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Abstract. This paper presents a modeling methodology for an engineering calculation of the thermal
stability of external walls with a shielded outer surface forming a ventilated facade system. The
objective of the study is to develop a practical design tool for assessing the amplitude attenuation and
phase shift of the internal surface temperature under daily climatic fluctuations. The method is based
on the solution of a one-dimensional transient heat conduction problem for a multilayer structure
subjected to periodic climatic effects. The external boundary condition is defined through an
equivalent heat transfer formulation that accounts for shortwave solar radiation, longwave radiative
exchange between the screen and the ambient environment, convective heat transfer, and possible
ventilation of the air cavity. An engineering calculation algorithm is proposed that incorporates the
effect of equivalent solar loading and harmonic variations of outdoor air temperature with high
amplitudes of environmental and near-wall air layer fluctuations. A numerical procedure is provided
for the “screen — air gap” subsystem, followed by the evaluation of internal surface temperature
attenuation and transient heat transfer characteristics. Validation against numerical simulations and
experimental data demonstrates a deviation not exceeding 5-10%. The results indicate a significant
influence of screen reflectivity, air gap ventilation intensity, and wall heat capacity on improving
thermal stability and reducing heat gains during the hot season. The proposed enhanced assessment
algorithm can be widely applied in design practice, including the selection of thermal insulation
thickness for building envelopes in southern regions, the determination of design loads for ventilation
and air-conditioning systems, and the evaluation of indoor thermal conditions under intermittent
heating and ventilation regimes. The practical significance lies in the ability to optimize fagade system
parameters with shielded external surfaces to prevent overheating and improve building energy
efficiency. The study is conducted within the framework of ensuring thermal safety of buildings in
warm climate conditions.
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1. INTRODUCTION

Under conditions of increasing solar heat gains and elevated outdoor air temperatures, the risk of
envelope overheating and subsequent indoor thermal discomfort significantly increases. As a result,
building systems with shielded external surfaces forming ventilated facade configurations are
becoming increasingly relevant. However, widely used regulatory and simplified steady-state
calculation methods, as well as standard dynamic thermal stability models, insufficiently describe the
combined shortwave and longwave radiation exchange, convective heat transfer, and air — structure
interaction within the “screen — air gap — structural wall” subsystem. This limitation restricts the
accurate assessment of thermal stability under daily climatic fluctuations and necessitates
methodological refinement [1, 2].

The objective of this study is to systematize and formalize an engineering method for calculating
the thermal stability of walls with shielded external surfaces by providing a consistent description of
radiative-convective heat exchange, air gap ventilation parameters, and the thermophysical behavior of
multilayer building envelopes. The proposed model is based on one-dimensional transient heat
conduction with equivalent boundary conditions and is oriented toward practical determination of
attenuation coefficients, phase shift, and internal surface temperature amplitude. The novelty of the
study lies in the unification of calculation relationships for screens of various structural configurations
and ventilation regimes, integrated into a compact algorithm suitable for engineering design practice
and subsequent software implementation [3, 4].

Hot climates dominate tropical and subtropical regions, where high solar radiation intensity and
elevated air temperatures prevail throughout significant parts of the year. Extremely high temperatures
have been recorded in arid regions such as the Sahara Desert and Lut Desert, and in locations such as
Death Valley, California (USA), where air temperatures have reached 53.7°C. In southern Russia,
Central Asia, and southern Kazakhstan, sharply continental climatic conditions lead to prolonged
summer overheating periods [5-7].

Most territories of southern Russia, Central Asia, and southern Kazakhstan (excluding mountainous
regions) exhibit pronounced arid climate characteristics. The overheating period lasts from 5 to 8
months annually. Solar radiation intensity reaches approximately 1000 W/m?2, summer air
temperatures exceed 40°C, annual sunshine duration exceeds 2000 hours, and air mobility remains
relatively low (3-5 m/s) with humidity levels of 25-40%. These conditions frequently cause
overheating of residential buildings and urban territories, generating significant thermal loads on
occupants and increasing energy demand for cooling [8].

