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Featured Application: The paper shows how big differences are obtained between the standard
approach to calculating the heat transfer coefficient of ceilings with complex geometries and
accurate numerical calculations.

Abstract: The article describes the results of numerical analyses and traditional calculations of the
heat transfer coefficient in ceilings with a complex cross-section, and with materials of varying density
built-in inside the cross-section. Prefabricated prestressed reinforced concrete, composite reinforced,
and ribbed reinforced concrete ceilings were analyzed. Traditional calculations were carried out
in accordance with the EN ISO 6946:2017 standard, while the numerical analyses were carried out
in a program based on the finite element method (FEM). It has been shown that calculations can
be a good alternative to nondestructive testing (NDT) and laboratory tests, whose use in the case
of ceilings with different geometries is limited. The differences between the calculations carried
out in accordance with EN ISO 6946:2017, and the results of numerical analyses are 12%–39%. The
way the air voids are taken into account has an impact on the calculation results. In the traditional
method, an equivalent thermal conductivity coefficient was used, while in the numerical analysis, the
coefficient was selected from the program’s material database. Since traditional calculations require
simplifications, numerical methods should be considered to give more accurate results.

Keywords: numerical modelling; reinforced concrete ceilings; thermal insulation; heat
transfer coefficient

1. Introduction

The erection of a building with reinforced concrete ceilings in accordance with the principles
of sustainable development requires an accurate determination of the thermal insulation of the
ceiling [1–3]. At a certain ceiling thickness, thermal insulation can be improved in two ways. The first
way is to use materials with a low thermal conductivity coefficient in the partition. The second way is
related to the construction of the partition. The use of insulation materials inside the ceiling, in places
where there are free spaces, significantly reduces the intensity of heat flow. However, constructions
with complex geometries are then created.

The heat transfer coefficient can be determined by conducting tests (nondestructive, laboratory)
or by making calculations. Nondestructive testing methods are currently developing very
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dynamically [4–7] based on advanced mathematical models, including artificial intelligence [8,9]
and machine learning [10–12]. However, conducting such tests usually requires the use of specialized
equipment [13,14]. In the case of thermal insulation tests, nondestructive methods offer the possibility
of testing homogeneous materials in small areas [15,16]. In practice, therefore, laboratory tests are
performed more often. As in the case of nondestructive testing, they will allow testing of thermal
insulation of only small elements [17–20]. For ceilings with complex geometries, both nondestructive
testing in small areas and laboratory testing of small samples do not give good results [21–23].
Correct results are obtained only when conducting thermal insulation tests on a natural scale, which,
however, requires the construction of a full-size model, with walls, ceilings and window and door
woodwork [21,22]. A good alternative here is to perform calculations using simple or complex
calculation methods [21,23,24]. Recently, programs based on the finite element method (FEM) have
been used more and more often to determine the penetration coefficient [25–27].

The article compares the values of heat transfer coefficients of ceilings obtained from calculations
carried out in accordance with EN ISO 6946:2017 [28] and numerical models. Prefabricated prestressed
reinforced concrete, composite reinforced concrete, and ribbed reinforced concrete ceilings with
different types of fillings between reinforced concrete beams were analyzed. The analyzed ceilings
have complex cross-sections.

2. Analyzed Ceilings

The following ceiling systems were analyzed: a prefabricated prestressed Smart channel ceiling
and Teriva Panel, Teriva Base, Teriva Plus and Teriva Termo ribbed ceilings. The Smart ceiling is a
60 cm wide prestressed concrete slab with five 60 × 90 mm air ducts, and reinforcement in the form of
six ø 9.3 mm rods in the bottom part and two ø 6.85 mm rods in the top part. The section of the Smart
ceiling is shown in Figure 1. The lateral edges of the prefabricated element are shaped so that after
filling them with concrete, a permanent connection will occur, which will ensure proper cooperation
between the panels when transferring loads. The most important parameters of the ceiling in question
are summarized in Table 1.
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Figure 1. Cross-section of the prefabricated prestressed Smart ceiling. 1—prefabricated prestressed
slab, 2—stressing cables, 3—concrete laid on site.

Table 1. Basic parameters of the Smart ceiling.

