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A multiple panel heat exchanger and atmospheric water har-
(21) Appl. No.: 13/480,021 vester using the same is provided. The multiple panel heat
exchanger includes two or more heat exchange panels
. arranged in side-by-side series with their major cross sec-
(22) Filed: May 24, 2012 tional areas normal to airflow across the heat exchanger. The
heat exchange panels are fluidically connected in series and
with a first heat exchange panel in the series having a heat
Publication Classification exchange fluid inlet into the heat exchanger and a last heat
exchange panel in the series having a heat exchange fluid
(51) Int.CL outlet from the heat exchanger. The multiple panel heat
F25B 39/02 (2006.01) exchanger is suited for a heat exchanger in a refrigeration
F25B 1/00 (2006.01) circuit, such as an evaporator in a vapor-compression refrig-
F28F 27/00 (2006.01) eration circuit. An atmospheric water harvester including the
F28D 15/00 (2006.01) multiple panel heat exchanger is also provided.
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MULTIPLE PANEL HEAT EXCHANGER

FIELD OF THE INVENTION

[0001] The present invention generally relates to heat
exchangers and improvements in heat exchanger perfor-
mance. In particular, and in a representatively illustrated
embodiment, the present invention relates to a specially
designed heat exchanger operative to generally remove sen-
sible heat before removing latent heat from a single direction
air flow across the heat exchanger. Although the invention has
potential for other uses, a preferred use is for the energy
efficient condensation of water from moist air.

BACKGROUND OF THE INVENTION

[0002] Heatexchange for the purpose of cooling air applies
to many purposes, including air conditioning, space refrig-
eration, and dehumidification. A vapor-compression refrig-
eration system is conventionally used for these and other air
cooling purposes. Vapor-compression refrigeration systems
are well known, and are a principal technology used for
condensing water from air, such as, for example in an atmo-
spheric water harvesting unit. A typical vapor-compression
refrigeration circuit includes a compressor, a condenser, an
expansion valve, and an evaporator connected in series by a
refrigerant piping. During operation, the compressor forces
refrigerant from its outlet through the piping circuit sequen-
tially through the condenser, the expansion valve, the evapo-
rator, and back into the inlet of the compressor. Cold refrig-
erant is passed through the evaporator which cools air flowing
across the evaporator by absorbing heat from the air as it
passed across the evaporator.

[0003] The heat exchange between the cold refrigerant
flowing in the evaporator and the air flowing across the evapo-
rator is used in atmospheric water harvesting to extract water
from the air by condensing water vapor dissolved in the air.
The general principals and attributes of atmospheric water
harvesting are well understood in the art. An exemplary atmo-
spheric water harvesting device is disclosed in U.S. Pat. No.
7,954,335, the entirety of which is incorporated herein by
reference.

[0004] While atmospheric water harvesting is understood
in the art, a brief discussion of the general principals is with
worth having herein. Generally, to condense water from air, a
high surface area heat exchanger, such as the evaporator in a
vapor-compression refrigeration system, is maintained at a
temperature below the dew point of the air that is incident
upon it. The moist air is passed through or over the chilled
surfaces of the heat exchanger which further lowers the tem-
perature of the air and condenses the water vapor dissolved in
the air. The condensed water falls, by gravity, and is collected
for use. Water condensation is well known as a byproduct of
chilling air for other purposes, but water produced as a
byproduct of chilling air for reasons other than water produc-
tion is generally unsafe for drinking.

[0005] Atmospheric water harvesting generally produces
high quality potable water from the air in the general vicinity
of’its place of use is pure and safe for immediate drinking with
very little additional treatment required. Producing potable
water near its place of use removes the requirement for either
temporary or fixed water delivery systems such as pipelines or
bulk water tankers or bottled water. Production of high-qual-
ity water at or near its place of use saves the energy that would
otherwise be used for transport or to fabricate and maintain a
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water transport system. In addition, water harvesting pro-
duces virtually no waste products. Water harvesters are envi-
ronmentally beneficial, especially on islands or in remote
locations because building and maintenance of water delivery
systems are not required and the waste attributed to used
water bottles is not an issue. The water may be stored and
treated against bacterial and other contamination using rela-
tively inexpensive, simple systems because it is essentially
pure, distilled water to begin with.

