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Thermal energy storage (TES) is a proven technology that is dependent upon space-availability. If
space is available, chilled water storage as sensible thermal option is preferred because of high
chiller efficiency. Otherwise, ice thermal storage as latent thermal storage is preferred in space
constrained applications. A critical parameter for the practical application is storage density which
is usually expressed in energy units per unit volume. If the operational temperature range during
charging and discharging depends on the melting and solidification temperature of the storage
medium, the TES technology is latent thermal storage. For latent thermal storage, the storage
medium is a phase change material (PCM). If no phase change occurs, the storage is sensible

thermal storage.

1.2.1 Sensible heat thermal energy storage

Currently available sensible TES includes building thermal mass storage, ground (seasonal)
thermal storage and chilled-water storage in a typical building. Energy as heat is usually stored by
the temperature change of a storage medium, such as water, air, oil, rock beds, bricks, concrete or

sand. The energy stored is proportional to the temperature rise as expressed by the following

equation.
= x X (1.2)
Where,
E = Stored energy
C = Specific heat capacity of the storage medium
T = Temperature change



Therefore, the total stored energy depends on the heat capacity of storage medium, the temperature
change and thermal mass. This type of thermal storage is the most common method of cold storage.
By pre-cooling the building thermal mass, building mass thermal storage can successfully shift
cooling loads to off-peak periods at night without compromising thermal comfort. It works as a

building jacket out of conditioning spaces.

For a ground (seasonal) storage, since the near surface ground almost remains a constant temperature
throughout the year, the ground surrounding and/or underneath the building for seasonal thermal
energy storage has become an approach for storage. This approach is to store energy in the ground
during the summer and is used during the winter. Conversely, the ground is cooled to store cooling

energy in winter and release to the building in summer.

Another matured technology in sensible TES is chilled water storage. However, space constraint
is usually an issue in the most commercial buildings for chilled water storage, which can favor
ice-storage technologies due to the higher energy density. Owning to its simplicity and low first

cost, chilled-water storage is still used in some commercial buildings.

1.2.2 Latent heat thermal energy storage
Latent heat thermal energy storage is to utilize a phase change material (PCM) to store energy
during melting and solidifying processes. This technology can store and release large amounts

of energy.



Typically, ice is the most commonly used PCM for latent heat TES. With a specific heat of
fusion of water of about 333 kJ/kg, compared to the specific heat of water of about 4 kJ/(kg*K),

the volume of a chilled water tank requires about 8-10 times larger than that of an ice storage.

Recently, ice thermal storage system is commercially in a wide variety of manufacturers that
differ in the heat exchanger configurations, method of ice containment, and other engineering
details. Generally, the categories of ice thermal storage technology include internal-melt ice on
coil, external-melt ice on coil, encapsulated, ice harvester, and ice slurry technologies. The ice

solidification process basically form ice on cooling coil.

1.2.3 Other PCM-based thermal energy storage

There are other PCMs adapted in the thermal energy storage systems with non-ice PCMs. Salt
hydrates as phase change materials usually freeze above the melting point of ice, so the
operational cost of these non-ice PCM thermal storage systems are not very cost-effective
compared to ice-based PCM thermal energy storage. Therefore, it is barely seen that non-ice
PCMs thermal energy storage are commercialized widely. Even though other PCMs have been
proposed and tested for enhancement of the thermal mass of envelope components for many years,
those technologies have not been massively applied in the building because of high initial cost,
gradual deterioration of the phase-change properties, material leakage, and corrosion. However,

PCM-enhanced wall board is still commercially available.



1.3 Battery energy storage
Battery energy storage is the other most popular storage technology commercially for building
applications. The most common applications of battery energy storage are uninterruptable power

supplies (UPS) in data centers, telecommunications or sensitive processes.

Battery energy storage as electrical options include both conventional and flow batteries. There

are several technology-category levels of current battery energy storage.

1.3.1 Electrochemical energy storage

Electrochemical energy storage as one option can broadly be classified into conventional and
flow batteries. Conventional batteries include lithium-ion, nickel-metal-hydride, nickel-
cadmium, lead-acid, and sodium-sulfur batteries. Flow batteries include zinc-bromine and
vanadium-oxide batteries. Flow batteries are normally considered for relatively larger than 1

kWh stationary applications.

1.3.1.1 Lithium ion battery (Li-ion)
The main advantages of Li-ion batteries, compared to other advanced batteries, are (Divya and
@stergaard 2009):
1. High energy density (225-375 Wh/L, 90-150 Wh/kg)
2. Room for further improvement with high voltage cathodes and electrolyte
a. High efficiency (80-85% DC to DC)

b. Diverse chemistry to target different operation regimes (high power vs. high energy)
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c. Long cycle life (3000 cycles at 80% DOD).

While Li-ion batteries have almost dominated battery market, there are some challenges for
large-scale Li-ion batteries. The main concerns are the high cost, complex battery management

circuitry, and safety issues related to thermal management.