Maintaining a favorable indoor microclimate in southern regions therefore represents a complex
engineering challenge due to the diversity of architectural and structural solutions, variability of
climatic effects, and the dynamic nature of solar and convective heat transfer processes [9-11].

Modern building science has achieved substantial progress in the field of building climatology.
Practical methods for accounting for climatic impacts on the thermal performance of buildings have
been developed and are presented in classical foundational studies [Bogoslovsky V.N., Fokin K.F. and
Tabunshchikov Y.A. These works provide a scientific and methodological basis for the climatic
typology of residential buildings and identify spatial planning and architectural-structural measures
that ensure a favorable indoor and urban microclimate (Myagkov M.S., Malyavina, E.G., Shklover,
AM.).

In the design of building envelopes, in addition to structural stability and strength calculations,
adequate thermal protection must be ensured. Providing comfortable indoor conditions while
minimizing exposure to adverse temperature effects and solar radiation is essential for achieving
bioclimatic indoor comfort. The theory of thermal stability has been comprehensively developed in
foundational studies. The approaches presented to various aspects of the thermal behavior of building
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envelopes and indoor spaces under periodic thermal loading are based on the solution of the
differential heat conduction equation for harmonic temperature waves.

In parallel, a number of contemporary researchers have further advanced the theory of thermal
protection and thermal stability of building envelopes (Gagarin V.G.). A key factor in determining
indoor thermal conditions is the ability of a space to maintain relatively stable temperatures under
varying heat gains [11], which characterizes the internal thermal stability of the building [12, 13].

The dependence of the optimal insulation thickness of exterior walls on climatic conditions has
been demonstrated in previous studies, but the analysis was limited to established thermal conditions.
Other studies have revealed the critical role of climatic characteristics in the design of energy-efficient
building enclosing structures, while paying limited attention to local thermal engineering features of
specific structural configurations [14]. It was also shown that an increase in thermal mass does not
automatically lead to an increase in the energy efficiency of a building, although its inclusion in facade
systems has not been considered in detail. A transitional model of the building's thermal regime has
been proposed in the literature, taking into account heating systems, but the structural characteristics
of the external enclosing structures have been considered only superficially [15]. In addition, the
combined effect of thermal insulation and thermal inertia on achieving thermal autonomy was
emphasized, but without special consideration of ventilated facade systems. The potential of the
building's thermal mass for regulating energy consumption was also investigated, although its
interaction with multilayer external enclosing structures remains insufficiently studied [16-18].

Overall, these studies provide engineering methods for evaluating the impact of the external
climatic environment on building envelopes and for assessing their thermal response. However, the
coupled radiative-convective heat transfer processes occurring within ventilated fagade systems,
particularly under high solar radiation and significant daily temperature fluctuations, remain
insufficiently formalized within practical engineering calculation frameworks.

Ventilated facade systems are currently widely used in both new construction and the renovation of
existing buildings. Their extensive application is primarily driven by installation efficiency,
technological flexibility, and the relative independence of construction processes from seasonal and
weather conditions. Ventilated fagades are multilayer envelope systems designed to ensure air
circulation between the load-bearing structural wall layer and the external cladding. This configuration
promotes effective moisture removal, reduces the risk of condensation, and enhances the overall
thermal insulation performance of the building envelope. The principal objective of such facade
systems is to maintain a stable and comfortable indoor microclimate while extending the service life of
structural elements. In addition to their functional advantages, ventilated fagades contribute to
architectural expressiveness and the aesthetic modernization of buildings. The proposed engineering
method for calculating the thermal stability of walls with shielded external surfaces is grounded in
classical heat transfer theory and similarity principles presented in established studies [19].

According to available estimates, approximately 40% of building heat losses and 30-60% of heat
gains occur through external walls. Improving the thermal protection performance of building
envelopes contributes to reducing heating and cooling energy consumption, enhancing operational
efficiency, and extending the service life of structural components. In response to the need to account
for climatic conditions in the design and operation of buildings, numerous regulatory and technical
standards have been developed and are continuously updated at both national and international levels
to improve the thermal performance of building envelopes.

