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Abstract

Creating a comfortable microclimate in the premises of buildings is currently becoming
one of the priorities in the field of architecture, construction and engineering systems. The
increased attention from the scientific community to this topic is due not only to the desire
to ensure healthy and favorable conditions for human life but also to the need for the
rational use of energy resources. This area is becoming particularly relevant in the context
of global challenges related to climate change, rising energy costs and increased environ-
mental requirements. Practice shows that any technical solutions to ensure comfortable
temperature, humidity and air exchange in rooms should be closely linked to the concept of
energy efficiency. This allows one not only to reduce operating costs but also to significantly
reduce greenhouse gas emissions, thereby contributing to sustainable development and
environmental safety. In this connection, this study presents a parametric assessment
of the influence of climatic and geometric factors on the aerodynamic characteristics of
the air cavity, which affect the heat exchange process in the ventilated layer of curtain
wall systems. The assessment was carried out using a combined analytical calculation
method that provides averaged thermophysical parameters, such as mean air velocity
(Vs), average internal surface temperature (/! ), and convective heat transfer coefficient
(as) within the air cavity. This study resulted in empirical average values, demonstrating
that the air velocity within the cavity significantly depends on atmospheric pressure and
fagade height difference. For instance, a 10-fold increase in fagade height leads to a 4.4-fold
increase in air velocity. Furthermore, a three-fold variation in local resistance coefficients
results in up to a two-fold change in airflow velocity. The cavity thickness, depending
on atmospheric pressure, was also found to affect airflow velocity by up to 25%. Similar
patterns were observed under ambient temperatures of +20 °C, +30 °C, and +40 °C. The
analysis confirmed that airflow velocity is directly affected by cavity height, while the
impact of solar radiation is negligible. However, based on the outcomes of the analytical
model, it was concluded that the method does not adequately account for the effects of
solar radiation and vertical temperature gradients on airflow within ventilated facades.
This highlights the need for further full-scale experimental investigations under hot climate
conditions in South Kazakhstan. The findings are expected to be applicable internationally
to regions with comparable climatic characteristics. Ultimately, a correct understanding of
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thermophysical processes in such structures will support the advancement of trends such
as Lightweight Design, Functionally Graded Design, and Value Engineering in the devel-
opment of curtain wall systems, through the optimized selection of fagade configurations,
accounting for temperature loads under specific climatic and design conditions.

Keywords: ventilated facade; climatic and design parameters; aerodynamics; building
thermal stability; thermophysical performance assessment

1. Introduction

In recent years, increasing attention has been devoted by researchers to the issue of
achieving comfortable indoor climates in buildings. The relevance of this area of research
stems from the fact that all measures aimed at creating a favorable indoor environment
are closely linked to energy efficiency [1,2], which, in turn, affects environmental sustain-
ability [3]. To this end, various innovative solutions are being explored by scientists and
engineers, ranging from relatively simple approaches [4-6] to advanced methods involving
various forms of artificial intelligence [7,8]. Among these, particular interest has been
directed toward studies on double-skin ventilated facade systems, where the presence of an
air cavity within the multilayered structure provides a range of advantages under different
climatic conditions, both hot and cold. However, due to the multitude of factors influ-
encing heat transfer in such multilayered structures with air cavities, the results obtained
by different researchers do not always converge in their conclusions [9]. The reason for
the existing disagreements may be various design features, the material used, assessment
methods, as well as external climatic parameters, which can also include solar radiation
and the barometric (atmospheric) pressure of the area [9-11]. Taking into account all the
features affecting heat exchange in buildings with hinged facade systems, various scientific
tasks were solved by various scientists due to the urgency of the problem arising in the
territory of the study. However, despite a significant amount of research, a number of
issues remain unresolved, such as the quantification of the influence of variable climatic
factors on the dynamics of airflow in the interlayer; the influence of the geometry and size
of ventilation slots on the overall thermal efficiency of the fagade; integration of the data
obtained into unified calculation models applicable to conditions of different climatic zones.
Comprehensive research is also needed, combining field tests with numerical modeling,
which will make it possible to form scientifically sound recommendations for the design
of energy-efficient hinged fagades, taking into account regional specifics. According to
scientometric databases such as Scopus and the Web of Science [9,12], fagade systems, in
particular hinged ventilated structures, have been the subject of sustained interest from
the scientific and technical community over the past few decades. This is reflected in the
regular increase in the number of publications devoted to improving energy efficiency, the
thermohydrodynamics of the air layer, the use of new cladding and thermal insulation
materials, as well as the development of methods for calculating and modeling heat transfer
under real climatic conditions. Thus, an integrated scientific approach to the study of facade
systems remains not only in demand but also an extremely relevant area of engineering
and architectural research. This is due to the fact that in the international scientific agenda,
the issue of hinged facade systems (SFSs) has maintained a high priority since the begin-
ning of the 21st century, when active research of their design parameters began [13-15].
Since then, the thematic field has expanded significantly, in particular by studying the
processes of natural and forced (mechanical) ventilation in fagade structures [16,17], as well
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as thermodynamic processes in air layers that occur under the influence of variable climatic
factors [17-20].

