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a b s t r a c t

High energy demand associated to the massive use of air conditioning systems requires careful consid-
eration of passive cooling strategies, with evaporative cooling being recognized as a useful possibility
for that purpose. One important factor that influences the performance of evaporative cooling systems
is the media material that supports water evaporation process. In this work evaporative cooling capabil-
ities of different building and textile materials were experimentally determined. The major purpose of
the study was to select an evaporative cooling material to be used in a more complex passive cooling unit
under research development. A test tunnel was constructed for this particular work and the behavior of
several samples was analyzed. Results show that among the studied materials a polyester spacer fabric
with honeycomb structure presents best performance.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The higher living and working standards associated to the re-
duced prices of air conditioning systems led to a considerable in-
crease in demand for air conditioning in buildings. In European
Union (EU) energy demand for space cooling applications has
grown 14.6% per annum between 1990 and 2000 and it is expected
an annual growth of 3.4% in the 2000–2030 period [1]. The number
of room air-conditioners in use in EU has grown from a value of 1.2
millions in 1990 to 7.4 millions in 1996, and should be close to 33.0
millions in 2020, with an estimated electricity consumption of
43928 GW h/year, four times greater than the 1996 value. In a con-
servative perspective, the associated greenhouse gases emissions
(particularly CO2 emissions) are projected to increase by a factor
of 35 from 1990 to 2020 [2]. Concerning central air conditioning
systems – with more than 12 kW of cooling capacity – the scenario
also deserves special attention. In EU, between 1985 and 2000 the
annual addition of building cooled-floor area by this kind of sys-
tems, really added or simply replaced, grew from 40 million to
150 million square meters [3]. Important consequences are, how-
ever, associated to such a massive use of air conditioning systems.
Major ones are, accentuation of fossil fuels dependence and its re-
lated need to consider the immediate and future availability of en-
ergy products at affordable prices, greenhouse effect due to CO2

emissions, ozone layer depletion and occurrence of electrical peak
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x: +351 275 329 972.
loads in hot summer days which often conducts to brown-out
situations.

Passive cooling of buildings can give an important contribution
to mitigate the above mentioned questions. It involves the utiliza-
tion of one of several natural heat sinks, such as, the ambient air,
the upper atmosphere, water and subsoil. Each of these heat sinks
can be used in various ways resulting in different cooling systems.
Comfort ventilation, night-time ventilation, radiant cooling, evapo-
rative cooling and soil cooling are some examples of passive cool-
ing techniques [4]. In particular, evaporative cooling is recognized
as a passive technique that can be useful in different climatic situ-
ations, not only on hot dry regions as where it was initially applied
but also in temperate and maritime ones [5]. Basically it can be of
direct or indirect type. In the first case the air which is intended to
be cooled is directly used in the evaporation process. The air is
simultaneously cooled and humidified. If it exists a heat exchange
element that physically separates the air to be cooled from the air
used in the evaporation process it concerns an indirect evaporative
cooling system. In this case the ambient air is cooled without being
humidified. One important factor that influences the performance
of evaporative cooling systems is the media material that supports
water evaporation process. Several materials have already been
studied for that purpose and many of them were used in practical
applications. Textile and building materials are among the most
commonly used when evaporative systems are designed for build-
ing cooling functions. Ceramic materials, for example, have been
studied as evaporative media both for direct evaporative cooling
[6] and for indirect evaporative cooling applications [7]. Other
building materials like pebbles, silica sand, volcanic ash and
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siliceous shale were also tested for the same purpose [8]. Textile
materials utilization was studied as well. Examples of that are
the use of a jute fabric for greenhouse cooling [9] and the applica-
tion of cotton towels stretched on a perforated floating panel on a
novel roof pond configuration [10]. Jute fibers for evaporative cool-
ing applications were already proposed in an experimental study
where luffa and palm fibers were additionally used [11]. The appli-
cation of technical textiles made of polymer materials for evapora-
tive cooling purposes, in particular PVC sponge meshes, have also
been considered [12].

The present work was carried out with the objective of selecting
a media material for using in a specific evaporative cooling appli-
cation that will be integrated on a more complex building passive
cooling element being developed. That element combines three
distinct cooling techniques – evaporative cooling, night-time ven-
tilation and thermal storage – and should be placed at the building
envelope. In that way the study was focused only on textile and
building materials. In particular it was decided to use materials al-
ready being used for others purposes and that could be locally
provided.

