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Hygrothermal Performance Evaluation
of Gypsum Plaster Houses in Brazil

João M. P. Q. Delgado and P. Paula

Abstract Since the beginning of human civilization different strategies were used
in order to build healthy, comfortable and economical houses. In recent years, the
hygrothermal conditions of building’s interior has been widely studied and
parameterized. The use of gypsum plaster in building blocks, in Brazil, is still a
restricted item, due to lack of knowledge on technology. Another factor that
restricts the use of the blocks is the location of the deposits of gypsum, a material
that gives rise to the plaster, which are located in the West of the State of
Pernambuco, located far from the large consuming centers, potentially located in
the southeast of the country. However, the interest in your study is determined by
the annual consumption growth that reaches about 8% per year in Brazil. For the
development of this study, in particular for Brazil, it is important to analysis the
housing deficit in Brazil. The analysis indicates a clear need for new housing
construction in the country. Preferably should be chosen simple constructive
solutions, fast and easy to implement, without neglecting the comfort and dura-
bility. The use of local natural endogenous resources such as gypsum plaster, can be
an attractive solution from an environmental point of view as well as economical.
Brazil is a very large country with very different climates throughout its regions, so
it was made a comprehensive study of the country’s climate data and the con-
structive strategies adopted by NBR15220 and NBR 15575 standards, for each
bioclimatic zone, to ensure the minimum comfort conditions. The hygrothermal
analysis, reflected on the thermal comfort and night time ventilation in Brazilian
gypsum plaster houses, was based on the adaptive model described in ASHRAE 55
and ISO 7730 standards for the evaluation of thermal comfort.
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1 Introduction

Brazil is a country of continental dimensions, with 14,500,000 km2, and a popu-
lation that already exceeds the 190 million inhabitants, according to statistical data
from the last census conducted in 2010, by IBGE [1]. The construction of gypsum
houses emerged, in Brazil, for over than one decade, and has aroused the interest of
several researchers linked to the various branches of civil engineering.

The country has large reserves of gypsum plaster, more than 1.2 billion tons [2],
with wide potential for exploitation and excellent level of purity, and reaching 95%.
The use of this material for building construction, as well as their contribution to the
constructive industry, appears as more an alternative material with full capacity of
partial or total replacement of the materials currently used on large scale in con-
struction industry. Gypsum blocks are a building material that promises to bring
down the cost of construction by at least 30% in comparison with other materials
such as drywall system, brick walls or concrete/cement block walls.

Thus, becomes important to recommend a study of this type of construction, as a
way to increase this constructive mode in Brazil and in other countries, without,
however, forgetting the minimum requirements of comfort and energy efficiency.
The contribution of the study will bring positive consequences for regional and
local economic growth. The study of thermal comfort and energy efficiency in this
type of housing was one of the central objectives of this work.

João Pinheiro Foundation [3] estimates that the current Brazilian housing deficit
is around 7 million units, with a methodology based on two distinct aspects: the
amount of the housing deficit, scaling the stock of dwellings and the inadequacy of
houses considering the internal specificities of this stock.

According to CEDEPLAR/UFMG [4], between 2007 and 2023, the demands for
housing in this period, added to the already accumulated deficit of 7 million,
culminated in a total of approximately 35 million of housing deficit. In the five
largest metropolitan areas, with more than 1 million inhabitants, the population
living in slums is very high: São Paulo—596,000, Rio de Janeiro—520,000, Belem
—291,000, Salvador—290,000 and Recife—249,000 people.

Based on this statistical data, the motivation for a study that presents a gypsum
house as an option to mitigate the issue of Brazil’s housing deficit is very attractive,
assuming that the buildings built in plaster may present potential habitability levels,
thermal comfort and low energy consumption. However, it should be noted that
other behaviours should be examined and analysed in detail, in future works, such
as: water influence and pathologies associated, durability, acoustic behaviour,
maintenance, etc.

This work is divided in several sections presented as the following:

• Chapter “Influence of Reinforced Mortar Coatings on the Compressive Strength
of Masonry Prisms” presents a state of the art related to the problem of housing
deficit in Brazil, a projection of housing demands, the Brazilian housing policy
after 2003, discusses the policy of house promotion by the Brazilian
Government in the last years, presents an exhibition of energy policy in Brazil
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and finishing with an approach of the Brazilian bioclimatic zones with very
different prevalent climates. In this section it is also presented the Brazilian
legislation associated to the study of the thermal performance of buildings built
in the country: NBR 15220-3 [5] concerning the different bioclimatic zones and
NBR 15575-5 [6] which refers to the thermal performance of single-family
residential buildings and multi-familiars, in addition to RTQ-R regulation whose
function is to complement the two last standards with regard to the issue of
energy efficiency in buildings;

• Chapter “Experimental Analyse of the Influence of Different Mortar Rendering
Layers in Masonry Buildings” presents a brief analyses of the thermal comfort,
comfort-related concepts and their evaluation parameters, presents the models
proposed by the standards comfort ASHRAE 55 [7], EN 15251 [8] and ISO
7730 [9], deals with the LNEC model and its similarities with ASHRAE 55
model and culminates with the presentation and justification of the model
adopted to delineate the comfort in this research works. In this section is still
exposed a study on night ventilation and their contributions to the comfort as
well as a synthesis of the studies related to the topic;

• Finally, Chapter “Ceramic Membranes: Theory and Engineering Applications”
presents an approach related to the plaster; make an exploratory study about
advancing this constructive modality, particularly in the north-eastern region of
Brazil and their projections to the country. It is presented a national and inter-
national history of legislation regarding the use of plaster as constructive
material. Some questions addressed in this section, such as durability, has not
been analysed in this work and the authors suggest their study in future
researches.

2 Brazilian Housing Deficit and Thermal Performance
Requirements

2.1 Brazilian Housing Deficit

Maricato [10] states that a significant number of Brazilians lives in housing pre-
carious conditions. A research of housing deficit in Brazil, developed by the João
Pinheiro Foundation (FJP) [3], in partnership with Minister of Cities, estimated that,
in 2007, the housing deficit in Brazil is approximately of 6,300,000 of households;
and more than 10,500,000 households were not equipped with any infrastructure.
These results show that about 40–50% of the population of the large Brazilian
centers living in precarious conditions, being 20% in slums.

A study published by the Minister of Cities-MC [11], at the same time, ensures
that 92% of the Brazilian housing deficit corresponds to a population with income
between zero and 5 minimum salaries; and 84% of this value, refers to Brazilians
framed income range between 0 and 3 minimum wages.

Hygrothermal Performance Evaluation … 3



Data prepared by João Pinheiro Foundation (FJP) [12] based on statistical
developed by IBGE/PNAD-2012, in Brazil, showed that despite the advances of the
growth acceleration program (PAC) of the Federal Government through the program
“My house my life” (PMCMV), it is possible to observe a housing deficit of about
5,400,000, distributed among 4,600,000 urban households and approximately
800,000 rural houses. In 2013, the most recent data published by the FJP and updated
by the Brazilian construction industry (CBIC) in conjunction with the IBGE/PNAD,
showed a deficit of 5,800,000 dwellings, being this amount divided for 5 million
urban and 800,000 unit of rural housing. Therefore, it is possible to observe, between
the years 2012 and 2013, an increase of 7.4% in the Brazilian housing deficit.

According the IBGE data (Census 2010 [1]), there are currently in Brazil about
57,300,000 households considered private and permanent. Ten years ago, according
to the same source, these households were 44,700,000, registering an increase of
about 28% [1].

In this same period the Brazilian population grew from approximately 170
million to 191 million (see Table 1), representing this period an increase of 12.3%
of people, which amounts to less than half of registered increase of housing units
available in the country.

According to IBGE results [1], Sao Paulo, the most populous Brazilian city, the
vertical construction (apartments) holds to 12,800,000. The last official data from
the IBGE [1] concerning the type of Brazilian housing showed an increase of 43%
in the number of apartments in the last decade (2000–2010), from 4,300,000 for
6,100,000. Approximately half of this value is located in the Brazilian southeast
region, distributed by 1,800,000 in Sao Paulo and 1 million in Rio de Janeiro. The
Tocantins state has the lowest concentration of this type of property, adding only
5447 apartments.

The buildings built in blocks of plaster were not accounted in the statistics data
presented by IBGE/PNAD, because this type of construction doesn’t present a
significant number. Garcia and Castle [13] consider the housing deficit not only the
lack of housing, but those that are uninhabitable.

In Brazil, according to the FJP, millions of households are excluded from access
to decent housing, which corresponds to a deficit of 7,200,000 new dwellings. Of
these values, 5,500,000 are in urban areas and 1,700,000 in rural areas. Southeast

Table 1 Population and Relative distribution (%) for Brazil and its major regions [1]

Brazil and its major regions Population Relative
distribution

2000 2010 2000 2010

Brazil 169,799,170 190,755,799 100.0 100.0

North 12,900,704 15,864,454 7.6 8.3

Northeast 47,741,711 53,081,950 28.1 27.8

Southeast 71,421,411 80,364,410 42.6 42.1

South 25,107,616 27,386,891 14.8 14.4

Midwest 11,636,728 14,058,094 6.9 7.4
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(32.4%) and Northeast (39.5%) are the regions that represent the highest housing
demands of the country (see Table 2).

There is a predominance of housing deficit, both quantitative and qualitative,
concentrate in urban areas and in the lower income ranges of the population, mainly
in the metropolitan areas.

In 2000, 91% of the country’s housing deficit had correspondence with the
families whose financial income reached up to five minimum wages.

Data from the João Pinheiro Foundation [12], present in Table 3, show that 83%
of the Brazilian housing deficit corresponds to families who earn up to three
minimum wages. The largest absolute quantitative income on this issue highlights
the north-eastern and South-eastern regions with 91.3 and 77.6%, respectively.

Denaldi [14], in a brief retrospective of as is treated the issue of housing policies
in the country, showed the absence of the Brazilian government in the planning of
the sector, even at the time of the intervention, and that it had not been possible to
meet the needs of lower income population, especially the population with incomes
that not exceed three minimum wages. According to the author, the urbanistic

Table 2 Brazilian housing deficit [3]

Brazil and
its major
regions

Housing shortage Relative percentage of
households

Absolute percentage
of households

Total Urban Rural Total Urban Rural Total Urban Rural

Brazil 7,222,645 5,469,851 1,752,794 16.1 14.6 23.7 100 100 100

North 848,696 506,671 342,025 30.2 24.8 44.6 11.8 9.3 19.5

Northeast 2,851,197 1,811,553 1,039,644 25.0 22.2 32.1 39.5 33.1 59.3

Southeast 2,341,698 2,162,187 179,511 11.6 11.7 10.4 32.4 39.5 10.2

South 678,879 565,217 113,662 9.4 9.5 8.9 9.4 10.3 6.5

Midwest 502,175 424,223 77,952 15.9 15.4 19.3 6.9 7.8 4.5

Table 3 Housing shortage by family income [12]

Monthly income in minimum wages

Territory Up to 3 MW1 >3–5 >5–10 >10

Nº % Nº % Nº % Nº %

North 343,301 84 29,235 7.2 28,258 6.9 6456 1.6

Northeast 1,554,079 91.3 87,333 5.1 35,963 2.1 11,604 0.7

Pernambuco 279,823 91.0 14,525 4.7 6871 2.2 2066 0.7

MR2 Recife 164,652 88.3 9585 5.1 5322 2.9 1039 0.6

Southeast 1,694,803 77.6 239,257 11.0 154,648 7.1 64,613 3.0

South 465,063 80.9 54,020 9.4 38,404 6.7 14,286 2.5

Midwest 353,139 82.9 33,294 7.8 27,858 6.5 8,673 2.0

Brazil 4,410,385 83.2 443,139 8.4 285,131 5.4 101,632 1.9

MW1—minimum wage
MR2—metropolitan region
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instruments were applied in order to meet the interests of an elite and the real estate
market, generating an increase in social inequalities.

After 2003, the Minister of Cities (MC) was in charge of the function of
coordination, management and formulation of the National Urban Development
Policy, where it was included in this, the new National Housing Policy (PNH),
whose approval, in November 2004, established a new institutional organization
model based on National Housing System (SNH).

Since then, the National Housing System went to become the main instrument of
National Housing Policy, providing the integration of the Brazilian government
with public and private actors involved directly in the subject of the housing issue.

By the 2030, according E&Y [15], the country should aim for solving the
housing deficit; take into account the emergence of new families. Also according
E&Y [15], in 2030 the country will have an estimated contingent over 233 million
people and about 95,500,000 families. A statistical analyse shown that there will be
an estimated average of 2.5 persons per dwelling, which will culminate in about
93,100,000 households causing a growth of approximately 66% in comparison to
2007. During this period, should be constructing 37 million of new house across the
country, which could mitigate the housing deficit with an average of 1.6 million
new homes a year.

It is clear that the accumulated Brazilian housing deficit is a challenge to be
faced with correct housing policies and previously established rules. According to
estimates developed by Joao Pinheiro Foundation of Minas Gerais and based on
information collected by PNAD/IBGE [16], the Brazilian housing deficit, this year,
is the approximately 7,900,000 new housing units. According to projections made
by CEDEPLAR [17] and adopted by the PLANHAB (Brazilian National Housing
Plan), for the horizon 2007–2023 that demand would still be of the order of 27
million units, taking into account the projection of formation of each family in the
estimated period.

The results of the study of demands made by CEDEPLAR [17] can be appre-
ciated through the analysis of Table 4 and Fig. 1, with the breadth of the munici-
palities involved and the typology adopted (A–K). Still in Table 4 it is possible to
check the framing shape of the cities and metropolitan regions, as well as briefly the
economic and methodological criteria used in the selection of the Brazilian
municipalities to be served at the time of planning. The absolute values provided for
in the study are presented in Table 5, for the years of 2007–2023.

A more critical analysis of Table 5 and Fig. 1, showed that the municipalities
covered in the study prepared by CEDEPLAR/UFMG [17], was more to the
municipalities included in types of classes I, J and K, corresponding to those with
population of less than 20,000 inhabitants, with predominant rural characteristics
and low density. This criterion covers most of the municipalities located in the
Northeast and North regions of Brazil, and some municipalities of the southern and
south-eastern Brazil.

In resume, according this estimate, the construction of about 35 million of new
houses should be sufficient to mitigate the Brazilian housing deficit during the next
15 years (Table 6).
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Table 4 Classification of urban municipality typology and metropolitan region on demand [17]

Municipalities Typo Regions involved and criteria

Municipalities of metropolitan areas and
municipalities with more than 100
thousand inhabitants

A Metropolitan area of Rio de Janeiro and
São Paulo. Cities located in high-income
regions, with high social inequality. Are
called global metropolis by the
concentration of economic and financial
activities

B Metropolitan regions and major
agglomerations of the Centre-South
Urban agglomerations and capital cities
located in regions of high stock of
wealth. Great functional importance in
the network of cities. Are considered
cities poles in their respective regions

C Metropolitan regions and major
agglomerations and prosperous capitals
of the N and NE. Main centres in the
North and Northeast, polarizers with
wealth below the stock types A and B,
with the highest concentration of poverty
and high inequality

D Clusters and regional centres of the
Centre-South. Municipalities located in
regions with high stock of wealth, with
importance as polarizing centres in your
region

E Clusters and regional centres N and NE.
Municipalities with low stock of wealth,
but with great regional importance.
Cities located in Brazil with lower poles
dynamism

Municipalities with population between
20 and 100 thousand inhabitants

F Cities in prosperous rural areas.
Municipalities that are growing
moderately, situated in the country’s
richest regions. Have more policies to
tackle the deficit with own resources

G Urban centres in rural areas consolidated
with some degree of dynamism
Municipalities located in micro-regions
historically greater poverty and relative
stagnation, but exhibit more positive
situation compared to other types

H Urban centres in rural areas with high
inequality and poverty. Municipalities
that stand out by higher levels of
poverty, a greater number of households
with no bathroom, and high housing
deficit

(continued)
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According to the TIS (Territorial Information Survey) carried out on the basis of
the Census (IBGE) [1], the Southeast region presents almost half of the households
in poor communities of the country. According to the survey conducted from data
collected in 323 Brazilian municipalities with records of the existence of slums, Rio
de Janeiro, São Paulo, Minas Gerais and Espirito Santo concentrate 49.8% of total
slums in Brazil.

Table 4 (continued)

Municipalities Typo Regions involved and criteria

Municipalities with population of less
than 20 thousand inhabitants

I Small towns in rural areas

J Small towns in rural areas consolidated,
but fragile recent dynamism

K Small towns in rural areas with low
economic density

A 57
B 186
C 63
D 214
E 57
F 250
G 274
H 586
I 976
J 1437
K 1406
Without information 55

Typology Quantitative

Fig. 1 Demand in Brazil by typology [17]

Table 5 Projection of future new houses for 2007–2023 [17]

Projection

Specification Accumulated
deficit

2007–
2011

2012–
2015

2015–
2019

2020–
2023

2007–
2023

Total

New units missing 7.90 8.73 5.20 5.86 7.19 26.98 34.9

Households in precarious
conditions

3.26

Households that needed
complementary
infrastructure

9.83

8 J. M. P. Q. Delgado and P. Paula



Related to the 3.2 millions of households in subnormal clusters, called as slums
by IBGE [3], and dispersed by 27 Brazilian regions, 1.6 million are in the southeast,
which is the most populous region of the country. The Brazilian northeast, the
second region with largest numbers of homes in poor communities, counts with
28.5% of slums which equates to 926,000 households. Then, the north region, with
14.4% slums which equates to 463,000 households; the south of the country, with
5.3% slums which equates to 57,000 units, and finally, the Midwest region, which
counts only 1.8%, corresponding to an aggregation of 170,000 dwellings (see
Fig. 2). According to the survey of Census 2010 [1] the number of Brazilians that
lives in slums is greater than 11.4 million.

Table 6 Housing needs scenario for Brazil (2007–2023)

Municipalities Households needs scenario Total (%)

2007–2011 2012–2015 2016–2019 2020–2023

Urban A 1,235,178 714,974 815,067 1,044,013 3,809,231 14.1

B 945,998 545,023 613,798 757,517 2,862,335 10.6

C 617,374 363,949 402,550 500,603 1,884,476 7.0

D 1,066,716 647,237 738,116 897,491 3,349,560 12.4

E 631,529 394,835 438,514 524,028 1,988,907 7.4

F 453,464 270,167 306,664 380,763 1,411,059 5.2

G 535,381 323,977 364,458 438,356 1,662,172 6.2

H 577,029 344,543 383,070 466,415 1,771,057 6.6

I 240,127 144,579 163,823 201,015 749,544 2.8

J 346,961 211,118 236,347 283,204 1,077,630 4.0

K 324,031 192,796 215,272 259,717 991,815 3.7

Rural 1,757,171 1,056,528 1,184,785 1,432,083 5,430,567 20.1

Total 8,730,960 5,209,726 5,862,462 7,185,205 26,988,353 100.0

32.4% 19.3% 21.7% 26.6% 100.0%

Source PNAD/IBGE [16]

B
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Households with subnormal clusters

South

North

Centre - West

Northeast

Southeast

Fig. 2 Distribution of households with subnormal clusters in Brazil [1]

Hygrothermal Performance Evaluation … 9



The Brazilian southeast region, with 50% of buildings considered subnormal
clusters (see Fig. 2), is the most populous regions of the country with 80.3 million
of inhabitants according to the IBGE census 2010 [1], with a territorial area of
924,500 Km2 and a population density of 87 inhabitants per Km2. The North and
Midwest presents the smaller percentage (1.8%) of subnormal clusters, and smallest
population in the country, approx. 14.9 million inhabitants and 9.4 inhabitants per
km2. In conclusion, according to the IBGE census 2010 [1], 11.4 million of
Brazilians lives in slums.

In March 2009, the Brazilian government through the Ministry of cities
(MC) based on studies of the FJP and the HNP, created the Project My House My
Life (PMCMV). According to the Law 11,977 [18], was deployed the PMCMV
program, whose purpose was the creation of incentive mechanisms to the pro-
duction and acquisition of new housing units by families with a salary less than 10
minimum wages.

In quantitative terms, the PMCMV, initially, foresaw the construction of one
million dwellings distributed according to the population monthly salary range,
including 400,000 families with income of up to three minimum wages, 400,000
with income between three and six minimum wages and 200,000 with a salary
range between six and ten minimum wages. The initial numbers of the Law nº
11977 [18], would not solve the Brazilian housing deficit, however, constituted one
of the first housing programs offered by the federal government in partnership with
the Minister of Cities, whose operational management competed to Caixa
Económica Federal bank, who makes this bank an important partner with regard to
housing policies in Brazil. Figure 3 comes briefly illustrate the investments granted
by the government for housing, until 2015, and demonstrates a period of stagnation
with little growth of investments in the sector prior to the enactment of the Law
11977 [18], in 2009.

Public investment in housing (Billions of R$)

Fig. 3 Brazilian allowances for housing policy. Adapted from [19]
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In resume, the financial resources that initially were targeted to the urbanization
of slums had a significant increase with the creation of the governmental program of
acceleration of growth (PAC), which has earmarked about R$11 thousand million
in the period of 2007–2010. The priority of this Government program included the
metropolitan areas of major cities, urban agglomerations and cities with more than
150 thousand inhabitants.

2.2 Brazilian Energy Issue

Since the oil crisis caused by the reduction in supply in the 70’s, practically the
debating the energy issue is discussed in the entire world, mainly in developed
countries. Brazil, on the other hand, has maintained a favourable position in relation
to other countries, since your energy matrix is in great part based on renewable
sources [20].

However, despite the large energy matrix, in the middle of 80s, Brazil presented
some problems related to the energy crisis caused by great demand, which exceeded
the growth in energy production. In the 80s, began the first actions related to the
theme of energy efficiency in the country. It was created the PROCEL program
(national program for conservation of electrical energy), developed by the Ministry
of Mines and Energy (MME), in 1985, which the main objective was the promotion
policy and expansion of energy production. Since then, PROCEL has advanced in
the research of energy efficiency in all the country, promoting comprehensively the
establishment of research partnerships with different institutions [21].

Despite this numerous efforts, in 2001 Brazil had an energy crisis which forced
the population to meet a target of 20% electricity consumption reduction, caused by
a bad sector planning. In 2001, Brazilian government created the Law
No. 10295 [22], that established the maximum levels of specific energy con-
sumption for electric machinery manufactured in the country. However, in the
opposite direction to the law, the changes in the form of life and the increase of the
population of the cities, with the acquisition of new consumer goods and the
emergence of the electricity grid in places where it did not exist before, contributed
to the increase the energy consumption, despite Government efforts to encourage
low consumption. Figure 4 shows a comparison between energy consumption and
population growth in the period between 1990 and 2010.

Energy plays a key role in a modern society, acts as a key element in social issue
by providing that a sustainable development and in improving the quality of life. [22].
A methodical research for a better comfort conditions in buildings should contributes
to the reduction of electric power supply consumption, especially in developing
countries. It is necessary to reduce the presence, in large-scale, of mechanisms for
artificial cooling that increase the consumption of electric energy, unnecessarily.

Huberman and Pearlmutter [23] show that the world demands for energy with a
trend of growth that can achieve rates of 71% between 2003 and 2030, motivated
by the thermal comfort in buildings. A study developed by Kuznik et al. [24]

Hygrothermal Performance Evaluation … 11



show an energy growth in the order of 30% over the last 30 years only in buildings.
According to Achão [25], despite the energy growth rate in Brazil, there are
problems of distribution by region and social class, which implying directly on
unequal offer comfort.

In Brazil, in recent years, have developed relevant studies related to the theme of
energy efficiency in buildings. These researches are being encouraged by the federal
Government, in response to the Law 10295 [22], in your article 4, through the
National Program of Combating Electrical Waste (PROCEL), with the participation
of other entities. Already exists in the country a reliable diagnosis of the main
problems, actions required and centers of excellence with experts on these specific
themes.

In the data analysis, by energy sector consumption, provided by BEN-National
Energy Balance [20], it is possible to observe a predominance of energy con-
sumption by the industrial sector, with 44% of the total energy supply, in accor-
dance with the good industrial development phase of Brazil. Adding the energy
consummation of the residential, commercial and public sectors, a value of 47%
was obtained, causing these sectors a great concern, particularly the residential
sector (see Fig. 5).

In conclusion, a great importance should be given to the residential sector,
responsible for 24% of electricity consumption, in the country, in 2009, and with an
increasing rate of 5.7% per year, for the records during the period of 1975–2009
[20]. Among the factors that contributed to this increase, it is possible to highlight:

• Increased income, particularly for the low-income classes;
• Substantial households growth;
• Increase of new household goods that consume electric power, in particular by

the middle and poor class;
• An increase of the lines of credit;
• Creation of small informal businesses, in residences.

Energy
consumption Population growth

M
ill
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eo
pl

e

G
W

h

Fig. 4 Population growth versus energy consumption increases—Period 1990–2010 [4]
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Brazil’s energy matrix presents a predominance of power generation from nat-
ural sources, however, in recent years, due to unfavourable hydrological conditions,
there was a substantial reduction in the supply of hydropower (in 2014 this
reduction was 5.5% compared to 2013). In this same period (2013–2014), it was
records a growth of wind energy of approximately 1%. In 2014 the wind energy
represented an increase of 12,100 GWh in total production, with 167 wind farms
installed in the country. In 2015, it went into operation more than 100 wind power
plants in Brazil and it was recorded a growth of 57% in that year. Brazil is,
currently, the fourth country, with a higher growth in wind energy.

In conclusion, the rapid and consistent growth of Brazilian population and
consequently the increase of energy demand, justify the research for new con-
struction methodologies, with new materials, as proposed in this work.

2.3 Brazilian Bioclimatic Zones

The Brazilian bioclimatic zones are part of the NBR 15220-3 [5], since 2005.
Brazilian territory is divided in 8 climatic zones. For each zone, the standard makes
recommendations of passive thermal conditioning strategies for social housing
schemes. The goal of the technical-constructive regulatory recommendations is the
optimization of the thermal performance of buildings through better fitness.
Environmental conditioning strategies recommended by the same standard are
based on the bioclimatic chart of Givoni [26] and in Mahoney worksheets [27].

The NBR 15220-3 [5] divides the country in eight bioclimatic zones, being
considered in this work the abbreviations Z1 to Z8 for each of the zones.
Bioclimatic zone 1 (Z1) is the coldest and also the smallest, representation an area
of 0.8% only. Zone 8 (Z8) is the hottest and the biggest bioclimatic zone in terms of
covered area (57%), it includes the North and Northeast, and a large portion of the
Brazilian coast (see Fig. 6).

Industrial
Residential
Commercial
Public
Others

Fig. 5 Electric Power
Consumption, by sector, in
Brazil [20]
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2.3.1 Bioclimatic Zone 1 [Z1]

The Z1 includes a total of 12 Brazilian cities, with a strong predominance of the
cities located in the Brazilian southern region. Examples are the cities of Caxias do
Sul (RS), Lages (SC), Curitiba (PR) and Poços de Caldas (MG) located in the
Southeast. For this Bioclimatic Zone, the NBR 15220-3 [5] recommends as a
strategy of passive thermal conditioning, heavy internal seals with greater thermal
inertia and solar heating of buildings in winter season. Figure 7 illustrates the
outdoor temperature and relative humidity in 2016 for the city of Curitiba (PR), as
example.

Fig. 6 Brazilian Bioclimatic
zones [27]
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Fig. 7 Temperature and relative humidity variation for the city of Curitiba [28]
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2.3.2 Bioclimatic Zone 2 [Z2]

This bioclimatic zone comprises 33 cities that make up the greater prevalence of
these Z2 in the southern region of the country; however, there are a small number of
cities, with the same climatic characteristics, in the Southeast region of Brazil.
Among some cities included in this area, are the cases of Alegrete (RS) and Nova
Friburgo (RJ). The Brazilian standard, NBR 15220-3 [5], indicates conditioning
strategies for the summer and winter seasons and the use of cross-ventilation in
summer suggests the winter solar heating and indicates internal seals for this sea-
son. To this bioclimatic Zone Z2, NBR-15220 indicates average openings allowing
the entry of sunlight during the winter season [28]. Figure 8 illustrates the outdoor
temperature and relative humidity in 2016 for the city of Passo Fundo (RS).

2.3.3 Bioclimatic Zone 3 [Z3]

This bioclimatic zone includes 62 cities, among which is São Paulo, the city with
the largest concentration of population in the country.

The NBR-15220-3 suggests the adoption of cross-ventilation for the summer
period as a strategy of passive thermal conditioning, the solar heating for the winter
season, and a strategy for the external seals, light walls and light covers [5].
Openings must be medium and allow the entry of sunshine during the winter.
Figure 9 illustrates the climatic data of temperature/relative humidity for the city of
São Paulo.

2.3.4 Bioclimatic Zone 4 [Z4]

NBR 15220-3 [5] establishes as a strategy of passive thermal conditioning, evap-
orative cooling and ventilation, for the summer period, and solar heating of
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Fig. 8 Temperature and relative humidity variation for the city of Passo Fundo [28]
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buildings, as well as internal seals, i.e. greater requirement for the thermal inertia in
buildings, for winter. In relation to external seals, the recommendation of the
standard indicates massive walls. However, it is recommended that the coverage
can be mild, however, must be isolated. For the city of Brasília, the capital of the
country situated in this zone 4, is verified through bioclimatic design of Fig. 10, a
low relative humidity in almost all year and minimum critical values between the
months of August to October, with indexes under 40%.

2.3.5 Bioclimatic Zone 5 [Z5]

The NBR 15220-3 [5] recommends for this bioclimatic zone the use of
cross-ventilation in summer season and heavy internal seals for the winter season as
passive thermal conditioning strategies in this bioclimatic area. Ventilation open-
ings in this area should be medium, however, the standard indicates the shading of
these openings. Are included in this zone 5, in the Northeast, the cities of
Garanhuns-PE, Triunfo-PE, Morro do Chapéu-BA and Guaramiranga-CE. In the

0

5

10

15

20

25

30

35

0

20

40

60

80

100

120

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Te
m

pe
ra

tu
re

 [º
C

]

R
el

at
iv

e 
hu

m
id

ity
 [%

]

Relative Humidity % Air Temperature °C

Fig. 9 Temperature and relative humidity variation for the city of São Paulo [28]
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Fig. 10 Temperature and relative humidity variation for the city of Brasília [28]
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Southeast, the cities of Niterói-RJ, Governador Valadares and Pedra Azul in the
State of Minas Gerais. Figure 11 illustrates the climatic data of temperature/relative
humidity for the city of Niterói, Rio de Janeiro State.

2.3.6 Bioclimatic Zone 6 [Z6]

NBR 15220-3 [5] recommends, for Z6, the use of selective ventilation (for the
periods in which the internal temperature is higher than the outdoor temperature),
which checks for elevated temperatures throughout much of the year. The seals,
according to the normative recommendations, should be with heavy walls, the
coverage can be light, however, isolated. Openings must be medium sized and
shaded. Figure 12 illustrates the climatic data of temperature/relative humidity for
the city of Bom Jesus da Lapa, Bahia.
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Fig. 11 Temperature and relative humidity variation for the city of Niteroi [28]
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Fig. 12 Temperature and relative humidity variation for the city of Bom Jesus da Lapa [28]
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2.3.7 Bioclimatic Zone 7 [Z7]

According to NBR 15220-3 [5], should prioritized projects involving buildings with
shaded small apertures for ventilation, the external cover seals and walls must be
heavy, and must adopt thermal conditioning strategies through evaporative cooling
and ventilation must be selective, whenever the internal temperature is higher than
the outside. The evaporative cooling strategy has the ability to reduce the tem-
perature and increase the relative humidity of a room. Although of little use in
Brazil, evaporative cooling systems have enormous potential to provide thermal
comfort in places where the wet bulb temperature is relatively low. Data of tem-
perature and relative humidity of for the city of Petrolina, Pernambuco, place of
study of the prototype, are presented in Fig. 13.

2.3.8 Bioclimatic Zone 8 [Z8]

According to NBR 15220-3 [5], the buildings must contain shaded large openings
for ventilation and adopt cross-ventilation strategies permanently in the summer
period. However, the Brazilian standard does not prescribe any type of strategy of
conditioning for the winter season. Temperature and relative humidity data for the
city of Recife-PE is presented in Fig. 14.

Figure 15 presents a summary of cumulative probability curves that representing
the 7 Brazilian bioclimatic zones. It is possible to observe, in more detail, the
temperature variation between the predominant climates of Brazil.

According to NBR 15220-3 [5], these guidelines were developed in order to
guide the buildings to adapt and take advantage of local climate conditions. The
conditions of comfort and energy consumption are dependent variables, which, if a
building with their constructive characteristics is not adapted to the local climatic
conditions, the comfort conditions are not taken into account and consequently
results in an increase of energy consumption.
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In this section it was possible to present an explanation of the Brazilian
Bioclimatic with the respective zoning areas and percentage of coverage of each
zone. Outside air temperatures and relative humidity were observed in eight cities
that representing each of these bioclimatic zones. In this study, it was possible to
identify two bioclimatic zones with negative temperatures, Curitiba in Z1 and Passo
Fundo in Z2. Two cities, Petrolina in Z7 and Bom Jesus da Lapa in Z6 present very
similar temperature curves although they are in different locations. This analysis
may indicate a possible failure in the framework criteria of NBR 15220-3 [5], for
some cities located in different bioclimatic zones, but with similar climatic
characteristics.
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2.4 Buildings Thermal Performance Regulation in Brazil

2.4.1 NBR 15220 (2005)—Thermal Performance of Buildings

This Brazilian standard for buildings thermal performance was published in 2005,
and it is divided in 5 parts, the first part presents the definitions and symbols, the
second presents the calculation methodology of the elements and components of
buildings. On part 3 it was described the Brazilian Bioclimatic Zones, construction
guidelines and thermal conditioning strategies for each zone. Parts 4 and 5 presents
the method of measurement of thermal resistance and thermal conductivity by hot
plate principle.

NBR 15220-3 [5] presents the guidelines for the use of ventilation in seven
bioclimatic zones, not recommending ventilation only in zone 1, because it is the
coldest region of the country. Cross-ventilation was recommended for the biocli-
matic zones 2, 3 and 5, where it is possible to maintain the air flow through the
vents, doors and windows. The ventilation setting, recommended for zones 4, 6 and
7, are indicated in warmer periods or when the internal temperature is higher than
the external; and permanent ventilation is recommended for bioclimatic zone 8, and
it is justifying by the necessity to improve the indoor thermal conditions of the
buildings.

2.4.2 NBR 15575 (2013)—Residential Buildings Performance

NBR 15575 [29] standard, in your fourth edition, was published in 2013 and
present the conditions of habitability for the range of environmental comfort,
through the minimum conditions of thermal comfort, luminosity, hygrothermal,
visual and psychological for the users. It is divided into six parts, as the following:

• Part 1—general requirements;
• Part 2—requirements for the structural systems;
• Part 3—requirements for floor systems;
• Part 4—requirements for the systems of internal and external seals;
• Part 5—requirements for the systems of coverage;
• Part 6—requirements for hydro-sanitary systems.

NBR 15575 [30] presents two procedures to evaluate the thermal performance of
buildings; the first procedure analyse the construction in design phase through
numerical simulation, and the other procedure evaluates the building already exe-
cuted, through in situ measurements. For the evaluation of thermal performance by
numerical simulation, the standard presents three performance levels (minimum,
intermediate and higher level) for the building, relating the interior temperature with
the temperature outside in the winter and summer seasons, according to the bio-
climatic zone in which the building is inserted (see Table 7).
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In summary, Table 7 shows that it is not necessary to verify the level of thermal
performance of a building located in Z6 and Z8, in winter season, but only for the
summer season. However, these regions present different climatic conditions, for
example, Bom Jesus da Lapa, located in Z6, with an altitude above 400 m, and
800 km away from the coast and the city of Recife, located in Z8, on the coast of
Pernambuco, with an altitude of 4 m, with more mild temperatures that Bom Jesus
da Lapa, but both subject to the same conditions of winter analysis. These premises
influence the need for an urgent review of the standards.

2.4.3 RTQ-R (2012)—Quality Technical Regulation of the Energy
Efficiency Level of Single-Family and Multi-family Residential
Buildings

RTQ-R [30], presented in 2010, specifies the technical requirements and test
methods for the energy efficiency classification of buildings. This standard presents
the labelling of buildings and analyses the building envelope requirements, related
to lighting system, air-conditioning system and the construction as a whole.
Establishes guidelines for thermal comfort considering the vent through a minimum
opening area in long-stay environments, as bedroom, living room and kitchen.

Among other aspects, in RTQ-R are defined the actions related to the range of
passive thermal condition, cross-ventilation, ventilation and other control devices
that determine the minimum level of comfort and thermal performance of buildings.
The regulation considers as mechanical devices, the blinds, ventilated sills (air
intakes which affect cross-ventilation), the wind towers (extraction ducts), as well
as external openings through windows.

In relation to the openings and natural ventilation, the RTQ-R [30] provides the
minimum percentages of ventilation areas for each bioclimatic zone and determines
the cross-ventilation for seven of the eight bioclimatic zones of Brazil.

NBR 15220-3 [5] considers three distinct dimensions of openings for ventilation
in buildings: small, medium and large openings, specifying the percentages of these
openings by framing them with the area of the floor. NBR 15575-4 [29] specifies
the minimum percentage values of these gaps related to the area of the floor,
enforcing your applicability to the eight bioclimatic zones according to the
standard.

Table 8 Percentage of opening ventilation limits [5, 30]

NBR 15220-3 NBR 15575-4

Opening ventilation A (% floor area) Zone Locations A (% floor area)

Small 10% < A < 15% Z1–Z6 Extended-stay
environments
and Kitchen

A � 8%

Medium 15% < A 25% Z7 A � 5%

Large A > 40% Z8 A � 10%
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For example, Petrolina located in Z7, in accordance with NBR 15220-3 [5],
should have buildings with an average openings ranging between 15 and 25% of
the floor area, however, in accordance with NBR 15575-4 [29], these openings
should be equal to or greater than 5%. The recommended percentages of these 2
standards may be seen in Table 8.

In summary, for the analysis of Table 8, it is possible to observe a greater
flexibility of NBR 15575-4 [29] with respect to NBR 15220-3 [5] standard. The
thermal performance of surrounding buildings projects is presented in Table 9, with
a comparison between the standards NBR 15220-3 [5] and NBR 15575-5 [6] which
establishes the maximum residue limits and the minimum values of thermal
transmittance, thermal and solar factor delay for each case of surrounding and its
applications to the different bioclimatic zones.

For a better understanding of the thermal parameters presented in Table 9, it is
appropriate to clarify that the Ventilation Factor (FV) is a parameter defined in the
Brazilian standards NBR 15575, NBR 15220-3 and NBR 15220-5 and it’s calcu-
lated in function of the size of vents in eaves, given by the expression:

FV ¼ 1:17� 1:07� h�1:04 ð1Þ

where FV is the ventilation factor and h is the height of the opening in two opposite
eaves (cm). Note: For uninsulated roofs or roofs with unventilated attics, FV = 1.

The solar radiation absorptivity (a) is understood as the ratio of the solar radi-
ation incident rate absorbed by a surface. This solar radiation is concentrated in the
region of the electromagnetic spectrum between a wavelength of 0.2 and 3.0 µm.
Thermal delay (φ) comprises the elapsed time between a thermal variation in a
medium and your manifestation in the opposite surface of a constructive component
subjected to a periodical heat transmission scheme. This variable depends on the
thermal capacity of constructive component and the order in which the layers are
arranged (see NBR 15220-3 [5]).

In conclusion, in this section it was presented an approach with regard to the
problem of housing deficit in Brazil, a projection of housing demands, the housing
policy in Brazil after the year 2003, culminating with a study of promotion policy of
houses by the recent Governments. In a second stage, it was presented the Brazilian
energy policy, finishing with an approach of the Brazilian Bioclimatic Zones, with
different climates prevalent. In this section it was still presented the Brazilian
legislation related to the study of thermal performance in buildings, more precisely,
the standards NBR 15220 and NBR 15575, as well as the regulation, RTQ-R,
whose function is to complement the two standards with regard to the issue of
energy efficiency in buildings.

In the following section it is presented a study related to the thermal comfort,
their methodologies and a study of night ventilation and their contributions to the
thermal comfort in Brazil and in the world.
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3 Thermal Comfort and Nocturnal Ventilation

3.1 Thermal Comfort Models

The first studies of thermal comfort in buildings were recorded in the period prior to
the Christian era, Vitruvius [31], in 1st century BC, which already, at the time,
made reference, in your architecture considerations, of the climate in buildings
projects by assigning references to healthy and solar orientation of the buildings,
i.e., presented a concern with the thermal comfort in buildings.

The building thermal comfort has been object of several studies in the last
decades by a significant number of researchers, as described in Table 10, as
example.

The adoption of passive systems that can provide thermal comfort and reduced
energy consumption in residential buildings as well as maintain the minimum
indoor air quality satisfactory, it becomes critical to users of these buildings.

Peeters et al. [44] showed that the thermal comfort is the result of a combination
of both environmental and human body parameters. Nicol and Humphreys [36],
sustained that the fact of the internal climate be satisfactory in a building, makes it

Table 10 Previous national and international researches in thermal comfort

References Main outputs

Houghten and
Yaglou [32]

The authors presented an equation for thermal comfort and defined
several thermal comfort zones

Fanger [33] The author presented the PMV (Predicted Mean Vote) and PPD
(Predicted Percentage of Dissatisfied) indices

Araújo [34] Parameters of thermal comfort for users of school buildings

Hackenberg [35] Comfort and heat stress in industries in addition

Nicol and
Humphreys [36]

Adaptive thermal comfort and sustainability

Of Dear [37] Improvement of Adaptive model of thermal comfort

Olessen and
Parsons [38]

Confirmed the validity of the ISO 7730 only in laboratory studies

Gouvêa [39] Thermal comfort in clothing industry

Gemelli [40] Evaluation of thermal comfort and acoustic comfort in schools

Andreasi [41] Evaluation of thermal comfort in hot and humid climate regions of
Brazil

Lamberts and
Xavier [42]

The authors gathered the, previous and current, standards of thermal
comfort and heat stress, in a single document

Gagliano et al. [43] The authors studied the variability of thermal performance of
apartments in Porto, Portugal; and evaluated the influence of 4 variables
in the thermal performance, of different apartments, in two periods,
winter and summer. In the study, it was possible to observe the
influence of occupation on the indoor air temperature. The effect was
concluded on the behavior of the median, ranging between 2.6 and
2.9 °C for warmer and less warm apartments
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comfortable to the point to be able to design future decisions about energy con-
sumption and sustainability assurance.

In order to evaluate the joint effect of the variables involved in the thermal
comfort, different models and methodologies are suggested by a several number of
researchers. These models are developed taking into account the individual and
environmental variables, such as the development of the type of activity, clothes, to
then relate with the environment variables.

The evaluation of thermal comfort in this work is established according to the
current standards. The existing adaptive comfort models, are specified in several
standards, as ASHRAE 55 [7] and EN 15251 [8]. ISO 7730 [9] does not provide
any specific model for the evaluation of the adaptive thermal comfort, however, this
standard establishes a reference to the possibility of applying adaptive models.
The ISO 7730 reports through experimental studies, showed that the occupants of
buildings Support/accept indoor air temperatures above those laid down by index
PMV of Fanger. In Portugal, an Adaptive model developed in the LNEC by Matias
[45] defines, for the country, the thermal comfort in buildings. On the LNEC model,
the thermal comfort index determined includes the influence of objective and
subjective parameters, obtained from field studies, supplemented by sociological
variables.

Among the various thermal comfort indices found, two groups of approaches
worth mentioning:

• Based on heat balance (PMV and PPD);
• Adaptive approach.

3.1.1 Fanger Model (PMV and PPD)

The Fanger model is a prescriptive model of thermal comfort that includes spaces in
which the occupants have metabolic rates between 1.0 and 2.0 met, and clothes with
heat resistance up to 1.5 clo. This model is described by the standard EN 7730 [9]
and it is based on the PMV (Predicted Mean Vote) and PPD (Predicted Percentage of
Dissatisfied) indices of Fanger. Related to Fahger model, the standard provides three
classes of thermal comfort (A, B, and C) with demanding levels that decrease from
class A to class C. Table 11 presents the recommended values for each class, for an
acceptable thermal environment for at least 65% of the occupants and taking into
consideration the PMV and PPD indices. Table 11, also, presents the specifications
of the occupational profile for the spaces predicted and recommended by standard.

Table 11 Comfort classes developed by Fanger [33]

Class Space occupation profile PPD (%) PMV

A People with special needs <6 −0.2 < PMV < 0.2

B New buildings or subject to rehabilitation <10 −0.5 < PMV < 0.5

C Existing buildings <15 −0.7 < PMV < 0.7
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3.1.2 Adaptive Approach

Then, it will be presented a brief description of the adaptive thermal comfort models
listed in standards ASHRAE 55 [7], EN 15251 [8] and the thermal comfort model
developed by LNEC [45].

The adaptive model considers three different forms of adaptation to the envi-
ronmental conditions [46, 47]. These adaptations forms are behavioural, physio-
logical and psychological of the environmental conditions. Table 12 shows
environmental conditions using in the adaptive model for each adaptation form.

The HVAC systems offer a set of possibilities to ensure optimal conditions of
comfort. The key question that arises is to obtain, maintain and control the con-
ditions of comfort making rational use of energy and optimizing the parameters that
influence the thermal comfort. These parameters can be grouped into three main
categories:

• Physical parameters: In this parameters are relevant the air temperature, the
average radiant temperature, air relative humidity and the relative velocity of the
air;

• Organic or subjective parameters: In this parameters are included the age, sex,
race, colour, or other specific features of each person;

• External parameters: This parameter includes activity levels, which are related to
the metabolism of each person, the type of clothes used and the social
conditions.

Among all these parameters, the parameters that most influence the thermal
comfort can be described as the temperature, relative humidity, air velocity, clothes
and the metabolic activity of each person.

3.1.3 Thermal Comfort Quantification

In the process of quantification of the thermal comfort, there is a relationship of
interdependence between some behavioural factors, psychological and physical,
whose inaccuracy implies a difficulty to scaling the thermal comfort. The general
idea that the thermal comfort is based on the concept of human thermoregulation,
i.e., on the human ability to maintain a constant internal temperature during the heat
exchange between each person and the environment.

Table 12 Environmental conditions using in the adaptive model

Adaptation
form

Criterion adopted

Behavioural Actions taken by the user to ensure thermal equilibrium

Physiological Changes in heat exchange of the individual mechanisms in seeking to adjust
the response of the organism to environmental conditions

Psychological Changes of perception and reaction to sensory stimulation
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A method to quantifying the thermal comfort is presented in Fig. 16 and it was
proposed by the standard ASHRAE 55 [7]. According to the standard, the envi-
ronmental conditions were obtained from laboratorial experiments where the sta-
tistical analysis of the data collected allowed determine the percentage of people in
light activity, i.e. in sedentary state, typical of an office building, which would be in
a State of thermal comfort. Under these conditions is defined a range of metabolic
activity between 1.0 and 1.3 met and thermal insulation of clothes between 0.5 and
1.0 clo, for summer and winter seasons, respectively.

The third model, the adaptive model, as happens in the prediction model of
thermal comfort through the PMV index, it is also present in the same standard.
This model is valid for environments without mechanical devices to cooling the air
and it was provided for the situations where the user has control over the opening of
windows.

3.1.4 Adaptive Model of Thermal Comfort, ASHRAE 55

The thermal comfort standard ASHRAE 55 [7] incorporated the adaptive approach
as a criterion for the evaluation of thermal performance of buildings, in accordance
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Fig. 16 Psychrometric chart with superimposed comfort zones, according ASHRAE 55 [7]
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with the research project ASHRAE project RP-884. The adaptive model takes into
account two classes of comfort corresponding to 80 and 90% of user’s acceptance,
as sketched in Fig. 17.

The comfort zone corresponding to 80% of acceptability, with a bandwidth of
±3.5 °C around the operative temperature of comfort, is applicable to current
situations.

The comfort zone corresponding to 90% of acceptability, with a bandwidth of
±2.5 °C around the operative temperature of comfort, should be applied to
buildings where it is required high levels of comfort, i.e., in the cases where the
outside monthly average temperature (Tm), presents temperature fluctuations
between 10 and 33.5 °C. In general, this buildings use natural ventilation as passive
thermal control, which is controlled by the opening and closing of the windows by
the users. These occupants presents a metabolic activity levels between 1.0 and 1.3
met and clothes to easy adapted to the indoor and outdoor environmental
conditions.

The model allows comparing the average monthly temperature of the outside air
with the operative temperature.

The mathematical expression represented by Eq. (2) was proposed by Brager
and Dear [46] and defines the calculation of operative comfort temperature (TOC) on
the basis of the monthly average exterior temperature (Tm):

TOC ¼ 0:31� Tm þ 17:8 ð2Þ

where TOC is the operative temperature of comfort (°C) and Tm is the average
exterior temperature (°C).
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Fig. 17 Proposed adaptive comfort standard for ASHRAE 55 [48]

Hygrothermal Performance Evaluation … 29



According to several authors, as Nicol and Humphreys [49] and Tuner [50], the
ASHRAE standard 55 [7] no specific quantitatively the monthly average temper-
ature present in the equation used to calculate the operative comfort temperature
(TOC), i.e., leaves doubts if this refers to the last 30 days of the civil calendar month
or the data contained in climatological standards.

The ASHRAE standard 55 [7] admits, in simplified form, the use of indoor air
temperature (Ti), as operative temperature approximation of comfort, Toc, if ful-
filling the following conditions:

• Absence, in the buildings, of radiant panels of heating or cooling;
• Solar factor of glazing lesser than 0.48;
• Absence of a heat source in the compartment under examination;
• The heat transmission coefficient (Um) of the glass and exterior wall openings

obey the following relationship (Eq. 3):

Um ¼ 50
Td;i � Td;s

ð3Þ

where Um is the average value between the thermal transmission coefficient of the
glazed and the outer wall (W/m2 °C), Td,i is the sizing indoor temperature (°C) and
Td,s is the sizing outdoor temperature (°C).

3.1.5 Adaptive Model of Thermal Comfort, EN 15251

EN 15251 [8] standard presents a criteria to evaluate the indoor environmental
quality of buildings in three categories The first category, for high level of
expectation, is recommended for environments occupied by people sensitive and
fragile; the second category, a normal level of expectation, should be used for new
buildings and the third category, for moderate level of expectation, should be
adopted for new and existing buildings.

