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4. Achievements as provided for in Article 16 (2) of the Act of March 14, 2003 on 

Academic Degrees and Academic Title and Degrees and Title in Art (Journal of Laws 

2014, pos. 1852): 

4.1. Title of Scientific achievement 

My main scientific 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 is a series of 14 of papers. 

Their scope can be described as: Multiscale computational models of heat and mass transfer 

processes in systems of complex structure.    

 

4.2. A series of thematically related articles: 

[A1] M. Seredyński, M. Rebow, J. Banaszek, The role of the dendritic growth model 

dimensionality in predicting the Columnar to Equiaxed Transition (CET), Heat and 

Mass Transfer, 2018, vol. 54(8), pp. 2581-2588. IF2018 = 1.494, PMNiSW = 25 pkt. (lista 

A).  

Author’s contribution: 65% [participation in the developing the research concept, 

development of a numerical model of alloy crystallization under conditions of diffusive 

heat transfer, implementation of the model within the author's in-house source code, 

development and implementation of front tracking procedures based on the immersed 

boundary method, verification and validation of the computational model, running 

simulations, development and implementation of scripts written in the MATLAB 

environment allowing for generating plots, figures preparation, interpretation of results, 

participation in the preparation of publication text, editing publication text and 

nomenclature].  

[A2] M. Seredyński, S. Battaglioli, R.P. Mooney, A.J. Robinson, J. Banaszek, S. McFadden, 

Code-to-code verification of an axisymmetric model of the Bridgman solidification 

process for alloys, International Journal of Numerical Methods for Heat & Fluid Flow, 

2017, vol. 27(5), pp. 1142-1157. IF2017 = 2.45, PMNiSW = 25 pkt. (lista A).  

Author’s contribution: 40% [proposing a research concept, development of a 

numerical model of alloy crystallization in a Bridgmann furnace under conditions of 

variable speed of the form in the framework of the commercial software, definition of 

boundary and initial conditions, implementation of macros (User Defined Function, 

UDF) describing variable boundary conditions, running simulations with the 

commercial software, development of scripts written in the MATLAB environment, 

allowing for generating plots, preparation of figures, participation in interpretation of 

results, participation in preparation of publication text, editing publication text and 

nomenclature]. 

[A3] M. Seredyński, P. Łapka, J. Banaszek, P. Furmański, Front tracking method in modeling 

transport phenomena accompanying liquid–solid phase transition in binary alloys and 

semitransparent media, 2015, International Journal of Heat and Mass Transfer, vol. 90, 

pp. 790-799. IF2015 = 2.857, PMNiSW = 40 pkt. (lista A).  

https://link.springer.com/article/10.1007/s00231-017-2070-z
https://link.springer.com/article/10.1007/s00231-017-2070-z
https://link.springer.com/article/10.1007/s00231-017-2070-z
https://link.springer.com/article/10.1007/s00231-017-2070-z
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Author’s contribution: 35% [participation in proposing the research concept, 

development of a mathematical model, development and implementation of alloy 

crystallization model in which the columnar dendritic zone has anisotropic properties, 

analysis and selection of material properties, model validation and parametric analysis 

for different permeabilities of columnar dendritic zone, development of scripts in the 

MATLAB software, allowing generation of plots and figures, preparation of figures, 

interpretation of results, participation in preparation of publication text, editing 

publication and nomenclature]. 

[A4] M. Seredyński, J. Banaszek, Front tracking approach to modeling binary alloy 

solidification: Accuracy verification and the role of dendrite growth kinetics, 

International Journal of Numerical Methods for Heat & Fluid Flow, 2014, vol. 24(4), 

pp. 920-931. IF2014 = 1.399, PMNiSW = 20 pkt. (lista A).  

Author’s contribution: 85% [participation in developing the research concept, 

literature review, development of mathematical models of alloy crystallization in two- 

and three-dimensional geometries, development of models of columnar dendrite tip 

kinetics, development and implementation of numerical models of binary alloy 

crystallization in two-dimensional geometry based on the front tracking technique and 

the concept of coherence point in the framework of author's in-house computational 

model, development and implementation of numerical model of binary alloy 

crystallization in three-dimensional geometry based on the front tracking technique in 

the framework of the in-house computational model, development and implementation 

of procedures related to tracking of a front motion in three-dimensional geometry, 

validation of the computational model, running numerical simulations for various 

models of columnar dendrite growth kinetics, development of scripts in the MATLAB 

program allowing for generation of plots and graphical representation of results, 

preparation of figures, participation in preparation of the publication text, editorial 

revision of the publication]. 

[A5] J. Banaszek, M. Seredyński, The accuracy of a solid packing fraction model in 

recognizing zones of different dendritic structures, International Journal of Heat and 

Mass Transfer, 2012, vol. 55(15-16), pp. 4334-4339. IF2012 = 2.315, PMNiSW = 40 pkt. 

(lista A).  

Author’s contribution: 70% [participation in developing the research concept, 

literature review, development of mathematical models of alloy crystallization based on 

the front tracking procedure and the concept of coherence point, development and 

implementation of both numerical models in the framework of the in-house 

computational model, analysis and selection of material properties, model validation 

and parametric analysis for various values of the coherence point, preparation of scripts 

in the MATLAB software allowing for generation of plots and graphical representation 

of results, participation in analysis of results, elaboration of conclusions, preparation of 

figures, participation in preparation of the publication text].    

[A6] M. Seredyński, J. Banaszek, Front tracking based macroscopic calculations of columnar 

and equiaxed solidification of a binary alloy, Journal of Heat Transfer – Transactions of 

the ASME, 2010, vol. 132(10), article number 102301. IF2010 = 0.942, PMNiSW = 32 pkt. 

https://www.emeraldinsight.com/doi/pdf/10.1108/HFF-02-2013-0069
https://www.emeraldinsight.com/doi/pdf/10.1108/HFF-02-2013-0069
https://www.emeraldinsight.com/doi/pdf/10.1108/HFF-02-2013-0069
https://www.emeraldinsight.com/doi/pdf/10.1108/HFF-02-2013-0069
https://www.sciencedirect.com/science/article/pii/S0017931012002414
https://www.sciencedirect.com/science/article/pii/S0017931012002414
https://www.sciencedirect.com/science/article/pii/S0017931012002414
https://www.sciencedirect.com/science/article/pii/S0017931012002414
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Author’s contribution: 75% [participation in the developing the research concept, 

literature review, development of a mathematical model of binary alloy crystallization 

based on the front tracking procedure, development and implementation of the 

numerical model in the framework of the original in-house computational model, model 

validation and code verification, development of scripts in the MATLAB software 

allowing for generation of plots and graphical representation of results, analysis of 

numerical outcomes, participation in preparation of the publication text].   

[A7] M. Seredyński, P. Łapka, Front tracking based modeling of the solid grain growth on 

the adaptive control volume grid, AIP Conference Proceedings, vol. 1863, 030036, 

(2017). PMNiSW = 15 pkt. (conference indexed in WoS Core Collection).  

Author’s contribution: 90% [participation in developing the research concept, 

development of a mathematical model of equiaxed grain crystallization based on the 

front tracking technology, implementation of recursive procedures related to generation, 

refinement and coarsening, of the inconsistent control volume mesh, development and 

implementation of front tracking algorithms on the adaptive mesh using the immersed 

boundary approach, implementation of the energy balance equation on the adaptive 

mesh, development and implementation of the iterative, recursive procedure of solving 

equations on the adaptive mesh, running numerical simulations, analysis of calculated 

results, verification of numerical code, elaboration of conclusions, editing of drawings, 

participation in preparation of the publication text, editorial revision of the publication]. 