2. Experimental setup

Eleven different materials were experimentally studied, six
commonly used as building materials and five of textile type.
Among them several samples were prepared and analyzed. All
the samples had square surface with 150 mm length side. A type
T thermocouple was fixed in each of them to measure its temper-
ature. Table 1 presents major characteristics of used samples.

Four different red clay ceramic materials were selected. Two of
them came from non-vitreous ceramic tiles, of the same raw mate-
rial, but with different firing temperature. Five samples with dif-
ferent thickness and surface finishing were prepared from those
non-vitreous ceramic tiles. The other two ceramic materials used
were obtained from different hollow clay bricks obtained from dif-
ferent producers. One sample was prepared from each one of the
bricks.

A cement mortar pre-fabricated block commonly used on ma-
sonry was also selected. Two samples were prepared using two
large parts of this block. In both samples one of the surfaces was
ground. During drying process one of samples was placed with
the ground surface exposed to air flow and the other in inverse
position.

One sample of moca creme limestone with both surfaces ground
was also prepared. It came from a tile of Portuguese sedimentary
rock with fine grain usually employed in interior lining.
Table 1
Samples major characteristics.

Material Thickness (mm)

Sample 1 Unglazed ceramic tile – type A 13
Sample 2 Unglazed ceramic tile – type A 12
Sample 3 Unglazed ceramic tile – type A 11
Sample 4 Unglazed ceramic tile – type A 7
Sample 5 Unglazed ceramic tile – type B 7
Sample 6 Ceramic hollow brick – type A 7
Sample 7 Ceramic hollow brick – type B 7
Sample 8 Cement mortar pre-fabricated block 18
Sample 9 Cement mortar pre-fabricated block 18
Sample 10 Limestone moca creme tile 7
Sample 11 Cotton fabric 5
Sample 12 Cotton fabric 10
Sample 13 Polyester spacer fabric – type A 5
Sample 14 Polyester spacer fabric – type A 5
Sample 15 Polyester spacer fabric – type B 7
Sample 16 Polyester spacer fabric – type C 4
Sample 17 Silver Eagle cooling fabric 4
Among the whole range of existing textile materials, the study
focused on a common cotton fabric, three distinct polyester spacer
fabrics and one specific product indicated, by its producer, to be
used as evaporative cooling fabric.

In the cotton fabric case, two different samples were prepared,
using, respectively, two and four overlapping layers of fabric. Cot-
ton fabric presents a well known water absorption capability
resulting from the hydrophilic properties of the cotton fiber [10].

Spacer fabrics consist of two distinctive layers of fabric joined
together by a connecting third layer sandwiched in between. The
inner layer can take a great variety of shapes which gives the entire
three layer fabric a wide and ever expanding range of potential
applications. Special abilities and versatility offered by spacer fab-
rics include the ability to knit two entirely different fabrics having
different properties and connect them to form a single structure
[13]. Spacer fabrics used in the present work are of warp knit struc-
ture type and have polyester composition with spacer threads
made of monofilament yarns.

The last textile sample used was obtained from a cooling fabric
developed by Silver Eagle Outfitters. According to them, the core of
the fabric’s functionality is also the core of the fabric’s three-layer
composition: special hydrophilic fibers and hydrophobic fibers are
combined into a thin, lightweight batting. This batting is sand-
wiched between a breathable outer shell fabric and a thermally
conductive inner lining to form three layers. The result is a cooling
composite that is designed to hold an optimal amount of moisture
without becoming over-saturated. This controls the weight of the
garment when activated and optimizes the evaporation properties
of the fabric. Soaking Silver Eagle fabric in water for a few minutes
activates the cooling process, charging the hydrophilic fibers of the
batting with moisture. The hydrophobic fill evenly distributes and
surrounds the charged fibers with air, creating an ideal environ-
ment for evaporation [14].

Test proceeding used for each sample was composed by two dif-
ferent parts. In the first one, samples were immersed into a water
bath, at atmospheric conditions, until they reached water satura-
tion. A precision scale (Ohaus TP2KS) with measuring error of
0.01 g was used to measure the samples mass increment. Ceramic,
concrete and limestone samples were scaled each 5 min. Standard
NP EN ISO 10545-3 [15] was followed as a guide for setting the
proceeding. In the case of textile materials preliminary tests
showed they attain water saturation very quickly, with immersion
periods shorter than 2 min. In this case, mass measurements were
only made before and after water immersion.

