activation of “test start” pushbutton 122 is not detected,
pre-evacuate subprocess 186 loops back to query task 238 to
continue monitoring for activation of “test start” pushbutton
122. However, when activation of “test start” pushbutton
122 is detected, pre-evacuate subprocess 186 proceeds to a
query task 240.

At query task 240, controller 166 (FIG. 7) determines
whether a heat exchanger, i.e., evaporator 32 (FIG. 7) is
detected in engagement with platform 94. Detection is
ascertained when an interlock feedback signal (not shown)
is communicated to controller 166 via communication link
90 (FIG. 7) and conventional signaling procedures. When an
interlock feedback signal is not detected pre-evacuate sub-
process 186 proceeds to a task 242. However, when query
task 240 determines that evaporator 32 is in engagement
with platform 94, pre-evacuate subprocess 186 continues
with a task 244.

At task 242, system 84 indicates the absence of evaporator
32. Indication may be made by illuminating system fail
indicator 110 (FIG. 6). System fail indicator 110 may be set
to blink on and off, or may be set to stay on. Alternatively,
or in addition, an audible alarm (not shown) may sound to
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indicate the absence of evaporator 32. In response to task
242, subprocess 186 loops back to query task 238 to
continue monitoring for activation of “test start” pushbutton
122, and the presence of evaporator 32.

Following the detection of evaporator 32 at query task
240, task 244 causes the engagement of interlock 153. That
is, the interlock control signal normally provided to inter-
lock 153 by controller 166 is discontinued. The interruption
of the interlock control signal causes engagement of inter-
lock 153 thereby preventing the removal of evaporator 32
from platform 94.

Next, a query task 246 verifies whether test station 86
(FIG. 7) is operating under nominal conditions. This veri-
fication may entail internal signaling between controller 166
and test station 86. When test station 86 is not operating
under nominal conditions, subprocess 186 may loop back to
query task 238 to continue monitoring for activation of “test
start” pushbutton 122, the presence of evaporator 32, and
nominal operations signaling. In such a loop back scenario,
pre-evacuate subprocess 186 cannot proceed until test sta-
tion 86 is safely configured. However, when test station 86
is operating under nominal conditions, subprocess 186 pro-
ceeds to a task 248.

At task 248, system 84 indicates that a test is in progress.
Indication may be made by illuminating “system running”
indicator 114 (FIG. 6).

Subprocess 186 continues with a task 250. At task 250,
controller 166 signals first and third valves (MBV1, MBV3)
140 and 150, respectively (FIG. 7), to close, and signals
second valve (MBV2) 164 (FIG. 7) to open. Since vacuum
pump 160 (FIG. 7) was previously activated, vacuum pump
160 immediately begins to evacuate evaporator 32.

Atask 252 performed in connection with task 250 initiates
evacuation timer 169 (FIG. 7), “T2” by first setting it to zero,
and then allowing evacuation timer 169 to increment.

Pre-evacuate subprocess 186 continues with a query task
254. At query task 254, controller 166 determines whether a
current time on evacuation timer 169, i.e., T2, is greater than
a pre-determined evacuation time limit, i.e., T2LIMIT. The
evacuation time limit is a pre-determined value, retained in
program code executed by controller 166, that establishes a
maximum amount of time for evaporator 32 to be fully
evacuated. Of course, during a first iteration of query task
254, the current time on evacuation timer 169 will not be
greater than the evacuation time limit. As such, program
control proceeds to a query task 256.

At query task 256, controller 166 compares a pressure
value detected at pressure sensor 154 with a low pressure
threshold (PLow THRESHOLD) for system 84. When the
detected pressure is lower than the low pressure threshold,
indicating evacuation is complete, pre-evacuate subprocess
186 proceeds to a task 258.

At task 258, controller 166 (FIG. 7) signals second valve
(MBV2) 164 to close, thus concluding evacuate subprocess
186. Following task 258, subprocess 186 exits.

