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Abstract

This dissertation investigates the heat transfer and fluid dynamics in mi-
croscale heat sinks for high-performance, integrated water cooling of electronic
3D chip stacks. The integrated cooling is envisaged to be done using mi-
crocavities etched into each layer of a chip stack. The aim is to provide a
detailed experimental framework, which assesses the cooling performance of
microfluidic cavities and provides a guideline for strong improvements through
fundamental thermofluidic investigation. For this purpose, microcavity chips
simulating a single layer out of a 3D chip were populated with micropin
fins, which mimic electrical connections between the vertical chip layers. The
micropin fins were confined in cavities with vertical dimensions as small as
100 µm and up to 4420 pins in a cavity of 1 cm2, arranged in different array
configurations. It is proposed to operate such microfluidic heat sinks in a
flow regime characterized by unsteady microvortex-induced flow fluctuations,
which show remarkably superior thermal characteristics, for efficient cooling of
high-density electronics. The following well planned investigations have helped
us reach that proposition. First the hydrodynamic nature of microscale flows
across arrays of micropin fins is elucidated to understand the thermodynamic
observations and to exploit the hydrothermal properties for chip cooling. The
microflows show an unsteady pattern characterized by vortex shedding from
the row of pins. Quantitative flow data were obtained by the instantaneous
fluid velocity pattern using microparticle image velocimetry. Following this,
qualitative pathline flow visualization and frequency measurements are used
to study the dynamics of microflows past micropin fin arrays. The amplitude
of the flow fluctuations is observed to increase in the downstream direction.
This amplification mechanism triggered vortex shedding at the outlet row
of pins, with the location of shedding moving upstream for higher Reynolds
numbers. In fact, geometry-specific critical Reynolds numbers are determined
which mark the onset of enhanced fluid mixing and featuring transversal flow
fluctuations. The resulting fluctuating flow impinges onto the pins and leads
to an abrupt rise in the pressure drop across the chip cavity. This outcome
clearly identifies the flow regime transition. Additionally, the timescale of
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post-transition fluctuations is extracted from dynamic pressure measurements,
reaching values as high as 13 kHz. The compact nature of the microcavities
strongly confined the flow vertically between the cavity walls leading to higher
fluctuation frequencies and delay of the shedding onset. Measurements on
arrays with a smaller streamwise distance between the pins, i.e. higher longitu-
dinal confinement, also showed a similar effect on the flow frequency. Finally,
surface infrared thermometry for chip temperature and instantaneous fluid
temperature measurements performed using micron-resolution laser induced
fluorescence were applied to understand the thermal implications of the vortex-
induced microscale flow fluctuations. Cooling high-density electronics with
such unsteady, fluctuating flows reduced the chip temperature non-uniformity
threefold while enhancing the heat transfer up to 230%. After accounting
for the pumping power spent to sustain the fluctuations, an effective peak
performance of 190% was achieved. The accomplishments markedly advance
the state-of-the-art in thermal management using integrated water cooling
which is a necessity towards the realization of next generation 3D electronic
chips.
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Zusammenfassung

In der vorliegenden Doktorarbeit werden die Wärmeübertragung und die
Strömungsmechanik in Mikrokühlern untersucht. Diese Kühler sind speziell
zur Kühlung von vertikal gestapelten Computerprozessoren, sogenannten
3-dimensionalen (3D) Chips entwickelt worden. Das Kühlkonzept basiert
auf einer integrierten Hochleistungs-Wasserkühlung, und besteht aus einem
Netzwerk von mikroskopisch kleinen Hohlräumen, welche die entstehende
Wärme zwischen den einzelnen Schichten eines 3D Chips abtransportieren.
Der Mikrokühler repräsentiert dabei eine einzelne Schicht eines 3D Chips, um
die physikalischen Prozesse im Detail analysieren zu können. Das Ziel dieser
Arbeit ist die auftretenden thermohydrodynamischen Effekte in den Hohlräu-
men zu beobachten und Ihren Einfluss auf die Kühlleistung zu quantifizieren.
Die Resultate der experimentellen Untersuchungen bilden die Grundlage um
die Leistung und die Effizienz der integrierten Wasserkühlung zu verbessern.
Die Hohlräume im Innern des Mikrokühlers sind mit bis zu 4420 mikroskopisch
kleinen Stützen bestückt, verteilt auf einer Fläche von 1cm2. Diese Stützen-
verbunde imitieren die elektrischen Verbindungen zwischen den gestapelten
Mikroprozessoren. Auf Grund der geringen Bauhöhe der Mikrokühler, fliesst
das Kühlwasser durch bis zu 100 µm schmale Hohlräume. Im Folgenden
wird eine Methode vorgeschlagen, die Mikrokühler in einem dynamischen
Strömungsbereich zu betreiben. In diesem hydrodynamischen Bereich entste-
hen Wirbel auf mikroskopischer Ebene und bringen die Wasserströmung im
Mikrokühler zum fluktuieren. Untersuchungen zeigen, dass die entstehen-
den Mikrowirbel und die assoziierten Strömungsschwankungen hervorragende
thermische Eigenschaften aufweisen um extrem kompakte elektronische Kom-
ponenten effizienter zu kühlen. Um die thermodynamischen Beobachtungen
zu verstehen, werden zuerst die hydrodynamischen Besonderheiten der Strö-
mung entlang eines Verbundes von mikroskopischen Stützen erklärt. Die
Dynamik des Strömungsfeldes wird mit Hilfe von qualitativen Visualisierun-
gen der Strömungslinien und mit dynamischen Druckmessungen analysiert.
Diese Messungen der Strömungsfrequenz zeigen, dass der Wasserfluss mit
bis zu 13 kHz fluktuiert. Um die Fliessgeschwindigkeit in den Hohlräumen
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auch quantitativ zu bestimmen, werden die Bewegungen des Strömungs-
feldes mit extrem kurzen Lichtpulsen quasi eingefroren. Die Resultate zeigen
die Entstehung des instabilen Strömungsfeldes durch wiederholte Ablösung
von Mikrowirbeln innerhalb des Stützenverbundes. Die Amplitude der Strö-
mungsschwankungen nimmt bei konstanter Geschwindigkeit in Flussrichtung
zu und die Verwirbelungen starten zuerst am Auslass des Stützenverbun-
des. Wird die Durchflussrate (bzw. Reynolds Zahl) erhöht, verschiebt sich
die Front der Verwirbelungen stromaufwärts. Tatsächlich existiert, abhängig
von der Anordnung der Stützen, eine kritische Reynolds Zahl, welche den
Beginn der fluktuierenden Querströmungen markiert und zu einer verstärkten
Vermischung des Wassers führt. Durch die Strömungsschwankungen wird
der gemittelte Druck auf die Mikrostützen grösser, was zu einem abrupten
Anstieg des totalen Druckabfalls gemessen über die Chip-Länge führt. Diese
Druckerhöhung identifiziert eindeutig den Übergang zwischen statischem und
zeitabhängigem Strömungsfeld. Durch die kompakte Bauweise der Hohlräume
wird die Strömung zwischen den vertikalen Wänden stark eingeengt, welches
einerseits die Frequenz der Fluktuationen erhöht und andererseits den Be-
ginn der Verwirbelungen verzögert. Messungen an Mikrokühlern mit einem
kleineren Abstand zwischen den Mikrostützen in Strömungsrichtung, d.h.
mit höherer longitudinaler Beschränkung, zeigen eine vergleichbare Erhöhung
der Strömungsfrequenz. Schliesslich geben Infrarotmessungen während eines
Heizvorganges Aufschluss über die Verteilung der Oberflächentemperaturen
auf dem Mikrokühler. Diese Ergebnisse liefern in Kombination mit instan-
tanen Visualisierungen der Wassertemperatur im Innern des Mikrokühlers,
ein umfassendes Bild der thermodynamischen Auswirkungen von wirbelin-
duzierten mikroskopischen Strömungsfluktuationen. Die Kühlung von extrem
kompakten elektronischen Komponenten mittels fluktuierenden Strömungs-
feldern verbessert die gleichmässige Temperaturverteilung um das 3-fache,
bei gleichzeitiger Erhöhung der Wärmeübertragung von bis zu 230%. Nach
Berücksichtigung der erhöhten Pumpleistung, welche benötig wird um die
Fluktuationen zu generieren, wird eine maximale Erhöhung der effektiven
Kühlleistung von 190% erreicht. Die Ergebnisse dieser Arbeit ermöglichen
neue Ansätze und helfen dabei die Entwicklung von modernsten Temper-
aturregelungsverfahren mit integrierter Wasserkühlung weiter voranzutreiben.
Eine effiziente, integrierte und somit skalierbare Wasserkühlung ist ein Schlüs-
selelement um die nächste Generation von Mikroprozessoren als 3D Chips zu
realisieren.
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1 Introduction

1.1 Context

More than hundred years ago, the invention of vacuum tube technology ini-
tialized the modern age of electronic signal processing and can very well be
considered as one of the ground breaking achievements forming the foundation
of today’s information technology. It cannot be denied that the endeavors of
British scientists in vacuum technology during World War II fostered devel-
oping the first generation of computers. The first programmable computer
figuratively called Colossus (Copeland, 2006) was used in the field of crypt-
analysis to decipher encrypted military messages. With the end of World War
II, 1945, corporate research and development primed the operation of first
generation computers for non-military applications. Among other factors, a
major drawback of vacuum tubes was the large amount of heat generated and
the associated short life time. Consequently, the reliability of the computers
was significantly affected by the failure rate of the tube assemblies. With the
invention of the bipolar transistor in 1949 (Shockley, 1949), a new technol-
ogy became available for the computer industry. Almost a decade later in
1957, the IBM 608 was the first fully transistor-based computer commercially
available on the market. With advances in lithographic patterning, electronic
circuits composed of individual transistors and other electronic components
were combined onto a single substrate forming an integrated circuit (IC) —
the birth of the microprocessor. The new IC technology invented by Jack
Kilby (Kilby, 1964) and independently by Robert Noyce (Noyce, 1961) in
1959 heavily helped to reduce fabrication costs and finally opened the doors
for mass-production. At that time, the technological leap from vacuum tubes
to transistor based devices was unavoidable to perpetuate advancements
in computer technology. The bipolar transistor and IC fabrication process
overcame the scalability and heat generation problems of the former vacuum
tube technology.

However, due to the very nature of research, the corresponding newly
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1. Introduction

developed technology is predetermined to face its limits. Once again a major
limiting factor of the new bipolar transistor technology was the increasing
heat dissipation in computational architectures thwarting the advance to
higher performance. Finally, the era of the bipolar transistor ended in the
1990s after the semiconductor industry launched a new circuit family. It
seems surprising that the basic technology responsible for the supersession of
the bipolar transistor was already invented 30 years earlier. In 1960, Dawon
Kahng and Martin M. Atalla invented the metal-oxide-semiconductor field-
effect transistor (MOSFET) (Kahng and Atalla, 1960). Compared to the
current controlled bipolar transistor, the novel voltage-modulated MOSFET
consumed significantly less energy during a switching cycle. However, due
to the unrivalled high performance of bipolars, there simply was no need
to penetrate the semiconductor market with a new logic technology and,
therefore, MOSFET technology remained a niche product. The key parameter
quantifying the diminishing success of bipolar circuits compared to field
effect transistors was the power consumption per circuit. Both technologies
basically exhibited the characteristics of higher performance and lower power
consumption at smaller feature sizes. However, power consumption per unit
size decreased faster for field effect transistors enabling higher circuit densities.
Due to higher functional densities, a more evolved version of the MOSFET,
the complementary metal-oxide-semiconductor (CMOS) architecture, finally
outweighed the performance of bipolar-based microprocessors in the mid-
1990s; only 8 years after CMOS circuits emerged on the market (Isaac, 2000).
Until now, CMOS remains the most energy efficient technology available for
integrated circuits.

The technological transition from bipolar to CMOS circuits nicely illus-
trates the performance gain achieved from greater integration. Even though,
the performance of individual CMOS transistors is inherently slower than the
bipolar transistors, the superior performance of CMOS microprocessors was a
result of the higher integration densities. Ultimately, a high level of integration
was only feasible due to the lower power consumption of CMOS circuits and
therefore shows the significance of heat dissipation in microchips. Whenever
electronic circuitry used for computation was on the verge to undergo an
evolutionary change to a new technology, heat dissipation was found to play
a major role.

As already observed for the transition from vacuum tubes to bipolar
transistors this scenario repeated itself 30 years later when bipolar computers
reached their peak performance. Forced convection air cooling was insufficient
to remove the large amounts of heat dissipated in high-end bipolar-based
computers after 1980 and the application of indirect single-phase liquid cooling
was unavoidable (Chu et al., 1999). At that time, performance was limited for
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1.1. Context

the second time because of the high heat fluxes. Fortunately, the field effect
transistor technology was already evolving in parallel and proved ready to
replace the dominant architecture once advances in bipolar transistor faced
serious problems. On the other hand, despite lower power consumption, the
CMOS technology has only shifted thermal management problems by ∼10
years to the early 2000.

In CMOS fabrication, the reason for the ever growing functional density
was the technological scaling of microprocessor components. With the constant-
field scaling approach, the size of a transistor in all three dimensions is reduced
equally, including proportional reduction of the operating voltage (voltage
required to switch the transistor between ON and OFF states). Down to
130 nm length scales, this method allowed transistor clock speed to increase
proportional to the scaling factor at constant power density (Kuhn, 2009).
Below 130 nm gate length, the operating voltage scales with a smaller value
than the dimensional scaling factor due to transistor sub-threshold leakage
with the consequence to create higher power densities for smaller IC structures.
Another scaling constraint results from gate oxide leakage due to current
tunneling and it became a noticeable percentage of overall chip power. Parasitic
power dissipation originating from various scaling-induced current leakage
mechanisms become a major challenge in CMOS devices fabricated at deep
sub-micrometer scale (Roy et al., 2003). As a result, chip clock frequencies
have not much increased in the sub 100 nm because of the limiting high power
densities dissipated in CMOS circuits (Meindl et al., 2002).

In the early 2000 a new era in IC design began. The strategy of solely
increasing the CPU clock frequency to improve performance was abandoned
and the development towards multicore processors was initiated. In 2011,
Intel presented the Xeon E7 chip with 10 cores running at clock speeds up
to 2.4 GHz and was fabricated with the 32 nm technology. For nearly a
decade (2004–2012), clock frequency saturated and only slightly increased
in 2012 (∼4 GHz for Intel’s server processor Xeon E3 with 4 cores at the
22 nm generation and 5.5 GHz for IBM’s zEC12 fabricated at the 32 nm
node). The advent of the multicore era is partially a response to challenges
encountered in transistor scaling and thermal management of high-performance
single-core chips. Adding multiple CPU cores on the same chip reduces the
communication latency and power consumption compared to the single-core
counterpart. Especially for applications with a high degree of parallelism, the
multicore chip approach permits performance scaling.

In summary, the strategy to extend the chip design to multicore units
was an attempt to bypass intrinsic problems of the CMOS technology itself.
Therefore, it is not surprising that the performance gain from multicore chips
will start to ebb at the 16 nm scale in 2014 - again about a decade later after
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1. Introduction

introducing a new chip generation for the first time (Esmaeilzadeh et al.,
2012). Unlike the transition from bipolar to CMOS, a radical change to a new
logic family will not occur after CMOS in the foreseeable future simply due
to the lack of a viable contender technology. From a long-term perspective,
the adverse impact on the increase in performance originating from transistor
and multicore scaling limits needs to be absorbed by smarter IC architectures.
This involves new trend lines that will elicit more functions per transistor
rather than increasing the number of transistors on a chip. Since the multicore
scaling strategy does not possess long-term potential as a main driver towards
higher performance it has to be replaced with more radical solutions. To
develop these solutions we first have to understand the limits of the current
technology. The main performance limiter is the time a signal requires to
propagate between transistors. Scaling CMOS circuits adversely effects the
signaling time since thinner interconnections exhibit higher resistive-capacitive
time constants (Brunschwiler, 2011). In multicore systems the interconnection
problem is further enhanced due to significantly longer signal pathways.

In this context, vertical integration is a promising architectural approach
to manufacture future high performance systems. Vertical integration refers
to stacking of chip cores on top of each other. In contrast to the planar
architecture of state-of-the art chips, the vertical integration technology adds
the scalability in the third dimension. A core concept towards successful
3-dimensional (3D) integration is the fabrication of through-silicon via (TSV)
communication lines, i.e. high aspect ratio vias etched into silicon and subse-
quently filled with metal. The vertical lines pass through the silicon wafers to
electrically connect multiple dies stacked on top of each other. The TSV inter-
connection technology provides the shortest wiring length possible for a stack
of chips, thus creating an avenue for extremely dense electronic chips. Vertical
assembly of individual dies considerably reduces the total wiring length and
pushes communication bandwidth limits beyond multicore systems. Moreover,
3D integration provides a significantly higher spatial fraction which can be
allocated to functional units and, therefore, enables design guidelines towards
extremely high functional density logics.

High functional density, however, comes with high heat dissipation. In
fact, the problem of thermal dissipation is already severe in state-of-the-art
supercomputer and would, almost undoubtedly, worsen with 3D chip stacks.
Therefore, thermal management of supercomputers clearly belongs to the
top concerns in the integrated circuit (IC) industry. Well established air
cooling strategies use high thermal conductive interface materials to lower
the conductive thermal resistance from the chip to heat pipes which on the
other hand shunt the dissipated power to finned heat sinks. The increased
surface area heat sinks are able to provide lowers the convective thermal
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1.2. Thesis Scope

resistance to the air. Advanced air cooling systems can handle heat fluxes up
to 140 W/cm2 while the maximum chip temperature remains below a critical
threshold. Beyond the horizon of 2013, projected average power dissipation
of electronic components are anticipated to exceed 100 W/cm2 for the 14
nm generation penetrating the market, presumably in 2016, according to the
published International Technology Roadmap for Semiconductors (ITRS) in
2011.

