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ABSTRACT

HEAT TRANSFER ANALYSIS OF HIGH HEAT FLUX MOVING SURFACE WITH
NANOFLUIDS AND IMPINGING JETS
Mine EFEOGLU

Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Mustafa KILIC
June 2021, 64 pages

In this study, the common effect of heat transfer from a high heat flux moving copper plate
with the impinging fluid jet technique of nanofluids was examined numerically. In the first
phase of the study, heat transfer analysis of as the basic fluid Cu-H,O nanofluids in different
Reynolds numbers and different particle diameters was performed on a stationary plate to
confirm the current studies in the literature. The model results were compared and verified
with existing experimental studies in the literature. In the second phase, heat transfer analysis
was performed at different particle diameters, different plate velocity, and different volume
ratios using Al,O3-H,O nanofluid on both a moving and stationary plate. Furthermore, the
effect of heat transfer was examined in the case of using different types of nanofluids in the
moving copper plate. In the numerical study, the low Re numbered k-¢ turbulence model of
PHOENICS CFD program was used. This model is preferred because it is widely used in the
modelling of confined impinging jets. According to the results of the study, if the number of
Reynolds is increased to Re=12000-18000, the average number of Nusselts is increased by
28%, and when the nanoparticle diameter is reduced from Dy,=40nm to 10nm, the average
number of Nusselts increases by 9.1%, when the plate velocity was increased in the range of
Vpiae=0-6 m/s, the number of average Nusselts increased by 88.9%, the volumetric ratio is
increased by 2.5% in the range of ¢=0.5-2.0, and in case of comparing different nanofluids

were compared, the best heat transfer performance was determined by Cu-H,O nanofluid.

Keywords: CFD, heat transfer, impinging fluid jet, moving plate, nanofluid.



OZET

NANOAKISKAN VE CARPAN JETLER ILE YUKSEK ISI AKILI HAREKETLI BIR
YUZEYIN ISI TRANSFER ANALIZI
Mine EFEOGLU

Makina Miihendisligi Anabilim Dali
Danisman: Dog¢. Dr. Mustafa KILIC
Haziran 2021, 64 sayfa

Bu calismada, yiliksek 1s1 akili hareketli bakir bir plakadan olan 1s1 transferinin,
nanoakiskanlarin g¢arpan akigkan jet teknigi ile olusturdugu miisterek etki sayisal olarak
incelenmistir. Calismanin ilk asamasinda, literatiirdeki mevcut calismalar1 dogrulamak
amaciyla temel akigkan olarak Cu-H,O nanoakiskanin hareketsiz bir plakada farkli Reynolds
sayilarinda ve farkli parcacik caplarnda 1s1 transfer analizi yapilmistir. Model sonuglari
literatiirdeki mevcut deneysel calismalarla karsilastinlmis ve dogrulanmistir. Ikinci
asamasinda ise, hem hareketli hem de hareketsiz bir plakada Al,O3-H,O nanoakiskani
kullanilarak farkli parcacik caplarinda, farkli plaka hizlarinda, farkli hacim oranlarinda 1s1
transfer analizi yapilmistir. Ayrica hareketli bakir plakada farkli tip nanoakiskan kullanilmasi
durumunda 1s1 transferine olan etki de incelenmistir. Sayisal ¢alismada PHOENICS HAD
programinn diisiik Re sayili k-¢ tiirbiilans modeli kullanilmistir. Bu model, sinirlandirilmis
carpan jetlerin modellenmesinde yaygin bir sekilde kullanildig1 i¢in tercih edilmistir. Sonug
olarak; Reynoldas sayisinin Re=12000-18000 degerine arttirtlmasi durumunda ortalama
Nusselt sayisinda %28 oraninda bir artis saglandigi, nanopargagik ¢apt Dp=40nm’den
10nm’ye azaltiginda ortalama Nusselt sayisinda %9,1°lik artis saglandig1, plaka hizi Vpjaa=0-
6 m/s aralifinda arttirildiginda ortalama Nusselt sayisinda %88,9 oraninda artis saglandig,
hacimsel oran ¢=0,5-2,0 aralifinda arttirildiginda ortalama Nusselt sayisinda %2,5’lik artig
saglandig1, farkli nanoakigkanlarin karsilastirilmasi durumunda ise, en iyi 1s1 transferi

performansinin Cu-H;O nanoakiskanin gosterdigi belirlenmistir.

