
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 24, 2023

Two-phase cooling of power electronics: An investigation on flow boiling of
refrigerants in narrow channels

Criscuolo, Gennaro

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Criscuolo, G. (2021). Two-phase cooling of power electronics: An investigation on flow boiling of refrigerants in
narrow channels. Technical University of Denmark. DCAMM Special Report No. S299

https://orbit.dtu.dk/en/publications/76e1feb3-184c-43ff-a239-2322a708d26d




ii



Two-phase cooling of power electronics
An investigation on flow boiling of
refrigerants in narrow channels

PhD Thesis
submitted July 14th, 2021

at the
TECHNICAL UNIVERSITY OF DENMARK

for the degree of Doctor of Philosophy

by
Gennaro Criscuolo

Supervisors:
Associate Professor Wiebke Brix Markussen (DTU), main supervisor

Senior Researcher Martin Ryhl Kærn (DTU), co-supervisor
Professor Björn Palm (KTH), co-supervisor



Two-phase cooling of power electronics
An investigation on flow boiling of refrigerants in narrow channels

PhD Thesis
July, 2021

By
Gennaro Criscuolo

Copyright: Reproduction of this publication in whole or in part must include the
customary bibliographic citation, including author attribution, report
title, etc.

Published by: DTU, Department of Mechanical Engineering, Nils Koppels Allé,
Building 403, 2800 Kgs. Lyngby Denmark
www.mek.dtu.dk

ISSN: [0903-1685] (electronic version)
ISBN: [978-87-7475-660-6] (electronic version)

ISSN: [0903-1685] (printed version)
ISBN: [978-87-7475-660-6] (printed version)



Dedicato a

Giusy, Margherita e Aurora



iv



Approval
The present work has been submitted in partial fulfillment of the requirements for
the degree of Doctor of Philosophy at the Technical University of Denmark (DTU),
and it is written as a monograph.
All the activities were carried out at the section of Thermal Energy from the Depart-
ment of Mechanical Engineering, Technical University of Denmark, from February
15th, 2018 to July 14th, 2021. The work was conducted under the supervision of
Associate Professor Wiebke Brix Markussen (DTU), Senior Researcher Martin Ryhl
Kærn (DTU), and the co-supervision of Professor Björn Palm (KTH). An external
research stay of the total duration of three months was undertaken from November
23rd, 2020 to February 22nd, 2021 at the Department of Industrial Engineering, Uni-
versity of Naples, Federico II, under the supervision of Associate Professor Alfonso
William Mauro.
The Ph.D. project was funded within the frame of the project ”CoolMod - Two phase
cooling of power modules”, financed by DFF - Independent Research Fund Denmark,
grant number 7017-00356. The funding is gratefully acknowledged. Part of the
experimental setup was financed by the Fabrikant Mads Clausen Foundation. The
participation at conferences and the external stay were financially supported by the
Otto Mønsteds Fond and P.A. Fiskers Fond. All the financial support is gratefully
acknowledged.

Gennaro Criscuolo

Signature

Two-phase cooling of power electronics v



vi Two-phase cooling of power electronics



Abstract
The continuous miniaturization of electronic components and the need for more
energy-efficient solutions require a breakthrough technology for the thermal manage-
ment of high power density electronics. In this context, two-phase cooling in narrow
geometries represents a promising technology to take on efficiently the challenges of
increasing heat dissipation. The present thesis investigated the heat transfer char-
acteristics of narrow multi-channel heat sinks operated with flow boiling. The two
low Global Warming Potential refrigerants R1234yf - R1234ze(E) and R134a were
used for the investigation, in light of the possibility to employ two-phase cooling for
power electronics in electric vehicles. A novel narrow multi-channels test section was
developed and built to mimic closely a cold plate for the thermal management of
power electronics. Three heat sinks were micro-milled in a copper substrate. The
channels had a nominal width of 300 µm - 200 µm - 300 µm and a wall thickness
of 100 µm - 200 µm - 300 µm, respectively. The nominal channel height was 1200
µm for all the heat sinks.
The heat transfer characteristics of the narrow multi-channel heat sinks were inves-
tigated for nominal channel mass fluxes in the range 415 kg/m2s - 1153 kg/m2s,
nominal saturation temperatures of 30.5 ◦C 40.5 ◦C and heat fluxes up to the crit-
ical heat flux. Inlet orifices were used to minimize the instability, inherently present
in parallel channel two-phase flow. Through a cover glass placed on the top of the
channels, high-speed visualization was used to clarify the relations between the mea-
sured heat transfer coefficient and the two-phase flow characteristics in the channels.
The footprint temperature of the multi-channels was measured through an infrared
camera providing a resolution of 221 pixels × 221 pixels over the 1 cm2 heated area.
Dedicated experimental measurements were used to evaluate the pressure drops in
the inlet and outlet manifold, as well as the inlet orifices. The heat transfer char-
acteristics were described in terms of local heat transfer coefficients, flow-wise heat
transfer coefficients, and critical heat fluxes.
From an application viewpoint, the investigation showed that the heat sinks could
dissipate footprint heat fluxes from 250 W/cm2 to 600 W/cm2 depending on the
mass flux and for a limit temperature of 165 ◦C, which could be suitable for power
electronics cooling in electric vehicles. Footprint heat transfer coefficients reached
values in the range of 40 kW/m2K - 200 kW/m2K. The work analyses and discusses
several aspects of the heat transfer process, which is governed mainly by the heat
flux. However, an impact of the mass flux was observed at moderate-to-high heat
fluxes, and was suggested to be associated with the appearance of an intermittent
wispy-annular flow and the presence of significant flow acceleration. The comparison
among the heat sinks revealed a dependence of the heat transfer coefficient on the
wall thickness. Reducing this parameter may improve the area enhancement at the
footprint but not necessarily improve the heat transfer performance. The flow-wise
heat transfer coefficient was compared to existing correlations for flow boiling in
narrow channels. The statistical comparison showed a mean average percent error
below 20% for some of the correlations, however, they did not capture completely the
observed flow-wise distribution of the heat transfer coefficient. The critical heat flux
was well predicted by the classic Katto-Ohno correlation for conventional channels
by using the average heat flux on the heated area.
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Resumé
Den løbende udvikling i retning af formindskelse af elektroniske komponenters stør-
relse sammen med behovet for mere energieffektive løsninger, forudsætter et gen-
nembrud i teknologien til termisk drift af elektronik med høj energitæthed. I denne
sammenhæng repræsenterer tofasestrømning i snævre geometrier en lovende teknologi.
I nærværende studie undersøgtes varmeovergangskarakteristikker for strømningskogn-
ing i snævre multikanaler. De to kølemidler med lavt Global Warming Potential
R1234yf- R1234ze(E) og R134a blev anvendt til undersøgelsen med henblik på at
anvende tofasekøling på effektelektronik i elektriske køretøjer. En ny multikanal-
testopstilling blev udviklet og bygget til at simulere opførslen af en kold plade til
termisk drift af effektelektronik. Tre varmedræn blev ved mikroforarbejdning frem-
stillet i et kobberunderlag. Kanalerne havde en nominel bredde på 300 µm – 200 µm
- 300 µm og vægtykkelse på 100 µm - 200 µm - 300 µm. Den nominelle kanalhøjde
var 1200 µm for alle varmedræn.
Varmeovergangskarakteristika for snævre multikanalvarmedræn blev undersøgt for
massestrømme i området 415 kg/m2s - 1153 kg/m2s , mætningstemperaturer på
30.5 ◦C, 40.5 ◦C og varmestrømme op til den kritiske værdi. Indløbsbegrænsninger
blev brugt for at forbedre stabiliteten af strømningen ved høje varmestrømme. Gen-
nem skueglas anbragt ovenpå kanalerne benyttedes højhastighedsvisualisering til at
klargøre relationerne mellem den målte varmeovergangskoefficient og karakteren af
strømningen i kanalerne. Bundtemperaturen i multikanalerne blev målt med et in-
frarødkamera med en opløsning på 221x221 pixel over det opvarmede areal, som var
1 cm2. Omhyggelige målinger blev udført for at bedømme tryktab i indløbs- og udløb-
smanifold foruden i indløbsåbningerne. Varmeovergangskarakteristika blev beskrevet
ved lokale varmeovergangskoefficienter, varmeovergangskoefficienter i strømningsret-
ningen og kritiske varmestrømme.
Fra et anvendelsessynspunkt viste undersøgelsen at varmedrænene kunne bort lede
varmestrømme fra 250 W/cm2 to 600 W/cm2 afhængig af massestrømmen og op
til en temperaturgrænse på Varmegangskoefficienten ved bunden nåede værdier i
området 40 to 200 kW/m2K. Arbejdet analyserer og diskuterer flere aspekter af
varmeovergangsprocessen, som hovedsagelig styres af varmestrømmen. Imidler-
tid blev der observeret en indflydelse af massestrømmen, muligvis forbundet med
en forekomst af vekslende uregelmæssig ringstrømning og forekomst af en bety-
delkg acceleration af strømningen. En sammenligning af de forskellige varmedræn
afslørede varmetransmissionens stærke afhængighed af vægtykkelsen. En reduk-
tion af denne parameter kan måske øge arealforbedringen ved bunden, men ikke
nødvendigvis forbedre varmeovergangen. Varmetransmissionskoefficienten i strømn-
ingsretningen blev sammenlignet med eksisterende korrelationer for strømningskogn-
ing i snævre kanaler. Den statistiske sammenligning gav en middelafvigelse på under
20%. Imidlertid fangede sammenligningen ikke fordelingen af varmetransmissionsko-
efficienten i strømningsretningen. Middelvarmestrømmen på det opvarmede areal var
velbeskrevet af den klassiske Katto-Ohno korrelation for almindelige kanaler.
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Sommario
La miniaturizzazione di componenti elettronici e la necessitá di efficienza energetica
richiedono un cambio sostanziale nella tecnologia per il controllo termico di elettron-
ica ad elevata dissipazione. In questo contesto, l’utilizzo di flussi bifase in microcanali
si sta affermando come soluzione promettente per gestire le future esigenze di ges-
tione termica. Questo lavoro di tesi studia sperimentalmente lo scambio termico di
dissipatori multicanale. I due refrigeranti a basso potenziale di riscaldamento globale
R1234yf - R1234ze(E) e l´R134a sono stati considerati per l´indagine, con riferi-
mento al raffreddamento dell´elettronica di potenza su veicoli elettrici. Un appa-
rato sperimentale innovativo comprendente una sezione di test che emula condizioni
costruttive di un dissipatore é stato sviluppato e costruito. Tre dissipatori sono stati
ottenuti da una microlavorazione su un substrato di rame. I canali realizzati hanno
una larghezza nominale di 300 µm – 200 µm – 300 µm e uno spessore di parete di
100 µm – 200 µm – 300 µm. La profonditá nominale dei canali é 1200 µm.
Le caratteristiche di scambio termico dei dissipatori sono state studiate per flussi di
massa nominali da 415 kg/m2s a 1153 kg/m2s, temperature nominali di saturazione
di 30.5 ◦C e 40.5 ◦C e flussi termici fino al valore critico. Restrizioni di flusso sono
state impiegate all´ingresso dei canali per stabilizzare la distribuzione del refrigerante.
Sfruttando un accesso ottico, la visualizzazione del flusso bifase é stata utilizzate per
chiarire la possibile relazione tra le misure di scambio termico e le caratteristiche del
flusso nei canali. La distribuzione di temperature alla base dei canali, corrispondente
ad un’area quadrata di 1 cm2, é stata misurata da una mappa termica di 221 pixel ×
221 pixel ottenuta da una termocamera. Procedure sperimentali dedicate sono state
utlizzate per la valutazione delle perdite di carico nei collettori di ingresso ed uscita,
e negli orifizi all’ingresso dei canali. Le caratteristiche di scambio termico sono state
analizzate in termini di coefficienti di scambio termico locali e distribuiti, e attraverso
il flusso termico critico.
Lo studio mostra che la dissipazione di calore raggiunge valori molto elevati, nell´or-
dine dei 250 W/cm2 – 600 W/cm2 a seconda della geometria e del flusso di massa
considerato, con una temperatura operativa limite del sistema di 165 ◦C. Le soluzioni
sono quindi adatte al raffreddamento di elettronica di potenza su veicoli elettrici. Il
coefficiente di scambio termico globale alla base dei canali ha raggiunto valori nell´or-
dine di 40 kW/m2K – 200 kW/m2K. Lo studio analizza e discute anche altri aspetti
dello scambio termico nei canali, che risulta essere largamente controllato dal flusso
termico. É stato osservato tuttavia un effetto del flusso di massa a flussi termici in
parete medio-alti. Questo potrebbe derivare dalla presenza di un flusso semi-anulare
irregolare e la generazione di un’accellerazione elevata del flusso. Il confronto tra
le tre geometrie ha rivelato un effetto significativo dallo spessore della parete sul
coefficiente di scambio termico. La riduzione di questo parametro geometrico é van-
taggioso per aumentare la superficie globale lambita dal flusso di refrigerante, ma
potrebbe non necessariamente aumentare lo scambio termico alla base dei canali. La
distribuzione del coefficiente di scambio termico lungo il flusso é stata comparata con
quanto predetto da correlazioni specifiche per ebollizione in regime forzato in canali
di piccole dimensioni. Il confronto statistico mostra che l’errore medio percentuale
per alcune delle correlazioni é inferiore al 20%, ma la distribuzione del coefficiente di
scambio termico non é completamente riprodotta. Il flusso termico critico medio in
parete é stato predetto in maniera soddisfacente dalla correlazione di Katto-Ohno,
originariamente proposate per canali convenzionali.
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1 Introduction
1.1 Motivation
Concerns on the environmental impact and the sustainability of many energy tech-
nologies are promoting the transition to novel solutions in many engineering applica-
tions to achieve carbon neutrality by 2050 [1] . In this context, energy efficiency has
become an essential aspect of energy conversion processes and energy use. Power
electronics is a core element of many green technologies leading the way to a carbon-
neutral future and used for electricity management. It has been predicted that about
60% of the world’s energy need will be electricity by 2040 and that more than 80% of
the electricity will be controlled by a power electronics device [2]. Among its several
fields of application, power electronics is strategic for electric vehicles to guaran-
tee the most efficient use of electricity from the limited capacity of the batteries.
The energy efficiency, weight, and reliability of the power electronics system are of
paramount importance to minimize the impact on the available energy budget of the
vehicle. All these characteristics of the power electronics system depend extensively
on the thermal management apparatus, which conventionally relies on air-cooled or
water-cooled heat sinks [3]. The problem of thermal management of electronics has
a broader scope than power electronics in electric vehicles, and nowadays, it is becom-
ing particularly crucial for high-performance microprocessors. The thermal control
of densely-packed microprocessors is challenged by the continuous improvements in
the miniaturization capabilities of the microelectronics industry. The miniaturization
results in the continuous rising of heat fluxes to be dissipated. According to the
International Technology Roadmap of Semiconductors (ITRS), the heat flux dissipa-
tion in desktop computers could reach 450 W/cm2 by 2026 [4]. New technological
breakthroughs are thus necessary.
Pumped two-phase loops operating with refrigerants in narrow channels heat sinks
(also called microchannel heat sinks in the thesis) have a great potential to take
on effectively the challenges of thermal management of electronics, particularly for
the necessity of energy efficiency, reliability, and weight specific to power electronics.
Compared to the single-phase counterpart, cooling a heat load by a phase-change
process offers the opportunity to capitalize on the latent heat of vaporization of
the cooling fluid [4], which is higher than its specific heat. Firstly, this situation
could lower the operating mass flow rate and thus alleviate the pumping power,
which would reduce the energy need of the thermal management apparatus – this
is critical in electric vehicles, where the energy usage other than for vehicle motion
is to be minimized. Moreover, using a refrigerant as the working fluid of the heat
sinks could offer possibilities for heat recovery and reuse in other energy conversion
processes in the vehicle. Secondly, the phase-change processes take place at a nearly
uniform temperature over the heat transfer surface. For electronics, this uniformity
would result in reduced thermal gradients, less thermo-mechanical stresses, and thus
improved reliability. Finally, narrow channels could take advantage of a large surface-
to-volume ratio, which benefits the compactness of the heat exchangers and reduces
the overall weight of the system, the fluid inventory, and the cost.
While all these advantages are related to the generic use of a phase-change process
in narrow channels, the type of working fluid may depend on the specific applica-
tion. Due to stricter requirements on the environmental impact of refrigerants, new
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alternatives with a low Global Warming Potential (GWP) have been introduced for
cooling technologies. The hydro-fluoro-olefins (HFOs) R1234yf and R1234ze(E)
are promising substitutes of R134a, which is widely used in cooling applications [5].
Moreover, R1234yf is already used in many automotive air conditioning systems. In
this perspective, R1234yf and R1234ze(E) represent a good choice for the two-phase
cooling of power electronics in electric vehicles and possible heat recovery for the air
conditioning system.
In the engineering perspective of using two-phase cooling with narrow channel heat
sinks, significant scientific challenges in studying the flow boiling heat transfer in a
narrow channel arise from the smaller length scales of the flow phenomena and the
relatively high level of heat fluxes that are of interest for engineering applications.
Due to the practical complexities arising from these experimental boundary con-
ditions, high-speed flow visualization and infrared temperature measurements have
been used more frequently as a tool to supply an additional characterization of the
heat transfer phenomena and foster a comprehensive description. However, the
current understanding of the flow boiling processes in narrow channels still lacks a
sufficient degree of generalization to substantiate the widespread use of two-phase
cooling in electronics. Moreover, studying two-phase cooling at high heat fluxes re-
quires exclusively the use of multi-channels geometries, whose thermal behavior is
further complicated by channel interactions, conjugate effects, and instabilities. In
this context, novel experimental investigations with a comprehensive characterization
of the thermal and fluid phenomena in the channels are needed.

1.2 Objectives of the study
This thesis aims to document the experimental analysis of the flow boiling of three
refrigerants in narrow channel heat sinks and highlight the phenomena encountered
during two-phase cooling in narrow channel geometries. Although the investigation is
not restricted to a specific domain, the study is oriented to using two-phase cooling
for power electronics in electric vehicles. For these reasons, the low-GWP fluids
R1234yf and R1234ze(E) were adopted for the investigation. In addition, R134a
was also included to contribute to the general discussion on the replacement of this
refrigerant by the low-GWP alternatives.
The investigation deals with a parametric analysis of the flow boiling heat transfer
in narrow channel heat sinks under a wide range of operative conditions, from few
W/cm2 to the critical heat flux (CHF). A quantitative analysis of the local heat
transfer coefficients is presented with the visual characteristics of the two-phase
flow obtained through a high-speed camera. The objectives of the thesis could be
summarized as follows:

• Setup the main experimental procedures and the methods of analysis of the
heat transfer during flow boiling in narrow channel heat sinks.

• Collect experimental data on the heat transfer performance and the critical heat
flux of R1234yf, R1234ze(E), and R134a in three narrow channel heat sinks at
several mass fluxes and two saturation temperatures.

• Study the effect of the operating parameters on the heat transfer performance
and the critical heat flux.

• Provide a visual characterization of the flow phenomena in the channels to
clarify the heat transfer mechanisms.
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• Evaluate the overall cooling capabilities of the investigated heat sinks in light
of their use for power electronics cooling.

• Assess the accuracy of existing empirical methods for the prediction of the
experimental heat transfer coefficients.

1.3 Organization of the thesis
The thesis has been structured into seven chapters, presenting the following contents:

• Chapter 1 presents the background and the motivation of the research work,
pointing out the main objectives of the thesis.

• Chapter 2 provides some basic definitions of two-phase flows and presents the
concepts and the literature relevant to the analysis of the flow boiling phe-
nomena in narrow channels. The chapter also reports the research questions
addressed by the thesis.

• Chapter 3 describes the experimental methods developed for the investigation.
The test rig, the test sections, the measuring instrumentation, and the test
methodologies are presented.

• Chapter 4 describes the methods used to analyze the heat transfer coefficients
and the calculation of the main variables of interest.

• Chapter 5 presents the experimental results of the investigation and the discus-
sion of the results.

• Chapter 6 presents an assessment of the prediction accuracy of the obtained
heat transfer data by empirical methods from the literature.

• Chapter 7 presents the conclusion of the study and recommendations for future
works.
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2 Background
The design of two-phase cooling systems for electronics requires the knowledge of
flow boiling in narrow geometries. Comprehending this topic is necessary to en-
sure proper design procedures for customized product development and optimization
studies. In particular, generalized knowledge of the effect of operating conditions,
channel geometry, and fluid type is desirable. Throughout this thesis, the terms
narrow channels and microchannels are both considered equivalent to indicate chan-
nels suitable to localized cooling of electronic chips. Investigations on flow boiling
in narrow channels could be categorized into two groups: studies on a single chan-
nel and studies on multi-channels. Single-channel studies are generally oriented to
the understanding of the specific physical processes driving the heat transfer. On
the other hand, studies in multi-channels geometries can be regarded as being more
application-oriented. In electronics cooling, multi-channel setups have the advantage
of mimicking real applications working at high heat flux. However, they may be less
appropriate for a segregated analysis of the effect of every single operating parame-
ter, as it could happen instead in a single channel setup. In this context, literature
presents a variety of experimental studies which have progressed the description of
all the relevant phenomena occurring in narrow channels from both a physical and
application-oriented perspective. Furthermore, together with experiments, several
prediction methods have been proposed to predict the thermal performance resulting
from the phenomena characterizing flow boiling in narrow channels. However, it is
apparent from the numerous reviews published on the topic in the last two decades
[4, 6–11] that a generalization on the physics of the problem and the related best
prediction methods have not yet been identified.
Due to the reduced dimensional scales, the study of narrow channels is practically
more challenging than conventional channels. Conventional channels represented
the basis for the development of the classic flow boiling theory. For narrow geome-
tries, scaling effects need to be investigated and accounted for in prediction methods.
The diagrams in Figure 2.1 and Figure 2.2 illustrate schematically the major topics of
study and approaches that emerge from the literature in the characterization of the
saturated flow boiling heat transfer in narrow channels. Narrow channel geometries
are often characterized by instabilities. So, many studies addressed the characteri-
zation of these instabilities or the heat transfer mechanism during stable conditions.
Last but not least, the critical heat flux has been the object of many investigations.
The present chapter presents the parts that are deemed to be the most related to
the present work.
The concepts developed for the classic flow boiling theory in conventional chan-
nels are presented in Section 2.1. Section 2.2 elaborates on the phenomenological
changes taking place when channel size is reduced in flow boiling and presents the
methods proposed to track these variations. Section 2.3 presents heat transfer stud-
ies on multi-channel test setups, while Section 2.4 focuses on a brief presentation
of the instabilities in narrow geometries. Finally, Section 2.5 elaborates on the main
findings on the critical heat flux for narrow multi-channels. The problem statement
and the research questions addressed by the present work are presented in Section 2.6.
Section 2.3.1 is partly based on what was published in “Experimental Characterization
of the Heat Transfer in Multi-Microchannel Heat Sinks for Two-Phase Cooling of
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Power Electronics” [12].
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Figure 2.1: schematic representation of the major topics of study in saturated flow boiling
heat transfer in single narrow channels, description and prediction approaches.

