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ARTICLE INFO ABSTRACT
Keywords: One of the most important parameters when it comes to heat losses in buildings is the thermal
Lightweight steel structures transmittance or U-value. Therefore, great importance should be given to the determination of U-
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Numerical simulations
U-values

Heatflow method

values, especially for elements where there is a high thermal bridge effect, as is the case with
lightweight steel frame (LSF) structures. Since LSF structures are usually geometrically more
complex, especially when diagonal elements are present, the determination of the overall U-value
of these elements is usually done either on scale models in the laboratory or by numerical
methods. This paper compares different methods for determining the total U-value for four
different polyurethane foam-filled LFS walls and a reference wall made of EPS. Analytical (ISO
6946), experimental (Guarded Hot Box Method and HFM) and numerical 2D and 3D calculations
were used to determine the U-value. The aim of the comparison was to verify which methods can
be used for more complex geometries of LSF walls when there is a stronger influence of point
thermal bridges due to the additional diagonal bracing. All methods showed similar U-values with
the highest absolute deviation of 17.18% between the HFM and the 3D numerical calculations.
The analytical method for inhomogeneous building elements given in ISO 6946 agrees well with
all methods with the maximum absolute deviation of 8.83% between the analytical and HFM
method. The work showed the importance of the placement of the HFM sensor for the determi-
nation of the surface heat flux, as incorrect placement of the sensor can result in inadequate U-
values that deviate up to 167% from the true value.

1. Introduction

Recently, the focus has largely been on sustainability, reducing CO, emissions, and improving energy efficiency. Approximately
40% of the total energy consumption and 36% of CO2 emissions can be attributed to the building sector [1]. The European Union has a
large number of buildings that are over 50 years old, and unfortunately, many of these buildings are not energy efficient. [2]. To reduce
these statistics, the European Union has issued a directive stating that starting from 2019, all public buildings must meet near-zero
energy building (nZEB) standards, and from 2021 onwards, all new buildings must be constructed as nZEBs [3].

In order to align EU policies with the climate goals established by the Council and the European Parliament, the Fit for 55 package
was introduced [4]. This comprehensive plan includes various measures aimed at reducing CO2eq emissions from buildings by 2030
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compared to 2005. The proposed actions involve improving energy performance of new and renovating existing buildings to enhance
their energy performance. These initiatives are in line with the European Commission’s long-term plan to create a low-carbon Europe
by 2050 [5,6].

The European Parliament has endorsed draft measures to accelerate the rate of building renovations and minimize energy con-
sumption and CO2eq emissions from buildings. These targets have been legally enshrined in the European Climate Law, making them
binding obligations under European legislation [7]. According to the approved measures, all new buildings will need to be
zero-emission buildings (ZEBs) by 2028. According to the approved measures, by 2028, all newly built buildings must be zero-emission
buildings (ZEBs). Additionally, new buildings owned or used by public authorities should meet this requirement by 2026 [8], sur-
passing the standards set by nZEBs.

In the construction industry, lightweight steel frame (LSF) structures have continued to gain momentum in recent years. The
advantages of LSF structures over traditional concrete and masonry structures include reduced weight, faster construction time, high
potential for recycling and reuse, and lower greenhouse gas emissions over the building lifetime [9-14].

One of the major drawbacks of LSF elements is the increased risk of thermal bridging due to the use of thermally conductive
materials such as steel [15-19]. For this reason, an emphasis should be placed on the analysis of thermal bridging and water vapor
diffusion. Due to the more pronounced effect of thermal bridges, LSF elements require more thermal insulation to achieve minimal
requirements set by the different standards in terms of U-values.

Another issue with LSF elements is quality control after the building is completed. Some quality control methods mostly used in
practice are infrared thermography (IRT) [20,21] and the heat flow meter method (HFM). These methods can be used to determine
surface temperatures and heat flows on site to verify the extent of thermal bridges and calculate the actual energy consumption.

One of the most important parameters in building energy consumption assessment is the thermal transmittance or U-value of each
building component. The main method for determining the U-value is described in the ISO 6946 standard [22]. This standard contains
methods for calculating the U-value of both homogeneous and inhomogeneous building elements, i.e., building elements with
embedded load-bearing structure such as LSF elements.

