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ABSTRACT

The energy loss through building components resulting in higher energy consumption, thus energy saving
has become an essential aspect in design and comfort. This study aims to optimize the thermal insulation of red
clay bricks used in the walls of buildings by using a multiscale method. The finite element approach in ABAQUS
software has been used to simulate the bricks under different configurations and conditions. Due to cost and time
challenges and difficulties in simulation and complex calculations, simplified and applicable equations have been
derived to calculate thermal insulation properties. The results show that the paper’s brick design has a significant
thermal conductivity reduction that could reach more than one-third of the other corresponding studies. The study
goes to fill the hollow bricks by the insulation polyurethane foam (PUF) and comparing the results with air hollow
bricks. Besides its other advantages, the outcomes reveal that using the PUF has a noticeable desired-influence in
thermal insulation when considering the heat transfer by convection and radiation inside the air cavity of bricks.
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INTRODUCTION

The energy leak through building parts leads to higher energy consumption as a result of energy
compensation. Energy-saving is a significant factor that has to be taken into account in building design and the
level of indoor comfort. Nowadays, approximately half of the accounted social energy has been for buildings
consumption [1,2]. Therefore, many procedures used to limit this issue and improve energy savings to the highest
level [3]. One of the common methods to reduce energy consumption is to use insulations, especially in walls.
There are many aspects of this approach; one of the popular approaches is using and insulation-layer integration
into the building wall. Many studies have conducted to address the effects of various locations and angles of the
insulation layer related to the foundation wall in order to optimize wall energy conversation[4].

Although this mechanism achieves suitable insulation performance [5,6], it raises the cost and duration
of construction because of the adding of the insulation layer to the main wall [7]. Increasing the thermal resistance
of the building walls without affecting the structural properties has been a fundamental aspect, and it should be
taken into account through fundamental design steps [3]. Therefore, another technique, it is modifying the brick
design by using of air cavities in the brick or block that reduce the weight and could increase the equivalent thermal
resistance [8—10]. In bricks, the process of heat transfer in hollow brick can be represented by conduction, natural
convection, and radiation in all domains, enclosures, between inner surfaces, [1,11]. The desired thermal
performance with the addition of the cavities in bricks is based on the significant role of the natural convection
heat transfer of the air inside the brick enclosures. There are detailed numerical and experimental studies [2,12—
15] that tried to optimize the block or brick design with the purpose of enhancing the properties of thermal
insulation. Sun and Fang[ 1] theoretically concluded that the brick cavities in non-aligned form have higher thermal
resistance than the aligned form.

Many researchers focused on the conductivity reduction, and thus, they tried to increase the thermal
resistance of the hollow concrete brick by changing the enclosures configuration [8,9,16—19] to gain an optimum
equivalent heat transfer conditions for specific hollow brick designs. In addition, they concluded that the rectangle
configuration of the enclosure exhibits the lowest thermal conductivity, especially when the fraction of void
volume is dominated.
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Al-Hadhrami and Ahmad [2] indicated that the hollow bricks with the size of 400 (length) x 200 (width)
x 200 (height) mm, made from fired red clay, exhibited noticeable thermal-insulation properties compared to
concrete bricks produced by using the guarded hot-plate technique. Alghamdi and Alharthi [10] used the same
dimensions, and they agree with the above researchers concerning the required thermal properties of fired red clay.
Antoniadis et al. [20] developed a new design with higher thermal insulation for the Greek hollow clay bricks by
using the transient hot-wire technique.

Some studies have been carried out by filling the hollow brick cavities with insulating materials in order
to eliminate the insider convection heat transfer. Al-Hazmy [21] and Jing Li et al.[19] proved that the insertion of
a low thermal conductivity polymer foam in the form of full-cavity or bars can significantly reduce the heat transfer
rate. Compared to the non-filled hollow brick, the heat transfer rate in the configuration of Al-Hazmy [21] and
Jing Li et al.[19] was decreased to 36% and 45.78%, respectively. Li et al.[19] demonstrated that filling the brick
cavities by an insulation material, which has a thermal conductivity of 0.041 (W/m-K), exposed an obvious
enhancement in thermal insulation performance. Bouchair [22] used the cork as an insulating material in small
(190x145x300 mm) and big (190x100x300 mm) types of fired clay bricks. This author concluded that there are
excellent improvements presented in both sizes as the highest were in the bigger size of bricks.

