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Testing of the physical properties for main elements and 

solutions under laboratory conditions 

1. Methods of testing 

To determine or refine the essential characteristics of materials and structures potentially 

used in nearly zero energy buildings, laboratory and field measurements of many physical 

parameters can be made, using different equipment. 

The parameters measured in laboratory conditions for the materials are as follows 

- thermal conductivity λ [W/(m·K)]; 

- heat capacity cp [J/(kg·K)] and (latent) heat of fusion [J/kg]; 

- thermal diffusivity α [m2/s] and effusivity e [W/m−2/K−1/s−0.5]; 

- water vapor transmission rate WVTR [g/m2/24 hr]; 

- porosity properties; 

- linear thermal expansion αL [K-1]; 

- surface emission ε [-]. 

The parameter measured in laboratory conditions for the ready building structures is 

thermal transmittance U (W/m2·K). 

The obtained results are used for the selection of materials and structures with the 

necessary properties for testing in real climatic conditions and for the nZEB prototype 

creation, as well as the input data necessary for the mathematical modelling of thermal-

physical processes (p. 7). 

2. Thermal conductivity 

From simple definition [4.1], according to the second law of thermodynamics, heat will 

flow from the hot environment to the cold one to equalize the temperature difference. This 

is quantified in terms of a heat flux q, which gives the rate, per unit area, at which heat 

flows in a given direction (W/m2). Heat flux is directly proportional to the temperature 

difference (K) and inversely proportional to the thickness of the material L (m) [4.2]: 

q = − λ ⋅ (T2 − T1) / L          (4.1) 

The constant of proportionality λ (lambda) is the thermal conductivity; it is a physical 

property of the material to measure of ability to conduct a heat. When the T2 is 

temperature of hot environment (T2 > T1) heat flows in the minus x-direction and q is 

negative, which in turn means that λ > 0 (Fig. 4.1). The thermal conductivity is always 

defined to be positive. For simplicity, usually it is assumed here that the λ does not vary 

significantly as temperature is varied from T1 to T2.  

A more general definition of the thermal conduction says that λ is defined as the transport 

of energy due to random molecular motion across a temperature gradient. It is 

distinguished from energy transport by convection and molecular work in that it does not 

involve macroscopic flows or work-performing internal stresses [4.1]. Energy flow due to 

thermal conduction is classified as heat and is quantified by the vector q (r, t), which gives 
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the heat flux at position r and time t. According to the second law of thermodynamics, it is 

reasonable to postulate that q (r, t) is proportional to the gradient of the temperature field 

T (r, t), i.e. 

q (r, t) = - λ T (r, t)          (4.2) 

where the constant of proportionality, λ>0, is the thermal conductivity. This is called 

Fourier's law of heat conduction. 

In some solids, thermal conduction is anisotropic, i.e. the heat flux is not always parallel to 

the temperature gradient. To account for such behavior, a tensorial form of Fourier's law 

must be used: 

q (r, t) = - λ · T (r, t)          (4.3) 

where λ is symmetric, second-rank tensor called the thermal conductivity tensor [4.2]. 

 

Fig. 4.1. Thermal conductivity can be defined in terms of the heat flow q across a temperature 

difference [4.1]. 

 

2.1. Thermal conductivity measurements  

There are several possibilities to measure thermal conductivity, each of them suitable for 

limited range of materials, depending on the thermal properties and the medium 

temperature. Generally, there are two basic techniques of measurement: 

 the steady state technique for measurement for material is in complete 

equilibrium. This makes the process of signals analysis very easy (steady state 

implies constant signals). The disadvantage generally is that it takes a long time 

to reach the required equilibrium. 
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 the non-steady state techniques perform a measurement during the process of 

heating up (or cooling down - rarely). The advantage is that measurements can 

be made relatively quickly. 

There are five main types of instruments available to measure thermal conductivity: 

guarded or calibrated hot plate, hot wire, modified hot wire, laser flash diffusivity. They 

differ in technique, sample size, testing time, capability, and methodologies of 

measurement: 

 Guarded hot plate. A solid sample of material is placed between two plates, 

guard zones with the same temperatures are placed around the center 

(measuring zone) to ensure 1D heat flow and exclude lateral heat losses. One 

plate is heated and the other is cooled or heated to lesser extent (Fig. 4.2). 

Temperature of the plates is monitored until they are constant. The steady state 

temperatures, the thickness of the sample and the heat input to the hot plate are 

used to calculate thermal conductivity. 

 Calibrated hot plate. This steady state technique is similar to the guarded hot 

plate, but without using guard zone, allowing make measurements for smaller 

samples. The test specimen is placed between two heated plates too, the plates 

are controlled to a set mean temperature. The heat flow through the sample is 

measured by two calibrated heat flux transducers. For the thermal conductivity 

calculation measured heat flux for the known (reference) material is used. 

 Hot wire. A heated wire is inserted into the material. The heat flows out radially 

from the wire into the sample and the temperature change in the wire is 

recorded.  The plot of the wire temperature versus the logarithm of time is used 

to calculate thermal conductivity, if density and capacity are known.  Since this is 

an intrusive measure, it cannot be used for solids; it works well for foams, fluids, 

and melted plastics. 

 Modified hot wire. In this case, the hot wire is supported on backing, so the wire 

does not have to penetrate the sample. This modification allows for the testing 

of solid samples. 

 Laser flash diffusivity. A laser flash delivers short pulse of heat to the front of the 

sample and an infrared scanner observes the temperature change at the rare 

face as a function of the time. 

Testing of the physical properties for main elements and solutions under laboratory 

conditions in frame of this project were made using guarded and calibrated hot plate 

instruments. 
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Fig. 4.2. Thermal conductivity measurement using guarded hot plate technique. 

 

Fig. 4.3. Thermal conductivity measurement using calibrated hot plate technique [4.3]. 

 

2.2. Thermal conductivity measurements using guarded hot plate 

Measurements of thermal conductivity under laboratory conditions using guarded hot 

plate were done using TAURUS TCA 500-P instrument (Fig. 4.4). Main parameters of this 

instrument are summarized in table 4.1. The instrument is a measuring system for 

determining the heat conductivity of specimen samples by the guarded heat flow meter 

method in accordance with many standards, see Tab. 4.1 [4.4]. The system comprises, 

essentially, a measuring chamber with the plate apparatus and a computer with the 

operator software, which allows all the necessary parameters to be transferred to the 

measurement system, the measurement to be monitored and the results to be displayed, 

saved and exported. Normally, the temperature difference of 10 K is set between heater 

and cooling plates. Each sample should be measured at three different mean 

temperatures to estimate the temperature dependence (see example on Fig. 4.5). 
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The TCA measuring instrument comprises the following main functional units: measuring 

chamber with base, touch screen, isothermal block, heating, and cooling plates with heat 

flow meters. The plate temperature is adjusted by means of a Peltier cryostat so that 

there will be a temperature gradient from the heater plate across the specimen of c. 10 K 

(depending on given parameters). The design and the material chosen to make for a 

homogeneous temperature distribution across the plate surface. 

The thermocouples of each measurement plane are embedded in the surface of the 

heating and cooling plate, respectively, to be fixed in position. When measuring solid 

samples, compensating layers (sponge rubber mats) are used to avoid applying any 

localized point loads on the thermocouples. 

The purpose of the isothermal block is to provide compensation for the thermocouple 

voltages for the transition from thermal material to copper conductors, which also have 

thermal voltages. To keep the effort for compensating these error voltages low, all 

transitions from thermal conductors to copper conductors are made in an environment 

kept at a uniform temperature. This environment is the isothermal block. It has been 

designed so that the temperature gradient within the block is very small. The temperature 

within the isothermal block is determined by means of a highly accurate PT100 measuring 

resistor and is used for correcting the thermal voltage error. 

 

 

 

 

Fig. 4.4. TAURUS TCA 500-P instrument with different samples. 
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Table 4.1. Main parameters of TAURUS TCA 500-P instrument 

Measuring procedure according ISO 8301, DIN 52616, DIN EN 1946-3, EN 12664, 

EN 12667, EN 12939 

Measuring range depending upon sample thickness 0.01 – 0.5 W/mK 

Sample dimension 20 - 160 (200) mm, 300 x 300 to 500 x 500 mm 

Mean sample temperature 0°C…60°C 

Temperature difference 5 - 30K, adjustable 

Measuring inaccuracy complete range max. ± 5%, according ISO 8302 

Reproducibility complete range max. ± 1%, according ISO 8302 

Heat flow meter 2 × WSM, measuring area 300 x 300 mm 

Heating plate aluminum, black, 500 x 500 mm 

Cooling plate aluminum, black, 500 x 500 mm 

Temperature regulation 2(3)x Peltier recirculating cooler 

Temperature measurement 10 thermocouples 

Plate movement linear, electro-motorized, lifting speed adjustable 

Sample thickness digital, resolution 0.1 mm 

Pressure measurement digital, resolution 1.0 N 



 

 “Development, optimisation and sustainability evaluation of smart solutions 

for nearly zero energy buildings in real climate conditions” (No. 

