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1
OPEN-LOOP HEAT-RECOVERY DRYER

ACKNOWLEDGMENT OF GOVERNMENT
SUPPORT

This invention was made with government support under
Contract DE-AC0576RL.O1830, awarded by the U.S.
Department of Energy. The government has certain rights in
the invention.

FIELD

This disclosure relates to dryers for drying wet articles,
such as clothes, and particularly to dryers having an open-
loop heat-recovery drying system.

BACKGROUND

A conventional clothes dryer draws in ambient air, passes
the ambient air by a heater, passes the heated air through a
rotating drum containing wet laundry where the heated air
extracts moisture from the wet laundry, and expels the warm
and moist air out of the building. This process is inefficient
because much of heat energy produced by the heater is wasted
in the expelled air.

SUMMARY

Disclosed herein are embodiments of an open-loop heat-
recovery drying system that can be used, for example, in
clothes dryers that are more energy-efficient than conven-
tional clothes dryers.

In some embodiments, a drying apparatus includes a drum
and an open-loop airflow pathway originating at an ambient
air inlet, passing through the drum, and terminating at an
exhaust outlet. A passive heat exchanger is included for pas-
sively transferring heat from air flowing from the drum
toward the exhaust outlet to air flowing from the ambient air
inlet toward the drum. A heat pump is also included for
actively transferring heat from air flowing from the passive
heat exchanger toward the exhaust outlet to air flowing from
the passive heat exchanger toward the drum. A heating ele-
ment is also included for further heating air flowing from the
heat pump toward the drum. Due to the inclusion of the
passive heat exchanger, the combined power consumption of
the heat pump and the heating element can be less than %2 of
a power consumption of a conventional residential clothes
dryer heating element.

In some embodiments, a drying apparatus includes a dry-
ing chamber for containing articles to be dried, a first airflow
from an ambient source to the drying chamber and a second
airflow from the drying chamber to an exhaust. The first
airflow is heated in at least three stages, including a first stage
comprising a passive heat exchanger, a second stage compris-
ing an active heat exchanger and a third stage comprising a
heating element. The second airflow is cooled by the passive
heat exchanger and the active heat exchanger. The first airflow
is heated at the first stage to a first temperature, heated at the
second stage to a second temperature that is higher than the
first temperature, and heated at the third stage to a third
temperature that is higher than the second temperature.

Also disclosed are embodiments of a passive heat
exchanger for a drying apparatus. In some of the embodi-
ments, the passive heat exchanger includes a plurality of
stacked layers each having a plurality of substantially rectan-
gular airflow channels extending therethrough and having an
airflow direction that is transverse to airflow directions of
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immediately adjacent layers. At least one of the plurality of
airflow channels has a width less than or equal to about 1.0
mm and a height less than or equal to about 3.2 mm, the width
and height being transverse to the airflow direction of the
airflow channel.

The foregoing will become more apparent from the follow-
ing detailed description, which proceeds with reference to the
accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is diagram of an exemplary open-loop, heat-recov-
ery drying system, which includes a passive heat exchanger,
a heat pump and a heating element.

FIG. 2 is an isometric view of one embodiment of the
passive heat exchanger of FIG. 1.

FIG. 3 is a top view of the passive heat exchanger of FIG.
2.

FIG. 4 is a side view of the passive heat exchanger of FI1G.
2.

FIG. 5 is an isometric view of a portion of a core of the heat
exchanger of FIG. 2, showing a stack of alternating layers.

FIG. 6 is an enlarged view of FIG. 5, showing a plurality of
airflow channels in each of the layers.

FIG. 7 is an end view of one of the layers of FIG. 5.

DETAILED DESCRIPTION

An exemplary embodiment of an open-loop heat-recovery
drying system is shown in FIG. 1. The system uses heated air
to extract moisture from wet articles, such as clothes or other
fabric material. An open-loop heat-recovery drying system
can be used in any suitable drying apparatus, such as in
residential or industrial clothes dryers.