Al-Hadhrami and Ahmad [2], in an experimental study, investigated the thermal properties of nine types
of red clay bricks and two types of concrete blocks. The researchers used an insulating mortar and filled the center
hole with perlite, polystyrene, cement and/or mineral wool insulation. They demonstrated that there is a positive
role of the insulating mortar in the thermal resistance of the wall, and proved the lower thermal conductivity filler
exhibit the best thermal insulation brick. For their samples, they indicated that the maximum thermal resistance
was in the lightweight clay brick and the smallest equivalent thermal conductivity gained with the mineral wool
insulation filler and an insulating mortar, while the highest conductivity was with the perlite—cement mix filler and
ordinary concrete mortar.

Alghamdi and Alharthi [10] proved that cavity regular shape and change in mortar thickness within the
limits have not noticeably affected the equivalent thermal conductivity of the hollow brick or wall. Alghamdi and
Alharthi used a multiscale three-dimensional (3D) finite-element to model the thermal conductivity of bricks and
walls. They improve the insulation efficiency of the brick walls. The multiscale finite-element modeling is a
simplified method of a brick wall by using unit cells as it introduces the structure by repeating itself throughout X,
Y, and Z spatial planes. Hollow bricks of the unit have been considered as a solid brick that carries the identical
thermal properties gained from an individual model. This approach has avoided unnecessary computational time
and cost compared to modeling a full 3D hollow-brick wall.

A recent design mechanism of enhancing thermal insulation is using a hollow block ventilated wall. It is
based on heat exchange between air and block material by charging and discharging air through the block’s hollow.
This method can introduce significant thermal performance, especially when integrated with phase change material
[14,23]. Furthermore, there are several works that have gone towards the use of nanomaterials in the field of
improving thermal properties, for more details can be clearly shown in the studies [24-27].

This paper aims to thermally optimize a brick wall by using a multiscale method for a wall constructed
from modified hollow clay bricks to obtain a low equivalent thermal conductivity. A low equivalent thermal
conductivity can participate in saving energy by increasing the thermal resistance through the wall thickness. The
effect of using insulation foams in the hollow brick cavities on the insulation performance of constructing walls
will be addressed. This technique could be promising to promote the wall thermal-resistance and eliminate the
need for using the integrated insulation layer.

Moreover, It should be noted that the thermal conductivity and resistance can be calculated by the standard
heat transfer equations and methods such as experimental approaches, numerical simulations, finite-element (FE)
/volume methods, etc. [1,11,17,28-32]. The major difficulties and challenges were the high cost and long time
spent in the design, implementation, and simulation of heat transfer through the 3D brick and wall, especially
during the optimization with several designs and dimensions of the bricks and walls. However, this study aims to
reduce the computational cost and time of computing the thermal insulation properties by deriving simplified and
applicable equations. This approach could reduce the use of complex calculation methods and could achieve
readable outcomes.
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MATERIAL AND MATHEMATICAL MODEL
Insulation Polyurethane Foams
Polymeric foams are one of the materials that consist of two phases a solid and a gas that are produced

from varied kinds of polymers, e.g. polyethylene (PE), polyurethane (PU), polystyrene (PS), polyvinyl chloride
(PVC) and so on, in the form of elastomeric, flexible, or rigid foams [7,33]. The popular polymeric foams in
worldwide are the polyurethane foams (PUFs) followed by the polystyrene and polyvinyl chloride [33-36].
Closed-cells PUFs are commonly used in building constructions as an integrated insulation layer or as insulation
filler in the wall cavities as they are considered the lower thermal conductivity that offers the best thermal
resistance compared to the other insulation materials such as PS, PE, PVC, mineral wool and cellulose materials
[37—42]. In the last two decades, studies focused on producing of PUFs from renewable feedstocks that increase
the positive properties of the PUFs, especially when related to the environment [7,35]. With a temperature range
of 469 to 403 K, the rigid PUFs show significant thermal insulation properties [36,37,42,43]. The table below
illustrates the thermal conductivity ranges of popular insulation materials.