Moving forward, the new architectural concepts enabling higher functional
integration such as 3D chips will dissipate enormous amounts of heat in a
small package. Therefore, conventional air cooling concepts are impermissible
simply because of the volumetric heat flux magnitude existing in 3D chip
stacks which can be as high as 3.9 kW/cm3 (Brunschwiler et al., 2010).
Consequently, a paradigm shift in thermal management appears imminent,
urging the development of new cooling solutions to address the thermal
challenges of ultra-compact computer chips. In this context, liquid based heat
removal techniques have delivered outstanding performance to keep each layer
of a 3D chip below the critical temperature. In detail, integrating a scalable
liquid cooling network into a chip stack was proposed to solve the cooling
bottleneck (Tuckerman and Pease, 1981) and outperforms any state-of-the-art
technology available on the market. To minimize the thermal resistance of
such dense electronic packages, microcavities directly embedded between the
processor layers form the fundamental building blocks of the integrated cooling
network. Compared to microchannel and parallel plate geometries, cavities
populated with micropin fins have shown superior performance (Brunschwiler
et al., 2009). Therefore, the concept of single-phase interlayer cooling is
of crucial importance for future high-performance chip generations with
integration levels reaching into the third dimension.

1.2 Thesis Scope

This thesis summarizes the experimental work on heat exchanger microcavities
for integrated water cooled 3D electronic chip assemblies. A detailed framework
is presented on microscale flow dynamics and heat transfer characteristics
in chips confining micropin fin arrays. The hydrothermal performance of
microvortex-induced flow fluctuations on the cooling chips was assessed and
the achievements are considered to help realize a valuable thermal management
strategy for future 3D chip stacks.
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1. Introduction

1.3 Thesis Outline

The outline of the thesis is given in the following.

Chapter 2 - Hydrodynamics in Microcavities

First the hydrodynamics observed in microcavity chips representing a single
layer of a water cooled 3D electronic chip is introduced. At sufficiently high
Reynolds number, the flow pattern observed in arrays of confined micropins
undergoes a hydrodynamic transition which is characterized by periodic
flow fluctuation. Instantaneous microparticle image velocimetry was applied
to quantitatively visualize transition flows and helped to understand the
occurrence of vortex shedding at the microscale.

Chapter 3 - Flow Fluctuations from Confined Micropin Fin Arrays

Subsequently, the pressure response of vortex-induced fluctuations on the
microcavity chips is presented. Pressure signals apparent in post-transition
flows were analyzed for different chip architectures and at various Reynolds
number. Multiple flow fluctuation frequencies were measured at different
locations in the micropin arrays, with frequencies up to 13 kHz. A particle
light scattering technique helped to qualitatively visualize the fluctuating flow
fields and to confirm the frequency of the flow fluctuations optically. In contrast
to microparticle image velocimetry, the newly developed pathline visualization
technique allows direct optical access to the flow field at the microscale without
any intermediate post-processing step and strongly facilitates the experimental
procedure.

Chapter 4 - Heat Transfer Enhancement in Micro-Heat Sinks

Finally, the thermal characteristics of microscale flow vortices for 3D chip
cooling is presented. The post-transition flows are found to strongly enhance
the local heat transfer. Despite the higher pumping power costs required to
sustain vortex shedding, the results demonstrated a remarkable enhancement
of the performance of up to 190%, solely attributed to vortex-induced flow
fluctuations. Due to the locally higher heat transfer downstream, the chip
surface temperature non-uniformity was reduced almost by a factor three. In-
stantaneous micron-resolution laser induced fluorescence images were recorded
to obtain temperature maps of the fluid flow inside the microcavity. The
periodic convective transport of fluidic hotspots into the free stream at high
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rates was found to be the reason that led to enhanced heat transfer in presence
of vortex shedding.
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2 Hydrodynamics in Microcavities

The results of this chapter were published in:

A. Renfer, M. K. Tiwari, T. Brunschwiler, B. Michel, D. Poulikakos.
Experimental investigation into vortex structure and pressure drop across
microcavities in 3D integrated electronics. Experiments in Fluids, 51(3):731-
741, 2011.

Abstract
Hydrodynamics in microcavities with cylindrical micropin fin arrays simu-
lating a single layer of a water-cooled electronic chip stack is investigated
experimentally. Both inline and staggered pin arrangements are investigated
using pressure drop and microparticle image velocimetry (µPIV) measure-
ments. The pressure drop across the cavity shows a flow transition at pin
diameter-based Reynolds numbers Red ∼200. Instantaneous µPIV, performed
using a pH-controlled high seeding density of tracer microspheres, helps vi-
sualize vortex structure unreported till date in microscale geometries. The
post-transition flow field shows vortex shedding and flow impingement onto
the pins explaining the pressure drop increase. The flow fluctuations start at
the chip outlet and shift upstream with increasing Red. No fluctuations are
observed for a cavity with pin height-to diameter ratio h/d = 1 up to Red

∼330; however, its pressure drop was higher than for a cavity with h/d = 2
due to pronounced influence of cavity walls.

2.1 Introduction
High-performance next-generation multi-core processors require new architec-
tures and advanced packaging. Vertical integration improves the bandwidth
from core to cache memory, by reducing wiring length. Furthermore, it helps in
obtaining a larger processor area, which effectively becomes the number of dies
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2. Hydrodynamics in Microcavities

in the stack times the maximum projected lithography size for two-dimensional
chips (Brown and Ulrich, 2006). Therefore, the semiconductor industry is
investing heavily into the development of through-silicon vias (TSV), which
are the most important building blocks toward three-dimensional (3D) inte-
gration. However, in multi-layered, 3D packages, both heat flux and thermal
resistances accumulate, resulting in junction temperatures above the reliability
threshold.

This constrains the electrical design and is the reason why thermal man-
agement is one of the key challenges for future microprocessor development.
Interlayer water cooling is far superior to traditional air cooling techniques
since it can remove the dissipated heat directly between the individual chip
layers, promising performance increases for several device generations. The
superior heat transfer capability of water notwithstanding the pumping power
associated with the pressure drop across the chip is a criterion contributing
to the overall energy costs for cooling 3D electronic chip stacks. To seal
the electrical interconnects from water, the TSVs are embedded into silicon
pins and the overall arrangement consists of a micropin fin array inside a
microcavity. Therefore, the hydrodynamic investigation into microfluidic chips
with micropin fin arrays inside microchannels is of paramount importance in
developing the next-generation integrated liquid cooling of 3D chip stacks.

Classically, for macroscale flows across a single cylinder, a critical Reynolds
number marks the inception of vortex shedding. For an array of cylinders on
the other hand, the flow field characteristics are more complicated, mainly
due to interacting wakes (Ziada and Oengören, 1993). In low aspect ratio
(h/d) pin fin array cavities, the effect of confinement is expected to play an
additional role, resulting in different flow regimes than in flows across cylinder
arrays and cannot be described solely through a Reynolds number based
on the cylinder diameter. Flow across large-scale tube bundles with various
configurations and shapes has been extensively investigated experimentally by
several researchers using hot-wire or laser Doppler anemometry, PIV as well
as pressure measurements. An overview of selected studies can be found in
Paul et al. (2007). Iwaki et al. (2004) conducted PIV experiments using inline
and staggered tube bundles (d = 15 mm) at Reynolds numbers of 5,400 and
higher. They could identify three vortex structures behind the tubes; however,
the vector fields were obtained by ensemble cross-correlation over 200 images.
These studies focus on macroscale tubes, but the detailed hydrodynamics in
micropin fin arrays confined in microchannels remains unexplored.

Flows with low aspect ratio pin fins are likely to be different due to
pronounced effects of cavity wall damping (Brunschwiler et al., 2009). Kosar
et al. (2005) performed an experimental study on 100-µm-long micropin fin
bundles with various configurations and reported on an increasing pressure
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slope at higher flow rate because of cylinder-wake interaction. These authors
neither provided a detailed explanation for the pressure transition nor any
flow visualization to support this observation. Prasher et al. (2007) observed
a pressure gradient transition in the hydraulic performance of low aspect
ratio micropin fins but did not provide a physical explanation. Brunschwiler
et al. (2009) investigated various pin fin arrangements with different pin
diameter, pitch and cavity heights for 3D integrated chip cooling. For inline
and staggered distorted designs with a pitch and cavity height of 200 µm, they
observed a clear flow regime transition through pressure measurements. No
flow measurements were performed to investigate this transition. Alfieri et al.
(2010) developed a hydrodynamics and conjugate heat transfer model of a
single row of inline micropins in order to obtain correlations for modelling a 3D
chip stacks simulator as a non-equilibrium porous media. No flow transition
was considered.

Liang et al. (2009) presented a numerical approach to simulate laminar
flow across a row of six cylinders for different longitudinal pitches. They found
a vortex shedding activity moving upstream with increasing pitch between the
cylinders at a fixed Reynolds number. In the study of Nishimura et al. (1993),
an upstream development of the transition to vortex shedding with increasing
Reynolds number was observed in an array of inline and staggered large
diameter tubes (d = 15 mm, Red = 60 - 3,000). No experimental visualization
and measurement of the transition flow in micropin fin arrays confined in
cavities has been reported to this date.

Herein, we report velocity and pressure drop measurements in micropin
fin chips in inline and staggered distorted arrangement for flows with pin
diameter-based Reynolds number Red up to 290. The velocity measurements
are performed using microparticle image velocimetry (µPIV) for flow visu-
alization at the microscale (Santiago et al., 1998; Wereley and Meinhart,
2010). Instantaneous velocity field measurements required high microparticle
seeding, which are prone to undesirable coagulation and sticking to solid
boundaries of the flow domain (Lindken et al., 2009). In spite of these limita-
tions, unsteady and/or turbulent flow dynamics in simple geometries such as
micron size channels (Li and Olsen, 2006a,b; Angele et al., 2006; Blonski et al.,
2007; Natrajan and Christensen, 2010), capillaries (Natrajan and Christensen,
2007), obstacle-type valveless micropumps (Sheen et al., 2008), and inkjet
print heads (Meinhart and Zhang, 2000) have been previously reported by
measuring instantaneous velocity fields.

However, a complex geometry such as the microcavity with the micropin fin
array considered here requires special care and techniques to avoid unwanted
particle sticking. A novel pH-controlled, higher seeding of microparticles is
employed to enhance signal-to-noise ratio in µPIV and to obtain instantaneous

11
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velocity measurements. The instantaneous µPIV measurements enabled us to
perform unsteady flow characterization in such a complex microscale geometry
as opposed to more common ensemble averaged µPIV measurements, which
are only suited for steady state flows (Raffel et al., 2007).

Detailed velocity data were obtained at different locations in micropin fin
arrays, and vortex structures were analyzed in order to explain the pressure
drop trend along the flow cavity. Furthermore, we show a position dependence
of the pressure transition along the flow direction and the absence of vortex
shedding for a cavity height equals pin diameter, in the Reynolds number
domain investigated. The geometric sizes and flow rates selected to be studied
are specifically suitable for integrated chip cooling. The corresponding pressure
drop in such microcavities is essentially a necessary penalty of the chip cooling
process.

Our measurements show that the vortex shedding leads to a sharp rise
in the pressure drop across the chip. However, vortices will also lead to
enhanced mixing and heat transfer, thereby requiring a trade-off in the design
of such chips. Through our work, we have identified these competing aspects
in designing microcavities with micropin fin arrays for integrated cooling of
electronic chips.

2.2 Experimental setup

2.2.1 Microfluidic chip fabrication
The microfluidic chips were prepared using standard microfabrication tech-
niques. Figure 2.1a, b shows pictures and schematics of the chips used in the
study, respectively. The cylindrical micropin fins as well as the fluid ports were
etched into silicon with deep reactive ion etching (DRIE) followed by anodic
bonding of a 500-µm-thick glass plate to the top of the chip in order to form
the cavity and still allowing optical access for µPIV. The resulting microfluidic
chip cavity was square shaped in top-view (10 × 10 mm2) with a height of
200 ± 10 µm. The pressure drop along the fluid path was probed using four
pressure ports located at 0, 1, 5, and 10 mm along the flow direction (see Fig.
2.1a). The pressure ports at 0 and 10 mm are located within the cavity, 1 mm
from the inlet/outlet as shown in the scanning electron microscope (SEM)
image in the inset of Fig. 2.1a. The chip cavity was connected to a water loop
using two rectangular 1-mm-wide inlet and outlet slots. Two different cavity
designs with 50 × 50 pins in the flow area of the chip were used as shown
in Fig. 2.1b. The first is a pin fin inline (PFI) and the second a staggered
distorted cell (PFS-dc) arrangement of pins; both with a pin pitch p of 200
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Figure 2.1: a Photograph and SEM image of the microfluidic chip with the pressure ports
indicted (top) and a SEM image of the micropin fins in the flow cavity (bottom). b Design
of the inline (PFI) and staggered distorted cell (PFS-dc) chips used for the experimental
study

± 10 µm and a pin diameter d of 100 ± 5 µm (p/d = 2). Note that for the
staggered distorted cell, every second column of pins is shifted by half a pitch
in the flow direction.

2.2.2 Measurement method and experimental
conditions

The flow was driven with an impeller pump (Conrad Electronic SE, Germany)
to minimize pulsation, which could be the source of transient effects, at a
maximum flow rate of 190 ml/min. The variation of the flow rate above 50
ml/min was less than 2%. The flow was measured with a laminar pressure
gradient flow sensor (range: 0-500 ml/ min; Omega, USA) with a full scale
accuracy of 2%. A differential pressure gauge (range: 0-2.0 bar, accuracy:
0.2%; Omega, USA) was used to measure the pressure drop between the ports.
All the pressure drop measurements were conducted at room temperature
with de-ionized (DI) water as the working fluid. However, the pH of the water
was adjusted using sodium hydroxide for µPIV experiments for the reasons
described below. The pressure measurements were recorded with a delay of a
few minutes after setting the flow rate, to ensure stabilization of flow through

13



2. Hydrodynamics in Microcavities

CCD camera

emission 575 nm

pump

reservoir

flowmeter

10 mm filter

valve

fluid loop

microfluidic chip

mPIV system
Nd:YAG laser

excitation 532 nm

V&

10x/0.3

Figure 2.2: Schematic of the µPIV system with the microfluidic chip connected to a water
loop

the flow loop.
Figure 2.2 shows the flow loop and connected µPIV system used for flow

visualization. The µPIV setup consisted of an epi-fluorescent microscope
system (FlowMaster Mitas, LaVision, Goettingen, Germany) as shown in
the figure. The test chips were placed on the 3D stage of the epi-fluorescent
microscope in order to change the location of the observed (focused) area.
The flow was seeded with fluorescent buoyant particles (1 µm in diameter,
Nile red FluoSpheres; Invitrogen, Carlsbad, CA). The tracer particles were
excited with a double-pulsed 532 nm Nd:YAG laser, and the emitted light
(575 nm) was recorded with a 2,048 × 2,048 pixel CCD camera. The energy
per pulse was adjusted to approximately 10 mJ since the fluorescent signal
saturated at higher pulse energies. Achieving instantaneous velocity fields
from double-shot images requires a high seed particle density so that sufficient
information is available for two-frame (double-shot) cross-correlation.

In our measurements, in the absence of any further medication to DI
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water, particles stuck heavily onto the walls of the pins and the chip cavity.
This is a common challenge faced in µPIV experiments (Santiago et al., 1998)
and result from Derjaguin and Landau, Verwey and Overbeek (DLVO)-type
interaction, which accounts for both electric double-layer interaction and van
der Waals attraction, between the particles flow boundaries (in our case pin
surface and cavity walls) (Perry and Kandlikar, 2008). The microspheres were
charge stabilized by grafting proprietary polymers with pendant carboxylic
acid groups. It is known that a convenient means to alter DLVO interaction
is to alter the pH of the solution, which alters the double-layer interaction,
thus stabilizing the charge-stabilized particles. We found that adjusting the
water pH to ∼9 using sodium hydroxide minimized the accumulation of
anionic microspheres on micropins and cavity walls. The increased content of
hydroxide ions (due to high pH) deprotonate the carboxylic groups on the
microsphere surface such that the resulting negative charge on the particle
prevents agglomerations. This step was crucial to obtaining instantaneous
velocity measurements by cross-correlating the image pairs at any instant.

The timing of the laser illumination and frame acquisition were controlled
using the LaVision software. The PIV image pairs (i.e., the double-shot images)
were acquired with a frequency of 4 Hz. The time difference between the images
of any pair was adjusted between 2 and 10 µs to yield a maximum particle
displacement of approximately 1/4th of the initial interrogation window size
of 256 × 256 pixels. This corresponds to a particle displacement of 18.8 µm.
The intensity patterns from the fluorescent particles associated with the laser
pulse was recorded on individual frames.

To compute the velocity vectors, an adaptive multi-pass cross-correlation
technique was used. Starting from an interrogation window of 256 × 256
pixels, the vector fields computed at every iterative pass were used to as
to adjust the window shift for the following passes. The final interrogation
windows of size 64 × 64 (18.8 × 18.8 µm) or 32 × 32 pixels (9.4 × 9.4 µm)
with a 50% overlap, in both cases, were used. The resulting vector spacing
was 9.4 µm (for 64 pixel windows) or 4.7 µm (for 32 pixel windows).The size
of interrogation window is specified in the caption of all figures in Results
and discussion section showing velocimetry measurements. For steady flows,
ensemble averaged cross-correlation was performed with 68-100 image pairs
depending on the flow situation and compared with instantaneous velocity
fields from double-shot images. To reduce image random noise, the particle
images were pre-processed with a 3 × 3 low-pass filter, and a spatial sliding
minimum subtraction was used to remove background noise.

In this study, a 10× microscope objective with a numerical aperture of
0.3 was used for imaging providing a depth of correlation 2zcorr = 27.6 µm
(Olsen and Adrian, 2000). The number of particles within an interrogation
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window of 64 × 64 pixels was chosen to be n = 10. Therefore, the volumetric
particle concentration of the seeding particle was computed as

cvol = 100cVparticle (2.1)

where Vparticle denotes the particle volume and c the number of particles in
an interrogation depth, which was computed as c = n/2zcorrAint with Aint

designating the interrogation area. Substituting the numerical values, we
obtain cvol = 0.054%. Although the particle seeding was chosen to achieve a
final interrogation window size of 64 × 64 pixels, some flow conditions allowed
an additional refinement with a final interrogation windows size of 32 × 32
pixels. This clearly resulted in better resolution in computed vector fields.
However, since our particle seeding density was chosen for a final interrogation
window size of 64 × 64 pixels, results from interrogation windows of 32 ×
32 pixels were only taken into account if average velocity from these two
different window size was within 1%. The specific interrogation window size
is mentioned in every figure below to avoid any confusion.