[0006] When significantly chilling air or removing a maxi-
mum amount of water from air through condensation, energy
efficiency is usually low. The energy efficiency of an atmo-
spheric water harvesting unit is based on many factors,
including, but not limited to the refrigeration capacity of the
vapor-compression refrigeration system, the relativity
humidity of the air from which water is being harvested, and
the evaporator construction.

[0007] Condensation on the evaporator takes place by
reducing the temperature of the humid air to the point at
which it is depressed below dew point. Where intake air is at
a high humidity, for instance in excess of 85% relative humid-
ity (RH), water will begin to condense with relatively little
energy consumed by chilling of the air itself. The delivery of
air to the evaporator at approximately 90+% RH is the pri-
mary objective for the most economic water production
through condensation. The sensible heat of the humid air,
which is the term applied to heat associated with temperature
change, first must be removed to lower the temperature of the
air in order to bring the air to as near 100% RH as possible, at
which point the air is supersaturated and further cooling ini-
tiates condensation. As the temperature of the humid air falls
further, condensation proceeds as the latent heat, which is that
required to cause the water vapor to condense to liquid water,
is removed by heat exchange. Following the initiation of
condensation, water is produced and can be extracted by
removing both sensible heat and latent heat from the humid
air, which remains at supersaturation as it cools further.

[0008] In order to achieve optimum energy efficiency, it is
desirable to minimize the degree of sensible heat removal to
increase the refrigeration potential that is available for latent
heat removal. In other words, it is desirable to increase the
latent heat to sensible heat removal ratio. If the evaporator is
operated at very low temperatures, there is a higher energy
cost because increasing sensible heat must be removed along
with latent heat. The refrigerant compressor is the primary
energy cost in a vapor compression refrigeration system.
Although very high chilling potential has the potential to
remove proportionally more water from the air, as would be
desirable in a dehumidifier in which drying the air is the
objective, as temperature is decreased the energy cost per
volume of water is increased. It has been found that it is more
energy efficient to move higher volumes of air and remove
only a relatively small amount from it at lower chilling poten-
tial than to greatly chill the evaporator. Some combination of
minimum chilling potential and airflow will produce the
maximum energy efficiency as it reduces load on the com-
pressor.

SUMMARY OF THE INVENTION

[0009] Embodiments of the present invention addresses
these needs by providing an evaporator or heat exchanger
apparatus that is operative to first remove sensible heat from
the air using a variable degraded chilling potential to reserve
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chilling potential for the removal of latent heat during con-
densation. Chilling potential may be additionally controlled
by varying airflow volume.

[0010] Embodiments of the present invention also provide
an a vapor-compression refrigeration system evaporate
including multiple interconnected panels in a single evapora-
tor unit that are arranged generally parallel and in-line so that
airflow passes through each panel without deviating from a
net airflow direction. In this arrangement, the chilling poten-
tial of each panel may be variably controlled to achieve a
desired operational efficiency.

[0011] Embodiments of the present invention also provide
an arrangement of the interconnected panels such that the
upstream panel relative to air flowing across the evaporator is
an downstream panel relative to flow of refrigerant through
the evaporator.

[0012] Embodiments of the present invention also provide
an atmospheric water harvesting unit including embodiments
of the specially designed vapor-compression system evapo-
rate of the present invention.

[0013] Embodiments of the present invention also provide
an apparatus that simplifies prior processes proposed for pre-
cooling, multiple air paths, and/or multiple heat exchanger
apparatus to achieve better control of the temperature of air
within an atmospheric water harvester.

[0014] Embodiments of the present invention are versatile
and scalable—that is, the evaporator may be provided in
many sizes and may be used in an apparatus that may be
portable or fixed in with respect to geographic position or the
place or mode of its use.

[0015] To achieve these and other advantages, in general, in
one aspect, a heat exchanger unit is provided. The heat
exchanger unit includes at least two heat exchange panels,
each heat exchange panel having a major cross sectional area
normal to airflow across the heat exchange panel. Each of the
at least two heat exchange panels are arranged in series with
their major cross-sectional areas parallel and overlapping.
Each of the two heat exchange panels are fluidically con-
nected in series and wherein a first heat exchange panel in the
series includes a heat exchange fluid inlet, and a last heat
exchange panel in the series includes a heat exchange fluid
outlet.

