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ABSTRACT

Recent scientific and technological advances in the area of thermal and fluid sciences
(more particularly in multi-phase flows) have demonstrated the significant impact of the small
scale effects on augmenting the transport processes. The applications of these fundamental
aspects in multi-phase flows are quite diverse — ranging from solar thermal energy storage to
cooling applications to life sciences. Hence, the activities in the research group of the author are
geared towards addressing these technological advances, ranging from fundamental focus to
commercial applications. These endeavors are primarily at the interface of:
(a) multi-phase flows (e.g., nanofluids, micro/nano-scale flows, and boiling), and
(b) emerging technologies (e.g., MEMS, micro-capillary driven flows, bio-microfluidics, and
bio/nano-technology).
The research results from these topics are summarized in this paper.

INTRODUCTION

The research activities in the research group of the author explores the various micro/nano-scale
effects in multi-phase flows. These research topics address both nanofabrication/ nano-synthesis
techniques as well as the development of nanotechnology enabled sensing platforms to
investigate the mico/nano-scale transport phenomena in multi-phase flows.. The primary
application of these research topics is in the Thermal Energy Storage (TES) and improving
thermodynamic efficiencies of thermal systems (such as HVAC equipment). The several topical
areas that are under investigation in the research group of the author (“Multiphase Flows and
Heat Transfer Lab.) are itemized below.

AREA 1: NANOFLUIDS FOR COOLING AND THERMAL STO-RAGE (SOLAR
THERMAL ENERGY PROGRAM AND THERMAL ENERGY STORAGE)

The research group of the author has demonstrated cooling enhancements by ~8-30%
using nanofluids in compact heat ex-changers (in collaboration with AFRL as an ASEE/AFOSR
Summer Faculty Fellow in 2006 and 2007) [1]. The nanofluids were found to precipitate nano-
fins on the heater surface and thereby augment the heat flux. The nanofluids were synthesized
using Poly Alpha Olefins (PAO) — a synthetic oil that is used for avionics/ electronics cooling.
The nanofluids were synthesized by doping PAO with nanoparticles at 0.3% and 0.6%
concentration by weight. The nanoparticles used in this study were ex-foliated graphite and
multi-walled carbon nanotubes (MWCNT). Surprisingly, it was observed that the nanofluid
specific heat capacity was enhanced by 50%. Hence, it was concluded that nanofluids have better
efficacy in thermal energy storage applications compared to cooling applications.



This observation led to another project funded by the DOE Concentrated Solar Power
(CSP) program for harnessing solar thermal energy conversion. Thermal Energy Storage (TES)
techniques are currently under development at DOE to enhance the thermodynamic efficiencies
of Solar Energy and Thermal Power (SETP) systems. It is expected that raising the storage
temperatures to 600 °C (from the current practice of 400 °C) can reduce the cost of solar energy
production by as much as 50%. However, the Phase Change Ma-terials (PCM) available to
operate at these extremely high temperatures suffer from very poor thermo-physical properties
(e.g., low specifc heat capacities and thermal conductivity). Typical PCM under in-vestigation in
the CSP program include alkali metal salt eutectics (e.g., nitrates, chlorides and carbonates of
sodium, potassium, lithium, calcium, etc.). In these research investigations anomalous
enhancement of specific heat capacity value of these eutectics was observed on doping with
minute concentrations of nanoparticles. Using CNT at 0.05-0.5% weight concentrations the
specific heat was enhanced by more than 20%. Using silica nanoparticles at ~1-1.5% weight
concentrations the specific heat of these eutectics was enhanced by more than ~20-100% [2-7].

Current research efforts are focused on performing Molecular Dynamics (MD)
simulations to explore the role of nano-fins in augmenting nano-scale transport mechanisms (this
research study was funded by DARPA-MF® Center). The role of fluid properties and nano-scale
geometries as well as the material properties of the nano-fins (e.g., carbon nanotubes, silicon
nanofins, etc.) in augmenting the transport processes are being explored in this study. These
fundamental studies will help to illuminate and resolve the conflicting data reported in the
literature for heat flux enhancement by nanofluids and by nano-structured surfaces. MD
simulations are being used to design nanofluids for solar thermal storage applications [8-13].

With research funding from Qatar National Re-search Foundation (QNRF) in 2009 a
three year study commenced in the research group of the author on measuring the fundamental
transport proper-ties of nanofluids as well as to study their thermo-fluidic interactions during
flow in heated microchan-nels and nanochannels. Experiments are in progress using a confocal
microscope and by seeding flows inside microchannels and nanochannels using nano-particles

[7]1.