Ventilated fagcade systems are subject to strict requirements concerning moisture protection,
thermal insulation performance, and mechanical resistance. Compliance with applicable building
codes and technical standards ensures durability, operational reliability, and safety throughout the
service life of the structure.

According to regulatory and technical standards, ventilated wall systems are subject to a range of
operational impacts.

Operational impacts include:

1. Thermal effects: temperature gradients between indoor and outdoor environments, as well as
cyclic heating and cooling of structural elements.

2. Moisture effects: atmospheric precipitation (rain, snow, hail) and condensation within the
ventilated air cavity.
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3. B Wind loads: static wind pressure acting on cladding materials and vertical distribution of wind
pressure along the building height.

4. Mechanical actions: loads from the self-weight of structural components and dynamic loads
(including seismic actions in earthquake-prone regions and accidental loads).

5. Corrosive effects: chemical aggressiveness of the surrounding environment, including acid
precipitation and salt exposure.

6. Biological effects: growth of mosses, fungi, and microorganisms on exposed surfaces.

Considering the combined influence of mechanical and non-mechanical environmental actions,
compliance with the following performance requirements is essential for ensuring the reliability and
long-term performance of ventilated facade systems:

- thermal performance requirements;

- waterproofing and moisture protection requirements;

- durability and maintainability requirements;

- fire safety requirements;

- environmental sustainability requirements.

Depending on structural configuration and architectural design of the cladding system, ventilated
facade systems may be classified into several types (Fig. 1).

Metal panels

lightweight and durable.
Composite panels: offer high
aesthetic flexibility

Natural stone
Ceramic granite

provides the building with a
solid appearance, this material is
also environmentally friendly
and easy to maintain

strong and resistant to
atmospheric exposure

Fig. 1. Cladding panel modules.

The selection of thermal insulation materials is determined by their density, thermal conductivity
properties, and vapor barrier characteristics (Fig. 2).
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Fig. 2. Recommended thermal insulation materials.

The most widely used fagade systems are those clad with metallic elements (including standard and
custom-designed metal cassette panels), corrugated metal sheets, metal siding, and perforated metal
panels manufactured from galvanized or stainless steel, as well as copper- or aluminum-based alloys.

In a ventilated facade system, the structural layers are arranged in the following sequence (from the
interior surface to the exterior):

load-bearing wall — thermal insulation layer — air gap — protective screen (cladding).

This configuration is considered optimal, as the material layers located before the air cavity are
arranged in order of decreasing thermal conductivity and increasing vapor permeability (Fig. 3).

Fig. 3. Configuration of the load-bearing frame of a facade system with vertical profiles.

Bot koppekTHast Bepcus B akageMudeckoM Scopus-style English:

In the field of innovative ventilated facade technologies, a number of studies have been conducted
in recent years [20, 21]. However, the calculation, analysis, and evaluation of ventilated facade
systems and their energy performance within the framework of thermal stability theory under
dominant climatic thermal loading remain insufficiently investigated.

The objective of this study is to develop a calculation method suitable for engineering design
practice for assessing the amplitude attenuation and phase shift of the internal surface temperature of
building envelopes under daily climatic fluctuations.
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2. METHODS AND MATERIALS

The design of ventilated fagade systems requires both structural and thermophysical analyses.
Thermophysical assessment includes thermal performance calculation, moisture analysis, and
evaluation of the air permeability of the building envelope.

In the Russian Federation and the Republic of Kazakhstan, the principal regulatory documents
governing the thermal calculation of ventilated fagade systems include SP 50.13330.2012, SP 2.04-
107-2022, the guidelines for the design of curtain wall systems with ventilated air cavities for new
construction and building renovation, and SP 70.13330.2012.

SP 50.13330.2012 provides a methodology for the thermophysical calculation of ventilated facade
systems. The thermophysical assessment includes:

- determination of the minimum required insulation thickness for walls with ventilated facades to
meet regulatory thermal resistance requirements;

- evaluation of the thermal stability of the building envelope;

- calculation of the moisture regime and verification of material moisture content against regulatory
limits;

- calculation of air exchange within the ventilated cavity;

- verification of the adequacy of moisture removal from the air cavity during the design period,;

- determination of the required air permeability resistance of the wall assembly.