1.3.1.2 Nickel metal hydride battery (NiMH)
The specific energy of NiMH is lower compared to the lithium-ion cell. The tolerance to high
temperature excursions is also relatively poor. Even though it has a relatively high self-
discharge rate, the capacity loss usually reaches up to 50% of its original capacity after 6 months
of storage. Hence nickel metal hydride battery is obviously not a good candidate for building

battery energy storage.

1.3.1.3 Nickel cadmium battery (Ni-Cd)
Ni-Cd batteries have a high-power density, and are used in most power tools and equipment due
to its rugged characteristic. Cylindrical Ni-Cd batteries are mostly used in consumer electronics
and power tools, while prismatic Ni-Cd batteries are used in large stationary applications.
Furthermore, DC to DC efficiency for Ni-Cd batteries ranges from 60 to 70%. Flooded batteries
last longer while rated to last 10 to 15 years. Sintered plate Ni-Cd batteries can achieve 3,500
cycles at 80% DOD. Their self-discharge rate of Ni-Cd is 5% per month, which is

approximately five times higher than that of lead acid batteries. In such large battery system with



Ni-Cd, it usually includes active thermal management along with hydrogen sensing and

ventilation.

1.3.1.4 Lead acid battery
One of the oldest and most developed battery technologies is lead-acid. Due to its short cycle life
at high depth of discharge (1000 cycles vs. 3000 cycles for Li-lon) and low specific energy and
energy density, its application for energy management has been very limited. Typically, lead
acid batteries are used for vehicle starting, lighting and ignition (SLI) with high power and
shallow depth of discharge. Moreover, it is also used in stationary applications for traction
purposes with deep depth of discharge. DC to DC efficiencies range from 75% to 85%. The cycle

life at 100% DOD varies from 100 for SLI batteries to 1000 for deep cycle batteries.

1.3.1.5 Sodium sulfur (Na-S) battery
Na-S battery cells have a DC to DC efficiency of 80%. With thermal management, the Na-S
battery can provide above its rated power output (Ibrahim, Ilinca et al. 2008). For instance, the
Na-S battery can deliver 500% of rated power over five minutes, 400% of rated power over 15
minutes, and 260% over one hour, with power rated at the seven-hour rate. Hence the maximum
DOD at the 1-hour rate is only 37%. To prevent cell temperature from over being heated, thermal
management can overcome this limitation. The cycle life as a function of depth of discharge varies
from 4000 cycles at 90% DOD to 43,000 cycles at 10% DOD. The only supplier for this battery
technology is NGK Insulators, Ltd. The total installed capacity in the year 2007 was 270 MW,

which increased to 630 MW by the end of 2010. Nearly 45% of the installed systems are used
9



for electricity load leveling, and 40% for emergency power/uninterrupted power system (UPS),

with about 13% used for renewable energy storage.

1.3.2 Flow batteries

1.3.2.1 Zinc bromine flow battery
The Zn-Br battery can be classified into a power module that combines cell stack and electrolyte
circulation. The energy system module of Zn-Br battery consists of electrolyte storage tanks
(Ponce de Ledn, Frias-Ferrer et al. 2006). Since the power and energy modules are independent,

higher power systems can be achieved by increasing the number of modules.

The DC to DC efficiency for Zn-Br Flow Battery is 70% to 80%. Zn-Br batteries self-
discharge rates at nearly 1% per hour due to bromine crossover. If electrolyte flow stops,
mitigation of self-discharge can stop as well. If thermal management is poor during self-

discharge, temperature of batteries increases significantly.

1.3.2.2 Vanadium oxide flow battery
The efficiency of this battery can be as high as 85%. The power and energy ratings are the same
as other flow batteries that are independent of each other. The use of Vanadium Oxide Flow
Batteries has increased continuously due to independence of power and energy subsystems
(Gattrell, Park et al. 2004). The disadvantage of such batteries compared to other flow batteries

are low energy density (20-30 WH/L; 15-23 WH/kg), low power density, high self-discharge
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rate, high bipolar plate cost, high membrane and reactant cost. However, VRB systems have a

very fast response time.

1.4 Research motivation and objectives

The research is to study the thermal performance improvement by using two novel structures in
ITS and BESS so as to evaluate the benefits and penalties of two new techniques and to understand
the improved heat transfer associated with flow field characteristics and their mechanisms

underneath.

Because of the large parameter space, carrying out experimental study is expensive and time
consuming for the new innovated devices, and a numerical method would be more viable for such
investigation. With the rapid growth of computing technology, it is more possible and practical to
obtain numerical predictions of the impact of two novel structures (thin layer ring and vortex
generator) in ice thermal storage system and battery energy storage system. With the numerical
method, the proposed research will be focused on three main objectives. The first one is to
investigate the performance of thin layer ring with different parameters and configurations, so as
to develop a better understanding of ice formation process and attendant heat-transfer behavior in
atypical ITS system embedded with thin layer ring and how it could be designed to improve energy
efficiency of the ITS system. The second one is to examine the performance of VG with different
parameters and configurations in BESS application, so as to get a better understanding of the flow
structure and attendant heat-transfer behavior and provide a guideline of the implementation of

VG in BESS. Finally, the third objective is to conduct a study of the parametric impact on the
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performance of two novel structures by Taguchi Method and find the optimal combination of

parameters for the design guideline of two novel structures.