2.3 Results and discussion
The hydrodynamics of the flow through the chips was investigated through
pressure drop and velocimetry measurements as described next.

2.3.1 Pressure drop measurements
The pressure drop measurements across the entire chip for two different
micropin fin arrangements are shown in 2.3 as a function of the Reynolds
number, Red defined in terms of pin diameter d as

Red = vmd

ν
(2.2)

where ν is the kinematic viscosity of water and vm the mean velocity of
the fluid between the pins. For any flow rate V̇ , the mean velocity can be
computed as

vm = V̇ /(h(p− d)Np) (2.3)

where the symbols h, p, and Np denote the cavity height, pin pitch, and
number of pins, in a cross-section normal to the flow direction, respectively.

The pressure drop variation as a function of Reynolds number shows
a sharp change in the slope for both pin fin configurations at Red ∼ 200
(135 ml/min). As will become clear after the µPIV results described later,
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Figure 2.3: Relative pressure drop across the entire chip for the inline and staggered-dc
configuration. At Red ∼ 200, a pressure gradient change indicates a flow regime transition

this transition is clearly influenced by vortex dynamics in fluid flow beyond
these critical Red. The strong slope increase after Red = 200 (Fig. 2.3) is
problematic for microfluidic electronic cooling applications since it may result
in an excessive overall pressure drop.

However, as a beneficial effect, such flow regime was found to be responsible
for improved heat transfer as reported by (Brunschwiler et al., 2009). Micropin
fin-based chips simulate the integrated cooling strategy which is the only
feasible means to address the cooling needs of the next-generation 3D chips.
Therefore, it is critical to understand the nature of this transition. As a
first step toward understanding the transition in Fig. 2.3, the variation in
differential pressure drop across the length of the chip was investigated. Figure
2.4 presents the results of these local (at certain predefined portions of the chip)
pressure drop measurements only for the chip with the inline fin arrangement
(PFI), since the global pressure curve was similar for the staggered arrangement
(PFS-dc). The pressure drops near the inlet and outlet are measured across five
transversal pin rows, whereas nearly 20 transversal pin rows each are covered
for two measurements in the middle. These measurements are designated in
Fig. 2.4a as inlet, outlet, middle 1, and middle 2. Due to the symmetry of
the measurement ports, the local pressure measurements were repeated by
reversing the flow direction (changing inlet to outlet and vice versa).

With these measurements, it was possible to reveal the position dependence
of the transition across the chip. The onset of the transition in terms of Red
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Figure 2.4: a Variation in pressure drop per transversal unit row with Red for the inline
configuration. The normalized value of the pressure drop was extracted from the differential
pressure drops measured across different sections shown in part b. An increased slope
in the pressure drop marks the transition. The details of the transition zone are shown
in the inset. The onset of the transition moves upstream for higher Reynolds numbers
(marked by arrows) but was not observed at the inlet even at Red = 270. b Schematic of
the differential pressure measurement sections on the chip

propagates spatially in response to higher Reynolds numbers (corresponding
to higher flow rates) from the outlet to the inlet. In other words, the location
of flow transition moved upstream with rise in flow rates; the onset of the
transition Red ∼ 180, 200, and 250 for outlet, middle 2, and middle 1 locations,
respectively. At the inlet, the transition did not happen even at the highest
flow rate investigated (180 ml/min, i.e. Red ∼ 270). The pressure drop
measurement conducted at the outlet over five transversal pin rows revealed
more details about the gradual upstream movement of the flow transition,
which is marked by vortex shedding (see the following section). It is clear
from the inset in Fig. 2.4a that the transition is marked by two different
slopes in pressure drop curve. From Red = 180 to 195, we observed a steeper
rise in pressure drop than from Red = 195 upwards. This indicates that the
onset of transition flow across these five transverse pin rows is gradual since
vortex shedding starts from the downstream pins, with gradually more pins
shedding vortices with increasing flow rate (Red). The vortex shedding process
will become clearer after the discussion on the results of the instantaneous
µPIV measurements described below. Once complete transitional flow (with
vortex shedding from all five pin rows) is established, only the increased
mass flow contributes to the rise in pressure drop. Note that the onset of the
transition at the outlet (Red ∼ 180) is hardly visible in the overall pressure
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drop measurement across the entire chip (c.f. Fig. 2.3). This is simply due to
a lower amount pressure drop across the five transverse pin rows compared
with the overall chip consisting of 50 rows. The two different slopes do not
appear in the post-transition measurements in Fig. 2.3 because for the range
of flow rate considered here no transition occurred at the inlet of the chips. As
a consistency check, the local pressure drop measurements were summed up
and compared to global measurements across the entire chip. The resulting
error was around 1%.

2.3.2 µPIV measurements

Steady flow

In order to understand the sharp transition in pressure drop with flow rate,
the µPIV measurements were performed on the pin fin arrays before and after
the transition. Since the pressure drop transition was position dependent, the
velocimetry was performed close to the inlet and outlet and at the center of
the chip cavity in the streamwise direction at h/2.

Before the transition, the flow through the chips was found to be steady
and stagnant symmetric vortices formed behind the pins in both inline and
staggered-dc arrangements as shown in Fig. 2.5. The figure shows the stream-
line plots for measurements near outlet at Red ∼ 170 and near inlet at Red

∼ 250. Ensemble cross-correlation was used to calculate the velocity vectors
corresponding to Fig. 2.5; however, since the technique only works for steady
flows, the correlation was also tested with double-shot cross-correlation as
discussed below. The figure clearly shows that pre-transitional vector fields
were characterized by two flow regions: a high velocity microchannel-like flow
between the pins in the longitudinal streamwise direction and a recirculation
zone behind the pins. The steady nature of the flow before the transition
can be further appreciated by looking at the streamwise velocity profiles, for
different locations along the flow direction, plotted in Fig. 2.6a. The origin
of the normalized x-coordinate plotted in Fig. 2.6 is shown in Fig. 2.5. The
profiles show the streamwise velocity of the channel-like flow at Red = 143
averaged over a distance of four pins in flow direction at different positions
on the chip.

The velocity profiles evaluated by ensemble averaged cross-correlation
and double-shot cross-correlation are compared in Fig. 2.6b. The ensemble
averaged velocity profile was computed by taking an ensemble average over
68 image pairs. The individual double-shot cross-correlations are averaged to
obtain a mean profile, plotted as black symbols in Fig. 2.6b, which coincides
with the ensemble averaged profile. The black error bars indicate the maximum
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Figure 2.5: Ensemble-averaged streamline pattern of the steady flow across the inline
pin fin array (final interrogation window 32 × 32 pixels). For flow rates below the critical
Reynolds number, a stable pair of vortices is formed in the space between the pins in the
flow direction for both inline and staggered-dc pin arrangement. Whereas the flow at the
outlet starts fluctuating at Red = 180, the recirculation zones at the inlet remain stable
even at Red = 250

deviations of individual cross-correlated velocities at any location from the
mean. The deviation of the double-shot cross-correlations from ensemble
averaged profile (indicated by error bars in Fig. 2.6b) is lower than 4.5%. It
is important to keep in mind that the error bars also include the influence
of the small inaccuracy of the water pump to maintain a constant flow rate.
Therefore, the velocimetry analysis itself is expected to be more accurate than
the error bars in Fig. 2.6b indicate.

Transition flow

After the transition, the flow pattern becomes very complex and the velocity
field is strongly disturbed by transversal fluctuations as shown in Fig. 2.7
(for more details, see supplementary movie). The time separation between
individual image pairs was 5 µs. This means that we obtain a good picture
of the instantaneous flow field; however, the information about the temporal
evolution of the flow field is limited by a low acquisition frequency of image
pairs (4 Hz in our experiments). This is a common problem of state-of-the-art
µPIV measurements due to low signal-to-noise ratios in the individual PIV
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Figure 2.6: a Pre-transitional streamwise ensemble averaged velocity profiles of the
microchannel-like flow between the pins at the inlet, center, and the outlet (final interrogation
window 32 × 32 pixels). b Averaged velocity profiles between pins from ensemble cross-
correlated and double-shot frames. The RMS value of the instantaneous velocity profile is
around 4.5%

images. Given this limitation, the characteristic time scale of the fluctuations
could not be measured.

With instantaneous velocimetry, it was possible to obtain sample frozen
patterns of the flow. Figure 2.7a shows instantaneous streamline patterns at
Red ∼ 250 at the center of the chip. The stagnant recirculation zones observed
before the transition become unstable, and different vortex structures are
observed behind the pins. Figure 2.7b shows some sample flow patterns
observed such as a symmetrical pair of vortices and a single and a collapsed
vortex between pins. These sample images indicate complex vortex structures
and explain the higher post-transitional pressure drop. Whereas in steady
flows stagnant symmetric vortices are the only structures observable, in the
transition flow, the symmetric vortices are an intermediate state.The sample
instantaneous images shown in Fig. 2.7b suggest that with time the bimodal
flow structure, consisting of symmetric vortices and a microchannel-like flow
in between the pins, gives way to a single vortex followed by a complete
collapse of recirculation. This transition flow pattern was not observed at the
inlet up to Red = 250.

A simple means to recognize this fluctuating flow pattern is to plot the
variation in velocity vector angle from the streamwise direction at the point of
strong shedding. In Fig. 8, these angles are plotted for velocity vectors along
the line of symmetry between pins in the streamwise direction at inlet, center,
and the chip outlet for Red = 250. At the inlet, Fig. 2.8a, the deviation from
the streamwise axis remains at ±0.3◦. In the center of the chip, the transient

21



2. Hydrodynamics in Microcavities

symmetrical pair of vortices

single vortex

collapsed vortex

b)a)

4.2 m/s

2.1 m/s

0.1 m/s

y/d

0

0.5

Center: Re  = 250d

Figure 2.7: a Streamlines showing the instantaneous vortex structure developed at the
center of the PFI chip at Red = 250. b Selected samples of the different observed vortex
structures between the pins. A final interrogation window of 64 × 64 pixels was chosen

vortex structure strongly enhances the oscillation of the velocity vector as
shown in Fig. 2.8b. The deviation of the flow path is highest between the pins,
and therefore, the maximum deviation of the vector angles is located at y/d ∼
1, 3, 5 (see Fig. 2.8b). Due to the constraints imposed by the inline geometry,
the vector angle is nearly zero at the pin locations (pin center at y/d = 0, 2,
4, 6) and the wavelength of the vector deviation angle is almost exactly equal
to twice the pitch, i.e. λ ∼ 2p. The amplitude A of the deviation is 16◦ as
shown in Fig. 2.8b. At the outlet, high deviations (A = 24◦) in vector angle
were observed, and due to the strong vortex shedding activity, λ becomes
smaller than 2p, as shown in Fig. 2.8c.

Due to the vortex structure described above, the streamwise velocity profile
between pins also becomes significantly altered compared to the profiles
for steady flow and becomes time dependent. Figure 2.9a shows sample
instantaneous streamwise velocity profiles at different instants of the flow
oscillation mode between two pins in the center of the chip. The corresponding
streamlines along with marking for the location of velocity profile are shown in
Fig. 2.9b. Clearly, the location of velocity maxima moves closer to the pins as
the central fluid stream fluctuates around its mean position. Profile (i) and (iii)
are the two extremes observed in our measurements. Note that the mass flow
rates computed using the instantaneous velocity profiles (after commencement
of shedding) deviate up to 15% from the intermediate microchannel-like mass
flow rate (area under the curve). This can be explained by variations of the
shedding activity, which is strong enough to locally redirect the flow to the next
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Figure 2.8: Velocity vector angle fluctuation from the flow direction at midway between
two longitudinal pin rows at Red = 250 using a final interrogation window of 64 × 64
pixels. a Vortex shedding at the inlet of the chip is completely absent (fluctuations less
than 0.3◦, see inset). Whereas in the center (b), the angle of the absolute velocity varies
up to 16◦ (amplitude A of the sine fit), and at the outlet, the vortex shedding is amplified
up to 24◦. Note that all these profiles were drawn at the instant of maximum deviations of
streamlines between the pin rows in the flow direction

parallel longitudinal pin row (c.f. Fig. 10). Additionally, a possible mass flow
rate contribution due to three-dimensional rotation about the main axial flow
direction is not captured in the measurements. However, the averaged velocity
fields (computed from 100 instantaneous velocity fields across four pins) mass
flow rate only deviated by 2% from the instantaneous microchannel-like mass
flow

Flow impingement

The transient vortex structure and the associated higher fluctuation in flow
result in increased viscous dissipation. A second reason for enhanced post-
transition pressure drop is flow impingement on to the pin walls as shown
in Fig. 2.10. The increased flow oscillations in the center and the outlet
of the chip redirect the flow path periodically. Such flow oscillations start
gradually and increase with increasing Red; oscillations of a few degrees in
the velocity vector are observed before the critical Red, (data not shown for
brevity). Beyond the critical Red, however, the flow oscillations become strong
enough to initiate flow impingement on the pins. The microchannel-like steady
flow in between the pins before the transition appears to start oscillating
post-transition and impinges alternatively on to the pins located on either
side of it. This flow behaviour is also marked by a complete collapse of the
symmetric vortex structures between successive pins. The alternative flow
impingement with the corresponding momentum change partly explains the
increase in the pressure drop post-transition.
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Figure 2.9: a Instantaneous streamwise velocity profiles at different times of the vortex
shedding cycle with the corresponding velocity pattern (the final interrogation window
was 32 × 32 pixels). b The oscillation induces an inflection point in the profile since the
maximum velocity is shifted closer to the pin in (i) and (iii) compared to the intermediate
microchannel-like flow in (ii)

Confinement effects

For integrated electronic cooling, a small cavity is desirable to facilitate higher
packaging density and shorter TSV length. On the other hand, for low aspect
ratio microfluidic cavities chips with h/d ≤ 2, the wall confinement may
significantly affect the flow behaviour as also noted in (Kosar et al., 2005).
We have also reported previously through the pressure drop measurements
in (Brunschwiler et al., 2009) that a clear transition is absent for the inline
and staggered-dc micropin arrays with a height of 100 µm. Recently, (Patil
and Tiwari, 2010) numerically investigated the flow past a square cylinder for
different aspect ratios 0.5 ≤ h/d ≤ 3.

The confinement effect delayed the onset of vortex shedding and was only
observed for h/d ≥ 2 at Re = 600. Therefore, the decreased aspect ratio
has a stabilizing effect on the wake behind the pins. As the boundary layer
thickness is inversely related to the aspect ratio (Ozdemir et al., 2009), for
low h/d the boundary layer size can be of the order of the cavity height. In
this regime complex, three-dimensional flow structures arise (e.g., horseshoe
vortices) and may influence the alternating vortex shedding (Armellini et al.,
2009).

To clarify whether the inception of vortex shedding is delayed due to the
reduction in the aspect ratio for flows across micropin fin arrays, velocimetry
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Figure 2.10: a Flow impingement on pins contributing to the pressure drop transition,
b zoomed in view of flow impingement on the pins. For vector calculation, the final
interrogation window was 64 × 64 pixels

measurements were compared between cavities with the staggered-dc pin array
with a height of 100 and 200 µm. The presence or absence of vortex shedding
can be determined from the RMS value of the velocity fluctuations. For both
cavities, the streamwise velocity profiles were averaged over 80 instantaneous
velocity profiles between the pins (Fig. 2.11, dotted line in inset). For h =
200 µm, the vortex shedding caused the streamwise velocity component to
fluctuate up to 25% at x/d = 0. For h = 100 µm, i.e., an aspect ratio h/d =
1, the corresponding deviation from the mean velocity is around ∼5%, which
is comparable to the measurement accuracy (4.5%). Due to the pronounced
shedding, the averaged streamwise velocity component for the cavity with h
= 200 µm is lower. The inception of shedding across the entire staggered-dc
chip with h = 200 µm starts at Red ∼200 or based on the hydraulic diameter
dh = 128 µm (more details in (Brunschwiler et al., 2009)) at Redh ∼275.
However, for h = 100 µm, no transitional flow was observed even up to Red

∼330 (corresponding Redh ∼395), demonstrating the inability of pin diameter-
based Reynolds numbers as predictor of vortex shedding and a stronger role
played by viscosity due to the confining influence of the cavity walls on the
flow dynamics. It is worth noting that for a cavity height h = 200 µm, the
contribution of the additional wall friction arising from vortex shedding is
still smaller compared to the viscous losses due to increased confinement for
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Figure 2.11: Averaged streamwise velocity profiles for a staggered-dc micropin fin array
with two different cavity heights. For h/d = 2, vortex shedding was observed while the
small error bars for h/d = 1 show the absence of vortex shedding at Red = 330 (Redh =
395)

a cavity height h = 100 µm. The pressure drop curves for both cavity heights
do not intercept for the investigated flow rates. Moreover, the slope for the
200-µm cavity in the transitional regime is similar to the pressure drop slope
for h = 100 µm (Fig. 2.12). Therefore, the pressure drop associated with
the pumping power to cool 3D electronic chip stacks is smaller for a 200-µm
cavity for a wide range of flow rates, even though vortex shedding is present.
Obviously, the penalty of using a higher cavity height is sacrificed on the level
of miniaturization achieved in the vertical direction as well as an enhanced
fabrication time and cost.

2.4 Conclusion
In conclusion, we investigated the hydrodynamics of flow across an assembly
of micropin fins confined in a chip microcavity by means of pressure drop and
µPIV measurements.

