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Introduction 

Activities aimed at improving the effectiveness of energy conversion processes, and thereby 

reducing the rate of energy resources consumption, are in place at various levels. At the 

system level, comprehensive research and implementation activities are pursued with aims 

including increasing the efficiency of power units, developing combined power plants, 

developing new energy processing technologies, and reducing transmission losses. At the 

consumer level (at the micro level), these initiatives focus on increasing the energy efficiency 

(effectiveness) of particular devices or local power supply systems. These goals can be 

achieved by applying a range of measures, including generally niche methods. These methods 

allow to obtain favourable outcomes in very narrow areas or are small in percentage terms but 

they are legitimate from the economic perspective.  
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As a researcher I was mainly concerned with heat accumulation, particularly with methods 

involving the use of phase change materials (PCM). Over time, my interests expanded to 

include other topics where special properties of PCMs could be used to improve thermal 

performance of systems or devices. Most new topics related to issues related to cooling 

electronic components and systems, and using PCMs in construction applications with the 

view to decrease energy demand for heating and air conditioning.  

The results of my research were published in a number of papers of which the most 

important (published in JCR-listed journals, and credited according to the B list of the 

Ministry of Science and Higher Education) can be considered ‘an achievement’ according to 

Article 16 (2) of the Act of March 14, 2003 on Academic Degrees and Academic Title and 

Degrees and Title in Art. These papers deal with various aspects of using PCMs, and 

examining their properties, and as such they comprise a series on a single topic. Their scope 

can be described as: The potential for improving energy efficiency and performance of 

selected thermal systems and devices by using phase change materials, PCMs. 

 

Selected papers of a single-topic series: 

1. Jaworski M.: Thermal performance of building element containing phase change material 

(PCM) integrated with ventilation system – an experimental study, Applied Thermal 

Engineering, 70 (2014) 665-647, doi: 10.1016/j.applthermaleng.2014.05.093 

2. Jaworski M., Łapka P., Furmański P.: Numerical modelling and experimental studies of 

thermal behavior of building integrated thermal energy storage unit in a form of a ceiling 

panel, Applied Energy, 113 (2014) 548-557, doi: 10.1016/j.apenergy.2013.07.068 

3. Jaworski M.: Thermal performance of heat spreader for electronics cooling with 

incorporated phase change material, Applied Thermal Engineering, 35 (2012) 212-219,  

doi: 10.1016/j.applthermaleng.2011.10.036 

4. Jaworski M.: Badania eksperymentalne charakterystyk cieplnych radiatorów do chło-

dzenia mikroprocesorów [Experimental investigations of thermal performance of heat 

sinks for electronics cooling]. Aparatura Badawcza i Dydaktyczna, Nr 4 (2012) 21-27. 

5. Jaworski M.: Zastosowanie materiałów zmiennofazowych (PCM) w układach chłodzenia 

elektroniki [The applications of Phase Change Materials for electronics cooling]. Chłod-

nictwo, Nr 3, 2008, str. 42-46. 

6. Wnuk R., Jaworski M.: Badania charakterystyk cieplnych elementów budowlanych aku-

mulujących ciepło, zawierających materiały PCM (phase change materials) [Investiga-

tion of the thermal performance of building elements containing phase change material, 

PCM], Polska Energetyka Słoneczna, 1 (2011) 5-11, 

7. Jaworski M.: Zastosowanie materiałów zmiennofazowych PCM w budownictwie [The 

applications of phase change materials in buildings]. Materiały Budowlane, nr 2 (2012) 

30-33, 

8. Jaworski M.: Możliwości poprawy efektywności energetycznej budynków przez zastoso-

wanie materiałów PCM [The potential for improving the energy efficiency of buildings 

through the use of PCM materials]. Chłodnictwo, Nr 9, 2009, 36-41. 
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Description of the goal of the research work, its results,  

and their possible use 

 

 

1 The use of phase change materials in selected areas of heat engineering  
 

The term phase change materials, or PCMs, denotes substances which under operating 

conditions are subject to a phase change, most commonly melting/solidification. From the 

application perspective, their most interesting thermophysical property is an enthalpy change 

during the phase transition. This, combined with the fact that in equilibrium conditions these 

processes are isothermic (or occur within a narrow temperature range), translates into the 

capability to absorb (during melting) and release (during solidification) large amounts of heat, 

or, in other words, into a large heat capacity of these substances.  

PCMs’ large heat capacity makes them fit for many practical applications, thermal energy 

storage being the most widely-known. This process is crucial in such areas as using renewable 

energy sources, the solar radiation energy in particular. A characteristic of heat accumulation 

in PCMs is their large energy density, and higher exergetic efficiency compared with other 

heat accumulation methods. Supported by intense research, this technology has been 

dynamically developed in recent years. At present, latent heat thermal energy storage, LTES, 

has a wide range of applications which may be classified according to many criteria. The 

range of phase change temperature in existing systems spans from –30C (cold accumulation 

– air conditioning, food and beverage industry) to moderate temperatures (space heating, 

domestic hot water, DHW, preparation) and up to temperatures around 600C (heat storage in 

solar power plants, utilization of waste heat from metallurgical processes). There is also a 

wide variety of PCM-based designs of heat accumulators: from classic solutions (e.g. a tank 

filled with PCM-containing capsules) to building components made of PCM-containing 

materials.  

In many PCM applications, the isothermal nature of the phase change is emphasized. In 

these applications, the PCM acts as a temperature-stabilizing agent in systems or devices 

which operate in a way involving large fluctuations of heat flow rates, or which require 

protection from thermal disturbances. Examples of such applications include: cooling of 

periodically operated electronic systems, temperature stabilisation in server rooms (electronic 

components), temperature stabilisation in containers for transporting food and medical 

products, protective clothing for firemen, steelworks staff, etc.  

In each of these PCM applications common challenges arise which often need to be 

addressed by conducting research, also at the fundamental level. Two areas of studies can be 

distinguished: 

 Materials research – this group comprises the issues of determining essential thermo-

physical properties of materials, including the development of new, specific measurement 

techniques, and material compositions with required properties.  

 Design of storage units development – this area relates to optimizing the design of heat 

accumulators containing PCMs. A basic tool in this area is currently mathematical and 
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numerical modelling of complex heat transfer processes during operation of PCM-based 

systems. 

 

1.1 Research on thermal properties of PCMs 

 

The following thermophysical properties are crucial for PCM application purposes: heat 

capacity (measured as the enthalpy of phase change and the specific heats of solid and liquid 

phases); phase change temperature; thermal conductivity; and stability of thermal properties 

in multiple melting/solidification cycles.  

A significant portion of my research activities was examining (measuring) these pro-

perties of PCMs. These tests are performed using standard measurement techniques but also 

dedicated test benches, designed for these materials and their specific applications. 

