
Erik Westergren, email: erik.westergren@hotmail.com 
June 15, 2017 
Master Thesis, 30 credits 
Master of Science Programme in Energy Engineering, 300 credits 
Umeå University, Sweden, Department of Applied Physics and Electronics 
K.E Anders Ohlsson, email: anders.ohlsson@umu.se 
 
 

 

Heat Flux Measurement using Infrared 
Thermography 
The development and validation of a novel measurement method 

Erik Westergren 

Supervisor: K.E. Anders Ohlsson 
	
 
 



Erik Westergren  2017-06-15 
 

 
 
 

i 

Abstract	 	 	 	 	 	 	 	
Accurate measurement of the thermal transmittance (U-value) of building envelopes is of great 
importance to get knowledge about buildings true energy performance. There is yet no fast and 
reliable method available for this. Today, U-values are being calculated theoretically and sometimes 
measured on site with a heat flow meter (HFM), both according to ISO-standards. It is common 
though, that the actual U-values are about 20 % higher than the theoretically calculated ones and 
the HFM-method is time consuming, has a total uncertainty in the range of 8-50 % and only gives 
results for one single point on the envelope. One can therefore conclude that there is an evident 
need for a better method for U-value measurement.  
 
This study focuses on the measurement of heat flux trough a building envelope or similar surfaces, 
which is a very important and challenging part of U-value measurement. Here, a novel 
measurement method is proposed, which uses infrared (IR) camera technique and heated gradient 
sensors (HGS). The IR-camera measures the surface temperatures of the HGS, which 
simultaneously measures the corresponding heat fluxes. An experimentally determined 
relationship, between heat flux and surface temperature is then achieved by performing a linear 
regression on the sampled temperature and heat flux data. This gives a linear equation on the form 
𝑦 = 𝑘𝑥 +𝑚, where 𝑦 equals the heat flux, 𝑘 equals the overall heat transfer coefficient, 𝑥 equals the 
surface-(sol-air) temperature difference and m is a measure of the instantaneous thermal 
charge/discharge in the case of non steady state conditions. 
 
The method was tested both indoors and outdoors for heat fluxes between 1-150 W/m2. The results 
showed very good accuracy, even for windy conditions and in the presence of solar irradiation. The 
maximum recorded deviation was 6.6 % and only 8 of totally 60 heat flux calculations showed a 
deviation greater than 4 %. The m-coefficient in the linear equation made highly accurate heat flux 
calculations possible even during non steady state conditions.   
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1.	Introduction	 	 	 	 	 	 	 	

Accurate measurement of the thermal transmittance (U-value) of building envelopes is of great 
importance to get knowledge about buildings true energy performance. There is yet no fast and 
reliable method for this today but the development of one, could give big advantages. Such method 
could, for example, make it possible to quickly investigate if a building satisfies existing demands 
and also give more accurate input parameters for energy optimization calculations.  
 
Today, U-values are being calculated theoretically and sometimes measured in situ with a heat flow 
meter (HFM), both according to ISO-standards. It is common though, that the actual U-values are 
about 20 % higher than the theoretically calculated ones and sometimes the deviations are even 
greater [1]. This is partly due to the difficulty of getting accurate conductivity data for the 
theoretical calculations but it is also affected by the quality of the installation, material degradation 
and differences in moisture content [1] [2] [3]. The HFM-technique has a total uncertainty in the 
range of 8-50 % [2]. It is also a time consuming and intrusive method, which only gives results for 
one single point on the envelope [3] [4].  
 
Buildings account for a big part of the final energy consumption in most modern societies. In fact, 
the European residential and tertiary sector, which is mostly composed by buildings, is estimated to 
account for over 40 % of the final energy consumption in the union [5]. European directives are 
being set to decrease this energy consumption and this raises the demands of the true energy 
performance of buildings. A relevant example is the 2010/31/EC 201 [6], which states that by 31th 
of December 2020, all new buildings must be so called nearly zero-energy buildings.  
 
So, from the information above, one could conclude that there is an evident need of a fast and 
reliable method for measurement of the true U-value of buildings. This need constitutes the 
foundation for this study.  
 
To determine the U-value, one must first determine the heat flux through the wall of interest and 
also the temperature difference between its inside and outside. The main focus of this study is the 
determination of heat flux using a new method based on infrared thermography. 

1.1	Infrared	thermography	
Infrared thermography (IRT) can be used to evaluate the surface temperature of building envelopes 
and in recent years a number of methods for U-value calculations trough IRT have been proposed. 
These IRT methods have the advantages of being non intrusive and can yield quick results (within 
30 minutes) [1] [7]. Measurement uncertainty is still an issue though since the methods faces 
challenges from a number of error sources, for example, reflected radiation from surrounding 
surfaces and determination of the convective heat transfer coefficient (ℎ.) [4]. In general, many 
uncertainties exist in the determination of ℎ. and errors in this parameter can easily cause errors of 
20-40 % in energy demand calculations [8] [9]. 
 

1.2	Previous	research	
Fokaides and Kalogirou [2] proposed a method where the U-value is calculated from 
 

𝑈 =
4𝜀𝜎𝑇45 𝑇4 − 𝑇7 +	ℎ.,9:(𝑇4 − 𝑇9:)

𝑇9: − 𝑇=>?
,																																																																		(1) 

 
where 𝜀 is the emissivity of the wall, 𝜎 is Stefan-Bolzmanns constant, 𝑇4 is the surface temperature 
of the wall, 𝑇7 is the mean radiant temperature of surrounding objects, ℎ.,9: is the convective heat 
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transfer coefficient on the inside of the building and 𝑇9: − 𝑇=>? is the difference between in- and 
outdoor temperature. The method was tested on a real building and gave results with 10-20 % 
absolute deviation from the theoretically calculated U-value. The IRT measurements were 
performed on the inside of the building and the wind speed was set to zero. They also performed a 
sensitivity analysis, which showed that 𝑇7, and 𝜀 are the most sensitive parameters and that a 
deviation of 1C in 𝑇7 could give 10 % deviation in 𝑇4 and up to 100 % deviation in U-value. The 
authors believe that IRT can be more accurate than theoretical calculations in determining the U-
value, since their IRT method considers radiation effects that are ignored in the theoretical 
calculations. 
 
A similar method was purposed by Madding [10], which showed a 13 % deviation between the U-
value calculated by IRT and the theoretically calculated one. Madding´s sensitivity analysis also 
gave similar results with emissivity and the difference between ambient and reflected temperature 
being the most sensitive parameters.   
 
Albatici, Tonelli and Chiogna [1] purposed a slightly different approach in which IRT is performed 
on the outside of the building and 𝑇7 is not measured. The U-value was calculated from 
  

𝑈 =
𝜀𝜎 𝑇4A − 𝑇=>?A + 	3.8054𝑣(𝑇4 − 𝑇=>?)

𝑇9: − 𝑇=>?
,																																																																(2) 

 
where 𝑣 is the wind speed. Their method was tested during three years on different wall types (heat 
capacity, insulation, composition) in different orientations. For north facing walls, the standard- 
and absolute deviation compared to HFM measurements ranged between 11-50 % and 9-40 % 
respectively. The absolute deviation compared to theoretical calculations ranged between 18-40 %. 
The lower deviations were achieved for less insulated walls with high heat capacity. South facing 
walls showed significantly larger deviations and the authors also concluded that further research is 
needed for more well insulated walls and walls with lower heat capacity. During their measurement 
campaigns the U-values calculated theoretically differed 30-43 % from the ones measured with 
HFM. Therefore, the authors raise the question about which method the IRT really should be 
compared against.  
 
