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ABSTRACT: The complex interplay of heat transfer mechanisms, namely conduction, natural convection, and
radiation, within hollow block roofs exposed to solar irradiation gives rise to an inherently nonlinear thermal
exchange problem. A key yet insufficiently explored question is the extent to which this nonlinearity governs
the macroscopic thermal behavior of roofing systems. In this study, a computational investigation is conducted
on two roof configurations incorporating five hollow block geometries representative of common construction
practices in hot climatic regions. The objective is to identify the optimal design capable of minimizing heat losses and
thereby enhancing the overall thermal performance of buildings. The outer roof surfaces are subjected to terrestrial
solar radiation and convective exchange with the outdoor environment, whereas the inner surfaces interact with
indoor ambient conditions. The governing partial differential equations and associated boundary conditions are
discretized using the finite volume method in conjunction with the SIMPLE algorithm. Particular attention is devoted
to examining the effects of solar radiation intensity, solid wall thermal conductivity, and cavity aspect ratio on fluid
flow characteristics and heat transfer across the roof structures. The results highlight the critical importance of
incorporating solar radiation effects into roof design.
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1 Introduction

Buildings account for approximately 36% of total energy consumption, of which residential buildings
contribute about 29%, with the remainder allocated to tertiary buildings [1]. The future landscape anticipates
a substantial upswing in energy consumption, propelled by the robust expansion of the building sector and
the diminishing costs of heating and cooling equipment. This imminent concern has spurred designers
to explore viable solutions aimed at curtailing the thermal loads linked to air conditioning. The building
envelope, encompassing walls, floors, and windows, plays a pivotal role. Among these components, walls
and floors stand out as significant sources of thermal energy exchange. Notably, the roof emerges as the
building envelope element most susceptible to weather effects, contributing to 30% of thermal exchange
in Morocco [2]. Therefore, it becomes imperative to meticulously evaluate the thermal performance of
building roofs to optimize heat gains or losses. Hollow concrete blocks are widely used as roofing materials,
thanks to their manifold advantages, including thermal efficiency, lightweight characteristics, and cost-
effectiveness. Typically, these structures involve intertwined heat transfers facilitated by natural convection
within cavities, conduction across solid partitions, and the exchange of thermal radiation occurring on the
faces of the cavities.
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Recent studies have undertaken numerous investigations to scrutinize the combined heat exchange
mechanisms within hollow structures [3–7]. These investigations have provided valuable insights into
the interplay of various heat exchange modes, encompassing flow fields, temperature distribution, and
heat transfer within the studied structures. Remarkable alterations have been observed, particularly in the
presence of radiation. Gossard and Lartigue [8], alongside Sambou et al. [9], delved into the phenomenon of
conjugate heat transfer in enclosures with thick conductive partitions, exploring variables such as thermal
conductivity ratio, the number of partitions, and void fraction’s impact on heat transfer. The broader
literature on solar-coupled thermal systems further contextualises the present work. Within this broad
class of coupled CFD heat-transfer analyses, Majeed et al. [10] examined flow and heat transfer over a
pair of heated bluff bodies in a channel governed by non-linear rheological models, revealing the strong
sensitivity of the coupled thermal field to the governing flow parameters. Iqbal et al. [11] investigated
hybrid nanofluid flow in a Parabolic Trough Solar Collector (PTSC) integrated within solar-powered aircraft
wings, demonstrating through coupled numerical and ANN-based modelling that the radiation parameter
carries the highest sensitivity on thermal transport a finding that underscores the importance of correctly
resolving radiative contributions in any solar-exposed thermal system, including building roofs. In a related
study, Akbar et al. [12] extended the PTSC-wing configuration to a Darcy–Forchheimer porous medium
framework, showing that hybrid nanofluids boost collector thermal efficiency by up to 4.5% and that the
Brinkman number is the dominant parameter governing thermal performance; their use of local non-
similarity methods with ANN validation reinforces the value of combining physics-based and data-driven
approaches when multiple competing transport mechanisms are present. Makinde et al. [13] modelled
solar steam desalination using a copper-sulphide-infused selective porous solar absorber embedded in a