Table 1. The thermal conductivity of common insulation materials

Insulation materials Thermal Conductivity (W/m-K)
Polyurethane foams (0.02 or even lower- 0.035) [44]
Mineral wool (0.037-0.055) [36]
Expanded polystyrene (0.03-0.04) [22,36]

Cellulose (0.04-0.065) [36]
Cork (0.039-0.05) [22,36]

In addition to its significant thermal insulation, the composites of PUF are commonly prepared to enhance
other properties such as fire reaction and sound insulation. Moreover, the PUF can efficiently improve the
mechanical properties of the structure compared to the air gaps. Furthermore, in wet environments, the PUF plays
a significant role in improving the susceptibility to fungi [35,45,46]. From above and to avoid the issues related to
convection and radiation heat transfer in air cavities, in this paper, the lower thermal conductivity, weight, and cost
PUF has been suggested to be the filler of the brick hollows in order to achieve the above properties within several
applications. Here, a PUF with the common thermal conductivity of 0.022 (W/m-K) has been selected that has
been exhibited in the environmental temperature ranges [44].

Equivalent Thermal Properties Calculation
Under the paper scope conditions for the brick and wall model, the heat diffusion equation is the general

governing equation as shown below

0T 0°T 92T q 10T

= — 1
02 " ay? T2 Tk aar M

For simplicity, the dynamic heat transfer model has been assumed at two-dimensional (2D) steady-state
transfer as the third dimension of the geometry is identical that that leads to the energy storage amount has no

change (‘;—I = 0), and with no heat generation inside the model (¢ = 0). In addition, due to the high amounts and

thicknesses of the wall components compared to their contact surfaces, the thermal contact resistances have been
neglected. The study focused on the heat transfer effect though the thickness thus the governing equation has been
represented in the Z-direction only and from all the above, it has been reduced to

d(]( a_T)zo (2)

dz\"" 9z
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The boundary conditions are,
The left side T(Y,Z) = T(Y,0) = Tyor
The right side T(Y,Z) = T(Y,W) = T,qq
The upper surface T(Y,Z) = T(0,Z) - Z—Z =0

The lower surface T(Y,Z) = T(L,Z) — z—z =0

Therefore, the thermal conductivity of any geometry can be found theoretically by Fourier’s law [47]

AT G
1= "% an
o dn @
n — q'AT

where, g, K,, or K , AT, An are the heat flux (W/m?), thermal conductivity (W/m-K), surface temperature
gradient (Tpo; — Teo1q), and the distance between the two surfaces in n-direction (m), respectively. Here, Tj,; and
T,01a have been arbitrarily chosen as 100 and 0°C.

(1) yasuay

a) b) 0)

Width (W)

Figure 1. The hollow brick models with a) 2x2,

Figure 2. Hollow brick pattern of three rows (m) b) 3x2, and ¢) 4x3 caviti
x2, and ¢) 4x3 cavities.

and two columns (n)

Figure 2 shows three types of hollow brick models in the way of rows and columns (mxn), and Figure 1
explains the dimensional details of 3x2 hollow brick. During this study, in seek of time investment, simplified and
fast calculations, and reduction of modeling costs, a few shapes of theoretical thermal equations have been derived
to calculate equivalent thermal conductivity of a brick (Keqv,,, W/m-K) in the x-direction, and of a wall along
the thickness direction (KeqVip;ickness» W/m-K) regardless of the other thermal conditions of the geometry. Those
equations (9), (10) and (12) are based only on the dimensions and thermal conductivities of the geometry’s

components.

AT

Qpbrick/mortar thickness

Kbr/mortar (5)
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AT 6
Qeavity = — W X Kcam’ty (6)
AT
rotal = = tpickness © Kequ @
8
Qeqv—brick = qbrick X (%V or %A)brick material + qcavity ve (%V or %A)cavity ®
Thus,
Keqvbr = Kbr ve (%V or %A)brick material + Kcavity ve (%V or %A)cavity 9)
w.l.m.n W.L
Keqvbr = W X [Kf + Kbr X (m - 1)] (10)
Qwalltotal = qeqv—brick X (%V or %A)eqv—brick + Qmortar X (%V or %A)mortar (11)
Keqvthickness = Keqvbr ve (%V or %A)brick + Kmortar ve (%V or %A)mortar (12)

where, %V and %A of a component is the volume fraction and the fraction of the cross-sectional area
perpendicular to the heat direction of the component to the total brick, respectively. The w and | are the width
and height of the cavity, W and L are the width and length of the brick, and Kpyick/mortar and Ky are the thermal
conductivities of brick or mortar, and the filling material of a cavity, e.g. air, foams, or so on, respectively, where
subscript (f) is referred to as the type of the filler insulation material. Eqs.(9) and (10) are used for the filled and
non-filled hollow bricks or blocks.