Anahtar Kelimeler: ¢arpan akiskan jet, hareketli plaka, HAD, 1s1 transferi, nanoakigkan.
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1. INTRODUCTION

1.1. Enhancement of Heat Transfer

Nowadays, the rapid improvement of technology requires the construction of more complex
electronic devices. This situation increases the thermal loads of electronic circuit elements and
the increased thermal load affects the service life of electronic devices. The most important
issue affecting service life is whether the electronic chip can distribute heat quickly and
efficiently. Thus, heat transfer is very significant in the cooling of electronic circuit elements.
In industrial applications, overheating of the system is the most important factor that causes
system failures and it reduces the efficiency of the system. Therefore, the heat transfer from
the system is very important for the system to work efficiently and safely in industrial
applications (Sun et al., 2019). For instance, in order to maintain the heat in the vehicles
which are produced by the main carrier, the heat must be removed from the system. Similarly,
a cooling system is needed for electronic devices to dissipate heat. Heat transfer processes are
required in heating, ventilation and air-conditioning (HVAC) systems. Besides these; in many
production processes, it involves heat transfer process in different ways, such as cooling a
machine tool, pasteurizing food or setting the temperature to trigger a chemical process. In
such application heat transfer process is provided by heat transfer equipment such as heat
exchangers, evaporators, condensers and heat absorbers. Thus, by increasing the heat transfer
efficiency of such equipment, the area covered by the device is minimized and so more

compact equipment can be obtained (Ozering 2010).

Heat transfer coefficient (h) is used to compare and evaluate the efficiency of fluids. The heat
transfer coefficient of a liquid of a certain temperature, flow rate and pipe diameter; thermal
conductivity (k), density (p), viscosity (u), and specific temperature (Cp) can be calculated. A
fluid with a significant heat transfer coefficient can allow for a reduction in system sizing,

increased production output and reduced energy costs (Timofeeva et al., 2011).

It is possible to increase heat transfer by increasing surface area, using vibration and micro-
channels. The efficiency of heat transfer is also carried out by increasing the thermal
conductivity of the fluid. Conventional heat transfer fluids such as water, ethylene glycol and

engine oil have low thermal conductivity. The thermal conductivity of solids is higher than



liquids. Thus, the thermal conductivity of the liquid can be increased by adding solid particles
to the liquids (Wang et al., 2003; Keblinski et al., 2002).

In recent years, nanofluids were started to enhance the heat transfer properties of the fluid.
Nanofluids are created by adding nano-sized solid particles to the basic fluid. The heat
conduction coefficient of this new mixture is quite high according to conventional heat
transfer fluids. One of the important points of using nanoparticles is that nanoparticles make
changes in the physical properties of single-phase liquid, such as density, viscosity and
thermal conductivity, and it has a higher thermal conductivity than that of a single-phase
liquid. Using conventional heat transfer fluids with low heat conduction coefficients in high
heat flux applications is very difficult in terms of both the size and cost of the application.
Therefore, it is foreseeable that nanofluids may be used in the future to replace conventional
heat transfer fluids. Another method used to increase heat transfer is the jet cooling technique,
which is one of the techniques that provide high cooling in the industry. The jet cooling
technique intensifies the fluid at a certain place, minimizing the thermal boundary layer in that
area. Thus, it provides high heat transfer in that area (Kilic 2013; Kakac and
Pramuanjaroenkij, 2009).

1.2. Nanofluid

The term nanofluid was first used by Stephen Choi and J. Eastman at Argonne National
Laboratory in 1995, they created suspensions containing nanometer-sized solid particles into
the heat transfer fluid. Choi et al. added nanoparticles into water, ethylene glycol, and
machine oil studied the effect of nanoparticles on the thermal conductivity. They found that
the thermal conductivity of the liquid was higher than the base liquid after the nanoparticle
was added (Choi and Eastman 1995; Aytac, 2020). Nanofluids are diluted suspensions of
nanoparticles with a particle diameter less than 100 nm and these are considered a new solid-
liquid mixture. These next-generation mixtures have high stability, high thermal conductivity,
and heat transfer performance (Etaig 2017). Figure 1.1 shows TEM (Transmission electron

microscope) images of Al,O3; and CuO nanoparticles of different particle sizes.
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Figure 1.1. a) TEM image of an agglomerated nanoparticles TEM image of nanoparticles b)

TEM image of dispersed nanoparticles (Putra et al.2003).

If we list the main properties of nanofluids:

The most crucial properties of nanofluids are high thermal conductivity.

More viscosity than base fluid.

Stability. Nanoparticles are lightweight because they are very small, so they are less
sedimentation. In studies, it has been reported that nanofluids maintain their stability
for months using stabilizer material.

Microchannel clogging without obstruction. Nanofluids are ideal not only for heat
transfer applications but also for microchannel applications where high heat loads are
needed. The combination of microchannel and nanofluid provides a high proportion of
conductive fluid and a large heat transfer area. Microparticles in microchannels cannot
be applied in this way because they obstruct the canals.

Nanoparticles are very small and the acceleration to the wall is very small. This
property reduces the chance of corrosion heat exchangers, pipelines and pumps.

In the case of nanofluids are used, pumping power is reduced.

Nanofluids can reduce effectively friction coefficient.



= In the case of nanofluid is used, it will save significant costs and energy so that heat
exchanger systems are produced smaller and lighter.

= Nanofluid use provides more efficient flow lubrication, cooling and heating
(Goharshadi et al., 2013).