Given the current global challenges, such as climate change, rising annual average
temperatures, and rising energy costs for cooling buildings, this area of research is gaining
strategic importance. Research aimed at improving fagade solutions, especially in hot
climates, is becoming an essential element of scientific and applied initiatives in the field
of sustainable development. The development and optimization of ventilated facades can
significantly reduce the thermal load on the building and reduce energy consumption for
air conditioning, thereby reducing greenhouse gas emissions.

In addition, such systems contribute to creating a more comfortable and stable indoor
environment in buildings, which improves the quality of life and work productivity of users.
This is fully consistent with the principles of sustainable design and the adaptation of buildings
to extreme climatic conditions. With this in mind, it is safe to say that research in the field
of facade systems combining architectural expressiveness, energy efficiency and climate
adaptability will retain its scientific and practical significance for a long time to come.

Based on the above analysis of the literature reviews, the relevance of this research
topic is beyond doubt. Accordingly, the following section presents recent studies from
the past few decades on ventilated facade systems, as identified in the aforementioned
reviews. Table 1 summarizes scientific studies that investigated the influence of climatic
and geometric parameters on heat transfer processes, along with their relevance to the
present research.

Table 1. Studies considering climatic and geometric parameters in buildings with ventilated facade

systems.
Study Year/Type Key Findings Relevance to the Present Study
Results show that large spacing Examines the effect of solar
M . 1996/ between air ducts contributes to radiation on heat exchange in air
ootz, F. and Bezian J. [21] . . .
Theoretical energy recovery during sunny ducts, but does not address air
periods. velocity within the cavity.
Investigated the effect of surface Demonstrated the impact of
2002/ and air temperature with varying surface and air temperature with
Balocco, C. [22] Th . air cavity widths. A 7 cm cavity different cavity widths, but did
eoretical . . . . .
provided a cooling effect in not analyze fagade height or air
summer. velocity variations.
Presented an analytical method Showed the influence of several
for estimating energy savings. parameters on thermal
Ciampi, M. [23] 2003/ Two cases studied, highlighting performance; however, vertical
T Theoretical the influence of air cavity width,  and parametric variation analyses
solar radiation, and wall surface under different thermal loads
on energy performance. were not conducted.
Experimentally investigated the
height of the air cavity. Results Demonstrated the effect of cavity
Dimoudi, A. et al. [24] 2006 /Experimental showed significant improvement height, though other geometric
in thermal performance due to the parameters were not examined.
cavity.
Compared closed and ventilated Highlighted the benefits of air
air cavities for winter and cavities under different climates,
Fraisse, G. et al. [25] 2006 /Experimental summer conditions; both showed  but additional research is needed
effectiveness in their respective on cavity geometry and
climates. temperature load variations.
CFD analysis was used to assess Identified efficient fagade
thermal comfort under various . . S 4
: . . configurations, indicating the
Wong, P. et al. [26] 2008/ double-skin facade configurations need for further parametric
’o ’ Theoretical in hot and humid climates

through natural ventilation in
high-rise buildings.

analysis under diverse climatic
conditions.
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Table 1. Cont.