2.1 Flow boiling in conventional channels
Boiling is a phenomenon in which a liquid-to-vapor phase change occurs as a result
of heat transfer to the fluid. In particular, flow boiling refers to a condition in which
an external pressure gradient imposes a bulk flow motion. In contrast, in pool boiling
the flow motion results from a density gradient and body forces. During flow boiling
in a channel, the geometrical arrangement of the liquid and vapor phase in the space
is defined by the concept of the flow patterns. Flow patterns are a convenient
definition that helps grouping experimental observations carried out under a wide set
of operative conditions. Following the flow pattern classification presented in Collier
and Thome [13], considering a vertical tube where a sub-cooled liquid flow is heated
to superheated vapor, the flow patterns observed are bubbly flow, slug flow, annular
flow, annular flow with entrainment, drop flow and, finally, single-phase vapor. The
flow pattern is strictly related to the amount of vapor present in the section (area
void fraction), and it has an intimate influence on the physical mechanism driving the
heat transfer from the wall. Different heat transfer zones can be identified along the
conduit depending on the flow pattern present. With reference to Figure 2.3, these
zones are briefly described in the following. In the inlet part of the tube, the flow
is sub-cooled, and heat is transferred by convection at the wall. As the flow passes
through the tube, the wall temperature becomes sufficiently high to make bubbles
nucleate at the wall – This condition corresponds to the Onset of Nucleate Boiling
(ONB). The bubbles’ heating eventually raises the mean bulk flow temperature to
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Figure 2.2: schematic representation of the major topics of study in saturated flow boiling
heat transfer in narrow multi-channels, description and prediction approaches. The red path
indicates the topics/approaches involved in the present thesis.

the saturation level, and the saturated boiling starts. This point corresponds to
the achievement of the saturated liquid enthalpy for the bulk fluid flow. Under this
condition, bubbly flow is observed in the tube, and the heat transfer from the wall
takes place through nucleation at the wall. After establishing saturated flow boiling,
further heating increases the net vapor generation, and the bulk fluid temperature
does not increase along the tube. Bubbles eventually coalesce to generate vapor
slugs that move together with the bulk flow. However, the nucleation still drives
the heat transfer at the walls. The breaking of the vapor plugs eventually leads to
an annular flow, where vapor and liquid are well separated. The latter is in contact
with the walls, and the former flows at the core of the tube. Under these conditions,
nucleation can not be sustained anymore by the wall superheat. The evaporation
governs the heat transfer process at the liquid-vapor interface through convective
heat transfer in the liquid film. The increasing speed of the vapor at the core of
the flow eventually drags the liquid film from the tube wall and generates an annular
flow with liquid entrainment in the vapor core. Kelvin-Helmholtz instabilities at the
liquid-vapor interface may arise, generating waves at the interface. The liquid film
flowing on the tube wall eventually dries out, leaving the wall in contact with a drop
flow. In this liquid deficient region, the heat transfer at the wall is controlled by
vapor convection, which is generally worse than the other conditions and increases
wall temperature. The occurrence of contact between the wall and the vapor is
termed dryout.
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Figure 2.3: illustration of flow boiling in a vertical tube taken from Collier and Thome [13].

Both empirical and mechanistic models have been proposed to predict the heat trans-
fer coefficient following these fluid flow phenomena. Empirical models are mostly
used, and they are based on the idea that the dominating heat transfer mechanism
shifts from a nucleate boiling dominated condition to a purely convective one as the
vapor quality increases. An example is the correlation by Chen [14] for vertical tubes
or Shah’s correlations [15] for horizontal tubes and annuli. These models rely on dif-
ferent ways of combining the nucleate boiling contribution and the convective one.
Flow pattern-based models rely on the identification of the flow pattern through a
flow map and the description of the heat transfer mechanism for each flow pattern.
An example of this approach is the method by Kattan et al. [16].

In a nucleate boiling-dominated condition (i.e., during a bubbly flow or at a low vapor
quality), the heat transfer from the wall to the fluid can be considered as the result of
three dominating mechanisms [17]: bubble agitation (I), vapor-liquid exchange (II)
and microlayer evaporation (III). During bubble growth and the subsequent departure,
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the bubble exchanges momentum with the surrounding liquid, resulting in a local
enhancement of the heat uptake at the wall (I). Fresh liquid replenishment at the
bubble departure location determines a sensible heat uptake by the flow (II). The
superheated liquid trapped between the wall and the bottom of the bubble evaporates
quickly and determines a significant heat uptake for the fluid (III). In this condition,
the heat transfer coefficient in its classic definition results from various phenomena
associated with bubble nucleation and not to a convection coefficient. General heat
transfer correlations used for refrigerants and organic fluids during nucleate boiling
are those by Cooper [18] and Gorenflo [19]. In a convection-dominated condition
(i.e., annular flow or at high vapor quality), the heat transfer from the wall to the
fluid results from convection through the liquid film at the wall. The heat transfer
coefficient is dependent on the vapor quality, liquid velocity, and the fluid properties of
the liquid film on the heated walls. An example of a general heat transfer prediction
method for the heat transfer coefficient during annular flow is the one by Thome
and Cioncolini [20].

Since a connection between the dominating heat transfer mechanism and the effect
of the operating parameters on the heat transfer coefficient exists, these effects
are often used to infer from the experimental data the dominating heat transfer
mechanism and thus the occurrence of a nucleate boiling-dominated mechanism or a
convection-dominated one. For this reason, when the local heat transfer coefficient
increases with the vapor quality and the mass flux, the flow is commonly defined as
being convection-dominated. On the other hand, when the heat transfer coefficient
increases with the heat flux and the saturation temperature, the flow is commonly
defined as being nucleation-dominated. According to a phenomenological description
of the flow, the nucleation-dominated condition corresponds to a bubbly flow, while
the convection-dominated condition matches the presence of an annular flow. These
two ideas represent the starting basis for describing the flow boiling phenomena in
narrow channels presented next.

2.2 Flow boiling in narrow channels
The study of flow boiling in narrow channels has sparked an intense interest mainly
for its application in electronics cooling, which initially started with the study of liquid
flows in small channels [21]. However, the scope of application of microchannels is
much broader, as reviewed in [22]. Compared to conventional channels, heat fluxes
are generally higher in narrow channels, and the dimensional scale is reduced. The
reduced channel size brings to some appreciable phenomenological changes in the
characteristics of the flow. As an example, any asymmetry in the flow patterns
related to gravity disappears. This change is a consequence of the dominance of
surface forces over body forces at reduced channel sizes. Additionally, in narrow
channels, bubbles could experience confinement during growth, leading to flow-wise
elongation. Significant elongation could also arise from a rapid bubble coalescence
in confined spaces. These phenomenological changes were deemed responsible for
the general unsuitability of classic empirical methods in predicting heat transfer in
narrow geometries. As a consequence, the concept of macro-to-micro transition can
be found in the literature.

The macro-to-micro transition needs the definition of a suitable reference for what
is macro and what is instead micro. For example, in a context of an empirical de-
scription of flow boiling, a macro-to-micro transition limit could be indicated by the
size of the channels under which correlations for conventional tubes are not accu-
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rate anymore, simply because they cannot be extrapolated as they are empirical.
A dimensional macro-to-micro transition threshold was proposed by Kandlikar and
Grande [23], which identified narrow channels (mini- and micro-) as those with a
diameter below 3 mm. Dimensional manufacturing limits influenced this threshold.
This definition, which has been used to some extent in the literature, has the ad-
vantage of being well-defined and somehow consistent with the empirical approach
that dominates in the description of flow boiling. However, this transition criteria
does not track the mentioned phenomenological changes of the two-phase flow as
the channel size is reduced, which is still a challenge from a scientific point of view.
Even though phenomenological changes occur from the dominance of surface forces
over body forces, using the ratio of body forces to surface forces to define a threshold
criteria may be an inapplicable definition of the macro-to-micro transition. As shown
in Celata et al. [24], microgravity experiments (i.e., surface forces dominate) may
still exhibit a macro-channel behavior. As suggested in Baldassarri and Marengo [25],
the only change in macro-to-micro transition could be the presence of a confined/e-
longated bubbles, to which a yet unpredicted heat transfer mechanism is related. In
light of this interpretation, the study of the macro-to-micro transition would corre-
spond to the search for the best non-dimensional group that can comprehensively
track the change in general fluids’ flow pattern and heat transfer mechanism as the
channel size is reduced. Macro-to-micro transition criteria were proposed by Kew
and Cornwell [26] (based on the Confinement number Co), Li and Wang [27] (based
on the capillary length λ), Cheng and Wu [28] (based on the Bond number Bd),
Ullmann and Brauner [29] (based on the Eötvös number Eo) and Harirchian and
Garimella [30] (based on a convection-confinement number Bo0.5 × ReLO). All these
criteria are giving different values as the threshold diameter for the transition. Addi-
tional work is still needed to find a comprehensive method to track all the changes
occurring in flow boiling as the channel size is reduced. Since no agreement exists yet
on the transition criteria for a tube to be considered a microchannel, in the present
thesis the terms microchannels and narrow channels are used generally to indicate
small-scale channels suitable to localized cooling of electronic chips, as remarked at
the start of this chapter.

From the heat transfer perspective, the study of flow boiling in narrow geometries has
been oriented to identifying the dominating heat transfer mechanism and developing
suitable prediction tools. Following the approach used in conventional channels, the
heat transfer mechanism was labeled as convection-dominated when the dependence
on the mass flux and the vapor quality was observed and nucleation-dominated when
the dominance of the heat flux was observed. At the macroscale, the shift from the
two heat transfer regimes is generally accounted for through the vapor quality. How-
ever, as highlighted by Thome [6], the identification of the heat transfer mechanism
through this criteria may not be applicable when significant confinement is present
in the channel, and the verification of the flow pattern should be performed. Flow
confinement may lead to elongated bubbles and dominance of thin-film evaporation
in the heat transfer mechanism even at very low vapor qualities. The evaporation of
a thin film indicates similarities to the evaporation of the micro-layer during nucleate
boiling, and it leads to a complex dependence of the local heat transfer coefficient on
the vapor quality and the heat flux. An attempt to show this complex dependence
has been accomplished by developing the so-called three-zones model [31]. In par-
ticular, this model associates the dependence of the heat transfer coefficient on the
heat flux to the generation frequency of the bubbles that get confined. In practice,
what would be conventionally defined as nucleation-dominated could be a thin-film
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evaporation process, which is dominated by convection. It is clear that in this con-
troversial context, flow visualization becomes an essential tool to discriminate on the
nature of heat transfer mechanism and identify suitable prediction tools.

As highlighted in Karayiannis and Mahmoud [4], different groups of researchers have
observed different behavior of the heat transfer coefficient with the heat flux and
the vapor quality when narrow channels are studied. Together with the presence of
significant bubble elongation, which complicates the identification of the classic heat
transfer mechanism, another element contributing to this discussion is the obser-
vation of bubble nucleation in the liquid between elongated bubbles or in the liquid
film of annular flows in rectangular channels [32–34]. This characteristic may result
from the channel corners assisting nucleation when high heat fluxes are involved in
the heat transfer process, jeopardizing the conventional idea that an annular flow
may exchange heat mainly through convection. Other discriminating elements for
the presence of significant bubble nucleation in annular flows could be wettability
and surface characteristics resulting from the manufacturing process [4]. Beyond
the possibility of bubble nucleation in the liquid film of annular flows, challenging
interpretations of experimental results may arise from flow instabilities due to signifi-
cant bubble confinement. During instabilities, generally captured by high-speed flow
visualization or through the analysis of pressure signals, the interpretation of the
heat transfer mechanism as derived from conventional channels working in steady
conditions may be misleading. Instabilities in narrow channels were discussed in the
literature [35, 36]. In general, it emerges from the literature that no agreement
exists yet on the effect of the primary parameters on the heat transfer coefficient
during flow boiling in narrow channels. Beyond the study of scarcely explored ef-
fects (i.e., wettability and surface characteristics), the disagreement present in the
literature indicates that narrow geometries require the coupling with the flow visu-
alization to characterize the heat transfer phenomena occurring in the channels and
the development of a sound physical basis for its analysis.

Narrowing the scope of study to low-GWP refrigerants, the flow boiling of R1234yf in
a single tube was investigated in several studies [37–42]. Studies involving moderate
heat fluxes showed a complete dependence of the heat transfer coefficient on the
heat flux [38, 40, 41] while in low-to-moderate heat flux, a convective mechanism
dominated mainly at high vapor qualities [37, 39]. These dependencies were also
found in Sempértegui-Tapia and Ribatski [42]. The flow boiling of R1234ze(E) in
a single tube was investigated in Tibiriçá et al. [43] and Sempértegui-Tapia and
Ribatski [42]. Despite the moderate heat fluxes, Tibiriçá et al. [43] observed that
the heat transfer coefficient in a wide range of conditions was dominated by the vapor
quality, possibly due to significant confinement taking place in their 1 mm and 2.2
mm test tubes. The influence of both the mass and heat flux on the heat transfer
coefficient was obtained with low-to-moderate heat fluxes in [42].

2.3 Heat transfer during flow boiling in narrow multi-channels
The study of multi-channel test sections is relevant to understand the heat transfer
behavior of flow boiling in conditions mimicking real applications. Compared to the
case of single tubes, the experiments in multi-channels can generally reach higher
heat fluxes. However, the experiments involve a variety of conditions that differ-
entiate multi-channels from a single channel. These conditions are parallel channel
instabilities, asymmetric heating, thermal interactions between adjacent channels,
possible conjugate effects, and generally smaller test sections. For this reason, multi-
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channels are generally studied separately than single-channel. However, the concepts
of convection-dominated and nucleation dominated heat transfer processes, as used
for single conventional tubes, are often extended to these geometries too. Experi-
mentally, one of the significant differences of multi-channel compared to the single-
channel case is the necessity of measuring the thermodynamic conditions only at the
inlet and outlet of the channels and the absence of a pre-heater to control the local
vapor quality. This condition results in the continuous coupling between the applied
heat flux and the local vapor quality in the test sections (the only exception is the
study by Bertsch et al. [44]). Another characteristic of multi-channels geometries is
that the channel length is always relatively short (typically from 10 to 30 mm), and
the channel depth-to-with ratio is larger than 1.

Studies in multi-channel test sections were oriented to identify the change in the heat
transfer coefficient with the heat flux, mass flux, or the vapor quality at prescribed
locations in the channels and explain the heat transfer mechanism. In a study by
Lee and Mudawar [45], vapor quality was suggested to control the heat transfer
coefficient through thin film evaporation during annular flow. The effect of heat
flux on the heat transfer coefficient was observed only at low vapor qualities. The
heat transfer coefficient was observed to decrease with the vapor quality, which is
a characteristic also observed in a study by Steinke and Kandlikar [46] with water
and Xu et al. with acetone [47]. The high-speed flow visualization in Xu et al.
[47], Hetsroni et al. [48] and Wang and Cheng [49] revealed that the confinement of
bubbles during boiling could lead to a significant disturbance on the flow of a channel
and generate instability in the mass flux distribution and the heat transfer phenomena.
The unsteadiness may result in alternating flow patterns with corresponding different
heat transfer mechanisms, especially when fluids with high surface tension (like water)
are considered at high heat fluxes. Flow instabilities are generally connected to the
presence of oscillations of differential pressure over the channels. Further details on
these instabilities are provided in Section 2.4. These observations on instabilities
led to the necessity of evaluating their presence during flow boiling or introducing
practical modifications in the setups to avoid them. The standard solution adopted
to avoid instabilities is to place inlet orifices at the inlet of the channels [50, 51].

As concerns the study of refrigerants during flow boiling in multi-channels, studies
were conducted on both silicon and copper microchannels mainly with R134a [34,
44, 45, 52–54], R245fa and R236fa [50–52, 55–60]. Few studies are available with
the fluid HFE7100, [61–64], R1234ze(E) [51, 56, 58, 65] and R1233zd(E) [66, 67],
while no study is available for R1234yf. Due to the variety of experimental conditions
and channel geometries, in addition to an unclear definition of confined flow boiling,
it is relatively hard to provide a generalized conclusion from these studies. The
most common observation is that, before the occurrence of dryout, nucleate-boiling
correlations seem suitable for the empirical prediction of the heat transfer coefficient
with respect to the heat flux. Only a few studies show a significant effect of the vapor
quality and the mass flux. As mentioned in Section 2.2, the definition of a nucleation-
dominated heat transfer was criticized by Thome [6], which proposed a description of
the experimental results through flow-pattern based models. However, the building
blocks of this approach have not been validated extensively, and flow visualization
in small channels may be challenging to obtain in some cases. Flow pattern-based
models were also proposed by Harirchian and Garimella [68].
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2.3.1 Studies on R134a in narrow multi-channels
Table 2.1 presents a list of selected investigations conducted with R-134a in copper
multi-microchannels heat sinks. For a comprehensive review of the works conducted
with other fluids and other heat sink materials, the reader may refer to the review
by Karayiannis and Mahmoud [4]. Bertsch et al. [44] investigated the heat transfer
performance of R-134a during flow boiling in a parallel array of 17 channels having
a cross-section of 762 µm × 1905 µm, a wall thickness of 762 µm, and a heated
length of 10 mm. A pre-heater controlled the inlet vapor quality to the test section.
An increasing and decreasing trend of the local heat transfer coefficient with respect
to the local vapor quality occurred for all the conditions tested. The heat transfer
coefficient was influenced by mass flux and heat flux, while the saturation temperature
did not significantly affect the performance. In a later study by the same authors
[52], R-134a and R-245fa were compared in two geometries with rectangular sections
of 762 µm × 1905 µm and 381 µm × 953 µm. The mass fluxes ranged between
20 kg/m2s and 350 kg/m2s. Again, the local heat transfer coefficient followed an
increasing and decreasing trend with respect to the local vapor quality. The heat
flux strongly influenced the heat transfer coefficient, leading to the conclusion that
nucleate boiling dominated the heat transfer mechanism. Good predictions of the
experimental data by the Cooper correlation [18] corroborated the nucleate boiling
hypothesis. Similarly, in Madhour et al. [53], the authors observed dominance of
the heat flux on the heat transfer coefficient. They presented flow boiling data
for R-134a in a heat sink with 100 microchannels, having a 100 µm width and
680 µm height, with 72 µm channel wall. A nominal saturation temperature of 63
◦C and a maximum heater temperature of 85 ◦C characterized the investigation.
The heat transfer coefficient increased with the local heat flux for the range of
conditions tested, while vapor quality had an effect only at 250 kg/m2s, which was
the lowest mass flux tested. Do Nascimento et al. [54] investigated experimentally a
microchannel heat sink comprising 50 parallel channels with a channel width of 100
µm and a wall thickness of 200 µm, at a saturation temperature of 25 ◦C. The study
was conducted keeping a constant average vapor quality in the microchannels and
varying the operating mass flux. Under these conditions, the authors observed that
the heat transfer coefficient increased with the operating mass flux, corresponding
to a higher channel heat flux. The observed behavior of flow boiling was similar
to the one observed in Bertsch et al. [44]. Fayyadh et al. [69] investigated a set
of 25 parallel channels of 300 µm × 700 µm, with a separating wall of 200 µm.
The investigated mass flux ranged between 50 kg/m2s and 300 kg/m2s, and the
nominal saturation temperature was 30 ◦C. Their investigation showed a heat transfer
coefficient strongly dependent on the heat flux. Flow instabilities were observed and
recognized as an important effect that influences the heat transfer performance and
the control over the operational conditions. The impact of the mass flux on the
heat transfer coefficient could not be inferred due to flow maldistribution caused by
instabilities. Flow visualization showed that the bubble nucleation was still present
in the liquid film of slug and annular flows. Finally, their data were well-predicted by
Mahmoud and Karayannis’ correlation [70], as well as the Cooper correlation [18].

On the other hand, the dominance of convective effects and film evaporation on the
heat transfer was highlighted in [71–73]. Lee and Mudawar [71] obtained measure-
ments of the local heat transfer coefficient at different vapor qualities by decreasing
the channel mass flux at a constant heat flux. A bubbly flow was observed only at
low vapor qualities, while higher vapor qualities led to annular flow. The authors
explained the heat transfer performance in the annular regime with thin-film evapo-
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Study N Hch Wch Dh Lch Wwall G pred Comax Bomax · 103
[-] [ µm] [ µm] [ µm] [mm] [ µm] [kg/m2s] [-] [-] [-]

[71] 53 713 231 349 25.3 231 127-654 0.10 2.61 8.22
[44] 17 1905 762 1089 9.5 762 20-80 0.14 0.79 8.24

[52] 33 953 381 544 9.5 381 42-334 0.14 1.60 3.90
17 1905 762 1089 9.5 762 334 0.14 0.79 3.20

[53] 100 680 100 174 15.0 72 205-1000 0.44 3.57 6.30
[54] 50 500 100 166 15 200 400-1500 0.14 5.06 1.10
[72] 27 470 382 421 40.0 416 150-600 0.12 2.10 1.51
[69] 25 700 300 420 20.0 200 50-300 0.16 2.00 5.93
[73] 27 470 382 421 40.0 416 800-1200 0.13 2.2 3.48

Present
17 1200 300 480 10.0 300 250-1100 0.16 1.66 12.16
25 1200 300 480 10.0 100 250-1100 0.16 1.66 12.61
25 1200 200 343 10.0 200 250-1100 0.16 2.32 8.79

Table 2.1: list of previously investigated conditions for flow boiling of R-134a in copper heat
sinks and nominal test conditions of the present study.

ration. Similarly, a heat transfer mechanism depending on the local vapor quality was
observed in [72, 73]. Quantitative measurements and flow visualization supported
the conclusion that annular flow with thin-film evaporation gradually suppressed the
bubble nucleation.

