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Energy Storage Technologies
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Source: R. Hammerschlag and C. P. Schaber, “Energy Storage Technologies,” in Energy Conversion, Edited by
D. Y. Goswami and F. Kreith, Chapter 15, CRC Press, pp. 15-1 to 15-22, 2008.




Rationale for Storage of TThermal
Energy

Storage of Energy is required for managing any
form of
IS:
Encountered in Nature (solar radiation, geothermal,
stratified layers in oceans)

Produced by all forms of energy conversion
processes; widely labeled as “waste heat”

Storage of thermal energy is critical to:
Solar Thermal Power Plants

Thermal Comfort (Residential/Commercial Sectors,
Transportation, Textiles)

Thermal Management of Electronics/Batteries




Geothermal

Wind

Domestic Natural

19.06) Gas

Net Imports
3.6 J

Domestic

16.13)

Net Imports

24.0 )

Electricity Generation,
Transmission & Distribution Losses
Electricity
Generation
1.3 0.42,
X 4.98 60
0.03 1.54
0.77
\
\\
1.37
0.01
01
2.01
.34
0
60
3.37
O C 4 ' . U

Lost Energy

['55.13



Electricity Flow, 2007
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Thermal Energy Storage by Phase
Change Materials (PCM)
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Desirable Features of PCM

igh Latent Heat

igh Thermal Conductivity
igh Density

igh Specific Heat

Low Volume Change

Low Vapor Pressure




Enhancement of TThermal
Conductivity of Paraffin \Wax

The thermal conductivity of typical paraffins
Is around 0.2 W/mK that is relatively low.
(Water: 0.6, Aluminum: 235)

Two pathways to enhance the effective k:

Introducing Fixed Structures, e.g., high thermal
conductivity metal fins/fibers/foams, graphite

Suspending high thermal conductivity Particles
(Nanoparticles).




Possible Routes to Enhance

, Particle-suspended
PCM

B
Apparent Thermal Conductivity of PCM composites




Introducing Fixed Structures

Early work can be traced back to Bentilla et
al. (1966) and Humphries and Griggs (1977)
[both NASA reports.]

. aluminum/copper fins, foams and
honeycombs.

Transient freezing
of the test model

* for solar storage
with Eicosane

—3 A 1981)

A complete review of work on this topic is being prepared
for publication [to be submitted to Renewable and
Sustainable Energy Reviews.]




Advantages Compared to Graphite-Paraffin Composites
Lighter weight,
Higher latent heat,

Avallability of natural convection to enhance heat
transfer upon melting,

No “contact heat transfer” issues,

Easy recycling.




Thrusts of the NEPCM Cluster

Nanoparticles Separation/Reclamation

Utilization of NEPCM in High-Flux Electronics
and Chip-Level Cooling

Multi-Scale, Multi-Physics Non-Continuum
Modeling

Thermal Conductivity and Heat Dispersion
Effect of NEPCM

Nanoparticle-Enhanced Lubricating
Properties of Paraffinic Qils




NEPCM Strategy

Suspend ligand-stabilized NP’s in a
hydrocarbon base fluid

NP = CuO

Ligand = Sodium Oleate (SOA) Stabilizing

Ligands

SOA has 2 regions:

interacts with
NP

interacts with
the non-polar base fluid




NEPCM Challenges

Principal challenge is colloidal stability

Low concentration colloids can often be
stabilized (102 % by mass)

High concentration colloids tend to

precipitate (come out of solution)




CuO/SOA NP Preparation and
Stabilization

Particle

Stabilizing Ligands /

NCu(NO;), + 2nNaOH — CuOQO,, + 2nNaNO; + nH,0

R—COOH + NaOH — R—COO-,Na+ + H,0
(Oleic Acid) (Sodium Oleate)




~1% CuO/SOA in Nujol Ol
Stable at RT

CuO/SOA 1 hour CuO/SOA 8 months
old old




Current System—Freeze/Thaw
Cycling

CuO/SOA in Dodecane CuO/SOA in Nujol Qil

After 30 Cycles




CuO/SOA in Dodecane TEM

Control After 30 Cycles




CuO/SOA in Nujol Ol

Control After 30 Cycles




Characterization

TEM

Thermal Diffusivity
Thermal Conductivity
Specific Heat

Melting Temperature
Heat of Fusion
Viscosity

Laser Scattering and Small Angle X-ray Scattering
(ANL)




Schematic Diagram of the 1-D

tefan Model
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Results of the 1-D Stefan Model
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Controlled Freezing Experiment

Photo of the set-up of the controlled
phase change experiment

—=— CHO(pure dodecane)
—=— CH1 (pure dodecane)

—a— CH2( pure dodecane)

—vw— CH3 (pure dodecane)