The present study provides a generalization, analysis, and assessment of the methodology for
calculating the thermal stability of walls with ventilated facade systems in regions characterized by hot
climates.

In addressing building overheating, consideration of the thermal stability of envelope structures is
particularly important, as solar radiation and outdoor temperature effects exhibit pronounced daily
periodic fluctuations (Fig. 4).

Fig. 4. Thermal imaging model of facade walls with western orientation: (a) fagade view; (b) thermal
condition of the western fagade; (c) thermal condition of the eastern fagade.

3. RESULTS AND DISCUSSION

According to the theory of thermal stability, building envelope structures are subjected to
periodically varying ambient air temperatures that follow a cosine function. Field measurements and
theoretical investigations demonstrate near-wall air temperature variations under solar exposure of
fagades with different orientations, forming the basis of modern thermal engineering calculations of
building envelopes. These observations form the basis of contemporary thermal engineering
calculations of building envelopes.
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Based on this theoretical framework, a schematic representation of the amplitude of air temperature
fluctuations near the envelope surface, both on the exterior and interior sides, is proposed as the
foundation for the theoretical assessment of the thermal stability of ventilated walls (Figure 5). The
scheme accounts for the amplitude of fluctuations in ambient air temperature, near-wall air layer
temperature, and external and internal wall surface temperatures [15].
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Fig. 5. Schematic representation of temperature fluctuation attenuation in the building envelope.

The airflow pattern in ventilated facade systems is presented in Fig. 6.

/\.’ ‘Water vapor movement

Fig. 6. Model of airflow pattern within the building envelope: 1 — insulated wall; 2 — thermal
insulation; 3 — ventilated air gap; 4 — external cladding.

The thermal stability of a building envelope is characterized by the degree of attenuation of
temperature fluctuations at its internal surface. In envelopes incorporating ventilated air cavities, the
magnitude of temperature attenuation depends on the air exchange rate within the cavity. Increasing
the intensity of airflow in the air gap promotes the removal of excess heat transmitted through the
outer layer behind the screen toward the interior under solar radiation exposure and contributes to
cooling of the envelope mass during evening and nighttime periods. Since the structural layer located
beneath the ventilated air cavity is often continuous, thermal analysis of ventilated envelope systems
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under transient heat transfer conditions can be reduced to determining temperature fluctuations within
the air cavity. The attenuation of thermal waves in the envelope mass may be evaluated using either
the method. Temperatures at the surfaces of individual layers and within the air cavity, as well as
airflow velocity in the cavity, can be determined from a system of heat balance equations under quasi-
steady heat transfer conditions. Unlike horizontal envelope systems with ventilated cavities, vertical
envelope configurations require a modified approach to determining airflow velocities due to the
presence of significant buoyancy-driven pressure differences and the corresponding variation in
convective heat transfer coefficients at the bounding surfaces of the cavity.
The proposed calculation model for the thermal engineering assessment is presented in Fig. 7.
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Fig. 7. Calculation model of a ventilated wall.

In the system of equations, the unknown variables are %, and T;,
All other parameters are determined using analytical expressions or obtained from tables provided
in regulatory and technical standards.

Acqs+ Egp+ a;(T — T J+H(A/8), (T, = T2) =0, (D
o (To — T + a3 (To — Ty) — (A/8), (T, —T2) =0, )
a,(Ty — Ty) + az (T, — Ta) — (A/8)5(Ts —Te) = 0, 3)
(1/8)2(T3 — Ty) — ey (T — Tooue) = 0, 4)
Lyrcy dT = (a;Ty + 3Ty + o T — az T )dx . %)

The values of the heat transfer coefficients for the internal and external surfaces of the building
envelope (a« and as) are adopted in accordance with SP 50.13330 Thermal Protection of Buildings.
The convective heat transfer coefficients a. and as, based on field experimental studies of envelope
systems with ventilated air cavities, are proposed to be determined using the following expression:

B56

0 -
a, =734 (Vgap)  +378-e 29agap, (6)

The radiative heat transfer coefficient o, is calculated as a function of the emissivity of the surfaces
bounding the air cavity.