2.4 Flow instabilities in narrow multi-channels
Instabilities are to some extent continuously present in flow boiling due to the coupling
between heating, vapor generation, flow acceleration, and pressure drop. Two-phase
flow instabilities were presented in various articles starting from the 1970 [74–77] and,
recently, a descriptive review on these phenomena was given by O’Neill and Mudawar
[36]. In a generalized perspective, flow patterns transition or the occurrence of the
boiling crisis (heating above the critical heat flux) can be considered as the result of a
static instability, i.e., a transition from an unstable working condition to a new stable
working condition. Another static instability is the Ledinegg or excursive instability
[78]. Together with the static instabilities, also dynamic instabilities can occur. Flow
boiling in narrow channels is very susceptible to dynamic instabilities, which have been
investigated to some extent [49, 79–82]. The importance of describing instabilities
relies on the possibility to predict their occurrence and thus avoid them. The presence
of an unstable flow may lead to a degradation of the thermal performance (for
example, a premature critical heat flux) or generate failures by thermal fatigue in
some cases. Moreover, the identification of instabilities is necessary to understand
experimental results that would otherwise be misinterpreted if these phenomena were
not taken into account. For a description of static and dynamic instabilities in macro-
and micro-scale channels during flow boiling, the review by O’Neill and Mudawar can
be used as a reference [36]. Identifying and modeling two-phase flow instabilities is
a complex task.

In this section, just a qualitative description of phenomena relevant to narrow multi-
channels is given, following what has been observed in experimental studies. The
majority of the works available in the literature presented the phenomenology of
the instabilities, the onset [49, 83–85] and the suppression methods (as reviewed
in [35]). In narrow channels, bubble confined growth may generate a significant
disturbance on the bulk flow of the channel, resulting in a temporary pressure build-
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up and channel clogging [79, 86]. This disturbance may trigger complex fluid and
thermodynamic interactions between the flow in the channels, the channel walls
(which could act as heat accumulators), and compressible volumes (which could
act as pressure accumulators). The resulting flow behavior is highly dynamic and
results in wall temperature and pressure drop oscillations of different amplitudes and
frequencies. The most common method to prevent these oscillations is to dampen
fluid interactions between adjacent channels by using inlet orifices [51]. However,
comparative analyses of the heat transfer with and without orifices are scarce. Parallel
channels interaction often results in flow reversal, which is commonly identified with
the appearance of vapor pockets in the inlet plenum [34, 45, 49]. These pockets
are associated with the growth and elongation of a bubble confined in a channel.
This phenomenon is generally associated with pressure drop oscillations and makes
the mass flow rate distribution among the channels unsteady. These phenomena are
generally taking place at low mass fluxes, when the magnitude of the momentum
of the bulk liquid flow entering the channel may be comparable to the force of the
disturbance generated by the pressure build-up during nucleation [87]. When the
critical heat flux is reached during a parallel channel instability, it is often referred to
as a premature critical heat flux [88]. Flow rate oscillations resulting from instabilities
may lead to a premature drying of the heat transfer surface. The thermal and fluid-
dynamic interactions in small heat sinks with narrow channels represent a serious
complication of the flow boiling heat transfer. From an implementation point of
view, either inlet orifices are used to dampen channel-to-channel interactions, or high
mass flow rates are used to operate the system. However, both solutions require an
increase in the pressure drop.

2.5 Critical heat flux in narrow multi-channels
The critical heat flux is a physical limit identified as the maximum heat flux that
a system can dissipate before a violent deterioration of the heat transfer process.
This deterioration leads to a significant increase in the operating temperature of the
system, possibly leading to its failure, i.e., burnout. In electronics cooling, the CHF
at the footprint represents the maximum heat flux achievable for the chip. Thus,
it is a limit working condition that is useful to know for a safe design. The typical
physical phenomenon associated with the CHF is an extended contact between the
wall and the vapor phase, resulting from a variety of phenomena, one of which is
the shearing of the liquid film by the vapor phase. However, the definition of CHF is
barely a practical one in flow boiling studies in multi-channels.
Several geometric parameters and operative conditions affect the critical heat flux
in multi-channel setups. These are typically channel size, heated length, fluid, mass
flux, inlet sub-cooling, and saturation temperature. As a general observation, CHF
increases with increasing mass flux. However, some inconsistencies were found for
the effect of the saturation temperature and the inlet sub-cooling. In particular,
the effect of flow subcooling may be altered during experiments by the presence of
vapor backflow during instabilities and flow reversal [89]. The effect of saturation
temperature on the CHF in a multi-channel heat sink is also not well defined. Koşar
and Peles [90] observed the existence of an optimum saturation temperature in their
investigation. Park and Thome [91] found a dependence related to the channel size,
but its effect was deemed to be insignificant. Agostini et al. [50] and Mastrullo et
al. [92] found an insignificant effect or a slightly increasing trend of the CHF with
the saturation temperature, while Mauro et al. [93] and Dalkılıç et al. [73] observed
a decrease in CHF with increasing saturation temperature. The opposed effects
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observed in these studies could be related to two counteracting trends. On the
one hand, the increased vapor-to-liquid density ratio reduces the liquid entrainment
and vapor shear of the annular film, thus increasing the stability of the annular
film and increasing the CHF. On the other hand, the reduction in the latent heat of
vaporization and the surface tension leads to a less resistant film, which is evaporated
faster, thus decreasing the CHF.
The effect of geometric parameters on the CHF was studied in Bowers and Mudawar
[94] and Park and Thome [91] . In general, they observed that the wall CHF increased
with the channel diameter for a given mass flux. This result is consistent with CHF
investigations in a single channel. However, Hong et al. [95] found a decrease in
channel wall CHF with increasing diameter. The effect of the heated length can be
observed by comparing the results of Park and Thome [91] with the split flow system
adopted in Mauro et al. [93] for the same geometry. Mauro et al. [93] reported
a CHF increase of up to 80 % on the footprint level. Concerning the length-to-
diameter ratio, the CHF was observed to decrease with the length-to-diameter ratio,
which was also found at low mass fluxes in the investigation by Mastrullo et al.
[92]. However, at higher mass fluxes, their results indicated the opposite trend. The
literature is scarce for what concerns the investigation of the effect of geometric
parameters.
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2.6 Summary and problem statement
Flow boiling in narrow channels offers the possibility to capitalize on enhanced heat
transfer area and large heat transfer coefficient to take on future challenges in the
thermal management of electronics. However, a general understanding of the thermal
phenomena occurring in narrow channels is still far from being complete. Due to the
variety of phenomena in narrow multi-channel heat sinks, the studies in this field have
developed through many application-oriented experimental studies. This is also the
case for the present investigation. In particular, a multi-channel test setup mimicking
a cold plate for power electronics cooling is analyzed under a wide range of conditions.
The investigation aims to contribute to the general discussion on the heat transfer
phenomena characterizing flow boiling in narrow multi-channels. Low-GWP fluids
R1234yf and R1234ze(E), used in the air conditioning system of electric vehicles,
were employed in the investigation together with R134a. To present, no data is
available for R1234yf in multi-channel heat sinks, while studies on R1234ze(E) are
scarce and concentrated on low heat fluxes. Since flow pattern identification has
been proven to be necessary for the study of flow boiling in narrow geometries,
the measurements in the present study were coupled with high-speed flow images
performed over the entire channel length. This also allowed for the inspection of
flow instabilities. The wall temperatures at the footprint of the heat sinks were
obtained through an IR camera, allowing a distributed measurement of the heat
transfer coefficient. The effect of the heat sinks geometry was investigated by
comparative analysis of three heat sinks, highlighting, in particular, the effect of the
separating wall thickness. While numerous studies are performed at low to moderate
heat fluxes, the present investigation covers a wide range of heat flux conditions, from
low values to the CHF, and highlights the full behavior of the heat sinks with the
dissipated heat flux. Inlet orifices are used to minimize the fluid-dynamic interactions
among adjacent channels. Following the open points that emerged from the literature
survey, the following questions are addressed through the thesis:

• Question 1: how are the measured heat transfer coefficients related to the
flow images obtained with the high-speed camera? What are the heat transfer
mechanisms?

• Question 2: what is the effect of the inlet orifice on the measured local heat
transfer coefficient?

• Question 3: what are the heat transfer characteristics of R1234yf and R1234ze(E)
during flow boiling in a microchannel heat sink, and how do they compare with
R134a? What is the dominating heat transfer mechanism as the heat flux is
increased?

• Question 4: how does the geometry (channel width, separating wall thickness)
affect the local heat transfer coefficients and the overall cooling performance
of the heat sinks?

• Question 5: how much is the critical heat flux? How does the critical heat flux
change with the operative conditions of the heat sink?
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3 Experimental setup
This chapter presents a description of the test rig and the experimental procedures
adopted throughout the study. The test rig for the flow boiling experiments was
designed to investigate the heat transfer characteristics of narrow channels heat
sinks (also called microchannel heat sinks throughout the chapter). The test section
was conceived to handle high heat flux dissipation and working pressures up to 20
bar. The maximum operating temperature of the test section was 165 ◦C since the
study was oriented to power electronics cooling. The heat sink (referred to as the
baseplate) was built and assembled mimicking a cold plate for power electronics. The
test rig was composed of an instrumented refrigerant loop with the test section, three
auxiliary water loops interfaced with the central cooling system of the laboratory, and
a remote online LabView interface for monitoring and data recording. The test rig
was designed and built at the Department of Mechanical Engineering at the Technical
University of Denmark in the context of the CoolMod project. Figure 3.1 shows the
experimental test rig.

The content of this chapter is partly based on what was published in ”Experimental
Characterization of the Heat Transfer in Multi-Microchannel Heat Sinks for Two-
Phase Cooling of Power Electronics” [12].

Figure 3.1: the test rig.

3.1 The refrigerant loop
The refrigerant loop was the main circuit of the test rig. The PI diagram is illustrated
in Figure 3.2. The rig was a two-phase pumped loop, where a slightly sub-cooled
flow of refrigerant was heated to boiling conditions inside the test section. The loop
comprised all the components necessary to adjust the operating condition of the flow
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Figure 3.2: PI diagram of the refrigerant loop.

in the test section, where the heat transfer measurements took place. The refrigerant
was accumulated into a cylindrical receiver with an internal coil. Before entering the
test section, the liquid from the receiver was sub-cooled in a plate heat exchanger,
then it went through a gear pump, it was heated by an electric preheater and then
throttled in a needle valve. After boiling in the test section, the two-phase mixture
was condensed in a plate heat exchanger and gathered back into the receiver, closing
the loop. A 7 µm filter was mounted before the test section and a dry filter before
the pump suction. Sight glasses were placed in various positions along the loop to
verify the state of the flow visually. The components in the refrigerant loop were used
to adjust the three main experimental boundary conditions: the saturation pressure
at the outlet of the test section, the mass flux in the channels of the baseplate, and
the inlet sub-cooling. The mass flux in the channels was set by adjusting the speed
of the pump’s motor, which was controlled manually through a frequency drive. The
saturation pressure at the outlet of the test section was controlled by adjusting the
water temperature fed to the receiver’s inner coil. Finally, the sub-cooling at the
test section was controlled by adjusting the heating power of the preheater. All the
temperature set-points and the heating powers were controlled through the Labview
interface. The refrigerant loop was instrumented with thermocouples, absolute and
differential pressure transmitters, and a mass flow meter. Further details on the
components are presented in section 3.4.

3.2 The auxiliary water loops
The secondary side of the condenser, the sub-cooler, and the inner coil of the receiver
were fed by auxiliary water loops. These loops interfaced with the central cooling
system of the laboratory through plate heat exchangers, as shown in Figure 3.3.
These auxiliary loops comprised a pump, an electric heater, a mixing valve, and air-
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Figure 3.4: illustration of the cross-section of the test section.

release valves. The loops were operated at a constant mass flow rate, while the
mixing valve was controlled to modulate the heat exchange with the refrigerant.

3.3 The test section
The test section was the core of the refrigerant loop. It consisted mainly of an
interchangeable copper baseplate fixed into a steel chassis. Figure 3.4 illustrates a
schematic view of the cross-section of the test section, while an exploded view is
depicted in Figure 3.5a. From a functional perspective, the test section was made
of five parts: the copper baseplate, the micro-heater, the PolyEtherEtherKethone
(PEEK) inserts, the steel chassis, and the top cover. The steel chassis was directly
soldered to the piping of the refrigerant loop and featured successive fluid routing
to bring the refrigerant flow to the inlet plenum of the channels. The entire test
section was insulated with polyurethane foam.

3.3.1 The copper baseplate
The copper baseplate was the main part of the test section and comprised the par-
allel microchannels. The baseplate was obtained from an Electrolytic Tough Pitch
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Figure 3.5: exploded view of the test section assembly (a), top view of the baseplate (b),
bottom view of the baseplate (c), exploded view of the baseplate (d).

copper substrate (C101/CW004A, 33 mm × 38 mm × 4 mm) where the parallel mi-
crochannels and the inlet and outlet manifolds were micro-milled by a CNC machine.
A CAD model of the baseplate is reproduced in Figure 3.6. The copper baseplate
also featured a groove for sealing with a rubber o-ring and four hole cut needed
for mounting purposes. The bottom of the baseplate featured a 23 mm × 12 mm
× 0.2 mm groove for accurately applying solder paste used to vacuum-solder the
micro-heater chip to the copper baseplate. The parallel channels covered a nominal
square area of 1 cm2 at the center of the baseplate. Three copper baseplates with
different channel characteristics were manufactured. For convenience in the anal-
ysis, each baseplate was labeled with a letter. The geometric features of each of
the baseplates are reported in Table 3.1. The details on the characterization of the
geometrical features are described in Section 3.5.

Label Hch,nom Wch,nom Wwall,nom Hch Wch Wwall Dh uDh
N

[µm] [µm] [µm] [µm] [µm] [µm] [µm] [µm] [−]

Geometry A, D* 1200 300 300 1176 293 306 470 21 17
Geometry B, E* 1200 300 100 1193 283 115 457 7 25
Geometry C, F* 1200 200 200 1167 198 200 338 25 25

Table 3.1: measured channel geometry for each baseplate. The asterisk (*) indicates the
label used if inlet orifice are present at the inlet of the channels.
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Figure 3.6: CAD model of a copper baseplate.

3.3.2 The microheater
The microheater was the heating element of the test section. It was custom-designed
to allow for infrared temperature measurements, reproduce a uniform heat flux at
the channel’s footprint, and mimic a real power electronics application. It was man-
ufactured by vapor deposition (5 nm Ti and 883 nm Pt) on a 350 µm silicon wafer.
The platinum Pt was deposited following two serpentine shapes obtained by a se-
quence of heating lanes of 235 µm spaced by 80 µm, as shown in Figure 3.7. Each
serpentine featured connection pads for interfacing with a power supply. Four 4-wire
platinum resistance thermal detectors (RTDs) were obtained by vapor deposition in
the interstices of the serpentine. The RTDs were located in the interstices of the
serpentine at 1/8, 3/8, 5/8, and 7/8 of the flow-wise length of the channels. The
positions corresponded to 0.125 cm, 0.375 cm, 0.625 cm and 0.875 cm from the
channel inlet. The serpentine deposition covered a nominal square area of 1 cm2,
which corresponded and was aligned to the square footprint of the microchannels.
The correct vertical positioning of the microheater was assured by using a chip fixture
during the vacuum soldering. The bottom of the microheater was vapor-deposited
with 10 nm Ti, 500 nm Ni and 50 nm Au to improve the vacuum soldering process,
which was performed using an Sn-Ag solder paste, acting as a thermal interface
material (TIM). Electric connectors for the serpentine heaters and the RTDs were
mounted directly on the baseplate after the soldering and connected to the respec-
tive pads of the microheater, as depicted in Figure 3.5c. The RTD connector was
tightened on the baseplate to create a fixed contact between its pins and the RTD
pads of the microheater. The power connector was tightened to the baseplate, and
its pins were soldered to the power pads of the serpentine, using a solder with a lower
melting point than the solder paste.

The vacuum-soldering process was a delicate task, and it was performed by an in-
house technique developed for the purpose. The procedure comprised a continuous
control of the temperature and the pressure in a custom-made soldering chamber.
The procedure’s objective was to perform the soldering process, avoiding the for-
mation of voids in the solder layer. An example of the temperature and pressure
variation in time during the soldering process is shown in Figure 3.8. The figure
shows the presence of a pre-vacuuming of the soldering chamber and a deep vacuum
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Figure 3.7: left: the microheater CAD drawing illustrating the serpentine platinum resistor
with integrated RTDs. Right: a thermal map from the infrared camera (IR) indicating the
region of interest (ROI) as well as flow-wise temperature profiles: original profile TROI, zero
adjusted profile TROI + DTcal, flow-wise moving average profile Tfp and local temperatures
used for data reduction Tfp(z̃). RTDs were used as a reference to adjust the flow-wise
temperature distribution obtained by an infrared camera in the ROI.

during the melting of the solder, starting approximately at 225 ◦C. After soldering,
the absence of significant voids in the solder layer was verified by a 3D tomographic
analysis. Figure 3.9 shows that voids obtained in the TIM layer with the vacuum sol-
dering process and the ones obtained at ambient pressure soldering. A void fraction
lower than 1% in the solder layer was obtained with the developed procedure. Fig-
ure 3.10 reports a CAD illustration of the final assembly of the copper baseplate with
the microheater, the power connector, and the RTDs connector. The serpentine of
the microheater was painted with a black matt heat-resistant paint to improve the
surface emissivity for the infrared measurements.

3.3.3 The PEEK inserts
PEEK (PolyEtherEtherKetone) inserts were designed, manufactured, and mounted
in the baseplate to thermally insulate the fluid flow from the baseplate during the
passage in the inlet and outlet manifold. Two types of insert were used for the
investigation: type-1, comprising a plain plenum, and type-2, comprising a plenum
with orifices in front of the channels, as shown in Figure 3.13. The PEEK inserts
effectively avoided the initiation of appreciable boiling before the fluid entered the
channels and the consequent generation of compressible volume upstream of the
channels. The comparison between the conditions with and without PEEK inserts is
depicted in Figure 3.11.
The inserts with orifices provided a flow area restriction (orifices) in front of each
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Figure 3.8: time variation of pressure and temperature in the soldering chamber during the
soldering of the microheater to the copper baseplate.

Label Hor,nom Wor,nom Ø Hch,nom Wch,nom δ
[µm] [µm] [µm] [µm] [µm] [%]

Geometry D 470 300 300 1200 300 -65 %
Geometry E 470 300 300 1200 300 -65 %
Geometry F 470 200 200 1200 200 -62 %

Table 3.2: orifices nominal dimension, channel nominal dimension and flow area reduction δ.

channel of the baseplate. The purpose of the orifices was to increase the stiff-
ness of the multi-channel array with respect to parallel channel instability and vapor
back-flow, which are common phenomena that have been observed in literature for
microchannels, as reported in Chapter 2. Table 3.2 reports the dimensions of the
orifice for each of the baseplates. Additional PEEK pieces, as shown in the exploded
view of Figure 3.5a, were employed to minimize the heat losses.

3.3.4 The chassis
The stainless steel chassis was a stationary part of the test section that accom-
modated the baseplate assembly. It provided the necessary routing to convey the
refrigerant flow from the main loop to the inlet of the channels. The inlet and outlet
portions of the routing in the steel frame were instrumented with 2 0.25 mm K-type
thermocouples at both the inlet and the outlet and pressure taps for absolute and dif-
ferential pressure measurements. In addition, the steel chassis featured an aperture
on its bottom to allow the visual access of the infrared camera to the microheater,
as illustrated in Figure 3.14.
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Figure 3.9: voids of the solder layer obtained through tomographic analysis. Soldering at
ambient pressure (left) and with vacuum (right). Voids in the vacuum-soldering were below
1% in volume.

Figure 3.10: bottom view of the copper baseplate with the solder paste placed into the 200
µm groove (left), an aluminum structure used to hold in position the microheater during the
vacuum-soldering (middle), final baseplate assembly with the painted platinum resistor and
electric connectors (right).

3.3.5 The top cover
The top cover sealed the top of the channels and provided visual access to the
flow by the high-speed camera. The cover was manufactured in stainless steel and
featured a central aperture where a borosilicate glass was framed. The top cover was
held in place by lateral screws, with the top glass in contact with the o-ring of the
baseplate. To improve the sealing on the top of the channels, a 100 µm thin layer
of heat resistant silicon rubber was placed on the cover glass before mounting it.
The tightening of the top cover to the steel frame was carefully controlled through
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(a) qfp = 180 W/cm2 with PEEK. (b) qfp = 180 W/cm2.

(c) qfp = 525 W/cm2 with PEEK. (d) qfp = 525 W/cm2.

Figure 3.11: flow images showing the flow conditions in the inlet manifold with and without
PEEK inserts. The flow is from left to right.

spacers to avoid excessive tightening of the top and the excessive squeezing of the
silicon layer. Figure 3.15 depicts an illustration of the high-speed camera view with
an image of (512 × 896) pixels.

3.4 Measurement instrumentation
The refrigerant loop and the test section were both instrumented with different types
of sensors to monitor the flow conditions at different points. The analog signals com-
ing from the thermocouples, pressure transmitters, mass flow meter, RTDs, and the
differential pressure transmitter were acquired through data acquisition modules by
National Instruments interfaced with Labview. The infrared images of the micro-
heater were monitored and acquired through the software ResearchIR Pro Max by
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Figure 3.12: reference dimensions for the orifice (left), PEEK insert with orifices at the
microscope (center), illustration of the insert placement in the copper baseplate (right).
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Figure 3.13: a copper baseplate with an inlet PEEK insert without orifice (a) and with orifice
(b).