The insufficiency of traditional heat transfer fluids to perform at increased thermal loads and
in various thermal systems has led researchers, scientists and engineers to look for fluids with
better heat transfer properties. Therefore, the use of nanofluids has become greatly important
for improving the thermophysical properties of the fluid (Murshed et al., 2005). Nanofluids
are quite important for different engineering applications that, necessary high heat spreading
rates such as, cooling electrical components that require high heat generation, heat exchangers
(Abdelrehim et al., 2019).

1.1.1. Nanoparticle Material and Base Fluid
Nanoparticles frequently used in nanofluid preparation can be grouped into:
= Metal particles (Cu, Ag, Ni, Au),
= Metal oxides (Al,O3, CuO, MgO, ZnO, SiO,, Fe,03, TiOy),
= Metal carbide (SiC),
= Metal nitrure (AIN) and
= Carbon materials (CNT, MWCNT's, diamonds, graphite, fullerene) (Sajid et al.,
2018).

Some metallic particles such as copper, aluminum, and zinc provide high thermal
conductivity, but these metallic nanoparticles are limited in nanofluid applications due to their
high reactivity and low stability. Non-metallic nanoparticles such as alumina (Al,O3) have
lower thermal conductivity than metallic nanoparticles, and such particles have preferred
properties such as high stability and chemical inertia. On the other hand, carbon nanotubes
have many unique properties such as very high electrical and thermal conductivity, chemical

stability, mechanical resistance, physical strength (Sarkar et al., 2015).

Basic fluids used in the preparation of nanofluids are traditional heat transfer fluids with low

heat conduction coefficients such as water (H,O), motor oil (EO), ethylene glycol (EG),



propylene glycol (PG), and their mixtures (H,O-EG, EG-PG) etc. Table 1.1 shows the values
of thermal conductivity of different types of materials.

Table 1.1. Thermal conductivity of different materials (Kaka¢ and Pramuanjaroenkij, 2009).

Solids/liquids Material Thermal conductivity (W/mK)
Metallic solids Silver 429
Copper 401
Aluminum 237
Nonmetallic solids Diamond 3300
Carbon nanotubes 3000
Silicon 148
Alumina(Al,O3) 40
Metallic liquids Sodium (at 644 K) 72.3
Nonmetallic liquids Water 0.613
Ethylene glycol (EG) 0.253
Engine oil (EO) 0.145

1.1.2. Advantages of Nanoparticles over Microparticles

Since heat transfer will occur on the surface of particles, it is possible to increase heat transfer
by using particles with a larger surface area. At the same volumetric concentration,
nanoparticles have a wider surface area than microparticles, which significantly increases heat
transfer. In addition, nanoparticles transport about 20% of their atoms on their surface, the

case makes them ready for heat conduction (Mursed et al.2008).

While some improvement in heat transfer was achieved when using micro dimension
(1Ipm =10"°m) particles, some significant disadvantages affecting the stability of the fluid
(channel clogging, erosion of flow channels, rapid sedimentation and collection of particles,
pump damage, etc.) could not be eliminated. Because the nanoparticles are so small, the effect
of gravity on the nanoparticle is negligible, so the sedimentation is less and the nanofluid

becomes more stable. Therefore, while microparticles were collapse in a short time,



nanoparticles were very stable. Figure 1.2 shows the comparison of nanoparticles with
microparticles in heat transfer fluids (Mursed et al.2008; El¢ioglu 2013).

Haat transfer Nanoparticies
ol o have about 20
percent of their

atoms near the
surface, allowing
them o absorb
and transfer heat
efficiently.

Nanoparticles flow
while

microparticles sink, R
aora

Microparticies
have most of
their atoms far
beneath the
surface, where
they cannot
participaie in
heat transfer.

Tho rolatively large mass of the

-
___ | microparticies can damage the pipe’s wall.

Figure 1.2. Comparison of nanoparticles with microparticles in heat transfer fluid (Elgioglu,
2013).

1.3. Thermophysical Properties of Nanofluids

Understanding the thermophysical properties of nanofluids is considerable when using them
in practical applications. It is necessary to determine the thermophysical properties of the
prepared nanofluids before they can be used for system performance. Nanoparticle
concentration has an effect on physical properties. As the particle concentration increases, the
thermal conductivity, density, and viscosity of the nanofluids increase according to the base
fluid, the specific heat value decreases. Figure 1.3 provided dimensionless physical properties

of Al,O3 nanoparticle concentration compared to pure water (Sudarmadji et al. 2018).
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Figure 1.3. Comparison of thermophysical properties of nanofluids with pure water
(Sudarmadiji et al., 2018).

1.3.1. Thermal Conductivity

The capacity of the fluid or particle to conduction heat in the hot zone to the colder zone is
defined as thermal conductivity. Nanofluids have quite high heat transfer properties than
conventional heat transfer fluids. This is because suspended nanoparticles significantly

increase the thermal conductivity of nanofluids. Reasons for this increase:

= Nanoparticles suspended in the liquid increase the surface area and heat capacity of
the liquid.