The standard includes an adaptive method for evaluating the thermal comfort
whose validation takes place in compliance with the following conditions:

• The buildings shall be free of mechanical refrigeration equipment, however, in
summer season the passive cooling is possible, since the ventilation flow rates
and the consumptions are relatively small;

• The temperature control should preferably be done by the opening and closing
of the windows;

• The metabolic activities of the occupants must be sedentary with levels between
1.0 and 1.3 met;

• It is possible the use a mechanical heating system, provided that this system
does not include a mechanical air treatment system
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• The users are not allowed to establish “rules” of the clothes adjustment in order
to better adapt to the indoor environment.

EN 15251 [8] standard establishes three comfort temperatures ranges, one for
each level of expectation. The first level presents temperatures between 21.7 and
30.7 °C for an acceptability of 90%; the second level between 20.35 and 31.7 °C to
an acceptability of 80%; and the third level between 19.75 and 32.7 °C to an
acceptability of 65% of the users, as shown in Fig. 18.

The last version of standard EN 15251 [51] defends the adaptive model based on
the experimental results of the project Smart Controls and Thermal Comfort
(SCATs) presented by Nicol et al. [52] and McCartney et al. [53]. The adaptive
model of standard EN 15251 applies to spaces without limitation on the number of
occupants and the term adopted to calculate the operative comfort temperature
(TOC) is established on the basis of the exterior average weighted temperature, Tm.
The expression of the EN 15251 adaptive model [8] is represented by Eq. (4):

TOC ¼ 0:33� Tm þ 18:8 ð4Þ

where TOC is the operative temperature of comfort (°C) and Tm is the average
exterior temperature (°C). The outside average weighted temperature (Tm) is
determined on basis of the values of daily average temperatures of the preceding
week, as presented in Eq. (5). The use of the exterior average weighted temperature
value (Tm), adopted the principle that the characteristic time interval for a person
can fully adjust to climate change is approximately one week.
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Fig. 18 Thermal comfort diagram of EN 15251 [8]
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Tm ¼ Tn�1 þ 0:8� Tn�2 þ 0:6� Tn�3 þ 0:5� Tn�4 þ 0:4� Tn�5 þ 0:3� Tn�6 þ 0:2� Tn�7

3:8
ð5Þ

where Tm is the average weighted outdoor Temperature (°C) and Tn-i is the average
temperature outside of the last day (°C).

3.1.6 Adaptive Portuguese Thermal Comfort Model, EN 15251

Another adaptive model available in literature was developed by the National
Laboratory of Civil Engineering (LNEC) in Portugal, to the conditions for
Portuguese thermal comfort in buildings. In this model, the thermal comfort index
given includes the influence of environmental parameters and those relating to
thermal perception, obtained on the basis of field studies and complemented by
sociological factors.

The study was developed by Matias [45], supported by in situ measurements of
the thermal comfort parameters and by the conducting surveys of occupants for
subsequent validation of the experimental results. In this study were set two tem-
peratures of comfort obtained as a function of exterior average weighted temper-
ature (Tm) and calculated based on Eq. (4). The two comfort temperatures refer to 2
distinct situations:

• Buildings with HVAC systems enabled;
• Not air-conditioned buildings, for not having any type of HVAC system

installed, or existing systems are disabled.

Figure 19 shows the recommended values of comfort temperature in function of
the outdoor temperature, using in the LNEC model. According the work developed
by Almeida [54], the research presented by Matias [45] includes a comfort zone for
90% accessibility, defined with a bandwidth of ±3 °C around the comfort tem-
perature (see Fig. 19). Figure 19 shows the air-conditioned spaces and the limits
temperatures in winter and summer, respectively, 15 and 31 °C. Clearly it is pos-
sible to observe a greater tolerance to extreme limits of occupant thermal comfort in
non-air conditioned buildings, comparing with the air-conditioned buildings.
According to Matias [48], the indicated temperatures limit should only be con-
sidered in interior environments where exists a high possibility of personal or
environmental adaptation, only available to residential buildings.

In the experimental study developed by Matias [45] in service and residential
buildings, in order to assess the conditions of thermal comfort, several environ-
mental parameters were measured (indoor and outdoor), such as the indoor air
temperature (Ti) and the average radiant temperature (Tmr). From these tempera-
tures, it was possible to determine the operative comfort temperature (TOC). In
Fig. 20 it is presented the correlation obtained between the average values of the
indoor air temperature (Ti) and the operative comfort temperature (TOC), in the
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in-field studies developed [45]. The experimental results reveal a dependent rela-
tionship between the two parameters correlated (with a linear coefficient of Pearson
equal to R = 0.99), and confirm that, on current situations, it is possible to use the
indoor air temperature as a good approximation of the operative temperature of
comfort (TOC).

Finally, it is important to be in mind that the LNEC model [48] developed by
Matias [45] for the evaluation of thermal comfort conditions were obtained on
service buildings, such as, offices, schools and nursing homes, not extending to the
residential sector, only for 4 multi-family housing.

The evaluation of the buildings built with gypsum blocks, in Brazil, with the
aimed to analyses the thermal comfort is main goal to achieve, and the model that
will be adopted is the adaptive method described by ASHRAE 55 standards and
ISO 7730. The gypsum house under study not presents any mechanical cooling
system and the exterior monthly average temperature varies between 10 and 33.5 °C;
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the occupants have activity level between 1.0 and 1.3 met and can adapt your
clothes to the interior and exterior environmental conditions. Emphasis will be
given to the definition of the users profile, location and conditions in service of the
prototype testing. The operative temperature of comfort will be calculated by
Eq. (2).

The adaptive model presented in ASHRAE 55 [7] was used, recently, in a work
developed, in Portugal, by Curado [55] for the calculation of thermal comfort, in
winter and summer seasons, of standard apartments in the city of Porto, and having
considered a comfort class of 80% of the occupants.

3.2 Night Ventilation (Natural Ventilation)

Natural ventilation is the process of supplying air to and removing air from an
indoor space without using mechanical systems. It refers to the flow of external air
to an indoor space as a result of pressure differences arising from natural forces.

Gratia et al. [56] shows that, in the majority of cases, natural ventilation can be
enough to ensure thermal comfort in buildings occupied, with some effort to reduce
internal heat generation through a correct personal management and equipment
choice. On the other hand, a study developed by Santamouris [57] presents the
advantages associated to the use of natural ventilation on indoor thermal conditions,
providing these benefits to a number of than 3 billion of people worldwide, espe-
cially those entered in the middle and lower classes. According to Schiffer and Fleet
[58] the countries with hot and humid weather, for example, Brazil, the natural
ventilation presents itself as a passive, low-cost alternative to the periods in which
the heat discomfort is evident. Ventilation provides a feeling of comfort to the
occupants through the control of indoor air, respecting limits of temperature, air
velocity and air humidity.

In accordance with Mazon et al. [59], the strategy associated to correct natural
ventilation it is in the adjustment of the building internal climate by a controlled air
exchange through the holes. The mechanism of air movement in and out of a
building, according to Hunziker [60], under the action of natural atmospheric
forces, is relevant to the study of the thermal comfort of the users. One of the
benefits of night ventilation is the promotion of building cooling by removing the
thermal load absorbed by buildings due to the exposure of the building the solar
radiation, as well as the thermal gains produced inside the buildings by the presence
of users, electrical equipment’s, artificial lighting, etc. [61]. In these cases, high
rates of ventilation tend to provide internal temperatures very close from the out-
side, removing part of the existing thermal load in indoor environments [62, 63].

Gratia et al. [56] and Andreasi [64] show that the maximum acceptable air
velocity on indoor environment is 0.8 m/s, and this air velocity causes a cooling
sensation of approx. 3 °C. These cooling sensations through the vents for air
velocity up to 0.1 m/s may only be felt at temperatures below 18 °C, which is
undesirable. In the case of higher temperatures, for air velocities above 0.2 m/s,
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the users can take advantage of the cooling sensation through the speed of air
passing through the body. A research developed by Nicol [65] shows the benefits
that natural ventilation could provide, in tropical climates with temperatures above
30 °C, provided that the local that presents this temperatures had an increase of
mechanical ventilation systems.

Among the factors that allow this tolerance limit of temperature variation on
comfort zone, are the processes of adaptation of the users to the environment and
their possibility to look for the place with the best ventilation designed by the
equipment. This adaptability may increase the comfort temperature in 2 or 3 °C.
Figure 21 shows the an increase in the air velocity of 1 m/s is capable of raising the
temperature of comfort to values higher than 3 °C. Therefore, it is considered
essential the use of natural ventilation to improve thermal sensation of the building
users, even in cases that the outside temperature is higher than 29 °C.

3.2.1 International Contributions to Nocturnal Ventilation

Several international studies have justified the efficiency associated to the use of
nocturnal ventilation with low cost to users. Some of these studies are presented
summarily in Table 13.

This analysis was the base of the study presented in [68, 69]. In this work was
presented a study of thermal comfort and night ventilation of a house built with
plaster blocks in the city of Petrolina. The economic situation of a good portion of
the lower middle class in Brazil, without habits to cool in the hottest stations,
assumed the importance of adopting the Adaptive methodology in approaching the
study of thermal comfort.

The following section makes an approach importance of plaster production in
Brazil and its applicability to building construction, as well as displays succinctly a
scenario of international standards regarding this product. It is also described some
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Fig. 21 Influence of air velocity on comfort temperature. Adapted from Nicol [65]

Hygrothermal Performance Evaluation … 35



aspects of sustainability of gypsum constructions, although this is not the matter
that constitutes the main objective of this work.

4 Gypsum Importance in Brazilian Building Construction

4.1 Examples of Gypsum Houses

According Pires Sobrinho [70], the vertical building construction with plaster
blocks should not be considered technological innovation in Brazil, since there are
records of cases buildings, with over 12 floors, and with more than 10 years in
Jaboatão dos Guararapes-PE. It should be noted that vertical building construction

Table 13 Major international contributions on use of nocturnal ventilation

Author Major contributions

Givoni [26] Nocturnal ventilation maintain the interior temperature below 24.5 °C,
although the temperature outside be 38 °C

Artman et al.
[51]

The study proved the efficiency of nocturnal ventilation, in summer, in
countries of Northern Europe and the British Isles. This efficiency,
however, decreases in Central and East Europe, namely in Portugal,
Spain, Greece and Turkey, while maintaining an acceptable level. Register
as an example, the Lisbon city, with 200 nights a year when one considers
the potential of nocturnal ventilation cooling effective. In that city, in just
15 nights of the year the night ventilation cooling potential, not efficient.
In the same study, the North of Portugal is appointed as a region with a
strong potential of night ventilation, compared to the level of the Centre of
Europe

Shaviv et al. [66] In this study conducted in 4 cities of Israel it was evaluated the influence
of thermal inertia and nocturnal ventilation in indoor air, maximum
temperature in summer, of a housing building. In this study it was
considered 4 inertia thermal classes (light, medium, semi-heavy and
heavy) and 4 levels of nocturnal ventilation (without night ventilation,
natural ventilation with hourly rate of 5 h−1 and forced ventilation with
rates of 20 and 30 Rph). The results show that in a building with
optimized thermal inertia and with air renewal rates suitable for night
ventilation it is possible to obtain a reduction between 3 and 6 °C in
indoor air temperature values

Santamouris
et al. [67]

The study assesses the impact of ventilation on energy requirements in
buildings depending on the variation of ventilation rates and features of
buildings. In this research, it was monitored 214 housing buildings in
Greece for evaluation of the impact of night ventilation on cooling energy
needs. The results obtained show the impact of night ventilation depends
of the air renewal rate adopted and constructive characteristics of the
monitored buildings. In quantitative terms, the night ventilation presents a
maximum reduction of the cooling annual requirements of approx.
40 kWh/m2, with the average annual reduction equal to 12 kWh/m2

Adapted from Curado [55]
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with plaster blocks is limited to the Brazilian states of the Northeast region, more
specifically in Pernambuco, Ceará and Sergipe.

The use of gypsum plaster in building blocks, in Brazil, is still a restricted item,
due to lack of knowledge on technology. Another factor that restricts the use of the
blocks is the location of the deposits of gypsum, a material that gives rise to the
plaster, which are located in the West of the State of Pernambuco, located far from
the large consuming centers, potentially located in the southeast of the country.
However, the interest in your study is determined by the annual consumption
growth that reaches about 8% per year in Brazil.

Although a growing demand in the use of plaster blocks in the internal seals in
multiple buildings, especially in big cities of the Northeast and even inside, there is
furthermore a great unknown regarding your production technology, as well as your
behaviour, caused by the lack of national standards, considering fundamental
research carried out in Brazil on the subject [71]. Figures 22, 23, 24 and 25 show
some examples of building constructions that employ gypsum blocks in different
Brazilian states, such as Pernambuco, Petrolina, Ceará and Rio de Janeiro.

Plaster is a binder, which compared with other materials as whitewash and
Portland cement, can be considered much less aggressive to the environment.
While, in the manufacture process, the Portland cement emits CO2, the plaster
launches water molecules in the atmosphere. Production of Portland cement
requires high temperatures, while gypsum plaster can be prepared with temperatures
of about 150 °C. Although these ambient advantages, gypsum plaster is not very
often applied in Brazilian buildings and an effort has been made to increase the
consumption of this material in housing. Gypsum, abundant in nature and found in
several deposits in northeast Brazil (plaster pole of Araripe, Pernambuco), can be
used for manufacturing masonry units and renderings, resulting in a great added
value for the local economy and environment.

The Araripe region is located in the state of Pernambuco, about 700 km from the
capital Recife and in the same radius of the main capitals of the Brazilian Northeast.
Covering a total area of 7074.60 Km2 (see Fig. 26), with 235,446 inhabitants.

Fig. 22 Examples of building constructions that employ gypsum (flats built in gypsum plaster, in
Petrolina and Belem do São Francisco-PE)
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The Araripe region includes the cities of Araripina, Bodocó, Ipubi, Ouricuri and
Trinity [72]. This region is responsible for approximately 90% of the national
gypsum production and 81% of the gypsum plaster production [73].

The lands of the region of Araripe, according to Luz and Lins [75], are con-
sidered one of the best lands related to the ore quality in the world and feature
excellent mining conditions. According to the National Department of Mineral
production-DNPM/PE, the industrial pole of Pernambuco is responsible for more
than 85% of all gypsum Brazilian production [76].

In Brazil, as described Mancino [77], there are large reserves of high purity
gypsum with 95% of these deposits concentrated Northwest of Pernambuco state
and that part of this plaster is used for orthopaedic and dental industry.

Fig. 23 Examples of
building constructions that
employ gypsum (gypsum
house under construction,
Gravatá-PE)

Fig. 24 Examples of
building constructions that
employ gypsum (building
with inner walls in gypsum
plaster, São Paulo)
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4.2 Importance of Gypsum Construction in Brazilian
North-Eastern

The Brazilian north-eastern region, according João Pinheiro Foundation [3], pre-
sents a high relative percentage (91.3%) of housing deficit. Building construction
applying gypsum plaster, a raw material abundant in Brazil, appears as a relevant
factor with enough potential to mitigate this habitational deficit and become another

Fig. 25 Examples of building constructions that employ gypsum (building with internal and
external walls in gypsum plaster, Rio de Janeiro)

Fig. 26 Geographical location of Araripe region [74]
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important alternative available to the Brazilian market. According to the Union of
Pernambuco Industries of Gypsum Plaster-SINDUSGESSO [74], Pernambuco,
situated in the northeast of Brazil, has a reserve of approximately 1.2 billion tons
with potential for exploitation by a period estimated of 500 years. Brazil despite
having such reservation of the product, according to the Union, is located in the 9th
position in the world rankings, having embryonic consumption countries high-
lighted as major consumers such as Canada, Spain and Iran, whose consumption
“per capita” are on the order of 315; 190 and 145 kg/(person.year), respectively
(see Table 14).

In Brazil, the building construction process with gypsum blocks is in an
embryonic phase and orphan of a relevant national legislation on the subject [27].
According to Pires Sobrinho et al. [78], some initial benefits are obtained in a
building construction involving gypsum blocks. The authors found in their research
a reduction in labour cost and a reduction of the overload and time of execution.

Recent experimental results with Brazilian gypsum blocks, presented by Santos
[79], in an intensive experimental campaign developed in the Laboratory of
Building Physics (LFC) of FEUP, in Portugal, showed that the gypsum blocks
present good constructive ability from the point of view of thermal behaviour, with
low coefficients of thermal conductivity (k = 0.28 W/m °C), important to their
employment in countries of hot weather.

4.3 Sustainability of Gypsum Constructions

Results of the study presented by Pires Sobrinho et al. [78] demonstrate some
benefits obtained in buildings built internally with plaster masonry when compared
to conventional brick masonry (see Table 15). In this study it was presented a
comparison between the cost, by volume, of the armour concrete applied in dif-
ferent typology of buildings and the load on the building foundation. The typology

Table 14 Gypsum plaster consumption “Per capita” (2005) [74]

Countries Consumption “per capita” (kg) Global position

Canada 315.6 1

Spain 189.3 2

Iran 145.9 3

Thailand 82.1 4

United States 81.1 5

France 76.4 6

Mexico 71.8 7

Japan 43.4 8

Brazil 13.0 9

China 7.0 10
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adopted, 6 (brick wall); 6 g (dry wall); 14 (brick walls); 14 g (drywall); 22 (brick
walls) and 22 g (Sheetrock) refers to buildings of 6, 14 and 22 floors. According to
the authors, the cost analysis was performed based on the values used as reference
in official public costs of urban cleaning company of Recife (EMLURB Jan/2009),
organ of the city of Recife, in the state of Pernambuco.

It is possible to observe in the analysis of Table 15, a reduction in financial cost
of structural armour, in percentages, between 11.4 and 12.2%; for the volume of
concrete foundations a reduction between 32.0 and 35.6%, and finally, a reduction
of load on the foundations between 15.5 and 16.4%, factors of extreme relevance to
civil engineering.

Related to energy issue, a study developed by Abeysundara et al. [80] showed
that the embodied energy is one way of measuring the environmental impact of
buildings, an indicator of the sustainability of buildings. This method of calculation
accounts the entire energy used in manufacturing, transport and use of the material,
in the construction.

Table 16 presents a study developed by Tavares [81], which show a comparative
analysis of embodied energy estimate taking into account the superstructure
armour, concrete foundation and internal masonry in apartments of buildings scaled
with 6, 14 and 22 floors, with plaster walls (g) and ceramic brick, based in unit
values of embodied energy.

The buildings using plaster blocks presents, in accordance with Table 16, an
energy reduction rates between 16.6 and 17.3% in relation to the traditional con-
structive mode with ceramic blocks, reaching greater benefits for up to six floors,
with regard to the structure of the building.

4.4 Durability Evaluation of Plaster Buildings
in the Northeast Brazil

Although the study of durability of buildings built with gypsum blocks is not the
main objective of this work, it is presented a brief description of a building/

Table 15 Comparative financial and percentage of plaster masonry and brick masonry [78]

Type Armor in the structures Concrete in the foundation Load on the
foundations

(Ton) R$ % (m3) R$ % (Ton) %

6 17 110,500 41.9 50,280 1386

6 g 15 97,500 −11.8 30.9 37,080 −35.6 1158 −16.4

14 55 357,500 166.02 199,224 3927

14 g 49 318,500 −12.2 125.79 150,948 −32.0 3315 −15.6

22 114 741,000 322.96 387,552 6282

22 g 101 656,500 −11.4 244.62 293,544 −32.0 5309 −15.5
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prototype built in the last years and subject to natural weather conditions. Should be
mentioned that this type of study does not involve changes of hygrothermal
behaviour that could compromise the development of this work.

Figure 27 shows a prototype built with blocks of gypsum plaster for a study
developed at ITEP-Technological Institute of the State of Pernambuco with eight
years of construction. According to the reports presented by technical researches,
the pathologies observed in the prototype, 8 years after its construction and subject
to natural weather conditions, are only some detachments of plaster glued on
windows demarcation and painting detachments on the lower surface, at a height of
50 cm from the ground, resulted of rain water spatter.

4.5 Brief Literature Review of Gypsum Application

In use for more than 5000 years, gypsum is still reserved a place among indis-
pensable building materials on account of its outstanding properties. Gypsum
material is a typical eco-type and energy-saving material. Natural gypsum has long
been used as raw materials, which consumed a great deal of natural resources.
Gypsum is one of the most ubiquitous compounds found both in nature as well as
on buildings.

Gypsum, sodium sulphate, Na2SO4, can dehydrate to a lower hydrate, the
hemihydrate, and to an anhydrous phase, anhydrite. Calcium sulphate, CaSO4, can
appear as three distinct minerals: gypsum (dihydrate), bassanite (hemihydrate) and
anhydrite (anhydrous). These can be summarized as follows: there are two stable
phases, gypsum and anhydrite, and two metastable ones, hemihydrate and the
so-called soluble anhydrite.

Fig. 27 Prototype of a gypsum house with 8 years, in ITEP. Source ITEP (2015)
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Among the positive qualities of gypsum valued in the construction business are
its good thermal and sound insulation, light-weight, ease of application, resistance
to fire, hydrometric dimensional stability, smooth surface, good compressive
strength, and neutral pH. Further, it is a readily available natural resource. The main
defect of gypsum is its lack of resistance to moisture, making it unsuitable for use
on exposed exteriors. For this reason, much research on gypsum has been aimed at
enhancing its resistance to atmospheric conditions.

Moisture is a major cause of deterioration in buildings and its materials, in
particular, the water content and relative humidity variation in walls, where the lack
of care in the assessment of hygrothermal behaviour of buildings can lead to
occurrence of pathologies.

Buildings hygrothermal performance has been a subject of great demand, by
construction professionals, as regards the new construction and rehabilitation. The
proper choice of materials, building elements and building technology is increas-
ingly supported by numerical simulation that replicates the buildings’ behaviour. In
that case, the materials hygrothermal properties represent the fundamental basis for
achieving these hygrothermal simulations.

To achieve the ideal conditions of hygrothermal comfort inside a building, it is
necessary to have greater control of the factors that influence those conditions, both
interior temperature and relative humidity, which are affected by climatic conditions
and the use of the buildings, as well as the characteristics relating to the geometry,
location and façade composition.

Sayil and Çolak [82] analysed the mechanical strength and moisture resistance of
hemi-hydrate gypsum (CaSO4�½H2O) combined separately with acrylic, epoxy and
silicone resins. The results obtained showed that the best performance among the
different resins was displayed by the specimens containing silicone resin. The
moisture durability of gypsum compounded with silicone resin was less than 100%,
who demonstrated that gypsum modified in this manner can be utilized as an
outdoor material.

Okino et al. [83, 84] studied the incorporation of cement to particleboard and
they obtained better physical and mechanical properties of cement particleboards
than those reported by Frick [85] for woodgypsum composite boards. The results
obtained by Okino et al. [83, 84] presented lower water absorption, better dimen-
sional stability and higher mechanical strength.

Deng et al. [86] studied the influence of an organosilicon agent on the physical
and mechanical properties of the boards. Some years later the authors (Deng and
Furuno [87, 88]) added polypropylene fibers, jute fibers and coconut fibers to
gypsum particleboard. However, the results obtained by these authors were not
conclusive, regarding the water resistance of gypsum particleboard.

Feng-Ging et al. [89] analysed the water resistant gypsum block from flue gas
desulfurization gypsum. For this purpose they used a water resistant agent prepared
from granulated blast-furnace slag, high calcium fly ash and some additives, which
was mixed with calcined desulfurization gypsum to form modified gypsum powder
which is used to produce water resistant block. The results obtained showed that a
significantly improve of the gypsum products to the water resistance.
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Bülichen and Plank [90] analysed the water retention effectiveness of a com-
mercial methyl hydroxypropyl cellulose sample in a gypsum plaster. The results
showed that the water retention capacity decreased significantly in the calcium
sulphate system. Thus, higher dosages of methyl hydroxypropyl cellulose were
required in the gypsum plaster to attain water retention values comparable to those
in cement.

The use of gypsum plaster in building blocks, in Brazil, is still a restricted item,
due to lack of knowledge on technology. Another factor that restricts the use of the
gypsum blocks is the location of the deposits of gypsum, a material that gives rise to
the plaster, which are located in the West of the State of Pernambuco, located far
from the large consuming centers, potentially located in the southeast of the
country. However, the interest in your study is determined by the annual con-
sumption growth that reaches about 8% per year in Brazil (Peres et al. [91]; Baltar
et al. [92] and Araújo [93]).

Currently, gypsum based blocks are destined to residential and commercial
buildings interior walls, reinforced concrete structures or similar constructions (see
Fig. 28). In the Northeast of Brazil, the construction industry has also applied
gypsum based blocks in façades, despite the lack of legal framework and regulation
(Pinheiro [94]).

Nolhier [95] showed that the idea of making prefabricated elements of seal with
plaster-based materials, constituting a wall, came up as the first use of plaster.
Archaeological excavations have revealed the use of this type of prefabricated in
Syria, in the 6th millennium BC, and in Paris in the 3rd century AC.

According to Mancino [77], the Egyptians, about 5000 years ago, made plaster
outdoor burning, turning it into a powder. Subsequently, they mixed this powder
with water to make a mineral paste whose goal was to link building blocks. These
blocks were used to build the enormous Egyptian monuments, many of which
survive to this day, as the magnificent Sphinx and the tomb of Tutankhamun.

The manufacture of plaster was rudimentary and empirical, however, Lavoisier
in 1768, presented at the French Academy of Sciences the first scientific study on
the phenomena that constituted the basis for plaster preparation.

According to the author, in Iran, the most common application is in plaster mortar,
however plaster blocks are also popular and used to construct internal partitions in
residential buildings. In Europe, the use of plaster in construction has become quite
popular in the 18th century. At that time, in Paris, the use of plaster in construction
was quite widespread. In France, 75% of the hotels and the public buildings use wood
panels and gypsum mortar, and 95% of the new buildings and building rehabilitations
were made with gypsum plaster. In Spain, according to Atedy [96], the use of plaster
came through the Arabs, being evident in Muslim and Moorish arts, especially in
Aragon, Toledo and Seville. Therefore, it can be affirmed that the plaster is one of the
oldest building materials on the planet. United Arab Emirates also manufactures
plaster blocks for use in construction and there are already companies that produce
them. A manufacturing unit of plaster blocks, created in 1978 in Abu Dhabi, currently
produces 100,000 m2/day (see Mancino [77]).
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Fig. 28 a Standard gypsum
plaster blocks; b hydro
gypsum plaster blocks;
c gypsum plaster blocks
reinforced with fiberglass;
d gypsum plaster blocks
reinforced with fiberglass and
waterproofing

46 J. M. P. Q. Delgado and P. Paula



Countries such as Spain, France and United States use in large scale construction
technologies with the cast, particularly in the execution of internal seals, linings and
coatings. Is assigned to France the origin and development of the technology of
vertical seals with gypsum blocks [97].

Today, French plaster industries represent about 95% of the country’s produc-
tion of all products in the construction. In 2005, consumption of gypsum board in
France was more than 260 million of m2, approximately, 4 m2 per inhabitant.

According to the Brazilian Company Gypsum [98], there are market studies to
carry out residential projects built in plaster for African countries, including
Mozambique and Angola. A demonstration of four dwellings in these countries led
to a sale of 600 homes. In Managua, capital of Nicaragua, another country of warm
weather and in development, a pilot project was implemented with the construction
of 20,000 houses with 40 and 60 m2 made entirely in gypsum plaster.

4.6 International Standardization on Plaster

According to AENOR, the Ministry of development, within the framework of its
powers, has created patterns of Construction technology (NTE), which includes,
among others, the regulations on the quality of the design, construction, control,
evaluation and maintenance of the work units involved in gypsum products, such as
those relating to interior seals and liners (see Table 17).

In resume, this section allowed an exploratory study about the constructions with
gypsum blocks in Brazil and in the world. It was possible to present a relative
breakthrough of this kind of construction, mainly in the north-eastern region of
Brazil, especially in the states of Pernambuco, Ceará and Sergipe. Despite being a
constructive material of great importance from the point of view of sustainability, as
well as the energy issue, Brazil still behaves as an embryonic consumer in relation
to the consumption records of other countries like Canada and Spain.

Table 17 International standards for plaster and gypsum blocks

Standard Year Origin Standard guideline

UNE EN 12859 [99] 2008 Spain Gypsum blocks—definitions, requirements
and test methods

UNE EN 12860 [100] 2001 Spain Gypsum based adhesives for gypsum
blocks—definitions, requirements and test
methods

UNE EN 15318 [101] 2007 Spain Design and application of gypsum blocks

UNE EN 13279-1 [102] 2008 Spain Gypsum binders and gypsum plasters

P72-202 [103] 1994 France Verticaux de plâtrerie Ouvrages ne
nécessitant pas l ‘ application d’un enduit
au plâtre-Exécution des cloisons en
carreaux de plâtre
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The durability issue, addressed residually in this section constitutes a funda-
mental aspect for the study and applicability of gypsum blocks in large scale, not
being explored in this work, not interfere with the proposed objectives, getting as a
topic to be explored in future studies.

5 Conclusions

The Brazilian north-eastern region presents a high percentage of housing deficits.
Building construction applying gypsum plaster, a raw material abundant in Brazil,
appears as an interesting alternative with enough potential to mitigate the habita-
tional deficit.

In this work it was presented an analysis the housing deficit in Brazil, who
indicates a clear need for new housing construction in Brazil. It was discussed the
policy of house promotion by the Brazilian Government in the last years, presents
an exhibition of energy policy in Brazil and finishing with an approach of the
Brazilian bioclimatic zones with very different prevalent climates.

Also, it was presented a brief analyses of the thermal comfort, comfort-related
concepts and their evaluation parameters, presents the models proposed by the
standards comfort ASHRAE 55, EN 15251 and ISO 7730, deals with the LNEC
model and its similarities with ASHRAE 55 model and culminates with the pre-
sentation and justification of the model adopted to delineate the comfort in this
research works. Finally, a study on night ventilation and their contributions to the
comfort as well as a synthesis of the studies related to the topic was discussed.

The hygrothermal analysis, reflected on the thermal comfort and night time
ventilation in Brazilian gypsum plaster houses, was based on the adaptive model
described in ASHRAE 55 and ISO 7730 standards for the evaluation of thermal
comfort

Finally, it was presented an approach related to the plaster; make an exploratory
study about advancing this constructive modality, particularly in the north-eastern
region of Brazil and their projections to the country. Some questions addressed to
the durability of gypsum houses has not been analysed in this work and the authors
suggest their study in future researches.
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Influence of Reinforced Mortar Coatings
on the Compressive Strength
of Masonry Prisms

A. C. Azevedo, João M. P. Q. Delgado and A. S. Guimarães

Abstract This work describes an experimental study is carried out on running
bond 195 red clay prisms, of two and three ceramic blocks, with and without
cement mortar coating, subjected to axial compression in order to enhance the
capacity of masonry. The prisms were subjected to compressive loading and all of
them had deformation control on each face with a deflectometer, in order to obtain
information about the behaviour of the prisms. The experimental results indicate an
increase both in the compressive load capacity of the coated prisms and in those that
use coatings based on reinforced mortar, not complying with the specifications of
conventional structural mortar. The load ratios of prisms/wallettes and prisms with
two blocks/prisms with three blocks were satisfactory.

Keywords Prisms � Masonry � Reinforced mortar � Wallettes

1 Introduction

It is important in masonry design to determine the appropriate ultimate compressive
strength of the masonry material. Masonry is a material built from units and mortar
that induce an anisotropic behaviour for the composite. The lack of knowledge on
the properties of the composite material imposes low assessments of the strength
capacity of the masonry wall [1]. Atkinson et al. [2] state that the prediction of
compressive strength and deformation of full scale masonry based on compressive
tests of stack-bond masonry prism and the interpretation of the results of prism tests
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have a significant influence on the allowable stress and stiffness used in masonry
design.

There have been numerous studies done on the behaviour of masonry prisms
under axial compression. The effects of variables such as the height-to-thickness
ratio of the prism, mortar type and grout strength, unit geometry, and various
capping compounds have been the point of focus of many researchers. However,
most of the research reports have been presented and published in various con-
ferences around the world; however, some are unpublished [3]. Moreover, some of
the data that is the basis of the formula, the graphs, and the design tables presented
in various parts of the Masonry Standards Joint Committee specification were the
result of research done by the former Brick Institute of America, now the Brick
Industry Association.

Structural masonry using hollow clay blocks has begun in Brazil in the mid 80’s
in residential constructions up to 6 storey high buildings. In the last two decades
clay structural masonry system has increased in some states of Brazil, mainly by the
availability of blocks of high compressive strength produced in modular sizes.
However, tests carried out in the last twenty years in Brazil [4] have shown that the
average compressive strength of unreinforced clay walls is only 34% of the average
compressive strength of the blocks, and the average compressive strength of two
block prisms is 50% of the unit strength [5].

Some structural clay block producers may provide blocks of two or three
resistances, with different prices, depending on composition of clay mix, burning
temperature, and even different cross sections varying coring patterns.

Despite the great interest, only few studies have been carried out and published
in Brazil on the influence of reinforced mortar coating on the compressive strength
of clay brick masonry prisms.

2 Materials and Methods

2.1 Geometrical Characteristics

The geometrical characteristics of the clay blocks, i.e., their shape and manufac-
turing dimensions, must meet the tolerances provided:

• Face measures—Effective dimensions;
• Thickness of the septa and external walls of the blocks;
• Deviation from the square (D);
• Face plane (F);
• Gross area (Ab).

The apparatus required to carry out the measurements consisted of: pachymeter
with a minimum sensitivity of 0.05 mm, a metal ruler with a minimum sensitivity
of 0.5 mm, a metal bracket of 90 + 0.5° and a balance with a resolution of 10 g, all
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of them were properly calibrated. The measurements of the block faces, the values
of width (W), height (H) and length (L) were determined as shown in Fig. 1.

The septa measurement had the following procedure and the measurements were
made in the central region of the clay blocks, using at least four measurements,
searching for the narrowest septa, as we Shown in Fig. 2a. The flatness of the faces
was determined by the arrow formed in the diagonal of one of the facing faces of
the block, according to Fig. 2b.

Finally, the value of the gross area of each clay block was determined as shown
in Table 1, together with all the data of the geometric characterization.

Fig. 1 Septa measurement

Fig. 2 a Measurement of the deviations and b planar measuring. Source NBR 15270-3 [6]
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2.2 Physical Characteristics

The physical characteristics of the ceramic blocks analysed were:

• Dry mass (mdry);
• Water absorption index (AA);
• Initial absorption index (AAI).

The equipment used for such determinations were: balance with a resolution of
up to 5 g, oven with adjustable temperature and a tank for submersion of the
samples. The number of samples established by the standard to determine these
characteristics is equal to six specimens.

To determine the dry mass (mdry) the samples of the ceramic blocks were first
cleaned for dust removal and other loose particles adhered to the block and iden-
tified, after which they were submitted to a temperature range of (105 + 5) °C up to
the stabilization of the individual mass, when after two consecutive weighing, with
intervals of 1 h, did not differ by more than 0.25% of the weight, as shown in
Fig. 3a.

After the determination of the dry mass, the blocks were completely submerged
in a tank with water at room temperature for a period of 24 h and then removed and
placed in a balance to determine the wet mass (mwet) after removal of excess water
with a cloth (see Fig. 3b).

The water absorption index (AA) of each specimen was calculated using the
following expression:

AAð%Þ ¼ mwet � mdry
� �þmdry
� �� 100 ð1Þ

The determination of the initial absorption index (IRA) required, in addition to
the equipment described above, a chronometer with a sensitivity of 1 s, a bubble
level ruler, a water reservoir that allows the maintenance of a (3 + 0.2) mm as
shown schematically in Fig. 4.

The samples were first subjected to heating in an oven for 24 h and after their
removal 2 h were allowed for cooling in the open air until the ambient temperature.
The geometric characteristics of the blocks were determined to obtain the contact
area with the water slide. The blocks were then positioned on the supports so that
the contact face of the block remained in contact with the water slide at a height of
3 mm for a time of 1 min, then the block was removed and removed the excess
water with the aid of a damp cloth to proceed with the weighing of the block.

The IRA is the water absorption index (suction) of the tested face of the blocks,
expressed in (g/193.55 cm2)/min and is calculated according to the expression:

IRA ¼ 19:55� DPþ areað Þ ð2Þ
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where DP is the wet mass change after 1 min (dried at room temperature). The
properties of the clay bricks used in prism construction are presented in Table 2. All
the samples used in testing had a net area that exceeded 75% of their gross area.

2.3 Mechanical Characteristics

The mechanical characteristics of the ceramic clay brick blocks were evaluated by
individual compressive strength. For the accomplishment of this test a total of 13
specimens were properly prepared. The regularization of the two faces destined to

Fig. 3 a Wet weight and b submerged specimen

Fig. 4 Sketch of IRA determination. Source NBR 15270-3 [6]
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the settlement perpendicular to the block length, was done with cement and a
maximum thickness of 3 mm in order to uniformity the block surfaces.

After hardening the capping layers, the specimens were completely submerged
in a tank with water for a period not lesser than 6 h, as established in the Brazilian
standard NBR 15270-3 [6]. The machine used to carry out the tests was the
Universal Testing Machine a facility of the Laboratory of Construction Materials of
Catholic University of Pernambuco, Brazil. The specimens were tested in saturated
conditions and placed in the press so that their center of gravity coincides with the
load axis of the press plates, as illustrates in Fig. 5. The results obtained are pre-
sented in Table 1.

Table 2 Properties of the clay brick blocks used

Samples IRAa Dry mass (g) Compressive strength (MPa)b

1 6.9 2406 2.17

2 12.6 2320 2.10

3 9.2 2289 2.16

4 8.6 2338 2.12

5 17.4 2307 2.02

6 3.9 2403 2.04

Average 9.77 2331.4 2.05

Standard deviation ±4.70 ±43.86 ±0.40

COVc 19%
a IRA: Initial Rate of Absorption, expressed in grams per minute per 30 in2 (193.55 cm2)
b Compressive Strength: Calculated using the gross area of the unit, MPa
c COV: Coefficient of Variation in %

Fig. 5 a Load application axis and b specimens before the experimental tests
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2.4 Fine Aggregate Analyse

The characterization of the fine aggregates (sand), used in the preparation of
mortars for coating the prisms, took into account the following tests and their
respective Brazilian standards:

• Granulometry of the finr aggregate—NBR NM 248 [7]
• Specific Gravity Flask of Chapman—NBR 9776 [8]
• Clay content in clods—NBR 7218 [9]
• Determination of fine materials—NBR NM 46 [10]
• Determination of the unit mass—NBR NM 45 [11]
• Swelling of the fine aggregate—NBR 6467 [12].

The sand used was acquired in the Metropolitan Region of Recife and all the
tests were carried out in the Laboratory of Construction Materials of Catholic
University of Pernambuco, Brazil.

2.4.1 Determination of the Granulometric Composition

The determination of the granulometric composition aims to classify the aggregate as
a function of the size of the grains. The test method is described in NBR NM 248 [7]
and to determine if it is necessary to collect two samples of the aggregate to be
analysed which must then be washed and preheated to a temperature of (105 + 5) °C.
Its classification occurs through a set of sieves with openings standardized by ABNT
(see Fig. 6). The assembly is organized in a decreasing manner so that the sieves of
larger apertures overlap the sieves of smaller apertures; the material is then sieved so
that each fraction is retained in the sieves, and then separated and weighed. Figure 6
illustrates the procedure.

2.4.2 Determination of the Specific Mass

In order to determine the specific mass of the fine aggregate, the procedure
described in the Brazilian standard NBR NM 52 [13], using the Chapman vial (see
Fig. 7), a standardized vial that indicate the displacement of the water column
volume after the materials insertion, was used. The material specific mass is the
ratio of its mass and the volume occupied by it, excluding voids between the grains.

The sand was oven dried at a temperature of about 105 °C and a sample of 500 g
was withdrawn. This sample was then inserted into the Chapman bottle, which was
already filled with water until a volume of 200 cm3; as the material was being
placed, the water column moved so that at the end, the variation of this displace-
ment represented the volume of sand inserted. The equation used is shown below:
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c ¼ m� L� 200ð Þ ð3Þ

where m is the dry mass of the material and L is the final volume of the water
column, the result is expressed in g/cm3.

2.4.3 Determination of the Fine Materials Content

Fine materials present in the aggregate, i.e., those passing through the 75 lm
aperture sieve, also called powder material, should be analysed by the method
described in NBR NM 46 [10]. Its quantity, when higher than the one foreseen in
norm NBR 7211 [14] that is of 5%, can harm the mixture, either of concrete or
mortar, because the very fine grains make difficult the adhesion of the paste of
cement to the aggregate.

The sample was oven-dried at 110 °C until mass constancy and then a 100 g
sample was withdrawn. This quantity was placed on the sieves with opening
1.2 mm and 75 lm and subjected to the washing successive times so that the fine
material adhered to the aggregate was eliminated with the water. The process was
completed when the water passed through was completely clean. The material was
again placed in an oven to evaporate the water and obtain the final mass. The result
was calculated according to the following expression:

Fig. 6 Sieves used
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Powder material content ¼ Mi �Mf
� ��Mi
� �� 100 ð4Þ

where Mi is the initial mass and Mf is the final mass.

2.4.4 Clay Content in Clods

Clad clays and friable materials are materials that are susceptible to wear when
subjected to minor stresses that may alter the quality of an aggregate for contam-
ination with poorly resistant grains and which impair both the strength and the
appearance of concrete and mortars. Its content is calculated according to the
recommendations of norm NBR 7218 [9], separating a portion of the kid’s
aggregate that passes in the sieve with opening 4.8 mm and is retained in the sieve
with opening 1.2 mm, identifying the clods and friable grains and proceeding with
discharging of these grains and subjecting them to a new sifting process. The
calculation is based on the following equation:

Fig. 7 Chapman bottle
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depleted material ¼ mi � mf
� �

=mi ð5Þ

where mi is the initial mass and mf is the final mass after sieving.

2.4.5 Unit Mass Test

The unit mass in the loose state of the fine aggregate is determined by NBR NM 45
[11]. In this method a cylindrical vessel with known volume of 20 l, 16 mm
diameter metal rod, a concrete shovel, metal ruler, a balance with resolution of 50 g
and an amount of dry sand sufficient to occupy the volume of the vessel.

In this test, method C of the standard was used. The dry sand is added without
compaction until the entire volume of the vessel is occupied, the metal ruler is used
to remove the excess sand on the vessel and the sand set plus vessel is weighed, the
result is calculated according to the expression:

qap ¼ mar � mrð Þ � V ð6Þ

where qap is the unit mass of the aggregate (kg/m3), mar is the mass of sample plus
container (kg), mr is the empty container mass (kg) and V is the container volume
(m3).

2.4.6 Swelling of the Fine Aggregate

The swelling is a phenomenon that concerns the small aggregate and can be
described as the variation of the apparent volume that affects the unit mass of the
material when it is submitted to the variation of the moisture content. In other
words, the same amount of sand may occupy larger or smaller volumes without
compaction when its moisture content varies from dry to wet sand. When per-
forming a volume trace, it is very important to correct the volume of the sand in the
padola as well as its moisture content, due to the great capacity of water retention
by the small aggregates.

The test, according to the standard NBR 6467 [12], is to perform several
measurements of the unit mass in various sand moisture conditions, namely: 0, 0.5,
1, 2, 3, 4, 5, 7, 9 and 12% and the coefficient of swelling is then calculated by the
expression:

CI ¼ Vh � V0ð Þ ¼ cs � chð Þ � 100þ hð Þ � 100ð Þ½ � ð7Þ

where Vh is the volume of the aggregate with h% humidity (dm3), V0 is the volume
of dry aggregate in greenhouse (dm3), Vh/V0 is the swelling coefficient, cs is the
unit mass of the dry aggregate (kg/dm3), ch is the aggregate mass with h% of
moisture content (kg/dm3) and h is the aggregate moisture content (%).
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Finally, Table 3 shows the granulometric results according to the Brazilian
standard NBR NM 248 [7] and Table 4 presents a presents a summary of the
characterization results obtained with the fine aggregates used in the research.

2.5 Weak, Medium and Strong Mortar

Experimental tests with red clay prisms were performed in the Laboratory of
Construction Materials of Catholic University of Pernambuco, Brazil. The red clay
brick blocks used had dimensions of 91 � 191 � 190 mm3 (with a tolerance
of ± 3 mm) and an average density of 2620 kg/m3. Overall, a total of 195 prisms
were built and tested (see Table 5). All the applicable ASTM standards or Brazilian
standards (NBR) were followed in building, curing, capping, and testing of the
prisms and the components.

3 Results and Discussion

3.1 Mortar

The mortars used in this work were subject to a detailed analysis process in which
their properties were investigated in the fresh state as in the hardened state. Table 6
shows the grout mixtures (mix ratio) studied as well as their applications.

The fresh mortars were characterized by consistency and density test. The mortar
consistency was evaluated through the procedures described in the Brazilian
standard NBR 7215 [15], allowing to verify the plasticity degree with a Flow Table.
The samples were subjected to successive fall from a pre-established height, so that
the more plastic the mortar, the greater its final diameter.

A mortar may be considered dry when the consistency index (flow table) is less
than 250 mm. Mortars with a consistency index between 260 and 300 mm (ex.
plaster mortar) are considered plastic. Finally, mortars with a consistency index of
more than 360 mm are considered to be fluid. The results are presented in Table 3.

The mortars in the hardened state were characterized by the following tests:

Table 4 Summary of the characterization results obtained with the fine aggregates

Specific mass
(g/cm3)

Clay
clods
(%)

Fine
material
(%)

Unitary dry
mass (kg/m3)

Swelling

Swelling
(%)

Critical
humidity (%)

2.62 0.0 4.4 1450 1.23 3.20

NBR 9776 NBR
7218

NBR NM
46

NBRNM45 NBR 6467
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• Axial compressive strength (rupture test), NBR 5738 [16];
• Diametrical compressive tensile strength, NBR 7222 [17].

In order to measure the axial compressive strength, six cylindrical specimens
were prepared for each mortar type, with diameter of 5 cm and a height of 10 cm.
The specimens were cured for a period of 28 days, before carrying out the resis-
tance tests, as showed in Fig. 8 and described in Table 6.

In order to perform diametrical compressive tensile strength tests, the procedures
described in the Brazilian standard NBR 7222 [17] were used, which establishes the
preparation of six specimens, in the same way in which they were prepared for the

Table 5 Description of the tested samples

Ref. Samples tested Dimension
(cm � cm)

Area
(cm2)

Prims with 2 clay blocks

2P-1 Uncoated prims 9 � 19 171

2P-3 Prisms with a coating of 3 cm of mix ratio 1:1:6 (cement:
lime:sand)

15 � 19 285

2P-5 Prisms with a coating of 3 cm and mix ratio 1:2:9
(cement:lime:sand)

15 � 19 285

2P-7 Prisms with a coating of 3 cm and mix ratio 1:1:6
(cement:lime:sand) reinforced with a POP mesh of
10 � 10 cm and 4.2 mm of diameter

15 � 19 285

Prims with 3 clay blocks

3P-1 Uncoated prisms 9 � 19 171

3P-2 Prisms with a mix ratio of 1:3 (cement:sand) 10 � 19 190

3P-3 Prisms with a coating of 3 cm of mix ratio 1:1:6 (cement:
lime:sand)

15 � 19 285

3P-4 Prisms with a coating of 1.5 cm and mix ratio 1:2:9
(cement:lime:sand)

12 � 19 228

3P-5 Prisms with a coating of 3 cm and mix ratio 1:2:9
(cement:lime:sand)

15 � 19 285

3P-6 Prisms with a coating of 3 cm of mix ratio 1:0.5:4.5
(cement:lime:sand)

15 � 19 285

3P-7 Prisms with a coating of 3 cm and mix ratio 1:1:6
(cement:lime:sand) reinforced with a POP mesh of
10 � 10 cm and 4.2 mm of diameter

21 � 19 399

3P-8 Prisms with a coating of 1.5 cm and mix ratio 1:2:9
(cement:lime:sand) reinforced with a POP mesh of
10 � 10 cm and 4.2 mm of diameter

18 � 19 342

3P-9 Prisms with a coating of 3 cm and mix ratio 1:2:9
(cement:lime:sand) reinforced with a POP mesh of
10 � 10 cm and 4.2 mm of diameter

21 � 19 399
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axial compression resistance tests. The specimens were positioned in order that the
contact between the plates of the test machine and the specimens gives only two
generators diametrically opposite to the specimen. The results obtained are pre-
sented in Table 6.

Table 6 Consistency index, axial compression strength and tensile strength by diametrical
compression of the mortars tested

Mortar
application

Grout mixtures
(mix ratio)

Consistency
index (mm)

Axial compressive
strength (kN)

Tensile
strength (MPa)

Settlement 1:1:6 (cement:
lime:sand)

266 6.5 ± 1.1 0.9 ± 0.2

Roughcast 1:3 (cement:sand) 305 30.4 ± 0.6 2.8 ± 0.9

Coating 1:2:9 (cement:
lime:sand)

302 2.8 ± 0.4 0.8 ± 0.3

Coating 1:1:6 (cement:
lime:sand)

306 6.5 ± 1.1 0.9 ± 0.2

Coating 1:0.5:4.5 (cement:
lime:sand)

296 5.4 ± 0.5 0.9 ± 0.8

Fig. 8 Sketch of the rupture test
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3.2 Prisms and Wallettes

In order to perform the mechanical deflectometer readings, 400 L-shaped metallic
plates, with 6 cm high and 2 cm wide, were fabricated (see Fig. 9), which were
used as support base for the deflectometers. The metallic plates were fixed to the
prisms, previously, in the middle third of their length, through bonding, at a dis-
tance sufficient to allow the free flow of the deflectometers, as seen in Fig. 9a.

The hydraulic jacks had 200 mm piston stroke and 50 ton load capacity. This
allowed only one jack to be sufficient to apply the load required for rupture of the
prisms. The load drive machine, controlled by software which allows a perfect
control of both displacement increment and load increase, has a servo-hydraulic
working system and it is connected to the linear displacement sensors (LVDT). The
displacement control of the hydraulic jacks makes it possible not only to follow the
post-cracking and post-rupture, but also the shape of the rehab curve of the samples
in front of the maintenance or increase of displacement.