Infrared 

camera

Figure 3.14: illustration of the bottom view of the steel chassis with the baseplate assembly
mounted.

FLIR. Finally, the high-speed videos were obtained through Photon Fastcam Viewer
4 (PFV4). The uncertainties on the measurements of the sensors were evaluated
according to the methods presented in Evaluation of measurement data — Guide to
the expression of uncertainty in measurement [96].

3.4.1 Flow temperature measurements
Flow temperature measurements were obtained using 0.25 mm K-type and 0.5 mm
T-type thermocouples by Omega Engineering. In particular, the T-type was employed
at several locations in the flow loop, while the four K-type thermocouples were
used in the inlet and outlet plenum of the test section. In addition, the T-type
thermocouples were placed in custom-made dwells obtained from elbow fittings in
the loop. Before their installation in the test setup, the thermocouples were calibrated
in a thermostatic water bath in a temperature range of 25–50 ◦C by employing a
Rosemount 162 standard platinum resistor as a reference. The average expanded
uncertainty on the temperature measurements was estimated to be 0.15 ◦C for the
T-type thermocouples and 0.16 ◦C for the K-type. Figure 3.16a reports an example
of the estimated accuracy of a T-type thermocouple in the full calibration range
(vertical dashed lines).
Local temperature measurements on the microheater were obtained through RTDs
located in the interstices of the platinum serpentine. After vacuum-soldering the
microheater to the copper baseplates, the RTDs were calibrated in an oil bath. The

28 Two-phase cooling of power electronics



High

speed 

camera

Figure 3.15: illustration of the top view of the steel chassis with the baseplate assembly and
the top cover mounted.

calibration range went from ambient to approximately 165 ◦C. A custom-designed
container for the three baseplates was used to avoid any contact between the oil
of the bath and the baseplates. The overall calibration procedure led to an average
expanded uncertainty of 0.09 ◦C on the temperature measurements by the RTDs.
Figure 3.16 reports an example of the estimated accuracy of one of the RTDs in the
full calibration range as well as a thermocouple and a pressure sensor.

3.4.2 Flow pressure measurements
Pressure measurements were obtained at various locations in the refrigerant loop and
the test section. For the high-pressure side of the test rig, i.e., before the throttling
valve, the 0-21 bar AKS33 pressure transducers by Danfoss were used, while the 0-10
bar AKS33 were employed for the low-pressure side. Before their installation in the
test rig, the pressure transducers were calibrated using a Budenberg Dead Weights
tester with calibrated weights. After calibration, the average expanded uncertainty
on the pressure measurements was estimated to be 0.025 bar for the low-pressure
transmitter and 0.04 bar for the high-pressure one. Figure 3.16b reports an example
of the estimated accuracy of the 0-10 bar transmitter in the full calibration range.
A differential pressure transducer Endress-Hauser Deltabar S PMD75 was used to
obtain the pressure drop over the test section, using the pressure taps obtained in
the routing of the steel chassis. The relative accuracy of the differential pressure
measurement was 0.19%, according to the specification of the manufacturer.

3.4.3 Flow rate measurements
The mass flow rate circulating in the refrigerant loop was measured by a Micro Mo-
tion Coriolis Elite sensor (CMFS010M), installed upstream of the preheater. The
uncertainty on the mass flow measurement was estimated according to the manufac-
turer specification, which was 0.1 %. The system was operated continuously above
the low accuracy limit of 5.4 kg/hr of the mass flow meter.

3.4.4 Power measurements
Power supplies were used to power the serpentine resistor on the microheater and
the preheater, which consisted of a wire resistor wrapped around the refrigerant pipe
and insulated. A 750 W Keysight DC power supply N5749A and 1500 W Keysight
DC power supply N5770A were used to power the preheater and the microheater,
respectively. The power output was controlled through the Labview interface. Fol-
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(a) (b)

(c) (d)

Figure 3.16: examples of the variation of the estimated standard uncertainty on the mea-
surement of a thermocouple (a), a pressure transmitter (b) and an RTD (c) in the calibration
range. Dead-weights tester for pressure reference (d).

lowing the supplier’s specification, the uncertainty on the microheater power supply
was 0.1 % ±0.15 V for the voltage signal and 0.1% ±0.03 for the current signal.
Heat losses
Heat losses from the microheater to the environment through convection, conduc-
tion, and radiation were estimated by dedicated tests. Due to a relatively large
operative temperature range of the microheater (25 – 165 ◦C), it was impossible
to evaluate heat losses only through energy balance in single-phase tests. In fact,
the available sub-cooling from the central cooling system at the maximum operating
pressure (maximum saturation temperature) of the refrigerant did not allow to avoid
sub-cooled boiling. In order to estimate the heat losses on a suitable temperature
range, heat loss tests were performed in three ways: heating tests with single-phase
at the outlet of the channel (the absence of sub-cooled boiling was verified through
the high-speed camera), heating test with single-phase at the outlet of the test sec-
tion (the presence of single-phase flow was verified by the sight glass at the outlet
of the test section, but sub-cooled boiling was present in the channels) and heat-
ing tests without any flow. Each situation allowed to reach increasing values of
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the micro-heater temperature. The heat losses, calculated by the energy balance
between the heater and the flow, were regressed with respect to the temperature
difference between the ambient and the average microheater temperature according
to the equation

Q̇amb = c1 ·∆T c2
H−A (3.1)

where the coefficients c1 and c2 were 0.488 and 0.766, respectively. The adjusted R2

value was 0.897, and the RMSE was 1.12 W. The regression had a 14 % standard
error on the calculated heat loss, resulting in an absolute standard uncertainty of
3.1 W for a maximum micro-heater temperature of 165 ◦C. This limit temperature
was obtained approximately for a minimum dissipated power of 300 W with a low
mass flow rate. In general, the contribution of the regression uncertainty on the
uncertainty of the dissipated power was minimal.

3.4.5 Infrared temperature measurements
Temperature maps of the microheater were obtained with an infrared camera FLIR
A655sc equipped with a 50 µm close-up lens. The camera had a spectral band of
7.5–13 µm, a focal plane array detector, and was mounted at a distance of 8.4 cm
from the microheater. The thermal maps consisted of a matrix of 480 × 640 pixels,
covering most of the bottom part of the test section. The footprint of the multi-
microchannels (corresponding to the square area covered by the serpentine resistor)
was covered by 221 × 221 (± 4) pixels. The output of the infrared camera was
monitored through the Researcher IR Pro software. The software allowed to set
the emissivity of the source (set to 0.95), the transmissivity of the close-up lens
(0.9 following the manufacturer’s specification), and the reflected temperature of
the surrounding (estimated to 27 ◦C). A zero adjustment procedure for the recorded
temperature maps was implemented in order to improve the accuracy of the tempera-
ture profiles, as explained in Section 3.4.5. Together with the adjustment procedure,
an evaluation was conducted with respect to possible artifacts arising from vignetting
effect related to the aperture in the steel chassis. Vignetting was systematically ob-
served at the borders of the 2D temperature map of the microheater, and its effect
was estimated to be present in approximately 10% of the region from the borders of
the serpentine resistor in the width-wise direction. However, this did not impact the
local evaluations since the region of interest (ROI) considered for the flow-wise heat
transfer coefficient analysis was within the zone unaffected by the vignetting.
Processing of the infrared temperature measurement
2D temperature maps of the microheater were obtained from the infrared camera,
however, only the flow-wise distribution of the temperature at the centerline of the
microheater was considered for the processing. Referring to Figure 3.7, the flow-wise
footprint temperature was obtained by the width-wise average of the temperature
map in the ROI. The ROI corresponded to a region of 20 pixels from the width-
wise centerline, covering the sensing element of the RTDs, and 28 pixels from the
sides in the flow-wise direction. The width-wise averaged temperature profile in the
ROI (TROI(zpix)) was adjusted by a constant value DTcal to align it with the local
measurements of the two central RTDs. This procedure acted as an in-situ zero
adjustment performed for each measurement. Since the resolution of the pixels of
the infrared camera (approximately 50 µm) was smaller than the spacing between
the heating lanes of the serpentine (which were 80 µm), a filtering of the profile by
15 pixels moving average was applied in order to remove possible artifacts resulting
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from edge effects between adjacent heating lanes. The resultant profile (Tfp(zpix))
was used as the flow-wise temperature profile at the footprint. Due to the unneces-
sary large resolution of the temperature in the flow-wise direction (221 pixels), only
32 (corresponding to the number of heating lanes in the microheater) local temper-
ature measurements were considered, 24 of which fell into the ROI (Tfp(z̃)), as also
illustrated in Figure 3.7. These 24 local measurements were used for processing the
flow-wise footprint temperature in the data reduction.

3.4.6 High-speed visualization
High-speed flow visualization was performed with a Nova S9 Photron camera mounted
on top of the test section, accessing the flow in the channels through the borosili-
cate glass. Frame rate varied from 10000 Hz to 20000 Hz, allowing to record images
of 896 × 896 and 512 × 896 pixels, respectively. The shutter speed varied from
1/150000 to 1/200000 s. The shooting of the high-speed camera was synchronized
with lightning from 2 × 150 W LED lights by GSVitec. The LED lights were trig-
gered by a digital output from the camera during the shutter time. The duty cycle
of the pulsations amounted from 5 to 13 %. About 11% of the radiated light was
estimated to reach the test section, resulting in approximately 1.1% of absorbed
power by the test section due to the illumination. This, however, did not show a
measurable effect on any of the signals from the sensors, and it was thus disregarded
as a contributor to the heat losses estimation.

3.5 Channel geometry
Three copper baseplates with different channel geometries were manufactured for
the investigation. In all cases, the microchannels covered a nominal footprint area of
1 cm2 and had a length L of 10 mm. For each geometry, the nominal width of the
channel corresponded to the nominal width of the cutting tool used to manufacture
them in the CNC machine (300 µm and 200 µm), while the nominal height was 1200
µm.

3.5.1 Microscope analysis and geometrical characterization
After manufacturing, the effective size of the channels was verified through a confocal
microscope Lext OLS4000 by Olympus with a dedicated 5× lens. The confocal
microscope operated with blue light (405 nm) and a numerical aperture of 0.95.
The measurements were repeated five times at five different locations in the multi-
channels, i.e., the four corners and the center. Table 3.1 reports the measured
dimensions and the propagated uncertainty on the channel hydraulic diameter uDh

,
calculated following [96]. A square wave fit of the averaged flow-wise profile was used
to estimate the average channel width and wall thickness. An example of the height
profile of the channels reconstructed in Scanning Probe Image Processor (SPIP)
software and the profile at a single width-wise location is shown in Figure 3.17.

Following the measurements of the flow section, the resulting heat transfer area was
4.50 mm2, 6.67 mm2, and 6.33 mm2 for Geometry A/D, B/E, and C/F, respectively.
In the same order, the resulting flow area was 5.86 mm2, 8.44 mm2, and 5.78 mm2. In
addition to channel dimension, the surface roughness of the sidewalls of the channels
was measured. However, contrary to the case of the channels’ height and width, the
surface roughness of the channels required a dedicated 100× lens with a very short
working distance and, for this reason, roughness could not be measured directly on the
test samples in a non-destructive way. Individual channel samples were manufactured
solely for roughness measurements, using the same feed rate, cutting depth, and
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Figure 3.17: example for a 3D profile reconstructed in the software SPIP (left) and width-
wise height profile at a given flow-wise location (right).

CL200 CO200

CL300

CO300

100x

Figure 3.18: dedicated sample manufactured for roughness measurements and low magnifi-
cation images (left). 3D roughness profile at 100 × obtained with a 300 µm cutting tool in
a climb-mill cut (CL) as reconstructed in SPIP.

material for the heat sinks. The measurements were conducted with the confocal
microscope on this sample, which is shown in Figure 3.18. The use of a dedicated 100
× lens resulted in a field of view of 128×128 µm resolved into a matrix of 1024×1024
pixels. Height distribution obtained on a single measurement and reconstructed by
SPIP are displayed in Figure 3.18. Depending on the size of the cutting tool and the
side of the wall (one is climb-milled (CL), the other is conventionally-milled (CO),
slightly different values of the area roughness Sa (according to ISO 25178-2) were
obtained. For the 200 µm cutting tool, roughness values were 372 nm and 348 nm
for the CL side and the CO one, respectively. Likewise, for the 300 µm cutting tool,
the values were 662 nm and 504 nm, respectively. Channel roughness showed a slight
dependence on the cutting approach (climb or conventional) and the tool size. An
example of an areal roughness profile reconstructed in SPIP is shown in Figure 3.18.
Figure 3.19 shows images of the channels of Geometry A/D obtained in a SEM
microscope at high magnification. In general, the measured roughness values were
coherent with the values reported in Young et al. [97] for machining of copper.
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Figure 3.19: SEM images of the copper baseplate A/D with different views and magnification.
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4 Methods
This chapter presents the methods used for the data reduction. Figure 4.1 and
Figure 4.2 illustrate the schematic representation of the test section used for this
purpose. These schematic representations are used in Figure 4.3 to illustrate the
overall definition of the variables calculated through the data reduction. For each
measurement, the operative conditions were defined by the outlet saturation tem-
perature, the channel average mass flux, and the wall heat flux. The properties of
the refrigerants were calculated with Refprop 10 [98].

The content of this chapter is partly based on the study published in ”Experimental
Characterization of the Heat Transfer in Multi-Microchannel Heat Sinks for Two-
Phase Cooling of Power Electronics” [12].
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Figure 4.1: side section view of the CAD model of the test section (top) and schematic
illustration for data reduction (bottom).

4.1 Inlet and outlet channel pressure and temperature
Pressure and temperature at the inlet (pin,ch, Tin,ch) and outlet (pout,ch, Tout,ch) of the
channels were used for the calculation of the pressure profile in the channels p(z).
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Figure 4.2: top section view of the CAD model of the test section (top) and schematic
illustration for the data reduction (bottom).

These pressures were obtained by subtracting (or adding, in case of the outlet) the
pressure loss to the pressure measured by the pressure transducers at the inlet and
outlet manifold (pin, pout). Isenthalpic flow conditions were assumed in the manifold
to obtain the temperatures Tin,ch and Tout,ch.

4.1.1 Pressure loss in the inlet manifold
As represented schematically in the side view of Figure 4.3, the inlet manifold con-
sisted of a rectangular and straight section, an elbow with an area variation, another
rectangular and straight section, and, finally, an orifice (or a contraction, if no orifice
was present), so that

pin,ch = pin − (∆pst,1 +∆pel +∆pst,2)︸ ︷︷ ︸
∆pin

−∆por (4.1)

The sum of the contributions ∆pst,1,∆pel,∆pst,2 were obtained experimentally by
dedicated measurements on a dedicated copper baseplate. The baseplate did not
have any wall between the channels, had PEEK inserts with no orifices, and a pressure
tap at the center of the top cover, as shown in Figure 4.5.

The differential pressure transducer was connected to the inlet pressure tap and
the central pressure tap in the top cover for these tests. In this way, ∆pdiff =
∆pst,1 +∆pel +∆pst,2 = ∆pin (neglecting the frictional losses in the straight passage
of the copper baseplate). The differential pressure measurements in this dedicated
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Figure 4.3: representation of the variables defined and calculated in the data reduction.

baseplate were obtained for various mass flow rates, and each of the fluids investi-
gated. The non-dimensional pressure drop in the inlet manifold for the three fluids
was regressed with respect to the Reynolds number, calculated at the flow section
before the orifices, resulting into

∆pin
1/2ρlv2

= c1Rec2 (4.2)

The values of the constants and the fit are reported in Appendix A.2. The pressure
drop over the orifice ∆por was obtained by a comparative analysis of the pressure
drops between standard baseplates with and without orifices at the same mass flow
rate. For the baseplate without orifices, the ∆Pdiff measured over the test section in
adiabatic conditions and single-phase flow was given by
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Figure 4.5: photo of the dedicated baseplate without channels (a) and test section with the
baseplate mounted together with the cover glass with a central pressure tap (b).

∆pdiff = ∆pin + (∆pcontr,fr +∆pcontr,rev) + ∆pch +∆pexp +∆pout (4.3)

For convenience, the pressure drop over the contraction in Equation (4.3) has been
divided into the reversible and frictional contributions. In the case the orifices were
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present, the measured pressure drop corresponded to

∆pdiff,wo = ∆pin +∆por,rev +∆por,fr +∆pch +∆pexp +∆pout (4.4)

Since por,rev = pcontr,rev, the difference in pressure drop in single-phase between the
case with and without orifice was

∆pdiff,wo −∆pdiff = ∆por,fr −∆pcontr,fr (4.5)
∆por,fr = (∆pdiff,wo −∆pdiff)︸ ︷︷ ︸

∆P+

+∆pcontr,fr (4.6)

∆P+ at different mass flow rates were regressed with respect to the dynamic pressure
in the orifice 1/2ρlv

2
or. The final formula for the calculation of the orifice pressure

drop ∆por,fr was

∆por,fr = for1/2ρlv
2
or +∆pcontr,fr (4.7)

where ∆pcontr,fr was calculated according to Chalfi and Ghiaasiaan [99] and for was a
regression constant dependent on the fluid. The values of the constants are reported
in Appendix A.2. The temperature of the flow at the channel inlet Tch,in was obtained
from the enthalpy at the test section inlet, assuming isenthalpic flow conditions in
the inlet manifold.

4.1.2 Pressure loss in the outlet manifold
Similarly to the inlet manifold, the pressure loss in the outlet manifold consisted of
four different contributions, as shown schematically in the side view of Figure 4.6:
a straight section, an elbow with an area change, another straight section, and an
expansion with an area change from the channel outlet to the inlet plenum:

pout,ch = pout +∆pst3,tp +∆pel,tp +∆pst4,tp︸ ︷︷ ︸
∆pout

+∆pex,tp (4.8)

The sum of the contribution ∆pst3,tp + ∆pel,tp + ∆pst4,tp with two-phase flow was
obtained experimentally by dedicated measurements conducted similarly to the inlet
manifold, but at ambient saturation temperature and several thermodynamic vapor
qualities and mass fluxes. In this case, the preheater was used as the heat source to
modulate the vapor quality in the test section during the pressure drop measurements.
For these measurements, the differential pressure transducer was connected to the
pressure tap in the center of the special baseplate shown in Figure 4.5 and to the
pressure tap at the outlet of the test section, so that ∆pdiff = ∆pst,1+∆pel+∆pst,2 =
∆pout. These measurements were carried out for each of the fluids investigated.
The ratio between the pressure drop and the dynamic pressure of the liquid-only flow
was regressed with respect to the outlet vapor quality and the homogeneous Weber
number, obtaining the regression equation:
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drop in the outlet manifold.

∆pout
1/2ρlv2l

= (c4Wec5homx
c6
out) (4.9)

where the dimensional constants c4, c5 and c6 depended on the fluid used, as reported
in Appendix A.2.
The pressure loss for the liquid-vapor mixture at the expansion from the channel to
the outlet plenum ∆pex,tp was calculated by summing the reversible and the frictional
contribution. The latter was calculated with the friction coefficient fexp,fr as presented
in Chalfi and Ghiaasiaan [100], while for the reversible pressure loss the density of
the liquid-vapor mixture was calculated according to the homogeneous flow model:

∆pexp,tp = fexp,fr
ρhomv

2
ch,hom

2
+

ρhom(v
2
ch,hom − v2out,hom)

2
(4.10)

4.2 Flow-wise pressure, temperature and vapor quality
The pressure at the channel inlet pin,ch and outlet pout,ch were linearly interpolated
to obtain the local thermodynamic pressure in the flow-wise coordinate z, spanning
from 0 to Lch = 10 mm.

p(z) = pin,ch −
pin,ch − pout,ch

L
z (4.11)
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The enthalpy i at the end of the channels (z = Lch) was obtained by the energy
balance with the heating power, while the enthalpy at the channel inlet (z = 0)
was known from the measured inlet temperature and pressure, Tin and Pin, assuming
adiabatic conditions in the inlet manifold. The outlet and inlet enthalpies of the flow
were linearly interpolated to calculate the flow-wise enthalpy, under the assumption
of a uniform heat flux:

i(z) = i(Pin,ch, Tin,ch) +
Q̇

ṁ

z

L
(4.12)

Both p(z) and i(z) were combined through thermodynamic relations to calculate the
local flow-wise thermodynamic quality and the local flow-wise fluid temperature:

xloc(z) =
i(z)− isat(p(z))

∆ifg(p(z))
(4.13)

T (z) =

{
Tsat(p(z)) if xloc(z) > 0

T (p(z), i(z)) if xloc(z) < 0
(4.14)

4.3 Flow-wise footprint and channel wall temperature
The flow-wise temperature of the footprint of the channel was obtained at discrete
locations z̃ by processing the infrared temperature maps as explained in Section 3.3.2
and graphically shown in Figure 3.7. The discrete coordinate z̃ corresponded to 24
equidistant locations between the z = 1/8 cm and z = 7/8 cm, which were the
flow-wise coordinates of the first and last RTD integrated into the micro-heater.
The temperature at the base of the channels, i.e. the root of the separating walls,
was calculated by subtracting the conduction temperature drops in the silicon layer
of the microheater, the solder layer, and the copper substrate, under a uniform heat
flux assumption:

Tb(z̃) = Tfp(z̃)−∆TSi −∆TSn −∆TCu (4.15)
∆Tj = kjqfp/dj j ∈ {Si,Sn,Cu} (4.16)

qfp =
V · I − Q̇amb

Afp
(4.17)

The thermal conductivity of the silicon layer was calculated according to Shanks et
al. [101], while the regressions from the data provided by the manufacturers were
used for the thermal conductivity of the copper and the solder layer. These equations
were

kCu = 1.44 · 10−4T 2 − 1.09 · 10−1 · T + 3.90 · 102, (4.18)
kSn = −6.13 · 10−5T 2 − 1.92 · 10−2 · T + 6.14 · 10, (4.19)

where T was the average temperature of the layer expressed in ◦C.Equations (4.18)
and (4.19) are valid for temperature values between 0 ◦C and 200 ◦C.
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4.4 Local and flow-wise heat transfer coefficients
The flow-wise heat transfer coefficients were calculated assuming that the separating
walls between the channels follows a temperature distribution similar to a fin with an
adiabatic tip in the height-wise direction, resulting in the equations

hloc(z̃) =
qw(z̃)

(Tb(z̃)− T (z̃))
(4.20)

qw(z̃) =
qfp · (Wch +Wwall)

(Wch + 2Hchη(z̃))
(4.21)

η(z̃) =
tanh (m(z̃)Hch)

m(z̃)Hch
(4.22)

m(z̃) =

√
2hloc(z̃)

kCuWwall
(4.23)

The local heat transfer coefficient htp was defined as the flow-wise heat transfer
coefficient at the location of the outermost RTD z∗ = 7/8 cm, with the wall tem-
perature calculated from the RTD measurement itself, i.e. Tfp(z̃) is replaced by the
single value Trtd in Equation (4.15).

htp =
qw(z̃ = z∗)

(T ∗
b − T (z̃ = z∗))

(4.24)

T ∗
b = Trtd −∆TSi −∆TSn −∆TCu (4.25)

(4.26)

Due to the dependence of the fin parameter m on the heat transfer coefficient, the
equations were solved iteratively.