Darcy–Forchheimer porous matrix, showing that the absorber Biot number governs the interfacial heat
flux and Nusselt number, while increasing the CuS volume fraction thins the thermal boundary layer and
enhances steam generation. In a separate study, Antar [14] analyzed coupled heat exchange in construction
blocks with multiple cavities, revealing a significant reduction in heat flux with an increase in the number
of holes. Nouanegue et al. [15] conducted a numerical investigation into heat transfer modes within an
inclined cavity exposed to uniform heat flux. Their findings unveiled a notable coupling effect among these
mechanisms, further accentuated by the influence of radiation. Gao et al. [16] developed a simulation model
incorporating phase change heat transfer, demonstrating a substantial reduction in heat flux through the
incorporation of phase change materials (PCM). Additionally, Chihab et al. [17] investigated combined
heat transfer with real thermal excitations in a hot urban climate. Their study emphasized the noteworthy
impact of heat transfer coefficients associated with radiation and convection on the thermal inertia of
roofs. Furthermore, Xamán et al. [18] delved into the investigation of hollow bricks for roofs, factoring
in environmental variables and the application of insulation materials and sun-reflective coatings. Their
findings underscored the advantages of incorporating insulation and reflective coatings, particularly in
warm climates. In a separate numerical investigation, Jamal et al. [19] explored heat transfer within a
wall constructed with hollow bricks, revealing the significant influence of solar radiation on the heat
transfer process in the exposed wall. The same authors [20] extended their study to double solid layer
walls separated by an air gap layer exposed to solar radiation, concluding that selecting an optimal air gap
thickness can lead to reduced energy consumption in buildings. Moreover, research has been conducted
to explore the most efficient cavity geometry for enhancing the heat insulation capabilities of hollow
blocks [21,22]. Morales et al. [23] conducted a numerical investigation with the aim of enhancing the
geometric arrangement of walls constructed using hollow clay bricks to optimize their thermal efficiency.
In a study by Sun and Fang [24], the heat transfer behavior of hollow bricks with various structures was
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examined, specifically focusing on the impact of enclosure geometry with the same void volume fraction.
They also investigated the effects of staggered enclosures. Al-Tamimi et al. [25] explored the impact of cavity
geometry on heat transfer in concrete bricks, revealing that rectangular cavities exhibited higher thermal
efficiency compared to circular shapes. Santos et al. [26] determined the thermal transmittance of different
concrete bricks, highlighting that blocks with larger cavities facilitated increased airflow, resulting in
higher coefficients of convective heat transfer and consequently higher thermal transmittance. Additionally,
Najjaoui et al. [27] presented a computational study on the combined effects of the three modes of heat
exchange in commonly used hollow structures for building ceilings and investigated the impact of hole
configuration. Their findings revealed that holes with a high aspect ratio led to a substantial reduction
in heat exchange through the hollow block, achieving an approximately 14% improvement in thermal
performance. JJ del Coz Díaz [28,29] employed numerical simulations to investigate heat exchange in various
types of bricks, identifying the optimal structure for hollow roofs with superior thermal efficiency. In a study
conducted by Sassine et al. [30], the impact of block geometry on global thermal resistance was examined to
enhance the heat efficiency of hollow blocks in Lebanon. Additionally, several studies [31–33] have explored
the influence of thermal conductivity on the thermal resistance of the cellular components of buildings. The
results unveiled a significant influence of thermal conductivity on the global heat exchangewithin the system.
Accordingly, reducing the conductivity of the block was found to enhance the overall thermal resistance.
Antoniadis et al. [33] analyzed and measured the conductivity of clay bricks in Greece. They introduced a
novel design that improved the thermal performance of these bricks by an impressive 24%. More recent
numerical and experimental studies have continued to refine this understanding: hollow concrete blocks
commonly used in Morocco have been assessed and improved through combined experimental–numerical
approaches [34]; phase-change material integrated into lightweight hollow-concrete roofs has been shown
to attenuate peak heat fluxes in warm climates [35]; the thermal conductivity of insulated hollow blocks
has been optimised for hot-climate service [36]; multi-physics finite-element analyses have guided the
design of eco-sustainable hollow-brick mixes [37]; and reflective, super-cool and temperature-adaptive roof
strategies have been reviewed as passive means of limiting solar heat gain [38].