When query task 256 determines that the detected pres-
sure is greater than the low pressure threshold, subprocess
186 proceeds to a task 260. At task 260, controller 166
imposes a predetermined waiting period, and a background
activity, a task 262, is performed to increment evacuation
timer 169. Although shown as a discrete task, it should be
understood that incrementing task 262 is performed in
accordance with conventional timing procedures. In
response to tasks 260 and 262, subprocess 186 loops back to
query task 254 to determine whether a current time on
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evacuation timer 169 exceeds the evacuation time limit.
Accordingly, tasks 254, 256, 260, and 262 are performed to
evacuate evaporator 32.

Returning back to query task 254, when evacuation timer
169 times out, i.e., the value of evacuation timer 169 exceeds
the evacuation time limit, T2LIMIT, program control pro-
ceeds to vacuum leak condition subprocess 190, which is
described in detail in connection with FIG. 11. It should be
appreciated that subprocess 190 is arrived at within pre-
evacuate subprocess 186 only when evacuation timer 169
exceeds the evacuation time limit, T2LIMIT, and the system
pressure detected at pressure sensor 154 (FIG. 7) fails to
drop below the low pressure threshold. In such an instance,
evaporator 32 (FIG. 7) cannot be evacuated. Evaporator 32
may not be effectively evacuated if it is defective, having a
leak to the outside environment. In response to the execution
of vacuum leak condition subprocess 190 within pre-evacu-
ate subprocess 186, subprocess 186 exits having failed to
fully evacuate evaporator 32.

FIG. 11 shows a flow chart of vacuum leak condition
subprocess 190 of heat exchanger evaluation process 180
(FIG. 8). Subprocess 190 is managed by controller 166 (FIG.
7) to indicate an evaporator external link, to discontinue
further testing, and to optionally repeat initiation subprocess
182.

Subprocess 190 begins with a task 264. At task 264,
controller 166 (FIG. 7) indicates a vacuum leak. Indication
may be made by illuminating “vacuum leak™ indicator 116
(FIG. 6).

Next, a task 266 is performed to disengage interlock 153
(FIG. 6) so that evaporator 32 can be removed from platform
94. Disengagement of interlock 153 is accomplished by
providing the interlock control signal from controller 166
(FIG. 7) to interlock 153.

In response to task 266, a query task 267 is performed. At
query task 267, controller 166 determines whether evapo-
rator 32 is detected in engagement with platform 94. Detec-
tion is ascertained when an interlock feedback signal is
communicated to controller 166 via communication link 90
(FIG. 7). When the interlock feedback signal is detected,
indicating that evaporator 32 has not yet been removed from
platform 94, program control loops back to query task 267
to await the loss of the interlock feedback signal. Conse-
quently, controller 166 may pause from further activities
until it detects the loss of the interlock feedback signal.
However, when controller 166 detects the loss of the inter-
lock feedback signal, indicating that evaporator 32 has now
been removed from platform 94, program control proceeds
to a task 268.

At task 268, controller 166 indicates that the current test
has been discontinued. Indication may be made by extin-
guishing “system running” indicator 114 (FIG. 6).

Following task 268, program control may optionally
proceed to initiation subprocess 182, which is described in
detail in connection with FIG. 9, to await another attempt to
perform a leak check and fluid low test on another evapo-
rator. In response to the execution of initiation subprocess
182 within vacuum leak condition subprocess 190, subpro-
cess 190 exits.

FIG. 12 shows a flow chart of leak check subprocess 192
of heat exchanger evaluation process 180. As mentioned
above, leak check subprocess 192 is performed to determine
whether evaporator 32 can sustain the vacuum imparted on
it during pre-evacuate subprocess 186 for a period of time,
thereby ruling out a minute leak to the outside environment.

Leak check subprocess 192 begins with a task 272. At task
272, controller 166 (FIG. 7) initiates evacuation timer 169
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(FIG. 7), “T2”, by first setting it to zero, and then allowing
evacuation timer 169 to increment.

