
1. Introduction

Climate change, the reduction of both carbon dioxide emissions and the energy consumption constitute some of the 
main concerns in today´s society. In this regard, the building sector plays a fundamental role. Approximately 40% of the 
total energy consumption from human activities is attributed to the building sector [1,2], generating 38% of greenhouse 
gas emissions [2]. This is due to the deficient behaviour of the envelope of the existing building stock, either by its age or 
by the fact that its energy behaviour has frequently been an underestimated aspect during the projection and execution 
phase [3,4]. In Spain, most of the building stock was built in the period corresponding to the second third of the 20th 
century [5]. That building period was characterised by not using insulation in its building solutions, causing that the limit 
values of energy loss through the envelope established by the Spanish Technical Building Code are overcome [5]. 
Therefore, the envelope of the existing buildings stock does not meet the newer needs of society, leading to important 
economic and environmental impacts. From the different components which constitute the envelope, the façade is where 
the buildings suffer greater energy losses [5], since it is the element of major area which is in contact with the external air. 
Due to this aspect, the energy demand reduction and the proposal of energy conservation measures (ECMs) are the most 
priority goals for the building sector [6]. 

From the different properties which define the energy behaviour of a building, the thermal transmittance (U-value) is 
one of the most important [7]. Its significance lies in the fact that most existing building stock has thermal transmittance 
values in façades which exceed the maximum admissible limits [5]. Furthermore, this circumstance is worsened by the 
progressive deterioration of façades due to the influence of environmental agents [8].

A correct estimation of U-value, along with other parameters such as the available budget, the thickness of the wall, etc. 
[9], will allow to define ECMs for façades, leading to the reduction of the HVAC systems consumption, the increase of 
number of thermal comfort hours, etc. To determine the U-value, there are different methods, both theoretical and 
experimental. 

From the experimental methods, the method with a higher implementation is the heat flow meter method, which is 
included in the standard ISO9869-1 [10]. This method determines the U-value by measuring internal and external 
temperatures as well as the heat flow through the wall. It has been widely studied in several works, but it is related to 
operational and metrological problems which can distort results. In this sense, different studies [11,12] have shown that 
placing the heat flux meter in the wall can cause a perturbation in the heat flux, and consequently the results obtained can 
be no representative. The error associated with the heat flux measurement is the variable which most contribute to 
obtaining atypical results [13], with deviations up to 26% [14]. Despite these aspects, the need for guaranteeing stationary 
conditions during the performance of the test can lead to carry out long-term monitoring, even with a duration of 2 weeks 
[15,16].

Due to these difficulties, alternative methods to the heat flow meter method have arisen, such as the air–surface 
temperature ratio method, the simple hot box-heat flow meter method, and qualitative methods through infrared 
thermography. The air–surface temperature ratio method (also known as thermometric method) is an alternative to the 
heat flow meter method, since it determines the U-value of a wall through the measurement of the internal surface 
temperature of the element as well as of the environmental temperatures by using temperature probes [17]. The main 
difference of this method with respect to the heat flow meter method is that the error associated with the placing of 
probes is reduced, thus decreasing the maximum error of 26% of the heat flux plate up to 6% of the surface temperature 
probe [14]. This method behaves similarly to the heat flow meter method, since, in steady state conditions, differences 
lower than 5% can be obtained between the thermometric method and the heat flow meter method [18].

Meng et al. [19] developed the simple hot box-heat flow meter method as an implementation of classic hot-box 
methods in existing buildings. Hot-box methods consist of placing a study sampling between two rooms with a constant 
temperature difference [20], so the test is not limited by weather conditions [21]. The method developed by Meng et al. 
[19] is an extension of works carried out by several research groups on applying hot-box methods in existing walls. These 
previous works [22–24] developed the temperature control box-heat flow meter method by placing a hot-box at the 
internal surface of the wall, cooling or heating according to the time of year. The application of the method by Meng et al. 
[19] consisted of placing a simple hot box which only heats its internal volume. In addition, this box is placed at the surface 
of the wall in which the temperature is higher. Therefore, the placing of the box varies depending on the season (i.e. inside 
the room in winter and outside the room in summer). The use of this equipment allows to guarantee a steady temperature 
differential during the test. Variables of heat flux and temperatures are monitored by using probes employed in the 
previous methods. Despite these advantages, the installation of the hot box constitutes an aspect that could limit the use of 
this method in actual case studies.

In recent years, several methods determining the thermal transmittance through infrared thermography (IRT) have 
arisen so that there are different equations depending on whether tests are performed from the interior or the exterior. 
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External methods can be classified into two different models proposed by Albatici and Tonelli [25] and by Dall’O’ et al. 
[26], using both models the same convective correlation. Firstly, Albatici and Tonelli [25] applied their method at three 
typologies of façades, and then these authors extended their study [27] by monitoring different types of walls throughout 
3 years. These authors detected that the method was limited by environmental conditions. On the other hand, Dall’O’ et al. 
[26] suggested an alternative formulation and applied their model in 14 case studies. Both methods were employed by 
Nardi et al. [28] obtaining similar results, although the test was carried out under controlled environmental conditions 
inside a hot box without wind. Thus, the usefulness of external methods should be studied in actual conditions. Regarding 
convective correlations, Evangelisti et al. [29] studied the formulation of the thermal transmittance from the exterior, 
using some convective correlations for special architectural geometries, such as balconies and porticos. 

Both the method by Albatici and Tonelli [25] and the method by Dall’O’ et al. [26] used the same convective correlation. 
However, in the scientific literature there is a wide variety of external convective heat transfer coefficient (ECHTC) 
depending on both the wind speed and dimensionless numbers on exterior surfaces. The use of these coefficients has not 
been analysed to assess the thermal transmittance. Hence, it is intended to fill the existing gap in the state of the art. A 
detailed analysis of tests performed from the exterior is carried out in this paper, studying different alternative equations 
for U-value depending on the different approaches existing in the literature for the external convective heat transfer 
coefficient (ECHTC). For this purpose, three multi-leaf walls from different building periods located in the Csa climate 
region were monitored. 

2. Existing methods of U-value through IRT from the exterior of the wall

The thermal transmittance of a wall is given by the relationship between the heat flux through the wall  and the (𝑞)
difference of the internal and external air temperatures , according to the average method from ISO 9869-1:(𝑇𝑖 ‒ 𝑇𝑒)

𝑈 =
𝑞

𝑇𝑖 ‒ 𝑇𝑒
(1)

The heat flux through the wall from Eq. (1) can be approximated to the sum of the heat flux by convection and 
radiation:

𝑞 = 𝑞𝑐 + 𝑞𝑟 (2)
From Eq. (2), the heat flux by radiation can be expressed with the Stefan-Boltzmann Law as follows:
𝑞𝑟 = 𝜎 Ɛ (𝑇𝑤

4 ‒ 𝑇𝑒
4) (3)

Where  [W/(m2K4)] is the Stefan-Boltzmann constant ,  [dimensionless] is the emissivity of the wall, and  𝜎 (5.67 ∙ 10 ‒ 8) Ɛ 𝑇𝑤
[K] is the surface temperature of the wall.