Other methods for determining U-values include experimental and numerical methods. Experimental methods such as the pro-
tected heater box method according to the ISO 8990 standard [23] can be used in the laboratory to determine the steady-state U-value
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Fig. 1. Examined wall segments, (a) Hotbox sample, (b) EPS reference sample (RS-EPS), (c) With diagonal stiffeners, (d) Without diago-
nal stiffeners.
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of the entire building element [24], while other methods such as the heat flux meter (HFM) method [25] according to the ISO 9869-1
standard and the infrared thermography (IRT) method [26] according to the ISO 9869-2 standard can be used in the field to verify the
performance of the installed building elements [20,27-30]. Numerical methods as defined in the ISO 10211 standard [31] can be two-
or three-dimensional, but require the use of specially designed thermal bridge numerical analysis software, such as AnTherm [32],
Flixo [33], CRORAL [34], Therm [35], or other numerical thermal analysis software that passes the ISO 10211 and ISO 10077-2
reference tests [31]. Numerical methods are among the most accurate methods for determining the thermal bridge effect [13,17,24,27,
28,36-39], but due to the sometimes complex geometries of structural elements, especially in the case of windows and LSF walls, and
the need for higher computational power, their application is not very common in practice.

Since the presence of steel columns in LSF elements causes a higher heat transfer rate and more profound structural thermal
bridges, it is a general rule that higher dimensional heat transfer calculations are required [19,40,41]. The objective of this work is to
compare different methods for calculating the total U-value of the element — experimental, numerical, and analytical methods — and to
see which of these methods can be used for calculating the U-value in the case of LSF elements.

Another objective of this work is to highlight the effect of the lightweight steel structure on the surface heat flux, especially for the
HFM method since the location where the heat flow meter sensor is placed has a great influence on the measured U-value.

2. Wall samples description

Four different wall segments (Fig. 1a) and one EPS reference sample (Fig. 1b) were tested (Table 1). The wall samples consisted of a
steel structure filled with polyurethane foam and a double and triple cladding of fire protection panels. An EPS reference sample with
known thermal conductivity was tested to validate the test results. Fig. 2.

The load- bearing structure of the tested wall segments consists of steel C-sections with and without diagonal stiffeners (Fig. 1c and
d). Two different wall thickness were examined because the examined samples were optimized for better sound insulation with
additional fireboard panels on both sides of the sample. The thickness of the wall segments is 185 and 210 mm respectively, and the
thickness of the reference sample is 185 mm. The overall external dimensions of all samples were 1130 x 2000 mm (width x height)
(Table 2).

3. Experimental setup
3.1. Hotbox method

All samples described in Section 2 were tested in the hotbox chamber according to the ISO 8990 standard. The setup consists of one
hot and one cold climatic chamber and a movable steel frame used for the installment of the test samples (Fig. 3a and b). A total of 18
thermocouples were attached to each sample to measure the surface temperature (9 on the cold side and 9 on the hot side) (Fig. 3c). Six
additional thermocouples were used to measure air temperature, three on each side of the chamber, and six thermocouples were used
to measure the surface temperature of the chamber screen parallel to the tested surfaces. All data acquisition was done with an
automated system centrally controlled by software.

The adiabatic boundary condition about the perimeter of the sample was approximated by EPS with the same thickness as the
samples and known thermal conductivity.

Thermocouples were placed on the surface of the tested samples near the steel studs to capture the effects of three-dimensional heat
flow, and further away from the steel studs where the heat flow can be assumed as one-dimensional.

After installing the sample and test equipment, the environment on both sides of the sample is heated/cooled to reach 20 °C on the
hot side and 0 °C on the cold side. The sample is held at these temperatures for 36 h. Air temperatures, surface temperatures, relative
humidity and air velocities were measured during the measurement period. The hot side of the chamber is heated with a heating coil
and fan that blows hot air over the tested surface. The cold side of the chamber is cooled with a split system air conditioners.