 

PCM thermal capacity measurements 

 

Differential scanning calorimeters (DSC) are most commonly used standard systems for 

measuring thermal capacity. They allow to quickly measure thermal capacities (phase change 

enthalpy, specific heat), and phase change temperatures. However, as far as heat accumulation 

materials are concerned, a DSC’s major disadvantage is such that test samples are very small 

(milligrams in mass) so results obtained with substances of low purity are not always 

representative for large amounts of materials used in heat storage systems (where several 

hundred kilograms or even tons of material is used). Hence, multiple tests with various 

samples are required.  

Scanning rate (the rate of temperature changes) is another measurement parameter which 

significantly affects the DSC results. The measurements are usually performed at the scanning 

rate of about 10 K/min which is considerably different from the rate of PCM temperature 

changes in real-life systems (both in heat accumulators and in temperature-stabilisation 

systems, e.g. electronic components). Sufficiently accurate values of phase change 

temperature and phase change heat can be obtained at standard DSC settings; however, the 

detailed characteristics of enthalpy variations with temperature during the phase change 

(which is crucial for mathematical modelling of PCM-based systems, for instance) is not 

totally true. According to research results found in literature, although the differential 

scanning calorimetry is commonly used with PCMs, no clear operating procedures have been 

developed for obtaining comprehensive data on these materials’ behaviour in variable thermal 

conditions, i.e. during melting and solidification. As part of the EU COST Action TU0802 

programme (Next Generation cost effective phase change materials for increased energy 

efficiency in renewable energy systems in buildings), a task was carried out with the objective 

of establishing an operating algorithm. The initial Round Robin Test indicated that the results 

obtained in various laboratories differ significantly. The test results provided the basis for a 

draft measurement procedure which was fine-tuned in further stages. Final guidelines 

concerning the method for testing PCMs with DSCs were provided in the report ‘WG 1.5b: 

Characterisation. DSC Round Robin test carried out’. They outline a measurement sequence 

(with decreasing rate of temperature changes approaching the minimum value of a particular 
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calorimeter), and point out the requirement of measuring system calibration prior to a major 

change in key parameters, such as scanning rate or sample mass. It should be emphasized that 

I carried out about 25% of tests included in the report and being the basis for the final 

guidelines.  

The procedure set out in this report was applied in my research on a heat accumulator 

integrated into a building’s structure. Thus, the enthalpy vs. temperature relation of a PCM-

containing building composite was determined and used in balance calculations for this 

accumulator. Both the material characteristics obtained (with the hysteresis of enthalpy 

changes during melting and solidification), and the results of experimental research and 

computer simulations concerning accumulators were provided in [A1, A2, C5, C11].  

Various substances with respect to chemical constitution and composition are considered 

as PCMs. Basically, these materials are classified into the categories of organic and inorganic 

materials, with multiple subcategories in each of these two groups. According to the most 

general classification, the inorganic materials include salts, hydrates and their mixtures 

(mostly eutectic). Water also falls into this group, as it is used as a PCM for cold 

accumulation. The organic materials include simple hydrocarbons (paraffins), fatty acids, 

esters, alcohols and mixtures of these substances (e.g. waxes). According to another important 

division, there are pure substances (with considerably better qualities, but expensive and used 

in specific applications, e.g. for cooling processors, when small amount of material is 

needed), and substances of lower purity (for applications where large amounts of material are 

required, e.g. for large heat accumulators). What follows from such a diversity of substances 

is a diversity of thermophysical properties. For instance, inorganic substances tend to 

undercool during solidification (which is detrimental to the effectiveness of heat removal 

from the accumulator), and are instable in subsequent melting/solidification cycles (this, in 

particular, holds true for hydrates which after melting can separate into salt and water, due to 

different densities). Such properties of materials cannot be determined with DSCs (or via 

differential thermal analysis, DTA), mainly due to the size of test samples. Hence, special test 

benches have been designed for determining PCM characteristics which will be valid in real-

life (often very large) heat storage systems. 

Two test benches (thermal analyzers, TA) for determining thermophysical properties of 

PCMs for samples of 30–50 g (heat capacity measurements) and 300–500 g (stability in 

multiple melting/solidification cycles investigations) were designed and built in the Institute 

of Heat Engineering (ITC) in 1980s. My contribution to the work related to the start-up of 

these test benches (design, assembly, tests, and calibration) involved developing and testing 

the software of data acquisition systems, and determining the baseline characteristics of the 

test bench. Specific heat, and phase change heat and temperature were determined based on 

recorded temperature changes in various components of TA (not only in the test sample) 

taking into account the baseline characteristics of the flow rates of heat discharged into the 

environment, and the TA design. Detailed design information and measurement procedures 

were provided in two recently published white papers [A3, A4]. These test benches were used 

in many research projects under which various substances were tested as potential PCMs for 

heat accumulators. Papers containing the results of these tests include [C48, C51, C53, C56, 

C59]. 
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In recent years a method termed as T-history method (first version proposed in 1999) has 

become a kind of standard of PCM testing. It is also a differential method but it is much 

simpler (in terms of hardware) than DSC and DTA, and its advantage consists in the 

capability to examine large samples of substances. Quantitative properties of a test substance 

are determined by analysing the changes in the sample temperature recorded during slow 

cooling (for the Biot number <0.1, a model of a body exhibiting low heat-transfer resistance, 

lumped thermal capacity model) as compared with the results of a reference substance, most 

often water, obtained under the same conditions. A very similar method was also applied in 

the research carried out in the ITC, where the focus was on determining the material phase 

change temperature and the degree of undercooling during solidification. Measurement 

methodology and the results of tests performed using this method were published in [C30, 

C31, C32]. 

 

PCM heat conductivity measurements 

 

Thermal conductivity is an important property of PCMs as it affects the rate of heat 

transfer to and from the material during charging/discharging the heat accumulator. The value 

of thermal conductivity (or the effective conductivity of PCM-based composites) is crucial for 

heat accumulator designers; it governs the shape and size of basic heat accumulator cells and 

whether or not their surface should be finned. The thermal conductivity is measured using 

different methods (standard measurement techniques), both in steady-state (plate devices) and 

transient conditions (pulse-based methods and ones involving periodic disturbance) [A3]. 

Measurements of thermal conductivity of PCM-enriched building composites were carried out 

in the ITC with the aid of the Bock’s plate apparatus and the Poensgen’s compact plate 

apparatus [B4, C7, C17]. Thermal conductivity values so obtained characterize the material’s 

ability to conduct heat under steady-state conditions. However, a substantial feature of PCMs 

is their ‘work’ in transient conditions; additionally, this is when they are subject to endo- or 

exothermic phase change. The consequence of absorbing heat during melting is that the 

PCMs’ insulating potential is higher than it follows from the value of thermal conductivity. 

