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(57) Abstract: A sorption device comprising aheat exchanger, wherein the heat exchanger comprises: a sorbate chamber containing
aporous sorbent material, athermal fluid conduit that is fluidly isolated from the sorbate chamber, and solid heat transfer means for
providing therma communication between athermal fluid in the thermal fluid conduit and the porous sorbent material, characterised
in that the porous sorbent material has athermal conductivity of >0.3Wm:K't, preferably >0.4Wm-:, and the porous sorbent material
is selected such that the ratio Hi/H ,is 0.7 or less, wherein H,isthe heat energy used to heat the porous sorbent material and sorbate
from a first temperature at which the porous sorbent material contains a maximum cyclic concentration of adsorbed sorbate to a
second temperature at which the porous sorbent material has aminimum cyclic concentration of adsorbed sorbate, and Hi isthe heat
energy that is used to heat the heat transfer means and thermal fluid during the course of heating the porous sorbent material and
sorbate from the first temperature to the second temperature.
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A Sorption Device

The present invention relates to a sorption device and a method of heat exchange using

such a sorption device.

Heat pumps, thermal transformers and cooling systems are generally based on the
thermodynamics of condensation and evaporation of a refrigerant gas. On condensation of a gas to
a liquid, heat is rejected to the environment and on evaporation of a liquid, heat is absorbed. The
evaporation / condensation cycle is driven by compression. If a selected environment is brought into
thermal contact with the gas / liquid only during the evaporation phase, for example, then that

environment experiences an overall cooling effect.

In conventional air conditioning units, the necessary compression is driven by mechanical
work that is normally provided by an electric motor. By way of contrast, sorption devices (whether
operated as heat pumps or cooling systems) are driven by the adsorption or absorption of the
refrigerant (or sorbate), such as ammonia, by a solid or liquid sorbent. The sorbent therefore acts as

a chemical compressor.

In its simplest form a sorption device comprises a linked generator and receiver enclosing a
sorbate gas. The receiver acts either as an evaporator or a condenser at different times. A sorbent is
present in the generator. Operation of the device is performed by cycling the temperature of a

thermal fluid that is pumped through the generator.

When the generator is at essentially ambient temperature, a relatively large amount of
refrigerant is adsorbed in the sorbent. On heating the generator, the refrigerant desorbs from the
sorbent, raising the internal pressure of the generator, which forms a closed system with the
receiver. Under pressure, the refrigerant condenses in the receiver and rejects heat to the

environment.

The generator is then cooled back to ambient temperature, leading to resorption of the
refrigerant, reducing the system pressure. The reduced pressure in the receiver causes the liquid
therein to boil. In this phase of the cycle heat is thereby extracted from the environment to the
receiver, producing an external cooling / refrigeration effect. If cooling is desired, two such systems

operating out of phase may be used to provide continuous cooling.

Various sorbent materials may be used in the generator. Suitable examples include active

carbons, zeolites, metal organic frameworks, metal halide salts and silica gels. Ideally, the sorbent
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should be capable of absorbing or adsorbing a large amount of refrigerant when cooled, and
desorbing substantially all the absorbed/adsorbed refrigerant when heated. In other words, during
a heating/cooling cycle, it is desirable for the difference between the maximum concentration of
refrigerant in the sorbent and the minimum concentration of refrigerant in the sorbent to be
maximised. The porosity of the sorbent, therefore, is important. At the same time, however, the
sorbent should be capable of responding to changes in temperature effectively, so that the
refrigerant can be absorbed/adsorbed or released within an acceptable timeframe. The latter is

dependent onthe heat transfer properties of the sorbent.

Many sorbent materials, however, exhibit poor heat transfer properties, mainly due to a
high permeability required to allow the sorbate to permeate the sorbent and the high porosity
needed to adsorb large amounts of refrigerant. In particular, the discontinuity of these materials,
which are typically in granular or powder form, can lead to poor thermal conductivity. Attempts
have been made to improve thermal conductivity by mixing the sorbent material with highly
conductive additives, such as graphite or metallic foam. However, as well as increasing the overall
production costs of the device, such additives can increase the resistance to the mass transfer of
sorbate through the absorbent bed. The present inventors have also found that highly conductive
additives reduce the thermal efficiency of the sorption device, since energy used to heat and cool

such additives does not contribute to the absorption and desorption of the sorbate.