[0016] Ingeneral, in another aspect, the heat exchanger unit
may be connected to a vapor-compression refrigeration cir-
cuit such that the first heat exchange panel is arranged
upstream from the last heat exchange panel in relation to the
direction of refrigerate flow in the vapor-compression refrig-
eration circuit.

[0017] In general, in another aspect, the last heat exchange
panel may have a major cross-sectional area that is less than
the major cross-section area of the first heat exchange panel.
[0018] Ingeneral, in another aspect, the heat exchanger unit
may include a valve fluidically connecting two successive
heat exchange panels, and that is operative to control a flow of
heat exchange fluid between the two successive heat
exchange panels.

[0019] In general, in yet another aspect, an atmospheric
water harvester is provided. The atmospheric water harvester
has a refrigeration circuit including an evaporator that is
positioned in single direction airflow through the atmospheric
water harvester. The evaporator includes at least two heat
exchange panels, each of which having a major cross sec-
tional area disposed normal to the single direction airflow
across the heat exchange panel. Further, each of the at least
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two heat exchange panels are arranged in series with their
major cross-sectional areas parallel and overlapping, each of
the two heat exchange panels fluidically connected in series.
The first heat exchange panel in the series includes a heat
exchange fluid inlet, and a last heat exchange panel in the
series includes a heat exchange fluid outlet.

[0020] There has thus been outlined, rather broadly, the
more important features of the invention in order that the
detailed description thereof that follows may be better under-
stood and in order that the present contribution to the art may
be better appreciated.

[0021] Numerous objects, features and advantages of the
present invention will be readily apparent to those of ordinary
skill in the art upon a reading of the following detailed
description of presently preferred, but nonetheless illustra-
tive, embodiments of the present invention when taken in
conjunction with the accompanying drawings. The invention
is capable of other embodiments and of being practiced and
carried out in various ways. Also, it is to be understood that
the phraseology and terminology employed herein are for the
purpose of descriptions and should not be regarded as limit-
ing.

[0022] As such, those skilled in the art will appreciate that
the conception, upon which this disclosure is based, may
readily be utilized as a basis for the designing of other struc-
tures, methods and systems for carrying out the several pur-
poses of the present invention. It is important, therefore, that
the claims be regarded as including such equivalent construc-
tions insofar as they do not depart from the spirit and scope of
the present invention.

[0023] For abetter understanding of the invention, its oper-
ating advantages and the specific objects attained by its uses,
reference should be had to the accompanying drawings and
descriptive matter in which there are illustrated embodiments
of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The following drawings illustrate by way of
example and are included to provide further understanding of
the invention for the purpose of illustrative discussion of the
embodiments of the invention. No attempt is made to show
structural details of the embodiments in more detail than is
necessary for a fundamental understanding of the invention,
the description taken with the drawings making apparent to
those skilled in the art how the several forms of the invention
may be embodied in practice. Identical reference numerals do
not necessarily indicate an identical structure. Rather, the
same reference numeral may be used to indicate a similar
feature of a feature with similar functionality. In the draw-
ings:

[0025] FIG. 1 is schematic diagram of a representative
vapor compression condensation atmospheric water har-
vester in accordance with an embodiment of the present
invention;

[0026] FIG. 2 is a perspective view of an evaporator having
heat exchanger sections of approximately equal cross sec-
tions in accordance with an embodiment of the present inven-
tion;

[0027] FIG. 3 is a perspective view of an evaporator having
heat exchange panels fluidically connected by a restrictor or
valve in accordance with an embodiment of the present inven-
tion;
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[0028] FIG. 4 is a perspective view of an evaporator having
heat exchange section panels of unequal major cross-section
in accordance with an embodiment of the present invention;
and

[0029] FIG. 5 is a side elevation view of an evaporator
having heat exchange section panels of unequal thickness in
accordance with an embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0030] As a preliminary matter, it should be noted that in
this document (including the claims) directional terms, such
as “above”, “below”, “upper”, “lower”, etc., are used for
convenience in referring to the accompanying drawings.
Additionally, it is to be understood that the various embodi-
ments of the invention described herein may be utilized in
various orientations, such as inclined, inverted, horizontal,
vertical, etc., without departing from the principles of the
invention.

