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Numerical study of heat transfer in a wall of vertically
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Vertically perforated bricks were developed with the view to building environmentally friendly houses since they make insulating materials 
unnecessary. Indeed, walls can be constructed without any other materials than clay and mortar. Furthermore, they offer better mechanical 
properties than horizontally perforated ones. However, heat transfer in this geometry, and particularly the influence of the assembly method, 
is not totally known. In this numerical study, we propose to verify that convection heat transfer is negligible in the perforations. This 
condition is necessary to increase the thermal resistance of the brick. We then show that a masonry bedded on several strips does not 
penalize the thermal performance of the wall. A particular study of the ruptures concludes that the convection present in these regions is a 
local phenomenon preferable to the thermal bridges caused by continuous mortar joints.
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1. Introduction

Vertically perforated bricks are known to have better

mechanical properties than the horizontally perforated ones.

They were principally developed in order to build walls

without necessitating any other insulating materials than the

air located in the perforations. The purpose is to limit heat

transfer through the wall as much as possible.

The first step in this direction is to be sure that convection

transfer in the perforations is negligible compared to con-

duction. It is necessary to verify what kind of heat transfer

occurs in the cavities once the wall has been built and

whether the dimensions chosen for the cavities permit heat

transfer by convection (which would decrease the wall’s

thermal resistance) to be neglected. In fact, in the existing

products, the cell dimensions are fixed principally in the aim

of obtaining homogeneous baking, necessary for homoge-

neous mechanical properties.

The second step concerns how the bricks are assembled.

In building engineering, joints are known to be thermal

bridges, reducing the insulating properties of the wall and

favoring the appearance of moisture. So, when vertically

perforated bricks are used, joints are made by a succession of

mortar and air strips in order to reduce the thermal bridge

influence (Fig. 1). However, these ruptures in the joints allow

communication among several cells (number varies with the

width of the air strips) from a row of bricks to another,

creating tall cavities throughout the height of the wall.

Masonry bedded on several strips could be a good solution

against thermal bridges if only conduction is considered.

Indeed, the thermal conductivity of air (la ¼ 0:025 W/m K)

is very low compared to those of mortar (lM ¼ 0:7 W/m K)

or clay (lcl ¼ 0:5 W/m K). But it is necessary to study the

influence of communication among cavities as well as heat

transfer in the ruptures and their consequences on the

thermal resistance of the wall.

In a differentially heated closed cavity, flow is due to the

variation of fluid density with temperature. The air rises in

contact with the hot face and falls along the cold one.

Batchelor [1] first studied this problem. He showed the

existence of two transfer regimes: the boundary layer one

and the conduction one. His results were confirmed later by

Eckert and Carlson [2] and then by Elder [3]. The system we

are interested in is used to thermally insulate constructions;

that is why it is necessary to ensure that the heat transfer

in cavities is small. Many studies exist concerning heat

transfer in cavities. The ones presenting a frontier between
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conduction regime and convection regime are of interest

here. The frank limit first proposed by Batchelor [1] has been

superseded by a transition zone [2,4]. Vertical air cavities of

large aspect ratio have also been studied [5–8].

More recently, studies concern cavities vertically divided

by partitions. These geometries are realistic representations

of systems of vertically perforated bricks. Anderson and

Bejan [9] took an interest in the influence of the number of

partitions on the heat transfer. They experimentally and

theoretically found that segmenting a cavity with two ver-

tical partitions reduced the heat transfer 20% more than

dividing the same cavity with a single partition.

Kangni et al.’s [10] works are about convection and

conduction in a cavity divided by multiple partitions with

finite thickness and thermal conductivity. For different

values of Rayleigh number, they studied the influence of

brick dimensions, partition thickness and fluid–solid con-

ductivity ratio. This numerical study concluded that the heat

transfer diminishes when the number or thickness of parti-

tions increases. Moreover, the partitions located in the

central area of the brick seem to be more efficient than

the others for thermal insulation. Finally, Nusselt number

decreases as the brick aspect ratio rises.

A similar work by Turkoglu and Yücel [11] confirms that

the average Nusselt number decreases as the number of

partitions increases, approaching an asymptotic value. What

is more, it diminishes little as the aspect ratio rises, but

average Nu increases with Ra. This succession of air cavities

and conduction partitions could be a good representation, in

two dimensions, of vertically perforated bricks. But the

above studies only consider cavities closed at each extre-

mity, which is not always the reality in walls built with this

kind of bricks.