3.2. Heatflow method

The heat flow method (HFM) is used for in-situ determination of U-value by simultaneous measurement of heat flow with a
flowmeter and indoor and outdoor temperature with a pair of thermocouples (Fig. 4) according to the ISO 9869 standard. Generally,
the heat flux is averaged over a long-enough period of time to compensate for the daily variations in air temperature and heat flux over
the area under the examined surface. If the heat flux and temperatures are semi-stationary during the measurement, the measurement

Table 1

Sample name and description.
Sample name Sample description
W1-DS d = 185 mm, with diagonal stiffeners and with two fireboards on both sides.
w1 d = 185 mm, without diagonal stiffeners and with two fireboards on both sides.
W2-DS d = 210 mm, with diagonal stiffeners and with three fireboards on both sides.
w2 d = 210 mm, without diagonal stiffeners and with three fireboards on both sides.
RS-EPS d = 185 mm, EPS with known thermal conductivity.
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Fig. 2. Cross-sections, (a) W1-DS and W1, (b) W2-DS and W2.
Table 2
Thermal characteristics and thickness of the used materials.
Material Thermal conductivity Thickness
[W/ (m K)] [mm]
Polyurethane foam 0.036 135
Fireboard 0.38 12.5
Steel 50.0 89
EPS 0.0326 + 0.0010 185
.
X X % &
x x x + &
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P
188 377 377 188
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Fig. 3. Hotbox apparatus, (a) hot and cold chamber, (b) hotbox sample, (c) thermocouples position.

time can be shortened, as is the case in this research. The equipment used in this work is the TRSYSO01 heat flux measurement system
from Hukseflux, whose specifications (Table 3) meet all the requirements of the ISO 9869 standard.

The heat flow sensors were positioned on the surface of the warmer side of the samples, whereas the thermocouples measuring the
internal and external air temperature were placed on both sides of the samples (two on the warmer side and two on the colder side).

Fig. 5 shows the placement of the heat flow meter sensors for wall without diagonal stiffeners and the overlap with the load bearing
structure. The exact location of the heat flux sensors for each sample is shown in Fig. 6.

Measurement aimed to determine the maximum heat flux at the junction of 6 steel studs and the minimum heat flux at the point
where there are no studs but only a cross-section with polyurethane foam.

Heat flux and temperatures were measured over a 36-hour period, from which the average values of the heat flux and air tem-
peratures were calculated. The average method of the ISO 9869 standard was used for the analysis. According to the average method,
the U-value is calculated as follows:
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Fig. 4. Heatflow meter apparatus, (a) TRSYSO1 system, (b) heat flux sensor.
Table 3
Heatflow system specifications.
Measurement range -2000 to + 2000 W/m?
Sensitivity 60.77/61.68 pV/(W/m?)
Sensor thermal resistance 71 x 104 K/(W/m?)
Sensor thickness 5.4 mm
Uncertainty of calibration +3% (k=2)
Rated operating temperature range -30to +70°C
Acceptance interval temperature difference measurement +0.1°C
!ﬁx
:
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Fig. 5. Installation of the heatflow meter apparatus, (a) hot side, (b) cold side.
n
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i=
In the equation (1), q; represents the heat flux density in W/m?, Tine and Tex represent the internal and external air temperature in
°C, respectively, and n indicates the total number of measurement points utilized to compute the average values.

4. Numerical simulations

4.1. Boundary conditions

Surface resistances were calculated according to ISO 8890 standard for each tested sample (Table 4). Different values of surface
resistances for each sample are the result of different air velocities on both sides of the samples.
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Fig. 6. Heat flux sensor location, (a) W1-DS, (b) W1, (c) W2-DS, (d) W2, (e) RS-EPS.

4.2. 3D numerical simulation

The three-dimensional thermal calculations were performed in AnTherm, a software specialized in the calculation of heat loss in
building physics. Geometric models consist of the steel structure filled with polyurethane foam and all one-dimensional layers
(fireboard and polyurethane foam), as shown in Fig. 7. The geometric models did not take into account the spacer between the steel
structure and the fireboard plate, or the holes in the steel structure that serve to homogenize the polyurethane foam across the sample
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Table 4
Surface resistances.
Sample name Internal heat transfer coefficient Rg; External heat transfer coefficient Rge
(m? K)/W (m? K)/W
W1-DS 0.07 0.04
w1 0.05 0.06
W2-DS 0.11 0.05
w2 0.11 0.05
EPS reference sample 0.08 0.04

Boundary condition temperature used for the calculation were 20 °C on the hot side and 0 °C on the cold side.

volume.