= Suspended nanoparticles increase the effective thermal conductivity of the liquid.

= The interaction and impact motion between particles is intensified.

= Mixture fluctuation and turbulence density of the fluid increased.

= The dispersion of nanoparticles flattened the fluid's horizontal temperature gradient.

Thermal conductivity value of nanofluids in heat transfer applications varies depending on
some parameters such as base fluid, nanoparticle shape, particle size, stability, temperature,
pH value, particle materials, Brownian motion of nanoparticles, agglomeration effect of
nanoparticles, distribution technique of nanoparticles, etc. (Xuan and Li, 2000; Kumar et al.,
2015). Figure 1.4 shows thermal conductivity values for different materials.
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Figure 1.4. Comparison of thermal conductivity for different materials (Sudarmadji et al.
2018).

0.1

Considering the literature, various correlations have been developed by researchers to
calculate the thermal conductivity values of nanofluids. The thermal conductivity model
created by Maxwell in 1881 is suitable for spherical nanoparticles and the Maxwell model is

recommended for large particle solid-liquid mixtures.

k, k +2k +24(k —k,)
Maxwell model, = =" P 1.1
ki Kk, +2k, —g(k, —k;) (.1)

According to the Maxwell model, the thermal conductivity of nanofluids depends on the base
fluid, nanoparticle shape and volumetric concentration. As shown here, k, is the thermal
conduction coefficient of nanoparticles, ks is the thermal conduction coefficient of the base

fluid, ¢ is the volumetric ratio (Goharshadi et al., 2013; Kumar et al., 2015).

Theoretical models developed to determine the thermal conductivity values of nanofluids:

k k k
a1 (30-1) 2 +(2-30)+ L& (12)

f f

Bruggeman model,




k k

A=||(3D-1) (k—pj +(2-30)° +2(2+9®—9®2)(k—pJ (1.3)

The Bruggeman model is suitable for a two-phase mixture containing homogeneous spherical

particles.

Hamilton— Crosser, Kt = Ky +(n-1)k; ~(n-2)B(k, —k;)
K, kp+(n—1)kf+cD(kf—kp)

(1.4)

The Hamilton-Croser model was developed using the shape factor. It is suitable for spherical
and cylindrical particles. n=3 is taken. As seen here, k; is the thermal conduction coefficient
of the base fluid, kj, is the thermal conduction coefficient of nanoparticles, @ is the volumetric

ratio.

ke K, +2K, —20(k, —k,)
ke kg +2k, +@(k, —k,)

Wasp model,
(1.5)

The Wasp model has been suggested to calculate the thermal conductivity of solid-liquid

mixtures. This model is not suitable for spherical nanoparticles.

3
Yu and Choi, e _ Ko + 2K, +2 (k,, —k, )(1+ ﬂz
Ki ke t+2k, —®(k, =k, )(1+ B)

(1.6)

The Yu and Choi model is another theory for calculating the thermal conductions of two-
phase mixtures. In this model, the containment of the interfacial layer is based on the principle
of parallel and series thermal conductivity overlap. S is the layer thickness and S= 1. As seen
here, Kpe Is the equivalent thermal conductivity, ks is the thermal conduction coefficient of the
base fluid, ¢ is the volumetric ratio, k, is the thermal conduction coefficient of the
nanoparticles (Kumar et al., 2015).



Within the scope of this thesis, the model used for the thermal conductivity calculation of
nanofluid is explained below.

k T 10 k 0.03
L =1+44Re P —| | 2| o™ (1.7)
kf fr kf
) . 2p kT
Re(p) is the nanoparticle Reynolds number (Re=——-—)
mud

As shown here, Pr is the Prandtl number of the base fluid, T is the temperature of the
nanofluid (K), and Ty is the freezing point of the base fluid, k; is the thermal conduction
coefficient of nanoparticles, k; is the thermal conduction coefficient of base fluid, ¢ is the
particle volume ratio. This equation is preferred because of the includes the basic fluid,
nanoparticle heat transfer coefficients, particle diameter, nanoparticle volume ratio, density
values, and nanoparticle dynamic viscosity in the calculation of nanofluid effective heat

transfer coefficient (Corcione, 2011).

1.3.2. Viscosity

Another significant property of nanofluids is viscosity. Viscosity is a criterion for fluid
friction and it is the fluid's resistance to flow. Changes occur in the viscosity values of the
liquid by adding nanoparticles to the base fluid. Changes in viscosity have an important role
in pumping power because the higher the viscosity, the greater the power necessary for
pumping so, increasing the energy consumption of the pump. Temperature, nanoparticle
concentration, nanoparticle size and shape, shear stress, surfactant addition, type of base fluid,

etc. parameters affect viscosity (Pordanjani et al. 2018).

