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ARTICLE INFO ABSTRACT
Keywords: This research investigates the thermal efficiency of concrete bricks in the extreme-arid climate by optimising
Hollow concrete bricks internal cavity shapes. The novelty of this study lies in isolating geometric impacts from total air volume by

Passive cooling
Conjugate heat transfer
Energy saving

maintaining a highly controlled constant void ratio of 13%. The research employed 3D numerical simulations in
ANSYS Fluent to assess conjugate heat transfer (integrating conduction, natural convection, and radiation) across
CFD eight unconventional cavity designs and a solid reference brick under high-summer conditions in Amarah, Iraq.
Thermal performance The findings demonstrate that internal architecture is the principal factor influencing thermal damping. The
Geometric optimization asymmetric Tilted Parallelogram brick (Brp) was determined to be the superior design. By breaking direct
thermal bridges, the (Brp) achieved a maximum R-value of 0.063 m*K/W at 1 PM, representing a 96.87%
improvement over the Br and diminishing the overall heat transfer coefficient by 48.7%. In contrast, symmetric
designs like semicircular (Bggy) and polygonal (Bpor) performed poorly because of unobstructed heat conduction
pathways. Ultimately, this study illustrates that passive geometric optimisation of interior cavities is a more
effective approach to improving the thermal resilience of building envelopes in harsh climates.

arid regions is restricted by their relatively low thermal resistance.
Therefore, it is essential to maintain the mechanical characteristics of
masonry units while enhancing their thermal properties. In recent years,
various processes have been utilised to improve the thermal perfor-
mance of bricks by including insulators [3,4], waste materials [5-7],

1. Introduction

Building energy consumption for maintaining indoor living envi-
ronments has consistently risen, especially amid the ongoing growth of
human society. Nowadays, building fields consume 30% of the total phase change materials (PCM) [7,8] and nanomaterials [9-11]. For
energy generated and account for 26% of global energy emissions [1] In example, Seddik Hassan et al. [12]. studied the possibility of improving

hot climate countries, for example, in Iraq, 48% of the generated energy the bricks' thermal performance by using sludge and sugarcane bagasse
ash. The result of the study showed that the thermal conductivity of

brick samples created by combining clay, sludge, and sugarcane bagasse
ash improved (0.11 to 0.26 W/m-K) relative to conventional brick types

is consumed by buildings, and fifty percent of the amount is spent on
adequate indoor living environments [2]. Therefore, developing
energy-efficient construction materials and innovative technologies
becomes crucial to reducing the total energy consumption of the (0.33-1.6 W/m-K). Additionally, a 16.5% energy consumption reduc-
building’s fields. External walls, as one of the essential building com- tion was achieved by the proposed brick walls compared to conventional

ponents, play a fundamental role in governing heat transfer and, clay bricks, while enhancing thermal comfort conditions by 6.3%.
consequently, energy consumption. Moreover, Mahapatra et al. [13] utilised rice husk as a replacement for

Constructive bricks, particularly concrete bricks, are usually sand in cement mortar. Their findings showed that the thermal con-

employed for their reliable mechanical properties and low cost. Never- ductivity was decreased by 12% by replacing 7% of sand with rice husk.
theless, the utilisation of standard concrete masonry structures in hyper- While significantly enhancing the thermal performance of the bricks, the
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Nomenclature

Abbreviations

Br Brick without cavities reference brick
Bcrs Brick with cross-shaped cavities

Bpor, Brick with polygonal cavities

Bpia Brick with diamond-shaped cavities
Buex Brick with hexagonal cavities

Bsem Brick with semicircular cavities

Brrp Brick with trapezoidal cavities

Bsr Brick with shark fin-shaped cavities
Brp Brick with tilted parallelogram-shaped cavities
CFD Computational Fluid Dynamics

PCM Phase change material

Symbol

P Density [kg/mg]

Qin Internal heat flux

14 Velocity vector [m/s]

P Static pressure [Pa]

u Dynamic Viscosity [kg/m-s]

g Gravitational acceleration [m/s%]

B Thermal expansion coefficient [K ]

T Local Temperature [K]

Trep Reference Temperature [K]

Gy Specific Heat [J/kg-K]

k Thermal Conductivity [W/m-K]

Sh Volumetric heat source term [W/m?]
I Radiation intensity [W/m?sr]

a Absorption coefficient [m]

oS Scattering coefficient [m™]

n Refractive index

o Stefan-Boltzmann constant [W/m?-K*]
¢ Phase function

Q’ Solid angle

R Equivalent thermal resistance [m2-K/W]
U Overall heat transfer coefficient [W/m?K]
Tsoi_air  Sol-Air Temperature [K]

Tamb Ambient temperature [K]

T; Inner temperature [K]

To Outer temperature [K]

hin Inner heat coefficient [W/m?K]

hout Outer heat coefficient [W/m?K]