Nardi, Sfarra and Ambrosini [3] tested the method purposed by Albatici et al. [1] on a north-
northeast facing wall of a real building in Italy. Their results showed absolute deviations in the 
range of 16-28 % and 2-37 % compared to theoretical calculations and HFM measurements 
respectively. The measurements were conducted during zero wind speed conditions.  
 
Dall’O’, Sarta and Panza [11] proposed a different method in which the radiative contribution of the 
heat flux was not incorporated in the U-value calculations. This was done because it simplifies the 
measurements and calculations and yet gives similar results for wind speeds under 2 m/s, 
according to an investigation included in the study. The U-value was calculated by 
 

𝑈 =
	ℎ=>?(𝑇4 − 𝑇=>?)
𝑇9: − 𝑇=>?

,																																																																																	(3) 

 
where ℎ=>? is the convective heat transfer coefficient for the outside of the building calculated by 
the Jurges equation 
 

ℎ=>? = 5.8 + 3.8054𝑣.																																																																																	(4) 
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This method gave acceptable results for solid mass walls but not for externally insulated ones 
(absolute deviations above 50 %). For solid mass walls, it also gave less error percentage than the 
HFM-method.  
 
Similar for most methods explained above is that they suggest measurements to be done in early 
morning before sunrise to reduce the effect of thermal inertia and direct solar irradiation. The U-
values are calculated for a small surface element and no methods for expanding the area of 
investigation are proposed. Most measurements are carried out during zero wind speed conditions 
and the best results are in general achieved for north facing walls. They also recommend a 
difference between indoor- and outdoor temperature of at least 10°C and the methods gives more 
accurate results when the heat flux through the envelope is higher. Ohlsson and Olofsson [4] used 
IRT for the calculation of heat flux through a wall in lab environment and found that a minimum 
heat flux of 6 W/m2 was necessary to provide good results, with a standard deviation of 10 % or 
less. They also performed tests under forced convection, which did not give useful results. This was 
considered to be because of the difficulty of finding the right theoretical model for the convective 
heat transfer coefficient (ℎ.) and to measure the wind speed at the right location.  
 
Several studies have been performed to find appropriate models for ℎ. [12]. Two of these, which are 
highly relevant for this study, are the ones performed by Ito, Kimura and Oka [13] in 1972 as well as 
Loveday and Taki [14] in 1996. Both research groups used a similar approach in which specially 
constructed heated gradient sensors (HGS) were used for the determination of ℎ.. These were 
attached to the outer wall of a real building and emitted heat fluxes of known magnitude while the 
surface temperatures of the plates were measured with thermometers. They also measured wind 
speed close to the wall and above the roof of the building to develop correlations between these and 
ℎ.. Ito et al. [13] used two HGS to be able to eliminate the term for radiation exchange with the 
surroundings, while Loveday and Taki [14] only used one claiming that it would yield more exact 
results even with a 30 % error in the radiation exchange term. Ito et al. [13], used the following 
equation for calculation of ℎ. 
 

ℎ. =
	𝑞J − 𝑞K − 𝜀𝜎(𝑇L,JA − 𝑇L,KA )

𝑇L,J − 𝑇L,K
,																																																																																	(5) 

 
where 𝑞K, 𝑞J, 𝑇L,K and 𝑇L,J are the heat flux and surface temperature for 𝐻𝐺𝑆K and 𝐻𝐺𝑆J 
respectively. 

1.3	Approach	of	this	study	
This study focuses on the determination of the total heat flux through walls and similar surfaces, 
which is a very important part of the U-value determination. Previous studies have used a number 
of methods for the determination of the total heat flux, see the numerators in equation (1)-(3). The 
approach of this study, seems to be completely new. Here two HGS, similar to those used by 
Loveday and Taki [14] and Ito et al. [13] but of smaller dimensions, are used to determine the 
overall heat transfer coefficient, ℎPK, experimentally at the same surface and time as the heat flux 
determination. These HGS are temporarily attached to the wall/surface of interest and set to give 
slightly different heat fluxes, which are both measured by an integrated HFM. The corresponding 
difference between the surface temperature (𝑇L) of each HGS and the sol-air temperature (𝑇LK) is 
simultaneously measured with an IR-camera. From the sampled data, the heat flux of the two HGS 
is then scatter plotted as a function of the corresponding (𝑇4 − 𝑇LK) temperature difference and a 
linear regression is performed. This gives a linear equation for the relationship between heat flux 
and the (𝑇4 − 𝑇LK) temperature difference and the slope of the linear regression is ℎPK. Since ℎPK 
accounts for both convective and radiative heat transfer, there will be no need for use of empirical 
models for the convective heat transfer coefficient, which have shown to yield poor accuracy in 
previous studies. 
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The (𝑇4 − 𝑇LK) temperature differences for the wall/surface in the proximity of the HGS are also 
included in the IR-images. The heat flux for different areas of the wall/surface can thus be 
calculated by inserting the corresponding temperature difference into the linear regression 
equation. Since the regression equation is developed for the actual and instantaneous on site 
conditions it is believed to give more accurate results than the previously used methods. 
 
In this study, the proposed method will be validated on a third HGS and not the surface of a wall. 
This is due to time limitations and therefore the application of the method to a real wall/building 
envelope is left as a scope of future studies.  
  
In addition to the possibility of higher accuracy, this novel measurement routine is also believed to 
be simpler than those previously proposed in literature. The theory and methodology is explained 
in further in section 2 and 3 respectively. 
 

2.	Theory	 	 	 	 	 	 	 	
In this section, relevant theory regarding the heat balance at a HGS surface, the overall heat 
transfer coefficient (ℎPK) and the IRT-measurements are presented in their respective subsection.  

2.1	Heat	balance	
A heated gradient sensor (HGS) basically consists of an electric heater, which through conductive 
heat transfer, heats an exposed surface to a higher temperature. This in turn gives rise to convective 
and radiative heat transfer from the HGS surface. The heat flux through a HGS is measured by an 
internal heat flux meter (HFM) and the surface temperature is usually measured with built in 
thermometers but in this study infrared thermography is used instead. When a HGS operates in 
steady state conditions, there is a heat balance between incoming and outgoing heat flux at its 
surface. This heat balance can be expressed as  
 

𝑞9: = 𝑞=>? 	↔ 	𝑞.=:R 	+ 𝑞4=S 	= 𝑞7TR + 𝑞.=:U																																																													(6) 
 
where 𝑞.=:R is the conductive heat transfer from the electric heater to the HGS surface, 𝑞4=S is the 
solar irradiance, 𝑞7TR is the net radiative heat transfer from the HGS surface to the surroundings 
and 𝑞.=:U is the convective heat transfer from the HGS surface to the ambient air [15]. All 
parameters in equation (6) are expressed as density of heat flux rate (W/m2). The same heat 
balance is valid for the surface of a building envelope, except that the conductive heat transfer then 
arises from the temperature difference between the inside and outside of the building.  
The radiative heat flux in equation (6) is given by 
 