This forms a basis for using these materials in construction applications as components of 

building structures which can be described as dynamic insulation components. For this 

reason, PCMs have to be evaluated taking into account not only the thermal conductivity 

values but also their behaviour under variable thermal conditions. Such tests were carried out 

in the ITC with the aid of the Bock’s plate apparatus. Special samples of a PCM-gypsum 

composite were prepared in which temperature sensors were installed to determine 

temperature distribution in a sample during its heating or cooling within a temperature range 

spanning the PCM solid and liquid phases [C14, C17].  

As part of various ITC research programmes concerning heat accumulation, attempts 

were made to evaluate the thermal conductivity of PCM-containing composites by applying 

non-standard measurement techniques. Building materials feature high porosity which (in the 

context of heat conductivity measurement) results in high thermal resistance on the sample’s 

surface. In order to eliminate the effect of contact thermal resistance on measurement results, 

a technique was proposed under one of research grants [G6], consisting in the direct measu-
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rement of the heat flow rate via heat flux sensors incorporated into the test sample. The results 

of this work were included in [C16]. 

The results of experimental research of transient thermal fields both across the entire heat 

accumulator and in its basic components (PCM containers) were also used for determining 

PCMs’ heat conductivity. Under one project [G15], detailed measurements of thermal fields 

(space distributions) in a cylindrical PCM (stearic wax) container during charging and 

discharging of a heat accumulator were taken on a specially set-up test bench. The main test 

goal was to gather data on transient heat transfer processes (rate of charging/discharging) 

depending on the heat source and heat reception characteristics. Recorded temperature 

profiles in transient conditions also enabled to find out the thermal conductivity of the test 

material. For this purpose, a computer program for determining transient thermal fields was 

used. The PCM heat conductivity was a parameter in a numerical model; the parameter was 

chosen so that the results of measurements would match those of computer simulations (an 

inverse problem of heat transfer). The thermal conductivity values of the stearic wax obtained 

in this manner matched those indicated in literature.  

 

1.2 Research concerning the analysis of heat transfer processes  

in PCM-containing systems 

 

As far as practical aspects of PCM applications are concerned, my interests focused on 

two groups of issues: thermal energy storage (heat accumulation), and the cooling of 

electronic components (systems).  

 

Thermal energy storage (TES) 

 

Reducing the consumption of primary energy resources depends mainly on the 

effectiveness of energy conversion processes in power systems. The efficiency of devices that 

make up the power system is as vital as its set-up, particularly the presence of energy storage 

components. The capability to accumulate energy is important as the contribution of 

renewable sources (solar and wind power) to the total energy balance is on the rise. Energy 

storage technologies have been developed for many years, and it is now technically feasible to 

accumulate almost all forms of energy. Heat (cold) accumulation is the area where a variety 

of technologies and possible applications can be found. Among various heat accumulation 

technologies the most effective is the one in which it is PCMs that serve as the heat 

accumulating substance. Theoretically higher heat capacities are obtained in heat accumu-

lators employing reversible chemical reactions or sorption processes; however, these 

technologies give rise to operational issues that are considerably more difficult than in classic 

thermal energy storage methods. 

In order to design a PCM-containing heat accumulator, two problems have to be solved: 

selecting a PCM that is adequate to operating conditions, mainly temperature, and selecting a 

heat accumulator structure that ensures effective heat transfer during charging and discharging 

of the accumulator. The heat accumulator structure (a kind of a regenerative heat exchanger) 

depends on thermophysical properties of the accumulation medium, type of heat source and 
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requirements of the consumer of the accumulated heat (type of heating medium from the 

source and to the consumer), charging and discharging times, the size of the system, and 

many other factors. Designing a heat accumulator is a very complex process as it requires 

considering many factors, which is why numerical methods are most often employed. This 

approach is based on modelling heat transfer processes both in the PCM and across the entire 

accumulator, i.e. between the accumulating components and the heating medium.  

 

Modelling heat transfer processes in PCM-containing accumulators 

 

A fundamental heat transfer mechanism in basic modules of TES units is conduction. Due 

to the presence of melted space within the PCM (its size and shape change during charging 

and discharging), a number of papers can be found where the process is described taking into 

account the natural convection within this space. The heat accumulator, however, should 

provide the highest possible exergetic efficiency, which requires maintaining small 

differences between the heating medium and PCM phase change temperatures. This is 

equivalent to small temperature differences in the melted space, and thus to the minimization 

of the source of natural circulation in the liquid. The requirements regarding thermodynamic 

effectiveness of heat accumulators, combined with PCMs’ low heat conductivity also dictate 

the size of basic modules; they are usually a few centimeters in size (the diameter of spheres 

or cylinders). Characteristic size of the melted space is therefore small, and this factor has 

little influence on possible occurrence of natural convection. The above arguments support the 

application of a simplified description of heat transfer in the PCM in heat accumulators.  

As a phase change model (enabling to determine the rate of melting or solidification front 

movement), the Stefan condition is most commonly employed. As for processes occurring in 

PCMs, in this condition it is assumed that the phase change process takes place within a range 

of temperatures, and that the enthalpy change within this range is linear. However, 

calorimetric measurements indicate that the course of melting/solidification processes in 

PCMs used in real-life heat accumulators is more complex. This is demonstrated both by a 

non-linear enthalpy change vs. temperature curve and by its hysteresis (i.e. different curves 

are valid for heating and cooling). Both these features of the materials were considered in 

models applied in the analyses of heat accumulators. In [2, A2] the Stefan condition 

accounted for the hysteresis of the enthalpy vs. temperature relation for a gypsum/PCM 

microgranulate composite, while in [C1, C21, C29, C44] the PCM model considered an actual 

non-linear enthalpy change during the phase transition.  

Both describing the heat transfer process in a basic PCM-containing component, and 

determining the thermal performance of the entire heat accumulator require formulating a 

boundary condition on the PCM module’s surface, describing the heat transfer between the 

heating medium (e.g. water, or air) and the PCM. The boundary condition is usually of the 

third kind; as high-temperature heat accumulators were not studied in the ITC, there was no 

need to take into account the radiant heat transfer on the surface of the PCM modules. For 

analysing the heat transfer process in a single PCM module, a relation for the heat flow rate 

on its surface as a function of a heat transfer coefficient and the heating medium temperature 

is sufficient (the heat transfer coefficients are determined based on correlations relevant to a 

given flow situation). Where the entire heat accumulator is analysed, the mathematical model 
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also includes balance equations for the medium carrying the heat flowing through the deposit 

of PCM components (e.g. a grid of cylinder components, deposit of spheres, or a long venti-

lating duct).  

