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I. Structure of the Thesis 

 

The reviewed doctoral thesis comprises 191 pages. The work consists of the following parts: 

an abstract in Polish and English, a list of important notations, six chapters, including an 

introduction, four chapters comprising the main part of the thesis, a summary, and a 

bibliography. The content of each chapter includes: 

 

1. Introduction, in which the PhD Candidate generally characterised the current state of 

research in the subject matter of the thesis and identified gaps in the knowledge area 

regarding pulsating heat pipes, which constitutes the motivation for the research 

investigations undertaken.  

2. Numerical Modelling, in which the PhD Candidate extensively characterised the current 

state of the methodology for modelling two-phase flows with phase change using 

OpenFOAM, formulated his own approach to the numerical model and carried out its 

validation.  

3. Experimental Test Facility is presented in the third chapter along with the demonstration 

of the applied technical solutions, presentation of the construction phases of the research 

system, validation of the testing rig operation, measurement equipment used, and analysis 

of measurement errors. 

4. Experimental Results Analysis covers a systematic analysis of the experimental results 

obtained for two tube channel diameters and three selected working substances. 
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5. CFD Results Analysis covers systematic analysis of the numerical prediction results 

obtained for two tube channel diameters and three selected working substances, validation 

of the numerical model based on own experimental results, and general assessment of 

operations of pulsating heat pipes for the investigated cases.  

6. Summary, Conclusions, and Perspectives for the obtained results are included in the last 

chapter of the dissertation. 

7. Bibliography covers 215 items and includes the latest publications directly related to the 

topic from the most prestigious journals, as well as key book publications, papers from 

international conferences, and doctoral dissertations. It should be emphasised that 

bibliography covers four publications co-authored by the PhD Candidate, which were 

published in prestigious journals; the Candidate is the first author of three citied research 

papers.   

 

II. Aim and scope of the Thesis 

 

The PhD Candidate did not explicitly formulate the thesis of the dissertation, but focused on 

identifying the fundamental research challenges that he intends to address in the dissertation. 

 

Based on a systematic analysis of the current state of the art presented in Chapter 1, the PhD 

Candidate identified significant knowledge gaps. The detail assessment of these gaps 

regarding thermal and flow processes occurring in pulsating heat pipes is presented in Chapter 

1.4. Among these issues, the PhD Candidate identified the still open issues covering the 

influence of tube geometrical features, the effect of tube charge with working fluid, and the 

specific physical properties of cryogenic conditions on the operation of such pulsating tubes. 

The PhD Candidate also pointed to the lack of formulated similarity criteria for this type of 

heat pipes. Furthermore, a key aspect is the need to improve the prediction of numerical 

models to account for the very high complexity of the process and the conditions resulting 

from the dynamic nature of such heat pipes. A key challenge is therefore the development of a 

validated numerical model for multi-loop cryogenic pulsating heat pipes, which is the primary 

motivation for the Candidate to undertake research in this direction within the scope of this 

thesis. 

 

The research motivations were formulated rationally and address key aspects related to the 

topic of pulsating heat pipes. Detailed issues related to the scope of the developed numerical 

modelling of pulsating heat pipes and the scope of the experimental studies conducted are 

discussed in the main body of the thesis. In my opinion the substantive contents of the main 

body of the thesis covered in Chapters 2 to 5 and the Summary directly addresses the research 

needs identified by the PhD Candidate and clearly indicates that the main research goal has 

been achieved in this manner. 

 

III. Contents of the Thesis 

 

The dissertation combines formulation of advanced numerical modelling approach for 

transient thermal and flow processes in pulsating heat pipes along with systematic 

experimental investigations of this kind of heat pipes for cryogenic conditions. The 

manuscript is organised into five chapters. 

 

Chapter 1 introduces the physical background and experimental context of the dissertation. 

The state of the art in the current experimental understanding of cryogenic pulsating heat 

pipes operation including transient two-phase flow with phase change phenomena. The key 

parameters influencing performance of pulsating heat pipes such as geometry and inner 
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diameter, filling ratio, applied heat load, and physical properties are addressed in the analysis 

presented in the Introduction. On this basis the PhD Candidate formulated open research 

issues and gaps in the knowledge concerning transient flow and heat transfer phenomena in 

pulsating heat pipes.  