The geometry simulates a typical single cavity out of vertically stacked,
TSV-connected layers of 3D chips with integrated cooling structure to ad-
dress the needs for next-generation integration challenge. Two different pin
arrangements, inline and staggered distorted cell and two different cavity
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Figure 2.12: Pressure drop curves for two different cavity heights 200 and 100 µm,
respectively. Even though, no vortex shedding is observed for h = 100 µm, for the applied
flow rates, the pressure drop and the associated pumping power are higher compared to a
200-µm cavity

height-to-pin diameter ratios, 1:1 and 2:1, were evaluated.
The pressure drop across the chip with a height-to-diameter ratio of 2:1

showed a flow regime transition, characterized by a considerably higher slope
of pressure drop with respect to flow rate, at Reynolds number ∼200 based
on the pin diameter. The flow field was analyzed both before and after the
transition. A pH-controlled high seeding of PIV particles was used to obtain
the instantaneous velocity field by cross-correlating PIV image pairs and
to avoid using ensemble cross-correlation, which is only suitable for steady
flows. Before the transition, the flow field was stationary with a characteristic
channel-like flow between the pin rows in the flow direction and a stable
vortex pair in between pins. For this steady flow, the double-shot (image
pair) and ensemble averaged cross-correlations produced acceptably accurate
velocity profiles (error <4.5%).

After the transition, the flow was characterized by a fluctuation of the
flow field with strong flow impingement onto the pin walls explaining the
sharp transition in the pressure drop. The flow fluctuations were location
dependent and occurred first (for smaller flow rates) near the outlet of the chip
and moved upstream with increasing flow rate. Therefore, we infer that the
vortex shedding is amplified in the downstream direction, and the observed
oscillations are a superposition of the wakes generated by individual pin fins.
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Once the amplitude of the oscillation exceeds a critical value, the recirculation
zone between two successive pins starts to collapse and reform periodically
(c.f. Fig. 2.7b). No transition was observed at the chip inlet location.

Moreover, for the chip with a 1:1 height-to-pin diameter ratio, no vortex
shedding was observed for Red up to 330 indicating a strong confinement effect
of cavity walls. This confinement, however, resulted in a pressure drop that
was higher than for h/d = 2. The pressure drop is a penalty resulting from
the chip cooling process. Enhanced vortex shedding for lower pressure drop
microcavities h/d = 2 compared to cavities with h/d = 1 also implies their
potentially superior performance in heat transfer due to enhanced mixing.
The flip side of this result for cavities with h/d = 2 is a larger resulting chip
stack dimension. Clearly, a trade-off is required between chip dimension and
enhanced vortex shedding, which could potentially enhance heat transfer due
to mixing.
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3 Flow Fluctuations from Confined
Micropin Fin Arrays

The results of this chapter were published in:

A. Renfer, M. K. Tiwari, F. Meyer, T. Brunschwiler, B. Michel, D.
Poulikakos. Vortex shedding from confined micropin arrays. Microfluidics and
Nanofluidics, published online, 2013.

Abstract
The hydrodynamics in microcavities populated with cylindrical micropins was
investigated using dynamic pressure measurements and fluid pathline visual-
ization. Pressure signals were Fourier-analyzed to extract the flow fluctuation
frequencies, which were in the kHz range for the tested flow Reynolds num-
bers (Re) of up to 435. Three different sets of flow dependent characteristic
frequencies were identified, the first due to vortex shedding, the second due
to lateral flow oscillation and the third due to a transition between these two
flow regimes. These frequencies were measured at different locations along
the chip (e.g. inlet, middle and outlet). It is established that vortex shedding
initiates at the outlet and then travels upstream with increase in Re. The
pathline visualization technique provided direct optical access to the flow field
without any intermediate post-processing step and could be used to interpret
the frequencies determined through pressure measurements. Microcavities
with different micropin height-to-diameter aspect ratios and pitch-to-diameter
ratios were tested. The tests confirmed an increase in the Strouhal number
(associated with the vortex shedding) with increased confinement (decrease in
the aspect ratio or the pitch), in agreement with macroscale measurements.
The compact nature of the microscale geometry tested, and the measurement
technique demonstrated, readily enabled us to investigate the flow past 4,420
pins with various degrees of confinements; this makes the measurements per-
formed and the techniques developed here an important tool for investigating
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3. Flow Fluctuations from Confined Micropin Fin Arrays

large arrays of similar objects in a flow field.

3.1 Introduction
Hydrodynamics of flow past obstacles confined in microcavities is relevant to a
variety of microfluidic applications such as microfluidic memory and control el-
ements (Groisman et al., 2003), micro-reactors (Moghtaderi, 2007), electronics
cooling (Renfer et al., 2011) and microporous media (Sen et al., 2012). From
the fluidics point of view, flows past such micropin arrays are particularly in-
teresting. Unlike flow through a microchannel, where hydrodynamic transition
from laminar to turbulent flow occurs at relatively high Reynolds numbers
(Re), a complex flow transition in confined micropin arrays triggers unstable
flow phenomena even at low Re. The understanding of the fluid dynamics in
micro-total analysis systems (µTAS) and in fluid based microelectromechani-
cal systems (MEMS) relies on the advances in microscale flow visualization
and characterization to improve the device efficiency (Osman et al., 2012).
Also within the growing field of lab-on-chip applications it is important to
understand the detailed flow distribution in microchannel networks (Gun-
ther and Jensen, 2006). Flow visualization in microfluidic systems is clearly
emerging as an interdisciplinary technology driving scientific achievements
in various research fields, such as single-cell biomechanical perfusion systems
(Rossi et al., 2009), microscale pumping technologies (Nabavi, 2009), mass
transfer enhancement using chemical micro-mixers (Hoffmann et al., 2006;
Chung et al., 2004), mixing of fluids in microchannels (Stroock et al., 2002)
and cooling of 3D integrated electronics (Renfer et al., 2011) to name but a
few. With respect to the latter, there is a clear impact of fluid dynamics on
heat transfer in integrated devices: with the advancing miniaturization of high
power density electrical devices, liquid based cooling solutions will become
a conceivable strategy in the near future. Especially, for compact systems
as concentrated photovoltaics, power amplifiers and integrated circuits, the
fluidics and related cooling at the microscale and nanoscale are becoming a
crucial technology to further improve their performance. To exemplify, the
concept of integrated water cooling has received much attention (Brunschwiler
et al., 2009; Dang et al., 2010; Alfieri et al., 2012). Given the clear coupling of
thermal transport with fluidics, the investigation of the detailed flow behavior
is of paramount importance.

Whereas numerous studies are devoted to macroscopic cylinder arrays
(Ziada, 2006; Sweeney and Meskell, 2003), fluidics aspects involved in the
corresponding microscale analog of flow past cylindrical arrangements have
rarely been addressed in the literature. The compact nature of the microfluidic
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geometry allows fitting, several thousands of confined micropins in a small
area. Such high numbers are unparalleled compared to macroscopic tube
bundles, which also do not contain the confinement effect of their microscopic
counterparts. Our results herein show that large micropin arrays furnish
transient effects and multiple flow fluctuation frequencies. Flow fluctuations
in macro-flow geometries are measured by means of hot-wire and Laser Doppler
Anemometry (LDA) techniques that require either direct contact of the probe
with the flow or sufficiently large optical access. Visualization methods in
general require high intensity light sources and fast charge coupled device
(CCD) cameras to capture the fluid dynamics with a high temporal resolution.
This is required since vortex induced flow field fluctuations in tube arrays
range from a few Hz up to several hundreds of Hz.

For the hydrodynamic investigation of flow through micropin arrays, on
the other hand, standard experimental techniques cannot be applied. There-
fore, the development of novel measurement approaches that are specifically
targeted to microfluidics is clearly warranted. The frequency of vortex shed-
ding in micropin arrays is one order of magnitude higher compared to the
macroscopic pendant and in combination with the inevitably low illumination
conditions in microstructures, direct observation of unsteady flow processes
remains challenging. Even state-of-the art microparticle image velocimetry
(µPIV), one of the most sophisticated visualization techniques for microscale
flows, is unable to resolve the full dynamic picture of kHz frequency flow
fluctuations. The two-frame cross-correlation technique in µPIV resolves flow
processes with a high temporal resolution in the microsecond time scale to
instantly freeze flow fluctuation patterns in microcavities (Natrajan and Chris-
tensen, 2010; Renfer et al., 2011). The limitation, however, is given by the slow
repetition frequency of a few Hz for state-of- the art intensified CCD cameras
and consequently the unsteady dynamics of the flow cannot be captured. Use
of dynamic pressure sensors is an attractive option to capture the flow fluctu-
ation frequencies and the corresponding dynamics. However, contrary to large
scale tube bundle measurements, microscale flow fluctuations introduce only a
small disturbance to the pressure oscillations that are also inevitably present
in any external pump driven flows. Therefore, an accurate and systematic
experimental methodology needs to be developed to distinguish the fluidic
fluctuations from the system noise.

Based on the above, the flow visualization and quantitative assessment of
the microfluidics involved in flow past confined arrays of micropins is the main
focus of our work. To this end, first the measured dynamic pressure helped
quantify the vortex-induced fluctuations; the frequency of flow fluctuations
was established to be in the kHz regime. In addition, to corroborate the
results from the pressure sensor, a new large field-of-view optical technique is
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introduced to visualize unsteady microscale flows. The technique relies on using
scattered light from the seed particles in the flow and is realized by modifying
a commercial µPIV setup. The technique enabled us to accurately capture the
flow fluctuation and vortex dynamics in flows past confined arrays of micropins.
Consequently, the flow fluctuation frequency was determined independently
through dynamic pressure measurements including frequency domain analysis
of the pressure signal and flow field analysis. A good agreement was obtained
between the flow fluctuations of visualization and pressure measurements. Our
investigation provides a new way to investigate unsteady flows in microfluidic
systems with fluctuation frequencies up to tens of kHz. While the focus of this
work is entirely on the fluidic aspect of vortex shedding and flow fluctuations
in basic arrays of microscale geometries, the presented microfluidic chips could
simulate the fluidic behavior a single layer in interlayer cooling structures for
three-dimensional electronic chip stacks.

3.2 Experimental section

3.2.1 Microfluidic chip fabrication
The microfluidic chips were prepared using standard micro-fabrication tech-
niques. Figure 3.1a and b shows the pictures and the schematics of the chips
used in the study, respectively. The cylindrical micropins as well as the fluid
ports were etched into silicon with deep reactive ion etching (DRIE) followed
by anodic bonding of a 500 µm thick glass plate to the top of the chip to seal
the cavity. The glass plate allowed optical access for flow visualization. The
resulting microfluidic chip cavity was square shaped in top-view (10 × 10
mm2) and two different chip cavity heights of 200 and 100 µm were tested.
The chip had four pressure ports located along the cavity edge at 0, 1, 5,
and 10 mm in flow direction (see Fig. 3.1a). However, for our measurements
only two ports were used to investigate the pressure fluctuations along the
flow direction. The port at 1 mm was used to measure the pressures at the
chip inlet and outlet (by reversing the flow direction), and the port at 5
mm was used for the measurement in the middle of the chip. The pressure
ports were all identical and reached into the cavity as shown in the scanning
electron microscope (SEM) image in the inset of Fig. 3.1a. The chip cavity
was connected to a water tank using two rectangular 1 × 10 mm2 inlet and
outlet slots.

In total, three different cavity designs with 1,250 – 4,420 pins in the flow
area of the chip were used as shown in Fig. 3.1b. The first geometry was a
fully populated micropin cell with equal transversal and longitudinal pitch
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Figure 3.1: a Photograph and SEM image of the microfluidic chip with the pressure ports
and inlet/outlet slots indicted. b Schematic of the chips with fully and half populated
micropin arrays. The different pitch values used are also shown (top) with an SEM image
of the micropins in the flow cavity (bottom)

(p = pt = pl); with a pin pitch of 150 µm and a pin diameter d = p/2. The
second set of geometries was a half populated cell arrangement of pins with
the same transversal pitch pt = 200 µm but different longitudinal pitch (pl =
300 µm and pl = 400 µm, respectively); both with a pin diameter of 100 µm
(d = pt/2). For the half populated cell, the larger longitudinal pitch reduces
the pin density in flow direction.

3.2.2 Measurement method and experimental
conditions

Given the low amplitude of the pressure fluctuations in flow past micropins,
it was crucial to minimize external flow fluctuations to improve the overall
signal quality in micropin arrays.

With a home-built pressure-driven flow loop, pump induced flow fluctua-
tions were almost completely avoided resulting in a highly stable flow rate
(±0.5 %, up to 260 ml/min). The flow was measured with a Cubemass DCI
Coriolis flow meter (Endress + Hauser, Switzerland) with an accuracy of
0.1 %. The frequency signals were recorded with a dynamic pressure quartz
sensor (Kistler, Switzerland) connected to the pressure ports for local pressure
sensing and in contact with the chip cover glass for a global measurement
(sensor diameter 9.5 mm), respectively (see Fig. 3.2a). The natural frequency
of the dynamic pressure sensor given by the manufacturer is around 70 kHz,
which permitted frequency measurements up to ∼25 kHz (∼1/3 of the natural
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Figure 3.2: a Local and global sensing modes were applied to measure the fluctuating
pressure of micropin cavities. b Schematic of the particle scattering flow visualization
system with the microfluidic chip connected to a water loop

frequency). The signals were low-pass filtered, at 30 kHz, for anti-aliasing,
before recording at a sample rate of 100 kHz to fulfill the Nyquist criterion.
Fast Fourier transformation (FFT) was used to express the time series in
the frequency domain to analyze the dominant frequencies. With a total
sampling time of 500 ms, a frequency resolution of 2 Hz is achieved. Since the
flow fluctuation frequency regime investigated ranges from 3 to 14 kHz, the
relative frequency resolution of the signal acquisition system is <0.07 %. Each
frequency peak for a given Reynolds number was calculated by averaging
20 data sets in the frequency domain; each calculated from the FFT of the
pressure signal acquired over a time interval of 500 ms. This results in a flow
fluctuation frequency peak obtained over a time period of 10 s. There was a
readout delay of ∼1 s between individual 500-ms data sets. Averaging multiple
frequency signals reduces random noise and only frequencies stable in time
will withstand such an ensemble signal conditioning, thereby improving the
signal to noise ratio.

Figure 3.2b shows the fluid loop and the optics used for flow visualization.
In the visualization experiments, the flow was driven with a magnetically
coupled gear pump (Fluidotech, Italy) and the flow rate was measured with a
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laminar pressure gradient flow sensor (range: 0-500 ml/ min, full scale accu-
racy of 2 %, Omega, USA). The optical setup consisted of an epifluorescent
microscope system used for µPIV (FlowMaster Mitas, LaVision, Goettingen,
Germany) with a modified sample illumination to image the light scattered by
particles seeded into the flow. By altering the exposure time of the camera, the
pathlines of the seeded particles could be recorded. The micropin array chips
were placed on the x-y-z stage of the setup to change the location of the ob-
served (focused) area. Seeding the flow with silver-coated polystyrene particles
(4.2 µm in diameter, microparticles GmbH, Berlin, Germany) enhanced the
scattering intensity compared to non-reflective particles. The tracer particles
were illuminated with a continuous 532 nm DPSS Nd:YAG laser (300 mW,
CrystaLaser, Reno, USA) and the scattered light was recorded with a 2,048
× 2,048 pixel intensified CCD camera. A 5× microscope objective (NA =
0.16) was used providing a quadratic 1.2 mm2 field-of-view. The grayscale
visualization images were rescaled with a green color scale for better visibility
of the pathlines. With the pathline visualization technique it is possible to
visualize the trajectory of a tracer particle and, therefore, the fluid path is
seen directly without any intermediate correlation method, which, in contrast,
is required for µPIV. In addition, to produce qualitative flow patterns, the
tracer particle density can be significantly lowered to reduce the measurement
complexity (e.g. mitigation of clogging). All measurements were conducted at
room temperature with de-ionized (DI) water as the working fluid.

3.2.3 Frequency validation
Three distinct procedures were used to ensure the accuracy and validate the
frequency results obtained using pressure measurements and visualization of
flow fluctuations in a micropin array. The latter investigation will be presented
in the Results section.

The pressure sensor calibration ensures an accurate frequency read-out
including signal conditioning. Figure 3.3a shows the FFT spectrum of the
signal from the pressure sensor fitted to a vibration exciter (type 4809, Brüel
& Kjaer, Bremen, Germany) with a fundamental natural frequency of 10 kHz.
The sensor signal was acquired with the presence of the adapter (needed for
local port pressure measurements as seen in Fig. 3.2a) to simulate actual
experiments. The sharp frequency peak at 9.9996 kHz with a full width at
half maximum (FWHM) of 3 Hz (inset in Fig. 3.3a) establishes the good
accuracy of the pressure sensor including the signal conditioning procedure.
The peak at ∼20 kHz is the second harmonic of the exciter.

In the flow regime investigated, vortex-induced pressure fluctuations are
expected to be a linear function of the Reynolds number, resulting in a constant
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Figure 3.3: a The calibration spectrum shows the accuracy of the dynamic pressure sensor
used for flow fluctuation measurements. The sensor was excited using an exciter with a
fundamental natural frequency of 10 kHz. b FFT spectra are plotted to show structural
frequencies in a microchannel geometry where no Reynolds number dependent frequency is
expected to exist

Strouhal number. Therefore, hydrodynamic frequencies can be distinguished
from the inevitably present structural resonant frequencies of the chips by
changing the flow rate. The presence of structural vibration was confirmed
by performing separate measurements on chips with microchannels filling
the microcavity. Unlike in the case of micropin arrays, we do not expect to
observe any vortices in the microchannel configuration. This fact can serve
as an additional confirmation to the frequency measurements reported for
flow past micropin arrays. Therefore, global vibration measurements (see
Fig. 3.2a) were conducted with a microchannel chip (p = 200 µm, h = 200
µm). As expected, the results presented in Fig. 3.3b only show the structural
frequencies that lack any dependence on Re, which is a unique feature of the
hydrodynamic frequencies recorded from micropin chips (discussed below).
Within the measurement error, Fig. 3.3b only captures two modes of the
structural frequencies; the fundamental mode at ∼3.2 kHz and the second
harmonic at ∼6.5 kHz. The random disturbances originating at the inlet
and outlet of the chip are responsible for exciting these structural modes of
vibration, which were present in all our measurements, although not at exactly
the same frequencies given the variation in the geometries of the different
chips used.
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3.3 Results and discussion

3.3.1 Fluctuating pressure measurements
Dynamic pressure fluctuation and the corresponding FFT spectra for the
half-populated micropin array with height h = 200 µm and pitch pl = 300
µm were measured at the inlet and outlet, in the middle and with the sensor
on top of the chip. The measurements cover a Reynolds number (based on
pin diameter) range up to 435 at a pressure drop of 1.4 bar across the whole
chip. The waterfall plots in Fig. 3.4 show a set of frequency curves at different
Reynolds numbers. The figure presents the results of local measurements near
inlet, outlet and the middle and global (contact) measurements. The latter
clearly shows some peaks originating from structural vibrations akin to the
microchannel chip although the exact location of the peaks varies. Arbitrary
scales have been used to clearly delineate the location of the peaks in the
figure. The flow fluctuations were found to be highly stable in time. This
becomes clear if we consider that our reported peaks were averaged over 20
measurements each with a signal span of 500 ms. The total time (10 s), for
example, corresponds to nearly 80,000 flow oscillations at a frequency of ∼8
kHz. For each of these oscillations the observed full width at half maximum
(FWHM) was ∼100 Hz demonstrating transient stability of the oscillations in
our signal.