—— (melting Tem pure dodecane)
—o— CHO ( dodecane nanofluid)
—o— CH1 ( dodecane nanofluid)
—4— CH2( dodecane nanofluid)
—v— CH3 ( dodecane nanofluid)
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Experimental temperature data showing expedited freezing of a
dodecane-CuO NEPCM in comparison to pure dodecane



Thrusts of the NEPCM Cluster

Development, Characterization, Modeling &
Testing

Utilization of NEPCM in High-Flux Electronics
and Chip-Level Cooling

Multi-Scale, Multi-Physics Non-Continuum
Modeling

Thermal Conductivity and Heat Dispersion
Effect of NEPCM

Nanoparticle-Enhanced Lubricating
Properties of Paraffinic Oils




Nanoparticles Separation/Reclamation

Environmental Pollution
Health Hazards Direct Physical Filtering

4

‘ Viable Separation
_ Technology

I Evaporative drying

Economic Factors under low pressure
* Production of nanoparticles from bulk

materials is expensive
» Bulk material itself may be expensive

Why Reclaim
Nanoparticles?
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Nanoparticles Separation/Reclamation

Major Obijectives
* Filtration/Separation of nanoparticles
* Collection/Reclamation of nanoparticles for reuse

Critical Research
Issues

Overall Process Cost
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Utilization of NEPCM in High-Flux
Electronics and Chip-Level Cooling

Innovative Approaches to Thermal
Management of Electronics

Study NEPCM in relation to Improved
Chip-Level Cooling (100 to -40 °C

SEM Micrograph of DRIE MicroChannels
Fabricated in a Silicon Wafer

. . . a hir ga cooling reaction
Microfabrication in %P Mid mixture
Consultation with INTEL

Thermocouple/Heat Flux Sensors

Infrared Thermal Images of
PCM-Cooled Electronics
(bottom) compared to no PCM
(top) and Thermasorb-122
(middle) (Hodes et al., 2002)




Thrusts of the NEPCM Cluster

Development, Characterization, Modeling &
Testing

Nanoparticles Separation/Reclamation
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Multi-Scale, Multi-Physics
Non-Continuum: Modeling

Methods:
Lattice Gas Automata (LGA)
Molecular Dynamics (MD)
Lattice Boltzmann (LB)

Multi-Physics Analysis:

Heat Transfer + Fluid Dynamics + Thermodynamics
Computer Implementation:

Parallel Codes (MP1/OpenMP) E‘@_
Distributed (Grid Enabled) codes [siiges

Visualization




Multi-Scale, Multi-Physics
Non-Continuum: Modeling

Thermal Properties to be predicted
Thermal Conductivity
Specific Heat Capacity
Thermal Diffusivity
Specific Latent Heat
- Melting/Solidification Temperatures
Other Properties
Viscosity
Nano-particle distribution (including temporal evolution)
- Nano-particle Aggregation and Sedimentation
Parameters
Pressure, Temperature, Flow, Particle Concentration
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Thermal Conductivity and Heat
Dispersion Effect of NEPCM

Thermal conductivity enhancement of solid-state

l

NEPCM

Heat transfer enhancement due to natural convection
of liquid-state NEPCM.

Measurement Setup

T,&0;,
T gradient

Insulation

Graiy PTTT e




Thermal Conductivity and Heat
Dispersion Effect of NEPCM

Heat Dispersion in Flow of NEPCM s

Enhanced macroscopic conduction due to |l
non_—unlformllocal liquid and nanoparticle T
motion/rotation. Nanaparticles

High heat capacity of the nanoparticle
High latent heat of the phase-change matrix

Possible high heat transfer rate achieved
with a small temperature gradient especially

near the phase-change temperature.
Couette flow

Heat Dispersion Measurement Setup —

NEPCM (liquid)
Temperature
distribution

Frrrret

Tin and qin
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Motivation for Nanofluid Lubrication

Reducing engine friction will improve fuel economy.

20-30% of the energy produced by a modern combustion engine is lost
to friction.

The DOE finds that merely a 5% reduction of engine energy losses
would cut the consumption of oil by approximately 100 million barrels.

This approach could allow for improved friction in not only new vehicles
but vehicles currently on the road.

Current study will research nanoparticle usage in careful
comparison to existing lubricating oil formulations.

Auburn University Test Facilities
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Nanoparticle Effects on LLubrication

Nanoparticle lubrication enhancement mechanisms:
the particles may affect viscosity (Wu et al., 2007)

the particles affect the thermal properties and thermal
stability (Hwang et al., 2006)

the particles could roll between the surfaces and act as
“nano ball bearings” (Wu et al., 2007, Tao, Jiazheng, Kang,
1996) — Friction Reduction

the particles could mend worn surfaces by adhering to them
(Liu et al., 2004, Wu et al., 2007)

Tao, Jiazheng, Kang (1996) and Liu et al. (2004), .