Eq.(9) can be used for all hollow bricks/blocks; however, in case of the uniform cavities repeated within
the brick in the way of mxn, the Eq.(10) can be effectively used for the thermal conductivity calculation. The
Eq.(12) can be directly used to find the thermal conductivity of the wall-based only on the thermal conductivity
and dimensions of bricks, mortars and any structural component. The Geqy—prick is the heat flux (W/m?)
transferred through the homogenous solid brick that has the thermal properties of the corresponding hollow brick.
In respect of the transferred heat flux through the wall (qyqu totar), the Eq.(11) based on the qeqy—prick and the
heat flux through the mortar (qnortar)-

The limitation of the paper’s equations is that the equations are not applicable for non-uniform sections,
e.g., the brick of Alghamdi and Alharthi [10] in case of y- and z-directions as shown in Figure 1. However, in such
cases, the thermal conductivity and resistance can be found by the standard heat transfer calculations and modeling
approaches.

In general, for thermal analysis, there are many experimental and theoretical approaches, and software
packages have been used [11,19,28,48,49]. However, in this study, the finite element method (FEM) has been
adopted by using ABAQUS software [50], which has proved its ability to model and simulate bricks under different
configurations and conditions [10,51]. It has been also used to calculate the sum total of heat flux of the inner
surface nodes to find the average heat flux (qgorq;). Consequently, the Eq.(9) can be easily used to find the
equivalent thermal conductivity (Keqvy,, W/m-K). With regards to the overall thermal resistance (ReqVp;ckness
m?2-k/W), it can be simply calculated by applying the Fourier’s law, based on the brick/wall equivalent thermal
conductivity and their thickness as shown in Eq.(13),

brick or wall thickness (13)
Keqvthickness
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For other properties such as the density, p.q, (kg/m?), the volumetric heat capacity, (Cp. p)eqv (kJ/m3.K),

and equivalent thermal diffusivity, a4, (m?s). In order to continue with the study that mainly based on simple and
applicable equations, and to avoid any numerical or FE modeling, Habib, Cianfrini and De Lieto Vollaro study
[12] have suggested the formulas below to obtain those thermal properties. The approach of those researchers is
more simple and proper than other approaches as explained in detail in Arendt et al. [31].

Peqv = Pbr X (%V or %A)pricks + Pr X (%V or %A)cavity (14

(€p-P) gy = (CPr-Por) X (W 07 %oA)pricks + (CPy-P7) X (%V 07 %oA)cavity (15)
a — Keqvthickness

‘P (Cpplequ (16)

Table 2. Component properties of the hollow brick wall

Phase Thermal Conductivity (W/m-K)
Fired red clay 1.400
Insulation mortar 0.200
Air 0.026

Brick Model

Three dimensions finite-element (FE) model of 400 x 200 x 200 mm hollow brick is adopted. These
dimensions are the common brick dimensions in building constructions [2,10]. The red clay has been selected to
be the brick material due to its desired thermal properties in front of other masonry materials such as the concrete
material as explained in the review. The brick material and air cavities have been assigned the thermal properties
as mentioned previously in Table 2. In the present study, the brick design consists of five geometric holes, four of
which are identical uniform thin geometries are distributed at each corner, and a 50 x 100 mm central rectangular
hole as shown in Figure 4. In the x-direction, the cross-sectional design is uniform, and the masonry partitions
thickness is 9.2 mm in length (Id) and 8.8 mm in height (wd), which yields the model to be 0.71% cavity and
0.29% fired red clay. The ld and wd have been selected at a lower value to reduce the volume fraction of the
masonry material, but they remain in the allowable dimensions of the brick standards. The minimum thicknesses
exhibit effective strength and thermal properties, as proved in Arendt et al. [31], Al-Hadhrami and Ahmad [2], and