Study Year/Type Key Findings Relevance to the Present Study
Found that open joints are
. effective for hot climates and
Sanjuan, C. et al. [27,28] 2011( Invest}g.ated parameters suc h as sealed cavities for cold ones.
Theoretical open joints and sealed cavities. . -

Further parametric studies of

cavity geometry are needed.
. . . ... . Validated cavity effectiveness but
Sénchez, M. and Nizovtsev, M. 2013-2020/ Stud1§ d the impact of air cavitles; highlighted the need for further

. confirmed their effectiveness in . . .
[29-32] Experimental studies with parametric
external enclosures.
assessments.
Studied effects of wind conditions zg;f;?sznag;allniilsjfe chzaitt
. ) 2016-2021/ in summer; wind forces combined P - ¥ 1y
Gagliano, A. et al. [33,34] . . S geometry in relation to wind
Theoretical with buoyancy significantly . .
influenced system performance conditions remains an open area
’ of research.
Investigated insulation in Demonstrated the efficiency of air

Karanafti, A. [35] 2024/ ventilated facades; ambient air cavities but indicated a need for
e Theoretical infiltration beyond the insulation further parametric evaluation of

reduced heat load in hot climates.

air cavity configurations.

Analyzing the current scientific agenda and identified gaps in international research,
the authors formulate an urgent scientific and practical task related to the development of
effective approaches to energy conservation in buildings operated in hot climates. Despite
the existence of an extensive body of work devoted to the thermophysical characteristics
of enclosing structures, a number of them do not thoroughly consider the influence of
climatic factors such as solar radiation, barometric pressure and their relationship with the
aerodynamic parameters of the air layer in hinged fagade systems [36-38].

Also, in the process of analyzing the effect of solar radiation on the aerodynamic
parameters of the air layer in the hinged fagade systems, important observations were
identified that contributed to clarifying the scientific problem and identifying existing gaps
in the research field.

Firstly, during heat transfer in ventilated facades, the effect of direct and diffuse solar
radiation on the formation of airflow in the ventilation layer has not yet been sufficiently
studied. Most existing models either simplify the effects of solar radiation, considering it
uniform across the facade, or do not take into account its dynamics over time (for example,
daily and seasonal fluctuations), which can significantly distort the results of assessing the
air exchange and thermal behavior of the system.

Secondly, there is a lack of experimental data confirming CFD modeling or analytical
calculations, especially in a real climate and taking into account the design features of
specific types of fagades (material type, color, cladding thickness, gap geometry, etc.).

Also, in the course of this study, it was noted that existing methods for measuring
aerodynamic characteristics in the air layer often do not take into account variations caused
by insolation. Thus, the speed and direction of airflows can vary significantly during the
day, depending on the intensity of solar radiation, heating of the cladding, and changes in
the temperature gradient between the outside air and the wall surface. These factors have
a direct impact on the amount and direction of natural ventilation in the gap.

In this regard, the main purpose of this study is to develop a scientifically based
methodology for assessing the influence of climatic factors, primarily solar radiation
and atmospheric pressure, on heat transfer processes in the multilayer exterior fences of
buildings. This goal is expected to be achieved through comprehensive experimental and
analytical studies, including field tests, modeling of the airflow in the fagade layer and
validation of computational models. This work is one of the key parts of a broader scientific
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project aimed at improving the energy efficiency of buildings in regions with extremely
high solar radiation.