mechanical compressive strength has decreased. Kantasiri et al. [14]
investigated the incorporation of leftover crumb rubber in concrete
bricks for thermal insulation purposes. The research revealed a sub-
stantial enhancement in the material's thermal conductivity, rising from
0.51 to 0.67 W/m-K. Consequently, it may serve as a viable option for
energy-efficient structures. Nagapan et al. [15] investigated the thermal
and mechanical enhancements of including spent mushroom substrate
as potential fine aggregates in cement bricks at a ratio of 5% to 25%. The
research indicated that augmenting the percentage of spent mushroom
substrate could enhance the thermal insulation capabilities of bricks,
while decreasing their mechanical characteristics. The thermal con-
ductivity of modified bricks can be reduced by 41.6% to 84.9% in
comparison to conventional cement bricks. The mechanical perfor-
mance investigation revealed that modified bricks with 15% spent
mushroom substrate are suitable for non-load-bearing wall partitions,
whilst those with 5% can satisfy the compressive strength requirements
for load-bearing walls. The incorporation of PCMs into bricks and ma-
sonry units has been extensively investigated to enhance thermal storage
capacity and energy efficiency in buildings [16,17]. Many researchers
have investigated diverse approaches for PCM integration, revealing
significant improvements in thermal storage capability, more effective
indoor temperature regulation, and appreciable reductions in overall
energy consumption. Salman et al. [18] evaluated the thermal and
economic performance of incorporating PCMs into building bricks as a
strategy to reduce cooling demand and emissions. The study employed
numerical simulations using ANSYS Fluent to analyse different brick
configurations integrated with RT37, RT42, and composite PCMs. The
results indicated that RT37 achieved the best thermal performance, with
a maximum temperature reduction of 6.681 °C and a notable decrease in
heat gain. The composite PCM provided a balance between thermal ef-
ficiency and economic benefits, whereas RT42 showed limited thermal
improvement. Additionally, the study reported a reduction in CO:
emissions of up to 0.11202 kg/day and cost savings of 6.702 IQD/day,
confirming the potential of PCM-enhanced bricks as an effective solution
for enhancing building energy efficiency and sustainability. Zhang et al.
[19]investigated the incorporation of PCMs alongside thermal insu-
lation within concrete masonry unit walls. The research assessed various
wall configurations and PCM distributions under different thermal
conditions. The findings indicated that the inclusion of PCM signifi-
cantly increased the thermal inertia of the wall, mitigated thermal

bridging, and enhanced both steady-state and transient thermal behav-
iour. Mukram & Daniel [20]created a distinctive cement brick incor-
porating micro-encapsulated phase change materials for constructing
walls. Their findings demonstrated that altering PCM positioning within
the brick has a considerable impact on the decrease in heat flow. The
ideal arrangement reduced heat gain by 32% and decreased interior
temperatures by 1.2 °C, demonstrating PCM's efficiency for passive
cooling applications. Al-Yasiri & Szabd [21] experimentally assessed the
thermal performance of concrete bricks containing macro-encapsulated
phase change materials, utilising circular, square, and rectangular
capsule cross-sections. Seven bricks were evaluated against the refer-
ence brick without PCM, utilising a PCM with a melting temperature of
around 44 °C. Optimal thermal performance was attained using
square-section capsules, resulting in an average maximum internal
surface temperature reduction of 1.88 °C, a decrement factor of 0.901,
and a time lag of 42.5 min. Several studies have explored the develop-
ment of masonry units through the incorporation of cavities with diverse
geometrical configurations, reporting promising and reasonably
consistent enhancements in their overall performance.

Researchers have extensively investigated diverse passive cooling
and thermal management strategies in a variety of engineering appli-
cations to mitigate severe thermal loads and reduce energy demands in
high-temperature environments. In fact, the fundamental principles of
computational fluid dynamics (CFD) and geometric flow optimisation
are becoming increasingly important in a variety of energy sectors, as
they are responsible for performance improvements in a wide range of
applications, including the thermal regulation of building envelopes and
wind energy harvesting systems [22-24] . A highly efficient method of
passive heat mitigation involves optimising geometry to manipulate
thermal paths and fluid behaviour. For example, the strategic integra-
tion and geometric arrangement of heat-transfer-inducing structures,
such as fins or internal baffles, have been shown to significantly alter
fluid flow paths and augment or suppress localised heat transfer,
depending on the desired thermal outcome [25-33] Moreover, the
critical significance of regulating fluid-solid thermal interactions in arid
regions, where extreme solar intensities are prevalent, is emphasised by
advanced numerical and experimental evaluations of thermal manage-
ment systems [34-37]. By employing these fundamental principles of
fluid-thermal control and geometric optimisation in building envelopes,
a promising, zero-cost approach to improving the thermal resistance of
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masonry structures is provided, without the need for specialised
materials.

Aligned with that approach, numerous studies have investigated the
creation of masonry units by integrating cavities with various geometric
designs, yielding encouraging and essentially constant improvements in
their overall performance. Gondim et al. [38] examined the influence of
clay hollow block geometry on thermal performance and building en-
ergy efficiency using numerical simulations. The study utilised Aba-
qus/CAE to evaluate the thermal resistance of conventional and
modified block designs with similar void ratios, followed by energy
analysis using EnergyPlus. The results indicated that optimised internal
cavity geometries could reduce thermal transmittance by >30% at the
block level and around 20% at the wall level. In terms of energy per-
formance, the improvements were limited during hot periods, while
significant energy savings of up to 34% were achieved during colder
conditions, highlighting the influence of climate on the effectiveness of
geometric modifications. Vera et al. [39] evaluated the thermal per-
formance of hollow clay masonry walls with the aim of reducing the
U-value and minimising energy losses. A three-dimensional finite
element method was employed to model heat transfer through bricks
and walls, with validation based on experimental measurements. The
findings indicated that using smaller rectangular hollows can reduce the
U-value to 0.761 W/m?K, while increasing brick thickness further de-
creases it to 0.563 W/m*K. In contrast, reducing the thermal conduc-
tivity of clay showed a negligible effect on the overall wall U-value. Chen
et al. [40] analysed the thermal performance of traditional Chinese
cavity walls with irregular geometries formed by different bond patterns
using a combination of experimental validation and 3D numerical
modelling. The results showed that radiation is the dominant heat
transfer mechanism within cavities, accounting for approximately 60%,
while convection has a minor contribution. The thermal resistance of
240 mm cavity walls ranged between 0.30-0.43 W/m?>K, with the
Flemish bond exhibiting the lowest performance. Additionally,
increasing cavity size and wall thickness improved thermal resistance,
and cavity walls slightly outperformed solid walls. Brick thermal con-
ductivity and surface emissivity were identified as the most influential
parameters, while clay infill proved effective in enhancing thermal
performance.