Viscosity models of nanofluids have been modelled as a function of volumetric concentration
in the literature. The first of these models was proposed by Einstein in 1906 and it was
modelled for spherical particles in very small volumetric proportions (less than 5%) (Dirlik

2018).

Theoretical models developed to determine the viscosity values of nanofluids:
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=1+25¢

Einstein (1906),
Hit (1.8)

As seen in the equaiton, respectively, [ is the effective viscosity of the nanofluid, £4; is

base fluid viscosity, ¢ is the volume ratio of particles in suspension. The Einstein Model
(Einstein, 1906) gives more accurate results for lower values of particle volumetric
concentration. In the model, there is an assumption that the particles are spherical and there

isn’t an interaction between them.

lueff — 1
ty (- (0)2'5

Brinkman (1952), (1.9)

It is the Einstein Model adapted to medium magnitude particle volumetric concentrations.

/ueff

=1+2.5¢+6.5¢°
at (1.10)

Batchelor (1977),

It is the extended version of the Einstein Model by taking into account the Brownian motion
of particles.

Masoumi et al. (2009), L = o + P (1.11)

C = _1|:(Cldp +C,)p+(c,d, +C4):| (1.12)

C is the correction coefficient. The values of the coefficients used in the calculation of this
term are given as follows:

¢, = —1.133x10°,c, =—2.771x0°°, ¢, = 9x10°® ¢, =—3.93x10°"

Within the scope of this thesis is explained below the model used for the viscosity calculation

of nanofluid.
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_ 2
e = Hy (1+2.50+4.698¢7) (1.13)

As shown here, 4 is the dynamic viscosity of the base fluid. ¢ is the volumetric ratio of

nanofluids (El¢ioglu et al.,2013; Batchelor 1977).

1.3.3. Specific Heat

Specific heat is a very important property that affects the heat transfer rate of the nanofluid.
According to the current studies in the literature, the inclusion of nanoparticles causes a
reduction in the specific heat of nanofluids in most cases (Pordanjani et al.2018). The specific
heat change of nanofluids in the literature is given depending on the volumetric concentration
in Figure 1.5.

For instance, as the volumetric concentration of water-based Al,O3, SiO,, and CuO nanofluids
increases, the change in specific heat decreases to -50%. On the other hand, molten salt-based
Al,O3, SiO,, TiO,, and MWCNTSs nanofluids occur at low volumetric concentrations of
minimum - 20% and maximum 130% specific heat change. Specific heat values of nanofluids

changes according to the nanoparticle type and volumetric concentration (Ocal, 2019).
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110 - Nanoparticle: $i0,, Al,0,, TiO,, MWCNT
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Particle concentration (%)
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Figure 1.5. Comparison of with volumetric concentration of specific heat change of the
nanofluids (Riazi et al., 2016).
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Widely used theoretical models developed to calculate specific heat values of nanofluids:

Pak and Cho (1998) CPy =(CPiy )0+ Choys (1-0) (1.14)

As seen here, Cp,, is the thermal capacity of the nanofluid, Cp,,, is the thermal capacity of
the nanoparticle, Cp,,f is the thermal capacity of base fluid, ¢ is the volumetric

concentration.

Xuan and Roetzel (2000) (,OCp ) = (1—(0)(,0Cp)bf +@ (1.15)

Prnt = (1_§0)pbf + PPy (1.16)

As seen here, (pCp) refers to the specific heat capacity, ¢ is the volumetric concentration

(Pordanjani et.al., 2018).

Within the scope of this thesis, the equation proposed by the model Xuan and Roetzel used

for the specific heat calculation of the nanofluid was used and is explained below.

_9(pCy), +A-9)(pCy),

P (1.17)

Cp

nf

As shown here C, is the specific heat of the nanoparticle, C | is the specific heat of the

) p(f)

base fluid, and p, is the density of the nanofluid (Wang et al., 2006).

1.3.4. Density

Another parameter that is very important in nanofluid studies is the density of such fluids.
Density is the amount of substance per unit volume and it changes depending on the
temperature. Density and specific heat capacity are important factors in improving convective

heat transfer in nanofluids. The density of a nanofluid can found with the equation (pny) by
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suggested Pak and Cho, and in this thesis, the equation suggested by Pak and Cho were used
for the density calculation of the nanofluid.

Pak and Cho P =A=@) P + PP, (1.18)

In this equation, ¢ is the nanofluid volume concentration, 0, is the density of the base fluid,

and Py, is the nanoparticle density (Pak and Cho, 1998; Dirlik 2018).

1.5. Applications of Nanofluids
In many fields, nanofluids are widely used due to the advanced thermophysical properties of

nanofluids. Nanofluids can be used in the following industries.

