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Abstract

The paper aimed to investigate the performance of several hydrophilic materials, namely metals, fibres,
ceramics, zeolite and carbons, and to select the materials that are the most suitable for performing heat and
mass transfer between the incoming and outgoing air-streams associated with buildings. Heat and mass
transfers within the dry and wet channel airstreams were investigated, and this has provided useful
suggestions on selection of the materials for heat and mass transfer membranes. It has showed that a
material’s thermal conductivity imposed much less impact on heat transfer than its porosity and pore size
did. Besides, hardness, durability and cost of the material are also important in material selection. To
enable an effective heat/mass transfer, the porosity of the material would be higher than 3.82x107%, and
the pore size would be in the range from 2.75x10""to 3.2x10”7 m. The material should also be easy of
shaping and durable in long-term operation. Of the selected materials, fibre and carbons indicated a higher

performance in heat and mass transfer. But fibre would suggest a cheap solution to this process.

Keywords: Hydrophilic; Heat/mass recovery; Material; Membranes; Thermal conductivity; Porosity; Pore

size; Durability; Cost

Nomenclature
c Specific heat capacity Jkg K
d,. Pore diameter of the porous material cm
d Moisture content of the air stream kg/kg dry air
D Equivalent diameter of the exchanger tunnel  m
D, Mass diffusivity m’/s
ke Convective heat transfer coefficient W/m* K
xmewe  Convective mass transfer coefficient m/s
k Thermal conductivity W/m K
k.. Moisture infiltration coefficient through exchanger membrane m’/s
L Length of the exchanger tunnel m
m Mass of materials kg
M, Molecular weight of air (29.0) kg/mole
p Vapour Pressure Pa
q Total heat transfer J
T Absolute temperature K
t Temperature C
u Air speed m/s
o Thickness of the heat/mass transfer membrane m
v Volume of material m’
a Thermal diffusivity of air m’/s



v Kinematic viscosity m’/s

u Dynamic viscosity Ns/m’

Yo, Density kg/m’

9 Porosity of materials %

A Free path length of the diffusing species cm

K Boltzamann’s constant (1.38x107°) ergs/K

4 Lennard-Jones diameter of spherical molecule (for air it is 3.617x10®) cm
Subscript Term

w Wet (humid) air channel

d Dry air channel

h Hot air channel

c Cold air channel

air Air stream

b Bulk temperature of the fluent materials in the exchanger tunnel
w Wall temperature of the exchanger tunnel membrane’s surface

Superscript Term
heat Sensible heat energy
moisture  Condensed/evaporated moisture

1. Introduction
The traditional enthalpy plate exchangers use activated carbon-methanol, zeolite-water, or CaCl,-NHj;
covered plate or tubes. These materials have relatively higher resistance in terms of heat and mass transfer
[1, 2]. Air-to-air enthalpy exchanger wheels can carry the heat/mass transfer simultaneously, but have the
disadvantages of over-taking and high power-consuming for wheel driving [3~5]. The exchanger made of
hydrophilic materials are able to conduct both heat and mass transfer effectively and avoid problem of
over-taking and wheel-driving energy consuming. Commonly used hydrophilic materials include metals,
fibres, ceramics, zeolite and carbons. However, no comparison has yet been made to these materials and
therefore selection of heat exchanging medium has been based on experience and custom so far as yet

know, which would lead to reduced efficiency or increased cost of the heat/mass exchanging devices.