Fig. 9 a Deflectometer; b monitors drive machine and c LVDT (linear variable differential
transformer)
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In this research we promote two distinct, but simultaneous, ways of measuring
the displacements. The first one used two displacement sensors, or LVDT’s (Linear
Variable Differential Transformer), a particular type of variable reluctance sensor
(see Fig. 9c). The second way of displacement measurement, came from the need to
compare the measurements obtained with LVDT’s, which take into account the
entire length of the prism along with the wood deformation, with measurements of
section parts of the prism length. Several procedures were tested and it was decided
to measure the middle third. In this way, two pre-bonded metal plates were placed
on each side of the prism to serve as support for the mechanical extensometers.

Table 7 shows that the average compressive resistance of the uncoated prisms
with two (2P-1) or three blocks (3P-1) was not very different. In fact, for the
two-block prism, the mean load was 9.72 kN whereas for the three-block prisms
this load was 9.49 kN, representing a difference of 2.4%. However, it is important
to note that the coefficients of variation observed were 35 and 22%, for uncoated
prisms with two and three blocks respectively, indicate that the observed values
should be examined with caution. In addition, it should be noted that these prisms
were tested on a hydraulic press machine with a load capacity of 500 kN and the
average compressive resistance values obtained were below the accuracy of the
press machine, which is on the order of 10% of its capacity. In spite of these aspects
it is possible to conclude that no significant difference was observed between prisms
of two and three blocks.

Coated prisms made with weak and medium mortar, with 2 and 3 blocks,
according to Table 7, had a significant increase of load capacity, reaching up to
*420% for 2 block prisms and *450% for 3 block prisms.

Table 7 Prisms and wallettes test results

Sample Prisms compressive resistance (kN) Wallettes compressive resistance
(kN)

Average St. Dev. COV (%) Average St. Dev. COV (%)

2P-1 9.72 3.38 35 56.3 8.7 15.4

2P-3 45.47 12.21 27 168.3 33.3 19.8

2P-5 50.43 13.61 27 156.5 16.1 10.3

2P-7 120.73 16.89 14 417.1 63.0 15.1

3P-1 9.49 2.08 22 56.3 8.7 15.4

3P-2 18.05 5.92 33 84.9 16.3 19.2

3P-3 52.71 9.07 17 168.3 33.3 19.8

3P-4 39.58 9.22 24 130.4 24.4 18.7

3P-5 45.03 10.38 23 156.5 16.1 10.3

3P-6 59.02 8.81 15 262.2 42.7 16.3

3P-7 109.17 11.23 10 417.1 63.0 15.1

3P-8 94.47 12.17 13 321.0 47.7 14.9

3P-9 100.25 10.54 11 367.0 49.3 13.4
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For the 2 block prisms with coating, it was observed that the prisms with
medium mortar presented lower compressive load capacity than the prisms made
with weak mortar, although the difference did not exceed 10%. The coefficient of
variation observed for these two situations was of the same order of magnitude,
approximately 27%, being this value considered statistically high, possibly
explaining the unexpected result.

The observed inconsistency in the mean burst load of the 2 block prisms was not
observed in the 3 block prisms. This can be justified by the fact that the coefficient
of variation for the 3 block prisms was lower than for 2 block prisms.

The grout mixtures and the thickness of the mortar in the 3 block prisms had a
significant influence on the compressive resistance of these elements. It is possible
to observe in prisms with a single coating mortar (1:1:6), that increasing the
thickness from 1.5 to 3 cm the load capacity increased approximately 14%. While
for prisms with the same thickness of 3 cm and different mix ratio it was observed
and increase of 31% between mix ratios of 1:1:6 and 1:0.5:4.5.

Reinforced prisms with 3 cm of thickness reinforced mortar and connectors
showed a significant increase in the load capacity when compared to the prisms
without framework and connectors. For the prisms with 2 blocks and a medium
mortar with 3 cm of thickness the observed increase was 165%. For the 3 block

Table 8 Prism load ratios

Typology 3-blocks
prisms/
wallettes

Relation
of areas

2-blocks
prisms/
wallettes

Relation
of areas

3-blocks/
2-blocks
prisms

Uncoated prisms 0.17 0.53 0.17 0.53 0.98

Prisms with mix ratio 1:3 0.21 0.65 X X X

Prisms with a coating of
1.5 cm and mix ratio 1:2:9

0.30 0.93 X X X

Prisms with a coating of 3 cm
and mix ratio 1:2:9

0.29 0.90 0.32 0.99 0.89

Prisms with a coating of 3 cm
of mix ratio 1:1:6

0.31 0.96 0.27 0.84 1.16

Prisms with a coating of 3 cm
of mix ratio 1:0.5:4.5

0.23 0.71 X X X

Prisms with a coating of
1.5 cm and mix ratio 1:2:9
reinforced.

0.29 0.90 X X X

Prisms with a coating of 3 cm
and mix ratio 1:2:9 reinforced

0.27 0.84 X X X

Prisms with a coating of 3 cm
and mix ratio 1:1:6 reinforced

0.26 0.81 0.29 0.90 0.90

Average 0.26 0.81 0.26 0.81 0.98

Standard deviation 0.05 0.16 0.06 0.19 0.12

COV (%) 19 19 24 24 13
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prisms with weak mortar, 1.5 or 3 cm thickness, this increase was 139 and 123%,
respectively. For the 3 block prisms with medium mortar, 3 cm thickness, the
increase was 107%.

Tables 7 and 8 also present a comparison between the average compressive
resistance of prisms with 2 and 3 blocks and ceramic wallettes. It is worth noting
that the load application area of the prism is 19 � 9 cm2 and for the wallettes is
59 � 9 cm2, which implies a wall/prism area ratio of 3.105. All the elements tested
were made under the same conditions and using the same types of materials and
labour.

Fig. 10 Rupture of the a 2 block prisms and b 3 block prisms without coating
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The coefficients of variation of the rupture load of the reinforced prisms and
reinforced wallettes were very similar and relatively low, showing a greater uni-
formity of the final load. This fact can be explained by the presence of the steel
meshes interlocked by connectors inside the mortars.

According to the Brazilian standard NBR 10837 [18], the calculation for the
admissible load of a masonry wall, PWall, is given by:

PWall ¼ 0:20PPrism 1� h
40:t

� �3
" #

ð8Þ

where PPrism is the prism rupture load, h is the prism height and t is the prism
thickness.

Fig. 11 Rupture of the a 2 block prisms and b 3 block prisms with a coating of 3.0 cm and a mix
ratio of 1:2:9
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In order to obtain a relation between the PWall and PPrism, not taking into account
the safety coefficient and considering the length relation of the wallettes/prism equal
to 59/19 = 3.105, the following relation was obtained: PWall=PPrism ¼ 0:344.

On the other hand, a mean load ratio of the two and three block prisms was
obtained experimentally when compared to the results of the wallettes being of the
same order of magnitude: 0.26. This behaviour shows that there was no significant
difference in the relation between the prisms with 2 or 3 blocks and the wallettes.

Fig. 12 Rupture of the a 2 block prisms and b 3 block prisms with a coating of 3.0 cm and a mix
ratio of 1:1:6
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The coefficients of variation associate to the rupture load of the reinforced prisms
and reinforced wallettes were very similar and relatively low, showing a greater
uniformity of the final load. This fact can be explained by the presence of the steel
meshes interlocked by connectors inside the mortars.

Figure 10 show the usual type of rupture observed with uncoated prisms, which
was abrupt. It is also possible to observe that the prims with 2 or 3 blocks presents
the same type of rupture.

Figures 11 and 12 show that the ruptures of the coated prisms start at the septa
and it was transferred to the coating layer. This type of rupture it was not abrupt but
by shear. The coated prisms present the same type of rupture for 2 or 3 blocks
(Fig. 13).

Figure 14 shows the rupture type observed in 2 block prisms and 3 block prisms
with a coating of 3.0 cm and a mix ratio of 1: 1: 6. It was possible to observe that
the rupture in the reinforced prisms was transferred from the septa to the first layer
and then to the second layer. This rupture type was less explosive, continuing to be
abrupt (Figs. 15, 16 and 17).

Finally, Figs. 18 and 19 show the mean displacements observed during the
application of load in the prisms of two and three blocks, respectively. Table 5
presents the individual results of the displacements of each type of prism tested in
this research.

From the analyse of these figures it is possible to observe that for the prisms of 2
and 3 blocks, without coating, the hardness was lesser than in the other prisms

Fig. 13 Rupture of the 3 block prisms with a mix ratio of 1:3
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studied. In general, it was not observed significant difference behaviour in the
prisms made with strong and weak mortar, both for prisms with 2 and 3 blocks.
However, the reinforced prisms present higher performance in comparison with the
other prisms studied; aspects that suggest the importance of the reinforcement
performed.

Fig. 14 Rupture of the a 2 block prisms and b 3 block prisms with a coating of 3.0 cm and a mix
ratio of 1:1:6 reinforced with a POP mesh of 10 � 10 cm and 4.2 mm of diameter
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Fig. 15 Rupture of the 3 block prisms with a coating of 3.0 cm and a mix ratio of 1:0.5:4.5

Fig. 16 Rupture of the 3 block prisms with a coating of 1.5 cm and a mix ratio of 1:2:9 reinforced
with a POP mesh of 10 � 10 cm and 4.2 mm of diameter
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Fig. 17 Rupture of the 3 block prisms with a coating of 3 cm and a mix ratio of 1:1:6 reinforced
with a POP mesh of 10 � 10 cm and 4.2 mm of diameter
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Fig. 18 Load versus displacement for prisms of 2 blocks
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4 Conclusions

The main conclusions of this study are as follows:

For prisms with two blocks

– The experimental results showed that the coatings contributed to increase the
vertical compressive resistance of the masonry elements studied;

– Several types of rupture were observed in the prisms, and it is not possible to
define a typical rupture form. On the other hand, the lateral detachment ruptures
of the coating layers were frequent;

– The increase observed in the load related to the reinforcement of the coated
prisms was approximately 165%;

– The relation between the maximum loads of rupture of the wallettes and prisms
was 0.81.

For prism with 3 blocks

– The coating layer applied on the wallettes of the prisms contributed to increase
the vertical load capacity of the studied resistant masonry elements;

– The prisms have an increase of rupture load of more than 210% in relation to the
application of a double layer of reinforced mortar with steel mesh;

– The average ratio of the maximum burst loads of the wallettes and prisms was
0.81;

– The ratio of the maximum average loads of 2 block prisms and 3 block prisms
was near 1, shown to be equivalent.
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Experimental Analyse of the Influence
of Different Mortar Rendering Layers
in Masonry Buildings

R. A. Oliveira, F. A. Nogueira Silva, C. W. A. Pires Sobrinho,
A. C. Azevedo, João M. P. Q. Delgado and A. S. Q. Guimarães

Abstract This work discusses masonry buildings constructed in the state of
Pernambuco, Brazil. Topics such as the main features of this construction technique
and the peculiarities that affect its structural behaviour are discussed. Technical
information about accidents occurred in recent years are also discussed, along with
the historical records of the events, followed by indications of the causes for the
collapse. Additionally, this work presents an extensive characterisation of materials
and components used in non-structural masonry constructions in the region, making
it one of the most comprehensive research studies on this topic in Brazil. This study
conducts an in-depth, numerical and experimental analysis of the behaviour of the
compressive strength of blocks, prisms and mini-walls that are part of a non-load
bearing system, which is often used in the region to carry loads above its own
weight. The results obtained allowed to identify the contribution of several mortar
rendering layers to the load capacity of the tested specimens. The factors that
influenced the load capacity of the tested specimens are also discussed. Finally, a
summary of the main results of all the tests performed is presented in order to
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provide a detailed explanation for the failures modes observed, which were always
sudden and brittle, as was the case in most accidents that occurred with this type of
building in the region.

Keywords Masonry buildings � Accidents with masonry buildings
Experimental tests

1 Introduction

There have been numerous studies performed on the behaviour of masonry prisms
under axial compression [5, 8, 9]. The effects of variables such as the
height-to-thickness ratio of the prism, mortar type and grout strength, unit geom-
etry, and various capping compounds have been the point of focus of many
researchers [6, 25].

The occurrence of several accidents in the Metropolitan Region of Recife—
MRR—with masonry buildings constructed with non-structural blocks to carry
loading beyond its own weight has drawn the attention of the regional and national
technical community for the need to establish criteria of research, study and
rehabilitation, within acceptable levels of reliability. Masonry buildings constructed
with such technique is often referred as resistant masonry buildings (see Fig. 1).

The resistant masonry is one constructive technique characterizes for the use of
sealing units (ceramic or concrete) with structural purpose, supporting loads beyond
its proper weight. The foundations generally are constructed in masonries with 9 or
19 cm of thickness, in continuity to the walls of the construction, usually seated on
low shoes races of armed concrete with transversal section in form of inverted T or
on daily pay-moulded components of foundation, seated on layer of concrete
regularization.

Diverse pathological manifestations have been observed, already having
occurred, in some cases, collapses with fatal victims. It is important to register that
the problem in quarrel does not consist in a local exclusiveness, and is of the
knowledge of the authors the existence of accident with similar characteristics in
Maceió and building pathology manifestations of the same nature in situated
building in Belo Horizonte (see Fig. 2).

Approximate numbers indicate that there are around 6000 residential buildings
in the region made with this type of masonry buildings where close to 250,000
people live. Several pathological manifestations and collapses with human deaths
have also been reported. The occurred accidents already in recent years lead to a
probability of imperfection with superior values 1:500, when the socially acceptable
one is of, in the maximum, 1:10000. Twelve spontaneous landslides already had
been registered, twelve buildings had been demolished and about 110 building if
they find interdicted for not offering conditions of security for habitation [22, 24].

In this type of construction, generally leaked ceramic blocks seated with the
perforations in the horizontal line or blocks of concrete are used, with low
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compressive strength (2.5 MPa). The frequency of these accidents and the brusque
nature of the rupture, with gradual collapse, have generated fidget to the community
technique and, mainly, to the inhabitants of these constructions, that today live in
frightening for the uncertainty of the conditions of structural security of its
residences.

Fig. 1 Examples of
pathological manifestations
observed, namely, a detail of
masonry crushing between
foundation beam and ground
floor slab
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Rupture Localization Rupture cause

Recife

Horizontal openings executed 
along the entire length of a central 
partition stop for the installation 

of conduits (1994) 

Jaboatão dos 
Guararapes

Loss of foundation block strength 
due to moisture expansion (1997)

Olinda

Loss of resistance due to the deg-
radation produced by the continu-
ous action of sulphate ions on the 

concrete blocks (1999)

Olinda
Rupture of the Foundation's ce-

ramic blocks (1999)
Seven fatalities occurred. 

Jaboatão dos 
Guararapes

Collapse of basements caused by 
the dismantling of running shoes 
due to the passage of sewage and 

rainwater (2011)

Jaboatão dos 
Guararapes

There was a localized rupture of 
the basements in the region of the 
façade corresponding to the en-

trance of the building (2007)

Fig. 2 Examples of accidents occurred in the Metropolitan Region of Recife, Brazil
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The established framework, which constitutes a serious social problem that
afflicts many developing countries, demands the carrying out of consistent scientific
research that allows a deep understanding of the problem and allows the creation of
technical retrofitting interventions to avoid new accidents.

This constructive practice had an important impetus from the beginning of the
60’s and its success was due to the lower cost compared to the construction with
conventional reinforced concrete structure and the velocity of execution in the
region at the time [23].

On the other hand, the search for cost minimization, the lack of quality control of
the components and the construction procedures, together with the lack of specific
design codes has been causing a series of pathologies and accidents over the last
years.

With regard to retrofitting strategies, there is scarce information in the literature
on the subject. The only reference of which authors have knowledge is the research
developed at the School of Engineering of São Carlos (EESC-USP), which
investigated the contribution of the coating in the strength of masonry prisms built
with non-structural blocks [7, 21].

In local practice, what has been observed is the use of retrofitting solutions based
on empirical knowledge that need more in-depth reflection on its effectiveness and
applicability [4].

In this context, the work presents results of research developed within the
framework of the FINEP/HABITARE Project entitled Development of Models for
Retrofitting Masonry Buildings Constructed with Non-Structural Bricks. The
Project was conducted by the Catholic University of Pernambuco—UNICAP—as
executing agency, by the Technological Institute of Pernambuco—ITEP—as pro-
ponent, by the Secretariat of Science, Technology and Environment—SECTMA—
as an intervener and the University of Pernambuco—UPE—and Federal University
of Santa Catarina—UFSC—as co-executors.

2 Experimental Program

In order to evaluate the behaviour of resistant masonry elements used for structural
purposes, blocks, prisms, wallets, walls and foundation elements experimentally
tested. The prisms were made and tested in the Materials Laboratory of the Catholic
University while the walls, walls and foundation elements were made and tested in
the ITEP. The details of the elements and tests performed are presented below.

2.1 Units: Concrete and Ceramic Blocks

Ceramic and concrete blocks used in the research were of the same type as those
usually employed in real resistant masonry buildings in the region. The dimensional
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characteristics of these blocks were obtained through tests of 60 ceramic blocks and
30 concrete blocks. Table 1 summarizes the results obtained for both type of blocks
studied.

2.2 Fine Aggregate and Mortars

The sand used in the preparation of the mortars for laying and coating the tested
models is usually found in the MRR and all the lot used in the development of the
research was acquired from the same supplier. Table 2 summarizes the results of
sand characterization.

The mortars used both in the laying of the blocks and in the coating, were
defined from cement, lime and sand mixtures in proportions of 1:2:9, 1:1:6 and
1:0.5:4.5 by volume.

Table 3 presents the values of the compressive strength of the mortars, obtained
through tests of 15 specimens in accordance with the Brazilian standards NBR 7215
[15], NBR 7222 [17]. The amount of cement used in the mortars was 220 and
150 kg/m3 for the mixture proportions of 1:1:6 and 1:2:9, respectively.

Table 1 Mean
characteristics of the blocks
testes

(a) Ceramic blocks—NBR 15270-1 [11]

Length (mm) 190

Width (mm) 90

Height (mm) 190

Thickness of horizontal and vertical septa (mm) 7.0

Compression strength (MPa) 2.15

(b) Concrete blocks—NBR 6136 [12]

Length (mm) 390

Width (mm) 90

Height (mm) 190

Thickness of horizontal and vertical septa (mm) 21.5

Thickness of the internal transverse septa (mm) 22.5

Thickness of external transverse septa (mm) 25.0

Compression strength (MPa) 2.30

Table 2 Characteristics of
the natural sand used

Maximum characteristic size (mm)—NBR 7211 [14] 4.80

Fineness module—NBR NM 248 [19] 3.20

Unit mass (g/cm3)—NBR NM 45 [20] 1.42

Specific mass (g/cm3)—NBR 9776 [18] 2.60

Swelling—NBR 6467 [13] 1.25

Critical humidity (%)—NBR 6467 [13] 3.00

Powdery material content (%)—NBR 7219 [16] 1.26
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In the case of concrete blocks, the laying grout cords were applied both to the
longitudinal and to the transverse septa of the blocks, a situation that is usually
referred as total settlement.

2.3 Steel Mesh and Connector

Two types of steel mesh were used as reinforcement of mortar coating in the prisms
tested: one using galvanized steel and other with ribbed welded steel. The galva-
nized steel mesh is formed of wires with a diameter of 2.7 mm and a spacing of
5 cm in the horizontal direction and 10 cm in the vertical, making a steel area of
1.06 and 0.53 cm2/m, respectively. The ribbed welded steel mesh had wires with a
diameter of 4.2 mm and a spacing of 10 cm in the horizontal and vertical directions,
making a steel section of 1.38 cm2/m in both directions. Steel connectors were
5.0 mm in diameter.

2.4 Prisms

Approximately 500 prisms made with three blocks in vertically direction were
tested—300 made with ceramic blocks and 200 with concrete blocks. The prisms
were all capped at the top and bottom with cement paste in a thickness of 5 mm to
obtain a uniform surface. Prisms were made in order to reproduce the conditions
found in the daily practice of resistant masonry constructions in the region. The
typology of prisms tested together with the corresponding acronym to identify each
pattern in lab tests is presented below.

– Prisms of uncoated concrete and ceramic blocks (PSR);
– Prisms of concrete and ceramic blocks coated with 3.0 cm of mortar coating

(PR30MM);
– Prisms of concrete and ceramic blocks coated with 3.0 cm of reinforced mortar

(PCRTP—with ribbed welded steel—and PCRTG—with galvanized steel);
– Prisms of concrete and ceramic blocks coated with 3.0 cm of reinforced mortar

with steel connectors (PCRTP-C and PCRTG-C);
– Prisms of concrete and ceramic blocks coated with 3.0 cm of mortar and an

additional reinforced mortar layer with steel connectors (PRAATG–C e
PRAATP–C).

Table 3 Characterization of
mortars used

Item Mean value

1:2:9 1:1:6 1:0.5:4.5

Compressive strength—MPa 4.00 5.80 6.23
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All prisms were initially coated with a 5 mm layer of a scratch coating in a
mixture proportion of 1:3 (cement and sand) and after 24 h they received an
additional coating layer of 2.5 cm in a mixture proportion of 1:1:6 (cement, lime
and sand) by volume. The prisms were submitted to a curing process under ambient
conditions for a period of at least 28 days.

The execution of the coating of the prisms with a layer of 3.0 cm was carried out
in four stages, as described below:

– Apply the scratch coating;
– Apply one layer of mortar (1.0 cm thick);
– Apply and install of steel meshes with connectors and
– Apply a second layer of 1.5 cm thick of mortar coating 1.5 cm leaving steel

meshes fully immersed in the mortar.

The prisms that received a reinforced mortar layer over the existing unreinforced
coating were initially made following the same procedure used in the prisms with
mortar coating of 3.0 cm in thickness without steel meshes, which were coated in a
single step by means of jigs wooden.

Once this step is completed and after a curing period of 28 days, transverse holes
were made in the prisms through which steel connectors were inserted to install the
steel meshes on the surface of the coating. Completed this operation, the second
layer of coating mortar was applied over the steel meshes, leaving it fully involved
and creating a final 6.0 cm thickness mortar layer. All prisms were capped with
cement paste at the top and bottom. The transport of the specimens to the test
machine required special care in order to avoid damages.

2.5 Wallets Specimens

The wallet is an element that better represent a real masonry wall because it con-
tains all its parts, i.e.: bed and head joints and individual units lay in and bound
together by mortar.

In order to analyse the influence of the mortar mixture proportions, the coating
thickness and the reinforcement with steel meshes interlinked by connectors, 154
ceramic wallets were made. The specimens had dimensions of 0.09 � 0.60
1.20 m3. Ceramic blocks of eight holes with dimensions of 9 � 19 � 19 cm3,
with bed and head mortar joints made from a mixture proportion of 1:1:6 (cement,
lime and sand) in volume. Figure 3 shows the types of tested wallets and Table 4
presents the characteristics of the wallets tested, all made with bed and head joints
made with mortar of mixture proportion of 1:1:6 in volume. Fifteen specimens from
each type were constructed.

The wallets were made using a three-course stage by day with bed and head
mortar joints of 1.0 cm in thickness. They were built over steel 8 in.—H channel
section, some of them filled of concrete to facilitate to apply mortar coating to the
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faces of the wall after the installation of the steel meshes of the same type of those
used in the prisms. Figure 4 shows the steps of confection of the wallets tested and
Fig. 5 exhibits the process of installation of steel meshes and connectors before the
application of mortar coating layer, also showed in the figure [1].

Fig. 3 Typical schemes of the tested walls

Table 4 Wallets characteristics

References Scratch coating
mixture proportion

Mortar coating
mixture proportion

Mortar thickness
on each side (cm)

Obs.

[1] – – – w/o coating

[2] 1:3 – – only w/scratch
coating

[3] 1:3 1:2:9 1.5 w/o steel mesh

[4] 1:3 1:2:9 3.0 w/o steel mesh

[5] 1:3 1:1:6 3.0 w/o steel mesh

[6] 1:3 1:0.5:4.5 3.0 w/o steel mesh

[7] 1:3 1:1:6 3.0 w/o steel mesh
w/additive

[8] 1:3 1:2:9 3.0 w/steel mesh

[9] 1:3 1:2:9 1.5 w/steel mesh

[12] 1:3 1:1:6 3.0 w/steel mesh
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Special devices to transport the specimens and perform the works to smooth the
top and bottom surface of the walls were created as it can be seen in Fig. 6.

The tests were carried out on a steel reaction frame with digitally controlled
hydraulic loading system and digital data acquisition system. Vertical load was
applied using hydraulic jacks with 200 mm maximum stroke and 1500 kN of
compression capacity. The applying loading velocity used in the tests was
0.05 MPa/s.

3 Results and Discussion

The results from the performed tests are presented and discussed in the following
sections.

Fig. 4 Wallets construction steps—elevation, scratch coating and mortar coating application

Fig. 5 Steps of drilling, installation of connectors, steel mesh, mortar coating and spacers
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3.1 Ceramic Brick Prisms

Figures 7, 8, 9 and 10 illustrate the rupture modes observed in the tested ceramic
block prisms. As it can be observed, the ruptures are fragile and explosive, char-
acterized by an immediate loss of the system’s strength capacity soon after reaching
the maximum load. For the coated prisms, it was observed that the cracking process
starts in the horizontal septa of the blocks and from this moment, the two coating
layers primarily carry the load. It should be noted, however, that several ways of
rupture were observed, and it is a hard task to choose one that represents the
universe of prisms tested. Several factors can influence the rupture process, such as:
the quality of the workmanship used to construct the specimens, the thickness and
uniformity of the bed mortar joints, among others. Nevertheless, the following
ruptures modes can be highlighted as more frequent [10]:

– Coating cover rupture caused by excessive lateral displacement of bed mortar
joints (Fig. 8, third photo);

– Rupture by detachment of the coating layers;
– Buckling rupture of mortar coating layers without connectors (Fig. 9, third

photo).

Table 5 summarizes the rupture load of ceramic block prisms.

Fig. 6 Details of the handling the specimen and execution of top bottom surface

Fig. 7 Prisms of uncoated ceramic blocks: evolution of rupture
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As shown, the increase in load carrying capacity of the prism coating is sig-
nificant. When the uncoated prism is compared to the uncoated prism, it is observed
an increase of approximately 33% in its load capacity. When one compares the
values obtained for the prism coated with that from the prism without any coating,
there is an increase in the average of rupture load of approximately 130% that
consubstantiates a significant increase in the load capacity generated by the mortar
coating. The increment obtained with the installation of steel mesh inside the mortar
coating was of 31 and 24%, for ribbed welded steel mesh and galvanized mesh,
respectively.

Fig. 8 Ceramic block prisms with coating: evolution of rupture

Fig. 9 Ceramic block prisms with coating and steel mesh

Fig. 10 Ceramic block prisms with reinforced mortar coating layer with connectors
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The rupture observed in the prisms tested was always abrupt, for both coated and
uncoated prisms. The rupture occurred due to the failure of the horizontal septa of
the blocks by transverse tensile deformation followed by the collapse of the septa
corresponding to the joints of mortar, causing the loss of equilibrium of the spec-
imen. The coated prisms, reinforced with steel mesh and connectors also showed
abrupt rupture, however with compressive loads well above the others. This is due
to the presence of the connectors and their action of preventing the horizontal
displacements of the septa.

The models with the highest average load of rupture, with lower coefficient of
variation, were those reinforced with ribbed welded steel and connectors.

Analyses with varying thicknesses and mixture proportions of the mortar were
additionally performed and the results obtained confirmed the above-mentioned
observations. Further details can be found in Oliveira et al. [23].

3.2 Concrete Brick Prisms

Table 6 summarizes the rupture load of concrete block prisms. As shown, the
increase in load capacity due to the prism coating was significant. In fact, in the case

Table 5 Rupture loads of ceramic block prisms—blocks with fbk = 2.15 MPa

Specimen Average
rupture
load (kN)

Dispersion
measures

Characteristic
rupture load
(kN)Standard

deviation
(kN)

COV
(%)

Uncoated prisms (PSR) 32.46 6.52 20.11 21.70

Prisms with scratch coating only
(5 mm)

43.35 7.35 21.25 31.22

Prisms with 30 mm mortar coating
(PR30MM)

74.93 13.90 18.55 52.00

Prisms coated with 3.0 cm of
reinforced mortar with ribbed welded
steel (PRCTP)

98.07 19.46 19.84 65.96

Prisms coated with 3.0 cm of
reinforced mortar with galvanized
steel (PRCTG)

92.86 21.59 23.25 57.23

Prisms coated with 3.0 cm of mortar
and an additional reinforced mortar
layer with ribbed welded steel and
connectors (PRAATP–C)

205.44 16.06 7.82 178.93

Prisms coated with 3.0 cm of mortar
and an additional reinforced mortar
layer with galvanized steel and
connectors (PRAATG–C)

150.18 25.33 16.86 108.39
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coating without steel mesh, the increase in the average failure load, when compared
to the uncoated prism, was approximately 72% whereas in the case of the coating
with steel mesh inside the increase reached 159 and 117%, for ribbed welded and
galvanized steel meshes, respectively. It was also possible to observe that the
existence of the steel mesh inside the coating concurred to an increase in the load
capacity of the coated prism. In the case of ribbed welded steel mesh, the average
increase was approximately 51% and in the case of galvanized steel mesh, this
increase was 27%. This behaviour indicates an important participation of the steel
mesh that can be exploited for possible retrofitting works of real masonry building.
Figures 11, 12, 13, 14 and 15 shown the rupture modes observed for the uncoated
and coated concrete block prisms [2, 3].

In the case of uncoated concrete block prisms, the cracks observed were located
on the faces of the blocks and on the settlement surface. The former presented a
markedly random characteristic, while the latter presented a pattern with more
regularity.

Table 6 Rupture loads of concrete block prisms—blocks with fbk = 2.30 MPa

Specimen Average
rupture
load (kN)

Dispersion
measures

Characteristic
rupture load
(kN)Standard

deviation
(kN)

COV
(%)

Uncoated prisms (PSR) 86.22 11.47 13.30 67.30

Prisms with 30 mm mortar coating
(PCR)

148.23 19.89 13.42 115.41

Prisms coated with 3.0 cm of
reinforced mortar with ribbed welded
steel (PRCTP)

223.43 17.07 7.64 195.26

Prisms coated with 3.0 cm of
reinforced mortar with galvanized
steel (PRCTG)

187.30 14.11 7.53 164.02

Prisms coated with 3.0 cm of
reinforced mortar with ribbed welded
steel and connectors (PCRTP-C)

251.70 36.43 14.47 191.59

Prisms coated with 3.0 cm of
reinforced mortar with galvanized
steel and connectors (PCRTG-C)

233.36 32.61 13.97 179.56

Prisms coated with 3.0 cm of mortar
and additional reinforced mortar layer
with ribbed welded steel and
connectors (PRAATP–C)

371.36 38.37 10.33 308.06

Prisms coated with 3.0 cm of mortar
and an additional reinforced mortar
layer with galvanized steel and
connectors (PRAATG–C)

392.42 34.80 8.87 335.03
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The rupture observed was less abrupt than that registered in the uncoated prisms
made with ceramic blocks and in some of the prisms, displacements of the walls of
the blocks were observed, as it can be seen in Fig. 9.

For the coated prisms, without addition of steel meshes inside the mortar
coating, the most frequent rupture mode is indicated in Fig. 10. This type of rupture
was characterized by a cracking process located on the front and back faces of the
blocks, suggesting a rupture generated by transversal tensile strains.

For the prisms with steel meshes inside the mortar coating, the most frequent
failure mode is shown in Fig. 13. It was similar to that observed for coated prisms

Fig. 11 Rupture of uncoated concrete block prisms

Fig. 12 Rupture of concrete block prisms with coating without steel mesh

Fig. 13 Rupture of concrete block prisms with coating and steel mesh
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without steel meshes. It deserves attention, however, the improvement in the per-
formance of the prisms generated by the steel meshes inside the mortar coating and
the fact that is was observed a slightly change in the failure mode that became less
abrupt than that observed in prisms with unreinforced coating.

Another aspect that should be emphasized was the greater regularity in the value
of the rupture load of the coated prisms with steel mesh that was not present in the
prisms with coating but without steel mesh inside. This more regular behaviour can
be attributed exclusively to the existence of steel meshes inside the mortar coatings.
It is possible to infer that the coating with reinforced mortars should have con-
tributed to the load capacity of the prisms since the beginning of the loading
process, but their more effective participation occurred when the blocks were no
longer able to withstand the applied load.

When the steel meshes were installed inside the mortar coating, it was observed
an increase in the load capacity of the coated prism of approximately 27% in the
case of a galvanized steel mesh and 51% in the case of ribbed welded steel mesh.
This better performance of ribbed welded steel mesh can be attributed to its better
adhesion conditions.

Fig. 14 Rupture of concrete block prisms with coating, steel mesh and connectors

Fig. 15 Rupture of concrete block prisms coated with 3.0 cm of mortar and an additional
reinforced mortar layer
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The coating layer contributed significantly to the increase of the failure load of
the prisms. The increment obtained with the installation of steel meshes inside the
mortar coating also provided a significant improvement in the loading capacity of
the studied prisms around 65%. Table 7 presents a comparison of the results of
concrete block and ceramic block prisms.

Analysing data in Table 7, it is possible to observe the influence of the mortar
coating on the ceramic block prisms was greater than on the concrete block one.
The steel mesh provides more than 50% increase in failure load of concrete block
prisms and a lower influence on the ceramic block prisms—30.88%. This increase
in load capacity of ceramic block prisms can be attributed to the high strength of the
ceramic when compared to the strength of the block itself. In the course of the tests,
it was possible to observe that the ceramic blocks prisms collapsed before the prism
reached the failure load and, consequently, the mortar coating was much more
demanded. The lower contribution of the steel mesh to the increase in the load
capacity of the ceramic block prisms can be explained by the fact that the steel mesh
failed in buckling when the critical load was reached, taking, this way, the mortar
coating layer together. The action of the connectors proved to be fundamental to
combat the transverse tensile strains that motivate the rupture and the provision of
some ductility to the specimen. For the concrete blocks prisms, the buckling of the
steel meshes was partially counteracted by the connectors that interconnect the two
steel meshes immersed in the mortar coating layers.

3.3 Wallet Specimens

Tables 8, 9 and 10 show the results of compressive tests in wallets specimens. The
rupture mode of most of the wallet specimens occurred in the septum of the blocks
in the upper region, close to the point of application of the load, and later they were
accompanied by cracks in the interface of mortar coating and the scratch coating
layers. Figure 16 shows details of the characteristic rupture mode of coated wallet
specimens.

This behaviour is due to the tri-axial stress state to which the bed mortar joint is
subjected as a consequence of its confinement between the blocks. This stress state

Table 7 Comparison between failure loads of concrete and ceramic block prisms

Comparison indicator (%) Type of block

Concrete Ceramic

Load increase after application of mortar coating 71.91 130.84

Load increase after the application of steel mesh without connectors 50.74 30.88

Load increase after the application of the connectors to the steel mesh 69.81 –

Load increase after the application of an additional reinforced mortar
layer with connectors over existing mortar coating

164.76 174.18
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generates horizontal tensile stresses to horizontal septa of the blocks, due to the
mobilized its adhesion between with bed mortar joints. Thus, when tensile stress
exceeds the tensile strength of these septa, they crack, distributing such stress to the
others septa and to the mortar coating that tends to crack or detach, if there is no
satisfactory adhesion, before the rupture of the specimen.

In the case of wallet specimens without reinforced mortar coating layer, cracks in
the septa of the blocks occurred before cracks were observed in the mortar coating
mortar, aspect that indicates an effective participation of the coating in the com-
pressive behaviour of the specimen. For wallet specimens with reinforced mortar
coating with connector, the initial crack occurred at the interface between mortar
coating mortar and reinforcement mortar. This happened possibly due to the greater
deformability of reinforced mortar layer and its positioning (without confinement)
in relation to the core of the coated and confined specimens associated with the
lower adhesion at the interface between the old and the new coating.

Taking into account the results of wallet specimens tested it is possible to
formulate the following considerations.

Table 8 Loads corresponding to first crack in the blocks of wallet specimens

Small walls Average
load of first
crack (kN)

Dispersion
measures

First crack
characteristic
load (kN)Standard

deviation
(kN)

COV
(%)

Uncoated specimen 41.40 11.60 27.90 22.30

Scratch coating specimen 67.90 19.60 28.80 35.60

Coating with mortar mixture
proportion of 1:2:9 and thickness of
1.5 cm specimen

85.30 22.70 26.60 47.80

Coating with mortar mixture
proportion of 1:2:9 and thickness of
3.0 cm specimen

96.10 34.50 35.90 39.20

Coating with mortar mixture
proportion of 1:1:6 and thickness of
3.0 cm specimen

105.50 43.40 41.10 33.90

Coating with mortar mixture
proportion of 1:0.5:4.5 and
thickness of 3.0 cm specimen

170.30 54.20 31.80 80.90

Coating with mortar mixture
proportion of 1:2:9 and thickness of
1.5 cm + reinforced mortar coating
of 3.0 thickness layer with mixture
proportion of 1:1:6 specimen

242.00 84.60 35.00 102.40

Coating with mortar mixture
proportion of 1:2:9 and thickness of
3.0 cm + reinforced mortar coating
of 3.0 thickness layer with mixture
proportion of 1:1:6 specimen

254.80 57.50 22.60 159.90
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3.4 Scratch Coating Influence

It was observed that the simple application of a scratch coating thin layer (5.0 mm
of thickness) was capable to generate an average increase of 50.7% in the failure
load of the wallet specimens, without, however, changing the sudden form of
collapse. Figure 17 shows this behaviour.

By analysing the behaviour of the wallet specimens (Figs. 17 and 18), it was
possible to observe an increase of the inclination of the load x displacement curve.
The average stiffness of the wallet specimens without scratch coating layer was of
17.28 kN/m, while to the same specimens with scratch coating layer it was of 21.60
kN/m, representing an increase of 25%. In these figures, the stretches of the
load-displacement curves located after the values of the maximum loads represent
the unloading curve of the press and have no physical meaning.

Table 9 Loads corresponding to first crack in mortar coating of wallet specimens

Small walls Average
load of first
crack (kN)

Dispersion
measures

First crack
characteristic
load (kN)Standard

deviation
(kN)

COV
(%)

Uncoated specimen – – – –

Scratch coating specimen – – – –

Coating with mortar mixture
proportion of 1:2:9 and thickness of
1.5 cm specimen

– – – –

Coating with mortar mixture
proportion of 1:2:9 and thickness of
3.0 cm specimen

123.70 34.00 27.50 67.60

Coating with mortar mixture
proportion of 1:1:6 and thickness of
3.0 cm specimen

133.10 48.70 36.30 52.70

Coating with mortar mixture
proportion of 1:0.5:4.5 and
thickness of 3.0 cm specimen

240.80 42.60 17.70 170.50

Coating with mortar mixture
proportion of 1:2:9 and thickness of
1.5 cm + reinforced mortar coating
of 3.0 thickness layer with mixture
proportion of 1:1:6 specimen

252.10 44.90 17.80 178.00

Coating with mortar mixture
proportion of 1:2:9 and thickness of
3.0 cm + reinforced mortar coating
of 3.0 thickness layer with mixture
proportion of 1:1:6 specimen

206.60 59.70 28.80 108.10
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The results show that the scratch coating layer generated a 50% increase in the
load capacity of the wallet specimens and a 25% increase in its stiffness without,
however, changing the abrupt failure mode.

3.5 Mortar Coating Mixture Proportion Influence

A comparison of the results of the wallet specimens according the mortar coating
mixture proportion (1:2:9, 1:1:6 and 1:0.5:4.6) it was possible to observe a discrete
increase in the load capacity of the specimen of about 7.5%, between the 1:2:9 and

Table 10 Failure load of wallet specimens

Small walls Average
failure
load (kN)

Dispersion
measures

Characteristic
failure load
(kN)Standard

deviation
(kN)

COV
(%)

Uncoated specimen 56.30 8.70 15.40 41.90

Scratch coating specimen 84.90 16.30 19.20 58.00

Coating with mortar mixture
proportion of 1:2:9 and thickness of
1.5 cm specimen

130.40 24.40 18.70 90.10

Coating with mortar mixture
proportion of 1:2:9 and thickness of
3.0 cm specimen

156.50 16.10 10.30 129.90

Coating with mortar mixture
proportion of 1:1:6 and thickness of
3.0 cm specimen

168.30 33.30 19.80 113.40

Coating with mortar mixture
proportion of 1:0.5:4.5 and thickness
of 3.0 cm specimen

262.20 42.70 16.30 191.70

Coating with mortar mixture
proportion of 1:2:9 and thickness of
1.5 cm + reinforced mortar coating
of 3.0 thickness layer with mixture
proportion of 1:1:6 specimen

321.00 47.70 14.90 242.30

Coating with mortar mixture
proportion of 1:2:9 and thickness of
3.0 cm + reinforced mortar coating
of 3.0 thickness layer with mixture
proportion of 1:1:6 specimen

367.00 49.30 13.40 285.70

Coating with mortar mixture
proportion of 1:1:6 and thickness of
3.0 cm + reinforced mortar coating
of 3.0 thickness layer with mixture
proportion of 1:1:6 specimen

417.09 62.99 15.10 313.35
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1:1:6 mixture proportion and a considerable increase of 55.8%, between mortar
mixture proportions of 1:0.5:4.5 and 1:1:6.

By analysing the compressive behaviour of the wallet specimen tested (Figs. 19,
20 and 21) it is possible to observe that there is an increase in the stiffness of the
coated wallets with the increase of the cement content in the mortar mixture. The
wallet coated with a mortar layer mixture proportion of 1:2:9 showed an average
rigidity of 48 kN/m while those coated with 1:1:6 mortar mixture proportion
showed an average rigidity of 58 kN/m—an increase of 21%. Wallet specimens

Fig. 16 Rupture mode of coated wallet specimens

Fig. 17 Load versus displacement diagram of wallet specimens without scratch coating layer
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coated with mortar layer with mixture proportion of 1:0.5:4.5 presented average
rigidity of the order of 64 kN/m, which represents an increase of 10% in relation to
the previous one. In these figures, the stretches of the load-displacement curves
located after the values of the maximum loads represent the unloading curve of the
press and have no physical meaning.

Fig. 18 Load versus displacement diagram of wallet specimens with scratch coating layer

Fig. 19 Load versus displacement diagram of wallet specimens coated with a 3.0 cm in thickness
mortar layer with a mixture proportion of 1:2:9
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The increase in cement content of mortar coating layer mixture proportions
generated increases in the load capacity and stiffness of wallet specimens, without,
however, changing the abrupt failure mode.

Fig. 20 Load versus displacement diagram of wallet specimens coated with a 3.0 cm in thickness
mortar layer with a mixture proportion of 1:1:6

Fig. 21 Load versus displacement diagram of wallet specimens coated with a 3.0 cm in thickness
mortar layer with a mixture proportion of 1:0.5:4.5
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3.6 Mortar Coating Layer Thickness Influence

By promoting a comparative analysis of the average strength of wallets as a
function of the thickness of the mortar coating layer with mixture proportion of
1:2:9 with thicknesses of 1.5 and 3.0 cm, it can be observed that the failure load
increased with the increment of the thickness. It can also be noted that this increase
was of about 8.5%, between the thicknesses of 1.5–3.0 cm. The increases in failure
loads of wallets, comparing their values with those from the model with only a thin
scratch coating layer, were of 58 and 72%, respectively.

3.7 Influence of Reinforced Mortar Layer with Steel Meshes
Inside

Wallets specimens with a 3.0 cm thick mortar coating layer in a mixture propor-
tions of 1:2:9 and 1:1:6 were reinforced with steel meshes (10 � 10 cm2) with 4.2
diameter wires interconnected through steel connector with 6.0 mm in diameter
spaced of 20 cm and covered with a mortar layer with mixture proportion of 1:1:6.

The results show an expressive increase in the load capacity of the specimens,
when reinforced with steel meshes interlocked by connectors. Increases of 134.50
and 147.82% were observed in the specimens with a mixture proportion mortar
coating of 1:2:9 and 1:1:6, respectively.

Figures 22, 23, 24 and 25 show the typical force versus displacement curves of
the various typologies of wallets tested. In these figures, the stretches of the

Fig. 22 Load versus displacement diagram of wallet specimens coated with a 3.0 cm in thickness
mortar layer with a mixture proportion of 1:2:9 without reinforcement
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load-displacement curves located after the values of the maximum loads represent
the unloading curve of the press and have no physical meaning.

Observing the post-peak behaviour of the wallet specimen reinforced with steel
meshes, one can note the importance of the connectors interlocking the steel
meshes. While the 90° hooks of the steel connectors did not open, the specimens
maintained the load capacity similar to that from specimens without reinforcement.

Fig. 23 Load versus displacement diagram of wallet specimens coated with a 3.0 cm in thickness
mortar layer with a mixture proportion of 1:2:9 with reinforcement

Fig. 24 Load versus displacement diagram of wallet specimens coated with a 3.0 cm in thickness
mortar layer with a mixture proportion of 1:1:6 without reinforcement
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4 Conclusions

Throughout the research, more than 500 prisms consisting of concrete and ceramic
blocks, 154 ceramic blocks wallet specimens were tested. The tests performed allow
the following considerations:

– The mortar coating layer contributed to increase of the load capacity of the
tested models (prisms and wallet specimens);

– The incorporation of steel meshes inside mortar coating interlocked by steel
connectors generated an additional increase of the load capacity of the elements
tested. The connector has played a fundamental role in increasing the load
capacity of the coated prisms and wallet specimens reinforced with steel meshes,
without connectors; and

– Several forms of rupture of the tested prisms and wallet specimens were
observed, and, this way, it could not be chosen a failure mode that representative
those observed.

Without prejudice to the foregoing considerations, it is important that the fol-
lowing condition be observed:

– Resistant masonry (that where it is used non-structural blocks to carry load
beyond its own weight) cannot be thought, in any situation, as a building
process to support loads beyond its self-weight. Consistent with this assertion,
all buildings constructed using this constructive technique must be retrofitting.
Risk factors determined by whatever methodology should serve merely as
indicators of the order or sequence in which these building must be retrofitted.

Fig. 25 Load versus displacement diagram of wallet specimens coated with a 3.0 cm in thickness
mortar layer with a mixture proportion of 1:1:6 with reinforcement
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They, therefore, provide only a scale of priorities for the interventions to be
carried out, which should be used with caution by the recovery process
manager;

– The fact that the mortar coating layer contributes to increase the load capacity of
a masonry wall serves merely to explain the reasons why the respective wall did
not collapse yet. It does not authorize to certify the safety of the building that
suffers from congenital failure, that is, to have been executed with non-structural
blocks to carry loads;

– The use of the data and test results of the present research in specific solutions of
recovery of buildings made with non-structural blocks is of the responsibility of
the designer, and the researchers do not have any responsibility for this use.
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Ceramic Membranes: Theory
and Engineering Applications

H. L. F. Magalhães, Antonio Gilson Barbosa de Lima,
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and V. A. A. Brandão

Abstract Porous membranes are equipment used to separate different phases,
restricting, totally or partially, the transport of one or more species present in a fluid
solution. Separation processes can be classified in microfiltration, ultrafiltration,
nanofiltration and reverse osmosis Filtration using porous membranes has presented
promising results in many industrial sectors, especially in water treatment. This
chapter provides theoretical and experimental information about ceramic and
polymer membranes, with particular reference to separation process. Herein, several
topics related to this theme, such as, theory, experiments, macroscopic mathemat-
ical modeling, and technological applications are presented and well discussed.
CFD simulations of the water/oil separation process using a tubular ceramic
membrane have been performed. The study clarified the importance of the CFD
technique to elucidate the fluid flow phenomena in porous membrane as used in
liquid filtration processes.
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1 Foundations in Porous Membrane

Around the 1970s, in conjunction with the classical processes of separation, a new
class of process, using synthetic membranes with selective barrier, emerged. Such
membranes arise in an attempt to imitate existing natural membranes, with respect
to the characteristics of selectivity and permeability [1].

Membranes are semipermeable and selective barriers, whose function is to
separate phases, restricting, totally or partially, the transport of one or more species
present in a solution.

The membranes are mainly developed from two distinct classes of materials: the
organic, mostly polymers; and inorganic, such as metals and ceramics.

Separation processes using membranes are commonly driven by two forces:
concentration gradient between two phases of a semipermeable membrane and
pressure-driven in the membrane, which occur in microfiltration, ultrafiltration,
nanofiltration and reverse osmosis processes [2].

Filtration, especially those using membranes as a filter mechanism, has presented
good results due to the several characteristics that lead them to have the best cost/
benefit ratio, simplicity of operation, low energy cost, long lifetime and uniformity
of permeate quality throughout the process.

Park et al. [3] report that the efficiency of separation and economic viability in
membrane processes depends on the cost, operating energy, permeate flux and
lifetime of the membrane, which is directly related to the fouling, caused by the
polarization effect by concentration, formation of a gel layer on its surface,
adsorption and blocked pores.

In the literature, several studies have been reported on the development and
application of membranes, for example, the experimental works of Ma et al. [4],
Jiang et al. [5], Cheng et al. [6], Matos et al. [7] and Zhu et al. [8]. In addition, we
can cite the following theoretical works that use computational fluid dynamics as a
tool in the study of membrane separation processes, Darcovich et al. [9] and
Geraldes et al. [10] using flat plate membranes; Serra et al. [11] and Serra and
Wiesner [12] using circular membranes, and Bellhouse et al. [13], De Souza [14]
and Magalhães [15], using tubular membranes.

1.1 Membrane Classification

Membranes can be classified into several categories assuming various configura-
tions and modules depending on the characteristics of the substances to be used in
the process. For each membrane category, there is a pre-established average pore
diameter (Fig. 1). In microfiltration, the pore diameter range from 0.1 to 10 lm; for
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ultrafiltration, the pore diameter range from 0.001 to 0.1 lm; for nanofiltration
membranes, the pore diameter range from 0.0005 to 0.002 lm; the choice depends
on the morphology and size of the particles in the solution [16]. Following this
topic will be detailed.