1.5.1. Transportation

The use of nanofluid will improve heating and cooling applications in vehicles. Nanofluids
have higher thermal conductivity potential compared to conventional vehicle heat transfer
fluids (such as coolants, engine oil). The design of smaller engines, radiators and other vehicle
components with nanofluids will assist in the production of lighter vehicles with higher
energy efficiency and less fuel consumption. Lighter vehicles can cover a distance further
with the same amount of fuel. Therefore, it will cause lower emissions with less fuel
consumption and thus reduce environmental pollution. For this reason, nanofluids can make a

great contribution to vehicle systems (Mursed et al., 2008).

1.5.2. Micromechanical Systems

Microchannel applications have high thermal loads. Nanofluids, on the other hand, have high
heat transfer properties. The use together of microchannels and nanofluids will supply both
highly conductive fluids and a large heat transfer area. Microelectromechanical systems
(MEMS) produce too much heat during operation. High power micro-mechanical systems do
not work well with conventional coolers. Therefore, solid particles can be added to such
coolers to increase thermal conductivity. However, micro-mechanical systems are very small.
This situation causes blockages in the channel and therefore cannot be applied in practical
cooling systems. Since nano-sized particles can flow in microchannels without clogging,

nanofluids will be the suitable coolant in microchannel applications (Mursed et al., 2008).
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1.5.3. Heating, Ventilating and Air-Conditioning (HVAC) Systems

Heat transfer will be increased by the use of nanofluids in heating, ventilation, and air
conditioning systems (HVAC). By reducing the size of the cooling and HVAC units, the
pumping of the cooler will become easier. Therefore, it will increase pump and energy

efficiency while creating a cost-effective system at the same time (Mursed et al., 2008).

1.5.4. Medicine

Effective drug delivery can be made possible by using magnetic nanoparticles in body fluids
(biofluids) for cancer treatment._Unlike side effects such as DNA damage caused by current
radiation therapy, nanoparticles are stickier to cancer cells than normal cells due to their
surface properties. The magnetic nanoparticles are excited by an AC magnetic field and so
effective drug delivery can be made possible in body fluids. The future use of nanofluids for

drug delivery in body fluids is a promising initiative for cancer therapy (Mursed et al., 2008).

1.6. Impinging Jets

1.6.1 Single Impinging Jets

The jet cooling technique is one of the optimum heat management techniques that provide
high cooling in the industry. The impinging jet is caused by the impact of the fluid coming out
of a ringlet or nozzle to the surface, and turbulent impinging jets are often used to increase
heat/mass transfer. The turbulence level of the impinging jet, from the surface center the
distance of the ringlet, and the ringlet angle are important parameters for maximum heat/mass
transfer In addition, some parameters affect the heat transfer event when creating impinging
jets. These are nozzles shape (single, multi-sequence, long, narrow, slit, two-dimensional,
etc.), size, height, the distance between the ringlet, the velocity, temperature, density of the

slammed fluid, the way it hits the surface (rotating, angled, oblique, steep, etc.).

Jet impact technique is used by intensifying heating, cooling or drying processes on a surface.
For instance, the impinging jet technique is used in modern jet engine aircraft to cool turbine
blades which are heated by burning gases with high temperatures, tempered glass sheets, dry
textiles and paper products, and to cool electronic circuit elements. In addition, it is used in
heat treatment of metals, in many engineering applications such as paint, food industry, for

heating cooking purposes (Kilic 2013).
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The factor that makes the jet impact technique attractive is providing high heat transfer on a
limited surface. Thus, very high rates of heat transfer can be obtained with minimum flow.
Especially, it provides high heat transfer locally on the surface to be cooled in small-sized
systems. In the impact air-jet technique using in surface cooling, the air is sprayed on the
surface to be cooled by pressure. For this purpose, ringlets or nozzles of various diameters are
used. Air impinging the surface creates a high heat transfer coefficient on the surface. The jet
impact is used to gain a high local heat transfer coefficient between the fluid and the surface,
and it also provides energy savings due to significant increases in heat transfers. In general,
impinging jets are sprayed from D-diameter circular or W-extensiveness rectangular nozzle at
a certain velocity and temperature. The impinging jet a flat surface is divided into 3 zones.
These are the free jet zone is the stop or stagnation point zone and the wall jet zone (Kilig

2013; Elibol and Tiirkoglu, 2017). The parts of the impacting jet are shown in Figure 1.6.

D
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Figure 1.6. Flow structure of a jet impacting vertical to a flat surface (Hoffman et.al., 2007).

In the Free Jet Zone,

As the distance from the nozzle exit rises, the momentum transfer among the surrounding
with the jet increases. This case causes the free boundary of the jet to expand gradually and
constant velocity core to the contraction in a conical manner. Below the constant velocity

core, the velocity is not constant across the entire jet section in the free jet zone, and the
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velocity decreases with distance from the nozzle outlet. With its general structure, this flow
zone is defined as the "free jet zone".

Impact Zone (Stagnation Point),

The axis line of the jet is intersecting with the impact surface in jets that impact vertical to the
target surface. At this point, the jet loses its axial velocity; this point is called the "stagnation

point". The highest heat transfer occurs at the stagnation point.