The two closest antecedents to the present work are Najjaoui et al. [27] and Xamán et al. [18], yet each
leaves a distinct and consequential gap. Najjaoui et al. [27] investigated the effect of hole configuration and,
separately, thermal conductivity on heat exchange in a single, representative hollow block subjected to
solar flux; their findings established the importance of aspect ratio and conductivity in isolation, but did not
compare multiple commercially available multi-cellular roof configurations against one another under the
same climatic boundary conditions, nor did they interrogate whether the three-mode coupling produces a
linear or nonlinear global thermal response. Xamán et al. [18], working on hollow bricks, evaluated the
benefit of insulating coatings and reflective materials on a single block geometry; their study is therefore
geometry-specific, climate-specific to a single region, and focused on add-on treatments rather than on
the intrinsic structural hierarchy of the block itself. Before stating the guiding research question, it is
necessary to be explicit about where the novelty of this study lies, since the work combines three elements
that could each be mistaken for the primary contribution. The use of hollow-block geometries (two roof
configurations, five block types drawn from the regional market) constitutes a contextual novelty: these
specific multi-cellular configurations, which are widely used in hot-climate construction practice, have not
previously been studied in direct comparison under identical boundary conditions. The numerical scheme
utilized (finite volume discretization along with the SIMPLE algorithm and radiosity heat transfer model that
solves the problem of all three heat transfer mechanisms simultaneously) is an already recognized technique.
However, its use on the specific geometrical configurations is new but is not a breakthrough from a scientific
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point of view since it does not offer anything fundamentally new. The parametric study of the global heat
flux depending on such parameters as solar irradiation, solid conductivities, and cavity aspect ratio offers a
more complete approach to the problem compared to previous work that considered only one parameter at a
time. The primary scientific novelty is the mechanistic finding that emerges from this combination: despite
the strongly nonlinear radiative–conductive coupling within the cavities, the macroscopic heat flux responds
nearly linearly to solar irradiance, because solid-partition conduction dominates the global thermal pathway
and short-circuits the cavity-level nonlinearity. This hierarchy and its geometric consequence, namely that
vertical cavity stratification is the most effective structural lever for thermal resistance, is the result that
prior studies of individual block geometries could not have revealed, and it is this finding that provides
transferable physical understanding beyond any single regional context. Neither study addressed the
following mechanistic question, which this investigation is designed to answer: Does the strongly nonlinear
radiative–conductive coupling within hollow-block cavities govern the macroscopic heat flux through
the roof, or does solid-partition conduction dominate and impose an effectively linear global response
and how does the answer depend on the number and vertical arrangement of cavities in configurations
that are widely used in hot-climate construction? This guiding question threads through the entire study:
the numerical model is constructed to resolve all three coupled modes simultaneously across five block
geometries under representative hot-climate climatic excitations; the results are interpreted primarily in
terms of which mechanism dominates and why; and the design recommendations follow directly from the
mechanistic hierarchy revealed, rather than from empirical optimisation alone.

2 Analysis

2.1 Defining the Problem Statement

The studied system, depicted in Fig. 1, consists of alveolar roofs. The top surface faces is under solar
radiation and ambient temperature (Tout), with a convective heat transfer coefficient (hout). The inner side
is exposed to the temperature within the indoor space (Tin) and a convective heat exchange coefficient (hin).
Adiabatic conditions are assumed for the vertical surfaces.

Five types of floor-building units were chosen based on an inquiry into the most used blocks in
constructing building roofs in hot-climate regions [39]. These blocks, known as “hourdis” are illustrated in
Figs. 2–4, representing concrete hollow blocks. They feature a honeycomb structure formed by one or two
deep air cells vertically and 3 or 4 identical holes horizontally.

 
(a) 

Figure 1: Cont.
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Figure 1: Studied system: (a) hollow block roofs; (b) Physical model Type 1 and (c) Physical model Type 2.

Figure 2: Hollow block with 8 × 20 × 52 cm3 (H1) and 20 × 20 × 52 cm3 (H2) dim.
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Figure 3: Hollow block with 12 × 25 × 52 cm3 (H3) and 16 × 25 × 52 cm3 (H4) dim.

Figure 4: Hollow block with 25 × 20 × 52 cm3 (H5) dim.

The heat exchange process across the cavities (holes) of the hollow structure is a complex phenomenon
that entails the coupling of natural convection within the inner holes, heat conduction through solid parti-
tions, and radiation between the sides of the inner cavities. Consequently, the overall heat exchange through
these perforations exhibits distinct nonlinear characteristics. To express this problem mathematically, the
following assumptions have been made:
∙ The problem is steady and two-dimensional.
∙ Viscous dissipation is considered negligible.
∙ The fluid and solid properties are assumed to be constant throughout, except for the density variation

in the buoyancy term, where the Boussinesq approximation holds.
∙ The fluid is considered non-participating in radiation, and the surfaces inside the cavities are assumed

to be diffuse gray.