Leak check subprocess 192 continues with a query task
274. At query task 274, controller 166 compares a pressure
value detected at pressure sensor 154 with a low pressure
threshold (PLow THRESHOLD). When the detected pres-
sure is higher than the low pressure threshold, indicating a
vacuum leak, leak check subprocess 192 proceeds to
vacuum leak condition subprocess, discussed in connection
with FIG. 11, with evaporator 32 having failed the leak test.
Subprocess 192 subsequently exits. However, when the
detected pressure is lower than the low pressure threshold at
query task 274, leak check subprocess 192 proceeds to a
query task 276.

At query task 276, controller 166 determines whether a
current time on evacuation timer 169, i.e., T2, remains less
than the pre-determined evacuation time limit, i.e.,
T2LIMIT. When the current time on evacuation timer 169 is
less than T2LIMIT, program control proceeds to a task 278.

At task 278, controller 166 imposes a predetermined
waiting period, and a background activity, a task 280, is
performed to increment evacuation timer 169. Although
shown as a discrete task, it should be understood that
incrementing task 280 is performed in accordance with
conventional timing procedures.

In response to tasks 278 and 280, leak check subprocess
192 loops back to query task 274 to again check evaporator
pressure at pressure sensor 154 (FIG. 6), and to again check
evacuation timer 169. When evacuation timer 169 times out,
and the detected pressure at pressure sensor 154 remains
below the low pressure threshold, leak check subprocess 192
exits, with evaporator having successfully passed the leak
check.

FIG. 13 shows a flow chart of start flow test subprocess
196 of heat exchanger evaluation process 180 (FIG. 8). As
mentioned previously, start test subprocess 196 is performed
by controller 166 to start thermal imaging camera 168 (FIG.
7) and route refrigerant 38 (FIG. 7) through refrigeration
subsystem 126.

To that end, subprocess 196 begins with a task 282. At
task 282, controller 166 (FIG. 7) sends the appropriate
signaling via second communication link 170 (FIG. 7) to
start thermal imaging camera 168 (FIG. 7), and begin the
logging of thermal images representing the surface tempera-
ture across the heat exchanger, i.e., evaporator 32.

Task 282 is followed by a task 284. At task 284, controller
166 initiates the flow of refrigerant 38 in refrigeration
subsystem 126 (FIG. 6) of test station 86 (FIG. 6). In order
to do so, controller 166 signals second valve (MBV2) 164
(FIG. 7) to close, and signals first and third valves (MBV1,
MBV3) 140 and 150 (FIG. 7) to open. Accordingly, refrig-
erant 38 is enabled to enter evaporator 32. As refrigerant 38
flows through evaporator 32, the thermal images of evapo-
rator 32 will reveal a temperature change across evaporator
32 resulting from the cool refrigerant 38 flowing into the
warmer evaporator 32. When refrigerant 38 follows pre-
determined flow path 79, the thermal images will reveal a
change in the surface temperature of evaporator 32 in an
expected manner. However, when there is internal leakage,
i.e., a bypass condition, the thermal images will reveal
changes in the surface temperature of evaporator 32 that
deviate from the expected manner. Exemplary illustrations
of thermal images will be discussed below in connection
with FIGS. 18a-b. Following the initiation of the flow of
refrigerant 38 at task 284, start flow test subprocess 196
exits.
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FIG. 14 shows a flow chart of evaluate subprocess 198 of
heat exchanger evaluation process 180 (FIG. 8). Evaluate
subprocess 198 involves the review of thermal images
generated by thermal imaging camera 168 to determine and
record whether refrigerant 38 (FIG. 7) follows pre-deter-
mined flow path 79 (FIG. 5) through evaporator 32. Evaluate
subprocess 196 may be executed as a “real-time” activity in
conjunction with the initiation of start flow test subprocess
196 (FIG. 13). Alternatively, the thermal images may be
recorded and evaluated “off-line.”

Subprocess 198 begins with a task 286 at which the
thermal images for a given flow test are evaluated. In an
exemplary embodiment, an operator may review succes-
sively presented thermal images to determine whether the
flow of refrigerant 38 through evaporator 32 deviates from
pre-determined flow path 79 (FIG. 5). Alternatively, task 286
may be an automated evaluation in which a computing
system is utilized to compare the thermal images with data
corresponding to normal flow along pre-determined flow
path 79.