[A8] P. Furmański, M. Seredyński, P. Łapka, J. Banaszek, Micro-macro model for prediction 

of local temperature distribution in heterogeneous and two-phase media, Archives of 

Thermodynamics, 2014, vol. 35(3), pp. 81-103. PMNiSW = 13 pkt. (lista B).  

Author’s contribution: 30% [participation in developing the research concept, 

development of a simulation model of unsteady heat transfer in a composite material in 

the framework of a commercial software, development of UDF macros allowing the 

determination of effective thermal conductivity of composite material, development of 

scripts in MATLAB allowing the generation of graphs and analysis of results, 

participation in the preparation of the publication text].  

[A9] M. Seredyński, J. Banaszek, Front tracking based macroscopic modeling of equiaxed 

and columnar zones in a binary alloy solidification, Journal of Power Technologies, 

2011, vol. 91(2), pp.  77-81. PMNiSW = 4 pkt. (lista B).  

Author’s contribution: 85% [participation in developing the research concept, 

conducing literature review, development of a mathematical model of alloy 

crystallization based on the front tracking technique, development and implementation 

of a numerical model in the framework of the in-house computational model, running 

numerical simulations, development of scripts in the MATLAB program allowing for 

generation of charts and analysis of results, participation in the analysis of simulation 

results, editing drawings and participation in the preparation of the publication text, 

editorial revision of the publication]. 

[A10] M. Seredyński, A finite volume modelling of alloy solidification based on the front 

tracking approach, pp. 891-752, 2017, w: Współczesne problemy termodynamiki ed. T. 
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Bury, A. Szlęk, Wydawnictwo Instytutu Techniki Cieplnej, Gliwice, 2017, ISBN: 978-

83-61506-41-6, PMNiSW = 5 pkt. (recenzowane materiały konferencyjne).  

Author’s contribution: 100% [proposing a research concept, conducting a literature 

review, development of a mathematical model of alloy crystallization based on the front 

tracking technique, developing and implementing a binary alloy crystallization model 

using a front-tracking technique, as part of the in-house numerical code, development 

and implementation of simulation procedures adapted to unstructured and non-

orthogonal control volume meshes, development and implementation of front tracking 

procedures adapted to unstructured control volume meshes, selection of boundary and 

initial conditions, selection of material properties, running numerical simulations, 

development of scripts in MATLAB allowing the generation of plots and analysis of 

results, performance analysis of the numerical code, verification of numerical code, 

analysis of simulation results, preparation of the publication text, editorial revision of 

the publication]. 

[A11] M. Seredyński, Numerical investigation of passive stabilization of the surface 

temperature using PCM and metal foam, MATEC Web of Conferences 240, 05027 

(2018), https://doi.org/10.1051/matecconf/201824005027,   

Author’s contribution: 100% [proposing a research concept, conducting a literature 

review, development of a mathematical model of heat and mass transfer in a temperature 

stabilization system where phase change material is used for heat accumulation, 

generating input data for numerical models of four configurations of temperature 

stabilization system, development of a heat and mass transfer model of a temperature 

stabilization system including housing elements, a container with phase change material 

and elements intensifying heat exchange (ribs, metal foam), running numerical 

simulations, development of scripts in the MATLAB program allowing generation of 

plots and graphical representation of results, model validation and simulation code 

verification, analysis of results, analysis of simulation results, preparation of the 

publication text, editorial revision of the publication]. 

[A12] M. Seredyński, J. Banaszek, Influence of crystal growth kinetics on prediction of macro-

segregation by micro-macroscopic simulation of binary alloy solidification, MATEC 

Web of Conferences 240, 03013 (2018),  

https://doi.org/10.1051/matecconf/201824003013,   

Author’s contribution: 85% [proposing a research concept, conducting a literature 

review, development of a mathematical model of alloy crystallization based on the front 

tracking technique, development and implementation of a binary alloy crystallization 

model based on a front-tracking technique, as the in-house numerical code, development 

and implementation of calculation procedures adapted to unstructured and non-

orthogonal control volume meshes, development and implementation of front tracking 

procedures adapted to unstructured control volume meshes, elaboration of boundary, 

initial conditions and material properties, running numerical simulations, preparation of 

scripts in MATLAB allowing the generation of plots and analysis of results, description 

of simulation results, partial description of conclusions, participation in the publication 

text preparation].  

https://doi.org/10.1051/matecconf/201824005027
https://doi.org/10.1051/matecconf/201824005027
https://doi.org/10.1051/matecconf/201824003013
https://doi.org/10.1051/matecconf/201824003013
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[A13] M. Kubiś, M. Seredyński, Ł. Cieślikiewicz, T. Wiśniewski, A. Boczkowska, 

Experimental and numerical investigation on the impact of vacuum level on effective 

thermal conductivity and microstructure of carbon fibre reinforced epoxy composites 

manufactured by vacuum bag method, MATEC Web of Conferences, vol. 240, 01015 

(2018), https://doi.org/10.1051/matecconf/201824001015   

Author’s contribution: 35% [participation in developing the research concept, 

development of a mathematical model of effective thermal conductivity of composite 

material, development of a simulation model for the heat transport process in a carbon-

epoxy composite, including composite geometry, spatial discretization mesh and 

computational model, selection and evaluation of material properties, boundary 

conditions and simulation parameters, running numerical simulations, parametric 

analysis of the model, partial description of conclusions, participation in the preparation 

and editing of figures and the publication text, language correction of the publication 

text].  

[A14] M. Seredyński, M. Kubiś, Ł. Cieślikiewicz, T. Wiśniewski, A. Boczkowska, The 

numerical investigation of the effective thermal conductivity of the carbon fiber 

reinforced epoxy composites manufactured by the vacuum bag method, 735-743, 2018, 

w: Proceedings of the 5th International Conference Contemporary Problems of 

Thermal Engineering. Energy Systems in the Near Future: Energy, Exergy and 

Economics, ed. W. Stanek, L. Czarnowska, W. Kostowski, P. Gładysz, 18-21 September 

2018, Gliwice, Poland, Wydawnictwo Instytutu Techniki Cieplnej, ISBN 978-83-

61506-46-1.  

Author’s contribution: 45% [participation in developing the research concept, 

development of a mathematical model of effective thermal conductivity of composite 

material, development of a simulation model for the heat transport process in a carbon-

epoxy composite, including composite geometry, spatial discretization mesh and 

computational model, selection and evaluation of material properties, boundary 

conditions and simulation parameters, running numerical simulations, parametric 

analysis of the model, partial description of conclusions, participation in the preparation 

and editing of figures and the publication text, language correction of the publication 

text].    

  

https://doi.org/10.1051/matecconf/201824001015
https://doi.org/10.1051/matecconf/201824001015
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Table 1. Papers included into the series. 

Article Year Contribution  

(%) 

Impact  

factor 

Points  

[A1] 2018 65 1.494 25 

[A2] 2017 40 2.45 25 

[A3] 2015 35 2.857 40 

[A4] 2014 85 1.399 20 

[A5] 2012 70 2.315 40 

[A6] 2010 75 0.942 32 

[A7] 2017 90 - 15 

[A8] 2014 30 - 13 

[A9] 2011 85 - 4 

[A10] 2017 100 - 5 

[A11] 2018 100 - - 

[A12] 2018 85 - - 

[A13] 2018 35 - - 

[A14] 2018 45 - - 

 Aggregate: 11.457 219 
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4.3. Elaboration on the scientific goal of the enlisted articles and achieved results, 

along with their potential applications  

4.3.1. Introduction. 

Complex micro- and macroscopic geometrical structures arise during dynamic 

processes related to phase change (e.g. crystallization), chemical reactions (e.g. pyrolysis, 

oxidation, etc.), biological processes (e.g. growth of forest, decalcification of bones, etc.), or as 

a result of technological processes (composite materials, foam glass, foam metals, etc.). 