2.2 Model Limitations

While the present model provides valuable insights into the thermal behavior of Moroccan hollow
blocks, certain limitations should be acknowledged. First, the 2D heat and fluid flow steady-state assumption
which is dictated by the disposition of the hollow tiles in the construction of building roofs (see photo
and figures above). In the practice, the hollow tile is placed in such a way that the length of the internal
cavities in the direction (Oz) as channels aligned, very deep in the z direction (in the vicinity 10 m: building
length) is infinite compared to the width l (l ≈ 13 cm) in (Ox) direction and to the height h (h ≈ 3.5 cm)
in the (Oy) direction. So this assumption neglects three-dimensional edge effects and the thermal inertia
of the roof under transient real-world weather conditions, which might lead to a slight overestimation of
instantaneous heat fluxes. Second, assuming constant thermophysical properties and a simplified energy
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model (Boussinesq approximation which consists of neglecting the variations of the air density with the
temperature everywhere except in the buoyancy term which is adopted. Thus, the fluid density in the
term that generates the movement), so it does not account for the temperature-dependency of material
conductivity over wide thermal ranges. Finally, while the adiabatic boundary conditions on vertical faces
simulate a periodic pattern in large roof surfaces, they do not capture the lateral heat bridges present
at the junctions with supporting beams. Despite these simplifications, the model remains a robust and
computationally efficient tool for the comparative thermal characterization of different alveolar structures.

2.3 Mathematical Equations

Using the hypotheses put forth earlier and considering the conservation equations of mass, momentum,
and energy in a steady state, a mathematical formulation is constructed using the following set of equations:

𝜕𝑈
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The equation for conduction heat transfer in solid materials:

𝛼𝑓
𝛼𝑠

𝜕𝜃𝑠
𝜕𝜏

=
𝜕2𝜃𝑠
𝜕𝑋2 +

𝜕2𝜃𝑠
𝜕𝑌 2 (5)

The numerical study employs the following thermal boundary conditions:
∙ Adiabaticity conditions are applied at the vertical faces:

(
𝜕𝜃𝑠
𝜕𝑋 )𝑋 = 0

= (
𝜕𝜃𝑠
𝜕𝑋 )𝑋 = 1

= 0 0 ≤ 𝑌 ≤ 1 (6)

∙ For the external horizontal side in contact with the outer environment:

𝐻
𝑘𝑠Δ𝑇

𝛼.𝑆 +
ℎ𝑜𝑢𝑡𝐻
𝑘𝑠

(𝜃𝑜𝑢𝑡 − 𝜃𝑠𝑜𝑢𝑡) =
𝑑𝜃𝑠
𝑑𝑌

(7)

∙ For the interior horizontal side in contact with the inside ambient:

ℎ𝑖𝑛𝐻
𝑘𝑠

(𝜃𝑠𝑖𝑛 − 𝜃𝑖𝑛) =
𝑑𝜃𝑠
𝑑𝑌

(8)

∙ Continuity of temperature and heat flow in solid-fluid interfaces:

𝜃𝑠(𝑋, 𝑌 ) = 𝜃𝑓 (𝑋, 𝑌 ) (9)
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−
𝜕𝜃𝑠
𝜕𝜂

= −𝑁𝑘
𝜕𝜃𝑓
𝜕𝜂

+ 𝑁𝑟𝑄𝑟 (10)

The radiative heat flux 𝑞𝑟,𝑘(𝑟𝑘) is determined using the following radiosity approach [40]:

𝑞𝑟,𝑘(𝑟𝑘) = 𝐽𝑘(𝑟𝑘) − 𝐸𝑘(𝑟𝑘) (11)

where 𝐸𝑘(𝑟𝑘) is the incident radiative heat flux and 𝐽𝑘(𝑟𝑘) is the radiosity on the surface field given
respectively by:

𝐽𝑘(𝑟𝑘) = 𝜀𝑘𝜎(𝑇𝑘(𝑟𝑘))4 + (1 − 𝜀𝑘)𝐸𝑘(𝑟𝑘) (12)
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The dimensionless net radiative flux exchanged by the surface element dSk located at a point of abscissa
rk on the side (k) can be expressed as:
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The dimensionless average heat flux across the structure is given by:

𝑄𝑎 = −
𝐻
𝐿

𝐿
𝐻

∫
0

𝑑𝜃𝑆
𝑑𝑌 )

𝑌 = 0

𝑑𝑋 = −
𝐻
𝐿

𝐿
𝐻

∫
0

𝑑𝜃𝑆
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𝑑𝑋 (15)

This equation calculates the dimensional average heat flux in (W⋅m−2):

𝑄 = (𝑄𝑎 × 𝑘𝑠 × Δ𝑇 )/𝐻 (16)

The dimensionless stream function Ψ is defined as:

U = −
𝜕Ψ
𝜕Y and V =

𝜕Ψ
𝜕X (17)

The finite volume method, developed by Patankar [41], has been employed to solve the differential
equations governing conjugate heat transfer. The numerical calculations were performed by coupling the
continuity and momentum equations using a power law scheme and were solved by the SIMPLE algorithm
The resulting system of algebraic equations is solved by the Tri-Diagonal-Matrix-Algorithm. Based on this
a custom FORTRAN code has been developed and implemented.