The above hydrophilic materials could be further classified according to their structure and composition.
Hydrophilic metal could be classified as metal forms, metal wools, sintered metals and wicked metal.
Fibre could also be divided in terms of its material, e.g., paper, wood or glass. Ceramic type contains
SiC/SiC composites, zirconia ceramic, zirconia toughened aluminium, and aluminum nitride and
polystyrene composites. Zeolite type includes porous ceramics, molecule sieves and synthetic polymers;
and carbon fibre refers to carbon-carbon composites and activated carbon. All these materials will be
investigated and their properties will be compared each other. The most adequate material for heat/mass

transfer among the air-streams will be recommended as a result of the study.
2. Analyses of the heat/mass transfer within air-to-air heat/mass exchanger
2.1. Heat/mass transfer mechanism

Figure 1 indicates the heat and mass transfer occurring in the hydrophilic membrane. When the humid and

hot air flows across the wet air channel, it loses heat through the membrane due to the temperature



difference between the hot and cold air streams. As a result, the temperature of the hot air falls by some
degrees and its relative humidity is increased. In the meantime, the moisture content difference between
the humid and dry air causes condensation of the water-vapour on the surface of wet air channel. The
condensed moisture then penetrates across the membrane and re-evaporates on the dry side surface, due to
the stimulation of the sensible heat transfer and moisture content difference between the two adjacent air
streams. This part of vapour enters the dry air streams and is carried away with the air. To enable the
moisture transfer, the material of the membrane should be hydrophilic, moisture penetrating but free of air

diffusion.
The heat transfer across the membrane could be written as follow:
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k™ is the convective heat-transfer coefficient, which can be calculated using the following equation [6]:
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The mass transfer across the membrane could be written as follow:
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Whilst the mass-transfer coefficient, k, ™", could be calculated using the following equation:
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The mass diffusion coefficient, D,, is a function of air temperature and pressure, and can be calculated

using the following equation [6]:

D, =D, £ (t,) +273. 15)/ (5)
TO
For an air-to-air exchanger in buildings, its operation is usually at the atmospheric pressure. In this case,

P,/ P =1, T,=273.15 K. This will yield a value of 2.2x107° m%/s for Dy,

The thickness of the wall¢ is in the range 0.1 to 0.5 mm, while its thermal conductivity, k, takes the
average of the k values of the materials and the filling water, owing to its porous structure. In that case, &

value can be written as [7]:

k = 19 + (1 lg)kmaterials (6)

moisture



Where & value of the filling moisture is about 0.6 W/m K, and £ value of the wall material ranges from

0.3 to 400 W/m K, and porosity Jof the material varies from 10% to 90%.
2.2. Heat Transfer Analyses

It is assumed that the air channel length ( L) and equivalent diameter ( D) of a fix-sized air-to-air
exchanger is 0.5 m and 0.005 m, and the thickness () of the membrane is 0.5 mm. The humid/hot air and
cold/dry air parameters and their associated convective heat/mass transfer coefficients are also assumed as

shown in Table 1.

For this case, the Reynolds number Re of the air flows is a figure smaller than 2300. This suggests that the
heat and mass transfer between the adjacent flows will occur at the laminar flow condition. In this case,

egs. 2 and 4 can be applied to the heat/mass transfer analyses.

From the Tablel, we can yield that value of _! I is in the range 0.1945 to 0.09029, which is at least

k:eal kL{ma/
60 times of value of ¢ (8 =5x10", k=0.3~400 W/m K). This suggests that thermal conductivity of the
k
material imposes very minor impact to sensible heat transfer, in comparison with convective heat transfer
coefficients.
2.3. Mass Transfer Analyses

o
k

mass

is associated with the thickness of membrane and its water diffusion coefficient

For mass transfer,

Kmass. Vapour pressure difference between the adjacent airstreams causes the condensation of vapour on
the wet side of the membrane and penetration of the condensed moisture from wet to dry side. In this
process, porosity and pore size of the material are the most important parameters which should be given
particular consideration. Adequate porosity rate of the membrane are necessary in order to accommodate
the condensed moisture. Also the pores of the membrane should have reasonable sizes that would allow

the penetration of the condensed liquid but resist the cross flow (diffusion) of the two adjacent airstreams.