A critical examination of the existing literature reveals that most
previous studies have primarily focused on improving the thermal
insulation performance of masonry units through material modification,
the incorporation of low-thermal-conductivity materials, or insulation
enhancement. Although these approaches have demonstrated promising
improvements, they are often associated with increased manufacturing
complexity and additional costs. In contrast, relatively few studies have
systematically investigated the influence of internal cavity geometry on
the thermal performance of hollow concrete bricks, and those available
generally considered only a limited number of cavity configurations
without isolating the effect of cavity geometry from other design pa-
rameters. Consequently, the independent influence of cavity geometry
under identical geometric, material, and operating conditions remains
insufficiently understood. To address this research gap, the present
novel study numerically compares eight different symmetric and
asymmetric cavity configurations together with a solid reference brick
while maintaining identical external dimensions, material properties,
and a constant void ratio of 13%. This approach enables a direct
assessment of the influence of cavity geometry on the thermal perfor-
mance of concrete bricks under the severe climatic conditions of
Amarah, Iraq. The findings provide new insight into the role of cavity
arrangement in enhancing the thermal resistance of hollow concrete
bricks and offer practical design guidance for developing energy-
efficient masonry units for hot-arid regions. In order to conform to in-
ternational building codes and architectural engineering standards, this
study focuses on dimensional metrics like U-value and R-value. How-
ever, it is recognised that dimensionless analysis, such as using Rayleigh
and Nusselt numbers, can achieve a broader theoretical generalisation of
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these conjugate heat transfer (CHT) mechanisms, which is in line with
previous fundamental CHT studies [41,42].

2. Methodology

The thermal performance of different hollow concrete masonry
units, all with a consistent 13% void ratio but varying internal cavity
geometry, was examined using Computational Fluid Dynamics (CFD)
through ANSYS Fluent. This study replaces conventional solid-brick
analysis with a comparative thermal assessment of eight unique inte-
rior structures, including hexagonal, shark-fin, and semicircle forms.
The simulations were run under steady-state conditions to evaluate the
spatial distribution of temperatures and the heat flux across heteroge-
neous brick profiles.

The design of each interior cavity aimed to enhance the unit's ther-
mal resistance by interrupting heat-flow pathways and regulating the
interplay between solid conduction and internal fluid convection. This
study seeks to determine the ideal geometric design for reducing heat
input in building envelopes, particularly by replicating the intense solar
radiation and ambient temperature conditions characteristic of the arid
region of Amarah, Iraq.

Unlike prior studies, which varied the overall air content within a
brick, this one maintained a constant 13% void ratio. The 13% limit was
chosen to maintain the brick's structural integrity while maximising its
heat resistance. By maintaining a constant volume, the study can pre-
cisely isolate the effects of various cavity geometries on the interplay
between natural air circulation and surface-to-surface radiation. The
flowchart in Fig. 1 depicts the procedural framework for this numerical
analysis.

2.1. Model’s geometry

This study examined the thermal performance of nine different
concrete bricks using three-dimensional numerical simulations. An ac-
curate assessment of the thermal efficiency of these models was con-
ducted using ANSYS Fluent after they were developed in SolidWorks. A
conventional solid brick (Bg) with exterior dimensions of 0.23 m x 0.12
m x 0.07 m was employed as the baseline control model. Eight different
configurations with various interior cavity architectures were created to
improve the thermal resistance of the building envelope. Table 1 shows
the thermophysical properties of the utilised concrete brick.

As explained in Table 2, which shows the geometrical parameters of
the cavities used in the simulation. A very cautious void ratio of 13% was
set as a fixed control variable for all hollow models to separate the
impact of cavity architecture from that of total air volume. While
commercial masonry units often optimise internal air volume to the
maximum permits of roughly 50% allowed by the ASTM C90 structural
thickness criteria [43], there are two important scientific reasons to
maintain a void ratio of 13%. First, it ensures that the masonry units
maintain the mechanical integrity necessary for load-bearing walls
without requiring further compressive testing by preserving the over-
whelming structural mass. Specifically, a void ratio of 13% is more than
sufficient to meet the ASTM C90 standard of a maximum void ratio of
25% for a brick to be officially identified as a load-bearing ‘solid’ unit.
Second, keeping the air volume intentionally low guarantees that any
thermal attenuation that is seen is solely due to geometric manipulation,
notably convective stagnation and thermal tortuosity, rather than the
simple addition of an insulating air mass. This threshold also shows that
under extreme hyper-arid boundary conditions, even small volumetric
changes can result in significant thermal gains if the internal architec-
ture is carefully optimised. Fig. 2 shows the examined geometries, which
fall into two principal categories based on their structural symmetry.
Firstly, symmetric cavity designs include traditional and geometric
shapes with mirror-like symmetry, such as cross (Bcgrs), polygonal
(Bpor), diamond (Bpps), and hexagonal (Bygx). The other category is
asymmetric cavity architectures, which encompass Semicircular (Bsgwm),
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Simulation
development

Fig. 1. The procedural framework for the numerical analysis.

Table 1
Thermophysical properties of the utilised concrete brick [44].