1.1.1 Nanofiltration Membranes

Nanofiltration consists in a membrane separation process indicated for molecules
separation of a wide range of molecular weights, being used in several areas, from
the fine chemical industry (separation of organic molecules) to high valued mole-
cule recovery (drugs, enzymes and biocatalysts) [17]. Considered as a relatively
new process, nanofiltration has characteristics that can be highlighted, such as its
capacity of anion fractionation of low molecular weight with different sizes and
valences through the ionic exclusion, and the fractionation of different organic
components in aqueous solution [18].

1.1.2 Ultrafiltration Membranes

Ultrafiltration is a process indicated for solute particle size 10 times larger than the
particle size of the solvent molecule and is intended for the concentration or
fractionation of macromolecules [2]. In the water supply treatment, in which the
organic contaminants is the main concern, the ultrafiltration process is considered
adequate, presenting lower energy consumption, greater efficiency for the removal
of organic pollutants and natural organic matter as a function of the molecular
weight [19].

Particles

Macromolecules

Sugars

Water

10 μm

0.1 μm

0.002 μm

Microfiltration

Ultrafiltration

Nanofiltration

Fig. 1 Types of filtration according to the degree of particle retention
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1.1.3 Microfiltration Membranes

Microfiltration may be defined as a separation process that employs a permeable
microporous membrane for phase separation as a barrier. It is a process applied to
several industrial fields, which primarily uses ceramics in its fabrication because of
its chemical stability, high durability and resistance to high temperature and pres-
sure [20]. However, there are some advantages and disadvantages (Table 1) of the
microfiltration process which must be taken into account according to the particle/
process desired.

Application of microfiltration membranes in the most various processes and
industrial fields is noticed in the literature, where the choice of membrane type and
the material used in its preparation will depend on the characteristics of the sub-
stances to be treated [21–25].

1.1.4 Polymeric Membranes

Polymer membranes are characterized by their versatility in obtaining different
morphologies in conjunction with low production cost, featuring numerous appli-
cations based on the characteristics of the material used for its manufacture.
However, there are few commercial polymers that can be applied in the manu-
facture of membranes, thus, in several cases, modification or combination of
polymers to obtain the adequate material to produce a membrane is performed [26].

In this sense, Leite et al. [27] report a growing use of second generation
membranes produced from synthetic polymers (such as polyetherimide) presenting
high chemical, thermal and chlorinated compounds resistance. In contrast, these
membranes present low resistance to mechanical compaction.

Perles [28] highlights the use of polymer membranes in combustion cells, which
are mechanisms responsible for converting Gibbs free energy variation of a redox
reaction into electric energy, using the polymer membrane electrolytes as a tool.
However, for polymer membranes to be well employed, the relationship between
the molecular and morphological structure of the polymer must be well known for
the well reactional development of the membrane.

Table 1 Main characteristics of the separation process utilizing microfiltration membranes

Advantages Disadvantages

Low cost;
Low energy consumption;
Possible integration to other
treatment process;
Capable of metal selective
removal

Does not perform well for ionic substances and gases that
permeate the system;
Are subjected to chemical attacks;
Effluent must present low contaminants concentration at
the inlet of the membrane
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In general, polymeric membranes, even showing some disadvantages in relation
to the ceramic ones, hold numerous applications, such as, in dehydration process of
ethanol, in fuel cells, in water treatment and in the food industry.

1.1.5 Ceramic Membranes

Ceramic membranes (Fig. 2) can be defined as a type of filter or a ceramic barrier
separating two phases delimiting, totally or partially, the transport of one or several
chemical species in the solution, where the separation capacity of the membranes
will depend on porosity and selectivity [29].

Ceramic microfiltration membranes usually have pore sizes ranging from 0.2 to
0.8 lm and can be fabricated by any synthesizing particle method or sol-gel pro-
cess, widely spread in the literature, presenting, as advantages, flexibility in the
synthesis, uniformity in pore size and optimal reproducibility. The less diffused
particle synthesis methods begin by coating a thin layer of particles to subsequently
perform a high temperature treatment (1000–1600 °C) to partially synthesize the
particles and create a porous separation layer [30].

Ceramic membranes present advantages over the polymeric ones, regarding their
chemical inertia, biological stability and resistance to high temperatures and pres-
sures. Also demonstrating advantages over the traditional methods of separation
such as, distillation and centrifugation, showing low energy consumption, long
lifetime, low space occupation and easy cleaning [31].

Zhu et al. [32] stress some advantages of ceramic membranes, when studying
low cost composite membranes of microfiltration. The authors report that ceramic

Fig. 2 Tubular ceramic membrane
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membranes excel in the treatment of emulsions with particle diameters less than
20 lm, compared to other treatment techniques such as gravity sedimentation,
adsorption and flotation. They also have several benefits compared to polymer
membranes due to their mechanical performance and easy regeneration.

The pore shape, size and distribution are parameters that influence the perme-
ability, in which the fragility is the main disadvantage of the ceramic membrane,
which can be circumvented with a support material [33]. Further, Chen et al. [34]
studying tubular ceramic membranes for nanofiltration, report that although they are
particularly important for processes involving molecular separation under adverse
conditions, they are usually made by the sol-gel process, which often presents
problems of low efficiency and unsatisfactory control of the membrane properties.
In their work, Chen et al. [34], present a strategy for confection of ceramic mem-
brane, based on the atomic layer deposition and calcination, thus reducing this
problem.

In synthesis, the ceramic membranes have high applicability, being commonly
used in several separation processes, with good results.

1.2 Behind the Permeation Process

Separation processes using membranes as a filter involve various physical phe-
nomena as permeation is initiated. Understanding some basic processes is
fundamental.

1.2.1 Permeation and Diffusion

Hwang and Kammermeyer [35] report that permeation can be defined as the phe-
nomenon that occurs when a particular species or component passes through
another substance, occasionally occurring, but not necessarily by the diffusion
mechanism. Since the term diffusion is specifically used to denote molecular dif-
fusion, the term permeation emerges as a phenomenological definition involving
various transport mechanisms.

Through the definition of the phenomenological permeability, it is possible to
express schematically the profile of concentration through a membrane. Figure 3
graphically shows this behavior. In this figure, we can see the existence of the initial
concentration (concentration of the contaminated fluid) and final concentration
(concentration do fluid after treatment with membrane), respectively, C1 and C2, as
well as the initial and final concentrations on the membrane surface, C1 and C2,
with formation of a boundary layer near the membrane.

When the permeation mechanism is the diffusion, the permeate flux, F, can be
written:
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F ¼ DABS
C1 � C2

e
ð1Þ

where S is the area and e is the membrane thickness.
Exist too, possible to study the resistance of the boundary layer separately by

analyzing the membrane thickness on the Darcy permeability, K, defined by
(Eq. 2):

Rm ¼ e
K

ð2Þ

where K is the Darcy permeability.

1.2.2 Polarization by Concentration

The effect of polarization by concentration is pertinent to any membrane separation
process, being a phenomenon considered reversible. This effect occurs whenever a
solution permeates a selective membrane, which provokes an increase in the solute
concentration at the membrane interface, causing an increase in the solution
osmotic pressure close to the membrane and reducing the driving force of sepa-
ration [18].

According to Damak et al. [36], in a cross-flow filtration process with a mem-
brane, the particles contained in the feed stream are convectively transported to the
membrane surface, causing them to accumulate, until the equilibrium between the
convective and diffusive flows is reached, forming a polarized layer by concen-
tration. This becomes the major problem during filtration, because it causes the
permeate flux to decline along the time.
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Fig. 3 Concentration profile
through a membrane
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Figure 4 illustrate schematically the appearance of the polarization layer by
concentration. In this figure, we can see a feed flow at a given distance, d, from the
membrane surface, with a concentration, Ca. Is considered that, near the membrane,
occurs the formation of a boundary layer that reaches its maximum value of con-
centration, Cm, being J � C the convective flux of solute in the membrane direction.
If the solute is not completely retained by the membrane, there will be a diffusion
flux return DABðdC=dxÞ, where the steady-state conditions will only be reached
when the convective transport is equal to the sum of the permeate flux and diffusive
transport [37].

The balance equation under permanent conditions can be written as follows:

J � C� DAB
dC
dx

¼ J � Cp ð3Þ

where Cp is the concentration after permeation and J � Cp is the flux of solute
through the membrane.

The following boundary conditions, is considered:

x ¼ 0 ) C ¼ Cm ð4Þ

x ¼ d ) C ¼ Ca ð5Þ

Thus, integrating Eq. 3, we obtain:

Cm � Cp

Ca � Cp
¼ exp

Je
DAB

� �
ð6Þ

where J is the volumetric flux and is the membrane thickness.

Boundary
layer

aC

Feed flow
mC

.J C

AB

dC
D

dx pC

. pJ C

x 0

Fig. 4 Principle of polarization by concentration
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This phenomenon of formation of the polarized layer depends mainly on the
hydrodynamics of the system, the nature and size of the solute molecules and the
membrane porosity and permeability; the latter limits the diffusive solute transport,
which can cause irreversible negative effects such as: fouling by deposition, pre-
cipitation and bioinfustrations [37].

Adams and Barbano [38] studying microfiltration ceramic membrane, report that
polarization by concentration can be attenuated by increasing the turbulence level in
the flow.

1.2.3 Incrustation

Membrane operations have been widely used today; however, its large-scale and
continuous use in filtration systems has suffered some limitations. The main
problem is the membrane clogging, which provokes reduction of the filtrate flow
and process efficiency as well as the increase in cost due to the energy consumption
and materials for the cleaning process and backwashing.

There are three types of incrustation: deposition, precipitation and biofouling.
When suspended solids deposition occurs, such as colloids, organic, corrosion
products, iron hydroxide, algae and fine particulate matter, blockage of the feed
channel of the membrane modules occur, often being difficult to remove, resulting
in loss of performance.

Precipitation is a type of incrustation that occurs by precipitation of the soluble
compounds present in the feed when its solubility limit is reached. Due to the
concentration polarization, this effect intensifies near the surface of the membrane,
being able to reach the limit of the salts solubility present in the solution causing
precipitation; the most common are calcium carbonate, calcium sulfate, complexes
of silica, barium sulphate, strontium sulfate and calcium phosphate.

Biofouling occurs due to the accumulation of organic material on the membrane
surface, including cellular fragments, extracellular polymer substance and
microorganisms, which result in the formation of biofilms, being equally detri-
mental to the membrane lifetime [39].

During membrane filtration, the formation of the polarized layer and incrusta-
tions result in declining the membrane performance with respect to quality and
flow, reducing its reliability, since in applications with membranes, fouling control
is essential [40].

1.3 Technological Applications of Ceramic Membranes

Due to its versatility, uniformity in permeate quality, chemical inertia, biological
stability, high temperature resistance and long shelf life, ceramic membranes have
the most varied technological applications, present in several industrial fields, such
as the textile, paper and cellulose, oil, food and water treatment.
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In pulp and paper industry, ceramic membranes are commonly used as the basis
of advanced treatment processes because of their hydrophilic characteristics, high
durability, high permeate fluxes, and thermal, chemical and mechanical stabilities.
According to Ebrahimi et al. [41], paper processing produces substantial volumes of
wastewater, requiring efficient recovery of waste, impurities and by-products prior
to disposal into environment. Thus, membrane filtration is an effective alternative,
which acts both in wastewater treatment and in the recovery of added value
effluents.

Unlu et al. [42], in his work about the use of membranes for the reuse of waste
water, report that in face of the various methods applicable to the dye wastewater
treatment/recovery in textile effluents, membrane filtration technology is considered
one of the most promising. Silva et al. [43] point out ceramic membranes as an
important tool for the treatment of water from this sector. Meksi et al. [44] notice
that textile wastewater has high staining, biochemical oxygen demand, chemical
oxygen demand and salinity, which makes its treatment essential before its reuse or
disposal in the environment, stressing out the membranes importance.

Lee et al. [45] report the use of ceramic membranes for water treatment. These
authors argue that ceramic membranes are still less used in the treatment of
wastewater to obtain potable water because of a historical conception about the high
manufacturing cost of these membranes in comparison to the polymer membranes
already consolidated in the market for this purpose. However, because the practice
of sustainable development linked to the manufacture of ceramic membranes, it was
possible to make membranes with better ratio cost-benefit, enabling the production
of higher performance and more compact systems, especially in forms tubular,
monolithic and in-plane-aligned, which currently present superior than performance
the hollow fiber membranes and present a large permeation fluxes.

Kumar et al. [46] conducted a research on the treatment of milk wastewater
using a low-cost tubular ceramic membrane. According to the authors, the dairy
industry produces an enormous quantity of wastewater due to the different opera-
tions present in the unit that demand this resource, generating approximately 2.5 L
of wastewater for each 1 L of processed milk. This residue contains a high con-
centration of nutrients, as well as high chemical and biological oxygen demand, as
well as high total suspended solids. Therefore, it is necessary to carry out an
appropriate treatment prior to disposal in the environment. In this context, mem-
branes, especially the ceramic, appear as promising alternative technology, when
compared to conventional treatment techniques, being a more economical process
and requiring less space for operation. Further, we can cite its resistance to cor-
rosive chemical products even in high temperatures.

In oil industry, membrane filtration technology is used in the processes of water
treatment produced from oil and gas exploration and production activities.
According to Jamaly et al. [47] oily wastewater is contaminated water at various
concentrations of oil, and may contain fats, hydrocarbons and petroleum fractions,
such as diesel oil, gasoline and kerosene, thus requiring adequate treatment for
subsequent disposal. According to the specifications regulated by the
Environmental Control Brazilian Agency, the content of oils and grease in effluents
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cannot exceed 20 mg/L [48]. Despite of the various technologies applied to the
separation processes, the ceramic membranes have been distinguished by their high
permeate index, acting as one of the final stages of this treatment process.

Damak et al. [36] point out the separation processes using membranes as one of
the most significant developments in chemical and biological process engineering,
evidencing their application in a wide range of industrial operations, in addition to
those previously mentioned, such as: separation of organic molecules, pharma-
ceutical, biological macromolecules, colloids, ions and solvents.

2 Liquid Filtration with Membranes

2.1 Laminar Flow Through Porous Membrane

For laminar flow mechanisms in membranes, the hydrodynamic theory is consid-
ered simple. However, it is necessary to know information about distinct parame-
ters, such as: average pore diameter, capillary mean length, tortuosity, pore size
distribution, particle diameter, porosity, etc. Therefore, a phenomenological dis-
cussion of hydrodynamic flow through porous systems is necessary [35].

2.1.1 Darcy’s Law

Considered as the law that describes the fluid flow through a porous system,
Darcy’s law demonstrates that the fluid flow rate is directly proportional to the
pressure gradient, as follows:

VJ

S � t ¼
K
l
DP
e

ð7Þ

where VJ is the volume, S represent the area, t is the time, l viscosity, ΔP is the
pressure drop, e is the membrane thickness and K correspond to Darcy’s
permeability.

Hwang and Kammermeyer [35] report that Darcy’s law denotes that the flow
resistance is due to viscous drag, and that the permeability parameter, K, contains all
the properties of the porous system. Fluid viscosity is defined as the internal friction
between fluid sheets flowing at different velocities, where for a fluid in laminar flow,
such friction produces shear forces. When a fluid comes into contact with a solid
surface, it adheres to the surface, resulting in a zero velocity, and as a consequence of
the viscosity and fluid adhesion property, the solid surface experiences a drag force;
the viscous resistance is, thus, a contrary force to the drag force.

Damak et al. [36, 49], Cunha [50], Pak et al. [51], De Souza [14], and others, used
in their research, mathematical models whose the Navier–Stokes equations numer-
ical solutions are connected to Darcy’s law, written as a series resistance model.
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2.1.2 Kozeny–Carman’s Equation

By considering a porous membrane constituted by a capillary bundle with
non-circular cross-section, that the fluid flow path well be tortuous, and using the
concept of hydraulic radius, the following Darcy’s law was derived:

VJ

S � t ¼
e3p

k0 1� ep
� �2

S20l

DP
e

ð8Þ

where S0 is the surface area per particle volume and k′ is a non-dimensional
constant, dependent on the pore structure. When comparing the Eqs. (7) and (8), the
Darcy’s permeability, K, becomes:

K ¼ e3p

k0 1� ep
� �2

S20
ð9Þ

According to Hwang and Kammermeyer [35], modifications on the Kozeny’s
theory are numerous. The Kozeny–Carman equation is widely used for the case of
laminar flow in macroscopic scale, especially in filtration problems.

2.1.3 Capillarity Model (Hagen–Poiseuille Equation)

When a porous membrane consists of straight cylindrical capillaries of equal size,
the Hagen–Poiseuille equation can be applied directly to describe the fluid flow
rate. It is defined as follows:

VJ

t
¼ nSpr4

8l
DP
e

ð10Þ

where n is the number of capillary tubes per area unit, and r is the capillary tube
radius.

2.1.4 Damak’s Model

Occurring when the fluid moves in a well-defined trajectory, the laminar flow
exhibits layers that individually preserve the characteristics of the fluid, in which
the viscosity is responsible for weakening the tendency for turbulences to appear.

Thus, Damak et al. [36] report a model in which the permeation rate is expressed
as a function of the pressure gradient, viscosity and flow resistance, as follows:
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Uw ¼ DP
l Rm þRp
� � ð11Þ

where Rm is the membrane resistance. This parameter is a function of the membrane
thickness and the porous media permeability. Rp is the resistance due to polarization
by concentration defined, as follows:

Rp ¼ rpdp ð12Þ

where dp is the concentration layer thickness and rp is the resistance to the
homogeneous concentration layers, determined by the Carmen–Kozeny equation
(Eq. 8).

rp ¼ 180
1� ep
� �2

d2pe3p
ð13Þ

In the Eq. (13), dp is the solute particles average diameter, and ep is the porosity
of the polarization layer per concentration. Equation (13) is valid for disperse
spherical particles (non-deformable) with porosity varying in the range
0.35 � ep � 0.75.

Damak et al. [36], when studying a separation process using laminar tubular
membrane, mentioned that the concentration polarization layer can be quantified by
the empirical correlation for boundary layer thickness of concentration, dp,
(Eq. 14), valid for Reynolds number varying between 300 < Re < 1000 and
Schmidt number ranging between 600 < Sc < 3200.

dp
di

¼ 2
z
di

� �0:33

Re Scð Þ�0:33Re�0:3
w 1� 0:4377 Sc�0:0018Re�0:1551

w

� �� �� � ð14Þ

where Re is the Reynolds number, Rew represent the permeate Reynolds number, di
is the internal diameter, Sc correspond to Schmidt number, and z is the axial
coordinate.

The Reynolds permeation number is given by Eq. (15), as follows:

Rew ¼ qUwDeq

l
ð15Þ

where the equivalent diameter can be given by:

Deq ¼ u
1� u

� �
dp ð16Þ
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where u is the membrane porosity, dp is the average diameter of the particles that
constitute the porous material, considering as spherical particles, and Uw is the
permeation velocity.

By using the correlation of the boundary layer thickness it is possible to con-
clude that increasing the number of Reynolds leads to a reduction of the boundary
layer thickness and an increase in the permeate flux, and that an increase in per-
meation Reynolds number and Schmidt number lead to increasing polarization by
concentration [50].

2.2 Turbulent Flow Through Membranes

Early discussion is limited to laminar flow through porous media at low Reynolds
number (typically Re < 10) for which a proportionality validity relationships exists
between the fluid volumetric flow rate and pressure gradient.

Unlike the laminar flow regime, turbulent flow (flow at large Reynolds number)
occurs when the fluid does not move along a well-defined path, producing
momentum transfer. In this case, the deviation of the Darcy’s law is clear.

Due to the existence of turbulent flows, the mass conservation and linear
momentum equations only cannot adequately predict the oscillations resulting from
this phenomenon. Therefore, it is necessary to consider other terms to the equation
that predicts the fluid flow behavior. There are several models to predict turbulent
flow, e.g., RNG k-e model.

The RNG (Renormalization Group Theory) model emerged as an alternative of
the k-e standard model to flows with large Reynolds number, since various authors
defend the idea that the k-e turbulent model is inadequate to predict physical
situations where there is rotational flux. For this condition, the model overestimates
the kinetic energy dissipation, which results in a central recirculation region,
smaller than that experimentally observed. Thus, the turbulent kinetic energy and
kinetic energy dissipation rate equations (Eqs. 17 and 18) are defined by:

@

@t
qkð Þþr � qU

*

k
� 	

¼ r � lþ lT
rkRNG

� �
rk


 �
þ Pk � qe ð17Þ

and

@

@t
qeð Þþr � qU

*

e
� 	

¼ r � lþ lT
reRNG

� �
re


 �
þ e

k
Ce1RNGPk � Ce2RNGqeð Þ ð18Þ

where k is the turbulent kinetic energy, e is the turbulent kinetic dissipation rate, l
is the dynamic viscosity, q is the density and lT is the turbulent viscosity, given by:
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lT ¼ Clq
k2

e
ð19Þ

where Cl is an experimental calibration constant.
The coefficient Ce1RNG is given by:

Ce1RNG ¼ 1:42� g 1� g
4:38

� �
1þg3bRNGð Þ ð20Þ

where

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pk
qeClRNG

s
ð21Þ

In Eq. (21), the parameter Pk is the production term by the shear effect given by:

Pk ¼ lTrU
* � rU

* þrU
*T

� �
þ Pkb ð22Þ

where PKb is the fluctuation production term (Eq. 23) determined as follows:

Pkb ¼ � lT
qrq

g* � rq ð23Þ

where g* is the gravity acceleration vector, q the fluid specific mass, lT is the
turbulent viscosity and rl is the turbulent Prandtl number.

The values for the model constants, Ce2RNG, ClRNG, bRNG, are specified on the
Table 2.

3 CFD Applications: Separation Process by Porous
Membranes

3.1 The Physical Problem

Herein, a theoretical study of a two-dimensional water/oil separation process using
a tubular ceramic membrane is performed. Figure 5 illustrate the physical problem
to be considered. It consists in a ceramic tubular membrane with 0.03 m diameter,

Table 2 Typical values of
the parameters in the RNG k-e
model

Ce Cl b rk re

1.9200 0.0850 0.0120 0.7179 0.7179

Source Ref. [52]
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and 3 m length, according to the dimensions used in the work of Damak et al. [53],
being, therefore, subjected to a tangential flow of oily water. As the membrane has
angular symmetry, only one cross section was used in the YZ plane.

For the numerical simulation, was generated a computational domain 2D, using
ICEM CFD software, as shown in Fig. 6. The mesh was created with a total of
having a total of 205,056 elements and 180,000 nodes, with concentration of the
elements near the surface of the membrane. Figure 7 shows the boundaries con-
ditions used in the modeling: inlet, concentrate outlet and permeate outlet.

PlanYZ

Input

Exit 
(Concentrated)

Fig. 5 Geometric representation: tubular membrane 2D

Fig. 6 Two-dimensional mesh of the cross-section of the tubular membrane

Input Outlet of 
concentrate

Permeate outlet

Axis of symmetry

Ceramic 
membrane

Fig. 7 Representation of membrane boundaries
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3.2 Mathematical Modeling

For this purpose, the following considerations were assumed:

– Viscosity and density of the fluids are constant and equal to those of the pure
solvent;

– The diffusion coefficient is considered constant;
– Laminar and permanent flow;
– Incompressible and isotropic porous system;
– The local permeation velocity is determined according to the in series resistance

theory;
– Concentration layer is assumed to be homogenous and the Carmen–Kozeny

expression is valid;
– Gravitational effect is neglected;
– Axial velocity profile is parabolic, according to laminar and fully developed

flow at the tubular membrane inlet cross section;
– Symmetry in relation to the angular coordinate;
– The porous medium obstruction by the solute is neglected;
– Solute adsorption on the membrane contact surface along with possible reac-

tions are neglected;
– The resistance resulting from concentration polarization, which is due to the

concentration layer formed at the membrane-fluid interface was considered;
– Wall roughness was disregarded.

3.2.1 Governing Equations

From the considerations, the mass and linear momentum conservation equations
can be written as:

r � qU
*

� 	
¼ 0 ð24Þ

where q and U
*

are, respectively, fluid density and velocity vector.

• Momentum equation

r � qU
* � U

*
� 	

�r � lrU
*

� 	
¼ �rpþr � l rU

*
� 	T


 �
ð25Þ

where p is pressure and l is the solution viscosity.
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• Energy conservation equation

@

@t
qHð Þþr � qU

*

H
� 	

�r � CerTð Þ ¼ SH ð26Þ

where Ce is the effective thermal diffusivity, H is enthalpy and SH is the heat source
term. The first term of Eq. (26) is responsible by the energy accumulation; the
second relates to heat transfer by convection and the third one is responsible for
heat transfer by diffusion.

• Mass transfer equation

U
* � rC ¼ DABr2C ð27Þ

where C, is the solution (oil) concentration, DAB is the mass diffusivity, considered
constant for each Schmidt number (Sc), as follows:

DAB ¼ l
Scq

ð28Þ

3.2.2 Boundary Conditions

(a) Inlet conditions (mixture, z = 0)

Fully developed flow is assumed at the tubular membrane inlet section. Thus,
radial velocity is null and axial velocity is given as follows:

Uzð0; yÞ ¼ 2Uz 1� y
R

� 	2

 �

ð29Þ

where y is the radial coordinate, R is the tubular membrane internal radius and Uz is
the average velocity, determined by:

Uz ¼ Re l
qR

ð30Þ

where Re is Reynolds number.
Initial oil concentration in the mixture, C0, will be given as follows:
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C ¼ C0 ð31Þ

and inlet temperature; will be as follows:

T ¼ T0 ð32Þ

(b) Outlet conditions (Concentrated, z = L)

In the outlet section, we consider:

P ¼ P0 ð33Þ

@C
@z

¼ 0 ð34Þ

@Uz

@y
¼ 0 ð35Þ

rT ¼ 0 ð36Þ

(c) Symmetry condition (y = 0)

The following symmetry conditions were assumed at the central axis of the tube:

@Uz

@y
¼ 0 ð37Þ

@C
@y

¼ 0 ð38Þ

Uy ¼ 0 ð39Þ

@T
@y

¼ 0 ð40Þ

(d) Transverse plane

Due to the presented symmetry condition by the membrane, it was admitted the
following conditions for the transverse planes:

@Uz

@x
¼ 0 ð41Þ

@C
@x

¼ 0 ð42Þ
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@T
@x

¼ 0 ð43Þ

(e) Porous wall tube (y = R)

In the porous wall, zero axial velocity was assumed (non-slip condition) and a
temperature gradient null. Then, we can write:

Uz ¼ 0 ð44Þ

rT ¼ 0 ð45Þ

Through the porous wall, radial velocity Uy is equal to the permeation velocity
Uw, as follows:

Uy ¼ Uw ¼ DP
l Rm þRp
� � ð46Þ

where Rm and Rp are, respectively, the membrane resistance and the resistance from
concentration polarization, and ΔP is the transmembrane pressure.

The equation responsible for the mass transport (Eq. 47) [54] was included in the
model as a source term. This, term is given by:

UwRrC ¼ DAB
@C
@y

ð47Þ

where Rr is the solute intrinsic retention by the membrane that can be assumed to be
constant for a membrane-solute system.

The transmembrane pressure (Eq. 48) is defined as being the difference between
the average permeate pressure, Pp, and the external pressure to the membrane Pex,
as follows:

DP ¼ Pp � Pex ð48Þ

The membrane resistance, Rm, the resistance from the polarization by concen-
tration, Rp, the concentration layer thickness, dp, and the resistance, rp, determined
when the concentration layer is considered homogenous, are given by Eqs. (2),
(12), (13) and (14).

Damak et al. [49] used Eq. 14 to determine local variation of the boundary layer
thickness by polarization, dp, so that the equilibrium between the convective and the
diffusive flows was reached when [(C − C0)/C0] < 0.001.

According to Damak et al. [49], the parameters (Re, Sc, Rew and z/d) from
Eq. (14) correspond to a membrane separation system for liquid ultrafiltration, low
particle concentration and laminar flow in the wall of the porous tube.
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3.2.3 Fluid and Membrane Data and Simulated Cases

Important parameters used in the study of the 2D flow correspond to the thermal
and physico-chemical properties of the fluid and the membrane. The parameters are
given in Table 3.

In the simulations carried out, (Ansys CFX 15 software), the permeation
Reynolds number, the average diameter of the oil droplet, dp, Schmidt number,
initial concentration, permeability, temperature, and intrinsic solute retention by the
membrane, Rr, were kept constant according to Table 4, varying the axial Reynolds
number, Re, as shown in Table 5. All the cases were simulated in isothermal
conditions.

3.2.4 Results Analysis

(a) Concentration profile

In Fig. 8, the concentration profiles in different axial positions are represented, z/L
(0.25, 0.50, 0.75 and 1.00), where L = 100d (tubular membrane length). It is

Table 3 Fluid and
membrane parameters used in
the simulations

Parameters

Fluid Density, q (kg/m3) 997

Viscosity, l (cP) 50

Molecular weight, MM (kg/
kmol)

18.02

Membrane Porosity, ep (–) 0.35

Permeability, K (m2) 3.33 � 10−11

Thickness, e (m) 0.01

Table 4 Parameters used in
the simulations

Permeation Reynolds number Rew 0.1

Initial concentration (kg m−3) C0 1

Temperature (°C) T0 25

Intrinsic solute retention by the membrane Rr 1

Oil droplet average diameter dp 51

Schmidt number Sc 1000

Atmospheric pressure (atm) P0 1

Table 5 Conditions used in
the two-dimensional
simulation with tubular
membrane

Case Re (–)

01 1000

02 600

03 300
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verified that the concentration increases with axial position and that the behavior of
the simulated results is similar to that one reported in the literature.

In Fig. 9, concentration profiles for different Reynolds numbers on the axial
position z = 0.50L are illustrated. It is expected that as the permeation velocity
increases a larger number of particles will be conducted convectively for near the
membrane surface. Further, according to the resistance model, the permeate flux
increases with transmembrane pressure. Therefore, higher Reynolds number pro-
vokes an increase in the transmembrane pressure, and consequently, concentration
in the membrane surface also will increase. From this figure, we can see that results
agreed well with those obtained in the literature.

(b) Thickness of the concentration boundary layer

Figure 10 illustrate the behavior of the thickness of the concentration boundary
layer as a function of the non-dimensional distance z/d, for Reynolds numbers 300,
600 and 1000. It is observed that the boundary layer grows with increasing the
non-dimensional distance z/d, and its thickness drops when Reynolds number
increases. This behavior provokes an increase in the transmembrane pressure, and
thus, we have an increase in the transport by convection of a higher number of
particles to near oh the membrane surface, as observed by Damak et al. [36].
A reduction of 0.035 in the non-dimensional boundary layer thickness, dp/d, was
observed when the Reynolds number ranged from 300 to 1000.

Fig. 8 Concentration profile
inside the membrane at
different axial positions
(case 1)
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4 Final Considerations

Ceramic membranes are considered in the literature as one of the most promising
technologies in the present day. They are always present mainly in the stages of
separation and effluents treatment from the most varied industrial sectors. They can
be produced in order to assume various configurations and modules, adapting

Fig. 10 Thickness of the concentration boundary layer versus the non-dimensional variable z/d
for different Reynolds numbers

Fig. 9 Reynolds number effect on the concentration profile inside the membrane (z = 0.50L)
(cases 1, 2 and 3)
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continuously the processes needs. Membrane ceramic present diverse characteris-
tics such as chemical inertia, biological stability, manufacturing flexibility, high
permeability index and high temperature and temperature resistance, which pro-
vides high applicability, this versatility combined to cost-benefit ratio makes this
equipment very competitive in comparison to many others already consolidated in
the market.

In general, the topics presented in this chapter discuss the universe of application
in which the ceramic membranes are inserted. The growing applications concern
with sustainable industrial progress being the driving force for the continuous
development of new research and technologies in this field of study. Besides,
information about different models applied to filtration process in porous mem-
branes are discussed, and CFD applications are related.

From the simulated results, we can conclude that the mathematical model was
able to predict the behavior of the fluid in the water/oil separation process through
the tubular membrane, and that, concentration increases with the axial position and
with increasing Reynolds number. The increase in the Reynolds number leads to a
reduction in the thickness of the concentration boundary layer.
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Unsteady State Heat Transfer
in Packed-Bed Elliptic Cylindrical
Reactor: Theory, Advanced Modeling
and Applications

R. M. da Silva, Antonio Gilson Barbosa de Lima, A. S. Pereira,
M. C. N. Machado and R. S. Santos

Abstract Transport phenomena through porous media has been of continuing
interest for scientists, researchers and engineers due to the wide range of industrial
applications. This chapter presents information about unsteady-state heat transfer
and fluid flow inside of packed-bed reactors. The topics covered are related to
fundamentals of porous media, chemical reactors, including mathematical modeling
and applications. Emphasis is placed on packed-bed elliptic-cylindrical reactor.
Based on the concept of local thermal equilibrium, a general mathematical for-
mulation for a pseudo-homogeneous heat transfer model written in elliptic-
cylindrical coordinates along with the numerical solution of the governing equation
has been presented. Herein, an overview of currently-used models and the pertinent
transient conductive transport processes inside the reactor were explored.
A numerical example of heat transfer and fluid flow in a multiphase system
(elliptic-cylindrical reactor filled with particles) was performed, and results of the
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temperature distribution inside the equipment at different instant of process are
presented and discussed.

Keywords Reactor � Porous media � Packed-bed � Elliptic-cylindrical
Finite volume � Unsteady-state

1 What Is a Porous Media?

1.1 Foundations

Material is considered porous medium if [1]:

– Contains relatively small voids (pores) inside a solid or semi- solid matrix. The
pores usually contain one fluid or a mixture of various fluids.

– It is permeable to some types of fluids, i.e. these fluids must penetrate the porous
medium through one side and emerge on the other side. Porous media with this
property are called permeable porous media. The level of ease for a fluid flows
through a particular porous medium depends on the characteristics of the fluid
and medium, and the thermodynamic conditions in which fluid flow occurs.

Depending on the type of interconnections between the elements (particles) that
constitute a particular porous medium, it is possible classify it as follows [2]:

(a) Unconsolidated porous medium: It is a porous medium in which is possible
distinguish visually its constituent elements and physically separate them. This
type of material can be created by depositing particles within a container, as
shown in Fig. 1a. The term normally designated for this type of porous medium
is filled or stuffed bed, which refers to the manner in which it is generated. The
continuous phase is associated with the voids of the porous medium. The
structure is defined by the relative positioning of the particles that forms the
discontinuous solid phase.

Fig. 1 a Initial state and b final state of a particulate filler after sintering by compression and/or
heating
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(b) Consolidated porous medium: It is a porous medium in which the solid phase
is continuous or it is not possible to distinguish the particles that form the
structure of the medium. It can be formed in different ways, for example, by
dissolving a solid matrix, or by compressing and/or heating the particles of a
non-consolidated medium (Fig. 1b).

In general, porous media can be found in nature and many industrial applica-
tions. Virtually all solid materials can be considered as porous, except for metallic
structures, dense rocks and some plastics [1]. In certain scientific and technological
practices, it is of fundamental importance to have suitable models that can predict
the behavior of the porous media and the transport phenomena that occur inside of
them. Some examples of areas where this knowledge is advantageous are:

(a) Chemical process engineering: fixed bed reactors, filtration, drying, fluidized
bed reactors, chromatography, absorption/adsorption, ion exchanges, fuel cells,
catalytic converters to reduce pollutant emissions in automobiles, absorption
columns with and without chemical reaction, distillation columns with or
without chemical reaction;

(b) Environmental engineering: migration of contaminants in soil and through
groundwater, irrigation, cleaning of soils by steam injection, incineration;

(c) Natural resources: production of natural gas and oil, runoff in water mines.
(d) Mechanical engineering: thermal insulation, combustion involving pyrolysis of

reactive or non-reactive materials, tribology and lubrication, nuclear reactors
with gas cooling, solidification or melting of binary mixtures, dehumidification,
sintering and aggregation of particles by compression and heating;

(e) Civil construction: penetration of moisture in porous materials and develop-
ment of protection strategies to avoid the degradation of these materials by
diffusion of water through of them, analysis of water retention of dams and fluid
flow in them.

With a deeper understanding of transport phenomena occurring within a porous
environment, it is possible to implement more appropriate changes or to develop
more desirable processes for a sustainable development based on the lower emis-
sion of pollutants in the environment and higher energy efficiency and rational
consumption of raw materials.

1.2 Important Parameters in Porous Media

The processes involving porous media are influenced decisively by the structure of
these means. Thus, any model to adequately describe a porous medium must
consider this aspect, however more complex become the models. Thus, it is often
necessary to adopt simplifications in the representation of the structure of the
porous medium taking care not to lose essential characteristics.
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Usually to describe a porous medium in terms of modeling it is necessary to use
some parameters. The importance of these parameters is to physically delineate the
type of porous medium that is intended to be studied, in order to communicate to
the mathematical model its real configuration. In this sense, some parameters are
described below.

1.2.1 Porosity

This parameter is one of the most important in the characterization of a porous
medium on a macroscopic scale. It is defined as the ratio between of the volume of
voids, Vv, and the total volume of the sample, VT, as follows:

e ¼ VV

VT
ð1Þ

Specifically, the effective porosity is defined as the volumetric fraction associated
with the channels through which the fluid flow occurs, which in practice refers to
the interconnected channels. In unconsolidated media, generally, the total and
effective porosities are considered approximately equal, already for the consolidated
porous media, these two parameters may be quite different, depending on how the
medium was generated. For example, there are consolidated media in which exist
commonly closed or isolated pores. Due to this fact, the effective porosity is very
different from the real one.

1.2.2 Permeability

When the movement of the fluid depends on the medium, we are talking about the
resistance that the medium offers to the fluid flow due to the structure of this
medium. This condition is characterized by a parameter, called permeability, which
is independent of the fluid properties. The permeability property implies that the
characteristic dimensions of the void spaces traversed by the fluid are much larger
than the dimensions of the molecules of the fluid passing therethrough. The
structure of porous media depends strongly on their origin.

1.2.3 Specific Surface Area

The specific surface area, Asp, is defined as the ratio of the surface area of void
space to the total volume of porous sample. It represents a measure of the contact
area between the solid phase and the fluid phase, which is a very important aspect in
a large number of processes. For example, in industrial adsorption, this parameter is
a measure of adsorption capacity and strongly influences the performance of certain
processes, such as fixed bed reactors with catalyst particles or chemical absorption
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units, usually characterized by this parameter associated with a of mass transfer
coefficient between the phases [1].

1.2.4 Sphericity

The geometric characteristics of the particles constituting a porous medium, namely
geometric shape and distributions, strongly influence the behavior of the
non-consolidated porous media.

The equivalent diameter, Dp, which is defined as the diameter of the sphere with
the same volume of particle [3] can be determined, among other forms, by the ratio
Dp = 6/Asp if the specific surface area is known. An equivalent nominal diameter
may also be obtained by sieving if the measurement of an equivalent diameter is not
available. This expression for the diameter is more used for particles with geometry
closer to the spherical, however, for particles with more irregular shape, we can use
sphericity factor φ defined by the following expression:

u ¼ VP

DPSP
ð2Þ

where values of this factor differ for particles of different forms. In the Eq. (2), Vp is
the medium particles total volume, DP is the equivalent diameter and Sp represents
aggregate surface area of particles.

Since in many applications, the particles forming a packed-bed do not have a
uniform diameter, but a size distribution, it is common practice to determine an
average value for the particle diameter of the filling bed, which will function as its
equivalent diameter. The reflection of this approximation is that there will be, for
modeling facilitation purposes, a system in which the actual bed with distribution of
various particle sizes will be represented by one system with particles containing an
average diameter.

2 Chemical Reactors

Chemical reactor is the brain of most chemical processes. Their design and oper-
ation usually determine the success or failure of the whole process. In a process, in
general, the raw materials are delivered to the chemical reactor in specified con-
dition of temperature, pressure, and concentration of species. The chemical reactor
is an essential component in which the lower value-added feedstock is converted
into products of high commercial value.

The reactor is usually followed by separation equipment, with the task of sep-
arating the products from the non-reactive raw materials and byproducts from the
reactor. Modern chemical processing plants has highly integrated operation, as they
are used to manufacture chemicals and pharmaceuticals products, oil refining, or
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microelectronic devices. Although a reactor to achieve efficiency in production, its
design and operation are also sometimes influenced by conflicting energy con-
sumption minimization goals as well as quantity of raw material or product that
must be kept in storage. In general, reactors can be classified in terms of design,
type of reaction and operation. Here are some important aspects of reactors are
discussed.

2.1 Batch Reactors, Continuous Agitation Tank
and Plug-Flow Type

In general, chemical reactors can be modeled using three main reactor archetypes:
batch, continuous agitation tank and plug flow. These three types of reactors are
defined under certain idealized assumptions regarding fluid flow. The batch reactor
and the continuous stirring tank are ideally assumed to be well mixed, meaning that
the temperature, pressure and specific concentrations are independent of the spatial
position within the reactor. In turn, the plug flow reactor describes a special type of
flow, in which the fluid is well mixed in the radial direction and varies only in the
direction of the axial length or direction of the length of the tube.

The reactors, because of its design complexity, for practical purposes, can
always be framed in one of these three types cited previously, which are considered
simpler for design purposes. The material and energy balance of these three reactors
are systems of first order equations, nonlinear ordinary differential equations,
nonlinear algebraic equations, or in some situations, differential algebraic equations.
This large simplification, which is usually standard in initial design, is intended to
disregard the momentum balance and to give a more careful treatment of the flow
profile inside the reactor. Concentration, temperature and pressure are the usual
dependent variables that are solved as a function of time or distance as the inde-
pendent variable along the reactor.

Sometimes the reactor model is quite simple, such as describing a single reaction
in an isothermal reactor. In these cases, and a single ordinary differential equation or
algebraic equation describes the concentration of a single species or the extent of a
single reaction. Often the design involves many reactions and non-isothermal
operation, and systems of coupled ordinary differential equations or algebraic
equations are needed to describe the temperature, pressure and concentrations of the
species. Regardless of complexity, the design problem is approached in the same
way. There are many cases, except for the simplest ones, where numerical methods
are needed to solve the governing equations. Fortunately, high-level programming
languages as well as commercial codes are readily available and can easily be used
to solve complex models.
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2.2 Homogeneous and Heterogeneous Reactions

Reactors are classified also with respect to the number of phases in which the
reaction occurs. In homogeneous reactions, the reagents and products are in a single
phase. Examples include: steam fission of ethane in ethylene, and photochemical
reactions of chlorocarbons in the troposphere leading to destruction of ozone by gas
phase reactions; enzymatic isomerization of glucose to fructose, and esterification
of an acid and alcohol to produce an ester by liquid phase reactions; the melting of
limestone and charcoal to produce calcium carbon, and the interfacial reaction
between strontium oxide and silicon dioxide to form strontium silicate by solid
reactions.

In turn, heterogeneous catalytic reactions such as zeolite-catalyzed cracking of
high-boiling crude oil and iron-catalyzed ammonia synthesis from hydrogen and
nitrogen, involve two phases. Sometimes three phases are present simultaneously
during the reaction, for example gas synthesis (CO + H2) reactions over iron-based
catalysts that are suspended in a high molecular weight alkane with the intent to
control the reaction temperature in moderate values and dissolve the reaction
product. Multiphase reactions need not involve heterogeneous catalysts. For
example, the reaction of liquid p-xylene and gaseous O2 to produce liquid
terephthalic acid occurs through free radical intermediates in the liquid phase inside
the reactor.

2.3 Batch, Semi-batch and Continuous Operation

As for the operation of the reactors, they can be classified as batch, semi-batch and
continuous operations. In batch operation, the reactor is loaded with reagents, the
reaction occurs, and after some processing time the reactor contents are removed as
product. The batch reactors, shown in Fig. 2, are often used for liquid phase
reactions, and the manufacture of small quantity of high value-added products, such
as special fine chemicals, pharmaceuticals and fermentation products. Batch reac-
tors are also used in situations where it is impractical to implement continuous

T
Cj

VR

Fig. 2 Representative
diagram of batch reactor

Unsteady State Heat Transfer in Packed-Bed … 145



processes. The great flexibility of batch processing allows the reactor to be used for
manufacturing of different products [3].

The batch cycle begins by charging the reactants into the vessel and often
warming the reactants to the reaction temperature. The cycle usually ends by
bringing the contents to the discharge temperature, emptying the container and
cleaning it before the next loading of reagents. The product can be formed or not
during these preparation steps. Further they generally involve manual labor, so that
the manufacturing costs can be considerably higher than the that corresponding for
a continuous process.

The semi-batch process is similar to the batch process, except for the addition of
feed that occurs during the batch cycle. The products can also be removed during
the semi-batch process. The addition/removal control allows controlling the rate of
reaction or release of heat during the reaction. The semi-batch reactor can also
provide a more complete use of reactor volume in reactions such as polymerizations
that convert low density reagents into higher density products during the course of
the reaction.

The continuous stirring tank reactor (CSTR) is shown in Fig. 3 [3]. In this type
of reactor, the reagents and products flow into the reactor continuously, and the
reactor contents are assumed to be well mixed. Consideration of the well mixed
condition can be performed more easily for liquids than for gases, so CSTR’s are
often used for liquid phase reactions. The fluid composition and the temperature
undergo change when passing from the feed stream into the interior of the reactor;
the composition and temperature of the effluent stream are identical to those of the
reactor.

CSTR is used extensively in situations where intense agitation is required, such
as the addition of a gaseous reagent to a liquid by transfer between the bubbles and
the continuous liquid, and the suspension of a solid or a second liquid within a
continuous liquid phase. Polymerization reactions are sometimes performed in
CSTR’s. It is common to employ cascade or series CSTRs where the effluent from
the first reactor is used as feed for the second and so on in the cascade (Fig. 4). The
cascade allows a high conversion of reagent, while minimizing the volume of the
reactor. In the Figs. 2, 3 and 4, Cj is the concentration of component j, Q is the
volumetric flowrate, T is the temperature, VR is the reactor volume, the subscript f
represents the feed, and the numerical subscripts represents process stages.

Fig. 3 Schematic diagram of
a CSTR
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The plug flow reactor (PFR) is a constant cross-section tubular reactor as shown
in Fig. 5. Under turbulent flow conditions, the velocity profile becomes plug type,
which greatly simplifies the energy and mass balance. The velocity, composition
and temperature are functions only of the axial position, and the steady-state and
dynamic profiles along the equipment can be studied.

The plug-flow type reactors are used for gas phase and liquid phase reactions. If
the PFR is filled with a porous catalyst with fluid flow into the void space being
turbulent, the reactor is referred to as a fixed bed-reactor. An isothermal plug-flow
type reactor generally leads to greater conversion of reagent per unit volume than
that of the continuous stirring tank, and therefore there is a more efficient use of the
volume in a PFR. For this reason, PFR’s are used in situations that require high
capacity and high conversion rate, and in cases involving high exothermic or
endothermic reactions. In bundled pipes of small diameter, the PFR can be placed in
a furnace for endothermic reactions, or surrounded by a high-temperature boiling
fluid for exothermic reactions. PFR’s are the preferred choice reactors for gas-phase
reactions due to gas mixing problems in a CSTR [4].

Fig. 4 Schematic diagram of continuous agitation tank reactors in series
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Fig. 5 Schematic diagram of
a plug-flow type reactor
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3 Heat Transfer in Fixed Bed Reactor

3.1 Basic Concepts

Fixed bed reactors can be treated as being equipment in which a fluid flows per-
colating a particulate solid medium (porous medium). The aim is to promote heat
and mass transfer between the phases, in order to obtain products with interest of
the chemistry industry. The porous medium in this type of reactor is stationary,
differentiating, basically of a fluidized bed in which the particles are suspended
during the contact between the phases. The fixed bed reactors are very present in
catalytic processes involving gaseous reagents [5].

In simplified terms, a fixed bed reactor can be described as a cylindrical tube
filled in a stationary and compact form by catalyst particles with a gaseous reagent
flowing through this porous medium to promote fluid-particle interactions [6]. It is
an unconsolidated porous medium.

Due to wide range of scale of applications of this equipment, the fixed bed
reactor is the flagship of the chemical industry, adding economic value to the
produced materials. Figure 6 illustrates a fixed bed reactor, showing the fluid inlet
and outlet, and the packed bed of particles.

It is possible to list some advantages of the fixed bed reactor in relation to similar
equipment, such as simplicity and low cost of construction and maintenance.
Further, in this reactor type, auxiliary equipments are not required due to the
flexibility to fix the particles in the bed dispensing expenses with implantation of

Fig. 6 Scheme of a fixed bed
reactor of elliptic cylindrical
cross section

148 R. M. da Silva et al.



downstream separation units. It is through the use of a fixed bed reactor that ideal
economic conditions can be obtained when a reaction occurs at extremely high
temperatures or high pressures and employing solid catalysts [7].

Fixed-bed reactors can be scaled-up of many ways, but it is worth pointing out
that the theory of similarity is of little use in this case. The usual practice is to
proceed from the laboratory scale to the commercial scale gradually, passing
through at least two intermediate scales: the pilot unit and the demonstration unit.
Even with the use of large pilots, it is difficult to obtain exactly the same behavior of
the reactor, so, a more detailed analysis is necessary. Nowadays, due to the con-
tinuous and accelerated development of information technology, and the existence
and availability of industrial simulators with increasing possibility for design
optimization of a specific reactor, it is not prudent to expand the scale of reactors
without developing some simplest modeling [8].

The design of fixed bed reactors is quite complex because there are many
variables involved in the task, such as, thermal parameters to be determined
experimentally; ideal geometry to maximize process efficiency; profile of fluid
velocity and temperature at the inlet region; packaging configuration of particles,
which involves more than one packaging technique; angular, radial and axial
measurements, which are subject to systematic and operator errors and may
influence in the determination of thermal parameters; the experimental difficulty of
determining the fluid-wall heat transfer coefficient, voids fraction and the fluid
velocity in that region. There are yet the question related to the thermal effects of
entry, since considering a flow with flat temperature profile when it would be
parabolic can imply in serious errors in the determination of thermal parameters,
and the heat flux from the heated section to the thermal section which can also lead
to failures in the measurements of the actual temperature values and thermal
parameters, especially the thermal conductivity.

3.2 Mathematical Modeling

The mathematical modeling for reactor simulation has been of fundamental
importance in its design. For more sophisticated model and, greater is the number of
variables influencing the process, thus, the probability of success in the simulation
is higher, however, to the extent that a mathematical model aggregates more
variables, the solution of model becomes difficult, even with the sophisticated CFD
trading codes and very high processing power of the current computers.