An open-loop heat-recovery clothes dryer can be similar to
a conventional clothes dryer in that conventional clothes dry-
ers also use an open-loop drying system wherein heated dry
air enters the drum, extracts moisture from the clothes, and
then leaves the drum, warm and wet. A fundamental differ-
ence, however, is in the way an open-loop heat-recovery
drying system recycles heat by transferring some of the heat
from the post-drum airflow to the pre-drum airflow rather
than allowing all of the post-drum heat to be lost in the
exhaust air as it is vented out of the building. Due to the
open-loop structure, the drying system can also take advan-
tage of the superior water-carrying capacity of the incoming
ambient air, as opposed to the low-grade, saturated exhaust
air.

An exemplary embodiment of an open-loop heat-recovery
drying system is shown in FIG. 1. In this system, air travels
through the drying system in an airflow pathway from an inlet
at point 2 toward an outlet at point 16. The airflow pathway
can comprise a first airflow pathway from point 2 to point 8,
wherein incoming ambient air is heated in multiple stages
prior to entering the drum 50, and a second airflow pathway
from point 10 to point 16, wherein warm moisture-laden air
exiting the drum is cooled in multiple stages prior to being
exhausted.

The first airflow pathway can comprise at least three heat-
ing stages. For example, a first heating stage can comprise a
passive heat exchanger, or heat recuperator, (such as the heat
exchanger 40), a second heating stage can comprise an active
heat exchanger (such as a heat pump 30 comprising a con-
denser 42 and an evaporator 54), and a third heating stage can
comprise a conventional heating element (such as heating
element 44). Air flowing through the second airflow pathway
from point 10 toward point 16 can be cooled by the passive
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heat exchanger and the active heat exchanger that comprise
the first and second heating stages, respectively. As a result of
the three-stage heating process shown in FIG. 1, the air at
point 8 is warmer than the air at point 6, the air at point 6 is
warmer than the air at point 4, and the air at point 4 is warmer
than the air at point 2.

Incoming air can be heated in such a multi-stage heating
process throughout an entire drying cycle. In other words, all
three or more heating stages can remain actively adding heat
to the incoming air from when the drying process begins until
the drying process ends, rather than only at the start-up por-
tion of the cycle or at some other portion of the drying cycle.

An air-moving device or blower 60 can cause air to flow
continuously through the entire airflow pathway from an
ambient air inlet at point 2 toward an exhaust outlet at point
16. The blower 60 can also be positioned at other points in the
airflow pathway than what is shown in FIG. 1, with similar
effect. Multiple air-moving devices can also be used.

In operation, ambient air enters the system at point 2, such
as from outdoors or from within a room in which a dryer is
located. This ambient air is typically low in moisture content.
From point 2, air flows through the passive heat exchanger 40
to point 4. The passive heat exchanger transfers heat via
thermal convection and conduction from relatively warmer
post-drum air, flowing from point 10 to point 12, to the rela-
tively cooler incoming air, flowing from point 2 to point 4.
Thus, the air at point 4 is warmer than the ambient air entering
the system at point 2.

From point 4, air flows through the condenser 42 to point 6.
The condenser 42, a component of the heat pump 30, heats air
flowing through the condenser such that the air at point 6 is
warmer than the air at point 4.

From point 6, air flows through a heating element 44 to
point 8. The heating element 44 adds additional heat to the air
such that the air at point 8 is warmer than the air at point 6. The
heating element can, for example, be of a conventional type
that converts electrical energy to heat energy. The heating
element 44 can be the last heating stage in the airflow pathway
such that the maximum temperature of the airflow, the tem-
perature of the air entering the drum, can be regulated via the
heating element. The heating element 44 can remain powered
throughout the drying cycle, such that it continually heats air
entering the drum 50 from the beginning to the end ofa drying
job. Dueto energy saved by the passive heat exchanger 40 and
the heat pump 30, for a given drying job, the size and/or power
of heating element 44 can be reduced such that it consumes
about 40% the power of heating elements in conventional
clothes dryers.

From point 8, heated dry air enters the drum 50, extracts
moisture from articles within the drum, and exits the drum to
point 10 cooler and wetter. The drum can be of any known
type, such as those found in conventional clothes dryers.