Modelling of heat and mass transfer in those systems is of great practical importance. It results 

from the necessity to predict the course of the process or behavior of the actual system under 

certain conditions, control of the process or its optimization. 

Heat and mass transfer processes in systems of complex geometry are in their nature 

multi-scale. This means that the characteristic length of the system is several orders larger than 

the characteristic length of its microstructure. Moreover, in many cases several levels of length 

scales can be distinguished due to existence of complex structures. Significant processes, from 

the point of view of behavior of the entire system, are not only restricted to the macroscale, but 

also are influenced by processes present in microscale. All those processes are tightly coupled, 

mutually acting on progress of the overall process on several levels of its structure. The need to 

include at least two significantly different length scales is a source of considerable difficulty in 

development of mathematical and computational models. The most desirable modelling at all 

relevant spatial scales, starting from the finest ones, is not possible nowadays, and will be out 

of reach of modern computers for a long time, due to huge complexity of geometry and 

necessity of taking into account of large number of degrees of freedom, related to spatial 

discretization. Therefore, the research has been carried out for many years around the world to 

develop more advanced and more accurate simulation models, allowing for coupling of 

multiscale processes in efficient way. Those efforts of scientists are focused on exploiting 

increasing power of computers, to better understand the physica of complex, multiscale and 

difficult for experimental investigation processes and to develop reliable and effective 

computational simulation models as desirable engineer’s tool for design, control and 

optimization of systems and processes technology. 

My many years of research are part of this global trend. In my scientific work I was 

involved in creating and development of mathematical and numerical models of multiscale 

transport processes in materials with complex geometric structure. They were related to micro-

macroscale mass, momentum, energy and solute transport in alloys, taking into account 

formation of two types of microstructure of solidifying metal, i.e. columnar dendrites and 

equiaxed grains. I developed models enabling dynamic detection of actual position of the 

envelope of columnar dendrite tips and concurrently, identification of the extents of both 

mentioned types of dendritic structure and applying the proper transport models in both regions. 

In the scope of my scientific interests were problems related to microstructure formation of 

developing solid phase grains and their impact on macroscale parameter, like macrosegregation, 

formation of segregation channels, etc. I conduced scientific research on development and 

verification of models of alloy crystallization in the Bridgmann furnace. I also investigated 
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numerically melting process of the phase change materials in such multiscale structures like 

metal foams, on the example of PV’s temperature stabilization systems. Besides modelling 

phenomena related to phase change I developed mathematical and computational models 

allowing for calculation of effective thermal conductivity of composite materials, enforced with 

carbon fibers, which reveal features of a multiscale material.   

Presented below a set of publications reveals the most representative research outcomes 

related to my scientific activities related to modelling of diffusive and convective heat and mass 

transport phenomena in the systems of complex geometry, taking into account multiscale nature 

of processes and some complex phenomena, like solidification and melting. 

 

4.3.2. Development of micro-macroscale models of transport processes in 

solidifying metals. 

Mass and energy transport phenomena accompanying solidification and melting 

processes are widely encountered in many fields of science and technology, like metallurgy 

industry (casting in forms and continuous casting), building and engineering industry (welding), 

power engineering (energy storage in PCMs, passive stabilization of temperature of PVs and 

electronics systems, safety issues of nuclear reactors), aviation (ice deposition on wings), 

medicine (cryosurgery, cryopreservation), geology and many more. 

Solidification of alloys is a particularly complex phenomenon, due to development of 

highly complex, tree-like shapes of solid grains, which appear in the form of columnar or 

equiaxed dendrites. Formation of such complex structures of solid phase is caused by loss of 

stability of phase surface and propagation of its perturbations. In solidifying two- or 

multicomponent alloys solute transport should be taken into account in the solid phase 

(diffusion), in the liquid (diffusion and convection) and between phases due to various 

solubilities of chemical components in both phases. Dendritic crystallization is by nature a 

multi-scale phenomenon, so several characteristic scales can be identified. The shortest one is 

related to the thickness of the phase boundary, of the order of several diameters of an atom 

(nano-scale). With reference to a single solid grain, two scales can be defined, related to local 

curvature of dendrite tip (micro-scale, order of micrometers) and related to diameter of the 

single grain (meso-scale, order of parts of a millimeter). Size of the mould where solidification 

occurs, determines the macro-scale (from centimeters to meters). 

The multi-scale character of solidification phenomena makes the development of 

accurate and robust computational models difficult. The accurate numerical simulation should 

be carried out in all relevant scales, starting at least from the micro-scale. However, comparison 

of all intrinsic length and time scales, reveals that the immediate numerical simulation of the 

overall process at the micro-scale is impossible. For these reasons the development of 

simulation tools based on micro-macroscale models of transport phenomena accompanying 

solidification processes of two- and multicomponent substances has become a widespread 

global trend. The characteristic feature of this approach relies on performing of essential 

calculations in the macro-scale, by solving the averaged macro-scale balance equations, taking 
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into account constitutive and closure relations being the bridge with the microstructure 

evolution models. Despite considerable research effort of many scientists supported by 

numerous publications appearing for years, improvement of methods for information exchange 

between micro- and macro-scales, determination of effective properties of the nonuniform 

medium, modelling of closure relations and coupling between equations are still a challenging 

stage during building a reliable and effective computational tool. In engineering practice there 

is a great demand for this type of tools supporting designing and optimization of casting 

processes and technologies.  

The most important results of my many years of work on improving the macroscopic 

simulation models and underlying constitutive relations, describing solidification processes in 

meso and microscopic scales, and mutual relations between them are presented below.  

 

4.3.3. Identification of domains of presence of various dendritic structures, 

modelling of macrosegregation. 

Isobaric solidification of alloys, common for casting in the mould or continuous casting 

is characterized by the existence of a prescribed temperature range, in which the solid and liquid 

phases can coexist in equilibrium conditions. Close to cooled walls first solid grains appear and 

due to instability of the phase surface, subsequently transform into columnar dendrites. In the 

case of moderate cooling, the undercooled liquid zone develops in the bulk liquid metal. It is 

bounded by the liquidus isotherm in the bulk liquid alloy and by the zone of columnar dendrites 

on the side of cooled walls. In this zone, if nucleation agents are present or when the 

undercooling is sufficiently high, globular grains appear which next evolve into equiaxed 

grains. Solidification processes present close to walls and in the bulk undercooled liquid, 

involve formation of various types of dendritic structures and changing in time size of grains. 

Type of the dendritic structure (columnar, equiaxed/globular) as well as size of grains has 

considerable impact on mechanical properties of the final product. Deterioration of overall 

properties is also caused by nonuniformity of chemical composition across the fully solidified 

alloy. Various solubilities of chemical components of alloy in solid and liquid phases lead to 

segregation of the solute across the solid-liquid phase interface. Excess of solute is rejected to 

the liquid phase which becomes enriched. Contrary, the solid phase becomes depleted in this 

component. This phenomenon is called microsegregation. Convective flow among columnar 

dendrites transports the enriched in solute inter-dendritic liquid towards the interior of the 

domain. It leads to development of macroscopic nonuniformity of chemical composition across 

the domain called macrosegregation, which cannot be leveled with thermal treatment. It is 

disadvantageous process; which scope should be reduced.  