1.1.1.1/16/A/192) 

 
7 

 
 

 

Fig. 4.5. Example of test report from thermal conductivity measured at three different mean 

temperatures using guarded hot plate instrument. 

 

In frame of this project many different materials were tested under laboratory conditions 

using guarded hot plate instrument Taurus TCA 500-P to improve the knowledge of new 

and innovative materials and their combinations. Table 4.2 summarizes the made thermal 

conductivity measurements sorted by smallest thermal conductivity, but full test reports 

are added as an Appendix 4.1. 

Some of tested materials have excellent heat resistance (λ<0.022 W/m/K), e.g. vacuum 

insulation panels, aerogel-based materials and phenolic foams (Fig. 4.6), meaning less 

thickness is necessary to provide very good thermal insulation and reduce heat transfer. 

The use of such materials is practically the only option for areas where lack of 

construction space or thickness is an issue, for example better insulation can be achieved 

on a floor without the need to raise skirting boards or radiators and without changing the 
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floor level; excavating the floor or adding in a step at a doorway when adding in a new 

extension or balcony. 

A large part of tested materials is in λ range of so-called traditional insulation materials – 

around 0.03…0.04 W/m/K. The next, third group of materials are natural and 

cellulose-based (hemp, reeds, timber. etc.) with measured thermal conductivity about 0.1 

W/m/K; the use of this materials as the insulation materials are more green-thinking 

determined and is economically justified in local applications. 

 

   

Fig. 4.6. Tested vacuum insulation panels, aerogel-based material, and phenolic foam. 

 

4.2. Results of thermal conductivity measurements carried out using guarder hot plate instrument 

Material Thickness, mm λ, W/m/K 

Vacuum insulation panel 19.6 0.007 

Phenolic foam K-5 19.3 0.0188 

Phenolic foam K-5 29.3 0.0191 

Aerogel with PVC foil 30.6 0.019 

Aerogel with plaster layer 10.5 0.021 

Thermoplastic polyurethane 35.7 0.028 

Izopearl raw insulation 91.1 0.031 

White EPS 30.2 0.032 

Polystyrene,P1 40 0.036 

Pressed wooden chip board 83.5 0.037 

Birch wood chips 78.3 0.045 

Pressed hemp 192 0.081 

Pressed rye 195.4 0.087 

Pressed reeds 193.6 0.098 

Cross-laminated timber 102.1 0.109 

Organic clay with plywood 18.2 0.131 

Organic clay 125.2 0.437 
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2.3. Thermal conductivity measurements using calibrated hot plate 

Measurements of thermal conductivity under laboratory conditions using calibrated hot 

plate (Fig. 4.3) were done using Netzsch HFM 446 Lambda Small instrument (Fig. 4.7). In 

a small chamber with heat flow meter (HFM), the test specimen is placed between two 

heated plates controlled to a user-defined mean sample temperature and temperature 

drop to measure heat flowing through the specimen. The sample thickness is measured 

automatically, the pressure can be varied for compressible samples (e.g., mineral wool). 

The heat flow through the sample is measured by two calibrated heat flux transducers 

covering a large area of both sides of the specimen. After reaching a thermal equilibrium, 

the test is done. The heat flux transducer output is calibrated with a standard (or 

reference sample). For the calculation of the thermal conductivity (λ) the average heat flux 

and the thermal resistance (R) is used, in accordance with Fourier’s Law. Main 

parameters of the used instrument are summarized in Table 4.3.  

The advantage of calibrated hot plate method is that it is an absolute method; i.e., no 

additional calibration or correction is required at all, except initial calibration with known 

sample. The thermal conductivity values result in the stationary state simply from the 

precisely measured total power input into the hot plate, sample thickness, measurement 

area and mean temperature difference. Another advantage is smallest sample size 

(20×20 cm) compared with guarded hot pate method and, therefore, less time for each 

measurement. 

 

  

Fig. 4.7. Netzsch HFM 446 Lambda Small instrument with loaded sample. 

 

Table 4.3. Main parameters of Netzsch HFM 446 Lambda Small instrument 

Standards ASTM C518, ISO 8301, JIS A1412, DIN EN 12667 

Thermal conductivity range 0.007 to 2 W/(m·K) 

Accuracy 1…2% 

Repeatability 0.5% 

Reproducibility 0.5% 

Plate temperature range -20…90°C 
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Transducer metering 102 × 102 mm 

Plate temperature control Peltier system 

Plate motion Operator-actuated plate opening for fast sample change, 

quick return to setpoint 

Plate thermocouples Three thermocouples on each plate, type K (two extra 

thermocouples with instrumentation kit) 

Thermocouple resolution ± 0.01°C 

Number of setpoints Up to 10 

Specimen size 203 × 203 mm 

Max. specimen thickness 51 mm 

Variable load/contact force up to 854 N (21 kPa on 203 x 203 mm²) 

Thickness determination Four-corner thickness determination via inclinometer, 

compliance to non-parallel specimen surfaces 

 

When measuring solid samples, sponge rubber compensating mats with two extra 

thermocouples (Figs. 4.7, 4.8) are used to avoid applying any localized point loads on the 

thermocouples, similarly to the guarded hot plate method. 

The temperature difference of 5 K is set between heater and cooling plates. Each sample 

are measured at three different mean temperatures to estimate the temperature 

dependence, example of the test report from this instrument is shown on Fig. 4.9. 

 

 

Fig. 4.8. Netzsch HFM 446 Lambda Small extras thermocouples with instrumentation kit for 

measurements of materials with hard surfaces. 
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Fig. 4.9. Example of test report from thermal conductivity measured at three different mean 

temperatures using calibrated hot plate instrument. 

In frame of this project many different materials were tested under laboratory conditions 

using calibrated hot plate instrument Netzsch HFM 446 Lambda Small to improve the 

knowledge of new and innovative materials and their combinations. Table 4.3 summarizes 

the made thermal conductivity measurements, but full test reports are added as an 

Appendix 4.2. 

Two interesting insights can be especially noted from the measurements: 

 thermal conductivity of wood wool panels (so called fibrolite, Fig. 4.10) is greater 

(from 0.068 up to 0.091 W/m/K) than that declared by the manufacturer - 

0.066 W//m/K (for all the panels). Dependence on the wood wool width (and 

therefore density) is very essential and cannot be neglected. 

 change in force on birch wood sample from 28 up to 100N (changing the 

thickness of the sample and corresponding air part) practically does not 

influence λ value (last lines in Table 4.3). 
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4.3. Results of thermal conductivity measurements carried out using calibrated hot plate instrument 

Material Thickness, mm λ, W/m/K Mean temperature, °C 

Phenolic foam 28.4 0.020 10 

Mineral wool NIST 25.7 0.031 15 

Foamed PVC 14.1 0.048 15 

Hempcrete (hemp+concrete) 46 0.136 20 

Neopor black polystyrene 49.4 0.033 20 

Cemented wood panels:    

wood wool: 1.0 mm (A2) 25 0.091 10 

wood wool: 1.0 mm (B-s1) 25 0.068 10 

wood wool: 3.0 mm 25 0.079 10 

wood wool: 1.5 mm 25 0.081 10 

wood wool: 1.0 mm 15 0.082 10 

wood wool: 3.0 mm 50 0.066 10 

Birch wood chips*    

force on sample: 28 N 44 0.0396 20 

force on sample: 50 N 40 0.0399 20 

force on sample: 100 N 37.5 0.0401 20 

Aerogel mat 30 0.020 20 

* change in thickness and λ determined by the different force on sample  

 

 

Fig. 4.10. Samples of cemented wood panels measured. 
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3. Specific heat capacity 

The specific heat capacity cp is the heat capacity of the substance divided by the mass of 

the sample [4.5]. It is the amount of energy (J) that must be added to one unit of mass 

(kg) in order to increase of one unit in its temperature (K), The unit of specific heat is 

J/(K·kg). For example, the heat required to raise the temperature of 1 kg of water by 1 °C 

is 4180 joules, meaning that the specific heat of water is 4180 J/(kg·K) [4.6]. The specific 

heat often varies with temperature, and is different for each state of matter. 