From point 10, warm air laden with moisture flows through
the passive heat exchanger 40 to point 12. The passive heat
exchanger transfers heat via thermal conduction from the
warm wet air flowing from point 10 toward point 12 to the
relatively cooler incoming air flowing from point 2 toward
point 4. As the warm wet air flowing from point 10 toward
point 12 is cooled, some of the moisture carried in the air can
condense within the passive heat exchanger 40. This conden-
sate can be conducted out of the passive heat exchanger 40 via
a conduit 52 to a collection tank and/or to a drain.

From point 12, air flows through the evaporator 54 to point
14. The evaporator 54, a component of the heat pump 30,
cools air flowing through it such that the air at point 14 is
cooler than the air at point 12. Heat extracted by the evapo-
rator 54 is actively transferred via the heat pump 30 to the
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condenser 42, where the heat is added, along with energy
added by the compressor 62, to air flowing through the con-
denser. As air is cooled within the evaporator 54, some of the
remaining moisture carried in the air can condense. This
condensate liquid can be conducted out of the evaporator 54
via a conduit 56 to a collection tank and/or to a drain. The air
exiting the evaporator 54 at point 14 can be cool and saturated,
which can make it less desirable for drying purposes than the
incoming ambient air at point 2.

From point 14, cooled wet air flows through the blower 60
and exits the system as exhaust air at point 16. The exhaust air
can optionally be expelled into an indoor environment to help
condition that environment. Otherwise, the exhaust air can be
expelled outdoors.

Passive Heat Exchanger

In contrast to the heat pump 30, the heat exchanger 40 does
not consume power and transfers heat passively via thermal
convection and conduction. Within the heat exchanger 40,
two or more airflows of different temperatures flow near one
another, separated by thin metal walls, without fluidly com-
municating with one another. Due to the small size of the flow
channels and the high thermal conductivity of the thin walls,
heat is naturally and efficiently transferred from the relatively
warmer airflow(s) to the relatively cooler airflow(s).

Any type of heat exchanger may be used in the drying
system, however an embodiment of a cross-flow, air-to-air
heat exchanger 40 is shown in FIGS. 2-4. Warmer air flowing
through the heat exchanger 40 from the drum 50 flows in a
first direction, shown by arrows 10 and 12, and cooler incom-
ing air flowing through the heat exchanger toward the drum
flows in a second direction, shown by arrows 2 and 4. The
second flow direction can be transverse to the first direction,
as shown in FIG. 3. In other embodiments, the flow paths of
the two airflows can be in opposite directions, in the same
direction, or in other orientations relative to one another.

The heat exchanger 40 can comprise a central portion, or
core, 70, where the heat transfer occurs, and four ducts 72, 74,
76 and 78 for conducting airflows 2, 4, 10 and 12, respec-
tively, into or out of the core.

The core 70 can comprise a plurality of thin, stacked layers.
An exemplary stack of layers 80, 82 is shown in FIG. 5. Every
other layer, such as layers 80, can be for conducting a first
airflow, such as the incoming ambient airflow, while the inter-
leaved layers, such as layers 82, can be for conducting a
second airflow, such as the post-drum airflow. In the embodi-
ment shown in FIG. 5, each layer 80 has a flow direction that
is transverse to flow directions of immediately adjacent layers
82. The total number of layers, and thus the height of the
stack, can be any practical number. Similarly, the height,
length and width of each layer can vary according to the
implementation. In general, a greater number of thinner lay-
ers results in increased heat transfer between the adjacent
layers. Similarly, increased length and width of each layer
generally results in increased heat transfer between the layers.

FIG. 5 shows an embodiment wherein each layer 80, 82 of
the core 70 is substantially square. In other embodiments, the
layers can be other than square. Square layers enable a sim-
pler, cheaper construction of the heat exchanger 40 because
each layer can be made identical, or nearly identical, and then
a plurality of these layers can simply be stacked with every
other layer rotated 90° to form the core 70. In one example, a
single elongated piece of extruded aluminum material can be
cut into a plurality of substantially equal square units that
form the layers 80, 82.