In the second part of the experiments, after attaining saturation,
samples were submitted to a drying process taking place in a test
Observations

Firing temperature of 922 �C; both surfaces were not ground
Firing temperature of 922 �C; air exposed surface during drying was not ground
Firing temperature of 922 �C; both surfaces were ground
Firing temperature of 922 �C; both surfaces were ground
Firing temperature of 850 �C; both surfaces were ground
Firing temperature of 900 �C; both surfaces were ground
Firing temperature of 900 �C; both surfaces were ground
Air exposed surface during drying was not ground
Air exposed surface during drying was ground
Both surfaces were ground
Two overlapped layers
Four overlapped layers
Compact structure; perforated surface exposed to air during drying
Compact structure; not perforated surface exposed to air during drying
Compact structure; identical surfaces
Honeycomb structure; identical surfaces
Commercial cooling fabric ; three-layer composition



Fig. 1. Test tunnel scheme.

672 L. Pires et al. / Experimental Thermal and Fluid Science 35 (2011) 670–675
tunnel designed for that particular purpose. The tunnel had rectan-
gular cross section with 30 mm high and 150 mm width and is
schematic represented in Fig. 1. Temperature and relative humidity
probes (Rotronic, HygroClip SC05) installed in the test tunnel and
connected to a dedicated data logger (Rotronic, HygroLog NT3-D)
permit to measure air conditions in sections before and after the
sample positions. Used probes errors are ±1.5% for relative humid-
ity and 0.2 �C for temperature measurements. Another data logger
(used in a previous work, see [16]) was used to measure the signal
of type T thermocouples fixed in each sample to record samples
temperature changes. The measuring errors of the thermocouples
are ±0.5 �C. The previously used scale was also integrated in the
test tunnel to measure samples mass variation during water evap-
oration process. All the measurements took placed every 1 min and
for a fixed period of 90 min. Air conditioning equipment (P. A. Hil-
ton Ltd., AC573) was connected to test tunnel. A temperature con-
troller (Cole-Parmer Instrument Co., 89000-15) was used to
precisely set the temperature of the air supplied by air condition-
ing equipment to the test tunnel. Flow velocity was fixed combin-
ing the variation of the power supplied to fan motor and using a
butterfly valve. Velocity measurements were done with a pitot sta-
tic tube (Airflow Developments Ltd., 70000001) and a microma-
nometer (Revue Thommen Ag., HM35) with a measurement error
of 0.1% of reading.
Table 2
Performance of building materials.

Water absorption
coefficient (%)

Evaporated water
to absorbed
water ratio (%)

Evaporated water
to dry sample
mass ratio (%)

Sample 1 8.3 17.5 1.5
Sample 2 7.5 22.0 1.7
Sample 3 8.1 27.9 2.3
Sample 4 7.5 40.1 3.0
Sample 5 10.7 34.8 3.7
Sample 6 11.7 32.2 3.8
Sample 7 9.7 38.4 3.7
Sample 8 5.5 27.1 1.5
Sample 9 5.5 29.5 1.6
Sample 10 4.2 59.9 2.5
3. Results and discussion

3.1. General study

In the first part of the study samples were individually im-
mersed into a water bath, at atmospheric conditions, until they
reached water saturation. After that, they were immediately sub-
mitted to a drying process taking place in a test tunnel. Air flow
conditions for this part of the test were fixed accordingly to the
ones found in the passive building element under development
where the selected material will be placed. In that way, air temper-
ature was of 30 �C, a representative summer temperature in the re-
gion were study takes place, and its velocity was of 0.9 m/s, the
minimum velocity of the tangential fans equipping the passive ele-
ment. Results obtained are first presented and discussed for build-
ing materials followed by textile materials. Calculations were
made for three different parameters. The first one is the water
absorption coefficient, defined as the ratio of the weight of water
absorbed by a sample to the weight of the dry sample, expressed
as a percentage. It is the commonly used parameter that character-
izes water absorption ability of materials. Another parameter was
calculated to evaluate the samples behavior during drying process.
It was the ratio between evaporated water and the water really
present in sample, i.e. the water absorbed during previous process.
The third calculated parameter was the evaporated water to dry
sample mass ratio. This parameter, which results from the product
of the parameters mentioned above, takes into account that the
major purpose of this work was to select a material that exhibit,
both, good water absorption capacity and good water evaporation
capacity. Therefore it was considered that an important parameter
to look when defining the best material for those particular needs
should consider both absorption and evaporation processes.