Therefore, the numerical method is adopted to evaluate both structures’ impact on thermal
performance enhancement in ITS and BESS. The first investigation is focused on the performance
of thin layer ring with different parameters and configurations in ITS, so as to develop a better
understanding of ice formation process and attendant heat-transfer behaviour in a typical ITS
system embedded with thin layer ring and how it could be designed to improve energy efficiency
of the ITS system.
e Numerical Study in ITS:
1. Create a numerical model of ice formation in the ice thermal storage domain.
2. Numerically investigate ice formation process and associated heat transfer performance
before and after thin layer ring adopted.
3. Advance the understanding of how ice formation process near thin layer ring would be
improved.
4. Analyze temperature variation along with ice formation period.
5. Examine a wide range of influencing parameters, such as material, thickness, arrangement
of thin layer ring.
The second objective is to conduct a study of the parametric impact on the performance of thin
layer ring structure and evaluate factorial effect of different parameters for the design guideline of
thin layer ring. The detailed research goals are:

e Parametric Study of thin layer ring structure in ITS

12



1. Select the main categories of the performance characteristics.

2. Determine the number of levels of each factor in order to perform the comparison study of
each parameter.

3. Choose a suitable orthogonal array for experiments.

4. Conduct S/N analysis based on the selected characteristics, such as the larger the better,
the nominal the better or the smaller the better.

5. Conduct statistical analysis using the Taguchi method to predict the contribution ratio of
each parameter.

6. Determine the optimal combination of each parameter.

The Third objective is to examine the performance of vortex generator with different parameters
and configurations in BESS application, so as to get a better understanding of the flow structure
and attendant heat-transfer behaviour and provide a guideline of the implementation of VG in

BESS.

A numerical model of a Li-ion pouch cell coupled with air flow as cooling on its surface will be
created. The following research is based on this model to investigate air flow structure and heat
transfer performance in a rectangular, horizontal cooling channel with VGs embedded. Detailed
data related to thermal and fluid will be exported from Fluent to quantify heat transfer enhancement
associated with pressure drop penalties. Therefore, this study is to advance the understanding of
how longitudinal vortices generated by VGs interact with each other, and how the interaction

affects thermal-hydraulic behavior with VG used on the surface of a Li-ion pouch cell. With a
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better understanding of the mechanisms of heat transfer enhancement using VG, a wide range of
influencing parameters will be examined. Heat transfer enhancement and associated flow structure
will be quantified. The goal is to understand how these parameters will influence overall thermal
performance, in order to develop a design guideline for further study or application of vortex

generation techniques in BESS.

e Numerical Study in BESS

1. Create a numerical model of Li-ion pouch cell unit coupled with air flow as cooling on its
surface.

2. Numerically investigate the discharging phase of Li-ion pouch cell unit to predict a suitable
location of VG.

3. Analyze air flow structure and heat transfer performance on a Li-ion pouch cell surface
with VG embedded.

4. Advance the understanding of how longitudinal vortices behind different VGs interact with
each other and how the interaction affects the thermal-hydraulic behavior.

5. Quantify associated heat transfer enhancement and present flow structure.

1.5 Summary and conclusion:

As sophisticated technologies to store energy, thermal energy storage and battery energy storage
were firstly created to reduce the total demand of building electricity and avoid expensive
distribution system upgrades. Thus, the building owners can reduce the demand charge

component of the electricity bill. Secondly, electricity load shifting could shift energy use from
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on-peak periods to off-peak periods, which reduce electricity charged to the difference of
electricity rate between on-peak periods and off-peak periods. Since the building can almost
utilize all electricity demand, there is an incentive to maximize cost saving owning to high power

factor during on-peak periods.

As of now, both energy storage technology has been gradually adapted in renewable
technologies with increased penetration of wind and solar energy generation. Since grid
operators need to produce more balanced energy production and reserve generated energy.
Energy storage has been expected to play into this growing market place. The most direct way
to accommodate balancing services includes battery energy storage that can release and absorb
electric energy to and from the grid. This may also be accomplished indirectly through a thermal
energy storage system. In this case, the end-use load of cooling equipment would modulate its

output in accordance with cooling load requirements and grid needs.

The integration of energy storage and renewable energy technologies are taking place in the U.S.
The transition of today’s grid to a modern energy infrastructure will both enable and require much
more active participation of load customers in the energy and ancillary services markets.
Ubiquitous communications technologies and advanced controls will transform resources in the
demand sectors from passive to active elements on the grid. “Smart” commercial buildings will
not be the sole active demand side participants on the emerging smart grid, as sophisticated home
energy management systems will enable the residential building sector and smart charging
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strategies will link in the electric vehicle fleet. Likewise, bulk energy storage technologies, smaller
community energy storage systems, and on-site battery storage are also likely to compete in these

new markets.