From the point of view of heat and mass transfer modelling, it is important to distinguish 

zones with different dendritic structures, because processes present in them, the macroscopic 

description of which is different. In one of the mentioned zones there are columnar dendrites 

which are motionless, strongly anisotropic, attached to cooled walls and approximately non-

deformable. Among them molten metal flows, so mass transfer and hydrodynamic iterations 

between phases should be accounted for. Fluid flow is induced by concurrent or reverse thermal 
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and solutal buoyancy forces. Motion of fluid among dendrites often results in formation of 

smelting channels in the form of A-segregates or V-segregates, due to remelting of a stiff 

dendrites structure caused by convective inter-dendritic flow. To describe the fluid flow in the 

zone of motionless columnar dendrites the porous medium model is used, e.g. based on 

modification of Navier-Stokes equations with the Darcy and Brinkmann terms. In the remaining 

part of the undercooled zone, solid grains can appear due to nucleation or breaking of dendrite 

arms. Those grains can freely grow in supercooled liquid. They are carried along with the 

supercooled liquid melt, which motion can be induced by buoyancy forces (thermal, solutal, 

due to difference in phase densities), mixing, volumetric forces (electromagnetic stirring, 

centrifugal forces), residual velocities related to pouring or solidification shrinkage. Grains of 

solid phase constitue the slurry of solid phase particles immersed in liquid whose sizes, shapes 

and chemical composition are continually changing. In the macroscale analysis,  a model of 

slurry of solid particles is used here. 

The above considerations show the need to develop a simulation model that allows to 

distinguish zones with different dendritic morphologies, whose location varies with the 

progress of crystallization. This subject is a part of my scientific interests. It was initiated with 

grant of Ministry of Science and Higher Education [E16] and [E13], grant of Rector of the the 

Warsaw University of Technology [E14] and my doctoral thesis, devoted to modelling the 

crystallization of the alloy, based on the front tracking approach. The key component of the 

developed model was the introduction of the surface, representing the envelope of columnar 

dendrite tips. It moved across the computational domain according to the columnar dendrite 

growth rate, demarcating the two-phase domain into two parts, where various flow models were 

implemented. On the basis of the actual position of the front, the switching (identification) 

function was calculated in each control volume, which helped defining of ranges of subdomains 

and simplified activation or deactivation of appropriate transport models. 

In the post-doctoral period, I have significantly expanded, refined and generalized the 

previously developed models with the grant of Ministry of Science and Higher Education [E11]. 

I have introduced new discretization schemes for transport equations on general, triangular, 

non-orthogonal meshes of control volumes, new schemes for coupling of nonlinear transport 

equations and closure relations defining couplings between temperature, solid fraction and 

solute concentrations in both phases. I have also reformulated and generalized front tracking 

procedures and methods for determination of undercooling at the front. 

Newly developed computational models were collated with experimental outcomes 

(validation), but also with results provided with formerly developed by other authors numerical 

models (verification of the numerical code) available in literature or calculated with models 

developed and implemented by me. Such collations were presented in papers [A9] and [A5]. In 

the first of these, [A9], I presented an analysis of relationship between enthalpy-porosity model, 

in which the entire solid phase was assumed immobile, and the proposed model allowing to 

distinguish zones with different flow regimes. For this purpose, I developed and implemented 

both models in the original computational code. I used discretization of mass, momentum, 

energy and solute balance equations on a regular, staggered grid. I performed simulations for 

the Pb-48wt%Sn crystallization case, referring to the Hebdith and Hunt experiment [1], which 
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until now is a popular validation experiment, e.g. Chen and Shen [2]. I compared the 

distributions of solute concentrations (Sn) obtained with both models with the results of the 

experiment [1]. I obtained good agreement in both cases, while the determined chemical 

composition profiles indicated better accuracy of the proposed model. I also showed that the 

instantaneous distributions of the velocity field and the solute concentrations differ significantly 

between the models. In the case of the simplified model (enthalpy-porosity model) the extent 

of the porous area was much larger, which resulted in significant flow suppression in the 

remaining part of the domain. The results obtained with the proposed model revealed a clear 

division of the two-phase domain into two parts, columnar dendrites located close to the cooled 

wall and supercooled liquid with solid phase grains. In the first of these zones a strong flow 

suppression was observed, while in the second one, good mixing of chemical components and 

intense convection were noticed. I also observed in the upper part of the molten alloy, the 

presence of a strongly enriched layer, which expanded as the process progressed, leading to 

high concentrations of the component dissolved in the upper part of the area farthest from the 

cooled wall.  

In the second of the aforementioned articles, I compared the proposed model, based on 

the front tracking technique, with a commonly used model allowing to identify the zones of 

occurrence of dendrites with different morphologies, based on the concept of coherence point. 

For this purpose, I developed and implemented, in the framework of the original numerical 

code, both simulation models. I carried out several simulations of the binary alloy 

crystallization process and examined the solid phase fractions along the front of the columnar 

dendrites at the highlighted times of the process. I showed that these fractions change both along 

the front and in time. This meant that the assumptions of the commonly used coherence point 

model were not met. I also carried out an analysis to answer the question, for which value of 

the solid phase fraction at the coherence point a similar range of the porous zone in both models 

was achieved. The simulation results showed that this value changes over time. In the initial 

crystallization period, it ranges from 0.14 to 0.17, while at a later stage, it is much smaller, in 

the range of 0.08 to 0.11. 

The comparisons made in [A9] and [A5] show significant differences between the 

proposed simulation model and two commonly used approximate models. Together with co-

authors, I also demonstrated the validity of introducing a new model for the case of 

crystallization under natural convection conditions.  

The broader comparative analyzes of both computational models of the two-component 

alloy crystallization process was presented in a co-authored article [A4]. I concerned the process 

of development of the composition heterogeneity determined by means of the proposed model 

and based on the concept of the coherence point approach. The second model was treated as 

the reference one. For this purpose, I have compared distributions of the solute mass fractions, 

determined in several selected time moments, with two considered models. As I showed 

together with the co-author in the article [A5], there was no full agreement between the models, 

the value of the solid phase volume fraction determined on the front of columnar dendrites 

varied along the front and in time. For the selected value of the coherence point I obtained 

different distribution of solute, especially in the central part of the area, compared to that 
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predicted with the front tracking based model. Differences in the chemical composition also 

appeared near the cooled wall, where the reference model (based on the coherence point 

concept) predicted the formation of more melting channels (A-segregates). In the same article 

I also presented examples of results of alloy crystallization in the three-dimensional geometry. 

In both two- and three-dimensional geometries, I discretized and solved equations for mass, 

momentum, energy and solute concentration on an orthogonal and structural control volume 

mesh. I also developed a concept, dedicated data structures, algorithm and implementation of 

the front tracking procedure in the three-dimensional geometry. The front was represented as a 

dynamic data structure which elementary components were triangles with nodes in the corners. 

Because this structure was disordered, all operations performed on the front (moving, 

refinement, coarsening, determination of intersections with the control volume grid, etc.) were 

recursive. Shifting the front was carried out by moving the nodes according to the prescribed 

dendrite tip kinetics model and local undercooling, in the normal direction to this surface. To 

the best of my knowledge, it was the first and to this day the only one, three-dimensional 

model of alloy crystallization with the identification of zones with different crystal 

structures, based on the technique of tracking columnar dendrite tips. 

In another co-author article, [C2], I showed that the permeability of the dendrite 

columnar region has a significant influence on the formation of segregation channels  

(A-segregates) in the casting. In the most macro-scale models this medium is treated as 

isotropic, in which the Carman-Kozeny porous medium model is used, where the characteristic 

dimension of the micro-structure is assumed to be equal to the distance between the side 

branches of the columnar dendrites, λ2. In the paper [C2] I presented the analysis results of the 

impact of the microstructure parameter on the degree of inhomogeneity of the alloy 

composition. I found that increasing the λ2 value increases the permeability, and thus intensifies 

the convection in the zone of columnar dendrites and the solute transport. This results in a more 

pronounced difference in the chemical composition between the zone near the cooled wall and 

the subcooled bulk liquid. 