Properties Unit Concrete brick
Density kg/m? 1440

Specific heat capacity J/kg-K 750

Thermal conductivity W/m-K 1.4

Table 2
Geometrical parameters of the simulation’s employed cavities.
Model Quantity  Key Dimensions Total Void Void
name Volume Ratio
(cm?®) (%)

Bcrs 4 Vertical arm = 3.74 x 1.50 251.2 13
cm, Horizontal arm = 3.74
x 1.50 cm

BpoL 4 Regular pentagon, side = 251.2 13
2.28 cm, inscribed radius =
1.57 cm

Bpia 4 Base = 3.56 cm, height = 251.2 13
2.52 cm, tilt angle = 45°

Buex 4 Side = 1.85 cm 251.2 13

Bsem 4 Radius = 2.39 cm 251.2 13

Brrp 4 Bases = 2.00 cm and 5.18 251.2 13
cm, height = 2.50 cm

Bsp 4 Base = 4.48 cm, height = 251.2 13
4.00 cm (one edge is
curved)

Brp 4 Base = 4.00 cm, height = 251.2 13

2.24 cm, tilt angle = 30°

Trapezoidal (Brgp), Shark-fin (Bgp), and Tilted Parallelogram (Brp).

Rather than using an automated computational optimisation algo-
rithm, the cavity geometries were designed systematically using the
physical principles of thermal tortuosity and convective stagnation. The
asymmetric architectures, specifically the Tilted Parallelogram (BTP)
and Shark-fin (BSF), were intended to disrupt direct, linear conduction
paths. As a result, the interior gaps were intentionally placed to reduce
the "thermal bridge" effect while preserving the structural integrity
necessary for masonry applications, which is important for sustaining
energy efficiency and preventing heat loss in buildings.

3. Setup and solution
3.1. Assumption

To minimize computational complexity while preserving high
physical accuracy, the numerical model was built using the following
assumptions:

1. Steady-State Conditions: The thermal study is carried out in steady-
state conditions to determine the peak thermal performance of the
brick models.

2. Material Isotropy: The concrete matrix is assumed to be homoge-
neous and isotropic, having constant thermal characteristics.

3. To simulate buoyancy-driven natural convection, the Boussinesq
approximation governs density fluctuations within the internal air
cavities.

4. Natural convection within the internal air-filled cavitys is laminar.

5. No-slip and no-penetration boundary conditions were implemented
on all solid surfaces.

6. Although the steady-state approach effectively isolates the influence
of geometry on peak thermal resistance, it is crucial to acknowledge
that actual building envelopes exhibit transient behaviour in
response to daily solar fluctuations. As a result, this investigation
does not capture thermal mass phenomena, including the decrement
factor and time lag. Future 24-hour simulations will concentrate on
these dynamic effects.

3.2. Solving governingequations

The steady-state thermal performance and surface temperature
response of concrete masonry units were assessed by solving the con-
jugate heat transfer and internal cavity radiation using the conventional
governing transport equations in ANSYS Fluent. In accordance with the
numerical simulation framework provided by Svoboda and Kubr [45]
for hollow brick, the system maintains the conservation of mass, mo-
mentum, and energy, in conjunction with the usual closure equations as
detailed below.:

3.2.1. Continuity equation
This equation represents the conservation of mass within the
computational domain:

v .(ﬁ) -0 ¢))

3.2.2. Momentum equation

The Boussinesq approximation is employed to model temperature-
dependent density fluctuations in buoyancy-driven natural convection
within the 13%-void enclosures. To quantitatively explain this
approach, the localized temperature changes within the cavities are
relatively small (AT ~ 5 — 15 K). At ordinary operating temperatures,
with an air thermal expansion coefficient of # ~ 0.0033 K1, the validity
parameter SAT remains far below the AT <1 limit, proving its strin-
gent validity for this investigation.

V.(pVV) = —VP + V(uVV)+ pgh(T-Ty) @)

3.2.3. Energy equation

The energy conservation equation for the coupled solid-fluid domain
includes a radiative source term (Sp) to connect the thermal field with
the radiation model, natural convection in the fluid, and conduction in
the solid concrete matrix. The equation is natively reduced to pure
steady-state conduction in the solid concrete domain, as the fluid
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velocity vector is zero (V:O):

V.(pVGT) = V-(kVT)+5; 3)

3.2.4. Radiative transfer equation (Discrete ordinates model)

The internal heat transfer within the 13% void cavities was calcu-
lated using the Discrete Ordinates (DO) radiation model. Although the
air was considered a non-participating medium, the DO model was used
to capture the surface-to-surface radiative exchange between the inter-
nal cavity walls. This guarantees that each shape's overall thermal
resistance reflects the combined effects of conduction, natural convec-
tion, and radiation. To ensure a conservative and stringent thermal
evaluation, the fluid-solid interfaces within the internal cavities were
simulated with an emissivity of 1.0, a worst-case black-body approxi-
mation that optimises internal radiative heat exchange.

Radiation

Exterior surface

The radiation intensity I at the position r and in the direction, s is
defined as [46]

4n

V.(I(r,s)s) + (a+oy)I(r,s) = anz§ + % /I(r, §)p(s.s)dQ @)
0

Using Eq. (5), it is possible to obtain the thermal transmittance of the
brick U [W/. 'm> K]:

1
UZI_Z ()

Where R is the thermal resistance of the brick [m2 K/W]

Interior surface

Convection

Convection

Fig. 3. A three-dimensional schematic representation of the computational domain.
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3.3. Boundary conditions

The thermal response of the nine models was assessed by executing
the numerical model under steady-state conditions. The boundary con-
ditions were set up in order to accurately depict the extreme summer
climate of Amarah, Iraq (Fig. 3). A detailed summary of all employed
thermal parameters is shown in Table 3. The specific conditions were
implemented as follows:

1- A fixed temperature boundary condition was applied to the brick's
outer face. To account for the simultaneous effects of ambient air
temperature and incident solar radiation, this temperature, Tyy_girs
was pre-calculated for five scenarios using the ambient temperature
T.mpand solar irradiance G data sourced from [47] for the Amarah
region. The computation was done using the usual Sol-Air formula

[8]:

a.G
hOU[

Tsol—air = Tamb + (6)

Where a is the solar absorptivity of the concrete surface. which
was assigned a standard value of 0.65 in accordance with ASHRAE
Fundamentals [48].

ho is the outdoor convective heat transfer coefficient, which was
adjusted for each scenario to reflect the local environmental condi-
tions, as shown in Table 3.