Bp =T 1T 1. (7)

m= 0.04(:?3+ﬂ)3, (8)

100

The external surface heat transfer coefficient under summer conditions, a, (W/(m?:K)), shall be
determined in accordance with SP 50.13330 using the following expression
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Tone = 1.16(5 + 10y7) - )

The convective heat transfer coefficient of the external surface under calm weather conditions is
determined by the thermophysical properties of the surrounding medium, heat transfer conditions
(airflow velocity and buoyancy effects), as well as geometric parameters. It can be calculated using
dimensionless similarity numbers, such as the Reynolds number (Re) and the Nusselt number (Nu),
together with appropriate empirical correlation equations.

A theoretical calculation based on the proposed thermal stability methodology was performed for a
three-layer wall of a building located in Shymkent. The wall had a total thickness of 0.20 m and
consisted of an external reinforced concrete layer (density p = 2500 kg/m?, thickness & = 0.03 m), a
mineral wool insulation layer (p = 125 kg/m?, & = 0.16 m, thermal conductivity A = 0.045 W/(m-K)),
and an internal cement-sand plaster layer (p = 1800 kg/m?, 6 = 0.01 m). To investigate the thermal
protection performance of shielded walls and to develop rational screen configurations, summer field
studies were conducted in Shymkent in a commissioned nine-story frame residential building with
load-bearing walls 0.20 m thick.

For the experimental investigation, four west-oriented rooms were selected in standard apartments
located on the 6™ 7% 8" and 9" floors, vertically aligned above one another. To provide external
shading, four solar protection screens were fabricated (three solid-type screens and one louver-type
screen). The solid screens were coated with aluminum having high reflectivity (solar absorptivity
coefficient ps = 0.2-0.3). When mounted on the external wall surface, a ventilated air cavity with a
thickness of 50 mm was formed. The louver-type screen consisted of a supporting frame with plastic
strips 10 cm in width serving as shading elements. During the first stage of the study, a louver-type
screen with dimensions corresponding to one fagade panel (3.3 x 3.0 m) was installed in front of the
wall on the 6™ floor. In the second stage, it was replaced with a solid-type screen. In the third stage,
three solid-type screens were mounted vertically on the upper floors, one above another, with the
ventilated air cavity extended to the building roof. At intervals of 1.5 m, temperatures of the outdoor
air, the external and internal surfaces of the screen, the air within the cavity, and the wall surfaces
were measured using copper-constantan thermocouples. In addition, wind velocity and airflow
velocity within the ventilated cavity were recorded. Measurements at all stages were conducted at
hourly intervals over a 24-hour period.

The results demonstrated that the application of shielded facade systems reduces the amplitude of
internal wall surface temperature fluctuations by a factor of 1.5-2 and ensures stable thermal comfort
under peak solar radiation conditions. Comparison of field measurement data with theoretical
predictions obtained using the developed engineering methodology confirmed the high accuracy of the
proposed model: the discrepancy between experimental and calculated results did not exceed 5-10%.
The obtained results are consistent with full-scale field studies conducted under hot climate conditions,
confirming that natural convection within a 50 mm air cavity, combined with a low-emissivity screen
surface, effectively mitigates radiative overheating of external walls and reduces the thermal load on
the building air-conditioning system.

In the development of the engineering method for calculating the thermal stability of walls with
shielded external surfaces, based on heat transfer theory, the following aspects were investigated:

- analysis of the aerodynamic airflow regime within ventilated wall cavities based on literature
sources and experimental data;

- determination of thermophysical parameters describing heat transfer processes through the air
cavity;

- development of an engineering method for evaluating the thermal stability of ventilated walls;

- validation of the proposed method through comparison of calculated results with experimental
measurements.