Parameter Value

height 150 mm
width 600 mm

transferred loads depending on the span from 5.0 to 40.0 kN/m2

prefabricated concrete class C40/50
span up to 8.1 m

fire resistance REI 60
weight 250 kg/m2
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The Teriva Panel ceiling is a prestressed composite structure with reinforced concrete laid at the
construction site. The prefabricated prestressed part consists of a bottom plate 590 mm wide and two
ribs. The space between the ribs is filled with foam concrete with a density of 400 kg/m3, and a 4 cm
layer of composite concrete is poured into the whole structure at the construction site. The cross-section
through the Teriva Panel ceiling is shown in Figure 2, and its basic parameters are given in Table 2.
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Figure 2. Cross-section of the partially prefabricated prestressed composite Teriva Panel ceiling.
1–prefabricated prestressed slab, 2–stressing cables, 3–concrete laid on site, 4–foam concrete.

Table 2. Basic parameters of the Teriva Panel ceiling.

Parameter Value

height 160, 180, 200 mm
width 600 mm

transferred loads depending on the span from 2.0 to 34.4 kN/m2

prefabricated concrete class C40/50
span up to 7.4 m

fire resistance REI 30
weight 188 kg/m2

The Teriva Base ceiling system consists of prefabricated truss beams with a concrete foot,
three-chamber filling expanded clay, and concrete hollow bricks and concrete overlay laid at the
construction site. The cross-section of this ceiling is shown in Figure 3, and the basic parameters are
given in Table 3.
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Table 3. Basic parameters of the Teriva Base ceiling.

Parameter Value

height 240 mm
rib span 600 mm

transferred load depending on the span from 4.0 KN/m2

prefabricated concrete class C20/25
span up to 7.2 m

fire resistance REI 30
weight 238 kg/m2

The Teriva Plus system is similar to the Teriva Base ceiling, but their difference lies in the type of
filling. In the Teriva Plus case, the filling is expanded clay and concrete five-chamber hollow bricks
in the so-called upper shelf as shown in Figure 4, which remains uncovered after pouring concrete
into the ceiling. Thanks to this solution, the height of the complete ceiling is equal to the height of the
hollow brick itself. The basic parameters of the Teriva Plus ceiling are summarized in Table 4.
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Figure 4. Cross-section of the Teriva Plus thick-ribbed ceiling. 1—prefabricated truss beam, 2—filling
expanded clay and concrete hollow brick, 3—concrete laid at the construction site.

Table 4. Basic parameters of the Teriva Plus ceiling.

Parameter Value

height 240 mm
rib span 600 mm

transferred loads depending on the span from 4.0 kN/m2

prefabricated concrete class C20/25
span up to 7.2 m

fire resistance REI 30
weight 257 kg/m2

The Teriva Termo ceiling is characterized by the use of expanded clay and concrete 10-chamber
hollow bricks with shifted vertical walls, as shown in Figure 5. This solution eliminates the occurrence
of direct thermal bridges between the upper and lower surfaces of the hollow brick, which in turn
should improve the thermal properties of the ceiling. The basic parameters of the Teriva Termo ceiling
are summarized in Table 5.
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Table 5. Basic parameters of the Teriva Termo ceiling.

Parameter Value

height 240 mm
rib span 600 mm

transferred loads depending on the span from 4.0 kN/m2

prefabricated concrete class C20/25
span up to 7.2 m

fire resistance REI 30
weight 228 kg/m2

3. Traditional Calculations

The thermal insulation of the discussed ceiling systems was described by means of three parameters:
thermal resistance, heat transfer coefficient, and heat transfer resistance. RT thermal resistance is
defined as the quotient of the temperature difference and the heat flux density in a steady state, which in
the case of a flat homogeneous layer, equals the quotient of the thickness and the thermal conductivity
coefficient. The heat transfer coefficient U for a flat partition is defined as the heat flux in a steady state
divided by the surface area and by the difference in ambient (fluids) temperatures on both sides of the
partition. The heat transfer resistance RU of a flat partition is the sum of its thermal resistance and heat
transfer resistance. At the same time, this parameter is the inverse of the heat transfer coefficient.