[0031] Additionally, while the description of evaporator
embodiments of the present invention made herein are par-
ticularly related to utilization in atmospheric water harvest-
ing, one of ordinary skill in the art will readily appreciate
embodiments of the of the present invention may be utilized
in other systems requiring a heat exchange, and the invention
should not be limited solely in connection with atmospheric
water harvesting.

[0032] Turning first to FIG. 1, an atmospheric water har-
vester representatively embodying principles of the present
invention is generally designated by the reference number
100, and illustratively includes a refrigerant circuit 102.
[0033] The atmospheric water harvester 100 operates to
draw in ambient air 101 through an intake 130, condense
water vapor from the ambient air for collection, and then
exhaust dehumidified air 103 through an exhaust 132. The
intake 130 and the exhaust 132 are generally disposed on
opposite ends of the harvester, and at a sufficient separation in
order to minimize the intake of exhaust air 103. The harvester
100 may be placed out-of-doors, where it is surrounded by
moist air or placed within an enclosure, a building, a boat,
ship, motor vehicle or any other vehicle such as a train in such
a way that moist outdoor ambient air can be ducted to it and
the dehumidified air exhausted.

[0034] Condensing of the water vapor for collection is
facilitated by the refrigerant circuit 102, which representa-
tively is a vapor-compression refrigeration circuit including a
compressor 131, a condenser 135, an expansion valve 137,
and an evaporator 115 connected in series by refrigerant
piping 139 (heavy lines). During operation, the compressor
131 forces refrigerant from its outlet through the refrigerant
piping 139 sequentially through the condenser 135, the
expansion valve 137, the evaporator 115, and back into the
inlet of the compressor. Cold refrigerant is passed through the
evaporator 115 which cools air flowing across the evaporator
by absorbing heat from the air as it passed across the evapo-
rator, which causes water vapor to condense from the air for
collection, as will be further explained below.

[0035] Inoperation of the harvester 100, ambient air 101 is
drawn into the harvester 100 through intake 130 under suction
and then expelled as exhaust air 103 under pressure through
exhaust 132 by an impeller/fan 125. A preferred location for
the impeller 125 is downstream from the compressor 135,
although it could also be located elsewhere in the airflow path.
More specifically, ambient humid air 101 enters the harvester
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100 through the intake 130 at which one or more grates,
screens, and replaceable air filters 105 reside in a housing 109
that allows easy replacement of filters. Other pre-filters may
also be employed. Air 101 then passes through an upstream
air passage 111, and across the evaporator/heat exchanger
115 within which the condensation takes place. Water pro-
duced from the condensation drips to the lower part of the
evaporator 115 and is collected from beneath by a collector
tray 114 and drain 117. After flowing across the evaporator/
heat exchanger 115, air then passes through a downstream air
passage 119, across the condenser 135, and then exhausted
through exhaust 132.

[0036] The condenser 135 is commonly placed in the
downstream airflow 119 but may also be placed wholly or
partly in a separate airflow system or there may be more than
one condenser/heat exchanger used. Exhaust 132 is fitted
with grillwork and/or screen 123 to stop insect or larger
animal infestation. The impellor/fan 125 is arbitrarily shown
here in the upstream section 111 but it can also be in the
downstream section 119 after the evaporator. Additionally,
more than one impeller/fan can be used in either or both
airway sections. Further, both the intake 130 and the exhaust
132 may have a variety of weather protection shrouds.
[0037] Turning now to FIG. 2, there is illustrated a diagram-
matic perspective view of an evaporator constructed in accor-
dance with the principals of the present invention, and
embodied as evaporator 115 in the harvester 110 illustrated in
FIG. 1 and discussed above. Evaporator 200 includes mul-
tiple interconnected panels 203 and 205 in a single evaporator
unit that are arranged with their major cross-sectional areas
parallel and in-line with the direction the airflow 218 such that
the airflow passes through each panel without deviating from
a net airflow direction. Panels 203 and 205 are spaced from
each other in the direction of airflow 218 to provide a gap 202
between the panels. Air within gap 202 is maintained at a
temperature lower than the temperature of the incoming
ambient air, and increases cooling efficiency of the down-
stream panel 203.