Before using this code, the validity of the numerical code was checked. In fact, the obtained results
were compared with those of Akiyama and Chong [42], who studied the effect of radiation on natural
convection in a differentially heated square cavity. The convective Nusselt numbers calculated at the hot
wall are compared in Table 1 for an arrange of Rayleigh number 103 ≤ Ra ≤ 106 and for different values of
the emissivity. The comparative results show an excellent agreement, with a maximum deviation of 0.9%.
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Table 1: Comparison of the mean convective Nusselt number for different values of Rayleigh.

ε = 0.0 ε = 1.0

Ra 103 104 105 106 103 104 105 106

Akiyama and Chong 1.125 2.250 4.625 9.375 1.250 2.250 4.250 8.125

Present code 1.119 2.255 4.632 9.462 1.250 2.246 4.271 8.118

3 Results and Discussion

The findings presented in this investigation arise from an analysis conducted on hollow block roofs.
The geometric parameters of the structures studied are given in Table 2. The emissivity of the internal walls
is taken to be equal to 0.9. The conductivity of the solid material ks ranges from 0.5 to 1.5 (0.5 ≤ ks ≤ 1.5).
The fluid within the cavities is air with a Prandtl number of Pr = 0.71, with a thermal conductivity of
kf = 0.0262 W/mK, and a thermal diffusivity of αf = 1.57 × 10−5 m2/s. The incident solar irradiance (S)
fluctuates between 0 and 1000 W/m2 (0 W/m2 ≤ S ≤ 1000 W/m2). The convective heat exchange coefficients
at the indoor and outdoor sides are given respectively by hin = 8.3 W/m2 ◦C and hout = 17 W/m2 ◦C, all these
values are taken as standard surface heat-transfer values from the ASHRAE Handbook of Fundamentals [43].
The outdoor air temperature is regulated at Tout = 40◦C, and the temperature of the indoor is fixed to
Tin = 20◦C. These thermal conditions establish a significant temperature gradient across the roof, driving a
complex competition between the three modes of heat transfer. The physical superiority of certain designs,
such as Type 2 and H5, will be interpreted based on their ability to maximize the solid-to-void thermal
resistance and limit the intensity of buoyancy-driven flows within the air cells, effectively acting as thermal
dampers against the high incident solar flux.

Table 2: Geometrical dimensions of the studied system.

Model l (m) h (m) ex (m) ey (m) Number of Cavities

H1 0.14 0.06 0.025 0.02 3

H2 0.14 0.16 0.025 0.02 3

H3 0.1 0.08 0.025 0.02 4

H4 0.1 0.12 0.025 0.02 4

H5 0.14 0.085 0.025 0.02 6

In steady state conditions, the effect of grid spacing on the results of (Ψmax and Q) has been examined
by using a non-uniform grid of 305 × 20; 305 × 30, 305 × 40 for Type 1 roofs (H1). Table 3 below illustrates
this effect on the solution obtained for the value of ΔT = Tout − Tin = 20◦C, emissivity ε = 0.9 and thermal
conductivity k = 1 W/mK and for the solar radiation S = 0 W/m2 and S = 1000 W/m2. As it’s shown that
the grid 305 × 30 is widely sufficient for modelling correctly the heat transfer and the fluid flow inside the
cavities of the hollow block. For Type 2 roofs (H2), in Table 4 demonstrate the improved performance with
a grid size of 305 × 55. This number of mesh points used is sufficient to model accurately the heat transfer
and fluid flow inside the hollow structure since the relative difference between the results does not exceed
0.5%. The grids utilized in this study are depicted in Fig. 5.
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(a) 

 
(b) 

Figure 5: The grid sizes used for: (a) type 1 and (b) type 2.

Table 3: Effect of grid sizes on the overall heat flux at the active faces Qe, Qi and on streamline function Ψmax for the
hollow block type 1 (H1).

S (W/m2) Grid Qo (W/m2) Qi (W/m2) 𝚿max

S = 0
305 × 20 72.203 71.188 −0.054

305 × 30 72.201 71.187 −0.054

305 × 40 72.201 71.187 −0.054

S = 1000
305 × 20 251.883 250.225 0.205

305 × 30 251.851 250.203 0.201

305 × 40 251.851 250,203 0.201

Table 4: Effect of grid sizes on the overall heat flux at the active faces Qe, Qi and on the streamline function Ψmax for
the hollow block type 2 (H2).