The present inventors have developed a sorption device which relies on the use of a porous

sorbent material that is developed to maximise the thermal efficiency of the overall device.

According to the present invention, there is provided a sorption device comprising a heat
exchanger, wherein the heat exchanger comprises:

a sorbate chamber containing a porous sorbent material,

athermal fluid conduit that is fluidly isolated from the sorbate chamber, and

solid heat transfer means for providing thermal communication between a thermal fluid in
the thermal fluid conduit and the porous sorbent material, characterised in that

the porous sorbent material has athermal conductivity of >0.3 Wm'V !, preferably 0.4 Wm"
k1, and

the porous sorbent material is selected such that the ratio H,/H, is 0.7 or less,

wherein H, is the heat energy used to heat the porous sorbent material and sorbate from a

first temperature at which the porous sorbent material contains a maximum concentration of
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adsorbed sorbate to a second temperature at which the porous sorbent material has a minimum
concentration of adsorbed sorbate, and

Hi is the heat energy that is used to heat the heat transfer means and contained thermal
fluid during the course of heating the porous sorbent material and sorbate from the first

temperature to the second temperature.

In the present invention, the thermal conductivity of the porous sorbent material and the
ratio of Hi/H, provide a compromise between efficiency and size for a given duty (output). In the
prior art, relatively large quantities of thermally conductive additives, such as graphite and metal,
have been used to improve the thermal conductivity and, hence, power output for a given size.
However, the present inventors have recognised that the improvement in thermal conductivity can
be offset by a decrease in thermal efficiency, since such additives are thermally massive and the heat
required to heat such additives does not contribute to the sorption and desorption of the sorbate.
The present inventors have identified the need to achieve desirable thermal conductivities without
undesirable increases in the thermal mass. Indeed, the present inventors have developed a porous
sorbent material that has the characteristics necessary for achieving a desirable balance between

efficiency and output.

In one embodiment, the porous sorbent material may be densified to improve thermal
contact between the grains of the porous sorbent material. This densification can be used to
improve the thermal conductivity of the porous sorbent material, reducing the need for conductive
additives, such as graphite and metal. This, in turn, allows a sorbent device to be configured in

which the ratio of H,/ H,is reduced, such that the desirable thermal efficiencies can be achieved .

The ratio of H;/H, may be less than 0.7. Preferably, the ratio H;/H, is less than 0.6, more
preferably, less than 0.5 and, even more preferably, less than 0.4. In a preferred embodiment, the
ratio of Hy/H, is less than 0.35. The ratio Hy/H, may be greater than 0, for instance, greater than 0.1,

greater than 0.2 or greater than 0.3.

For the avoidance of doubt, H, can be calculated from knowledge of the thermodynamic
properties of the porous sorbent material and sorbate and their equilibrium porosity data using well-
known literature methods. A suitable method is described in Chapter 10 entitled 'Adsorption

Refrigerators and Heat Pumps' of 'Carbon Materials for Advanced Technologies', [38 pages] ed. T.D.

Burchell (1999), Elsevier ISBN 0-08-042683-2. In particular, the necessary calculations are described

in detail in section 3.1 of that Chapter.
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The porous sorbent material may be selected from carbon, zeolite, silica gel, alumina, a
halide salt and a metal organic framework. The porous sorbent material may be a monolithic,
particulate, granular or powder material. Preferably, the porous sorbent material is carbon. Any
suitable form of carbon may be used. Active carbon is preferred. Examples include monolithic

active carbon, granular active carbon and active carbon powder.

The porous sorbent material (preferably carbon, more preferably active carbon) may have a
bulk density of at least 500 kg/m 3. Preferably, the porous sorbent material has a bulk density of 700
to 1000 kg/m3, more preferably 800 to 950 kg/m3, yet more preferably 850 to 900 kg/m3. The
porous sorbent material may be densified by mixing particles having different average particle sizes
together. The resulting mixture, therefore, may have a multimodal (e.g. a bimodal) particle size
distribution. The multimodal particle size distribution desirably results in an increased bulk density,

since differently sized particles can pack into a smaller volume.