[0038] Only two evaporator panels 203 and 205 are shown
for the purpose of simplicity, but more than two could be used.
Panels 203 and 205 are connected together by tubes 214 and
to the refrigeration circuit by tubes 216 and 219, respectively.
Refrigerant flow through the evaporator 200 begins by enter-
ing panel 203 from refrigerant tube section 216, flowing
through tubes 214 into panel 205 and then exiting panel 205
through refrigerant tube section 219. For the purpose of dis-
cussion herein, upstream and downstream relate to the direc-
tion of refrigerant flow through the evaporator 200.

[0039] The flow of refrigerant into and out of evaporator
200 may be individually controlled by restrictor valves (not
shown) so that the rate of injection and exhaust from the
evaporator can be controlled. Inlet 216 and outlet 219 are
shown on the same side of evaporator for clarity but could also
be on opposite sides of the evaporator to allow for the longest
path for the gaseous refrigerant, as this would provide for the
maximum refrigeration effect.

[0040] The panels 203 and 205 of evaporator 200 are, rep-
resentatively illustrated, as a single tube and fin assembly.
Different means for conveying refrigerant from one panel to
the successive panel, such as a manifold or a monolithic heat
exchanger, may be employed. The tubes carrying the refrig-
erant provide about 180 degree of turning, by tubes 214, of the
refrigerant flow system between the upstream and down-
stream evaporator panels 203 and 205. Placing the tube 214 or
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connector manifold (not shown) at the top of the two evapo-
rator panels 203 and 205 insures that water production at the
base of each panel will not be affected, although they could as
well be along either of the sides. Placing the turning section
(tubes 214) at the top would, in a standard tube and fin
configuration, put the fins in the horizontal position (although
they individually may be tilted to enhance water runoff).
Placing the turning section (tubes 214) along a side of the
panel would result in a more vertical position for the fins,
which might be able to have the effect of producing better
water production.

[0041] Tubes 214 may be bent in a section having no fins or
previously fabricated bends may be brazed or otherwise
securely affixed so as connect the tubes of the upstream and
downstream panels of the heat exchanger in a leak proof
manner. The tubes in a tube and fin assembly that are not
directly cooling fin assemblies are insulated and isolated from
the airflow.

[0042] In operation, airflow 218 first encounters the down-
stream panel 205 of the evaporator 200 before encountering
the upstream panel 203. This configuration allows the airflow
218 to make multiple passes across evaporator 200 by flowing
through panels 205 and 203 without reorientation. In contrast,
in a single pass evaporator system, air only passes through the
evaporator once, and in multiple-pass evaporator system the
air flow is caused to change direction a number of times.

[0043] The single direction airflow through the down-
stream panel 205 and then through the upstream panel 203
reduces airflow turbulence, and thus energy loss. This has the
effect of reducing operational load on the fan or impeller and
consequently its electricity consumption for a given volumet-
ric air flow rate.

[0044] As discussed above, in order to achieve optimum
energy efficiency, it is desirable to minimizing the degree of
sensible heat removal to increase the refrigeration potential
that is available for latent heat removal. The benefit of the a
multi-section, multi-pass evaporator 200 is the removal of
some sensible heat from the air flow by panel 205 prior to the
removal of latent heat from the air flow by panel 203. The
temperature of the air between any two panels of the heat
exchanger is lower than the intake air and the air between
other panels upstream in the airflow. Additionally the air
leaving the evaporator 200 is colder than it would be if it were
to pass through a heat exchanger having the same evaporator
thickness, given the same refrigeration potential and airflow.