Further research on the influence of the properties of the porous medium on the 

formation of macrosegregation was presented in another co-author article [A3]. The structure 

of columnar dendrites is anisotropic in nature, so the proposed model of the anisotropic medium 

better reflected the case of the actual growth of columnar dendrites. In its implementation, 

I developed and implemented, in the framework of the original computational code, the model 

of mass, momentum, energy and solute transport in the anisotropic porous medium, limited by 

the varying in time surface of columnar dendrite tips. I showed that the anisotropy of the porous 

medium promotes the formation of additional A-segregation channels compared to the isotropic 

case. Simulations carried out for three physically justified values of the distance between main 

trunks of columnar dendrites, λ1, i.e. 150, 200 and 250 μm, showed that the number of melting 

channels increased with the increase in λ1 distance. I was also observed, that with increasing λ1 

melting channels were narrower and the degree of enrichment in the dissolved component was 

lower. Chemical composition profiles determined for the analyzed cases showed that the 

anisotropy of the porous medium has a significant impact on the final macrosegregation. 
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In order to generalize the model and enable its application to more complex practical 

geometries, I developed and implemented a new computational algorithm on unstructured, 

triangular spatial discretization meshes. This required the development and implementation of 

new data structures storing information about the unstructured grid, matrix assembly 

procedures, and algorithms related to tracking the front on a triangular grid. The surface 

reflecting the location of the front was represented by a sequence of points (nodes) connected 

by linear segments. In order to store the locations of particular nodes constituting the front and 

facilitate operations on it, I used dynamic data structures, namely a doubly linked list. I also 

introduced dynamic connections between nodes and the control volume grid. I have developed 

and implemented a procedure for determining the switching function based on the Green‘s 

theorem, in each control volume cut by the linear segments constituting the front. Due to the 

use of a non-orthogonal spatial discretization grid, in diffusion terms of the discretized transport 

equations non-orthogonal terms were taken into account. The implicit-explicit discretization 

scheme was used, in which the term related to nodal values was represented implicitly and a 

cross-diffusion term, involving averaged gradient at the face of the control volume, was treated 

explicitly. In order to avoid the formation of non-physical pressure oscillations, I used the Rhie 

and Chow scheme to determine the mass fluxes on the faces of control volumes. In the paper 

[C17] I presented the model of alloy crystallization as well as simulation results of the process 

taking place under thermal natural convection conditions only, where the effect of solute 

transport was neglected. I assumed also a known a-priori relationship between the volume 

fraction of solid phase and temperature given by the linear or Scheil‘s relation. I compared 

simulation results with those available in the literature and I obtained very good accordance. 

To the best of my knowledge, this is the first published model of alloy crystallization with 

the identification of zones of various crystal morphologies, based on the technique of 

tracking columnar dendrite tips on general unstructured grid of control volumes. 

The model presented in [C17] I developed and generalized for the transport of solute 

and the natural convection driven by thermo-solutal buoyancy forces. In articles [A10] and 

[A12] I presented the details of the new concept of the front tracking algorithm on a triangular 

grid of control volumes, determination of the switching function, as well as the implementation 

of transport equations discretization on the triangular, non-orthogonal grid. The introduction of 

an additional transport equation for the solute required a lot of additional work due to the highly 

hyperbolic behavior of the equation (magnitude of the diffusion term much lower than the 

magnitude of the convective one) and the use of a non-orthogonal triangular grid. All this made 

it extremely important to develop both improved interpolation schemes allowing the 

determination of mass fluxes at the faces of control volumes, gradients of field variables in cells 

and on their faces, as well as new procedures for coupling the velocity and pressure fields. In 

[A10] I compared the results of simulations, i.e. solute concentrations, with the results of a 

validation experiment available in the literature. I obtained very good agreement of results. The 

presented distributions of the dissolved component at selected time instants revealed a process 

of increasing segregation, as well as the formation of melting channels (A-segregates). In the 

article [A12] I presented the case of Al-4wt%Cu alloy crystallization in rectangular geometry, 

with imposed convective cooling conditions on all walls. I developed a model implementation 

taking into account presence of the symmetry plane of the system. I extended the mathematical 
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model considering the buoyancy forces acting on equiaxied grains, resulting from the difference 

in nominal solid and liquid phase densities as well as related to the linear thermal expansion of 

the solid phase. The results obtained on the basis of the performed simulations showed a small 

effect of the dendritic growth kinetics on the macrosegregation distribution of the fully 

solidified alloy. 

 

4.3.4. Macroscale modelling – Bridgmann furnace. 

In the following papers I presented a macroscopic simulation model of the binary alloy 

crystallization process in the Bridgmann furnace. The essence of this process lies in placing the 

alloy in a cylindrical and sealed container made of a material with a high melting point, which 

is inserted in a channel in which two zones, hot and cold, are distinguished, separated by an 

insulated zone. The ampule filled with alloy, is initially located in the hot zone, and next it is 

moved towards the cold zone at low speed. The temperatures of both zones are selected so that 

the metal in the ampoule melts in the hot area and fully solidifies in the cool area. As a result 

of the movement of the sample with alloy between the zones, a temperature gradient develops 

in it, which moves along the sample. This allows for almost unidirectional heat transfer and a 

unidirectional cast structure. Moreover, full control of both the crystallization speed and the 

temperature gradient is possible. Thanks to these features, the Bridgman process is often used 

in experimental research aimed at understanding the mechanisms of crystallization and 

formation of columnar and equiaxial grains, as well as changes in the type of crystallization, 

so-called blocking columnar dendrites by equiaxed grains, Columnar to Equiaxed Transition; 

CET. In typical configurations, isotherms inside the solidifying metal are assumed to be 

perpendicular to the axis of the sample over the entire crystallization range, i.e. between 

liquidus and solidus temperatures. Based on this assumption, a Bridgmann furnace 

crystallization model was developed at Trinity College Dublin (TCD) based on a simplified 

one-dimensional front tracking technique. During my scientific internship at TCD, I carried out 

an analysis of the correctness and accuracy of this model, which consisted in comparing the 

results with those obtained using a different simulation code, it was the so-called verification 

by comparing the numeric codes (code-to-code verification). For this purpose, I developed a 

model of alloy solidification in a Bridgmann furnace using the ANSYS Fluent simulation 

environment. Together with colleagues from TCD, we carried out a series of simulations, using 

both models, including step changes in the speed of sample advance from the hot zone of the 

Bridgmann furnace as well as different sample diameters corresponding to different values of 

the Biot number. The results of comparisons were presented in the conference papers [C16, 

C18]. They confirmed very good agreement of temperatures determined in the axis of the 

ampoule for all cases, however shapes of isotherms were not perpendicular to the axis of the 

sample in all cases. This effect was particularly visible for Biot numbers greater than 0.1 and 

higher sample extraction speeds. Broader analysis, including generalized to the two-

dimensional, axisymmetrical geometry the front tracking base model, different scenarios of 

changing the velocity of the moving ampoule, analysis of the mesh sensitivity for two alloys: 

Al-7wt%Si and Al-11wt%Si was presented in the article [A2]. 
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4.3.5. Macroscale modelling –stabilization of temperature. 

Photovoltaic cells are exposed to thermal loads in the daily cycle. However, observed 

densities of heat flux are relatively small, mostly not exceeding 1000 W/m2. The main source 

of heat is solar irradiation whose value is limited by the solar constant. High absorptivity of a 

surface and the use of transparent covers to protect against weather conditions and mechanical 

damage cause the cell temperature to increase significantly. This is an unfavorable effect for 

several reasons. As the temperature rises, the efficiency of energy conversion and the efficiency 

of the cell decrease. It is estimated that the efficiency decreases by 0.4-0.5 percentage point 

when the temperature increases by 1°C above the temperature of 25°C. Moreover, too high 

temperature can also lead to degradation of the photovoltaic cell and its permanent damage. 