3.1.1. Building materials
Table 2 presents the building materials results. As can be seen,

water absorption coefficient varies from 4.2% for sample 10, made
of limestone, to 11.7% for sample 6, a ceramic one. In general, cera-
mic materials reveal best water absorption abilities than the other
building materials considered in this study, cement mortar and
limestone. Among ceramic materials, the low firing temperature
ones, samples 5, 6 and 7, distinguish themselves positively from
the others. The importance of firing temperature can be observed,
again, when comparing results from samples 4 and 5. They are
made of the same raw material and they both have 7 mm thick.
The only difference between them is the firing temperature that
was of 922 �C for sample 4, and 850 �C for sample 5. Water absorp-
tion coefficient is significant higher in the sample 5 case. Concern-
ing the evaporated water to absorbed water ratio, values range
from 17.5% to 59.9%. The lowest value corresponds to a ceramic
sample, made of an unglazed tile, and the highest value corre-
sponds to the limestone sample. In relation to the third calculated
parameter, the evaporated water to dry sample mass ratio, samples
5, 6 and 7 exhibit the best results, with values near 3.7%. Sample 1,
in turn, is in the opposite position, evaporating a quantity of water
that is only 1.5% of its dry mass. As it was referred before, this
parameter includes information from both absorption and evapo-
ration processes. This means that, among all of the building mate-
rials analyzed in this study, ceramic materials with low firing
temperature should be used when looking for a material with both
good water absorption and evaporation abilities.



Table 3
Performance of textile materials.

Water absorption
coefficient (%)

Evaporated water
to absorbed water
ratio (%)

Evaporated water
to dry sample
mass ratio (%)

Sample 11 372.8 16.0 56.0
Sample 12 350.2 15.8 59.0
Sample 13 49.1 93.7 40.8
Sample 14 49.1 91.6 50.1
Sample 15 111.0 51.3 56.9
Sample 16 228.0 91.4 208.3
Sample 17 964.2 17.0 163.4
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3.1.2. Textile materials
Results for textile materials are listed in Table 3. The analysis of

water absorption coefficient shows quite significant differences for
the range of textile materials considered. The best result corre-
sponds to sample 17, obtained from the Silver Eagle cooling fabric,
with an absorption coefficient of 964.2%, 20 times greater than the
coefficient values of the samples 13 and 14, made of polyester
spacer fabric with compact structure, the lowest ones. In relation
to the evaporated water to absorbed water ratio, results reveal
considerable lower amplitude than for the absorption coefficient.
However, the values presented by samples 13, 14 and 16 are
clearly better than the values of the other samples. As it can be
seen, the quantity of water that evaporated in each of these three
samples was almost the totality of the water contained in each of
them. Concerning the last parameter, whose results can be ob-
served in Table 3, the evaporated water to dry sample mass ratio,
there are two samples which present considerably better values.
They are samples 16 and 17, respectively, a polyester spacer fabric
sample with honeycomb structure and the Silver Eagle sample.
When results are globally analyzed, the polyester spacer fabric
with honeycomb structure reveals to have the best behavior of all.
Fig. 2. Evaporated water vs. air temperature (test time: 90 min).
3.1.3. General study conclusion
In this part of the study seventeen different samples were stud-

ied and the obtained results were presented and discussed. Ten of
those samples were prepared with building materials and the
other seven were prepared with textile materials. Results show
that textile materials present significantly higher water absorption
coefficient, and evaporated water to dry sample mass ratio, than
building materials. Results for the evaporated water to absorbed
water ratio reveal the same order of magnitude. Additionally, tex-
tile materials showed higher range of values than building materi-
als. Although textile materials reveal, in general, better behavior
for the purposes we are looking, to find a material with good water
absorption and evaporation abilities, it was decides to choose one
sample from each group of materials to perform a further study.
Accordingly to results obtained in each type of materials, samples
6 and 16 were selected. They were the ones who present best per-
formance when observing the overall process. Sample 6 was ob-
tained from a red clay hollow brick, presents both faces ground
and it is 7 mm thick. Sample 16 consists on a polyester spacer fab-
ric with 4 mm thick and has honeycomb structure.
Fig. 3. Evaporated water ratio vs. air temperature (test time: 90 min).
3.2. Further study