[0045] Inother words, because the two panels 203 and 205
constitute one long evaporator 200, the refrigerant in the
downstream panel 205 will be warmer than that in the
upstream panel 203, as it will already have undergone some
heat exchange with the traversing air in the upstream panel.
Thus, the chilling potential of the downstream panel 205 will
be lower, but it can still usefully chill the air even though no
condensation may take part on the panel. This chilling con-
stitutes pre-cooling. Water collection, however, must take
into account the possibility that condensation will take place
on both the upstream and downstream panels 203 and 205 so
that no condensed water will be lost in humid air. It is rela-
tively easy to condense moisture from ambient air that has
high RH. At those times when the inlet air may have RH in
excess of 95%, pre-cooling the air before it passes across the
evaporator is unnecessary. In this case, water will be con-
densed on both panels and energy efficiency, as a function of
water production will be at a maximum.
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[0046] However, when RH is lower than is ideal for imme-
diate condensation with a relatively small temperature drop, it
is beneficial to be able to remove sensible heat before the air
reaches the panel on which condensation is intended to take
place so that the cooling potential of the panel continues to
remove a minimum of sensible heat and a maximum of latent
heat. This has the effect of improving the energy efficiency of
water production by using the chilling potential in stages.
[0047] Evaporator 200 accomplishes precooling in the
downstream panel 205 so that the temperature of the air
encountering the upstream panel 203 has to be lowered much
less than if it were the sole heat exchange panel in the airflow.
Ideally, even at RH that is relatively low and for which pre-
cooling is necessary to achieve energy efficiency, the down-
stream panel 205 will cool the air so that most of the sensible
heat is removed on it. If only a relatively small amount of
sensible heat is required to be removed, the downstream panel
203 may have a smaller cross sectional area, as will be dis-
cussed below and in reference to FIG. 4.

[0048] Due to the construction and operation of evaporator
200, the cross sectional areas of the evaporator panels 203,
205 can be as much as about half that of a single heat
exchanger of the same refrigerating capacity. Because the
heat exchanger is critical to the design of the water harvester
as a whole, a water harvester using a multiple pass heat
exchanger can have a smaller cross section, with saving in
frame and ducting materials. This also allows the harvester to
be fitted into a smaller space, such as on a small vessel where
space is at a premium.

[0049] Turning now to FIG. 3, there is illustrated a diagram-
matic perspective view of an alternative evaporator embodi-
ment 300 of evaporator 200. In evaporator 300, the upstream
panel 303 is connected to the downstream panel 305 by a
valve 321 that is operable to restrict refrigerant flow between
the panels. Despite panels 303 and 305 being connected by
valve 321, evaporator 300 is still a considered to be a single
unit because the valve must not be entirely closed for opera-
tion of the vapor-compression refrigeration system. As in
evaporator 200, evaporator 300 is illustrated having only two
interconnected panels for the purpose of simplicity. Refrig-
erant inlet 316, refrigerant outlet 319, and the valve connec-
tion 321 are placed so as to promote the greatest traverse by
the gaseous refrigerant of the interiors of the panels to maxi-
mize the chilling potential.

[0050] Operation of valve 321 to restrict refrigerant flow
rate between panels 305 and 303 can result in a temperature
differential between the upstream 303 and the downstream
305 panels that can altered and increased or decreased at will.
This differs from the completely open evaporator 200 illus-
trated in FIG. 2. A processor responding to sensors and pro-
gramming to produce the best water production as a function
of energy efficiency can automatically control the chilling
potential of the downstream panel may be provided.

[0051] With reference now to FIG. 4, there is illustrated a
diagrammatic perspective of an evaporator embodiment 400
that is similar to evaporator 300 that is shown in FIG. 3 with
the exception of the upstream panel 405 and downstream
panel 403 are of different size. Specifically, upstream panel
405 is smaller than downstream panel 403 which has the
effect of reduced pre-cooling on airflow 402. In the represen-
tatively illustrated embodiment, upstream panel 405 has a
vertical length that is about half of the vertical length of the
downstream panel 403, and a horizontal length this about the
same. Evaporator 400 is not limited to this arrangement, and
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relative dimensions between the upstream panel 405 and the
downstream panel 403 may be configured as desired based
upon required pre-cooling. Inlet 416, outlet 419, and valve
421 are similarly placed to those shown in FIG. 3. This
embodiment can be used when little pre-cooling load is
anticipated and in which the capital cost of the parts and
fabrication are justified by a cost-efficient trade-offis lowered
energy cost.

[0052] With reference now to FIG. 5, there is illustrated a
diagrammatic side elevation of an evaporator embodiment
500 that is similar to evaporator 300 that is shown in FIG. 3
with the exception of the upstream panel 505 and downstream
panel 503 are of different thickness. Specifically, upstream
panel 505 has a thickness x that is less than the thickness y of
downstream panel 503. Reducing thickness of upstream
panel 505 relative to the downstream panel 503 lowers the
refrigeration or cooling capacity of the upstream panel 505
relative to the downstream panel 503, and thus provides a
reduce pre-cooling of air 518.