Airflow within a ventilated cavity is analogous to flow in plane vertical channels. Based on the
processing of extensive experimental data on convective heat transfer in channels, Mikheev M.A.
proposed a dimensionless correlation, which for air can be written as:

N, = 0.018Re%20gh . (10)
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By expanding correlation (10) and performing the corresponding transformations, an expression
was obtained for determining the convective heat transfer coefficient in the air cavity.

Under summer conditions, the screen is heated due to elevated outdoor air temperature and solar
radiation exposure and transfers heat to the shaded wall surface by radiation and convection through
the ventilated air cavity.

Heat transfer through a wall incorporating a ventilated air cavity may be considered as a combined
heat transfer process by introducing an effective thermal conductivity of air, A., which accounts for
both convective and radiative components of heat transfer.

From the heat balance equations for the wall, substituting the corresponding parameters and
performing the necessary transformations, the following expression was obtained for determining the
effective thermal conductivity A

Ags = 0.06ay, + 0.68Eh - (1)
Having determined the values of o, and A the thermal stability of ventilated walls can be evaluated

based on the fundamental principles of the engineering method proposed by V.N. Bogoslovsky.
The overall attenuation coefficient of the envelope is defined as the product:

V= VoueVee Umgﬂpvu: (12)

The expressions for determining vout and vw are provided in the aforementioned methodology.
The coefficients vsc and va.gap re determined using the following relationships:

RS R ] -
o TS Sytag J | EEEIRE  aggapthe
Vse =€ 77 > Vagap =€ : —
Sget¥ar tn.gapt¥ogap
5nga“ Y
R = =; ¥ =— 13
agap Aer @992 = 3R, canFi (13)

Airflow within the ventilated cavity is driven by buoyancy (thermal draft) and wind pressure.
When the inlet and outlet openings are located on different walls, the air velocity in the cavity V, g,
can be determined as:

(B ur— KV +0.08R (fa gap+ tour) (14)
GEE ik '

Va

If the inlet and outlet openings of the air cavity are located on the same facade, the coefficient
K,.~ K, and expression (14) simplifies to:

» s JD.OS?‘{[ ta gg;;"‘fouﬂ
e ! Zi&i

V

(15)

10
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Fig. 8. Variation of wind velocity with height: blue line — suburban areas; red line — urban areas with
an average building height up to 100 m; green line — urban areas with an average building height
exceeding 100 m.

The study provides expressions for determining the components of equations (16) and (17). The
calculation is performed using an iterative procedure. The coefficients K; and K, were determined
through experimental investigations on building models tested in a wind tunnel. The theoretical basis
of the model experiments is the theory of similarity. Issues of aerodynamic similarity have been
extensively studied, and it is generally accepted that the flow around rectangular bodies remains
largely independent of the Reynolds number over a wide range. Thus, the phenomenon exhibits self-
similarity, allowing the results obtained from model testing to be reliably extrapolated to full-scale
structures.

The study was conducted using wind tunnel testing of residential building models. The models
were manufactured at a scale of 1:50 to ensure self-similarity and to investigate the influence of
thermal processes on the wind regime of urban development. The wind tunnel facility enables the
analysis of aerodynamic behavior of buildings and residential development areas under controlled
conditions.

Aerodynamic coefficients are determined either experimentally through wind tunnel testing of
building models or analytically using the geometric criterion.

Models corresponding to square-plan residential buildings with side lengths of 24 m and a height of
60 m were investigated. The models incorporated a shielded fagcade configuration, with the air inlet to
the ventilated cavity located at the level of the floor slab between the first and second stories, and the
exhaust outlet positioned at roof level. Measurements were carried out for five design wind directions
relative to the shielded fagades of the models: 0°, 45°, 90°, 225°, and 270°. Fig. 8 presents an example
of the vertical distribution of aerodynamic coefficients along the surfaces of a square-plan building
model for a wind direction of 90°.

11
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Fig. 9. Vertical distribution of aerodynamic coefficients along the surfaces of a square-plan building
model: coefficients are positive on the windward wall and negative on the leeward wall.

Processing of the experimental data made it possible to propose analytical expressions for
determining aerodynamic coefficients, which can be reliably applied in thermal stability calculations
of ventilated building envelope systems.