The heat flux by convection can be expressed by the Newton's Law of Convective Cooling:
𝑞𝑐 = ℎ𝑒∆𝑇𝑤𝑒 (4)

Where  [W/(m2K)] is the ECHTC, and  [K] is the temperature difference between  and .ℎ𝑒 ∆𝑇𝑤𝑒 𝑇𝑤 𝑇𝑒
From the combination of Eqs. (1) - (4), a new expression can be obtained to have the thermal transmittance of a wall. In 

that new expression, the mechanism of conduction is not considered since the controlling factor is the ECHTC:

𝑈 =
ℎ𝑒 ∆𝑇𝑤𝑒 + 𝜎 Ɛ (𝑇𝑤

4 ‒ 𝑇𝑒
4)

𝑇𝑖 ‒ 𝑇𝑒
(5)

By means of Eq. (5), methods of Albatici and Tonelli [25] and of Dall’O’ et al. [26] were suggested. The first of them used 
Jürges correlation , documented by Watanabe [30], for the ECHTC. Moreover, since tests were carried out (5.8 + 3.8054𝑣)
when the local wind speed is low (< 1 m/s), Albatici and Tonelli took the decision of simplifying that correlation by 
removing the constant term with the aim of avoiding the predominance of the convection transfer over the radiation, 
obtaining the following equation:

𝑈 =
3.8054 𝑣 ∆𝑇𝑤𝑒 + 𝜎 Ɛ (𝑇𝑤

4 ‒ 𝑇𝑒
4)

𝑇𝑖 ‒ 𝑇𝑒
(6)

Where  [m/s] is the local wind speed.𝑣
On the other hand, Dall’O’ et al. [26] only took into account the contribution of the heat transfer by convection and 

these authors did not simplified the convective correlation of Jürges: 

𝑈 =
(5.8 + 3.8054 𝑣) ∆𝑇𝑤𝑒

𝑇𝑖 ‒ 𝑇𝑒
 (7)



As mentioned above, methods need very specific environmental conditions to be correctly applied. To ensure 
stationary conditions, it is necessary to secure a thermal gradient higher than 10 °C as well as a stable heat transfer during 
at least 3 h before the measurement [25,27]. Other environmental aspects that should be guaranteed during the 
performance of the test are [25,27,31,32]: (i) wind speed should be between 0.1 and 1 m/s; (ii) the element under study 
should not be exposed to radiation sources; and (iii) there should be no rainfalls. Guaranteeing these environmental 
conditions allows to secure the representation of the obtained results. 

3. ECHTC correlations

Jürges correlation, published by Watanabe, is not the only one. In scientific literature, there is a huge variety of 
correlations of experimental data for vertical surfaces. These correlations are generated as correlations depending on 
wind speed values or depending on the use of dimensionless numbers, such as the Nusselt number or the Reynolds 
number. 

In the next sub-sections, a detailed summary of the different ECHTCs used to obtain thermal transmittance results by 
means of the measured data is included.

3.1. ECHTC correlations depending on the wind speed

The set of Jürges equations is based on adjustments in the ECHTC for a heated copper square plate in a wind tunnel 
measurement (WTM) [33]. However, Cole and Sturrock [34] pointed out several problems concerning results of wind 
tunnel experiments, so the ECHTC measured in a small flat plate showed disadvantages by applying the ECHTC to big 
building surfaces [33]. On the other hand, Watmuff et al. [35] said that the convective correlation indicated by Jürges has a 
radiation component, so its use in the formulation proposed by Albatici and Tonelli (Eq. (6)) can increase even more the 
predominance of the radiation component. Moreover, the relationship between the ECHTC and the wind speed depends on 
the position of the measurement and the size of the wall [33]. In this sense, the ECHTC in the corner of the building is 
higher than the one near the middle [33]. 

For this reason, the use of a unique correlation depending on the wind speed for the ECHTC can cause difficulties (e.g. 
the height of the wall, the closeness to corners, etc.) to be applied in different case studies. In the scientific literature, there 
are many expressions of correlation, some of them compiled by different authors [33,36,37]. When analysing these 
research, some aspects should be taken into account when comparing equations of correlation. On the one hand, the height 
of the wind speed is different depending on the research (roof wind speed, local wind speed, free stream wind speed, 
etc.). On the other hand, the perpendicular distance of separation to which the wind is measured with respect to the 
vertical surfaces is not often indicated. Due to this, it is quite difficult to apply the equations used in these experiments, 
since a wind flow pattern around a building considerably fluctuates, which means that the wind profile is highly 
dependent on the distance from the building envelope.

Table 1 includes a list of the different ECHTC correlations depending on the local wind speed which are used in this 
study. This local wind speed was used as it allows to determine the thermophysical behaviour of the envelope more 
precisely than other wind speeds, such as the free stream wind speed [29].

Table 1
Approximations of ECHTC correlations of the wind speed.

3.2. ECHTC correlations depending on dimensionless numbers

There are other correlations for the natural convection on a vertical plate at uniform temperature in which Nusselt, 
Raylegh or Reynolds dimensionless numbers are used. Their use in the field of the energy efficiency of buildings has been 
quite limited because of their difficulties of implementation [64].

However, a new research tried to apply the dimensionless approach to the thermal transmittance. Tejedor et al. [65] 
developed an equation of U-value to perform the IRT test from the interior, by using the Nusselt number proposed by 
Churchill and Chu [66] (Eq. (53)). This equation is valid for laminar and turbulent regime alike (Eq. (54)). 

𝑁𝑢𝐿 = {0.825 +
0.387𝑅𝑎1/6

𝐿

[1 + (0.492/𝑃𝑟)9/16]8/27}
2

(53)



𝑈 =
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0.387𝑅𝑎1/6

𝐿
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𝐿
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4 ‒ 𝑇𝑤
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𝑇𝑖 ‒ 𝑇𝑒

(54)

Where  is the Nusselt number [dimensionless],  is the Rayleigh number [dimensionless],  is the Prandtl number 𝑁𝑢𝐿 𝑅𝑎𝐿 𝑃𝑟
[dimensionless],  is the thermal conductivity of the air [W/(mK)],  is the height of the wall [m], and  [K] is the reflected 𝑘 𝐿 𝑇𝑟
temperature.

The same approach from Eq. (54) can be proposed from the exterior, so the equation by Tejedor et al. [65] is adapted to 
external conditions:

𝑈 =

𝑘{0.825 +
0.387𝑅𝑎1/6

𝐿
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(55)

Moreover, there is a huge variety of approximations of ECHTC using correlations of dimensionless numbers. Table 2 
includes those correlations selected for this study due to their suitability for the kind of element required to be analysed.

 
Table 2
Approximations of ECHTC correlations of dimensionless numbers.

4. Methodology and experimental campaign

The experimental campaign consisted of monitoring three multi-leaf walls facing north. Buildings belong to the most 
representative building periods in Spain (see Table 3): (i) previous to the NBE-CT-79 (case study A); (ii) between the NBE-
CT-79 and the RD 314/2006 (case study B); and (iii) posterior to RD 314/2006 (case study C). 

Table 3
Technical characteristics and thermo-physical properties of case studies.