TES is proven technology. Choice of the TES dependence on space-availability of storage tank.
If space is available, cold-water storage is preferred because of high chiller efficiency. If ice-
storage is desirable because of space constraints, then chiller efficiency is likely to be reduced
because of larger delta T or low chilled water temperature. Phase change materials integrated into
building materials is novel technology- not currently used. Advantage would be that its storage

would not require dedicated location and footprint for storage tank, such as PCM building jacket.

Currently, there are many proven battery chemistries in commercially available systems
applicable for buildings applications. Most batteries have been used for uninterruptable power
supply (UPS) in data centers or for other high-sensitive processes in buildings. UPS is rarely used
only when line power fails. The integration of batteries for load time-shifting strategies are not

common and would need to be custom-designed at high cost.

Battery storage systems on-site in commercial buildings for applications other than dedicated
UPS applications are not common. Although there are not many technical barriers that would
limit the use of battery storage for time-shifting of buildings loads and/or supporting integration
of intermittent renewable technologies, the cost is still relatively very high. The only two barriers

are related to battery capacity and thermal management.
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The improvement of these two storage systems can benefit energy management in the building
sector significantly This research focused on thermal performance improvement by using two
novel structures in ITS and BESS will evaluate the benefits and penalties of two new techniques
and also give a better design guideline to improved heat transfer associated with flow field

characteristics and their mechanisms in both building energy storage systems.
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CHAPTER 2 LITERATURE REVIEW

2.1 Literature review

The literature review has been conducted based on thermal energy storage, battery energy storage
technologies. Since this study is to enhance heat transfer in both common building energy storage
systems using extended surface, the basic principle behind the enhancement mechanism is
presented first. Secondly, literature review is to examine the current technical challenges and
address relevant approaches to improve their performance and overcome those technical obstacles.
For ice-thermal storage system, the focus is on the improvement of ice formation process and
attendant heat transfer enhancement in the storage system. For the battery energy storage system,
thermal management system is important, the emphasis of review is on the thermal performance
improvement and adopted approaches in its research field. Due to the large parameter space,

Taguchi method is also reviewed for the statistical analysis of these parameters.

2.2 Principle of enhancement using extended surface
The heat-transfer rate can be enhanced by changing the surface geometry in typical heat transfer
area. The principle of enhancement is explained as follows. The heat exchange rate can be

calculated as

q=UAAT, 2.1)
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where q is the rate of heat transfer, U is the overall heat transfer coefficient based on area A, which

can be the hot-side area (Ai) or the cold-side area (Ao). AT is the logarithmic mean temperature

difference (LMTD) defined as:

(ATZ_ATl)

AT, (2.2)

ATm =

where AT.=(Tu—T..) and AT.=(T..—T.) are the temperature differences between the hot and

cold fluids in the heat transfer area or surface, as shown in Fig.2.1.

T Tw
AT,
AT,
T, Ty
. Section 2
Section 1

Figure 2. 1 Temperature distribution in a typical counter-flow heat transfer area

The overall thermal resistance is defined as follow:

1 1 1 t

- =4
UA hA hA KA (2.3)

where Aj and A, are the hot-side and cold-side heat transfer areas respectively; h; and h, are the
corresponding convective heat transfer coefficients; t is the thickness of heat transfer material; k
is the thermal conductivity of the material and A is the average of the both cold and hot heat
transfer areas of the heat exchange medium. When the surfaces are enhanced, the thermal

resistance of the enhanced system is presented as follow:
19



1 1 1 t

—_— = +
UA 771h|Ai ﬂzhvo kA (24)

where 7 is the efficiency of the extended surfaces. 7* and 7* are smaller than 1.0 so that they can

reduce the overall thermal resistance. If the heat-transfer areas (Ai and Ao) or the heat-transfer
coefficients (hi and ho) are enhanced, thus heat-transfer rate increases. The modification of surface
geometry can effectively help enhance the heat transfer. Webb (Webb 1994) described a large
number of methods for the air-side heat transfer enhancement. These methods include treated

surface, rough surface, extended surface, displaced enhancement devices, etc.