The interest in dynamic simulation of chemical reactors has been boosted in
recent years. This activity has helped several work purposes, namely: reactor
design, reactor start and stop strategies, determination of desired operating condi-
tions and risk for process control, control and optimization studies, etc. In the first
three purposes the models to be used are more detailed, often heterogeneous,
applied with the intention of obtaining more accurate results of the reactor and
where the computational precision has more prominence in relation to the
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computational speed. For control and optimization, models are based on faster and
easier solutions, generating responses that agree qualitatively with the process,
which can be solved in computers with lower capacity [9].

Reliable models depend on the knowledge of how physical, chemical, and
external factors affect overall system performance. The major challenge is to obtain
a representative model, which maintains the essential characteristics of the system.
There are several possibilities for modeling, and all of the aforementioned variables
can be inserted, or a combination of most of them, but this can affect the feasibility
of the solution.

The trend in fixed bed reactor modeling is the use of homogeneous or hetero-
geneous models depending on the nature of the phases involved in the reactor
operation. The models can be considered as a pseudo-homogeneous or heteroge-
neous model depending on how the medium formed by the catalyst particles and
reagent mixture is treated. In addition, depending on what one wants to evaluate in
the reactor operation, the simulation can be one, bi or three-dimensional, either in
permanent or transient regime. Next, a brief discussion about pseudo-homogeneous
and heterogeneous models and their main aspects in modeling is presented.

3.2.1 Heterogeneous Models

In the two-phase model (solid + fluid), each phase has an independent dynamics in
the heat transfer, requiring the definition of a parameter for each phase and another
whose function is related to heat transfer between them. It is a more realistic model
from the physical point of view, but its modeling has disadvantages, namely:
considerably more complicated solution of the energy equations, experimental
difficulty in determining the solid-fluid heat transfer coefficient required for this
model and the difficulty in the punctual temperature measurement for each phase
(especially in cases where DP � 3 mm) [8].

In a heterogeneous model it is basically necessary to solve differential equations
of reagent concentration, momentum and energy equations, and there are different
approaches in this sense. Shafeeyan [10] qualitatively describes several possible
approaches, reported by several authors in the last three decades, for the simulation
of carbon dioxide adsorption in a fixed bed reactor via heterogeneous modeling.
Generally, the models consider the reactant gas as an ideal gas. The flow pattern is
described by the axially dispersed plug-flow model or plug-flow model. Further, it
is assumed that the radial concentration gradients and, also as applied, temperature
and pressure, are negligible. These assumptions have been widely accepted in many
other studies [11–13]. Most of the models reported by Shafeeyan [10] include the
effects of finite mass transfer rate, resulting in a theoretical representation that
approaches more of a real process; use a linear approximation of the driving force to
describe the gas-solid mass transfer mechanism; besides some of the models con-
sider the effects of heat generation and heat transfer on the adsorbent bed, which
may affect the adsorption indices. In the modeling of the non-isothermal adsorption
processes occurring in compacted beds, it is also generally assumed that the heat
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transfer resistance between the gas and the solid phases is insignificant and the
phases achieve thermal equilibrium instantaneously. In most models, generally the
pressure drop across the bed is negligible, thus, the bed operates at constant
pressure.

Amiri and Vafai [14] report a heterogeneous model in transient regime applied to
incompressible fluid flow in a bed of solid spherical particles, uniform and non
deformable. The heat transfer by radiation is negligible due to the high volumetric
flow rate and the moderate magnitude of the operating temperatures considered in
the investigation.

The governing equations are as follows:

(a) Mass conservation equation:

r � Vh i ¼ 0 ð3Þ

where v is the velocity vector.

(b) Momentum conservation equation:

qf
e

@ vh i
@t

þ v � rð Þvh i
� �

¼ kf
K

vh i � qfFeffiffiffiffi
K

p vh i � vh i½ �Jþ lf
e
r2 vh i � r Ph if ð4Þ

(c) Energy conservation equation for the fluid phase:

e qfh ifcf @ Tfh if
@t

þ qfh ifcf vh i � r Tfh if¼ r � kfeff � r Tfh if
h i

þ hsfasf Tsh is� Tfh if
h i

ð5Þ

(d) Energy conservation equation for the solid phase:

1� eð Þqscs
@ Tsh is
@t

¼ r � kseff � r Tsh is½ � þ hsfasf Tsh is� Tfh if
h i

ð6Þ

In the above mentioned equations v is the velocity vector; e is the bed porosity; F
is the geometric function; lf is the dynamic viscosity of the fluid; J ¼ vP

vPj j is the unit

vector oriented along the velocity vector; vP Pf
� �

is the mean pressure given by an
external meter; cf and cs are the specific heat of the fluid and solid phases at constant
pressure, respectively; kf and Ks are the thermal conductivity of the fluid and solid
phases, respectively; qf and qs are the specific mass of the fluid and solid phases,
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respectively; and Tfh if and Tsh is are the mean intrinsic temperatures of the fluid and
solid phases, respectively. For practical engineering purposes, the term v � rð Þvh i
that is responsible for the formation of the boundary layer in a short input length
can be neglected.

In the right side of Eq. (4), the first term refers to the frictional resistance, the
second term contemplates the inertial effects and the third term captures the viscous
effects. The permeability of the bed is given by:

K ¼ e3D2
p

150 1� eð Þ2 ð7Þ

Based on the experimental results [15], the function F in the momentum con-
servation equation is given as follows:

F ¼ 1:75ffiffiffiffiffiffiffiffiffiffiffiffi
150e3

p ð8Þ

The porosity function generally has the following profile:

e ¼ e1 1þ a exp
�by
Dp

� �� �
ð9Þ

In Eq. (9), a and b are constants obtained by fit to the experimental data
available in the literature [16].

The specific surface area is given by [1]:

asf ¼ 6 1� eð Þ
Dp

ð10Þ

The effective thermal conductivity of the fluid is composed by two components:
stagnation and dispersion, given respectively, as follows:

kfeffjx
kf

¼ eþ 0:5
qfuDp

lf

� �
Pr ð11Þ

kfeffjy
kf

¼ eþ 0:1
qfuDp

lf

� �
Pr ð12Þ

where u is the component of velocity vector in the x-direction e Pr is the Prandtl
number.

The thermal conductivity of the solid phase has only the stagnation component,
as follows:
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kseff ¼ 1� eð Þks ð13Þ

Wakao and Kaguei [17] based on experimental results reported a correlation for
the solid-fluid heat transfer coefficient, valid for Rep � 8500, as follows:

hs ¼ kf 2þ 1:1Pr1:3
qfuDp
	 


lf

0:6
$ %,

Dp ð14Þ

Finally, Amiri and Vafai [14] report correlations for the Nusselt number written
in terms of the hydraulic diameter (Dh) defined separately for each phase.

3.2.2 Pseudo-homogeneous Models

In pseudo-homogeneous models, the catalyst and reagent fluid particles are treated
as a single continuous medium. It is assumed that the fluid and catalyst particle
within a volume element may be characterized by a certain temperature, pressure
and composition, and these quantities vary continuously with the position within
the reactor [7]. The heterogeneous nature of the bed is communicated to the model
only indirectly or implicitly by effective parameters.

Several pseudo-homogeneous models have been reported in the literature.
Among them, we can be cited one-dimensional models, which are used preferen-
tially for beds with low tube diameter to particle diameter ratio (D/Dp) [18].
Generally, in these models, a constant temperature is assumed along the radial
position and only one transport parameter is estimated, namely, the global heat
transfer coefficient.

The two-dimensional models aggregate the effects of radial and axial tempera-
ture variation. Generally, there are two parameters or more to be estimated which
are the wall-bed heat transfer coefficient, and the radial and axial thermal con-
ductivities. The diffusive term on the energy equation in the axial direction is
sometimes neglected in some models, depending on the conditions of the system.
This assumption presents little influence on the results and still save time and
computational effort. In this case, the determination of the axial thermal conduc-
tivity is unnecessary, giving rise to the determination of a parameter so called
effective thermal conductivity.

The mathematical/computational effort required to solve a specified model must
be reasonable, especially when it comes to control and optimization applications
[19]. In these cases, the pseudo-homogeneous models are more appropriated instead
the heterogeneous models because they are simpler and predict quickly and easily
the dynamic behavior of the reactor. Particularly in small particles porous beds, the
difficulties involved in performing isolated measurements of fluid(s) and particle(s)
temperatures make the pseudo-homogeneous approach convenient for modeling,
because the phases are not distinct in this type of model.
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Many researchers reported studies related to validation of pseudo-homogeneous
models either by confronting experimental data, or by comparing single and
two-dimensional approaches. Next, a summary of the most classic
pseudo-homogeneous models will be presented.

The general energy conservation equation for a pseudo-homogeneous model is
given by:

@

@t
qecPTð Þþr � qecPvTð Þ ¼ r � krTð Þþ _q ð15Þ

where T is the temperature; e is the medium porosity; q is the specific mass; cp is
the specific heat; k is the thermal conductivity; v is the velocity vector. In the first
side of the Eq. (15), the first term is the transient term; the second is the convective
term. On right side, the first term is the diffusive term and the last is the source term.

For a two-dimensional case and considering radial velocity component null, the
energy conservation equation written in the cylindrical coordinates system is given
as follows [8]:

@

@t
rqecpT
	 
þ @

@z
rqecpuzT
	 
 ¼ @

@r
rk
@T
@r

� �
þ @

@h
1
r
k
@T
@h

� �
þ @

@z
rk
@T
@z

� �
þ q

:
r

ð16Þ

where r and z are radial and axial coordinates, respectively; h is the angular
coordinate and uz is the fluid velocity at the reactor inlet.

It is practically impossible to obtain an analytical solution of the Eq. (15)
because of the non-linearity of its terms. Thus, some physical considerations are
usually made in order to eliminate some terms that may have less relevance in the
phenomenon.

The basic formulation of the energy equation applied to gas-liquid flow in a fixed
bed of circular cross section filled with particle, after some physical considerations
will be [20]:

Gcpg þLcpl

� � @T
@z

¼ kr
1
r
@

@r
r
@T
@r

� �
þ kz

@2T
@z2

ð17Þ

where G is the gas mass flow, L is the liquid mass flow, cpg is the gas specific heat;
cpl is the liquid specific heat; kr is the radial thermal conductivity, and kz is the axial
thermal conductivity.

Equation (17) can have different solutions according to the physical considera-
tions made [8, 21–23]. The axial thermal conductivity; and (kz) is sometimes
neglected, thus, reducing the number of parameters in the solution [20].

Analytical solutions are usually processed by some integral transform technique
or by separating variables. If the task of simulating fixed-bed reactor wants to
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incorporate more embracing and realistic occurrences, one must consider the use of
numerical methodologies of solution.

The literature reports variants of the pseudo-homogeneous model, which origi-
nally contemplates three parameters, namely, kz, kr and hw, which are the axial
thermal conductivity, radial thermal conductivity and the heat transfer coefficient in
the bed-wall, respectively (Table 1).

One can still cite the model reported by Oliveira [8], which contain two
parameters (kr and kz) and considers gas flow only. In this case, the energy equation
takes the form:

GcP
@T
@z

¼ kr
r
@

@r
r
@T
@r

� �
þ kz

@

@z
@T
@z

� �
ð23Þ

The boundary conditions used by Oliveira [8] were the same reported by Dixon
et al. [22] (model 5), except for the boundary condition at the reactor inlet which, in
turn, resembles that of model 4 [23], but with a more complex form, as follows:

T�
0 rð Þ ¼ T rð Þ � Twð Þ

T0 � Twð Þ ¼
X1
n¼1

AnJ0 an
r
R

� �
ð24Þ

where:

An ¼ 2
R2

R R
0 rJ0 an r

R

� �
T�
0 rð Þdr

an

Bi

� �2
þ 1

� �
J21 anð Þ

ð25Þ

In Eq. (25) J0 and J1 are the Bessel functions of first kind of order 0 and 1,
respectively.

The governing energy equation was solved analytically by the technique of
separation of variables through the use of Bessel functions and their orthogonality
properties. The exact solution of Eq. (23) is given as follows:

T� r,zð Þ ¼
X1
n¼1

AnJ0 knrð ÞexpGcPz
2kz

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

kn
GcP

� �2

krkz

s0@ 1A ð26Þ

From the pseudo-homogeneous models exposed, it can be seen that on the
surface (r = R) there can be a boundary condition with constant temperature or

convection, the term of axial dispersion [kz @
2T
@z2 ] may or may not be present

depending on the simplification of the model, in order to avoid the experimental
determination of the parameter kz. It is also possible to use a constant temperature
or a parabolic temperature profile at the reactor inlet (z = 0). Model 5 better capture
the occurrences in the system, since that T0 is obtained more carefully considering
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occurrences upstream of the thermal inlet through an energy balance in the
undisturbed section.

Giudici [24] analyzed several of these models with parameter kr � hw � kz or
kr � hw, with or without convective boundary condition at the reactor surface. This
author verified that the parameter kz is very sensitive, so that small variations in the
Reynolds number promote very different results for this parameter, being very
difficult to explain it. Then, the author discourages the use of this parameter in the
modeling.

In the models reported in Table 1, statistical techniques such as least squares
errors, for example, are of great value, in order to assist in the determination of the
thermal parameters, since they help to infer about the quality of the parameter
estimation in nonlinear models and their effects on the performance of the model.

Silva et al. [25] report a transient and three-dimensional model considering
thermophysical properties as function of the temperature or position in a fixed-bed
reactor of elliptic-cylindrical geometry and a curved temperature profile of the gas
phase at the reactor inlet. This model will be detailed in the next section.

4 Transient Heat Transfer in Fixed-Bed
Elliptic-Cylindrical Reactor

4.1 Physical Problem and Geometry

The system under study is shown in Fig. 7 (elliptic-cylindrical reactor), where the
sketch of the fixed bed filled with particles is observed. The reactor bed is perco-
lated by a heated fluid (fluid 1). Thus, fluid exchanges heat with the particles and
the assembly is cooled at the surface by a cooling fluid (fluid 2) at a temperature
lower than the inlet fluid temperature. The flow of the fluid 1 is in a laminar regime.

Sometimes a given physical problem has a certain geometry which is compli-
cated to implement the boundary conditions in Cartesian coordinates. Then, the
representation of the boundary conditions in most physical problems requires that
the values of a function (or its derivatives) be specified in the form of curves or
surfaces (spheres, cylinders, etc.). Therefore, the geometric form of a physical
system under study has pointed to the use of a given coordinate system that best fits
this geometry and, consequently, will lead to a greater efficiency in the validation of
the predicted results [26].

When it is desired to work with a curvilinear coordinate system, such as the
elliptic-cylindrical, changes in the variables are required. These changes result from
the geometric form of the system under consideration. The relationships between
the Cartesian coordinate systems (x, y, z) and the elliptic-cylindrical coordinate
system (s, φ, z) are given as follow [26]:
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x ¼ L cos hssenu ð27Þ

x ¼ L cos hssenu ð28Þ

z ¼ z ð29Þ

In Fig. 8, the elliptic cross-section of the reactor can be observed. The parameter
L1 is the smaller half-axis, L2 is the largest half-axis and L is the focal length of the
ellipse. Thus, considering the following variables:

Fig. 7 Representation of a fixed bed elliptic cylindrical reactor filled with particles
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n ¼ cosh s ð30Þ

g ¼ cosu ð31Þ

z ¼ z ð32Þ

and with direct substitution of these variables in Eqs. (27)–(29), the relations
between the two coordinate systems are given as follows [27, 28]:

x ¼ L ng ð33Þ

y ¼ L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2ð Þ n2 � 1

	 
q
ð34Þ

z ¼ z ð35Þ

where 1� n�L2=L, 0�g� 1 and 0 � z � H. The line n ¼ 1 is equivalent to
the straightline segment with (0, 0) and (L, 0) ends. The line n ¼L2=L represents
the curve line of the ellipse; the line g ¼ 0 is equivalent to the line segment with the
ends in the points (0, 0) and (0, L1); and the line s is equivalent to the line segment
with the ends in the points (L, 0) and (L2, 0). The lines n with constant value are
ellipses of the same center, except for n ¼ 1. Further, the lines g with constant
value, except for g ¼ 0 and g ¼ 1, are half-branches of hyperbole. Herein, this
physical problem will be treated only in the first quadrant of the ellipse, due to the
symmetry with respect to the x and y axes.

θ
x

y
Fig. 8 Representation of the
variables applied in the
Eq. (65)
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4.2 Governing Equations

The general energy conservation equation is given by:

@

@t
qe cPTð Þþr � qecPvTð Þ ¼ DP

Dt
þr � krTð Þþ lWþ _q ð36Þ

In Eq. (36) q is the specific mass, cp is the specific heat and k is the thermal
conductivity of the pseudo-phase; v is the velocity vector; e is the porosity of the
bed; is the substantive derivative of pressure; lW is the viscous dissipation term and
_q is the term of internal energy generation in the system.

The general energy conservation equation (Eq. 36) was applied to a
pseudo-homogeneous system, where the particulate and fluid phases are considered
with a single-phase. In this approach, both the phases are at same temperature at any
point of contact (local thermal equilibrium).

Applying the methodology described by [27–29], Eq. (36) can be written for any
coordinate system, as follows:

@

@t
qe cp

T
J

� �
þ @

@n
qe cp eUT
� �

þ @

@g
qe cp eV T
� �

þ @

@z
qe cpfWT
� �

¼ @

@n
a11J k

@T
@n

þ a12J k
@T
@g

þ a13J k
@T
@z

� �
þ @

@g
a21J k

@T
@n

þ a22J k
@T
@g

þ a23J k
@T
@z

� �
þ @

@z
a31J k

@T
@n

þ a32J k
@T
@g

þ a33J k
@T
@z

� �
þ DP

Dt
þ lW

J
þ _qU

J
ð37Þ

where J is the Jacobian of the transformation of the Cartesian system to the
transformed plane.

The temperature gradient, the areas of heat exchange and the volume of the
infinitesimal element in the new coordinate system can be obtained using the
mathematical relations provided by [27, 29–31], as follows:

• Differential volume:

dV ¼ 1bU bVcW dndgdz ð38Þ

• Differential areas for heat flux:

dSn ¼ 1bVcW dgdz ð39Þ
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dSg ¼ 1bUcW dndz ð40Þ

dSz ¼ 1bU bV dndg ð41Þ

• Temperature gradient

rT ¼ bU @T
@n

; bV @T
@g

;cW @T
@z

� �
ð42Þ

In the Eqs. (38)–(42), the metric coefficients bU, bV and cW, whose product
generates as a result the Jacobian of the transformation (J), are given by:

1bU2
¼ @x

@n

� �2

þ @y
@n

� �2

þ @z
@n

� �2

ð43Þ

1bV2 ¼
@x
@g

� �2

þ @y
@g

� �2

þ @z
@g

� �2

ð44Þ

1cW2 ¼
@x
@z

� �2

þ @y
@z

� �2

þ @z
@z

� �2

ð45Þ

The coefficients aij, are given by the following mathematical relations:

a11 ¼ a0

J2
; ð46Þ

a22 ¼ b0

J2
; ð47Þ

a12 ¼ a21 ¼ d0

J2
; ð48Þ

a13 ¼ a31 ¼ e0

J2
; ð49Þ

a23 ¼ a32 ¼ f 0

J2
ð50Þ

with:

Unsteady State Heat Transfer in Packed-Bed … 161



a0 ¼ @n
@x

� �2

þ @n
@y

� �2

þ @n
@z

� �2

ð51Þ

b0 ¼ @g
@x

� �2

þ @g
@y

� �2

þ @g
@z

� �2

ð52Þ

c0 ¼ @z
@x

� �2

þ @z
@y

� �2

þ @z
@z

� �2

ð53Þ

d0 ¼ @n
@x

@g
@x

� �
þ @n

@y
@g
@y

� �
þ @n

@z
@g
@z

� �
ð54Þ

e0 ¼ @z
@x

@n
@x

� �
þ @z

@y
@n
@y

� �
þ @z

@z
@n
@z

� �
ð55Þ

f 0 ¼ @z
@x

@g
@x

� �
þ @z

@y
@g
@y

� �
þ @z

@z
@g
@z

� �
ð56Þ

From the Eqs. (51)–(56) it can be verified that, due to the orthogonality of the
system, the coefficients d′, e′ and f′ are null, so consequently the coefficients aij with
i 6¼ j are equal to zero.

In the Eq. (37), the variables eU, eV and fW are the contravariant components of
the velocity vector, calculated as follows:

eU ¼ 1
J

@n
@t

þ u
@n
@x

þ v
@n
@y

þw
@n
@z

� �
ð57Þ

eV ¼ 1
J

@g
@t

þ u
@g
@x

þ v
@g
@y

þw
@g
@z

� �
ð58Þ

fW ¼ 1
J

@z
@t

þ u
@z
@x

þ v
@z
@y

þw
@z
@z

� �
ð59Þ

The mathematical relations for converting the velocity vector components in the
Cartesian coordinates system for the curvilinear coordinates system are given by:

un ¼ bU u
@x
@n

þ v
@y
@n

þw
@z
@n

� �
ð60Þ

ug ¼ bV u
@x
@g

þ v
@y
@g

þw
@z
@g

� �
ð61Þ
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uz ¼cW u
@x
@z

þ v
@y
@z

þw
@z
@z

� �
ð62Þ

By using Eqs. (36)–(62) and after of an adequate mathematical treatment in
Eq. (37), we obtain the general energy conservation equation in the
elliptic-cylindrical coordinate system. However, for an appropriate mathematical
modeling, the following physical considerations have been established:

(i) The system operates in the transient regime;
(ii) The thermophysical properties of the phases change with the bed

temperature;
(iii) The porosity varies with the radial position of the bed;
(iv) There is an axial symmetry of temperature with respect to the x and y axes;
(v) There is no chemical reaction, therefore, the internal energy generation term

is null;
(vi) The superficial velocity of the fluid is constant at any position within the

reactor along the z-coordinate and null in the directions n and g;
(vii) The superficial velocity of the fluid is less than the sound speed;
(viii) The wall thickness of the reactor is negligible.
(ix) Viscous effects are insignificant;
(x) A convective boundary condition is considered at the surface of the reactor.

Then, after the mathematical manipulations and the application of the physical
considerations, the energy conservation equation in the elliptic-cylindrical coordi-
nate system assumes the following form:

@

@t

qecpL2 n2 � g2
	 


Tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � 1
	 


1� g2ð Þ
q
264

375þ @

@z
qecpL2 n2 � g2

	 

uzTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 � 1
	 


1� g2ð Þ
q

264
375

¼ @

@n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � 1
1� g2

s
k
@T
@n

24 35þ @

@g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

n2 � 1

s
k
@T
@g

" #
þ @

@z
L2ðn2 � g2Þkffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn2 � 1Þð1� g2Þ

q @T
@z

264
375

ð63Þ

The first term of the Eq. (63) is the transient accumulation term and the second is
the convective term in the axial direction. After equality, there are three terms
representing the heat diffusive transport in the directions n, g and z, respectively.
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4.3 Initial, Symmetry and Boundary Conditions

(a) Initial condition:

T n; g; z; t ¼ 0ð Þ ¼ Ts; z 6¼ 0 ð64Þ

(b) Boundary condition at the reactor inlet:

T n; g; z ¼ 0; tð Þ ¼ TM � 2 � uz R2

a

dTM
dz

� �
3
16

þ 1
16

r
R

� �4
� 1
4

r
R

� �2� �
ð65Þ

(c) Boundary condition at the reactor wall:

�kf
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2n � 1

n2n � g2
P

s
@T
@n


n¼L2

L

¼ hw T n ¼ L2

L
;g; z; t

� �
� Tm

� �
ð66Þ

(d) Boundary condition at the reactor outlet:

@T
@z

ðn;g; z ¼ H, tÞ ¼ 0 ð67Þ

(e) Condition in the symmetry planes:

@T
@z

n ¼ 1;g; z, tð Þ ¼ 0 ð68Þ

@T
@z

n;g ¼ 0; z, tð Þ ¼ 0 ð69Þ

@T
@z

n;g ¼ 1; z; tð Þ ¼ 0 ð70Þ

The Eq. (65) is equivalent to a parabolic temperature profile in a circular
cylinder [32] adapted for an elliptical cross-section, considering R as half of the
hydraulic diameter. It is noteworthy that this methodology is flexible in such a way
that it is valid to simulate cases from a circular cylinder, passing through a rect-
angular channel to an elliptical cylinder. In the Eq. (65), a is the thermal diffusivity
and uz is the axial velocity of the fluid, and dTM/dz is the mean axial temperature
gradient of the gas phase at z = 0 m, given by [8]:
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dTM
dz

¼ � TM � Tm
	 

11
48

�uzR
2

a

ð71Þ

in which TM is the average temperature at the inlet section of the reactor and Tm is
the temperature on the reactor surface at the inlet. Further, r is the radial coordinate
varying as follows: 0� r� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 cos2 hþL1sen2h
p

where h is the angle ranging in
the interval 0 � h � 90° counterclockwise [10] (see Fig. 8).

4.4 Numerical Treatment

For the solution of the energy conservation equation in the elliptic-cylindrical
coordinate system, the numerical method of finite volumes was applied, which
consists of dividing the domain under study into several subdomains called control
volumes. It is assumed that if the conservation equation is valid for the entire
domain, it will also be valid for any subdomain. The control volumes are referenced
by nodal points located in their centroids, in which the temperature is determined.
In this context, the conservation equation is integrated for each control volume in
space and time, producing as a result a linear algebraic equation for each control
volume. The set of all equations generated with the proper application of the
boundary conditions form a system of possible linear algebraic equations deter-
mined to be solved with some iterative or direct method.

Figure 9 shows a representative control volume element appropriated to the
problem domain. The central nodal point P as well as the central nodal points of the
neighboring volumes N, S, E, W, F, and T are illustrated also. The limits between
the faces of the control volumes are referenced by lowercase letters, namely n, s, e,
w, f and t.

By integrating the Eq. (63) in volume and time, and using the WUDS interpo-
lation scheme for the convective terms and a fully implicit formulation for the
evaluation of the solution over time, the following linear algebraic equation was
obtained:

APTP ¼ AETE þAWTW þANTN þASTS þAFTF þATTT þA0
PT

0
P þB ð72Þ

where the coefficients Ak of this equation are given by:

AE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

e
n2e � 1

s
kebeDnDz

dge
ð73Þ

AW ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

w

n2w � 1

s
kwbwDnDz

dgw
ð74Þ
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AS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2s � 1
1� g2

s

s
ksbsDgDz

dgs
ð75Þ

AN ¼
ffiffiffiffiffiffiffiffi
n2n

1�g2
n

q
KnbnDgDz

dgn
for internal points

0; for the border points

(
ð76Þ

AF ¼ L2 n2f � g2
f

	 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2f � 1
� �r

1� g2
f

� � 0:5þ af
	 


qfefcPfuzþ
bfkf
dzf

� �
DnDg ð77Þ

AT ¼ L2 n2t � g2
t

	 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2t � 1
	 


1� g2
t

� �r 0:5� atð ÞqtetcPtuzþ
btkt
dzt

� �
DnDg ð78Þ

A0
P ¼ L2 n2 � g2

	 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � 1
	 


1� g2ð Þ
q q0c0Pe

0DnDgDz

Dt
ð79Þ

Fig. 9 Representation of a three-dimensional elemental control volume in the elliptic-cylindrical
coordinate system
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AP ¼ AE þAW þAN þAS þA�
F þA�
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Dnn

� �
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TmLDgDz
ffiffiffiffiffiffiffiffiffiffiffi
nn�gPð Þ
1�gPð

q
1þ k ^U
hw d nn

� �
k ^U
d nn
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Figure 10 illustrates the nodal point close to the surface of the reactor.
The coefficients a and b that appear in terms of the coefficients Ak are weighting

constants used in the interpolation functions necessary to evaluate the convective
and diffusive terms at the faces of each control volume [28, 33]. These parameters
are calculated by:

a ¼ Pe2

10þ 2Pe2
ð85Þ

b ¼ 1þ 0:005Pe2

1þ 0:05Pe2
ð86Þ
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where Pe is the Peclet number, which physically represents the ratio of the con-
vective to the diffusive flux in the coordinate direction considered. It will only make
sense to determine the Peclet number in the z-direction. Thus, in this direction, it is
calculated as follows:

Pe ¼ qeuzcpdz
k

ð87Þ

The following function was used to calculate the properties at the interfaces of
control volumes:

kUi ¼ 1� f̂ i
kUP

þ f̂ i
kUj

 !�1

ð88Þ

This condition can be visualized in Fig. 11, where P is the index for the nodal
point in question, i = n, s, f, t, or w and j = N, S, F, T, E or W. When i assumes a
minuscule index, j—representing a j-th neighboring nodal point associated with that
face—assumes its respective capital index. Thus, we define f̂i as an interpolation
factor as follows:

f̂i ¼ ddð Þþi
ddð Þi

ð89Þ

where dd is given according Fig. 11.

Fig. 10 Scheme showing the
heat exchanges considered in
the surface boundary
condition
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The symmetry points are not present in the set of discretized equations. Thus,
after that the system of equations is solved, the temperature value in the symmetry
points is calculated by a thermal balance in these points. From this analysis, we
obtain that the diffusive heat flux that reaches a specific point of symmetry origi-
nated from its internal neighbor point is equal to that which arrives at this neighbor
point originated from the next neighbor point, in the same coordinate direction
(Figs. 12, 13 and 14).

Thus, in the region of symmetry for η = 0, we have that (Fig. 12):

q00w¼ q00e ) � k
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

n2 � g2

s
@T
@g

 !
e

¼ � k
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

n2 � g2

s
@T
@g

 !
w

ð90Þ

After discretization of the Eq. (90) the temperature at any symmetry point in this
region is given as follows:

Fig. 11 Schematic showing
the position of the i-th
interface between the points P
and a j-th neighbor nodal
point

Fig. 12 Illustration of the
energy balance for
temperature estimation at
symmetry points in η = 0
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1�g2

w

n2�g2
w

q
ke
dge

ffiffiffiffiffiffiffiffiffiffi
1�g2

e

n2�g2
e

q
0B@
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q
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Similarly, for the points at g ¼ 1, we have as result the following energy balance
(Fig. 13):

Fig. 13 Illustration of the
energy balance for
temperature estimation at
symmetry points in η = 1

Fig. 14 Illustration of the
energy balance for
temperature estimation at
symmetry points in n = 1
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After discretization, the temperature in these points can be determined as
follows:
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For the points of symmetry in which η = 1, we can write (Fig. 14):
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In the discretized form, we obtain the temperature in the symmetry points as
follows:
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Regarding the surface points, all temperature involved are determined based on
the thermal balance in this region, whose representation is shown in Fig. 10.

In practice it is considered that the diffusive heat flux from the fluid to the bed wall
(internal side) is equal to the convective heat flux at the same wall (external side) to
the refrigerant fluid (Eq. 66). Thus, the temperature in the nth-face is given by:

TN ¼
Tm þTp

KÛ
hWdnn

� �
1þ KÛ

hWdnn

ð96Þ

5 Application

5.1 Simulation Data

Here, it is considered the flow of heated air by percolating a bed of spherical
particles in local thermal equilibrium condition. The reactor wall is cooled by water
to the temperature Tm.
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The geometric parameters used in the simulation were L2 = 0.1 m, L1 = 0.05 m
and H = 0.194 m. The values of thermophysical parameters were hw = 2 W/m2K,
uz = 0.11417 m/s, TM = 70 °C and Tm = 30 °C. The thermal conductivity k, the
specific mass, the viscosity, and specific heat of the air, are as follows [34, 35]:

k ¼ 2:425� 10�2 þ 7:889� 10�5T� 1:907� 10�8T2 � 8:570� 10�12T3 W
m

K
� �

ð97Þ

q ¼ PatmMar

RarT
kg
m3

� �
ð98Þ

l ¼ 1:691� 10�5 þ 4:984:� 10�8T� 3:187� 10�11T2 � 1:3196
� 10�14T3 Pa s½ � ð99Þ

cp ¼ 1:00926� 103 � 4:0403� 10�2Tþ 6:1759� 10�4T2 � 4:097

� 10�7T3 J
kgK

� �
ð100Þ

in which the temperature T is in °C.
The porosity model used was proposed by [36], Eq. (101), valid for a

circular-cylindrical geometry, which has been adapted to be used in an
elliptic-cylindrical geometry considering a = 1 and b = 20. In this modified equa-
tion, the radial coordinate r̂ represents the orthogonal distance of a given point
within the reactor to the inner surface of the wall of the equipment.

In Eq. (101) J0 is the Bessel function of first kind of zero order; Dp = 0.004 m is
the particle diameter; r̂ is the distance from any internal point to the reactor wall,
which is normal to this wall, and eo = 0.4.

e ¼ e0 þ 1� e0ð Þe�b̂rJ0 a
r̂
Dp

� �
ð101Þ

5.2 Results and Analysis

The results presented here consist on the dimensionless temperature profiles
T�Tm

T0�Tm

� �
in different planes: z = 0.00556, 0.0944 and 0.19444 m, x = 0 m,

y = 0 m and z = 0 m and different process times, considering a mesh of
20 � 20 � 20 control volumes and Dt = 0.1 s.

The temperature profile at the reactor inlet (z = 0 m) can be seen in Fig. 15,
where the temperature varies from T = 30 °C at the reactor wall to T = 95.44 °C
towards the center. The average temperature TM = 70 °C in the cross section. In
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this new purpose, a fully developed thermal and hydrodynamic flow prior to reactor
inlet was considered as a more realistic model for flow at the fluid inlet rather than
the flat profile commonly used by many researchers. There are several experimental
difficulties in dealing with temperature and velocity profiles in this critical region. In
this area, the velocity profile tends to form preferential flow channels near the wall,
which intensify the heat transfer to the reactor wall due to the formation of a
wall-fluid contact thermal resistance [36, 37]. The formation tendency of these
preferential channels affects the porosity profile in the fixed bed, which also pre-
sents much experimental difficulty for measurements.

In turn, the porosity model of this work, adapted from [36], agrees with the
numerous experimental results reported in the literature [38–41], which are prac-
tically unanimous that the porosity of the bed presents unit value at a distance from
which is of the order of half particle diameter, oscillating and decreasing to a
constant value towards the center of the bed (Fig. 16). For a bed of spheres, this
value is around e = 0.4. Near the reactor wall, the maximum porosity favors the
formation of the already mentioned preferential flow channels, which means that
the fluid velocity profile at the inlet may be different from the piston profile,
commonly considered by several authors.

Dong et al. [42] using a heterogeneous model for obtaining porosity via method
of discrete elements, states that the porosity profile may not have radial symmet-
rical, because there may be differences in this parameter in different angular posi-
tions. The author affirms that two-dimensional pseudo-homogeneous models using
a radial porosity profile may mask the radial asymmetry of the porosity profile, but

Fig. 15 Temperature profile
(°C) at the inlet of the
elliptic-cylindrical reactor

Fig. 16 Porosity profile
inside the elliptic-cylindrical
reactor in any axial position
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the use of a three-dimensional model helps to attenuate this deficiency presented by
the two-dimensional model.

In relation to the transient effects on the reactor operation, it is possible to
analyse relevant occurrences in the process.

Analysing Fig. 17a–e, it was found that after a time t = 0.5 s, the heated air
stream percolating the reactor already provides rise in the axial and radial tem-
perature gradients to z = 0.09 m. These gradients are still not as pronounced near
the reactor wall because the temperature in that region is equal that of the refrigerant
(thermal equilibrium). It is also observed at this time that there is virtually no
disturbance in the reactor temperature profile from half the height towards the outlet
(Fig. 17a, b).

At time t = 1.5 s, it can be seen in Fig. 18a–e that the higher axial temperature
gradients are moving away from the reactor inlet region toward its outlet. Further,
the radial and axial temperature gradients in the region after the value of
z = 0.09 m, which practically do not exist at t = 0.5 s, now become very pro-
nounced. It can be stated that up to time t = 1.5 s, a predominance of heat transfer
in the axial direction by convection occurs.

At time t = 3 s, observing Fig. 19a–e and comparing with Fig. 17a–e, referring
to time 1.5 s, it is found that part of the temperature profile is practically stabilized
near the reactor inlet region—up to about a quarter of the height of the equipment—
however, from half the height toward the outlet, the radial temperature gradients

Fig. 17 Dimensionless temperature distribution inside the reactor at different planes (t = 0.5 s).
a z = 0.1944 m, b z = 0.0944 m, c z = 0.0055 m, d y = 0 m and e x = 0 m
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increase much more, especially in the region closest to the wall. It is also observed
that the axial temperature gradients are becoming less pronounced along the bed
height, indicating that, from that moment on, the higher heat transfer rate in the
reactor has predominance in the radial direction.

The instant t = 4.5 s is the moment as the temperature inside the reactor reaches
the steady state condition. By analysing Fig. 20a–e, it can be seen that the axial
temperature gradients are quite small, especially on regions of the half of the
half-axes towards the reactor wall. Furthermore, it is also observed that the radial
temperature gradients at the end of the process increased significantly across the
whole bed height, following the trend of the temperature profile of the fluid at the
reactor inlet.

In general, the proposed model is highly versatile since that it is able to simulate
different operating conditions involving a change in the geometry of the reactor;
different materials and particle diameter; different velocity and temperature for the
reactive and refrigerant fluids, being possible to simulate physical situations with
different fluids, and with the consideration of the chemical reaction, in order to
verify the system’s temperature response.

With use of the pseudo-homogeneous model is not possible to simulate the
behaviour of the liquid and solid phases separately, but its prognosis brings
coherent physical information of the thermal behaviour of the reactor as operating.

Fig. 18 Dimensionless temperature distribution inside the reactor at different planes (t = 1.5 s).
a z = 0.1944 m, b z = 0.0944 m, c z = 0.0055 m, d y = 0 m and e x = 0 m
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Fig. 19 Dimensionless temperature distribution inside the reactor at different planes (t = 3.0 s).
a z = 0.1944 m, b z = 0.0944 m, c z = 0.0055 m, d y = 0 m and e x = 0 m

Fig. 20 Dimensionless temperature distribution inside the reactor at different planes (t = 4.5 s).
a z = 0.1944 m, b z = 0.0944 m, c z = 0.0055 m, d y = 0 m and e x = 0 m

176 R. M. da Silva et al.



6 Concluding Remarks

In this chapter, the physical problem of conduction and convection heat transfer and
fluid flow in porous media has been explored. Emphasis is given to packed bed
reactor. Interest in this type of problem is motivated by its great importance in many
practical applications of engineering and science.

Herein, an attention is focused on the unsteady-state heat transfer inside the
reactor under local thermal equilibrium condition.

A well-posed transient and three-dimensional mathematical modelling for
conduction/convection heat transfer within a packed-bed reactor of elliptic
cross-section is proposed. Further, all general numerical formalism for the solution
of the energy conservation equation, which is based on the finite-volume method,
has been explored, and predicted results of temperature distribution inside the
reactor at different instants are presented and discussed.

From the results, the following general conclusions can be summarized:

(a) The proposed model has the versatility to explore the transient simulation of
several geometric forms of the reactor (circular-cylindrical, elliptic-cylindrical,
including an approximation for rectangular channel), with various types of
fluids, different particle and wall materials, with or without chemical reaction,
as well as different boundary conditions at the fluid inlet and at the reactor
surface;

(b) Transient modelling was physically consistent, incorporating the effects of
parabolic profile of temperature at the reactor inlet on the temperature gradients.
This procedure predominantly affected the radial gradients, with consequent
higher heat transfer rate in this direction;

(c) The proposed porosity model, although adapted from a model with circular
cylindrical geometry with low tube diameter/particle diameter ratio, proved to
be quite satisfactory for the elliptic-cylindrical shape, preserving the expected
physical aspects;

(d) The largest radial temperature gradients occur in the direction of the y-axis—
the minor half-axis of the ellipse—standing out the extremity of this region. For
any time and height in this region occurs higher heat transfer and higher surface
temperature;

(e) At the beginning of the process, the largest axial gradients are at the reactor
inlet and, over time, are reduced in this region and intensify towards the exit.

As a final comment we start that models, such as outlined in this chapter, can be
used with great confidence to elucidate unknown features of several multiphase
complex systems, mainly related to porous media and packed bed reactors.
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and Applications
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Abstract This chapter provides information related to simultaneous heat and mass
transfer in unsaturated porous bodies with particular reference to drying process of
arbitrarily-shaped solids. Several important topics such as drying theory, moisture
migration mechanisms, lumped and distributed modeling for homogeneous and
heterogeneous bodies, and applications are presented and discussed. Herein, a new
phenomenological and advanced lumped-parameter model written in any coordi-
nate system is presented, and the analytical solutions of the governing equations,
limitations of the modeling and general theoretical results are discussed. The
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proposed model includes different effects such as shape of the body (hollow or not
hollow), heat and mass generation, and coupled heating, evaporation and convec-
tion phenomena.

Keywords Drying � Heat � Mass � Theoretical � Complex shape solid

1 Drying Theory of Wet Porous Solids

1.1 Foundations

Drying is a complex process involving simultaneous phenomena of heat, and mass
transfer and linear momentum, existence of equilibrium state and dimensional
variations of the solid being dried. Drying differs from other separation techniques,
such as osmotic dehydration, by the way like water is removed from the solid. In
the drying the removal of water molecules occurs by movement of the liquid, due to
a difference of partial pressure of the water vapor between the surface of the product
and the air that surrounds it.

Heat can be supplied to the material to be dried by: thermal radiation, convec-
tion, conduction or by volumetric absorption of the electromagnetic energy gen-
erated at the radio or microwave frequency. This volumetric heat transfer can
accelerate the drying process and offers a number of benefits over conventional
methods. In most cases, heat transfer occurs through a combination of several
mechanisms.

The products are very different from each other, due to their composition,
structure, shape and dimensions. The drying conditions are very diverse, according
to the drying air properties and the form like the air-product contact occur. As
examples, we can cite drying of wet particles bed with hot air and suspension of
particles in an air stream. Once the product is placed in contact with hot air, there is
heat transfer from the air to the product due to the temperature difference between
them. Simultaneously, the difference in the partial pressure of water vapor between
the air and the surface of the product determines a transfer of matter (mass) from the
product surface to the air. The latter is make in the form of water vapor. We start
that part of the heat that reaches the product is used to water evaporation. Figure 1
illustrates the curves of the water content of the product, its temperature and the
drying rate, over time, when air is used as a drying agent.

The curve (a) represents the reduction of the moisture content of the product
during drying. It represents the mass of water per mass of dry product ratio during
the process in a drying condition previously established. The curve (b) represents
the product drying velocity (drying rate) which represent the moisture content
variation of the product as a function of time, being obtained from differentiating
the curve (a) with respect to time. The curve (c) represents the variation of product
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temperature during drying. It is obtained by measuring the temperature of the
product during the process.

During drying, the product goes through several stages, depending on its initial
moisture content, nature and form. The following describes each one of them
(Fig. 1):

(a) Period 0: This is the period of induction or the period to enter in operating
regime (warming up or accommodation period of the material). In the begin-
ning, the product is usually at a temperature lower than the air, and the partial
pressure of water vapor at the surface of the product is low, consequently, the

Fig. 1 Moisture content and
temperature transient behavior
of the product during drying
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mass transfer and drying rate are also low. The heat reaching the material in
large quantities causes an increase in temperature, causing an increase in partial
pressure of water vapor in the air and in the drying rate. This phenomenon
continues until the heat transfer to compensate exactly for mass transfer. If the
air temperature is lower than the product, so, the product temperature will
decrease until it reaches the thermal equilibrium. The duration of this period is
insignificant relative to the total drying time.

(b) Period 1: This period corresponds to the constant drying velocity (drying rate).
During this period, as in the previous one, the amount of water available within
the product is quite large. Water evaporates as free water at the surface of the
product. The partial pressure of water vapor at the surface is constant and equal
to the vapor pressure of pure water at the temperature of the product. The
product temperature, at this time is also constant and equal to the wet bulb
temperature of the drying air, because the compensation between heat and mass
transfers exactly. The drying velocity is therefore constant. This period con-
tinues, while the migration of water from the inside to the surface of the product
is enough to keep up with the evaporative loss of water at the surface. In the
case of biological materials is very difficult the existence of this period, because
the drying operating conditions provokes a mass transfer resistance essentially
inside the product, causing the water evaporation rate from the surface to the
environment higher than the replacement rate of moisture from the interior to
the surface of the material.

(c) Period 2: This is the period of falling drying rate. It starts as soon as the water
begins to reach the surface in quantities less than the water evaporated, so, the
drying velocity decreases. Some authors define the value of moisture content of
the product at the transition point between periods 1 and 2 as being the critical
moisture content, however, we starts that this is not a physical property of the
material. The critical moisture content depends on the drying operating con-
ditions and solid geometry. During this period, the heat exchange is no longer
compensated for the loss in mass, therefore, the temperature of the product
increases and tends asymptotically to the air temperature (thermal equilibrium).
Throughout this period the limiting factor is the internal migration of water.
This reduction in the drying rate is sometimes interpreted by decreasing the wet
surface, but the most frequent interpretation is by lowering the partial pressure
of water vapor at the surface. At the end of this period the product will be in
equilibrium with the air and the drying velocity is null (hygroscopic
equilibrium).

In the drying process there are some factors that can interfere in the attributes of
quality, among the main ones can be highlighted those that are directly linked to the
product to be dried such as thickness and characteristics of the product, and also,
with those that are connected with drying air (temperature, velocity and relative
humidity). The drying process occurs in the natural form exposing the product
directly to the sun, and artificially using equipment such as oven and dryers [1].
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The mechanisms of internal mass transfer during drying of biological materials,
can be influenced by two collateral phenomena during drying, cited below:

(a) Existence of the solute’s contribution during drying. For example, plum sugar
(solute) is deposited at the surface during drying, forming a crust that decreases
the drying velocity. Another example is the drying of beet. This product dries
more quickly when its sugar content is reduced before drying.

(b) Biological products are living cells thus exhibiting a specific behavior where
the cell is stretched by the liquid contained therein and, as a consequence, the
cell wall is subjected to stress and the liquid contained therein is subjected to
compression. This phenomenon is known as “turgor”. As the drying proceeds,
with the removal of water, there is reduction in the pressure that the liquid
exerts in the cell wall. The phenomena associated with this pressure reduction
are treated as a result of the shrinkage of the material. During the drying
process, the shrinkage phenomenon provokes several effects in the material. As
the material shrinks while during drying, the surface of the material hardens
(“case hardening”), thus, the material deform and fissures, especially in mate-
rials very sensitive to heat.

1.2 Moisture Migration Mechanisms

The phenomenon of moisture migration inside of porous materials is still not well
known. Some authors claim that migration can be a combination of moisture
movement by diffusion of liquid and vapor, each predominating in certain stages of
drying [2]. Wherefore, several theories have been proposed to describe the mass
and heat transport in capillary porous media, such as: Liquid diffusion theory;
Capillary theory; Krischer’s theory; Luikov’s theory; Philip and De Vries theory;
Berger and Pei theory, and the Fortes and Okos theory. A detailed discussion of
drying theories can be found in the literature [3–9].

According to theories listed above, the following moisture transport mechanisms
in solids have been provided by literature [3, 7, 9–11]:

(a) transport by liquid diffusion due to moisture concentration gradients;
(b) transport by diffusion of vapor due to moisture concentration gradients and

vapor partial pressure (caused by temperature gradients);
(c) transport by effusion (Knudsen flow). This occurs when the mean free path of

the molecules of vapor is the same order of magnitude of pore diameter. It is
important for high vacuum conditions, like for example, lyophilization;

(d) transport of vapor by thermodiffusion due to temperature gradients;
(e) transport of liquid by capillary force due to capillary phenomena;
(f) transport of liquid by osmotic pressure due to osmotic force;
(g) transport of liquid due to gravity;
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(h) transport of liquids and vapor, due to the total pressure difference, caused by
external pressure, contraction, high temperature and capillarity;

(i) transport by surface diffusion due to migration of liquid and vapor mixture
though the pores of the product surface.

Additional information of each moisture transport mechanisms listed above can
be found in the works cited in this item.

1.3 Types of Drying

The drying process can be accomplished in several ways in order to several pur-
poses. For food products, for example, is employed mainly in conservation, while
also allowing the transportation and storage without refrigeration. The most com-
mon drying types are:

(a) Stationary drying: The designation of stationary drying is given when there is
no movement of the product during drying. It is generally used in grains, which
are placed in silos-dryers that undergo the action of heated air. This type of
drying presents low performance as a function of the height of the solid layer
which is regulated by the distance of the drying entrance and the air flow rate
involved.

(b) Continuous drying: In this drying system, solids flows in the dryer while are
heated. This process allows the loss of water from the product and its heating.
in such a way that they enter wet in the dryer, receives heating action, and
leaving it dried. In this type of drying, the system can be classified as follows:
Concurrent flow: the product along with the drying air moves in parallel, in the
same directions inside the equipment;
Countercurrent flow: the product together with the drying air travels parallel in
opposite directions inside the equipment;
Cross flow: the drying air moves perpendicularly through the mass of the
product.
Mixed flow: This is a combination of different drying types.

(c) Intermittent drying: Intermittent drying and a type of discontinuous drying,
with periods of energy and heat application. It is characterized by the discon-
tinuous passage of air by the mass of the product in movement, promoted by
the recirculation of the solid in the dryer. Intermittent drying controls the rate of
heat input for the material to be dried, in order to avoid thermal degradation of
heat-sensitive products.
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2 Drying Process Modeling

One of the most important drying technologies, especially for industrial processes,
is the mathematical modeling of processes and drying equipment. One purpose of
modeling is to enable the engineer to choose the most appropriate drying method of
a specific product as well as suitable operating conditions. The principle of mod-
eling is based in a mathematical equation system that characterizes completely the
physical system being modeled. In particular, the solution of the governing equa-
tions makes it possible to predict the process parameters as a function of the drying
time only based on the initial and boundary conditions and simplification, and some
required data of the product and air. The starting point in mathematical modeling is
the definition of the modification process, in particular a description of the input
data that influence the process, as well as variables that depend on the behavior of
the process.