AnTherm uses the control volume method (CVM) to calculate the unknown temperatures in the numerical grid. The temperatures
are calculated for the center of each finite volume. Two different grid sizes were used for the calculation, one for the Samples 1-4 and
one for submodels. Different grid sizes were used to show the accuracy of the numerical analysis for coarse and fine mesh. For Samples
1-4 the grid size was 25-50 mm with 25 mm step growth and for submodels the mesh size was 6-50 mm with 6 mm step growth.
Another reason for coarse mesh size for Samples 1-4 is due to the limitation of software of 300000 cells for system of equations. Since
the numerical calculations are done for a steady state heat transfer they can be done in matter of minutes on a personal computer that
meets software requirements. The bigger problem is the limitation of the software to 300000 cells which leads to limitations in the
mesh size.

To validate the results of the 3D calculation four different submodels were made for the samples with diagonal stiffeners (W1-DS
and W2-DS) to validate coarse mesh used for the whole 3D model (Fig. 8).

The most important parameter of the 3D numerical calculation is the thermal coupling coefficient Lgp in W/K. In this case, Lgp is
calculated as the total heat flux transferred through the cross-section dividing the two environments. If L3 is known, then the U-value
is calculated as:

Lip
U=— 2
A @

Where A is the area of the sample in m?.

4.3. 2D numerical simulation

Because of complexity of 3D calculations in term of geometry and tools needed for the numerical calculation [19,40], another
approach to calculating total heat flux without a 3D numerical calculation is to assume that total heat flux is the sum of 1D heat flux, 2D
heat flux (linear thermal bridges), and in general case, 3D heat flux (point thermal bridges):

Qroat = Q1p + Qap + Q3p 3

Op =UpeA

a) b) ¢)

Fig. 7. Geometrical models, (a) Steel structure, (b) With diagonal stiffeners, (c) without diagonal stiffeners.
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Fig. 8. Submodels, (a) W1-DS (junction), (b) W1-DS (stiffener), (c) W2-DS (junction), (d) W2-DS (stiffener).

N
O = ZII/,' oL
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d)

Fig. 9. Geometrical models for 2D numerical calculations, (a) W1-DS and W1 (TM1), (b) W1-DS and W1 (TM2), (c) W2-DS and W2 (TM1), (d) W2-
DS and W2 (TM2).
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N
Qsp = Z)(i
=1

Where Usp is the 1D thermal transmittance of the whole sample in W/ (m2 K), A is the surface area of the sample in mz, y is the linear
thermal transmittance in W/(m K), L is the thermal bridge length for which the y-value applies in m and y is the point thermal
transmittance in W/K.

Numerical calculations for 2D heat transfer were performed using CRORAL software. This software uses the same method as
AnTherm to calculate the unknown temperatures (Control Volume Method).

y-value is calculated as the difference between the 2D heat flux (or Lyp) and 1D heat flux as follows:

M
y=Lp— Y Usel )

=1

If the influence of 3D thermal bridges is ignored in the calculation, then the U-value is calculated as:

N
UpeA+> y,eL;

Usample = + (5)

The aim of this calculation is to test how ignoring the effect of point thermal bridges on the U-value compares to 3D numerical
calculations and experimental methods.

A two-dimensional calculation is performed for all thermal bridges that affect the U-value. All 2D thermal bridges for all 4 samples
can be reduced to 4 geometric models (Fig. 9 and Fig. 10), but since all 4 samples have different surface resistances, these results in 8
different numerical calculations.

y-value is calculated using external dimensions by procedure given in ISO 10211.

5. U-value calculation using analytical approach

The method most commonly used in practice to calculate the design U-value of LSF walls is the method described in the ISO 6946
standard for structural members with non-uniform layers. This method is based on a simplified procedure for calculating the thermal
resistance of inhomogeneous building components. The method is applicable when the ratio between the upper and the lower limit of
thermal resistance is less than 3/2. The total thermal resistance of a wall component is calculated as:

™1 TM1
| =l = N = -~
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Fig. 10. 2D thermal bridges schemes and lengths, (a) W1-DS and W2-DS, (b) W1 and W2.
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_ Rmt,upper + Rtot,lnwer
tot — f

1
Uiy = 5— (6)
Rios

Where Ry is the total thermal resistance in (m? K)/W, Riotupper and Reor jower are the upper and lower limits of the total thermal

resistance and U, is the total U-value in W/(m? K).