The hypothesis of this study is as follows: a correct assessment of the aerodynamic
parameters in the air layer of the curtain fagade, taking into account the influence of solar
radiation and barometric pressure, can significantly improve the accuracy of calculations of
heat flows, which, in turn, helps reduce energy losses in the building. The implementation
of this hypothesis is capable of saving energy resources and, as a result, reducing the level
of anthropogenic impacts on the environment, which corresponds to the global goals of
sustainable development.

2. Materials and Methods

In this study, a continuous double-skin ventilated facade system without horizontal
joints was considered as the external enclosure. The primary openings for airflow were
located at the inlet and outlet of the air cavity. A schematic representation of the ventilated
fagade configuration is shown in Figure 1. The key climatic parameters used in the analysis
were selected based on regions located within the territory of the Republic of Kazakhstan.
As a priority focus, this study concentrated on areas characterized by hot summers and
relatively short winters, corresponding to Climate Zone IV [39,40]. To address this objective,
the ambient temperature range was set from +10 °C to +40 °C, with increments of +10 °C.
For simplification, the initial surface temperature values were assumed, with subsequent
refinement performed using an iterative calculation method. Additionally, the influence
of climatic factors included the variation in atmospheric pressure within the range of
600 to 1000 mmHg, which is typical for the studied region. The fagade height was evaluated
across a range from 6 to 60 m. Air density was defined based on the combination of
ambient temperature and atmospheric pressure. The radiant solar energy incident on the
vertical surface of the facade system was assumed to be 800 W/m?. The primary variable
assessment scenarios are presented in Table 2.

(a) (b)

Figure 1. Design of a ventilated facade system: (a). Structure of the ventilated fagade system:
1—load-bearing layer made of ceramic bricks; 2—basalt insulation; 3—ventilated air cavity;
4—exterior cladding made of porcelain stoneware. (b). Structure of the ventilated fagade’s steel
subframe with vertical guides: 1—steel bracket; 2—steel guide rail; 3—exterior cladding made of
porcelain stoneware.
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Table 2. Parameter variation scenarios for evaluating the influence of geometric and climatic factors
on the aerodynamic characteristics within the ventilated air cavity of the facade system.

Facade Height (1), m Air Cavity Thickness Ambient Air Atmospheric Pressure Local Resistance
< & ’ (b), m Temperature (£o,:), °C (P), mmHg Coefficient (&;)
1.5
600 3.0
4.5
6/18/30/60 0.05/0.1 10/20/30/40 15
/18/30/ 05/0, /20/30/ %00 50
4.5
15
1000 3.0
4.5

Figure 2 presents the methodology, based on references [40,41], in the form of an
algorithm for evaluating the influence of geometric and climatic parameters on the aerody-
namic characteristics within the ventilated air cavity of the fagade system under hot climate
conditions. The key parameters used in the assessment were selected in accordance with
those listed in Table 2.

When assessing the influence of climatic and geometric parameters on the aerody-
namic characteristics of the air cavity, the region and the structural type of the ventilated
facade system with an air cavity are first determined in accordance with the presented
assessment algorithm. These parameters directly affect the aerodynamic characteristics
under evaluation. Selecting the aforementioned parameters allows for the correct definition
of boundary conditions for the relevant indicators. Subsequently, using several calculation
methods described in [40,41], and analyzing the required parameters, an iterative method
is applied to obtain accurate average values under the assumption of laminar airflow
in the cavity and steady-state heat transfer. Within the iterative process, the average air
temperature in the cavity (/7 ), the airflow velocity (ds), and the convective heat transfer
coefficient in the air cavity (as) are determined. The assessment may involve several iter-
ative steps until the difference between airflow velocities in successive iterations is less
than 1-5%. During the iteration process, it is also possible to update necessary parameters
(tout tin01,A1,&5,1,b, Pins, Rout, Riy) to achieve optimally significant values. Once the re-
quired values are obtained according to the assessment algorithm, the pressure loss during
air movement in the cavity (}_ AP) can be determined, which, according to the methodology,
directly depends on the airflow velocity within the air cavity.
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Figure 2. Algorithm for assessing the influence of climatic and geometric parameters on the aerody-

namic performance of the ventilated fagade air cavity.