Each layer of the core 70 can comprise a plurality of airflow
channels 96 extending lengthwise through the layer form one
end of the layer to an opposite end of the layer. In some
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embodiments, one or more of the airflow channels can be
substantially rectangular in cross-section (perpendicular to
the airflow direction). In the embodiments shown in FIGS.
5-7, all of the airflow channels 96 are substantially rectangu-
lar in cross-section. As shown in FIG. 6, each layer 80, 82 can
comprise an upper wall 90 and a lower wall 92 separating
each layer from the adjacent layers, and a plurality of evenly
spaced dividers 94 extending from the upper wall 90 to the
lower wall 92 that define a plurality of flow channels 96
within each layer. In other embodiments, each layer can com-
prise differently shaped airflow channels and wall structures.
In some embodiments, the plurality of airflow channels 96
can have varying widths. For example, in FIG. 6, the endmost
airflow channels 98 are wider that the others.

Discrete dividers 94, corrugated dividers, fins, or any
equivalent structure that connects to the top wall 90 and/or to
the bottom wall 92 can increase the surface area of each layer
that is in contact with the airflow and can thereby increase
heat conduction between adjacent layers. Adjacent top and
bottom walls of adjacent layers can be connected together in
a manner that further facilitates heat conduction between the
layers, such as with an interlayer adhesive, such as a heat
transfer paste or thermal epoxy, soldering or a gasket having
a high thermal conductivity and providing a flush contact
surface between the adjacent walls.

With reference to FIG. 7, each layer 80, 82 can have an
overall width D, an overall thickness, or height, D,, an end
wall thickness D5, an upper and lower wall thickness D, a
divider thickness D5, and an airflow channel width Dg. The
overall width D, of each layer ofthe core 70 can be about 83.7
mm. At least one of the plurality of layers 80, 82 can have an
overall thickness D, less than or equal to about 3.937 mm. At
least one of the plurality of layers can have at least one end
wall having a thickness D5 less than or equal to about 0.4 mm.
At least one of the plurality of layers can have an upper wall
90 and lower wall 92 each having a thickness D,, less than or
equal to about 0.4 mm. At least one of the plurality of layers
can have at least one divider 94 having a thickness D; less
than or equal to about 0.3 mm. At least one of the plurality
airflow channels 96 can have a width D, less than or equal to
about 1.0 mm and a height D, less than or equal to about 3.2
mm.

In some embodiments, overall height of the core 70 can be
about 70 cm, the core can comprise corner seals that reduced
the active width of each layer 80, 82 to about 5 cm, and the
core can comprise a flow path of about 7 cm and a flow area
of about 107 cm?, which can result in minimal added pressure
drop across the stack. In some embodiments, each layer 80,
82 can comprise 60 airflow channels 96 across the width of
the layer. In some embodiments, the core 70 can comprise
160-200 layers, or more. An aspect ratio between the total
core height and the length of the flow path through each layer
can preferably be greater than 5, and more preferably greater
than 10. A higher aspect ratio can provide less pressure drop
for an equivalent heat transfer area. The heat exchanger 40
can further comprise exterior insulation to reduce heat loss
from the drying system.

With regard to commercial clothes dryers, the low-cost,
air-to-air heat exchanger 40 is a key to maximizing energy
savings at an affordable cost. Constructing the heat exchanger
40 from square layers of extruded aluminum advances this
goal. The heat exchanger 40 can recover 15%-30% of the
energy required by a dryer from the post-drum air, without
consuming power other than what is needed to overcome the
slight pressure drop across the heat exchanger 40. This heat
recovery percentage can be increased by a dryer from the
post-drum air by constructing the heat exchanger with a more
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complex and expensive counter-flow design. The combina-
tion of the passive heat exchanger 40 and the heat pump 30
can recover more than %, such as about %4, of the energy
required by the dryer from the post-drum air.

Heat Pump

With reference to FIG. 1, the heat pump 30 comprises the
condenser 42, the evaporator 54, a compressor 62, a thermal
expansion valve (TEV) or throttle 64, a conduit pathway
represented by arrows 20, 22, 24 and 26 fluidly coupling these
four components in a closed loop, and refrigerant that flows
through the heat pump.