The FFT spectra in Fig. 3.4 show three Re dependent frequency compo-
nents. As the frequencies varied linearly with Re, they were assigned to three
Strouhal numbers Stlow, Stmed and Sthigh defined as

St = fd/uflow (3.1)

which is expressed in terms of the pin diameter d and the mean velocity of the
fluid uflow between the pins. Clearly, the Strouhal number can be conveniently
calculated from the experimentally measured frequencies and the mean fluid
velocities.

Before analyzing the fluctuation frequencies, it is important to understand
the presence and influence of structural (flow independent) frequencies. This
will help explain the origin of the occasional rightmost peaks in some spectra,
see for example the green curves at Re = 265 and 300 in the inlet plot of Fig.
3.4.

The benefit of the global contact measurements is that they also capture the
structural frequencies. Figure 3.5 shows in detail the global mode measurement
from Fig. 3.4 with the different frequencies highlighted. Since the sensor was
in direct contact with the chip, the measurements captured the device related
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Figure 3.4: Frequency spectra of the pressure fluctuations measured at different locations
for a micropin array with pl = 300 µm and h = 200 µm. At the inlet and middle port,
three distinct frequencies emerged with corresponding Strouhal number Stlow, Stmed and
Sthigh (best visible at the inlet, highlighted with solid lines). Sthigh was not observed at
the outlet and with the global sensing mode only the dominant medium frequency was
measured (indicated with dashed lines at the inlet, middle, outlet and in global mode for
Re = 435)
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Figure 3.5: In global mode, three different excitation mechanisms were found. The first
mode of structural vibrations was sensed at ∼3.5 kHz. The Re dependent hydrodynamic
peaks and their occasionally visible higher harmonics are enhanced via resonance when their
corresponding frequency coincides with the first structural mode or its higher harmonics

vibrations. The first structural frequency peak occurs at ∼3.5 kHz (close to
the microchannel vibration in Fig. 3.3b). At the onset of flow fluctuations,
the measured pressure fluctuation frequency occurred close to the structural
frequency and, consequently, was amplified via resonance as indicated in the
gray shaded region of Fig. 3.5 (amplified hydrodynamic peak).

This explains the high amplitudes observed at low Re. With the increase
in Re the hydrodynamic frequency gradually increases beyond the structural
frequency, becomes distinct and therefore its amplitudes decrease. Occasionally,
however, the higher harmonics of the hydrodynamic frequency coincides with
higher harmonics of the fundamental structural vibration (outside the gray
shaded region in Fig. 3.5). This leads to their amplification through resonance
(e.g. the amplified 2nd harmonic at Re = 265 in Fig. 3.5). Therefore, the global
measurements, which clarify the location of structural frequencies, help us in
understanding the occasional amplification in the flow dependent harmonics
of the flow fluctuation peaks.

The three different sets of flow dependent fluctuation frequencies flow,
fmed and fhigh in Fig. 3.4 are best visible in the spectra measured at the
inlet port. The low frequency peak at the inlet was measured up to Re =
235, whereas a high frequency component emerged at Re = 215. These peaks
correspond to Strouhal numbers Stlow and Sthigh, respectively. In addition, a
dominant medium frequency with Stmed was observed at all local pressure
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Figure 3.6: a Different sets of flow fluctuation frequencies were detected in an inline
micropin array (h = 200 µm, pl = 300 µm) with the corresponding Strouhal numbers
indicated. b The frequencies clearly correspond to three different Strouhal numbers Stlow,
Stmed and Sthigh. The data are adopted from the local measurements at the inlet, outlet
and middle of the chip (see Fig. 3.4)

ports as well as in the global measurement (see Fig. 3.4). The three different
fluctuation frequencies were also observed at the middle port of the micropin
array. At the middle, however, the signal intensity of the medium frequency
was clearly higher than the amplitudes of flow and fhigh; at the outlet, Sthigh

was completely absent. Figure 3.6a shows the observed frequencies in the
micropin array flow, fmed and fhigh plotted together as a function of uflow.
Clearly the data collapse on three different straight lines. The corresponding
Strouhal numbers Stlow, Stmed and Sthigh are shown in Fig. 3.6b.

As noted above, due to their high sensitivity, the low signal fluctuations
corresponding to Stlow and Sthigh were only detected by the local measure-
ments. Therefore, the dominant frequency in the micropin array corresponds
to Stmed. The source of fhigh is vortex-induced flow fluctuations as will become
clear after the flow visualization presented later.

3.3.2 Effect of confinement on the vortex shedding
frequency

Devices developed with microfabrication technologies benefit from compact
designs allowing the integration of high functional density systems into small
package dimensions. Integrated water-cooled electronic packages need through-
silicon-vias (TSV) as communication pathways between vertically stacked
processors. The embedded microfluidic cavities required to remove the dissi-
pated heat, introduce additional layers between stacked processors increasing
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Figure 3.7: a Frequency curves and b Strouhal numbers for 200 µm high microcavity chips
with different pitch-to-diameter ratios demonstrating the role of horizontal confinement on
the vortex shedding frequency and the Strouhal number, respectively

the length of the TSV. Therefore, it is important to understand the influence
of both the TSV number density and the aspect ratio on the flow behavior.
To this end, the microcavities with micropins used in this work could be
thought to simulate a single fluidic layer with micropins representing the
TSV. To investigate the effect of confined flow through such an array, two
different confinement configurations are studied and analyzed in the following
subsections.

Changing micropin density

It is obvious that the highest electrical interconnect densities are achieved
by reducing the distance between individual TSVs. To clarify the effect of
the resulting horizontal confinement on the Strouhal number, flow fluctuation
measurements on three different micropin arrays with cavity heights h =
200 µm were compared. The horizontal confinement can be conveniently
characterized using the ratio of longitudinal pitch-to-pin diameter (p/d). In
Fig. 3.7a, the dominant frequencies (fmed) are plotted against the mean fluid
velocity and the corresponding Strouhal numbers are presented in Fig. 3.7b.
For a given mean fluid velocity, the curves in Fig. 3.7a show that the flow
fluctuation frequency was higher for a smaller longitudinal pitch. This shows
that the increase in the longitudinal confinement between micropins shifts the
vortex shedding to higher frequencies. With increasing p/d ratio the Strouhal
number is observed to clearly decrease (Fig. 3.7b). This is in agreement
with macroscopic tube bundle measurements where the Strouhal number was
reported to decrease with increasing p/d ratios (Owen, 1965; Weaver et al.,
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Figure 3.8: a Frequency curves for micropin arrays for two different cavity heights and
equal pitch pl = 400 µm. b For h/d = 2, two Strouhal numbers were observed while for
h/d = 1 the onset of vortex shedding was delayed and the flow fluctuations occurred at
higher frequencies

1987; Polak and Weaver, 1995).

Vertical confinement

While high packaging densities and short TSVs are preferred for integrated
water-cooled electronics, the reduced cavity height is expected to affect the flow
behavior significantly. For the macroscale geometries, increasing the vertical
confinement of single rectangular cylinders was found to delay the onset
of vortex shedding and also to increase the Strouhal number as reported in
experimental and numerical studies (Davis et al., 1984; Turki et al., 2003; Patil
and Tiwari, 2010). For micropin arrays, using µPIV we previously reported
that the reduction in aspect ratio suppresses the vortex shedding for a cavity
height h = 100 µm up to Re = 330, whereas vortex shedding for the same
pin diameter but with h = 200 µm already started at Re = 200 (Renfer et al.,
2011). To clarify whether the Strouhal number for micropin arrays is increased
in the presence of confining walls, frequency spectra were obtained for chips
with h = 100 µm and h = 200 µm, respectively. The resulting frequencies
are plotted in Fig. 3.8a as a function of uflow. For both chips pl was kept at
400 µm. With a cavity height h = 200 µm, a higher and a medium frequency
component with Sthigh = 0.155 and Stmed = 0.133 was measured (see Fig.
3.8b). For h = 100 µm, i.e., aspect ratio h/d = 1, only a single Strouhal
number Stmed = 0.171 was found, in the Re range investigated. The Re range
was decided by the high pressure drop across the chip, which limited the
range of frequency measurements. For a given Re, however, the dominant
flow fluctuations (fmed) in the chip with a low aspect ratio cavity h/d = 1
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occurred at significantly higher frequencies compared to the ones with h/d =
2.

The vertical confinement not only influenced the shedding frequency but
also delayed the onset of vortex shedding. Figure 3.8b shows clearly the
difference between the onsets of vortex shedding for distinct aspect ratio
cavities. The reason for this can be understood as follows. It is known that once
vortex shedding is triggered, stagnant recirculation zones between successive
micropins collapse and the gap flow (flow through the gap between the pins
in the lateral direction) penetrates the space in between the pins (Renfer
et al., 2011). For the geometry with h/d = 1, i.e. for a lower aspect ratio, the
flow is more confined between the cavity walls than for the one with h/d =
2, thereby stabilizing steady recirculation zones and inevitably affecting the
formation of flow fluctuations. As a result the onset of vortex shedding is
delayed until higher Re for lower aspect ratios.

3.3.3 Visualization of flow fluctuations
To better understand the fluid dynamical origin of the measured flow fluctua-
tion frequencies, particle pathline visualization was performed at the inlet and
outlet for the chip with p/d = 3, which was also used for the measurements
in Fig. 3.4. The height of the cavity was h = 200 µm and it was filled with
pins d = 100 µm. As mentioned above, it is known that in the absence of any
flow fluctuations, stagnant symmetric pairs of vortices form in the wake of the
micropins. These recirculation zones collapse and vortices are shed from the
micropin causing flow impingement. The vortex shedding and the associated
flow impingement are initiated via small perturbations that induce the gap
flow to oscillate within the confined space between the micropins. In our
visualizations, we see fully established Karman vortex shedding at the outlet
(Fig. 3.9a) and a pre-transition flow with small amplitude oscillations at the
inlet (Fig. 3.9b) for a flow Re = 335. Figure 3.9c compares the frequencies at
Re = 335 from Fig. 3.4, both at the inlet and outlet.

The established vortex shedding at the outlet is in sync with the pressure
drop measurements, which indicate that the vortex shedding started at Re =
125 (not shown for brevity). Once vortex shedding is initiated at the outlet,
no steady recirculation zones were observed anymore as the flow alternately
penetrated the space between the micropins. In the frequency spectrum at
the outlet, for Re = 335 only the medium frequency component fmed was
measured and therefore, it was assigned to vortex shedding as visualized in
Fig. 3.9a.

From the FFT spectra obtained at different locations along the chip
(Fig. 3.4), it was evident that the high frequency signal Sthigh emerged with
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Figure 3.9: Pathline visualization at the inlet and outlet for Re = 335 to clarify the origin
of the flow frequencies and Strouhal numbers Stmed and Sthigh, respectively. a Karman
vortex shedding induced flow impingement at the outlet occurred with Stmed, whereas b at
the inlet, recirculation zones between the micropins are stable with time. The averaged flow
pathlines are highlighted with the sinusoidal arrows. c Small amplitude flow fluctuations
between the micropins at the inlet induce a measurable frequency component fhigh. The
vortex shedding frequency fmed was recorded at the outlet

highest amplitude at the inlet. The visualization experiments at the inlet
presented in Fig. 3.9b show clearly the absence of strong vortex-induced flow
impingement. However, the gap flow between the micropins shows an unsteady
behavior marked by a small amplitude lateral oscillation (highlighted with
long sinusoidal white arrows in streamwise direction in Fig. 3.9b). Therefore,
the origin of Sthigh was ascribed to the visualized small amplitude oscillations
of the gap flow. Note that the recirculation zones (white ellipses) in Fig.
3.9b illustrate an averaged flow situation to outline the nearly undisturbed
flow between the micropins. Due to the incompressibility of water, however,
the dominant medium pressure oscillation Stmed starting downstream was
still observed in the FFT spectrum from the inlet measurements (see in
Fig. 3.9c for Re = 335). This is a common observation in air tests using
microphones (Ziada and Oengören, 2000). Two movies prepared from the
image sequences of the pathline visualizations (presented in Fig. 3.9) are
available as supplementary material (Online Resource 2 and 3).
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In Fig. 3.6, we also see a series of frequencies corresponding to Stlow, which
appeared only at low Reynolds numbers. It is speculated that Stlow repre-
sents a transition flow oscillation from small amplitude lateral fluctuations
(corresponding to Sthigh) to the vortex shedding led flow impingement (corre-
sponding to Stmed). Note, however, that in the same figure we observe Sthigh

appearing at a much higher Re. The reason for the latter is primarily related
to the limited sensitivity of the pressure sensor. Below a certain threshold
flow rate, we expect that the pressure signal is simply not strong enough to be
detected and, therefore, our first observation of frequency peak initiates with
transitional frequency flow, followed by the strong peaks which emerge due
to onset of vortex shedding at the outlet (fmed). Furthermore, since the onset
of vortex shedding in micropin arrays starts at the outlet and then shifts
upstream with increasing Re (Renfer et al., 2011), at the inlet we observe
the fhigh peaks corresponding to lateral oscillations at much higher Re (c.f.
frequency plots in Fig. 3.6a).

Some important differences must be noted between our visualization of
microscale pin arrays and the behavior of macroscale cylinder arrays. The
first major difference is the large number of cylinders in the array and the
flow confinement in low aspect ratio cavities. We believe that these two
crucial differences explain the observation of multiple Strouhal numbers for
an inline arrangement. In the macroscale cylinder literature, to the best of
our knowledge, only a single Strouhal number has been reported for inline
geometries (Ziada, 2006). On the contrary, the present inline arrangement
results are in closer agreement with multiple Strouhal numbers observed for
different tube arrangements like staggered and parallel triangle geometries.
Note that the multiple Strouhal numbers found in staggered arrangements
(Konstantinidis et al., 2002) and in large p/d ratio parallel triangle tube bundles
(Ziada and Oengören, 2000) were lower by a factor of 1.3-1.5. In addition to
the obvious difference in the geometry, we believe that the confinement of
the cavity has an augmenting effect leading to the higher Strouhal numbers
reported in this study. The higher frequency component was observed at
the inlet and the lower mode existed deeper inside the bundle, which is in
agreement with the present findings.

3.3.4 Optical validation of the flow fluctuation
frequency

With the particle pathline visualization, a supplementary direct technique
was developed to verify the kHz-pressure fluctuation found from the dynamic
pressure measurements.

45



3. Flow Fluctuations from Confined Micropin Fin Arrays

downup

up or down

100 ms 100 ms

200 ms

up and down

up and down

flow fluctuations
at Re = 400

a)

b)

f ~ 6.8 kHz

p = 400 mml 

Figure 3.10: Two different exposure times for the visualization images created a lower
and upper frequency limit to validate the dynamic pressure sensor measurements. a For
the upper limit of 10 kHz, incomplete flow cycles were observed with texp = 100 µs. b At
texp = 200 µs (lower limit of 5 kHz) the entire fluctuation period was captured. This was
in agreement with the extrapolated frequency f = 6.8 kHz

The micropin geometry with a cavity height of h = 100 µm and a pitch pl

= 400 µm was used to visualize the individual pathlines. From the dynamic
pressure measurements presented above, the Strouhal number was Stmed =
0.171 for this configuration (Fig. 3.8b). Pressure drop measurements (not
shown for brevity) indicate the onset of vortex shedding at Re ∼350. Due to
the low pressure fluctuation signal, the shedding frequency was not detectable
before Re = 450. Thus, the shedding frequency fmed ∼6.8 kHz at Re = 400
was calculated from the experimental Strouhal number Stmed = 0.171. Figure
3.10 shows the corresponding flow visualizations close to the outlet at Re
= 400 at two different exposure times. With an exposure time of 100 µs
(Fig. 3.10a), an optical frequency limit of 10 kHz (1/100 µs) was chosen. The
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transversal fluctuation of the tracer particles does not exceed 10 kHz, as can
be seen by the incomplete shedding cycle. The particles moved either upwards
or downwards indicating roughly half of the shedding cycle. In Fig. 3.10b,
we see that doubling the exposure time to 200 µs results in a lower optical
frequency limit of 5 kHz. The pathlines capture the entire flow fluctuation
period simply because with a longer exposure time the subsequent shedding
cycles are superimposed on the same image. Therefore, the characteristic
time of shedding must lie between 100 and 200 µs, which corresponds to a
frequency range of 5 kHz< f <10 kHz. This is in excellent agreement with
the experimentally extrapolated value of f ∼6.8 kHz.

We attribute the measured dominant fluctuations (fmed) to laminar Kar-
man vortex shedding, which is an absolute instability (Monkewitz and Nguyen,
1987). However, in the absence of detailed theoretical analysis of the flow
instabilities and lack of instrumental sensitivity, it is difficult to ascertain the
presence and role of lower order absolute instabilities.