Liquid water has one of the highest specific heats among common substances, about 

4182 J/(kg·K) at 20 °C; but that of ice just below 0 °C is only 2093(J/(kg·K). The specific 

heats of iron and granite are about 449 and 790 J/(kg·K), but for oak wood – even 2400 

J/(kg·K). 

A special case is process, when the substance is undergoing a phase transition, such as 

melting or boiling – during it specific heat is technically infinite, because the heat goes into 

changing its state (latent heat) rather than raising its temperature. The specific heat 

capacity for such processes are not defined. Latent heat of fusion is used to describe the 

state change from a solid to a liquid at constant pressure, e.g. for phase change material 

(PCM). 

 

3.1. Specific heat capacity measurements 

The instrument NETZSCH HFM 446 Lambda described in previous section, has 

also the possibility to measure specific heat capacity (cp) indirectly by heating the sample 

on a step-by-step basis while the two plates are maintained precisely at the same 

temperature. At each step, the total heat entering or leaving the specimen is portrayed as 

the integral of the heat-flux sensor signal. Thereby, the specific heat capacity of the plates 

also has an effect; its contribution is of course also taken into consideration (by 

measuring the transient processes in an empty instrument). 

The principle of cp measurements in this device is shown on Fig. 4.11. The curves 

represent the total heat flow meter output and the average temperature from both plates 

versus time for a heating step between 25°C and 35°C. The resulting combined heat flow 

at the upper and lower plate amounts to the total heat consumption required to heat the 

sample. Based on the integrated peak, the specific heat capacity can be determined at a 

mean temperature of 30°C. 

This method is not direct cp measurement, but, as manufacturer’s results show 

[4.3], the differences between the DSC and HFM results are less than 3%, which is within 

the stated uncertainty for the instruments and homogeneity of the material. This clearly 

demonstrates that the instrument and method can determine the specific heat capacity of 

large-volume and inhomogeneous materials typical for applications in the building and 

insulation industries. 

https://en.wikipedia.org/wiki/Heat_capacity
https://en.wikipedia.org/wiki/Mass
https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Temperature
https://en.wikipedia.org/wiki/Kilogram
https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kilogram
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/State_of_matter
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Granite
https://en.wikipedia.org/wiki/Oak
https://en.wikipedia.org/wiki/Phase_transition
https://en.wikipedia.org/wiki/Infinity_(mathematics)
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Fig. 4.11. Example of heat flow and temperature during a transient measurement of the 

specific heat capacity. 

 

In frame of this project many different materials were tested under laboratory conditions 

using instrument Netzsch HFM 446 Lambda Small to measure specific heat capacity and 

to improve the knowledge of new and innovative materials. The cp for each sample was 

measured at three different mean temperatures - 15°C, 25°C and 35°C to estimate the 

possible dependency. An example of the test report from this type of measurements is 

shown on Fig. 4.12. 

Table 4.4 summarizes the made thermal conductivity measurements, but full test reports 

are added as an Appendix 4.3. Literature data about cp for materials measured varies 

depending on the manufacturer or different admixtures, e.g. for the cemented wood 

panels, manufacturer declares only one the same cp value (2100 K/kg/K) for all the 

samples, but measurements show that the real value is almost 50% lower and may be 

varied form sample to sample. 

The difference in specific heat capacity for all the measured materials is not so large, all 

the values are within the range 0.9…1.8 kJ (kg·K). 
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Fig. 4.12. Example of test report from specific heat capacity measurements at three different mean 

temperatures. 

 

4.4. Results of specific heat capacity measurements. 

Material Thickness, mm cp, J/(kg K) 

Phenolic foam 28,4 1190 

Mineral wool NIST 25,7 930 

Foamed PVC 14,1 1780 

Hempcrete (hemp+concrete) 46 1620 

Neopor black polystyrene 49,4 1510 

Cemented wood panels:   

wood wool: 1,0 mm (A2) 25 1240 

wood wool: 1,0 mm (B-s1) 25 880 

wood wool: 3,0 mm 25 1240 

wood wool: 1,5 mm 25 1210 

wood wool: 1,0 mm 15 1220 

wood wool: 3,0 mm 50 1010 

Birch wood chips   

force on sample: 28 N 44 1760 

force on sample: 50 N 40 1730 

force on sample: 100 N 37,5 1640 
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3.2. Calculation of heat of fusion from heat capacity measurements 

To determine the latent heat of materials from heat capacity measurements, a sample of 

cellulose material (a fibrolite plate) was selected, with a phase transition material 

embedded in it.  with a phase transition temperature between 20°C and 30°C (Figure 

4.3.2.A). The heat capacity cp measurement results for 3 different temperatures are 

summarized in Table 4.3.2.A. It can be seen that, when formally calculating the heat 

capacity from measurements in the 20 - 30C range, its average value 25Cis significantly 

higher than at lower (15C) or higher (35C) temperature because it also includes phase 

transient energy. 

If a phase transition did not occur in the sample between 20 ° C and 30 ° C (i.e. there was 

no phase change material additive), the temperature dependence of cp would be 

approximately linear and the heat capacity at 25 ° C (midpoint) could be determined by 

interpolation from the heat capacity values determined at 15 ° C and 35 ° C, yielding cp = 

1.55 J/(g·K) (Figure 4.3.2B). Since the heat capacity changes little and practically linearly 

with temperature, such an assumption is justified. 

The heat capacity measurements performed using the Netzsch HFM 446 Lambda Small 

record the amount of heat that must be added to the material sample to increase its 

temperature by 10°C. Since there is a phase transition between 20°C and 30°C in one of 

the components of the sample (the phase change material has melted), the amount of 

heat supplied in this temperature range is higher than it would be due to the heat capacity 

of a sample with no additives (Figure 4.3.2C). The measured (specific heat in the 20°C to 

30° C range is 2.37 J/(g·K). 

The difference of 0.82 J / (g · K) between the interpolated 1.55 J / (g · K) and 

experimentally measured 2.37 J / (g · K) specific heat is due to the phase change 

(melting). The considered temperature range is 10 ° C, so the corresponding latent heat 

is equal to 8200 J / kg 

If the fraction of the sample mass (302 g) that is due to the phase change material is 

known, the latent heat of that material can be calculated. In this case, the PCM mass 

fraction in the sample is unknown, so the latent heat is calculated for a range of possible 

mass fractions, which is 1% to 10%. The results are summarized in Table 4.3.2B. 

According to literature [4.3.2A], the latent heat of PCM should be 100 to 200 J / g (4% to 

8% PCM mass fraction). 
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Fig. 4.3.2A. A PCM 50 sample with phase change capsules. 

 

Table 4.3.2A. Specific heat capacity measurements for sample with a PCM material 

Temperature range, °C Mean temperature, °C Measured cp, J/g/K 

10-20 15 1,454 

20-30 25 2,369 

30-40 35 1,654 

 

 

Fig. 4.3.2B. cp interpolation for a sample without a phase change material. 
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Fig. 4.3.2C. (Left) The amount of heat applied to the sample at various intervals (first maximum 

between 10 ° C and 20 ° C, second between 20 ° C and 30 ° C, and third between 30 ° C and 40 ° 

C); (right) specific heat capacity cp. 

 

Table 4.3.2B. Calculated heat of fusion for different ratio of PCM material in a sample. 

PCM mass ratio, % PCM mass, g The heat of fusion J/kg for PCM 

1 3 815 

2 6 408 

3 9 272 

4 12 204 

5 15 163 

6 18 136 

7 21 116 

8 24 102 

9 27 91 

10 30 82 

 

These measurement results show that with the existing equipment and methodology it is 

also possible to determine the latent heat of material phases, as well as the temperature 

interval in which the phase change takes place. However, these measurements were 

performed only for innovative wood chip materials with a PCM additive, the production of 

which is being initiated in Latvia. This is because these studies have been performed in 

detail for industrially and commonly produced materials. The research in this project 

indicated that the main practical problem is to create the conditions for the phase 

transitions to occur cyclically due to periodic variations in outdoor temperature. This would 

help stabilize indoor temperature with PCMs acting as heat buffers. However, it was found 

that this is prohibitively difficult to achieve in Latvian climate and thus this kind of solution 

is not feasible. 