One can distinguish active techniques for lowering the temperature, with forced circulation of 

the refrigerant and passive ones, which do not require additional power supply. There are many 

varieties of active and passive systems. The latter have a special advantage, they are reliable 

and do not depend on an external power source. The analysis of the operation of such systems 

was the subject of the article [A7]. I presented in it a numerical analysis of the heating stage of 

several variants of fully passive temperature stabilization systems, using phase change material 

- PCM, for storing excess heat energy. I analyzed the system in which on one of the walls 

a constant heat flux was imposed, reflecting the conditions caused by the incident solar 

radiation. I took into account various methods of intensifying heat exchange, using fins 

connecting the front and rear wall, made of solid aluminum or aluminum foam, and I also 

considered the use of a layer of aluminum foam adjacent to the heated plate. In all variants, the 

foam had open pores allowing its full penetration by PCM. I compared the above cases with a 

reference one in which fins and metal foam were not installed in the PCM filled chamber. In the 

proposed model of heat and mass exchange, I took into account natural convection as a factor 

intensifying the heat exchange caused by the temperature difference in the melted PCM, also 

filling the pores of the foam. Due to the much smaller characteristic length associated with the 

pore diameter of the foam compared to the macroscale dimension of the domain, I applied the 

multi-scale modeling methodology. I determined the effective thermal and hydrodynamic 

properties of the porous medium (foam) in order to apply its macroscale description in the 

framework of the overall simulation model. On that basis, I developed a simulation model 

implemented in the commercial software ANSYS Fluent, and then I verified and validated it 

based on the available numerical and experimental benchmark. To assess the efficiency of heat 

removal, I assumed the criterion based on the value of the average temperature determined on 

the heated surface. Based on a series of simulations, I showed that the best temperature 

stabilization was ensured using solid material fins.  

An extended analysis of the mentioned stabilization systems was presented in the 

proposed paper [R2]. I presented in it an analysis of the process of heat transport from the heated 

wall to PCM, based on instantaneous temperature values and liquid phase fraction as well as 

temperature variations in selected points of the domain. They allowed to determine which 

mechanisms of heat transfer intensification are dominant in various stages of the system 

operation. As a criterion of temperature stabilization efficiency, I assumed the value of the 
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maximum temperature of the heated wall and the time after which the maximum allowable 

temperature, namely 50°C, will be reached. Results of simulations showed that in the case of 

the most effective system, i.e. equipped with solid aluminum fins, the time of protection against 

overheating reached 2 hours. In the case of using metallic foam, this time is shorter, it is about 

1.5 hours. 

 

4.3.6. Modelling of microstructure growth – dendrite tip kinetics, evolution of the 

shape of a single dendrite. 

In the zone limited by the liquidus and solidus isotherms growth of solid phase in the 

form of columnar dendrites and spherical/equiaxed grains is observed. The columnar dendrites 

and equiaxed grains are characterized by a large complexity of shape, which promotes more 

intensive solute exchange at the phase interface in the case of alloys. This has a special impact 

on the mass transfer due to the high values of Lewis numbers. The problem of the microstructure 

growth, in relation to the previously analyzed crystallization model in the macroscopic 

approach, focuses on two issues. The first one is the rate of growth of columnar dendrite tips, 

which is a key element of the model using the front tracking technique, where it is assumed that 

the microscopic crystal growth kinetics can be used to determine changes in the extent of 

columnar dendrites. The second important problem is the modeling of the growth of individual 

dendrites or dendrite groups in order to determine the evolution of their shape and, at a later 

stage, the effective properties of the two-phase medium used in the macroscopic simulation 

model. 

The description of the proposed models and the results of my or co-authored research 

in this field are presented below. 

The growth rate of the columnar dendrite tip, expressed in the form of a relationship 

combining local subcooling at the top of the dendrite with its growth rate, has been the subject 

of analyzes for decades. The developed solutions (Ivantsow [3], Horvay and Cahn [4]), which 

bind two parameters, i.e. the growth rate and the curvature radius of the dendrite tip, are 

ambiguous, forcing only the permanency of their product. They only show that the smaller the 

dendrite radius, the higher its growth rate. Because the crystal growth rate observed in nature 

is clearly defined, repeatable for the same conditions, an additional assumption is needed to 

close this problem. It is formulated by the so-called scaling law, according to which the product 

of the radius of the tip curvature and the square of its velocity is proportional to the reciprocal 

of the constant, called the stability constant, σ*. Its value was determined on the basis of two 

theories: marginal stability proposed by Langer and Müller-Krumbhaar [5] and microscopic 

solvability by Karma and Kotliar [6]. In terms of the first of the aforementioned theories, the 

value of σ* is universal for all metals and alloys as well as geometries (two- and three-

dimensional) and is 1/(4π2). In the second case, this value is determined by the crystal-melt 

surface energy anisotropy strength, therefore it depends on the composition of the alloy. 

However, there is no clarity as to the dependence of σ* on the geometrical dimension of the 

problem. It is to be expected that σ* values can be significantly different, making it difficult to 

transfer the values measured in three-dimensional geometry to models developed in two-
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dimensional geometry. This problem, together with the comparative analysis of different 

models of kinetics (including the role of liquid metal convection) and the impact of microscopic 

crystal growth laws on the size of the undercooled zone and macrosegregation maps, was the 

subject of the presented below analyses and related publications of their results.  

The problem of choosing the value of the stability constant depending on the 

geometrical dimension was taken in the article [A1]. Based on the previously determined values 

for the two- and three-dimensional geometry of Al-4%wtCu (using scaling procedure in the 

framework of the microscopic solvability theory), I co-authored the development of Hunt maps 

- determining columnar and equiaxed growth regimes and conditions for blocking columnar 

dendrite growth by impinging equiaxed grains (Columnar to Equiaxed Transition, CET) as 

a function of the columnar dendrite growth rate and the temperature gradient on the side of the 

subcooled liquid. I also carried out simulations of alloy crystallization, in one and two-

dimensional geometries, under the diffusive heat transfer conditions, with the assumed model 

of microsegregation described by Scheil's law. In order to determine the location of the border 

separating zones with different morphologies of dendrites, I used the front tracking technique. 

For the needs of these studies, to track the front, I developed and implemented the numerical 

model based on the immersed boundary method. In the face of difficulties in determining the 

indicator function near the adiabatic edge, I introduced a modification of the calculation model 

by adding several rows of cells outside the computational domain and extending the front and 

solution (temperature and value of the indicator function) outside the domain. I was also a co-

author of the development of several functional forms of the dendrite tip growth kinetics, based 

on different values of constant stability. I determined the time dependency of the equiaxed index 

coefficient, defined in [7], which allowed to compare the tendency to CET for individual cases. 

The results of the simulation showed that when the growth rate of columnar dendrites is slower 

or when the cooling rate is lower, the likelihood of blocking of columnar dendites growth by 

equiaxed dendrites (CET) increases. 

The analysis of the impact of various models of dendrite tip growth kinetics on extents 

of the supercooled liquid zone and the final macrosegregation map was presented in the article 

[A4]. I carried out simulations of the crystallization of a binary alloy, Pb-48wt.%Sn, in 

conditions of thermo-solutal convection, using the procedure for identification of the time-

varying extents of columnar dendrites zone. I analyzed three cases of crystallization, using 

kinetics describing the growth of columnar dendrites (KGT model [8]), and equiaxial growth 

under diffusive (LGK model [9]) and convective (Gandin et al. model [10]) heat transfer modes. 

I showed a slight influence of the selected kinetics model on the size of the sub-cooled zone 

where equiaxed grains may be formed. I also compared for each of these kinetics distributions 

of the solute along selected cross-sections of the domain with the results of the experiment. 

I obtained a good agreement between results of simulations and measurements for all 

considered cases and I indicated the slight influence of kinetics on the final macrosegregation 

pattern. 