0.29

0.28

W/m-K)

0.27

eqv’

0.26 p

0.25p

0.24
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Equivalent Thermal Conductivity (K

022 1 Y
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021 F : I k X
0.2F ——  wd=9.2&1d=8.8 mm| z z
—#—  wd &1d=10 mm
0.19

2 3 4 5 6

Global Size of Mesh Seeds <107
Figure 3. Effect of global size seeds of the FE Figure 4. Cross-sectional and Finite-element model of

mesh on equivalent thermal conductivity hollow brick of the study

194



Journal of Thermal Engineering, Research Article, Vol. 7, No. 1, pp. 190-203, January, 2021

Alghamdi and Alharthi [10] studies. As shown in Eq.(4), the thermal conductivity depends only on the heat flux,
surface temperature gradient, and the distance between the outer and inner surfaces. However, in the FE analysis

(FEA), Figure 3 shows that there has been an effect of mesh seeds (element size) on the equivalent thermal
conductivity of the brick in the z-direction that resulted from the brick components (masonry material and cavity)
have been arranged in the series way (isothermal surfaces) that makes a surface to surface interaction between
them. For computational time reduction, the FE mesh has been with an approximate global seeds size of .004,
52456 linear tetrahedral elements of type DC3D4, which is basic and specific for heat transfer analysis and satisfied
the paper scope has a 4-node linear tetrahedron shape (the lowest nodes), in addition, only 10 mm thickness has
been modeled.

Wall Unit Cell
The paper approach and equations are applicable for all walls had a homogenous cross-sectional area

regardless of the construction. However, the wall unit cell has been constructed in the multiscale model as in
Alghamdi and Alharthi study [10] that have been explained in the introduction, Figure 5. The two-phase wall
consisted of brick and insulation mortar. The little change in mortar thickness has no significant effect on thermal
insulation as the volume fraction is much less than the bricks in the wall, thus it has been arbitrarily set at 10 mm.
The hollow brick has the dimensions of 400x200x200 mm, but, it has been modeled as a solid brick with the
properties that gained from the brick model to be a wall has a cross-sectional area of 240x240 mm and consist of
(93%) red clay brick and (7%) insulation mortar. In contrast to Alghamdi and Alharthi and other 3D and 2D
modeling studies, and for computational cost and time reduction, addition to that the third dimension of the wall
unit cell has been identical, thus in this paper, only a simplified 2D model has been considered that resulted from
the effective role of the Eqs.(8) and (12). These equations can be directly calculated the required thermal properties
without the need for any 3D numerical or FE simulation or their challenges.

Model Validation
The conduction heat transferred through a matter is calculated by using Fourier’s law in different

approaches such as 2D and 3D numerical/finite element, finite-difference, or energy balance methods [47].
However, the paper’s equations can easily employ this law in the multiscale 2D simple approach explained in
section 2.4. In order of the validity of the equations, the equations have been applied in Alghamdi and Alharthi
study. For this part, the FE model has been implemented by the ABAQUS software for validation purpose only,
the wall unit cell has been modeled with only 10 mm at FE mesh have seeds of approximate global size. 0.02 and
2935 linear tetrahedral elements of type DC3D4. Therefore, with regard to the FE mesh, when finding the thermal
properties in the x-direction of the hollow brick, and in the z-direction of the wall, Figure 5, there is no need to
model the brick or the wall with a fine mesh. This resulting from that the components of the brick and the wall
(bricks and mortar) have been arranged in the parallel way (adiabatic surfaces) that makes no surface to surface
interaction between them. Thus the thermal conductivity and resistance of each component are dependent, which
consequently, the mesh size has no effect. Alghamdi and Alharthi [10] presented their study outcomes as a table,
thus in this paper, the authors have validated the work that related to the scope and they have shown the results in
the way of table. The validation results have summarized in Table 3 as shown below, where the results of the
theoretical equations and simulated model of this paper reveal an excellent agreement with the outcomes of
Alghamdi and Alharthi [10]. However, the outcomes are limited to bricks/blocks that have a uniform cross-
sectional area along the heat transfer direction.