4.5 Mass flux and heat flux
The mass flux in the channels was calculated according to the formula

G =
ṁ

N ·Hch ·Wch
(4.27)

which corresponded to assume a uniform mass flow rate distribution among all the
parallel channels.

The heat fluxes were defined according to three heat transfer areas. The footprint
heat flux qfp referred to the footprint of the area of the microchannels, the wall heat
flux qw referred to the heat transfer area of the channels considering the fin efficiency
and, finally, the average heat flux referred to heated area of the channels. These
values were calculated as
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qfp =
V · I − Q̇amb

Afp
(4.28)

qw =
qfp · (Wch +Wwall)

(Wch + 2Hchη(z̃))
(4.29)

qav =
qfp · (Wch +Wwall)

(Wch + 2Hch)
(4.30)

(4.31)

As reported in Equation (4.20), qw is the heat flux used to calculate the heat transfer
coefficient.

4.6 Propagation of errors
The uncertainties on the variables calculated in the data reduction were evaluated
by error propagation methods presented in [102], assuming that no correlation exists
between the input variables. For a generic quantity xi measured with n samples,
whose mean value is xi, two type of errors contributed to generate an uncertainty:
a systematic one wxi

(Type B uncertainty or bias) and a random one sxi
(Type A

uncertainty). These errors were calculated following [96]. Type A uncertainty was
calculated as the standard deviation of the mean in a sequence of samples, while the
type B uncertainty resulted from an analysis of the systematic uncertainties. The
two types of uncertainties can be considered independent, and therefore the overall
uncertainty for a variable xi can be estimated with the sum of the squares

uxi
=

√
w2

xi
+ s2xi

(4.32)

For a calculated variable y = f(xj), the uncertainty on y propagated from the
uncertainties in xj can be calculated following the error propagation for uncorrelated
variables (i.e. input variables are independent from each other)

uy =

√√√√√√
n∑

j=1

(
∂f

∂xj︸︷︷︸
Sj

uxj
)2 (4.33)

where the sensitivity Sj was evaluated by successive perturbations equivalent to the
standard uncertainty, according to [102]. The uncertainty on a calculated variable
uy was expanded to a confidence interval close to 95% (20:1 odds) by multiplying it
by a factor of 2. Due to the high heat fluxes and the small size of the channels, the
major source of uncertainty on the local heat transfer coefficient was the dimensional
uncertainty on the channel height and width. The second highest contribution came
from the uncertainty in the wall superheat, which was related to the uncertainties
of the RTDs used to zero-adjust the IR temperature profile. The uncertainty on
the heat transfer coefficient during the entire investigation was between 10 and 20
%, with the highest values reached the highest heat transfer coefficients and lowest
channel dimension. The uncertainty on the wall heat flux and the vapor quality was
below 7%. As an example, for the investigation on the Geometry D, the average
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uncertainty on the two-phase local heat transfer coefficient htp was 13.3 % ± 3.1
%, while the wall heat flux qw had an uncertainty of 3.7 % ± 2 % and the local
thermodynamic vapor quality xloc had an uncertainty of 3.6 % ± 3% . Error bars
with uncertainties are reported in some of the figures with the main results. The
repeatability of the experimental method was verified against the uncertainty of the
measurements, giving generally good results. An example of measurements repeated
after a month of operation of the system, comprising mounting and dismounting of
the test section, is reported in Figure 4.7.

(a) (b)

Figure 4.7: repeatability of experimental measurements at Gnom = 623 kg/m2s, Geometry
B.

4.7 Experimental procedure and test conditions
When investigating a given fluid/geometry combination, each measurement was de-
fined by three experimental boundary conditions: the mass flux G, the outlet satu-
ration temperature Tout,ch and the outlet vapor quality xout. For a nominal mass flux
and outlet saturation temperature, an experimental series was obtained by taking
steady measurements at different levels of heat dissipation on the microheater, from
low heat fluxes, i.e., values above boiling incipience, until the CHF. At each heat
flux step, the data from the sensors were recorded in Labview once steady signals
were achieved. Signals were considered steady when the thermocouple signals’ mov-
ing average changed less than 0.05 ◦C over two minutes. System stabilization at
each heat flux increase took approximately 15-20 minutes, depending on the heat
flux step and the mass flux. The dissipated heat flux was increased at each step to
obtain a thermodynamic quality variation at the outlet of 0.05–0.07. This procedure
was followed until the occurrence of the CHF, which resulted in a very steep wall
temperature increase with time. This occurrence led the power supply to be stopped
immediately by the safety function, limiting the microheater temperature to 165◦C.
Since the CHF value was unknown, in the case that it was reached while increasing
the heat flux to the next prescribed value, the power supply was completely shut off,
and a lower heat flux level was imposed. When steady signals were obtained, Lab-
view recordings were taken for 120 s, and their average values were used for the data
reduction. Temperatures and pressure signals were logged at a frequency of 10 Hz.
The microheater temperature measurements by the infrared camera were launched
together with the Labview recordings at a frequency of 6 Hz. The recording of the
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input voltage and current to the microheater was taken at a frequency of 1.5 Hz.
Each experimental series was terminated with a critical heat flux value for the given
G and outlet saturation temperature Tout,ch.
When an experimental series was started, the inlet sub-cooling was set to a nominal
value of 4 ±1 ◦C. Due to the long response time of the preheater, the sub-cooling
could not be controlled more accurately at the start of the experimental series.
For a nominal mass flux and outlet saturation temperature, the pressure drop in
the channels increased with the dissipated heat flux. Consequently, the inlet sub-
cooling slightly increased from the first measurements to the last measurement of the
experimental series, resulting in a variation of few tenths of a degree. The increase in
the channel pressure drop also resulted in a slight decrease in mass flux, which was re-
adjusted to the prescribed value by increasing the speed of the pump motor through
the frequency drive. Thus, the mass flux of an experimental series (average mass flux
among all the measurements) could differ slightly from the prescribed nominal value
because of the manual adjustment when the heat flux was raised. Throughout the
thesis, a distinction is made between the nominal test conditions and the effective
ones, which reported in the plots. A flow diagram to summarize the experimental
procedure is displayed in Figure 4.8.
The objective of the experimental campaign was to obtain local heat transfer co-
efficients of the multi-microchannels for a wide range of experimental conditions.
For each fluid/geometry combination, a parametric analysis was conducted with re-
spect to four nominal mass fluxes Gnom (415-625-915-1153 kg/m2s) and two nominal
outlet saturation temperatures Tsat,nom (30.5◦C and 40.5◦C).

4.7.1 Validation
Single-phase heat transfer tests were conducted to validate the test setup and the
data reduction by benchmarking with established prediction methods for single-phase
laminar flow in rectangular channels. Figure 4.9 shows the average single-phase
Nusselt number and the predictions by Shah and London [103] for a thermally and
hydrodynamically developing laminar flow. PEEK inserts without inlet orifices were
used. The data obtained in other two studies investigating flow boiling in multi-
microchannels [34, 50] are also reported. There is a close agreement to the Shah
and London correlation [103] and the observed trends were similar to the other two
studies. Therefore, the presented data reduction and the test section were considered
validated for the analysis.
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Figure 4.8: flow diagram of the experimental procedure followed to get an experimental series
at a prescribed Gnom and Tsat,nom.

46 Two-phase cooling of power electronics



Figure 4.9: comparison between the predictions of flow-wise averaged Nu by Shah and
London [103] for simultaneously developing laminar flow and the experimental value measured
in single-phase tests for this investigation. The same results obtained in similar investigations
are reported [34, 50].
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5 Results
This chapter presents the experimental results of the investigation and their discus-
sion. The heat transfer characteristics are presented in terms flow-wise heat transfer
coefficients hloc and the local heat transfer coefficient htp at the location of the
outermost RTD (z = 7/8 cm). The characteristics are presented with respect to
a variety of parameters such as the wall heat flux qw, the footprint heat flux qfp,
the outlet saturation temperature Tch,out and the mass flux G. Each parameter is
detailed in the relative section. For what concerns the mass flux and the outlet
saturation temperature, the values reported in the legend of the plots refer to the
averaged mass flux and averaged outlet saturation temperature of all the measure-
ments of the experimental series, i.e., the effective values as defined at the end of
Section 4.7.

The layout of the chapter is organized to address the research questions formulated
at the end of Chapter 2 and reported here again for convenience, together with a
brief description of the data used to answer to the question.

• Question 1: how are the measured heat transfer coefficients related to the
flow images obtained with the high-speed camera? What are the heat transfer
mechanisms? A comprehensive analysis is presented for a nominal mass flux of
415 kg/m2s in the test section with 17 channels of 293 µm width, 1176 µm
height, and no orifice (Geometry A). R134a was used for the investigation.

• Question 2: what is the effect of the inlet orifice and the suppression of parallel
channel instability on the measured local heat transfer coefficient? A compar-
ative analysis between the local heat transfer coefficient in two heat sinks with
and without orifices is presented (Geometry A vs. D and Geometry C vs. F).
R134a was used for the investigation.

• Question 3: what are the heat transfer characteristics of R1234yf and R1234ze(E)
during flow boiling in a microchannel heat sink, and how do they compare with
R134a? What is the dominating heat transfer mechanism as the heat flux is
increased? A parametric analysis of the local and flow-wise heat transfer coeffi-
cients with respect to the mass flux, wall heat flux, and saturation temperature
is presented in Geometry D.

• Question 4:how does the geometry (channel width, separating wall thickness)
affect the local heat transfer coefficients and the overall cooling performance of
the heat sinks? The local heat transfer coefficient and the cooling performance
at the footprint are compared for each fluid using Geometry D, E, and F.

• Question 5: how much is the critical heat flux? how does the critical heat flux
change with the operative conditions of the heat sink? The critical heat flux
data are presented for each fluid and Geometry D, E, and F.

Each of the following sections starts with the definition of the research question,
while a final remark is presented at the end to summarize the answers to the
question.
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5.1 Heat transfer characteristics and flow visualization
5.1.1 Local heat transfer coefficient
This section focuses on the research Question 1: how are the measured heat transfer
coefficients related to the flow images obtained with the high-speed camera? What
are the heat transfer mechanisms?

Figure 5.1 a shows the variation of the local heat transfer coefficient htp at z = 7/8
cm from the inlet with the wall heat flux qw. The nominal saturation temperature
was 30.5 ◦C. The figure shows that the heat transfer coefficient increased with the
wall heat flux qw up to a value of 75 W/cm2, after which a steep decrease started.
The CHF was 92 W/cm2. Following the separation indicated by the red dashed lines,
two increase rates in htp could be observed in Figure 5.1a: the first one, indicted
by the blue dashed line, matched well the growth rate of the htp with the heat flux
qw as predicted by the nucleate boiling correlation by Gorenflo [19] (htp ∝ qnw); the
second growth rate was less influenced by the wall heat flux and showed a departure
from the original blue dashed curve. The local heat transfer coefficient htp reached a
maximum at 69 W/cm2. A characteristic of the curve is that the last measurement,
i.e., the CHF, lies slightly to the left of the previous measurement. This condition is
a fictitious condition arising from the calculation of the wall heat flux (qfp is increased
in the experiments, then htp drops, the fin efficiency η increases and qw decreases).

CHF

(a) (b)

Figure 5.1: variation of the local heat transfer coefficient htp with qw (a) and the standard
deviation of the RTD signal with qw (b) at G=414kg/m2s and Tsat = 30.6 ◦C.

The flow-wise heat transfer coefficients hloc with respect to the flow-wise vapor
quality xloc in the channel are reported in Figure 5.2a for wall heat fluxes qw up to
69 W/cm2 and from 69 to 93 W/cm2 in Figure 5.2b. Figure 5.2 shows that the
local heat transfer coefficient showed a U-shaped profile with a firstly decreasing
and then increasing branch. For local vapor qualities above ≈0.2, the increasing
branches at different heat fluxes tended to collapse together. In Figure 5.2b, for
heat fluxes from 69 W/cm2 to the CHF, the flow-wise heat transfer coefficient
showed a gradual transition from a U-shaped profile to an almost monotonically
decreasing one. As the critical heat flux was approached, the flow-wise heat transfer
coefficient hloc decreased with the flow-wise vapor quality xloc and the wall heat
flux qw. These measurements (qw>69 W/cm2) were characterized by an increasing
standard deviation of the resistance value of outermost RTD, as it can be observed
in Figure 5.1b for wall heat fluxes above 69 W/cm2. The coincidence between the
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increasing standard deviation and the decrease of the local heat transfer coefficient
with qw could indicate the presence of a dryout in the channels. This possibility is
further elaborated through the analysis of the high-speed images presented next.

Decreasing 
branch

Increasing 
branch

U-shaped profiles

Collapsing of the 
increasing branches

(a)

h

qw

tp

h (RTD1)

h (RTD2)
h (RTD3)tp

tp

tp

(b)

Figure 5.2: flow-wise heat transfer coefficients hloc for qw up to 69 W/cm2 (a) and from 69
W/cm2 to CHF (b) at G=414 kg/m2s and Tsat = 30.6 ◦C.

5.1.2 Description of observable features of the two-phase flow
The visual features of the two-phase flow are presented here for some selected mea-
surements from Figure 5.1a. The instantaneous image of the flow at a given time
instant t is provided together with a flow-strip image [33] obtained at the center-
line of one channel and covering the entire interval of observation (≈15 ms). This
representation method highlights unsteady features of the flow in the channels, even
though it was originally developed to study the intermittent dryout in elongated bub-
bles [33]. In the following, a description of the observed flow features is provided
for each measurement, and images are presented for the illustration of the specific
conditions:

• qw = 2 W/cm2: xout < 0. Single-phase flow. No bubble could be observed.

• qw = 3 W/cm2: Figure 5.3a, small bubbles nucleating in the channels, mainly
at the bottom part of the flow section. A sequence of Taylor bubbles appears
in the outlet portion of the channels.

• qw = 5 W/cm2: bubble nucleation appears in the top part of the channel
section. Bubbles slide along the wall, mainly in the top part of the channel
section. Some longer Taylor bubbles seem to form in the lower part of the flow
section.

• qw = 6 W/cm2: Figure 5.3b, bubbly flow can be observed at the top part of the
flow section, with sliding motion along the wall and subsequent motion to the
center of the channel. The bottom part of the flow section seems characterized
by the motion of long Taylor bubbles. Isolated bubbles could be observed in the
outlet portion of the channel. The same conditions were obtained for qw = 9
W/cm2.

• qw = 14 W/cm2: bubbly flow on the top part of the flow section can be
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observed. Bubbles from the top side of the flow section eventually coalesce
with the vapor in the lower part.

• qw = 19 W/cm2: Figure 5.3c, bubble density increases on the top part of
the flow section. Due to numerous liquid-vapor interfaces in the liquid-vapor
mixture, light is diffracted and flow features are difficult to be recognized.

• qw = 25 W/cm2: vapor slugs appear at the channel outlet, possibly due to
extended bubble coalescence.

• qw = 31 W/cm2: Figure 5.4a, vapor slugs (light gray areas) appear more often.
Bubble nucleation fully developed at the inlet of the channels. The flow seems
churn in the central part of the channel.

• qw = 38 W/cm2: vapor slugs appear into an otherwise churn flow, without
major discernable features.

• qw = 44 W/cm2: long vapor slugs appear more often, the flow resembles a
wispy-annular flow alternated to a churn flow. These features are present up
to 80 W/cm2.

• qw = 80 W/cm2: Figure 5.4b, the wispy-annular flow with major irregular
features of the liquid-vapor interface seems almost steady. These features are
present up to 86 W/cm2. The standard deviation of the outermost RTD starts
to increase.

• qw = 86 W/cm2: the flow is unsteady. A wispy-annular flow is alternated with a
churn flow. These features are present up to 92 W/cm2. Dryout seems present
at some points of the walls, and it is mainly identified as the absence of liquid
on the lateral wall.

• qw = 92 W/cm2: Figure 5.5a, the flow is unsteady. A wispy-annular flow
alternates with a churn and a seemingly superheated vapor flow with entrained
drops of liquid. This is a CHF point, further increase of the heat flux results in
a thermal crisis with a very rapid increase of the wall temperature with time.

• qw > CHF: Figure 5.5b,the flow is completely unsteady and a superheated vapor
flow appears at the outlet of some of the channels. The flow is maldistributed,
with vapor pockets building up at the inlet of the channel. A chaotic liquid-vapor
mixture, a wispy-annular flow, and a superheated vapor flow alternatively appear
due to the mass flow rate maldistribution. Some reflections of the illumination
may indicate a dryout on a large portion of the flow section.

5.1.3 Discussion
The analysis of Figure 5.1a shows that the local heat transfer coefficient followed
three growth rates with the wall heat flux, as this was increased from low values to
the CHF. The inspection of the high-speed images showed that the nucleation-like
growth rate of the heat transfer coefficient, i.e., htp ∝ qnw, indicated by the blue
dashed line, corresponded to a condition in which a bubbly flow was discernable in
the channels. However, a bubbly flow may not necessarily be the only flow pattern.
In fact, due to the relatively large depth-to-width ratio, tiny bubbles could be ob-
served more easily at the top part of the flow section in contrast to the lower part
because of the presence of confined or elongated bubbles resulting from coalescence
in the main stream. The heat flux increase resulted in more coalescence and a more
frequent appearance of vapor slugs (light gray areas in the outlet part of the chan-
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Figure 5.3: qw = 3 W/cm2 (a), qw = 6 W/cm2 (b), qw = 19 W/cm2 (c).
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nels). Despite the small channel size, no confined bubble growth could be observed.
On the contrary, extensive bubble clustering possibly connected to the high heat
fluxes seemed responsible for the difficulty in distinguishing clear interfaces. In light
of this, it was confirmed that the first growth rate of the heat transfer coefficient
with the heat flux was associated with a nucleation-like process for the measurement
conditions considered.

A deviation from the initial nucleation-like growth of the heat transfer coefficient
seems associated with vapor slugs at the channel outlet alternated with a churn flow
without any clear geometric feature. The passage of the vapor slugs eventually led
to an alternation of the churn flow with a wispy-annular flow, as the heat flux was
increased. At qw=69 W/cm2, the local heat transfer coefficient reached a maximum,
in a situation in which the flow at the channel outlet almost resembled a steady
wispy-annular flow. The liquid in contact with the wall during the wispy-annular
flow appeared highly disturbed, possibly by bubble bursts generated at the channel
corners. The occurrence of bubble nucleation in the liquid film of annular flow has
been observed in previous studies [33, 34, 104]. Due to the unsteadiness of the
flow pattern in these conditions, the heat transfer mechanism likely derives from a
superposition in time of a nucleation mechanism and a convective effect related to
the bulk fluid acceleration with the heat flux. A similar deviation from the nucleation-
dominated condition was observed in a study with FC-77 by Harirchian and Garimella
[104, 105]. The deviation was associated with nucleation suppression, even though
tiny bubbles could be observed in the thin liquid film on the walls.

Finally, the steep decrease of the local heat transfer coefficient with the wall heat
flux seems associated with the alternation of a churn flow and a wispy-annular flow
with a dryout incipience, eventually becoming a vapor flow with droplets in the core.
In particular, the presence of vapor in direct contact with the channel wall seems
responsible for decreasing the heat transfer coefficient. The presence of a temporary
dryout during the flow pattern alternation seems corroborated by two circumstances:
the standard deviation of the outermost RTD increased with the heat flux and illu-
mination reflections appearing in some portions of the channel. The increase in the
standard deviation of the RTD could be related to the alternation between a wet and
dry state of some portions of the channel wall, with a possible heat redistribution in
the channel substrate and local temperature oscillations. The light reflections could
be associated with the absence of diffraction of the illumination due to the absence
of many liquid-vapor interfaces. Considering the high heat fluxes and the increasing
standard deviation of the outermost RTD, a dryout seems very likely the cause of
the decrease of the local heat transfer coefficient. The extension of the portion of
the wall affected by the dryout eventually leads to the CHF. This was also suggested
in previous investigations in multi-channels reaching high heat fluxes, through the
concept of dryout incipience [50, 104].

The flow-wise heat transfer coefficient and the local vapor quality are reported in
Figure 5.2. The distinct U-shaped profiles observed up to qw < 25 W/cm2 could be
related to the presence of a bubbly flow. The collapsing of the increasing branches
may be linked to the presence of superimposed convective effects related to the
alternation between churn flow and vapor slugs. The effect of convection may be
related to the flow acceleration in the channels. Due to the alternated nature of the
flow for qw > 25 W/cm2, both a convective and a nucleation mechanism are deemed
to be contributing to the heat transfer. It was not possible to associate the decreasing
branch of the U-profile with a visible flow phenomena. In other studies with a similar
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test section [51, 57, 58], the decreasing branch of the U-shaped profile was modeled
as a resulting from bubble coalescence, eventually leading to annular flow. However,
the presence of this phenomenon in the multi-channels could not be visualized. It is
essential to highlight that, due to the reduced size of the multi-channel test section
and the high heat fluxes involved, the U-shaped profile of the heat transfer coefficient
may also be the result of heat spreading in the substrate of the channels. A numerical
method to handle heat spreading in the channel substrate was proposed in a study by
Huang et al. [106], showing that their inverse conduction algorithm predicted lower
heat fluxes at the edge of the channels compared to the assumption of the uniform
distribution. However, the 3D inverse conduction algorithm setting still relies on
hypotheses that may not be verified in the test setup. An attempt to generate a 2D
inverse algorithm was also conducted for the present investigation, but the procedure
did not reach convergence, so the solution was abandoned. For heat fluxes above
69 W/cm2, the progressive decrease in the flow-wise heat transfer coefficient seems
to agree well with the cycling of churn flow and wispy-annular with dryout incipience
and the consequent increasing exposure of the wall to dryout as the heat flux is
increased. A feature observed is that the CHF and the thermal crisis are obtained
as an excursion from an already dynamic condition. This could suggest that the
CHF achievement may be determined by factors relevant to the dynamic behavior
of the heat sinks, such as the thermal inertia of the substrate and possible vapor
compressibility in the inlet plenum generated by the vapor backflow.

