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1. General Assessment

This PhD thesis presents a comprehensive numerical and experimental investigation of cryogenic pulsating heat
pipes (PHPs). The work combines a carefully designed cryogenic experimental campaign with advanced CFD
modeling based on a fully compressible VOF framework implemented in OpenFOAM. The thesis is technically
sound, clearly written, and exceptionally well documented.

I did not find any conceptual, methodological, or numerical errors in the manuscript. On the contrary, the thesis
stands out for its precision, completeness, and scientific maturity. In my opinion, it is one of the best doctoral
theses (or even the best one) in the field of pulsating heat pipes and cryogenic heat transfer that I have reviewed
in the last six years.

The work fully meets — and in many respects exceeds — the standards expected for the award of a PhD degree.
2. Structure and Content of the Thesis

The dissertation consists of 6 chapters, for a total length of approximately 200 pages, and includes a large number
of high-quality figures, tables, and equations supporting the analysis. The bibliography is exceptionally extensive,

with 215 references, reflecting an outstanding command of the relevant literature.
Chapter 1 - Introduction and State of the Art

Chapter 1 provides a thorough and well-balanced introduction to pulsating heat pipes, with a strong focus on
cryogenic applications. The literature review is exhaustive and well organized, clearly identifying the main physical
mechanisms, design parameters, and limitations of existing criterial approaches (Bond, Jakob, Kutateladze
numbers). The research gaps are cleatly articulated and convincingly motivate the objectives of the thesis.

Chapter 2 — Numerical Modeling

Chapter 2 presents an in-depth and rigorous description of the numerical framework. The author carefully justifies
the choice of a fully compressible VOF formulation, discusses multiphase and phase-change modeling strategies,
and details the numerical treatment of mass, momentum, and energy conservation. The determination of the time
step is particularly well done. Validation against benchmark problems (Stefan problem and single-bubble growth)
demonstrates the correctness and robustness of the solver.
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Chapter 3 — Experimental Test Facility

The experimental part is exceptionally well designed and documented. The cryogenic setup, including the
cryocooler interfaces, radiation shielding, filling procedure, and instrumentation, is described in great detail. The
uncertainty analysis is rigorous, complete, and exemplary. The inclusion of thermal fatigue tests and the use of the
Samnox thermal resistance approach are particularly noteworthy and not commonly found in similar works.

Chapter 4 — Experimental Results

Chapter 4 presents an extensive and systematic experimental dataset for nitrogen, argon, and neon, covering a
wide temperature range. The analysis of thermal resistance, pressure evolution, and operating regimes is clear and
well supported by data. While the parametric trends are sometimes weak or not easily generalizable, this is an
intrinsic feature of PHP physics rather than a shortcoming of the work.

Chapter 5 — CFD Results and Validation

The CFD results are presented clearly, with appropriate mesh-independence studies and careful initialization
procedures. The quantitative comparison with experimental data shows good agreement within experimental and
numerical uncertainties. The discussion of model limitations is honest and scientifically sound.

Chapter 6 — Conclusions and Perspectives

The final chapter effectively summarizes the main findings and provides realistic and well-justified perspectives
for future developments, both experimental and numerical.

3. Comments and Suggestions for Improvement

The following remarks are minor and do not affect the overall quality or validity of the thesis. They are intended
solely to further improve an already excellent manuscript.

1. Page 2, Figure 1.1: The word “Ewvaportator” contains an extra “t” and should be corrected to “Evaporator”.
2. Table 1.1:
o Replace “Masxcimal heat load” with “Maxinum heat load”.
o Consider using a landscape format and enriching the table with additional information (e.g.,
thermal resistance ranges or key performance indicators).

3. Phase-change modeling (Page 20, Eq. 2.14 — Lee model):
The physical meaning of the coefficient  [m3/s] would benefit from further clarification. Since the characteristic
time scale of phase change appears to be embedded in this empirical parameter, its interpretation and limitations
should be discussed more explicitly. It seems that the rate is decided only by B, i.e. it is a fitting parameter itself.

4. Tanasawa model (Eq. 2.15):
The absence of an explicit time scale may confuse the reader. A short derivation or additional explanation of the
physical meaning of the formulation would improve clarity.