From the physical point of view, the drying process involves simultaneous
phenomena of heat and mass transfer, linear momentum and dimensional variations
of the product. It is a very complex process involving several physical phenomena,
and thus, there is a need to generate mathematical models to simulate the drying
process with great physical realism. Then, it is important to insert in the drying
model the maximum amount of information related to the process, allowing to
correctly relate the model to the actual physical situation. Thus, the development of
mathematical models to describe drying process has been subject of study for many
researchers for decades.

Recently many sophisticated drying models have been presented in the literature.
Depending on the layer thickness of the studied material, these models can be
classified in thin layer (particle level models) and thick layer models (dryer level
models). The practical importance of thin-layer drying has limitations, because the
materials are usually dried in thick layers: stationary or in motion. However, the
models most used by the researchers take into account thermo physical properties,
drying kinetics, and mass and energy balance in the dryer, thus ratifying the need to
have an equation for describe thin layer drying kinetics of the material under certain
pre-established operating conditions. Therefore, numerous thin layer models have
been proposed to describe the moisture loss rate during drying of solids and can be
divided into two main groups: lumped models and distributed models, which will
be detailed below.

2.1 Distributed Models

The distributed models describe the heat and mass transfer rates as a function of the
position within the wet porous solid and the drying time. They consider the external
and internal resistances to heat and mass inside the porous solids. Thus, these
models or systems are based on the interaction between time, and one or more
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spatial variables for all their dependent variables. In this approach, the gradients of
moisture content, pressure and temperature inside the material are considered [12].
Some of these models reported in the literature are described below.

(a) Luikov’s model

This model is based on the thermodynamics of the irreversible processes and
proposes that the water moves in porous capillary media, in isothermal conditions,
due to the action of a potential gradient of mass transfer. This potential of mass
transfer was created by Luikov based on the analogy with the driving force of heat
transfer, the temperature gradient [4].

Luikov [13] presented a mathematical model to describe the drying process of
porous capillary products based on the mechanisms of diffusion, effusion, vapor
convection and diffusion and convection of water inside the porous medium. The
process is described by a system of partial differential equations coupled for tem-
perature, moisture content and in cases of intense drying also the pressure. The set
of equations is as follows:

@M
@t

¼ r2 K11Mð Þþr2 K12hð Þþr2 K13Pð Þ ð1Þ

@h
@t

¼ r2 K21Mð Þþr2 K22hð Þþr2 K23Pð Þ ð2Þ

@P
@t

¼ r2 K31Mð Þþr2 K32hð Þþr2 K33Pð Þ ð3Þ

where Kij, i, j = 1, 2 and 3, are the phenomenological coefficients for i = j and the
combined coefficients for i 6¼ j.

(b) Diffusive models

Several authors consider the diffusion of liquid water as the main transport
mechanism of moisture in wet porous solids [1, 11, 14–23]. To describe the drying
process theoretically the Fick’s second law has been widely used since it establishes
the diffusion of moisture in terms of the concentration gradient in the solid, as
follows:

@M
@t

¼ r � DrMð Þ ð4Þ

In general, the diffusion coefficient D, is considered constant, or dependent on
the temperature and/or the moisture content of the solid. However, it is worth noting
that mechanical compression reduces porosity and effective moisture diffusivity;
therefore, the pressure has a negative effect on water diffusivity [24]. Table 1
provides a summary of some of the various empirical parametric models expressing
moisture diffusivity as a function of temperature and/or moisture content reported in
the literature.
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The concept of liquid diffusion as the only mechanism of moisture transport has
been the subject of several criticisms, constantly presenting discrepancies between
experimental and theoretical values [4, 6]. The Luikov’s model, considering neg-
ligible the effects of pressure gradients and combined temperature and moisture
content, is similar to the diffusion model.

(c) Model based on the non-equilibrium thermodynamics

Based on the thermodynamic concepts of irreversible processes, Fortes and Okos
[25] have proposed a model that considers the existence of local equilibrium valid;
the use of the Gibbs equation for non-equilibrium conditions; of the phenomenon of
shrinkage negligible; neglected total pressure effects; the use of linear phe-
nomenological laws; validity of the fundamental relations of Onsager; of the system
be taken as isotropic; of the water to migrate in the liquid and vapor phases; of
being the rate of heat transfer and mass slower than the rate of phase change, and
finally, of the use of the Curie principle.

According to Fortes and Okos [25], the fundamental difference between the
theory of these authors and the theories cited is that the driving force for the
isothermal movement of both liquid and vapor is a gradient of the equilibrium
moisture content that the product attains when subjected for a sufficiently long time
to controlled conditions of temperature and relative humidity of the air, and not the
moisture content gradient. The driving force for the liquid and vapor transfer is the
chemical potential gradient, which in turn is a function of the temperature, relative
humidity and equilibrium moisture content. In this model, it is postulated that water
in porous capillary media can moves in the opposite direction to the moisture
content gradient, but always in the direction of the equilibrium moisture content

Table 1 Empirical parameters models for mass diffusion coefficient [15]

Parametric model Equation number

D M,Tð Þ = A0 exp A1Mð Þ exp � A2

Tabs

� �
(5)

D M,Tð Þ = A0 exp �A1

M

� �
exp � A2

Tabs

� �
(6)

D M,Tð Þ ¼ A0 exp
P3

i¼1 AiMi
� �

exp � A4

Tabs

� �
(7)

D M;Tð Þ ¼ A0 1� exp �A1Mð Þ½ � exp � A2

Tabs

� �
(8)

D M,Tð Þ ¼ A0 1þ exp A1 � A2Mð Þ½ ��1exp � A3

Tabs

� �
(9)

D M,Tð Þ ¼ A0 exp A1Mð Þ exp �A2MþA3

Tabs

� �
(10)

D M,Tð Þ ¼ A0 Mð Þ exp �A1 exp �A2Mð ÞþA3

Tabs

� �
(11)

D Mð Þ ¼ A0 þA1Mð Þ (12)

D Tð Þ ¼ A0 exp � A1

R0Tabs

� �
(13)
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gradient. Thus, equilibrium moisture content is presented as a more natural choice
for mass transport potential than the concept proposed by Luikov.

Admitting the considerations of the model, considering the negligible effects of
gravity on the vapor transport and using Onsager relations, Fortes and Okos [25]
derived the following equations, for capillary porous bodies:

• Heat flux

J
!

q ¼ �ktrT � ql kl Rv ln URð Þþ kv qvo
@UR
@T

þUR
dqvo
dT

� �� �

� RvT2

UR
@UR
@T

rMþT ql kl Rv ln URð Þ + kv qvo
@UR
@T

þUR
dqvo
dT

� �� �
g!

ð14Þ

• Liquid flux

J
!

l ¼ �qlklRV ln URð ÞrT� qlkl
RvT
UR

@UR
@M

� �
rMþ qlkl g

! ð15Þ

• Vapor flux

J
!

V ¼ �kV qvo
@UR
@T

þUR
dqvo
dT

� �
rT� kvqvo

@UR
@M

� �
rM ð16Þ

Assuming that no ice is present and that the air mass is negligible, one can write
the mass conservation equation as

@ qpsM
� 	
@t

¼ �r � J
!

l þ J
!

V

� �
ð17Þ

With the consideration of non-existence of shrinkage phenomena, qps constant, the
Eq. (17) reduces to:

qps
@M
@t

¼ �r � J
!

l þ J
!

V

� �
ð18Þ

The energy conservation equation can be obtained, assuming that the rate of
change of enthalpy of the system minus the heat of adsorption equal to the
divergence of the enthalpy flux. Thus, one can write:
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qpscp
@T
@t

� qpshw
@M
@t

¼ �r : J
!

q � hfgr : J
!

v � J
!

l : clrT� J
!

v : cvrT ð19Þ

As can be seen, this model more accurately describes the physics of the heat and
mass transfer process than the simple liquid diffusion model, however its appli-
cability is greatly limited, in virtue of the ruling equations of the phenomenon
include many coefficients that are difficult to determine experimentally, depending
on the product nature.

2.2 Lumped Models

The thin-layer drying equations, namely lumped model, can be classified as
empirical, semi-empirical or semi-theoretical, and purely theoretical. This classifi-
cation is given based on their comparative advantages and disadvantages and also
its derivation [26–30]. These equations neglect the effects of temperature and
moisture content gradients inside the material during the drying process. Some of
these models assume that the material reaches the drying air temperature immedi-
ately at the beginning of the process.

Empirical equations have a direct relationship between moisture content and
drying time, while the semi-empirical equations are analogous to Newton’s law of
cooling, assuming the drying rate is proportional to the difference between the
moisture content of the product and its respective equilibrium moisture content for a
specified drying conditions. The semi-theoretical equations are usually obtained
from the liquid and/or vapor diffusion equation within the product.

In short, the lumped models describe the heat and mass transfer rates for the
entire product, ignoring internal resistance of heat and mass transfer. Many lumped
equations are derived from the distributed equations under small considerations.
The thin-layer drying models are often employed to describe the drying of fruits and
vegetables; however, because of their ease and fast response of the problem, it has
been used to describe the drying of non-biological materials also. These categories
of models take into consideration only external resistance to the moisture transport
process between the material and atmospheric air, providing a greater extent of
accurate results of the drying process, and make less assumption due to its
dependence with experimental data. Thus, these models proved to be the most
useful for engineers and designers of dryers [11], but, are only valid in the drying
conditions applied. However, among them, the theoretical models make several
assumptions leading to considerable errors [31–34], thereby limiting the use in the
design of dryers.

The main challenges faced by empirical models are that they depend on largely
of experimental data and provide limited information about the heat and mass
transfer during the drying process [12, 35]. Due to the characteristics of the
semi-theoretical and empirical models, these models are widely applied in the
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estimation of drying kinetics of products with high moisture content such as fruits
and vegetables. Following are detailed some of these lumped models reported in the
literature.

2.2.1 Semi-theoretical Models

The semi-theoretical models are derived from the distributed model (Fick’s second
law of diffusion) or its simplified variation (Newton’s law of cooling).
Semi-theoretical models of Lewis, Page and Page Modified are derived from
Newton’s law of cooling, while to following models are derived from Fick’s second
law of diffusion [12]:

(a) Exponential model and simplified form;
(b) Exponential model of 2-terms and modified form.
(c) Exponential model of 3-terms and simplified form.

Factors that could determine the application of these models for a specific
product include the drying condition (relative humidity, temperature and air
velocity of the air), shape, dimension, and the initial moisture content of the
material to be dried [9, 12, 27]. In addition, under these conditions may be noted
that the complexity of the models can be attributed to the number of constants that
appears in them. How much large the number of parameters to be determined more
complex will be the model. Then, under this mathematical point of view the
Newton model is the simplest. However, the selection of the most appropriate
model to describe the behavior of drying of a particular product does not depend
exclusively on the number of constants, but also on the result of several statistical
indicators reported in the literature [12, 29, 36–50]. Following will be detailed some
semi-theoretical models reported in the literature.

(a) Models derived from Newton’s law of cooling.

Newton’s Model. This model is sometimes cited in the literature as the Lewis
model, exponential model or single exponential model. It is said that it is the
simplest model because it contain only one constant to be determined. In the past,
this model was widely applied in describing the drying behavior of various foods
and agricultural products; however, currently it has been occasionally usage to
describe the drying behavior of some fruits and vegetables. The following equation
represent the Newton’s model:

M
� ¼ M�Me

M0 �Me
¼ exp �K1tð Þ ð20Þ

In Eq. (20), k is the drying constant (s�1). M
�
is the dimensionless moisture

content, M is the moisture content on a dry basis at any time t. M0 is the initial
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moisture content in of the sample base dry and Me is the equilibrium moisture
content.

Page’s Model. The Page model or the modified Lewis model is an empirical
modification of the Newton’s model, in which errors associated with the use of the
Newton’s model are greatly reduced by the addition of a dimensionless empirical
constant (n) in the time, as follows:

M
� ¼ M�Me

M0 �Me
¼ expð�K1tnÞ ð21Þ

Modified Page’s Model. This model is a modified form of the Page’s model.
The following equations represents this cited model:

M
� ¼ M�Me

M0 �Me
¼ a1exp � t

K2
1

� �n� �
ð22Þ

where a1 and n are empirical constants (dimensionless). Equation (22) is a variant
of the Page’s model, however others variation are reported in the literature.

(b) Models derived from Fick’s second law of diffusion.

Henderson and Pabis model. This model is the first term of the general solution of
the Fick’s second law of diffusion. It can also be considered as a simple model with
only two constants. The equation of this model is given below:

M
� ¼ M�Me

M0 �Me
¼ a1exp �K1tð Þ ð23Þ

where a1 and K_1are constants to be determined.
Modified Henderson and Pabis model. The modified Henderson and Pabis

model is a general solution with 3 terms of Fick’s second law of diffusion for the
correction of the deficiencies that occurs as using the Henderson and Pabis model. It
has been reported that the first term explains the last part of the drying process of
food and agricultural products, which occurs largely in the last period of falling rate,
the second term describes the intermediate part and the third term explains the loss
of initial moisture in the drying [12]. The model contains 6 constants, and thus this
model was called complex thin-layer model.

However, it should also be emphasized that with 6 parameters, many more than
6 experimental data points are required to calculate the model. The model is not so
complex with the advent of computers, but, statistically speaking a good degree of
freedom is necessary for reliability of results, and this will require a lot of exper-
imental data.
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M
� ¼ M�Me

M0 �Me
¼ a1 exp �K1tð Þþ a2 exp �K2tð Þþ a3exp �k3tð Þ ð24Þ

where ai are dimensionless model constants, and ki are the drying constants, which,
must be determined by experimental data.

Midilli’s model. Midilli et al. [51] proposed a new model through a modification
in the Henderson and Pabis model by adding an extra term with a coefficient. The
new model, which is a combination of an exponential term and a linear term, is
given as follows:

M
� ¼ M�Me

M0 �Me
¼ a1 exp �K1tð Þþ a2t ð25Þ

where a1 and a2 are the model constants and K1 is the drying constant to be
estimated from the experimental data.

Logarithmic model. This model is also known as an asymptotic model and is
another modified form of the Henderson and Pabis model. It is actually a loga-
rithmic form of the Henderson and Pabis model with the addition of an empirical
term. The model contains 3 constants and can be expressed as follows:

M
� ¼ M�Me

M0 �Me
¼ a1 exp �K1tð Þþ a2 ð26Þ

where a1 and a2 are empirical constant without dimension.
Two-term model. According to Sacilik [52], the 2-term model is the general

solution with 2 terms of Fick’s second law of diffusion. The model contains 2
dimensionless empirical constants and 2 model constants that can be determined
from experimental data. The first term describes the last part of the drying process,
while the second term describes the beginning of the drying process. This model
well describes the moisture transfer in drying process. The equation related to this
model is given below:

M
� ¼ M�Me

M0 �Me
¼ a1 exp �K1tð Þþ a2 exp �K2tð Þ ð27Þ

where a1 and a2 are dimensionless empirical constants, and k1 and k2 are the drying
constants. This model is best to describe the drying behavior of beet, onion, plum,
pumpkin and stuffed pepper.

Two-term exponential model. The Two-term exponential model is a modifi-
cation of the 2-term model, reducing the number of constants and modifying the
indication of the constant form of the second exponential term. Erbay and Icier [12]
emphasized that the constant “k2” of the 2-term model is replaced by (1 − a1) at
t = 0, then we have a moisture ratio M

�
= 1 This model can be expressed as

follows:
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M
� ¼ M�Me

M0 �Me
¼ a1 exp �K1tð Þþ 1� a1ð Þexp �K2a1tð Þ ð28Þ

Modified two-term model. The model involves a combination of Page and the
2-term model. The first part of the model is exactly like the Page model. However,
describes more theoretically the model as a modified model of 2 terms with the
inclusion of an empirical constant dimensionless “n”. The model contains 5 con-
stants and can be referred as a complex model.

M
� ¼ M�Me

M0 �Me
¼ a1 exp �K1tnð Þþ a2 exp �K2tnð Þ ð29Þ

Modified Midilli’s model. This model is a modification of the Midilli’s model.
This mathematical model is expressed as follows:

M
� ¼ M�Me

M0 �Me
¼ a1 exp �K1tð Þþ a2 ð30Þ

2.2.2 Empirical Models

Empirical models provide a direct relation between the average content moisture
and drying time. The main limitation to the application of empirical models in
thin-layer drying is that they do not follow the theoretical fundamentals of the
drying processes in the form of a kinetic relation between the velocity constant and
moisture concentration, thus giving imprecise parameter values. The following
models are best suited to describe adequately the drying kinetics of some materials:

Aghbashlo and others model. Aghbashlo et al. [53] proposed a model that
effectively describes the thin layer drying kinetics of biological materials. The
model contains 2 dimensionless constants that depend on the absolute temperature
of the drying system. However, there is no theoretical basis for this model:

M
� ¼ M�Me

M0 �Me
¼ a1 exp

K1t
1þK2

� �
ð31Þ

where K1 and K2 are drying constants.
Wang and Singh model. This model was developed for the intermittent drying

of wet biological material [54]. The model gives a good fit to the experimental data.
However, this model has no physical or theoretical interpretation, hence its
limitation.

M
� ¼ M�Me

M0 �Me
¼ 1þK1tþK2t2 ð32Þ
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where K1 and K2 are model constants obtained from the experimental data.
Diamante and others model. Diamante et al. [55] proposed a new empirical

model for the drying of biological materials. The equation of this model is given
below:

ln � lnM
�� 	 ¼ a1 þ a2 ln tð Þþ a3 ln tð Þ2 ð33Þ

where ai are constants of the model. Again, this model lacks theoretical basis and
physical interpretation.

Weibull’s model. According to Tzempelikos et al. [49], this model was con-
sidered one of the most suitable empirical models and widely used in the literature.
The model was, in fact, derived from experimental data, without physical or the-
oretical meanings. The equation related to this model is given by:

M
� ¼ M�Me

M0 �Me
¼ a1 � a2 exp �K1tnð Þ ð34Þ

where ai are dimensionless model constants and k1 is a drying constant.
Thompson’s model. According to Pardeshi et al. [56], the Thompson’s model is

an empirical model obtained from experimental data, correlating the drying time as
a function of the logarithm of the dimensionless moisture content. The model
cannot describe the drying behavior of most materials because it has no theoretical
basis and has no physical interpretation. The model can be expressed as follows:

t ¼ a1ln M
�� 	þ a2 ln M

�� 	
 �2 ð35Þ

where ai are dimensionless empirical constants.
Silva and others model. Silva et al. [57] proposed an empirical model for

kinetic modeling of agricultural products. The equation of this model is given as
follows:

M
� ¼ M�Me

M0 �Me
¼ exp �a1t� a2

ffiffi
t

p� 	 ð36Þ

where a1 and a2 are fit parameters.
Peleg’s model. This model has no physical meaning or theoretical interpretation.

However, it was successfully applied in the production of the drying behavior of
biological products. The mathematical equation related to this model is exposed as
follows:

M
� ¼ M�Me

M0 �Me
¼ 1� t

a1 þ a2tð Þ ð37Þ

where a1 and a2 are dimensionless parameters of the model.
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2.2.3 Theoretical Models

Non Phenomenological Models

The diffusion equation, for various geometries, has analytical solution for the
average moisture content, whose overall form is given as follows:

M
� ¼ M�Me

M0 �Me
¼

X1
n¼1

An exp �Bntð Þ ð38Þ

where the values of An eBn depend on the geometry of the body (plate, cylinder,
sphere, parallelepiped, etc.), and boundary conditions (equilibrium, impermeable or
convective).

In Eq. (38), the successive terms in each of the infinite convergent series
decrease with increasing n and for long times, convergence can be obtained quickly.
For sufficiently high values of t and equilibrium conditions at the surface of the
solid, the first 5 terms dominate the series, and consequently the other terms in the
series can be neglected. Further, for finite integer n, we have can write Eq. (38) as
follows:

M
� ¼ M�Me

M0 �Me
¼

Xm
n¼1

An exp �Bntð Þ ð39Þ

The value of m determines the accuracy of the M
�
value calculated at each time

instant. By analyzing Eq. (39) can we see, for example, that:

(a) If m = 1, An = 1 and Bn = K1, this equation is reduced to Eq. (20);
(b) If m = 1, An = a1, Bn = K1 and n = 1, this equation is reduced to Eq. (21);
(c) Se m = 1, An = 1, and n = 1, this equation is reduced to Eq. (23); * Se m = n,

An = a1 and Bn = K1, i = 1, 2 and 3, this equation is reduced to Eq. (24), and
so on.

Then, most of the empirical semi-empirical models are derived from the diffu-
sion model (non phenomenological theoretical model), and therefore their equations
are approximations and variations of the diffusional model, depending on the
number of terms used.

Herein, we start that the coefficients An and Bn depend on the shape of the body
and the boundary conditions, which depend on the drying condition around the
porous material. Therefore, when a specific equation is fitted to drying kinetics data
of a particular product, the coefficients on this equation contain information of the
external conditions (temperature, relative humidity, velocity, etc.). Therefore, it is
perfectly acceptable and physical meaning that these coefficients can be considered
constants or functions of the thermodynamic conditions and drying air velocity.
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Phenomenological Models

Because of the limitations presented by the empirical and semi-theoretical/
semi-empirical methods, the literature has reported some theoretical models that
consider the phenomenology of the processes of mass loss and heating of a porous
material during the drying process based on the global capacitance method (lumped
analysis).

For the understanding of the global capacitance method consider a solid body
with arbitrary shape as shown in Fig. 2. The solid can receive (or to supply) a heat
and/or moisture flux per unit area on its surface and have internal generation of
mass and/or energy per unit volume uniformly distributed. Assuming that the
moisture and/or temperature of the solid is spatially uniform at any time during the
transient process, that is, the moisture and/or temperature gradients within the solid
are negligible, all mass and/or heat flux received (or supplied) and mass and/or heat
generated, will diffuse instantaneously through it.

Therefore, the global capacitance method admits a uniform distribution of mass
and or temperature within the solid at any instant, so that the temperature or
moisture content of the solid is given exclusively as a function of time [58].

In Fig. 2, T∞ is the temperature of the external medium; hc is the heat transfer
coefficient; hm is the convective mass transfer coefficient; V is the volume of the
solid; S is the surface area of the solid; cp is the specific heat; M is the moisture
content of the product in any time interval; M0 is the initial moisture content of the
product and Me is the equilibrium moisture content.

Applying a mass and energy balance in an infinitesimal element on the surface of
the solid, in any coordinate system, assuming constant thermo physical properties
and dimensional variations negligible, we obtain the following of mass and energy
conservation equations, respectively:

V
dM
dt

¼ �M00Sþ M
�
V ð40Þ

ρ, cp, D, k 

hmhc

V, S, Mo, Me, M

T

Fig. 2 Schematic representation of the drying process of a solid with arbitrary geometry
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Vq
dh
dt

¼ � q00

cp
Sþ q

�

cp
V ð41Þ

where q is the density of the solid; t is the time; M00 is the mass flux per unit area; M
:

is the mass generation per unit volume; q00 is the heat flux per unit area; q
:
is the heat

generation per unit volume and h is the average temperature of the solid.

The quantities q00, M00, q
:
and M

:
may be positive or negative, and may also be

constant or time dependent. Particularly with respect to energy, the quantity q″ can
be, radiative, convective and evaporative or vapor heating. This formulation can be
applied in regions of simultaneous heat and mass transfer. The particular case
occurs when the two phenomena are completely independent (uncoupled phe-
nomena). The two phenomena are coupled when absorption and desorption in a
specific region are accompanied by thermal effects.

From the information given herein, and knowing that in many physical situations
and operational conditions there is moisture and temperature gradients inside the
solid, in what conditions can be applied the global capacitance method? The answer
is related for a dimensionless parameter, well known as Biot number of transfer,
which is defined by a relationship between the resistance to conduction inside the
body and the resistance to convection at the surface thereof, as follows:

Bi ¼ RCond

RConv
¼

L1

C/S
1
hS

¼ hL1

C/
ð42Þ

where C/ can be thermal conductivity or mass diffusion coefficient, and L1 is a
characteristic length of the body, for example, the mathematical relation volume per
surface area of the solid (V/S).

The Biot number play important role in the diffusion problems involving con-
vective effects in the borders. For situation in that Bi � 1, the experimental results
suggest a reasonable uniform distribution of moisture or temperature inside the
body at any time t, in the transient process. It can be noticed that for the analysis of
mass and thermal diffusion problem, one must calculate the number of Biot and,
once this is less than 0.1, the error associated with the use of the method of global
capacitance is small. Obviously, this statement is dependent upon of the geometry
of the solid and like this parameter is defined. For example, the lumped parameters
models are applied to Biot number of mass transfer smaller than 10 and Biot
number of heat transfer smaller than 1.5 [59].

For physical situation where heat and mass transfer occur, the heat and mass
fluxes per unit area as given by the following equations, respectively:

q00 ¼ hc h�h1ð Þ ð43Þ
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M00 ¼ hm M�Með Þ ð44Þ

where hm and hc are the convective heat transfer coefficient and convective mass
transfer coefficient, respectively. The determination of heat and mass transfer
coefficients can be realized in two ways. The first method is based on finding the
appropriate analytical relations from empirical data or by approximate solution of
differential equations that describe the heat and mass transfer. The second method is
based on the theory of similarity. The description of this theory can be found in
books on heat and mass transfer and fluid mechanics.

The heat and mass transfer between the wet material and the drying agent
depends on many external parameters whose influence is included in appropriate
dimensionless numbers. The general form of this type of equations for heat transfer
is as follows:

(a) Forced convection

Nu ¼ f1 Re; Pr; Guð Þ ð45Þ

(b) Free convection

Nu ¼ f2 Gr; Prð Þ ð46Þ

Similarly, for mass transfer, we can write:

(a) Forced convection

Sh ¼ f3 Re; Sc; Guð Þ ð47Þ

(b) Free convection

Sh ¼ f4 Gr0; Scð Þ ð48Þ

where in these equations Nu is the Nusselt number, Sh is the Sherwood number, Re
represent the Reynolds number, Sc is the Schmidt number, Pr is the Prandtl number,
Gr is the Grashof number for heat transfer, Gr′ is the Grashof number for mass
transfer and Gu is Gukhman’s number [10].

The following will be described some concentrated phenomenological models
reported in the literature applied to homogeneous and heterogeneous solids with
arbitrary shape.
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(a) Homogeneous solids

To describe the heat and mass transfer in homogeneous solids (not hollow) (Fig. 2),
Lima et al. [60], Silva [61] and Lima et al. [62] present a mathematical modelling
based on the conservation laws of energy and mass, as follows:

• Analysis of mass transfer

V
dM
dt

¼ �hmS M�Me
� 	þ _MV ð49Þ

• Analysis of heat transfer

qVcp
dh
dt

¼ hcS h1 � h
� 	þ qsV

dM
dt

hfg þ cv h1 � h
� 	
 �þ q

�
V ð50Þ

More recently, Silva et al. [63] and Lima [64] have applied the mathematical
modeling proposed by Silva [61] in the drying of hollow homogeneous solids
(ceramic tubes), as established in Fig. 3. The basic difference is related to surface
area of heat and mass transfer, which include the external and internal surface area
of the solid.

(b) Heterogeneous solids

To describe the heat and mass transfer in heterogeneous solids (not hollow) and
with arbitrary shape, Almeida [65] presents a mathematical modelling based on the
conservation laws of energy and mass, as follows (Fig. 4).

• Analysis of mass transfer

For the solid 1 we can write, the following mass balance:

D1S1
DX1

M2 �M1
� 	 ¼ V1

dM1

dt
ð51Þ

For the solid 2, we can have that:

hmS2 Me �M2
� 	þ q1D1S1

q2DX1
M1 �M2
� 	 ¼ V2

dM2

dt
ð52Þ

• Analysis of heat transfer

For the solid 1, we can write, the following equation:
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T

hc

hm

ρ, cp, D, k 

V, S, θo, Mo, M

Fig. 3 Representative
scheme of the drying process
of a hollow homogeneous
solid with arbitrary geometry

hc,hm V1, S1, θ1, M1, D1, ρ1, cp1, k1

V2, S2, θ2, M2, D2, ρ2, cp2, k2

Δx1Δx2

T

Fig. 4 Schematic
representation of a
heterogeneous solid
composed of two different
materials
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K1S1
DX1

h2 � h1
� 	 ¼ q1V1CP1

dh1
dt

ð53Þ

For the solid 2, the energy conservation equation will be given as follows:

hcS2 T1 � h2
� 	þ K1S1

DX1
h1 � h2
� 	 ¼ q2V2CP2

dh2
dt

ð54Þ

where, in these equations, V is the volume, S is the surface area, Cp is the specific
heat, K is the thermal conductivity, M is the average moisture content, h is the
average temperature, and hm and hc are, respectively, the convective mass and heat
transfer coefficients, D is the mass diffusion coefficient, and q is the density of the
material.

3 Advanced Modeling to Describe the Drying of Hollow
Homogeneous Solids

3.1 Basic Information

Figure 5 illustrates a hollow solid of arbitrary shape (wet and cold) with a fluid
flowing around it (hot and dry). In this figure q is the density of the homogeneous
solid; T1 is the temperature of the external medium; hc1 and hc2 are the of internal
and external convective heat transfer coefficients, respectively; hm1 and hm2 are the
internal and external convective mass transfer coefficients, respectively; V is the
volume of the homogeneous solid; S1 and S2 are the internal and external surface
area of the homogeneous solid, respectively; cp is the specific heat, and M is the
average moisture content on dry basis, and h is the average temperature of the
product in any time instant.

Applying a mass and energy balance in an infinitesimal element at the surface of
the solid, in any coordinate system, assuming constant thermo-physical properties
and negligible dimensional variations, we have the following mass and energy
conservation equations, respectively.

qsV
dM
dt

¼ �M00Sþ M
:
qsV ð55Þ

quVcp
dh
dt

¼ �q00Sþ q
�
V ð56Þ

where the subscript s and u represent dry solid and wet solid, respectively, t is the

time; M00 is the water mass flux per unit area; M
:
is the moisture generation; q00 is the

heat flux per unit area, and q
:
is the heat generation per unit volume.
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3.2 Mathematical Modeling of Heat and Mass Transfer

To model the drying process of solids with arbitrary shape (Fig. 4), the following
considerations were adopted:

(a) The solid is homogeneous and isotropic;
(b) The distribution of moisture and temperature inside the solid are uniform;
(c) The thermo-physical properties are constant throughout the process;
(d) The drying phenomenon occurs by conduction of heat and mass inside the solid

and by convection of heat and mass and evaporation at the surface thereof.
(e) The solid have constant dimensions throughout the process.

3.2.1 Analysis of Mass Transfer

For mass transfer, M00 can be treated in the form of mass convection while, M
:
can

be given, for example, by mass generation due to chemical reactions. Assuming that

the drying process occurs by convection M″ and M
:
is constant, we can have by

replacement, into Eq. (55) the following equation for mass transfer:

V
dM
dt

¼ �hm1S1 M�Me
� 	� hm2S2 M�Me

� 	þ M
:
V ð57Þ

where Me e is the equilibrium moisture content on a dry basis

f(y), S2, hm2, hc2

Solid

V, θ, M, D, ρ,cp, k

Fluid
T , UR ,v

g(y), S1, hm1, hc1

Fig. 5 Schematic
representative of the drying
process of a hollow
homogeneous solid with
arbitrary geometry
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Using the initial condition M t ¼ 0ð Þ ¼ M0, separating the variables of Eq. (57)
and integrating it since the initial condition, we have as a result, the following
equation for determination of the average moisture content of the solid along the
drying process:

M�Me
� 	� M

:

V
hm1S1 þhm2S2

M0 �Me
� 	� M

:

V
hm1S1 þhm2S2

¼ Exp
�hm1S1 � hm2S2

V

� �
t

� �
ð58Þ

3.2.2 Analysis of Simultaneous Heat and Mass Transfer

For the analysis of heat transfer, one can make analogy to mass transfer and to
consider that at the surface of the solid, simultaneously occurs the phenomena of
thermal convection, evaporation and heating of the vapor produced. Therefore,
Eq. (56), can be written as follows:

quVcp
dh
dt

¼ hc1S1 h1 � h
� 	þ hc2S2 h1 � h

� 	þ qsV
dM
dt

hfg þ cv h1 � h
� 	
 �þ q

:
V

ð59Þ

where, cv is the specific heat of the vapor; hfg is the latent heat of water vapor-
ization; h1 is the temperature of the external medium; h0 is the initial temperature
of the solid; h is the instantaneous average temperature of the solid; qs is the
specific mass of the dry solid; hc is the convective heat transfer coefficient.

Equation (59), is an ordinary differential equation of first order, non-linear and
non-homogeneous, and therefore cannot be resolved in analytical form. Thus, for
simplification of Eq. (59), we assume negligible the energy required to heat the
water vapor, from the temperature at the surface of the solid until the temperature of
the fluid. So, after this simplification and performing the substitution of Eqs. (57)
and (58) into Eq. (59), we have as a result:

qVcp
dh
dt

¼ hc1S1 þ hc2S2ð Þ h1 � h
� 	

þ qshfg �hm1S1 � hm2S2ð Þ M0 �Me
� 	� M

:
V

hm1S1 þ hm2S2

" #"(

Exp
�hm1S1 � hm2S2

V

� �
t

� �
þ M

:
V

hm1S1 þ hm2S2

#
þ M

:
V

)
þ q

:
V

ð60Þ

or yet
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dh
dt

¼ ðhc1S1 þ hc2S2
qVcp

� �
h1 � h
� 	

þ qshfg
qVcp

�hm1S1 � hm2S2ð Þ M0 �Me
� 	þ M

:
V

h in

Exp
�hm1S1 � hm2S2

V

� �
t

� �
þ q

:

qcp
ð61Þ

Admitting y ¼ h1 � h, then dy
dt ¼ � dh

dt. Therefore, Eq. (61) can be written as

follows:

y0 þ a ¼ �be�ct � d ð62Þ

where

a ¼ hc1S1 þ hc2S2ð Þ
qVcp

ð63Þ

b ¼ qshfg
qcp

�hm1S1 � hm2S2ð Þ M0 �Me
� 	þ M

:
V

h i
ð64Þ

c ¼ �hm1S1 � hm2S2
V

ð65Þ

d ¼ q
:

qcp
ð66Þ

Using the initial condition h t ¼ 0ð Þ ¼ h0, and solving Eq. (62) we obtain the
following equation for determination of the average temperature of the solid along
the drying process:

h ¼ h1 � h1 � h0
� 	þ b

a� c
þ d

a

� �� �
e�at þ b

a� c
e�ct þ d

a

� �
ð67Þ

where the parameters a, b, c and d are given by Eqs. (63)–(66), respectively.

3.2.3 Volume and Surface Area of the Solid with Arbitrary Shape

To find the volume of a solid with arbitrary shape was used the method of circular
rings applied to solids of revolution [66]. This method consists of assuming that f
and g (Fig. 6) are non-negative functions on the interval [y1, y2], such that
fðyÞ� gðyÞ for all values of y in the interval [y1, y2], and let R to be the plane
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region bounded by the graphs of f and g between y = y1 and y = y2. Let S to be the
solid generated by the revolution of R around the x-axis (Fig. 6b, c).

Following, consider an infinitesimal volume dV of the solid as pictured in the
shaded volume consisting of a circular ring of infinitesimal thickness dy, which is
perpendicular to the axis of revolution and centered in a point of the y axis. The
base of this circular ring is the region between the two concentric circles of radius
fðyÞ and gðyÞ, so that area of this base is pf yð Þ2�pg yð Þ2 square units. Then, the
volume of the solid will be given as follows:

V ¼
Zy2
y1

p½f yð Þ2�g yð Þ2�dy ð68Þ

The surface area of the solid of revolution studied in this research was obtained
by the revolution generated by the rotation of the portion of the graph of the
continuous and non-negative functions fðyÞ and gðyÞ between the lines y = y1 and
y = y2 around the y axis [66]. Then, the internal and external surface areas of the
hollow solid are given as follows, respectively:

S1 ¼
Zy2
y1

2pg yð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ½g0 yð Þ�2

q
dy ð69Þ

Surface area of the
solid of revolution, S

Volume of the solid
of revolution, V

dy

f(y)

g(y)

y

x

y2

y1

Fig. 6 a Plane region and b solid of revolution
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S2 ¼
Zy2
y1

2pf yð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ f 0 yð Þ½ �2

q
dyþ p f y2ð Þ2�g y2ð Þ2

h i
þ p f y1ð Þ2�g y1ð Þ2

h i
ð70Þ

Thus, the total surface area of the hollow solid will be given by:

S ¼ S1 þ S2 ð71Þ

4 Application: Drying of Hollow Solids

4.1 The Geometry of the Solid

According to Fig. 6, in this research it was adopted the following functions f and g,
in order to define the shape of the solids to be studied:

f yð Þ ¼ am 1� y
b

� �2
� �� 1

m

ð72Þ

which corresponds to the contour of an ellipse, where a and b are the major and
minor semi-axes of the ellipse, respectively, and

g yð Þ ¼ a0 ¼ constant ð73Þ

Further, in Fig. 6, y1 ¼ 0, y2 ¼ b0 and m are constants that define the shape of
the body.

4.2 Process Parameters and Cases in Study

Table 2 summarizes the thermo-physical properties of the solid and fluid, and
Table 3 contain information of the geometric parameters of the solid, which were
used in the simulations.

4.3 Heat and Mass Transfer Analysis

Figures 7, 8, 9 and 10 illustrate the geometries considered in this study. The dif-
ferent forms were obtained by varying the parameters a′, b′ and m, as described in
Table 3.
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In Table 4, the following geometric parameters of the solid in study: area,
volume, and area/volume ratio, can be observed.

In this work, a comparison was made between the drying kinetics of four solids
with different types of geometries, becoming possible a better understand of the
heat and mass transfer during the drying process of hollow solids.

Figure 11 shows the drying kinetics for the cited cases. After analysis of these
figures, we can see that the moisture content at the beginning of the drying process
is exponentially reduced until reaching equilibrium moisture content (hygroscopic
equilibrium) at the end of the process. This behavior demonstrates that the drying
process happens only in the falling drying rate period (non-existence of the constant
drying rate period). The stage of falling drying rate is governed by internal
migration of moisture, being characterized by a decline in the drying rate. Since the
moisture of the product decreases during drying, the rate of internal moisture
movement also decreases and thus the drying rate drops rapidly.

Figures 11 illustrates the influence of parameter b′, which represents the height
variation of the solid. After analysis of this figures is verified that increasing the

Table 2 Parameter of the materials used in the simulations

Parameter Material

Solid Air

Wet solid density (kg/m3) 640 –

Dry solid density (kg/m3) 550 –

Specific heat of wet solid (J/kg K) 1600 –

Latent heat of water vaporization in the solid (J/kg) 2.333 � 103 –

Mass diffusion coefficient (m2/s) 1 � 10−9 –

Thermal conductivity (W/m2 K) 0.833 –

Initial temperature (°C) 25 70

Final temperature (°C) 70

Initial moisture content kgwater
.
kgdry solid

� �
0.20 –

Final moisture content kgwater
.
kgdry solid

� �
0.01 –

Internal convective mass transfer coefficient (m/s) – 1 � 10−9

External convective mass transfer coefficient (m/s) – 5 � 10−9

Internal convective heat transfer coefficient (W/m2 K) – 4

External convective heat transfer coefficient (W/m2 K) – 8

Table 3 Values of the
geometries of the solid of
revolution

Case a(m) b(m) m b′(m) a′(m)

1 0.05 0.20 0.50 0.025 0.005

2 0.05 0.20 0.50 0.050 0.005

3 0.05 0.20 0.50 0.075 0.005

4 0.05 0.20 0.50 0.100 0.005
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value of parameter b′ (height of the revolution solid), the solid dries more slowly.
This occurs independently of the curvature of the solid (parameter m).

We notice that the influence of the parameter b′, on the drying kinetics of the
hollow solids is more significant than the parameter a′ (hole diameter), fixed the
shape of the body (m constant). However, the effect of the parameter a′ is less
influential when the parameters m and b′ assume smallest values.

This can be explained because the shape of the solid directly influences the
drying rate, that is, the area/volume ratio is a predominant variable in the evaluation
process. The higher the area/volume ratio the faster the solid loses moisture.

Fig. 7 Geometry of the solid for the case 1 (a = 0.05; b = 0.2; m = 0.5; b′ = 0.025 and
a′ = 0.005)

Fig. 8 Geometry of the solid for the case 2 (a = 0.05; b = 0.2; m = 0.5; b′ = 0.050 and
a′ = 0.005)
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Fig. 9 Geometry of the solid for the case 3 (a = 0.05; b = 0.2; m = 0.5; b′ = 0.075 and
a′ = 0.005)

Fig. 10 Geometry of the solid for the case 4 (a = 0.05; b = 0.2; m = 0.5; b′ = 0.100 and
a′ = 0.005)

Table 4 Values of area, volume, and area/volume ratio for the cases in study

Case S1 (m
2) S2 (m

2) S (m2) V (m3) S\V (m−1)

1 0.00078540 0.0228636 0.0236490 0.000190353 124.238

2 0.00157080 0.0289692 0.0305400 0.000357834 85.3468

3 0.00235619 0.0338127 0.0361689 0.000485779 74.4554

4 0.00314159 0.0374474 0.0405890 0.000567978 71.4622
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The effect of the parameter m in the drying process is small when compared to
the other geometric parameters.

Figure 12 illustrates the heating kinetics, which corresponds to the results of the
temperature behavior as a function of time, for the all geometries studied.

Analyzing these figures, it is noticed that the solids reach the temperature of the
drying air (thermal equilibrium) faster compared to mass transfer. This behavior is
due to the fact that the mass diffusion coefficient at the solid is much smaller than

Fig. 11 Moisture content as
a function of time for different
solids of revolution

Fig. 12 Temperature as a
function of time for different
solids of revolution
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the thermal diffusivity. When the solid enters in thermal equilibrium with the drying
air, the mass transfer process inside the solid occurs in the isothermal condition.
This occurs from the first hour of the process.

The area/volume ratio of the material is a factor of great influence in the process
of heating, since the higher this ratio the faster the process will happen.

When the surface area is large compared to the volume, the heat and mass
transfer area will be increased, whereas the distance traveled by the heat and mass
flux inside the material until the solid surface will decrease, thus we have an
increase in heating and mass transfer rates.

Despite the problems presented due to the rapid drying, and the necessity of a
rigorous control of the process, it was observed that the drying time in this research
was very long. The global capacitance method involves a strict control with respect
to the problems related to the drying of wet materials, but it has a great disad-
vantage, the cost of the process would be high when compared to the drying
methods currently used.

About the proposed model, the following general comment can be summarized:

(a) The proposed mathematical model is versatile and can be used in different
operating conditions, with constant, impermeable or convective boundary
conditions, and also with other boundary conditions, under small modifications.

(b) Reasonable degree of approximation, allowing obtain good adjustments with
experimental data, and parameters estimation with high accuracy.

(c) It can be used in different geometries and types of materials without nature
restrictions (fruits, vegetables, grains, clay products, wood, etc.);

(d) It can be used in different geometries and types of materials without nature
restrictions (fruits, vegetables, grains, clay products, wood, etc.);

(e) Ease of extension to other physical situations involving heat and mass transport,
such as in the use of infrared or microwave drying;

(f) High stability and low numerical computational time when compared with
other solution methods of differential equations.

5 Concluding Remarks

In this chapter, heat and mass transfer in wet solids has been explored, with par-
ticular reference to drying of irregularly-shape porous solids. Interest in this
physical problem is motivated by the great importance in many practical situations
related to moisture removal by heating.

A consistent and advanced lumped phenomenological model (thin layer drying
model) applied to solid with complex shape is proposed, and all mathematical
formalism for obtain the exact solution of the governing equation is presented.
Application has been done to hollow solids.

From the simulations and results presented, it is possible to conclude that:
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(a) The proposed mathematical modeling used was adequate, and it can be applied
to different process such as: drying, wetting, cooling and heating of solids with
arbitrary shape.

(b) The heat transfer occurs more quickly than the mass transfer, which contributes
to the solids to reach the equilibrium temperature in a shorter time.

(c) The surface area of the product that is exposed to drying and its volume plays
important role in drying process. The higher the area/volume relationships the
faster the drying.

The drying process at higher velocity may interfere in the quality of the solid
with respect to defects such as cracks, fissures, color, etc. However, if the drying
velocity is slower, the process becomes undesirable, because the excessive
expenditure of energy and low productivity. Thus, it is necessary to find best
condition that provides the better relation between cost and benefit.
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improvement of this work.
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Water Absorption Process in Polymer
Composites: Theory Analysis
and Applications

R. Q. C. Melo, W. R. G. Santos, Antonio Gilson Barbosa de Lima,
W. M. P. B. Lima, J. V. Silva and R. P. Farias

Abstract Transport phenomena in porous media represent an important research
area related to heat and mass transfer, and fluid flow fields. This chapter presents
information about anomalous behaviour of moisture transient diffusion in vegetable
fiber-reinforced composites materials. Composites reinforced with natural fibers are
sensitive to influences from environmental agents such as moisture and tempera-
ture. Herein, topics related to theory, experiments, mathematical modeling and
solution procedures, and technological applications are presented and discussed in
detail. An advanced model that (Langmuir-type model) to describe water absorption
in polymer composites and the analytical (Laplace transform technique) and
numerical (finite-volume method) solutions of the governing equation has been
obtained, considering constant thermo-physical properties. In the Langmuir model,
moisture sorption can be explained by assuming that water exists in the free and
bound phases inside the material. Application has been done to water uptake in
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Caroá fiber-reinforced polymer composites. Results of the absorption kinetics and
concentration distribution of water (free and trapped water molecules) within the
material along the process are presented and analyzed. Predicted results compared
to experimental data of average moisture content have shown that the model was
effective for description of the phenomenon, allowing a better understanding about
the effects of moisture migration mechanisms.

Keywords Composites � Vegetable fiber � Langmuir model � Analytical
Numerical

1 Introduction

The materials, depending on their chemical and structural characteristics, can be
divided in four categories: metals, ceramics, polymers and composites. Specifically,
composite materials consist of the blending of two or more materials with distinct
individual characteristics, which retain their identity in such a way that, they can be
physically identified and exhibit an interface between them. The constituent that
forms the composite is called the matrix, while the other constituent, called rein-
forcement, and determine the internal structure of the composite.

The matrix involves the reinforcement, protecting it against chemical and
environmental attacks surrounding the composite, mechanical abrasion and trans-
ferring the load to the reinforcement, when the composite is mechanically
requested. The reinforcement provides strength and stiffness to the composite,
which may be fibrous or particulate. The fibers used as reinforcement are found in
different forms and each configuration results in distinct properties, being they
strongly dependent on the way the fibers are arranged inside the composites.

The region between the constituents of a composite is called the interface which,
in turn, is a boundary delimiting the distinct phases between matrix and fiber,
playing a very important role in determining the final properties of the composite.
At the interface, there may be chemical and physical interactions between fiber and
matrix, and there may also be voids and gases. The interface is the region where
fiber and resin are chemically and mechanically combined. Depending on the
processing conditions, chemical reactions, and volumetric changes causing stress,
the resulting interface will be very complex. For good interfacial resistance, the
surface of the fibers must be well wetted or surrounded by the resin [1–7]. The
volumetric contraction phenomenon that the polymer matrix undergoes during its
cure or solidification can be reduced by the addition of fibers [8].

Inadequate adhesion between the phases involved may lead to the initiation of
interfacial faults, compromising the overall performance of the composite. In
composites with polymer matrix, the fault should occur in the matrix. In practice,
the adhesion is never perfect and the process of rupture is generated at the interface.
Therefore, in most cases, the failure of the reinforced polymer occurs by shearing in
the interfacial region. The failure occurs due to the weakness of the atomic or

220 R. Q. C. Melo et al.



intermolecular bonds between the surface of the matrix and the surface of the
reinforcement [9]. Due to the importance, several works have been reported in the
literature on this topic: Jayamol et al. [10], Bledzki and Gassan [11], Joseph et al.
[12, 13], Medeiros et al. [14], Nóbrega et al. [15], Agarwal et al. [16], Carvalho and
Cavalcanti [17], Carvalho et al. [18], Uday et al. [19], Haneefa et al. [20], Costa
et al. [21], Venkateshwaran et al. [22], Santos et al. [23].

Composite materials are increasingly being used instead of traditional materials,
such as metals, ceramics and polymers, whose individual characteristics do not
meet the growing demands for better performance, safety, economy and durability.
Another remarkable feature of the composites is their versatility in the broad
spectrum of physical, chemical and mechanical properties that can be obtained by
combining different types of matrix and the various reinforcement options [24, 25].

Currently, synthetic fibers are widely used as reinforcement for polymer matrix
composites. However, problems related to cost and the search for materials that do
not offer environmental risks are challenges to be overcome. Thus, the study of
other fibers of high resistance, low cost and less polluting becomes essential to meet
the current technological needs. In general, vegetable fibers were used in the
manufacture of ropes, yarns, carpets and other decorative products. However, due
to the potential to replace petroleum products (or mineral fillers) and the growing
ecological appeal in present day, vegetable fibers have returned to the scene with
great intensity in the production of polymer composites. They present many
advantages, such as, are from renewable and biodegradable sources, recyclable,
light, strong, relatively durable, low cost and neutral in relation to CO2 emissions
[26, 27]. Based on the new environmental regulations and sustainability concepts,
growing ecological, social and economic awareness, vegetable fibers have pre-
sented great potential for technological application [28, 29]. This will not only
reduce waste disposal problems but will also reduce environmental pollution [30].

Polymeric composites reinforced with vegetal fibers, also called Green compos-
ites, are ecological and economically viable materials, whichminimize the generation
of pollution. They refer to the combination of fully degradable fibers, cellulosic
materials and natural resins. In Brazil, the use of vegetable fibers as a polymeric
reinforcement has not only a technological but also socioeconomic importance, since
they are used by different communities for handicrafts and for the production of ropes.
This contributes to regional development, enhancing the cultivation of fibers and
ensuring greater demand for them, as well as avoiding rural exodus.

Plant fibers in comparison to glass fibers are very efficient in sound absorption,
have low cost, are light, do not shatter in the event of accidents, are biodegradable
and can be obtained using 80% less energy than the glass fibers [31, 32]. Despite of
various advantages presents herein, the following disadvantages and limitations can
be mentioned: high moisture absorption, low thermal stability, lower mechanical
properties than synthetic fibers, marked variability in mechanical properties, low
dimensional stability, high sensitivity to environmental effects such as variations in
temperature and humidity, soil, harvest time, post-harvest processing, relative
location in the plant body and processing temperatures [33]. The maximum
application temperature of the vegetable fibers is relatively low, around 200 °C,
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which causes the mechanical properties of the fibers to be below their properties at
room temperature. For composites with thermosetting resins, this characteristic is
not limiting, since curing of the resins usually takes place at temperatures below
200 °C [34].