First, the thermal conductivity resistance was determined. This parameter was calculated in
accordance with the principles given in the EN ISO 6946:2017 standard [28]. Since all considered
ceilings are partitions consisting of thermally heterogeneous layers, RT resistance was calculated from
the formula:

RT =
R′T + R′′T

2
, (1)

where R′T—upper limit of thermal resistance: R′′T —lower limit of thermal resistance.
This approach therefore requires the division of the partition in question into sections and layers,

the sections being parallel to the direction of the heat flow and the layers perpendicular. The division of
the ceiling into sections concerns the determination of the upper thermal resistance limit. This is done
in such a way that the separated sections consist of homogeneous layers. On this basis, the resistance
is calculated as a parallel connection of the resistance of individual sections assuming one-dimensional
heat flow perpendicular to the surface of the layers:

1
R′T

=
f1

R′T1
+

f1
R′T1

+ · · ·+
fn

R′Tn
, (2)
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where R′Ti—thermal resistance of individual sections (calculated as the sum of resistance of the
individual layers of a given section), fi —relative surface area of a given section (calculated as the
quotient of the surface area of a given section to the surface of the entire partition).

The division of the ceiling into layers is associated with the calculation of the lower limit of thermal
resistance. This resistance is calculated as a series connection of resistances of the individual layers:

R′′T = R′′T1 + R′′T2 + · · ·+ R′′Tn, (3)

where R′′Ti—the equivalent thermal resistance of each heterogeneous layer, calculated as the parallel
connection of the resistances of the elements (homogeneous sections) present in this layer. These
quantities are calculated according to the formula:

1
R′′Ti

=
f1

R′T1i
+

f1
R′T1i

+ · · ·+
fn

R′Tni
, (4)

The thermal resistance of a homogeneous ceiling element, with the exception of air layers, is
described as the relationship

RTi =
di
ki

, (5)

where: di—the dimension of the partition element in the direction of heat flow, ki—thermal conductivity
of the material of this element.

Most of the discussed ceilings contain free spaces filled with air in their structure. The thermal
resistance of these parts of the ceilings was determined by treating them as unventilated air layers.
The value of this parameter depending on the heat flow direction and layer thickness is selected from
the table data [22].

After determining thermal resistance, heat transfer resistance was calculated. RU resistance was
calculated as a series connection of the ceiling thermal resistance and heat transfer resistance:

RU = Rsi + RT + Rse, (6)

where: Rsi, Rso—resistance to heat transfer on the internal and external surfaces of the ceiling. The
values of these resistances, depending on the type of partition (external or internal) and the direction
of the heat flow, are presented in Table 6.

Table 6. Heat transfer resistance according to EN ISO 6946 [28] in m2K/W.

Type of Surface Heat Flow Direction

Upwards Downwards

internal 0.10 0.17
external 0.04 0.04

The last of the analyzed parameters, i.e., the heat transfer coefficient U, was calculated as the
inverse of the heat transfer resistance:

U =
1

RU
, (7)

The methodology for determining these thermal parameters is presented in detail in one of the
ceilings in publication [22].

Performing the relevant calculations, two directions of heat flow (downwards and upwards) were
considered for each ceiling system when treating them as internal partitions. The values of thermal
conductivity coefficients k adopted for individual materials occurring in the analyzed ceilings are
summarized in Table 7.
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Table 7. Calculation values of conductivity coefficients adopted for individual materials occurring in
the analyzed ceilings.

Material Coefficient k, W/(m·K)

concrete 1.70
concrete overlay 1.00

foam concrete 0.14
expanded clay concrete 0.90

steel reinforcement 58

In the case of the Teriva Panel system, calculations were made for three construction variants
differing in the thickness of the concrete overlay layer: Teriva Panel 160 (concrete overlay layer 40 mm),
Teriva Panel 180 (concrete overlay layer 60 mm) and Teriva Panel 200 (concrete overlay layer 80 mm).
The calculation results were compared in Tables 8 and 9. Table 8 presents the results obtained for
individual Teriva Panel ceiling variants, while Table 9 contains the results obtained for the Smart
system and three Teriva systems: Base, Plus and Termo.

Table 8. Values of thermal parameters of various Teriva Panel ceiling variants.