It is seen from Table 1 that the maximum moisture content difference between the two airstreams is
0.01528 kg/kg (dry air). Assuming that all amount of this part of moisture is condensed on the membranes

surface, the required porosity rate of the membrane can be calculated using the following equation:

2
_ (dw4— dd)ﬂ'D u (7)
p moisture

moisture

Where the equivalent diameter, D, is 0.005 m, the maximum air flow rate is 5 m/s, and the moisture

density is 1x10° kg/m’.

As the humid air is in contact with two sides of the wet channel, the volume of the wall transferring the

moisture can be calculated using the following equation:
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Where the channel length is 0.5 m. Thus, the minimum porosity rate of the membrane could be obtained

as follows:

9 % > 100 Vmoixturc% (9)
wall

This calculation suggests that the minimum porosity of the membrane should be 3.82x107%, which is

value achievable by most hydrophilic materials.

Knudsen Diffusion factor is normally used to calculate the optimum pore size of the porous membranes. It
has been known that the diffusion of gas molecules occurs only through very small capillary pores. If the
pore diameter is smaller than the mean free path of the diffusing gas molecules, the gas molecules will
collide with the pore walls more frequently than with each other, due to its low density characteristic.
Knudsen number, Kn , can be expressed as follow [6]:

K - 100 4 (10)

pore

Where A represents the free path length of the diffusing species, and d vore TEPresents the pore diameter of

the porous membrane. In practice, free path length for molecules in the liquid state is very small, close to
its molecular diameter. In this case, free path length of the diffused gases could be calculated using the

following equation:

4= —<T (1
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Where x is the Boltzmann’s constant (1.38x10"®ergs/K), T is the absolute temperature (290~350 K),
is the Lennard-Jones diameter of the spherical molecule (for air it is 3.617x107'° m), P is the system

pressure (101.325 kPa). The free path length of air molecules is about 9x10°m.

If Kn is greater than 1, the diameter of the pore would be smaller than free path length of air molecule.

Knudsen diffusivity of the air could be calculated using the following equation:

ks = 48.5d ., T /M , (12)

Where M , is the Molecular weight of the molecule. Water molecular diameter in liquid state is about

2.75x10™"" m, and average air molecular diameter in gas state is about 3.617x10™""m [8].

For air-to-air heat/mass transfer membranes, to allow the water molecules penetrate across and stop the air
molecules diffusion, the pore diameter of the porous membrane should be larger than the water molecular
diameter (2.75x10"°m in liquid state) and smaller than the free part length of air molecules (9x10°m).

However, Eq. 6 indicated that although the pore diameter is smaller than the gaseous free part length,



there are still some air molecules passing across the membrane. By controlling the value of Knudsen

diffusion, gaseous penetration through the membrane could be controlled. If reducing the Knudsen

diffusion & of the air to a level that is 1x10™ times of the convective air flow rate # (0.5 m/s) in the

mass
tunnel, the air molecular diffusion across the porous membrane becomes negligible. In this case, pore
diameter could be expressed as follow:

. u (13)
1x10 * x 48 .50 \/T / M ,

pore

It can be seen from Figure 2 that to allow the moisture penetration but stop air diffusion across the
membrane, the diameter of pores within the membrane would be in the range 2.75x10"to 3.2x10" m. It

is also found that air temperature slightly impacts on air diffusivity.
3. Parameters considered in selecting the heat/mass transfer materials

It has been found from the previous analyses that thermal conductivity imposes a minor impact on the heat
transfer due to the material’s thin thickness, usually in the range 0.1 to 0.5 mm. This parameter is

therefore given less consideration when selecting a material for the exchanger.

Capillary force and pore size are the key factors that affect moisture transfer across the membrane.
Porosity is the parameter of a material that can represent the level of the capillary force and moisture
absorbing ability. Higher porosity leads to increased moisture deposition and larger pore diameter allows
for easy moisture penetration. However, pore diameter should be controlled to a certain size range in order

to avoid air diffusion across the membrane.