In one embodiment, the porous sorbent material (preferably carbon, more preferably active
carbon) may comprise at least in part a granular material. The grains may have a particle size
distribution, whereby at least 90%, preferably at least 95%, more preferably at least 98% of the
grains have a particle size of 150 microns or greater. The grains may additionally or alternatively
have a particle size distribution whereby at least 90%, preferably at least 95%, more preferably at
least 98% of the grains have a particle size of 4 mm (e.g. 2 mm) or smaller. In one embodiment, the
grains may have a particle size distribution, whereby at least 90%, preferably at least 95%, more
preferably at least 98% of the grains have a particle size of 212 microns or greater. Preferably, the
grains have a particle size distribution whereby at least 90%, preferably at least 95%, more
preferably at least 98% of the grains have a particle size of 850 microns (e.g. 600 microns) or smaller.
In one embodiment, the grains have a particle size distribution whereby at least 90%, preferably at
least 95%, more preferably at least 98% of the grains have a particle size of 425 microns or smaller.

Suitable grains sizes are 12 x 30, 20 x 40, 30 x 70, and 50 x 100 (ASTM USA standard mesh number).

Preferably, the porous sorbent material has a bimodal or multi-modal particle size
distribution. In a preferred embodiment, the material (preferably carbon, most preferably activated
carbon) comprises a mixture of grains and powder. Suitable grains for forming the mixture are
described above. In one example, the material comprises 30 x 70 grains and powder. The powder

may have a particle size range of 0.1 to 150 microns. Preferably, the powder has a particle size
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distribution whereby 95 to 100% of the particles have a particle size of less than 150 microns,
preferably less than 125 microns, more preferably less than 112 microns, even more preferably 106
microns, for example, 100 microns. Additionally or alternatively, 85 to 92% of the particles have a
particle size of less than 75 microns and/or 45 to 55% of the particles have a particle size of less than
20 microns. The ratio of grains to powder may be 0.3 - 10:1; preferably 0.5 - 5:1; more preferably

1- 3:1. Suitable ratios include 2:1, 1:1 and 1:2.

Where the porous sorbent material has a monomodal size distribution, the porous sorbent
material may be such that 95 to 100% of the particles have a particle size greater than 180 microns,
preferably greater than 250 microns, more preferably greater than 300 microns. In other words, it is
preferred that the porous sorbent material does not consist exclusively of powder. Although it may
be possible to achieve relatively high bulk densities using a porous sorbent material that consists
exclusively of a powder, the thermal conductivity of the resulting material may be compromised .
Without wishing to be bound by any theory, this is believed to be because of the increased number

of grain boundaries compromising thermal contact between the particles in the powder.

In one embodiment, the porous sorbent material does not have a monomodal distribution.

Whether the porous sorbent material is monomodal or multimodal (but particularly where
the material is multimodal ), it is preferable for a significant proportion of the particles to have
particle sizes greater than 180 microns, preferably greater than 250 microns, more preferably
greater than 300 microns. For example, at least 10%, preferably at least 20%, more preferably at
least 30%, even more preferably at least 50%, yet more preferably at least 60% of the particles have
a particle size of greater than 180 microns, preferably greater than 200 microns, more preferably

300 microns.

An increase in bulk density may be achieved by using particles that are shaped to improve
their packing density. For example, porous sorbent particles of a substantially ellipsoidal and/or

flake-like shape may be used.

An increase in bulk density may also/additionally be achieved by vibration and/or
compression. Compression may be carried out under constant pressure or using a "hammer" effect.
Vibration is preferred as this reduces the risk of damage to the particles and/or the sorption device

itself. Densification (e.g. compression) may also be carried out in the presence or absence of a



10

15

20

25

30

WO 2013/083992 PCT/GB2012/053042
6

binder and/or lubricant. The densified (e.g. compressed) material may subsequently be heat-

treated.

In one embodiment, grains of the porous sorbent material are mixed with a solvent (e.g.
water or an organic solvent) to form aslurry. The slurry may then be dried to remove the solvent. In
an alternative embodiment, a powder or granular form of the porous sorbent material may be mixed
with a liquid and/or binder(s) and the mixture moulded to produce the resulting porous sorbent

material.