Note that, we have not specifically focused on analyzing the shear layer
instabilities in this work. Previous works on flows past macroscale cylinders
show a wide range in the value Reynolds number at which shear layer insta-
bilities based on the Kelvin-Helmholtz mechanism are triggered. In flows past
macroscopic cylinder arrays, small-scale vortices were reported to form in
the shear layer at relatively high Reynolds numbers (Re >7000) (Ziada and
Oengören, 1992). On the other hand, there are experimental and numerical
investigations on flow past single cylinders suggesting shear layer instabilities
to appear at Reynolds numbers as low as Re ∼260 (Prasad and Williamson,
1997) or even down to Re ∼50 (Kumar et al., 2009). However, all these
studies point out that the shear layer instabilities are weaker and produce
measurement signals with lower strength. Therefore, we believe that in our
microscale measurements, with inevitable lower signal to noise ratios than
in the macroscale counter studies, the dominant Karman vortex shedding
overshadows the signal from shear layer fluctuations. Moreover, the frequency
of unsteady vortices formed in the shear layer scales as f ∼Re1.67 (Prasad and
Williamson, 1997), whereas the measured fluctuation frequencies in our study
vary linearly with Re. This is understandable, since hydrodynamics in an
array of confined micropins is expected to be different due to the large number
of pins and pronounced cavity wall damping effects. A clear evidence of this
can be seen in the fact that the onset of laminar vortex shedding is delayed
to a much higher Reynolds number (Re >150) compared to a single cylinder
(Re ∼50). The change should naturally also be reflected in the variation of
Strouhal number.
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3.4 Conclusion
This paper presents the effects of microcavities and micropin arrangement
confinements on the unsteady hydrodynamics of flows through large arrays of
micropins. The results of dynamic pressure measurements revealed Reynolds
number dependent fluctuations in the kHz range, which were sensed at pres-
sure ports connected to the microcavity as well as on the surface of the
microfluidic chip. Three hydrodynamic frequencies were found. The highest
frequency was associated with a lateral oscillation of the flow before the
onset of vortex shedding. The vortex shedding frequency was intermediate in
Strouhal number and was first detected at the outlet, moving upstream with
increase in Re. The lowest Strouhal number was attributed to a transition
frequency, representing an intermediate flow regime between lateral oscillation
and fully established vortex shedding. An optical setup was introduced to
visualize the flow across the micropins by means of particle pathline visualiza-
tion. This helped reveal the origin of the flow fluctuations. Small amplitude
flow oscillations and Karman vortex-induced fluctuations were observed and
attributed to Sthigh and Stmed, respectively. The results demonstrate that
the visualization technique is capable to corroborate high pressure frequency
measurements. Unlike µPIV, the presented technique allowed the estimation
for an upper and lower boundary of the dominant shedding frequency. It was
also shown that for microcavities with a height-to-pin diameter ratio of 1, the
cavity walls imposed a strong vertical confinement, which delayed the onset of
vortex shedding. Moreover, the Strouhal number and the shedding frequency
were found to increase with decrease in cavity aspect ratios. A similar effect
was observed for the longitudinal confinement of the flow between individual
micropins, since the Strouhal number increased with smaller pitch-to-pin
diameter ratios.
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4 Heat Transfer Enhancement in
Micro-Heat Sinks

The results of this chapter were published in:

A. Renfer, M. K. Tiwari, R. Tiwari, F. Alfieri, T. Brunschwiler, B. Michel,
D. Poulikakos. Microvortex-enhanced heat transfer in 3D-integrated liquid
cooling of electronic chip stacks. International Journal of Heat and Mass
Transfer, accepted, 2013.

Abstract

The cooling of three-dimensional electronic chip assemblies (stacks) is one of
the most serious challenges facing the electronics industry as it moves toward
fabrication approaches combining speed with energy efficiency. Here we show
that by generating vortical microscale flows taking advantage of the inherent
presence of Through Silicon Vias (TSV) in 3D integrated liquid (water) cooling
of chip stacks, both large heat transfer enhancement as well as significantly
better temperature uniformity can be accomplished. The approach is demon-
strated experimentally in heat sinks consisting of a microcavity confining
micropin fin arrays, mimicking TSV. Flow fluctuations and vortex shedding
were triggered at specific Reynolds numbers, which are functions of the pin
geometries and level of confinement. The resulting heat transfer enhancement
due to the vortex-induced fluctuations and mixing, yields local Nusselt number
increases up to 230% thereby reducing the chip temperature non-uniformity
almost by a factor of three. The vortex shedding also induces a pressure drop
increase. Remarkably, the effective improvement in the thermal performance
due to vortex shedding, even after factoring in the rise in pumping power,
reaches a peak value of 190%. Analysis of instantaneous liquid temperature
signatures of shed microvortices using micron-resolution laser-induced fluores-
cence (µLIF), proved them to be the reason for both the elimination of liquid
hotspots and the exceptional augmentation in heat transfer. These findings
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have important implications in the design of the new generation of integrated,
out of plane electronics cooling with liquids.

Nomenclature

Ac,fin cross-sectional surface area
Aheater heater area
As,fin lateral surface area
c dye concentration
cp specific heat capacity of water
D pin diameter
Dh hydraulic diameter
FOV field-of-view
H chip height
h heat transfer coefficient
I fluorescence intensity
I0 illumination intensity
IR infrared
kf thermal conductivity of the liquid (wa-

ter)
kSi thermal conductivity of silicon
L chip length
µLIF micron-resolution laser-induced fluores-

cence
µPIV micro-particle image velocimetry
m fin parameter
ṁ mass flow
Ntot total number of micropin fins
Nu Nusselt number
Nuno shedding Nusselt number pre-transition
NuP C Nusselt number of the PC chip
NuP F S−dc Nusselt number of the PFS-dc chip
Nushedding Nusselt number post-transition
P pin pitch
PC pear chain
PFI pinfin inline
PFS-dc pinfin staggered distorted cell
PFI-hp pinfin inline half-populated
Ppump pumping power
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Q̇eff heat flow
Q̇′′eff heat flux
Q̇el electrical input power
R thermal resistance
Re Reynolds number
RTD resistance temperature detector
S(x) surface perimeter in x-direction
t thickness
∆T chip surface to liquid inlet temperature
∆Tchip chip surface temperature difference
∆Tchip,max maximum chip surface temperature
∆Tchip,min minimum chip surface temperature
Tf fluid temperature
Tin liquid inlet temperature
Tout liquid outlet temperature
TP thermal performance parameter
TPeff effective thermal performance parame-

ter
TPno shedding thermal performance parameter pre-

transition
TRT D RTD temperature
Tw wall temperature
vflow mean flow velocity between pins
x, y longitudinal, transversal coordinate

Greek letters
α thermal diffusivity of water
ε absorption coefficient
φ quantum efficiency
η fin efficiency
ν kinematic viscosity of water
σ uncertainty

4.1 Introduction
Advances in cutting-edge three-dimensional (3D) electronic integration, are
hampered by the requirement to remove very large amounts of heat per
unit volume from a vertically assembled stack of chips (up to 3.9 kW/cm3

(Brunschwiler et al., 2010). For such multi-layers logic dies, conventional
air-cooling concepts are futile. Moreover, a major challenge arises from the
compact design of 3D chips as the accessibility of the cooling fluid to the
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heat dissipating layers is strongly limited. Therefore, the heat dissipation
issues faced in conventional 2D chip technology will be strongly magnified in
future ultimately dense processor stacks. New solutions are needed to address
this thermal management issue. In addition to microprocessors, many other
high power devices require advanced thermal management. For example, it
is difficult to realize power scaling in optoelectronic devices, such as solid
state lasers, because high heat dissipation leads to thermal effects limiting the
output power, wavelength stability and the beam quality (Zhu et al., 2012;
Mende et al., 2009). Temperature non-uniformities are also closely related to
stress-induced material failure (Yang et al., 2011). In other fields of science,
e.g. in genomics, uniform temperatures and fast thermal cycling play an
important role for bioanalytical DNA microdevices used for polymerase chain
reaction (PCR) (Jones et al., 2012). To address on-chip heat transfer, non-
liquid cooling solutions, e.g. based on thermoelectric materials is an active
research area. However, their performance is typically limited to hotspot
cooling since thermoelectric coolers cannot completely remove the heat load
and therefore need to be combined with other cooling techniques which provide
a large heat exchange area and a mobile transport medium (Garimella et al.,
2012; Chowdhury et al., 2009).

Liquid-based heat removal techniques in single-phase or two-phase modes
have delivered outstanding performance using various approaches such as
microchannel flows, jet impingement and sprays (Ebadian and Lin, 2011;
Sharma et al., 2012; Kandlikar and Bapat, 2007). From a technical standpoint,
single-phase cooling is the most promising concept for high power electronics
if we account for the combined effect of heat removal, operating pressure loses,
operational stability, leakage and device fabrication efforts. Even though, chip
cooling with two-phase liquids benefits from thermodynamic advantages such
as minimal hotspot and surface temperature gradients, single-phase water
cooling is regarded as the preferred near-term solution mainly due to the
overall high hydrothermal performance and lower system as well as operating
complexity (Madhour et al., 2011). Additionally, benefiting from sophisticated
heat transfer structures used in single-phase cooling, surface temperature
non-uniformities are adequately minimized. For example, Escher et al. (Escher
et al., 2010) presented a heat sink with a cooling capacity of 750 W/cm2 at a
temperature difference of 65 K (fluid inlet to chip) and with under 0.1 bar
overall pressure drop. Due to the complex fluidic design, however, the heat
sink cannot be utilized for scalable interlayer cooling.

Stacking of high-heat flux microprocessors on the other hand requires a
scalable heat removal concept functioning internally for each layer. In the
pioneering work of Tuckerman and Pease (Tuckerman and Pease, 1981) a
single-phase microchannel heat sink was introduced with the potential for
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scalable interlayer cooling of 3D chips. However, even though a fairly large body
of numerical literature exists (Alfieri et al., 2010, 2012), experimental studies
on stacked chips with microcavity heat sinks for integrated water-cooling are
in an early stage of development. An experimental study by Brunschwiler et
al. (Brunschwiler et al., 2010) reported the performance of interlayer cooling
for a three layer 3D chip stack with four fluid microcavities. A total power of
562 W corresponding to a volumetric heat dissipation of 2.7 kW/cm3 with a
hotspot peak heat flux of 746 W/cm2 were removed at 1 bar pressure drop
and a temperature rise of 65 K. An extensive overview of different fluidic
chip architectures with focus on integrated water cooling was presented by
Brunschwiler et al. (Brunschwiler et al., 2009). It was found that micropin
fin geometries clearly outperform microchannel heat sinks and a maximum
heat flux of 681 W/cm2 was removed with a micropin fin structure at 0.6 bar
pressure drop and 60 K temperature difference. Extrapolating the measured
data to 1 bar shows an extraordinary heat dissipation of ∼900 W/cm2 with a
corresponding thermal resistance of 0.067 cm2 K/W and a pumping power
of 0.88 W. These results clearly show that integrated single-phase cooling is
capable of removing high heat fluxes from a small package with acceptable
pressure drop. However, the surface temperature non-uniformity is a severe
bottleneck for the heat transfer performance of single-phase water cooling.

The literature on flows across confined micropin fins remains limited. First,
due to the complex fluid dynamic features present in flows past an array of
micropin fins, numerical simulations of unsteady flows are limited to a row of
a few pins only (Liang et al., 2009; Bao et al., 2012). Recently, Rubio-Jimenez
et al. (Rubio-Jimenez et al., 2012) conducted a steady state numerical analysis
of water cooled micropin fin heat sinks with variable fin density to maintain
a uniform surface temperature. Their heat sink was explicitly designed to
balance surface temperature gradients through change in pin number densities.
This approach completely neglects electronic design guidelines developed for
real chip stacks, which may not offer flexibility in terms of pin placement.
Peles et al. (Peles et al., 2005) experimentally investigated the hydrothermal
performance of a bank of micropin fins at low Reynolds numbers (Re <
80). In the work of Kosar et al. (Kosar et al., 2005), pressure drops and
associated friction factors were presented for low aspect ratio micropin fin
arrays but no heat transfer was considered. Prasher et al. (Prasher et al.,
2007) extended the research on micropin fin arrays and provided average heat
transfer data. Both studies reported a pressure drop transition (at Re ∼100)
but the authors did not provide a physical explanation. In an extensive work
using microchannels and micropin fin arrays, Brunschwiler et al. (Brunschwiler
et al., 2009), used infrared (IR) thermometry of the chip surface revealed
local temperature maxima moving from the fluid outlet towards the inlet
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with increasing Reynolds number. A detailed heat transfer analysis in the
transition regime at higher Reynolds number, however, is missing. The first
experimental visualization of confined flow past an array of micropins was
achieved by Renfer et al. (Renfer et al., 2011). Using instantaneous micro-
particle image velocimetry (µPIV) vortex-induced flow fluctuations were
determined to trigger a steep rise in the pressure drop. Vortex shedding was
found to enhance fluid mixing in the micropin array and consequently a
significant impact on the heat transfer was hypothesized.

In the integrated cooling approach, liquid is flown through a microcavity
with arrays of pins in order to remove the heat from the microprocessor layers.
In the current work our focus lies on the detailed investigation of the flow
and related heat transfer through these microcavities populated with various
arrangements of pins. Essentially, these cavities with pins act as micro-heat
sinks removing heat locally from different layers where it is produced. We
investigate the heat transfer performance in presence of vortex shedding using
detailed liquid temperature visualization to illustrate the potential benefits
of vortex shedding from micropin fin arrays for integrated chip cooling. Four
different micropin fin geometries were used. First, two similar architectures
were compared to isolate and determine the effect of vortex shedding on the
overall chip performance, i.e. heat transfer and pressure losses. Then, the
best performing chip architecture presented in Brunschwiler et al. (Brun-
schwiler et al., 2009) was used to investigate the effect of vortex shedding
on the uniformity of the chip surface temperature. To gain further insight,
micron-resolution laser-induced fluorescence (µLIF) with high spatiotemporal
resolution was employed to obtain instantaneous temperature maps of liquid
flow through the micropin fin arrays. Local chip surface temperatures were
obtained from a resistance temperature detector (RTD) and IR thermometry
and were used for Nusselt number Nu calculations. The role of vortex shed-
ding on chip temperature uniformity and heat transfer Nu are thoroughly
investigated and discussed.

4.2 Experiments

4.2.1 Micropin fin heat sinks
The micropin fin chips were prepared using standard photolithographic tech-
niques (Renfer et al., 2011). Figures 4.1a and b show pictures and schematics
of the chips used for the experiments, respectively. The cylindrical micropin
fin arrays and the fluid and pressure ports were etched into silicon with deep
reactive ion etching (DRIE). The resulting chip heat transfer area was square
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Figure 4.1: Chips and experimental set ups used. (a) Photograph and SEM images show
the micropin fin chip with pressure and inlet/outlet ports and the fin structure. (b) Scheme
of the different micropin fin arrangements investigated. The single-side heated PFI chip was
used for µLIF measurements. (c) IR thermometry and the on-chip RTD sensor were used to
measure the surface temperatures. (d) Illustration of the water temperature visualization
using µLIF.

shaped Aheater = L2 = 10×10 mm2 with a cavity height H = 200 µm. To form
the fluid cavity, a second silicon die was bonded on top of the structured die
with pins. To ensure uniform heat flux, 300 nm thick NiCr 80/20 rectangular
metal layers were deposited on the rear side of the die and formed a resistive
thin film heater with 3.5 Ω resistance. Double-side heated microcavities ac-
commodated thin-film heaters on both sides, whereas the single-side heated
microcavity, used for µLIF measurements, was constructed with a 500 µm
thick glass plate anodically bonded on one side of the structured silicon die.
This enabled visual access as required for µLIF (Fig. 4.1d). The heater film
was split in two parts in order to accommodate an RTD, which was introduced
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Table 4.2: Boundary conditions for the inline pin fin model

Heat sink P (µm) D (µm) Dh (µm) Ntot (µm) Experiment
PFS-dc 200 100 152 2500 Effect of vor-

tex shedding on
heat transfer
performance

staggered
distorted
PC 200 100 152 2500
pearl chain
PFI-hp 200/400 100 240 1250 Chip temperature

uniformityinline
half-populated
PFI 400 200 200 625 Local liquid tem-

perature mapsinline

at the centerline (transversal to the flow direction), at x = L/2 (see Fig. 4.1c).
The RTD was a 300 nm thick and 20 µm wide gold layer. More details about
the fabrication process of the heated chips can be found in Brunschwiler et al.
(Brunschwiler et al., 2009). Using the integrated RTD, the temperature TRT D

(±0.2 K) on the back-side of the silicon chip, transverse to the flow direction
was obtained using a 4-point resistance read-out and a multimeter (Keithley
Instruments, USA). TRT D was used to evaluate the wall temperature Tw at
the center of the chip as is explained in the next section. Since the RTD
sensor only measured the temperature at the centerline, the local chip surface
temperatures TIR along the flow direction were resolved by an IR camera
(Cedip, Germany, Fig. 4.1c) with a temperature and spatial resolution of 25
mK and 300 µm, respectively.

The geometrical specifications of the different micropin fin arrays tested,
such as pin pitch P , pin diameter D, hydraulic diameter Dh and total number
of pins Ntot are shown in Table 4.2. The last column of the table also contains
a brief overview of the experiments performed, which are discussed in the
results section in greater detail.

The chips were connected to a water flow loop using the rectangular
1-mm-wide inlet and outlet slots (Fig. 4.1a). With the exception of the
µLIF experiments, the imposed heat flux was adjusted to obtain a constant
maximum chip surface to fluid inlet temperature difference ∆T = 30 K. For
the µLIF experiments, the same constant heat flux condition (Q̇′′eff = 72 ±2
W/cm2) was applied for all values of Re. For liquid connections outside of the
chip, PEEK tubing was used to avoid adsorption of the temperature sensitive
dye. The inlet temperature Tin of the liquid coolant, de-ionized water, was
adjusted to a constant value between 20-25 ◦C (depending on the experiment)
with an external chiller loop (Neslab, USA and BettaTech, UK) thermally
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coupled to a fluid loop through a heat exchanger. The flow was driven with a
magnetically coupled gear pump (Fluidotech, Italy) and the flow rate V̇ was
measured with a laminar pressure gradient flow sensor (range: 0-500 ml/min,
accuracy: ±10 ml/min, Omega, USA). Two pressure ports located along the
cavity edge, at 0 and 10 mm in the flow direction were used to measure the
pressure drop across the entire heat transfer area (Fig. 4.1a). To measure
∆p, a differential pressure gauge (range: 0-2 bar, accuracy: ±2 mbar, Omega,
USA) was employed. The fluid inlet and outlet temperatures, Tin and Tout

respectively, were measured using T-type thermocouples (±0.1 K).