2.3 Ice Thermal energy storage

As shown in Figure 2.2, among all the energy used in the building sector, air conditioning and
other cooling operations take a share of 16~50% of the electricity consumption (Saidur, Masjuki
et al. 2007). Recently, ice thermal storage (ITS) systems have been widely used to store the
electrical energy in ice formation during off-peak hours and release the stored energy during peak
hours for cooling purposes, so to reduce peak demand charges. With the ice thermal energy storage,
the offset in electricity demand is accompanied by an improved system performance (MacCraken
2003) and reduced total cost (1996). Therefore, ITS is a good on-site storage option to store the
electrical energy in ice formation during off-peak hours and release the stored energy during peak
hours for cooling purposes, so to reduce peak demand charges. This is a cycling process for energy
transfer and conservation. Although energy conservation is popularly studied, peak demand
conservation was not properly addressed until recently (Shears 1991, Redindel 1996, Hasnain

1998). Peak demand is important because utility companies always require supplying sufficient
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The results of local heat flux and mean air flow temperature show both types of vortex generator
can enhance heat transfer performance by increasing cell surface heat transfer rate and temperature
of cooling air in the channel, but both conductive and convective heat transfer were separately
analyzed and the results show some benefits and penalties using two types of vortex generator.
Figure 4.8 shows the local Nusselt number (Nu) along the flow direction for three different
scenarios at 5 different discharging rates (0.5C, 1C, 2C, 3C and 5C). The local Nusselt number
combining two effects of heat transfer between conduction and convection can evaluate the
thermal performance of VG more comprehensively, since it is the ratio of convective heat transfer
to conductive heat transfer. Compared to the non-cooling flow situation, it is revealed that using
active air cooling can definitely and effectively enhance the cooling performance on the surface of
battery cell. Moreover, using VG in the active cooling flow channel results in more enhancement
on heat transfer. In Figure 4.8, the variation of Nusselt number along the flow direction are shown.
It is clear that Nusselt number in the baseline scenario decreases smoothly. In the scenarios with

rectangular rib and delta winglet VG, local Nusselt number with delta winglet has relatively
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Figure 4. 8 Nusselt number of three scenarios at 5 different C rates
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highest values in the region between x/H=5 and x/H=14, since most air is trapped in front of
rectangular ribs due to its geometry. However, the result also reveals that local Nusselt number in
the rectangular rib scenario has highest values in the region between X/H=14 and x/H=18, because
rectangular ribs has a larger surface and transfers more heat to the surrounding air flow than delta
winglet. After x/H=18, the Nu curves with delta winglet significantly increase until they research
the peak where the distance is at x/H=22 from the channel inlet. After x/H=22, Nusselt numbers
of both rectangular rib and delta winglet decrease a lot within a short distance. Even through there
is a drop of Nusselt number in the scenario with delta winglet, the local Nusselt numbers are still
greater than the baseline. It is obviously seen that the baseline result is between rectangular rib and
delta winglet in the region between x/H=22 and x/H = 40. Therefore, rectangular rib has relatively
poor thermal performance among three in this region. It acts as a penalty with rectangular ribs
between x/H=22 and x/H=40, but delta winglet is completely beneficial for the cell cooling. The
local Nusselt number in the delta winglet scenario is always higher than other two scenarios after
x/H=18. Because delta winglet generates more and larger vortices which facilitate the flow mixing,
the thermal performance of it is better than rectangular rib. Since rectangular rib has a larger heat
transfer surface, it only enhances heat transfer for a short distance when air flow crossing vortex
generators and it has relatively lower Nusselt number which translates to poor heat transfer
performance for a certain distance after rectangular rib. After x/H=40, Nusselt numbers of baseline
and rectangular rib are very close to each other, since the effect of air flow blockage disappears
after a certain distance where vortices newly generated by rectangular rib begin to enhance overall

heat transfer again until air exits the channel. It can be concluded that the heat transfer
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enhancement in both types of VG scenarios achieves in the region where the VGs are mounted,

but only delta winglet can enhance it for a long distance in the downstream flow direction.
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Figure 4. 9(a) Flow structure of rectangular ribs (b) Flow structure of delta winglet

4.5.2 Flow structure

Since the thermal behaviour of two types of VGs has been discussed previously. Meanwhile, it is
also important to analyze the effert of VG on air flow structure. Therefore, Figure 4.9 shows the
comparison of flow structure between rectangular rib scenario and delta winglet scenario from the
top view of cooling channel. Figure 4.9 shows flow structure on the pouch cell surface in the
rectangular rib scenario. The path lines before rectangular ribs are nearly uniform and velocity
doesn’t increase a lot. However, when air flow is crossing the rectangular ribs, the velocity of flow
increases a lot and vortices are also being generated after rectangular ribs. Pressure drop also
happens after rectangular ribs. There is nearly no path line behind each rib, so the velocity is low

and pressure is relatively high. That is to say, there is less vortices generated behind rectangular
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ribs that are benefit for the air mixing. Without enough vortices, air mixing between cold and hot
air becomes incomplete, so it is the reason why heat transfer cannot be continuously enhanced
after rectangular ribs. Air flow with high velocity cannot be mixed completely. Therefore, local
heat flux and Nusselt number are lower than the baseline between x/H=22 and x/H=40. In the delta
winglet scenario, the path lines of velocity look different from rectangular rib in Figure 4.9(b), but
it is nearly identical before the VGs. The difference of path lines between the rectangular rib
scenario and delta winglet scenario can be seen behind the VGs. More vortices are generated after
delta winglet VGs, but there are almost less and weaker vortices generated after rectangular rib
VGs. From the result that more path lines of velocity are behind delta winglet, it can mix cold and
hot air flow more completely in top and bottom boundary layers. The vortices generated after VG
interacts with each other for a long distance in the downstream air flow, so cooling performance