𝑞7TR = 𝑞7,=>? − 𝑞7,9:																																																																												(7) 
 
where  𝑞7,=>? is the outgoing radiative heat flux from the surface and 𝑞7,9: is the incoming radiative 
heat flux to the surface. The outgoing radiative heat flux consists of both emitted radiation from the 
surface itself and reflected radiation from surrounding surfaces according to 
 

𝑞7,=>? = 𝜀4𝜎𝑇4A + 1 − 𝜀4 𝑞7,9:																																																																		(8) 
 
where 𝜀4 is the emissivity of the surface, 𝜎 is the Stefan-Bolzmanns constant and 𝑇4 is the absolute 
blackbody temperature of the surface in Kelvin (K). The term 1 − 𝜀4  represents the reflectivity of 
the surface. When the surface of interest is non-concave, which is the case trough out this study, the 
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incoming radiative heat flux can be approximated as the mean of outgoing radiation from all 
surrounding surfaces by 
 

𝑞7,9: = 𝜎𝑇7A																																																																																			(9)  
 
where 𝑇7 is the average blackbody temperature (K) of all surrounding surfaces. The emissivity of the 
surrounding surfaces does not show in equation (9) since it is set equal to unity. This is in 
accordance with Kirchhoff´s law, which states that; all radiation impinging on the surrounding 
surfaces will eventually be absorbed by the same surfaces. Thus the emissivity equals unity since 
the absorptivity and emissivity have the same value by definition [16]. The convective heat transfer 
in equation (6) is given by 
 

𝑞.=:U = ℎ. 𝑇4 − 𝑇T 																																																																															(10) 
 
where 𝑇T is the ambient air temperature and ℎ. is the convective heat transfer coefficient. By 
combining equation (6)-(10) one gets the following expression for the net outgoing heat flux from a 
surface 
 

𝑞=>? = 𝜀4𝜎(𝑇4A − 𝑇7A) + ℎ. 𝑇4 − 𝑇T − 𝑞4=S																																																													(11) 
  
The standard ISO 9869-1:2014 [17] uses the following, slightly rewritten form of equation (11) for 
calculation of the total heat flux in the absence of solar irradiation 
 

𝑞=>? = 4𝜀4𝜎𝑇Y5(𝑇4 − 𝑇7) + ℎ. 𝑇4 − 𝑇T 																																																													(12) 
 
where 𝑇Y is the average of 𝑇4 and 𝑇7. Equation (7) can in turn be simplified and solar irradiation can 
be included to give 
 

𝑞=>? = ℎPK 𝑇4 − 𝑇Z:U − 𝑞4=S																																																																																	(13) 
 
where ℎPK is the overall heat transfer coefficient  and 𝑇Z:U is the environment (ambient 
temperature). 𝑇Z:U can be calculated by 
 

𝑇Z:U =
ℎ7
ℎPK

𝑇7 +
ℎ.
ℎPK

𝑇T																																																																													(14) 

 
where ℎ7 = 4𝜀4𝜎𝑇Y5  is the radiative heat transfer coefficient. As equation (14) implies, several 
quantities that are difficult to determine have to be known to be able to calculate 𝑇Z:U. There is a 
useful relationship between 𝑇Z:U and the directly measurable sol-air temperature, 𝑇LK, though [15]. 
This relationship yields 
 

𝑇Z:U = 𝑇LK −
𝑞4=S
ℎPK

																																																																																				(15) 

 
Combining equation (13) and (15) gives the following equation in which the solar irradiance cancels 
out 
 

𝑞=>? = ℎPK 𝑇4 − 𝑇LK 																																																																																	(16) 
 
𝑇LK is the temperature of an exposed surface, whose sides and bottom are perfectly insulated 
(adiabatic). The surface can be exposed to solar irradiation as well as thermal radiative and 
convective heat flux [18]. Direct measurement of 𝑇LK can be performed easily by letting a plate with 
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an exposed top surface and adiabatic sides and bottom reach thermal equilibrium with its 
surroundings and measure the corresponding surface temperature with, in this case, an IR-camera.   

2.2	Overall	heat	transfer	coefficient	
The overall heat transfer coefficient, ℎPK, can be calculated as the sum of the radiative and 
convective heat transfer coefficient (ℎ7 + ℎ.). Since a lot of uncertainties exist in the determination 
of ℎ. there is also a big risk for low accuracy in ℎPK when it is calculated theoretically and used in a 
real (non-lab) environment. The theoretical calculation of ℎ7 is also prone to error under these 
conditions, especially from the measurement of 𝑇7, which is used to calculate 𝑇Y. Therefore a 
different approach in the determination of ℎPK is taken in this study.  

2.2.1 Approach for determination 
In this study ℎPK is determined experimentally by using two heated gradient sensors whose surfaces 
are exposed to the test environment. Each HGS sends a different heat flux through its surface which 
gives rise to two different surface temperatures. Each heat flux is measured by a heat flow meter 
installed in the corresponding HGS while the surface temperatures as well as 𝑇LK are 
simultaneously measured with an IRT-camera.  
 
By sampling these data, point values for the relationship between 𝑞=>? and the temperature 
difference 𝑇4 − 𝑇LK  are achieved. Performing a linear regression on these point values then gives 
an experimentally developed, linear version of equation (16) on the form  
 

𝑦 = 𝑘𝑥 +𝑚																																																																																																(17)  
 
where 𝑦 = 𝑞=>?, 𝑘 = ℎPK,[(linear version of ℎPK), 𝑥 = (𝑇4 − 𝑇LK) and 𝑚 is the intersection between 
the line and the y-axis. Thus, the equation that will be used for the determination of total outgoing 
heat flux through out this study is linear and can be expressed as 
 

𝑞=>? = ℎPK,[ 𝑇4 − 𝑇LK + 𝑚																																																																														(18) 
 
where 𝑚 states what heat flux is going trough the HGS and 𝑇LK-plates when there is no temperature 
difference between them. Similarly, m can be said to state what heat flux is going trough the 𝑇LK-
plates at all times.  
 
Under steady state conditions 𝑚 = 0 since no thermal charging or discharging of the HGS and 𝑇LK-
plates occur. Under non steady state conditions both the HGS and 𝑇LK-plates can be subjected to 
heat flux even though there is no temperature difference between them. Since the HGS and 𝑇LK-
plates are exposed to the same surroundings and constructed almost identical with the same 
emissivity and heat capacity, the heat fluxes through them will be the same. The HGS and 𝑇LK-
plates are then either thermally charged, which makes 𝑚 < 0, or thermally discharged, which 
makes 𝑚 > 0 with the notations used throughout this study. 

2.2.2 Linear approximation 
It can be shown that linear approximation of the total outgoing heat flux can be done with good 
precision on surface temperature intervals of controlled size. In figure (1) equation (11) is scatter 
plotted on a ten-degree interval for variation in surface temperature when all other parameters are 
held constant. A linear regression has also been performed on the scattered points in figure (1), this 
can be seen to have very good precision.   
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Figure 1. Linear regression on scattered points from equation (11) on a ten degree [K] interval for surface 
temperature with 𝒉𝒄 = 𝟓	𝐖/𝐦𝟐 ∙ 𝐊, 𝜺𝒔 = 𝟎. 𝟗𝟓, 𝑻𝒓𝒆𝒇𝒍 = (𝑻𝒂 − 𝟔)	𝐊 and 𝒒𝒔𝒐𝒍 = 𝟎	𝐖/𝐦𝟐.  

