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ABSTRACT

The global conventional fuels in reserves are mgout while the world energy consumption is
increasing very fast. The scientific community &grehat thermal energy is one of the best
solutions for energy supply in many parts of theldio

The experimental setup consists of water heaternthl storage system, storage water
tank and pump. The thermal storage system is loag#d steel spheres, water and
aluminum/water nanofluid is used as the heat teanifiid. During charging process the heat
transfer fluid is being heated inside the heatel passes through the storage tank in order to
transfer its thermal energy to the steel spheresthe water inside storage tank. In order to
evaluate the system performance characteristiagagluoharging, the effects of varying the mass
flow rate, heat transfer fluid temperature, initi@nperature of the storage tank during charging
and processes on the rate and amount of thermajyesirage.

Moreover, several experiments are performed wittewand aluminum/water nanofluid
only as storage medium in order to compare thecefb¢ steel spheres packed bed on the
performance of the thermal storage system andapaaity. On the basis of experiment, it has
been observed that increasing the mass flow ratdtsein decrease in time required to complete
the charging process and increasing the heat @arisfid temperature which results in an
increase in rate and amount of thermal energy g¢oaad hence time required to complete the
charging process also increases. The steel sphenees into thermal equilibrium in shortest
time near inlet but time increases as we move éanthith the length of packed bed.

During the study of pressure drop characteristicsiclusion has come to know that
increase in mass velocity of fluid results in pteesdrop across packed bed increases. Therefore

the selection of flow rate is important which shathat pressure drop is directly driving away



with mass flow rate of the fluid and at the sanmetiReynold number is also directly driving
away with mass flow rate of the fluid.HTF mass floate has a considerable effect during
charging. Increasing of mass velocity of fluid decates charging process for storage unit and
cause early achieve of steady state. Nanofluidsmayee valuable in the energy storage and
having less pressure drop through the bed duriaggaig as compared to water.

The choice of the ratio between diameter and hagiptacked bed is important because
the increase in this ratio (D/L) results in incread the cross sectional area and mass flow rate.

This also causes the increase in the stored ea@dyyeduction of the pressure drop.
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CHAPTER-1: INTRODUCTION AND OBJECTIVES

1.1 Introduction

Energy is the main cause of all human actions othefn some past years, due to the large
consumption of energy in the many different adggt like transportation, Industry and
household etc, demand of energy has been increBsauah. long time, all human requirements
are satisfied by fossil fuels for energy productiddut in recent times the maximum
environmental problems are caused by these fasd.f These fuels caused massive damage to
environment like Global warming etc. Being the l@gldemands, the prices of these fossil fuels
increased every year and it will continue risingdiese the demands for these fossil fuels go on
and at the same time fossil fuels reserves arendihing. Therefore, additional energy sources
must be introduced to order to take the positiorfoskil fuels. In future for energy supply,
Renewable energies are likely to play the key réle.compared to fossil fuels, Renewable
energies are much sustainable and do not make amy o the environment. Renewable
energies are solar energy, wind energy, tidal gnbrg energy, geothermal energy etc all are
comes into the category of Renewable energy. Thelisadvantage of all these forms of energy
is their high cost. Also some of them like solaemgy, tidal energy and wind energy are nature
dependent means cannot be available all the tilfgs.is the reason why energy storage comes
into picture.

1.2 Different methods for energy storage

When we have excess energy and we want o useitthen energy storage can be used. Or we

can say that we can remove the disparity betweentithes of energy demand and energy

supply.



1.2.1 Mechanical energy
1.2.1.1 a) Hydraulic storage
This is the oldest and leading method of energsagin between all commercially methods of
energy storage. In this method, two vertical resiesvare used which are mounted at different
elevations. When water moves from lower reservmihigh elevated reservoir, energy is being
stored in this process. But to extract this enevggter moves back from upper reservoir to the
lower one. Here the most important parameter ighteind we know

Potential Energy (P.E.) = mgh

E =4vgh

Where v is the total volume of water in°’,n@ is the water density in kgfng is the accerlation
due to gravity in m/sand h is the vertical difference between two nesies in meters. The main
disadvantage of this type of energy storage pkatieir high initial cost and long time duration
to build it.
1.2.1.2b) Compressed air storage - This is the new technique introduced for the energy
storage. In this, there must be an integrated cstidhuturbine along with the basic components.
This is the reason it also called hybrid energyagie. The air is compressed by which the
combustion occur in the combustion chamber and tidyine generates the power. The 60% of
the output power generated by turbine consumed dghanical compressor to compress the air
and supplies it to the combustion chamber.
1.2.2 Electrical energy
1.2.2.1 a) Batteries -In batteries, chemical energy is used to storetr&dat energy. There are

two typesof batteries, primary and secondary. Tdtéelies which are used only for once means



which are not charged again to use are called pyifatteries. On the other hand, the batteries
which are used by charging up many times againegath called secondary batteries.
1.2.2.2 b) Superconducting magnetic energy storage (SMES)-In superconducting coill,
magnetic field is generated by the flow of direatrent where energy can be stored. Then this
superconducting coil bought to the temperature whwdl be lower than the superconducting
critical temperature. Generally, superconductinggmedic energy stored contain power
habituation system, coil, ice-cooled refrigeratitins important to maintain here that this SMES
has highest efficiency for energy storage.
1.2.3 Thermal enegry
TES systems for both heat and cold are necessargdod performance of many industrial
processes. High energy storage density and higkeipocapacity for charging and discharging are
desirable properties of any storage system. TE®Idmeithe most appropriate way and method
to correct the gap between the demand and supmnerigy and therefore it has become a very
attractive technology. It is well known that thene three methods of TES: sensible, latent and
chemical heat storage
1.2.3.1 Sensible heat storage - Sensible heat storage: In this type of heat, haaaaty is means
to be by raising the temperature. The amount ofggngtored in the form of sensible heat can be
calculated by

Q=mc(T>=Th)
Q is the sensible heat (kJ), c is the specific ,heais the mass of material; Ts the initial
temperaturend T is the final temperature. Water is known as onthefbest materials that can
be used to store thermal energy in form of sendibbt because water is cheap, abundant, high

specific heat, and high density.



1.2.3.2 Latent heat storage: Latent heat is the quantity of heat engrossed leased for the
period of change of the material from one phasanmther phase. Generally, there are two types
of latent heat, latent heat of vaporization andriaheat of fusion. The amount of thermal energy
stored in form of latent heat in a material is adted by

Q=mxl
Q is the quantity of thermal energy stored or ufioed in form of latent heat (kJ), m is the mass
of the material used to accumulate thermal enekgy, @ndl is the Latent heat of fusion or
vaporization (kJ/kQ).