Parameter Unit Teriva Panel 160 Teriva Panel 180 Teriva Panel 200

resistance RT (m2
·K)/W 0.190 0.209 0.227

resistance RU flow upwards (m2
·K)/W 0.390 0.409 0.427

resistance RU flow downwards (m2
·K)/W 0.530 0.549 0.567

coefficient U flow upwards W/(m2
·K) 2.564 2.445 2.342

coefficient U flow downwards W/(m2
·K) 1.887 1.821 1.764

Table 9. Values of thermal parameters of the Smart and Teriva ceilings: Base, Plus and Termo.

Parameter Unit Smart Teriva Base Teriva Plus Teriva Termo

resistance RT (m2
·K)/W 0.119 0.280 0.370 0.534

resistance RU flow upwards (m2
·K)/W 0.319 0.480 0.570 0.734

resistance RU flow downwards (m2
·K)/W 0.459 0.620 0.710 0.874

coefficient U flow upwards W/(m2
·K) 3.205 2.083 1.754 1.362

coefficient U flow downwards W/(m2
·K) 2.179 1.613 1.408 1.144

Among the calculated parameters, the heat transfer resistance obtained for the heat flow
downwards should be considered the most important from a practical point of view. The comparison
of the values of this parameter shows that increasing the thickness of the concrete overlay from 40 mm
(Teriva Panel 160) to 60 mm (Teriva Panel 180) and 80 mm (Teriva Panel 200) increases the heat transfer
resistance of these systems by 3.6% and 7%, respectively.

The lowest value of penetration resistance is found in the Smart ceiling, for which this parameter
is 0.459 (m2

·K)/W. This result is caused by two factors. First of all, this ceiling has the lowest height
(only 15 cm), and as it results from Equation (5), the thermal resistance of the layer is greater the larger
its size. The second factor in this respect is the relatively high height of the air ducts, which contributes
to the intensification of heat exchange due to convection. In turn, the best insulating properties are
characterized by the Teriva Termo ceiling, for which the analyzed parameter is 0.874 (m2

·K)/W. This
result is due to the ceiling height, which in this case is 30 cm, and the relatively small size of the air
chambers within the hollow blocks. The latter factor significantly reduces air convection.

For a more detailed analysis of the results obtained, the percentage excess of heat transfer resistance
was determined in relation to the value obtained for the Smart ceiling. This parameter was calculated
according to the relationship:

δR =
Rx −R0

R0
·100% , (8)
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where Rx—heat transfer resistance of the analyzed ceiling, R0—heat transfer resistance of the
Smart ceiling.

The results of calculations of the parameter δR obtained for both directions of the heat flow are
summarized in Table 10. As can be seen, the higher value of the surplus occurs at the upward heat flow.
This result should be explained by the relatively large proportion of air convection in free spaces of the
Smart panel, which reduces its insulation. In the case of the downward heat flow, the phenomenon of
convection in the air chambers does not take place. In this situation, the resistance to heat transfer of
this ceiling is much higher.

Table 10. Excess percentage heat transfer resistance of individual ceiling systems in relation to the
Smart ceiling.

Type of Ceiling Flow Upwards Flow Downwards

% %

Teriva Panel 160 25 15
Teriva Panel 180 31 20
Teriva Panel 200 37 24

Teriva Base 3-chamber 54 35
Teriva Plus 79 46

Teriva Termo 10-chamber 131 90

For the downward flow of heat, the percentage surplus for individual ceilings is between 15%
(Teriva Panel 160) and 90% (Teriva Termo). This means that the Teriva Termo ceiling has almost twice
the thermal insulation compared to the Smart ceiling. For the upward flow, this parameter in turn
varies from 25% to 131%. Larger values in this case are caused by a greater effect of convection on the
thermal resistance of the Smart ceiling.

Building partitions, including ceilings, which are elements of the outer casing or elements
separating rooms with different microclimatic parameters, must meet specific requirements for thermal
insulation. The relevant regulation [12] is required to do so. According to this document, the values
of the heat transfer coefficient of walls, ceilings and roofs cannot be higher than the Umax value. For
residential, collective housing and public buildings, the requirements for ceilings are as follows:

• ceilings under unheated attics or over passages when the internal temperature of the rooms is
higher than 16 ◦C Umax = 0.25 W/(m2

·K),
• ceilings under unheated attics or over passages when the internal temperature of the rooms is less

than or equal to 16 ◦C Umax = 0.50 W/(m2
·K),

• ceilings over unheated basements and closed floor spaces Umax = 0.45 W/(m2
·K).