The thermal conductivity of the porous sorbent material (e.g. carbon) in the direction of
required heat flux may be > 0.3 WrrfV 1 preferably > 0.4 WrrfV 1 more preferably > 1 WrrfV 1 yet
more preferably > 2 WrrfV 1 Inone embodiment, the thermal conductivity may be 0.4 to 4 WrrfV 1,
for example, 2to 3 W'V !, Thermal conductivity is measured by ASTM E1530. The porous sorbent
material may exhibit anisotropic thermal conductivities where the thermal conductivity in one
direction is different from the thermal conductivity in another. This may arise, for example, if the
porous sorbent material is densified by compression. In this instance, the thermal conductivity may
be higher in a direction normal to the direction of compression. Where anisotropic behaviour
arises, the maximum thermal conductivity may be > 0.3 WrrfV 1, preferably > 0.4 Wm'V !, more
preferably > 1 WrrfV 1, yet more preferably > 2 WrrfV 1 The minimum thermal conductivity may
also be > 0.3 WrrfV 1 preferably > 0.4 WrrfV 1 more preferably > 1 WrrfV 1 yet more preferably > 2

WrrfV 1. For avoidance of doubt, it is noted that the units WrrfV can also be denoted W/m/K.

If desired, a thermally conductive additive may be placed in thermal communication with
the porous sorbent material. Such additives form part of the heat transfer means. The thermally
conductive additive may be a solid material having a thermal conductivity of at least 5 WrrfV 1,
preferably at least 10 WrrfV 1, more preferably at least 16 WrrfV 1, yet more preferably, at least 30
WrrfV 1 even more preferably at least 100 WrrfV 1 and most preferably at least 120 WrrfV 1 in
some embodiments, for example, when pure graphite is used as the thermal conductive additive,
the thermal conductive additive may have a thermal conductivity of up to 500 WrrfV 1 The
thermally conductive additive may be mixed or otherwise placed in thermal contact with the porous
sorbent material. Examples of suitable thermally conductive additives include metal or graphite.
For example, metal or graphite particles may be mixed with particles of the porous sorbent material.
Alternatively, a metal scaffold (e.g. honeycomb structure) may be used to support the porous

sorbent material. Suitable metals include aluminium and copper.
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The solid heat transfer means includes any suitable solid means for transferring heat to and
from the porous sorbent material. Such means would typically include the walls of the fluid sorbate
chamber and/or the walls of the thermal fluid conduit. The walls of the fluid sorbate chamber
and/or the walls of the thermal fluid conduit may be formed of any suitable material, including
metals, such as steels, copper and aluminium. Where a thermally conductive additive is used as
described above, this would also form part of the solid heat transfer means. The solid heat transfer
means, therefore, may be any solid material having athermal conductivity of at least 5 WrrfV Lthat
is in thermal communication with the porous sorbent material. The solid heat transfer means may
have a thermal conductivity of at least 5 WIn"V *, preferably at least 10 WiV !, more preferably at
least 16 WrrfV 1, yet more preferably, at least 30 WrrfV 1, and even more preferably at least 100
WrrfV L and most preferably at least 120 WrrfV 1 In some embodiments, for example, when the
solid heat transfer means is aluminium, the thermal conductivity of the solid heat transfer means
may be 200 WrrfV Lor more. The heat transfer means may be in thermal contact with the porous
sorbent material to allow the heat to be transferred to the porous sorbent material by conduction

(e.g. through solid or gas).

The porous sorbent material may have a permeability such that the pressure drop of
gaseous sorbate in the fluid sorbate chamber does not typically exceed 5% of the total pressure the
sorbate when the flow rate is at design levels. Preferably, the porous sorbent material may have
permeability in the direction of sorbate flow such that the pressure drop of fluid sorbate in the fluid
sorbate chamber does not typically exceed 5% of the total pressure in the direction of sorbate flow.
Permeability may be measured using the technique described in International Journal of Heat and
Mass Transfer 43 (2000) 2053 - 2058. The porous sorbent material may exhibit anisotropic
permeability where the permeability in one direction is different from the permeability in another.
This may arise, for example, if the porous sorbent material is densified by compression. In this
instance, the permeability may be higher in a direction normal to the direction of compression.
Where anisotropic behaviour arises, at least the minimum pressure drop should not exceed 5% of
the total pressure when the sorbate flow rate is at design levels. The minimum pressure drop may

also not exceed 5% of the total pressure when the sorbate flow rate is at design levels.

The porous sorbent material may have a permeability such that the pressure drop of fluid
sorbate in the fluid sorbate chamber does not typically exceed 3% and preferably does not exceed

1% of the total pressure the sorbate flow rate is at design levels. Preferably, the porous sorbent
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material may have a permeability in the direction of sorbate flow such that the pressure drop of fluid
sorbate in the fluid sorbate chamber does not typically exceed 3%, and preferably does not exceed
1% of the total pressure in the direction of sorbate flow. Where anisotropic behaviour arises, at
least the minimum pressure drop should not exceed 3% and preferably does not exceed 1% of the
total pressure when the sorbate flow rate is at design levels. The minimum pressure drop may also
not exceed 3% and preferably does not exceed 1% of the total pressure when the sorbate flow rate

is at design levels.