Grid Qo (W/m2) Qi (W/m2) 𝚿max

S = 0
305 × 45 52.331 51.671 −0.00044

305 × 55 52.310 51.640 −0.00044

305 × 60 52.310 51.640 −0.00044

S = 1000
305 × 45 176.39 175.899 0.493

305 × 55 176.311 175.823 0.485

305 × 56 176.311 175.823 0.485

3.1 Impact of the Solar Irradiance

Isotherms and streamlines
The isotherms and the streamlines obtained for the two types studied and for the solar radiation (S),

(a) S = 0 W/m2 and (b) S = 1000 W/m2 are illustrated in Figs. 6 and 7. The temperature field analysis indicates
that the system primarily experiences heat transfer through conduction and radiation resulting from the
heating from above. Indeed, the isotherms exhibit nearly parallel orientations within the holes. This quasi-
horizontal stratification suggests a stable thermal layering where buoyancy forces are insufficient to trigger
strong convective mixing, thereby maintaining the air’s role as an effective thermal insulator. Distortions of
the isotherms occur along the vertical solid walls due to the disparity in thermal conductivities between the
solid and fluid mediums. In addition, we note that the increase in solar flux (S) does not affect the nature of
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the temperature fields for the two types of roofs 1 and 2 indicating that the conductive-radiative coupling
remains the dominant heat transport mechanism even under high thermal loads.

Regarding the fluid flow structures in the hollow block cavities, it can be seen that the flow structures
are practically similar and consist of 4 cells that rotate in opposite directions. These recirculation cells
are generated by low-intensity flows, and when the solar flux increases the intensity of the flow increases
(acceleration of the fluid in the cavities). Indeed, the maximum values of the current function Ψmax are
0.00193 and 0.00631 for S = 0W/m2 and S = 1000W/m2 for the type 1 floor, and for the type 2 floor, the values
of Ψmax are 0.00577 and 0.0186 for S = 0 W/m2 and S = 1000 W/m2. Physically, the higher Ψmax observed
in Type 2 is attributed to the larger vertical expansion of its cavities, which allows for a slightly higher
Rayleigh number. However, this increased fluid velocity does not translate to higher heat loss; rather, the
reduction in the total volume of solid partitions (thermal bridges) in Type 2 and H5 configurations provides
a superior global thermal resistance compared to the more fragmented Type 1. The thermal performance is
thus a trade-off between convective intensity and solid-phase conduction, where the latter is the primary
factor in the superiority of Type 2/H5 designs.

 

 
(a) 

 

 
(b) 

Figure 6: Isotherms and streamlines obtained for the roof (Type 1): (a) S = 0 W/m2 (b) S = 1000 W/m2.

(a) 

(b) 

Figure 7: Isotherms and streamlines obtained for the roof (Type 2) for: (a) S = 0 W/m2 (b) S = 1000. W/m2.



12 Fluid Dyn Mater Process. 2026;22(7):1

Fig. 8 presents the isotherms and streamlines obtained for a solar irradiance of S = 1000 W/m2 and
a thermal conductivity of ks = 1 W/mK, depicting the characteristics of the five different types of hollow
blocks studied in this research. Notably, for hollow blocks of types H1, H2, H3, and H4, which feature
a single cavity in the vertical direction (3 or 4 cavities), the flow structures within the cavities exhibit
four cells rotating in opposite directions, displaying a qualitative symmetry (symmetry to the center).
Furthermore, the maximum stream function values (Ψmax) for H1, H3, and H4 are 0.201, 0.122, and 0.235,
respectively. However, for the H2-type hollow block, the fluid acceleration is significant (Ψmax = 0.501). This
increase in flow intensity can be attributed to the larger cavity size, which allows for better fluid mobility
through natural convection, providing more space for enhanced development. Conversely, in type H5,
which has two cavities in the vertical direction (6 cavities), the flow consists of a pair of opposed cells with
relatively low intensities (Ψmax = 0.42304), accompanied by the formation of slight turbulence at the corners.
Physically, the H5 configuration acts as a double thermal barrier. The presence of a horizontal solid partition
between the top and bottom cavities interrupts the vertical buoyancy-driven flow, effectively segmenting
the convective heat transport. This layering forces the heat to overcome two separate air-insulating zones,
significantly reducing the overall thermal transmittance compared to the large, single-cavity designs like H2.

 
H1: Ψmax = 0.20182 H2: Ψmax = 0.49347 

 
H3: Ψmax = 0.1225 H4: Ψmax = 0.23533 

  
H5: Ψmax = 0.42304 

Figure 8: Isotherms and streamlines for S = 1000 W/m2.
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Upon analyzing the temperature field, it can be observed that, in all cases, the distortion of the
isotherms is more pronounced in the vertical solid partitions. This can be attributed to the strong 2-
dimensional nature of heat exchange through radiation and conduction, as well as the difference in
conductivities between the fluid and solid media. In these vertical ‘ribs’, the solid phase acts as a thermal
bridge, ‘drawing’ the heat downwards more rapidly than the air cavities. Additionally, the isotherms within
the cavities appear as nearly parallel lines, perpendicular to the primary direction of heat transfer (Oy).
This horizontal stratification confirms that within each individual cell, the air remains relatively stagnant,
and the heat transfer is dominated by surface-to-surface radiation and gas-phase conduction rather than
active convection, a state that is further stabilized in the H5 model due to the reduced vertical temperature
gradient across each smaller cell.