could be enhanced until air exits the cooling channel.
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Figure 4.10 also shows the half-channel cross sections of velocity vector in the rectangular rib
scenario and the delta winglet scenario at x/H=8, 17, 20, 24, 40 and 80, respectively. At x/H=8
(16mm from inlet), velocity vectors in the delta winglet scenario are very consistent, but velocity
is greater in the rectangular ribs at the first cross section. At x/H=17, velocity decreases after air

crosses the delta winglet VGs, but increases before the delta winglet VGs. The same phenomenon
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Figure 4. 10 Half-cross sections of velocity vectors

of velocity vectors also presents in the rectangular rib scenario at x/H=17, but the velocity is much
greater. From x/H=20 to x/H=40, it can be seen that a counter-rotating pair of vortices are created
by the delta winglet VGs on the upper side of each cross section and half-pair of vortices is created

on the lower side of each cross section. The right vortices rotate in a counterclockwise direct, while
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the left vortices rotate in a clockwise direction. These series of counter-rotating vortices generate
the down-wash flow toward the bottom wall of the channel between the vortices and the up-wash
flow away from the bottom wall in the region outside of the vortices. Meanwhile, the rotating
velocities decrease and the distance between the cores of the vortices increases as the flow moves
downstream. The distance between the cores also increases as these vortices move downstream.
In the rectangular scenario, it is not obvious that this kind of vortices is generated at the cross
section from x/H=20 to x/H=40. Velocity behind the rectangular VG decreases and increases
between each VG, which can cause significant pressure drop after rectangular VGs. It is difficult
to mix air flow very well. Therefore, vortices generated by delta winglet VGs cause bulk fluid
mixing, boundary-layer modification and flow destabilization, thus improve convective heat

transfer.

From the previous results, using vortex generator in the air channel for active cooling of pouch
cell, the thermal performance has been evaluated and proved that VG can significantly enhance

heat transfer not only in the upstream domain, but also in the downstream domain when delta
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Figure 4. 11 Time-wise maximum cell temperature and potential of pouch cell
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winglet is adopted. It is definitely beneficial to the battery, since the control of temperature within
a required range is very important to the battery application. Due to the battery mainly used in the
electric vehicle and building energy storage, it usually needs the response of battery with high
discharging rates. From the numerical study, Figure 4.11 Shows the time-wise temperature and
potential comparison between the baseline, rectangular rib and delta winglet scenarios. The time-
wise study was just conducted for one discharging cycle, the result shows the different of
maximum temperature of pouch cell between the baseline and rectangular ribs after one
discharging cycle is nearly 0.5k, but it is 2k between the baseline and delta winglet scenarios. Since
the total temperature rise from the beginning of discharge is 293k and changes to 312k after one
discharging cycling (700 seconds), the percentage decrease of maximum cell temperature is above
10%. It is due to the enhanced heat transfer by delta winglet deployed on the cell surface. The
result from the numerical study also shows that local Nusselt number would be increased by 38%
compared to the baseline scenario if delta winglet is used, which is very promising and encouraging

to the widely use of delta winglet VG for thermal management in the battery application.

4.6 Conclusion

In this study, numerical simulations have been conducted to explore the air flow and heat transfer
in a horizontal rectangular channel with two different configurations of vortex generator at
different discharging rates. The simulation results in air flow domain with characteristics of heat
transfer and flow structure show that both types of vortex generators can enhance heat transfer

before VGs. Detailed results of parametric analysis will be discuss in the Chapter 5.
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CHAPTER 5 CONCLUSIONS AND FUTURE STUDIES

5.1 Main results by using fin-like structures in two building energy storages

5.1.1 Main results of thin layer ring application

Although ITS systems have been widely applied in cooling systems to improve energy efficiency
and reduce energy cost, the inefficient ice formation still remains a problem in current commercial
practices. In this study, novel thin layer ring was proposed to enhance heat transfer during the ice
formation process in the ITS system. A numerical study was carried out to investigate the effects
of the thin layer ring structure in enhancing the heat transfer during the ice formation process.
From the results obtained in this study, the area ratio can be increased by 4% when using the thin
layer ring during the same time period, since energy can be transferred from water to the cooled
cylinder through the thin layer ring more efficiently. Since heat transfer can be enhanced by many
different methods, the novel thin layer ring is used as extended fin to induce energy from not
completely cooled region to the cooled cylinder. During the ice formation process, this novel
technology has not been analyzed in detail, therefore many different parameters could impact its
performance on the solidification of water. Usually, the change in thermal conductivity of material
would vary the rate of heat transfer. Meanwhile, the distance of transferring also affects conductive
heat transfer within the transferring material. Because of the phase change occurring in an ITS
system, it always happens firstly near the cooling source, the strategy or arrangement of
transferring material also plays an important role, which needs to be taken into account. This

analysis was focused on investigating three different parameters of the thin layer ring structure,
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namely the effect of material, thickness and arrangement on the ice formation enhancement. Major

findings from this study are summarized as follows:

1. The investigation on the effect of material shows that copper has the best performance among
the four tested materials during the same time period of ice formation. Aluminum ranks as the
second according to the ice generated area. The third and fourth ones are Magnesium alloy and
stainless steel, respectively. From these results, it can be concluded that thermal conductivity
of material has significant impact on the performance of the thin layer ring. The ice generated
area can be increased by increasing thermal conductivity of materials.

2. The study conducted to analyze the effect of thickness of the thin layer ring shows that 3 mm
thin layer ring has the best performance among five selected thickness. The 1 mm case is better
than 2 mm case, while both are better than 0.25 mm and 0.5 mm obviously, but not as good as
3 mm thin layer ring. Consequently, the results find that the performance of thin layer ring is
dependent on the thickness as well, but there is an optimal thickness for the best heat transfer
performance.

3. Analysis of three arrangements shows that the staggered arrangement has the best performance,
since it has the longest span-wise distance between the two cooled cylinders. The two parallel
arrangements are better than one parallel arrangement, because it has larger heat transfer area
than the one parallel arrangement. The performance of the thin layer ring is increased with the

increase of heat transfer area.
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The impact of the different parameters of thin layer ring on ice formation in a rectangular space
has been evaluated and investigated by the numerical method. Moreover, the optimal parameters
and condition have been determined by the Taguchi method. The numerical results from this study
can be used as a research guideline of the novel structure of thin layer ring applied in ice thermal
storage tank for other researchers in their experiments. The main results of Taguchi analysis are

concluded below.

The factorial impact of the different parameters of thin layer ring during ice formation using
numerical methods has been evaluated. The results show that material has the greatest impact on
ice increased area. After that, arrangement has relatively less influence on ice increased area.

However, thickness has the trifling effect on ice increased area.

From the study, the optimal combination of each factor (parameter) has been determined, and the
optimal condition is A3B2C1. The reproducibility of these conditions has been verified by two

analytical results

5.1.2 Main results of vortex generator application

In this study, numerical simulations have been conducted to explore the air flow and heat transfer
in a horizontal rectangular channel with two different configurations of vortex generator at
different discharging rates. These two configurations of vortex generators are: (1) rectangular rib;

(2) delta winglet. The battery model was coupled with three dimensional Navier-Stokes and energy
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equations for the analysis of thermal performance and the effect of two types of VG on the cooling

enhancement.

The simulation results in air flow domain with characteristics of heat transfer and flow structure
show that both types of vortex generators can enhance heat transfer before VGs, but only delta
winglet VG can still enhance local heat transfer after it due to more vortices generated that can
mix cold and hot air flow between the top and bottom thermal layers completely. These vortices
cause bulk fluid mixing, boundary-layer modification and flow destabilization, thus improving
convective heat transfer on the surface. The maximum temperature of pouch cell is also
numerically investigated by validated battery model. The result shows that the maximum
temperature of pouch cell can be decreased more by delta winglet than by rectangular rib. For the
discharging rate at 5C, it can be decreased by 10% and the local Nusselt number can be increased

by 38% compared to the baseline scenario without any VGs.

5.2 Recommendation for future study

Future work based on the results will take the physical model of thin layer ring into the
consideration. The experiments will be carried out to further exam the factorial effect of three
parameters, such as thickness, material and arrangement of thin layer ring. In the further study of
battery energy storage, other parameters regarding could also be investigated, including cooling
flow velocity, VG geometry aspect ratio, attack angle, arrangement of VG, so as to advance the
understanding of VG performance and develop design guidelines for the application of vortex-

enhanced heat transfer technique in heat exchangers and other energy applications. The cost
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analysis of using thin layer ring will be also conducted to evaluate the feasibility of

commercialization.
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Franklin Energy Services, LL.C — Mequon, Wisconsin May 2016 — June 2017
Energy Engineer Intern:

U.S.

Developed and maintained databases for the New York rebate programs and Michigan Energy
Database

Reviewed and edited the report template of Energy Plan for the new rebate programs for Illinois
programs

Created operation documents for the new rebate programs, such as calculator, operation checklist,
and internal operation manual

Created energy models to provide technical assistance for design, retrofit and replacement of
different systems

Cooperated with trade allies to design, evaluate and implement energy efficient systems (building
insulation, lighting, boiler, air make-up unit, HVAC, thermal oxidizer, oven, furnace), and
provided the technical review of contractors and customers’ submitted documents for the rebate
approvals

DOE, Industrial Assessment Center — UWM May 2012 — August 2017
Lead Energy Engineer:

Supervised, coordinated, and managed day-to-day operations of a team of 15 engineers
Performed over 50 on-site industrial energy assessments in order to find possible opportunities for
energy savings, productivity increase and waste minimization

Conducted detailed data analysis on industrial energy systems, including building insulation,
compressed air, cooling system, heating system, HVAC, boiler, furnace, lighting, etc.