A liner fit of good quality is still achieved when the size of the temperature interval is doubled, see 
figure (2). 

 
Figure 2. Linear regression on scattered points from equation (11) on a 20 degree [K] interval for surface 
temperature with 𝒉𝒄 = 𝟓	𝐖/𝐦𝟐 ∙ 𝐊, 𝜺𝒔 = 𝟎. 𝟗𝟓, 𝑻𝒓𝒆𝒇𝒍 = (𝑻𝒂 − 𝟔)	𝑲 and 𝒒𝒔𝒐𝒍 = 𝟎	𝐖/𝐦𝟐. 
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Figure (1) and (2) clearly indicate that it is possible to calculate the total outgoing heat flux with 
good precision using the linear equation (18). 

2.3	Infrared	thermography	measurements	
An IRT-camera can be used to measure the temperature of different objects. By pointing the 
camera at the object of interest it receives a certain amount of thermal radiation, which then can be 
translated to an object temperature. However, the camera does not only receive radiation emitted 
from the object itself. It also receives radiation from the surroundings that is being reflected by the 
object of interest as well as direct radiation from the atmosphere. The total radiation power 
received by an IRT-camera can be expressed as 
 

𝑊?=? = 𝜀𝜏𝑊=wx + 1 − 𝜀 𝜏𝑊7ZyS + 1 − 𝜏 𝑊T?Y																																																						(19) 
 
where 𝜀 is the emissivity of the object, 𝜏 is the transmittance of the atmosphere and 𝑊=wx, 𝑊7ZyS and 
𝑊T?Y is the blackbody radiation power emitted by the object, surroundings and atmosphere 
respectively [16]. The factor 1 − 𝜀  is the reflectivity of the object and 1 − 𝜏  is the emissivity of 
the atmosphere. The blackbody radiation power from an object, x, can be determined by 
 

𝑊z = 𝜎𝑇zA																																																																																															(20) 
 
The transmittance of the atmosphere, 𝜏, depends on the ambient temperature, 𝑇T, the relative 
humidity (𝑅𝐻) and the distance (𝑑) between the object and the camera. The FLIR systems camera 
used in this study can calculate the atmospheric transmittance automatically given that the 
operator inserts values of 𝑇T, 𝑅𝐻 and 𝑑.  
 
So, for the camera to be able to determine the actual temperature of the object of interest it has to 
be able to differentiate 𝑊=wx from 𝑊?=? in equation (19). This is automatically achieved by inserting 
values for 𝜀, 𝑇T, 𝑅𝐻, 𝑑 and 𝑇7ZyS to the camera and further explanation of this matter is considered 
to be outside the scope of this study.  

2.3.1 Sensitivity 
The uncertainty in temperature measurement using IRT depends on what measurement method it 
used. When measuring absolute temperature with the FLIR T420 camera used in this study, the 
uncertainty is in the range of ±2	[𝐾]. When measuring temperature difference, instead of absolute 
temperature, the uncertainty is drastically lowered to the noise equivalent temperature difference 
(NETD) [16]. The NETD is temperature dependent and also varies among different camera models. 
For the FLIR T420 it is specified as equal to 0.045 [K] at 30 [°C]. Higher object temperature gives 
lower NETD and vice versa. 
 
By calculating the average temperature of 𝑛 pixels in each area of interest, the uncertainty in 
temperature difference measurement can be reduced even further. The NETD is then reduced by a 
factor of �

:
 [16]. 

 
 

3.	Experimental		equipment	 	 	 	 	 	
The novel heat flux measurement method proposed in this study was tested and validated by using 
a custom-made test rig. The test rig consisted of a 1200x600x50 [mm] extruded polystyrene block 
(𝜆 = 0.4	[ �

Y�
]) in which three heated gradient sensors (HGS) and three sol-air temperature (𝑇LK) 

plates were installed. Figure 3 shows the design of the test rig.  
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Figure 3. The design of the test rig where 1 = 𝑯𝑮𝑺𝑨, 2 = 𝑯𝑮𝑺𝑽, 3 = 𝑯𝑮𝑺𝑩, 4 = 𝑻𝑺𝑨�𝑨, 5 = 𝑻𝑺𝑨�𝑽 and 6 = 𝑻𝑺𝑨�𝑩. 

𝐻𝐺𝑆K and 𝐻𝐺𝑆J were used to experimentally determine equation (18) according to section 2.2.1 and 
𝐻𝐺𝑆� was used for validation. The spacing between the HGS and 𝑇LK-plates was chosen so that their 
temperatures should not affect each other. This was controlled by heat flow simulations in 
COMSOL. The surfaces of the HGS and 𝑇LK-plates were in level with the surface of the block and 
their backsides were insulated by the block itself. The wires from the HGS were routed internally in 
the polystyrene block and thus well insulated.  

3.1	Heated	gradient	sensors	
Each HGS used in this study consisted of a 1 mm thick electric resistance heater foil (633 Ω, 
polyimide thermo-foil, Minco, USA) sandwiched between two 2 mm thick copper plates. On top of 
that a 5 mm thick HFM (model HFP01, Hukseflux Thermal Sensors, Delft, Netherlands) and a final 
2 mm thick copper plate were placed. The upper surface of the final copper plate was professionally 
painted with a 0.1 mm thick layer of Nextel Velvet Coating (𝜀 = 0.97 [19]). Heat transfer paste was 
applied between the components to enhance the thermal conductivity. The HGS was held together 
by aluminum tape applied to its sides and bottom and the HGS had a total diameter of 80 mm and 
a thickness of 12.1 mm. The schematic HGS design and two real HGS are displayed in figure 4. 
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Figure 4. Left: The HGS design where 1 is the Nextel Velvet Coating layer, 2, 4, and 6 are copper plates, 3 is the 
HFM and 5 is the heater foil. Right: Two of the real HGS that were used in the study. 

The top surfaces of the HGS on the right hand side of figure 4 are covered with blue protective tape. 

3.2	Sol-air	temperature	plates	
The sol air temperature plates were identical to the HGS except that they did not have an electric 
heater and each HFM was replaced by a 5 mm thick disk of acrylic glass. This was done so that the 
HGS and 𝑇LK-plates would have the same heat capacity and thus be affected by changing 
environmental conditions in the same way. 

3.3	Other	measurement	equipment	
Solar irradiance was measured by a pyranometer (model SR11-15, Hukseflux Thermal Sensors, 
Delft, Netherlands) with sensitivity 𝑆 = 18,32(±0.25) ∗ 10�� �

� ��. The mean radiant temperature 
of surrounding objects, 𝑇7, was measured with a pyrogeometer (model IR20-T1, Hukseflux Thermal 
Sensors, Delft, Netherlands) with sensitivity 𝑆 = 12.09(±0.54) ∗ 10�� �

� ��. The pyrogeometer 
measured incoming infrared radiation, which was translated to 𝑇7 by applying equation (20) and 
solving for 𝑇. The wind speed, ambient temperature, 𝑇T, and relative humidity, 𝑅𝐻, were all 
measured with a Watchdog 2000 weather station from Spectrum Technologies. The Minco heater 
foil in each HGS was powered by a adjustable DC voltage supply. A FLIR T420 infrared camera was 
used for temperature measurements and its technical specifications can be seen in table 1.  
 