Latent heat TES is mainly eye-catching due to @gability to give high energy storage
density per unit mass in quasi-isothermal courbés Means that in a definite purpose where the
temperature range is significant, for instanceamgport of susceptible temperature products, the
use of PCM (Phase Change Material) becomes vepjutedince it can store material at steady
temperature related to the phase-transition tenyreraf the PCM.
1.3Thermal energy storage
Thermal energy storage (TES) has been a major redseaea for the last 15 years, but the
information is quantitatively vast. The key devi¢esunderstand the energy preservation are the
thermal energy storage (TES) systems and they dgréime up energy creation with user
demand. Thermal Energy Storage use for variousmifleapplications, like as water heating,
cooling, air-conditioning, in modern times grablmedch awareness. The effort described the use
of existing assets and the best possible use efvanle sources.

Thermal Energy Storage give results in some pdati@reas:
* Existing power and the time hindrance betweenlpctons.

« Safety of energy supply etc.



The topic of analysis and debate has been givéollaws:-
* Storage materials
* Applications
1.4 Storage materials
Packed beds characterize the best appropriateystarat for Thermal storage system. It consists
of solid material (loosely packed) in which heatrgmg fluid will pass on. Because of it,
thermal energy is transfer during the process. Way, the jam-packed bed stores the energy.
Various studies told about different models forat® in permeable media. In this, we use the
solid steel spheres for heat storage energy.
1.4.1 Metallic
Because of their heavy weights, there are not eistlussed for the thermal storage material. But
where weight is not the primary requirement, theg anuch preferable because of their
following advantages:
1.4.1.1 Someimportant featuresare:-

1) High thermal conductivity.

2) High heat of fusion per unit volume.
1.5 Storage material properties
There must be some properties which are requinethébetter storage of thermal energy which
are as follow
1.5.1 Thermo physical properties

1) High density.

2) High thermal conductivity.

3) High value of specific heat.



4) High latent heat of fusion.

1.5.2 Chemical properties

1) No chemical decomposition or phase separation.

2) Non combustible, non corrosive, and non poissnou

1.5.3 Accessibility and cost

1)

Plentiful and inexpensive

1.6 Thermal energy storage applications

1)
2)
3)
4)
5)
6)
7
8)

9)

Static storage in bioclimatic buildings.

Milk products, food, wine (absorbing peaks in ded)agreenhouses.

Solar energy storage is the simplest form of théenargy storage.

Thermal protection of transport, food, hotel trade;cream, etc.

Thermal protection of electronic devices (integdatethe appliance).

Sanitary hot water and heating: using off-peak aaig adapting unloading curves.
Cooling of engines (electric and combustion).

Temperature continuation in rooms with computerslectrical appliances.

Thermal energy storage main application in med®eknce: transport of blood,

operating tables, hot—cold therapies.

1.7 Nanofluids

Nanotechnology is the kind of technology which pdes the materials with size less than 100

nm called nanomaterial. On the basis of the stracand their properties, nanomaterials are

divided into four type of category [1]. Carbon bésenomaterial, metal based nanomaterials

and composite. Suspend these nanopatrticles intdypeyof conventional fluid like water, oil,



ethylene glycol to make nanofluids. The reason wéuyo size particles are preferred over micro
size particles was well explained [2]. With usenahopatrticles over micro particles, there was a
much improvement in thermo physical properties. &amportant results are

Table 1.1: Difference between nanoparticles and microparticles

Properties Nanoparticles Microparticles
Pump Power High Low
Kinetically stable( long lived
Stability Settle
in suspension)
1000 times larger than micrp
Surface/Volume ratio 1
particles
Conductivity Low High
Erosion and clogging Yes No

Nanofluids can be used for various applications Ak conditioning cooling, automotive, power
plant cooling, improving diesel generator efficigratc. because of the unique properties carried
by nanofluids [3].
1.8Nanoparticles materials
Some of the following are the different types oftenels having size less than 100 nm used for
nanoparticles :-

1) CNT (Carbon nanotubes )

2) Metallic nanopatrticles.

3) Non-metallic nanoparticles.



4) Metallic and non metallic oxides.
Most frequently used base fluids with nanopatrticles

1) Water

2) Ethylene glycol based (coolants) etc.
1.9 Importance of nanofluids
As we know that now a day sizes of heat transfeficds decreases and at the same time
adequate cooling must be provided. It is diffidolt the devices to operate under high operating
speed, therefore temperature of devises increasesxy high value which makes the devices to
operate at high power [4]. Due to the poor thersw@iductivity of coolant (water, oil etc.),
reduced the thermal processing efficiency. Nandfuenhanced the thermal conductivity of
fluids. We can increase the heat transfer ratehgrntal systems by adding very small
concentrations of nanofluids and can come acrossctioling needs of thermal systems.
Nanoparticle size plays a vital role in enhancenaérthermal conductivity as enhancement in
thermal conductivity increased by 40% by particke Helow 50 nm [5]. So for lighter size with
slow velocity heat exchanger, nanofluids enhanbedtermal conductivity. Due to large surface
area to volume ratio of nanofluids, heat transéte increased. There was an increase in heat
transfer rate by using continues heat exchangedagtvwmanoparticles and base fluid through
convection mechanism [6]. When collision betweentigas occurs due to Brownian motion
which depends on viscosity of base fluid, tempeeaand nanoparticle size, heat transfer takes
place. Decrease in particle size indicates to langéion and convection heat transfer become
dominant [7]. The resulting nanofluids having mdmnefits and some important of them are as

follow:



1) Enhancement in heat conduction - Base fluids have lower thermal conductivities than

2)

3)

4)

nanofluids because of some factors. Between the fBasls and the solid particles, heat
transfer increases due to the increase in ratsudfce area to volume. Due their very small
size, the other most important advantage is thglr mobility.

Clogging elimination -Nanopatrticles are self-possessed of thousandewisawith diameter

of about 1 ~ 100 nm and are sound detached in héd®f just to avoid the problem of
clogging. For higher endorse the heat transfarait be used in micro channels where heat
transfer is increased by increasing thermal comdticand effective heat transfer area.

Lesser press drop and fall in pump power -To improve the thermal conductivity,
nanoparticles have established high effectivenegstd its huge precise surface area. It is
likely that a lot smaller concentration of nanodes is required to attain comparable
enhancement in bigger particle suspension. A smaiteount of material is required so that
increase in viscosity as well as pump power wilshller.

Erosion reduction -Being very small in size, nanoparticles does natycao much
momentum and hence the impact of kinetic energyhensurfaces of solid is also small.
Therefore components erosion, like pumps, pipelaras heat exchangers, will reduce to a

great extent. Also in liquid phases, nanopartidissrete and reduce wear and friction.

1.10 Nanofluids applications

1) Used in biomedical applications.

2) Used as coolant in radiators.

3) Used for cooling of devices such as microchipsomputers
4) Used in a fuel.

5) Used in industrialized cooling applications.



6) Used as heat transfer fluid in the jam-packed $ystem.