Wall Jet Zone

This zone is accelerates again with the momentum transfer of fluid. The flow is affected from
the target surface impact of the jet in the impact or stops zone. As a result of this, the velocity
slows down in the vertical (y) direction and accelerates in the horizontal (x) direction (Elibol
and Tirkoglu, 2017).

1.6.2. Multiple Impinging Jets

There are available many applications for single jet impact in the industry. In addition to this,
the use of multiple jets a surface impact are also common. Multiple jets are used in many
applications such as cooling of electronic equipment, cooling of turbine blades, and anti-icing
systems in the aircraft industry (Medina 2008). Figure 1.7 shows the interaction of multiple

jets.

Upper
Actversa
Vortaxes

Lower

Vortexas

Figure 1.7. Interaction of multiple jets (Medina 2008).

In Figure 1.7, two reverse vortex zones were formed in the interaction between multiple jets.
The fluid dynamics of a single jet collision is a complex issue, but the dynamics of multiple

jets are more complex due to encounter and interaction. As a result, the performance of the
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single impact jet (on average Nu) is higher than the performance of multiple jets. Figure 1.8

shows jet combination and jet separation.
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Figure 1.8. a) Jet interaction, b) Jet split or fountain effect (Medina 2008).

In Figure 1.8., two different types of interaction between multiple jets are defined. The jet
interaction occurs before impact, this effect decreases the strength of the jet effect and, as a
consequence, the overall heat transfer impairs. The jet split consists of an encounter of two
adjacent wall jets. This situation continues cyclically between the fountain jet and the center

jet. Consequently, the heat transfer of the jet array is impaired due to the drift effect (Medina

2008).
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The aim of this thesis improves the heat transfer from a moving copper plate with high heat
flux by using different types of nanofluid and impinging fluid jet technique. Thus, it was
aimed to increase the heat transfer from the surface by planning to use the common effect of

nanofluids in addition to the impinging jet technique.

PHOENICS CFD program was used for numerical analysis. In order to improve the heat

transfer in the study, in accordance with the system geometry:

The effects on heat transfer has been studied of below elements:
= Different Reynolds numbers of Cu-H,O nanofluid (Re= 12000,14000,16000,18000)
= Different particle diameters of Cu-H,O nanofluid (D,= 10nm, 20nm, 40nm, 80nm)
= Different particle diameters of Al,O3-H,0 nanofluid (D,= 10nm, 20nm, 30nm, 40nm)
= Different plate velocities of Al,O3-H,O nanofluid (Vpiae= 0m/s, 2m/s, 4m/s, 6m/s)
= Volume ratios of Al,03-H,0 nanofluid (¢= 0.5%, ¢ = 1%, ¢ = 1.5%, ¢ =2%)
= The effect of heat transfer of different types of nanofluids (Cu-H,0, Al,03-H,0, TiO,-

water) has been investigated.

In the current studies in the literature, there are some separately studies on the determination
of the material characteristics of nanofluids and the effect on heat transfer of impinging jets.
In this study; unlike the studies in the current literature, nanofluids were used with the
impinging jet technique and it was aimed to investigate the effect of the common effect on

heat transfer.
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2. LITERATURE REVIEW

In this thesis, it is aimed to cool the surface of a moving copper plate with high heat flux by
using the nanofluid and impinging jet effect together. Although there are separate studies on
nanofluid and impinging jets in the literature, the number of studies in which the two effects
are used together is very few. In this study, the literature research was examined in 2 stages.

In the first stage is studies examining the thermophysical properties of the fluid and the
change in heat transfer in the case of using nanofluid. In the second stage, studies involving
the change in heat transfer when using the nanofluid and impinging jet effect together were

examined.

2.1. Literature Review on Nanofluids

Choi (1995) the idea of nanofluid was first proposed by Choi and stated that it improves heat
transfer. Sarkar et al. (2015) and Kasaeian et al. (2015) conducted studies to identify the
physical and thermal properties of nanofluids. Suresh et al. (2011) and Assef et al. (2014) the
first engineering applications of nanofluids whose physical and thermal properties were
determined. Selvakumar and Suresh (2012) cooling of electronic systems, Hadad et al. (2013)
nuclear reactors, Devdatta et al. (2009) building heating and cooling systems, Ho et al. (2010)
researches have been started to improve the heat transfer of nanofluids in many engineering

applications such as boiling application.

Khan et al. (2021) compared experimentally the thermal conductivity of TiOy/water mono
nanofluid with TiO,-Ag/water composite (hybrid) nanofluid. Different fluid temperatures
(35°C, 40°C, 50°C, 60°C) and different volumetric concentrations (0.1, 0.2, 0.3, 0.4) are
parameters examined in the study. According to this study, it was determined that the thermal
conductivity fluids increased with the increase of nanofluid temperature and nanoparticle
volumetric concentration, but the thermal conductivity of nanocomposite fluid was higher
than that of mono nanofluid. A maximum improvement of 18.4% was achieved at 4%

volumetric concentration and at 60°C for TiO,/water nanofluid.