Table 1. Technical specifications for the FLIR T420 infrared camera. 

NETD 0.045°C at 30°C 
Accuracy ±2°C 
Spectral range 7.5-13 𝜇𝑚 
Object temperature range -20-650°C 
Field of view 25° x 19° / 0.4 m  
IR resolution 320 x 240 pixels 
  

3.4	Data	acquisition	
A data acquisition system (CompactDAQ) from National Instruments was used to acquire data 
from the HGS, pyranometer and pyrogeometer at a sampling frequency of 1 Hz. The DAQ system 
was plugged in to a computer and controlled using the LabVIEW software. The wind speed, 
ambient temperature, 𝑇T, and relative humidity, 𝑅𝐻 was logged once a minute by the Watchdog 
2000 weather station and the data was transferred to the computer using the SpecWare 9 Pro 
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software. The FLIR T420 infrared camera was plugged in the computer via USB and controlled 
using the FLIR ResearchIR software. 
 

4.	Experimental		procedure	 	 	 	 	 	
Tests of the method were carried out both indoors and outdoors. The basic test routine was the 
same for all of the tests and is described in section 4.1. The experimental setup for the indoor and 
outdoor tests differed slightly so these are therefore explained in section 4.2 and 4.3 respectively. 

4.1	Basic	test	routine	
First all three HGS were supplied with different heater power to give slightly different heat fluxes. 
When these heat fluxes showed relatively stable values a five-minute test routine was started. In the 
beginning of every minute, five IR images of the test rig were recorded with a six second interval 
while all other parameters were simultaneously logged according to section 3.4. The IR images 
were then post processed in the FLIR ResearchIR software where values of 𝜀, 𝑇7ZyS, 𝑇T, 𝑅𝐻 and 𝑑 
were set.  
 
The mean surface temperature for a 73 pixels large circular area on each HGS and 𝑇LK-plate was 
calculated for every IR image. The temperature difference between each pair of HGS and 𝑇LK-plate 
was then determined by subtracting the corresponding mean surface temperatures from each 
other. 
 
The heat flux for each HGS was averaged over each of the 24 second long image series. A unique 
version of equation (18) was then determined for every image series by using heat flux and 
temperature difference data from 𝐻𝐺𝑆K and 𝐻𝐺𝑆J, which had the lowest and highest heat flux 
respectively. This was done by scatter plotting the heat flux as a function of the temperature 
difference and performing a linear regression according to section 2.2.1.  
 
Each unique equation was then validated by calculating the heat flux for 𝐻𝐺𝑆�, which was not used 
in the development of the equations. This validation was performed separately for each image 
series. The average of the five temperature differences between 𝐻𝐺𝑆� and its respective 𝑇LK-plate 
was used in the calculation and the results were compared against the heat flux measured by the 
HFM inside 𝐻𝐺𝑆� during the same 24 seconds.  

4.2	Indoor	test	routine	
For the indoor experiments, the test rig was placed against a smooth wall in a standard office room. 
The infrared camera was equipped with a lens having a wider field of view to be able to fit all the 
HGS and 𝑇LK-plates in one single image even though the space in the office was limited. It was then 
placed on a tripod at a distance of 1.5 m from the test rig with an approximately ten-degree angle to 
the normal of the test rig. The pyranometer and pyrogeometer were placed beside the test rig so 
that they were all seeing the same surroundings. The Watchdog 2000 weather station was placed in 
the proximity of the test rig without interfering in the IR image.  
 
The basic test routine explained in section 4.1 was then performed two times for low heat fluxes (1-
13 W m�) and two times for higher heat fluxes (18-84 W m�).  

4.3	Outdoor	test	routine	
The outdoor measurements were performed at a roof terrace of the Technology Building at Umeå 
University. The test rig was attached to a frame made by a thin sheet of wood, which was mounted 
so that it covered a window and created a relatively smooth transition with the rest of the wall. The 
IR camera was equipped with the standard lens (see field of view in table 1) and was placed on a 
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tripod at a distance of 2.5 m from the test rig with an approximately zero degree angle to the 
normal of the test rig. The pyranometer and pyrogeometer were placed with a slightly upward 
facing angle against the wall two meters beside the test rig so that they were seeing approximately 
the same surroundings as the test rig. The Watchdog 2000 weather station was placed three meters 
beside the test rig and 0.5 m out from the wall. Figure 5 shows the experimental setup for the 
outdoor tests.  
 

 
Figure 5. Setup for the outdoor tests. From left to right: Test rig, IR camera on tripod, pyranometer and 
pyrogeometer mounted on a black board of wood, Watchdog 2000 weather station.  

The outdoor tests were performed both during a clear night and a clear day. During the night the 
basic routine explained in section 4.1 was performed two times for heat fluxes between 4-33 W m� 
and two times for higher heat fluxes (40-147 W m�). During the day the same routine was 
performed two times for heat fluxes between 4-44 W m� and two times for higher heat fluxes (13-
94 W m�). The wind speeds ranged between 0-6 m/s. 

4.4	Validity	check	of	𝒉𝑶𝑨,𝑳	
The ℎPK,[-coefficients that were achieved from the linear regressions, were compared against the 
sum of ℎ. and ℎ7 for both of the outdoor tests with high heat fluxes during daytime. These test were 
chosen because they showed interesting variation in the parameters for the surroundings. ℎ. was 
calculated by the method purposed by Ito et al. [13], see equation (5), and ℎ7 was calculated by ℎ7 =
4𝜀4𝜎𝑇Y5 . For these calculations, the absolute value of 𝑇LK was approximated as the mean of 𝑇T and 𝑇7. 
Each 𝑇L was then approximated as 𝑇LK plus the corresponding (𝑇L − 𝑇LK) temperature difference 
that was directly measured during the tests.  
 

5.Results	 	 	 	 	 	 	 	
The results from the indoor and outdoor tests are presented in their respective subsection. F0r all 
tables presented in this section, note that the temperature differences (𝑇L − 𝑇LK) are presented for 
𝐻𝐺𝑆K, 𝐻𝐺𝑆� and 𝐻𝐺𝑆J in the respective order of appearance. Each one is calculated as the average 
of the five temperature differences for each image series. The wind speed data (𝑣) is presented for 
gusts and average wind speed in the respective order of appearance.  
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5.1	Indoor	tests	
Two indoor tests for low heat fluxes where performed on the 2017-04-25.  During these 𝐻𝐺𝑆� 
delivered heat fluxes between 4.8-5 W m� while 𝐻𝐺𝑆K and 𝐻𝐺𝑆J delivered heat fluxes between 
0.97-1.16 W m� and 12.8-13.2 W m� respectively. A graphical overview of the accuracy of the 
results from this test is presented in figure 6 and further test data is presented in table 2 and 3. 

 
Figure 6. Percentage deviation between calculated heat fluxes and those measured with 𝑯𝑭𝑴𝑽, scatter plotted 
against the corresponding 𝑯𝑭𝑴𝑽 heat fluxes.  