In this part of the study the objective was to observe how air
temperature and flow velocity influences evaporation process in
both building materials and textile samples previously selected.
In that way two sets of tests were performed each having three
individual tests. As before, tests took place in the test tunnel and
had 90 min duration.
The first tests carried out were the temperature variation ones.
Three values of temperature were used, 27, 30 and 33 �C, having in
mind, as before, the values that will be found in the passive build-
ing element where the selected material should be placed. Air flow
velocity had the same value as in previously experiments and it
was of 0.9 m/s in both three cases. Results for this set of tests are
presented in Figs. 2 and 3. As shown in Fig. 2, the mass of evapo-
rated water increased, for both samples, as the temperature of
the air flow increased. In the range of used temperatures, results
show a near proportional increase in the evaporated water with
air temperature increasing. The evaporated water was slightly
higher in the textile sample case. Fig. 3 shows the evaporated
water to absorbed water ratio for both two samples. As can be
seen, evaporated water ratio was considerably higher for sample
16 than it was for sample 6. For example, for the higher tempera-
ture case, at the end of the test, evaporated water in sample 16 was
86% of the initial water contained on it, while for sample 6, that va-
lue was only 34%. It can be said the evaporation process was faster
in the textile sample case.

For the flow velocity variation set of tests, three different values
of air velocity were used, 0.9, 1.9, and 4.6 m/s. These values repre-
sent the three possible velocities of tangential fans that equip the
passive element in development. Air temperature in both three
cases took the value of 30 �C. Results for the first 30 min of test
are presented in Figs. 4 and 5. For the higher velocity case, the
water evaporation in sample 16 declined substantially after that
period, due to the fact that almost of the water contained in the
sample, at the beginning of the test, had already evaporated. From
Fig. 4, the evaporated water increased with the increase of the flow
velocity. Fig. 4 also shows that the evaporated water in sample 16
was higher than in sample 6, with the corresponding difference
increasing as the velocity increased. Fig. 5 shows the evaporated
water to absorbed water ratio change with the air flow velocity in-
crease. Its analysis allows concluding that the increase of the evap-



Fig. 5. Evaporated water ratio vs. air velocity (test time: 30 min).

Fig. 6. Sample 16 – 0.9 m/s.

Fig. 7. Sample 16 – 1.9 m/s.

Fig. 4. Evaporated water vs. air velocity (test time: 30 min).
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orated water ratio, as a consequence of the velocity increase, was
higher in sample 16, the textile one. Fig. 6 presents results from
the experiments with textile sample for the lower flow velocity.
As it can be seen, water evaporation occurred at a constant rate
for all of the experiment period. As a consequence of that, no sig-
nificant changes were observed in sample temperature during
the same period. When looking for air temperatures evolution, it
can be detected a constant decreasing from section before sample
to section after sample. Also important is to note that sample tem-
perature is significantly lower than air inlet temperature. An equiv-
alent figure was prepared for the same sample but for medium
flow velocity experiment, Fig. 7. In this case, water evaporation
process can be divided in two distinct parts. In the first 45 min re-
sults are identical to ones described for Fig. 6. After that period, a
significantly reduction occurred in water evaporation rate. As can
be seen, that reduction led to an important increase in sample tem-
perature. When looking for air temperatures evolution a change is
also detected after initial 45 min. From that moment air outlet
temperature matches air inlet temperature.
4. Conclusions

The intention of this study was to select a material to be used as
evaporative media for a passive cooling application. It is a part of
another study dedicated to develop a more complex passive cool-
ing building element, under current research. Samples from six dif-
ferent building materials and five textile fabrics were prepared for
this purpose. A test tunnel was designed for that particular objec-
tive, and water absorption and water evaporation experiments un-
der specific conditions were carried for each material.

Initial results showed that, in general, textile materials exhibit
best behavior than building materials for the purposes we were
looking, which was to find a material with good water absorption
and evaporation abilities. It was additionally observed that, among
building materials, one of the samples obtained from one of the
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ceramic hollow brick performed best. Between textile materials
best behavior for the purpose of this study was found in a spacer
fabric sample. In that way, these two samples were selected to
be analyzed with higher attention. Test for different air tempera-
tures and flow velocities conditions were then conducted. Results
obtained in this second set of test show that higher air flow tem-
peratures lead to higher water evaporation rates. Identical results
were observed in tests with different air flow velocities. Analyzed
all the results it was decided to choose the polyester spacer fabric
with honeycomb structure as the material to be used in the passive
cooling application being developed. It proved to be the material
that exhibits the desirable behavior. It has a good capacity to ab-
sorb water and also permits it’s quickly evaporation.
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