In each wall, a total of 4 different tests were performed. Conditions of the performance of tests were in adherence to 
the standard EN 13187. Tests were carried out with low wind speeds and avoiding rainfalls 48 h before their beginning 
[65,67]. Moreover, tests were planned to be performed those days in which the lowest external temperature was forecast, 
since this aspect, along with the use of heating equipment, allowed to guarantee a temperature difference of 10–15 °C 
between the interior and the exterior. Likewise, tests were carried out among those hours before and after the sunrise to 
guarantee an optimal temperature differential without fluctuations [65]. Each test lasted 2 hours and 50 minutes. The 
acquisition time step 15 s for temperatures and 1 s for the wind speed. Before beginning tests, the emissivity of walls was 
determined by using an adhesive tape with known emissivity, according to the ASTM E1933-14. It was only determined at 
the beginning of each test, since it is a fixed value which does not show variations due to environmental temperature 
oscillations [68].

The experimental campaign was carried out with equipment indicated in Table 4. All probes were placed at a height of 
1.5 m from the floor. External air temperature sensors were placed as aligned as possible from the internal air 
temperature sensor, with a distance of 20 cm from the external side of the wall [14]. The hot-wire anemometer was placed 
with a perpendicular space of 10 cm from the wall [27,28]. Following Tejedor et al. [65], the thermography camera was 
placed 1.5 m away from the façade, with an inclination angle of 20°.

Table 4
Main technical specifications of the equipment employed.

The post-processing and data analysis were carried out using the FLIR Tools software and the R statistical 
programming language. Regarding the post-processing and analysis, it is important to highlight the following aspects: (i) 
the used wind speed was the average of instantaneous measurements during the test, according to recommendations 
given by some authors [25,26]; (ii) for the dimensionless approaches, the work fluid is the air, and values of viscosity and 



of thermal conductivity of the air as well as the Prandtl number were determined by means of a technical manual [69], 
depending on the external temperature in each test; (iii) the average value of thermal transmittance is obtained from the 
arithmetic mean of instantaneous measurements; and (iv) the uncertainty was determined by means of the combined 
standard uncertainty.

To determine the representation of the obtained values of the thermal transmittance, the method proposed in ISO 
9869-1 was used, considering valid those results that showed a difference lower than 20%. However, for this study, the 
value from ISO 6946 was not used as reference value, but those values obtained with the heat flow meter method. Thus, 
values obtained by IRT methods were compared with those values obtained by the heat flow meter method, and results 
presenting a difference lower than 20% were considered representative. Results of the heat flow meter method were 
obtained from an experimental campaign on walls, which was carried out before tests of this study. Measurements were 
performed by using a heat flux plate FQA018C with the following characteristics: (i) dimensions of 120x120x1.5 mm; (ii) 
substrate of epoxy resin; (iii) range of ±2000 W/m²; and (iv) accuracy of ±5%. In addition, thermocouples indicated in 
Table 4 were used to measure internal and external temperatures. Fig. 1 shows those values measured for each variable as 
well as the average thermal transmittance value obtained.

Fig. 1. Heat flux measurements (green line), external temperature (blue line) and internal temperature (red line), and 
average thermal transmittance (black line) for each case study.

5. Results and discussion

Firstly, it was important to analyse those variables measured in the different tests of the experimental campaign. In 
spite of having difficulties in obtaining temperature records with a difference higher than 10 °C in the Mediterranean 
climate region [17], tests were conducted when low temperatures were forecast. Consequently, this aspect guaranteed an 
adequate thermal gradient during tests. As can be seen in Figs. (2) – (4), the difference of external and internal 
temperature values measured during tests presented differences higher than 10 °C, and that difference was steady in each 
test. The local wind speed measured during tests was characterized by constant fluctuations around its mean value due to 
gusts of wind.

Fig. 2. Variables measured in test 4 of case study A: the internal air temperature (red), the external air temperature (blue), 
the external surface temperature (purple), and the wind speed (green).

Fig. 3. Variables measured in test 4 of case study B. Same colour codification as in Fig. 2.

Fig. 4. Variables measured in test 4 of case study C. Same colour codification as in Fig. 2.

Given different theoretical approaches are used in the existing research to determine the U-value from the exterior, the 
existing relationship between approaches was firstly determined. As seen above, the formulation can vary among three 
approaches: (i) only the convective heat transfer coefficient is used; (ii) the convective and radiative heat transfer 
coefficient is used; and (iii) convective and radiative heat transfer coefficient is used but simplifying the convective 
correlation by rejecting the constant term. For this reason, different approaches were applied by using all ECHTCs 
previously indicated (Eqs. (8) – (52)) in order to establish an adjustment degree and deviations presented by results 
through linear regressions among the different results. To do this, the linear correlation coefficient (R2) (see Eq. (65)) and 
the mean absolute error (MAE) (see Eq. (66)) were determined as statistical parameters indicators of the adjustment 
degree.

𝑅2 =

𝑛

∑
𝑖 = 1

(𝑦𝑖 ‒ 𝑥𝑖)2

𝑛

∑
𝑖 = 1

𝑥2
𝑖

(65)

𝑀𝐴𝐸 =

𝑛

∑
𝑖 = 1

|𝑦𝑖 ‒ 𝑥𝑖|

𝑛

(66)



Where n is the total number of dataset instances analysed, and xi and yi are the values assigned to the variables x and y at 
the instance i, respectively.

As can be seen in Fig. 5, point clouds of the different approaches presented a linear tendency between them. In this 
sense, those approaches which presented a lower correlation were the approach of convention with the approach of 
simplified convection and radiation, with a R2 of 0.66 (see Table 5). On the other hand, the other two comparisons had a 
higher adjustment degree, with R2 equal or higher than 0.85. Despite these existing correlations due to the linear 
tendencies presented by distributions of point clouds, great differences have been detected among those thermal 
transmittance values obtained by the different approaches. In this context, the MAE between the approach of convection 
and the approach of simplified convection and radiation was the lowest, since thermal transmittance values obtained by 
both approaches were not so high in comparison with those values from the approach of convection and radiation. Thus, 
high values associated with the approach of convection and radiation led to obtaining MAEs of 0.97 with respect to the 
approach of convection, and of 1.18 with respect to the approach of simplified convection and radiation. According to this 
analysis, great differences among the different approaches could be possible, so it is necessary to analyse the results 
obtained by using each theoretical approach.

Table 5
Statistical parameters of regressions of the different theoretical approaches. 

Fig. 5. Point clouds of the different assumptions of formulation.

Before making the comparative study among equations, a cluster analysis was carried out to determine possible groups 
among ECHTCs as their equations are similar. So, this cluster analysis eases the analysis and discussion of results. To do 
this, the Ward method was used because it allows to generate small clusters. The value of the heat flux by convection was 
obtained for each ECHTC (Eq. (4)) in tests conducted in 3 case studies, and then the results obtained were used to 
establish the clusters. Based on the Euclidean distance (see Eq. (67)) it was determined that, for k=20 clusters, the most 
adequate approximation was obtained for ECHTC equations of the wind speed (see Fig. 6) and for k=6 clusters the most 
adequate approximation was obtained for ECHTC equations of dimensionless numbers (see Fig. 7). It is important to 
highlight that ECHTCs making restrictions regarding the type of surface finish were included in some of these clusters. 
Therefore, for these equations it is not necessary to make a distinction of the type of surface finish in order to apply them. 
In this sense, the following groups can be highlighted: clusters of Eqs. (15), (17) and (47) and of Eqs. (12) and (52), in 
which ECHTCs were grouped for rough and soft surfaces. Furthermore, differences were not detected among ECHTCs that 
restrict the direction of wind incidence (windward-leeward), obtaining grouped results for correlations of Liu and Harris 
(Eqs. (50) and (51)) and correlations of Yazdanian and Klems (Eqs. (34) and (35)). Likewise, the simplified convective 
correlation of Watanabe from the equation of Albatici and Tonelli (Eq. (6)) was grouped with Eqs. (26), (34) and (35), 
since these equations are exponential or linear without including a constant term in the straight regression line. For 
ECHTCs depending on dimensionless numbers, three different groups were obtained: (i) cluster a, with correlations of 
Nusselt and Jürges (Eq. (56)) and of Davies (Eq. (63)); (ii) cluster c, with correlations of Jürges (Eq. (59)) and of McAdams 
(Eqs. (60) and (61)); and (iii) cluster e, with correlations of Nusselt and Jürges (Eq. (57)) and of Jürges (Eq. (58)). The 
remaining equations were grouped in individual clusters. 