In operation, the compressor 62 consumes power to
increase the pressure of the refrigerant at point 20 relative to
point 26 and thereby pump the refrigerant around the heat
pump loop in the direction of arrows 20, 22, 24 and 26.
Refrigerant exits the compressor 62 at point 20 as high pres-
sure vapor and passes to condenser 42 where heat of conden-
sation (of the refrigerant) is transferred away to the drying air
passing through the condenser from point 4 to point 6. The
refrigerant condenses within the condenser 42 and exits the
condenser at point 22 as high pressure liquid. The high pres-
sure liquid at point 22 then passes through the TEV 64, which
reduces the refrigerant pressure. The refrigerant exits the
TEV 64 at point 24 as a low pressure, low quality liquid and/or
liquid/vapor mixture (high liquid content), and enters the
evaporator 54.

The evaporator 54 extracts heat of vaporization of the
refrigerant from the post-drum air flowing through the evapo-
rator from point 12 toward point 14, which boils the refriger-
ant to the vapor state. Slightly superheated vapor exits the
evaporator 54 at point 26 and reenters the compressor 62,
completing the heat pump cycle.

The heating capacity of the condenser 42 can be equal to
the cooling capacity of the evaporator 54 plus the power
consumption of the compressor 62. Because the heat pump 30
is an active, power-consuming heat transfer system, the air
temperature at point 14 can be lower than the air temperature
at point 4, and can even be lower than the ambient air tem-
perature at point 2. In addition, the air temperature at point 6
can be greater than the air temperature at point 12.

The coefficient of performance (COP) of the heat pump 30
can be directly related to the amount of heat added by the
heating element, while the duty of the heat pump can be
inversely related to the amount of heat added by the heating
element. Thus, the size and energy consumption of the heat
pump 30 can be reduced by increasing the heat output of the
heating element, and conversely, the size and power con-
sumption of the heating element can be reduced by increasing
the capacity and power consumption of the heat pump. The
size and energy consumption of the heat pump 30 can also be
reduced due to the presence of the passive heat exchanger,
which can passively recycle some of the post-drum heat with-
out consuming any power. The heat pump 30 can be sized to
achieve 50% total energy savings compared to a conventional
clothes dryer by recovering an additional %5 of the heat input.
In one embodiment, the COP of the heat pump 30 can be
about 3.3, which is about % of an estimated Carnot COP. In
another embodiment, the COP of the heat pump 30 can be
about 5.6. The estimated duty of the heat pump 30 can be
about 0.8 kW (2700 Btu/hr), which is equivalent to a small
room air conditioner without air movers.

The evaporator 54 and condenser 42 can achieve very high
air-side heat transfer coefficients with extremely low pressure
drops. This can result in no significant difference in the size
and power consumption demand of the blower 60 compared
to blowers used in conventional clothes dryers. To achieve
low pressure drop across the evaporator 54 and condenser 42,
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these structures can comprise cross-flow panels that are very
thin and have a very large airflow area. In one embodiment,
microchannel panels can be approximately %% inch thick.

The drum 50, the blower 60, the passive heat exchanger 40,
the heat pump 30 and the heating element 44 can be contained
within a structure having a height, width and depth that are
equal to or less than a height, width and depth of a conven-
tional residential clothes dryer structure.

Lint Management

As with conventional clothes dryers, a conventional lint
trap can be positioned at the air outlet of the drum 50. How-
ever, some lint may pass through this primary lint trap. The
passive heat exchanger 40 is the first component exposed to
lint after the primary lint filter. The passive heat exchanger 40
can have a relatively large face area, such as at the duct 76 (see
FIG. 2), that can accommodate a secondary lint trap without
a significant pressure drop penalty. The secondary lint trap
can comprise a finer mesh than the primary lint trap. The
secondary lint trap can further protect the passive heat
exchanger 40, the evaporator 54, and the blower 60 from lint
migration.