2 Water Sorption by Polymer Composites

2.1 Fundamentals

Because the hydrophilic nature of plant fibers, the water-absorbing capacity of the
vegetable fiber reinforced composites is higher than the synthetic fiber-reinforced
composites. The hydrophilicity and high capillarity characteristics of natural fibers,
their use in predominantly hydrophobic matrix polymer composites, can cause low
adhesion performance at the interface between matrix and fiber. The low interfacial
adhesion is associated to the low polarity and chemical affinity between the matrix
and the fiber, which causes formation of voids at the interface, and initiation of
failures that compromise the mechanical performance of the composites [35].

The characteristics of polymeric composites reinforced with natural fibers
immersed in humid environments are influenced by the nature of the fibers and
matrix material, relative humidity and manufacturing techniques. The intensity of
the water absorption in composite materials (in liquid or vapor phases) depends on
several factors, such as temperature, fiber volumetric fraction, reinforcement ori-
entation, natural fiber permeability, porosity, exposed surface area, diffusivity and
the existence of surface protection [36, 37].

The absorption of moisture by polymers reinforced by cellulosic fibers occurs
because the dissolution of water in the polymer structure, due to the hydrogen
bonds between the water and hydrophilic groups present in the components of the
composite and, through the micro cracks at the surface of the composite, which are
responsible for the transportation and deposition of water [38].

The water absorbed by polymers consists of both free water and bound water
[39]. The free water are water molecules with the ability to move independently
through the void spaces, while bound water are water molecules that are delimited
to polar groups of the polymers [40].

When a polymer composite reinforced with natural fibers is exposed to moisture,
free water penetrates and binds with hydrophilic groups of the fiber, establishing
intermolecular hydrogen bonds with the fiber and reducing interfacial adhesion
between fiber and matrix. The deterioration process occurs with the swelling of the
cellulose fibers which promotes an increase in the stress at the interface regions
resulting in its embrittlement and thus, leading to formation of micro cracks in the
matrix around the fibers that have swollen [41–43]. This promotes capillarity and
transport of moisture via micro cracks, causing deterioration of the fibers, which
eventually lead to the definitive takeoff between fibers and matrix. After long
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periods, biological activities such as fungal growths eventually degrade the natural
fibers [39, 40]. Thus, water absorption is one of the limiting factors that reduces the
applicability, and physical and mechanical properties of the composite [44].
Figure 1 shows the moisture conditions (Free water and bound water) and the effect
of water on the fiber-matrix interface.

Considering that these materials may be exposed to moisture or even submerged
in water during their use, water absorption studies have a constant academic
interest, especially when heated at higher temperatures [45, 46].

2.2 Mathematical Modeling for Water Diffusion

Polymeric materials are often exposed to humid environments. The water molecules
are able to move inside the polymer and change its physical and mechanical
properties. The main parameters determining the moisture sorption mechanism are
the chemical composition and the microstructure of the polymers.

Moisture diffusion in polymeric composites is governed by three different
mechanisms. The first involves the diffusion of water molecules within micro gaps
between polymer chains. The second involves moisture transfer through gaps and
faults at the interface between fiber and matrix. This is a result of poor wetting and

Free water

Microvoids

Microcracks

Bound water

Fiber

Water

Matrix

Composite
Water

Fig. 1 Water absorption effect in polymer composite reinforced by lignocellulosic fiber
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impregnation during initial fabrication. The third involves the transport of water
molecules through micro cracks in the matrix originated from the manufacturing
process [45, 47, 48].

The high content of cellulose in the vegetable fibers favors even more the
penetration of water at the interface through micro cracks induced by the swelling
of the fibers, thus, leading to the insufficiency of the composite [50]. Because the
cracks in the composite caused by increased dimensions, the moisture transport
increases inside the solid. The water molecules act at the interface, causing the fiber
and matrix to detach. Higher temperatures seem to accelerate moisture absorption
behavior. When the immersion temperature is increased, the moisture saturation
time is greatly reduced due to the higher water diffusion rates.

Due to the importance, several works on water absorption in fiber-reinforced
polymer composite materials have been reported in the literature: Espert et al. [45],
Pothan and Thomas [46], Bismarck et al. [49], Nair and Thomas [50], Santos et al.
[51], Chow et al. [52], Osman et al. [53], Cavalcanti et al. [54], Nóbrega et al. [55],
Badia et al. [56], Melo [57], Huner [58], Fonseca et al. [59], Fuentes et al. [60],
Bezerra et al. [61], Liu et al. [62].

The diffusion process of water in polymeric composites is very slow. Generally,
the process time until the composite reaches saturation conduction is a few months,
depending on the fiber content, size and shape of the composite and environmental
conditions, especially temperature. In the case of water vapor absorption, the rel-
ative humidity also plays an important role. Thus, in order to obtain faster infor-
mation and with lower process costs, researchers have studied the water absorption
process using numerical simulation, that is, theoretically, from developed mathe-
matical models.

Different models and their analytical and numerical solutions have been sug-
gested to describe the kinetics of water sorption in polymer composites [63].
However, these works consider the diffusion through the solid to be unidirectional
[64–69]. When dealing with three-dimensional problems, there are still few sci-
entific papers related [4, 9, 57, 70].

Among the different models proposed in the literature to describe the water
sorption kinetics in polymer composites, we can cite the Jacob-Jones’s model,
Fick’s model, model with variable diffusivity, and the Langmuir’s model. The most
commonly used is the Fick’s model, which states that water migrates inside the
solid purely by diffusion [71, 72]. Other models also take into account chemical
reactions and leaching of low molecular weight components that affect the kinetics
of water sorption. These models are described in the next section.

2.2.1 The Fick’s Model

In this model, it is assumed that the moisture sorption occurs only by diffusion.
According to Fick’s first law, the diffusive flux (J) is directly proportional to the
concentration gradient. Then, we can write:
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J ¼ �D
@M
@y

ð1Þ

The Fick’s second Law has been widely used, since it establishes the moisture
diffusion in terms of concentration gradient in the solid as follows [73]:

@M
@t

¼ r � DrMð Þ ð2Þ

where @M
@t is the moisture transfer rate and D is the diffusion coefficient. In general

the diffusion coefficient is considered constant or depending on the temperature
and/or moisture content.

Considering equilibrium boundary condition at the surface of the solid, the exact
solution from Eq. (2) as applied for a flat plate generates a mathematical expression
for the average moisture content of the sample as follows:

MðtÞ ¼ M1 � 2
M1 �M0ð Þ

p2
X1
k¼1

1� �1ð Þk
h i2

k2
exp � pk

2a

� �2

Dt

" #
ð3Þ

In this expression, M0 and M1 represent the initial and the equilibrium moisture
content of the sample, respectively, 2a is the thickness of the sample, and t is the
time. The proposed model contains as parameters: the mass diffusivity and the
equilibrium moisture content. According to Crank [71], if the sorption curve is
drawn on a diagram whose abscissa axis is

ffiffi
t

p
and using experimental data, the

mass diffusivity can be determined from the slope of the curve as follows

D ¼ pa2

16t
M

�� �2 ð4Þ

where M
� ¼ MðtÞ�M0

M1�M0
is the dimensionless average moisture content of the sample

at time t.

2.2.2 Jacob’s-Jones Model

In the Jacob’s-Jones model, it is assumed that the material consists of two phases of
different densities and consequently different sorption properties [63, 74]. It is
considered that the moisture sorption process in both phases obeys Fick’s law. In
this model, the formation of chemical bonds between the water molecules and the
polymer is neglected. Further, the model admits that in each phase, the water
diffusion process is controlled only by the density of that phase. Thus, for a flat
plate and considering equilibrium boundary condition, we obtain the exact solution
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of Eq. (2). From the exact solution is possible to calculate the average moisture
content in each phase of the material is expressed below:

M1ðtÞ ¼ M11 � 2
M11 �M0ð Þ

p2
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k¼1

1� �1ð Þk
h i2

k2
exp � pk
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ð5Þ

M2ðtÞ ¼ M12 � 2
M12 �M0ð Þ

p2
X1
k¼1
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exp � pk
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D2t

" #
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Equations (5) and (6), contain four unknown parameters, namely the equilibrium
moisture content and the mass diffusivity of each of the phases. As a result, the total
average moisture content in the sample is given as follows:

MðtÞ ¼ M1ðtÞþM2ðtÞ ð7Þ

According to literature [75], the mass diffusion coefficient of the composite can
be calculated from the mass diffusivity of the matrix, the mass diffusivity of the
fibers and the volume fraction of the fibers. An epoxy resin, for example, can be
considered as a two phase structure of material. The Jacob’s-Jones model does not
take into account any changes in the microstructure of the material during the
sorption process, which may make it difficult to describe the sorption curves,
especially in high relative humidity condition, when water vapor sorption occurs.
However, it can be used to describe the sorption characteristics of materials with a
non-uniform structure. In this model, it is considered that M11 ¼ M12.

2.2.3 Time-Variable Mass Diffusivity Model

According to this model, due to the physical processes occurring in the material
(mainly plastification and aging), mass diffusivity decreases with time in proportion
to its initial value as follows:

dD
dt

¼ �cDðtÞ ð8Þ

The exact solution of Eq. (8) has the following form:

D ¼ D0e�ct ð9Þ

According to Andrikson et al. [75], the model with variable mass diffusivity has
as parameters, the mass diffusivity at the initial time D0, the moisture content in the
equilibrium condition M∞, and the coefficient c which describes the mass diffu-
sivity variation rate.

226 R. Q. C. Melo et al.



For a flat plate under equilibrium boundary condition, the average moisture
content of the material can be calculated as follows:

M ¼ M1 � 2
M1 �M0ð Þ

p2
X1
k¼1

1� �1ð Þk
h i2

k2
e�k2kF ð10Þ

where F ¼ D0
c 1� expð�ctÞ½ � is the Fourier’s criteria, kk ¼ pk

2a, c ¼ 1
s, being s the

characteristic time of relaxation.

2.2.4 The Langmuir Model

In the Langmuir model [76], moisture sorption can be explained by assuming that
water exists in two phases, the free and bound. In this model, the water molecules of
the free phase are adsorbed (becoming bound) with a probability a in a unit time.
The water molecules can leave the connected state with a probability b in a unit
time. Thus, the diffusion process is described by the same diffusion equation, which
is only modified to take into account the two phases of the moisture in the material.
According to this model, the average moisture content of a material, as a function of
time MðtÞ, depends on four parameters: the mass diffusion coefficient D, the
equilibrium moisture content M1 and the probabilities a and b. For a flat plate
under equilibrium boundary condition this parameter will be expressed as follows:

MðtÞ ¼ M1
b
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exp �atð Þ 1� 2
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8><
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exp �btð Þ � exp �atð Þ½ � þ 1� exp �btð Þ½ �
�

ð11Þ

Equation (11) is valid when 2 a, 2b � p2D=ð2aÞ2. The values of the parameters
a and b are calculated through graphs as a function of the moisture content, which
point to the possibility of increasing the transition of water molecules from the
bound state to the free state and the opposite too. This model is described in
Glaskova et al. [63], Carter and Kilber [76], Bonniau and Bunsell [77], Cotinaud
et al. [78] and Apicella et al. [79].

The sorption models considered reflect the moisture sorption process in different
ways, considering certain additional processes that occur in the material. Thus, each
specific case must be conducted not only with the results of a good approximation
between the experimental data and those predicted by the equations, but also by the
physical interpretation of the water sorption process included in the models.
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This model will be discussed in details in the next section. We notice that if a = 0
and M0 = 0, Eq. (11) becomes the results presented to simple diffusion theory
(Fick’s law).

3 Advanced Langmuir Model

The effects in physical and chemical properties of composite materials induced by
the absorption of moisture have received wide attention, not only due to the
durability of these systems in operation, but also because of its wide field of
application.

The properties of the composite materials depend on the behavior of the matrix,
the reinforcement and the fiber/matrix interface. The advancement of the water
molecules in structure of the material promotes degradation of the interface and the
swelling of the matrix, generating internal stresses and decrease in the mechanical
properties. Then, moisture diffusion in composite materials is intrinsically related to
the process of degradation of the material, becoming essential to know the water
absorption rate, in order to predict its long-term behavior [77].

To describe the water absorption kinetics, the classic Fick treatment is widely
used; however, some materials exhibit more complex water absorption kinetics. In
some cases, water absorption follows Fick’s law, that is, the diffusion process is
driven by the water concentration gradient between the medium and the material
and continues until reaching hygroscopic equilibrium condition. In others, this
model is not applicable [80, 81], because the material presents an anomalous water
diffusion, which implies in numerous different phases of sorption that lead to final
mass balance. This type of diffusion cannot be easily described by single-phase
models, requiring the use of other models that describe the behavior of the material
under these conditions [82].

3.1 The Physical Problem

For the physical model was considered a porous plate with thickness 2a, immersed
in a fluid solution (water), contained in a thick container (2L + 2a) (Fig. 2). The
moisture absorption was analysed in the thickness and the following assumptions
were used: The material is considered homogeneous and isotropic; the mass dif-
fusion coefficient is considered constant; the solid is considered axisymmetrical; the
process is transient; there is not variation in the dimensions of the material during
the diffusion process; the capillary transport through the solid is considered neg-
ligible; mass generation inside the solid is neglected; the solid is totally considered
dry at the beginning of the process and finally, the solid is in equilibrium with the
surrounding at the surface (equilibrium boundary condition).
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3.2 The Governing Equation

In the Langmuir-Type model, the anomalous moisture absorption can be explained
quantitatively by assuming that absorbed moisture consists of two phases, one
mobile phase and another bound phase [76]. The model considers the interaction
between the polar molecules and the resin molecular groups, predicting the exis-
tence of free and bound molecules within the polymer network. This occurs, adding
a new parameter to the classical Fick’s equation [83]. Considering the assumptions
above, the Langmuir equation written in Cartesian coordinates in an
one-dimensional approach, is described as:

@C
@t

¼ D
@2C
@x2

� @S
@t

ð12Þ

where,

@S
@t

¼ kC� lS ð13Þ

In Equation (13), k is the probability of a free molecules of water become bound, l
is the probability of a bound molecule become free, D is the mass diffusion coef-
ficient, C is the concentration of free molecules and S is the concentration the bound
molecules inside the material. For the proposed problem were considered the fol-
lowing initial and boundary conditions:

Water

Porous solid
a

-a

x

L

L

Fig. 2 Geometrical representation of the physical problem
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• Initial condition:

S ¼ C ¼ 0; �a\x\a; t ¼ 0 ð14Þ

• Boundary condition:

L
@C
@t

¼ �D
@C
@x

; x ¼ �a; t[ 0 ð15Þ

where L represents the distance between the solid surface and the top or bottom
of the water tank. According to Eq. (15), it is assumed that the rate of solute that
leaves the solution is equal to the diffusive flux of solute at the surface of the
plane sheet (see Fig. 2).

3.3 Solution Techniques

There is different methods for solution of the diffusion equation such as method of
reflection and superposition, method of separation of variables, method of the
Laplace transform which are exact method and finite-difference, finite-volume,
finite-element methods, etc., which are namely as numerical methods. The choice of
a particular technique is related to the easier procedure for a particular physical
situation.

3.3.1 Analytical Solution

Based on the works of Carter and Kibler [76], Crank [71] and Santos et al. [81]
presents the exact solution for Eqs. (12) and (13) using the method of Laplace
Transform. The application of the Laplace Transform consists in convert a partial
differential equation in an ordinary differential equation which can be solved more
easily. After this procedure, it is calculated the inverse transform to get the original
function of the problem [84, 85].

Thus, applying this method in Eqs. (12), (13) and (15), we obtain the following
equations:

pC ¼ �pSþD
@2C
@x2

ð16Þ

pS ¼ kC� lS ð17Þ
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�LC0 þLpC ¼ �D
@C
@x

; x ¼ a ð18Þ

where C and S are the Laplace transform of the C and S parameters, respectively.
From Eqs. (16) and (17) we obtain S, as follows:

S ¼ �Cþ D
p
@2C
@x2

ð19Þ

or,

S ¼ k
pþ l

� �
C ð20Þ

From Eqs. (19) and (20) we obtain the following equation for C:

@2C
@x2

þ k2C ¼ 0 ð21Þ

where,

k2 ¼ � p
D

pþ lþ k
pþ l

� �
ð22Þ

Since C is a function of spatial coordinate x only, we can write Eq. (21), as
follows:

d2C

dx2
þ k2C ¼ 0 ð23Þ

The solution of Eq. (23) that gives C an even function of x is as follows:

C ¼ FðpÞ cosðkxÞ ð24Þ

The function F(p) is determined by the boundary condition. The value of this
function will be:

FðpÞ ¼ LC0

pL cosðkaÞ � kD sinðkaÞ ð25Þ
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So,

C ¼ LCo cosðkxÞ
pL cosðkaÞ � kD sinðkaÞ ð26Þ

The inverse Laplace transform of Eq. (26) is not trivial. Herein, we use the
partial functions technique like proposed in the literature [71].

Finally, performing all the mathematical formalism proposed by Crank [71], we
obtain the inverse transform of C. Considering the boundary conditions, the domain
of the function and with the use of necessary simplifications is obtained the final
equation for the parameter C that indicates the concentration of free solute inside the
solid during the water absorption process. This equation can be written as follows:

Cðx; tÞ ¼ LCo

LþðRþ 1Þa

þ
X1
n¼1

Co cosðknxÞeðpntÞ

cosðknaÞ 1þ 1þ lk
pn þ lÞ2ð Þ

� 	
Lp2

na
2D2k2

n

þ pn

2k2
nD

þ a
2L

� 	
 � ð27Þ

where pn and kn are the eigenvalues and C0 represent the initial concentration of
solute.

The expression for S can be obtained using Eq. (20) and its inverse Laplace
transform as obtained in the way analogous to Eq. (21). The final equation for the
parameter S, which represents the concentration of solute entrapped on the solid, is
written as follows:

Sðx; tÞ ¼ k
l

� �
LC0

LþðRþ 1Þa

þ
X1
n¼1

k
pn þ l

� �
Co cosðknxÞeðpntÞ

cosðknaÞ 1þ 1þ lk
ðpn þlÞ2

h i Lp2
na

2D2k2
n

þ pn

2k2
nD

þ a
2L

� 	
 �

ð28Þ

The total moisture content inside the material in a specific position x and instant t
is found from the sum of the amount of free solute and the amount of solute
entrapped in accordance with the following equation:

M ¼ SþC ð29Þ

From Eq. (29), the average moisture content of the solid at different moments of
the water uptake can be computed as follows:
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M ¼ 1
V

Z
MdV ¼ 1

2a

Za

�a

Mdx ð30Þ

where V is the volume of the solid.
From Eq. (29), the average moisture content of the solid at different moments of

the water uptake can be computed as follows:

M
Me

¼ 1�
X1
n¼1

ð1þ aÞepnt

1þ 1þ lk
ðpn þ lÞ2

h i Lp2
na

2D2k2
n

þ pn

2k2
nD

þ a
2L

� 	 ð31Þ

where:

a ¼ L
ðRþ 1Þa ð32Þ

Me ¼ LCo

ð1þ aÞa ð33Þ

In Eq. (31), M corresponds to the total amount of solute, both free and immo-
bilized to diffusion to a given time t, Me corresponds to the amount of moisture at
the final equilibrium state obtained after an infinite time, and R ¼ k

l. The terms pn
and kn together form pairs of eigenvalues and aims to refine the approximate
calculation and the results, thus, the higher the number of eigenvalues becomes
more accurate the analytical results. They correspond to non-zero roots of the
following equation:

Lpn
D

¼ kn tanðknaÞ ð34Þ

where, the values of kn are given by Eq. (22).

Fig. 3 Representation of the simulation domain with (np-2) control volumes
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3.3.2 Numerical Solution

Herein, it was used the finite-volume method for the numerical solution of the
governing equation [86]. For the discretization of Eq. (12), the continuous solid of a
thickness a was considered. Since the solid in question is symmetrical with respect
to the center, it was subdivided in (np-1) control volumes, as shown in Fig. 3.

In Fig. 3 each control volume has thickness Dx; S, P and N represent nodal
points, while s and n represent the left and right faces of the control volume P,
respectively; dxs and dxn represent the distance between nodal point P and nodal
points S and N, respectively.

• Concentration of free solute:

(a) Internal points
The discretization process is done by applying the integral in all terms of
Eq. (12) in volume and time, as follows:

Z
V

Z
t

@C
@t

dtdV ¼
Z
t

Z
V

@

@x
DC @C

@x

� �
dVdtþ

Z
t

Z
V

SCdVdt ð35Þ

For an one-dimensional problem, we have that dV = dx. Thus, after the
integration process and using fully implicit formulation, rearranging the
terms in the linearized discrete algebraic form applied to the point P, we
obtain the following equation:

APCP ¼ ANCN þASCS þAo
PC

o
P þB ð36Þ

where,

AP ¼ Dx
Dt

þ DC
s

dxs
þ DC

n

dxn

� �
ð37Þ

AN ¼ DC
n

dxn

� �
ð38Þ

AS ¼ DC
s

dxs

� �
ð39Þ

Ao
P ¼ Dx

Dt

� �
ð40Þ

B ¼ SCDx ¼ SoP � SP
Dt

� �
Dx ð41Þ
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The coefficients AP, AN and AS represent the conductance between the
nodal points P and their corresponding neighbors. The term Ao

P represents
the influence of the value of Co on the value of C at the current time.
Equation (37) is valid for all internal points of the domain except for the
boundary and symmetry points.

(b) Symmetry points
The discretized equation for the points of symmetry is obtained in a way
analogous to Eq. (37). There is no flux at the center of the solid due to
symmetry, thus: CP ¼ CS (see Fig. 3). Then, rearranging the terms, we
obtain the discretized equation for the points of symmetry as follows:

APCP ¼ ANCN þAo
PC

o
P þB ð42Þ

where,

AP ¼ Dx
Dt

þ DC
n

dxn

� �
ð43Þ

AN ¼ DC
n

dxn

� �
ð44Þ

Ao
P ¼ Dx

Dt

� �
ð45Þ

B ¼ SCDx ¼ SoP � SP
Dt

� �
Dx ð46Þ

(c) Boundary points
In this case, there is a boundary flux (C00) that must be replaced according to
the existing boundary condition, as described by Eq. (15). In this way, the
discretized equation for the boundary points is as follows:

CP � Co
P

� �Dx
Dt

¼ C00 � DC CP � CS

dxs

� �
þ SCDx ð47Þ

Equation (4) written as a function of the variable C is represented as
follows:

L
@C
@t

¼ �DC@C
@x

����
n

ð48Þ

For the boundary flux, Eq. (49) is discretized, obtaining the following
expression:
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L
Cn � Co

n

Dt

� �
¼ �DC

n
Cn � CP

@xn

� �
ð49Þ

Thus, we have:

Cn ¼
L
Dt C

o
n þ CC

n
dxn

CP

L
Dt þ

CC
n

dxn

0
@

1
A ð50Þ

Since that L @C
@t ¼ �DC @C

@x ¼ C00 the expression for the boundary flux is as
follows:

C00 ¼
DC

n
dxn

CP � Co
n

� �
1þ DC

nDt
dxnL

ð51Þ

Then, replacing the expression (51) into the (47) and rearranging the terms,
the following equation for the boundary points is obtained:

APCP ¼ ASCS þAo
nC

o
n þAo

PC
o
P þB ð52Þ

where,

AP ¼ Dx
Dt

þ 1
dxn

DC
n

þ Dt
L

þ DC
s

dxs

0
@

1
A ð53Þ

AS ¼ DC
s

dxs

� �
ð54Þ

Ao
n ¼

1
dxn

DC
n

þ Dt
L

0
@

1
A ð55Þ

Ao
P ¼ Dx

Dt

� �
ð56Þ

B ¼ SCDx ¼ SoP � SP
Dt

� �
Dx ð57Þ
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Equations (36), (42) and (52) applied at each control volumes form a system
of equations whose solution indicates the concentration of free solute within
the solid during the water absorption process.

• Concentration of solute entrapped:
For obtain the equations related to the concentration of solute entrapped in the
solid, Eq. (13) in integrated in volume and time as follows:

Z
x

Z
t

@S
@t

dtdx ¼
Z
x

Z
t

kC� lSð Þ ð58Þ

resulting in,

SP � SoP
� �Dx

Dt
¼ kCP � lSPð ÞDx ð59Þ

Reorganized the terms of Eq. (59), we obtain the following equation, valid for
all points of the control volume:

APSP ¼ Ao
PS

o
P þB ð60Þ

where,

AP ¼ Dx
Dt

þ lDx
� �

ð61Þ

Ao
P ¼ Dx

Dt

� �
ð62Þ

B ¼ kDxCP ð63Þ

• Total Moisture Content
The total moisture inside the material in a specific position x and instant t is
found from the sum of the amounts of free and entrapped solute in accordance as
specified in (29):

M ¼ SþC ð64Þ

• Average Moisture Content
The average moisture content of the solid at any instant of time is given by
Eq. (30). This equation in the discretized form is written as follows:

M ¼ 1
a

Xnp�1

i¼2

MiDxi ð65Þ
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where np represents the total number of nodal points.
The equation system were solved iteratively using the Gauss-Seidel method,
where it was assumed that the numerical solution converged when, from the
initial condition, the following convergence criterion was satisfied, at each point
of the domain, at a certain time:

Cnþ 1
P � Cn

P

�� ��� 10�10 ð66Þ

where n represents the nth iteration at each instant. For obtain the predicted
results, a time step and mesh refinement study was done. After this process we
choice a grid with 20 nodal points and a time step Dt ¼ 20 s.

4 Application

4.1 Experimental Data

Nóbrega [9] and Nóbrega et al. [55] realized experiments on the water absorption of
Caroá fiber-reinforced unsaturated polyester composites. The composite plates were
obtained by using the hand layup manufacturing technique. Composites samples of
20 	 20 	 3 mm3 were cut-off from these plates, and their edges sealed with resin
prior to the water absorption test (to avoid water transport by capillarity) and dried
in an air-circulating oven at 105 °C (up to constant weight or dry mass).

The water uptake experiments were carried out according to the following
procedure. Firstly, the pre-dried composites samples were immersed fully into a
water baths (Fig. 4) kept at 25 °C. At regular intervals the samples were removed
from the water bath, wiped with tissue paper to remove surface water and imme-
diately weighted in a electronic balance with precision ±1 mg. Following, the
samples were re-immersed in the water bath to continue the sorption process until

Fig. 4 a Caroá composite samples and b Caroá composites samples in water bath
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the equilibrium condition is reached. Each measurement took less than 1 min, so
water evaporation at the surface was insignificant.

The results of absorbed moisture were presented as mass of absorbed water by
unit dry composites mass. The moisture content was computed as follows:

MðtÞ ¼ Wt �W0

W0
	 100% ð67Þ

where W0 and Wt represent the dry weight of the composites samples (t = 0) and
the wet weight at any specific time t, respectively. Saturation (equilibrium) con-
dition was assumed when the daily weight gain of the composite samples was less
than 0.1%.

4.2 Theoretical Data

The formulation was applied to the moisture diffusion process in polymeric com-
posites reinforced with Caroá fibers. The composite studied have very large width
and length compared to the thickness. Then, the pure water penetrates only in the
direction of the thickness.

For the validation of the model, the numerical result of the average moisture
content was compared with analytical results reported by Santos et al. [81] and the
experimental data reported by Silva [87] for polymer composite materials rein-
forced by Caroá fiber (T = 25 °C). Table 1 presents the geometric parameters used
in the simulation.

Santos et al. [81] compared the analytical and experimental data of the average
moisture content along the transient process at the Temperature T = 25 °C. From
this comparison, it was estimated the mass diffusion coefficient and the probabilities
l and k, of the model, using the least squares error technique, given by the fol-
lowing equation:

ERQM ¼
Xn
i¼1

Mpredicted �Mexperimental
� 2 ð68Þ

where n is the number of experimental points. According to the authors, an average
quadratic error of 0.047467 kgwater/kgdry solid) was obtained. The estimated data are
shown in Table 2.

Table 1 Geometrical
parameters used in the
simulation

Parameter Value

L (m) 0.3

a (m) 1.5 	 10−3
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From these values, they were found 30 pair of eigenvalues more one pair of
imaginary root to form the exact solution of Eqs. (27), (28) and (31). Table 3
presents five values of pn and kn determined in this work.

The predicted moisture content inside the composite materials along the time is
particularly important because, from the results obtained, it is possible to predict
what areas most susceptible to stress causing fissures and deformations, thereby
decreasing the quality of the product [86].

Figure 5 illustrates the comparison between numerical, analytical and experi-
mental data of the average moisture content obtained during water absorption in
Caroá fiber reinforced polymer composites at 25 °C.

Table 2 Physical parameters
used in the simulation

Parameter Value

D (m2 s−1) 7.020 	 10−12

l (s−1) 1.697 	 10−6

k (s−1) 0.836 	 10−6

Table 3 Values of the some
p and k eigenvalues

n kn (m
−1) Pn (m

−1)

1 1049.07 −7.5768 	 10−6

2 1058.21 −1.29658 	 10−6

3 3142.29 −6.06761 	 10−6

4 3171.09 −1.44941 	 10−6

5 5236.41 −1.67169 	 10−6

Fig. 5 Comparison among
the numerical, analytical and
experimental dimensionless
average moisture content of
polymer composites
reinforced with Caroá fiber
during the water absorption
process (T = 25 °C)
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The numerical results depend strongly on the boundary conditions,
thermo-physical properties and the geometry considered. The observed discrepan-
cies between experimental and numerical data can be attributed to the lack of
suitable boundary conditions for the model and the consideration of constant
properties. However, from the analysis of the graph it can be observed that the
numerical results showed a good agreement between the predict and analytical and
experimental results, which shows that the mathematical model presents an ade-
quate description of the diffusion process inside the material.

In Fig. 6, new results of the average moisture content are plotted as a function of

dimensionless parameter Fo ¼ Dt
Rþ 1ð Þa2 namely modified Fourier number of mass

transfer aiming a more general mathematical analysis. This way the results are
independent of mass diffusivity, k and l probabilities, dimensions of the sheet and
time. Based on the graph analysis it is observed that the water sorption is very quick
in the early stages up to a certain modified Fourier number of mass transfer
approximately 2.0, and tends to decline for long exposure times until to achieve
equilibrium point (saturation condition Me ¼ 14:488%), where the dimensionless
average moisture content tends to 1. The time to achieve the hygroscopic equi-
librium was estimated to Fo ffi 10, Fo � 12. The graph related to the kinetics of the
problem has characteristics compatible with results found in literature [38, 64].

Figure 7 shows the graph of the variation of free solute concentration (analytical
and numerical) along the thickness of the solid, given by the C/Ce, where Ce
(estimated as Ce = 0.09778) represents the equilibrium concentration of the solute
in the fluid medium. Based on the analysis of this figure it is observed that for
shorter times the concentration variation is higher close to the surface of the
material, that is, there is a high concentration gradient of free water, in these

Fig. 6 Dimensionless
average moisture content as a
function of modified Fourier
number of mass transfer
(T = 25 °C)
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regions. With increasing time, this relationship tends to approach 1, reaching the
hygroscopic equilibrium condition (saturation) due to higher absorption of water.
Beside, at any point within the solid, the moisture content increases with time until
to reach a state of equilibrium.

Figure 8 shows the graph of the variation of bound (entrapped) water molecules
(numerical) along the solid thickness. Based on the analysis of this graph it is
observed that the increase in the content of bound molecules depends on the
increase in the concentration of free molecules into the material. The major water

Fig. 7 Free solute concentration distribution along the material for different instants (in terms of
modified Fourier number of mass transfer). a Analytical and b Numerical results
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concentration gradients are found near the solid surface. For longer times, or when
there is a greater amount of free molecules within the material we have greater the
number of trapped molecules and this occurs until equilibrium. This condition

occurs as @S
@t ¼ 0, or yet, kC ¼ lS, which implies in: SCe

¼ k
l

� �
C
Ce

¼ k
l, for t ! 1.

The observed behaviour at the beginning of absorption process is particularly
Fickian, that is, moisture migration of water molecules in “free” state, however, as
more moisture is absorbed, the water diffusion rate decreases. This fact can be
explained by two phenomena: (a) as the more water absorbed more molecules are
linked to the polymer chains, thus reducing the amount of water that can be
absorbed and (b) the relaxation rate becomes larger than the diffusion rate, con-
trolling the final stages of the process [88].

Figure 9 shows the graph of the total moisture present into the material, obtained
by the sum of the number of free molecules to be diffused and the number of
molecules trapped along its thickness. In regions near the surface, water absorption
is faster, because exist a larger area in direct contact with water. The water pene-
trates the interior of the material generating a higher concentration gradient along
the thickness and decreasing with the increase of the immersion time. Thus, at any
point inside the solid, the moisture content increases with time until it reaches its
equilibrium condition, i.e. its saturation point. It is intuitive to say that with a longer
immersion time there is an increase in the amount of molecules trapped within the
material while decreasing the amount of free molecules to diffuse.

As final comment we notice that water absorption is facilitated when polymer
molecules have clusters capable of forming hydrogen bonds. Plant fibers are rich in

Fig. 8 Trapped solute concentration distribution along the material for different instants of the
water absorption process (numerical results)
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cellulose, hemicellulose and lignin which have hydroxy groups, i.e., have high
affinity for water. The absorption of water by the resin, in turn, can be considered
practically null, since it presents a considerable hydrophobic character [89]. Further,
the addition of the plant fibers to the resin generates an increase in the water
absorption levels, so an important parameter to be analyzed is how much water is
being absorbed by the material over time.

The effects caused due to long time exposure to moisture may be irreversible due
to the water molecules affinity with specific functional groups of the polymeric
matrices. The destructive changes usually occurs due to degradation of probable
existing physical-chemical interactions between the resin and fiber, as a conse-
quence, there is a shift in the fiber, causing delamination and reduction in the
composite material properties. Thus, understanding this process is crucial to predict
the quality of the material under wet environments.

From the physical and mathematical viewpoints is important to analyse quan-
titatively what happens with the general solution for the extreme values of the
probability l which correspond to very fast and very slow process. When l is very
large as compared with k, the process is very rapid compared with diffusion. Then,
the immobilized component is in equilibrium condition with the component free to
diffuse into the sheet, thus, the process is controlled by diffusion. However, if
l ! 0 so, the process is infinitely slow, the plane sheet takes up, by simple dif-
fusion only the fraction of solute which the sheet can accommodate in the freely
diffusing state and none in the immobilized state. Besides, for the case where D is
very large, the diffusion is so rapid that the concentration of free and immobilized
solute are almost uniform through the sheet during the water uptake process [85].

Fig. 9 Moisture content profile inside the porous solid for different instant of the water absorption
process (numerical results)
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5 Concluding Remarks

In this chapter, an analysis of anomalous moisture sorption in vegetable
fiber-reinforced composites has been carried out. An advanced Fick’s model
namely Langmuir-Type model has been used for prediction of water uptake con-
sidering a transient and one-dimensional approach.

The mathematical model used describes properly the water diffusion inside the
polymer composites reinforced with Caroá fiber, since the both exact and numerical
solutions obtained showed good agreement with the experimental and analytical
data of the average moisture content along the water absorption process.

Some all results are shown in the dimensionless form aiming a more general
mathematical analysis. From the analysis of the predicted results, it was confirmed
that the water absorption is fast in the initial stages and tends to decay for long
exposure times to water until reaching the equilibrium point (hygroscopic saturation
condition). Further, the concentration gradients are higher at the surface of the
material and the higher the free solute concentration, the higher the immobilized
solute concentration inside the polymer composite.

Acknowledgements The authors thanks to CNPq, CAPES and FINEP (Brazilian Research
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Composite Materials: Theory, Advanced
Modeling and Engineering Applications
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Abstract The purpose of this chapter is to provide theoretical and experimental
information about polymer composite manufacturing reinforced with fiber by using
Resin Transfer Molding process. It is a process, in which the liquid resin is injected
in a closed mold with a fibrous preform inserted. This physical process is similar to
the fluid flow in porous media, thus, the process control becomes essential. Here,
diverse topics related to this theme, such as, theory, experiments, advanced
macroscopic mathematical modeling, in which is included the effect of the resin
sorption by fibers, exact solution of the governing equations, and technological
applications are presented and well discussed. The study clarifies the importance of
the resin sorption effect on the hydrodynamic of the resin flow inside the mold
cavity and fibrous preform.
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1 Introduction

1.1 Basic Theory of Porous Media

Heat and mass transfer and fluid flow through porous media and porous materials
have been the subject of great interest to scientists and engineers for many years,
because of its numerous technological applications in different areas such as, pet-
roleum, agricultural, materials, mechanical, chemical, civil, biomedical and envi-
ronmental engineering, among others [1–6].

Because of the great importance of studying porous media, there are several
works devoted to this theme [6–14].

However, what is a porous medium? It is a medium that is formed by a solid
phase (with regular and random structure) and one or more fluids phase (multiphase
system). The solid and fluid phases can be continuous or dispersed [15]. The porous
structure of the solid phase is filled by the fluid phase.

When two or more immiscible fluids (multiphase fluid system) exist into the
pore space (which fills out the voids completely), they are separated by interfaces.
In this interface, interfacial forces act producing discontinuities in density and
pressure [16]. Besides, fluid motion is characterized by different velocities, thus
interaction effects arise, which influence the response of the porous media, also due
to different material properties of the constituents [17]. From the macroscopic point
of view this can be classified of how a fluid-saturated porous medium. The fluid
saturated conditions assume that any vacant space exists in the porous medium [18].

What are the basic differences between porous medium and porous materials? To
help us better understand this question we notice that materials with porous structure
are called porous media [1]. Then, in some cases, the basic difference between them
is related to the pores size. For example, fruits, vegetables and grains are porous
materials which contain small pores. However, a packed-bed of these particles is a
porous media which contains large pores. Figure 1 illustrates the basic contents.

When a fluid flows through a porous media (in isothermal or non-isothermal
conditions), it suffers two basic phenomena: convection and diffusion (heat and/or

Large pores 
(Macropores)

Porous particle
Solid matrix

Small pores
(Micropores)

Porous medium

Fig. 1 Schematic of a porous medium and porous material
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mass transfer). The simplest case, pure diffusion, occurs when the fluid is stagnant
(no motion). Diffusion represents the spreading or mixing of the particles in the
molecular level, where the motion is random (or Brownian in fluids) [19].
Convection is the motion of the particles in a macroscopic scale. It provokes a
well-known phenomenon in the particles so called, dispersion, i.e., dispersion is
associated with fluid flow.

According to Liu and Masliyah [19], the phenomenon of dispersion occurs due
to the fluctuation of bulk flow, due to geometrical obstruction into the porous
matrix, whereas the diffusion phenomenon is provoked by random molecular
motion. The obstructions suffered by the fluid in the flow through a porous medium
are caused by random distribution and dimension variations of the interconnected
void space (capillary pathways). The magnitude of this effect in the flow dynamic is
given by different physical parameters such as: porosity, tortuosity and permeability
of the porous matrix, and fluid viscosity.

Permeability is a measure of how easily a single phase fluid moves in a porous
medium under the influence of a dynamic pressure gradient (absolute pressure
gradient adjusted for gravitational effects) [20].

Effective porosity is the local fraction of the porous medium, which consists of
inter connected pore space (voids) that is available to fluid motion relative to the
solid skeleton. Isolated pore space, assumed relatively small, is not taken into
account [17, 20]. A more general definition is reported by Nield and Bejan [21] and
Bear [22]. According to these authors porosity can be defined as the fraction of the
total volume of the porous media that is occupied by pores. Then, both pores
connected and disconnected are considered.

Tortuosity can be defined as the ratio between the straight line distance
(macroscopic distance) and the true path distance length between two points trav-
eled by a fluid into porous medium (microscopic distance) [19, 23].

1.2 What Are Composite Materials?

A composite material can be defined as a multiphase material composed of one or
more discontinuous phases (reinforcement) embedded in a continuous phase, so
called, matrix [24, 25].

Advanced polymer composites are made of high-strength fibers and moderately
high-temperature resins at very high fiber volume fractions [26]. In general, com-
posites use thermoset resins, with particular reference to epoxies and polyesters. In
relation to fibers, they can be synthetic (glass, carbon, kevlar, boron, etc.) and
natural (vegetable, animal, etc.). Fiber structure and adhesion between fiber-resin
(reinforcement and matrix) are the main responsible parameters by the mechanical
properties of the composite materials.

Historically, composite systems have been an important source of study in the
world, because of the wide applications in different areas, specially, polymer
composite reinforced by fiber.
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Based on the earlier information, this type of material can be classified as porous
material or porous medium, depending upon the fiber content. There are many
techniques to manufacture polymer composites, depending upon the type of
applications, number of parts to be made, the geometry of the parts and the per-
formance to be reached [27]. As an example, we can cite the following manufac-
turing techniques: Vacuum bag, hand lay-up, spray-up, filament winding,
pultrusion and resin transfer molding (liquid injection family).

In general, the manufacturing processes cited above, have several basic steps in
common. Obeying the following flow charts (Fig. 2).

The applications for advanced composites includes the sports materials, aero-
space, aircraft, marine, biomaterials, ground transport, building and civil industries,
in different segments such as: military jets (fuselage and wings), sports (tennis and
squash rackets, skis, hockey sticks), marine (boats and sculls), ground-transport
(vehicles, monorails, tramways and trains), façades, pipes, wind turbines, and many
others [28–31].

2 Transport Phenomena Theory in RTM Processes

2.1 The Physics in RTM Processes

Resin Transfer Molding (RTM) Process is a type of fiber-reinforced polymer
composite manufacturing process, in which the fiber preforms are placed in a closed

STEP 1: Selection of material

STEP 2: Preparation of the quantity and
dimension of the materials to be used

STEP 4: Processing of composite STEP 5: Curing process
(Crosslinking process)

STEP 7: Quality
control of composite

STEP 6: Removal of
finished composite

STEP 3: Impregnation of the
reinforcement by the matrix material

Fig. 2 Main steps for composite manufacturing
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cavity (mold) and the liquid polymer (resin) is impregnated to saturate the empty
spaces (void pores) between the fiber of the preforms to make the composite
structure [27]. The RTM technique can be explained by different steps, as illustrated
in Fig. 3.

The phenomenon of resin injection into the mold cavity, in which the fibrous
preform exists, is similar to the physical process of fluid flow in porous media
(non-isothermal and reactive flow). In this step, parameters such as injection
pressure, resin viscosity, porosity and permeability of the preform, temperature of
the mold and resin, gates location on inlet resin and outlet air and resin, play
important role in the control and optimization of the RTM process.

The resin reaction can be initiated early by heating (heat from the mold wall) or
by mixing in a reacting compound prior to injection (catalyst material) [26].

In general, low injection pressure is applied, in order to avoid disturbing the
placement of the fibers [28] and deformation in the mold (quality control of the
parts).

As applying the RTM technique, fiber volume fraction can be in the range of
0.20 to 0.55; resin viscosity is in the range of 0.1 to 1 Pa/s; usual mold closing
pressures range of 100–600 kPa [28].

After the injection step, is initiated the curing process of the resin. The time for
the complete cure of the resin is around 6 to 30 min, depending on the cure kinetics
of the mixture [32].

In the impregnation phase for manufacturing of polymer composite, the major
problems that affect production quality and reproducibility (damage due to voids

(a) (b)

(c) (d)

Fig. 3 Basic steps in RTM processes. a Preform, b preform in the mold, c closed mold and resin
injection, and d demolding and final processing
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and dry spots) are attributed to defects induced by the bad resin flow. The formation
of micro-voids among fibers and dry spots are potential starting points for poor
adhesion between fiber and resin, and the propagation of cracks and delamination,
which reduce quality of the product post-processing.

Resin flowing through the porous medium (perform) suffers flow resistance
between the fiber bundles and inside the fiber bundles (which can be measured in
terms of two different permeabilities). Thus, we notice that the resin flow occurs in
macro- and micro-scales. According to Laurenzi and Marchetti [33], in the
macro-scale, macro-voids can be formed for different physical situations: (a) when
the air displaced by the resin flow remains trapped, (b) when injection pressure is
lower to overcome the resistance of the perform, and (c) when a resin with high
viscosity is used. In micro-scale, the porosity is given by micro-voids. Thus, is
necessary the total air evacuation at the beginning of the filling process, in order, to
avoid it remains trapped in the tow producing micro-voids at the center of the fiber
bundles. Further, micro-voids formation can be also due to the macroscopic pres-
sure drop.

Since that the fiber bundles act as fluid sinks, so, fluid velocity is reduced thus,
altering local pressure. Then, the pressure drop produces an apparent change in the
permeability along the preform, which can be explained by the resin sink effect.

All discussion can be explained by the concept of the dual scale porous media.
On the microscopic analysis, the individual fibers of the bundle are separated by a
distance much smaller than that existing between two bundles. Thus, the resin flows
more easily between the fiber bundles rather than inside one of them. Then, it is
expected that permeability in the macropores are higher than the micropores.
Consequently, due to different flow behavior, the resin continues to impregnate the
bundle even when it has passed around it. This means that a part of the injected
resin penetrates into the fibers, rather than push forward the resin flow front. The
result is that the local pressure is affected by the resin flow rate inside a bundle
when compared to that resin flow rate between bundles [33].

2.2 Heat Transfer and Fluid Flow Mathematical
Formulation

The dominant transport phenomena during the application of the RTM technique
for composite manufacturing are heat transfer and fluid flow due to the cure process
and impregnation of the fibrous preform by the resin.

Because of the high costs involved in the RTM process, numerical simulations
appear as an excellent alternative to be used for control and optimization of the
filling process, and to reduce costs of the process. Then, we need an appropriated
mathematical modeling to predict the filling process of the mold. This topic will be
discussed in the next sections.
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2.2.1 Fluid Flow Model

Because of the similarity, the mold filling process by resin is modeled considering
the fluid flow through porous media theory. For this, Darcy’s law (momentum
conservation equation) in conjugation with mass conservation equation have been
used to predict the location of the resin flow front and the fluid pressure distribution
as it flows through the fibrous preform.

Following, will be presented an advanced mathematical modeling related to fluid
flow through porous media, with particular reference to RTM process, in which
exists the fluid absorption phenomena by fibrous preform.

For modeling of the fluid flow through the fibrous preform including fluid
sorption by the fiber, we begin with the one of the appropriated mass conservation
equation as follows [16, 21, 34–38].

@

@t
eqð Þþr � qU

!� �
¼ SM ð1Þ

where e represents the porosity; q and U
!

represent the density and mean (super-
ficial) velocity vector of the fluid, respectively, t is the time of the fluid, and SM

represents the source term related to mass flow rate of resin absorbed by the fiber
per volume unit.

The simplified momentum equation as applied to fluid flow in porous media is so
called generalized Darcy’s law. It is given as follows:

U
!¼ �K

l
rP ð2Þ

where K represents the permeability of the porous media, l is the resin viscosity,
and P′ is the modified fluid pressure.

The modified fluid pressure taken into account the contribution of the fluid
pressure and gravity effects as follows:

P0 = P + qgz ð3Þ

where P is the fluid pressure, g is the acceleration due to gravity, and z is the height
above a reference point.

Because of the existence of connected void space into the preform, the true
(physical) velocity of the fluid into the pores is more than the superficial (mean)
velocity. The relationship between these parameters, at any location into the porous
medium, is given as follows:

U
!¼ eV

! ð4Þ

where V
!

represents the true fluid velocity vector.
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2.2.2 Heat Transfer Model

Heat transfer that occurs during fluid flow and curing process can be modeled with
the energy conservation equation as follows:

@

@t
qcpT
� �þr � qcp V

!
T

� �
¼ r � krTð Þþ SH ð5Þ

where Cp and k represent specific heat and thermal conductivity of the mixture,
respectively. These thermal parameters can be given using the mixture rules as
follows:

q ¼ eqf þ 1� eð Þqs ð6Þ

cp ¼ ecpf þ 1� eð Þcps ð7Þ

k ¼ ekf þ 1� eð Þks ð8Þ

where the subscript f and s represent the fluid (resin) and solid (preform),
respectively.

The energy equation considers the existence of local thermal equilibrium. This
approach states that the resin and fiber temperatures are locally equal, at any
moment of the resin injection and curing process. Besides, in the curing process the

velocity vector V
!

is null. Then, we have heat transfer by convection neglected and
pure heat conduction phenomenon occurs.

The last term of the energy equation represents the rate of heat generation by
chemical reaction, during curing process of the resin. It can be modeled as follows:

SH ¼ Hr
da
dt

ð9Þ

where Hr is the total heat of reaction and a represents the degree of cure.
The degree of cure a of the resin is given as follows [32, 39].

a ¼ Q
Hr

ð10Þ

where Q is the heat evolved from time t = 0 to time t; it is predicted by the kinetic
model. In this sense, Lee et al. [40] report information about heat of reaction, degree
of cure and viscosity of a specific resin.
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3 Application of RTM for Composite Manufacturing

3.1 Experimental Investigation

Oliveira [41] and Oliveira et al. [42] conducted one rectilinear injection experiment
of orthophthalic polyester resin in a glass fiber mat (450 g/m2) inserted in a stainless
steel mold using a RTM system (room temperature and maximum injection pres-
sure 0.25 bar). The mold with cavity dimensions of 320 � 150 � 3.6 mm, has one
inlet and two outlet points (vents), and the top is made of glass to enable viewing of
the advance of fluid flow. The system has a camera positioned above the mold for
monitoring the impregnation process with the aid of a timer. The resin’s viscosity
was measured in a Brookfield viscometer HBDV-II + C/P with the S51 spindle.
The following infiltration process conditions were used: (a) resin density
q = 1190 kg/m3; (b) fiber volume fraction Vf = 24%, (c) porosity e = 0.76;
(d) porous media permeability k = 3.37 � 10−10 m2, and (e) fluid viscosity
l = 330 cP. The RTM equipment is shown in Figs. 4 and 5 shows the preform
inserted in the mold. Details about the equipment and experimental procedure
(Fig. 4) can be found in the references cited. Figure 6 shows the resin flow front
advancing into the mold.