𝑑(𝑥𝑖,𝑥𝑗) = [ 𝑝

∑
𝑟 = 1

(𝑥𝑖𝑟 ‒ 𝑥𝑗𝑟)2]
1/2

(67)

Where p is the number of variables, and  and  are two certain instances.𝑥𝑖 𝑥𝑗

Fig. 6. Clustering dendrogram of ECHTC correlations depending on the wind speed.

Fig. 7. Clustering dendrogram of ECHTC correlations depending on dimensionless numbers.

After grouping the different equations, thermal transmittance results were obtained from the experimental campaign 
for the different tests. Firstly, results obtained for ECHTCs depending on wind speed values were analysed. For the 
approach of convection, there was a large disparity in the results obtained for the different clusters (see Table 6). In 
general terms, an ECHTC was not more adequate than the other. Furthermore, there were differences among tests of a 
same case study. For tests of case study A, a great variety of equations with representative results was only obtained in 
test 4. In the remaining tests of that case study, only clusters n, p and q, which belong to ECHTCs of Ito (Eq. (24)), of Cole 



and Sturrock (Eq. (25)), and of Jennings (Eq. (19)) respectively, obtained valid results. For the other two case studies, 
representative results were obtained for the different clusters, although none of them obtained valid results for all tests. 
Cluster j was the one which obtained a larger number of tests with valid results. However, in spite of being the cluster with 
a larger number of representative results, it is also important to highlight the good performance of clusters i and k, with 5 
tests with representative results, and at least one of them was of each case study. On the other hand, cluster e which 
belongs to the equation of Dall’O’ et al. (Eq. (7)) obtained valid results only in test 4 of case study A. 

Table 6
Thermal transmittance results obtained for ECHTC correlations depending on the wind speed for the approach which only 
uses the convective heat transfer coefficient.

The approach of convection and radiation allowed to obtain different results in each test. In general terms, the 
incorporation of the radiative component increased the thermal transmittance value, reducing the number of 
representative results for all clusters. Results showed that the number of clusters with valid results was high in only two 
tests of case study A, whereas in the other two case studies valid results were obtained in 3 clusters of test 1 of case study 
B. In this sense, only cluster t obtained valid results in both case studies. Moreover, it is important to highlight that the 
correlation of Watmuff et al. (Eq. (27)), included in cluster j, obtained valid results in the approach of convection, whereas 
valid results were not obtained in the approach of convection and radiation. It is important to highlight that this convective 
correlation corrected the radiative contribution in which formulations of convection proposed by Jürges were included 
(one of them was used by Albatici and Tonelli (Eq. (6)) and by Dall’O’ et al. (Eq. (7))). Another important aspect is the 
percentage contribution of convective and radiative components in each cluster. Fig. 8. represents percentage 
contributions of convective and radiative components in the different clusters for each case study. The incorporation of 
the radiative component presented a similar behaviour for each cluster in the 3 case studies, although the value of 
percentages had small variations. Thus, those clusters which presented a lower percentage of radiative heat flux on the 
total heat flux were clusters n, p and q (lower than 35%), whereas those clusters which had a greater influence were 
clusters r, s and t (higher than 70%). This last cluster belongs to convective correlations without a constant term in the 
straight regression line, which generates a lower convective coefficient in low wind speed. In this sense, as can be seen in 
Table 7, ECHTCs of cluster s, which establish limitations to be used for low wind speed (see Table 1), obtained similar 
results to the equation of Albatici and Tonelli, which is grouped in cluster t, with an average percentage deviation of 
8.59%.

Table 7
Thermal transmittance results obtained for ECHTC correlations depending on the wind speed for the approach which uses 
the convective and radiative component.

Fig. 8. Percentage contributions of convective and radiative fluxes in the total heat flux for the approach of convection and 
radiation using ECHTC correlations depending on the wind speed. 

To obtain thermal transmittance results through the application of convective correlations with the simplified 
approach, the group done with the cluster analysis was not used due to modifications presented by convective coefficients 
obtained for each equation. Thus, the individual analysis of each equation was carried out. As can be seen in Fig. 9, 
equations had a similar behaviour in most case studies, with small variations in some tests. For instance, in test 4 of case 
study A, a standard deviation of 0.12 W/(m2K) was obtained, or in test 3 of case study B, with a standard deviation of 0.07 
W/(m2K), whereas in the remaining tests, standard deviations lower than 0.05 W/(m2K) were obtained. These differences 
were due to the fact that the obtained average speeds were higher than the other tests, generating a greater difference 
among convective coefficients of the different equations. Hence, for the approach of simplified convection and radiation is 
indifferent to use the correlation of Watanabe (or some others analysed in this study) for very low wind speeds (as 
mentioned above, this is a requirement recommended by several authors [25–27]), since the main contribution of the 
simplified approach was due to the radiation. In this sense, the simplification of the convective correlation generated that 
the contribution of the radiative component was always higher than 75%, reaching 95% in some equations (see Fig. 10). 
Furthermore, valid results were only obtained in two tests: one belongs to case study A, and the other one belongs to case 
study B. 

Fig. 9. Thermal transmittance results obtained for ECHTC correlations of the wind speed for the approach which uses the 
simplified convective component and the radiative component. Grey continuous line represents the thermal transmittance 



value obtained by the heat flow meter method, and discontinuous line represents the maximum admissible deviation 
(20%) with respect to that value.

Fig. 10. Percentage contributions of convective and radiative fluxes in the total heat flux for the approach of simplified 
convection and radiation for ECHTC correlations depending on the wind speed.

Thus, results did not allow to establish an adequate ECHTC or approach for formulations of thermal transmittance 
measured from the exterior by using wind speed values, although it is possible to guarantee the suitability of using some 
ECHTCs: (i) for the approach of convection, equations of Watmuff et al. (Eq. (27)), Lunde (Eq. (30)), ISO 6946 (Eq. (45)), 
and of Liu and Harris (Eqs. (50) and (51)) obtained a huge number of representative results in the three kind of walls 
analysed; (ii) for the approach of convection and radiation, clusters a, b, c, e, f, g, h, k, l and o obtained valid results in the 
wall without insulation, while the use of clusters r, s and t obtained valid results in walls with insulation; and (iii) the use 
of the approach of simplified convection and radiation did not present great variations among the different types of 
equations for low wind speeds, obtaining valid results in walls without insulation or with insulation of small thickness. 