In the device of the present invention, the ratio of the thermal mass of the solid heat
transfer means and thermal fluid to the thermal mass of the porous sorbent material containing the

refrigerant may be < 2. Preferably, this ratio is< 1, more preferably < 0.7 .

Any suitable sorbate (refrigerant) may be used in the fluid sorbate chamber. Examples
include ammonia, methanol and water. Ammonia is preferred, particularly when the porous sorbent
material comprises carbon. In this regard, the present inventors have found that for a given cooling
or heating power the pressure drop across the porous sorbent material is lower when ammonia is
used as a sorbate. As a consequence, the porous sorbent material may be densified to a greater
extent to improve thermal contact between the particles of the porous sorbent material while, at
the same time, maintaining desirable levels of permeability. This advantage is less pronounced with
sorbate materials, such as methanol and water, because these sorbate materials result in greater
decreases in relative pressure across the absorbent bed. As a result, decreases in permeability are

less well tolerated when sorbate material, such as water and methanol are used.

Any suitable heat exchanger may be used in the sorbent device of the present invention.
Typically, therefore, the heat exchanger will comprise a plurality of thermal fluid conduits. A
plurality of fluid sorbate chambers may also be present. Examples of suitable heat exchangers
include shell-and-tube, plate or plate-and-fin heat exchanges. Where a shell-and-tube heat
exchanger is used, the shell may be used as the fluid sorbate chamber containing the porous sorbent
material. The tubes positioned within the shell may be the thermal fluid conduits. The heat transfer
means for providing thermal communication between a thermal fluid in the thermal fluid conduit
and the porous sorbent material may include the tube walls and any metal or graphite mixed with
the porous sorbent material in the fluid sorbate chamber. Where a plate heat exchanger is used, the

heat transfer means for providing thermal communication between a thermal fluid in the thermal
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fluid conduit and the porous sorbent material may include the plates and any metal or graphite

mixed with the porous sorbent material in the fluid sorbate chamber.

Suitable heat exchanger designs are described in WO 2008/029185 and WO 2011/007166.

The sorption device may be used as or as part of an air-conditioning apparatus, refrigerator,

heat pump and/or thermal transformer.

According to a further aspect, there is provided a sorption device comprising a heat
exchanger, wherein the heat exchanger comprises:

a sorbate chamber containing a porous sorbent material,

athermal fluid conduit that is fluidly isolated from the sorbate chamber, and

solid heat transfer means for providing thermal communication between a thermal fluid in
the thermal fluid conduit and the porous sorbent material, characterised in that

the porous sorbent material has athermal conductivity of >0.3W/m %K, and

wherein the porous sorbent material is a particulate material having a bimodal or multi-
modal particle size distribution, and

optionally has a bulk density of at least 600 kg/m 3.

According to a further aspect of the invention, there is provided a method of exchanging
heat using a sorption device as described above, the method comprising:

introducing sorbate into the sorbate chamber to cause the sorbate to be absorbed or
adsorbed by the porous sorbent material,

passing thermal fluid at a higher temperature than the porous sorbent material to heat the
porous sorbent material and desorb the sorbate therefrom, whereby the desorption of sorbate
results in an increase in pressure which causes desorbed sorbate to be condensed in a condenser,
and

passing thermal fluid at a lower temperature than the porous sorbent material to cool the
porous sorbent material and re-absorb or re-adsorb sorbate, whereby the re-absorption or re-
adsorption of sorbate results in a decrease in pressure which causes the sorbate to be evaporated in

an evaporator.



10

15

20

25

30

WO 2013/083992 PCT/GB2012/053042
10

The temperature of the thermal fluid may be cycled. For example, in one heating/cooling
cycle, the thermal fluid may be heated, subsequently cooled to ambient temperature and then re-

heated.

When the sorbate chamber is at essentially ambient temperature, a relative large amount of
sorbate is adsorbed or absorbed by the porous sorbent material. On heating, the sorbate desorbs
from the sorbent material, raising the internal pressure of the sorbate chamber. Under pressure,
the sorbate condenses in a separate vessel (the condenser) at lower temperature and releases heat

to the environment.