7) Used in detergent



CHAPTER-2: LITERATURE REVIEW

2.1 Nanofluid: Importance and application

2.1.1 Importance of nanofluid

As we know that now a day sizes of heat transfeficds decreases and at the same time
adequate cooling must be provided. It is diffidolt the devices to operate under high operating
speed, therefore temperature of devices increasesry high value which makes the devices to
operate at high power [1]. Due to the poor therc@iductivity of coolant (water, oil etc.),
reduced the thermal processing efficiency. Nandfuenhanced the thermal conductivity of
fluids. We can increase the heat transfer rateherntal systems by adding very small
concentrations of nanofluids and can come acrossctioling needs of thermal systems.
Nanoparticle size plays a vital role in enhancentdrthermal conductivity as enhancement in
thermal conductivity increased by 40% by particie Helow 50 nm [2]. So for lighter size with
slow velocity heat exchanger, nanofluids enhanbedhermal conductivity. Due to large surface
area to volume ratio of nanofluids, heat transége rincreased. There was an increase in heat
transfer rate by using continues heat exchangedagtvwmanoparticles and base fluid through
convection mechanism [3]. When collision betweentigas occurs due to Brownian motion
which depends on viscosity of base fluid, tempeeaand nanoparticle size, heat transfer takes
place. Decrease in particle size indicates to langgion and convection heat transfer become
dominant [4].

2.1.2 Applications of nanofluid

For efficient heat dissipation, nanofluids can Is=diover a wide range of application. The

various applications of nanofluids are as follow:



2.1.2.1 Nanofluid as coolant - For smaller size and better positioning of theatuis, the use of
nanofluids as coolant is preferred. Due to the érigkfficiency, engines could be operated at
higher temperatures allowing for more power. Intidyg [5],showed that radiator area can be
reduced by 10% by using nanofluids. By this 5% figel be saved by reducing the air drag.

a) In medical stream: Large amount of heat (2000-3®@m2) produced by high intensity x-
rays which should be feasible by nanofluids tecbgypl

b) Vehicles cooling: Nanofluids are used as engine apolant, lubricant, gear oil, and,
transmission fluid [6]

c) Transformer cooling: For reducing transformer sae weight, nanofluid technology is
preferable in power generation industry. This tetbgy used either to increase in the
performance of existing transformer or reduce tize f new transformers for same power
transmitted.

d) Microelectronics cooling: Using gold nanofluids a®rking fluid results in significant
reduction around 37% in thermal resistance.

e) Cooling in defense equipmentdumber of many military systems and devices, sichigh
powered military electronics, radars, military v@aicomponents, and lasers, require very high-
heat-flux cooling. Also to military vehicles likeetj submarine etc, nanofluids provide the
advance cooling.

2.1.2.2 Nanofluid in fuel - With addition of aqueous aluminum nanofluid to diefsiel, results

in more total combustion heat at the rate of feammounts of smoke and nitrous oxide in exhaust
emission. It happens because of high oxidatiorviagtf pure Al which permits to increase the

decomposition of hydrogen from water during comiaumsprocess.



2.1.2.3 Nanofluid in brake fluids - When the brake fluid reaches its boiling point dgri
braking process, vapor lock is created which ddélteey hydraulic system from dispersing heat
results in brake failure. Nanofluids improve tha@cteristics and optimize the performance.
2.1.2.4 Industrial cooling applications - Great energy savings and resulting emission reahti
by apply nanofluids for industrial cooling. Theyosted that nanofluids have the potential to
save about 300 million kwWh of energy for replacemeh cooling and heating water for
industries. [8,10] Using nanofluids in electric pawndustries, about 3000-9000 million kWh of
energy per year could be saved which is equivdtetihte annual energy consumption of about
50,000-150,000 households. In compact heat exchengmoling enhancement by 8-30% using
nanofluids. The nanofluids were found on nanofiligsased on the heater surface and augment
the heat flux. It was observed that specific hegiacity of nanofluids was enhanced by 50%. So
in thermal energy storage applications comparetbtding applications, nanofluids have better
efficiency.

2.1.25 Solar devices - The efficiency direct absorption solar collectoss limited by the
absorption properties of the working fluid. Alsoiliaing nanofluids as the absorption
mechanism, efficiency improves up to 5% in solartimal collectors [7].From experimental
results, initial quick increase in efficiency witblume fraction, afterwards efficiency comes into
level but volume fraction continues to increase [8anofluid based solar collector has longer
payback period. Also it has 3% higher levels ofygan and around 9% lower embodied energy
than a conventional collector [Experimentally the enhancement of heat transfesasiradiator
with CuO and Fg3; nanofluids at constant flow rate of 10 L/min faffefent concentrations.
Theoretical relations and calculations were usetbtopare with given data. Results showed that

at constant temperature, as the Reynolds numbairoincreased the overall heat transfer



coefficient increased but the overall heat transfeefficient decreased as the temperature
increased at same concentration and Reynolds nurileat transfer coefficient with ADs
water nanofluid on automobile radiator at constflotv rate of 2-5 L/min at different
concentrations (0.1, 0.3, 08.,7,1.0% vol.) and temperature range waSG7 49C [10]. From
results, it cleared that with increase in conceionaof nanoparticle, outlet temperature of
coolant decreased. At same concentration, witheas® in flow rate of coolant, outlet
temperature of coolant increased. At 0.7% vol. eatr@tion enhancement become 35% because
Nussle number increased as the Reynolds numberased. The effect of water and ethylene
glycol as coolant on the performance of heat temebefficient of car radiator [11]. With 2%
concentration of Cu nanoparticle, enhancement iat leansfer coefficient was 3.8% atair
Reynolds number 6000 and coolant Reynolds numb@d.5Che effect of adding nanofluids that
there was around 19% reductions in frontal areaadriie same time power increased by 13%.
Oleic acid was used as a surfactant for stabilitpamoparticles at different temperature range
(100C-800C) for more than 80 days [12]. They algoosed that with increase in concentration
of nanoparticle, viscosity also increased. At 8G0@ 0.035concentration of A);, maximum

enhancement was around 11.25%.
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2.3 Literaturereview for thermal storage and ther mo-physical properties