Based on wind tunnel testing of isolated building models with various geometric parameters,
empirical formulas were derived for calculating aerodynamic coefficients for buildings with
unfavorable orientation (perpendicular to the wind flow):

For the windward wall of the building:

_ D064

Kgp = +0435. (16)

For the leeward wall:
Ko ="-+0342 - (17)

The proposed analytical expressions, derived from the developed building aeration methodology,
allow determination of aerodynamic coefficients at different height levels of building models while
accounting for wind velocity variation with height. This approach enables more accurate estimation of
wind velocity and aerodynamic coefficients at the inlet and outlet of the screen.

In expressions (14) and (15), the concept of the average air temperature in the cavity, £, gqp, 18

introduced. This temperature depends on the airflow velocity within the ventilated cavity and is
determined as follows:

r h
tmgnp = I‘-E'_{-tﬂl_ tour}'.:z_n' [1_"395311 (—;)}, (18)
where
fin , tour
to = a_four (19)
-
Rin  Rout

is the limiting air temperature in the cavity, expressed in °C.

CaVagap Fagap Pa
Xp = _HF—__-‘IFJ (20)

— +
Rin  BRout

Here, x, represents the characteristic height (m) at which the air temperature in the cavity becomes
lower than the limiting temperature 7, by a factor of e (where e = 2.7) relative to the inlet temperature.

12
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During the investigation, variations in air temperature within the cavity were observed; however,
the temperature coefficient exhibited only minor variability. Therefore, its value is determined once at
the initial stage of the calculation for the temperature #,,,+1.

The temperature and velocity parameters of the airflow within the cavity are determined using an
iterative procedure.

At the first stage, the average air temperature in the cavity is calculated using equation (18), taking
into account the heat transfer coefficient a, 4,,. Subsequently, the average airflow velocity in the cavity
is determined using equations (14) or (15) for the specified temperature conditions. The heat transfer
coefficient in the cavity and the thermal resistance R,,, are then recalculated. Using equation (18), a
new value of the average air temperature in the cavity is obtained based on the updated airflow
velocity. The iterative process continues until the difference between airflow velocities in successive
iterations becomes less than 5%.

At the initial stage of the iterative procedure, the average airflow velocity in the cavity is assumed
to be 0 m/s. As a result of the calculations, the air temperature and airflow velocity in the cavity, as
well as the corresponding heat transfer coefficient a4, are determined.

The total vapor diffusion resistance of the wall is defined as the sum of the vapor resistance values
of all structural layers plus the surface moisture transfer resistances at the internal and external
boundaries. The air permeability of the structure shall not exceed the required limit.

4. CONCLUSIONS

The thermal protection performance of screens of different configurations was evaluated by
comparing the average and maximum air temperatures within the ventilated cavity with the
corresponding temperatures at the wall surfaces.

The results demonstrate that facade screening is an effective means of enhancing the thermal
stability of building envelopes. The close agreement between the maximum air temperatures in the
cavity and those measured on shaded wall surfaces indicates that direct solar radiation is effectively
eliminated and that the thermal regime of the wall approaches shaded conditions.

The nearly identical differences between maximum and average temperatures in the cavity and the
corresponding surface temperatures indicate a similar pattern of convective flow formation and,
consequently, comparable thermal protection performance of the examined screen types. Statistical
analysis of monitoring data and calculated temperature profiles showed that the difference in heat
removal efficiency between solid screens and louver-type screens does not exceed 3-5%. Preference
may be given to solid screens due to their structural simplicity and lower material consumption
compared to louver-type configurations.

When solid-type screens are used and the air cavity exhaust is located at roof level, the airflow
velocity within the ventilated cavity is predominantly governed by wind pressure. Investigation of the
aerodynamic regime revealed that airflow is mainly forced in nature and predominantly turbulent.

No systematic increase in shaded wall surface temperature with height was observed. The airflow
within the cavity, characterized by relatively high velocities (0.7 m/s at Stage I, 1.22 m/s at Stage I,
and 1.33 m/s at Stage III), did not allow significant air heating. The differences between maximum
temperatures at the outlet and inlet of the cavity were only 0.2°C at Stages I and II and 1°C at Stage
1.