Overall heat flux
Fig. 9 shows the evolution of the mean global heat flux Q as a function of the incident solar radiation S

for the two types of roofs. As expected, Q increases with increasing S for both configurations. Despite the
intrinsically nonlinear T4 nature of the surface-to-surface cavity radiation, the two curves show an almost
linear Q-S relation. This linearity is seen because the heat transfer through the solid walls dominates. The
concrete matrix is the main thermal route, and its linearity according to Fourier’s law dictates the overall
response; the radiative exchange at the cavity level is a minor contributor for the range of irradiance values
studied. Type 1 always has a higher heat flux than Type 2 for all values of S. Type 2 reduces the mean global
heat flux by about 34% compared to Type 1, a significant improvement due to its geometric configuration.
Type 2 reduces the density of vertical solid ribs, which are high-conductivity thermal bridges, forcing more
heat to pass through the insulating air cells, thereby increasing the overall thermal opacity of the roof to
solar heat gain. This advantage is further improved for the H5 block. The horizontal solid partition between
two vertical levels of the cavity physically disrupts the buoyancy driven convective flow, creating two
separate insulating air zones that increase the effective thermal path length and lead to heat flux reductions
of up to 38% compared to single level configurations. Radiation effects and horizontal cell count are of
secondary importance. The near-linear Q-S relationship confirms that cavity-level radiative exchange is
subordinate to solid-partition conduction for all configurations. The qualitative flow topology is unaffected
by the inclusion of a fourth horizontal hole. This geometric advantage is further improved by reducing the
conductivity of the solid material to less than 1 W/mK, reducing the solid-bridge conductive contribution
for all block types.
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Figure 9: Evolution of the overall heat flux (Q) as a function of the solar radiation (S).
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To have a more precise evaluation of the total heat transfer, the local heat flux distribution along the
width X of the upper (hot) and lower (cold) horizontal surfaces is presented in Figs. 10 and 11 for S = 0
W/m2 and S = 1000 W/m2. The profiles for both surfaces are similar with peak values of heat flux at the
solid partitions between the cavities. This is a direct consequence of the higher thermal conductivity of
the solid material ks. The heat transfer in the cavities is much reduced as expected by the suppression of
convection when the roof is heated from above by solar radiation. To more precisely estimate the total heat
transfer, the local heat flux distribution along the width X of the upper (hot) and lower (cold) horizontal
surfaces is presented in Figs. 10 and 11 for S = 0 W/m2 and S = 1000 W/m2. The profiles are similar for
both surfaces with peak values of heat flux at the solid partitions between the cavities. This is directly
related to the higher thermal conductivity of the solid material ks. The heat transfer in the cavities is, as
expected, greatly reduced by the suppression of convection due to the heating of the roof from above by
solar radiation.
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Figure 10: Evolution of the overall heat flux of the lower and upper faces for S = 0 W/m2.
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Figure 11: Evolution of the overall heat flux of the lower and upper faces for S = 1000 W/m2.
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The evolution of the average global heat flux (Q) through the analyzed configuration as a function
of the incident solar flux (S) is presented in Fig. 12. For types H1, H2, H3, H4, and H5. As anticipated,
the average heat flux (Q) increases with the incident solar flux (S). Despite the nonlinear nature of heat
transfer by radiation, the obtained curves for all cases exhibit an almost linear relationship between Q
and S. This linearity is primarily attributed to the dominant role of heat transfer by conduction along the
solid partitions. It is worth noting that the heat flow crossing the H5 structure (with a total of 6 cavities) is
significantly lower compared to the other types, namely H1, H2, H3, and H4 (with a total of 3 or 4 cavities).
Specifically, the H5 structure reduces heat transfer by approximately 37.9% compared to the H3 structure
and 33% compared to the H1 structure. These findings highlight the contribution of the H5 structure in
enhancing the heat performance of the building’s roof and confirm the need for solar protection of the
roofs of the building, the sunniest to limit the increase in heat transfer.
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Figure 12: Evolution in the overall heat exchange as a function of the solar irradiance S.