With increase in demand of energy, use of varioms-conventional resources of energy has
become popular but till now, not much effort hasrbenade to store thermal energy. In case of
solar energy system, the use of thermal energwygtoreservoir is becoming popular. In this
paper efforts are made to improve thermal perfooeart such systems is presented. Murshed et
al. [1] had led a combined experimental and thémaktstudy on the effective thermal
condubbctivity and viscosity of nanofluids. Theaasity and thermal conductivity of nanofluids
were measured and found to be considerably higizer the values of the base fluids. Both the
viscosity and thermal conductivity of nanofluidsrieased as the nanoparticle volume fraction
increased. The thermal conductivity of nanofluidaswperceived to be strongly dependent on
temperature. Shuichi et al. [2] had performed expemtal study to examine heat transfer
performance of aqueous suspensions of nanoparttblasis, A}Os, CuO etc. They found that

the heat transfer increases by hanging the nandparin base fluid and become more effective



with increase in particle volume fraction. Also fwesence of particles produces adverse effects
on viscosity and pressure loss which also increagild the particle volume fraction. The
augmentation of the above properties occurred dleet particles accumulation. Laura et al. [3]
has given the information about stability, viscpsiind thermal conductivity of water-based
nanofluids containing Ti@nanoparticles. With increase in mass concentratiahtemperature,
thermal conductivity of Ti@water nanofluids was increased. The performancgsabsity was
calculated by means of a Rheometer in the temperatinge between 283K and 343 K as a
function of concentration and temperature. Yuroh@le[4] had measured flow rate and heat
transfer characteristics of aqueousiénofluids flowing through a straight vertical pipeder
both the laminar and turbulent flow conditions. firhal conductivity has been increased by
adding nanoparticles into the base liquid and litlvé augmented by increasing concentration or
decreasing particle size. D Zhu et al. [5] investiggfrom the study, viscosity of nanofluid first
decreased with increase in shear rate and thensdact approach is attained at a shear rate more
than 100 3.The results also showed that for a given Reynoldsber the pressure drop of the
nanofluid flows was almost same to that of the Hapged flows. Rashidi et al. [6] determined
heat transfer coefficient of CNT nanofluid in laminflow regime and there was noticeable
increment in the convective heat transfer coefficiéf nanofluids. This increment was depends
on the CNT concentration and flow condition. Yulogtgal. [7] had done experimental study on
heat transfer performance of aqueous suspensiomsulti-walled carbon nanotubes flowing
through a horizontal tube. From study, it was fodindt the enhancement of convective heat
transfer coefficient depends on the flow conditigRe), CNT concentration and the pH value.
Namburu et al. [8] had investigated that Si@nofluids with ethylene glycol/water exhibit non-

Newtonian behavior at lower temperature and Newatohiehavior at higher temperature because



curves between viscosity and shear rate was hdaksimaight lines for temperatures more than -
10°C Zeinali et al. [9] had investigated with cootree heat transfer characteristics of
Al,Os/water nanofluid inside a circular tube at constasatl temperature. With increase in
concentration of nanopatrticles in nanofluid, thathteansfer coefficient is increased and it was
much higher than the estimated of single phase tneasfer correlation used with nanofluid
properties. Yanuar et al. [10] has investigatedeexpentally the flow and convective heat
transfer characteristics of water-based nanoflficging through a spiral pipe. The ratio of pitch
to diameter of spiral pipe is 7.0 and mean hydcadiameter of 30 mm and length of spiral
tube(test section) is 1600 mm. The convective haatfer coefficient and relative viscosity of
nanofluids increased with an increase in conceatratf nanoparticles. Meyer et al. [11] had
done experiment to determine the convective heatster of multi-walled carbon nanotubes
flowing through a straight horizontal tube for ayRelds number range of 1000-8000, which
included the transitional flow regime. Naraki et HZ2] experimentally proved that in a car
radiator, the overall heat transfer coefficient@iO/water nanofluids, under the laminar flow
regime (100 < Re < 1000. The result showed thatowerall heat transfer coefficient with
nanofluid was more than the base fluid. D S KinaldfL3] studied that to calculate the pressure
drop and the convective heat transfer coefficialitthe physical properties of the J8ls/water
nanofluids, i.e. density, specific heat capacitgrimal conductivity, and dynamic viscosity were
needed. Heyhat et al. [14] had done experimenkamee the study of heat transfer coefficient
and friction factor of the nanofluids under the stamt wall temperature and laminar flow
condition flowing in a horizontal tube on fully ddeped region under. Nanofluids are mixture
of nanoparticles and the base fluids. Nanopartiged to cumulate with the time elapsed, due to

their high zeta potential. Due to this agglomeratioot only the settlement of nanopatrticles is a



problem but also thermal conductivity of nanoflutkcreases [16,28]. Nanofluids are generally
prepared by most economic method for large scaleMoystep method. First with the help of
inert gas condensation or other suitable technjquesoparticles or nanotubes are produced as
dry powder and the nanosized powder dispersedhbage fluid. But nanoparticles have the
propensity to aggregate because of its high sudaea which is the main disadvantage of this
method. Ultrasonic sonication high-shear mixing dadl milling are the techniques used to
reduce the particle aggregation and also for th@romement of nanofluids dispersion,
surfactants are used. [17,18,19,20]. The stahilitpanofluids is obtained by suspending 25-45
nm nanopowder in water with different surfactafttfias been found that for CuO water based
nanofluid, good stability was obtained for 1% m&sEVP and instability might had been related
with the average size of particles. [22,29]. Witle use of suitable surfactant, nanofluids in all
the experiments have been stabilized. The redutiwed that the overall heat transfer coefficient
increases with addition of nanoparticles. Overalititransfer coefficient decreases with increase
in nanofluid inlet temperature and increase wittréase in volumetric flow rate. The maximum
value can predicted for the overall heat transfefficient was 94.11 W/fK and the error was
around 2% [23,25,26]. The specific heat capacitgasfofluid is affected by the particle size and
particle-liquid interface. There are discussion maasurement value and prediction value of
thermal equilibrium model [15]. The experiment penied for density measurements on three
different nanofluids. For ZnO nanofluid, maximunvigion between experimental values and
theoretical value was about 8%. With increase itume concentration, deviation was also
increased. Also with increase on temperature obfiaid, density too increased [21].The results

under laminar flow conditions shows considerableamcement of convective heat transfer with



the use of nanofluids. With increase in Reynoldmber, as well as with increase in particle

concentration, this enhancement in convective thaasfer increases [24,27].

2.4 Gapsin literature survey

A lot of research has been done on the nanofluadistiaeir thermo physical properties but the
research in the field of thermal storage is lagdiedgind. From my literature survey, there are
some important points which needed some alertness.

1. Study of the utilization of other heat transfendii having superior thermal conductivity that
of water.

2. Study of thermal losses after thermal storage ith lmases and evaluate it against energy
storage using water for a period of time.

3. Exploration of new different materials having highigermal conductivity.

4. Calculate the pressure drop distinctiveness thrahghfilled bed (used as storage) using
unlike fluids.

5. Calculate the parameters which effects on the presdrop and thermal energy storage when
energy is stored in jam-packed bed with unlikeagermedium.
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CHAPTER-3: EXPERIMENTAL SET-UP

In this chapter, the experimental work has beenedimn calculating “Variation of thermo-
physical properties of thermal energy storage systéth the use of aluminum /distilled water
based nanofluids through circular pipe” has beescutised. All these experiments were
performed at chemical engineering lab of Chemicgpadtment of Thapar University. The
detailed description of all the set up is discudsadw.