The inside surface of the brick delineates the limit exposed to the

indoor living space. To objectively assess the cooling load and heat

gain across all 9 geometries, the following conditions were
implemented:

e A constant inner temperature (T; ) of 298 K was set. This complies
with global requirements for interior thermal comfort in air-
conditioned buildings.

e A constant convective heat transfer coefficient h;, of 8.29 W/m2.
K was employed. This value is the ASHRAE standard for indoor
vertical surfaces under "still air" conditions

3- The internal heat transfer in the air-filled cavitys was modelled as a
coupled Multiphysics phenomenon. The solver employs a linked
technique that simultaneously accounts for thermal interactions
between the concrete matrix and internal air volumes, eliminating
the need for predetermined interface temperatures. This methodol-
ogy guarantees accurate resolution of natural convection (induced
by buoyancy) and surface-to-surface radiation (simulated using the
discrete-ordinates method) across all 8-cavity geometries.

4- The contributions of conduction, natural convection and radiation
were not individually quantified, but all were evaluated in a coupled
manner for the overall conjugate heat transfer since the principal
objective was to obtain the overall thermal resistance and trans-
mittance of the building envelopes.

N
)

Table 3

A detailed summary of all employed thermal parameters.
Parameter Value unit
Tin 298 K
hin 8.29 W/m?K
a 0.65 -
hout 42/ 310 W/m?K / K

/ Tsol-air, at 7 AM

hout /Tsol—air, at 9 aM 160/ 319.9 W/m*K / K
hout /Tsol—air.at 11 am 42/ 338.6 W/m?K / K
hout / Tsol—airat 1 pM 42/ 341.3 W/m2K / K
hout /Tsol—airat 3 Pm 20/ 342.5 W/m*K / K
hout /Tsol-airat 5 PM 2/337.3 W/m?K / K
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3.4. Numerical setup

The mathematical model established by the governing equations was
resolved utilising the Finite Volume Method in the ANSYS Fluent 19.1
environment. To guarantee the precision and consistency of the steady-
state thermal analysis over all 9 different cavity geometries, the
following numerical setups were employed:

1. The coupled algorithm was employed for pressure-velocity coupling.
In contrast to segregated solvers, this method simultaneously solves
the momentum and continuity equations, thereby enhancing stabil-
ity for buoyancy-driven flows in air cavities.

2. High-order accuracy was preserved across an entire domain. A
Second-Order scheme was employed for pressure, whilst a Second-
Order Upwind scheme was utilised for momentum, energy, and the
discrete ordinates (DO) radiation model. This reduces numerical
diffusion and guarantees accurate heat gradients around the cavity
geometries.

3. Arigorous convergence method was implemented. The absolute re-
siduals for continuity, velocity and energy were kept below 10 °.

3.5. Mesh generation and grid-independent test

To confirm the numerical accuracy of the simulations across all
selected cavity geometries, a grid independence study was conducted.
The mesh was refined throughout seven layers, with the element count
growing from 1932 to 9120. The inner temperature and heat flux were
used as major indicators of solution convergence.

As demonstrated by Figs. 4 and 5, the solution became essentially
independent of grid density until the element count reached roughly
5610 (equivalent to a 0.007 m element size). At this level, the difference
in inner temperature was <0.01 K when compared to the next, and the
heat flux demonstrated a negligible relative error of <0.05%. In addi-
tion, to fully quantify this stabilisation, the relative percentage errors for
both parameters between successive grids were determined and sum-
marised in Table 4.

Further refining to 9120 elements resulted in no significant
improvement in thermal accuracy while significantly increasing
computational cost. Consequently, the mesh size of 0.007 m (5610 el-
ements) was used for all further simulations. This choice strikes the ideal
mix between computational economy and solution fidelity, guarantee-
ing that the thermal gradients surrounding the 13% void structures are
fully resolved. This technique is consistent with existing CFD best
practices [49,50], which states that a stable solution with little relative
error is adequate to ensure mesh independence.

3.6. Validation against experimentalmeasurements

To verify the accuracy and reliability of the developed numerical
framework, the present CFD model was validated against the experi-
mental data reported by Al-Yasiri and Szabé [47], who experimentally
investigated the thermal performance of concrete bricks under the harsh
summer climatic conditions of Amarah, Iraq. The reference study
examined three concrete brick configurations, namely a conventional
concrete brick, a brick incorporating PCM capsules, and a brick con-
taining a PCM layer. The experiments were conducted under real out-
door exposure, where the brick specimens were subjected to the
prevailing climatic conditions of Amarah, and their thermal response
was monitored throughout the daily thermal cycle.

The validation was performed by comparing the predicted and
experimentally measured outer and inner surface temperature profiles
under representative thermal boundary conditions consistent with those
reported in the reference study. As illustrated in Figs. 6 and 7, the nu-
merical model accurately reproduced the measured thermal behaviour,
demonstrating excellent agreement between the predicted and experi-
mental temperature distributions throughout the testing period. The
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Fig. 5. Influence of the mesh number on the calculated inner heat flux for the brick.

maximum relative deviation between the numerical predictions and the
experimental measurements was found to be 2.4%. Additionally, the
inner and outer surface temperatures exhibited notably low average
deviations, with values of 0.30% and 0.29%, respectively. These tiny
differences are due to unavoidable experimental uncertainties,
including fluctuations in ambient weather conditions and the mea-
surement accuracy of the thermocouples.