Various setups of heat accumulators were subject to theoretical analyses. Both theoretical 

and experimental research has recently been carried out on heat accumulators in the form of a 

ceiling panel/tile, being at the same time a component of a building’s ventilation system. 

A comprehensive mathematical model of heat transfer in the heat-accumulating substance, 

also being the material of the ceiling tile, and the (convective) heat transfer between air (as the 

heating/cooling medium) and the panel is provided in [2, C11, C12]. As already mentioned, 

this model considered a non-linear heat capacity characteristics of the composite of which the 

ceiling panel is made, including the hysteresis of enthalpy vs. temperature relation for heating 

and cooling.  

In previous studies, thermal performances of typical heat accumulators (as regenerative 

heat exchangers) with cylindrical PCM-containing components and air as the heating medium 

were determined (the heat accumulator was designed to operate with air solar collectors or for 

waste heat recovery). The results of these studies were presented in [C42, C44, C48, C57, 

C62]. The results of experimental research on a DHW storage tank (supplied from a solar 

collector) with heat capacity enhanced by a deposit made of spheres filled with PCM were 

provided in [C54].  

Under the project [G4], experimental and theoretical studies concerning thermal perfor-

mances of PCM-impregnated textiles were conducted. As part of this work, a mathematical 

model of the heat transfer from/to a complex structure was developed, taking into account the 

structure’s radiation properties (emissivity and transmissivity of solar and infrared radiation). 

The heat capacity of the test textiles, or more precisely the enthalpy change vs. temperature 

characteristics considering hysteresis, was determined with the aid of a DSC. Radiation 

properties, emissivity, and transmissivity were determined based on measurements of 

transmitted and reflected radiation, taken in a laboratory equipped with a solar radiation 

simulator and pyranometers. The proposed model was validated experimentally, and a very 

good agreement between the results of a computer simulation and experimental measurements 

was obtained; temperature changes of the textiles exposed to solar radiation and convective 

cooling were analysed. The results of the study were presented at the conference [C1]. 

Another and uncommon design of a PCM-containing heat accumulator, of which thermal 

performances were analysed using computer simulation methods, involved (relatively large) 

cylindrical heat accumulators incorporated into a building’s wall. Similarly to the ceiling 

panel mentioned before, the main task of such an accumulator is stabilizing temperature in 

a room under varying outdoor conditions. Analyses allowed not only to determine the 

influence of the heat accumulator on temperature changes in the room but also to gather 

details of the accumulator charging and discharging processes, including the movement of the 

melting/solidification front. These studies were described in [C19, C29]. 

 

Experimental research on thermal energy storage units 

 

As part of research work, I participated in a few research projects involving experimental 

studies on prototype PCM-containing thermal energy storage (TES) units. As part of [G15], 



Summary of Professional Accomplishments Maciej Jaworski, PhD 

– 11 – 

a TES set-up was designed and built to operate with air solar collectors (or to be supplied with 

a low-temperature waste heat); it contained about 200 kg of stearic wax as PCM in vertical, 

cylindrical containers. The accumulator’s heat capacity was about 60 MJ. Using this set-up, 

a number of studies into charging and discharging processes were conducted with various heat 

source parameters (air temperature, mass flow rate) and operating regimes in the discharging 

mode (heat release). During the research work, not only macroscopic quantities (e.g. the 

amount of heat supplied/removed, instantaneous heat flow rates, and storage efficiency) but 

also temperature distributions across both the entire accumulator and its single components 

(cylindrical PCM containers) were analysed. An important outcome of this work was 

proposing an idea of a TES with multiple PCMs with various phase change temperatures, 

located along the heating medium flow path. As the heating medium temperature varies along 

the accumulator, using different PCMs enables a more effective reception of the accumulated 

heat, and better performance during the heat release (the heat transfer fluid’s temperature at 

the accumulator’s outlet is more stable over time). This is a consequence of the fact that the 

PCM’s phase change temperature better matches (in terms of heat transfer) the heat transfer 

fluid temperature in a given part of the accumulator. This idea was proved true also via 

theoretical analyses using computer simulation techniques. [C44] presents the results of 

computer simulations regarding charging and discharging of a two-medium storage unit (with 

two different PCMs), demonstrating the advantage of such a solution over a single-medium 

accumulator.  

One outcome of the research projects mentioned above was the invention ‘Heat 

exchanger with increased thermal capacity’ which was awarded patent protection (patent no. 

P-297151). Unique features of the proposed heat exchanger design, enabling effective 

operation (from the heat consumer’s point of view), resulted from using the PCM which 

increased the exchanger’s thermal inertia. The heat exchanger, being a heat recuperator, also 

had much in common with a regenerative heat exchanger. For this reason, it particularly lent 

itself to applications involving high load variability on the heat source side.  

The Institute of Fundamental Technological Research (IPPT) of the Polish Academy of 

Sciences (PAN) conducted research on increasing the heat capacity of DHW storage tanks 

(also supplied via solar collectors) by locating a PCM-containing deposit inside the tanks. 

I participated in experimental research carried out as part of these projects. In the course of 

work, two PCM-containing accumulator models were designed and built: the first one had 

a deposit made of spheres (about 20 mm in diameter) filled with stearic wax and located in the 

upper part of the water tank; and the second had a shape similar to a vertical shell-and-tube 

heat exchanger with PCM-filled tubes (about 15 mm in diameter). Measurements regarding 

the processes of charging the heat accumulators and the characteristics of the heat reception 

were carried out; the key goal of modifying the DHW storage tanks (from the heat consumer’s 

point of view) was to increase the amount of hot water that could be received from the tanks. 

The studies proved that using PCMs enables a significant increase in the heat capacity of the 

accumulators. The results of these studies were presented in [C54, C63]. A major outcome of 

this work was a patent application for the invention ‘Thermal energy accumulator’  

(P-284930).  

In recent years my interests (concerning thermal energy storage) focused on topics 

regarding thermal energy storage in buildings. Heat (and also cold) accumulation systems 
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enable a more effective management of power needed to maintain thermal comfort in 

buildings, and, in particular, help increase the effectiveness of renewable energy sources, such 

as solar radiation. They also allow to employ environment factors, such as daily ambient 

temperature variations, for reducing the costs of space air conditioning. Apart from typical 

heat accumulators (regenerative heat exchangers) which are based on special heat-

accumulating substances (including PCMs), using building structure components as heat 

accumulators is currently considered. In order to make the building’s structure highly capable 

of thermal energy storage (without increasing its mass), special materials with enhanced 

thermal capacity are manufactured. This effect is achieved by adding a PCM characterized by 

an adequate phase change temperature to building materials (gypsum, cement, or concrete 

masonry units). Such materials are used for interior wall finish (walls, ceilings), exterior wall 

finish (they improve solar radiation absorption with a so-called Trombe wall), heated floors, 

and other building components. The effectiveness of such solutions depends on thermo-

physical properties of the material (e.g. the gypsum/PCM composite), and on the behaviour of 

each building component. Hence, research on this topic focuses on two areas: (1) determining 

material properties, mainly thermal capacity, thermal conductivity, and strength; and (2) 

testing the behaviour of single components or systems as a whole under variable heat load 

conditions, i.e. studying the processes of charging and discharging of these components as 

heat accumulators. Material tests are described in the section regarding measurements of 

thermophysical properties.  