With respect to ECHTC correlations depending on dimensionless numbers, different results were obtained for 
approaches of convection, as well as for approaches of convection and radiation. Table 8 indicates those thermal 
transmittance values obtained for the approach of convection. As can be seen, the approach of convection did not obtain 
valid results for none of clusters because results presented differences higher than 20% with respect to the value obtained 
with the heat flow meter method. This is due to the low convective coefficient obtained through these correlations. As can 
be seen in Fig. 11, the use of the combined approach of convection and radiation generated that the contribution of the 
radiative component was higher than 70% in all clusters, having percentages similar to the approach of simplified 
convection and radiation. Regarding thermal transmittance results obtained for the approach of convection and radiation, 
valid results were obtained for almost all clusters in two tests (see Table 9), although atypical results were obtained in the 
remaining tests. 

Table 8
Thermal transmittance results obtained for ECHTC correlations of dimensionless numbers for the approach which only 
uses the convective component.

Fig. 11. Percentage contributions of convective and radiative fluxes in the total heat flux for the approach of convection 
and radiation using ECHTC correlations of dimensionless numbers.
 
Table 9
Thermal transmittance results obtained for ECHTC correlations of dimensionless numbers for the approach which uses 
the convective and radiative component.

Another aspect to highlight is that using the average wind speed instead of the measured instantaneous value caused a 
variation in formulations of thermal transmittance. As can be seen in Fig. 12, there were variations depending on the type 
of data used. For the approach of convection, the use of the measured instantaneous speed modified thermal transmittance 
results, consequently obtaining different numbers of clusters with representative results. In total, 31 valid results were 
obtained among the different tests using the average speed with respect to those 33 using the measured instantaneous 
speed at each instant. Furthermore, variations presented by results varied from one test to another, since they depend on 
oscillations that the wind speed had in each test, with variations in the thermal transmittance value reaching 67% in some 
clusters. In this sense, the greater differences in the number of clusters with valid results were in tests with greater 
oscillations in the wind speed, as in test 4 of case study A. Regarding the approach of convection and radiation, Fig. 12 
shows a similar tendency to the approach of convection, with variations in the number of representative clusters (26 using 
the average speed, and 32 using the instantaneous speed at each instant), although most changes were in tests of case 
study A. Despite these differences, it was not possible to determine which type of wind speed had better features. Thus, 
further studies should determine those limitations of using the average speed and the measured instantaneous speed in 
different case studies.

Fig. 12. Variations of thermal transmittance results depending on the wind speed value used. Grey continuous line 
represents the estimated value of thermal transmittance, and discontinuous line represents the maximum admissible 
deviation (20%) with respect to that value.



6. Conclusions
In this paper, a comparative study of expressions of thermal transmittance by means of different external convective 

heat transfer coefficients for the quantitative method through infrared thermography has been conducted. In total, 46 
correlations depending on the wind speed were analysed, as well as 9 correlations depending on dimensionless numbers. 
For this purpose, 3 walls belonging to different building periods were monitored in an experimental campaign. Based on 
the results obtained, the following conclusions can be established:

- Different approaches of formulation for determining the thermal transmittance presented a linear tendency 
among their point clouds, and there were great differences between the approach of convection and radiation 
and the other two approaches. In this sense, mean absolute errors of 0.97 were obtained with respect to the 
approach of convection, and of 1.18 with respect to the approach of the simplified convection and radiation.

- Clustering external convective heat transfer coefficients allowed to group equations limited by the type of 
surface finish (smooth-rough) or wind direction (windward-leeward). Moreover, the equation of Albatici and 
Tonelli was grouped with correlations of Cole and Sturrock [34] and of Yazdanian and Klems [54], since these 
correlations are exponential and linear correlations without including a constant term in their straight 
regression line. For correlations depending on dimensionless numbers, 3 clusters with different equations 
were obtained, and the remaining equations were in individual clusters.

- The different theoretical approaches of thermal transmittance for external convective heat transfer coefficients 
depending on the wind speed obtained different results for each cluster and each test. Given these differences, 
it was not possible to establish a more adequate external convective heat transfer coefficient or approach, 
although the suitability of using some of the external convective heat transfer coefficients was established: (i) 
for the approach of convection, equations of Watmuff et al. (Eq. (27)), of Lunde (Eq. (30)), of ISO 6946 (Eq. 
(45)), and of Liu and Harris (Eqs. (50) and (51)) obtained valid results in the three types of walls analysed; (ii) 
for the approach of convection, equations belonging to clusters a, b, c, e, f, g, h, k, l and o obtained valid results 
in the wall without insulation, whereas the use of equations of clusters r, s and t obtained valid results in walls 
with insulation; and (iii) for the approach of simplified convection and radiation, valid results were obtained in 
walls without insulation or with insulation of small thickness. In addition, similar results were obtained among 
the different equations of external convective heat transfer coefficient due to the wind speed when the speed 
was low.

- The percentage of contribution of the radiative component for each cluster varies from one case study to 
another, although there was a similar behaviour in each test, and clusters r, s and t (Eqs. (6), (9), (10), (11), 
(13), (14), (16), (21), (26), (34) and (35)) presented a greater influence of the radiative component, and n, p 
and q (Eqs. (19), (24) and (25)) presented a lower influence. 

- From the dimensionless approaches, none of the external convective heat transfer coefficients analysed 
obtained representative results for the approach of convection, whereas the approach of convection and 
radiation allowed to obtain representative results in two tests, with a behaviour similar to the simplified 
approach of Albatici and Tonelli.

- The use of the average wind speed or a wind speed measured at each instant as input in the calculation 
procedure significantly modified thermal transmittance results obtained in each test. A greater variation was 
obtained in results of those tests in which the deviation presented by the instantaneous wind speed was high 
with respect to the mean value.

To conclude, the importance of this study is based on the lack of research analysing a huge number of correlations of 
external convective heat transfer coefficient depending on both the wind speed and dimensionless numbers. Further steps 
of this research will be focused on the analysis of internal convective heat transfer coefficients for methods of thermal 
transmittance.
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Table 1
Approximations of ECHTC correlations of the wind speed.
ECHTC Remarks Reference
ℎ𝑒 = 5.8 + 3.95𝑣 (8) 𝑣 < 5 m/s Nusselt and Jürges [38]