The close agreement between the numerical and experimental results
confirms the robustness and predictive capability of the developed CFD

model for simulating heat transfer through concrete bricks under severe
climatic conditions. Consequently, the validated numerical framework
was employed with confidence to evaluate and compare the thermal
performance of the proposed cavity configurations under identical
operating conditions.
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Table 4

Mesh independence study with computed relative errors.
Mesh inner temp Relative heat flux [W Relative
Elements [K] error % m"—2] error %
1932 378.09 - 879.30 -
2704 369.59 2.247 763.22 13.201
3915 369.57 0.01 762.92 0.040
5610 369.57 <0.01 762.90 0.002
9120 369.57 <0.01 762.75 0.020

4. Results and discussion
4.1. Thermal contouranalysis

The qualitative assessment of the thermal performance of different-
cavityd bricks is performed by analysing temperature contours recor-
ded during the peak thermal intensity at 1:00 PM. The contours depicted
in Figs. 8, 9, and 10 visually represent the depth of heat penetration and
the temperature gradients within the solid concrete matrix and the in-
ternal air cavities. By analysing the distribution of thermal fields, the
influence of each shape on the interruption of conductive heat transfer
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becomes distinctly recognisable.

The thermal contours in the Reference Brick (Bg), appear as uniform,
parallel bands moving from the exterior to the internal surface. This
linear distribution indicates continuous conduction paths where heat
travels along the path of least resistance, resulting in significant thermal
bridging that causes increased internal surface temperatures. Never-
theless, the incorporation of hollow cavities, in particular the Byp and
Bugx configurations, substantially alters these isotherms. The air stag-
nation within the enclosed cavities functions as a high-resistance bar-
rier, causing heat to detour around the cavities and resulting in a
"bottleneck" effect that substantially lengthens the conduction paths.
This behaviour illustrates that the geometric configuration efficiently
redirects thermal flux, inhibiting deep heat penetration into the interior
surface.

The Brp design contours distinctly indicate a significant concentra-
tion of elevated temperatures (red and orange areas) at the outside pe-
riphery of the brick, but the core and inner portions are maintained
within the lower temperature spectrum (green and blue areas). This
results directly from the stagnant air in the triangular cavities func-
tioning as a heat insulator. The stagnant air offers significant tempera-
ture resistance, effectively "shielding" the inside surface. Conversely,
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Fig. 6. Validation of numerical results of inner temperature with the experimental study [47].
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Fig. 9. Temperature distributions of studied geometries at the mid-plane at z = 5 cm.
simpler geometries such as the Bpgr, and Bggy bricks exhibit significantly vertical concrete portions.
wider conduits for heat conduction, forming direct thermal bridges that Consequently, the thermal contour analysis verifies that the Brp
allow thermal fields to permeate more readily through the substantial design offers the most efficient thermal barrier. This structure optimises
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thermal gradient disruption and restricts peak temperatures to the outer
layers, ensuring superior interior thermal comfort. This qualitative data
immediately supports the quantitative decreases in heat flow and in-
ternal surface temperatures detailed in the next sections, thus
strengthening the choice of the Brp design as the superior approach for
building insulation in the hot climate of Amarah.

4.2. Analysis of surfacetemperaturegradients

The thermal performance of the proposed brick units is primarily
assessed by the interaction between external environmental loads and
the resultant internal thermal response. Fig. 11 depicts the fluctuation of
the outside surface temperature for the nine models throughout a
standard daylight cycle (7:00 AM to 5:00 PM) under the severe heat
circumstances of Amarah, Iraq. This investigation is essential for un-
derstanding the interaction between solar radiation and ambient tem-
perature with the brick's exterior before heat transfer through the
different internal hollow shapes.

The figure illustrates a distinct daily thermal cycle aligned with ris-
ing solar intensity. The outer surface temperatures start at roughly 309 K

at 7:00 AM. As sun irradiance escalates towards midday, temperatures
consistently increase, attaining a maximum of around 336 K at 1:00 PM.
This pattern demonstrates the effective implementation of the Ty g
boundary condition, which incorporates both ambient temperature and
incident solar radiation. Significantly, there is a negligible variance in
outer temperature T, among the analysed cases, encompassing the
baseline Reference Brick (Bgr), symmetric configurations (Bcgrs, Bpor,
Bpia, Bugx), and asymmetric configurations (Bsgm, Brrp, Bsp, Brp). This
consistency verifies that the exterior thermal input remained constant
across all simulations, guaranteeing that any future differences in in-
ternal performance are exclusively due to the internal cavity layouts
rather than variable boundary circumstances.

Whereas the external thermal loads remain stable, Fig. 12. illustrates
that the inner surface temperatures T; display significant fluctuations
depending on the configuration of the internal cavities. Despite all
models starting the cycle at a stabilised temperature of roughly 308 K at
7:00 AM, the rate of temperature increase at the inner face is markedly
slower than that of the exterior, indicative of the thermal lag and
resistance afforded by the concrete matrix and the 13% air-filled cav-
ities. The Bg regularly exhibits the greatest Tj, reaching around 331 K at
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Fig. 11. Variation of Bricks’ outer temperature with time during the day for all nine cases.
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1:00 PM, confirming the restricted insulating efficacy of solid concrete
in arid regions.