In response to task 286, a query task 288 is performed. At
query task 288, a determination is made as to whether
refrigerant 38 follows pre-determined flow path 79. This can
be an operator determined decision and/or a processor
determined decision.

When refrigerant 38 follows pre-determined flow path 79,
evaluate subprocess 198 proceeds to a task 290. At task 290,
an identifier for evaporator 32, such as a production tracking
number, is recorded along with an indicator that evaporator
32 passed the fluid flow test.

However, when it is determined at query task 288 that
refrigerant 38 does not follow pre-determined flow path 79,
evaluate subprocess 198 proceeds to a task 292. At task 292,
an identifier for evaporator 32, such as a production tracking
number, is recorded along with an indicator that evaporator
32 failed the fluid flow test. Following either of tasks 290
and 292, evaluate subprocess 198 exits.

FIG. 15 shows a flow chart of end test subprocess 200 of
heat exchanger evaluation process 180 (FIG. 8). As men-
tioned above, end test subprocess 200 is performed by
controller 166 (FIG. 7) to discontinue thermal imaging and
to drain evaporator 32 (FIG. 7) of refrigerant 38 (FIG. 7).

End test subprocess 200 begins with a query task 294.
Query task 294 determines whether a test stop signal has
been detected. Through the execution of subprocess 186,
controller 166 continuously monitors for activation of “test
stop” pushbutton 124 (FIG. 6) by the operator. When acti-
vation of “test stop” pushbutton 124 is not detected, end test
subprocess 200 loops back to query task 294 to continue
monitoring for activation of “test stop” pushbutton 124.
However, when activation of “test stop” pushbutton 124 is
detected, pre-evacuate subprocess 186 proceeds to a task
296. Those skilled in the art will readily recognize that the
test stop signal need not be provided by an operator. In an
alternative embodiment, controller 166 may stop the fluid
flow test after a pre-determined period of time.

At task 296, controller 166 sends the appropriate signal-
ing via second communication link 170 (FIG. 7) to discon-
tinue the logging of thermal images by stopping the opera-
tion of thermal imaging camera 168 (FIG. 7).

Following task 296, a task 298 is performed by controller
166. At task 298, controller 166 signals first valve (MBV1)
140 (FIG. 7) to close and signals fourth and fifth solenoid
valves (SV4, SV5) 157 and 161, respectively, to close. With
first valve 140 closed, refrigerant 38 now flows through
compressor 128 (FIG. 7) and condenser 92 (FIG. 7), drains
from evaporator 32, and collects in receiver 134 (FIG. 7).
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A query task 300 is performed following task 298. At
query task 300, controller 166 monitors the pressure
detected at pressure sensor 154 (FIG. 7) to determine
whether it drops below the high pressure threshold (PHi
THRESHOLD). The pressure at sensor 154 will drop as
refrigerant 38 drains from evaporator 32. When the pressure
has not dropped below the high pressure threshold, program
control loops back to query task 300 to continue monitoring
for a pressure drop at pressure sensor 154. However, when
controller 166 determines at query task 300 that the detected
pressure has dropped below the high pressure threshold,
subprocess 200 continues with a task 302.

At task 302, controller 166 signals third valve (MBV3)
150 (FIG. 7) to close. That is, refrigerant 38 is sufficiently
drained from evaporator 32, i.e., evaporator pump down has
occurred. In addition, controller 166 signals fourth and fifth
solenoid valves (SV4, SV5) 157 and 161, respectively (FIG.
7), to open so that test station 86 will idle properly. Follow-
ing task 302, end test subprocess 200 exits.

FIG. 16 shows a flow chart of post-evacuate subprocess
202 of heat exchanger evaluation process 180 (FIG. 8).
Post-evacuate subprocess 202 is performed by controller
166 to evacuate evaporator 32 and to set test station 86 in the
correct configuration for unloading evaporator 32.