The analysis indicates that previously developed methods for calculating the thermal stability of
external envelopes cannot be fully applied to ventilated wall systems due to insufficient consideration
of the aerodynamic and temperature regimes of walls with shielded external surfaces.

Despite higher initial installation costs, ventilated facade systems demonstrate high economic
efficiency due to reduced heating and air-conditioning energy consumption. Practical implementation
examples confirm significant reductions in operational costs achieved through the use of such systems.

The proposed enhanced algorithm for evaluating thermal stability can be widely applied in design
practice, including the selection of insulation thickness for external envelope systems in southern
regions, determination of design loads for ventilation and air-conditioning systems, and assessment of
indoor thermal regimes under intermittent heating and ventilation conditions.
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Appendix
qs intensity of solar radiation incident on a vertical surface, W/m?
E. effective heat flux from the external surface, W/m?
o heat transfer coefficient at the i-th surface, W/(m?-K)
0, radiative heat transfer coefficient between the screen and the envelope surface, W/(m?-K)
Ca specific heat capacity of air, J/(kg-K)
X current air path length within the cavity, m
&, mass flow rate of air, kg/h
Toin indoor air temperature, °C
T out outdoor air temperature, °C
T cap air temperature in the ventilated cavity, °C
Vagap air velocity in the cavity, m/s
Cy radiation constant of a black body, W/(m?-K*)
c, G radiation coefficients of surfaces, W/(m?-K*)
m temperature coefficient
X out external surface heat transfer coefficient, W/(m?-K)
i internal surface heat transfer coefficient, W/(m?-K)
v minimum of average wind velocities by compass direction for July, m/s
p material density, kg/m?
A thermal conductivity of material, W/(m-K)
& correction factor depending on the ratio of cavity height 4 to the equivalent horizontal
cross-section area of the cavity
Vout attenuation factor for thermal wave transfer from outdoor air to the outer screen surface
Ve attenuation factor for thermal wave transfer through the screen
Va.gap attenuation factor for thermal wave transfer through the ventilated air cavity
v, attenuation factor for thermal wave transfer through the wall material layers
Ry, Rugap thermal resistances of the screen and air cavity, m*-K/W
See thermal effusivity coefficient of the screen material
Yo Y., | thermal effusivity coefficients of the screen, wall, and air cavity surfaces
Ya.zgp
K, K, aerodynamic coefficients
K coefficient accounting for wind velocity variation with height
h vertical distance between the air inlet and outlet in the cavity, m
Lacap Lout average air temperature in the cavity, °C; outdoor air temperature, °C
; sum of friction loss coefficients and local resistance coefficients
-
B,H,5 building width, height, and length, m
Z dimensionless geometric simplex
(B), (5) relative width and height of the building
tagap average air temperature in the cavity, °C
ty limiting air temperature in the cavity, °C
Ca specific heat capacity of air, J/(kg-K)
ry average air density in the cavity, 353/(273+t,,,) ke/m’
R, thermal resistance of the wall from the air cavity to the outdoor environment, m?-K/W
R, thermal resistance of the cladding layer, m*-K/W
T period of temperature fluctuations
Z depth (coordinate) of temperature wave propagation within the envelope, m
Acpe amplitude of outdoor air temperature fluctuations, °C
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A‘;I; " amplitude of temperature fluctuations in the external near-wall air layer, °C

A amplitude of temperature fluctuations at the external surface of the envelope, °C

Arm amplitude of temperature fluctuations at the internal surface of the envelope, °C

A‘;‘l_'n amplitude of temperature fluctuations in the internal near-wall air layer, °C

Arm amplitude of indoor air temperature fluctuations, °C

ay convective heat transfer coefficient, W/(m?-K)

i, radiative heat transfer coefficient, W/(m?-K)

& thickness of the envelope layer, m

Tin phase shift of the temperature wave at the internal surface

;:} temperature of the internal near-wall air layer, °C

tin indoor air temperature, °C
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