3. Results and Discussion

According to the calculation methodology presented in Figure 2, an analysis was
conducted to evaluate the influence of the following parameters of the ventilated fagade
system with an air cavity on aerodynamic coefficients: the height and width of the air cavity,
the temperature of the outdoor air (under hot climate conditions), atmospheric pressure,



Buildings 2025, 15, 2637

8of 17

air density, and the local resistance coefficients within the cavity. Based on the parametric
assessment of climatic and geometric factors affecting the aerodynamic characteristics of
the air cavity, an extensive evaluation was performed. The complete dataset is presented in
Appendix A of this study, with full details provided for the case of +10 °C. The evaluations
for other temperature levels (+20 °C, +30 °C, and +40 °C) were conducted in the same
manner. To provide a general understanding of the results, the authors further analyzed
the effect of various parameters on the air velocity within the cavity. This analysis yielded
only averaged values, which are intended to guide future experimental investigations on
the influence of solar radiation and atmospheric pressure on the thermophysical behavior
occurring within the air cavity under hot climatic conditions.

Thus, Figures 3-10 present the results of the assessment of climatic and geometric
parameters on the aerodynamic characteristics within the air cavity. Specifically, Figures 3-5
illustrate the influence of air density at a constant air temperature of +10 °C and varying
atmospheric pressure, accounting for different values of local resistance coefficients, on the
airflow velocity in the ventilated air cavity at different cavity heights.

The conducted parametric assessment of climatic and geometric parameters on the
aerodynamic characteristics of the air cavity demonstrates the significance of these param-
eters in the heat exchange processes of exterior enclosures with ventilated air cavities in
curtain wall systems. The results of evaluating the influence of air density (p;,s) in the
cavity, under varying atmospheric pressures (P) and local resistance coefficients (&), as
well as cavity thickness, presented in Figures 3-5, indicate that the average air velocity in
the cavity at an atmospheric pressure of 600 mmHg and varying facade heights shows a
noticeable difference. Specifically, when the height of the ventilated air cavity increases
ten-fold—from 6 m to 60 m—the average air velocity increases by a factor of 4.4. With
a three-fold increase in cavity height, the average air velocity increases by a factor of
2 to 2.9 (Figure 3). Similar effects of cavity height on average air velocity are observed at
atmospheric pressures of 800 and 1000 mmHg (Figures 4 and 5). Furthermore, analysis of
Figures 3-5 shows that an increase in atmospheric pressure from 600 to 1000 mmHg, under
constant temperature and local resistance coefficient, results in a reduction in average air
velocity in the cavity by approximately 8% to 15.6%. The value of the local resistance
coefficient also has a significant impact on average air velocity: when &; increases from
1.5 to 4.5, the average air velocity decreases by approximately half, depending on the height
of the ventilated facade.

9 8.48

Air velocity in the cavity (Vs), m/s

6 18 30 60

Height of the air cavity (h), m

— =15 &i=3 &i=4.5

Figure 3. Influence of air density in the cavity at +10 °C considering different atmospheric pressures
(600 mmHg), local resistance coefficients (&; = 1.5-4.5), and an air cavity thickness of 0.05 m.
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Air velocity in the cavity (Vs), m/s
—_ N W > a1 [=)} ~N @ O

o

1.77
1.33

1.13

6 18 30 60
Height of the air cavity (h), m

—— =] 5 em—C=3  —i=4 5

Figure 4. Influence of air density in the cavity at +10 °C considering different atmospheric pressures
(800 mmHg), local resistance coefficients (&; = 1.5-4.5), and an air cavity thickness of 0.05 m.