The drying system can further comprise a bypass airflow
pathway for conducting air from the drum 50 to the exhaust
outlet 16 without passing through the passive heat exchanger
40 and/or the evaporator 54. The bypass can comprise a
simple spring actuated dampener and can be triggered to
conduct airflow through the bypass airflow pathway when the
pressure drop across the heat exchanger 40 and/or the evapo-
rator 54 exceeds a specified limit as a result of lint build-up. A
sensor/indicator system can monitor and notify when the
secondary lint trap needs cleaning. Like a conventional lint
trap, the secondary lint trap can be easily removable for
cleaning.

The core 70 of the passive heat exchanger 40 can also be
removed for cleaning. Because the heat exchanger 40 is does
not have refrigerant connections, like the heat pump compo-
nents, the core 70 of the heat exchanger can be easily
removed. In one embodiment, the dryer enclosure comprises
an access door, a mechanism for releasing the core 70, and
means for sliding the core in and out for cleaning. This is akin
to a removable car air filter.

Additional Features

A drying system as described herein can also comprise
addition functional features. These features can include an
intelligent computerized control system, temperature and
moisture sensors located through the system to provide feed-
back to the control system, and user interfaces for inputting
desired operating parameters.

Advantages

The open-loop heat-recovery drying system can provide
desirable advantages compared to convention drying system
that uses only a heating element to heat incoming air and
exhausts the post-drum air without recovering any heat. The
total energy consumption of the open-loop heat-recovery dry-
ing system can be the sum of the blower 60 motor, the heating
element 44, and the compressor 62. The power consumption
of blower 60 and the airflow rate through the system can be
similar to conventional clothes dryer.

Due to the addition of the passive heat exchanger 40 and the
heat pump 30, the heating element 44 can consume as little as
V4 of the power of a conventional dryer heating element. The
combined power consumption of the heat pump 30 and the
heating element 44 can be less than /2 of the power consump-
tion of a heating element of a conventional residential clothes
dryer. Due to the passive heat recovery of the heat exchanger
40, the heat pump 30 can have about % of the duty and have
a lower temperature lift than if the passive heat exchanger 40
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was not present in the system, resulting in the heat pump
being smaller, more efficient, and more affordable.

Greater energy savings along with shorter cycle times are
possible with higher temperature settings, such as for towels
or other durable fabrics, and/or with increased airflow rates
through the system. At similar airflow rates and drum tem-
peratures, drying times can be comparable to conventional
clothes dryers, as the total heat entering the drum 50 can be
about the same. The open-loop heat-recovery drying system
can also result in significantly shorter drying times. A high-
temperature setting can be included to increase power to the
heating element 44 and thereby increase operating tempera-
ture within the drum 50 and shorten drying time. The airflow
rate can also be increased, such as by about 10-20% or up to
about 120 cfm, which can reduce the operating temperature
within the drum 50 as well as shorten drying time.

The heat pump 30 can be considerably down-sized due to
the presence of the passive heat exchanger 40, resulting in
abouta Y3 to /2 of the duty and with a smaller temperature lift.
The passive heat exchanger 40 and heating element 44
together can provide %5 of the heat input to the drum 50. Due
to the sequence of heat inputs, the condenser 42 can run cooler
and the evaporator 54 can run warmer. Derating the heat
pump 30 to the equivalent of a small room air conditioner can
result in a significant reduction in size and cost.

The emergence of Grid-friendly Appliances technology
presents an opportunity to gain additional energy savings and
advantages. In a residential clothes dryer embodiment, the
dryer control system can be configured to communicate with
appropriate environmental sensors to determine whether the
exhaust air should be directed inside or outside of the living
space, depending on current conditions. This can allow the
dryer to cooperate with the HVAC system to further reduce
energy consumption.

Simulations

Simulations were performed using variations of the
embodiment of the drying system shown in FIG. 1. In a first
simulation, the heat pump 30 and passive heat exchanger 40
were not included (i.e., a conventional open-loop drying sys-
tem). In a second simulation, the passive heat exchanger 40
was included but the heat pump 30 was not included. In a third
simulation, the system included both the heat pump 30 and
the passive heat exchanger 40, as is shown in FIG. 1.