4. Thermal diffusivity and effusivity 

In heat transfer analysis, thermal diffusivity α [m2/s] is the thermal conductivity λ divided 

by density ρ and specific heat capacity cp at constant pressure cp [4.7, 4.8]: 

α =λ/(ρ·cp) .           (4.4) 

It measures the rate of transfer of heat of a material from the hot end to the cold, 

providing information about the competition between heat conduction and storing. 
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Thermal diffusivity of a material is related to the speed to reach thermal equilibrium under 

variable thermal conditions. For this reason, low values are better, to reduce the 

possibility that a high temperature can be reached in depth and damage the binder 

deeply. The thermal diffusivity says nothing about the energy flows. As seen in the heat 

equation [4.9, 4.10]: 

            (4.5) 

one way to view thermal diffusivity is as the ratio of the time derivative of temperature to 

its curvature, quantifying the rate at which temperature concavity is "smoothed out". In a 

sense, thermal diffusivity is the measure of thermal inertia. In a substance with high 

thermal diffusivity, heat moves rapidly through it because the substance conducts heat 

quickly relative to its volumetric heat capacity or 'thermal bulk'. Thermal diffusivity is often 

measured with the flash method [4.11], which involves heating a strip or cylindrical 

sample with a short energy pulse at one end and analyzing the reduction in amplitude and 

phase shift of the pulse (temperature change) a short distance away. 

On the other hand, another combination of the λ, ρ and cp – thermal effusivity 

e [(W ·s0.5)/m−2/K−1] characterizes the ability to exchange thermal energy with its 

surroundings. Thermal effusivity e is given by the following equation: 

 e=(λ·ρ·cp)0.5           (4.5) 

Thermal effusivity is used to describe heat transition behavior of two objects, when the 

two objects are contacted to each other. When the two materials have the same thermal 

effusivity, the heat transition behavior will equal to a unique object as if there are no 

junction between the two objects. A typical example is the human skin. When we touch 

different materials for a period, we will have different feelings. We feel cool with some 

materials and feel warm with some others. Let us say, hand on a metal pipe in the park, 

we feel cool, and a cotton cloth is warm. To the physical measurement, the metal pipe 

has higher thermal effusivity and the cotton cloth is lower. Thermal effusivity is a unit 

which can express the real physical amount, instead of the feeling of ‘cooler’ or 

‘warmer’. 

In summary, thermal effusivity and diffusivity are representative of two phenomena in 

competition: the former is related to the ability of the material to absorb heat, while the 

latter to the speed to reach thermal equilibrium, i.e., to adapt itself to the surroundings. 

Thermal effusivity explains, for example, why at touch metals seem colder than other 

bodies at the same temperature, since the heat transfer from the skin to the metal is very 

fast. In other words, diffusivity is related to heat penetration (a bulk property) and 

effusivity to surface heat exchange (a surface property). 

 

4.1. Modified transient plane source (MTPS) technique for thermal effusivity 

and conductivity measurements  

The traditional thermal conductivity analyzer needs a series of calculations to get the 

thermal effusivity, and even the thermal conductivity needs to be calculated from the 

thermal resistance value, which the known density and specific heat capacity. Typically, 

these thermal conductivity analyzer takes a long time to get the final conductivity and 
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effusivity. The instrument C-Therm TCi [4.12] is based on the measurement technology 

MTPS (Modified Transient Plane Source). In a few minutes, it is possible to get the 

thermal effusivity result directly, without any conversion. In addition, due to the special 

design of the sensor and heater, so C-therm TCi instrument accepts different forms of 

materials including solids, liquids, and powders. 

As the main principle, C-Therm TCi uses MTPS technique to characterize the thermal 

conductivity and effusivity of materials. It employs a one-sided, interfacial heat reflectance 

sensor that applies a momentary constant heat source to the sample. Typically, the 

measurement pulse is between 1 to 3 seconds. Thermal effusivity is measured directly, 

providing a detailed overview of the heat transfer properties of the sample material. 

Fig 4.13. shows three measurement steps [4.12]: 

1) A known current is applied to the sensor's spiral heating element, providing a 

small amount of heat. 

2) A guard ring surrounds the primary sensor coil to support a one-dimensional 

heat transfer into the sample. The applied current results in a rise in temperature 

at the interface between the sensor and the sample, which induces a change in 

the voltage drop of the sensor element. 

3) The rate of increase in the sensor voltage is used to determine the thermal 

properties of the sample. The voltage is factory-calibrated to temperature.  The 

thermal conductivity is inversely proportional to the rate of increase in the 

temperature at the point of contact between the sensor and the sample.  The 

voltage is used as a proxy for temperature and will rise more steeply when lower 

thermal conductivity materials (e.g. foam) are tested. Conversely, the voltage 

slope will be flatter for higher thermal conductivity materials (e.g. metal). 

Measured and calculated results are reported in the software in real-time (Fig. 4.14). An 

example of the test report from this type of measurements is shown on Fig. 4.15. 

 

Fig. 4.13. Measurement using modified transient plane source technique. 
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Fig. 4.14. Real-time table of measured and calculated data from C-Therm TCi. 

 

Fig. 4.15. Example of test report from C-Therm TCi instrument. 

 

Experimental results get from the C-Therm TCi can be divides into two parts: thermal 

effusivity e and thermal conductivity λ measurements. The first are impossible to check 

with another instruments and/or method, but the second can be easily controlled and 

verified by use of another available methods using of guarded or calibrated hot plate 

instruments. Comparative measurements show that λ value measured with the help of 

MTPS method is in good agreement only for materials with correctly set value of specific 

heat capacity cp. In case when this parameter for measured materials is not set (meaning 

than software use values for it from built-in tables), the thermal conductivity value differs 

from those measured with other equipment. This means than reliability of the results 
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obtained with this method depends on the material’s type (its properties) and use of 

MTPS for determination of λ for unknown materials is limited. 

Table 4.5 summarizes thermal effusivity and thermal conductivity measured with C-Therm 

TCi instrument for some materials, but full test reports are added as an Appendix 4.4. 

Analyzing the results from the table 4.5, it can be concluded that overall thermal 

conductivity values are consistent with similar literature data, except graphite expanded 

polystyrene (see Fig. 4.15) with scientifically lower λ value (0.02 – measured, 0.031 – 

literature data). The possible explanation of this difference may be inaccurate heat 

capacity data used for the calculations. 

 

4.5. Results of thermal effusivity and thermal conductivity measured with C-Therm TCi 

Material Thermal effusivity 

e, (W·s0.5)/m−2/K−1 

Thermal conductivity 

λ, W/m2/K 

PIR (polyisocyanurate) 32 0.02 

LAF mineral wool 158 0.06 

Borosilicate glass (Pyrex) 1370 1.07 

Graphite EPS 28 0.02* 

Pressed hemp 90-140 0.04-0.05 

Pressed wood 520 0.19 

Phenolic foam 42 0.03 

Thermal grease 1070 0.72 

* Differs from other literature data 

 

  

Fig. 4.15. Tested grey polystyrene (graphite EPS) sample. 
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5. Water vapor transmission rate 

Moisture or water vapor transmission rate (WVTR or WDD), is a is a measurement of 

water amount as it passes through a material (Fig. 4.16) over time. The key part is that 

there needs to be a static vapor pressure difference between the two areas: where the 

water is coming from, and, where the water is going [4.13, 4.14]. 

Water tends to evaporate or vaporize by projecting molecules into the space above its 

surface. If the space is confined the partial pressure exerted by the molecules increases 

until the rate at which molecules reenter the liquid is equal to the rate at which they leave. 

The vapor pressure of water is the pressure at which water vapor is in thermodynamic 

equilibrium with its condensed state. At higher pressures water would condense. At this 

equilibrium condition the vapor pressure is the saturation pressure – e.g. water saturation 

pressure at 10 is 1.2 kPa, at 18°C is 2.1 kPa, but at 25°C – 3.2 kPa. If the vapor pressure 

in one area is greater than the vapor pressure in an adjoining area, the water vapor 

(water molecules that are air-borne) will move from the higher-pressure area to the lower 

pressure area.  

 

Fig. 4.16. Sketch of water vapor transmission process through a material [4.14]. 

 

There are many industries where moisture control is critical. Moisture sensitive foods and 

pharmaceuticals are put in packaging with controlled WVTR to achieve the required 

quality, safety, and shelf life. In clothing, WVTR as a measure of breathability has 

contributed to greater comfort for wearers of clothing for outdoor activity. The building 

materials industry also manages the moisture barrier properties in architectural 

components to ensure the correct moisture levels in the internal spaces of buildings. 

There are various techniques to measure WVTR, ranging from gravimetric techniques 

that measure the gain or loss of moisture by mass, to highly sophisticated instrumental 

techniques that in some designs can measure extremely low transmission rates. Special 

care must be taken in measuring porous substances such as fabrics, as some techniques 

are not appropriate. For very low levels, many techniques do not have adequate 

resolution. 