5.1.4 Summary
The analysis presented in this section highlighted the features of the flow observed
from a high-speed camera to clarify the connection with the measured local heat
transfer coefficient. In summary, as the heat flux was increased to the CHF, a bub-
bly flow gradually evolved into a churn flow firstly alternated with vapor slugs and
then alternated with a wispy-annular flow with dryout incipience. As this transition
occurred, the heat transfer mechanism shifted from a nucleation-like one to a con-
vective one associated to flow acceleration. The presence of wall dryout during the
flow pattern alternation seems responsible for the heat transfer coefficient decrease.
Bubble confined growth was not observed, and the liquid in contact with the wall
during the wispy-annular flow seemed highly irregular and disturbed.

5.2 Effect of inlet orifices on the heat transfer characteristics
This section focuses on the research Question 2: what is the effect of the inlet orifice
on the measured local heat transfer coefficient?.
The effect of placing inlet orifices on the heat transfer coefficient was investigated
by a comparative analysis between geometries with and without orifice. The PEEK
inserts used to obtain the inlet orifices at the channel inlet are described in Sec-
tion 3.3.3. Figure 5.6 shows the local heat transfer coefficient curves htp for the
heat sinks with the orifices (Geometry D and Geometry F) and without orifices (Ge-
ometry A and Geometry C) for mass fluxes G of 414 kg/m2s and 923 kg/m2s. The
figure indicates that the effect of the inlet orifices was generally not appreciable on
the local heat transfer coefficient. In few conditions, the orifice seemed to affect
the critical heat flux value. As an example, an increase of the critical heat flux
was obtained in Figure 5.6c for a nominal mass flux of 915 kg/m2s in Geometry A
(Wch,nom = 300 µm) and Geometry C (Wch,nom = 200 µm), but it was not evident at
lower mass fluxes. For this investigation, the results in the figures indicated that the
inlet orifice did not increase the critical heat flux a priori. To better understand the
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effect of the orifice on the flow, the high-speed images obtained for Geometry D at
414 kg/m2s and their description are reported next.

(a) (b)

(c) (d)

Figure 5.6: comparison of the local heat transfer coefficient htp between the same geometry
with and without inlet restrictions. Geometry A and Geometry C are without orifice.

5.2.1 Description of observable two-phase flow features - with inlet orifices
The visual features of the two-phase flow with inlet orifice are presented here for some
selected measurements from Figure 5.6a. The instantaneous image of the flow at a
given time instant t is provided together with a flow-strip image [33] obtained at the
centerline of one channel and covering the entire interval of observation (≈15 ms).
This representation method is used to highlight unsteady features of the flow in the
channels. In the following, a description of the observed flow features is provided,
and images are presented:

• qw = 2 W/cm2: no bubble could be observed, the flow was in single-phase.
• qw = 4 W/cm2: Figure 5.7a, small bubbles nucleating in the channels, mainly
at the bottom. A sequence of Taylor bubbles appears in the outlet portion of
the channels. Flow re-circulation with bubbles entrainment downstream of the
orifice. Re-circulation seems to promote bubble accumulation near the orifice.
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• qw = 13 W/cm2: Figure 5.7b, a bubbly flow can be observed. Isolated bubble
motion occurs mainly along the walls, with larger confined bubbles moving in
the central part of the channels. Some Taylor bubbles are formed occasionally
from the bottom and move along the flow.

• qw = 17 W/cm2: a bubbly flow can be distinguished in the channel, possibly
in the top part of the flow section. The motion of the bubbles in the lower
part of the flow section can not be distinguished, except for occasional events
resembling the motion of longer Taylor bubbles.

• qw = 25 W/cm2: Figure 5.8a, a bubbly flow can be distinguished in the channel,
possibly present in the top part of the flow section. Occasional coalescence of
the bubbles from the top part of the flow section leads to the appearance of
light gray areas resembling vapor slugs.

• qw = 37 W/cm2: light gray areas resembling long vapor slugs or a wispy-annular
flow are alternated to a churn flow. This features are present up to 68 W/cm2

(qw = 57 W/cm2 in Figure 5.8b).
• qw = 84 W/cm2: Figure 5.9a, the flow appears wispy-annular, and the liquid in
contact with the walls seems disturbed, possibly by bubble bursts generated at
the channel corners. The inlet part of the channel seems churn. These features
are present up to 90 W/cm2.

• qw = 94 W/cm2: Figure 5.9b,the wispy-annular flow is steady, with bubble
bursts disturbing the liquid film at the corners. Occasional reflection of the
illumination is observed at the outlet of the channel, possibly because of an
extended dryout.

• qw = 93 W/cm2: the wispy-annular flow with bubble bursts and dryout incipience
is alternated to a vapor flow with droplet entrainment in some of the channels.

5.2.2 Discussion
According to Figure 5.6, the effect of the inlet orifices on the local heat transfer
coefficient was not significant. For both the Geometry A (Wch,nom = 300 µm) and
Geometry C (Wch,nom = 200 µm), the addition of the orifices either did not affect or
slightly increased the critical heat flux. The inspection of the high-speed videos of
R134a at a mass flux of 414 kg/m2s revealed that the observable features of the two-
phase flow were very similar to the case without orifices, presented in Section 5.1.2.
This is consistent with the fact that the local heat transfer coefficients are similar.
The use of orifices is expected to increase the stiffness of the multi-channel with
respect to parallel channel interaction, which could arise from a multitude of small
differences between the channels. Due to the relatively short length of the channels,
the presence of the inlet orifice could also cause a considerable effect on the hydraulic
development of the flow, re-circulation of the liquid at the inlet, flow pattern transi-
tion, and the related heat transfer mechanism. By a detailed comparison of the flow
features described for the two cases, it seems that adding the inlet orifice narrows the
heat flux range in which the flow exhibits an alternation between the churn flow and
a seemingly wispy-annular flow, reaching earlier the stabilization of the wispy-annular
flow. In fact, for heat fluxes above 70 W/cm2 the wispy-annular flow seems stable
when orifices are present, while in the opposite case this happens approximately at
80–85 W/cm2. A more stable wispy-annular flow could also support the experimental
observation that the critical heat flux was slightly delayed in some cases. However, it
is not clear why this was not observed for all the mass fluxes. The minor effect of the
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orifice on the local heat transfer coefficient and the critical heat flux could also be
related to the relatively high mass fluxes investigated, which are not expected to give
large instabilities due to the relatively high inertia of the incoming flow. The effect
of the orifice on the flow instability (intended as the presence of vapor backflow and
effect on the flow regime) was investigated by Szczukiewicz et al. [58] in a 50 µm
heat sink with R236fa, R245fa and R1234ze(E). From a macroscopic visual analysis
over the entire test section, it was observed that the inlet orifices were affecting the
flow patterns in the channel. In particular, at high mass fluxes, it was also observed
that flashing at the orifice was occurring, which was deemed desirable to stabilize
the heat transfer process. In the present comparative study, flashing at the orifice
did not seem to occur, possibly because the mass flow rate was not high enough
or the sub-cooling was not low enough. The effect of the inlet orifice is generally
studied for the critical heat flux, but not for the flow boiling heat transfer. The only
study that has been found in the literature addressing this problem is the one by Fan
and Hassan [107], which shows that the effect of the orifice depended on the heat
transfer regime of the flow. In particular, for a flow dominated by convection (high
G, low q), the orifice did not significantly influence the local heat transfer coefficient.

5.2.3 Summary
The analysis presented in this section highlighted the effect of the inlet orifice on
the measured heat transfer coefficients. In summary, the orifice did not significantly
affect the measured local heat transfer coefficients, while a minor effect was present
on the critical heat flux. However, this could not be generalized. The presence of the
inlet orifices dampened the interactions between the channels, generating less flow
patterns alternation with the heat flux. Therefore, a possible effect of the orifice on
the flow could not be distinguished by the heat transfer measurements.

5.3 Parametric analysis of the flow boiling heat transfer
This section focuses on the research Question 3: what are the heat transfer charac-
teristics of R1234yf and R1234ze(E) during flow boiling in a microchannel heat sink,
and how do they compare with R134a? What is the dominating heat transfer mech-
anism as the heat flux is increased?. In particular, the solutions with the orifices are
selected for the investigations because, as presented in Section 5.2, these geometries
provided in some cases higher critical heat fluxes and not significant effects on the
measured heat transfer performance and channel interactions could be minimized.
The effect of the mass flux and the saturation temperature on the curves htp vs qw
was studied by conducting measurements at nominal mass fluxes of 415 kg/m2s, 625
kg/m2s, 915 kg/m2s and 1153 kg/m2s and the nominal outlet saturation tempera-
ture of 30.5 ◦C and 40.5 ◦C. Figure 5.10 reports the local heat transfer coefficient
for R1234yf, R1234ze(E) and R134a at a nominal saturation temperature of 30.5◦C.
It is here reminded that the local heat transfer coefficient htp refers to the location
at the outlet-most RTD, positioned at 7/8 cm from the channel inlet. For conve-
nience in the analysis, the measurements were grouped into three boiling regimes,
labeled as boiling regime I, II, and III. The red dashed lines in Figure 5.10 are indica-
tive of the transition boundaries between the regimes. The measurements classified
within the boiling regime I referred to the conditions where htp ∝ qnw, where the
exponent n was calculated as the exponent of the heat flux in the nucleate boiling
correlation by Gorenflo [19] (blue dashed line in Figure 5.10 and the effect of the
mass flux on htp was not significant. On the other hand, boiling regime III grouped
the measurements where the local heat transfer coefficient htp reached a maximum
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and then decreased steeply with qw until the CHF. Finally, boiling regime II grouped
the remaining measurements, corresponding to a condition where htp departed from
the condition htp ∝ qnw (dashed blue line) and increased with the channel mass flux.
Figure 5.11 reports the flow-wise heat transfer coefficients with respect to the flow-
wise vapor quality xloc for a nominal mass flux of 415 kg/m2s. For convenience, a
different marker for each boiling regime is used. The heat transfer characteristics of
each boiling regime are discussed in the following sections.

Boiling regime I

Boiling regime III

Boiling regime II

Ghtp∝qw
n

htp qw

htp qw

(a) (b)

(c)

G

qw

htp

z=z*

z=0

z=1 cm

(d)

Figure 5.10: effect of the mass flux on the curves htp vs qw for R1234yf, R1234ze(E) and
R134a at Tsat = 30.5 ◦C.

Boiling regime I: htp ∝ qnw
The measurements in the boiling regime I were characterized by local heat transfer
coefficients that increased with the heat flux (htp ∝ qnw) and were independent of
the mass flux. As an example, Figure 5.10a shows that, for a wall heat flux of 31
W/cm2, the local heat transfer coefficient was 32.7 kW/m2K and 35.4 kW/m2K
(+8%) at a mass flux of 411 kg/m2s and 1149 kg/m2s (+180%), respectively. This
condition existed for wall heat fluxes qw up to 30–60 W/cm2, depending on the fluid
and the mass flux. The plots in Figure 5.10 show that the growth of the local heat
transfer coefficient with the wall heat flux matched well with the one predicted by
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Figure 5.11: flow-wise heat transfer coefficients hloc vs xloc for R1234yf and R1234ze(E) at
Tsat = 30.5 ◦C. qw in W/cm2.
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the Gorenflo correlation [19] for nucleate boiling.

The flow-wise heat transfer coefficient at 30.5 ◦C is depicted in Figure 5.11, where
the diamond markers were used to indicate the wall heat fluxes corresponding to this
boiling regime. The figures show that the flow-wise heat transfer coefficient mainly
followed a U-shaped curve with respect to the flow-wise local vapor quality xloc.
Some exceptions at the lowest heat fluxes were observed, where only the increasing
branch of the U-shaped profiles fell into the saturated boiling region (xloc > 0). In
addition, distinct curves were observed for each heat flux, as shown, for example, by
the absence of superposition in the curves at 21 W/cm2 and 32 W/cm2.

High-speed flow images for this boiling regime are reported in Figure 5.12 for R134a
at a mass flux of 414 kg/m2s and a saturation temperature of 30.5 ◦C. Bubble
nucleation was easily achieved in the flow and took place already in subcooled boiling
conditions, as shown in Figure 5.12a. The observed bubbles nucleated on the lateral
wall of the channel and moved along it in a sliding motion. The bubbles eventually
detached from the lateral wall and moved in the main liquid stream. As the heat
flux was increased, more nucleation sites were activated, and the spatial density of
the bubbles increased, as shown in Figure 5.12b. Because of the relatively high
depth-to-width ratio of the channels, it was challenging to observe the nucleation at
the bottom of the flow section. This condition derived from the diffraction of the
illumination by numerous bubbles generated on the lateral walls. By repeated video
inspections, it seemed that a preferential formation of Taylor bubbles characterized
the bottom part of the channels, possibly arising from increased coalescence rate
resulting from more active nucleation sites. As the heat flux was increased further,
the large number of bubbles generated on the top side of the lateral walls precluded
the possibility to discern any geometric feature of the two-phase flow. Only the
occasional appearance of vapor slugs could be detected, which were identified by
clear gray areas in the images, as shown in Figure 5.12c. When this event occurred,
the images showed a highly disturbed liquid film, possibly due to bubble bursts at
the corners of the channel, resulting from the high heat fluxes applied and corners
assistance to nucleation.
Discussion
A heat flux-dominated heat transfer coefficient for low to moderate heat fluxes agrees
with other investigations conducted on R1234yf and R1234ze(E) at lower mass fluxes
and in single tubes with larger diameters [38, 40]. Figure 5.10 shows that the local
heat transfer coefficient grew with the heat flux in a way similar to nucleate boiling
conditions, closely matching the power exponent of the heat flux as predicted by the
Gorenflo correlation [19]. Good prediction between the experimental heat transfer
coefficient and a nucleate boiling correlation was also observed in other studies in-
volving the same fluids [40, 41]. This numerical agreement suggests that a heat
transfer phenomenon similar to nucleate boiling could be the dominant heat transfer
regime. The high-speed visualization revealed the presence of isolated bubbles at
415 kg/m2s, and thus, it could be concluded that a heat transfer mechanism dom-
inated by nucleation was present. The observed increase in the local heat transfer
coefficient with the heat flux increased the active nucleation sites and the bubble
frequency generation. The U-shaped flow-wise heat transfer coefficient curves in
Figure 5.11 may indicate that a contribution from the local vapor quality, and thus
convection, may also be present in the heat transfer mechanism. Due to the reduced
channel size and the high heat fluxes, this possibility could arise from coalescence
phenomena and the motion of elongated bubbles. These phenomena, however, could
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Figure 5.12: boiling regime I, high speed flow images at G = 414 kg/m2s and R134a:
schematic representation of the arrangement of the phases (top), original image (middle)
and enhanced contrast (bottom).
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not be discerned clearly from the high-speed images. It is believed that convective
phenomena related to bubble coalescence with increasing heat flux and flow acceler-
ation are progressively superimposed to the dominating heat transfer mechanism by
bubble nucleation as boiling regime II is approached.
Boiling regime II: h = f(qw,G)
Boiling regime II was characterized by two differences compared to boiling regime I:
the growth rate of the local heat transfer coefficient with qw departed from the one
observed for boiling regime I (dashed blue line) and the mass flux affected the local
heat transfer coefficient value. As an example, Figure 5.10a shows that for a heat flux
qw ≈ 60 W/cm2 the local heat transfer coefficient was 38.9 kW/m2K, 44.7 kW/m2K
(+15%) and 50.4 kW/m2K (+29%) for mass fluxes of 411 kg/m2s, 623 kg/m2s
(+51%) and 916 kg/m2s (+123%) , respectively. This condition existed for wall
heat fluxes qw up to 70–110 W/cm2, depending on the fluid and the mass flux. The
distribution of the flow-wise heat transfer coefficients in Figure 5.11 (square markers)
indicate that a U-shape distribution of the flow-wise heat transfer coefficient with
respect to the flow-wise vapor quality was observed at each heat flux. However, the
increasing branches of the U-shaped profiles tended to collapse into a single curve
as the local vapor quality increased. The increase in the wall heat flux seemed to
affect mainly the decreasing branch of the flow-wise heat transfer coefficient, while
the collapsing of the increasing branch might indicate the presence of a convective
mechanism in the heat transfer resulting from flow acceleration due to significant
void fraction. The high-speed flow images for R134a at 415 kg/m2s are shown in
Figure 5.13. For this boiling regime, vapor slugs at the channel outlet alternated
with a churn flow without any noticeable geometric feature. On the contrary, the
vapor slugs appeared as lighter gray areas in the high-speed flow images, as shown
in Figure 5.13a and Figure 5.13b . The frequency in the passage of vapor slugs
increased with the heat flux, eventually leading to an alternation of the churn flow
with a wispy-annular flow. As shown in Figure 5.13c, the liquid in contact with
the wall during the wispy-annular flow appeared highly disturbed, possibly by bubble
bursts generated at the channel corners.
Discussion
Boiling regime II was characterized by relatively high wall heat fluxes, whose liter-
ature is scarce for refrigerants. The plot of the local heat transfer coefficient in
Figure 5.10a indicated that both an influence of the heat and mass flux existed. The
superimposition of a significant convective mechanism over the nucleate boiling dom-
inated heat transfer of the boiling regime I could be related to the alternation of the
churn flow with the vapor slugs, resulting in a considerable flow acceleration. This
flow alternation could also be responsible for the collapse of the increasing branches
of the flow-wise heat transfer coefficients in Figure 5.11. A similar effect by the
flow-wise vapor quality on the flow-wise heat transfer coefficient was also obtained
in a study by Agostini et al. [50] conducted with R245fa in short and high aspect
ratio silicon microchannels, similarly to the present study. Their experimental trend
was assumed to be linked to elongated bubble flow, which was not detected in the
present study. A reduction of the increase rate of the local heat transfer coefficient
with the heat flux by alternating flow patterns was in agreement with previous ob-
servations by Chen and Garimella [108], who studied unstable flow boiling in silicon
microchannels. This study observed that the alternation between a churn flow and
vapor slugs was also associated with a significant effect of the mass flux on the local
heat transfer coefficient. It is noteworthy that in the study by Chen and Garimella
[108], the absence of inlet orifice led to a broader range of flow patterns appear-
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Figure 5.13: boiling regime II, high speed flow images at G = 414 kg/m2s and R134a:
schematic representation of the two-phases (top), original image (middle) and enhanced
contrast (bottom).
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ing in the channel because of the establishment of the parallel channels instability.
In this study, the alternating flow patterns were associated with a transition to a
wispy annular flow, excluding the presence of periodic flow pattern variation due to
parallel channel instabilities. Inlet orifices were used, and periodic oscillations in the
pressure drop signals could not be detected. It seems that a significant contribution
from convection, possibly arising through a significant flow acceleration in the short
channels of the test section, is superimposed to nucleation during the transition to
a wispy-annular flow. The high-speed images showed that nucleation contributed to
the disturbance of the liquid in contact with the wall through bubble bursts. Bubble
nucleation in the liquid film was also observed in other investigations [33, 34]. It is
noteworthy that the narrower heat flux range sustainable by R1234yf in this boiling
regime could be related to a more frequent depletion of the liquid film by bubble
bursts associated with the lower heat of vaporization. These bursts were proposed
as a mechanism leading to the critical heat flux in annular flows in microchannels
[33]. The establishment of a wispy-annular flow alternated to a churn flow is linked
to the transition to boiling regime III, which is presented next.
Boiling regime III: wall dryout
Boiling regime III was characterized by a steep decrease of the local heat transfer
coefficients with the wall heat flux. For example, as reported in Figure 5.10a, for
a mass flux of 414 kg/m2s the boiling regime III comprised heat fluxes qw from ≈
60 W/cm2 to 72 W/cm2, the latter being the CHF. During this boiling regime, an
increase in the standard deviation of the resistance of the outermost RTD placed on
the micro-heater was observed, as reported in Figure 5.14. Figure 5.10 shows that
the decrease of the local heat transfer coefficient with the heat flux was gradual for
a mass flux of 414 kg/m2s, while it became steeper as the mass flux was increased,
as shown by the curve at 917 kg/m2s. The distribution of the flow-wise heat transfer
coefficient in Figure 5.11a (dashed lines) shows that a transition from a U-shaped
profile to an almost monotonically decreasing one characterized this boiling regime.
The flow-wise heat transfer coefficient hloc decreased with the flow-wise vapor quality
xloc and the heat flux qw. In particular, as the wall heat flux increased, the local heat
transfer coefficient reduction progressed toward lower local vapor quality.
The analysis of the high-speed flow images reported in Figure 5.15 indicated that,
for R134a at a mass flux of 414 kg/m2s, the wispy-annular flow alternated to a
churn flow. A dryout incipience might have been present during the appearance of
the wispy-annular flow, as suggested by the reflection of the illumination observed in
the outlet part of some channels in Figure 5.15b and Figure 5.15c. The increased
standard deviation of the outermost RTD seemed to confirm the hypothesis that
dryout was occurring. Despite the high vapor quality, the high-speed flow images
showed that the liquid phase was disturbed by possible bubble bursts generated at
the corners of the channel, maybe resulting from the flow pattern alternation. The
alternation between wispy-annular and churn flow for boiling regime III at G=414
kg/m2s was further visualized by the flow-strip technique presented in Borhani et
al. [33] and initially developed for the study of the intermittent wetting during
elongated bubble flow. The flow-strip technique was applied to the centerline of
one of the channels of the test section. Following the instantaneous image to the
left of Figure 5.16a, the dark areas in the flow-strip image in Figure 5.16a were
associated with a churn flow, while the light gray areas to the presence of a wispy-
annular flow. The analysis of the flow-strip at increasing heat fluxes (from run10 to
run12 in Figure 5.16a) shows qualitatively that the duty cycle of the wispy-annular
flow increased with the heat flux, reducing the duty cycle of the churn flow. Since
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the dryout is linked to the breaking and evaporation of the liquid film in the wispy-
annular flow, its increased duty cycle may have increased the duration of the dry
contact on the wall. This possibility could be related to the progressive reduction
of the local heat transfer coefficient observed in Figure 5.11 in boiling regime III
(dashed lines). Before the temperature excursion related to the exceeding of the
CHF, the alternation between the wispy-annular flow and the churn flow affected a
significant portion of the channel. While this alternation was too fast to be detected
by the infrared camera at each instant, the flow-wise local heat transfer coefficient
showed an almost monotonic decrease with the flow-wise vapor quality, possibly
indicating that the duration of the dryout was longer at the outlet of the channel.
It is noteworthy that, despite the flow pattern alternation in the channels, no vapor
backflow or pressure oscillations could be detected. These results indicate that the
critical heat flux in the test section was reached as an excursion from a dynamic
condition, at least for a mass flux of 415 kg/m2s.