The air flow into the system at point 2 was a constant 100
CFM (cubic foot per minute) of dry air at 20 C, and the
amount of liquid water added to the air was kept constant at 1
g/s. The simulations also attempted to keep the temperature of
the air entering the drum 50 constant for comparison, which
required a total of 3 kW of heat input into the air from point 2
to point 8, which also produced a consistent temperature and
dew point out of the drum, which was 32 C and 22.4 C,
respectively. This represents a static point representative of
the middle part of a drying cycle when the drum is at tem-
perature and the clothes are relatively wet, which is the major-
ity of the drying cycle.

The baseline case, with the heat exchangers 30 and 40
turned off, therefore requires 3 kW of electric power to the
heater 44 plus some amount of power to the blower 60. There
will be some additional power required for the blower 60 to
maintain the same air flow with the addition of the passive
heat exchanger 40, condenser 42 and evaporator 54 in the flow
path. The added power is a function of the pressure drop.

In another simulation, the passive heat exchanger 40 is
added that transfers 500 W of heat from stream 10 to stream
2, which represents a heat transfer effectiveness of 72%,
which is achievable with a cross-flow heat exchanger of the
type shown in FIGS. 2-4. As a consequence, the heating
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element 44 is downgraded from 3000 W to 2500 W, and there
is a savings of % or 16.7% of the heat.

In another simulation, the passive heat exchanger 40 is
again maintained at 500 W of duty, which maintains its per-
formance at 72% effectiveness because streams 10 and 2 are
the same as above. The condenser 42 of the heat pump sup-
plies an additional 1215 Watts of heat to air stream 4 to heat it
from 28.7 Cto 50.0 C at stream 6. The electric heater provides
1280 Watts to stream 6 to reach a temperature of 72.4 C at
stream 8. Removing 500 Watts of heat from stream 10 in the
passive heat exchanger 40 cools it to 23.6 C. In this example,
water does not condense and stream 52 has zero flow. The heat
pump evaporator 54 removes 1000 Watts of heat from stream
12 to attain a temperature of 16 C in stream 14. The evaporator
condenses 24% of the water in stream 12.

The heat pump is operated with R-134a refrigerant. The
compressor 62 pressurizes the refrigerant from 48 psig and
14.2 C in stream 26 to a pressure and temperature of 175 psig
and 70.2 C, respectively, in stream 20. Assuming a compres-
sor efficiency of 75%, this requires 216 Watts of power to the
compressor. The condenser 42 is assumed to take a 3 psi
pressure drop and slightly sub-cools the condensed refriger-
ant to 46.4 C. The throttling valve 64 is assumed to be adia-
batic and produces stream 24 at 12.3 C, 50 psig, and 25%
vapor. The evaporator 54 is assumed to have 2 psig pressure
drop.

The coefficient of performance (COP) of the heat pump is
5.6, based on the condenser duty. The compression ratio is
3.6. The cooling duty is only 1 kW in the evaporator, which
represents only slightly more than Y4 ton of refrigeration, the
size of a small room air conditioner. In this configuration, the
temperature lift is only from about 12 C to 50 C. To achieve
the same result without the electric heater providing the high
temperature heat, the lift would have to be from 12 C to 70 C.
The condenser duty would double from 1200 Watts to 2500
Watts, the pressure ratio and condenser pressure would
increase, and the heat pump COP would decrease.

In summary, the overall breakdown of heat exchanger heat
duties in this example are 500 Watts in the passive heat
exchanger 40, 1215 Watts in the condenser 42, 1000 Watts in
the evaporator 54. Power consumption is 1280 Watts to the
electric heater 44 and 215 Watts to the compressor 62, for a
total of 1495 Watts or 50% of the electric heater only simu-
lation above. It should be noted that flow and temperature of
the air to the dryer drum 50 are equivalent in both cases.
Other Improvements

Energy savings can be improved when the temperature of
the stream 8 to the drum 50 is allowed to increase, which can
increase the temperature and water content of the stream 10
exiting the drum. The higher energy content of stream 10 can
increase the amount of heat transferred in the passive heat
exchanger 40. In addition, the higher energy content of stream
10 can shorten the drying cycle, which is of value to consum-
ers. This has been demonstrated when a passive heat
exchanger was added to a commercially available dryer with-
out reducing the power to the heating element. Higher drum
temperatures are harder on clothes, but adding a ‘high tem-
perature’ option for drying towels, for example, is a market-
able feature.