Table 2. Indoor low q test 1 on the 2017-04-25 at 11:51. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 

4.935 +3.6 9.314 -0.704 21.88 0.20 | 0.62 | 1.49 
4.990 -0.8 9.173 -0.923 21.89 0.23 | 0.64 | 1.53 
4.895 +1.9 9.344 -0.563 21.89 0.18 | 0.59 | 1.45 
4.952 +0.2 9.570 -1.182 21.89 0.24 | 0.64 | 1.49 
4.945 +3.4 9.022 -0.336 21.90 0.17 | 0.60 | 1.48 
 

Table 3. Indoor low q test 2 on the 2017-04-25 at 12:15. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 

4.798 -0.2 8.799 -0.515 21.97 0.17 | 0.59 | 1.48 
4.781 +3 8.860 -0.541 21.96 0.13 | 0.57 | 1.46 
4.826 +4.1 8.993 -0.172 21.96 0.13 | 0.58 | 1.45 
4.818 +0.3 8.987 -0.178 21.95 0.17 | 0.60 | 1.52 
4.826 +0.3 9.070 -0.534 21.95 0.17 | 0.60 | 1.52 
 
Two indoor tests for higher heat fluxes were performed on the 2017-04-24. During these 𝐻𝐺𝑆� 
delivered heat fluxes between 41-41.3 W m� while 𝐻𝐺𝑆K and 𝐻𝐺𝑆J delivered heat fluxes between 
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18.8-18.6 W m� and 83.6-83.9 W m� respectively. A graphical overview of the accuracy is 
presented in figure 7 and further test data is presented in table 4 and 5. 

 
Figur 7. Percentage deviation between calculated heat fluxes and those measured with 𝑯𝑭𝑴𝑽. scatter plotted 
against the corresponding 𝑯𝑭𝑴𝑽 heat fluxes. 

Table 4.  Indoor high q test 1 on the 2017-04-24 at 23:52.  

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 

41.072 +2 11.057 -9.090 22.27 2.51 | 4.61 | 8.39 
41.214 +1.5 11.053 -9.026 22.28 2.51 | 4.60 | 8.39 
41.148 +1.9 11.008 -8.630 22.28 2.49| 4.59 | 8.39 
41.129 +2.1 11.103 -9.567 22.28 2.55 | 4.64 | 8.40 
41.035 +2.3 11.016 -8.982 22.28 2.51 | 4.62 | 8.41 
 
Table 5.  Indoor high q test 2 on the 2017-04-24 at 23:52. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 

41.089 +1.9 10.921 -9.899 22.36 2.16 | 4.74 | 8.56 
41.115 +2  10.955 -9.969 22.36 2.61 | 4.74 | 8.55 
41.144 +1.9 10.940 -9.907 22.37 2.61| 4.74 | 8.57 
41.179 +2 10.933 -9.986 22.37 2.62 | 4.75 | 8.57 
41.245 +1.7 10.973 -10.025 21.95 2.62 | 4.74 | 8.56 
 

5.2	Daytime	outdoor	tests	
Four tests where conducted on the 2017-05-04, two for low heat fluxes and two for higher heat 
fluxes. During the low heat flux tests 𝐻𝐺𝑆� delivered heat fluxes between 12-30 W m� while 𝐻𝐺𝑆K  
and 𝐻𝐺𝑆J delivered heat fluxes between 4.5-18 W m� and 25-45 W m� respectively. During the 
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high heat flux tests 𝐻𝐺𝑆� delivered heat fluxes between 28-68 W m� while 𝐻𝐺𝑆K and 𝐻𝐺𝑆J 
delivered heat fluxes between 19.5-76 W m� and 25-45 W m� respectively. The weather was clear, 
sunny and moderately windy. For the low heat flux tests, a graphical overview of the accuracy is 
presented in figure 8 and further test data is presented in table 5 and 6. The corresponding results 
for the higher heat flux tests are presented in figure 9, table 7 and 8. 

 
Figure 8. Percentage deviation between calculated heat fluxes and those measured with 𝑯𝑭𝑴𝑽, scatter plotted 
against the corresponding 𝑯𝑭𝑴𝑽 heat fluxes. 

Table 5.  Outdoor low q test 1 on the 2017-05-04 at 11:12. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 𝑞4=S [
�
Y�] 𝑣 [𝑚 𝑠] 

18.572 -1.4 16.818 -16.060 4.52 1.45 | 2.12 | 3.19 87.03 4 | 1 
15.362 -1.2 14.705 -16.696 4.53 1.50| 2.17 | 3.21 84.54 1 | 1 
22.072 -6.2 15.157 -12.865 4.47 1.56| 2.21 | 3.24 82.68 4 | 1 
29.556 -5.2 16.502 -9.054 4.39 1.60 | 2.25 | 3.26 81.79 3 | 0 
22.964 +0.3 16.567 -14.175 4.48 1.60| 2.25 | 3.22 80.98 1 | 0 
 

Table 6.  Outdoor low q test 2 on the 2017-05-04 at 11:26. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 𝑞4=S [
�
Y�] 𝑣 [𝑚 𝑠] 

23.108 -4.5 19.767 -25.970 4.95 1.89 | 2.43 | 3.18 80.66 3 | 1 
12.503 +6.6 15.006 -22.422 5.25 1.81| 2.38 | 3.19 81.36 3 | 3 
21.811 -2.5 16.181 -17.365 5.19 1.81| 2.39 | 3.19 81.45 4 | 1 
19.793 +1.5 16.648 -19.807 5.28 1.80 | 2.40 | 3.21 80.90 1 | 0 
12.873 -1.7 14.386 -21.472 5.48 1.79 | 2.37 | 3.18 81.60 4 | 1 
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Figure 9. Percentage deviation between calculated heat fluxes and those measured with 𝑯𝑭𝑴𝑽. scatter plotted 
against the corresponding 𝑯𝑭𝑴𝑽 heat fluxes. 

Table 7.  Outdoor high q test 1 on the 2017-05-04 at 11:41. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 𝑞4=S [
�
Y�] 𝑣 [𝑚 𝑠] 

40.699 +0.2 23.629 -41.97 7.02 2.73 | 3.50 | 4.46 104.75 4 | 4 
50.104 -2.2 25.028 -40.163 7.14 2.76| 3.56 | 4.55 107.48 2 | 1 
36.144 -0.6 22.579 -47.789 7.50 2.90| 3.71 | 4.76 109.86 0 | 0 
33.116 -2.5 21.547 -50.244 7.76 2.99 | 3.83 | 4.91 111.56 0 | 0 
28.753 +3.1 21.513 -56.055 8.09 3.12 | 3.98 | 5.08 114.06 3 | 3 
 
Table 8.  Outdoor high q test 2 on the 2017-05-04 at 11:50. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 𝑞4=S [
�
Y�] 𝑣 [𝑚 𝑠] 

39.660 +0.9 20.676 -52.252 8.11 3.48 | 4.46 | 5.73 110.76 3 | 3 
53.194 +1.4 21.607 -43.703 7.63 3.51| 4.52 | 5.77 105.79 1 | 0 
54.805 -1.4 20.896 -41.366 7.47 3.54| 4.57 | 5.86 101.03 1 | 0 
67.837 -3.2 22.208 -36.638 7.22 3.58 | 4.61 | 5.89 97.73 4 | 0 
61.673 -0.5 21.926 -40.926 7.10 3.61 | 4.67 | 5.96 91.89 3 | 0 

5.3	Nighttime	outdoor	tests	
Four nighttime tests, two for low and two for higher heat fluxes, were conducted on the night 
between the 2/5 and 3/5-2017. The skies were clear and moderate winds were present. For the low 
heat flux tests, a graphical overview of the accuracy is presented in figure 10 and further test data is 
presented in table 9 and 10. The corresponding results for the higher heat flux tests are presented 
in figure 11, table 11 and 12. 
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Figure 10. Percentage deviation between calculated heat fluxes and those measured with 𝑯𝑭𝑴𝑽, scatter plotted 
against the corresponding 𝑯𝑭𝑴𝑽 heat fluxes. 