Boiling regime III

Boiling regime II

Boiling regime I

Figure 5.14: standard deviation of the resistance signal from the outermost RTD during
tests on R134a.

Discussion
A decrease in the local heat transfer coefficient with the wall heat flux was observed
in a study by Chen and Garimella [108] as a result of the flow pattern alternation
under high heat fluxes. This condition was possibly encountered during the flow-wise
measurements reported in the study by Agostini et al. [50], although visualization
was not performed. The dryout of the heat transfer surface during alternated wetting
of the heat transfer surface at moderate heat fluxes was observed by Mancin et al.
[41] and Borhani et al. [33]. In [33] bubble nucleation in the liquid was identified
as a contributor to the rupture of the liquid film in annular flows, eventually leading
to the critical heat flux. It is noteworthy that periodic pressure drop oscillations
could not be detected during the flow patterns alternations, confirming that the
inlet orifices prevented possible interactions between the channels. Despite this,
the analysis of the high-speed videos showed that the flow patterns alternated in
time, highlighting the importance of high-speed visualization in identifying the heat
transfer mechanisms. Flow pattern alternation could also result from the dynamic
coupling with heat redistribution in the substrate of the channels during the dryout,
also highlighted by the increase in the standard deviation of the outermost RTD.
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Figure 5.15: boiling regime III, high speed flow images at G = 414 kg/m2s and R134a:
schematic representation of the arrangement of the phases (top), original image (middle)
and enhanced contrast (bottom).

72 Two-phase cooling of power electronics



t=0

Row of pixels for the time strip

run10
run11
run12

run12

run11

run10

run12, t = 0 

Churn flow Wispy-annular  flow

Churn flow

Wispy-annular flow

(a)

Figure 5.16: flow strip technique [33] showing the alternation between the churn flow and
the wispy-annular flow as the heat flux was is increased to the CHF.

5.3.1 Effect of saturation temperature
The effect of the saturation temperature on the local heat transfer coefficient htp
can be observed in Figures 5.17 and 5.18 for nominal mass fluxes of 415 kg/m2s
and 915 kg/m2s. The figures show that the temperature increase on the local heat
transfer coefficient depended on the heat flux condition and the fluid. Considering
measurements identified in the boiling regime I, the local heat transfer coefficient
variation with the saturation temperature was almost insignificant for R1234ze(E)
and R134a, while more relevant for R1234yf. As an example, Figure 5.17 shows that
at qw= 20 W/cm2, the local heat transfer coefficient for R1234yf increased from 25.4
to 30.2 kW/m2K (+18.9%), while it went from 25 to 27 kW/m2K (+8%, within the
experimental uncertainty) for R1234ze(E) at a mass flux of 413 kg/m2s. At higher
heat fluxes, the effect of the saturation temperature could not be generalized for the
boiling regime II. Minor increases or decreases of the local heat transfer coefficient
were observed, mainly depending on the fluid and the mass flux. For boiling regime
III, the decreasing trend in the heat transfer coefficient occurred at lower heat fluxes
as the saturation temperature was increased from 30.5 ◦C to 40.5 ◦C, as depicted in
the tails of the curves in Figure 5.17 and Figure 5.18. As an example, the local heat
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transfer coefficient htp started decreasing at 92 W/cm2 at 30.5 ◦C and 75 W/cm2 at
40.5 ◦C for R1234yf at a mass flux of 917 kg/m2s. It is noteworthy that a systematic
decrease of the critical heat flux was observed for the two mass fluxes reported in
the figures. The effect of the saturation temperature increase on the critical heat
flux is presented and discussed in more detail in Section 5.5.

I II III

Tsat

Tsat

(a)

I II III

Tsat

Tsat

(b)

(c)

G

qw

htp

z=z*

z=0

z=1 cm
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Figure 5.17: effect of the saturation temperature on the local heat transfer coefficient htp
versus the wall heat flux qw at a nominal mass flux of 415 kg/m2s. R1234yf(a), R1234ze(b)
and R134a (c).

Discussion
The effect of the saturation temperature on the heat transfer coefficient for low
heat fluxes (boiling regime I) is in agreement with other investigations on the flow
boiling of R1234yf and R1234ze(E) for a single uniformly heated tube [42]. On a
general basis, the effect of the increase in the saturation temperature could be that
the heat transfer coefficient either increases (mainly for R1234yf and R134a) or is
unaffected (primarily for R1234ze(E)) by the increased saturation temperature in
boiling regime I and II. Close to the critical heat flux, i.e. boiling regime III, the
local heat transfer coefficient is decreased. The effect of the saturation temperature
is connected to the potential heat transfer mechanism occurring in the channels.
Since a nucleation-like process has been identified in the previous analysis, it could
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Figure 5.18: effect of the saturation temperature on the local heat transfer coefficient htp
versus the wall heat flux qw at a nominal mass flux of 915 kg/m2s. R1234yf(a), R1234ze(b)
and R134a (c).
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be assumed that the observed increase in the local heat transfer coefficient in boiling
regime I is connected to the increase in the bubble frequency generation associated
with a reduction of the surface tension and the latent heat of vaporization. For
boiling regime II, the transitory nature of the flow makes it difficult to deduce the
effect of saturation temperature on the heat transfer mechanism. It is likely that also
the alteration of the density ratio between liquid and vapor is playing an effect on the
acceleration of the flow. Finally, for boiling regime III, the saturation temperature
increase may enhance the presence of dryout as both the surface tension and the heat
of vaporization are decreased. This is in agreement with the observed anticipation
of the critical heat flux.

5.3.2 Fluid comparison
Figure 5.19 reports the comparison of the three fluids at the saturation temperature
of 30.5 ◦C at each mass flux investigated. The figures show that there is a wide
range of heat fluxes in which the fluids performed very similarly. This was observed as
long as the heat transfer coefficient increased with the heat flux, i.e. boiling regime
III and dryout incipience did not start. R1234yf seemed to have a slightly higher heat
transfer coefficient for the same wall heat flux in this condition. However, as the wall
heat flux was increased, the figures show that R1234yf was always the first fluid to
be characterized by reducing the heat transfer coefficient, followed by R1234ze(E)
and R134a. As a consequence, also the critical heat flux was the lowest for R1234yf.
The three fluids showed relatively similar heat transfer characteristics as long as it
concerned boiling regimes I and II. This condition may result from the similarity in
the thermophysical properties relevant for the heat transfer process occurring in the
channel.

5.3.3 Summary
The analysis presented in this section highlighted the effect of the heat and mass
flux on the heat transfer coefficient for the three fluids R1234yf, R1234ze(E), and
R134a. The effect of mass flux was not significant at the lowest heat fluxes tested,
while a more pronounced effect was present as the heat flux was increased. This
effect seemed associated with the presence of an unstable wispy-annular flow. The
saturation temperature increase augmented the local heat transfer coefficient in some
cases, while it did not have an appreciable effect in others. R134a and R1234ze(E)
performance were very similar, while R1234yf showed a slightly higher heat transfer
coefficient and the achievement of the critical heat flux at lower heat fluxes.

5.4 Effect of the geometry on the cooling performance
This section focuses on research Question 4: how does the geometry (channel width,
separating wall thickness) affect the local heat transfer coefficients and the overall
cooling performance of the heat sinks?. The effect of the channel geometry (channel
width and separating wall thickness) on the local heat transfer coefficient htp was
studied by performing measurements on Geometry E (Wch,nom = 300 µm, Wwall,nom
= 100 µm) and Geometry F (Wch,nom = 200 µm, Wwall,nom = 200 µm). Figure 5.20
reports the local heat transfer coefficient for R1234yf and R1234ze(E) at a nominal
saturation temperature of 30.5◦C for Geometry F and Geometry E. The grouping of
the measurements in boiling regime I, II and III presented in Section 5.3 is also applied
to these measurements. Transition boundaries are indicated by the red dashed lines.
The figures show that Geometry E presented a collapse of the local heat transfer
coefficient in boiling regime II, with a weak dependence on the wall heat flux and
mass flux.
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Figure 5.19: comparison of the local heat transfer coefficient htp among R134a, R1234yf
and R1234ze(E) at different mass fluxes.
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The local heat transfer coefficients in Figure 5.20 are compared with Geometry D
in Figure 5.21 for R1234yf and R1234ze(E). Three main observations can be made
from the plots. Firstly, for each mass flux, there is a range of heat fluxes in which
the local heat transfer coefficient seems independent of the geometry, and the values
of heat transfer coefficients all lie very close to each other. This happens mainly for
boiling regime I, i.e., at the lowest heat fluxes condition. Secondly, the critical heat
flux was comparably lower in Geometry F than in Geometry E and D. In particular,
Geometry D and E did not show a significant difference in the critical heat flux when
calculated at the wall, qw. The third and last observation is that the local heat
transfer coefficient rank according to the thickness of the separating wall. Referring
to the measurements where distinct local heat transfer coefficients exist among the
geometries, it seems that the reduction in the wall thickness decreases the local heat
transfer coefficient independently of the channel diameter. This observation was
systematically observed in all the conditions tested.

(a) Geometry F, R1234yf. (b) Geometry E, R1234yf

(c) Geometry F, R1234ze(E). (d) Geometry E, R1234ze(E).

Figure 5.20: local heat transfer coefficient htp for R1234yf and R1234ze(E) in Geometry E
and F.

Since in electronics cooling application the useful cooling effect is considered at the
footprint of the channels, the footprint heat transfer coefficients hfp are reported
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Figure 5.21: comparison of the local heat transfer coefficient among the three geometries
for R1234yf (a,b) and R1234ze(E) (c,d).
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in Figure 5.22. Compared to the local heat transfer coefficient htp, the value of
the footprint heat transfer coefficient results from the combined effect of the fluid-
dynamic phenomenon in the channels, the conduction in the separating walls, and
the effect of area enhancement. Consequently, Figure 5.22 shows that the ranking
of the geometry changes entirely from the footprint perspective. Geometry F gave
the highest footprint heat transfer coefficients, while Geometry E gave the highest
critical heat flux. On the other hand, Geometry D gave the lowest critical heat
flux. As a general design consideration, it can be inferred that area enhancement
generated at the footprint has a considerable effect on both the maximum cooling
load and the heat transfer performance.

      

      

      

      

      

      

      
      

      

      

      

      

      

      
                  

      

      

      

      

      

      

      

      
            

      

      

      

(a)

      

      

      

      

      

      
      

            

            

            

      

      

      

      

      

            

      

(b)

      

      

      

      

      

      

      

      
      

      

      

      

      

      
            

      

      

      

      

      

      

      

      
            

      

      

(c)

      

      

      

      

      

      

      
      

      

      

      

      

            

      

      

      

      

      

      
      

      

      

(d)

Figure 5.22: comparison of the footprint heat transfer coefficient hfp among the Geometry
D, E and F for R1234yf (a,b) and R1234ze(E) (c,d).

5.4.1 Discussion
The effect of the wall thickness on the local heat transfer coefficient has never been
addressed in the literature. The observation that the local heat transfer coefficient
depends on the wall thickness, as observed from the Figure 5.21, may be a result of
the method used to calculate the local heat transfer coefficient, which approximates
the separating wall to a fin with an adiabatic tip. Thus, the effect of the fin thickness
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may just be a result of the coupling with the fin model in the data reduction. This
could also explain why Geometry F has a lower channel level heat transfer coefficient
compared with Geometry D, despite the lower diameter, which is counter-intuitive if
convection is deemed to be important. In the study by Harirchian and Garimella [104],
the channel width did not play a significant role in the definition of the heat transfer
coefficient, which is somehow contrary to what has been observed here. It is to be
highlighted that the diameter comparison in their study was made by also varying the
separating wall thickness, so a direct comparison is difficult to make. Apart from this,
another aspect to be considered is the aspect ratio of the channels, which is higher
for the Geometry F and may also play a role in influencing the local heat transfer
coefficient. While a segregation of the effect of the wall thickness on the local heat
transfer coefficient may be inconclusive due to the coupling with the fin model of
the data reduction, the data on the footprint heat transfer coefficient in Figure 5.22
pave the way to interesting observations from the design standpoint. Intuitively,
the overall cooling effect at the footprint may result from all the three geometric
parameters of the heat sinks, i.e., the wall thickness, the channel size, and the overall
area enhancement. Figure 5.22 show that the highest heat transfer coefficient at
the footprint is obtained with Geometry F, which has a similar area enhancement of
Geometry E but thicker separating walls and a smaller diameter. However, because
of the lower hydraulic diameter of Geometry F, the highest CHF was obtained in
Geometry E. The two geometries have almost similar outlet vapor qualities for the
same mass flux and footprint heat flux. This means that, if the heat sink is to
maximize the CHF (if heat recovery is essential), it is convenient to enhance the
heat transfer by reducing the thickness of the separating walls. On the other hand, if
the best heat transfer performance is the final aim, for an optimum design it is crucial
to keep in mind the effect of the wall thickness reduction on the overall heat transfer.
This analysis suggests that there is not a general direction when the performance of
heat sinks are to be improved over a given footprint area, and that area enhancement
of the heat transfer area needs to be a trade-off between the reduction in the critical
heat flux resulting from lower channel diameters and the reduction in the ”effective”
heat transfer area resulting from high conduction resistance in the separating walls.
This is particularly true for heat sinks operating with two-phase flows, where the
heat transfer coefficient is very high, and the thermal resistance of the walls may
be the limiting element in the heat transfer performance. The consequence is that
the design of a heat sink for two-phase cooling may necessarily need to take into
consideration the impact of the conduction in the separating walls.
5.4.2 Summary
The analysis presented in this section highlighted the effect of the geometry of the
heat sinks on the channel and footprint heat transfer coefficient for the three fluids.
The highest critical heat fluxes at the footprint were obtained by increasing the area
enhancement by reducing the wall thickness, while a reduction of the channel width
obtained the highest heat transfer coefficients.

5.5 Parametric analysis of the critical heat flux
This section focuses on research Question 5: how much is the critical heat flux? How
does the critical heat flux change with the operative conditions of the heat sink?.
The critical heat flux obtained and the critical vapor quality for nominal mass fluxes
from 415 kg/m2s to 1153 kg/m2s are reported in Figure 5.23 for each geometry
investigated. Some of the measurements presented in the figures are taken from
the data shown in previous sections, while the majority of the data was obtained by
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separate experiments dedicated exclusively to critical heat flux. Figure 5.23 presents
the critical heat flux on the channel level qw, defined in Section 4.5 and the critical
heat flux reported in terms of critical average heat flux over the heated perimeter qav
in Figure 5.24. They are reported here again for convenience:

qw =
qfp · (Wch +Wwall)

(Wch + 2Hchη(z̃))
(5.1)

qav =
qfp · (Wch +Wwall)

(Wch + 2Hch)
(5.2)

(5.3)

For asymmetrically heated multi-microchannels, both definitions with qw and qav are
present in the literature. Despite their differences, relying on the use of the fin
efficiency, each geometry indicated that the channel mass flux increased the critical
heat flux and decreased the critical vapor quality. The increase in nominal saturation
temperature from 30.5 ◦C to 40.5 ◦C systematically decreased the critical heat flux,
as also observed in the heat transfer experiments presented in Section 5.3.1. The
three fluids ranked systematically in the order R134a - R1234ze(E) - R1234yf, sorting
from the highest to the lowest critical heat flux for a given mass flux. The dashed
lines in Figure 5.23 indicate the prediction of the critical heat flux by the Katto-Ohno
correlation [109]. Figure 5.24 shows that the Katto-Ohno correlation performed
remarkably better if it was used to predict the critical heat flux calculated over the
heater perimeter, qav.

5.5.1 Discussion
Critical heat fluxes in microchannels have been studied widely in the literature, show-
ing in some cases an unclear effect of the saturation temperature. In the present
investigation, the mass flux and diameter effects were in agreement with other find-
ings, i.e., CHF increases with mass flux and diameter. CHF decreased with the
saturation temperature, as it was also observed in [73, 93]. In this study, the exper-
imental data are matching well the parametric trends expressed by the Katto-Ohno
correlation [109] if the average heat flux on the heated perimeter is considered. The
systematic lower critical heat flux of the R1234yf seems attributable to the lower
heat of vaporization and the lower surface tension of this refrigerant, and possibly
also to the vapor-liquid density ratio. This would result in a major tendency of the
liquid film to undergo rupture by vapor shearing in R1234yf. Due to the relatively
high heat fluxes and the use of rectangular sections and microchannels, Borhani et
al. [33] suggested that bubble nucleation in the liquid film may also be responsible
for the initiation of the liquid film rupture and the achievement of the critical heat
flux. High-speed videos presented for a mass flux of 415 kg/m2s in Section 5.1.2
revealed that bubble bursts in the liquid film might be present. This mechanism is
not taken into account in common CHF correlation.

5.5.2 Summary
The analysis presented in this section highlighted the effect of the mass flux and
saturation temperature on the critical heat flux for each of the geometries and flu-
ids investigated. The critical heat flux increased with the mass flux and decreased
with the saturation temperature. The lowest critical heat fluxes were obtained for
R1234yf, while R134a and R1234ze(E) performed similarly. The prediction of the
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(a) (b)

(c) (d)

(e) (f)

Figure 5.23: critical heat flux (heated perimeter qav) and critical outlet vapor quality xout
with respect to the mass flux G for Geometry D, E and F. The lines indicate the prediction
by the Katto-Ohno correlation [109].
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(a) (b)

(c) (d)

Figure 5.24: Critical heat flux expressed as wall heat flux qw and average heat flux on the
heated perimeter qav. Dashed lines indicate the prediction by the Katto-Ohno correlation
[109].
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average heat flux on the heated perimeter at the critical conditions was in agree-
ment with the predictions of the Katto-Ohno correlation developed for conventional
channels.
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6 Data prediction
This chapter compares the flow-wise heat transfer coefficients obtained in the study
and the predictions by correlations available in the literature. In particular, the data
belonging to Boiling regime I and II are considered for the comparison as the dryout
was not occurring. Since the indication of the transition lines in the plots was just
indicative when presented in the Results chapter, a systematic distinction between
the measurements was made by considering the standard deviation of the outermost
RTD during the recording of the data. Referring to Figure 5.14, if the standard de-
viation was above 0.0014 Ω, the measurements were excluded from the comparison.
Moreover, only flow-wise values in a saturated condition were considered, i.e., those
with xloc > 0 in the flow-wise direction. Due to the observation of a nucleate boiling
heat transfer mechanism in boiling regime I and a seemingly superimposed convective
mechanism in boiling regime II, general correlations developed for narrow channels
and based on superposition of nucleate and convective boiling were employed. In par-
ticular, the correlations by Mahmoud and Karayiannis [70], Bertsch et al. [110] and
Kim and Mudawar [111] were selected. These correlations were mainly developed for
single and narrow tubes, with some exception from the Bertsch et al. [110] and Kim
and Mudawar [111], which also included few experimental data from multi-channel
studies. The correlations were developed as single-tube correlations for uniform heat-
ing, except for the Kim and Mudawar [111] correlation that addressed the three-side
heating in multi-channels by using the ratio between the heated perimeter and the
wet perimeter. In addition, the correlation for nucleate boiling by Cooper [18], the
flow boiling correlation by Kandlikar [112] for narrow channels, and the correlation
for convective boiling by Tibiriçá et al. [113] was also considered. The chapter
concludes with a preliminary attempt to predict the transition lines between the boil-
ing regimes using correlations for the flow pattern transition and dryout incipience.
These flow-pattern transitions could be used in the context of flow pattern-based
prediction methods for the heat transfer coefficient.

6.1 Methods
For the comparison with the experimental data, a method was needed to incorporate
the asymmetric heating (taking place into the multi-channel test sections) into the
correlations, whose reference heat flux is based on a uniform heating condition of
the tube. In other words, an ”equivalent heat flux” is needed as an input to the cor-
relation. Figure 6.1 depicts the two physical models on which the calculation of the
heat transfer coefficient is based for single-channel and multi-channels. According
to the literature, two methods are found in the literature to calculate the equivalent
heat flux for single-tube correlations. The first one involves the use of the averaged
heat flux over the heated perimeter in the correlation and the correction of the pre-
dicted heat transfer coefficient by a three-sided-heating factor [45, 111]. The other
method uses the experimental qw as the equivalent heat flux [50] in the correlation.
The choice of one method or another can impact the results of the assessment.
Even though the aim of a correlation may be to predict the heat transfer coefficient
accurately, an approach consistent with the hypotheses of the data reduction may
be desirable. Since the data reduction is based on a fin a model, i.e., the wall heat
flux depends on the calculated heat transfer coefficient, it would be consistent with
using the same model to calculate the heat flux for the correlation. This would also
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allow avoiding the arbitrariness in the choice of the equivalent heat flux for the cor-
relation. For this reason, the wall heat flux q used in the correlation was computed
by coupling the individual correlation to the fin model. This corresponds to operate
the data reduction of the heat transfer coefficient presented in Chapter 4 in the
reverse direction. The input heat flux qcorr for the correlation was computed by the
individual correlations through the coupling with the fin efficiency and the predicted
heat transfer coefficient. The following equations illustrate the methodology:

hcorr = fcorr(q, η, ...) (6.1)

m =

√
2hcorr

k ·Wwall
(6.2)

η =
tanh (mH)

mH
(6.3)

q =
qfp · (W +Wwall)

(W + 2Hη)
(6.4)

Tfluid

Tfluid

Tb

Tb

q qfp

h = 
q

(Tb  - Tfluid)
h = 

qfp (W+Ww)

(2Hƞ +W)(Tb  - Tfluid)

Figure 6.1: illustration of the physical situation on which the prediction methods for single-
tube correlations are based (left) and illustration of the physical condition on which the heat
transfer coefficient is based in multi-channels (right).