The results of further work on the influence of the assumed kinetics of crystal dendrite 

growth on evolution of macrosegregation pattern and the crystallization process were presented 

in a co-authored article [A12]. In comparison with the analysis presented in [A4], I introduced 
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several changes in the model and in the research methodology. I carried out simulations of 

binary alloy Al-4%wt.Cu solidification in the form cooled uniformly on all walls. I discretized 

mass, momentum, energy and solute balance equations on a non-orthogonal, triangular grid of 

control volumes. Identification of the time dependent front separating the zones with different 

dendrite morphologies on the irregular triangular grid required a significant generalization and 

modification of the algorithm and the numerical code. Simulations of alloy crystallization were 

performed for two values of stability constant, i.e. corresponding to the commonly accepted 

value in the literature (a reference one), 1/(4π2) ≈ 0.025, and 0.058, determined on the basis of 

measurements of surface energy anisotropy and linear scaling in the framework of the theory 

of microscopic solvability. In the second case, the expected dendrite growth rates, calculated 

for each supercooling value, were more than twice higher as for the former one. Simulation 

results showed small but noticeable differences in positions of the separating surfaces of 

columnar and equiaxed dendrite zones. Comparison of changes in time of subcoolings averaged 

along the front showed that for a constant σ* equal to 0.058, undercooling at the front was 

clearly lower (by about 25%) than the supercooling value obtained for the reference value of 

this parameter. The determined time variations of the equiaxed index parameter showed that 

the expected chances for CET occurrence were higher when using a larger value of σ*. This 

conclusion was also indicated by higher subcooling at the front of columnar dendrites, near 

which there were more convenient conditions for the growth of equiaxed dendrites. The results 

obtained on the basis of the equilibrium crystallization model showed the similar values of solid 

phase fractions predicted in this zone, for both investigated values of σ*. However, if using a 

non-equilibrium model, larger discrepancies would be expected.  

My scientific interests also included work on the development of microscopic growth 

models for individual grains or their groups. As part of the project [E11], I developed and 

implemented models of equiaxed grain growth and a of growth of a group grains based on the 

Lattice Boltzmann Method. The description of the computational model and a part of simulation 

results obtained on the basis of the developed model were presented in [C20]. They allowed the 

analysis of the impact of macro-scale factors, such as undercooling or chemical composition, 

on the rate of formation of the dendritic structure and the interaction between the grains growing 

in the group. 

In addition, as a part of the [E5] project, I developed models of single grain growth and 

a growth of group of grains under conditions of diffusive heat transfer using the immersed 

boundary method. I implemented this model on an adaptive and non-conforming control 

volume mesh, in which square control volumes located at various adaptation levels were stored 

using the quad-tree data structure. The non-conformity of the mesh meant that each cell along 

one edge could border one or two neighboring cells. This allowed dynamic refinement of the 

mesh near the phase boundary. Due to frequent changes of the discretization grid, related to 

refinement and coarsening, a new iterative solver was also developed. Elements of the sparse 

matrix and the vector of the right side were stored locally as elements of the control volume 

grid structure. Local sparse arithmetic operations like multiplication of the sparse matrix by a 

vector and recursive algorithms for iterative solving of set of equations based on the mesh 

representation were also defined. This simulation model together with the results of the 

verification were presented in the conference article [A7]. 
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4.3.7. Effective thermal conductivity of materials with a complex structure, 

subjected to phase transition. 

At the Institute of Heat Engineering of Warsaw University of Technology scientific 

research has been conducted for many years on theoretical and numerical models that allow to 

determine the effective thermal conductivity of materials with a complex geometric structure 

(e.g. composites) and subjected to phase transitions. One of the practical strategies for solving 

this type of problems is to replace the model of a medium with step-wise varying, in micro 

scale, material properties, with a virtual medium in which the properties change in a continuous 

manner, having averaged (effective) properties. In article [A10] the problem of limitations 

resulting from microstructure and thermal properties of components of the composite, affecting 

the accuracy of determination of effective properties in non-stationary conditions was 

addressed. I was a co-author of the mathematical model determining the value of the effective 

thermal conductivity of the composite based on heat fluxes at the boundaries of the 

computational domain and the rate of enthalpy change within the domain. On this basis, 

I developed a simulation model using commercial ANSYS Fluent software, which allowed 

simulation of transient heat transfer process in a non-homogeneous material containing 

inclusions of PCM that was subjected to isothermal or non-isothermal phase transformation. 

I also developed, using macros extending the capabilities of the program - User Defined 

Functions, UDF, procedures that allowed calculation of the effective thermal conductivity of 

the composite in a continuous manner. Based on simulation results, I found the same character 

of changes in dimensionless thermal conductivity values as functions of dimensionless time, 

for different degrees of fragmentation of PCM. I also noticed that the occurrence of phase 

transformation induced oscillations of values of effective thermal conductivity, which quickly 

disappeared, and for dimensionless time Fo> 100 were negligibly small. 

 

4.3.8. Effective thermal conductivity of composites. 

In some applications, e.g. aerospace, it is desirable to increase the thermal conductivity 

of the laminate operating close to heat sources, while maintaining its low density, flexibility 

and high directional strength. One of the remedies is the use of carbon fibers as a strengthening 

material, characterized by very good strength properties and good thermal conductivity along 

the fibers. These are also strongly anisotropic materials, because the thermal conductivity across 

the fibers is clearly lower. The value of the thermal conductivity coefficient strongly depends 

on the structure (single-walled or multi-walled) of the fibers, manufacturing technology and the 

presence of structural defects. In this context, the problem of modeling the effective thermal 

conductivity of carbon-epoxy composites arises, including the occurrence of material defects 

in the form of residual air bubbles in the matrix material. As part of my duties as the assistant 

supervisor of doctoral thesis of Michał Kubis, MSc, I was the co-author of two conference 

publications, devoted to the aforementioned subject. The paper [A13] presents experimental 

and numerical investigation of the effective thermal conductivity of carbon-epoxy composites, 
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produced in vacuum bag technology. In the analyzed composites, the carbon fibers were 

arranged in bundles of several hundred fibers, then laced and flooded with epoxy resin. The 

results of simulations showed that increasing the vacuum level reduced the amount of air voids 

contained in the resin, mainly at the boundary of carbon fiber bundles. Based on microscopic 

images of cross-sections of the composite, I created a geometry model of a section of a single, 

repetitive layer of composite. Considering the multi-scale nature of the composite structure and 

using analytical relationships for simplified configurations, I determined the effective material 

properties of parallel fibers embedded in the resin, taking into account the contact thermal 

resistances at the contact surfaces of individual fibers and resin, as well as the effective thermal 

conductivity of the resin with air voids dispersion. On the basis of analytically determined 

values of effective meso-scale components of the composite, I numerically determined its 

effective thermal conductivity. Comparisons with experimental outcomes showed a qualitative 

agreement of results. In the article [A14] together with co-authors, we additionally included in 

the simulation model observations that with the increasing the vacuum level at the stage of the 

production process, the total thickness of the composite decreased. The obtained numerical 

results of the effective thermal conductivity showed a much better agreement with the 

experiment than previously published in [A13]. They are the matter of a new, co-authored 

submission will be soon sent to the journal from the JCR list.  

  

5. Discussion of other scientific and research achievements. 

In my many years of research work, I have participated in many other scientific projects 

concerning such issues as: 

- Temperature stabilization of laser diodes; 

- Modeling of heat transfer in heat exchangers; 

- Modeling of thermal loads of structural components of small aircrafts; 

- Modeling mass and energy transport in damp building materials. 

 

5.1. Temperature stabilization of laser diodes. 

Many electronic circuits, laser diodes, etc. are exposed to elevated heat flows, which can be 

continuous or periodic. Excess heat energy should be discharged in order to prevent overheating 

of the system and, as a result, damage to the electronics or degeneration of the laser diode. 