5.1. Upper limit calculation

The upper limit is calculated by assuming the 1D heat flow through the surface of the component (Fig. 11):

1 a o
S S
Rtot,upper Rtot,a Rmt,b Rtot.u

@

In the Eq. (7), Reta> Reotp and Ry, represent the overall thermal resistances from one environment to another for each 1D segment,
while f,, f, and f, denote the respective fractional areas of each segment.

Upper U-value limit is calculated for W1-DS using Eq. 2 (Table 5) where L; are the dimensions shown in Fig. 12 for each part of the
cross section.

5.2. Lower limit calculation

The minimum threshold is computed by assuming that all layers within the component are uniform in temperature. However, when
accounting for individual non-uniform layers to establish the equivalent thermal resistance for each of them, the thermal resistance is
calculated as follows:

L fa | Jo fo

—=i
R Ria R R;o

(8)

Where R; is the equivalent thermal resistance of the inhomogeneous layer “j” and R; 4, R;; and R;4 are the thermal resistances of each
part of the inhomogeneous layer denoting to fractional surfaces f, to f, (Fig. 12).
When all the equivalent thermal resistances of the component are known the lower limit is calculated as:

Rmt,lower = Rsi +Ra + Rb +... +Ro +R:e (9)

Lower U-value limit is calculated for W1-DS using Eq. 2 (Table 6) where L; are the dimensions shown in Fig. 13 for each part of the
cross section. Surface resistances are taken from Table 4.

5.3. Total analytical U-value

By using the same procedure for the calculation of upper and lower U-value limit for all LSF samples, analytical U-values for all four
samples are calculated as the mean value between the upper and lower value (Table 7).

6. Results
6.1. Thermal transmittance (U-values)

6.1.1. Hotbox results
Results of the hotbox testing are measured heat fluxes and interior and exterior temperatures as shown in Table 8.

0.95 0.95 0.95 0.95 0.95 0.95

Fig. 11. Example of dimensions and 1D U-values used for the calculation of the upper limit (W1-DS).

10
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Table 5
Upper U-value limit for analytical approach (W1-DS).
Cross section U R L f f/R
W/ (m? K) (m? K)/W mm - (m?* K)/W

a 0.657 1.522 0.950 0.001 0.001
b 0.254 3.937 40.100 0.035 0.009
c 0.296 3.378 0.950 0.001 0.000
d 0.251 3.984 502.000 0.444 0.112
e 0.657 1.522 0.950 0.001 0.001
f 0.254 3.937 40.100 0.035 0.009
g 0.296 3.378 0.950 0.001 0.000
h 0.251 3.984 230.000 0.204 0.051
i 0.657 1.522 0.950 0.001 0.001
j 0.254 3.937 40.100 0.035 0.009
k 0.296 3.378 0.950 0.001 0.000
1 0.251 3.984 230.000 0.204 0.051
m 0.296 3.378 0.950 0.001 0.000
n 0.254 3.937 40.100 0.035 0.009
o 0.657 1.522 0.950 0.001 0.001
1/Ruotupper = 0.253 W/(m?* K)

0.95 0.95 0.95 0.95 0.95 0.95

WOJF 502 xﬁo.ﬂ/i 502 \30.1F
1 1 1

Fig. 12. Example of inhomogeneous layer dimensions and 1D U-values for the calculation of equivalent thermal resistance.

Table 6

Lower U-value limit for analytical approach (W1-DS).
Cross section L f R=d/x f/R

mm - (m® K)/W (m® K)/W

a 0.950 0.001 0.002 0.472
b 40.100 0.035 2.419 0.015
c 0.950 0.001 1.864 0.000
d 502.000 0.444 2.472 0.180
e 0.950 0.001 0.002 0.472
f 40.100 0.035 2.419 0.015
g 0.950 0.001 1.864 0.000
h 230.000 0.204 2.472 0.082
i 0.950 0.001 0.002 0.472
j 40.100 0.035 2.419 0.015
k 0.950 0.001 1.864 0.000
1 230.000 0.204 2.472 0.082
m 0.950 0.001 1.864 0.000
n 40.100 0.035 2.419 0.015
o 0.950 0.001 0.002 0.472

1/ (Riottower +Rsi +Rse) = 0.511 W/(m” K)

6.1.2. HFM results

Table 9 shows the results of the HFM measurements. These results show the minimum and maximum heat fluxes and the average
values of internal and external air temperatures, from which the minimum, maximum and average U-values are calculated using the
average method as described in Section 3.2. Results of the measurement are shown in Fig. 13 together with the average U-values
calculated for two different location (HFM1 and HFM2).