[0053] The construction of evaporator 500 differs from that
of evaporator 400 by causing air incident upon the upstream
panel 503 to be first be entirely incident upon the downstream
panel 505. Whereas in evaporator 400, a first portion of air
incident upon the upstream panel 403 was first caused to be
incident upon the downstream panel 405, and a second por-
tion of air incident upon the upstream panel 403 was not
caused to be incident upon the downstream panel 405.

[0054] Inlet 516, outlet 519, and valve 521 are similarly
placed to those shown in FIG. 3. Similarly, this embodiment
can be used when little pre-cooling load is anticipated and in
which the capital cost of the parts and fabrication are justified
by a cost-efficient trade-off is lowered energy cost.

[0055] The most energy efficient water harvesters are con-
trolled by a computer responding to ambient lookup tables of
diurnal and temperature and humidity and a thermodynamic
model to fine-tune operation for changing existing condi-
tions. Sensors (not shown) allow the controller to achieve the
greatest energy efficiency. Both the chilling potential of the
evaporator, which can be controlled by changing the rate at
which refrigerant fluid is injected and the gas removed from
the evaporator or by restricting the flow from the upstream
panel to the downstream, and also varying the airflow, can
strongly effect electricity consumption as a function of water
production. In addition to controlling the overall and panel
chilling potentials, the airflow impeller/fan and the compres-
sor may be capable of variable speed operation. The controls
adjust the operation of the variables so as to achieve optimal
performance for any combination of ambient air temperature
and RH.

[0056] Sealed electronic controls and computer systems
that control the refrigeration and airflow system are similar to
most refrigeration equipment. In order to prevent overheating
of the electronic control pad, it may be directly exposed to
cold airflow. Alternatively, a heat exchanger between cold
airflow or ambient air or cold produced water could provide
the cooling for the electronic control system so that it would
not overheat. Thus, heat that may be produced within the pad
or by heating of the pad externally by heat exchange with
ambient air or heating by the sun may be removed and the pad
kept within operating temperature conditions. In normal
operation the control pad may be shielded from the sun. A
control panel may also be capable of communication to a
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remote controller or to other commands from other systems
such as water level switches that can stop and start the appa-
ratus.

[0057] Itcanbe understood, the present invention improves
on an evaporator heat exchanger designed for producing
water from air and, to our knowledge, other energy saving
apparatus and methods that have been proposed or used in
achieving greater energy efficiency from a single direct air-
flow and a single evaporator panel in that airflow. The inven-
tion simplifies other processes proposed for pre-cooling, mul-
tiple air paths, and/or multiple heat exchanger apparatus to
achieve better control of the temperature of air within an
atmospheric water harvester. In addition, some attributes of
other pre-cooling systems’ energy efficiencies are captured,
which enhances overall energy efficiency per unit of water
produced. Further, use of the invention may reduce the num-
ber of parts and manufacturing cost.

[0058] A number of embodiments of the present invention
have been described. Nevertheless, it will be understood that
various modifications may be made without departing from
the spirit and scope of the invention. Accordingly, other
embodiments are within the scope of the following claims.

What is claimed is:

1. A heat exchanger, comprising:

at least two heat exchange panels, each heat exchange
panel having a major cross sectional area about normal
to an airflow across said heat exchange panel, each of
said at least two heat exchange panels arranged in series
with their major cross-sectional areas parallel and over-
lapping, each of said two heat exchange panels fluidi-
cally connected in series; and wherein a first heat
exchange panel in said series includes a heat exchange
fluid inlet, and a last heat exchange panel in said series
includes a heat exchange fluid outlet.

2. The heat exchanger of claim 1, wherein there is gap

between adjacent heat exchange panels.

3. The heat exchanger of claim 1, wherein said heat
exchanger unit is fluidically connected to a refrigeration cir-
cuit and is operative as an evaporator.

4. The heat exchanger of claim 3, wherein said refrigera-
tion circuit is a vapor-compression refrigeration circuit.

5. The heat exchanger of claim 4, wherein said vapor-
compression refrigeration circuit is in an atmospheric water
harvester.