5. Equations 2.27 and 2.28:
The density term appears to be the same in both evaporation and condensation formulations, whereas one would
expect different phase densities. This should be checked and clarified.

6. Equations 2.36 and 2.37:
These equations appear to be identical; the distinction between them should be explained or one of them removed.

7. MULES algorithm (Page 32):
The text states that MULES modifies phase fluxes conservatively, but it is not clearly explained how and why this
modification is performed. A short explanation would be helpful.
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8. Momentum operator (Eq. 2.41):

The meaning of the constructed matrix operator A(U) is not sufficiently clear. Additional explanation of its
formulation and role in the algorithm is recommended.

9. Graphical clarity (Pages 35-36):
Additional schematic diagrams illustrating momentum and heat fluxes across control volumes would significantly
improve physical intuition. This is not only valid here, but all along this Chapter.

10. Minor typo (Page 36):
Above Eq. 2.49, the word “%he” is misspelled (“zhre”).

11. Page 52:
Two question marks appear in Section 3.1.34, and a reference seems to be missing.

12. Page 130:
Two question marks are present and should be checked.

13. Figure 4.26 and related discussion (Pages ~115-127):
The physical interpretation of the trends could be clarified. It is correctly shown that no strong predictive
dependency emerges; however, this conclusion could be stated more explicitly.

14. Table 3.1:

In addition to absolute uncertainties, reporting relative (percentage) uncertainties would improve readability.

4. Shortcomings
o ambiguity between author contribution and OpenFOAM baseline,
empirical nature and physical inconsistency of phase-change models,
lack of true predictivity without calibration,
insufficient explanation of the operator A(U) in Eq. 2.41,
limited scope of validation beyond benchmarks and in-house experiments
limited validation of the code

o O O O O

5. Final Recommendation

This doctoral dissertation is scientifically rigorous, technically sound, and exceptionally well executed. It presents
a rare and successful integration of high-quality cryogenic experiments with advanced CFD modeling, addressing
a problem that is intrinsically complex, nonlinear, and difficult to access both experimentally and numerically. The
experimental dataset is extensive, carefully obtained, and supported by a rigorous uncertainty analysis, and it
constitutes a valuable reference for the cryogenic PHP community, where reproducible data are scarce. The
numerical framework is sophisticated, well validated, and implemented with a clear awareness of the specific
challenges posed by cryogenic thermophysical properties, compressibility effects, and two-phase flow dynamics.

At the same time, the thesis does not conceal — and in fact implicitly reveals — the fundamental limitations that
characterize pulsating heat pipes as physical systems. The analysis shows that, despite careful parametric studies,
the dependence of thermal performance on classical design parameters such as Bond number, filling ratio, and
diameter often remains weak, scattered, or non-monotonic. This is not a shortcoming of the work, but rather a
faithful reflection of the intrinsically unsteady, multi-regime, and potentially chaotic nature of PHP operation. In
this sense, the thesis makes an important contribution by demonstrating, through both experiments and
simulations, the limits of low-order predictive approaches and the difficulty of formulating universal design laws.
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From a modeling perspective, the work also highlights the current boundaries of CFD-based phase-change
simulations. The use of empirical phase-change closures, while numerically efficient and widely adopted, inevitably
embeds unresolved physics into tuning parameters, limiting strict predictability. Similarly, the complexity of
modern CFD frameworks makes it challenging to fully disentangle original methodological contributions from
baseline solver functionality. These aspects do not detract from the scientific value of the thesis; rather, they
accurately reflect the present state of the art and provide a clear and honest basis for future methodological

improvements.

Overall, the dissertation demonstrates a high level of scientific maturity, critical thinking, and technical
competence. It advances both experimental knowledge and numerical practice in the field of cryogenic pulsating
heat pipes, while maintaining a realistic and intellectually honest view of what can — and cannot — be predicted
with current tools. The work fully satisfies, and in many respects exceeds, the requirements for a doctoral

dissertation and represents a significant and lasting contribution to the field.
I strongly recommend this thesis for acceptance without reservation.

The doctoral dissertation 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).

With kind regards,

Prof. Marco Marengo
marco.marengo(@unipv.it
DICAR
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