3.1 Layout of experimental set-up

Three-way valve

L

Reservoir I By
Tk | LPS
valve

Collection Tank

AC Supply  +
Main
Valve

! _|r Tnputs from thermocouple |
Hydrodynamic
entry section ’_J - \_\
W - Test Section
Manometer [——

Figure 3.1: Layout of experimental set-up



Figure 3.2: Experimental set-up

3.2 Utilitiesrequired:

Table 3.1: Description of various equipments used in expenalesetup

Equipment

Description

Test section

PVC pipe of diameter 12.7cm and 1dimth,

embedded with 8 thermocouple

Hot water storage tank

fibre insulation

U-tube manometer

Measuring pressure drop acrogesheection

Temperature sensor/ thermocouples

RTD PT-100 type

Hot water circulation

Magnetic drive pump

Water flow measurement

Rotameter (celebration kag done)

Control panel

Digital controller with on/off switch




» Water supply of 8litre/min
» Electricity 3 phase, 220V, 50Hz

* Floor area 2.5mx0.8m

3.3 Test Section

The test section (thermal storage system) is @awgbipe made of PVC with outer diameter 12.7
mm, inner diameter 9.5mm and length 1.5 meter iithvB temperature sensors were inserted, 6
sensors on surface, 1 sensor at inlet and 1 sahsatlet and manometer to measure the pressure
difference across the test section. This hollowkjpar was filled with steel spheres with
diameter of 3.92mm. An AC power supply was usegrtivide heat. A thick thermal insulating
layer has put around the heater along the tesbsect

3.3.1 Layout of test section

Figure 3.3: Layout of test section

During the charging cycle, thermal energy is beabgorbed and stored by the balls which were
placed inside the main storage tank. This occunsd®n steel balls and hot fluid because of the

heat transfer process.



Table 3.2: Thermal properties of steel balls

Specific heat capacity 0.480 kj/kg °C ( 30- 70 °C)

Density 8314 kg/rh

Figure 3.4: Test section

3.4 Hot water reservoir

The hot water storage tank circular in shape whifAJ2heater is mounted inside it to heat the
fluid. The capacity of this storage tank is 6 lit€he main dimensions of this storage tank are
given in table 3.3.

Table 3.3: Dimensions of storage tank (in cm)

Inner diameter 27

Outer diameter 27.8

Height 16.5




Figure 3.5: hot water storage tank

3.5 Pump

The pump used in this experiment has no movingspatso, it has dependable operation with
simple structure and good sealing. The maximum &zaipre under pump can operate is 90 due
to its polypropylene material.

Table 3.4: Pump specification

Model PMP-15
Voltage AC 220 V,50HZ
Power S0wW
Maximum flow 900LPH
Speed 2800 RPM
Maximum head 2.5 Mtrs.




L ‘Max and i s is&n
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{ | Ratng ~  Continuous | Insulation E-Class
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Figure 3.6: Pump

3.6 Manometer

Figure 3.7: Manometer
Differential U-tube manometer was used for the mesment of pressure drop across the test

section. One end of the manometer tube was corthaxthe inlet of the test section whereas the



other end was connected to the outlet. The presdtop is calculated by measuring the
difference between the heights of liquid columne Tworking fluid in manometer was water.

3.7 Rotameter

The device used to measure the volumetric flow céditthe fluid is rotameter. It works on the

principal of variable area. To control the flow amding to the requirement, a control valve is
used. The range of the rotameter is 0-2.5 LPM. ddiboration of rotameter was done before

taking the readings from the experimental set-up.

Figure 3.8: Rotameter
3.8 RTD PT-100
RTDs PT-100was used for measuring the temperatuddfarent locations of packed bed with
steel balls. Six RTDs (TC2, TC3, TC4, TC5, TC6, ardl7) were located across the length of
the test section and two RTDs (TC1 and TC2) wetatkd at inlet and outlet of test section for

the measuring the inlet and outlet temperatureduhinum/water based nanofluid.



Figure 3.9: Thermocouples
For the preparation of nanofluids, following equipment was used:

3.9 Ultra sonicator

Figure 3.10:Ultra sonicator



For various purposes, sound energy is used totaghia particles in a aluminum/water based
nanofluid. This process is known as sonication dode in ultrasonic bath which is called as
sonicator. By breaking intermolecular interacti@onication is also used for speed up the
dissolution. Sonication is more useful when the metig stirring was not much effective for
given sample. For nanoparticles which were not gveispersing in liquids, sonication is most
preferable.

3.10KD2Pro

To calculate the thermal properties like thermaldiativity, viscosity, density etc of fluid, KD2
Pro device is used. This device consists of senandscontrollers which were inserted into
aluminum/water based nanofluid medium. To meadwresblumetric specific heat capacity and
diffusivity, double needle sensor is used whiletlo@ other hand, single needle sensors are used

to measure resistivity and thermal conductivity.

Figure3.11: KD2 pro

3.11 Viscometer
Resistance to the adjacent layer of fluid’'s flonkmown as viscosity. A Brookfield Rheometer

shown in Fig.3.12 was used for measuring viscasityhich spindle is driven by calibrated



spring. The spring deflection shows the viscoug drhfluid against spindle. The measuring
range of Brookfield Rheometer is determined bydize and shape of the spindle, the rotational
speed of the spindle, full scale torque of thebeated spring and the container in which spindle

is rotating.

Figure 3.12: Viscometer

3.12 Gravity bottle

Figure 3.13: Pycnometer



To calculate the density of any fluid, pycnometerspecific gravity bottle is used. Specific
gravity is a dimensionless term which is defineddassity of the substance to the density of
reference material. First weighed the empty botiy filled this bottle with the fluid whose
specific gravity has to be found and then againgiei. Calculate the difference between
weights and divide it by weight of equivalent voleirof water gives the specific gravity of that

fluid. As we know density of water is 9810 kd/at room temperature of 48.

Figure 3.14: Gravity bottle

The main parameters taken into consideration ferdbnsity measurement experiment using
gravity bottle were temperature, density and mdssanoparticles. With the change in these
parameters, results in overall variation of denwiityh temperature.



CHAPTER-4: EXPERIMENTAL WORK

To investigate “Variation of thermo-physical projpes of thermal energy storage system with
the use of aluminum/distilled water based nanofiuldough a circular pipgFirst is to prepare
nanofluids by taking distilled water as the basédfiand aluminum nanoparticles. With the help
of different equipments, we were determined thentla¢ properties like viscosity, density,
thermal conductivity, specific heat. All these paeters were found at different temperatures
and at different concentrations.

4.1 Experimental procedure

An experimental set up was designed to carry opeement at different inlet temperatures and
mass flow rates of the working fluid. Double distil water was used as the working fluid.
Following procedure was follow to carry out the espents.

1. Working fluid was heated by using an electric he&teraise its temperature up to the
desired value. A PID controller was used to mainthe temperature of working fluid at
constant value.