6. The heat exchanger of claim 4, wherein said heat
exchanger unit is connected to said vapor-compression refrig-
eration circuit such that said first heat exchange panel is
arranged upstream from said last heat exchange panel in
relation to the direction of refrigerant flow in said vapor-
compression refrigeration circuit.

7. The heat exchanger of claim 6, wherein said last heat
exchange panel has a major cross-sectional area that is less
than the major cross-section area of said first heat exchange
panel.

8. The heat exchanger of claim 1, further comprising:

a valve, and wherein said valve fluidically connects two
successive heat exchange panels, and is operative to
control a flow of heat exchange fluid between said two
successive heat exchange panels.

9. The heat exchanger of claim 8, wherein there is gap

between adjacent heat exchange panels.

10. The heat exchanger of claim 9, wherein said heat
exchanger unit is fluidically connected to a refrigeration cir-
cuit and is operative as an evaporator.
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11. The heat exchanger of claim 10, wherein said refrig-
eration circuit is a vapor-compression refrigeration circuit.

12. The heat exchanger of claim 11, wherein said vapor-
compression refrigeration circuit is in an atmospheric water
harvester.

13. The heat exchanger of claim 11, wherein said heat
exchanger unit is connected to said vapor-compression refrig-
eration circuit such that said first heat exchange panel is
arranged upstream from said last heat exchange panel in
relation to the direction of refrigerate flow in said vapor-
compression refrigeration circuit.

14. The heat exchanger of claim 8, wherein said last heat
exchange panel has a major cross-sectional area that is less
than the major cross-section area of said first heat exchange
panel.

15. The heat exchanger of claim 1, wherein one heat
exchange panel of said at least two heat exchange panels has
a thickness that is less than the thickness of another heat
exchange panel of said at least two heat exchange panels.

16. The heat exchanger of claim 15, wherein said one heat
exchange panel is said last heat exchange panel in said series.

17. The heat exchanger of claim 15, wherein there is gap
between adjacent heat exchange panels.

18. The heat exchanger of claim 17, wherein said heat
exchanger unit is fluidically connected to a refrigeration cir-
cuit and is operative as an evaporator.

19. The heat exchanger of claim 18, wherein said refrig-
eration circuit is a vapor-compression refrigeration circuit.

20. The heat exchanger of claim 19, wherein said vapor-
compression refrigeration circuit is in an atmospheric water
harvester.

21. The heat exchanger of claim 19, wherein said heat
exchanger unit is connected to said vapor-compression refrig-
eration circuit such that said first heat exchange panel is
arranged upstream from said last heat exchange panel in
relation to the direction of refrigerate flow in said vapor-
compression refrigeration circuit.

Nov. 28,2013

22. An atmospheric water harvester, comprising:

a refrigeration circuit including an evaporator, said evapo-
rator positioned in a single direction airflow through said
atmospheric water harvester; and

said evaporator comprising at least two heat exchange pan-
els, each heat exchange panel having a major cross sec-
tional area normal to an airflow across said heat
exchange panel, each of said at least two heat exchange
panels arranged in series with their major cross-sec-
tional areas parallel and overlapping, each of said two
heat exchange panels fluidically connected in series; and
wherein a first heat exchange panel in said series
includes a heat exchange fluid inlet, and a last heat
exchange panel in said series includes a heat exchange
fluid outlet.

23. The atmospheric water harvester of claim 22, wherein
said second heat exchange panel is disposed upstream from
said first heat exchange in relation to a flow of refrigerant in
said refrigeration circuit.

24. The atmospheric water harvester of claim 23, wherein
said last heat exchange panel has a major cross-sectional area
that is less than the major cross-section area of said first heat
exchange panel.

25. The atmospheric water harvester of claim 22, further
comprising:

a valve, and wherein said valve fluidically connects two
successive heat exchange panels, and is operative to
control a flow of heat exchange fluid between said two
successive heat exchange panels.

26. The atmospheric water harvester of claim 22, wherein
said last heat exchange panel has a major cross-sectional area
that is less than the major cross-section area of said first heat
exchange panel.

27. The atmospheric water harvester of claim 22, wherein
one heat exchange panel of said at least two heat exchange
panels has a thickness that is less than the thickness of another
heat exchange panel of said at least two heat exchange panels.
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