The sorbate chamber may then be cooled back to ambient temperature, leading to re-
absorption or re-adsorption of the sorbate, reducing the system pressure. The reduced pressure
causes the sorbate which is in the liquid phase within another vessel (an evaporator) at lower
temperature to boil. In this phase of the cycle, the heat is extracted from the environment to the

other vessel producing a cooling effect.

If cooling is desired, two devices may be operated out of phase to produce continuous

cooling.

In the method of the present invention, the porous sorbate material is selected and/or
treated such that it has athermal conductivity of >0.3Wm K, preferably >Q4Wm K, and a ratio of
Hi/H, is less than 0.7. As discussed above, H, is the heat energy used to heat the porous sorbent
material and sorbate from a first temperature at which the porous sorbent material contains a
maximum concentration of adsorbed sorbate to a second temperature at which the porous sorbent
material has a minimum concentration of adsorbed sorbate. H, is the heat energy that is used to
heat the heat transfer means and thermal fluid contained by the walls of the thermal fluid conduit
during the course of heating the porous sorbent material and sorbate from the first temperature to
the second temperature. The maximum concentration achieved at the first temperature is the
maximum concentration achieved in the heating/cooling cycle of the thermal fluid, while the
minimum concentration achieved at the second temperature is the minimum concentration

achieved in the heating/cooling cycle of the thermal fluid.

Figure 1 is a plot showing the reduction in the coefficient of performance (COP) of a heat

pump against increasing Hi/H,. COP is equal to the heating output power of the device divided by
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the high temperature input power and the abscissa shows the COP normalised with respect to the
COP when Hi is zero. The data are derived from a sorbent system consisting of two beds of a
particular active carbon sorbent material operating with heat recovery and mass recovery and with
particular  characteristic temperatures:  evaporating 7°C, condensing 50°C, final adsorption
temperature 50°C and driving temperature 200°C. As can be seen from the Figure, the higher the
value of Hi/H ,, the poorer the COP. Other sorbents and temperatures would give slightly different

plots but with similar trend.

Example 1

In this Example, the method of determining the values of H; and H,is outlined by way of
example in relation to carbon as a porous sorbent material (adsorbent). The method is also
described in Chapter 10 entitled 'Adsorption Refrigerators and Heat Pumps' of 'Carbon Materials for

Advanced Technologies', [38 pages] ed. T.D. Burchell (1999), Elsevier ISBN 0-08-042683-2.

Fig. 2 (Clapeyron diagram) shows both the actual cycle (shown in dashed lines) and the
idealised cycle, which consists of two isosteres and two isobars. Heat flows in J/kg adsorbent (q) are
shown as shaded arrows. For most purposes, analysis of the ideal cycle gives an adequate estimate
of the COP and cooling or heating per kg of adsorbent. An accurate calculation of the path of the
actual cycle needs information on the dead volume of the whole system and of the heat transfer
characteristics of the condenser and evaporator. General trends are more apparent from an analysis

of the idealised cycle.

The COP in cooling (COP_) or heating (COP,,) is defined by:

COP, = L . COP, = Geon ¥ Q3 T 4ua
Gz * s 9, T dx

Considering the processes occurring in Fig. 2 in sequence:
Process 1-2

The heat input per unit mass of adsorbent in the isosteric heating phase when the concentration is
xconc 1S given by:

L

gn =\ {Cpc + X conc Cva) dT
5
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where:
Cpe - Specific heat of adsorbent (carbon), possibly a function of temperature.
Xcone = maximum concentration, obtained at point 1 by using the evaporating pressure and

bed temperature ;, in the Dubinin-Astakhov equation.

= Specific heat of adsorbed phase at constant volume.

Vel
Ti = minimum cycle temperature (K).
T, =temperature at start of desorption (K).

The integrated term is simply the combined specific heat of the unit mass of adsorbent and
its associated adsorbate. The specific heat at constant volume has been used for the adsorbate
since, theoretically, there is no expansion of the adsorbate volume and the heat required to raise the
temperature is the change in internal energy. In practice there will be some expansion and a

pessimistically high estimate could use the specific heat at constant pressure Coa-

The specific heat of the adsorbed phase is in any case difficult to estimate and it is common

to approximate it to that of saturated liquid adsorbate at the same temperature.