The proposed methodology reflected the interdependence between the heat transfer
coefficient htp and the wall heat flux qw used in the data reduction of multi-channel
studies with asymmetric heating. Moreover, the method is based on well-defined
quantities such as the footprint heat flux qfp, thus avoiding the arbitrary choice
between qw or the average heat flux on the heated perimeter qav as the input to
the correlation. The difference between qw or the average heat flux on the heated
perimeter qav may be significant for high aspect ratio channels and high heat transfer
coefficients, as it is found in multi-channels. Although the correlation by Kim and
Mudawar [111] includes the three side heating effect, the method does not correct
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the heat flux by the use of the fin efficiency model. The methodology presented
above is thus also applicable for the Kim and Mudawar correlation [111], simply by
using the average heat flux as the input to the correlation.
For each measurement considered in the comparison, the prediction of the correla-
tions was obtained by using the local vapor quality and the local pressure as calculated
in the data reduction in Section 4.4. It is here reminded that only local values refer-
ring to a saturated condition and belonging to boiling regime I and II were considered
for the comparison. Figure 6.2 and Figure 6.3 reports the parity plot obtained for
each correlation. An assessment of the prediction capabilities of the correlation
was performed considering the following quantities: Mean Absolute Percent Error
(MAPE), Mean Percent Error (MPE) and Standard Deviation of the percent error
(SD). These quantities were defined as:

ei =
hpred,i − htp,i

htp,i
· 100 (6.5)

MAPE =
1

N

N∑
i=1

|ei| · 100 (6.6)

MPE =
1

N

N∑
i=1

ei (6.7)

SD =

√√√√ 1

N − 1

N∑
i=1

|ei − ē|2 (6.8)

Each geometry was separately assessed with respect to the three fluids used in the
investigation.

6.2 Prediction by correlations
The final results of the comparisons are reported in Tables 6.1 to 6.3. The com-
parison showed that an excellent agreement in MAPE could be obtained with the
correlations of Bertsch et al. [110] and Mahmoud and Karayiannis [70], which are
both based on the Cooper correlation for the nucleating contribution, and the cor-
relation of Tibiriçá et al. [113]. As highlighted in Figure 6.4 and Figure 6.5, the
U-shape of the local heat transfer coefficient for R1234yf at a mass flux of 414
kg/m2s was not well predicted by the correlations. The Bertsch et al. correlation
did not capture the slightly increasing local heat transfer coefficient with the local
vapor quality, while the Mahmoud and Karayiannis correlation [70] returned a weak
dependence on the local vapor quality, which is qualitatively more in agreement than
the Bertsch et al. correlation. The correlation of Tibiriçá et al. [113] captured the
increasing trend with the local vapor quality, but not the decreasing part.
6.2.1 Discussion
There is a general agreement on the fact that predicting the heat transfer coefficient
using nucleate-boiling correlations may give good numerical predictions. However,
this approach may be questionable in some cases when narrow channels are consid-
ered. In fact, under specific operating conditions, bubble growth can be confined,
and the resulting flow pattern may be characterized by elongated bubbles that be-
have numerically as a nucleation-like process, but the physical situation would be
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(a) Bertsch at al. [110]. (b) Cooper [18].

(c) Kandlikar [112]. (d) Karayiannis and Mahmoud [114].

(e) Kim and Mudawar [111]. (f) Tibiriçá et al. [113].

Figure 6.2: parity plot for Geometry D. Measurements in boiling regime I and II.
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(a) Bertsch at al. [110]. (b) Cooper [18].

(c) Kandlikar [112]. (d) Karayiannis and Mahmoud [114].

(e) Kim and Mudawar [111]. (f) Tibiriçá et al. [113].

Figure 6.3: parity plot for Geometry F. Measurements in boiling regime I and II.
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(a) Bertsch at al. [110]. (b) Tibiriçá [113].

(c) Bertsch at al. [110]. (d) Tibiriçá [113].

Figure 6.4: prediction of the flow-wise heat transfer coefficient (solid line) and the experi-
mental data obtained for R1234yf. qw in W/cm2.

92 Two-phase cooling of power electronics



(a) Bertsch at al. [110]. (b) Tibiriçá [113].

(c) Bertsch at al. [110]. (d) Tibiriçá [113].

Figure 6.5: Prediction of the flow-wise heat transfer coefficient (solid line) and the experi-
mental data obtained for R1234ze(E). qw in W/cm2.
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MAPE MPE SD %30%

Bertsch et al. [110] 11.8% -6.8% 12.4% 98.2%
Cooper [18] 14.8% -0.2% 18.2% 91.7%
Kandlikar [112] 36.8% -16.0% 38.5% 34.6%
Karayannis and Mahmoud [114] 12.8% 2.6% 16.9% 91.6%
Kim and Mudawar [111] 103.2% 103.2% 41.7% 0.5%
Tibiriçá et al. [113] 29.2% -28.7% 10.8% 43.9%

Table 6.1: statistical assessment of the accuracy of prediction by literature correlations for
the experimental data on Geometry D.

MAPE MPE SD %30%

Bertsch et al. [110] 39.0% 33.8% 40.0% 52.8%
Cooper [18] 55.4% 48.5% 53.4% 41.0%
Kandlikar [112] 52.5% 18.7% 77.4% 45.8%
Karayannis and Mahmoud [114] 56.6% 52.1% 51.7% 39.1%
Kim and Mudawar [111] 220.9% 220.9% 137.6% 2.7%
Tibiriçá et al. [113] 15.4% -4.1% 17.5% 95.1%

Table 6.2: statistical assessment of the accuracy of prediction by literature correlations for
the experimental data on Geometry E.

MAPE MPE SD %30%

Bertsch et al. [110] 23.7% 7.9% 30.4% 71.4%
Cooper [18] 33.2% 18.0% 40.6% 57.1%
Kandlikar [112] 29.4% -6.4% 35.3% 54.9%
Karayannis and Mahmoud [114] 33.8% 22.9% 39.3% 59.5%
Kim and Mudawar [111] 167.6% 167.2% 109.6% 4.2%
Tibiriçá et al. [113] 13.8% -6.9% 14.7% 96.2%

Table 6.3: statistical assessment of the accuracy of prediction by literature correlations for
the experimental data on Geometry F.

MAPE MPE SD %30%

Bertsch et al. [110] et al. 28.3% 15.9% 39.1% 70.3%
Cooper [18] 40.1% 28.6% 52.2% 59.2%
Kandlikar [112] 43.6% 4.8% 62.4% 43.5%
Karayannis and Mahmoud [114] 40.0% 32.0% 50.4% 59.2%
Kim and Mudawar [111] 182% 182% 136% 2.2%
Tibiriçá et al. [113] 19.5% -11.2% 19.8% 78.4%

Table 6.4: statistical assessment of the accuracy of prediction by literature correlations for
the entire experimental dataset of measurements in boiling regime I and II.

different. In this case, a model for elongated bubbles flow may be more appropriate,
like the three-zone model by Thome et al. [115]. In this study, as reported in Sec-
tion 5.3, elongated bubbles were not observed, and thus this prediction method was
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not considered. It is also highlighted that the method also requires the definition
of a flow-pattern map to identify its range of applicability. To date, a well-defined
flow pattern map for narrow channels has not been identified yet, possibly due to the
inevitably unsteady characteristics of the flow in high heat flux conditions and short
channel lengths. Nevertheless, flow-pattern-based prediction methods have been pro-
posed in the literature also for narrow channels. In particular, the U-shape profiles
observed in this study were modeled as the results of coalescence or intermittent
dryout in the elongated bubbles (decreasing branch of the U-shape) and annular flow
(increasing branch) [60].

6.3 Estimation of boiling regime transition
Following the categorization of the local heat transfer coefficients in three boiling
regimes, as presented in Section 5.3, an attempt to capture the transition lines was
made based on flow patterns predictions. In particular, the transition from boiling
regime I to boiling regime II was predicted as a transition to annular flow, while
the transition from boiling regime II to boiling regime III as a dryout inception.
Existing methods for dryout incipience were considered. In particular, both methods
for conventional channels and narrow channels, such as the methods by Wojtan et
al. [116] , Mastrullo et al. [117] and Kim and Mudawar [118]. These methods were
developed for stable flows in single channels operating at lower heat fluxes compared
to the present case study. Except from the case of Kim and Mudawar [118], the
methods were developed for conventional channels. The best predictions were given
by the method of Mastrullo et al. [117], which are shown by the black makers in
Figure 6.6. The other two methods gave either too high (Wojtan et al. ) or too low
predictions (Kim and Mudawar).
Following the approach used for boiling regime III, the transition lines from boiling
regime I to boiling regime II, in which the effect of the mass flux appears, were
compared to the prediction of the methods presented in [119] and [60] for the onset
of annular flow. In the study by [119], the flow map was specifically developed
for single-channel. On the contrary, the method presented in [60] was based on
experimental results obtained for a multi-channel test section. Figure 6.7 reports
the prediction for the method presented in Thome et al. [119]. The prediction by
the method of Huang and Thome [60], even though it was specifically developed
for multi-channel, provided very low values of the heat flux for the transition to
annular flow, which is not reported here. The transition line to annular flow [119]
on the flow-wise heat transfer coefficients plots with the predictions are reported in
Figures 6.8 to 6.10.

6.3.1 Discussion
The dryout incipience, identified as the transition from boiling regime II to boiling
regime III, was qualitatively predicted by the method of Mastrullo et al. [117] for the
lowest mass fluxes investigated, while at higher mass fluxes, it performed worse. This
condition is very likely connected to the fact that the correlation was not developed
for such high mass fluxes. The method of Kim and Mudawar [118] gave lower
predictions than expected, although it was the only one developed explicitly for narrow
channels. The transition from boiling regime I to boiling II was better captured by the
method of [119] than the study of Huang and Thome [60], even though the former
was developed on a multi-channel test setup. The reason for this may be that, in
the case of Huang and Thome [60], the vapor quality considered for the transition to
annular flow was identified as the minimum in the U-shaped profile of the flow-wise
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(a) Geometry D (b) Geometry F

(c) Geometry D (d) Geometry F

Figure 6.6: prediction of heat flux at dryout incipience (black marker) by the correlations of
Mastrullo et al. [117].
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(a) Geometry D (b) Geometry F

(c) Geometry D (d) Geometry F

Figure 6.7: prediction of the heat flux for transition to annular flow (black marker) by the
correlations of Thome et al. [119]
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(a) Geometry D. (b) Geometry D.

(c) Geometry F. (d) Geometry F.

Figure 6.8: prediction of the flow-wise heat transfer coefficient (solid line) [110] and transition
line to annular flow according to [119], R1234yf. qw in W/cm2.
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(a) Geometry D. (b) Geometry D.

(c) Geometry F. (d) Geometry F.

Figure 6.9: prediction of the flow-wise heat transfer coefficient (solid line) [113] and transition
line to annular flow according to [119], R1234yf. qw in W/cm2.
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(a) Geometry D. (b) Geometry D.

(c) Geometry F. (d) Geometry F.

Figure 6.10: prediction of the flow-wise heat transfer coefficient (solid line) [114] and tran-
sition line to annular flow according to [119], R1234yf. qw in W/cm2.
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heat transfer coefficient and not based on direct visualization in the 50 µm channel.
Considering the flow-wise heat transfer coefficients, some correlations work better
for local vapor quality below the transition value, and other work better above. A
simple estimation of the local heat transfer coefficient could thus take into account
this fact to select between one correlation or the other. This approach has also been
proposed by Huang and Thome [60], where mechanistic models for the annular flow
and the elongated bubble flow regime were employed for the prediction of the heat
transfer coefficient. The methods considered for the transition to the annular flow
regime and the onset of dryout seem to be a good starting point for predicting the
change in the boiling regime observed in the present study.
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7 Conclusions
This thesis presented an experimental investigation of the heat transfer characterizing
heat sinks in a pumped two-phase thermal management system for power electronics
cooling. Several aspects related to flow boiling in narrow multi-channel heat sinks
were investigated and highlighted. The study aimed to contribute to the documen-
tation of this technology to support the development of future thermal management
solutions for electronics. In particular, the study was oriented to the two-phase cool-
ing of power electronics in electric vehicles. In this perspective, the analysis was
conducted with two low-GWP refrigerants, R1234yf and R1234ze(E), and R134a.
The heat sinks were obtained from a copper substrate by micro-machining straight
channels with different characteristics. The channels had a nominal width of 200 µm
and 300 µm, a nominal height of 1200 µm and covered a square footprint area of
1 cm2. Measurements on the flow boiling heat transfer, critical heat flux, and flow
visualization were conducted for various operative conditions. The nominal channel
mass flux ranged between 415 kg/m2s and 1153 kg/m2s, while nominal saturation
temperature of 30.5 ◦C and 40.5 ◦C were considered. The heat flux dissipation at
the footprint of the heat sinks reached values as high as 600 W/cm2 for a limit
temperature of 165 ◦C.

7.1 General aspects of the investigation
Various application-oriented and physical aspects of the thermal phenomena occur-
ring in the investigation were presented and analyzed in this thesis. They are sum-
marized as follows:

• On a general perspective, the study contributed to provide a wide range of novel
experimental data on the flow boiling of R1234yf and R1234ze(E) in narrow
multi-channel heat sinks, which can be used for both empirical and flow-pattern
based modeling purposes. The data are aligned with the literature regarding the
excellent cooling possibilities offered by two-phase systems. Depending on the
fluid choice and the mass flow rate, footprint heat transfer coefficients in the
range of 40 kW/m2K – 200 kW/m2K were obtained with a maximum operating
temperature of the system of 165 ◦C.

• The study shows that critical heat fluxes between 50 W/cm2 and 120 W/cm2

at the walls could be achieved in the investigated setup, which resulted in foot-
print heat dissipation between 250 W/cm2 and 600 W/cm2. These values are
well suited for applications of two-phase cooling for power electronics in electric
vehicles. The critical heat flux increased with the mass flow rate and decreased
with the saturation temperature. The highest heat fluxes were obtained with
R134a, while R1234ze(E) was slightly below. The worst performance was ob-
tained with R1234yf, which had a 20% lower CHF on average. The dependence
on the experimental parameter was well-predicted by the Katto-Ohno corre-
lation, which is the most recommended method in the literature. The study
confirms this recommendation by extending the validation to new multi-channel
geometries and fluids. The high heat fluxes were possibly obtained thanks to a
reduced length-to-diameter ratio.

• Depending on the dissipated heat flux, the thermal performance was controlled
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exclusively by the heat flux on the walls or by both the heat and mass flux. At
the lowest range of heat fluxes tested, the system closely followed a nucleate
boiling behavior (Boiling regime I). The heat transfer coefficient eventually
departed from the nucleate boiling, and it showed a mixed dependence on the
heat and mass flux (Boiling regime II), possibly associated with convective
effects related to a significant flow acceleration. Finally, dryout occurred in the
channels, leading to a steep decrease of the heat transfer coefficient and the
achievement of the critical heat flux (Boiling regime III). Thanks to the specific
design of the test section, it was possible to provide an insight into the heat
transfer behavior of the multi-channel heat sinks on a broad spectrum of heat
fluxes.

• Flow visualization was conducted in details for R134a at a mass flux of 415
kg/m2s and 30.5 ◦C in channels with a nominal width of 300µm, a nominal
high of 1200 µm and 1 cm long. Both the cases with and without inlet orifices
were presented. No significant confined bubble growth could be observed. The
orifice mainly affected the range of heat fluxes in which an intermittent flow was
observed but did not have any specific effect on the heat transfer coefficient.
In some conditions, orifices slightly increased the critical heat flux, but the
effect was not regular. The present setup was operated at relatively high mass
fluxes, possibly explaining the partial effect of the orifices on the heat transfer
performance. The main flow patterns observed were bubbly flow, alternated
churn/vapor slugs, and alternated churn/wispy annular flow. A dryout increased
the standard deviation of the wall temperature in time, but no pressure drop
oscillations could be detected.

• The study of different geometries has revealed a significant effect of the wall
thickness on the local heat transfer coefficient at moderate heat fluxes. Thin-
ner separating walls can improve area enhancement over a fixed footprint by
increasing the number of channels, but may result in lower channel heat transfer
coefficients. The analysis suggests that the optimum among area enhancement,
wall thickness, and channel width on a fixed footprint may depend on the design
heat flux.

• For the operative conditions and the geometries considered, an estimation of the
heat transfer coefficient could be obtained by the empirical method of Cooper
[18], or the methods based on the Cooper correlation for the nucleate boiling
contribution in a superposition approach to predictions [120]. This was valid
as long as dryout did not occur and it is in agreement with other investigations
in narrow channels. However, the correlations did not account for the effect
of the mass flux observed at moderate heat fluxes (Boiling regime II) and the
U-shaped flow-wise heat transfer coefficients observed.

7.2 Outlook and recommendations for future works
Understanding the thermal and fluid phenomena occurring in narrow channels is of
uttermost importance for developing future two-phase cooling systems on a vast
commercial scale. These systems can provide superior thermal performance and
reduce mass flow rates, thus lowering energy usage. Challenges in flow boiling in
narrow channels still exist from both a physics-oriented and an application-oriented
perspective. From the physical perspective, a solid description of the heat transfer
through flow pattern-based models is desirable. Validation of existing flow pattern
maps for single channels and new ones based on new non-dimensional groups could
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be recommended. This goes in parallel with the development of solid models for
each flow pattern. Some work has already been done in this direction, but validation
and possible refinement are still needed. This is necessary to advance our under-
standing of the heat transfer processes under well-defined boundary conditions as it
occurs in a single tube. Then, this knowledge can be extended through predefined
methods to the more complex boundary conditions of a multi-channel setup. From
an application-oriented perspective, heat dissipation and pressure penalty are both of
interest. It would be desirable to understand which solutions could enhance the heat
transfer while keeping limited pressure drops, considering the operative constraints of
a broad spectrum of thermal management applications. This would help to narrow
the experimental conditions that are of interest to developing prediction methods.
Multi-channels setups with asymmetric heating present a variety of phenomena that
are difficult to segregate in experiments. A possible solution to this would be to
developed detailed numerical models to be coupled with the experimental analysis,
which has been done only to a minor extent.
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A Appendix
A.1 Pressure drop data
Pressure drop data for the heat transfer measurements presented in the thesis are
reported here in terms of the measured pressure drop over the inlet and outlet man-
ifold ∆pdiff and the ratio between the channel pressure drop ∆Pch and the overall
pressure drop ∆pdiff, labeled as θ∆Pch.

A.1.1 Pressure drop for R134a, Geometry A and Geometry D

(a) Geometry A (b) Geometry A

(c) Geometry D (d) Geometry D

Figure A.1: R134a, Gnom = 415 kg/m2s.
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A.1.2 Pressure drop for R134a, R1234yf and R1234ze - Geometry D

(a) R1234yf (b) R1234yf

(c) R1234ze(E) (d) R1234ze(E)

(e) R134a (f) R134a

Figure A.2: Geometry D
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A.1.3 Effect of the saturation temperature - Geometry D

(a) R1234yf (b) R1234yf

(c) R1234ze(E) (d) R1234ze(E)

(e) R134a (f) R134a

Figure A.3: Geometry D
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A.1.4 Pressure drop for R1234yf and R1234ze(E) - Geometry F

(a) R1234yf (b) R1234yf

(c) R1234ze(E) (d) R1234ze(E)

Figure A.4: Geometry F
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A.2 Fits for pressure drop in the inlet/outlet manifolds and the
orifices

A.2.1 Inlet manifold and outlet manifold
The liquid pressure drop in the inlet manifold was correlated with respect to the
Reynolds number Re calculated at the largest section of the manifold. The R-square
of the fit for Re < 7000 was 0.899, and the RMSE was 4.95.

fin(Re) =
∆pin

1/2ρlv2l
=

{
2.35 · 108Re−2.03 if Re < 7000

3.96 if Re > 7000
(A.1)

The ratio between two-phase pressure drop in the outlet manifolds ∆Pout and the
dynamic pressure of the liquid-only flow 1/2ρlv

2
l in the largest section of the manifold

were correlated with respect to the outlet vapor quality xout and the Weber number
based on the homogeneous mixture properties Wehom. The R-square of the fit was
0.889, and the RMSE was 7.46. This kind of fit was preferred to the two-phase
liquid multiplier approach because it provided the lowest error.

R(Wehom) =
∆pout
1/2ρlv2l

= (1380We−0.47
hom x0.98

out ) (A.2)

(a) Inlet manifold (b) Outlet manifold

Figure A.5: Friction loss coefficient for the inlet manifold (a) and two-phase multiplier for
pressure losses in the outlet manifold with two-phases (b).
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A.2.2 Orifice
The pressure drop over the orifice was correlated for each combination of fluid/ge-
ometry with respect to the Reynolds number in the orifice Reor. The correlation
function was a constant.

for =
∆por

1/2ρlv2or
(A.3)

(a) for=2.19 ±0.01 (b) for= 1.75 ±0.05 (c) for= 1.25 ±0.05

(d) for=2.20 ±0.01 (e) for= 1.99 ±0.08 (f) for= 1.39 ±0.03

(g) for= 2.78 ±0.04 (h) for= 2.24 ±0.16 (i) for= 1.36 ±0.03

Figure A.6: for. R1234yf, Geometry D (a), E (b) and F (c). R1234ze(E), Geometry D (d),
E (e) and F (f). R134a, Geometry D (g), E (h) and F (i).
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