Table 9.  Outdoor low q night test 1 on the 2017-05-02 at 23:31. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 𝑣 [𝑚 𝑠] 

14.795 +0 14.979 2.576 -3.56 0.40 | 0.82 | 2.04 3 | 3 
12.876 -6 17.406 -4.298 -3.51 0.62 | 0.94| 2.11 3 | 0 
14.221 -0.4 14.849 2.814 -3.57 0.36| 0.76 | 1.99 1 | 0 
14.086 -4.8 16.809 -2.660 -3.54 0.62 | 0.96 | 2.10 1 | 0 
14.130 +0 14.900 3.486 -3.61 0.30 | 0.71 | 1.93 1 | 0 
 
Table 10.  Outdoor low q night test 2 on the 2017-05-03 at 00:20. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 𝑣 [𝑚 𝑠] 

12.449 +2.5 14.652 2.090 -2.72 0.31 | 0.73 | 1.93 1 | 0 
12.963 +0.9 14.347 2.261 -2.72 0.33 | 0.75| 1.96 0 | 0 
11.504 +4.4 15.635 0.476 -2.64 0.31| 0.74 | 1.93 6 | 0 
10.682 +5.9 15.730 0.149 -2.59 0.28 | 0.71 | 1.90 3 | 0 
12.296 +0.6 14.661 2.080 -2.64 0.29 | 0.70 | 1.91 1 | 1 
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Figure 11. Percentage deviation between calculated heat fluxes and those measured with 𝑯𝑭𝑴𝑽, scatter plotted 
against the corresponding 𝑯𝑭𝑴𝑽 heat fluxes. 

Table 11.  Outdoor high q night test 1 on the 2017-05-03 at 00:20. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 𝑣 [𝑚 𝑠] 

77.386 +0.9 15.865 -6.956 -3.86 3.07 | 5.36 | 8.63 3 | 0 
78.991 +1.5 16.477 -8.499 -3.87 3.07 | 5.38 | 8.65 0 | 0 
76.778 +0.9 15.490 -7.085 -3.95 3.12| 5.46 | 8.78 0 | 0 
78.482 +0.8 15.702 -7.752 -3.99 3.16| 5.53 | 8.85 1 | 1 
80.453 +1.6 16.367 -9.156 -4.02 3.17 | 5.56 | 8.86 1 | 0 
 
Table 12.  Outdoor high q night test 2 on the 2017-05-03 at 01:48. 

𝑞���� [ �
Y�] 𝑞.TS. dev. [%] ℎPK [� Y�

°¡
] m [ �

Y�] 𝑇7 [°C] 𝑇L − 𝑇LK [°C] 𝑣 [𝑚 𝑠] 

80.168 +1 14.080 -7.586 -4.95 3.63 | 6.29 | 9.96 0 | 0 
82.859 +1.8 14.719 -8.773 -4.97 3.64 | 6.32 | 9.99 0 | 0 
83.166 +1.1 14.683 -8.749 -4.95 3.64 | 6.32 | 10.01 0 | 0 
80.357 +1.6 14.062 -7.685 -4.99 3.65 | 6.35 | 10.06 0 | 0 
82.496 +1.1 14.451 -8.544 -5.01 3.65 | 6.36 | 10.07 3 | 3 
 

5.4	Relationship	between	HGS	heat	flux	and	𝒎	
Significant variation of 𝑚 was present amongst and within the performed test, as have been showed 
in tables 2-12 above. To explain this matter further, 𝑚 and heat fluxes for all three HGS have been 
plotted as a function of time for three of the performed tests. One of the tests that were chosen for 
this was the indoor low q test 2 (table 3) since both heat flux and 𝑚 showed stable values and 𝑚 was 
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very close to zero. The other two tests were the outdoor high q test 1 and 2 (table 7-8) since these 
showed large variations of both heat flux and 𝑚.  The results are presented in figure 12, 13 and 14 
below.  

 
Figure 12. Heat flux and 𝒎 as a function of time for the indoor low q test 2 on the 2017-04-25 at 12:15. 𝒎 is 
displayed as the ∗-symbols and the black line sections each indicate an ongoing image series. 

 
Figure 13. Heat flux and 𝒎 as a function of time for the outdoor high q test 1 on the 2017-05-04 at 11:41. 𝒎 is 
displayed as the ∗-symbols and the black line sections each indicate an ongoing image series. 
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Figure 14. Heat flux and 𝒎 as a function of time for the outdoor high q test 1 on the 2017-05-04 at 11:50. 𝒎 is 
displayed as the ∗-symbols and the black line sections each indicate an ongoing image series. 

5.5	Validity	check	of	𝒉𝑶𝑨,𝑳	
In this subsection, the ℎPK,[-coefficients calculated by linear regression are compared against the 
sum of ℎ. and ℎ7 for two of the performed tests. The ℎ. was calculated by the Ito-method and is 
therefore referred to as ℎ.,¤?=. The comparison for the daytime high q test 1 and 2 on the 2017-05-04 
are presented in table 13 and 14 respectively. 
 
Tabell 13. Comparison of 𝒉𝑶𝑨 for the outdoor high q test 1 on the 2017-05-04 at 11:41. 

ℎ.,¤?= [� Y�

°¡
] ℎ7 [� Y�

°¡
] ℎ.,¤?= + ℎ7 [� Y�

°¡
] ℎPK,[ [� Y�

°¡
] deviation [%] 

18.978 4.947 23.925 23.629 -1.2 
20.370 4.950 25.320 25.028 -1.2 
17.917 4.960 22.877 22.579 -1.3 
16.880 4.967 21.847 21.547 -1.4 
16.852 4.975 21.827 21.513 -1.4 
 

Tabell 14. Comparison of 𝒉𝑶𝑨 for the outdoor high q test 2 on the 2017-05-04 at 11:50. 

ℎ.,¤?= [� Y�

°¡
] ℎ7 [� Y�

°¡
] ℎ.,¤?= + ℎ7 [� Y�

°¡
] ℎPK,[ [� Y�

°¡
] deviation [%] 

15.964 5.232 21.196 20.676 -2.5 
16.900 5.221 22.121 21.607 -2.3 
16.191 5.220 21.411 20.896 -2.4 
17.496 5.215 22.711 22.208 -2.2 
17.206 5.215 22.421 21.926 -2.2 
 
 
 



Erik Westergren  2017-06-15 
 

 
 
 

21 

6.	Discussion	and	conclusions	 	 	 	 	 	
In this section, the results presented in section 5 and other important findings are discussed and 
conclusions are drawn.  