 

Chapter 2 is provides with development of numerical modelling approach of transient two-

phase flow with phase change in application to pulsating heat pipes. The first part of this 

chapter surveys existing modelling strategies for transient two-phase flows with phase change 

based on various approaches. A basis for these considerations is the convection process 

modelling combining advection and diffusion processes analysis. The PhD Candidate 

identified principal shortcomings and gaps in this field and presented own approach for the 

development and preliminary validation of a fully compressible, phase-change solver based 

on Volume Of Fluid (VOF) model that was implemented in the OpenFOAM ver. 2106. The 

phase-change process modelling is based on an extended Tanasawa model with Hardt–

Wondra-type smoothing approach and applied Galusinski–Vigneaux convergence criterion. 

The developed modelling approach was validated with use of two benchmark cases based on 

known exact analytical solutions of phase change heat transfer problems. These benchmark 

cases are: Stefan heat transfer problem of moving boundary problem for the case of liquid-

vapour boundary, and the second one is Scriven bubble growth model. Based on these two 

cases the interface tracking and latent heat transfer prediction accuracy was validated. There 

was demonstrated significant progress in modelling approach of pulsating heat pipes in 

comparison with literature available models formulations for this case.   

 

The testing rig as well as experimental methodology is presented in Chapter 3. The general 

aspects of selection of the tested heat pipes geometries, working fluids, and available 

operating parameters are considered in this chapter. The applied cryocooler technical 

characteristics for selected working gases are presented. This chapter provides with 

description of the details of the design and fabrication process for the capillary tubes and all 

of the auxiliary tested heat pipes components enabling precise placement of the temperature 

and pressure sensors. The procedures and technical design for thermal anchoring as well as 

mitigation of parasitic heat conduction are considered. Thermal interfaces between the PHP 

and the first and second stages of the applied cryocooler are analysed on the basis of 

numerical results of heat conduction process for the selected heat pipes construction elements 

including condenser plate. It was demonstrated reduction of the axial temperature gradients in 

the condenser plate. The developed temperature control strategy is presented also in this 

chapter. The detail analysis of working substance charging procedure for the tested heat pipes 

is presented. The details of the filling ratio assessment along with detail measurement 

uncertainty analysis of all of the measured quantities are presented in this chapter. 

 

Results of the experimental investigations are presented in Chapter 4. The experimental 

investigations covered three selected working fluids, i.e.: argon, nitrogen, and neon, and two 

cases of inner tube diameters, i.e. : 1.3 mm, and 1.7 mm. Experiments covered heat load 

ranges 1–12 W for neon, 1–25 W for nitrogen, and 1–32.5 W for argon. The analysis of the 

experimental data covers the tested heat pipes performance maps, thermal resistance and 

pressures inside the heat pipes. It was demonstrated that thermal resistance as quality of the 

operation indicator for the larger-diameter configuration (1.7 mm) consistently outperformed 

the 1.3 mm tubes. It is also demonstrated that the results for argon and nitrogen exhibited 

similar thermal performance, with argon showing a marginally lower thermal resistance, 

while neon demonstrated noticeably weaker performance. Additionally, an inverse 

relationship between inner diameter and average operating pressure was identified. In the final 
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part of the chapter dimensionless analysis based on selected dimensionless parameters and 

thermodynamic and thermokinetic properties is provided. 

 

The analysis of theoretical predictions based on implementation of numerical modelling 

approach formulated in Chapter 2 is presented in Chapter 5. Additionally comparison of the 

theoretical predictions with experimental data for all of the investigated cases is provided.  

Across all cases, temperature discrepancies between numerical simulations results and 

experimental data are within ±5% to 10%, while pressure deviations ranged from ±5% up to 

25%. Based on these results it was demonstrated that there was developed advanced 

numerical modelling framework that is capable of reproducing experimental results with 

reasonable good accuracy. There were also analysed numerical and modelling limitations 

based on which directions for future improvements were discussed. 