The conditions under which the measurement is made has a considerable influence on 

the result. Both the temperature and humidity gradients across the sample need to be 

measured, controlled, and recorded with the result. An WVTR result without specifying 

these conditions is almost meaningless. Certainly, no two results should be compared 
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unless the conditions are known. The most common international unit for the MVTR is 

g/m²/24h. Typical rates in aluminum foil laminates may be as low as 0.001 g/m²/24h, 

whereas the rate in fabrics can measure up to several thousand g/m²/24h. 

Often, barrier testing is conducted on a sheet of material. Calculations based on that can 

be useful when designing completed structures, clothing, and packages. 

 

5.1. Gravimetric method for WVTR measurements 

One of the most common used and relatively simple methods for WVTR measurements is 

gravimetric cup method according to standard ISO 12572:2016 [4.15]. It is based on 

weighting the samples (to measure the mass change) for determining the water vapor 

permeance of building products and the water vapor permeability of building materials 

under isothermal conditions using different specified sets of test conditions. The general 

principles are applicable to all hygroscopic and non-hygroscopic building materials and 

products, including insulation materials and including those with facings and integral 

skins.  

The working principle for gravimetric method is as follows (Fig. 4.17): test samples are 

fixed between environments with different air temperatures and moisture content. For dry 

cup case a humid gas (normally air) flows in upper part, and place desiccant device 

(usually absorbent granules) in a lower part. As in the lower part air remains dry (0-

8%RH) by desiccant, water molecules penetrate through the sample from upper room into 

lower room, absorbed by desiccant; then the cup weight will increase; system weigh the 

increasing cup weight so as to calculate the water vapor transmission rate. 

 

 

Fig. 4.17. Principle of a gravimetric method for WVTR determination. 

 

GINTRONIC GraviTest 6400-50 instrument was used for the determination of water vapor 

transmission rates by gravimetric method for building materials with a thickness up to 50 

mm providing simultaneous measurements for 6 samples with 50 cm2 sample surface 

(Fig. 4.18); it can be used also for the measurements of films and other sheet materials. 
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The maximum load of the balance is 420g, allowing measurement of heavy samples like 

thick concrete. Instrument conforms to the international standards ASTM E96, ISO 2528, 

EN ISO 12572, EN 1931 and others. Through the PC software, all measurement 

parameters of the samples, incl. temperature, relative humidity of the air, air speed and 

weighing interval, are predefined and adjusted automatically. Measurement results can be 

represented in different forms and using various units like permeability, water vapor 

transmission rate or a so-called sd-value. 

The sd value is defined as the resistance to movement of water vapor, when compared to 

the resistance of a meter of air [4.16]. Naturally, water vapor will flow by diffusion from an 

area of high vapor pressure to low. The medium it is travelling in will resist that 

movement, be it air, a certain thickness of solid material (such as insulation), or a sheet, 

membrane, or tape. The sd value is simply a measure of how much resistance to moisture 

diffusion the medium has, when compared to a meter of air. The unit of measurement is 

meters. It may also be known as “Diffusion-equivalent air layer thickness”, or simply 

“Equivalent air layer thickness.” A high sd value is 200m (e.g. aluminum foil); a low value 

is 0.1m (e.g. breather membrane). 

Why it is needed to know sd? Any designer, specifier or builder of an efficient building 

needs to be aware of moisture risks and how to control them. The principles of moisture-

safe construction rely on an understanding on how moisture will move in the building 

fabric; in summer and in winter. If material with a high sd value (such as foil) is placed on 

the cold side of the insulation, condensation may form – this is exactly what you are 

witnessing when condensation forms on a window in winter; the glass has a very high sd 

value, as its impermeable. When this happens hidden in the wall, it can lead to all sorts of 

problems such as mould growth, structural damage, staining, corrosion etc. Knowing the 

sd value allows to select the right material or membrane for the right application. 

Generally, a lower sd value is desirable to achieve a ‘breathable’ fabric. The golden rule is 

this: The construction to the cold side of the insulation needs to be 5 times less resistant 

to moisture movement than the layer on the warm side. This means that moisture cannot 

get trapped in the insulation zone where it will cause mischief. 

In frame of this project aerogel-based material and hempcrete (Fig. 4.19) were tested 

under laboratory conditions using instrument GINTRONIC GraviTest 6400-50 to 

determine water vapor transmission properties. Measurements were made according to 

ISO 12572 standard [4.15] with 23°C air temperature and 50% relative air humidity. 

Additionally, experiment with higher relative air humidity of 85% was made for the 

hempcrete samples to evaluate the possible impact on the WVTR, results are 

summarized in Table 4.6. The measured MVTR values for both materials at the same 

vapor pressure conditions are similar, but in case of increased air humidity MVTR value 

for hempcrete doubles, but the sd value does not change. The measured data is close to 

measurements of similar materials [4.17]. 

An example of the sample weighting procedure and final test report from this type of 

measurements is shown on Fig. 4.20, but full test reports are added as an Appendix 4.5. 

 

 



 

 “Development, optimisation and sustainability evaluation of smart solutions 

for nearly zero energy buildings in real climate conditions” (No. 

1.1.1.1/16/A/192) 

 
26 

 
 

  

Fig. 4.18. Picture and scheme of GINTRONIC GraviTest 6400-50 instrument. 

 

 

4.6. Water vapor transmission properties measured with GINTRONIC GraviTest 6400-50 

Material Temperature, 

°C 

Air humidity, 

%RH 

MVTR (WDD), 

g/m2/24h 

Equivalent air layer 

thickness sd, m 

Aerogel  23 50 120 0,17 

Hempcrete 23 50 107 0,23 

Hempcrete 23 85 210 0,20 

 

  

Fig. 4.19. Aerogel (left) and hempcrete (right) samples prepared for the WVTR measurements. 
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Fig. 4.20. Example showing weight change graph and test report from GINTRONIC GraviTest 

6400-50 instrument. 

 

6. Thermal transmittance (U-value)  

Thermal transmittance is the rate of transfer of heat through matter [4.18]. The thermal 

transmittance of a material (such as insulation or concrete) or an assembly (such as a 

wall or window) is expressed as a U-value (earlier known also as k-value). In most 

countries, U-value is expressed in SI units, as watts per square meter times kelvin 

(W/m2/K). In the USA it is expressed as British thermal units (Btu). Well-insulated parts of 

a building have a low thermal transmittance whereas poorly insulated parts of a building 

have a high thermal transmittance. Losses due to thermal radiation, thermal convection 

and thermal conduction are considered in the U-value.  

Heat transfer through building construction can be described by the equation: 

    Φ = A × U × (T1 - T2)          

 (4.6) 

where Φ is the heat transfer in watts, U is the thermal transmittance, T1 is the temperature 

on one side of the structure, T2 is the temperature on the other side of the structure and A 

is the area in square meters. 

Thermal transmittances of most walls and roofs can be calculated using ISO 6946 

standard for homogenous material layers [4.19], unless there is metal bridging the 

insulation in which case it can be calculated using ISO 10211 [4.20]. U-value for 

heterogenous structures and constructions with different inclusions and non-linear 

combinations of the components can be only measured experimentally using calibrated of 

guarded hot-box equipment [4.21] described in next chapter.  

Typical thermal transmittance values for common building structures are as follows: 

- single glazing: 5.7 W/m²K; 
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- double glazed windows: ~2.2 W/m²·K; 

- double glazed windows with advanced coatings and frames: ~1.2 W/m²·K; 

- triple glazed windows, with advanced coatings and frames: ~0.8 W/m²·K; 

- well-insulated walls/roofs/floors: 0.15..0.20 W/m²·K; 

- poorly insulated walls/roofs/floors: 1.0…1.5 W/m²·K; 

Whilst calculation of thermal transmittance can readily be carried out with the help of 

software, which is compliant with ISO 6946, a thermal transmittance calculation does not 

fully take workmanship into account and it does not allow for adventitious circulation of air 

between, through and around sections of insulation. To take the effects of workmanship-

related factors fully into account it is necessary to carry out a thermal transmittance 

measurement. There are two possibilities to experimental estimation of U-value – by field 

measurement (in-situ) or under laboratory conditions. Each of these methods have its 

own strengths and weaknesses. 

ISO 9869 standard [4.22] describes how to measure the thermal transmittance by using 

heat flux sensor. These heat flux meters usually consist of thermopiles which provide an 

electrical signal which is in direct proportion to the heat flux. Typically, they size of such 

heat flux sensors is 3-10 cm and they are thin to exclude their effect on the heat flux. 