Increasing the heat capacity of building structural components using PCMs is most often 

achieved by incorporating these materials into interior plaster-boards, i.e. gypsum mortar, 

gypsum boards, ceiling panels, etc. Hence, major research tasks carried out under projects 

dedicated to using PCM in construction applications (both at the Warsaw University of 

Technology ITC and PAN IPPT) included experimental research on heat transfer processes in 

boards made of gypsum or cement mortar with the addition of the PCM. For research 

purposes, many samples of different thickness and PCM granulate content were made. The 

samples (in the form of boards) were ‘equipped’ with numerous temperature sensors 

(thermocouples) to record temperature changes both on the surface and across the section. 

Thus, the measurements provided data regarding the course of the phase change processes 

(the movement of the melting/solidification front), and, more importantly, on the extent to 

which the PCM in the board, acting as a thermal energy storage medium, is effectively used.  

The research was conducted under different heat disturbance conditions. As the rate of 

solar radiation through windows, absorbed by internal surfaces, is significant in the building’s 

thermal balance, much consideration was given to the analysis of heat transfer processes in 

test samples exposed to radiant heating. Multiple tests were carried out using a solar radiation 

simulator as a heat source. Cooling (discharging the heat accumulator) occurred under natural 

convection conditions, as in real life. The research work was comparative in nature; thermal 

performances of a PCM-containing board, and a gypsum mortar board or a concrete slab were 

examined under the same conditions. Test results, proving a significant effect of the PCM on 

the sample surface temperature, and thus on temperature in its surroundings (i.e. in the room) 

were published in [B3, C14, C17]. In order to obtain more detailed data on heat transfer 

processes in a gypsum mortar/PCM composite, a special sample was made with thermo-

couples for recording temperature across the sample’s section. Measurements were taken 
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using a hot plate apparatus (which is basically used for measuring thermal conductivity) 

which was modified so that the sample could not only be heated in a controlled manner but 

also cooled under natural convection conditions. The results of the study were presented in 

[B3, C17]. 

Under the research project [G6], a novel idea of incorporating PCMs into a building’s 

structure was developed. It consists in manufacturing ceiling panels, at the same time being 

part of the building’s ventilation system, made of PCM-containing building composites; the 

panels are provided with ventilation ducts through which air fed from the surroundings is 

flowing. One of PCMs’ disadvantage is their low thermal conductivity, and thereby low 

effectiveness of heat transfer to/from an accumulator. This is also true for PCM-containing 

building components, and, in particular, for cooling processes (releasing heat from these 

components and PCM solidification) which most often occur under natural convection 

conditions. The proposed idea of a ceiling panel has better thermal properties than a con-

ventional PCM-containing gypsum board or gypsum mortar for two reasons: much larger 

ratio of heat transfer surface to volume (the amount of PCM); and clearly higher rate of heat 

transfer to/from air, due to forced convection. In order to confirm the expected properties of 

this solution, a test bench was built with a single panel section, containing two ventilation 

ducts, as the main part. The section was made of a composite containing gypsum mortar and 

about 27% of PCM microgranulate. The test bench was equipped with a few dozens of 

temperature sensors for recording changes in the temperature of air flowing through the ducts, 

and for determining spatial distribution of temperature in the panel. Tests were performed 

both in laboratory conditions, with fully controlled air temperature at the duct’s inlet, and in 

nearly real-life conditions, with air fed from the surroundings. Measurements were taken in 

periods spanning from 4 to 7 days (as intended, the panel as a heat accumulator works in 

a daily cycle: it is ‘charged’ during the day, cooling the air; and it is ‘discharged’ at night, 

heating up the cold ambient air. 

Test results provided a set of quantitative information on the process of heat transfer 

between air and the PCM-containing building material. Changes in the heat transfer rate (the 

heat transfer coefficient) along the air flow path, the heat accumulator’s charging level (the 

amount of PCM subject to melting/solidification), and heat flow rates between adjacent ducts 

were determined. These results are relevant to optimisation of this kind of building 

components, particularly for determining hydraulic diameters of air ducts, thickness of duct 

walls, and PCM distribution across the composite. Papers containing the results of the experi-

mental studies include [1, C6, C10].  

The results of experimental research on the PCM-containing ceiling panel, combined with 

the results of examining thermophysical properties of the composite used in the experiment 

(enthalpy vs. temperature with hysteresis, heat conductivity), were used to validate a mathe-

matical model of heat transfer in building components made of PCM-containing composites. 

As mentioned above, the model accounted for actual, non-linear heat capacity curves of the 

materials. Papers detailing the model and its experimental validation include [2, C5, C11].  

 

Cooling electronic components, temperature stabilisation 
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As a consequence of rapid development of electronics, devices and systems have become 

increasingly miniature and able to execute more operations. This has led (especially from 

early 1990s) to emerging issues related to keeping processors, computers and complex 

electronic systems at a temperature that guarantees their safe operation; in other words, 

effective thermal management of electronic components has become vital. The severity of this 

issue can be demonstrated by the fact that cooling systems consumed almost 50% of power 

used by data centers before virtual thermal management methods were introduced and 

processor voltage was dramatically reduced.  

As electronics cooling is implemented at different scales (from a single microprocessor to 

large computer systems, such as data centers or telephone relay stations), and at different heat 

flux densities (up to 10
6
 W/m

2
), a lot of cooling technologies have been developed. The 

development has mainly consisted in adopting known cooling techniques do specific 

conditions of electronics cooling, such as extremely large heat flux densities, very small heat 

dissipation surface areas, and limited space for a cooling system. Of relatively great 

importance among methods for electronics cooling (since after all these are niche methods) 

are techniques based on PCMs. These materials absorb heat generated in electronic 

components in the course of an isothermal phase transition. During this transition, they keep 

the system subject to cooling at about the same temperature. Due to the limited duration of the 

phase change (PCM melting), technologies based on these materials are dedicated to 

electronic devices that operate in cycles (e.g. mobile phones, personal digital assistants, etc.); 

the device has to stop operation to enable the PCM solidification. Due to isothermal nature of 

the melting process, they are also designed as systems which stabilize temperature of devices 

exposed to variable loads, and thereby time-varying heat flow rates. The main advantage of 

PCM-based systems is that they are passive, i.e. require no power supply (e.g. for a fan drive).  