Hardness of the material should also be taken in consideration when selecting a heat/mass transfer
material. A stiff material is usually difficult to form a shape. In contrast, a soft material is easy for shaping
but difficult to sustain the shape. A material with moderate hardness should be ideal for this purpose.
Young’s modulus is a parameter used for indicating the hardness of materials, and is defined as the ratio
of the tensile stress to strain produced [9]. The Young’s modulus of a porous material will degrade when it

is saturated with mater [10].

Durability is another factor that should be considered in material selection. This is particularly important
for the porous materials used for moisture transfer. Ideally, the material selected should be able to resist

rusty, deformation, oxidation, as well as bacteria growing.

Cost is also an important issue in selecting a material. This should contain two parts, i.e., cost of material
itself and cost of manufacturing. Upon to meeting the requirement of heat/mass transfer, cost of the

material and its manufacturing should be kept minimum.
4. Comparative Analyses of Potential Heat/mass Transfer Materials

4.1. Metal Type



The traditional metal heat exchanger is mainly made of aluminium, copper and their alloys, which can be
shaped into a surface such as plate or tube. This kind of surface has much less capillary force to retain the
condensed moisture from the humid/hot side. To increase surface capillary force, porous structure is
considered to replace the smooth surface of the sheet or tube [11]. Several metal porous structures, namely,
wicked metal, metal foams or wools, will be studied in this paper. Porous metals have the thermal
conductivity from 29.43 to 400 W/m K, which is mainly determined by the porosity and other key
characteristics of the metal [12]. Since thermal conductivity is a parameter with little impact on heat/mass
transfer, porosities, pores size and membrane thicknesses are given emphasized here, and these are

summarised in Table 2 [13-18].

Wickes could be one of the following structures, i.e., sintered particles, microcosmic holes, meshes,
grooves or whiskers. Figure 3 shows the typical microphotography of particle-sintered porous metal and
fibre-sintered porous metal [19]. As shown in Table 2, the porosities of wicked metal vary in a wide range,
from 39 to 98%, depending upon their construction, density, pore size and configuration. Although the

wicks porosities are enough to contain the condensed moisture, the microcosmic holes size, from 15 to

90um, can not match the pore diameter requirement (2.75x10™"° m<d pore <3.2% 107 m) of the hydrophilic

membrane.

In recent years, highly conductive foams based on copper or aluminium was used to make heat/mass
exchanger membranes. Their open cell structures allow moisture/heat to be removed from the humid/hot
side and added to the dry/cold side [20]. The foams can be produced in different methods, such as melts,
powders, sputtering and deposition [21]. Each method covers a characteristic range of density, cell size
and cell topology, thus resulting in the porosity up to 90% [22]. At present, the pore sizes ranging from
5.5um~3 mm with a varying porosity from 10% to 90% have been achievable, thereby the porosity, shape
information and construction expense are related to each other [21, 23~26]. Figure 4 presents the
configuration of the commonly available metal foams [17]. Similar to the wicked metal, the metal foam

can satisfy the porosity requirement but can not meet the demand of pore size and membrane thickness.

Metal wools are another type of porous metal mainly made of copper, aluminium and steel. The porosities
are variable based on the metal fibre length, fibre diameter, and the density, from 30% to 70% [26]. It is
found that the porosity of one kind of copper wools was 0.95 and the thermal conductivity of the copper
reduced to 1.0~2.7 W/m K [27]. J. P. Mass et al (2006) pointed out that the porosity reduced with the
decreasing of pore size and presented that when the pore size is 0.1~59 pm, the average fibre volume
fraction is approximate 2% [28]. Figure 5 presents the configuration of the commonly available metal
wools [29]. One kind of metal wool membrane could meet the porosity and pores size demand but its
thickness induces high resistance to the heat/mass transfer. Hence, this is a challenge to develop a thin

metal wool membrane with high porosity and proper pore size in the future.



The above analyses indicate that all types of metal have high thermal conductivity to carry out heat
transfer and also have enough porosity to accommodate moisture. However, the pore size of metal wick,

metal foam and most of metal wool are unable to meet the pore size requirement of the porous membranes.