2. The pump was switched on and rotameter was adjtstind required flow rate.

3. During charging, working fluid exchange the heathvdteel spheres and temperature of
steel spheres was recorded with the help of thesomles after an interval of 1 minute
till the steel balls has reached thermal equilitoriu

4. During discharging, steel balls were at higher terapures and working fluid was heated
by passing it through steel balls.

5. At given flow rate, the pressure drop was meashyealsing manometer.

6. Similar procedure was followed to carry out the exxpents at different mass flow rates

and with nanofluids at different concentrations.



4.2 M ethodology
To perform the experiments on testing with alumintwater nanofluids, the methodology was
used given below:

1. 20 nm averaged sized aluminum nanoparticless wsezkperiment.

2. To perform the different experiments, aluminumiledt water based nanofluids of
different concentrations 0.1%, 0.2% and 0.5% weepg@red by mixing the 0.317gm,
0.783gm and 1.572gm of nanoparticles in 50ml dfiltid water respectively. To make
these nanofluids more stable, 0.1% of surfactarst dwectly added to all three different
concentrations for 50ml of distilled water. Ultrargcator was used for almost 3 hours for
sonication process which increases its dispersitabilsy. Every time for the
experiments, new nanofluids were prepared.

3. KD2 pro instrument was used for measuring thernsaldactivity and Pycnometer was
used for measuring density of aluminum/water nandsl.

4. The viscosity of nanofluid was measured by Brod&fiiscometer.

5. Now after calculating all the above properties, aheninum/water based nanofluids was
passed through the test section of thermal stosygéem at defined flow rates and
concentrations to perform further experiments.

4.3 Experimental calculations

4.3.1. Porosity

Ratio of the volume of water in gap between thelstpheres in the packed bed (storagesystem)
to the total geometrical volume of packed bed ifedahe void fraction of a packed bed. It is
generally known by the term porosity. In simple waye can define porosity as the ratio of

existing volume for flow to the total volume.



4
Volume of steel spheres;#r3 Xn

n = no of steel sphere
Geometrical bed volumeer? X lp.4

Volume of fluid in voids = Geometrical bed volume&elume of spherical balls

Vfiuid
Vbed

Void fraction €)=

4.3.2. Thermal energy stored by the steel spheres:-

4.3.2.1 Sensible heat stored by steel spheres

Q = mbeAT

my, =1V, X Py XN
Where -
m,= Mass of steel sphere, kg
c,= Specific heat capacity of balls, J/kg-
AT =Temperature difference before and after chardi@g,
T.= Initial temperature’C
T, = Final temperaturéC
p»= Density of steel sphere, Kgim
v,= Volume of steel sphere,’m
n = No of steel spheres
4.3.3 Thermal energy storage by water in the voids between the steel spheres:

Q =m,,c,AT



m,, = Uy, X pw
Where -
m,,= Mass of water, kg
p,, =Density of water, kg/th
v,, = Volume of water in water, T
c,,= Specific heat of water, J/K§
Total storage energy = steel sphere + thermal grstoggage by water in the voids between the
steel sphere.
4.3.4. Pressure drop across the bed
1. Main valve must be keep closed and bypass valeeldlbe opened. After that start the pump.
2. To measure the pressure drop, join the manometiet packed-bed and to let the fluid flow
through bed and open the main valve.
3. Wait till steady condition was reached.
4. With the help of manometer and rotameter, caleyda¢ssure drop and flow rate.
5. Both main valve and throttling the bypass valveevepened according to increase the flow
rate and after that repeat the points (3) and (4).
4.4 Calculations:-
Flow rate: Q= LPH, Joule

Pressure drop of manometric fluiddH,, cm

Bed porosity =
Sphericity ghg=1

Cross sectional area of the be}idzz, m2



Volume of bed %dz x L, nt

Diameter of the steel sphere = 0.0396m

Mass flow rate 3, kg/sec

, kg/nf sec

Mass velocity, G=——
y area of bed

DXG
Reynold number, Re%

AP = AH,, X p X g, N/n?

AHW — Pm—pP ’
PXAHp,

pmand are density of manometric fluid and density ofdlu



CHAPTER-5: RESULTSAND DISCUSSION

5.1 Propertiesvariation of nanofluids

In this section, variations of temperature with tiieermo-physical properties like density,

viscosity, thermal conductivity was discussed.

5.1.1 Temperatur e ver sus density
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Figure5.1: variation of temperature versus density

With increase in concentration of nanoparticlesfra.1 vol. % to 0.50 vol. % by keeping the
same temperature of 40°C, density of aluminum/wadsed nanofluids increases from 0.98 % to

1.78 % compared to base fluid i.e. distilled waBsnsity of distilled water and aluminum/water



based nanofluids decreases with the increase ipelture. Density decreased by 2.49 % for
distilled water, 2.17 % for 0.1 vol. % concentratid..97 % for 0.25 vol. % concentration, and
0.76 % for 0.50 vol.% concentration with increasgamperature from 20°C to 80°C.Since the
density of nanoparticle is more than the base fand also with increase in concentration, the
amount of nanoparticle in base fluid increased tvhieads to increase in density with

concentration. Increased density of nanofluids Itesm more pressure drop, more pumping

power required.

5.1.2 Temperatur e ver sus viscosity
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Figure5.2: variation of temperature versus viscosity

At same temperature, viscosity of nanofluid incesaas the concentration increases but with
increase in temperature, viscosity decreases foesmncentration. From the Fig. 5.2, with the

increase in the concentration of nanoparticles ffbinvol. % to 0.5 vol. % at temperature of



20°C, viscosity of aluminum/water based nanofluidséases from 5.0% to 34.48% compared to
base fluid i.e. distilled water. Also viscosity @uminum/water based nanofluids decreases with
increase in temperature. Viscosity decreased b4268.for distilled water, 65% for 0.1 vol. %
concentrations, 68% for 0.25 vol. % concentratiod 65.57% for 0.50 vol. % concentrations for
the temperature range of 20°C to 80°C. Viscositydgases on addition of nanoparticles hence as

a result, more pumping power is required.