There are many PCM-containing heat sink designs for microprocessor cooling. The size 

and structure of a heat sink are dictated mostly by its purpose. A heat sink for cooling 

electronics in a mobile phone has the form of a thin plate which has a surface area matching 

the size of a printed circuit-board. For processor cooling in desktop PCs, complex heat sinks 

have been designed, also with heat pipes to transport heat from the processor to a PCM 

container. A review of basic PCM-containing heat sink designs can be found in [5]. 

 Research on the use of PCMs for electronics cooling (carried out also under the grants 

[G8, G11]) resulted in an invention of a novel PCM-containing heat sink design; the invention 

was patented (patent no. P204179, 2009). The proposed design of the heat sink had a finned 

surface made up of a grid of thin-walled pipes filled with PCM. This structure has some 

features common with a conventional heat sink with a large finned surface which allows to 

carry away heat to the air flow efficiently. However, the heat sink structure includes a unique 

PCM container which has a shape ensuring very good heat transport from the heat sink 

surface to the PCM. As mentioned earlier, PCMs have low thermal conductivity, which is 

why designers of PCM-based heat sinks have to address the issue of a limited heat transport, 

i.e. to design an adequate shape of the container and locate it close to the heat source. In the 

heat sink under consideration, the heat is transferred to the PCM via walls of the pipes (made 

of high thermal conductivity material). An additional advantage of this solution is a very large 

contact area between the container walls (pipes) and the PCM.  



Summary of Professional Accomplishments Maciej Jaworski, PhD 

– 15 – 

This type of heat sink is designed mainly for cooling computers which operate in a very 

variable manner, i.e. where short-time extreme loads occur with considerable, higher than 

nominal heat flow rates. In such cases the excess heat (the nominal heat flow is carried away 

to the air via fins/pipes) is absorbed by the PCM. Thus, the PCM stabilizes the processor’s 

temperature, and prevents its (even momentary) overheating. Such a heat sink design can also 

serve as an emergency device: following an emergency stop of fans and dramatic decrease in 

the effectiveness of convective heat transfer, the PCM absorbs the heat generated, and for a 

few minutes keeps the processor within allowable temperature range. During this time 

processes executed by the computer can be safely terminated.  

Performance characteristics of this heat sink were subject to theoretical research with the 

aid of computer simulation methods. Its characteristics were determined in transient condi-

tions (which indicates its capability to stabilize temperature) for various types of heat transfer 

disturbances, and for various design parameters, i.e. different diameters of pipes/fins. By 

analyzing heat transfer in the complex structure of the heat sink (a 3D case due to a small 

surface area of the heat source, the processor), its thermal resistance was also determined 

(also with different design parameters). The results of the analyses proved that such a heat 

sink has not only great capabilities to stabilize processor temperature under variable load, and 

cooling effectiveness under fault conditions but also a very low thermal resistance, compa-

rable to that of modern heat-pipe-based heat sinks. The description of the research method, 

the performance characteristics obtained, and parameters of the PCM-containing pipe-based 

heat sink can be found in [3, B9, C22, C23]. 

One method of incorporating a PCM into the heat sink structure is using a porous material 

(e.g. foamed aluminum) of which part of the base-plate is made, while pores are filled with 

the PCM. A heat sink based on this idea was designed under the grant [G8]. This heat sink 

was capable of absorbing heat by the PCM located in the central unit with drilled small-

diameter ducts (a porous material model); it also had large finned surfaces on the sides of a 

PCM container, which ensured effective heat removal in steady-state conditions. The 

properties of this heat sink, both in steady-state conditions and under variable heat loads 

(when the PCM absorbed excess heat), were tested on a special test bench. The results of the 

tests (including the description of the test bench) were published in [4]. 

The test bench mentioned above should also be considered a valuable achievement, being 

a result of research on electronics cooling. A special thin-walled electric heater of the size 

close to that of a microprocessor typically used in PCs was designed and assembled. Thermo-

couples were installed in its surfaces. The heater is mounted in a computer mother board in 

place of the microprocessor. Measurements were taken under nearly real-life conditions, 

considering disturbances to air circulation caused by the presence of other components of the 

computer. The system was calibrated, particularly with the objective of determining heat 

flows carried away via other routes than the heat sink mounted on the upper surface. The test 

bench allows to determine accurately heat flows carried away from the surface of the heater 

(i.e. the processor model) through the heat sink under consideration, and the temperature at 

the contact surface between the heat sink and the processor. These quantities (including 

ambient air temperature) determine the thermal resistance of the heat sink. The test bench also 

lends itself to testing cooling systems in transient conditions, including PCM-based heat 

sinks. The test bench was used to take a number of measurements, also other than mentioned 
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above. Tests covered thermal resistance of selected heat sinks under natural and forced 

convection, and the effect of the location of the finned surface (with respect to the direction of 

the gravitational acceleration vector) on the thermal resistance under natural convection; test 

results were presented in [C28]. Other ways of incorporating the PCM into the heat sink 

structure were also examined; [C20] includes test results of a typical heat sink with flat fins 

and with PCM containers mounted on its sides. Despite an unfavourable location of the 

container (far from the heat sink base-plate), this arrangement exhibited satisfactory pro-

perties in terms of temperature stabilization in transient conditions. Along with experimental 

research, and also using its results for validation purposes, computer simulations under 

variable conditions were performed concerning the operation of heat sinks with differently 

incorporated PCM; papers containing results of these tests include [C15, C21]. 

1.3 Other research topics 
 

One future-oriented research topic to mention in the area of PCM applications is impro-

ving performance characteristics (and extending the range of possible applications) of thermo-

electric generators (TEG), which are power sources employing the Seebeck effect. They were 

developed for purposes of space technologies; currently they are also designed for medical 

applications (as power supply for artificial cardiac pacemakers, for instance), and for using 

waste heat and heat from renewable resources. In recent years, complex TEG set-ups with a 

PCM-based heat accumulator have attracted much attention (as demonstrated by a large 

number of papers). This arrangement enables the use of heat which is removed, with no 

benefit, from the ‘cold’ surface of the thermoelectric module. The heat is accumulated in the 

PCM, and, in particular situations, can be used in a reversed circuit for generating additional 

electrical power. Such conditions occur for instance with Earth’s satellites, which are perio-

dically exposed to solar radiation (the heat source) and to the Earth’s shadow, when a PCM 

accumulator can serve as the heat source.  