ℎ𝑒 = 7.13𝑣0.78 (9) 5 < 𝑣 < 24 m/s Nusselt and Jürges [38]
ℎ𝑒 = 7.11𝑣0.775 (10) Soft surfaces, 5 < 𝑣 < 24 m/s Jürges [39] 
ℎ𝑒 = 7.52𝑣0.784 (11) Rough surfaces, 5 < 𝑣 < 24 m/s Jürges [39] 
ℎ𝑒 = 5.7 + 3.8𝑣 (12) Soft surfaces, 𝑣 < 5 m/s McAdams [40]
ℎ𝑒 = 7.2𝑣0.78 (13) Soft surfaces, 𝑣 > 5 m/s McAdams [40] 
ℎ𝑒 = 7.6𝑣0.78 (14) Rough surfaces, 𝑣 > 5 m/s McAdams [40] 
ℎ𝑒 = 6.2 + 4.3𝑣 (15) Rough surfaces, 𝑣 < 5 m/s Davies [41] 
ℎ𝑒 = 6.97𝑣0.666 (16) - Sogin [42]
ℎ𝑒 = 6.05 + 4.08𝑣 (17) Rough surfaces, 𝑣 ≤ 5 m/s Schaak [43]
ℎ𝑒 = 7.82 + 3.50𝑣 (18) Soft surfaces, without speed limit Jennings [44]
ℎ𝑒 = 10.7 + 4.96𝑣 (19) Smooth brick, without speed limit Jennings [44]
ℎ𝑒 = 5.7 + 6𝑣 (20) Heating Sturrock [45]
ℎ𝑒 = 6.60𝑣0.6 (21) - Mitchell [46]
ℎ𝑒 = 18.65𝑣0.605 (22) - Lokmanhekim [47] 
ℎ𝑒 = 5.8 + 2.9𝑣 (23) Windward, free stream wind speed superior a 3 m/s Ito [48]
ℎ𝑒 = 8.7 + 9.4𝑣 (24) Leeward, 𝑣 > 4 m/s Ito [48]
ℎ𝑒 = 11.4 + 5.7𝑣 (25) Heating, normal surface, 𝑣 < 5 m/s Cole and Sturrock [34]
ℎ𝑒 = 5.7𝑣 (26) Heating, leeward surface, 𝑣 < 5 m/s Cole and Sturrock [34]
ℎ𝑒 = 2.8 + 3.0𝑣 (27) Correction of the ECHTC of Jürges (Eq. (8)), 𝑣 < 5 m/s Watmuff et al. [35]
ℎ𝑒 = 4.7 + 7.6𝑣 (28) - Kimura [49]
ℎ𝑒 = 7.55 + 4.35𝑣 (29) - Nicol [50]
ℎ𝑒 = 4.5 + 2.9𝑣 (30) Soft surfaces Lunde [51]
ℎ𝑒 = 8.55 + 2.56𝑣 (31) - Test et al. [52]
ℎ𝑒 = 5.1 + 1.7𝑣 (32) 0.5 < 𝑣 < 20 m/s Sharples [53]
ℎ𝑒 = 6.47 + 6.806𝑣 (33) - Yazdanian and Klems [54]
ℎ𝑒 = 2.38𝑣0.89 (34) Forced convection, windward Yazdanian and Klems [54]
ℎ𝑒 = 2.86𝑣0.617 (35) Forced convection, leeward Yazdanian and Klems [54]
ℎ𝑒 = 4.955 + 1.444𝑣 (36) - Jayamaha et al. [55]
ℎ𝑒 = 8.91 + 2.00𝑣 (37) Windward Loveday and Taki [56]
ℎ𝑒 = 4.93 + 1.77𝑣 (38) Leeward Loveday and Taki [56]
ℎ𝑒 = 16.15𝑣0.397 (39) Windward, 0.5 < 𝑣 < 9 m/s Loveday and Taki [56]
ℎ𝑒 = 16.25𝑣0.503 (40) Leeward,  0.5 < 𝑣 < 9 m/s Loveday and Taki [56]
ℎ𝑒 = 16.21𝑣0.452 (41) Correlation for windward and leeward Loveday and Taki [56]
ℎ𝑒 = 14.82𝑣0.42 (42) Windward,  0 < 𝑣 < 10 m/s Taki and Loveday [57] 
ℎ𝑒 = 15.06𝑣0.53 (43) Leeward, 0 < 𝑣 < 4.5 m/s Taki and Loveday [57] 
ℎ𝑒 = 4.47 + 10.21𝑣 (44) 0.5 < 𝑣 < 3 m/s Hagishima and Tanimoto [58]
ℎ𝑒 = 4 + 4𝑣 (45) - ISO 6946 [59]
ℎ𝑒 = 7.4 + 3.8𝑣 (46) Rough surfaces, 𝑣 < 15 m/s Mirsadeghi et al. [60]
ℎ𝑒 = 6.5 + 3.6𝑣 (47) Soft surfaces, 𝑣 < 15 m/s Mirsadeghi et al. [60]
ℎ𝑒 = 16.7𝑣0.5 (48) - Mirsadeghi et al. [60]
ℎ𝑒 = 5.8 + 4.1𝑣 (49) - CIBSE [61]
ℎ𝑒 = 3.32 + 6.31𝑣 (50) Windward, 0 < 𝑣 < 3.5 m/s Liu and Harris [62]
ℎ𝑒 = 3.19 + 5.03𝑣 (51) Leeward, 0 < 𝑣 < 3.5 m/s Liu and Harris [62]
ℎ𝑒 = 5.56 + 4.48𝑣 (52) Rough surfaces, 𝑣 < 5 m/s Xie et al. [63]



Table 2
Approximations of ECHTC correlations of dimensionless numbers.
ECHTC Remarks Reference

ℎ𝑒 =
𝑘(0.10𝑅𝑒0.666)

𝐿
(56) Windward Nusselt and Jürges [38]

ℎ𝑒 =
𝑘(0.20𝑅𝑒0.666)

𝐿
(57) Leeward Nusselt and Jürges [38]

ℎ𝑒 =
𝑘(0.42𝑅𝑒0.6)

𝐿
(58) - Jürges [39] 

ℎ𝑒 =
𝑘(0.931𝑅𝑒0.5𝑃𝑟0.333)

𝐿
(59) - Jürges [39] 

ℎ𝑒 =
𝑘(0.93𝑅𝑒0.5𝑃𝑟0.333)

𝐿
(60) - McAdams [40]

ℎ𝑒 =
𝑘(0.86𝑅𝑒0.5𝑃𝑟0.333)

𝐿
(61) - McAdams [40] 

ℎ𝑒 =
𝑘(0.0253𝑅𝑒0.8 + 3)

𝐿
(62) - McAdams [40] 

ℎ𝑒 =
𝑘(0.664𝑅𝑒0.5𝑃𝑟0.33)

𝐿
(63) Laminar flow Davies [41] 

ℎ𝑒 =
𝑘(0.037𝑅𝑒0.8𝑃𝑟0.33)

𝐿
(64) Turbulent flow Sogin [42]



Table 3
Technical characteristics and thermo-physical properties of case studies.
# Case study A (1966) s [mm] λ [W/(m·K)] R [(m2·K)/W] Sketch
1 Perforated brick 115 0.35 -
2 Cement mortar 10 1.30 -
3 Air gap 100 - 0.18
4 Hollow brick 70 0.32 -
5 Gypsum plaster 15 0.57 -

 = 1.10 [W/(m2·K)]𝑈

# Case study B (2005) s [mm] λ [W/(m·K)] R [(m2·K)/W] Sketch
1 Cement mortar 15 1.30 -
2 Perforated brick 115 0.35 -
3 Cement mortar 10 1.30 -
4 Insulation PUR 15 0,035 -
5 Air gap 50 - 0.18
6 Hollow brick 50 0.32 -
7 Gypsum plaster 15 0.57 -

 = 0.79 [W/(m2·K)]𝑈
# Case study C (2017) s [mm] λ [W/(m·K)] R [(m2·K)/W] Sketch
1 Cement mortar 15 1.30 -
2 Perforated brick 117 0.35 -
3 Cement mortar 10 1.30 -
4 Insulation PUR 25 0,028 -
5 Air gap 28 - 0.18
6 Hollow brick 50 0.32 -
7 Gypsum plaster 15 0.57 -