Temperature variation
To examine the effect of the incident solar flux S on the temperatures of the external and internal

faces of type 1 and type 2 roofs, Figs. 13 and 14 represent the temperature variation for S = 0 W/m2 and
S = 1000 W/m2. As observed, the temperature profiles for both the outer and inner surfaces exhibit periodic
characteristics with peaks occurring at the solid partitions separating the horizontal cavities. These maxima
can be attributed to the significant conductive transfer along the vertical solid partitions, which act as
thermal bridges, influencing the temperature values at these specific locations. It is worth noting that the
calculated differences between the peak and minimum values are approximately 2%. The results depicted in
Figs. 13 and 14 also demonstrate the substantial impact of the solar flux on the temperature of the external
face Tse and the internal face Tsi of type 1 and type 2 roofs. Specifically, as S increases from 0 to 1000 W/m2,
the temperature Tse undergoes an increase of approximately 10.8% and 11.45% for roof types 1 and type 2,
respectively, while the temperature Tsi experiences an increase of 5% for both wall types 1 and 2.
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Figure 13: Temperature variation along the external and internal faces of the type 1 roof.
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Figure 14: Temperature variation along the external and internal faces of the type 2 roof.

3.2 Effect of Heat Conductivity

The thermal conductivity of a material determines its ability to transfer heat, and it plays a vital role in
the energy efficiency and heat performance of building components. To study the effect of this parameter
(ks) on heat exchange across hollow blocks, Figs. 15–17 illustrate the average global heat flow (Q) across
the examined configuration as a function of solar radiation (S) for three values of (ks): ks = 0.5 W/mK,
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ks = 1.0 W/mK, and ks = 1.5 W/mK. for the hollow blocks of types H1, H3, and H5, which differ in the
number of. The analysis of Figs. 15–17 reveals a significant influence of the conductivity ks on the heat
flow. Specifically, for solar radiation of S = 600 W/m2, when the thermal conductivity (ks) varies between
0.5 and 1.5 W/mK, the heat flow (Q) experiences an augmentation of 22%, 21%, and 37% for the H1, H3, and
H5 hollow blocks, respectively. This can be attributed to the increasing significance of conduction in the
global heat exchange process as the conductivity (ks) rises. It is worth mentioning that the H5 hollow block
type exhibits a significant reduction in heat flow in comparison to the other types, primarily due to the
greater number of cavities in the vertical direction. These results demonstrate that the conductivity of the
solid material in hollow blocks has a significant influence on the overall heat flow, particularly for values of
ks greater than 1.
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Figure 15: Effect of heat conductivity of type 1 (H1).
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Figure 17: Effect of heat conductivity of type 5 (H3).

3.3 Impact of the Aspect Ratio of Internal Cavities

The roof construction units of the building differ in the aspect ratio of the interior cavity. The impact
of the aspect ratio (Ar = h/l) on the global heat exchange across the examined roofs is depicted in Fig. 18.
The findings indicate that the heat flow across both roof types is minimally influenced by the aspect ratio.
When (Ar) changes from Ar1 to Ar2, the heat flux reduces by approximately 10.8% and 16.17% for the type 1
roof and type 2 roof respectively. This effect can be attributed to the lower thermal conductivity of air
compared to that of solid material. Increasing the aspect ratio of the hollow block cavity attenuates natural
convection by promoting radiative heat exchange, resulting in a decrease in overall heat exchange across
the roofs, particularly at high values of the incident solar flux (S). Analysis of these results demonstrates
that employing hollow blocks with an aspect ratio of Ar2 reduces heat transfer, thereby enhancing thermal
resistance compared to using hollow blocks with an aspect ratio of Ar1 in roof construction.
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4 Conclusion

This study investigates the combined heat transfer through hollow blocks with the most commonly
used geometry and material in building roofs in hot-climate regions. A mathematical model is developed
and used to investigate the influence of incident solar flux, the conductivity of the solid partitions, and
the aspect ratio of hollow blocks on heat transfer and fluid flow. Our research reveals that the utilization
of type 2 roofing can reduce the average heat flow by approximately 34% compared to type 1 roofing.
Moreover, employing hollow blocks with an aspect ratio of Ar = 0.77 can minimize heat transfer loss and
enhance the overall energy efficiency of buildings. It is noted that the impact of the number of holes in
the horizontal orientation, such as types H1 and H2 (3 cavities), and types H3 and H4 (4 cavities) on the
temperature field and flow structure remains negligible. The heat transfer across the various types of
blocks studied significantly increases with an increase in the thermal conductivity of the block material. If
structural constraints limit cavity number to ≤4, prioritize ks reduction below than 1 W/m⋅K; but if ks is
fixed, optimize partition spacing to interrupt conductive paths. These insights hold practical implications
for architects, engineers, and makers engaged in sustainable building design.
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