Since 2014, research on performance characteristics of thermoelectric generators with a 

PCM accumulator has been carried out under my supervision as part of master thesis works, 

using funds for statutory activities of the Faculty. A mathematical model of the generator was 

developed, containing a model of a thermoelectric module (the relation between electrical 

quantities and heat flow rates), and a model of heat transport in the PCM container (consi-

dering the phase change of the material). A three-dimensional model has also been developed; 

it will allow to analyze the influence of a finned surface (on the PCM side) on the 

effectiveness of electric power generation.  

A test set-up comprising 9 thermoelectric modules and a PCM accumulator of about 700 

cm
3
 in capacity (the accumulator with inner finned surface) was designed. Initial tests were 

carried out. The following properties were measured: voltage in an open circuit, voltage and 

electric power in case when external load was connected to the TEG. Test were performed for 

different intensity of radiation, which was a source of heat for TEG. Times of operation of 

TEG for different intensities of radiation were determined. Also, temperature profiles in PCM 

container vs. time were recorded.   
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2 The course of and achievements in the research work 

 

During my work in the PW ITC, first in engineering and technical positions, and from 

1995 in research and teaching positions, I participated in many research projects. Besides the 

areas of heat accumulation and electronics cooling, which were described in the previous 

section, the following topics were dealt with: 

 Modelling of heat transfer processes resulting from laser radiation interactions with solids 

 Crystallization of two-component alloys 

 Examining thermophysical properties of moist building materials 

 Modelling heat exchangers in the context of the second law of thermodynamics 

 

2.1 The effect of laser radiation interaction on solids 

 

Topics related to the modelling and analyzing (using computer simulation methods) of 

heat transfer processes resulting from interactions of large heat flows (particularly due to laser 

radiation) with surfaces of solids were covered in my Ph.D. thesis 'Energy transfer to solid 

medium via giant laser pulses’ which was defended in 1998 (with honours). I have been 

involved in research in this area since my studies at the PW Faculty of Power and 

Aeronautical Engineering (MEiL), when I performed calculations as part of the research 

project [G17]. After I came to the Warsaw University of Technology I also participated in a 

subsequent project [G16]. Besides theoretical research, the work covered experimental 

research employing a high power pulsed laser.  

Due to properties which enable such actions as controlling heat flux densities within a 

broad range, the laser radiation is widely used in material processing technologies. Although 

they all involve the heat flow directed to the material in the form of a laser radiation beam, 

they are very diverse. For instance, laser cutting can be performed in a number of ways (with 

various energy densities) depending on the type of the material being cut (separated); the 

process is different for metals, semiconductors, glass, etc. The assessment and parameter 

optimization of laser material processing requires fast-acting test tools. As in many other 

areas of technology, such tools are computer programs that enable the simulation of physical 

processes, in this case those of heat transport, resulting from exposing the system’s surface to 

very large, localized heat flows. I have participated in developing such software since 1980s.  

I developed a program for analyzing temperature fields occurring in solids under the 

action of both a continuous and pulsed laser beam. The program was based on the heat 

conduction equation with adequate boundary conditions, but it allowed to consider parameters 

typical to laser interactions. Laser interactions are accompanied by changes in temperature of 

the material within a very wide range (up to a few thousand kelvins), within which changes in 

thermophysical properties are crucial; the program allowed to take into account changes in 

thermal conductivity and thermal capacity of the material. The characteristics of changes in 

the thermal capacity (enthalpy vs. temperature) also provides for the possibility of a phase 

transition, i.e. melting and solidification between pulses. Another (and essential) feature of the 

program was the ability to account for the volumetric nature of radiation absorption 

(according to the Bouguer-Lambert law); it was vital when analyzing pulse interactions 
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(microsecond and shorter pulses) during which the area of thermal disturbance is comparable 

to the depth of radiation attenuation. Besides choosing between a surface and volume 

absorption models, power distribution across the beam (e.g. Gaussian) could be defined.  

As the research was related to the laser material processing, the program also allowed to 

analyze the effect of the speed of the laser beam moving across the surface on temperature 

fields and the size and shape of the melted area. The program was continuously developed; in 

the most advanced version, temperature fields in transient conditions in multi-layer structures, 

such as metal pieces with protective coating, could be determined.  

While I was carrying out my Ph.D. thesis, the results of experimental measurements of 

laser treatment with remelting of the surface layer (research conducted in the Institute of 

Fluid-Flow Machinery, Polish Academy of Sciences, or IMP PAN, in Gdańsk) became 

available, which enabled to validate computational codes. The results of calculations were 

found to be in a very good agreement with those of measurements, particularly with respect to 

the shape and size of the laser remelting area.  

Details of the computer simulation of laser radiation interactions with solids, including 

the description of the program (both physical and mathematical models) for predicting the 

results of laser surface treatment were provided in [B12, B14, B15, C40, C47, C60, C64].  

Applications of lasers which generate picosecond and shorter (down to femtosecond) 

pulses can be found in various areas of science, technology, and medicine. The energy of such 

short pulses is used in the research on physical interactions at the molecular level, and for 

modifying the state of the material, i.e. in laser treatment of structures with nanometer 

coating, for instance. The theoretical analysis of thermal (or, in a wider sense, thermomecha-

nical) picosecond interactions gives rise to issues at the stage of mathematical modelling. The 

total interaction period is comparable to a thermalization period, i.e. the time of energy 

equilibration between the electron and phonon gases. Studies on thermal effects of such 

interactions should consider processes of energy absorption by the electron gas, energy 

transport within this gas, energy transfer between the electrons and the crystal lattice 

(phonons), and the classic heat transport in the crystal lattice. Hence, a two-temperature 

model, and suitable transport properties of the electron and phonon gases have to be 

introduced. Due to short pulse duration, the constitutive equation of heat transport also needs 

to be modified. According to the classic Fourier equation/law, there is a simple relation 

between the heat flux density and temperature gradient. This leads to a parabolic differential 

equation describing heat transport characterized by an infinite speed of thermal disturbance 

propagation. Such a course of the heat transport process with short-time interactions, and in 

nanometer-size systems, cannot be found in reality, which was also demonstrated experimen-

tally. Hence, for such processes a modified Fourier law, with a thermal relaxation term (the 

Cattaneo-Vernotte model), was proposed. A hyperbolic heat transfer equation that stems from 

this model accounts for a finite speed of thermal disturbance propagation.  

As part of carrying out my Ph.D. thesis, I was involved in mathematical and numerical 

modelling of laser interaction processes (picosecond pulses) taking into account the two-

temperature medium model, the Cattaneo-Vernotte equation for describing the heat transport 

in the electron gas, and volumetric absorption of the pulse energy. The research topics 

included the propagation of thermal disturbances resulting from the absorption of laser pulse 

energy, the interaction of the thermal disturbance wave with the medium boundary, and 
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interactions of disturbances coming from different directions. The results of these studies 

were presented in [B13, B14, B15, C35, C36, C61]. 