This article proposes a numerical study of the flow and the

heat transfer in a geometry supposed to represent stacked

vertically perforated bricks. They are assembled by joints

constituted by varying width mortar and air strips. The

thermophysical properties are close to reality. In a first part,

it will be verified that convection heat transfer can be

neglected in closed cavities. In a second part, the influence

of a masonry bedded on several strips on the global heat

transfer will be established. Particular attention will be paid

to what exactly happens in the air area located in the joint

and what the consequence of perforations communication

are on the wall’s thermal resistance.

2. Governing equations and numerical code

In the aim of characterizing heat transfer in the wall, the

stacking of three bricks was studied, as shown in Fig. 1,

which represents the geometry and boundary conditions.

Radiative transfer was not considered in this study, so heat

was transferred through the brick by conduction in clay and

supposed convection in air. Two-dimensional steady heat

transfer in a brick of height Hb and width Lb was considered.

Constant uniform temperatures Th, b and Tc, b were imposed

at the left and right vertical sides, respectively. The top and

bottom walls were assumed thermally insulated. The coor-

dinate system was defined so that the vertical axis (Oz)

pointed upward in the direction opposite to gravity. The x-

axis was horizontal. The brick was composed of perforations

of height Hb and width L. Inside a cavity, vertical limit

temperatures were Th(z) and Tc(z). The horizontal limits

depended on the perforations considered.

Laminar natural convection is governed by the continuity,

Navier–Stokes and energy equations. The temperature dif-

ference was assumed small enough for the Boussinesq

approximation to hold [12]. The assumptions of an incom-

pressible flow and constant air properties (calculated at

Nomenclature

A aspect ratio ¼ H=L
g gravitational acceleration (m/s2)

h heat transfer coefficient (W/m2 K)

H height (m)

L width (m)

Nu Nusselt number ¼ hL=l
p pressure (Pa)

P dimensionless pressure

Pr Prandtl number ¼ n=a
Ra Rayleigh number ¼ ðgbDTL3=naÞ
T temperature (K)

u, w velocity component

U, W dimensionless velocity component

V0 reference velocity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

gbDT
p

(m/s)

x, z Cartesian coordinates (m)

X, Z dimensionless Cartesian coordinates

Greek symbols

a thermal diffusivity (m2/s)

b thermal expansion coefficient (K�1)

y dimensionless temperature

l thermal conductivity (W/m K)

n kinematic viscosity (m2/s)

r density (kg/m3)

j heat flux density (W/m2)

Subscripts

a still air

b brick

c cold face

cl clay

e equivalent value

h hot face

j joint

m mean value

M mortar

p perforation

r rupture



Tm ¼ ðTh þ TcÞ=2) were applied to the governing equations.
These equations can be expressed in dimensionless forms

using the following dimensionless variables:

X ¼ x

L
; Z ¼ z

L
; A ¼ Hb

L

U ¼ u

V0

; W ¼ w

V0

with

V0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gbðTh � TcÞ
p

P ¼ p

rV2
0

with

Tm ¼ Th þ Tc

2

The governing equations can therefore be written in the

following dimensionless forms.Continuity equation:

@U

@X
þ @W

@Y
¼ 0 (1)

Navier–Stokes equations:

U
@U

@X
þW

@U

@Z
¼ � @P

@X
þ Pr

Ra

� �1=2 @2U

@X2
þ @2U

@Z2

� �

(2)

Fig. 1. Geometry studied: masonry bedded on several strips constituted by three bricks (vertical section).
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þ Pr
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� �1=2 @2W

@X2
þ @2W

@Z2

� �

þ y

(3)

Energy equation:

U
@y

@X
þW

@y

@Z
¼ RaPrð Þ�1=2 @2y

@X2
þ @2y

@Z2

� �

(4)

The Rayleigh number Ra is defined by:

Ra ¼ gbðTh � TcÞL3
na

and Pr is the Prandtl number equal to Pr ¼ n=a for air at Tm.
Associated boundary conditions are given next.