AREA 2: POOL & FLOW BOILING ON NANO-STRUCTURED SURFACES:

The research group of the author are also investigating micron-to-nano scale heat transfer
phenomena in pool and flow boiling. Micron-scale features in boiling cause the formation of
“cold spots”. These cold-spots are able to transmit almost 60-90% of the total heat transfer in
boiling. Using Carbon Nano-Tube (CNT) coated surfaces cooling was enhanced by 60-300% in
pool boiling of refrigerants (compared to uncoated surfaces), probably due to enhancement of
these cold spots [14-20] (this research study funded by Texas Engineering Experiment Station).
It was also found that these nano-structures behave as “nano-fins” (enhanced heat transfer
surfaces due to augmentation of effective surface area). To further investigate these phenomena,
using silicon nano-fins as heater surfaces the pool boiling of refrigerants was enhanced by 120%
[21-23] (this research study was funded by NSF).

An experimental apparatus for flow boiling studies was developed subsequently. Using
CNT coated hea-ters, flow boiling experiments were conducted using this apparatus [24]. Using
CNT coatings flow boiling was enhanced by ~80-180% [24-26] (research study funded by ONR



Thermal Management Program). The applications are in materials processing and thermal
management (electronics cooling). Further investiga-tions are in progress with support from
ONR Thermal Management Program.

AREA 3: TEMPERATURE NANO-SENSORS FOR STUDY OF BOILING CHAOS AND
FRACTAL STRUCTURES:

The research personnel in the research group of the authored designed, fabricated and
tested several architectures/ configurations of temperature nano-sensors (“Thin Film
Thermocouples” or “TFT”) using thin film deposition techniques [27-29]. The TFT are ~ 10
micron in width and ~200-400 nm in thickness. These TFT have response times of ~ 10 nano-
seconds (frequency response of ~ 10 MHz) and can be fabri-cated in a high density array (~ 20-
50 microns square pitch). It may be noted that if required these TFT ar-rays can be fabricated to
much higher spatial densities with each sensor having a width and depth of ~ 200nm. Such small
sensors would have the ability to measure temperature transients of the order of MHz or higher.

These sensors were used to measure surface tem-perature fluctuations (“cold spots™) in
pool boiling. Using the transient temperature data we were able to estimate the non-linear
dynamical nature of the trans-port processes (boiling chaos) on bare and nano-structured
surfaces. It was observed that the order of the boiling chaos was much higher than predicted in
the contemporary boiling chaos literature. These sen-sors were also used to investigate the
temperature transients during flow boiling [30-34].

In collaboration with Prof. Jungho Kim (University of Maryland) the research group of
the author also explored the fractal structures for wall void fractions (bubbles) in pool boiling.
From the fractal models it was observed that the fractal structures associated with bubble
perimeter is related to the wall heat flux. It was also observed that the fractal structures
associated with bubble area (contact area of the bubble on the heater surface) is related to the
wall superheat. Physically, this relates to the for-mation of cold spots in pool boiling. Since the
perime-ter of the bubbles controls the size of the cold spots (which is responsible for 60-90% of
heat flux in pool boiling) — it is expected that the fractal structures con-trolling the bubble
perimeter controls the wall heat flux. Similarly the fractal structures associated with the bubble
contact area on the heater surface controls the wall temperature (and therefore the wall
superheat) [35].

AREA 4: NANO-FABRICATION & NANO-SYNTHESIS:

DPN™ (Dip Pen Nanolithography) is a versatile technology that leverages microfluidic
ink delivery systems with Scanning Probe Microscopy (SPM) tech-niques, such as Atomic Force
Microscopy (AFM). The author and his research group members are currently developing the
next generation micro-fluidic devices for DPN [36-41] (e.g., Fountain Pen Nanolithography or
“FPN”) using capillary driven multi-phase flows (research study funded by Texas Space Grants
Consortium). The applications are in nano-catalysis, combinatorial nano-synthesis, bio-
nanotechnology (e.g., cancer nanotechnology), mask-less-lithography and nano-sensors for



homeland secu-rity, bio-security and explosives detection (e.g., “nano-nose” and “nano-
tongue™).