Post-evacuate subprocess 202 begins with a task 304. At
task 304, controller 166 signals first and third valves
(MBV1, MBV3) 140 and 150, respectively (FIG. 7), to
close, and signals second valve (MBV2) 164 (FIG. 7) to
open.

A task 306, performed in connection with task 304,
initiates evacuation timer 169 (FIG. 7), “T2” by first setting
it to zero, and then allowing evacuation timer 169 to
increment.

Subprocess 202 continues with a query task 308. At query
task 308, controller 166 compares a pressure value detected
at pressure sensor 154 (FIG. 7) with a low pressure threshold
(PLow THRESHOLD). When the detected pressure is lower
than the low pressure threshold, post-evacuate subprocess
202 proceeds to a query task 310. However, when the
detected pressure is not lower than the low pressure thresh-
old, subprocess 202 proceeds to a task 312.

At query task 310, controller 166 determines whether a
current time on evacuation timer 169, i.e., T2, is greater than
a pre-determined evacuation time limit, i.e., T2LIMIT.
When the current time on evacuation timer 169 is greater
than the pre-determined evacuation time limit, post-evacuate
subprocess 202 proceeds to a task 314 (discussed below).
However, when the current time on evacuation timer 169 is
less than the evacuation time limit, subprocess 202 also
proceeds to a task 312. It bears noting that if either the
pressure detected at pressure sensor 154 is not below the low
pressure threshold or if the current time on evacuation timer
169 is not greater than the evacuation time limit, process
control proceeds to task 312.

At task 312, controller 166 imposes a predetermined
waiting period, and a background activity, a task 316, is
performed to increment evacuation timer 169. Although
shown as a discrete task, it should be understood that
incrementing task 316 is performed in accordance with
conventional timing procedures.

In response to tasks 312 and 316, post-evacuation sub-
process 202 loops back to query task 308 to again check
evaporator pressure at pressure sensor 154 (FIG. 6), and to
again check evacuation timer 169. When evacuation timer
169 times out, and the detected pressure at pressure sensor
154 remains below the low pressure threshold, post-evacu-
ation subprocess 202 proceeds to task 314. The post-evacu-
ation activities thoroughly drains evaporator 32 so that
evaporator 32 can be prepared for eventual distribution.
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At task 314, controller 166 (FIG. 7) signals second valve
(MBV2) 164 (FIG. 7) to close.

A task 318 is performed following task 314. Task 318 is
performed by controller 166 to disengage interlock 153
(FIG. 7). That is, controller 166 resumes the provision of the
interlock control signal which causes interlock 153 to be
disengaged, and thereby allows evaporator 32 to be removed
from platform 94.

In response to task 318, a task 320 is performed. At task
320, system 84 indicates that a test is no longer in progress.
Indication may be made by extinguishing the previously
illuminated “system running” indicator 114 (FIG. 6).

Next, a task 322 indicates that system 84 is performed by
controller 166 to indicate that heat exchanger evaluation
system 84 is ready. Indication is made by illuminating, or
maintaining the illumination of; system ready indicator 112
(FIG. 6). Following task 322, post-evacuation subprocess
202 exits.

FIGS. 17a-c¢ show schematic representations of evapora-
tor 32 of FIG. 2 illustrating exemplary internal leaks, or
bypass conditions. FIG. 174 represents a first bypass con-
dition 324 in which leakage of refrigerant 38 occurs between
inlet conduit 48 and outlet conduit 50 (FIG. 2), yielding a
first flow path 326 that deviates greatly from pre-determined
flow path 79 (FIG. 5). Similarly, FIG. 175 represents a
second bypass condition 328 in which leakage of refrigerant
38 occurs between first intermediate conduit 52 and second
intermediate conduit 54 of straight tube sheet assemblies 60
(FIG. 2), yielding a second flow path 330 that also deviates
from pre-determined flow path 79 (FIG. 5). FIG. 17¢ rep-
resents a third bypass condition 332 in which leakage of
refrigerant 38 occurs between first intermediate conduit 52
and second intermediate conduit 54 of U-turn tube sheet
assemblies 62 (FIG. 2), yielding a third flow path 334 that
also deviates from pre-determined flow path 79 (FIG. 5).