 

Chapter 6 covers formulation of conclusions on the basis of results and findings obtained in 

all of the chapters as well as future developments needs of modelling approach and further 

studies enhancing additional physical aspects of operation of the pulsating heat pipes.   

 

IV. Originality and contribution to the state of the art of the Thesis 

 

The reviewed dissertation addresses open research issues, previously poorly understood in the 

context of the dynamic conditions of two-phase flow forming in pulsating heat pipes in 

application to cryocooling. Chapter 2 presents a model description of the thermal and flow 

processes occurring in pulsating heat pipes in the context of the development of numerical 

modelling methods using the OpenFOAM program. In my opinion, this is a very good 

treatment of this topic, indicating significant progress compared to the basic literature 

publication by Scheufler and Reonby [144]. The reviewed doctoral thesis addresses key issues 

for identifying the physical determinants of structural changes in pulsating two-phase flow 

under cryogenic conditions as well as provides with advanced modelling approach based on 

fully compressible, phase-change solver based on Volume Of Fluid (VOF) model that was 

implemented in the OpenFOAM. There was demonstrated reasonable good agreement 

between numerical calculations predictions and experimental results. There should be taken 

into account that the physical phenomena that occur in this type of multi-loop heat pipes are 

considered as involving the most advanced approaches. It should be also noted that there is 

still lack of systematic experimental results for pulsating heat pipes for cryogenic operating 

conditions covering various working fluids, geometries, and charging ratios. There should be 

also noted that pulsating pipes are still considered as a new technology in heat transfer 

processes. Therefore in my opinion the provided research output significantly contributes to 

the state of the art in cryogenic applications.          

 

The above makes the reviewed dissertation a significant contribution, both cognitively and 

methodologically. The research reported in the reviewed dissertation was undertaken by the 

PhD Candidate in an original and creative manner, utilising appropriate, advanced 

methodological tools, while the experimental studies required numerous innovations. The 

research undertaken concerns an area identified as crucial for the development of effective 

heat transfer technology under cryogenic conditions. 

 

I consider the PhD Candidate the most important achievements to be: 

 developing an advanced numerical modelling tool of pulsating heat pipes under cryogenic 

conditions validated with own systematic large database which significantly contribute to 

the state of the art; 
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 systematic experimental investigations covering three working fluids, two diameters of the 

tube, and various charge ratios for various operating conditions under cryogenic conditions 

that enable to clarify physical aspects of operation of pulsating heat pipes in this 

application; these experiments requires development of advanced experimental techniques 

as well as development of unique testing rig. 

 

The results presented in the dissertation are undoubtedly original. The research material 

obtained allows concluding that the goal and scope of the reviewed dissertation have been 

fully achieved. The results presented in the Thesis make a cognitive contribution to the field 

of thermal technology – especially in the field of thermal energy issues – within the area of 

the discipline: Environmental Engineering, Mining, and Energy. 

 

V. Implementation assessment of the Thesis 

 

The reviewed dissertation concerns an area of research that I identify as fundamental. 

However, the motivation and direct rationale for undertaking this work are the need to 

identify criteria for changes in the structure of two-phase flow formed in pulsating heat pipes. 

These pipes currently constitute a fundamental innovative solution in thermal control systems 

for cryogenics. Therefore, a more thorough understanding of the flow phenomena occurring 

in the flow in such pipes under cryogenic conditions is required. This leads to important 

application aspects of the reviewed dissertation. In essence, it addresses issues that are crucial 

for the development of cryogenic technologies in terms of the technical possibilities of 

thermal control in numerous possible implementations. Undoubtedly, the research carried out 

as part of this doctoral dissertation also opens up new application possibilities in the field of 

modern thermal energy, especially in the application of pulsating heat pipes. 

 

VI. Critical remarks 

 

1. Major remarks 

 

The dissertation presents an original and comprehensive approach to the topic. The 

development of advanced numerical modelling tool as well as experimental research required 

a significant amount of work, and the experimental and modelling results obtained in the 

dissertation are original and contribute significantly to the state of the art. The following 

remarks, largely commentary or suggestions, do not detract from the very high assessment of 

the dissertation. 