The authior invented a process for synthesizing Carbon Nanotubes with tunable chirality
(either metallic or semi-conducting) using DPN [42-44] (research study funded by SPAWAR/
DARPA-MTO). In this research program he also developed processes for synthesizing CNT of a
single chirality under “room temperature” conditions using MEMS enabled platform consisting
of a series of micro-heaters inte-grated with micro-cantilever array [45]. This technique is a
“dry” process obviating the need for process gasses.

The author also developed an innovative MEMS platform called PIMTEM
(manufactured under sub-contract by MEMS Exchange Inc). PIMTEM platform will be used in
future studies for in-situ microscopy of the synthesized CNT and for characterizing their chi-
rality (material properties) [47, 48].

The pre-cursor to these inventions was a study in the synthesis of CNT using a
combination of nano-patterning of catalyst seeds using DPN (such as Ni, Fe, Pt, Pd, etc.)
followed by Chemical Vapor Deposition (CVD) process using acetylene as the organic source
[49, 50]. Recently this technique for synthesis of CNT was also verified using Plasma Enhanced
CVD (PECVD) process for synthesis of individual CNT and carbon nano fibers (CNF) [51].

AREA 5: MICRO/NANO-TECHNOLOGIES FOR SENSING (MEMS AND CAPILLARY
DRIVEN FLOWS IN MICRO/NANO-FLUIDICS):

The author also reported several studies where he also explored the applications of mi-
cro/nano-scale flows in biological flows and biomedi-cal devices. For example a Lab-On-Chip
device for synthesis of gold nano-particles was developed using a peptide-protein/antibody assay
(funded by AFRL). The applications for this micro/nano-fluidic device are in water quality
monitoring applications and can aid in the development of auto-nomous, cheap, disposable
devices which operate like a “litmus-paper” where a piece of paper changes color if the sample
contains hazardous levels of industrial or toxic pollutants (e.g., containing mercury or arsenic).
This paper substrate is designed for such operation using capillary driven multi-phase flows [52-
54].

Utilizing fundamental aspects of two phase flows the author and his graduate student
demonstrated that bulk properties of liquids (e.g., viscosity) can vary drastically in confined
spaces (funding from DAPRA-MF3 Center). This study provides fundamental insights into
behavior of fluids which are planned for further exploration and has implications in wide ranging
disciplines from tribology to biology/ life-sciences [55-57].

The author also developed a MEMS platform, which in combination with DPN
techniques, can be utilized for explosives sensing applications (e.g., “nano-nose” and “nano-
tongue”). This MEMS device was successfully demonstrated for testing several explosives
vapors and chemical warfare agents, e.g., alcohol, acetone, gasoline, ammonium nitrate, mustard
gas, etc. [58] (initially funded by Mary Kay O’Connor Process Safety Center and Texas
Engineering Experimentation Station, sub-sequently by DARPA-MF3 Center).



The author also developed a miniturized system that can be used to make artificial cell
walls (“lipid bi-layers™). This is an automated apparatus that does not require human intervention
or control for the artificial synthe-sis of lipid bi-layers [60]. These cell walls can be used as
bio/nano-sensors to test next generation pharma-ceuticals and drugs, and also to test the effect of
these drugs in micro-gravity (deep space). This work was sponsored by NASA in collaboration
with the Texas A&M Health Science Center.

In addition, the author’s research group also developing novel ways of performing DNA
analyses on a CD microfluidics platform by design optimization of capillary driven multi-phase
flows [61] (in collaboration with Dr. Marc Madou at University of California at Irvine and
funding from DARPA-MF3: “Micro/Nano-Fluidics Fundamentals Focus Center).

The author’s research group is also exploring exotic applications of multi-phase flows on
the micro/nano-scale. For example, in collaboration with Nano-MEMS Research LLC we
completed an AFOSR STTR Phase | study for design-ing a microfluidic device to realize
Photonic Band-gap Crystals (PBC) [62]. These PBCs act as meta-materials (which have negative
refractive index) and can be used as reconfigurable devices for tele-communications
applications.

CONCLUSIONS

In summary, various fundamental mechanisms and their applications were explored for
micro/nano-scale effects in multi-phase flows. The results seem to suggest that for cooling
applications nano-coatings (especially those derived from silicon) have better efficacy than
nano-particle doped coolants (i.e., nanofluids). Nanofluids have high viscosity with associated
non-Newtonian behavior which renders them ineffective for cooling applications. On the other
hand, nanofluids are more suitable for thermal energy storage applications — owing to their
enhanced specific heat capacity values (i.e., for most coolants other than water). In addition,
several exotic and emerging applications for multi-phase flows are also under investigation [63,
64].
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