Fig. 4 Photo of the rectilinear RTM experimental apparatus from LACOMP/UFRGS (Brazil):
a pressure vessel, b strengthened glass top mold, c steel bottom mold, d pressure controller,
e pressure transducers, f data acquisition system and g camera
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The injection pressure of the resin in the mold was monitored with pressure
transducers during each experiment. The conditions of the experimental run, and
the observed mold filling time and the calculated permeability data are presented in
Table 1.

The extractions of new information from experimental data play an important
role in different fields of engineering and science.

In this sense, parameter estimation techniques (inverse problem) arrive as an
excellent mathematical tool which allows an efficient use of experimental data. The
aim is to obtain process parameters that appear in a specific proposed mathematical
modelling, and also to help in obtaining a better model that predict the behavior of a
specific variable under investigation [16].

Fig. 5 a Stainless steel RTM mold without the preform and the top glass. b Preform inserted into
the mold

Fig. 6 Flow front positions for the case pure resin with Pinj = 0.25 bar and t = 300 s

Table 1 Estimated parameters of Eq. (11)

a1 (bar) a2 (–) a3 (bar) a4 (s
−1) a5 (–) a6 (s

−1) a7 (bar)

7.923739 −0.003113 0.003379 42.03634 50.54939 9.168526 −7.87010
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From the collected injection pressure data and on the basis of the literature [43],
a non-linear regression was made by Santos and Lima [44] using the Statistic®

software, and the Rosenbrock and quasi-Newton method, yielding a pressure
equation as a function of the process time as follows:

Pinj tð Þ¼ a1ta2 + a3exp a4t
a5 + a6t

� �
+ a7; for 0� t� te

Pe; for t [ te

(
ð11Þ

where Pe is the final pressure (stable pressure) achieved in the experiment and te is
the instant of time where P is now considered Pe.

3.2 Theoretical Procedure

3.2.1 The General Governing Equations

In problems of fluid flow through the fibrous preform including fluid sorption by the
fiber, the mass conservation equation is given by Eq. (1). However, if the fluid is
considered incompressible (constant density), Eq. (1) can be simplified and written
as follows:

r � U
!¼ �s ð12Þ

where s = S/⍴, corresponds to the sink term due to delayed saturation of fibrous
preform compared to the empty spaces (pores) between the surrounding fibers.

Neglecting the gravitational effects, and substituting the Darcy’s Law, Eq. (2)
into Eq. (12), we obtain:

r � � k
l
rP

� �
¼ �s ð13Þ

By considering thermo-physical properties k and l constants, the Eq. (13) takes
the form:

r2p = s
l
k

ð14Þ

To solve the Eq. (14), the following initial and boundary conditions can be used:

(a) p = pinj at the injection point;

(b) @p
@n ¼ 0 on the walls (n is the normal direction to the wall), and

(c) p = pff at the front line of the fluid. In general, pff is considered zero (gauge).
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3.2.2 Physical Problem and the Geometry

Herein, we are giving emphasis for rectilinear infiltration problem. In this physical
situation, the fluid is introduced through an inlet port at the border of the mold. The
fluid flow is limited by the parallel wall, and exits the mold through the ventilation
points at the other border. Figure 7 illustrates the physical problem discussed here.

3.2.3 Rectilinear Infiltration Model

For this simplified formulation, the following assumptions were considered:

(a) At the micro level, the porous medium is constituted of incompressible solid
and fluid phases.

(b) The porous medium is fully saturated, i.e., the porous volume is completely
filled with the fluid.

(c) The porous medium is considered homogeneous and isotropic.
(d) Thermo-physical properties are invariant with location and time.
(e) The fluid phases (air and resin) stay separated inside the porous media.

Fig. 7 Geometrical configuration of the physical problem
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(f) Herein neither a geometrical interpretation of the pore structure nor the exact
location of the individual components of the constituents, are considered.

(g) All the phases are in thermodynamic equilibrium.
(h) All the process is isothermal. This means that the energy balance equation is no

more necessary.

For a one-dimensional flow of a Newtonian and incompressible fluid through
porous media, the Darcy’s law can be written as follows:

ux¼Qx

A
¼ � k

l
dp
dx

ð15Þ

where Qx is the volumetric flow rate, A is the transversal section area of the mold
cavity normal to the flow direction, ux is the superficial velocity or the velocity
based on an empty mold cavity, dP/dx is the pressure gradient of the fluid along the
reinforcement and x represents the distance in the direction of the forward flow
displacement.

In terms of interstitial velocity (ux) or the flow front velocity (real velocity), we
can write the superficial velocity as follows:

ux ¼ evx ¼ e
dx
dt

ð16Þ

where e is the porosity of the fibrous medium, and t is the time.
For a rectilinear and one-dimensional flow, which has fluid velocity equal to zero

in the directions y and z, we can write Eq. (13) as follows:

d
dx

k
l
dP
dx

� �
¼ s ð17Þ

Then, considering the parameter s constant and integrating two times the Eq. 17,
we obtained:

P ¼ sl
k
x2

2
þC1xþC2 ð18Þ

where C1 and C2 are integration constants, that can be obtained by applying the
following boundary conditions:

x = 0 ) P = Pinj tð Þ ð19Þ

x = xff ) P = Pff ¼ 0 ð20Þ

where Pinj is the injection pressure of the resin, xff and Pff are the position and
pressure of the front flow, respectively.

Liquid Injection Molding Process in the Manufacturing … 263



Then, substituting the Eqs. (19) and (20) into Eq. (18), is obtained:

C2 ¼ Pinj tð Þ ð21Þ

C1 ¼ � sl
k
xff
2

� Pinj tð Þ
xff

ð22Þ

where Pinj is the injection pressure of the resin, xff and Pff are the position and
pressure of the front flow, respectively.

Replacing Eqs. (21) and (22) into Eq. (18), the Eq. (23) is obtained, which
means that, if the viscosity of the fluid infiltrating an isotropic reinforcement
(constant permeability) remains constant, there is a parabolic pressure distribution
between the injection point and the flow front.

P ¼ sl
k
x2

2
� sl

k
xff
2

þ Pinj tð Þ
xff

� �
x + Pinj tð Þ ð23Þ

Derivate of the Eq. (23) will be as follows:

dp
dx

¼ sl
k
x� sl

k
xff
2
� Pinj tð Þ

xff
ð24Þ

For x = 0, we obtain the following pressure gradient:

dP
dx

����
x¼0

¼ � sl
k
xff
2
� Pinj tð Þ

xff
ð25Þ

and for x = xff, we obtain:

dP
dx

����
x¼xff

¼ �sxff þ s
2
xff þ k

l
Pinj tð Þ
xff

� �
ð26Þ

Then, from the Eq. (15) and Fig. 6 we can write:

ux x = 0, tð Þ ¼ Q tð Þ
Wh

¼ s
2
xff þ k

l
Pinj tð Þ
xff

ð27Þ

Then, injection volumetric flow rate will be given as follows:

Qinj tð Þ ¼
sWh
2

xff þ kWh
l

Pinj tð Þ
xff

ð28Þ

From Eq. (16), we can write:
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ux x = xffð Þ ¼ e
dxff
dt

¼ �sxff þ s
2
xff þ k

l
Pinj tð Þ
xff

� �
ð29Þ

Or yet,

x
dx
dt

¼ �s
2e

h i
x2 þ k

le
Pinj tð Þ

	 

ð30Þ

Then, solving the Eq. (30) we obtain the following results:

xff tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k
le

e
�s
e tff

Z tff

0
e
s
etPinj tð Þdt

� �s
ð31Þ

From Eq. (31), the time tff required for a fluid to attain a certain defined position
xff in the mold is obtained, or vice versa. However, it is necessary to know pressure
injection Pinj as a function of the filling time.

Substituting the Eq. (29) in the Eq. (16), we obtain the following equation for
the interstitial velocity of the resin flow front:

Vx x = xffð Þ ¼ �s
2e

� �
xff þ k

le
Pinj tð Þ
xff

ð32Þ

From Eq. (32), two possibilities of experimental conditions can be used to keep
the rectilinear flow: the injection pressure or injection velocity (in terms of a vol-
umetric flow rate). In this work only the first case will be used.

3.3 Results Analysis

Figure 8 shows the transient behavior of resin pressure at the injection gate com-
pared to the experimental data reported in the literature [41, 42]. From an analysis
of the figure it is noticed that an excellent fit was obtained with a correlation
coefficient more than the 0.99 and a variance explained more than the 98% [44].
Table 1 summarize the parameters of Eq. (11) obtained with the non-linear
regression.

It was verified that the pressure, during the first minutes of the injection process
increases quickly tending to a steady state condition assuming a value almost
constant of Pe = 21,801.8 Pa (te = 400 s). It happens due to the increase in the
amount of the resin inside the mold with increasing injection time, which provokes
an increase in the fluid flow resistance inside the porous media.

Figure 9 illustrates a comparison between simulated and experimental results of
the resin front position inside mold cavityas function of the injection time.
Analyzing the figure, it can be verified that, although the proposed mathematical
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formulation is simple: one-dimensional and transient formulation, an excellent
agreement was obtained between the results, with a local maximum error at the
front position of the resin of 10.72% considering a resin absorption term of
s = 0.0001 s−1 and an injection time of 96 s. This error is a value lesser than the
11.7246% obtained without the consideration of sorption phenomena (Fig. 9). It
was verified small deviations between the predicted and experimental data which
was attributed to the fact that at practice, the flow occurs in the presence of a
slightly difference in permeability and viscosity from the one at the beginning of the
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process. It is also noticed an approximately parabolic behavior of the resin flow
front position as a function of the injection time, except in the case without to
consider the sorption effect (Fig. 10). By analyzing the Fig. 9, at the end of the
process (t = 1758 s), the local error was 0.2469% with the consideration of the
sorption phenomena and 5.2778% without the consideration of this phenomena.

Figure 11 illustrates the pressure distribution inside the preform as a function of
the resin flow front position at several instants of the injection process. As expected,
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it was verified a parabolic behavior of this parameter at any time of the process
(Eq. 23). However, it can be observed, at the initial stages of the injection process,
higher pressure gradients within the mold. It occurs because two effect: an increase
in resin pressure at the injection gate with the time, which tends to stabilize for long
times, as shown in Fig. 7, and the quantity of the resin inside the mold, that
increases over time. We notice that when the sink term is null, pressure behavior is
linear.

Figure 12 shows the real/interstitial velocity profile at the resin flow front
position and Fig. 13 illustrates the injection volumetric flow rate at the inlet gate,
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both as a function of the injection time. From an analysis of these figure is noticed
an asymptotic decrease with, both, time of injection, tending to a constant value for
long times of process, depending on the sink term value. A more intense sorption
effect (higher value of the parameter S) provokes more decay (high value of the
velocity temporal variation) in the fluid velocity tending for an approximately null
value in short injection time. Those instants correspond to the moments when the
injection pressure becomes constant and the mold is completely filled by the resin.

4 Concluding Remarks

This chapter is devoted to fiber-reinforced composite manufacturing by liquid
injection molding, with particular reference to resin transfer molding process
(RTM). This class of physical problem is similar to heat transfer and fluid flow in
porous media.

The interest in this type of problem is motivated by its importance in many
practical situations related to different areas of science and engineering.

In this work, an appropriated review of porous media, composite materials and
transport phenomena theory related to RTM process has been presented. From these
information we can note that up to the present day, most of the theoretical studies of
RTM process are based on numerous and severe approximations and assumptions
in the modeling. One of them is: resin sorption effect negligible. Herein, advanced
topics related to composite manufacturing by RTM process, including an advanced
macroscopic multiphase mathematical modeling, which incorporate the effect of
fluid sorption by fibers and the respective exact solution are presented and
discussed.

Further, a mathematical analysis on the basis of the predicted results, and
experiments of RTM process with rectilinear infiltration of resin into a mold cavity
containing a fibrous preform is performed.

The advanced macroscopic fluid flow governing equations (with the effect of
resin sorption) applied to porous media proved to be suitable to study RTM process
with great success.

From the obtained results, the following conclusions may be derived:

(a) Predicted results have shown to be very accurate, with errors below 0.25% in
the measurement of the resin flow front final position as compared to experi-
mental data.

(b) The fluid flow front position and pressure change with an approximated
parabolic behavior within the porous media, except for the case without
sorption effect.

(c) Both flow front velocity and injection volumetric flow rate have presented an
asymptotic behavior, tending to a constant value for long times.
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Despite the good accuracy presented by the proposed model, there are some
features that need comments:

(a) We have imposed that the solid skeleton is materially incompressible, thus
neglecting the intrinsic compressibility of the solid material itself in comparison
to the bulk compressibility of the porous skeleton. This assumption generally
holds, except of the range of very small porosity values [45].

(b) We have assumed that the porous media is homogenous, however, depending
on the reinforcement distribution, this is no true, and non-uniform distribution
is verified. Thus, we have variable porosity inside the porous medium.

(c) We have ignored the effect of any heat transfer during the injection process.
With respect to this assumption we start that during resin flow itself starts the
curing process. Thus, we have an existing exothermic reaction, consequently
heat transfer occurs and the fluid viscosity is modified.

Finally, it is interesting to point out that the findings obtained with this research
may help researches and engineers in their studies about composite manufacturing
especially that related to resin transfer technique.
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Description of Osmotic Dehydration
of Banana Slices Dipped in Solution
of Water and Sucrose Followed
by Complementary Drying
Using Hot Air

A. F. da Silva Júnior, W. Pereira da Silva, V. S. de Oliveira Farias,
C. M. D. P. da Silva e Silva and Antonio Gilson Barbosa de Lima

Abstract This chapter presents four mathematical approaches to describe pro-
cesses of osmotic dehydration and complementary drying of agricultural products
with cylindrical geometry. For this, four solutions for diffusion equation (in
cylindrical coordinates) were proposed, two analytical solutions and two numerical
solutions. All the formalism necessary to obtain these four solutions were pre-
sented. The most suitable models to describe the osmotic pretreatment and the
complementary drying were determined using data of the osmotic dehydration of
banana in solutions with 40 °Brix of sucrose and at temperature of 40 °C and data
of the complementary drying at 40 °C. Programs developed in the FORTRAN
language were used for optimization processes. Finally, the results obtained for the
four models in the optimization processes were compared in order to obtain the best
model.
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1 Introduction

After harvest, changes that deteriorate agricultural products are influenced, in one
way or another, by internal water concentration and mobility. Therefore, as it is well
known in the literature, the shelf life of agricultural products can be increased with
the water removal. This removal can be performed, for instance, using hot air [1–4].
However, this process is expensive due to the phase change of the water from liquid
to vapor state, since the latent heat of vaporization for this substance is very high. In
order to reduce the cost of the process, pretreatments are usually performed to
partially remove water before complementary drying using, for example, hot air.
One of these pretreatments is the osmotic dehydration, which is a simple and
inexpensive method of partial water removal. According to Falcão Filho et al. [5],
the osmotic dehydration process consists in dipping product slices into a hypertonic
solution (water and one or more solutes). The difference in water chemical potential
between the food and the osmotic medium is the driving force for dehydration.
Thus, three basic mass flows occur during the process, namely: (1) water exits from
the product slices to the hypertonic solution; (2) solute migrates from the hypertonic
solution to the product slices; and, to a lesser extent, (3) solute leaves the product
slices to the hypertonic solution.

Because the method requires no phase change for water during the process,
osmotic dehydration has considerable industrial importance as far as energy effi-
ciency is concerned [6]. According to several authors, including Aires et al. [7], this
method of water removal is a complex phenomenon that depends upon various
factors, such as the composition and concentration of the osmotic agent in which
the product slices are dipped, temperature, immersion time, presence or absence of
agitation in the osmotic medium, presence or absence of other pretreatment or
treatment, ratio between sample and solution, as well as the nature, size and
geometry of the product to be dehydrated. In addition, composition and concen-
tration of the osmotic agent are significant due to their influences on osmotic
pressure [8].

Silva et al. [9], citing Yadav and Singh [10], point out that the advantages of
osmotic dehydration are as follows: (1) It is a low-temperature water removal
process and hence minimum loss of color and flavor occur, (2) flavor retention is
higher when sugar or sugar syrup is used as osmotic agent, (3) enzymatic oxidative
browning is prevented as the fruit pieces are surrounded by sugar, thus making it
possible to retain good color with little or no use of sulfur dioxide, (4) acid removal
and sugar uptake by the fruit pieces give a sweeter product than conventionally
dried product, (5) it partially removes water and thus reduces water removal load at
the dryer, (6) energy consumption is much lower as no phase change is involved,
(7) it increases solid density due to solid uptake and helps in getting better-quality
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product in freeze drying, (8) if salt is used as osmotic agent, higher moisture content
is allowed at the end of drying as salt uptake influences water sorption behavior in
the product, (9) the product’s textural quality is better after reconstitution, (10) the
product’s storage life is greatly enhanced, (11) simple equipment is required for the
process.

As osmotic dehydration is a method that partially removes water, in general the
removal process is completed with conventional drying using, for instance, hot air.
In order to describe osmotic dehydration and complementary drying, a model is
usually used. Among the mathematical models found in the literature, empirical
equations, Reaction Engineering Approach (REA) and diffusion models can be
cited. According to Silva et al. [11], the main advantage of diffusion models is the
possibility of predicting the distribution of water and/or solute within the slices at
any time, and this allows to analyze the stresses that can damage the product.

For the description of the osmotic dehydration process using a diffusion model,
the boundary condition depends on some factors, such as the medium agitation. If
the medium is subjected to mechanical agitation, usually the external resistance is
disregarded and the boundary condition of the first kind describes the process well
[12]. For the medium with no mechanical agitation, generally, the external resis-
tance exists and the appropriate boundary condition is of the third kind [7]. For
complementary drying, particularly for fruit slices, the boundary condition is
generally of the third kind [13].

As in the osmotic dehydration water removal is partial, shrinkage is often dis-
regarded [11]. In this case, usually simple analytical solutions of the diffusion
equation can be used to describe the process, in which the mass diffusivities (for
water and solute) are considered with constant value. For this physical situation,
programs like Prescribed Adsorption—Desorption (boundary condition of the first
kind) and Convective Adsorption—Desorption (boundary condition of the third
kind) are found in the literature to describe the process. However, for a rigorous
description of the process, the shrinkage, as well as variable mass diffusivities must
be considered [7, 12, 14]. For this case, a numerical solution of the diffusion
equation is usually used.

In the last ten years, several works on osmotic dehydration of agricultural
products have been found in the literature. Among these products, the following can
be mentioned: pineapple slices [5, 15], carrot [16, 17], acerola [18], pumpkin [19–
21], kiwi [21], pear [21], melon [22], apples [7, 23, 24]; guava [8, 11], coconut [9]
and banana [14, 25, 26]. Due to the industrial importance of this method in the
partial removal of water, the objective of this work is defined in the following.

The objective of this work is to describe the process of osmotic dehydration of
banana slices, followed by complementary drying with hot air, using diffusion
models for the geometry of a finite cylinder. For osmotic dehydration and com-
plementary drying, the appropriate boundary condition for the diffusion model is
identified.
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2 Materials and Methods

2.1 Diffusion Equation

A finite cylinder of radius R and height L is shown in Fig. 1, highlighting these
dimensions.

Since a symmetric diffusion in relation to the y-axis is assumed, a position within
the cylinder can be given by the coordinates (r, y), defined through the system of
axes r and y with origin at the center of the cylinder, as shown in Fig. 1.

To describe osmotic dehydration or drying for banana slices, the
two-dimensional diffusion equation in cylindrical coordinates (r, y) with origin in
the center of the cylinder can be written as follows:

@U
@t

¼ 1
r
@

@r
rCU @U

@r

� �
þ @

@y
CU @U

@y

� �
ð1Þ

In Eq. (1), U is a generic variable that represents water quantity, W, and sucrose
gain, S; CU is the effective water diffusivity, DW, and effective sucrose diffusivity,
DS, t is the time, r and y define a position within the cylindrical slices. For a drying
process, U represents the moisture content, X, and CU is the effective mass diffu-
sivity, D.

The diffusion equation solution method to be used depends on the initial and
boundary conditions of the phenomenon to be described, as well as on whether
shrinkage can be disregarded or not. Thus, the boundary condition of the third kind
is mentioned below.

Fig. 1 Finite cylinder with
radius R and height L

276 A. F. da Silva Júnior et al.



2.2 Boundary Condition of the Third Kind

Diffusion with convective boundary condition was one of the three models used to
describe the drying process. The boundary condition of the third kind, also called
Cauchy boundary condition, is defined by [27, 28]:

�CU @Uðr,y,t)
@r r¼Rj = h Uðr,y,t) r¼Rj � Ueq

� � ð2Þ

and

�CU @Uðr,y,t)
@y y¼�L=2

��� ¼ h Uðr,y,t) y¼�L=2

�� � Ueq
� � ð3Þ

where h is the convective mass transfer coefficient and Ueq is the equilibrium value
of U. Equation (2) refers to an infinite cylinder with radius R while Eq. (3) refers to
an infinite slab with thickness L. The composition of these two simple geometries
generates the finite cylinder, as shown in Fig. 2.

In Eqs. (2) and (3), the same value h was imposed, which means same resistance
to the water flux in every surfaces.

Fig. 2 Intersection of infinite
slab and infinite cylinder
generating the finite cylinder
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2.2.1 Analytical Solution for Boundary Condition of the Third Kind

For the boundary conditions given by Eqs. (2) and (3), the diffusion equation for
the finite cylinder, given by Eq. (1), can be analytically solved to describe osmotic
dehydration and drying processes, since the following assumptions can be accepted:
(1) the dimensions of the finite cylinder do not vary during drying; (2) the initial
distribution of U must be uniform; (3) diffusion is the only transport mechanism
inside the cylinder; (4) the solid is considered as homogeneous and isotropic; (5) the
effective mass diffusivity does not vary during drying; (6) the convective mass
transfer coefficient is constant during drying; (7) osmotic dehydration or drying is
considered under isothermal conditions.

For the assumptions above, the analytical solution of Eq. (1) in the position (r, y)
at given instant t is [27, 28]:

Uðr; y; tÞ ¼ Ueq þðU0 � UeqÞ
X1
n¼1

X1
m¼1

An;1Am;2J0 ln;1
r
R

� �
cos lm;2

y
L/2

� �

� exp � l2n;1
R2 þ l2m;2

ðL/2)2
 !

CUt

" # ð4Þ

where U0 is the initial value of U. In Eq. (4), An,1 and Am,2 are defined as:

An;1 ¼ 2Bi1

J0ðln;1Þ Bi21 þ l2n;1

� � ð5Þ

where J0 is the Bessel function of first kind and zero order, and

Am;2 ¼ ð�1Þmþ 1
2Bi2 Bi22 þ l2m;2

� �1=2
lm;2 Bi22 þBi2 þ l2m;2

� � ð6Þ

In Eqs. (5) and (6), Bi1 and Bi2 are the mass transfer Biot numbers for the
infinite cylinder and infinite slab, respectively, as shown in Fig. 2. For a finite
cylinder with radius R and height L, such Biot numbers are expressed as follows:

Bi1 ¼ hR

CU ; ð7Þ

and

Bi2 ¼ h(L/2)

CU : ð8Þ

278 A. F. da Silva Júnior et al.



Since the same value h was imposed for all surfaces of the finite cylinder,
Eqs. (7) and (8) result in:

Bi2 ¼ Bi1ðL/2)
R

: ð9Þ

In Eqs. (4), (5) and (6), µn,1 and µm,2 are the roots of the characteristic equations
for the infinite cylinder and infinite slab, respectively. These characteristic equa-
tions are given by:

J0ðln;1Þ
J1ðln;1Þ

¼ ln;1
Bi1

; ð10Þ

where J1 is the Bessel function of first kind and first order, and

cot lm;2 ¼
lm;2

Bi2
: ð11Þ

Equation (4) gives the value of U for any position (r, y) within the finite cylinder
at a given instant t. The average value Uðt) at time t is given by:

Uðt) ¼ Ueq þðU0 � UeqÞ
X1
n¼1

X1
m¼1

Bn;1Bm;2exp � l2n;1
R2 þ l2m;2

ðL/2)2
 !

CUt

" #
ð12Þ

The coefficients Bn,1 and Bm,2 are given, respectively, by:

Bn;1 ¼ 4Bi21
l2n;1 Bi21 þ l2n;1

� � : ð13Þ

and

Bm;2 ¼ 2Bi22

l2m;2 Bi22 + Bi2 þ l2m;2

� � : ð14Þ

For the boundary condition of the third kind, to determine the process param-
eters, Eq. (12) can be fitted to the experimental datasets available, through the
optimization methodology proposed by Da Silva et al. [29], using the program
called Convective Adsorption—Desorption Software.
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2.2.2 Numerical Solution for Boundary Condition of the Third Kind

In the complementary drying process, the effects of shrinkage become
non-negligible. Therefore, it is necessary to include in the mathematical modeling
the effects of the shrinkage and, consequently, the variation of the effective diffu-
sivity. For this, a numerical solution is required for Eq. (1). The methodology used
to discretize the diffusion equation is the same as that used by Silva Junior et al.
[13] and Silva Junior et al. [14].

In order to solve Eq. (1), the hypotheses (2), (3), (4), (6) and (7) (Sect. 2.2.1)
were assumed. In addition to these hypotheses, it was assumed that the product
dimensions and the effective mass diffusivity vary during the process.

The method used to discretize the diffusion equation was the Finite Volume
Method using a fully implicit formulation [30]. Discretization begins by decom-
posing the continuous domain into a finite number of subdomains Vi, with i = 1,…,
N, called control volumes. These control volumes are characterized by a point
where the unknown variables are calculated, which are known as nodal points [31–
33].

In Fig. 3, a continuous domain X is presented for the geometry of a finite
cylinder, divided into 256 (16 � 16) control volumes. Among these control vol-
umes, a volume of dimensions Dr and Dy is highlighted, which is characterized by
the nodal point P.

In order to reduce the computational cost, only one quarter of the
two-dimensional grid was considered, as Fig. 4 shows. For this, the spatial distri-
bution of the quantity of interest inside the cylinder was assumed to have radial and
axial symmetries with respect to the central axis.

The control volume set for each element of the grid is illustrated in Fig. 5.
By Fig. 5, it is possible to note that there are 9 distinct types of control volumes,

which are characterized by the types of neighboring volumes and by the contact
with the external medium. However, only the discretizations of an internal control
volume (which is not in contact with external environment) and a control volume

Fig. 3 Continuous domain divided into 256 (16 � 16) control volumes
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southeast (with zero flow to the south, in contact with the external medium to the
east, and neighbors to the north and west) will be presented.

Equation (1) has been integrated into the space rPDhDrDy and at time Dt, as
shown in Eq. (15).

Fig. 4 Grid obtained with the hypothesis of symmetry

Fig. 5 Control volume for
cylindrical geometry
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By calculating the integrals and performing some algebraic manipulations, the
following equation is obtained:

UP � U0
P

	 

rP
DrDy
Dt

¼ reCU
e
@U
@r

����
e
� rwCU

w
@U
@r

����
w

� �
Dy

þ CU
n
@U
@y

����
n
�CU

s
@U
@y

����
s

� �
rPDr:

ð16Þ

From Eq. (16), the discretized equations for all types of control volumes are
obtained.

Discretization of the Diffusion Equation for the Internal Control Volumes

The internal control volumes have no contact with the external medium and have
four neighboring control volumes, one to the north, one to the south, one to the
west, and finally one to the east (Fig. 6).

Fig. 6 Internal control
volume and control volumes
to the north (N), to the south
(S), to the west (W) and to the
east (E)
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Considering a uniform grid, that is, Dyn ¼ Dys ¼ Dy and Drw ¼ Dre ¼ Dr, the
following approximations of the derivatives are obtained:

@U
@ r

����
e
ffi UE � UP

Dr
ð17Þ

@U
@ r

����
w
ffi UP � UW

Dr
ð18Þ

@U
@ y

����
n
ffi UN � UP

Dy
ð19Þ

@U
@ y

����
s
ffi UP � US

Dy
ð20Þ

Substituting Eqs. (17)–(20) into Eq. (16), the following equation is obtained:

UP � U0
P

	 
 rPDrDy
Dt

¼ reCU
e

UE � UP

Dr

� �
Dy� rwCU

w
UP � UW

Dr

� �
Dy

þCU
n

UN � UP

Dy

� �
rPDr � CU

s
UP � US

Dy

� �
rPDr

By grouping similar terms, the following algebraic equation is obtained:

APUP ¼ AEUE þAWUW þANUN þASUS þB ð21Þ

where

AP ¼ rP
DrDy
Dt

þ reCU
e
Dy
Dr

þ rwCU
w
Dy
Dr

þ rpCU
n
Dr
Dy

þ rPCU
s
Dr
Dy

ð22Þ

Ae ¼ reCU
e
Dy
Dr

ð23Þ

Aw ¼ rwCU
w
Dy
Dr

ð24Þ

An ¼ rPCU
n
Dr
Dy

ð25Þ

As ¼ rPCU
s
Dr
Dy

ð26Þ
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B ¼ rP
DrDy
Dt

U0
P ð27Þ

Discretization of the Diffusion Equation for the Southeast Control Volume

The Southeast control volume has two neighboring volumes, one to the north and
one to the west, one border in contact with the external medium and another on the
axis of symmetry, as shown in Fig. 7.

As the boundary “s” is on the axis of symmetry, the following equality is
considered:

@U
@y

����
s
ffi 0 ð28Þ

Considering the equality of the diffusive and convective flows at the border “e”,
the following equation is obtained

Ue ¼
heU1 e þ 2CU

e
Dr UP

2CU
e

Dr þ he
ð29Þ

Substituting (29) into /00
e ¼ heðUe � U1 eÞ one obtains:

/00
e ¼ UP � U1 eð Þ

1
he

þ Dr
2CU

e

ð30Þ

Fig. 7 Control volume to the
southeast with its neighbors to
the north and west
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Through some algebraic manipulations, one obtains:

CU
e
Ue � UP

Dr/2
¼ U1 e � UPð Þ

1
he

þ Dre
2CU

e

ð31Þ

Substituting (28), (31), (18) and (19) into (16), one obtains:

rP
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Dt

UP � rP
DrDy
Dt

U0
P ¼ re

U1e � UPð Þ
1
he

þ Dre
2CU

e

Dy� rwCU
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n

UN � UP

Dy

� �
rPDr:

By grouping similar terms, one obtains:

APUP = AwUW + AnUN + B, ð32Þ

where

AP ¼ rP
DrDy
Dt

þ reDy
1
he

þ Dr
2CU

e

� � þ rwCU
w
Dy
Dr

þ rpCU
n
Dr
Dy

ð33Þ

Aw ¼ rwCU
w
Dy
Dr

ð34Þ

An ¼ rPCU
n
Dr
Dy

ð35Þ

B ¼ rP
DrDy
Dt

U0
P þ

reDy
1
he

þ Dr
2CU

e

U1 e ð36Þ

2.2.3 Average Value of the Moisture Content

At each instant, the numerical solution gives the value of the moisture content at
each nodal point. As the contributions of each control volume to the average value
are not the same, the average value of moisture content, at every time instant, is
obtained by calculating the weighted average:

X ¼
P

XPVPP
VP

ð37Þ

in which Vp ¼ rpDhDrDy.

Description of Osmotic Dehydration of Banana Slices … 285



2.2.4 Evaluation of Water Diffusivity

The diffusion equation was discretized assuming that the effective water diffusivity
can vary with the local value of the moisture content, i.e.,

D = fðX, a, b), ð38Þ

where a and b are coefficients of a function that fit the numerical solution to the
experimental data, and are determined by optimization.

Considering the discretization presented, one needs to know the parameter D at
the interfaces of all control volumes. In the case of value D at the nodal points, this
is calculated by means of Eq. (14), at every step of the optimization process. To
calculate D at the interface between the control volumes P and E, for instance, the
following expression is used for a uniform grid [30].

Deq ¼ 2DPDE

DP þDE
ð39Þ

2.3 Boundary Condition of the First Kind

2.3.1 Analytical Solution for Boundary Condition of the First Kind

If the external resistance to the mass flux is neglected, the Biot numbers Bi1 and Bi2
are considered infinite. In this case, Eq. (10) is written as:

J0ðln;1Þ ¼ 0; ð40Þ

and Eq. (11) is given by:

cot lm;2 ¼ 0: ð41Þ

Thus, the solution U ðt) for the diffusion equation is still given by Eq. (12).
However, the coefficients Bn;1 and Bm;2 are now given, respectively, by:

Bn;1 ¼ 4=l2n;1 ð42Þ

and

Bm;2 ¼ 2=l2m;2 ð43Þ

For the boundary condition of the first kind, to determine the process parameters,
Eq. (12) can be also fitted to the experimental datasets available, through the
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optimization methodology proposed by Da Silva et al. [34], using the program
called Prescribed Adsorption—Desorption Software.

2.3.2 Numerical Solution for Boundary Condition of the First Kind

The difference between the discretizations presented in Sect. 2.2.2 and the dis-
cretizations assuming a boundary condition of the first kind occurs in the equations
related to the volumes in contact with the external medium. Therefore, the equation
related to the internal control volumes is Eq. (21), presented in Sect. 2.2.2.

As already noted in the previous section, in a boundary condition of the first kind
the surface resistance to mass flow is neglected. In this case the convective mass
transfer coefficient is considered as tending to infinity. Thus, in Eqs. (33) and (36),
one obtains:

AP ¼ rP
DrDy
Dt

þ 2reDy
Dr

CU
e þ rwCU

w
Dy
Dr

þ rpCU
n
Dr
Dy

ð44Þ

B ¼ rP
DrDy
Dt

U0
P þ

2reDy
Dr

CU
e U1 e ð45Þ

Analogously, it is considered that hw = hn = hs also tend to infinity in the dis-
cretizations for the other seven types of control volumes. Thus, the other equations
for the boundary condition of the first kind are obtained.

2.4 Optimizations

In order to obtain the process parameters (a, b and h) using experimental datasets,
the optimizers existing in the programs Convective (analytical solution, boundary
condition of the third kind), Prescribed (analytical solution, boundary condition of
the first kind) and LS optimizer (any differential equation or function) were used
[35–37]. These optimizers were developed from an inverse method in which initial
values are assigned to the parameters and then these are corrected in order to
minimize an objective function. The objective function used in this work was the
chi-square, which is defined as follows:

v2 ¼
XNp

i¼1

U
exp
i � U

sim
i ðCU; h)

h i2 1
r2
i
; ð46Þ

where U
exp
i is the average value of the quantity of interest relative to the ith

experimental point, U
exp
i ðCU; hÞ is the average value of the quantity of interest

calculated by the numerical solution as a function of CU and h, NP is the number of
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experimental points, and 1
r2
i
is the statistical weight for the ith experimental point.

Thus, the objective function depends on CU and the convective mass transfer
coefficient. If CU is considered as variable, that is, CU = f ðU; a, b), the chi-square
will depend on the parameters a, b and h. In the case of the boundary condition of

the first kind, U
sim
i will depend only on CU.

2.5 Osmotic Dehydration Experiments

The banana used in the osmotic dehydration experiments was the Manzano banana.
This fruit belongs to the AAB genomic group, purchased in the local market
(Campina Grande PB, Brazil) at the fourth stage of maturity: yellower than greener.
After purchased, the bananas were kept at room temperature until they reached the
last stage of maturity: yellow with brown spots. The initial moisture content of the
samples after maturation was 3.320 (d.b.).

The methodology that will be described was proposed by Silva Junior et al. [14].
Osmotic dehydration experiments were carried out in the Laboratory of Storage and
Processing of Agricultural Products of the Center for Technology and Natural
Resources of the Federal University of Campina Grande. Before the osmotic
dehydration experiments, the fruits were washed in running water and sanitized
with chlorinated water for a period of 15 min. After sanitized, the fruits were
washed again with running water and manually peeled. Finally, they were cut into
slices approximately L = 1.0 cm thick (Fig. 8). The average radius was
R = 1.7 cm.

After being cut, the samples were separated, weighed and placed in baskets,
which were grouped in triplicate and labeled as 1.1, 1.2 and 1.3 to 11.1, 11.2 and

Fig. 8 Banana slice with
1.0 cm thickness

288 A. F. da Silva Júnior et al.



11.3. These labels represent the times in which the groups would be withdrawn
from the solution (Fig. 9).

The solution used for osmotic dehydration was binary, distilled water and
commercial crystal sugar, prepared with ratio of 1:15 (g/g) (fruit to solution) at
concentration of 40 °Brix. This ratio had the objective of keeping the concentra-
tions unchanged during the experiments. These concentrations were controlled
through a refractometer (INSTRUTHERM, model RT-280), which is shown in
Fig. 10.

Fig. 9 Triplicate samples in baskets prepared for each instant of the osmotic dehydration process

Fig. 10 Refractometer used to adjust the concentration of the solution
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Osmotic dehydration experiment was performed for a solution with concentra-
tion of 40 °Brix at temperature of 40 °C. Once the temperature of the experiment
was reached, the samples were placed simultaneously in the solution and then
placed in the oven with pre-set temperature (Fig. 11).

The variation of water and sucrose quantities in the product was monitored
through each triplicate at the times 0, 10, 30, 60, 90, 120, 150, 180, 210, 240, 1440
and 1800 min, which were denoted by n0, n1,…,n11. The sample in triplicate for
time n0 is the fresh sample, which was taken directly to the drying oven to deter-
mine its dry mass. At each time interval, the triplicate sample was removed from the
solution, washed with distilled water (to remove sucrose adhered on its surface),
and then lightly wiped with paper towel (to remove excess water), as shown in
Fig. 12. Finally, these samples had their mass determined by an analytical balance
and then placed (in crucibles) in a drying oven at 105 °C for 24 h in order to
determine the dry masses.

Sucrose gain and water loss kinetic processes were described by the sample of
the time n11, which was withdrawn from solution at time 1800 min. To determine
the total mass at all times, the following formula was used, obtained through a
simple rule of three:

mt
11 = m0

11
mt

x

m0
x
; ð47Þ

where mt
11 is the mass of the sample n11 at time t, m0

11 is the mass of the sample n11
at time 0, mt

x is the mass of the sample nx at time t, and m0
x is the mass of the sample

nx at time 0.

Fig. 11 Samples in solution being placed in the oven
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To determine the dry mass at the other times, the following formula was used,
also obtained through a simple rule of three:

mst11 ¼ mstx
mt

11

mt
x
; ð48Þ

where mst11 is the dry mass of sample n11 at time t, mstx is the dry mass of sample nx
at time t, mt

11 the mass of sample n11 at time t, and mt
x m

t
x is the mass of the sample

nx at time t.
To calculate the water quantity in percentage in the product at each time t, the

following formula was used:

~ctw ¼ mt
11 �mst11

m0
11 �ms011

� 100; ð49Þ

where �ctw is the percentage of water quantity in the product at time t, mt
11 is the mass

of the sample n11 at time t, m0
11 is the mass of the sample n11 at time zero, mst11 is

the dry mass of the sample n11 at time t and ms011 is the dry mass of the sample n11
at time zero. To calculate the sucrose quantity incorporated (in percentage) at time t
over the initial dry mass, the following formula was used:

~cts ¼
mst11 �ms011

ms011
� 100; ð50Þ

Fig. 12 Samples (and baskets) taken from the solution for determination of water loss and sucrose
gain
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where~cts is the percentage of sucrose quantity in the product at time t.
After the osmotic dehydration process, the banana samples were stored under

vacuum and then placed in a plastic box at room temperature in order to be sub-
mitted to the subsequent convective drying. The stored samples and the SVC 200
SULPACK vacuum sealer used for storage are shown in Fig. 13.

2.6 Complementary Drying

The methodology that will be described was proposed by Silva Junior et al. [13].
After the osmotic dehydration process, the samples were subjected to a comple-
mentary drying at temperature of 40 °C. Initially the baskets used for drying had
their weights determined, and then seven samples were placed in each basket, as
shown in Fig. 14.

Thereafter the weights of the baskets together with the samples were determined.
Finally, the baskets with the samples were placed simultaneously in an oven with
air circulation and renewal (AMERICANLAB, model AL 102/480) (Fig. 15), to
start drying.

At intervals of 5, 10, 20, 30, 60, 120, 450 and 720 min samples in triplicate were
removed from the oven and their weights were determined on an analytical balance.
Also at these intervals, other samples in triplicate, used to track the shrinkage
phenomenon, were removed from the oven and had their length (L) and radius
(R) measured with a caliper. This procedure was repeated until constant weight was
achieved. The initial values of the thickness and radius of the samples were

Fig. 13 a Device used for vacuum storage. b Samples of banana stored under vacuum

292 A. F. da Silva Júnior et al.



L0 = 0.67 cm and R0 = 1.50 cm (on average). After drying, the samples were
placed in a drying oven at 105 °C for 24 h to determine the dry mass.

The experimental dataset obtained for convective drying kinetics was considered
in dimensionless form using the following equation:

Fig. 14 Basket with osmotically dehydrated samples at 40 °C and 40 °Brix during drying at
40 °C

Fig. 15 Oven with air
circulation and renewal used
for convective drying
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�X�ðt) =
�Xðt)� Xeq

Xi � Xeq
� 100; ð51Þ

where Xeq (d.b.) is the equilibrium moisture content, �X (d.b.) is the average
moisture content and Xi (d.b.) is the initial moisture content of the drying process,
which is the final moisture content of the osmotic dehydration process. In these
complementary drying experiments, the following values were used for the equi-
librium moisture content and the initial moisture content: Xi = 1.114 (d.b.) and
Xeq = 0.162 (d.b.).

In order to obtain expressions to describe shrinkage under all experimental
conditions, data were turned into dimensionless values by using the following
equations:

R� ¼ Rt

R0
and L� ¼ Lt

L0
ð52Þ

where R* and L* are the dimensionless values of the radius and length, respec-
tively, at time t; Rt and Lt are the values (in meters) of the radius and length,
respectively, at time t; R0 and L0 are the values (in meters) of the radius and length,
respectively, at time t = 0.

In order to obtain the radius and thickness expressions as a function of the
dimensionless average moisture content, curve fittings were performed using the
Lab Fit software [38].

The expression obtained for the radius is given below:

R� ¼ 0:8712cosh 0:5280�X�	 
 ð53Þ

Proceeding in an analogous way, an expression was obtained for the thickness of
the cylinder as a function of the dimensionless average moisture content.

L� ¼ 0:7457cosh 0:7865�X�	 
 ð54Þ

3 Results and Discussion

3.1 Osmotic Dehydration

3.1.1 Water Quantity

Optimization processes were performed for water quantity and sucrose quantity
using the analytical solutions presented in Sects. 2.2.1 and 2.3.1. The results
obtained for water quantity are presented in Table 1.
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From the results presented in Table 1, it is possible to notice that there were no
significant changes when the boundary condition of the third kind was considered.
This is due to the fact that the Biot number was very large, which indicates the
absence of surface resistance to water flow. In Fig. 16, it is possible to observe the
fittings obtained for the two boundary conditions studied for the water quantity.

According to Fig. 16, it is possible to state that two simulations are virtually
equal. Thus, Fig. 17 shows the comparison between the simulations considering the
boundary conditions of the first and third kinds. In this figure a small difference is
observed in the values predicted by the two simulations. This small difference of the
predicted values corroborates with the values of the chi-squares presented in
Table 1, which also present a small difference.

Since there are no significant differences when considering the boundary con-
dition of the third kind, it can be concluded that the most adequate boundary
condition for the water quantity is that of the first kind.

3.1.2 Sucrose Quantity

The results of the optimization processes for the sucrose quantity are shown in
Table 2.

Table 1 Parameters obtained for water quantity in osmotic dehydration performed for a solution
with concentration of 40 °Brix at temperature of 40 °C

Boundary condition Dw (m2 min−1) h (m min−1) Bi R2 v2

First kind 1.458 � 10−8 – – 0.9920 18.18

Third kind 1.604 � 10−8 1.853 � 10−4 200 0.9900 22.39

Fig. 16 Fitting obtained with the boundary condition of the: a first kind; b third kind
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Note that the results obtained for the sucrose quantity were similar to those
obtained for the water quantity, since the Biot number was very large for the
boundary condition of the third kind. Therefore, the most suitable boundary con-
dition for the description of the sucrose quantity is that of the first kind.

When the results of Tables 1 and 2 are compared, it is noted that values for water
diffusivity were lower than for sucrose diffusivity. Although many authors find an
inverse situation, there are several studies that point out the same behavior for the
diffusivities observed in the present work: [11, 17, 39–42].

In Fig. 18, it is possible to observe the fittings obtained for the two boundary
conditions studied for the sucrose quantity.

As occurred for the water quantity, in Fig. 19 a small difference is observed in
the values predicted by the simulations considering the boundary conditions of the
first and third kinds.

Note that the sucrose migration kinetics is equivalent for the two boundary
conditions. Thus, the simplest model could be recommended to describe the pro-
cess: boundary condition of the first kind.

Fig. 17 Water quantity simulations considering the boundary conditions of the first and third
kinds

Table 2 Parameters obtained for sucrose quantity in osmotic dehydration performed for a
solution with concentration of 40 °Brix at temperature of 40 °C

Boundary condition DS (m2 min−1) h (m min−1) Bi R2 v2

First kind 1.840 � 10−8 – – 0.9987 1.612

Third kind 2.039 � 10−8 2.134 � 10−4 181.25 0.9985 1.213
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3.2 Complementary Drying

To describe the complementary drying process, the numerical solution described in
Sects. 2.2.2 and 2.3.2 was used. An important phase for the beginning of the
optimization process is the study of the grid and the number of steps in time. In
carrying out this study, it is intended to find a grid that provides adequate results
without requiring a very large computational cost. The optimization process and
simulation were carried out considering a grid with 30 � 20 control volumes and

Fig. 18 Fitting obtained with the boundary condition of the: a first kind; b third kind

Fig. 19 Sucrose quantity simulations considering the boundary conditions of the first and third
kinds
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2000 time steps. To obtain these values, a detailed study on refinement of grid and
time steps was conducted.

The results of the optimization processes for the dimensionless average moisture
content are shown in Table 3. The results presented in Table 3 are related to three
models: (1) considering shrinkage, variation of the effective diffusivity and
boundary condition of the third kind (model 1); (2) without shrinkage, constant
effective diffusivity and boundary condition of the first kind (model 2); and
(3) without shrinkage, constant effective diffusivity and boundary condition of the
third kind (model 3). The expression for the effective diffusivity used in model 1
was established after a detailed study of several expressions.

From the results presented in Table 3, it can be concluded that the best boundary
condition to describe complementary drying was of the third kind. This conclusion
was obtained by checking the best statistical indicators: models 1 and 3. Comparing
the statistical indicators of the three models, it can be concluded that the best one to
describe complementary drying was model 1. Figure 20 shows the fittings obtained
for the three models.

The graphs shown in Fig. 20 corroborate with the results presented in Table 3.
In this Figure it is possible to visualize the best fit of model 1 to the experimental
data.

One of the advantages of the diffusion model over other models is the possibility
of predicting the distribution of the quantity of interest inside the solid. Thus, in
order to analyze the effects of the boundary condition on water distribution over
time, this distribution was simulated for drying at 40 °C (Fig. 21). This simulation
was performed considering the best model (model 1).

Table 3 Parameters obtained for complementary drying (at temperature of 40 °C) of osmotically
dehydrated samples in solution with a concentration of 40 °Brix, at temperature of 40 °C

Expression for diffusivity
(m2 min−1)

Parameters and statistical
indicators

Obtained values

Model
1

bexp a
ffiffiffi
x

pð Þ a 2.47 ± 0.12

b (1.58 ± 0.10) � 10−9

h (1.25 ± 0.04) � 10−5

R2 0.9998

v2 7.0117 � 10−4

Model
2

b b (5.72 ± 0.20) � 10−9

R2 0.9939

v2 3.7303 � 10−2

Model
3

b b (9.9 ± 0.5) � 10−9

h (1.63 ± 0.13) � 10−5

R2 0.9992

v2 4.6732 � 10−3
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From Fig. 21a, it is noted that after 1 h of drying the layers in contact with the
medium to the north and east are not yet in equilibrium with the medium. Still from
Fig. 21 it is possible to note that the equilibrium at boundary starts at about
428 min (approximately 7 h of drying).

Another way to analyze the distribution of water inside the product over time is
to verify this distribution on circular surfaces (from the center of the cylinder to the
top). An analysis of the distribution of water inside the product during the drying
time was carried out, verifying this distribution in circular surfaces, as shown in
Fig. 22.

As expected, water loss occurs from the center to the top of the product; thus, the
central surface presents the highest values of moisture content at the four times

Fig. 20 Fitting obtained for: a model 1; b model 2; c model 3
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studied. This is due to the fact that the surface in contact with the external envi-
ronment loses water more quickly. As shown in Table 3, a resistance to water loss
is noted both at the top of the cylinder and at the east and west layers of the
cylinder. These layers begin to come close to equilibrium with the external medium
at around 7 h of process.

Fig. 21 Water distribution inside the cylinder (L/2 � R) for complementary drying at 40 °C
(pretreated samples at 40 °Brix and 40 °C) at the times: a t = 60.5 min; b t = 181.6 min;
c t = 250.2 min and d t = 427.7 min
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4 Concluding Remarks

In this chapter the phenomenon of diffusion applied to processes of osmotic
dehydration and complementary drying was explored. The proposed models were
applied to the case of osmotic dehydration and complementary drying of banana.
The proposed models proved to be appropriate to describe both the osmotic pre-
treatment and the complementary drying. However, in the two cases studied, the
boundary condition of the third kind proved to be important for a better description.
In the case of the complementary drying, in addition to the boundary condition of
the third kind, the shrinkage was also important. Finally, the models proposed in
this chapter can be applied in the description of the osmotic pretreatment and the
complementary drying of other cylindrical agricultural products.

Acknowledgements The authors would like to thank CNPq (Conselho Nacional de
Desenvolvimento Científico e Tecnológico, Brazil) for the support given to this research and for
his research grant (Processes Number 302480/2015-3 and 444053/2014-0).

Fig. 22 Dimensionless moisture content distribution in the circular surfaces of the cylinder center,
of the top and in the surface located to 1/4 of the center (drying at 40 °C of samples pretreated at
40 °Brix and 40 °C): a t = 60.5 min; b t = 181.6 min; c t = 250.2 min and d t = 427.7 min
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