Good thermal contact between sensor and the material’s surface should be ensured. 

When the heat flux is monitored over a sufficiently long time, the U-value can be 

calculated by dividing the average heat flux by the average difference in temperature 

between the inside and outside of the building. Generally, thermal transmittance field 

measurements are most accurate when the difference in temperature between the inside 

and outside is at least 5 °C, the weather is cloudy and the monitoring of heat flow and 

temperatures is carried out over at least 3 days to exclude possible influence of heat flux 

variations. An infrared camera is recommended to check the homogeneity of the 

measured building element. 

A fundamentally different method for U-value estimation is measurements under 

laboratory conditions, where the total energy in watts is measured (not the local heat flux) 

under constant and controlled temperature difference. It is the only one method to 

determine thermal transmittance for complex building structures like windows or doors. 

6.1. Hotbox method for U-value measurements under laboratory conditions 

Method for determination of thermal transmittance for complex building structures under 

laboratory conditions is so-called “hotbox” [4.21], which generally consists of two 

chambers („cold“ and „hot“) with precisely controlled temperatures and middle part where 

the sample is placed. Energy flow (W) between both chambers with set temperature 

difference (°C) are measured and the part of it is used to calculate U-value for the sample 

with known area (m2). There are two types of hotboxes with different “hot” chamber 

configuration (Fig. 4.21): 

- Calibrated hotbox with only two chambers. This type requires less space but need 

to be comprehensively calibrated to consider heat losses from the “hot” chamber 

to the environment. To minimize heat losses, the “hot” chamber usually is 

constructed of highly insulation materials, e.g. vacuum insulation panels (Fig. 

4.22) with thermal conductivity λ=0.007 (W/m/K). 
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- Guarded hotbox with an additional chamber around the „hot“ chamber with the 

same temperature as in „hot“ box to exclude heat losses to the environment and 

ensure the heat flow only in direction of cold box. 

 

Fig. 4.21. Principle of calibrated (left) and guarded (right) hotbox measuring equipment. 

 

   

Fig. 4.22. Calibrated hot box constructed from vacuum insulation panels. 

 

For both hotboxes types the resulting U-value is determined in following steps: 

- Sample is placed and hermetically sealed in the middle delimiting wall (Fig. 4.21). 

- Temperature in “hot” chamber is set to highest than temperature in a room (typically 

25°C). 

“cold” chamber 

 

“hot” chamber 

sample 

“cold” chamber 

 

“hot” chamber 

sample 

“guard” chamber 
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- Temperature in “cold” chamber is adjusted to ensure temperature difference 

between chambers is range of 10…30°C (may be depending on cooling system 

and hotbox construction). 

- After stabilization of process, a power of heater in “hot” chamber and temperature 

difference across the sample are measured. 

- Energy as heater’s power multiplied by measurement’s time is calculated excluding 

such heat flows: 

o to the environment (for calibrated hotbox only); 

o to the “cold” chamber (for both hotbox types) though the middle delimiting 

wall with known thermal transmittance. 

- U-value is calculated using equation (4.6). 

Some measurement results get from calibrated hot box (Fig. 4.22, 4.23) under laboratory 

conditions are summarized in Table 4.7. The main research objects were windows. The 

best thermal transmittance results with U=0.9…1.0 W/m2/K as expected are measured for 

the triple-glazed windows, for the double-glazed window U-value is 2.2 W/m2/K, and for 

single-glazed window with timber flame U=3.9 W/m2/K. Regarding the last result, it should 

be noted that this value is smaller than only for single glass (U=5…6 W/m2/K) because of 

large timber frame with the best thermal conductivity. The timber door with double-glazing 

has better U-value than for similar window thanks to the same explanation – the part of 

good insulating timber frame is bigger. 

 

  

Fig. 4.23. Calibrated hot box overview (left) and window ready for measurements (right). 
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4.7. Measured U-values for different windows and doors 

Construction Glazing Frame U, W/m2/K 

Glazing Triple-glazed, coating unknown No frame 0.9 

Window Triple-glazed, 2x low-E coating Timber, fixed pane 0.9 

Window Triple-glazed, 2x low-E coating PVC, fixed pane 1.0 

Window Double-glazed, coating unknown Timber, side opening 2.2 

Window Single-glazed, no coating Timber, side opening 3.9 

Door Double-glazed, coating unknown Timber, side opening 1.9 

 

 

6.2. In-situ U-value measurements of glazing under quasi-laboratory 

conditions 

As mentioned above, in-situ measurements are depending on the environmental 

conditions and, therefore, are not so fast and accurate like experiments in laboratory 

conditions. On the other hand, in case when it is possible to provide the constant and 

controllable conditions in field measurement, they should be very close to the laboratory 

ones. Example of the measurement under quasi-laboratory conditions, which can be done 

in-situ, is determination of U-value of glazing using special equipment Netzsch Uglass 

[4.23] to control the temperatures around the glazing and to measure heat flux though it. 

As opposed to solid material (e.g. a wall) the procedure of heat transmission through a 

glazing (double- or triple) is much more complex. Thermal conduction, as well as thermal 

radiation and convection heat the surface are the intrinsic factors of the heat transmission 

of a solid material. During measurements of glazing there is a combination of all three 

mentioned heat transfer processes for each glass layer and in a gas filling between the 

panes. So, the heat transmission exists twice at a double glazing or even three times in 

case of a triple glazing. 

Netzsch Uglass measuring instrument (Fig. 4.24) is special designed to make 

determinations of thermal transmission coefficient of the glazing. A sensor is mounted to 

the glazed panel and heats it on one side while the temperature increase is detected on 

the opposite side. The progression of temperature is analyzed as a function of time and, 

using this information, the U-value of the glazing is determined. The sensor is easily 

mounted onto the panel using a suction pump. Evaluation is dynamic, so measurements 

usually only take 10-20 minutes. The measuring surfaces of both sensors is covered by 

an insulating material with very low thermal capacity to protect the measuring point as 

good as possible against environmental influences during measurement. Convection of 

surface will also be prevented to reach a steady state for a successful U-value-

measurement. 

Main parameters of the used instrument are summarized in Table 4.8. An example of the 

measurement result seen on the screen and test report example are shown on Fig. 4.25. 

The full test reports are added as an Appendix 4.6. 
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In frame of the project “Development, optimization and sustainability evaluation of smart 

solutions for nearly zero energy buildings in real climate conditions” some different 

window glazing (four double glazing and one triple glazing) were measured under quasi-

laboratory conditions using instrument Netzsch Uglass, results are summarized in Table 

4.9. As it is seen, the dispersion for different double-glazed windows is essential, it 

depends on many factors like gas filling, low-emission coating etc. But for the best 

available triple-glazed window, glazing’s U-value is up to 4 times better, reaching 0.5 

W/(m²K), which is twice as good as uninsulated outer walls. 

 

  

Fig. 4.24. Netzsch Uglass instruments and a sketch of the measurement process [4.23]. 

 

Table 4.8. Main parameters of Netzsch Uglass instrument 

Parameter U<1,0 W/(m²K)) U>1,0 W/(m²K)) 

Measuring tolerance ± 0,1 W/(m²K) ± 10 % 

Reproducibility ± 0,1 W/(m²K) ± 10 % 

Application temperature -10 ... 60°C 

Temperature range for heating element 150°C 
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Fig. 4.25. Screenshot of finished measurement and an example of the test report. 

 

Table 4.9. Measurement results for different glazing made using Netzsch Uglass instrument. 

Glazing U-value, W/(m²K) 

Double glazed panel, AWS-054-06 1.9±0.2 

Double glazed panel, AWS-054-15 2.1±0.2 

Double glazed panel, AWS-054-17 2.0±0.2 

Double glazed panel, AWS-028-09 2.7±0.3 

Triple glazed panel 0.52±0.1 

 

7. Porosimetry 

Porosimetry is an analytical measurement technique used to determine various quantifiable 

aspects of a material's porous nature, such as pore diameter, total pore volume, surface area, 

and bulk and absolute densities [4.24]. This technique involves the intrusion of a non-wetting 

liquid (often mercury) at high pressure into a material using a special device – porosimeter. The 

pore size can be determined based on the external pressure needed to force the liquid into a 

pore against the opposing force of the liquid's surface tension. 

A force balance equation known as Washburn's equation for the above material having 

cylindrical pores is given as [4.25]: 

          (4.7) 
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where PL is pressure of liquid, PG – pressure of gas, σ – surface tension of liquid, θ – contact 

angle of intrusion liquid and DP – pore diameter. 