In terms of hardness, both copper and aluminium are suitable for use as the exchanger plate, as they got
adequate Young’s Modulus ranging from 70 to 140 Gpa which is suitable for shaping and remaining-
shape [9, 30]. Both copper and aluminium have long life span in any of its state, i.e., wick, foam and metal.
In term of cost, aluminium is a better choice over the copper, as it is much cheaper compared to copper.
Based on the manufacturing cost of micro-holes in the sintered metal, the metal wool and foam are better

than wicked metal.
4.2. Fibre Type

It has been found that fibre materials, including paperboard, cloth, wood or glass fibre, natural fibre, all
have relatively higher water affinity and lower thermal conductivity and hardness. Their thermal
conductivities are in the range of 0.01 ~ 0.3 W/m K, much lower than that for metals [12, 31]. Figure 6
shows the structures of wood fibres, and Table 3 presents the porosities, pores size and membrane

thicknesses of various fibre materials [31~38].

It is seen from Table 3 that woven fibre, natural random fibre and carbons fibre have the abundant level of
porosity which ranges from 10% to 95%; the pore size of the various fibres change from 1.37 A to 5 um,
which is in the range of the required membranes pore value; and most of the membranes made of fibre are
thin enough to carry out the heat/mass transfer with little resistance. The natural fibre has a fibre diameter
ranging from 0.1 to 205 pm with a micro lumen (less than 5 um) and fibrillar angle (<20°), which allows
the fibre materials to possess strong absorption ability. C. J. Tsenoglou (2006) carried out an experiment
which showed that the clean fibre had the water penetration value of 5.35X 10™"? m%/s under normal

temperature and this could be improved if it is coated with hydrophilic materials [39, 40].

The effective thermal conductivity of a fibrous material increases with the fibre length and it approaches a
stable level when the fibre length is sufficiently long. The effective thermal conductivity decreases with
porosity increasing [41]. Although thermal conductivities of the fibres are lower than that of metals,
porosities of most fibres listed in Table 3 are enough to absorb moisture from the humid air, and the pores
size of fibre are larger than the liquid water molecular diameter, 2.75 x 10" m, but smaller than 3.2x107 m.
Hence, the fibers membranes have the ability to conduct heat/mass transfer simultaneously, and avoid the

gaseous air diffusion.

In terms of hardness, most fibre materials are not strong enough for use as the exchanger plates. However,
flax or wooden fibres are the exception and have Yong’s Modulus as high as 70 to 110 Gpa [32, 35~ 38].
The life span of the fibre exchanger is short as it is easy to be deformed or damaged when being soaked by
water, except for flax or wooden fibre. In term of cost, the fibres are extremely cheap, and so frequent

replacement is affordable that could overcome the disadvantages of short life span.



4.3. Ceramics Type

Porous ceramics could be one of the potential materials used for hydrophilic membrane exchanger due to
its advanced properties, i.e., high porosity, high thermal conductivity and durability. One way making
porous ceramics is mixing ground vermiculite and allophone at heated condition of 600-800 °C [43].
Porous solids, such as extrude monoliths with parallel channels and thin walls, are made of various oxide
and non-oxide ceramics, ceramics foams and metal structure, which can perform both moisture and heat

exchanging. Figure 7 shows the porous ceramics structure made by Kiyoshi [42~44].

The thermal conductivity of the porous ceramics depends upon the elements contained, the pore size and
distribution, the porosity of the ceramics and the manufacturing processes. Thermal conductivities of the
ceramics are higher than that of fibres, but lower than that of metal. It varies from 0.1 to 240 W/m K.
Generally the thermal conductivity decreases with the porosity increasing [12, 45]. Table 4 shows the

porosities, pores size and membrane thicknesses of a range of different ceramics [42, 43, 46~50].