As can be see, all analyzed ceilings without an additional insulating layer do not meet the
requirements. For this reason, the thickness of the foamed polystyrene layer has to be added to obtain
the Umax coefficient values required for the first and third cases. In these calculations, 0.045 W/(m2

·K)
was adopted as the calculation value of the thermal conductivity coefficient for foamed polystyrene [11].
The obtained results are summarized in Tables 11 and 12. For Teriva Panel ceilings, the necessary
foam thicknesses are approximately: 150 mm—for Umax = 0.25 W/(m2

·K), and 75 mm—for Umax =

0.45 W/(m2
·K). For other systems, these thicknesses fall within the following ranges:

• Umax = 0.25 W/(m2
·K) − 134.4 ÷ 158.3 mm,

• Umax = 0.45 W/(m2
·K) − 57.9 ÷ 81.7 mm.
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Table 11. Thicknesses of the polystyrene layer necessary for the analyzed ceilings to obtain the required
U values.

U Flow Teriva Panel 160 Teriva Panel 180 Teriva Panel 200

0.25 W/(m2
·K)

upwards 155.2 mm 154.4 mm 153.6 mm
downwards 149.2 mm 148.4 mm 147.6 mm

0.45 W/(m2
·K)

upwards 78.7 mm 77.9 mm 77.1 mm
downwards 72.7 mm 71.9 mm 71.1 mm

Table 12. Thicknesses of the polystyrene layer necessary for the analyzed ceilings to obtain the required
U values.

U Coefficient Flow Smart Teriva Base Teriva Plus Teriva Termo

0.25 W/(m2
·K)

upwards 158.3 151.4 147.5 140.5
downwards 152.3 145.3 141.5 134.4

0.45 W/(m2
·K)

upwards 81.7 74.8 70.9 63.9
downwards 75.7 68.8 64.9 57.9

In this context, the influence of the heat flow direction is also interesting. For all systems, regardless
of the Umax value, the difference between the thickness of the foamed polystyrene between the upward
and downward heat flows does not exceed 6 mm. This shows that the direction of heat flow has
relatively little effect on the thermal insulation values of ceilings.

4. Numerical Analyzes

In order to determine the heat flux Q, numerical calculations were made in the PSI THERM
program based on the finite element method. The same assumptions were made as when calculating
in accordance with the guidelines of EN ISO 6946:2017 [28]. The upward flow and the downward
flow were modelled. The presence of reinforcement, air voids and materials of different densities and
different heat transfer coefficients were taken into account. The heat transfer coefficient in air voids
was selected based on the air void database available in the computer program. The value of the heat
transfer coefficient of the void is selected depending on its thickness (in the program, the thickness is
graded every 5 mm–a range of values for voids with a thickness of 5 mm to 300 mm), depending on
the direction of heat flow (horizontally, upwards, downwards) and the type of void (nonventilated or
poorly ventilated). Therefore, alternative resistance was used. Ceiling models were divided into finite
elements with the dimension of the side equal to 20 mm.

The obtained results are shown in Figures 6–12. On the basis of heat flux Q of the obtained
numerical models, the heat transfer coefficient U, thermal resistance RT, and thermal resistance of
the ceiling RU were calculated. The results of these calculations are summarized in Tables 13 and 14.
Table 13 presents the results obtained for individual variants of the Teriva Panel ceiling, whereas
Table 14 contains the results obtained for the Smart system and three Teriva systems: Base, Plus
and Termo.
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Table 13. Values of thermal parameters of various Teriva Panel ceiling variants.

Parameter Unit Teriva Panel 160 Teriva Panel 180 Teriva Panel 200

RT flow upwards (m2
·K)/W 0.199 0.220 0.241

RT flow downwards (m2
·K)/W 0.213 0.222 0.241

RU flow upwards (m2
·K)/W 0.339 0.360 0.381

RU flow downwards (m2
·K)/W 0.413 0.432 0.451

U flow upwards W/(m2
·K) 2.947 2.775 2.623

U flow downwards W/(m2
·K) 2.420 2.317 2.219
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Table 14. Values of thermal parameters of Smart and Teriva ceilings: Base, Plus and Termo.