The technique is usually performed within a vacuum, therefore initial gas pressure is close to 

zero. An average contact angle of mercury with most solids can be taken as average 140°. The 

surface tension of mercury at 20 °C under vacuum is 480 mN/m. With the various substitutions, 

the equation (4.7) can be transformed into: 

          (4.8) 

As pressure increases, so does the cumulative pore volume. From the cumulative pore volume, 

one can find the pressure and pore diameter where 50% of the total volume has been added to 

give the median pore diameter. 

Fig. 4.26 helps to explain the technique of mercury Porosimetry [4.26]. At ambient pressure, the 

sample is enveloped by mercury (left picture). As mercury pressure increases, the large pores 

(1) are filled with mercury first (middle picture). Pore sizes and pore volume distribution by pore 

size are calculated as the mercury pressure increases. At higher pressures (right picture), 

mercury intrudes into the fine pores (2) and when the pressure reaches a maximum, total open 

pore volume and porosity are calculated. The closed pores (3) are neglected in this assay as 

they are not intruded with mercury. 

 

 

Fig. 4.26. Mercury porosimetry technique for pore size evaluation [4.26]. 

 

7.1. Pore size analyzer POREMASTER GT 

Measurements of pore size distribution for some concrete-based building materials were done 

using Quantachrome Poremaster GT instrument [4.27] shown on Fig. 4.27. It is fully automated, 

high-performance mercury porosimeters that provides low-pressure and two low-pressure 

analysis stations ports to meet the wide range of pore size measurements. In addition to 

patented "two samples in a single loading" the instrument features an automated lift mechanism 

for raising of lowers the high-pressure cavity closure; automatic hydraulic oil pumping; and a 

clean, compact design. The main parameters are summarized in Table 4.10. Analysis of 

measured data and further calculations help to determine material properties like total 

intrusion/extrusion, pore size distribution, porosity, permeability, throat/pore ratio etc. 
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Fig. 4.27. Quantachrome Poremaster GT instrument used for pore size evaluation. 

 

Measuring the volume of mercury that is intruded into a sample as a function of increasing 

pressure permits the generation of pore size and pore volume distributions for pores accessible 

from a material's exterior. Using instruments capable of measurements at pressures between 

0.2 and 60,000 psi, pores between 3.6 nanometers and 1100 microns may be measured. 

Fig. 4.28. shows a sample is placed into a measuring assembly comprising of an empty glass 

sample cell, an electrode, and housing for installation into the instrument – during the 

measurement process, as the pressure increases smaller and smaller pores will accept liquid 

mercury. And the resulting volume change along the stem of the measuring assembly can then 

be plotted as a function of pressure (Fig. 4.29). The derivative of this curve provides a pore size 

distribution of the pores accessible via the exterior of the material. 

Results of measured concrete-based samples with different admixtures are visually shown in 

Figs. 4.30 (as normalized volume) and 4.31 (as a histogram). As it is seen, three samples have 

very similar pore size distribution with a maximum between 500 and 1000 μm, meaning than 

most of the pores in those materials are in this range. At the same time measurements showed 

that porosity of one sample is quite different with the most pores of size between 10 and 20 μm, 

which is very important finding and may influence another material physical property (e.g. water 

vapor transmission or compressive strength). 

 

Table 4.10. Main parameters of Quantachrome Poremaster GT instrument. 

Parameter Value 

Working pressure range of low-pressure stations 0 - 3,44 bar 
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The working pressure range of high-pressure stations: at least  

Resolution of continuous scanning 

Analysis time:  

Analyzed pore sizes: 

- Radius range at pressure 0-50 psia; 

- Radius range at pressure 0-1500 psia; 

- Radius range at pressure 0-33000 psia 

0 - 2275 bar 

2000 points 

< 10 minutes 

 

475…2,13 µm 

0,071…5,33 µm 

3,2…5,33 µm 

 

 

Fig. 4.28. Measuring process – smaller pores are filled with under higher pressure. 

 

 

Fig. 4.29. Measurement results - cumulative intruded volume vs. pore diameter (left) and 

calculated pore size distribution (right). 
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Fig. 4.30. Measurement results: normalized volume depending on the pore diameter. 

 

 

Fig. 4.31. Measurement results: normalized volume histogram. 

8. Thermal expansion 

Thermal expansion is the tendency of material to change its shape, area, and volume in 

response to a change in temperature [4.28]. Temperature is a monotonic function of the 

average molecular kinetic energy of a substance. When a substance is heated, the kinetic 

energy of its molecules increases, and the molecules begin vibrating/moving more and 

usually maintain a greater average separation [4.29]. Materials which contract with 

increasing temperature are unusual; this effect is limited in size, and only occurs within 

limited temperature ranges. The relative expansion (also called strain) divided by the 

change in temperature is called the material's coefficient of linear thermal expansion and 

generally varies with temperature. 

Unlike gases or liquids, solid materials tend to keep their shape when undergoing thermal 

expansion. Thermal expansion generally decreases with increasing bond energy, which 
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also influences the melting point of solids, so, high melting point materials are more likely 

to have lower thermal expansion. In general, liquids expand slightly more than solids. The 

thermal expansion of glasses is higher compared to that of crystals [4.30]. Absorption or 

desorption of water (or other solvents) can change the size of many common materials; 

many organic materials change size much more due to this effect than due to thermal 

expansion. Common plastics exposed to water can, in the long term, expand by many 

percent. 

The coefficient of thermal expansion, which is usually marked as α (alpha), describes how 

the size of an object changes with a change in temperature [4.29]. Specifically, it 

measures the fractional change in size per degree change in temperature at a constant 

pressure. There exist three types of this coefficient: volumetric, area, and linear. The 

choice of coefficient depends on the application and which dimensions are considered 

important. For solids, one might only be concerned with the change along a length, or 

over some area. The volumetric thermal expansion coefficient is the most relevant for 

fluids. In general, substances expand or contract when their temperature changes, with 

expansion or contraction occurring in all directions. Substances that expand at the same 

rate in every direction are called isotropic. For isotropic materials, the area and volumetric 

thermal expansion coefficient are, respectively, approximately twice and three times 

larger than the linear thermal expansion coefficient. 

The most of building materials are isotropic and it is enough to measure only linear 

thermal expansion coefficient αL. When measuring thermal expansion, it is necessary to 

consider whether the body is free to expand or is constrained. If the body is constrained 

so that it cannot expand, then internal stress will be caused (or changed) by a change in 

temperature. This stress can be calculated by considering the strain that would occur if 

the body were free to expand and the stress required to reduce that strain to zero, 

through the stress/strain relationship characterized by the elastic or Young's modulus. 

Common engineering solids usually have coefficients of thermal expansion that do not 

vary significantly over the range of temperatures where they are designed to be used, so 

where extremely high accuracy is not required, practical calculations can be based on a 

constant, average, value of the coefficient of expansion. 

To a first approximation, the change in length of an object due to thermal expansion is 

related to temperature change (Fig. 4.32) by a coefficient of linear thermal expansion 

CLTE or αL (K-1). It is the fractional change in length per degree of temperature change. 

Assuming negligible effect of pressure, we may write: 

           (4.9) 

where L is a the measured length and dL/dT is the rate of change of that linear dimension 

per unit change in temperature. The change in the linear dimension can be estimated to 

be: 

           (4.10) 

This estimation works well if the linear-expansion coefficient does not change much over 

the change in temperature, and the fractional change in length is small (ΔL/L≪1). 
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Fig. 4.32. Linear expansion principle. 

 

The expansion and contraction of materials must be considered when designing large 

structures, when using tape or chain to measure distances for land surveys, when 

designing molds for casting hot material, and in other engineering applications when large 

changes in dimension due to temperature are expected. Thermal expansion is also used 

in mechanical applications to fit parts over one another, e.g. a bushing can be fitted over 

a shaft by making its inner diameter slightly smaller than the diameter of the shaft, then 

heating it until it fits over the shaft, and allowing it to cool after it has been pushed over 

the shaft, thus achieving a 'shrink fit'. There exist some alloys with a very small linear 

expansion coefficient, used in applications that demand very small changes in physical 

dimension over a range of temperatures.  

The thermal expansion of materials can be a major roadblock for building and designing, 

however, many application processes and technologies have been designed with thermal 

expansion as a fundamental component of function. 