 = 0.58 [W/(m2·K)]𝑈
: thickness; : thermal conductivity; : thermal resistance.𝑠 𝜆 𝑅



Table 4
Main technical specifications of the equipment employed.
Equipment Input Measuring range Resolution Accuracy
Data logger ALMEMO 2590-4AS
with thermocouples T 190-2 Temperature

Wire diameter
-10 to 105 °C
0.5 mm

0.1 K ±0.05 K ±0.05 % 

Infrared camera FLIR E60bx FOV 25°x19°
IFOV 1.36 mrad
Sensor FPA, uncooled microbolometer
Spectral range 7.5-13 µm
Thermal sensitivity <0.05-30 °C

Hot-wire anemometer PCE-423 Wind speed 0-25 m/s 0.01 m/s ±5 %



Table 5
Statistical parameters of regressions of the different theoretical approaches. 
Convection + radiation
Convection

Convection (simpl.) + radiation
Convection

Convection (simpl.) + radiation
Convection + radiation

R2 MAE R2 MAE R2 MAE
0.94 0.97 0.66 0.34 0.85 1.18



Table 6
Thermal transmittance results obtained for ECHTC correlations depending on the wind speed for the approach which only 
uses the convective heat transfer coefficient.
Cluster U-value [W/(m2·K)]

Case study A Case study B Case study C
Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4

a 0.28±0.11 0.56±0.06 0.49±0.10 1.64±0.32 0.45±0.03 1.38±0.13 1.37±0.37 1.00±0.04 0.78±0.13 1.20±0.13 0.92±0.12 1.14±0.09
b 0.26±0.10 0.53±0.06 0.45±0.10 1.60±0.31 0.39±0.03 1.26±0.12 1.31±0.35 0.91±0.04 0.71±0.12 1.12±0.12 0.86±0.11 1.05±0.09
c 0.31±0.12 0.63±0.07 0.56±0.12 1.73±0.34 0.55±0.04 1.57±0.15 1.49±0.41 1.16±0.05 0.90±0.15 1.34±0.15 1.02±0.13 1.30±0.11
d 0.22±0.08 0.44±0.05 0.38±0.08 1.39±0.27 0.31±0.03 1.06±0.10 1.13±0.28 0.76±0.03 0.59±0.10 0.95±0.10 0.73±0.09 0.88±0.07
e 0.27±0.10 0.56±0.06 0.54±0.12 1.18±0.23 0.89±0.07 1.59±0.15 1.14±0.29 1.25±0.05 0.99±0.16 1.34±0.13 0.89±0.12 1.26±0.10
f 0.25±0.09 0.51±0.06 0.48±0.10 1.31±0.26 0.71±0.05 1.38±0.13 1.14±0.29 1.06±0.05 0.84±0.14 1.06±0.11 0.82±0.10 1.16±0.09
g 0.28±0.11 0.58±0.07 0.57±0.15 1.23±0.25 0.93±0.07 1.66±0.16 1.19±0.31 1.30±0.06 1.03±0.17 1.26±0.14 0.93±0.12 1.32±0.11
h 0.31±0.12 0.65±0.07 0.63±0.13 1.45±0.28 1.00±0.07 1.83±0.18 1.36±0.36 1.43±0.06 1.13±0.19 1.37±0.15 1.04±0.13 1.45±0.12
i 0.17±0.07 0.36±0.04 0.34±0.07 0.90±0.18 0.52±0.04 1.00±0.09 0.80±0.17 0.77±0.03 0.61±0.10 0.77±0.08 0.58±0.07 0.80±0.06
j 0.13±0.05 0.28±0.03 0.27±0.06 0.63±0.12 0.43±0.03 0.79±0.07 0.59±0.10 0.63±0.02 0.49±0.08 0.59±0.06 0.46±0.06 0.63±0.05
k 0.19±0.07 0.40±0.04 0.39±0.08 0.89±0.17 0.61±0.05 1.12±0.11 0.83±0.18 0.88±0.04 0.69±0.11 0.84±0.09 0.64±0.08 0.89±0.07
l 0.21±0.08 0.45±0.05 0.45±0.10 0.91±0.18 0.75±0.06 1.32±0.13 0.91±0.21 1.04±0.04 0.82±0.14 0.96±0.10 0.72±0.09 1.04±0.08
m 0.39±0.15 0.81±0.09 0.80±0.17 1.60±0.32 1.35±0.11 2.36±0.23 1.61±0.45 1.86±0.08 1.47±0.25 1.71±0.19 1.29±0.17 1.86±0.15
n 0.42±0.16 0.87±0.10 0.84±0.18 1.97±0.39 1.35±0.10 2.47±0.24 1.84±0.53 1.92±0.09 1.52±0.26 1.85±0.20 1.40±0.18 1.96±0.16
o 0.34±0.13 0.72±0.08 0.70±0.15 1.50±0.29 1.15±0.09 2.05±0.20 1.46±0.40 1.61±0.07 1.28±0.21 1.51±0.16 1.14±0.15 1.63±0.13
p 0.51±0.19 1.07±0.12 1.05±0.22 2.22±0.44 1.73±0.13 3.09±0.30 2.18±0.64 2.43±0.11 1.92±0.32 2.27±0.25 1.71±0.22 2.44±0.20
q 0.48±0.18 1.00±0.12 0.99±0.21 2.05±0.41 1.63±0.13 2.89±0.28 2.03±0.59 2.27±0.10 1.80±0.30 2.12±0.23 1.60±0.21 2.29±0.19
r 0.09±0.03 0.17±0.02 0.14±0.03 0.57±0.11 0.11±0.01 0.39±0.04 0.44±0.09 0.27±0.01 0.21±0.03 0.36±0.04 0.28±0.03 0.33±0.02
s 0.07±0.03 0.13±0.01 0.10±0.02 0.53±0.10 0.06±0.01 0.28±0.03 0.37±0.08 0.19±0.01 0.14±0.02 0.28±0.03 0.21±0.03 0.24±0.02
t 0.04±0.01 0.07±0.01 0.05±0.01 0.24±0.05 0.04±0.01 0.16±0.01 0.18±0.05 0.11±0.01 0.08±0.01 0.15±0.01 0.11±0.01 0.13±0.01



Table 7
Thermal transmittance results obtained for ECHTC correlations depending on the wind speed for the approach which uses 
the convective and radiative component.
Cluster U-value [W/(m2·K)]