6.1.3. 3D numerical calculation

3D numerical calculation results are shown in Table 10 and Table 11, while Table 12 shows the difference between the L3p thermal
conductivity coefficient calculated for a coarse and a fine mesh. The maximum difference of 2.10% shows that the coarse mesh size is a
good approximation for samples 1 and 3, which have diagonal stiffeners and are numerically more complex, i.e., a fine mesh would

11
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Fig. 13. HFM measurement results (red dashed line is the beginning of average method), (a) W1-DS, (b) W1, (c) W2-DS, (d) W2, (e) RS-EPS.

result in a large system of equations that cannot be solved by AnTherm’s solver.

For mesh sizes smaller than 5 mm, it becomes necessary to address the issue of point thermal bridges, a challenge encountered in
the computational process. It should be emphasized that when using such fine mesh sizes, AnTherm’s solver encounters difficulties in
providing accurate results. Therefore, for the purpose of the numerical calculation in this research, these limitations have been taken
into account and a coarse mesh was chosen for all numerical models for Samples 1-4 and more fine mesh was chosen for submodel
numerical calculations.

The heat flux densities shown in Table 11 are calculated for the same location as the HFM method (Fig. 5), where q; corresponds to
HFM1 and q3 to HFM2 when stationary boundary conditions are achieved. The overall distribution of heat flux densities on the inner
surfaces are shown in Fig. 14. A horizontal cross-section through the undisturbed section and the junction is shown in Fig. 15.

6.1.4. 2D numerical calculation

Results of the 2D numerical calculation are shown in Table 13 and Fig. 16. U-values are calculated by the procedure described in
Section 4.3.

6.1.5. Verification of heatbox and HFM measurement

As mentioned in Section 2, an EPS reference wall sample was tested to validate the hotbox and HFM results. The wall sample
consists of 185 mm thick EPS insulation with a known thermal conductivity of 0.0326 + 0.0010 W/(m K) and a U-value of 0.171
+ 0.005 W/(m?K) calculated according to EN ISO 6946 for vertical walls. The U-values calculated by the hotbox and HFM methods are
0.173 and 0.181, respectively, which is less than 5% difference. Since the deviation of the design U-value (0.171) is about 3.2%, it is
concluded that both the heatbox and HFM results outperform the reference measurement.
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Fig. 13. (continued).

6.1.6. Comparison of results and discussion

Fig. 17 through Fig. 20 show the comparison of results for all four different wall samples. Fig. 17 shows calculated U-values for all
calculation methods, while Fig. 18 shows the difference between the calculated U-values compared to all calculation methods,
respectively. Fig. 18 and Fig. 19 show the total and relative difference of the calculated heat flux densities.

Minimal and maximal differences between the calculated U-values are shown in Table 14. The maximum absolute difference for all
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Table 7
Total U-value for analytical approach.
Utm,lower Um(,upper Ulot
W/(m? K)
0.511 0.253 0.382
0.484 0.252 0.368
0.483 0.245 0.364
0.458 0.244 0.351
Table 8
Hotbox results.
Quantity Unit W1-DS w1 W2-DS w2 RS-EPS
qus [W/m?] 7.810 7.660 7.180 7.660 3.430
Tint [°C] 20.260 20.32 20.210 20.210 20.00
Text [°C] 0.500 0.510 0.490 0.510 0.410
U-value [W/(m? K)] 0.395 0.387 0.364 0.364 0.173
Table 9
HFM results.
Quantity Unit W1-DS w1 W2-DS w2 RS-EPS
foT— [W/m?] 3.883 3.887 4.815 4.052 3.677
qQurM2 [W/m?] 10.221 9.542 9.144 10.839 3.518
Tint [°C] 19.734 19.817 19.618 19.814 20.104
Text [°C] 0.298 0.290 0.310 0.304 0.236
Umin [W/(rn2 K] 0.200 0.199 0.249 0.208 0.185
Unmax [W/(m? K)] 0.526 0.489 0.474 0.556 0.177
Uavg [W/(m? K)] 0.363 0.344 0.361 0.382 0.181