All porosities of the ceramics are sufficient to retain water needed for moisture transfer. Ceramics made of
different materials generally constitutes the pore size form 0.005 um to 38 um, hence, part of ceramics
such as 8-YSZ ceramics, foamed glass ceramics and Zirconia toughened alumina, etc, can meet pore size
requirement of the hydrophilic membrane [42~50]. A ceramics with higher porosity would be perfect, as it
has higher moisture retaining ability and infiltration capacity that would enable moisture penetration and
stop air diffusion. Water permeability of the ceramics increases with increasing of porosity and pore size.

Furthermore, most ceramics could be shaped in to thin membranes and carry out the heat/mass transfer.

In terms of hardness, most porous ceramics are suitable as exchanger plate, which has Young’s Modulus
ranging from 50 to 400 Gpa [50~53]. Porous ceramics are durable in use at the wetted condition. In terms

of cost, it’s more expensive than fibre and metal [54].
4.4. Zeolite Type

Zeolites include natural and synthetic crystalline zeolites. The crystalline zeolites can be used for a wide
variety of purposes include static, dynamic drying, iron exchange, selective separations involving gases
and liquids. The industrial applications involve primarily “Linde Molecular Sieves” called LMS and
Davison “Microtraps” for the obvious reasons of availability in quality and cost. The synthetic zeolites are
attractive for drying and separation owing to their affinity for water and other small diameter molecules
and also their ability to reject large diameter molecules [55]. Figure 8 shows the diagram of three kinds of
zeolite [56~58]. The porosities, pores size and membrane thicknesses of kinds of zeolites are listed in

Table 5 [55~60].

The thermal conductivity of Linde molecular sieves is around 0.59 W/m K, which is much smaller than

that of metals and porous ceramics [55]. However, the value is similar to the thermal conductivity of fibre.



Linde Molecular Sieves (LMS) have a high sorption capacity at low water vapour concentrations, and
maintain the high sorption capacity at fixed relative humidity, which is a direct contrast to silica gel and
activated alumina [61]. LMS has porosity of 4% to 80%, and its absorption capacity is even higher due to
its characteristics of water affinity. LMS as the popular molecules sieving and separation materials, it has
pore diameter as low as 1x10"°m [55]. And the zeolite membrane is easy to be manufactured into thin
films as shown in table 5. Hence it has the ability to service as the thin heat/mass recovery membranes

with the proper pore size (2.75x10""m<d <3.2x107 m) and high absorption capacity.

pore

In terms of hardness, most zeolites are adequately strong for use as exchanger plates, which have Young’s
Modulus ranging from 1 to 20 Gpa [62, 63]. The durability of zeolites is decided by the composites. In

term of the cost, they have similar prices as the ceramics.
4.5. Carbon Type

Carbon fibres have became an important reinforcement material in composite materials because of its low
density, high strength (up to 7 GPa) and tensile modulus up to 600 GPa. In addition, high electrical and
thermal conductivity of carbon fibre makes it useful in a wide variety of products [64]. Such as activated
carbons are often used for desiccant, Carbon—carbon composites are used mostly in aerospace, Mesophase
pitch-based carbon fibers with high preferred orientation have low density and high thermal conductivity
(TC), with a TC at room temperature up to 1120 W /m K, etc, [65, 66]. Fig. 9 shows three types of carbon
fibre structure [65]. Table 6 presents the porosities, pores size and membrane thicknesses of porous

carbons and its composite [59, 67~71].

AC-ENG composite, acetylene black carbon, porous carbon (SiC) and carbon foam have high porosities

to contain the condensed moisture from the humid air side. Besides carbon foam, all the carbons and its

composites listed in Table 6 can offer the proper pore size in the range of 2.75x10""m<d pore <3.2% 10" m.

Pore diameter between carbon fibres can be as small as 6x10” m, which can allow the moisture transfer
and stop air diffusion [65, 71 and 72]. Considering the membrane’s thickness as well as porosity and pore
size, the AC-ENG composite, CM-260, acetylene black carbon all can carry as the hydrophilic heat/mass

transfer membrane.