8.1. Measurements of thermal expansion using C-Therm DiL dilatometer 

Pushrod dilatometry is a method for characterizing dimensional changes of a material as 

a function of temperature. During the measurements using C-Therm DiL instrument [4.31] 

a small sample is placed inside a retractable, tubular furnace (Fig. 4.33). The temperature 

there may controlled from the room temperature up to 1000°C and even more depending 

on the specific heating chamber configuration. A spring-loaded pushrod is positioned 

against the sample. The opposite end of the pushrod is connected to a linear variable 

displacement transducer (LVDT). The dimensional change of the sample resulting from 

the controlled temperature program is measured as the pushrod physically transmits the 

length change to the LVDT. The displacement is recorded in relation to the temperature 

recorded with a thermocouple located next to the sample. A calibration or correction curve 

is applied in compensating for the expansion of the sample holder and pushrod. An 

example of coefficient of measured linear thermal expansion for temperature range up to 

250°C is shown on Fig. 4.34 – as it is seen, αL dependence of the temperature can be 

neglected. 

The main dilatometry standard for this type of thermal expansion measurement is ASTM 

E228-17 [4.32]. 
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Fig. 4.33. C-Therm DiL instrument (left) and metal sample prepared for measurement (right). 

 

Fig. 4.34. Measured linear thermal expansion (CTE) for sapphire glass sample. 

 

Two zirconium dioxide (ZrO2) samples with different admixtures (the quantities are 

unknown) were measured in the dilatometer C-Therm DiL to see the influence of 

additional substance on the thermal expansion property. The samples are heated form 

room temperature up to 700°C and later also cooled down to the start temperature to 

evaluate the possible hysteresis. Graphs on figure 4.35 show the change in length ΔL 

(μm) for both samples, but calculated coefficient of thermal expansion αL (K-1) averaged 

for every 5°C is seen on Fig. 4.36. It is clearly seen than linear dimension change for 

Sample 1 (average αL value 13·10-5 K-1) is about twice as smaller as for Sample 2 

(average αL value 21·10-5 K-1), meaning that used additives significantly affect this 
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parameter and research of thermal expansion is highly recommended for construction 

materials with a strict requirement for uniformity of shape and size. 

 

 

Fig. 4.35. Linear dimension change for two ZrO2 samples with different admixtures. 

 

 

Fig. 4.36. Linear dimension change for two ZrO2 samples with different admixtures. 
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9. Surface emissivity 

The emissivity of the surface ε [-] of a material is its effectiveness in emitting energy as 

thermal radiation. Thermal radiation is electromagnetic radiation that may include both 

visible radiation (light) and infrared radiation, which is not visible to human eyes. The 

thermal radiation from very hot objects is easily visible. Quantitatively, emissivity is the 

ratio of the thermal radiation from a surface to the radiation from an ideal black surface at 

the same temperature as given by the Stefan–Boltzmann law [4.33]. The ratio varies from 

0 to 1. The surface of a perfect black body with an emissivity of 1 emits thermal radiation 

at the rate of approximately 448 watts per square meter at room temperature (25°C); all 

real objects have emissivity less than 1, and emit radiation at correspondingly lower rates. 

Emissivity is important in several contexts: 

 Insulated windows – Warm surfaces are usually cooled directly by air, but they also 

cool themselves by emitting thermal radiation – this mechanism is important for 

simple glass windows, which have emissivity close to the maximum possible value 

of 1. "Low-E windows" with transparent low emissivity coatings emit less thermal 

radiation than ordinary windows. In winter, these coatings can halve the rate at 

which a window loses heat compared to an uncoated glass window [4.34]. 

 Solar water heating system based on evacuated glass tube collectors. Sunlight is 

absorbed inside each tube by a selective surface. The surface absorbs sunlight 

nearly completely but has a low thermal emissivity so that it loses very little heat. 

Ordinary black surfaces also absorb sunlight efficiently, but they emit thermal 

radiation copiously. 

 Solar heat collectors – Similarly, solar heat collectors lose heat by emitting thermal 

radiation. Advanced solar collectors incorporate selective surfaces that have very 

low emissivity. These collectors waste very little of the solar energy through 

emission of thermal radiation [4.35]. 

 Thermal shielding – For the protection of structures from high surface temperatures, 

such as reusable spacecraft or hypersonic aircraft, high emissivity coatings, with 

emissivity values near 0.9, are applied on the surface of insulating ceramics. 

 Planetary temperatures – The planets are solar thermal collectors on a large scale. 

The temperature of a planet's surface is determined by the balance between the 

heat absorbed by the planet from sunlight, heat emitted from its core, and thermal 

radiation emitted back into space. 

 Temperature measurements – Pyrometers and infrared cameras are instruments 

used to measure the temperature of an object by using its thermal radiation; no 

actual contact with the object is needed. The calibration of these instruments 

involves the emissivity of the surface that is being measured [4.36]. 

Emissivity of surface ε can be measured using simple thermal radiation detector such as 

a thermopile [4.37] or a bolometer [4.38]. The apparatus compares the thermal radiation 

from a surface to be tested with the thermal radiation from a nearly ideal, black sample. 

The detectors are essentially black absorbers with very sensitive thermometers that 

record the detector's temperature rise when exposed to thermal radiation. For measuring 

room temperature emissivity, the detectors must absorb thermal radiation completely at 
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infrared wavelengths near 10×10−6 meters. Visible light has a wavelength range of about 

0.4 to 0.7×10−6 meters from violet to deep red. Examples of common surface emissivity 

values are listed in the Table 4.11. 

Table 4.11. Emissivity of common surfaces [4.33]. 

Material  Emissivity 

Aluminum foil  0.03 

Aluminum, anodized  0.9 

Asphalt  0.88 

Brick  0.90 

Concrete, rough  0.91 

Glass, smooth (uncoated)  0.95 

Ice  0.97 

Limestone  0.92 

Marble (polished)  0.89 to 0.92 

Paint (including white)  0.9 

Plaster, rough  0.89 

Silver, polished  0.02 

Silver, oxidized  0.04 

Snow  0.8 to 0.9 

Water, pure  0.96  

9.1. Surface emissivity measurements 

The fastest, simplest, and cheapest way to experimentally determine surface emissivity is 

to use an infrared camera and make comparative measurements using surface with 

knows emissivity. Experiments with the surface emissions determined for glass fiber 

samples were carried out to test the practical application of this method. At first, the small 

piece of thin reference material with known surface emission is glued providing good 

thermal contact with the sample (Fig. 4.37). The special PVC tape with surface emission 

ε=0.91 (determined with the help of spectrophotometer) was used as a reference. After 

10-15 minutes steady state conditions are reached and the surface temperature of the 

infrared picture with reference material was taken using FLIR T650sc thermal imaging 

camera (Fig. 4.38). The special data processing software FLIR ResearchIR MAX was 

used to set up the equal temperature for all the surfaces seen on the picture, after this 

emissivity of the sample material were calculated in two areas. The distribution of surface 

temperatures over the observed areas is shown in Figure 4.39, but summary of calculated 

results for fiberglass samples – in Table 4.12. It is seen, the emissivity results are very 

close, meaning that this method is not only fast, but also ensures high accuracy. 

  

Fig. 4.37. Glass fiber samples with glued on reference material. 
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Fig. 4.38. Taking an IR picture of a sample with reference material. 

  

Fig. 4.39. Temperature distribution of pixel arrays in reference (black) and other areas. 

 

Table 4.12. Calculated emissions of glass fiber material samples. 

Sample Area 
Known 

temperature, °C 

Calculated emissivity ε 

Area Average 

1.1 

e=0.91 

24.25 

  

A 0.8533  

B 0.8667  

   0.86 

1.2 

e=0.91 

24.24 

  

A 0.8523  

B 0.8792  

   0.87 

2.1 

e=0.91 

24.2 

  

A 0.8564  

B 0.8932  

   0.87 

2.2 

e=0.91 

23.9 

  

A 0.8644  

B 0.8568  

   0.86 
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10. Conclusions 

Dozens of laboratory or quasi-stationary conditions measurements of essential 

characteristics of materials and constructions, who potentially can be used in nearly zero 

energy buildings were carried out in frame of the project “Development, optimization and 

sustainability evaluation of smart solutions for nearly zero energy buildings in real climate 

conditions”. Essential physical properties were measured, and the limits of used methods 

were find out and identified, helping to improve the knowledge and clarify the selection of 

materials/structures with the necessary properties for testing in real climatic conditions 

and for the prototype creation. The unknow or hard-to-find parameters of innovative or 

rare materials were measured, allowing to specify the input data necessary for the 

mathematical modelling of thermal-physical processes. 
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