First, second, and third bypass conditions 324, 328, and
332 are provided for clarity of explanation. However, those
skilled in the art will recognize that evaporator 32 could
exhibit other internal leakage, or bypass conditions, that
result in refrigerant flow paths different from those which are
shown. Nevertheless, it should be readily apparent that
internal leakage can cause an ineffective flow of refrigerant
38 through evaporator 32, thus decreasing the cooling per-
formance of evaporator 32.

FIGS. 18a-b show schematic representations of succes-
sive thermal images for visualizing a flow of refrigerant 38
(FIG. 5) through evaporator 32 (FIG. 2). FIG. 18a represents
a nominal flow condition 336, whereas, FIG. 185 represents
second bypass condition 328 of FIG. 175. In each of FIGS.
18a and 185, grey shading enclosed by outwardly radiating
rings represents a warm surface temperature 338 of evapo-
rator 32, and diagonally oriented hatching represents a cool
surface temperature 340.

The schematic representations of thermal images pre-
sented in FIGS. 18a-b are highly simplified for clarity of
illustration. However, as well known to those skilled in the
art, a thermal imaging camera, such as camera 168 (FIG. 7),
detects the different levels of infrared energy given off by
areas of different temperatures and displays these as a
pattern or as gradations of color on a screen. Accordingly,
actual thermal images produced by heat exchanger evalua-
tion system 84 (FIG. 7) and displayed on monitor 100 (FIG.
7) are likely to be far more complex than what is shown.
Nevertheless, the schematic representations of FIGS. 18a-b
serve to further the understanding of the present invention.

Referring particularly to FIG. 184, FIG. 18a shows a first
thermal image 342 logged at test onset, i.e., zero seconds, a
second thermal image 344 logged at thirty seconds, a third
thermal image 346 logged at sixty seconds, and a fourth
thermal image 348 logged at one hundred and twenty
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seconds. Under nominal flow condition 336, first thermal
image 342 indicates warm surface temperature 338 across
all of evaporator 32 at test onset. Second thermal image 344
reveals that at thirty seconds, refrigerant 38 has flowed into
straight tube sheet assemblies 60 (FIG. 5). Cool refrigerant
38 in straight tube sheet assemblies 60 is revealed by cool
surface temperature 340 on the right side of second thermal
image 344, while the left side of second thermal image 344
still exhibits warm surface temperature 338. Third thermal
image 346 reveals that at sixty seconds, refrigerant 38 has
now also flowed into u-turn tube sheet assemblies 62. As
such, third thermal image 346 shows evaporator 32 having
cool surface temperature 340 across its entire surface. This
trend continues in fourth thermal image 348 at one hundred
and twenty seconds where evaporator 32 continues to have
cool surface temperature 340 across its entire surface.

Referring now to FIG. 185, FIG. 185 shows a first thermal
image 350 logged at test onset, i.e., zero seconds, a second
thermal image 352 logged at thirty seconds, a third thermal
image 354 logged at sixty seconds, and a fourth thermal
image 348 logged at one hundred and twenty seconds. Under
second bypass condition 328, first thermal image 350 indi-
cates warm surface temperature 338 across all of evaporator
32 at test onset. This is as expected since no refrigerant 38
has yet flowed into evaporator 38.

Second thermal image 352 reveals that at thirty seconds,
refrigerant 38 has flowed into straight tube sheet assemblies
60 (FIG. 5). Cool refrigerant 38 in straight tube sheet
assemblies 60 is revealed by cool surface temperature 340
on the right side of second thermal image 344, while the left
side of second thermal image still exhibits warm surface
temperature 338. Accordingly, first and second thermal
images 350 and 352, respectively, correspond with first and
second thermal images 342 and 344 (FIG. 18a) of nominal
flow condition 336.