6.1	Accuracy	
The proposed method gave very accurate results in all the performed tests, as was shown in section 
5. The maximum deviation recorded, between the calculated and validation heat fluxes, was 6.6 % 
and only 8 of totally 60 heat flux calculations showed a deviation greater than 4 %. Good accuracy 
was also accomplished during windy conditions, which have not been the case in the previous 
studies presented in this report. The method also proved to give accurate results with the presence 
of solar irradiation. One can therefore conclude that the proposed method is more robust and have 
very high accuracy compared to the previous studies on U-value and heat flux calculation presented 
in section 1.2.  
 
In addition to heat flux measurement, U-value calculations also incorporate the measurement of 
the (𝑇9: − 𝑇=>?) temperature difference.  Another possible source of error in U-value calculations is 
the effect of stored energy in the wall of interest (non-steady state). There is an opportunity though, 
that the parameter 𝑚, which is discussed further in section 6.2, can compensate for the non steady 
state conditions. 
 
There are a number of other benefits with the proposed method. For example, it is quick and 
reliable since it can give accurate results within five minutes and there is no need to compensate the 
results for the affect that the HGS have on the wall, since the surface of interest (SOI) is in a 
different area. There is also a possibility to measure the heat flux for large areas, provided that the 
surrounding conditions for the HGS are valid for the expanded SOI. 
 
The fact that the accuracy is high may seem obvious, since the heat flux is calculated in the middle 
of a linear regression of good fit. This is not a blunder, but the point of the purposed method. The 
goal is here to measure the heat flux for a surface in a surrounding for which one does not know the 
relationship between heat flux and temperature difference. One determines this relationship by 
using two HGS in the proximity of the surface which one wants to measure the heat flux for (the 
SOI). The HGS surface temperatures are set close to the temperature of the SOI, because it is 
possible and because there is no reason not to. The determined relationship is finally applied to the 
SOI for an accurate heat flux measurement. The proposed method aims to keep measurements 
simple and provide accurate results. It has a theoretical basis but even if that would not have been 
the case, it could have been used empirically.  
 
Throughout this study, the SOI was 𝐻𝐺𝑆�. There is a risk that the accuracy might decrease when the 
SOI is not a HGS but the surface of a wall. Reasons for this can, for example, be possible emissivity 
differences between the HGS and the wall and that the HGS might disturb the airflow field. A 
highly competitive accuracy is still believed to be possible, if performed correctly. It is believed to 
be possible options for solving the emissivity differences and the HGS can be made thinner to 
decrease the disturbance of the airflow field. 

6.2	The	interpretation	of	𝒎	
The intersection between the y-axis and the linear regression (𝑚) varied significantly within and 
amongst the performed tests. This can be explained by variations in the surrounding conditions. In 
figure 13 and 14 𝑚 is always negative, which means that the HGS and 𝑇LK-plates would all be 
thermally charged with the rate of 𝑚 if there were no temperature difference between them. The 
figures also show that as the HGS heat flux increases, 𝑚 increases (turns less negative). This is 
because a decreased thermal charging from the surrounding increases the net outgoing heat flux 
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from the HGS, which is measured by each HFM. The opposite is valid for decreased HGS heat flux. 
Figure 13 and 14 clearly shows that variations in the HGS heat flux and 𝑚 correlates, both in trend 
and magnitude. In figure 12, the HGS heat fluxes are approximately constant and 𝑚 is close to zero. 
The constant heat fluxes do not indicate that the conditions are steady state, since the heat flux can 
be constant when a steady thermal charging or discharging of the HGS and 𝑇LK-plates occur. The 
only indication of steady state conditions is if 𝑚 = 0. From this, the conclusions can be drawn that 
perfect steady state conditions did not occur for any of the test performed in this study and that the 
proposed method has the ability to measure low heat fluxes with good accuracy during non-steady 
state conditions. Perfect steady state conditions are believed to increase the accuracy even further. 

6.3	Possible	HFM	calibration	error	
Before the final tests presented in this report were run, a number of pre tests were conducted 
indoors to check the performance of the test rig. It was then suspected that calibration errors were 
present amongst the HFM because systematic errors, that were dependent on which HFM that was 
set to the highest, lowest and middle heatflux, occurred in the heat flux calculations. Each HFM-
heat flux combination had its unique systematic error that was constant during all its 
corresponding pre tests. The HFM-heat flux combination for the final tests presented in this study 
was then chosen as the one with the lowest systematic error. The latest calibration dates where 
2014-02-10 for 𝐻𝐹𝑀K and 2015-02-03 for 𝐻𝐹𝑀J and 𝐻𝐹𝑀§. 

6.4	Comparison	of	different	𝒉𝑶𝑨		
Table 13 and 14 shows very small and systematic deviations between the ℎPK,[ and (ℎ.,¤?= + ℎ7) 
where ℎ.,¤?= was calculated by the method proposed by Ito et al. [13]. This is hardly surprising since 
the method for determination of ℎPK,[ proposed in this study and the Ito-method has a similar 
basis. Equation (5) takes the quotient between a heat flux difference (-minus a radiation term) and 
a surface temperature difference, which can be interpreted as calculating the slope coefficient of a 
line. The systematic errors in table 13 and 14 are believed to be because of the surface temperature 
approximation explained in section 4.4.  
 
The method purposed in this study differs from the one proposed by Ito et al. [13] in the way that 
the radiation term is included to calculate ℎPK instead of ℎ. and a proper linear regression is 
performed. Other important differences is that an IR-camera is used for temperature 
measurements and that 𝑇LK is measured instead of 𝑇T which enables easy and extremely accurate 
measurement of the temperature difference needed to calculate ℎPK.  
 
The use of the method proposed in this study is also extended to heat flux measurements and the 
linear regression equation incorporates the m-coefficient, which is crucial for good accuracy in 
conditions that are not perfectly steady state. The HGS used in this study are also of much smaller 
dimensions and can easily and temporarily be attached to a wall/surface of interest for highly 
accurate, instantaneous, on site determination of heat flux and ℎPK.  

6.5	Further	studies	
In further studies, it should be made sure that the HFM calibrations are precise and some tests 
should be performed in early morning, as recommended in previous studies, to investigate if 
somewhat steady state conditions can be achieved. The possibility of getting accurate results 
without the need to measure 𝑇7 should also be examined. Since only temperature differences are 
measured, reasonable approximation of 𝑇7 would only cause very small errors. This is another 
advantage with the proposed method since 𝑇7 have shown to be a sensitive parameter in previous 
studies. It is believed though, that the error associated with 𝑇7 can be completely eliminated by 
using an IR-camera set to signal readout. The raw signal readings from the HGS and 𝑇LK-plates can 
then be subtracted from each other, which will cause the reflected and atmosphere radiation 
contribution to cancel out. The remaining signal can then be translated to temperature. With the 
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IR-camera algoritm used in this study, the HGS and 𝑇LK-plate temperatures were first calculated 
separately (which demands knowledge about 𝑇7) and then subtracted from each other. Finally the 
proposed method should be used for U-value calculation of a real building envelope.  
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