Table 10

Results of the 3D numerical calculation.
Quantity Unit W1-DS W1 W2-DS W2
Lsp [W/K] 0.846830 0.768692 0.809656 0.737786
A [m?] 2.2600 2.2600 2.2600 2.2600
U-value [W/(m? K)] 0.375 0.340 0.358 0.326

samples is 17.18% between the HFM and the 3D numerical calculation.

If hotbox and 3D numerical calculation results are compared, the maximum absolute difference is 13.82%. The maximum absolute
difference between the calculated U-values is 6.15% between the 2D and the 3D numerical calculation.

Fig. 20 shows the comparison of heat flux between HFM and 3D numerical calculations for two locations shown in Fig. 5:

dgy — (511,30 - ql,HFM) 10)

q1,HFM

dg> = (tiz,m - l]z,HFM)
q2HFM

The maximum difference between the heat flux at the location without steel studs (qgpy) is 30.9%, while the difference between
the heat flux at the junction of steel studs (qappm) is 17.6%. If the HFM method is to be used to validate the design U-value of
lightweight steel frame walls, the location for placing the HFM sensor is critical, as the difference between the heat fluxes q;ypy and
QonrMm ranges from 90% to 167%. If the device is installed in a location where there is a steel stud, the result may be misleading. The
measurement should only be performed if the stud placement scheme is known, and at least two heat flow meters should be used. One
over the location without steel studs and one over the location with the maximum heat flux. In this work, the location with maximum
heat flux is above the intersection of seven steel studs. The average of these two values is a good approximation of the final U-value, as
shown in this research.

Fig. 21 shows the comparison of the analytically calculated U-value with the method described in the standard ISO 6946 (Section 5)
and all other methods used in this research. The analytical U-value agrees well with the values determined both experimentally and
numerically. The maximum absolute difference between the analytical U-value and all other methods is 8.83% for the HFM method.

Another aspect of this research was to show how numerical methods can be used to find the best location for placing the HFM

14
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Table 11

Heat flux densities results of the 3D numerical calculation.
Quantity Unit W1-DS w1 W2-DS w2
qQ1 [W/m?] 5.230 4.970 4.880 4.930
qa [W/m?] 11.540 10.710 10.990 9.160

Table 12

Submodel results of the 3D numerical calculation.
Quantity Unit Submodel 1 Submodel 2 Submodel 3 Submodel 4
Lap,rm [W/K] 0.281104 0.301362 0.273857 0.292941
Lap,cm [W/K] 0.275207 0.295757 0.268214 0.288084
ALzp [%] 2.10 1.86 2.10 1.66

c)

Heat flux W/m2
120
10.8

Heat flux W/m2

d)

Fig. 14. Calculated surface heat flux density, (a) W1-DS, (b) W1, (c) W2-DS, (d) W2.
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Fig. 15. Heat flux density profiles, (a) W1-DS (junction), (b) W1-DS (undisturbed heat flux), (¢) W1 (junction), (d) W1 (undisturbed heat flux), (e)
W2-DS (junction), (f) W2-DS (undisturbed heat flux), (g) W2 (junction), (h) W2 (undisturbed heat flux).

Table 13

Results of the 3D numerical calculation.
Quantity Unit W1-DS w1 W2-DS w2
Y1 [W/(m K)] 0.020 0.020 0.019 0.019
> Lrv [m] 6.260 6.260 6.260 6.260
Yrma [W/(m K)] 0.025 0.025 0.025 0.025
> Lrm2 [m] 7.660 4.260 7.660 4.260
Uip [W/(m? K)] 0.251 0.251 0.243 0.243
A [mz] 2.260 2.2600 2.260 2.260
U-value [W/(m? K)] 0.391 0.354 0.380 0.343

Temperature (°C)
00 5.0 100 15.0 200

Temperature (°C)