However, third thermal image 354 reveals that at sixty
seconds, refrigerant 38 has not flown into u-turn tube sheet
assemblies 62, as it would have under nominal flow condi-
tion 336 (FIG. 184). Rather, there is little difference between
third thermal image 354 and second thermal image 352. This
trend continues in fourth thermal image 356 at one hundred
and twenty seconds where there is little difference between
fourth thermal image 356 and second thermal image 352.

Consequently, third and fourth thermal images clearly
show a deviation of refrigerant 38 flow from pre-determined
flow path 79. Moreover, the thermal images, detecting
surface temperature variations, can be rapidly acquired for a
single flow test in less than approximately two minutes.
Upon review of the thermal images, an operator can reject
such a heat exchanger for use in an air conditioning system,
such as refrigeration system 20 (FIG. 1). However, if review
of the thermal images reveals nominal flow condition 336
for a particular heat exchanger, the subsequent pump down
and post-evacuation procedures, enable the heat exchanger
to be sufficiently cleaned so that evaporator 32 can be
prepared for eventual distribution.

In summary, the present invention teaches of a system and
method for evaluating a flow of fluid through a heat
exchanger. The system includes a thermal imaging camera
directed toward the heat exchanger that provides thermal
images of fluid flow through the heat exchanger. The thermal
images enable visual inspection of the heat exchanger so as
to detect internal leakage. The system and method enable the
rapid, cost effective, and non-destructive evaluation of a heat
exchanger for both external and internal leakage, thus
decreasing the probability of defective heat exchangers
entering the market.

Although the preferred embodiments of the invention
have been illustrated and described in detail, it will be
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readily apparent to those skilled in the art that various
modifications may be made therein without departing from
the spirit of the invention or from the scope of the appended
claims. For example, those skilled in the art will appreciate
that there is a great variation in the order in which many of
the tasks described herein may be performed.

What is claimed is:

1. A method for evaluating a flow of a fluid through a heat
exchanger comprising:

inspecting said heat exchanger for a leak between said

heat exchanger and an ambient environment, said

inspecting operation comprising:

placing a vacuum pump in fluid communication with
said heat exchanger;

utilizing said vacuum pump to pull a vacuum on said
heat exchanger; and

measuring a fluid pressure of said fluid between said
heat exchanger and said vacuum pump, wherein said
absence of said leak is revealed when said fluid
pressure is less than a low pressure threshold;

when an absence of said leak is revealed, said method

further comprises:

routing said fluid through said heat exchanger;

detecting a surface temperature across said heat

exchanger in response to a flow of said fluid through
said heat exchanger; and

determining an efficacy of said flow in response to said

surface temperature.

2. A method as claimed in claim 1 wherein said routing
activity comprises:

interconnecting said heat exchanger in a fluid loop for

said fluid, said fluid loop including a condenser; and
enabling delivery of said fluid from said condenser to said
heat exchanger.

3. A method as claimed in claim 2 wherein said heat
exchanger and said condenser are in spaced-relation, and
said method further comprises utilizing a condenser fan of
said condenser to draw ambient air across said heat
exchanger toward said condenser.

4. A method as claimed in claim 2 further comprising
filtering said fluid prior to said routing activity.

5. A method as claimed in claim 1 wherein when a
presence of said leak is revealed, said method further
comprises:

reporting said leak; and

suspending said routing, detecting, and determining

activities.

6. A method as claimed in claim 1 wherein said detecting
activity comprises:

utilizing a thermal imaging system to detect a variation of

said surface temperature across said heat exchanger;
and

presenting thermal images responsive to said variation of

said surface temperature on a monitor.

7. A method as claimed in claim 1 wherein said heat
exchanger has a pre-determined flow path for said fluid, and
said determining operation ascertains whether said flow of
said fluid deviates from said pre-determined flow path.

8. A method as claimed in claim 7 wherein said heat
exchanger is an evaporator for an air conditioning system,
said fluid is refrigerant, and said method further comprises
rejecting said evaporator for use in said air conditioning
system when said flow of said refrigerant deviates from said
pre-determined flow path.

#* #* #* #* #*