4.2.2 Local temperatures and heat transfer
The heat loss from the test section (i.e. the chip under test) was estimated
from the difference between the total electrical power input to the heater Q̇el

and the thermal energy gained by the liquid in flowing through the chip

Q̇eff = ṁcp(Tout − Tin). (4.1)

The loss was found not to exceed 2%. Therefore, for the heat transfer charac-
terization, the heat flux Q̇′′eff=Q̇eff/Aheater convectively dissipated into the
fluid was used. The resulting thermal performance of a micropin fin heat
transfer structure can be written as (Peles et al., 2005; DeWitt et al., 2007;
Qu and Siu-Ho, 2008):

Q̇eff = h(Tw − Tf )[(Aheater −NtotAc,fin) + ηNtotAs,fin]. (4.2)

Effectively, Eq. (4.2) states that the heat flux is dissipated over the chip surface
not occupied by micropin fins Aheater −NtotAc,fin and the total micropin fin
surface outer area NtotAs,fin. The cross-sectional and the lateral surface area
of a single micropin fin Ac,fin and As,fin, the fin efficiency η and the fin
parameter m are expressed as

Ac,fin = π
(
D

2

)2
, As,fin = πDH, η = tanh(mH)

mH
,m =

√√√√ πDh

kSiAc,fin

. (4.3)

The thermal conductivity of silicon kSi = 148 W/mK was assumed to be con-
stant in the temperature range investigated. Since RTD and IR temperature
measurements were obtained at the chip surface, the thermal gradient due to
the conductive resistance of the silicon wafer (with a thickness t = 325 µm
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from the surface to the base of the micropin fin array) was corrected using
1D heat conduction. The local inner wall temperature Tw in contact with the
coolant was evaluated to be

Tw = TRT D,IR −
Q̇eff t

AheaterkSi

, (4.4)

with the surface temperature denoted by TRT D for the RTD based analysis
or by TIR when the IR thermometry data was used. The fluid temperature
at the respective wall temperature location was estimated as follows: Since
the micropin fin array represents an enclosed heat transfer structure with a
uniform constant surface heat flux, Tf should vary linearly in the streamwise
direction (Fig. 4.2). This is understood through a simple energy balance. The
heat dQ̇ = Q̇′′S(x)dx applied to a differential fluid element with the surface
perimeter S(x) is (Qu and Siu-Ho, 2008; Ko and Gau, 2011) absorbed by the
liquid (see the inset in Fig. 4.2) yielding dQ̇ = ṁcpdTf . The resulting energy
balance can be expressed as

dTf

dx
= Q̇′′S(x)

ṁcp

. (4.5)

Due to the periodic arrangement of pins in our heat sinks, the perimeter
S(x) will naturally be spatially periodic in the streamwise direction. Strictly
speaking due to continuous change in the wetted perimeter in the streamwise
direction, the perimeter is a function of the streamwise coordinate x. However,
if we limit ourselves to a spatial resolution higher than the streamwise pitch
of the micropin fins and given the uniformity of the imposed heat flux Q̇′′, we
can safely ignore the x dependence in Eq. (4.5). Thus obtaining

dTf

dx
= Q̇eff

ṁcpL
6= f(x), (4.6)

which implies that Tf varies linearly in the streamwise direction. Combining
Eq. (4.1) and (4.6), we can express the liquid temperature as

Tf (x) = Tin + (Tout − Tin)x
L
. (4.7)

Once all parameters in Eq. (4.2) are determined, the heat transfer coefficient
can be calculated iteratively and the Nusselt number can be obtained from
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Figure 4.2: Wall and fluid temperature variation in streamwise direction for constant
heat flux condition.

Nu = hDh

kf

, (4.8)

with the thermal conductivity of water kf = 0.6 W/mK. A detailed error
analysis for the Nu values is presented in Appendix A.

4.2.3 Microscale liquid temperature measurements
The liquid temperature within the microcavity was measured using microscale
laser-induced fluorescence (µLIF). The µLIF set up consisted of a commercial
epi-fluorescent microscope system (FlowMaster Mitas, LaVision, Germany),
illustrated in Fig. 4.1d. Rhodamine B (RhB) dissolved in water was used as the
temperature sensitive dye to measure the temperature of the liquid in the chip
microcavity. The light source was a double-pulsed 532 nm Nd:YAG laser. The
laser light was focused on the probe area with a 10× microscope objective (NA
= 0.3) providing a square field-of-view with a size of 1 mm2. The fluorescent
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light emitted from the RhB solution was band-pass filtered (580 ± 30 nm)
and recorded with a 2048×2048 pixel intensified CCD camera. The pulse
of the laser used in this study had a width of 5 ns enabling the acquisition
of instantaneous temperature fields, with an acquisition frequency of 8 Hz.
The fluorescence intensity of the diluted RhB solution can be expressed as
(Natrajan and Christensen, 2009):

I = I0cφε, (4.9)

where I0 denotes the illumination intensity, c the dye concentration,φ the
quantum efficiency of the dye and ε the absorption coefficient, respectively. The
temperature sensitivity of RhB is a result of the temperature dependence of
the quantum efficiency φ(c, T )(Bindhu and Harilal, 2001). In our experiments
the RhB concentration was kept at 0.2 mM, which yielded a satisfactory
optimal signal to noise ratio.

µLIF procedure

Figure 4.3 illustrates the µLIF procedure. A chip with microchannels is used
for illustration of the method to obtain the temperature field from the experi-
mental intensity maps. Individual intensity images were smoothened with a
3×3 low-pass filter and averaged over 50 images. To obtain the pure fluores-
cence signal shown in Fig. 4.3a, the low-pass filtered and averaged background
signal obtained without any illumination, was subtracted. To correct for the
illumination non-uniformities in the images, a normalization step is necessary.
The first non-uniformity originates from the inevitable non-uniformity in the
laser illumination (Fig. 4.3b). To compensate, the images were normalized
with the intensity profile of the laser (Fig. 4.3c). The second uncertainty
is related to the light gathering abilities of the microscope objective and
originates from sharp edges of high aspect ratio geometries, i.e. microchannel
walls and micropins present in typical microscale temperature measurements.
Typically, a single normalization with a room temperature image would be
sufficient, since it already contains the information about illumination arti-
facts such as the laser profile and shadows due to geometric features in the
microscale heat transfer structures being investigated (Asthana et al., 2011).
However, decoupling the correction for the laser source non-uniformity and
shadow offers a distinct advantage. It is essential to record the experimental
images and the normalizing room temperature image at the same location in
order to avoid illumination mismatch that would otherwise result in corrupted
temperature maps. An offset of even a few micrometers is intolerable. Given
the complex setup and high flow rates tested, our chip was amenable to small
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Figure 4.3: µLIF image processing procedure to obtain temperature maps from exper-
imental intensity images. (a) First, the fluorescent images were normalized with the (b)
laser non-uniformity signal. The resulting (c) laser corrected image was divided by the (d)
shifted room temperature image to correct for shadow artifacts. Finally, the (e) corrected
intensity images were converted to (f) temperature maps using the calibration curve.

displacements over the course of different measurements. A simple way around
this undesirable displacement was to shift the shadow compensation image in
x- and y-directions slightly in order to align the geometrical features with the
laser corrected experimental image (Fig. 4.3d). The final image (Fig. 4.3e)
is free of illumination artifacts and the intensity values were converted to
temperatures using the calibration curve (Fig. 4.3f). To obtain the calibration
curve, intensity images at different constant temperatures were recorded from
a temperature controlled microchannel chip. The RMS temperature variation
was found to be 2.3 ◦C.

The proposed correction procedure extents the standard µLIF post-
processing method and addresses the image displacement problems that
are difficult to eliminate in experiments with high flow rates.
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4.3 Results and discussion

4.3.1 Flow fluctuations and their cooling performance
In order to isolate the effect of vortex shedding on pressure drop and heat
transfer, a distorted pin fin staggered (PFS-dc) chip configuration was com-
pared with another one having a pearl chain (PC) configuration (see Fig. 4.1b).
The pin pitch in both chips was P = 200 µm. A 20 µm thick wall connecting
the micropin fins prevented vortex shedding in the PC chip, whereas no such
restriction existed in the PFS-dc chip.

The pressure drop measurements across the micropin fin array as a function
of Reynolds number Re are shown in Fig. 4.4a, with Re defined as

Re = vflowDh

ν
, (4.10)

where ν denotes the kinematic viscosity of water and vflow the mean flow
velocity between the micropin fins. The kinematic viscosity was evaluated at
the mean liquid temperature, i.e. at the average of the liquid temperatures
at chip inlet and outlet. The pressure drop values plotted in Fig. 4.4a were
obtained in the unheated condition. Up to a critical Reynolds number Re
∼350, the pressure drop curves of both chips perfectly coincide and, therefore,
illustrate the hydrodynamic similarities between the chip geometries. At Re
∼350, however, a hydrodynamic transition was visible in the form of an abrupt
rise in the pressure drop slope for the PFS-dc chip. Renfer et al. (Renfer
et al., 2011) determined vortex shedding from the pins to be the reason for
this abrupt change in pressure drop. Naturally, no change in pressure drop
was observed for the PC chip due to the absence of flow fluctuations and
vortex shedding. The influence of such fluctuations on thermal transport is
presented next. To obtain the Nusselt number, the chip surface temperature
was measured at the centerline and the liquid temperature was obtained by
considering the linear variation from inlet to outlet temperature. The linear
change in liquid temperature results from simple energy balance under the
justifiable assumption of low thermal losses and the constant imposed heat
flux (c.f. Eq. 4.7 and the relevant discussion above).

In Figure 4.4b the local RTD-based Nusselt number in the center of the
chips is plotted as a function of Re. In pre-transition regime, the Nu-ratio for
the two different pin configurations NuP F S−dc/NuP C ∼1.3 points to a higher
heat transfer of the PFS-dc geometry. Once the Reynolds number exceeds
the hydrodynamically stable limit, the impact of transitional flow on heat
transfer becomes unambiguously clear: The slope of the Nu-curve increases
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Figure 4.4: (a) Pressure drop curves as a function of Re were compared between two chip
geometries to illustrate the effect of vortex-induced flow fluctuations. (b) The Nusselt number
(Nu) obtained from RTD measurements at the centerline (inset) strongly increased after the
onset of shedding and is plotted as a function of Re and (c) Nu and the effective thermal
performance parameter (TPeff ) are plotted against the pumping power. A maximum
enhancement in TPeff of 190% was observed in the fully developed vortex shedding regime.
(d) Nu and TPeff for both chips are shown at equal Ppump = 0.055 W. Vortex shedding
present in the PFS-dc chip strongly increased the local Nu and TPeff downstream. The
error in pressure drop is ±2 mbar and that in Nu was between 2.3-6.9% (see Appendix A).

significantly after Re ∼350 leading to exceptional heat transfer augmentation.
Without vortex shedding, such an enhancement in Nusselt number would
simply not be possible as can be seen by the much smaller slope of the Nu-
curve measured for the PC chip. Once vortex shedding has fully established
itself up to the centerline, the slope in Nusselt number decreased for Re >600.
A maximum Nu-ratio of NuP F S−dc/NuP C ∼4.3 was measured at Re ∼800
(Fig. 4.4b). If we compare this ratio before and after transition, we obtain a
change in Nu that can be expressed as the ratio Nushedding/Nuno shedding ∼3.3.
This corresponds to a remarkable 230% enhancement in heat transfer solely
attributed to vortex shedding.

The vortex shedding regime and the corresponding enhancement in heat
transfer is associated with an increased pumping power Ppump = V̇∆p. There-
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fore, we must analyze its relative magnitude in order to ascertain the merits
of vortex shedding led enhancement in thermal transport with a rational
perspective. We exploit a standard non-dimensional parameter termed ther-
mal performance parameter (TP ) (Grigull and Hahne, 1969) to compare the
enhancement in Nu in different chip configurations at the same pumping
power. The TP comparing the PFS-dc chip to the PC geometry can be
expressed as

TP = NuP F S−dc

NuP C

∣∣∣∣∣
P pump

. (4.11)

The Nusselt number in the pre-transition regime shown in Fig. 4.4b was larger
for the PFS-dc chip and, accordingly, is reflected in the thermal performance
curve with TPno shedding ∼1.38 larger than unity (not shown for brevity). To
account for the higher performance pre-transition we define an effective TP
as

TPeff = TP

TPno shedding

. (4.12)

Figure 4.4c shows TPeff for the PFS-dc and PC chip geometries for different
pumping powers. Once vortex shedding was triggered at Ppump >0.03 W,
the enhanced heat transfer clearly dominated the pressure losses and con-
sequently the thermal performance increased. Within the pumping power
range investigated, a maximum TPeff ∼2.9 was obtained at Ppump ∼0.3 W.
In other words, for the investigated chip geometry and despite larger pressure
drops, allowing vortex-induced flow field fluctuations results in an outstanding
effective performance enhancement of 190% (Fig. 4.4c).

It is instructive to note that the steepest rise in TPeff occurs between
0.03 W< Ppump <0.13 W with marginal increase for Ppump >0.13 W. For
Ppump > 0.13 W, the flow fluctuations are fully developed at the centerline of
the micropin fin array and the gain in performance is mostly saturated. To
quantify this further, at pumping costs of Ppump ∼0.13 W, the PFS-dc chip is
capable of removing a heat flux of 240 W/cm2 with a thermal resistance of
R = ∆T/Q̇eff ∼0.12 cm2 K/W. At Ppump ∼0.4 W, a maximum heat flux of
315 W/cm2 was dissipated resulting in a thermal resistance of R ∼0.09 cm2

K/W.
While Figure 4.4c shows the locally enhanced performance due to vortex

shedding at the centerline for higher pumping powers, Fig. 4.4d provides
results for Nu and the corresponding TPeff for both chip geometries in

64



4.3. Results and discussion

the streamwise direction at equal pumping power (Ppump ∼0.055 W). Flow
fluctuations triggered in the PFS-dc chip increaseNu at any location compared
to the PC chip. Furthermore, a strong increase of Nu in streamwise direction
led to a maximum performance gain TPeff of ∼150% close to the outlet.

4.3.2 Minimizing the chip temperature gradients
In the previous section we presented RTD temperature measurements at the
center of the chips to shed light into the heat transfer and overall thermal
performance enhancement due to vortex-induced flow fluctuations. To assess
the heat transfer variation at multiple locations in flow direction and to analyze
surface temperature gradients in the pre- and post-transition flows related
directly to the undesirable existence of liquid hotspots, spatially resolved IR
thermometry measurements and analysis are presented next. Notably, we can
obtain the local heat transfer (by computing the Nusselt number) of the chip
for various Reynolds numbers and, therefore, compare the thermal transport
between pre- and post-transition flows. For the IR measurements we used a
half-populated inline geometry (PFI-hp) with a streamwise pitch of 200 µm
and a lateral pitch of 400 µm, respectively. The pin diameter in this geometry
was D = 100 µm.

This micropin fin array heat sink geometry performed best in Brunschwiler
et al. (Brunschwiler et al., 2009) due to pronounced vortex shedding at low
Re. The corresponding thermal performance at the center of the chip is shown
in Fig. 4.5. The thermal transport is clearly influenced by vortex shedding,
which initiates at Re ∼650 marked by a characteristic transition in Nusselt
number. Once flow fluctuations start to dominate the entire flow field within
the chip, a high Nu-level is reached and the slope in Nusselt number starts
to plateau at Re ∼900. In Fig. 4.5 we also show the chip surface temperature
difference as a function of Re. The temperature difference was calculated as

∆Tchip = Tchip,max − Tchip,min, (4.13)

i.e. as a difference between the measured maximum and minimum surface
temperatures Tchip,max and Tchip,min. For increasing heat flux, the Reynolds
number was adjusted in order to maintain a chip surface to liquid inlet
temperature of ∆T = 30 K. As a consequence, ∆Tchip remained constant at
pre-transition Reynolds numbers (i.e. below the onset of vortex shedding),
as expected for steady laminar flows. Note, that after the vortex shedding
initiated at the outlet of the chip, the transition point travels upstream with
increasing Reynolds number (Renfer et al., 2011). Since the IR measurements
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Figure 4.5: Chip surface temperature difference and Nusselt number (Nu) variation values
for the half-populated micropin fin chip. Nu was calculated based on the liquid and wall
temperatures at the centerline. Surface temperatures were obtained from IR thermometry.
A rise in Nu after the onset of vortex shedding at Re ∼650 was detected. The Nu increase
coincides with a simultaneous reduction in the chip temperature non-uniformity. The
minimum chip temperature difference was observed at Re ∼650 and increased for higher
Re. The error in temperature is ±0.2 K.

capture thermal data close to the outlet, the thermal response of shedding
was sensed earlier at Re ∼550 for the ∆Tchip measurement (blue curve in Fig.
4.5) as compared to the RTD-based Nu measurements, where the onset of
vortex shedding was detected at the centerline for Re ∼650 (red curve in Fig.
4.5). It is clear from the temperature curves in Fig. 4.5 that with the onset of
vortex-induced fluctuations, the temperature variation across the chip was
reduced drastically from 16.5 K down to a minimum of 6.0 K at Re ∼940,
i.e. a reduction almost by a factor three, at constant ∆T . The minimum
was reached after the shedding location moved upstream passed the chip
centerline and shedding became the dominant hydrodynamic state within the
chip (indicated in Fig. 4.5). Increasing the Reynolds number further, affected
mildly but adversely the temperature gradient, which reached ∆Tchip = 8.0 K
on the high end of the Reynolds range investigated.