Air velocity in the cavity (Vs), m/s
— N w = [6)] [=)} N o]

o

1.66
1.25

1.06

6 18 30 60

Height of the air cavity (h), m

e E=1.5  m—C=3 em—Ci=4.5

Figure 5. Influence of air density in the cavity at +10 °C considering different atmospheric pressures

(1000 mmHg), local resistance coefficients (£; = 1.5-4.5), and an air cavity thickness of 0.05 m.

w
(SR

5.55
\4.7
409 i
3.56 5
3.4\

o
\ - 2\
254
119 S5 5
1.01 2 214
). .05 ).
o 0.1 0.05 o 0.1
—in] 5 ——fim3 ——i=45 —in] 5 —fin3 ——i=d5
() (b)

8

© o
27
5 6.
26 2\ 555
515 ———— 15
4
0.1 0.05 0.1
bm N bm
—im1.5 i3 ——imd5 —im1.5 i3 ——imd5
(c) (d)

Figure 6. Influence of air density in the cavity at an ambient temperature of +10 °C, under atmospheric

pressure of 600 mmHg and various local resistance coefficients (&; = 1.5-4.5), for cavity heights of: (a).

6.0 m; (b). 18 m; (c). 30 m; (d). 60 m.
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1.75

Vs, m/s

0.75

5.75
5.5
W 475
€405
2]
> 3.75
3.25
275

5.5

Vs, m/s

N

1.77

3

/
/]

.33

\ 1.09
0.93
0.05 0.1
b,m
&i=1.5 &i=3 Ei=4.5
(a)
5.24
\14
388
3.33
2.8
0.05 0.1
b,m
&i=1.5 &i=3 Ei=4.5

425

3.75
%.25
D75

2.25

Vs, m/s
ENERN

3.76

3.13

2.35

1.98
0.05 0.1
b,m
&i=1.5 &i=3 &i=4.5
(b)
8.09
Nﬁ
595
524
4-96\ 4.4
0.05 0.1
b,m
&i=1.5 &i=3 Ei=4.5
(d)

Figure 7. Influence of air density in the cavity at an ambient temperature of +10 °C, under atmospheric
pressure of 800 mmHg and various local resistance coefficients (&; = 1.5-4.5), for cavity heights of:
(a). 6.0 m; (b). 18 m; (c). 30 m; (d). 60 m.

1.06
0.87
0.05 0.1
b,m
&i=1.5 &i=3 &i=4.5
(@
4.99
\4'18
3271
3.14
2.65
0.05 0.1
b,m
&i=1.5 &i=3 &i=4.5
()

3.75

3.25

Vs, m/s
N
N
al

2.25

1.75

m
&i=1.5 &i=3 Ei=4.5

7.76
\6.67
574
4.99
4.2

7
0.05 0.1
b,m
&i=1.5 &i=3 &i=4.5
(d)

Figure 8. Influence of air density in the cavity at an ambient temperature of +10 °C, under atmospheric
pressure of 1000 mmHg and various local resistance coefficients (&; = 1.5-4.5), for cavity heights of:

(a). 6.0 m; (b). 18 m; (c). 30 m; (d). 60 m.
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Figure 9. Influence of air temperature in the cavity on air velocity within the cavity, taking into
account atmospheric pressure of 600 mmHg, a local resistance coefficient of &; = 1.5, and a cavity
thickness of 0.05 m, with varying cavity heights from 6 to 60 m.
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() (d)

Figure 10. Influence of air temperature in the cavity on air velocity within the cavity, taking into
account atmospheric pressure of 600 mmHg, a local resistance coefficient of &; = 1.5, for cavity
thicknesses of 0.05 m and 0.1 m, and varying heights: (a). 6.0 m; (b). 18 m; (c). 30 m; (d). 60 m.

Figure 6 presents the results of the assessment of air density’s influence in the cavity at
an ambient temperature of +10 °C and various atmospheric pressures, considering different
values of local resistance coefficients, on the air velocity in the ventilated cavity at different
cavity thicknesses.