The thermal boundary conditions on the vertical surfaces

are:

y ¼ 0:5; at X ¼ 0 (5)

y ¼ �0:5; at X ¼ Lb

L
(6)

Zero heat flux boundary conditions are considered at the top

and bottom surfaces of the wall:

@y

@Z
¼ 0; at Z ¼ 0 (7)

and

Z ¼ 3Hb þ 2Hj

L
(8)

An orthogonal, non-uniform, staggered grid was used to

represent the brick. The grid (having almost 425,000 nodes)

was dense near each vertical and horizontal wall. The

industrial code Fluent, based on the finite volumes method,

was used to solve the set of equations.

3. Results and discussion

The brick studied here is similar to commercial ones, its

dimensions were fixed so that perforations number and size

were close to those found in real bricks. The cavity aspect

ratio was consequently A ¼ Hb=L ¼ 23:3 and the previous

dimensionless boundary conditions (6) and (8) were written

at X ¼ Lb=L ¼ 33:66 and Z ¼ ð3Hb þ 2HjÞ=L ¼ 72:22,
respectively. The fluid considered was air, so Pr ¼
n=a ¼ 0:71.

Particular zones of the stack were studied in this work.

The first study verified that convection could be neglected in

a closed perforation. The second section presents the influ-

ence of two kinds of communication among cavities, as

shown in Fig. 2.

3.1. Single cavity

Heat transfer in a single perforation was studied. The

temperature difference was small. Fig. 3 represents the

variation of dimensionless temperature y versus the dimen-

sionless width for different heights Z in the cavity. Con-

sidering Fig. 3, 0 � X � 1 corresponds to the air gap,

Fig. 2. Definition of the different zones.



�0:5 � X � 0 is in the left clay zone, 1 � X � 1:5 is in the

right one. For dimensionless heights varying from 24.44 to

47.77, the profiles present three distinct parts. In the air

(0 � X � 1), the variation of y versus X is linear for all

heights, which is characteristic of heat transfer by conduc-

tion. In clay, the profiles are linear as expected in a solid. A

usual means of characterizing heat transfer is to calculate the

Nusselt number. Local Nusselt number represents the ratio

of convection heat transfer over conduction heat transfer. It

is calculated according to Eq. (9):

NuðzÞ ¼ hðzÞ L
lðTÞ (9)

with

hðzÞ ¼ jðzÞ
ThðzÞ � TcðzÞ

¼ 1

ThðzÞ � TcðzÞ

� �

lðTÞ ThðzÞ � Tðx; zÞ
x

� �

(10)

where j(z) is the parietal local flux, calculated very near the

hot face, in the viscous layer. The value of l is evaluated

locally along the vertical wall according to the temperature.

Fig. 4 represents the variation of local Nusselt number versus

Fig. 3. Dimensionless velocity and temperature profiles vs. X for various heights in a single perforation closed at both extremities—half figure.

Fig. 4. Nu vs. Z in an perforation closed at each extremity.



height Z. In the cavity, Nu(Z) is equal to 1, confirming that

conduction dominates the heat transfer. From the knowledge

of the local Nusselt number, the average Nusselt number

(Nu) can be calculated by integration of the local values over

the height of the cavity (11):

Nu ¼ 1

Hb

Z Hb

0

NuðzÞ dz (11)

The value obtained is Nu ¼ 1:013. This value (very close to
1) characterizes heat transfer by conduction.

The dynamic field represented in Fig. 3 confirms this

conclusion. The vertical component shows that fluid rises

along the hot face and falls along the cold face, as expected.

Except at the top and bottom of the cavity where the fluid

makes a U-turn, the horizontal component is zero for the

whole height of the cavity meaning there is no flow to create

a boundary layer.

These results are in good agreement with those of

Batchelor, Eckert and Carlson or Yin et al., presented

in Fig. 5, for which limits between conduction and con-

vection regimes are represented for various aspect ratios

and various Rayleigh numbers. The present study, repre-

sented by a point, is in the conduction zone for all the

authors.

3.2. Open cavities

If convection transfer can be neglected in the perforations

totally closed by mortar, it is necessary to determine if this is

always true when they are not, i.e. when there are some

ruptures in the joints, to disturb the thermal bridge, as

mentioned before. Two types of ruptures, close to those

met in reality, are considered in this study. The first one is

close to the width of an perforation while the second one

allows communication between two cavities per brick

(Fig. 2).

3.2.1. Simple communication

Up to now, the study concerns non-closed perforations.

The height of the wall is divided into different zones

corresponding to each brick and the thickness of each joints.