Carbons materials have stronger capillary force than metals and better thermal conductivity than fibres,
which are enough for the heat/mass transfer between two airstreams. A carbon material with high porosity

and adequacy thermal conductivity is a preferable for the heat/mass transfer purpose.

In terms of hardness, carbon fibres are strong enough for making heat/mass transfer element, which have
Young’s Modulus ranging from 1 to 220 Gpa [73].it’s cheaper than metal, ceramic and zeolite but more

expensive than cellulose fibre.

5. Comparison of the Material Types and Results Discussion



Table 7 summaries the level of performance of the above mentioned materials, in terms of thermal
conductivity, porosity, pore size, hardness, durability and cost [74, 75]. In overall, a porous metal has
relatively higher thermal conductivity and porosity than other materials. However, it is difficult to prevent
air diffusion across when the moisture is transferred from one side to the other of the membranes. The
porous metal is therefore not a suitable material for heat/mass transfer membranes. Fibre can carry out
heat/mass transfer simultaneously without air diffusion. It is the cheapest of the above mentioned
materials and can be shaped and structure easily. However, the fibre has disadvantages of low thermal
conductivity and short life span. Ceramic and Zeolite are suitable materials for the heat/mass transfer
membranes as these have adequate pore sizes and water retaining capacities. However, they are hard for
shaping and relatively expensive. Carbon is the best selection for use as the heat/mass transfer membranes,
as it has higher heat/mass transfer capacity and can be easily shaped into different geometries at the

affordable prices.

In conclusion, carbon and cellulose fibre may be adequate materials for use as heat/mass transfer
membranes, as they both can carry out heat/mass transfer effectively. A carbon membrane is better than a
fibre membrane in terms of hardness, but its price is higher. The cheap cost of the fibre may somehow

compensate its disadvantages of short life span.
6. Conclusion

The thermal conductivity of the materials is a less important parameter in material selection. Porosity,
pore diameter and membranes thickness are three most important parameters which largely impact on the
performance of membrane heat/mass transfer. Larger porosity represents a stronger capillary effect and
moisture retaining ability. Pore sizes should be suitably selected to allow moisture penetration but stop air
diffusion across the membrane. This investigation suggests that the pore sizes should remain in the range
3.75x10"" m t03.2x107 m. Besides, hardness, durability and cost should also be taken into consideration

in selecting a material for heat/mass transfer membrane.

Carbon and fibres are the suitable materials for making heat/mass transfer membranes. Fibres are currently
more popular in application owing to its cheaper price. However, carbons may be more attractive in terms

of its durability, cleanliness and performance retaining.
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Fig.6. Fibre structures of soft fibre and hardwood fibre




Fig. 7. Structure diagram overviews of alumina ceramics prepared by methods: (a) extrusion; (b) parallel
to the extrusion; (c¢) conventional

Fig.9. Textures of the carbon materials prepared from (a) RMPF-180; (b) CM-260; (¢c) CM-260-round

Table 1 Air parameters and calculated Re
Tempe Relative  Moisture  Air flow Convective heat- Convective Reynolds
rature  humidity content rate transfer coefficient mass- transfer Number
(C) (%) (kg/kg (m/s) (W/m’K) coefficient (Re _uD)
dry air) (m?/s) v,
Humid/hot 35 70 0.02516 0.5~5 10.2430~22.067 0.0089~0.0191  148~1480
Air
Dry/cold 25 50 0.00988 0.5~5 10.3215~22.237 0.0086~0.0186  157~1565
Air

Table 2 Porosities, pores size and membranes thicknesses of wicked metal, metal foams and wools

Porous metal Pore size (x10°m)  Porosity (%) Membranes thickness (mm)
Open Cell metal foam 2300 92 2.0
Al metal foam 2000 Up to 90 550
Whisker-attained tube 3 40 1.0
Metal bronze sintered (wicked) 30~90 80~98 0.1~10
Sintered (wicked) metal 15~30 39 1.6
Amorphous metal foams 20 ~3000 <90 2~10
Bulk metallic glasses 25~250 15~22 7~10
metal foam
Metal fibre (wool) in foam >5.5 >50 2.0
Metal wool 0.1~10 85 3.2
Sintered Power <20 Average 31.5 0.7
Sintered metal wool 3~59 65~87 0.17~0.82