0.0 50 10.0 15.0 20.0
| U —
b)

Fig. 16. Results of the 2D numerical calculation for W1-DS, (a) W1-DS (TM1), (b) W1-DS (TM2).

sensor. If one wants to accurately measure the U-value in situ then at least two heatflowmeter sensors should be used. One sensor
should be placed at the location where the maximum heat flux is expected to occur. This location can be found either by examining the
schematics of the installed steel framing or, if schematics are not known, by using nondestructive techniques such as infrared

o o
8 &
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| 3D
2D
HOT BOX
HFM
| 3D
2D
HOT BOX
HFM
3D
2D
HOT BOX
HFM
2D

| 3D

U-values [W/(m2K)]
o
N
wv

W1-DS (D = 185 MM, W1 (D= 185MM, W2-DS (D =210 MM, W2 (D =210 MM,
WITH DIAGONALS) WITHOUT DIAGONALS) WITH DIAGONALS) WITHOUT DIAGONALS)

Fig. 17. Calculated U-values for all methods.
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Fig. 18. U-value comparison for all methods, (a) W1-DS, (b) W1, (¢c) W2-DS, (d) W2.

thermography or rebar locators. The second sensor should be placed on the surface where the heat flow is considered to be one-
dimensional. A good approximation of the total U-value of the LSF wall is the average of the maximum and minimum U-values, as
shown in this research.
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Fig. 19. Calculated heat flux densities for all methods.

Table 14
Minimal and maximal differences between calculation methods.
Minimal difference [%] Methods Maximal difference [%] Methods
W1-DS 1.01 2D/HOTBOX -8.82 HOTBOX/HFM
w1 1.16 3D/HFM -13.82 HOTBOX/3D
W2-DS 0.82 HFM/HOTBOX -6.15 2D/3D
w2 4.71 HOTBOX/HFM -17.18 HFM/3D
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Fig. 20. Heat flux comparison for all methods.

7. Conclusion

Four different lightweight steel frame walls were experimentally tested alongside a reference wall made of EPS. Numerical cal-
culations were conducted using AnTherm for 3D and CRORAL for 2D scenarios. The standard ISO 6946 was used for analytical
approximation of the U-value. The main conclusions and new findings of this research are given below.

Objectives:

e The primary aim of this research was to compare U-values and surface heat fluxes obtained through various methods, including
experimental, numerical, and analytical approaches.
e Secondary objective of this research was to, by comparing the results of the numerical and experimental results, give guidelines for

calculating the U-value in-situ using the HFM method.

Experimental method comparison:
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Fig. 21. Comparison of analytical U-value with experimental and numerical results.

Both the hotbox and the HFM (Heat Flux Measurement) methods successfully passed a reference test, with a maximum U-value
difference of less than 5% between them.
3D vs. 2D numerical calculations:
When comparing 3D and 2D numerical calculations for all four samples, the maximum absolute difference was found to be 6.15%.
Efficiency of HFM method:
The research demonstrated that the placement of HFM sensors for lightweight steel frame walls in-situ is crucial. The location
should align with the steel frame installation scheme, as the difference in heat fluxes over the sample surface can be as high as
167%.
Placement of the HFM sensors:
One of the main conclusions in this research is that if HFM is to be used for determining the U-value of the LSF walls in-situ the
following procedure should be used:

. At least two HFM heatflowmeter sensors should be used.
. First sensor should be placed on the location on the surface where the maximum heat flow is expected. This location can be found

either by inspecting the schematics of the frame installation or by using the nondestructive technique such as infrared thermog-
raphy or rebar locators to find the framework scheme.

. Second sensor should be placed on the surface on the location where the heat flow is minimal, i.e. one-dimensional.
. A good approximation of the Total U-value is the average of the maximal and minimal U-value calculated from heat flux densities 2

and 3 as shown in this research.
Analytical U-Values:

Analytical U-values, as per ISO 6946, closely matched the values obtained experimentally and numerically, with a maximum
difference of 8.83%.

The analytical approach described in ISO 6946 can be considered a reliable reference point for designing U-values for polyurethane
lightweight steel frame elements. This applies not only to simpler configurations but also to elements with more complex structural
geometry, such as steel frames with diagonal stiffeners.
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