5.1.3 Temperatur e ver sus ther mal conductivity
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Figure5.3: variation of temperature versus thermal condugtivit

It can be seen from the Fig 5.3 that for aluminuatéx based nanofluids, thermal conductivity
increases from 0.62 to 0.65 with increase in cotmagon of nanoparticles to 0.1% vol. at 40°C

and at the same time thermal conductivity increaséll increase in temperature. Thermal



conductivity increased by 8.3% for distilled wat&B.94% for 0.1 vol. % concentration, 19.03%
for 0.25 vol. % concentration, and 21.12% for O\&0. % concentration for the temperature
range of 20°C to 80°C. This is because aluminunoparticles have more thermal conductivity
than the base fluid. Increased thermal conductikégults in lesser time requirements for the

system to reach thermal equilibrium.
5.2 Temperature variation of test section

In this section, variation of temperatures withafleate, concentration was discussed during both

charging and discharging process.
5.2.1 During charging:

In charging, with the effects of flow rate and centration on temperature, the effect at different

locations on packed-bed with temperature was studie
5.2.1.1 Effect of flow rate

For flow rate of aluminum/water based nanofluid atPM, temperature sharply rises up t8G0
within the time period of 8-10 minutes. But aft@’8, it takes around 10-12 minutes to reach up
to around 6%C. As we increases the flow rate from 1LPM to 1BM.and then to 2 LPM, the

temperature rise after 10 minutes wet€ &nd 4C respectively.
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Figure5.4: Temperature versus time for different flow ratesimy charging

5.2.1.2. Effect of concentration
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Figure5.5: Temperature versus time at different concentnatiaf nanoparticle during charging



For the concentration of 0.1% of vol., temperat@&ches up to 88 within the time period of
6-7 minutes. But after that it takes around 10 ri@aumore to achieve the temperature rise of
10°C. As we increase the concentration from 0.1% toD.5% vol. , the temperature rise was
around 7C from 57C to 64C for the time period of 8 minutes. With increaneflow rate as
well as concentration of nanoparticles, thermalildayium establish in lesser times. As a result,

low pumping power requirement goes up due to irsgréa pressure drop.

5.2.1.3. Effect at different pointsalong length of pipe
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Figure5.6: Temperature versus time along the length ofgestion

This graph shows the variation of temperature Herdint locations of pipe with time. For all

considering points on pipe, temperature reachem@simum value within 10 minutes. There



was a continuous sharp rise in temperature witle tithit reaches its maximum value but after

that rate of temperature rise decreases.

5.2.2 During discharging

5.2.2.1. Effect of flow rate
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Figure5.7: Temperature versus time for different flow radesing discharging

From the fig.5.7, temperature goes on decreasitigtiwmne for flow rate of 2LPM. Or just within
the time zone of 10 minutes, the temperature @fl $talls comes down from 85 to 33C. But
after 10 minutes, the decrement in temperaturdn®st negligible as for time interval of 8
minutes from 10 to 18 minutes, temperature fallwmniérom 33C to 29C.Also we can observe
from the graph that as we increase the flow raimftLPM to 3LPM, the time taken to reach the

temperature from 6& to 29C is reduced from 22 minutes to 15 minutes.



5.2.2.2. Effect of concentration
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Figure5.8: Temperature versus time for different conceragratiuring discharging

As seen in the fig. 5.8, 22 minutes has been takerduce the temperature of steel balls from
65°C to 30°C for distilled water. But as we increase the comregion from 0.1% to 0.2% and

then to 0.5%, time taken to fall down the steelsb@mperature to a minimum value is reduced

from 17 to 15 to 14 minutes respectively.
5.3 Pressuredrop and friction factor effect

5.3.1 Pressuredrop versusflow rate
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Figure5.9: variation of pressure drop versus flow rate

Fig. 5.9 shows that pressure drop increases wihirtbrease in flow rate. In this graph, the
selection of mass flow rate is very important baeaas we seen in the graph, with increase in
mass flow rate from 0.5 to 2.5, there is around ¥é&ement in pressure drop for distilled water

and it will be 92.4% for the 0.5% Vol. concentratiof nanofluids.

5.3.2. Friction factor versus flow rate
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Figure5.10: variation of friction factor versus flow rate

As seen from the fig. 5.10, by adding concentrabbmanofluids, friction factor increases as
compared to distilled fluid for the defined flowteaAlso with increase in flow rate from 0.5 to
2.5 LPM, 43.5% decrease in the friction factor distilled water and 46.8% decrement in the

case of the nanofluids with 0.5 % vol. concentrratio



CHAPTER-6: CONCLUSION AND FUTURE SCOPE

6.1 Conclusion
In this chapter, the result obtained from the expental performance of thermo-physical
properties of aluminum/water nanofluids of therstarage has been summarizes.

1. Aluminum/water based nanofluid mass flow rate ha®msiderable effect on charging.
With Increase in mass velocity of fluid effect thbarging process by accelerate for
storage unit and provide pressure drop. Throughkguhbed, nanofluids store more
energy than water for the charging process witHebke pressure drop.

2. But pressure drop of packed-bed increase with as&rén mass velocity. So the selection
of mass flow rate plays an important role.

3. The increase in the ratio of diameter to lengtlultesn increment of mass flow rate as
well as cross sectional area. Hence storage eim&ggases and pressure drop decreases.
The specific heat capacity of nanofluids below ®&@8% concentration is very low and
for the concentration above 0.1%, nanoparticlesettting down and make it unstable.

4. Aluminum/water based nanofluid for the 0.1% concaign takes a smaller amount of
charging time as compare to distilled water to heat equilibrium state because
nanofluids has higher thermal conductivity at higteenperatures.

5. Near the inlet of test section, temperature oélsspheres comes into equilibrium in
lesser time but as we move forward, it increasesgathe length of packed bed.

6.2 FUTURE SCOPE

There are a number of areas which required furdssarch that can be done to progress the kind
of flow through packed beds. The first area of aesle to establish the inaccuracies present by

trying different size and shapes of spheres (storagdium). The most noticeable thing to see



that how packed-bed of non-spherical shapes behawessecond area of research is that how
the other fluids, base fluids as well as nanolatber than aluminum/water nanofluid) behave
over packed-bed of energy storage. Also, one ciak #ibout changing the sizes of steel balls,
packed bed or also can try with the different seaphich can also give exclusive results of
energy storage. A last but important area of studuld be to test various bed dimensions at a

constant inlet velocity.



ANNEXURE

Table Al: Experimental data of thermal conductiafydistilled water at different temperatures

Distilled water
Temperature®C) Thermal conductivity(W/mK)
30 0.575
31.3 0.581
325 0.586
33.3 0.59
34 0.594
35.4 0.607
37 0.612
39.5 0.622
43 0.626
49.5 0.629
56.5 0.634
61 0.637
65.7 0.64
69.8 0.646




Table A2: Experimental data of thermal conductiatyaluminum/water at different

temperatures and different concentration.