Electronic and laser systems are characterized by the need to discharge huge densities of heat 

fluxes, reaching 106 W/m2 and more. They are also very small and heat transfer surfaces are 

also slight. All these factors impose very stringent requirements on the temperature stabilization 

system. The use of PCM in this case is often insufficient. In the case of less thermally loaded 

electronic systems in which operation is periodic, the use of PCMs together with the heat 

discharge fins system may be considered. Systems of this type were analyzed in the article 

[C28]. According to one of the presented concepts, a system of flat fins was used, with spaces 
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between them partially filled with PCM. In the second case, a horizontal system of heat pipes 

flooded with PCM was considered. The efficiency of heat transfer to PCM was raised using 

matrix of pin fins. In the cited work I analyzed the non-stationary work of both systems, 

resulting from a sudden reduction in the convective heat transfer coefficient, simulating for 

example a fan failure.  

Cooling of laser diodes sets very restrictive requirements for the efficiency of heat 

removal paths (low contact resistances, high thermal conductivities of materials), proper 

matching of materials and binders (similar thermal expansion coefficients) and effective heat 

transfer to the cooling medium. The matrix of laser diodes, that is, the stack of diodes placed in 

a short distance from one another, allows to obtain a higher intensity of radiation, but requires 

the use of a reliable, liquid based cooling system. This subject was taken up in the project [E8] 

and articles [C23] and [B3]. In the publications [C23] and [B3], the results of the experiment 

were presented as well as results of numerical simulations of the operation of a single cooling 

module of a laser diode, adapted to work in a matrix system. The laser diode had dimensions 

10 mm x 1 mm x 0.1 mm and generated from 20 to 38 W of thermal power. A system of glass 

microtubes was used that distributed the cooling fluid from the inlet collector towards the diode. 

On the way back, the fluid flowed through the spaces between the tubes and the channels 

hollowed in the micro radiator towards the exhaust manifold. As part of the project [E10] I was 

a co-author of the simulation model of convective heat transfer in a micro radiator, in which 

I took into account the occurrence of thermal contact resistance on the binder and complex 

geometry of the system. I also conducted a series of simulations as part of parametric analysis 

and model validation based on the results of experiments carried out by co-authors of the 

publication. The validation consisted in comparing the experimentally measured temperature 

distributions along the laser diode for several imposed thermal powers and volumetric flows of 

the cooling water with the predicted results of numerical simulations. Together with co-authors, 

we obtained a good agreement between the experimental results and simulations. We also 

noticed the occurrence of a temperature peak on the surface of the diode. This phenomenon is 

often observed in laser diode systems. It is probably caused by damage (degeneration) of the 

diode in previous work cycles, material defects (microstructure defects) or an imperfect 

connection of the diode with the cooler body.  

 

5.2. Modeling of heat transfer in heat exchangers. 

In order to introduce liquid hydrogen and LNG engines to aviation, a number of 

technologies for storage, transport and fuel preparation are being developed. One of the 

elements of the power supply system will be heat exchangers between liquid hydrogen and air. 

This concept has been the subject of projects financed by the European Union for several years. 

As a part of one of them [E20], carried out at the Warsaw University of Technology, together 

with co-workers, we developed and implemented coupled, one-dimensional mathematical and 

computational models for design and optimization of such heat exchanger. I also validated the 

computational model for a simplified case of supercritical hydrogen flow in a single pipe. For 

this purpose, I used the critical flow model in the framework of author's code of simulation, in 
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which I used the tabulated values of material properties, taken from the NIST database. The 

temperature distribution along the tube obtained in this way and the calculated heat transfer 

coefficients showed good agreement with the reference data. Obtained results of parametric 

analyzes allowed to create, in cooperation with WSK "PZL-Rzeszów" SA, the final design of 

the exchanger structure. The results of the conducted research were presented in the paper [B2]. 

 

5.3. Modeling of thermal loads of structural components of small aircrafts. 

The issues of heat transfer between the stream of hot exhaust gases and the construction 

elements of one- and two-engine small aircraft were the subject of the research project 

"Efficient Systems and Propulsion for Small Aircraft, ESPOSA" [E6]. The problem of 

overheating the plane skin over the permissible temperature, may cause softening of the 

composite material and thus its permanent damage or drastic reduction of its strength properties. 

These processes result in the development of hidden defects, which may appear in critical 

situations, with an excessive load of the structure. In extreme cases, the structural element of 

the aircraft may also be blown. This problem is considered at the construction stage or during 

work to change the type of drive in an existing plane. With the development of CFD techniques, 

preliminary simulations are being conducted to allow prediction of possible threats and areas 

susceptible to overheating. It is crucial to consider several factors that determine the accuracy 

and reliability of calculations. It is important to accurately reproduce the complex three-

dimensional geometry together with the appropriate environment in order to minimize external 

flow disturbances. Thermal loads occur in every stage of the flight, touchdown, taxiing and 

braking (when reverse thrust is active), which means that all the above flight regimes must be 

included with an appropriate safety margin. Except the case of a potential direct contact of the 

hot gas stream with the plane skin, it is necessary to take into account radiative heat transfer 

between the jet of hot gases and plane skin elements resulting from the high temperature of 

gases and the presence of strongly radiatively heat emitting water and carbon dioxide particles. 

This approach requires consideration of the transport of chemical components. The subject 

matter was taken up in articles [C24, C15, C13, C3, B4 and B1]. Due to the considerable 

complexity of geometry, I used a two-step CFD analysis. In the first stage I determined the flow 

of hot exhaust gases through the flue gas duct to determine the temperature distribution, 

velocity, parameters of flow turbulence and chemical compositions of combustion products at 

the outlet of the duct. These parameter distributions were then transferred to the geometry 

including the structural elements of the aircraft together with the environmental section as the 

inlet boundary conditions. Based on the CFD simulations, I determined the temperature 

distributions on the aircraft's structural elements. Thanks to the calculations, I identified a case 

where overheating of the wing flaps occurred when the flaps were maximally extended during 

the touchdown. Based on the tests carried out and after consultations with aircraft engineers, it 

has been proposed to turn the exhaust outflow axis downwards by 5° in order to reduce the 

maximum airplane skin temperature to an acceptable level. 
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5.4. Modeling mass and energy transport in damp building materials. 

In search of optimization of drying technology for wet walls, it is important to get to 

know better the moisture and energy transport processes in building materials. These problems 

are the subject of the project [E2], in which experimental and theoretical research on transport 

of heat and moisture in porous building materials has been carried out for over a year. The scope 

of research includes experimental determination of material properties of basic building 

materials and theoretical work on the development of reliable models of transport of moisture, 

dry air and energy, and their computer implementation. The results of the research carried out 

so far, including the measurements of the effective thermal conductivity of bricks, taking into 

account anisotropy of brick, and the construction of test stands were presented in publications 

[C8, C10 and C12]. Additionally, equilibrium and non-equilibrium mathematical models were 

developed, including transport of energy, dry air and moisture in the form of continuous 

(pendular) liquid, discontinuous (pendular) liquid and gas (water vapor). Work is also under 

way on preparing computational models on this basis. The description of these models and the 

first results for one-dimensional geometry were presented in publications [C7 and C11]. The 

determined profiles of temperature variability and moisture content in the highlighted points of 

the dried material showed a characteristic temperature drop associated with evaporation on the 

surface and inside the material. 

 

Articles prepared, submitted or awaiting publication 

[R1] M. Seredyński, J. Banaszek, Numerical study of crystal growth kinetics influence on 

prediction of different dendritic zones and macro-segregation in a binary alloy solidification, 

(in review), Journal of Numerical Methods for Heat and Fluid Flow, Author’s contribution: 

80%. 

[R2] M. Seredyński, Numerical analysis of the passive temperature stabilization of the 

photovoltaic panel using pcm, fins and metal foam, (in review), Applied Thermal Engineering, 

Author’s contribution: 100%. 
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