T, is easily calculated, since the ratio of T/T _; is constant along an isostere, giving:

Tl _ Tz
ey con
Process 2-3

The heat input per unit mass of adsorbent in the isobaric heating phase where the concentration
varies is given by:
Oy = I(Cpc + X Cpa)dT + IHmdx

T, Xait

where xy, is the minimum concentration and Hm is the heat of desorption per unit mass of
adsorbate. Hm at any point on 2-3 or 4-1 can be derived from the slope of the isostere on the

Clapeyron diagram (A):
Hm=RA

where:
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(2 (lp])

UL/ 1
L)y
R =The gas constant at the system pressure and temperature.

Assuming the form of the Dubinin equation to be correct, or more generally that the ratio
TIT (4t is constant along an isostere then H can be expressed as a multiple of the latent heat L of the

refrigerant at the system pressure:

Hm=L-—
sat

From the above, we can determined H,and H; as follows:

H2 =qq, +q2 (J/kg adsorbent)

and

Hi = cumm(T5-T1)

where:

cHtm =thermal capacity of heat transfer means and fluid per unit mass of adsorbent

=MpmContm+ m TrcpTE

where:

murm= mass of heat transfer means/mass of adsorbent

cprtm = Specific heat of heat transfer means (J/kgK)

m+ = mass of thermal fluid in generator/mass of adsorbent

cpre = Specific heat of thermal fluid (J/kgK)
Example 2

In this Example, the thermal conductivities of various granular carbon materials were
determined. The samples were obtained from Chemviron Carbon Ltd (laboratory samples of

Chemviron 208C) with the following grain sizes: 12 x 30, 20 x 40, 30 x 70 and 50 x 100 (US standard
mesh). The samples were densified by vibration and the thermal conductivities at various densities

were determined. The results are shown in Figure 3.

Example 3
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The following bimodal mixtures were prepared in a grain to powder weight ratio of 2:1:

a) 12x 30 and powder

b) 20 x40 and powder

5 c¢) 30x70and powder

The powder employed was obtained from Chemviron Carbon Ltd (Pulsorb 208CP).

The bimodal samples were densified by vibration and their thermal conductivities

10 determined. The results are shown in Figure 4.

Example 4

The following bimodal mixtures were prepared in a grain to powder weight ratio of 1:1:

15
a) 12x 30 and powder
b) 30x 70 and powder
The powder employed was obtained from Chemviron Carbon Ltd (Pulsorb 208CP).
20
The bimodal samples were densified by vibration and their thermal conductivities
determined. The results are shown in Figure 5.
Discussion
25
For a good bimodal mixture, high conductivity implies high density. From Figures 4 and 5, it
can be seen that the best mixture corresponds to point 770 kg/m 3 and 0.35 Wm™ K* of 30x70 grains
and powder mixture.
Py =770 »;t% {from Figure 4,5) - K. = 035
30 The mixture can be used in a sorption device configured to achieve H:/H; of 0.7.
8, . . C .
Hw’ = 0.7 (from Figure 1) 2> COF (normalised) = 0.93
21

Let us normalise the heating power to 1 for this mixture.
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Now the COP and the SHP (Specific heating power) can be calculated knowing that for an
only grains mixture the density is 520 kg/m3 and corresponds a conductivity of 0.25 WmV *. It can
be assumed, for approximate comparison, that the heating power into the generator is proportional

to the carbon conductivity -and that this multiplied by the COP givesthe output power

5 p, = 520 f’;?% (from Figure 3) > K. = 0.25
B B 78 - 104 i I,
P, N7, por: 1.04 (from Figure 1) = c{pr, = 0.9
shp, = sup, 2. S92 _ 1 025 09 _ g
$TEN R COP ~ 7 035 093
Carbon density Conductivity Normalised power
H1/H2 Normalised COP
(kg/m3) (Wm™K?) (W/kg)
Grains 520 0.25 1.04 0.9 0.69
Bimodal mixture 770 0.35 0.7 0.93 1

The calculation shows that, if we were to substitute the best bimodal mixture with a grains-

10 only mixture having a density of 520 kg/m3, the coP would drop by 3% and the power by 31%.
However, any given machine is designed to deliver a certain power. The options available to deliver

the same power from grains only are either to make the sorption containers 30% larger(increasing
capital cost) or to run the machine in a less efficient way (shorter cycle times with larger

temperature differences) that might reduce COP by a further 10%.