The shedding-induced large augmentation in heat transfer can be further
understood by examining the detailed variation in the chip temperature and
Nusselt number in the streamwise direction. The IR thermometry yields the
former. To obtain the Nusselt number variation in streamwise direction, the
chip surface temperature was line-averaged in traverse direction and the liquid
temperature was obtained from Eq. (4.7). In Figure 4.6, the resulting chip
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Figure 4.6: (a) Chip surface temperatures in the streamwise direction acquired at different
Reynolds numbers (Re) (see inset of Fig. 4.5). In pre-transition regime (Re = 500) the
chip temperature gradually increased towards the outlet (blue curve). For higher Re, post-
transition flows were identified to shift the temperature maximum upstream with increasing
Re. (b) Whereas the pre-transition Nusselt number (Nu) variation was found to decrease
in streamwise direction, for higher Re, the local Nu increased downstream (see arrow). The
increasing Nu clearly occurred at the same location as the decreasing surface temperature
(compare arrows for Tchip in (a) and Nu in (b)). The error in temperature measurement is
±0.2 K and that in Nu was between 2.3-6.9% (see Appendix A).

temperature and Nusselt number variations are plotted between streamwise
coordinate interval of 1.0 mm< x <8.5 mm for different Re. The different
Reynolds numbers capture the pre- and post-transition flow regime. In the
pre-transition regime at Re ∼500 (see Fig. 4.6b), the Nusselt number is
highest at the inlet and decreases as the thermal boundary layer develops in
flow direction and finally plateaus to a constant value in the fully developed
region (DeWitt et al., 2007). Note, that the size of the thermal entrance region
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4. Heat Transfer Enhancement in Micro-Heat Sinks

exceeds almost half the chip length. The full development of the thermal
boundary layer is a clear limitation of singe-phase cooling and can lead to
large chip surface temperature gradients. With increase in Reynolds number,
vortex shedding ensues and the surface temperature and Nu-profiles changed
drastically. At Re ∼770, the Nusselt number at the outlet is influenced by the
transition and shows an impressive twofold increase compared to the minimal
Nu-value close to the center of the chip. The local enhancement in heat
transfer results in a lower chip surface temperature toward the outlet, causing
the maximum temperature to shift upstream. This explains the low surface
temperature gradient reported at Re ∼940 (see Fig. 4.5), with the minima
in Nusselt number moving upstream to the position x ∼2 mm (Fig. 4.6b)
from chip inlet. Beyond x >2 mm, Nu increased before plateauing to a high
value corresponding to complete establishment of shedding. The enhanced
heat transport is responsible for decreasing the chip surface temperature and
suppresses the effect of the streamwise rise in liquid temperature, thereby
reducing the temperature gradient across the chip (c.f. the temperature curves
at Re ∼770 and ∼940 in Fig. 4.6a). Increasing Re further had no positive
influence on the temperature gradient since the streamwise trend for the
Nusselt number did not change in the fully established vortex shedding region
(c.f. the Nu curves at Re ∼940 and Re ∼1230). However, the overall heat
transfer did increase due to the increase in mass flow rate.

These results clearly highlight the significance of carefully controlling and
analyzing vortex shedding phenomena in flows across arrays of micropin fins
in order to develop an efficient cooling protocol that guarantees minimal
chip temperature non-uniformity. The instantaneous µLIF measurements
presented next, shed more light on the role of vortex shedding in thermal
transport.

4.3.3 Liquid temperature visualization
To investigate the liquid temperature field,µLIF measurements were performed
in both pre- and post-transition regimes. In the following, we exploit visualized
liquid temperature variations to explain the exceptional augmentation in heat
transfer due to vortex shedding in the post-transition flow.

The chip used for temperature visualizations was a fully populated inline
micropin fin array (PFI) with a pin pitch and diameter of P = 400 µm and D
= 200 µm, respectively. For this geometry, the transition to vortex shedding
at the RTD centerline occurs at Re ∼800 as shown in Fig. 7. The Nusselt
number increases moderately with Reynolds number in the pre-transition
flow regime Re < 800. Beyond the critical Reynolds number, however, vortex
shedding led to a remarkable rise in heat transfer and a Nusselt number as
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results in strongly enhanced Nu post-transition. The error in Nu is between 2.3-6.9% (see
Appendix A).

high as 28 was observed.
The liquid temperature visualizations are presented next and were recorded

close to the inlet at Re ∼350 and close to the outlet at Re ∼800, in pre- and
post-transition flows, respectively. The measurement focal plane was located
at a height H/2. The Re ∼350 measurement at the inlet presented in Fig.
4.8a shows the averaged pre-transition temperature field. In this laminar pre-
transition regime, two flow characteristics are clearly apparent (Renfer et al.,
2011): steady recirculation zones behind the micropin fins (in streamwise
direction, highlighted in white) and a microchannel-like flow between the pins.
Figure 4.8a clearly shows that the stagnant recirculation zones have higher
temperatures compared to the microchannel-like flow between the pins. The
temperature difference between these two regions can be further appreciated
by looking at the transversal temperature profile at three different locations
in streamwise direction, which are plotted in Fig. 4.8b.

The temperature of the recirculation zones (i.e. static liquid hotspots)
increased rapidly by ∼5 K over three pin rows in streamwise direction (corre-
sponding to a distance of 800 µm) whereas the free stream liquid temperature
increased moderately by ∼1 K (see inset in Fig. 4.8b). Furthermore the profiles
show a maximum transversal temperature gradient from the hotspots to the
microchannel-like region of ∼10 K, which occurs at a lateral distance of less
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than 100 µm (thermal gradient of ∼0.1 K/µm).
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A set of exemplary unsteady liquid temperature maps at the outlet are
shown in Fig. 4.9a at Re ∼800. Note that due to the slow repetition fre-
quency (limited to 8 Hz) of the camera, the information about the detailed
transient evolution is limited, however, the short laser pulse combined with a
high signal to noise ratio allows for excellent liquid temperature snapshots,
which are essentially instantaneous liquid temperature fields. Through de-
tailed measurements of the flow fluctuation frequencies, we have reported
the fluctuations to be in the several kHz range with a resulting time scale of
∼10−4s (Renfer et al., 2013). On the other hand the liquid thermal diffusion
time for the typical length scale of 200 µm is L2/α ∼ 10−1s. Therefore, the
thermal transport for flows across our micropin fin arrays should be advection
dominated and the flow fluctuation frequencies should also be reflected in the
temperature field. This is the reason for conspicuously varying temperature
gradients of the different liquid temperature snapshots as shown in Fig. 4.9b.
Note that due to the higher Re and equal Q̇′′eff , the liquid hotspot to free
stream temperature difference in Fig. 4.9b (∼5 K) is lower compared to the
hotspot temperature difference in Fig. 4.8b (∼10 K). The snapshots in Fig.
4.9a clearly capture the dynamic liquid temperature fluctuations occurring
in the post-transition regime. The transversal fluctuations remove the liquid
hotspots between successive micropin fins and lead to a strong advection of
liquid hotspots in to the main flow stream as can be easily seen in the image
sequence of Fig. 4.9a (i)-(iv). Whereas only the microchannel-like temperature
pattern was observed pre-transition, the static temperature pattern observed
in Fig. 4.9a (ii) became an intermediate state post-transition and is followed
by hotspot advection into the alternate directions (Fig. 4.9a (i), (iii). Assum-
ing the periodic nature of shedding, at half the shedding cycle a maximum
flow deflection should be reached. Figure 4.9a (iv) shows a consequence of
such a possibility, which leads to a complete disappearance of the liquid
hotspots. It appears that the laminar boundary layer developed downstream
was destroyed in the post-transition regime as a result of vortex-induced
liquid mixing. The temporal variation of the liquid temperature field and
associated periodic destruction of static liquid hotspots, therefore, explain the
heat transfer enhancement observed post-transitionally. In absence of vortex
shedding, the stagnant recirculation zones creating liquid hotspots between
the micropin fins are isolated from the main stream and therefore have a
limited heat transfer. A movie obtained from the temperature image sequence
of the µLIF measurements presented in Fig. 4.9 is available as supplementary
material.
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4.4 Conclusion
In this paper, we have presented an integrated liquid (water) cooling strategy
that exploits microscale flow vortices generated by the necessary presence
of TSV in electronics chip stacks, to achieve extraordinary cooling perfor-
mance and reduce the chip temperature non-uniformities, thereby eliminating
undesirable liquid hotspots. The investigated micro-heat sink chips are pop-
ulated with micropin fins confined in microcavities and are operated under
steady and unsteady fluid dynamic conditions. Once the fluid flow through
the microcavities reached a critical Reynolds number, vortex-induced flow
fluctuations were initiated. These fluctuations disturbed the flow field heavily
and were responsible for an exceptional heat transfer enhancement of up to
230% compared to steady flows. Also when the need for additional pumping
power for sustaining flow fluctuations was taken into account to place the
results into perspective, the high cooling performance enhancement clearly
dominated the rise in pressure drop. We identified a remarkable effective
thermal performance gain of up to 190%. Unlike for steady convective flows,
vortex shedding locally increased the heat transfer in streamwise direction,
thereby lowering the chip temperature gradient. The temperature variations
across the chip were reduced drastically almost by a factor three, down to 6.0
K, at a heat flux of 270 W/cm2. Furthermore, due to pronounced vortex shed-
ding downstream, a streamwise increase of the effective thermal performance,
at constant pumping power, of up to 150% was found.

High spatiotemporal liquid temperature maps obtained using the µLIF
technique established that the origin of the heat transfer enhancement is
vortex shedding. Before the onset of flow fluctuations, liquid hotspots were
formed between micropin fins in the streamwise direction with temperature
differences of up to 10 K compared to the free stream. Once vortex-induced
flow fluctuations penetrated these pockets between the micropin fins, the
liquid hotspots were convectively transported into the free stream. Our results
show that the detailed knowledge and control of vortex-induced fluctuations
in micropin fin arrays is of paramount importance since it provides a path-
way to enhance the local heat transfer inside the chip and reduce the chip
temperature gradient. This marks significant progress towards the realization
of 3D integrated liquid cooling of electronic chip stacks.

4.5 Appendix A.
Standard error propagation (Taylor, 1997) yield the uncertainty (σ) for the
heat transfer coefficient h as
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To conveniently calculate the summands in Eq. 4.14, a new function g(h) is
defined by rearranging Eq. 4.2

g(h) = h(Tw − Tf )[(Aheater −NtotAc,fin) + ηNtotAs,fin]− Q̇eff . (4.15)

Using the implicit function theorem, we obtain the partial derivatives in
Eq. 4.14 as

∂h

∂i
=

∂g
∂i
∂g
∂h

, i = Q̇eff , TRT D, Tin, Tout. (4.16)

Substituting the numerical values at the lowest Re, we obtain a maximum
error of 6.9% in Nu. At the highest Re, the error reduced to 2.3%. Due to
the small numbers, error bars were not included in the plots.

4.6 Appendix B. Supplementary data
Supplementary data associated with this chapter can be found in the online
version.
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5 Conclusions

5.1 Results Overview

This thesis provides an in depth scientific investigation of microscale heat
transfer structures for integrated water cooling of 3D electronic chips.

100 µm and 200 µm fluidic chip microcavities representing a single layer
of a water cooled 3D chip were used to assess the detailed hydrodynamics and
heat transfer characteristics of microscale flows across various architectures of
micropin fin arrays. State-of-the-art experimental techniques were used and
developed further for qualitative and quantitative microscale flow and fluid
temperature visualization. The set of methods included global pressure drop
and local microscale flow frequency measurements as well as techniques to
probe local surface temperatures.

The results revealed a position-dependent flow regime transition at the
microscale characterized by unsteady flow pattern. Flow fluctuations result-
ing from vortex shedding are triggered beyond a geometry-specific critical
Reynolds number and led to a sudden rise in pressure drop across the mi-
crocavity. Small amplitude flow fluctuations occurring at the inlet amplified
in streamwise direction, ultimately, triggering vortex shedding close to the
outlet. Increasing the Reynolds number further, moved the flow fluctuations
closer to the inlet until vortex shedding became the dominant fluid dynamic
state within the chip. The onset of vortex shedding strongly depended on
the geometrical arrangement of the pins and is delayed to higher Reynolds
numbers for increased vertical confinement.

Dynamic pressure measurements and optical visualization of flow path-
lines show multiple frequencies attributed to the flow field oscillations which
occurred in the kHz-range and a maximum frequency of 13 kHz was measured.
The frequency was highest for the maximal vertical confinement (at the cavity
height of 100 µm). Similarly to higher vertical confinement, an increase in
longitudinal confinement, i.e. shorter streamwise distance between individual
pins, increased the shedding frequency.

Below the critical Reynolds number, steady pre-transition flows are char-
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acterized by a microchannel-like free stream between pin rows and stable
recirculation zones in between the pins. For a constant heat flux condition,
these steady recirculation form fluidic hotspots with fluid temperature rise of
up to 10 K over a distance of only 100 µm. Once vortex shedding initiated,
the free stream periodically impinged onto the pins and, as a result, destroyed
the recirculation zones. The fluidic hotspots were, therefore, convectively
transported into the free stream at high rates and, as a consequence, the
heat transfer was strongly enhanced in presence of microvortex-induced flow
fluctuations. The heat transfer augmentation of up to 230% could solely be
attributed to the flow field disturbances by comparing two similar geometries,
with one geometry completely preventing vortex shedding to occur. Despite
the penalty of increased pumping power needed to sustain vortex shedding in
microcavities, the high cooling performance clearly superseded and resulted
in an effective thermal performance gain of up to 190%. Since vortex shed-
ding started first at the outlet, the associated locally higher heat transfer
downstream reduced the temperature non-uniformity of the chip drastically
by almost a factor three.

All these findings illustrate and explain the superior characteristics of
vortex shedding microflows in micropin fin heat sinks for the integrated
liquid-cooling of 3D electronic chip stacks.

5.2 Outlook
Based on the accomplishments presented above further research may focus
on the following aspects.

Using smarter micropin fin architectures, which are specifically engineered
to trigger vortex shedding at any location within the chip, would provide
the ability to precisely control the strength of the fluctuations. As a result,
the performance limits of microcavity heat exchangers could be advanced to
higher levels. Such chips would require a non-uniform distribution of micropin
fins or a variable pin diameter. A simple case, for instance, would be to use
two different pin distributions. The low density pin array could occupy the
upper half towards the inlet of the chip and the other half of the microcavity
could confine the high density array. In such arrangements, flow fluctuations
are expected not to initiate at the outlet, as observed in uniform arrays, but
rather within the low pin density array close to the intersection to the high
density area. For higher Reynolds number, the flow fluctuations will preferably
spread towards the inlet and the densely populated region will suppress the
streamwise amplification of the flow fluctuations. A more advanced strategy
may use a variable pin density to target the onset of shedding to the thermal
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hotspot locations and to adjust the expansion of the fluctuating flow region
based on the size of the area of interest. Furthermore, using an optimal
variation of the pin pitch will reduce the Reynolds number value needed
to extend vortex shedding a certain distance upstream. In other words, the
spreading resistance of vortex shedding can be minimized to facilitate the
prevalence of flow fluctuations over the entire chip area by only slightly
changing the flow rate. A small Reynolds number range associated to the
transition in conjunction with an oscillatory flow system, would allow a fast
switching between vortex shedding states (on/off) either across the entire chip
or locally at the hotspot zones. Such a heat transfer concept would enable
time-dependent cooling of dynamic heat loads apparent in microprocessor
chips.

The proposed strategy targets for the highest cooling performance possi-
ble using hotspot adapted microfluidic geometries. Alternatively, a trade-off
between the electrical design guidelines to distribute the pin fins and the
best hydrothermal scenario is required. The excellent temperature uniformity
provided by uniform arrays in presence of vortex shedding could be combined
with specific on-demand thermoelectric hotspot cooling. To benefit from both
approaches, thin-film thermoelectric devices could be placed at the hotspot
locations and would optimize the overall performance of the micro-heat sink.
The major heat load will be convectively removed with the fluidic chip oper-
ated at vortex shedding conditions and local small scale hotspot temperatures
will be minimized with thermoelectric coolers. Whereas, studies on-chip ther-
moelectric coolers have shown to remove high local heat fluxes (Chowdhury
et al., 2009; Sullivan et al., 2012), embedding thermoelectric devices into an
integrated cooling network of a 3D chip stack populated with a uniform array
of TSV would be a novelty.

Once the investigated single-layer cavities are stacked to form a 3D chip
assembly, fluid inlet and outlet are located at opposing sides. However, studies
on heated microchannel stacks have shown improved temperature uniformity
by arranging counterflow in adjacent layers (Wei et al., 2007; Levac et al., 2011).
Therefore, the low thermal gradients, which the uniform micropin fin heat sinks
already provide, are expected to decrease even further in counterflow mode.
A disadvantage of 3D stacks with integrated counterflow, however, would be
the lager footprint needed due to the alternating inlet and outlet ports. For
a 3D chip stack a minimal vertical size is preferred since it enables higher
integration densities. In that context, performance enhancing flow fluctuations
were observed likewise in 100 µm and 200 µm wide cavities. Reducing the
pin diameter and choosing appropriate pin density, it is expected to induce
vortex shedding in arrays confined in even lower cavity heights within the
acceptable pressure drop limit of 1 bar.

77



5. Conclusions

With respect to the experimental improvements, pathline visualization is
highly useful to gain detailed fluid dynamic knowledge of the flows through
confined micropin fin arrays. From the technical point of view, the quality of
pathline visualization images may be further improved by reducing particle
agglomerations in the chip. However, a compromise is required between larger
particles with higher fluorescent intensities and higher micropin fin densities
which are more prone to particle congestions. A straight forward improvement
would be to use higher laser illumination intensities, but one must keep in mind
that higher laser powers might locally heat the fluid and therefore influence
the flow field. Nevertheless, higher laser power and higher fluorescence of
the particles (larger size or better dye quality) are required for better image
quality and to enlarge the field-of-view further. Even though the microcavity
heat sinks are developed for scalable integrated cooling of 3D chips, the pin
fin geometry enabling microvortex-induced heat transfer enhancement and
temperature uniformity could also be applied for a less aggressive thermal
management approach namely using back-side water cooled cold plates for
high-performance microprocessors.

Finally, the integration of micropin fin heat-sinks into a 3D chip stack
with electrical TSV remains to be tested. The focus, therein, is expected to
be on specific pin fin architectures that allow vortex shedding to occur in
multiple cavity layers to provide minimal temperature non-uniformities at
high volumetric heat fluxes.

A 3D chip stack in the size of a sugar cube is expected to deliver compu-
tational performance beyond anything hitherto seen, opening new uncharted
possibilities which affect all disciplines from computer sciences to sociology
and have the potential to revolutionize the world we know today.
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