Utilized Onset HOBO data loggers and sensors at each plant to measure power consumption,
current, temperature, and humidity, as well as other advanced metering equipment such as
combustion analyzer, ultrasonic compressed air leak detector, infrared gun, thermal image camera,
and air flow meter

Analyzed collected data, utility bills for the time of use, electricity consumption, natural gas
consumption and water consumption to determine possible energy conservation measures
Investigated federal, state, and utility incentive programs and rebates for the project
implementation
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Communicated and collaborated with clients’ senior management, utility providers, and equipment
vendors for technical and feasibility analysis, economic analysis, energy incentives and utility
rebates

Supervised the assessment report writing including current energy consumption, proposed energy
consumption, cost savings, implementation cost, and associated payback periods

Interviewed and trained new team members and plant personnel focused on identifying and
resolving energy and process related issues, as well as improving and sustaining safety procedures
Assisted with renewal proposal writing successfully procuring $2,000,000 of U.S DOE funding
Testimony: http://uwm.edu/news/companies-team-up-with-uwm-to-conserve-energy-cut-costs/

Society of Automotive Engineers, Lawrence Technological University Feb. 2010 — June 2011

Formula SAE Project: Fuel System Design, drawing and installation

Shanghai Automotive Engineering Training Center, SUES May 2007 — June 2009

e Honda Econo Power Project:
— Designed, drew, and manufactured a three-wheel vehicle
— Challenged the fuel efficiency of designed vehicle (493 MPGQG)
e 1.41 Engine Project: Designed and drew a 1.4L vehicle engine (Design team leader)

ORGANIZATIONS & CERTIFICATION PROGRAMS

Organizations:
e The American Society of Mechanical Engineers (ASME)
The American Society of Heating Refrigerating and Air-Conditioning Engineers (ASHRAE)
The Association of Energy Engineers (AEE)
U.S. Green Building Council
World Energy Engineers Conference Scholar (WEEC), Orlando, FL, 2015

Certification programs:
e Advanced Steam System Analysis and Qualified Specialist Training, U.S. DOE
e Participation of Industrial Assessment Center, U.S. DOE

HONORS & AWARDS

ASME Student Travel Award
— The American Society of Mechanical Engineers, MSEC, June, 2015
Annual Research Colloquium Travel Award
— The University of Dayton, April, 2016
UWM Graduate Student Travel Grant
—  University of Wisconsin, June 2013, June 2015
Annual Student Research Poster Competition (Honorable Mentions)
— College of Engineering & Applied Science, University of Wisconsin, 2014, 2015
UWM Chancellor’s Graduate Student Award
—  University of Wisconsin, 2013, 2014, 2015
15t, 2" and 3" class of Scholarship (TOP 3%)
— Shanghai University of Engineering Science 2005, 2006, 2007, 2008, 2009
Shanghai Outstanding Graduate Award
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Shanghai Municipal Education Commission, Shanghai, China, 2009

PUBLICATIONS

1.

Xie, J.L. Liu, L.P. "A Numerical Study of Air-Side Heat Transfer Enhancement using V-
Formation Delta-Winglet Vortex Generators in Heat Exchangers", Proceedings of the ASME 2011
International Mechanical Engineering Congress & Exposition, Denver, Colorado, US, Paper No.
IMECE2011-65862, 2011.

Xie, J.L. Yuan, C. “Numerical Study of Ice Formation in Ice Thermal Storage System using Thin
Layer Ring”, Proceedings of 2013 International Symposium on Green Manufacturing and
Applications, Honolulu, Hawaii, U.S., July 25-29, 2013.

Xie, J.L. Yuan, C. “Study of Thin Layer Ring Materials on Improving the Ice Formation of
Thermal Storage System”, Proceedings of 2013 International Conference on Materials, Architecture
and Engineering Technology, Beijing, China, December 19-20, 2013.

Xie, J.L. Yuan, C. “Factorial Study of Thin Layer Ring on Improving Thermal Performance of
Building Thermal Storage System”, Proceedings of 2015 International Manufacturing Research
Conference, Charlotte, NC, US, June 8-12, 2015.

Xie, J.L. Yuan, C. “Numerical study of thin layer ring on improving the ice formation of building
thermal storage system”, Applied Thermal Engineering, 69, 46-54, 2014.

Xie, J.L. Yuan, C. “Parametric Study of Ice Thermal Storage System with Thin Layer Ring by
Taguchi Method”, Applied Thermal Engineering, 98, 246-255, 2016.

Xie, J.L. Yuan, C. “Numerical Study of Heat Transfer Enhancement using Vortex Generator for
Thermal Management of LIB Battery”, (Ready for Publication).
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