>

q
v
=g

S

Figure 5. Modelling of the equivalent
thermal conductivity of the wall
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Table 3. Validation of the Study Equivalent Thermal Conductivities

Th Equivalent Thermal Conductivity (W/m-K)
cont:fol The volume fraction Kequpicknesss for the wall, Kequy, for the brick
volume o [10] study This study

Simulation Experimental Simulation Theoretical
The holl Fired Air
bt | red clay 0.52 - 0.52 0.52
36.2% 63.8%
Brick Mortar
model
The wall Non-
of hollow insulation 0.43 - 0.429 0.429
bricks 939%, Mortar 7%
;’?os:tl::l;l; 0.304 0.495 0.347 0.347
0

RESULTS AND DISCUSSION
The conduction heat transfer is the energy transport in a medium because of a temperature gradient, and

the molecular activity or random atomic is the physical mechanism of this type of heat transfer that governed by
Fourier’s law as mentioned in section 2.2 [47]. The heat transfer in the hollow-brick walls consists of two
mechanisms, firstly it is the conduction that represented by the brick and secondly, it is the convection that
represented by heat transfer inside the cavities. For porous media (PUF), the heat transfer also involves conduction
in the porous material (solid particles) and convection inside the voids. Therefore, the brick and the wall can be
assumed as one matter with thermal equivalent properties. The gradient temperature form the hot to the cold surface
is similar in the behavior of the solid bodies, but it is dealt with by the equivalent thermal properties.

In applications required foam cavity, for the paper brick design, the study’s outcomes of filling the air
cavity (0.026 W/m-K) by PUF (0.022 W/m-K) have revealed theoretically and also in simulation; the brick has
shared the more effective and significant thermal properties of the air-cavity brick. In contrary to actual PUF
noticeable activation in a reduction in the transferred heat flux and also the equivalent thermal conductivity and
thus enhance the thermal insulation, it has shown no significant improvement for the overall thermal properties.
This issue could result from the neglected effects of the convection and radiation heat transfers inside the brick
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Figure 6. Effect of temperature gradient on the
transferred heat flux, with PUF cavity

Figure 7. Effect of temperature gradient on the
transferred heat flux, with Air cavity

air-cavities, for simplicity, which leads to showing the results of thermal insulation properties of both cavity
materials at the same values approximately. However, in practice, the PUF can significantly enhance the thermal
resistance when compared to cavity-fillers with a thermal conductivity higher than 0.022 W/m-K as discussed in
the literature review. Nevertheless, with those paper outcomes, the PUF could also add other required features such
as the strengthening, environmental and sound insulation aspects, as mentioned before.
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Figure 6 and Figure 7 show the temperature gradient influence on the heat flux independent on the brick
cavity. Previously, it has pointed out that the temperature difference between the inner and outer surfaces of the
wall has been arbitrarily set at 100°C. However, to assess the effect of the temperature gradient on the heat leak,
Figure 6 and Figure 7 have clarified that the gradient directly affects the transferred heat flux through the wall
thickness.

For the brief and summarizing purpose, therefore, most of the figures and graphs of the result have been
applied on air cavities only as there is no significant difference in results compared to PUF as clarified in Figure
8. Basically, if it has been used a lower thermal conductivity foam, it would be developed better thermal insulation,
but as mentioned before, this study has focused on the popular filler foam suitable for various applications.

In addition, Figure 8 clearly shows that the brick of this study (five cavities) and 2x2-cavity brick have
the lowest thermal conductivity and heat transfer per the thickness of the brick and thus the constructed wall
(W/m). However, the non-aligned air-cavity form has lower thermal conductivity than the aligned form and thus
better thermal insulation. Besides, a 2x2-air cavity brick has a cavity with a higher | and w that could exhibit a
noticeable convection and radiation heat transfer that may affect the thermal insulation. Furthermore, compared to
the volume fraction of the cavity material, the 5-cavity brick has a higher amount of high strength material (red
clay) of 13% than the 2x2-cavity brick that could ensure better mechanical properties than the latter brick.
Therefore, the brick of five non-aligned cavities has been selected for this study due to its thermal insulation
performance and strength.