The modified brick models, on the other hand, show different levels
of efficacy in stopping heat transfer. Both models, Brp and Bygx, are
identified as the most efficient designs, maintaining the lowest internal
surface temperatures throughout peak hours. The Bygx model exhibited
a notable boost compared to the baseline Reference Brick, attaining a
temperature reduction of 11.51 K, equating to a 43.76% improvement in
thermal shielding effectiveness. Nevertheless, the Brp proved to be the
most efficient configuration, yielding a temperature reduction of 12.68
K a 58.44% improvement compared to the Bg. The Bygx design effi-
ciently employs air chambers to mitigate heat, whereas the Byp asym-
metric and inclined configuration is superior at reducing localised
thermal bridges. It exhibited an inner surface temperature approxi-
mately 1.0 K lower than the Bygx design (319.60 K compared to 320.56
K), hence reinforcing its designation as the superior configuration for
extreme arid climates.

The discrepancy between a uniform T, and a fluctuating T; indicates
that the enhancements in thermal performance are exclusively attrib-
utable to geometric optimisation. By sustaining a reduced temperature
at the internal border, models such as Brp substantially diminish the
total heat flux entering the indoor environment, thereby lowering the
energy demand for air conditioning. The thermal resistance is important
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during peak solar intensity from 11:00 AM to 3:00 PM, designating the
Brp arrangement as the most effective for improving thermal comfort in
the Iraqi climate.

4.3. Total heatfluxreduction

The internal heat flux (qi,) denotes the instantaneous energy transfer
rate through the brick and is a vital measure of the building envelope's
energy savings potential. Fig. 13 illustrates that all hollow shapes exhibit
a significant decrease in heat flux relative to Bg. The reduction is mainly
due to the incorporation of air-filled cavities. The extent of this atten-
uation varies considerably between geometries, demonstrating that the
spatial configuration of the 13% void ratio is the primary determinant in
thermal regulation.

The Brp geometry proved to be the most efficient design, achieving a
maximum heat-flux reduction of about 18% at 11:00 AM (decreasing the
load from 244.4 W/m? to 200.6 W/m?). This exceptional performance is
basically based on the principle of thermal tortuosity. The Brp design
efficiently eradicates direct, quasi-linear conductive pathways and dis-
rupts direct radiative view factors by the use of a staggered and slanted
triangle configuration. In a conventional solid brick, heat travels a direct
12-cm channel, while in the Brp design, conductive heat is compelled to
follow a considerably extended and complex route around the cavities.
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Fig. 13. A comparison of the Inner Surface Heat Flux for all nine models.
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This path extension enhances the unit's thermal resistance without
necessitating extra material mass or thickness.

A secondary level of performance is noted in the (Bygx) and (Bsp)
configurations. The Bygx design employs angled internal walls to disrupt
the continuity of solid concrete bridges, resulting in a flux reduction of
around 13.1%. Likewise, the Bgp structure demonstrates superiority by
functioning as a series of internal baffles. These fins inhibit natural
convection within the air cavities by limiting the development of
extensive, high-velocity air recirculation loops and internal circulation
cells. The Bgr design maintains a relatively stationary internal air envi-
ronment, ensuring that heat transfer is mostly governed by the slow
mechanism of air conduction rather than by faster convective currents.

Conversely, symmetric and simpler geometries, including the Bpja,
Bcrs, and Brrp models, demonstrated moderate efficacy. Furthermore,
Bpor and Bggy designs exhibited the lowest performance among the
hollow models, remaining nearest to the Bg baseline due to their higher
effective shape factors and unobstructed conductive pathways.
These findings highlight a crucial conclusion for masonry design: the
geometric orientation and the capacity to interrupt thermal bridges are
significantly more important for energy efficiency than the simple ex-
istence of internal air spaces.

4.4. Equivalent thermalresistance(R-Value) and
overallheattransfercoefficient(U-Value)

The steady-state metrics of Equivalent Thermal Resistance (R) and
Overall heat transfer coefficient (U) are employed to quantitatively
assess the insulating efficacy of the proposed designs. A standardised
framework for evaluating the energy-saving potential of various cavity
configurations is provided by the parameters that are obtained from the
simulation data. The thermal properties of the construction component
are substantially altered by the transition from a solid structure to a
hollow form with a 13% void ratio, as demonstrated in Figs. 14 and 15.

From Fig. 14, it can be seen that the Brp design presents the most
significant impediment to conductive heat transfer during the diurnal
cycle, as evidenced by the R-value findings. The Byp design optimises the
utilisation of stagnant air as an insulating medium by directing the
temperature gradient to interact with staggered, asymmetric cavities.
The Byp model's increased R-value suggests greater thermal attenuation
capacity, which is essential for mitigating the effects of the high-
amplitude solar radiation characteristic of the Amarah region. Air vol-
ume is not the sole factor contributing to the increased resistance;
rather, it is the result of a "tortuous" conductive pathway that
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considerably increases the distance that heat must travel from the
exterior to the interior surface.

Moreover, as shown in Fig. 15, the U-value analysis demonstrates a
substantial reduction in the rate of heat transfer for the improved de-
signs. The By brick exhibits a high transmittance rate, indicating a sig-
nificant cooling load requirement. Nonetheless, the Brp and Bygx designs
regularly provide significantly lower U-values, even during peak solar
periods. This inverse link validates the dependability of the numerical
model; as the internal geometry disrupts thermal bridges, the U-value
diminishes, signifying a direct drop in potential energy consumption for
indoor climate control.