Table 3 Porosities, pores size and membranes thicknesses of various fibres

Fibres Pore size (x10°m) Porosity (%) Membrane thickness (mm)
Woven fibre 0.3~2.5 >50 0.86
Randomly oriented ultra-fine fiber 0.2~0.4 52~83 0.15~0.3
Carbons fibres >0.000137 0~95 1.6
Hardwood fibre 2~5 63~71 <15
Si-Al-C fibres 0.1 >10 0.394~0.706
Porous paper 0.05~0.1 <90 0.2~2.0x107
Pigment-filled polymer coated paperboard 0.08~0.14 >70 0.3
Paper board 0.01~0.06 30~95 0.012~0.5
Natural fibre (Banana, Pineapple, Sisal, etc.) 0.1~5 <50 0.015~0.5

Table 4 Porosities, pores size and membranes thicknesses of porous ceramics

Porous ceramics Pore size (x10°m) Porosity (%) Membrane thickness (mm)
Zirconia toughened alumina 0.25 60~80 e
Porous alumina ceramics 8.5 t0 38 39~43 0.5~3
Porous SiC ceramics 0.31~1.39 45.7~49.8 <3
AIN ceramics 21~38 40 0.2~0.24
8-YSZ ceramics 0.01~0.05 45~75 0.08
Alumina ceramics 0.5 45~70 0.08
Foamed glass ceramics 0.005~0.01 37~90 5
MgO—ZrO2 ceramic 10~20 37~60 1~2
SiC/SiC composites 0.7~3.2 <90 0.03
Table 5 Porosities, pores size and membranes thicknesses of porous zeolite
Porous zeolite Pore size (% 10'6m) Porosity (%) Membrane thickness (mm)
Zeolite P-C, P-W, P-R 0.0003 1~4 <0.5
Gram activated zeolite 0.0006~0.001 50 <0.5
ZSM-3 0.00143 38.1 <0.5
Natural zeolite About 0.00044 20~60 <0.5
LMS-Type 4A 0.00042~0.0011 14 <0.5
PSZ MEL zeolite 0.002~0.05 20.3~64.8 <0.5
Molecular sieve filled vinyl alcohol ~ 0.00053~0.001 20~80 0.08
Sodium ion zeolite 0.000098 <50 <0.5

Table 6 Porosities, pores size and membranes thicknesses of porous carbons

Porous carbons Pore size (x10°m) Porosity (%) Membrane thickness (mm)
C—C/Al composites. 0.1~4 31.4~33.8 3
CM-260 0.02~5 2~30 0.0057
spun hybrid carbon composites 0.1~5 <40.7 5
AC-ENG composite 0.0006~0.0026 80 <0.5
Carbon nanotube/silica 0.018~0.02 10~45 <1
Acetylene Black carbon 0.001 70 <0.1
Carbon foam 310~643 67~89 <1
Porous carbon (SiC) 0.03~2.58 35~67 3

Table 7 Summaries of the properties of the selected material types [72], [73], [74]

Thermal Porosity Pore size (um) Hardness Durability Cost (£)
Materials conductivity (%) (approximate) (shaping ability)
(W/m K)
Metal High 20-90 15~3x10° High Long time 30 to 100
Fibre Low 1-60 1.3%10%~5 Low Short time <5
Ceramic Variable 1-80 5x10°~38 High Long time 150 to 250
Zeolite Low 40 - 80 9.5x10°~5x107 Medium Medium 150 to 250
Carbon Variable Variable 6x10~643 Medium Medium 30 to 80

Cost per sheet 100 x 100 x 0.5 (mm X mm X mm)
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