15
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Claims

1. A sorption device comprising a heat exchanger, wherein the heat exchanger
comprises:

a sorbate chamber containing a porous sorbent material,

athermal fluid conduit that is fluidly isolated from the sorbate chamber, and

solid heat transfer means for providing thermal communication between a thermal fluid in
the thermal fluid conduit and the porous sorbent material, characterised in that

the porous sorbent material has a thermal conductivity of >0.3Wm=K*, preferably >0.4Wm"
'k, and

the porous sorbent material is selected such that the ratio Hy/H, is 0.7 or less,

wherein H, is the heat energy used to heat the porous sorbent material and sorbate from a
first temperature at which the porous sorbent material contains a maximum cyclic concentration of
adsorbed sorbate to a second temperature at which the porous sorbent material has a minimum
cyclic concentration of adsorbed sorbate, and

Hi is the heat energy that is used to heat the heat transfer means and thermal fluid during
the course of heating the porous sorbent material and sorbate from the first temperature to the

second temperature.

2. A sorption device comprising a heat exchanger, wherein the heat exchanger comprises:

a sorbate chamber containing a porous sorbent material,

athermal fluid conduit that is fluidly isolated from the sorbate chamber, and

solid heat transfer means for providing thermal communication between a thermal fluid in
the thermal fluid conduit and the porous sorbent material, characterised in that

the porous sorbent material has athermal conductivity of >0.3 Wm™V !, and

wherein the porous sorbent material is a particulate material having a bimodal or multi-
modal particle size distribution, and

optionally has a bulk density of at least 600 kg/m 3.

3. A device as claimed in claim 1 or 2, wherein the porous sorbent material is selected from

carbon, zeolite, silica gel, alumina, a halide salt and a metal organic framework.
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4. A device as claimed in claim 3 wherein the porous sorbent material is carbon.
5. A device as claimed in claim 1, wherein the porous sorbent material has a bulk density of at
least 500 kg/m 3.
6. A device as claimed in any one of the preceding claims, wherein the porous sorbent material
has a bulk density of 700 to 950 kg/m 3.
7. A device as claimed in claim 1, wherein the porous sorbent material comprises particles
having a multi-modal patrticle size distribution.
8. A device as claimed in any one of the preceding claims, wherein the porous sorbent material

comprises particles that are substantially ellipsoidal or flake-like in shape.

9 A device as claimed in any one of the preceding claims, wherein the porous sorbent material

is densified by vibration and/or compression.

10. A device as claimed in any one of the preceding claims, wherein the porous sorbent material

is mixed with a binder or lubricant.

11. A device as claimed in any one of the preceding claims, wherein the porous sorbent material
by forming a slurry of particles of the porous sorbent material in a solvent and subsequently

removing the solvent.

12. A device as claimed in any one of the preceding claims, wherein the heat transfer means

comprises the walls of the fluid sorbate chamber and/or the walls of the thermal fluid conduit.

13. A device as claimed in any one of the preceding claims, wherein the heat transfer means
comprises any solid material having a thermal conductivity of at least 5 Wm'V ! that is in thermal

communication with the porous sorbent material.

14. A device as claimed in claim 13, wherein the heat transfer means comprises metal and/or

graphite.
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15. A device as claimed in any one of the preceding claims, wherein the porous sorbent material
has a permeability such that the pressure drop of fluid sorbate in the fluid sorbate chamber does not

exceed 5% of the total pressure when the sorbate flow rate is at design level.

16. A device as claimed in any one of the preceding claims, wherein the fluid sorbate chamber

comprises afluid sorbate selected from ammonia, methanol and water.

17. A device as claimed in claim 16, wherein the fluid sorbate is ammonia.
18. A device as claimed in any one of the preceding claims, wherein Hi/H, is less than 0.5.
19. A method of exchanging heat using a sorption device as claimed in any one of the preceding

claims, the method comprising:

introducing sorbate into the fluid sorbate chamber to cause the sorbate to be absorbed or
adsorbed by the porous sorbent material,

passing thermal fluid at a higher temperature than the porous sorbent material to heat the
porous sorbent material and desorb the sorbate therefrom, whereby the desorption of sorbate
results in an increase in pressure which causes desorbed sorbate to be condensed in a condenser,
and

passing thermal fluid at a lower temperature than the porous sorbent material to cool the
porous sorbent material and re-absorb or re-adsorb sorbate, whereby the re-absorption or re-
adsorption of sorbate results in a decrease in pressure which causes the sorbate to be evaporated in

an evaporator.
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