Figures 4-6 demonstrate that cavity thickness also significantly affects the average air
velocity in the ventilated facade cavity. For instance, when the cavity thickness increases
from 0.05 m to 0.1 m—at a constant ambient temperature of +10 °C and varying facade
heights (6-60 m) and atmospheric pressures (600-1000 mmHg)—the average air velocity
decreases by up to 25%, depending on external climatic parameters and facade height. With
changes in cavity thickness, the influence of the local resistance coefficient reduces the aver-
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age air velocity by up to 1.25-times, similar to the effect observed when varying the facade
height (Figures 4-6). Comparable trends were also observed for ambient temperatures of
+20 °C, +30 °C, and +40 °C.

The analysis of the effect of temperature and cavity height on average air velocity
(Figure 7) shows that higher fagades result in higher average velocities—up to 4.4-times
greater. However, temperature itself has only a minor impact, contributing to velocity
changes of around 1.5%. Similarly, as seen in Figure 8, while cavity width substantially
influences air velocity, the effect of temperature remains minor—within 1%. It is im-
portant to note that changes in cavity height and thickness physically cannot produce
a uniform air velocity throughout the facade height, from inlet to outlet, as illustrated
in Figures 7 and 8 [42-45]. Moreover, the presented assessment does not account for the
vertical temperature gradient.

Figures 9 and 10 present the results of the assessment of the influence of air temperature
in the cavity, ranging from +10 °C to +40 °C, under atmospheric pressure and with a local
resistance coefficient of &; = 1.5, for different cavity heights and thicknesses.

According to [10,46], as facade height increases, the cladding surface temperature
rises due to solar radiation, which is not considered in the current methodology (Figure 2)
and represents a limitation of the present study. Another limitation is the omission of the
influence of horizontal joints in the ventilated cladding system and wind loads, which
significantly affect the dynamics of the airflow in the ventilated cavity of the fagade,
changing the direction, speed and structure of air movement. Gusts of wind can both
enhance natural draft and cause recirculation or backflows, disrupting the stability of
ventilation. In future models, this influence should be taken into account through the input
of external aerodynamic boundary conditions, the use of wind velocity data and CFD
modeling, which will allow for a more accurate assessment of the thermal efficiency of
facade systems in real climatic conditions.

Therefore, despite the high degree of development of numerical methods and analyti-
cal modeling in the field of building heat engineering, modeling the processes occurring in
ventilated fagade systems remains an extremely difficult task. This is due to the presence of
simultaneous nonlinear factors, including the intensity of solar radiation, changes in the
angle of incidence of rays during the day, variable environmental conditions (temperature,
wind, humidity), as well as the complex geometry of the facade and the features of the air
layer (height, width, presence of obstacles, the shape of the intake/exhaust openings).

The analytical model developed to evaluate the thermophysical behavior of a ventilated
fagade is based on a number of assumptions (for example, uniform temperature distribution,
steady-state flow, ideal thermal contacts, etc.). However, in real conditions, these simplifica-
tions may not correspond to reality, especially in hot climates, where solar radiation has a
significant effect on temperature gradients and the launch of natural convection.

Thus, experimental verification of the analytical models in real-world climate condi-
tions (for example, in the southern regions of Kazakhstan with intense insolation) is an
integral part of the scientific approach and allows for high engineering reliability and prac-
tical applicability of the developed solutions for ventilated fagades, which will be evaluated
in subsequent works by the authors as validation of the theoretical and field experimental
values, since reliable estimates of the influence of flow velocity will favorably affect the
correct assessment of the thermal stability of the exterior fence, taking into account the
height of the building, and will enable the development of trends in Lightweight Design,
Functionally Graded Design, and Value Engineering [47,48] in the field of the construction
of hinged facade systems through the selection of the construction of an external fence with
a ventilated interlayer, taking into account temperature loads, depending on the climatic
and structural parameters of the building.
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4. Conclusions