The zones defined in Fig. 2 named zones 7–9, correspond to

the present case. To determine the main heat transfer mode,

the same method as above (Section 3.1) was used, i.e.

calculation of the average Nusselt number. Table 1 shows

the values obtained. They are very close to unity, which

means the heat transfer is purely conductive.

The dynamic field (Fig. 6) is similar to the previous one

(single cavity) for each of the zones 7–9. Velocity is low (in

both directions) and temperature profiles are linear, meaning

heat is still transferred by conduction.

3.2.2. Double communication

This case corresponds to communication among zones

1–6 (Fig. 2). The particularity of this case is the dynamic

field in zones 2 and 5. Previously, the fluid rose along the hot

face of a cavity and came down along the cold face of the

same cavity. Here, air rises in the entire perforation located

at the hot side (named zone 2 in Fig. 2) and comes down in

Fig. 5. Limits between conduction and convection transfer.



the entire cavity, again, placed at the cold side (zone 5 in

Fig. 2). This particularity is clearly shown in Fig. 7.

Moreover, the vertical velocity profiles, drawn for differ-

ent heights in the middle brick are not symmetrical. Indeed,

temperature is different for each face of a cavity, so air rises

faster along the hot side of zone 2 and falls faster along the

cold side of zone 5. This velocity is, however, small and

almost zero for the horizontal component (except near the

ruptures as will be explained later).

The temperature profiles in Fig. 7 are, as for the cavities

previously studied, linear at each height of the two zones

(except again near the joints). The rising velocity is not

large, there is no thermal boundary layer along the faces

(characteristic of a convection transfer) and the temperature

profiles are linear. So it can be concluded that this particular

flow in the middle brick does not increase the heat transfer.

The average Nusselt number in Table 2 confirms this

result. These values, also close to 1, express that conduction

is the main heat transfer mode.

3.3. The ruptures

In Fig. 7, the temperature profiles are not linear near the

ruptures and the horizontal component of velocity increases

in these regions. This means that convection may not be

neglected in the ruptures. This idea is confirmed by Fig. 8,

which represents the temperature profile along the thickness

of the wall at mid-height in a joint. This profile is not linear

in the zones which correspond to the ruptures, while it is in

the mortar. Table 3 presents average Nusselt number values

for the four ruptures; they are clearly greater than 1. So

convection cannot be neglected in the ruptures.

Table 1

Average Nusselt numbers (simple communication)

Zone 7 Zone 8 Zone 9

Average Nusselt number 1.005 0.942 1.004

Fig. 6. Dimensionless velocity and temperature profiles vs. X for various heights (simple communication)—half figure.

Table 2

Average Nusselt numbers (double communication)

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6

Average Nusselt number 1.004 1.001 1.002 1.01 1.005 1.01



Fig. 7. Dimensionless velocity and temperature profiles vs. X for various heights (double communication)—half figure.

Fig. 8. Dimensionless temperature profile along the wall thickness at mid-height of a joint.



By calculating the heat flux density crossing the ruptures,

it is possible to determine an equivalent conductivity (12),

for air in the ruptures, which represents both the transfers:

conduction and convection (Fig. 9):

le ¼
jmLr

Th;r � Tc;r
(12)

The mean flux density jm is obtained by integration of the

local heat flux density (calculated as for the Nusselt number

evaluation in Section 3.1) along the rupture height.

It was found le ¼ 0:046 W/m K for the small ruptures and

le ¼ 0:044 W/m K for the large ones. These values are

certainly greater than the conductivity for still air

(la ¼ 0:025 W/m K) but they are a lot smaller than mortar

conductivity (fixed to lM ¼ 0:7 W/m K in this work, which

corresponds to a lightened mortar). So the ruptures have the

expected effect: they disturb the thermal bridge caused by

joints.

4. Conclusion

The width chosen for the perforations in the vertically

perforated bricks respects manufacturing constraints (broad

enough to obtain homogenous baking) and the insulating

properties expected for the wall (not too wide in order to

prevent convection). The masonry bedded on several strips,

does not diminish the insulating power of the bricks them-

selves, neither when only one perforation per brick is not

closed nor when there is communication between two

cavities per brick. Convection in the ruptures cannot be

neglected and increases the heat transfer but ruptures are

nevertheless necessary when traditional mortar is used.

Ruptures create zones with an equivalent thermal conduc-

tivity weaker than mortar conductivity.
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