 

1. In my opinion, it would be worthwhile to include in Chapter 1.2 a synthetic description of 

the operating principle of the pulsed heat pipe, pointing out the fundamental physical 

aspects that distinguish it from the operating principle of conventional heat pipes. 

2. Chapter 2 provides with excellent modelling approach description of thermal and flow 

processes occurring in pulsating heat pipes in the context of the development of numerical 

modelling methods using the OpenFOAM tool. However, one of the key aspects is the 

description of thermodynamic non-equilibrium in the context of modelling of phase 

transition under unsteady conditions taking into account relaxation process. The author 

concisely mentioned only in p. 28 (Section 2.4) the following statement suggesting that 

this effect is taken into account: "The phase-change source terms are therefore driven by 

the deviation from local saturation conditions, without assuming immediate 

thermodynamic equilibrium." However, there is no clear explanation concerning this 

particular aspect, as well as the modelling need for metastable fluid properties. It seems 

that thermodynamic non-equilibrium should be taken into account not only as deviation 
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from local saturation conditions, as also was commented for eq. (2.16), but the issues of 

relaxation time required for phase change process should be also explicitly discussed. 

3. The author clearly demonstrated requirements to take into account compressibility effects 

in two-phase flow modelling approach. However, it seems that additional discussion of 

wave properties of two-phase flow and possible produced consequences for transient 

pulsating flow is expected.  

4. The issue of surface tension force explicitly presented in eq. (2.41) should be clarified in 

context of its calculation approach. Obviously calculation of this force just on a basis of 

curvature gradient should be considered as an problematic issue due to prediction 

accuracy of the interface surface.  

5. Selection criteria of turbulence model discussed in Section 2.4.6 should be concisely 

discussed.  

6. It seems that assessment of correlations presented in Section 2.4 could be a basis for 

development of dimensionless relationship between thermal resistance and some 

identified dimensionless numbers controlling geometry and charge ratio.  

 

2. Minor remarks 

 

It is important to emphasize the high level of editorial preparation of the doctoral dissertation. 

The dissertation was written very professionally. The high quality of the figures is 

noteworthy. The dissertation is free of typographical errors in the text. The comments below 

do not affect the entirely positive assessment of the dissertation and are largely suggestions, 

which I have taken the liberty of highlighting with the potential use of the material contained 

in the dissertation in the PhD Candidate future publications in mind. 

 

 It seems that for more clear presentation of Fig. 2.1 there should be provided comments 

referring to further discussion presented in Section 2.4.2 concerning phases identification 

methodology. 

 The physical parameters assumed for model validation with use Stefan problem presented 

in Fig. 2.6 should be provided.  

 Nomenclature for eq. (2.76) should be explained, i.e.  - growth constant 

(dimensionless), Dc should be applied as diffusion coefficient.  

 The issues of calibration of temperature sensors should be concisely mentioned in context 

of their necessity or not in the experimental investigations.  

 Some equations numbers are missing in the text: pp. 52, 130, 132. 

 

VII. Recommendations to the Council of the Scientific Discipline of Environmental 

Engineering, Mining, and Energy of Wroclaw University of Science and Technology 

 

The doctoral dissertation submitted for evaluation is a valuable research output. The PhD 

Candidate demonstrated excellent abilities to formulate research problems and solve them 

using methods specific to thermodynamics and fluid mechanics. He also demonstrated the 

ability to utilise existing knowledge as well as contribute to development of knowledge in the 

field of advanced modelling and advanced experimentation techniques of thermal-flow 

phenomena.  

 

In my opinion the doctoral dissertation of Marcin Opalski fully meets the conditions specified 

in Article 187(1) and (2) of the Act of 20 July 2018 – Law on Higher Education and Science 

(consolidated text: Journal of Laws of 2024, item 1571, as amended) and I recommend it to be 

admitted to the public defence. 
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Moreover, due to the significant contribution of this dissertation to the state of the art, as well 

as the extensive work carried out both in the field of numerical modelling and extensive, 

complex experimental studies, I propose that it be distinguished taking into account the 

formal conditions in force at the University. 
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