Parameter Unit Smart Teriva Base Teriva Plus Teriva Termo

RT flow upwards (m2
·K)/W 0.119 0.263 0.326 0.326

RT flow downwards (m2
·K)/W 0.119 0.263 0.325 0.325

RU flow upwards (m2
·K)/W 0.259 0.403 0.466 0.561

RU flow downwards (m2
·K)/W 0.329 0.473 0.535 0.630

U flow upwards W/(m2
·K) 3.859 2.480 2.146 1.783

U flow downwards W/(m2
·K) 3.038 2.114 1.868 1.588

Comparing the results of numerical calculations with the calculations carried out in accordance
with EN ISO 6946:2017 [28], it can be stated that the heat transfer coefficients obtained on the basis
of numerical calculations are higher than those obtained on the basis of standard calculations. The
smallest difference of almost 12% was obtained for the Teriva Panel ceiling with a height of 200 mm.
The biggest difference between the results of the calculations occurred in the case of the Smart ceiling,
where the numerical simulations showed a U factor 39% higher than in the calculations carried out
in accordance with EN ISO 6946:2017 [28]. The percentage differences between the values of the
heat transfer coefficient U, calculated in accordance with the standard and obtained from numerical
analyses, are given in Table 15.

Table 15. Percentage differences between the results of calculations carried out in accordance with EN
ISO 6946:2017 [28], and numerical calculations.

Ceiling Teriva
Panel 160

Teriva
Panel 180

Teriva
Panel 200 Smart Teriva Base Teriva Plus Teriva Termo

Flow
upwards 14.9 13.5 12.0 20.4 19.1 22.3 30.9

Flow
downwards 28.2 27.2 25.8 39.4 31.1 32.7 38.8

Numerical calculations have always resulted in higher U values. Greater differences in the results
of standard and numerical calculations were observed at downward flow than at upward flow. This is
due to different heat transfer resistance values used in traditional and numerical calculations.

When calculating the thermal characteristics of building partitions, the EN ISO 6946:2017 standard
is most often used [28]. The heat exchange through ceilings takes place by conduction, convection and
radiation. In the case of air-filled spaces in the ceiling, the mathematical description of free convection
in free spaces consists in providing a system of equations that includes the equation of continuity,
the momentum equation, and the energy conservation equation with boundary conditions. If the
spaces have a regular shape, it is possible to replace the complicated description of the phenomenon
by assuming that the heat transport in the cavity is one-dimensional heat conduction with a modified
air conductivity coefficient. The intensity of air circulation as a result of convection depends on the
geometries of the free space (its height and width) and the difference in temperature of the surrounding
walls. This phenomenon can be characterized by an equivalent thermal conductivity coefficient, which
was adopted for calculations on the basis of nomograms given in the paper [22].

For the numerical calculations of the airspace, the actual geometries of the voids were given. The
thermal conductivity coefficient was selected from the program’s material database. A different way
of taking convection into account in the ceiling spaces that are filled with air indicated the expected
possibility of obtaining various results of numerical simulations and normative calculations with the
additional taking account of the equivalent air heat conductivity coefficient. In the case of Teriva Panel
ceilings, where there are no air voids, the differences at upward flow of 12%–14.9% are not too great.
With a downward flow, the differences are 25.8%–28.2%. For cases of ceilings with air hollow blocks,
the results obtained from the numerical calculations differ significantly from the results. With an
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upward flow, the differences are 19.1%–30.9%, and 31.1%–39.4% with a downward flow. As mentioned
above, these differences result from the geometries of the airspace in which convective heat exchange
occurs, and from how convection phenomena are taken into account in the calculations.

5. Conclusions

The calculations carried out showed that the finite element method (FEM) can be used to determine
the heat transfer coefficient of reinforced concrete ceilings. The differences between the calculations
carried out in accordance with EN ISO 6946:2017 [28] are 12%–39%. It should be emphasized that in
traditional calculations it is necessary to use simplifications, which especially in the case of complex
geometries of ceiling cross-sections, affects the results of calculations. The way of taking into account air
voids in both calculation methods has the greatest impact on the calculation results. In the traditional
method, an equivalent thermal conductivity coefficient was used, while in the numerical analysis, the
coefficient was selected from the program’s material database based on the geometries of the voids.
Therefore, it should be concluded that numerical methods give more accurate results.
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