CONCENTRATION 0.1%

TemperaturéC) Thermal conductivity(W/mK)
30 0.619
31.3 0.622
325 0.628
33.3 0.632
34 0.638
35.4 0.64
37 0.643
39.5 0.648
43 0.67
49.5 0.683
56.5 0.727
61 0.759
65.7 0.788
69.8 0.832




CONCENTRATION 0.2%

TemperaturéC) Thermal conductivity(W/mK)
30 0.627
31.3 0.63
325 0.634
33.3 0.641
34 0.644
35.4 0.648
37 0.652
39.5 0.665
43 0.674
49.5 0.751
56.5 0.77
61 0.864
65.7 0.913
69.8 0.931




CONCENTRATION 0.5%

TemperaturéC) Thermal conductivity(W/mK)
30 0.673
31.3 0.681
325 0.705
33.3 0.718
34 0.729
354 0.743
37 0.749
39.5 0.772
43 0.784
49.5 0.809
56.5 0.843
61 0.912
65.7 0.938
69.8 0.987




Table A3: Experimental data of density of distilledter at different temperatures

TemperaturéC) DW
30 985.6
35 983.5
40 981.2
45 976.6
50 973.9
55 971.8
60 971.3
65 969.2

Table A4: Experimental data of density of aluminwaier nanofluid at different temperatures
and different concentration

CONCENTRATION 0.1%

TemperaturéC) Density
30 1040
35 1039.6
40 1040.8
45 1039.1
50 1035.2
55 1031.8
60 1028.3
65 1024.7




CONCENTRATION 0.2%

TemperaturéC) Density
30 1045.3
35 1043.2
40 1040.8
45 1039.2
50 1038.3
55 1034.7
60 1031
65 1027.3

CONCENTRATION 0.5%

TemperaturéC) Density
30 1059.7
35 1058.2
40 1057.8
45 1056.2
50 1052.4
55 1051
60 1048.1
65 1045.8




Table A5: Table A3: Experimental data of viscosifydistilled water at different temperatures

Distilled water
TemperaturéC) Viscosity:

20 1

30 0.93
40 0.71
50 0.62
60 0.49
70 0.35

Table A6: Experimental data of viscosity of alunmmwater nanofluid at different temperatures

CONCENTRATION 0.1%
TemperaturéC) Viscosity
20 0.85
30 0.73
40 0.6
50 0.48
60 0.35
70 0.26




CONCENTRATION 0.2%

TemperaturéC) Viscosity
20 0.78
30 0.67
40 0.56
50 0.43
60 0.33
70 0.258

CONCENTRATION 0.5%

TemperaturéC) Viscosity
20 0.68
30 0.61
40 0.503
50 0.38
60 0.27
70 0.2




Table A7: Experimental data of charging time vigperature with water and aluminum/water
nanofluid

1LPM
TemperaturéC)
Time (Mins) Nanofluid
Water
0.10% 0.20% 0.50%

0 15 22.3 21.7 20.5
1 17.2 25.4 26.1 25.3
2 23.3 29.3 31.7 33.6
3 28.2 35.1 39.3 42.7
4 324 41.6 46.4 51.1
5 38.6 47.1 52.8 57.3
6 43.1 53.8 56.6 62.8
7 47.4 57.5 60.2 65.4
8 49.8 59.1 62.6 66.2
9 51 61.2 63.7 67.5
10 51.8 62.8 65.4 68.1
11 52.8 64.1 66.9 68.8
12 54.6 65.4 68.1 69.3
13 56.1 66.1 68.9
14 57.2 66.8 69.4
15 58.2 67.2
16 59.5 67.9
17 60.6 68.2
18 61.7
19 62.8
20 63.8
21 64.9
22 65.8




Table A8: Experimental data of discharging timetefap with water and aluminum/water
nanofluid at different flow rates

0.5% volume concentration

TemperaturéC)
Time (Mins)

1LPM 2LPM 3LPM
0 65.8 65.3 65.2
1 60.4 60.2 58.6
2 54.8 53.6 51.7
3 49.6 47.3 45.6
4 46.7 447 42.5
5 43.6 41.7 38.4
6 41.5 38.2 35.3
7 39.2 36.2 33.2
8 37.6 34.6 32.5
9 36.1 33.3 31.8
10 35.6 32.6 31.2
11 34.8 30.3 304
12 33.6 29.9 29.8
13 32.7 29.6 29.5
14 31.9 294 29.1
15 30.6 29.3 29
16 29.9 29.3
17 29.7 29.2
18 29.4 29.1
19 29.3 29.1
20 29.1
21 29.1




Table A9: Experimental data of variation of tempera v/s time at different section of packed
bed with water and aluminum/water nanofluid alame length x/I

X/L=0.2

Time Temperatur&C)

0 17.4

32.7

44.7

56.4

(oo 2 @ > B B SN R\ ]

64.3

10 67.7

X/IL=0.4

Time Temperatur&C)

0 17.1

31.5

41.7

53.9

0| o |~

60.1

10 65.7

12 68.9




X/IL=0.6

Time TemperaturéC)
0 16.9
2 28.8
4 38.9
6 50.9
8 57.3
10 63.4
12 65.7
14 67.8
X/L=0.8
Time TemperaturéC)

0 17.6

2 28.3

4 39.9

6 48.7

8 56.9

10 62.2

12 64.1

14 66.5




Table A10: Experimental data of variation of pressdrop for distilled water and
aluminum/water nanofluids at 0.5% concentration @ifférent flow rates

Distilled Water

Flow rate(LPM)

Pressure drop (kPa)

0.5 5.513
1 15.052
1.5 29.617
2 48.208
2.5 77.825

CONCENTRATION

0.5%

Flow rate(LPM)

Pressure drop (kPa)

0.5 6.97

1 19.698
15 36.567
2 61.436
2.5 92.456




Table A11: Experimental data of variation of fraotifactor for distilled water and
aluminum/water nanofluids at 0.5% concentration @ifférent flow rates

Distilled Water

Flow rate(LPM) Friction factor
0.5 2.157185978
1 1.472427142
1.5 1.287650949
2 1.17895907
25 1.218088146

CONCENTRATION 0.5%

Flow rate(LPM) Friction factor
0.5 2.727297
1 1.926911
1.5 1.589814
2 1.502459
2.5 1.447087




Table A12: Experimental data of discharging time teinperature with water and
aluminum/water nanofluid at different concentration1LPM

1LPM
Time (Mins) Temperaturé()
Distilled Water
0 65.8
1 63.8
2 60.6
3 57.2
4 53.8
5 49.8
6 47.4
7 43.1
8 38.6
9 36.4
10 35.6
11 34.7
12 33.9
13 33.2
14 32.6
15 32.1
16 31.7
17 31.3
18 30.8
19 30.5
20 30.3
21 30.3
22 30.1




1LPM

TemperaturéC)
Time (Mins)
Concentration 0.1%
0 68.2
1 66.8
2 63.8
3 59.2
4 54.7
5 49.6
6 44.3
7 38.6
8 35.3
9 32.1
10 31.6
11 30.3
12 29.8
13 294
14 29.3
15 29.2
16 29.1
17 29.1




1LPM

Temperaturé()
Time (Mins)
Concentration 0.2%
0 69.4
1 65.4
2 60.2
3 55.6
4 51.8
5 46.4
6 43.6
7 39.8
8 34.7
9 31.7
10 29.9
11 28.2
12 27.7
13 27.5
14 27.3
15 27.3




1LPM

TemperaturéC)
Time (Mins)
Concentration 0.5%
0 69.3
1 64.7
2 58.9
3 53.5
4 48.8
5 42.6
6 38.3
7 34.1
8 31.5
9 29.7
10 28.8
11 28.3
12 27.8
13 27.6
14 27.6