Figure 9 and Figure 8 depict the effect of the filling material and brick configurations on the equivalent
thermal resistance, conductivity, and the transferred heat flux for one unit cross-sectional area of the wall. They
reveal that both of the 5-cavity red clay brick and its brick wall have exhibited an equivalent thermal conductivity
of 0.23 W/m-K that is higher by 18% and 33% than the 3x2- and 4x3-cavity brick and their constructed wall,
respectively. As declared in Table 3 and shown in Figure 5, the volume fraction of the clay bricks have dominated
the wall unit cell that results in the brick and the wall has approximately the same value of the thermal conductivity.
Therefore, It is worthy to mention that the wall constructed from solid red clay brick would exhibit a thermal
conductivity close to brick 1.4 (W/m-K) which is more than 400% of thermal conductivity of the hollow brick
wall.
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Figure 9. Effect of the filler material and cavity Figure 8. Effect of the filler material and cavity
configurations on the equivalent thermal resistance configurations on the thermal insulation

Figure 3 also shows the influence of the brick partitions (Id and wd) on the equivalent thermal
conductivity in the brick z-direction. As shown in Eqgs.(4), the thermal conductivity directly depends on the
material thickness. Therefore, Figure 3 reveals that the slight increase in (Id) and (wd) has raised the equivalent
thermal conductivity with about 11% due to the increase in the volume fraction of the high thermal conductivity
material ahead of the lower conductivity cavity, and thus affects negatively the thermal insulation.
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The Study Equations Application
In the x-direction of this study brick, as shown in Figure 4, by using the Eq. (5) and (6), the g, and

cavity has been 14000 and 260 (W/m?), respectively. Those values have been used in Eq.(8) to obtain the through-
thickness heat flux (q;o¢q;), Which have been 4215 (W/m?). Based on the conductivity of red clay and filling
material mentioned in Table 2, Eq.(9) can directly calculate the equivalent thermal conductivity of the brick
(Kequy,) that has been 0.42 (W/m-K). In the wall unit cell, the Eq. (5) and (8) can supply the g,ortqr and the
Qequ-brick» respectively, and consequently calculate the gy,qy torar by the Eq.(11) as 2323 (W/m?). Based on the
Keqvy, from above and the K, ,,tq from Table 2, the straight Eq.(12) can effectively calculate the equivalent
thermal conductivity through the wall thickness (Kequpickness) that has given for the wall constructed from air-
cavity and PUF-cavity bricks a 0.23 and 0.22 (W/m-K), respectively.

The finite element modeling
By using ABAQUS software, Figure 10 illustrates the temperature distribution (NT11, K) and heat flux

(HFL, W/mz) contours of the FE modeling of 10 mm brick thickness. The results have shown that the Qequ-brick
in the y- and z-direction have been 127 and 117 (W/m?), respectively, and the Keqv,, has been 0.25 and 0.24
(W/m-K), respectively.

Figure 11 shows the transferred heat flux through the brick wall. The FEA has been used to obtain the
Gwall tora TOr the validation aim only, which has been 2323 (W/m?). The KeqVpiciness has been 0.23 (W/m-K)
exactly to the same value of that calculated by the Eq.(12).

HFL, Magnitude
(Avg: 75%)
6!

46 666

NT11

Y]

HFL, Magnitude
(Avg: 75%)
838.652

Max: 3600.000
Elem: BRICK-1.1
Node: 989

Min: 2000.000
Elem: MORTAR-1.1
Node: 7

;gﬂ‘bﬂ"g@i‘bﬂ"

ow

<,

Figure 10. Contours of wall heat flux (HFL,W/ Figure 11. Contours of brick temperature distribution (NT11, K)
m?) by ABAQUS simulation. and heat flux (HFL,W/m?) by ABAQUS simulation.