This study presents the results of an assessment of the influence of climatic and
geometric parameters on the aerodynamic characteristics of the air cavity, carried out
using a combined analytical calculation method based on an iterative approximation of the
average air temperature (t77 ) and airflow velocity (V) within the cavity under steady-state
conditions, without accounting for the effects of external wind loads. Based on the obtained
data, it was found that at a constant atmospheric pressure of 600 mmHg, variations in facade
height result in a significant difference in average air velocity; specifically, a 10-fold increase
in the cavity height leads to a 4.4-fold increase in airflow velocity. It was also established
that a three-fold change in the local resistance coefficient leads to a two-fold change in
airflow velocity. Furthermore, cavity thickness and atmospheric pressure (ranging from
600 to 1000 mmHg) also exert a notable influence on the average airflow velocity in the
ventilated cavity—by up to 25%. This directly affects the pressure loss (}_AP) during air
movement within the cavity. Similar trends were observed under ambient temperatures of
+20 °C, +30 °C, and +40 °C. The assessment further confirmed that average air velocity is
primarily dependent on the cavity height, while the effect of solar radiation is relatively
minor. Considering the results obtained through the combined analytical approach, it can
be concluded that the presented methodology does not adequately account for the influence
of solar radiation and the vertical temperature gradient along the facade height on the
airflow velocity in ventilated fagade systems. This underscores the necessity for further
full-scale experimental investigations under hot climate conditions in South Kazakhstan.
The findings are also relevant on a broader international scale, particularly for regions
with similar climatic characteristics. Moreover, the results of this study may serve as a
foundational dataset for future full-scale experimental research by the authors, ultimately
contributing to a more accurate evaluation of the thermal stability of ventilated fagade
systems across the full height of buildings. However, based on the research conducted,
it is possible to recommend that specialists in hot climates design facades with effective
ventilation of the air gap, minimize thermal bridges, use light and low-heat cladding
materials, and orient fagades based on the course of the sun to reduce overheating. This
will increase the energy efficiency of buildings and reduce the load on cooling systems.

Author Contributions: Conceptualization, N.Z. and A.Z.; methodology, N.Z. and A.Z,; investigation,
N.Z., A.U. and K.A ; data curation, N.Z. and A.Z.; writing—original draft preparation, N.Z., A.Z.
and A.U.; writing—review and editing, N.Z., A.U., B.D. and A.Z,; supervision, N.Z., K.A., B.D. and
A.Z.; project administration, N.Z.; funding acquisition, N.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research is funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. AP23486892).

Data Availability Statement: The original contributions presented in the study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

t2%  Average air cavity temperature, °C
tout  Outdoor temperature, °C

tin Indoor temperature, °C

t Cladding surface temperature, °C

a0yt External surface heat transfer coefficient

«;;  Internal surface heat transfer coefficient
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Ks
01
M
QXcs.

C
Azw.s.

C
Xcs.

Cair

Pin.s

Air cavity heat transfer coefficient

Cladding thickness, m

Thermal conductivity of external cladding, Vt/(m-°C)

Overall heat transfer coefficient, Vt/(m2-°C)

Approximate external surface heat transfer coefficient, Vt/(m?-°C)
Approximate internal surface heat transfer coefficient, Vt/ (m2-°C)
Specific heat capacity of air, ] / (kg-K)

Air density, kg/ m3

Thermal resistance of the external part of the assembly, m?-°C/Vt
Thermal resistance of the internal part of the assembly, m?-°C/Vt
Air velocity in the cavity, m/s

Frictional pressure loss along the cavity height, Pa

Specific friction loss at the given airflow velocity in the cavity, Pa/m
Air cavity height, m

Air cavity thickness, m

Y. AP Pressure loss during air movement in the cavity, Pa

Atmospheric pressure, mmHg
Local resistance coefficient
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