Drying time is recognized as important to consumers and
the ability to shorten drying time to be commensurate with
washer cycle times can demand a price premium. As drying
times of current residential clothes dryers are limited by the
power available from a standard 240V circuit, a reduction in
power draw by 50% creates the opportunity to increase air
flow rate incrementally to shorten drying time. For example,
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increasing air flow by 20% can increase the power draw to
1800 Watts in the example case, which can decrease drying
time by 20%.

In view of the many possible embodiments to which the
principles of the disclosed invention may be applied, it should
be recognized that the illustrated embodiments are only pre-
ferred examples and should not be taken as limiting the scope
of'the disclosure. Rather, the scope of the disclosure is defined
by the following claims. We therefore claim all that comes
within the scope and spirit of these claims.

We claim:

1. A drying apparatus, comprising:

a drying chamber for containing articles to be dried;

an open-loop airflow pathway originating at an ambient air
inlet, passing through the drying chamber, and terminat-
ing at an exhaust outlet;

an air pump for inducing air to flow through the airflow
pathway in a direction from the ambient air inlet toward
the exhaust outlet;

a passive heat exchanger for passively transferring heat
from air flowing from the drying chamber toward the
exhaust outlet to air flowing from the ambient air inlet
toward the drying chamber;

a heat pump for actively transferring heat from air flowing
from the passive heat exchanger toward the exhaust out-
let to air flowing from the passive heat exchanger toward
the drying chamber; and

a heating element for heating air flowing from the heat
pump toward the drying chamber.

2. The drying apparatus of claim 1, wherein the heat pump
comprises a condenser and an evaporator, the condenser
being in the airflow pathway between the passive heat
exchanger and the heating element, and the evaporator being
in the airflow pathway between the passive heat exchanger
and the exhaust outlet.

3. The drying apparatus of claim 1, wherein the passive
heat exchanger comprises a core comprising a stack of layers,
the core having a total stack height and a flow path length
through the layers, an aspect ratio between the total stack
height and the flow path length being greater than or equal to
5.

4. The drying apparatus of claim 1, wherein air flowing
through the passive heat exchanger from the drying chamber
flows in a first direction and air flowing through the passive
heat exchanger toward the drying chamber flows in a second
direction transverse to the first direction.

5. The drying apparatus of claim 1, wherein the passive
heat exchanger comprises a plurality of layers, each layer
having a flow direction that is transverse to flow directions of
immediately adjacent layers.

6. The drying apparatus of claim 5, wherein each layer
comprises a plurality of substantially rectangular airflow
channels extending therethrough.

7. The drying apparatus of claim 6, wherein at least one of
the plurality channels has a width less than or equal to about
1.0 mm and a height less than or equal to about 3.2 mm.

8. The drying apparatus of claim 5, wherein at least one of
the plurality of layers has an overall thickness less than or
equal to about 4.0 mm.

9. The drying apparatus of claim 1, wherein, during normal
operation, air exiting the exhaust outlet is cooler than air
entering the ambient air inlet.

10. The drying apparatus of claim 1, further comprising a
first lint filter at an airflow outlet of the drying chamber and a
second lint filter at an airflow inlet of the passive heat
exchanger.
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11. The drying apparatus of claim 1, further comprising a
bypass airflow pathway for conducting air from the drying
chamber to the exhaust outlet without passing through the
passive heat exchanger or the heat pump.

12. The drying apparatus of claim 1, wherein a core of the 5
passive heat exchanger is removable from the remainder of
the passive heat exchanger for cleaning.

13. The drying apparatus of claim 1, wherein the powered
heating element substantially heats air entering the drying
chamber throughout a drying cycle. 10

14. The drying apparatus of claim 1, wherein a combined
power consumption of the heat pump and the heating element
is less than %% of a power consumption of a conventional
residential clothes dryer heating element.

15. The drying apparatus of claim 1, wherein air exiting the 15
exhaust outlet is used to condition an enclosed environment.
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