A notable discovery from this comparative investigation is the per-
formance disparity between the Brp and more basic hollow designs, such
as the Bggy or Bpor, models. Despite possessing identical void ratios, the
Bsgm and Bpgp, models demonstrate higher U-values and lower R-values
compared to the Brp. This discrepancy highlights that vertical or sym-
metric solid bridges enable relatively efficient "high-conductivity high-
ways," whereas the inclined configuration of the Brp design significantly
obstructs these paths. Thus, for high-performance building envelopes in
arid climates, the geometric optimisation of interior cavities is as crucial
as the choice of masonry materials.

4.5. Practical considerationsfor real-worldinstallation

The transition from numerical optimisation to physical building
demands a balance of thermal efficiency, structural integrity, and
manufacturability. Although models demonstrate that the advanced
internal Byp design exhibits greater thermal performance, the practical
success of the normal brick is contingent upon the interior structure's
capacity to manage mechanical loads. Structurally, while the sloped
interior walls of the BTP design act as diagonal bracing to improve
lateral shear stability, the acute internal angles may cause localised
stress concentrations under large vertical compression pressures. To
avoid micro-cracking, careful attention to structural details is required,
such as a slight corner filleting. Moreover, by sustaining a 13% vacancy
ratio within the rectangular exterior, the design adheres to contempo-
rary industry benchmarks for material savings.

The acute angles of the BTP cavities pose a challenge for standard
dry-mix concrete extrusion from a manufacturing perspective. To ensure
that the sharp internal corners are fully compacted without honey-
combing or tearing during demolding, it is necessary to use high-
precision steel dies and carefully control the flowability of the con-
crete mix. Nonetheless, the brick stays economical as it utilises the
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Fig. 14. A comparison of the Thermal Resistance for all nine models.
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stagnant air within its cavities as the principal insulator. By eschewing
costly chemical fillers, these bricks offer a cost-effective method to
mitigate the thermal load on residential structures in hot areas such as
Amarah. The thermal advantages are contingent upon proper installa-
tion. The rectangular bricks must be positioned with the interior Brp
cavities oriented perpendicular to the thermal flow. This guarantees the
complete realisation of the higher thermal resistance identified in the
study. The Brp configuration integrates structural integrity with estab-
lished energy efficiency, presenting a viable, high-performance option
for contemporary construction in arid environments.

5. Conclusion

This study performed an original, comprehensive numerical analysis
of the thermal efficiency of eight unique internal cavity configurations
for concrete bricks, specifically tailored for the harsh climate in Amarah,
Iraq. The study identified the geometric design of the internal cavitys as
the important variable by sustaining a consistent void ratio of 13%. The
findings demonstrate that the internal architecture of a brick is as
essential as its material composition for thermal insulation.

The principal quantitative and qualitative findings are as follows:

e The thermal response of the bricks was primarily influenced by the
dynamic interaction between the external ambient temperature and
solar heat flux. The exterior loads served as the principal factors
influencing the temperature gradients at the solid-fluid interface,
regulating the maximum heat gain within the interior.

Among the nine examined designs, the Brp brick was recognised as
the optimal solution for thermal mitigation. It enhanced thermal
tortuosity by disrupting the symmetry of the internal concrete
bridges, efficiently redirecting heat flow and postponing the peak
thermal load from reaching the inner face.

At midday, the Brp brick attained a maximum R-value of 0.063 m?K/
W, signifying a 96.87% enhancement in thermal resistance relative
to the solid Reference Brick (Bg) baseline of 0.032 m?-K/W. However,
this absolute value remains low when compared to contemporary
global building envelope insulation standards. This is due to the fact
that the present investigation assesses a solitary, independent con-
crete masonry unit. This unit is intended to serve as the structural
basis of a multi-layer wall assembly in practical construction appli-
cations. When conventional internal plastering, external rendering,
and standard cavity insulation boards are combined, the cumulative
thermal resistance of the entire wall envelope will be in compliance
with the international energy-efficiency standard.
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e The fluid flow analysis verified that the air in the small-scale Brp
cavities remains predominantly stationary. The inhibition of natural
convection enables the air to serve as an effective insulating layer,
forming a high-resistance barrier that markedly diminishes the
overall heat flux entering the unit.

In summary, the findings indicate that passive geometric optimisa-
tion of interior air cavities, particularly through tilted, staggered lay-
outs, is an excellent method for improving the thermal resilience of
building envelopes. The Brp design is endorsed as a technically advanced
option for energy-efficient building in arid areas, demonstrating a
verified decrease in cooling load without requiring supplementary
insulating materials. By successfully integrating the physical mecha-
nisms of thermal tortuosity and convective suppression, this design of-
fers a very practical, zero-cost engineering solution for load-bearing
masonry in sustainable urban development.

6. Future work

This study's numerical findings suggest multiple directions for
further research to enhance the applicability of the optimised cavity
designs.

1. Performing experimental compressive strength and structural load-
bearing assessments on the innovative cavity designs, namely the
superior Tilted Parallelogram (T-PAR) geometry, to verify adherence
to international masonry building standards.

2. Assessing the thermal efficacy of filling the optimised Tilted Paral-
lelogram (T-PAR) cavities with Phase Change Materials (PCMs) to
merge geometric insulation with latent heat storage.

3. Simulating brick models under dynamic, 24-hour varying weather
conditions to explicitly quantify their dynamic thermal time lag and
decrement factor.

4. Exploring more intricate polygonal and curved cavity configurations
to develop a more extensive database of shape-dependent thermal
resistance.

5. Conducting a thorough sensitivity analysis that explicitly evaluates
the trade-offs between thermal performance and structural load-
bearing integrity by varying baseline material thermal conductiv-
ities and void ratios (e.g., 10% to 20%).

6. Translating current dimensional thermal performance data into a
generalised dimensionless framework (incorporating Rayleigh,
Nusselt, and Fourier numbers), enabling theoretical comparisons
with fundamental fluid dynamics literature.
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