Case study A Case study B Case study C
Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4

a 0.48±0.18 0.98±0.11 0.95±0.20 2.45±0.43 1.17±0.09 2.69±0.27 2.23±0.57 1.99±0.26 1.61±0.27 2.10±0.23 1.58±0.31 2.11±0.38
b 0.46±0.18 0.94±0.11 0.91±0.19 2.41±0.41 1.11±0.09 2.58±0.25 2.17±0.55 1.89±0.43 1.53±0.26 2.02±0.23 1.52±0.28 2.02±0.35
c 0.51±0.20 1.05±0.12 1.01±0.22 2.55±0.48 1.27±0.10 2.89±0.28 2.35±0.61 2.14±0.31 1.73±0.30 2.24±0.25 1.69±0.36 2.26±0.42
d 0.42±0.16 0.86±0.10 0.83±0.18 2.21±0.41 1.03±0.08 2.37±0.23 1.99±0.49 1.74±0.18 1.41±0.24 1.85±0.21 1.39±0.21 1.85±0.31
e 0.47±0.18 0.98±0.11 1.00±0.21 2.00±0.40 1.61±0.13 2.90±0.29 2.00±0.49 2.23±0.34 1.81±0.31 2.08±0.23 1.55±0.29 2.23±0.41
f 0.45±0.17 0.93±0.11 0.93±0.20 2.12±0.47 1.43±0.11 2.69±0.27 2.00±0.49 2.05±0.28 1.66±0.28 1.98±0.22 1.49±0.26 2.07±0.37
g 0.48±0.18 1.00±0.12 1.02±0.22 2.05±0.43 1.65±0.13 2.97±0.29 2.05±0.51 2.29±0.35 1.85±0.32 2.13±0.24 1.59±0.31 2.28±0.43
h 0.51±0.20 1.07±0.12 1.08±0.23 2.27±0.44 1.72±0.14 3.14±0.31 2.22±0.57 2.41±0.39 1.95±0.33 2.27±0.25 1.70±0.35 2.42±0.46
i 0.38±0.14 0.78±0.09 0.80±0.17 1.71±0.36 1.24±0.10 2.31±0.23 1.66±0.47 1.76±0.18 1.43±0.24 1.67±0.19 1.25±0.14 1.76±0.29
j 0.34±0.13 0.70±0.08 0.73±0.16 1.44±0.33 1.15±0.09 2.10±0.21 1.45±0.30 1.60±0.13 1.31±0.22 1.49±0.17 1.11±0.07 1.59±0.24
k 0.39±0.15 0.82±0.09 0.84±0.18 1.70±0.35 1.34±0.11 2.44±0.24 1.69±0.38 1.86±0.22 1.52±0.26 1.74±0.19 1.30±0.16 1.86±0.31
l 0.42±0.16 0.87±0.10 0.91±0.19 1.72±0.36 1.47±0.12 2.63±0.26 1.77±0.41 2.02±0.27 1.65±0.28 1.86±0.21 1.39±0.21 2.00±0.35
m 0.59±0.22 1.23±0.14 1.26±0.27 2.41±0.41 2.07±0.16 3.67±0.36 2.47±0.65 2.84±0.54 2.29±0.39 2.62±0.29 1.96±0.45 2.82±0.57
n 0.62±0.24 1.29±0.15 1.30±0.28 2.78±0.50 2.06±0.16 3.77±0.37 2.70±0.73 2.90±0.56 2.34±0.40 2.75±0.31 2.06±0.50 2.92±0.58
o 0.55±0.21 1.14±0.13 1.17±0.25 2.30±0.46 1.87±0.15 3.37±0.33 2.32±0.60 2.60±0.46 2.10±0.36 2.42±0.27 1.81±0.42 2.59±0.51
p 0.71±0.27 1.49±0.17 1.51±0.32 3.02±0.62 2.45±0.19 4.39±0.43 3.03±0.85 3.41±0.72 2.74±0.47 3.17±0.35 2.37±0.65 3.40±0.73
q 0.68±0.26 1.42±0.16 1.44±0.31 2.87±0.54 2.35±0.19 4.20±0.41 2.89±0.79 3.25±0.67 2.62±0.45 3.02±0.34 2.26±0.61 3.24±0.69
r 0.29±0.11 0.59±0.07 0.60±0.13 1.38±0.39 0.83±0.07 1.70±0.17 1.30±0.25 1.26±0.12 1.04±0.18 1.26±0.14 0.93±0.18 1.28±0.16
s 0.28±0.10 0.54±0.06 0.55±0.12 1.32±0.37 0.77±0.06 1.59±0.16 1.23±0.23 1.17±0.19 0.97±0.17 1.17±0.13 0.88±0.15 1.20±0.13
t 0.24±0.09 0.49±0.06 0.51±0.11 1.05±0.33 0.76±0.06 1.47±0.14 1.04±0.16 1.09±0.11 0.91±0.16 1.04±0.12 0.77±0.10 1.09±0.10



Table 8
Thermal transmittance results obtained for ECHTC correlations of dimensionless numbers for the approach which only 
uses the convective component.

U-value [W/(m2·K)]Cluster
Case study A Case study B Case study C
Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4

a 0.04±0.01 0.07±0.01 0.06±0.01 0.21±0.05 0.05±0.01 0.16±0.02 0.16±0.06 0.11±0.04 0.10±0.02 0.15±0.02 0.12±0.01 0.14±0.01
b 0.04±0.02 0.08±0.01 0.06±0.01 0.34±0.07 0.03±0.01 0.16±0.02 0.21±0.07 0.11±0.04 0.09±0.02 0.18±0.02 0.14±0.01 0.16±0.01
c 0.05±0.02 0.10±0.01 0.08±0.02 0.30±0.06 0.07±0.01 0.22±0.02 0.23±0.08 0.16±0.05 0.13±0.02 0.21±0.02 0.16±0.01 0.20±0.01
d 0.03±0.02 0.07±0.02 0.05±0.01 0.17±0.05 0.06±0.01 0.31±0.04 0.23±0.08 0.30±0.09 0.40±0.09 0.23±0.03 0.20±0.01 0.29±0.02
e 0.07±0.03 0.13±0.01 0.10±0.02 0.46±0.07 0.06±0.01 0.26±0.03 0.31±0.11 0.18±0.06 0.16±0.03 0.27±0.03 0.21±0.02 0.25±0.02
f 0.08±0.03 0.15±0.02 0.14±0.03 0.42±0.06 0.18±0.01 0.38±0.04 0.33±0.11 0.29±0.09 0.23±0.04 0.32±0.04 0.25±0.02 0.32±0.02



Table 9
Thermal transmittance results obtained for ECHTC correlations of dimensionless numbers for the approach which uses 
the convective and radiative component.

U-value [W/(m2·K)]Cluster
Case study A Case study B Case study C
Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4

a 0.23±0.09 0.49±0.06 0.52±0.11 1.03±0.32 0.77±0.06 1.47±0.14 1.02±0.16 1.09±0.36 0.92±0.16 1.05±0.12 0.78±0.10 1.10±0.11
b 0.24±0.09 0.50±0.06 0.52±0.11 1.15±0.38 0.75±0.06 1.47±0.14 1.07±0.17 1.09±0.36 0.92±0.16 1.08±0.12 0.80±0.11 1.11±0.11
c 0.25±0.10 0.52±0.06 0.54±0.12 1.11±0.36 0.79±0.06 1.53±0.15 1.08±0.17 1.14±0.38 0.95±0.16 1.11±0.12 0.82±0.12 1.16±0.12
d 0.23±0.09 0.49±0.05 0.50±0.10 0.98±0.30 0.78±0.06 1.62±0.17 1.09±0.18 1.28±0.42 1.22±0.23 1.13±0.13 0.86±0.14 1.24±0.15
e 0.27±0.10 0.56±0.06 0.57±0.12 1.27±0.39 0.80±0.06 1.60±0.16 1.18±0.21 1.18±0.39 0.99±0.17 1.19±0.13 0.89±0.15 1.23±0.14
f 0.27±0.11 0.57±0.07 0.59±0.13 1.23±0.38 0.89±0.07 1.69±0.17 1.19±0.21 1.27±0.42 1.06±0.18 1.22±0.14 0.91±0.16 1.28±0.15