There are several thermal aspects taken into consideration when comparing in the thermal performance,
such as the reduction in the heat flux or thermal conductivity, or the increase in the thermal insulation.
Nevertheless, according to the principles of the Fourier low, Eqs.(4) and (13), all the aspects mentioned above
would exhibit the same description of the changes in thermal performance. Consequently, the results have focused
on the paper’s main thermal property, which is equivalent to thermal conductivity.

it can be clearly seen that the thermal Figure 12 depicts a comparison between the equivalent thermal
conductivity of hollow bricks which were optimized in the literature works of Al-Hadhrami and Ahmad[2],
Alghamdi and Alharthi[10], Li, Wu, Li, et al [9], and Sun and Fang [1] and the brick, which has been designed in
the resent study.
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Figure 12. Thermal conductivity of the hollow bricks
from different references

As seen the brick design of this paper has noticeably decreased the thermal conductivity and the
transferred heat flux compared to the optimized hollow brick due to the optimum design of the cavities inside the
study brick. The percent of the thermal insulation performance has been slightly higher than the design of Al-
Hadhrami and Ahmad, and Alghamdi and Alharthi as 12% and 24%, respectively. However, it has been
significantly higher than the bricks of the rest studies as 30% and 45% to the designs of Sun and Fang, and Li, Wu,
Li, et al., respectively.

CONCLUSIONS
For the purpose of keeping a single main wall with a high insulation performance and saving the cost and

time of construction and computations. This study has optimized a hollow red clay brick and brick wall by using
the multiscale method. Equations have been derived to calculate the thermal insulation properties in a simple way.
Foam-filled and non-filled bricks have been examined. Different brick configurations and conditions have been
thermally analyzed by using those effective equations and the finite element method. The equations’ limitations
are that they are applicable only for structures that had a uniform sectional area. The outcomes may be illustrated:

. Simple and useful equations have been derived and applied to a multiscale modeling
technique that has predicted the equivalent thermal insulation, e.g., conductivity, resistance, and
transferred heat flux for the bricks and brick walls fast, and accurately, and simply.

. In foam-cavity brick applications, when using low thermal conductivity filling foam
such PUF, in the study scope, there has been no significant difference in the overall thermal properties,
but, when considering the convection and radiation heat transfer inside the cavities, it could exhibit the
obvious effectiveness and performance in the thermal insulation. Moreover, the PUF can enhance some
additional characteristic properties such as sound insulation and anti-fungi, and mechanical properties to
some extent.

. The thickness of hollow brick partitions (Id and wd) has a noticeable negative effect
on the thermal insulation.

. The specific design of 5-cavity brick has revealed a significant thermal insulation
performance that has shown 12-45% than the cavity-shape bricks of other corresponding research studies.

Future research studies should use various designs and configurations of hollow brick and wall. In
addition, the study should cover the fully coupled thermo-mechanical analysis of the filled and non-filled hollow
bricks and walls. Moreover, improve and modify the equations to be applied in the thermal analysis for several
parts of building construction and compare results with other corresponding methods.
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NOMENCLATURE

Roman letters
%A

%V

(Cp-p) eqv

Ky
Kbrick/mortar
Kequy,
Keqvbr.x
Keqvthickness
Thot

Tcold
Qeqv—brick
Qmortar

Atotal

Qwall total

AT
An
2D
3D
FE
FEA
PE
PS
PU
PUF
PUFs
PVC
q

K

L

Reqvthickness

wd

Greek symbols
o

Aeqv

Peqv

Subscripts

f

n
br

Fraction of cross-sectional area
Volume fraction
Equivalent volumetric heat capacity, kj/m3-K

Thermal conductivities of filling material, W/m-K
Thermal conductivities of brick or mortar, W/m-K
Equivalent thermal conductivity, W/m-K

Thermal conductivity of a brick in the x-direction, W/m-K
Thermal conductivity of a wall along thickness direction, W/m-K
Temperature of the hot surface, K

Temperature of the cold surface, K

Heat flux through a homogenous solid brick, W/m?
Heat flux through mortar, W/m?

Average heat flux, W/m?

Heat flux through wall, W/m?

Surface temperature gradient

Distance between the two surfaces in n-direction
Two-dimensional

Three-dimensional

Finite-element

Finite-element analysis

Polyethylene

Polystyrene

Polyurethane

Insulation polyurethane foam

Polyurethane foams

Polyvinyl chloride

Heat flux, W/m?

Thermal conductivity, W/m-K

Brick height, mm

Overall thermal resistance, m?-k/W

Brick width, mm

Cavity height, mm

Masonry partition length, mm

Number of rows

Number of columns

Cavity width, mm

Masonry partition height, mm

Thermal diffusivity, m?%/s
Equivalent thermal diffusivity, m?/s
Equivalent density, kg/m?

Filler insulation material

n-direction
Brick
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