 

2.2 Research on crystallization processes of two-component alloys 

 

The PW ITC has for many years carried out research projects on issues concerning the 

modelling of heat and mass transfer processes during crystallization of substances that differ 

with respect to their structure. These issues are crucial as such phenomena occur in many 

technological processes, e.g. in foundry engineering, crystal growing, and heat accumulation 

processes in PCMs. The research projects focus on issues related to mathematical modelling 

of these processes and the development of suitable numerical algorithms. Some projects also 

involved experimental research; I run one of them, i.e. [G10], concerning measurements of 

selected parameters of crystallization processes.  

A major achievement, which resulted from participating in this project, was designing and 

assembling test benches for examining crystallization processes of two-component substan-

ces. These tests provided data on the speed of the crystallization front for defined temperature 

gradients, and on the structure of dendrites (the test benches offered process visualisation). 

The test benches enabled a controlled crystallization by applying the following techniques:  

 The Bridgman-Stockbarger method – a tank with a liquid substance (at a temperature 

above that of liquidus) is cooled on one side, which makes the crystal grow, with the 

crystallization front moving in one direction; the course of the crystallization process is 

controlled by the rate of cooling.  

 Gradient freeze – the crystallization rate is controlled by changing the power of heaters 

which maintain the liquid phase of the substance; during the process a constant tempera-

ture gradient is being kept in the tank along the crystallization direction.  

 Power down – a constant temperature gradient is maintained in the tank, and the crystal-

lization process continues following the decrease in temperatures at the boundary of the 

test space.  

The study accounted for different geometric configurations. The temperature gradient in 

the test space was determined by setting (and controlling) a temperature of two copper blocks 

which (depending on the configuration of the rest of the test bench) formed boundaries of the 

test space, or the bases of boundary surfaces. Temperature of each block was determined via a 

thermoelectric module. The test benches were also equipped with temperature sensors and a 

data acquisition system. Measurements were taken at the test bench which enabled process 

visualisation, also with the aid of a microscope.  

The medium subject to the crystallization process being investigated was an aqueous 

solution of ammonium chloride (NH4Cl–H2O, 30% wt.). This solution is a recognized model 

for studying the crystallization process of two-component metal alloys; similar crystal struc-

tures appear during the process but it occurs at temperatures close to ambient temperature, 

which simplifies experimental research. Also of vital importance, the solution in its liquid 

phase is transparent, which facilitates the visualisation of the crystal creation and growing. 

Many series of studies were performed on two geometric arrangements: in a vertical 

cylindrical space, and in a flat horizontal slot. The most important quantity parameters which 
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could be evaluated included the speed of the crystallization front for various temperature 

gradients. Via the visualisation module, the structure, shape, speed and direction of growth of 

dendrites could be observed. What is also crucial for properties of the alloy (the final product) 

are conditions for occurring two basic microstructures of the two-phase space, i.e. the column 

and equiaxial zones, and conditions for transition between the former and the latter, and for 

their interactions. These particular processes at the micro level were also studied during the 

research work. 

 

2.3 Examining properties of moist building materials 

 

The research grant [G7] aimed at ‘Developing non-destructive methods of determining 

moisture level of porous materials using infrared test technology’. This topic is essential for 

issues such as the possibility of assessing the condition of buildings. Testing of proposed 

measurement techniques, and developing measurement algorithms requires in-depth know-

ledge of properties of differently structured test materials. In the course of the grant, I was 

responsible for measuring sorption properties and thermal capacities of a few types of 

building materials, i.e. brick, cellular concrete, gypsum board, and PCM-enriched gypsum 

board (the material of higher thermal capacity).  

By applying the gravimetric method, sorption curves (isotherms) for these materials on 

a few temperature levels (within the range of temperatures occurring in buildings) were 

determined. The effect of temperature on the moisture content under constant air humidity 

(for different moisture levels) was also examined. Information on the kinetics of the sorption 

processes, mainly drying, were crucial in the context of measurement techniques (particularly 

those based on the analysis of changes in the temperature of the material’s surface following 

its disturbance). The measurements allowed to gather a huge set of data on the properties of 

basic building materials. This data were supplemented by values of specific heat (thermal 

capacity) obtained via measurements with a differential scanning calorimeter. 

Based on the sorption isotherms determined, an attempt was made to formulate approxi-

mate equations which could be used in calculation algorithms of measurement methods (using 

infrared measurements). In this part of work, known mathematical models of sorption curves 

were employed. 

 

2.4 Assessing the effectiveness of heat exchangers based on the second law 

of thermodynamics 

 

In general, my research work focuses on the issues of heat transfer. I also deal with 

finding solutions to issues concerning basic thermodynamics. This can be demonstrated by 

[C4] which presents a new approach to the assessment of heat exchanger effectiveness (using 

a steam turbine condenser as an example), based on various formulations stemming from the 

second law of thermodynamics. A practical aspect of the proposed equations is that they can 

be used not only for direct quantification of the condenser performance but also for assessing 

the accuracy of measurements taken on power systems.  
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Papers (mentioned above) on thermal energy storage with multiple PCMs were to some
extent relevant to limitations stemming from the second law of thermodynamics. The reasons
for building thermal energy storage units with multiple PCMs exhibiting different phase
change temperatures were supported by calculations; their direct results were the amounts of
the heat accumulated, and the characteristics of the changes in heat flows over the period of
TES unit discharging. These benefits can also be justified by the second law of thermo-
dynamies, since PCMs with various phase change temperatures along the heat transfer fluid
flow path provide lower weighted average temperature difference between the PCM and the
heating medium. This leads to lower exergetic losses both in the heat accumulator and in the
whole system comprising the source, accumulator, and consumer.

2.5 Special achievements in the research work: patents

P3. Heat exchanger with increased thermal capacity, P-297151, 1992, co-authors: R. Domański,
M. Rebow. The invention relates to the construction of a recuperative heat exchanger
incorporating PCM in its structure; the PCM absorbs part of the heat transferred under varying
thermal power ofthe heat exchanger (the heat exchanger also has features of a heat regenerator).

P4. Heat sink for electronics cooling, P204179, 2009. A heat sink design was proposed with fins in the
form of thin-walled pipes filled with PCM which is capable of absorbing excess heat under
varying load conditions of a microprocessor.

Patent application
Heat energy accumulator, P-284930, co-authors: Z. Pluta, R. Wnuk, J. Szypliński (IPPT PAN), 1990.
The invention consisted in increasing the heat capacity of a typical DHW tank by incorporating inside
the tank a depo sit of spheres (or other components) filled with PCM ofhigher heat capacity than that
ofwater
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