Peyghambarzadeh et al. (2011) analyzed the effect on heat transfer when adding pure water
and pure ethylene glycol (EG) Al,O3; nanoparticle as the base fluid in the vehicle radiator.

According to the results of the experimental, it has been stated that in the case of using
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nanofluid in base fluids, it provides an increase of approximately 40% compared to the base
fluid.

Sundar et al. (2013) examined experimentally the thermal conductivity of the Fe3O4 magnetic
nanoparticle and the nanofluid based on a mixture of Ethylene Glycol /Water. The mixture of
ethylene glycol and water was studied in different base fluids such as 20:80%, 40:60% and
60:40% by weight. As a result; it was determined that thermal conductivity increased with the
increase in particle concentration and temperature. The highest increase in thermal
conductivity (at 2.0% particle volume concentration, at 60°C is 46% in 20: 80% EG/W based
working fluid.

Nguyen et al. (2008) studied experimentally the effect of Al,Oz-water nanofluid on dynamic
viscosity. Two distinct particle sizes, 36 and 47 nm, were examined. As a consequently; it
was determined that 36 and 47 nm Al,Os-water nanofluids at 4% particle volume
concentration showed almost the same viscosity, but when the volumetric concentration was
increased, 47 nm nanoparticulate nanofluids were found to have a higher viscosity value than

the nanofluids formed with 36 nm particles.

Umer et al. (2015) examined the heat transfer from a surface at a different volumetric
concentration by using CuO-water nanofluid. Consequently, it has been determined that as the
particle volume concentration increases and the Reynolds number increases, the heat transfer

coefficient also increases and the highest increment in the heat transfer coefficient is 61%.

Keblinski et al. (2002) researched the effect of nanoparticle sizes on thermal conductivity.
They determined that as the particle diameter decreases, the thermal conductivity increases,
but this increase cannot be explained by existing theories. 4 predictions have been identified
to explain this situation. These are Brownian motion of the particles, the layering of the liquid
at the liquid/particle interface at the molecular level, the nature of the heat transfer in
nanoparticles and the nanoparticle aggregation effects. As a result, they determined that the

key factor in understanding the thermal properties of nanofluids is ballistic, not diffusive.

Naraki et al. (2013) experimentally examined the change in heat transfer by using CuO-water

nanofluid in a vehicle radiator. The effect of different volume ratios (0%-4%) of nanofluids
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has been investigated. As a result; it was determined that the heat transfer coefficient of
nanofluid is higher than the base fluid. It was determined that as the volumetric ratio
increased, the total heat transfer coefficient also increased, and as a result of increasing the
volumetric concentration from 0% to 4%, there was an 8% increase in the total heat transfer

coefficient.

Lee et al. (1999) measured the thermal conductivity value of the nanofluids formed with
Al,O3 and CuO nanoparticles using the temporary hot wire method. The study is an
experimental study. The experiments were compared with the Hamilton and Crosser model
and it determined that the thermal conductivity for Al,03-H,O nanofluid can be predicted, but
it is not compatible for nanofluids with CuO nanoparticles. Finally, they determined that
thermal conductivity increases with the addition of nanoparticles and particle shape and size

are important to increase the thermal conductivity of nanofluids.

Zhang et al. (2014) researched experimentally the heat transfer properties of TiO,-water
nanofluid in a multi and mini-channel straight tube. The parameters examined in the study are
different nanoparticle diameters (dp=10, 30, 50 nm) and different volumetric ratios (0.005%-
1%) of the TiO, nanoparticle. As a result; It was determined that as particle diameter (dp)
increased, Nusselt number (Nu) decreased, but as the volumetric concentration increased, Nu
number was not changed. In the case of particle diameter dp = 10 nm and volumetric
concentration 0.01%, it has been determined provide an increase of 61% in the Nusselt

number, which is the best heat transfer performance.

Wang et al. (2006) numerically investigated the behaviour of single-phase and multi-phase
nanofluid at different Re numbers (Re = 2000-12000) for Cu-H,O nanofluid. The addition of
nanoparticles to the basic fluid considerably affects the fluid characteristics beyond increasing
the heat conduction coefficient, therefore, turbulence models used for single-phase flow (k-¢,
k-, RNG, etc.) cannot model the flow sufficiently, instead SST k-o turbulence model, it was
stated that multiphase models such as Eulerian-Eulerian turbulence model should be

preferred.

Sun et al. (2020) experimentally investigated the effect of Fe;O4-water magnetic nanofluid on

heat transfer. The effects of magnetic field gradient, magnetic flux density, and different

22



magnetic field orientations to local Nusselt number were investigated. According to this
study, it has been determined that rising the magnetic flux density and magnetic field
gradient can provide a considerable development in convective heat transfer. Fe;O4-water
nanofluid at 0.5% volumetric concentration provided an increase of 4.36% in the local Nusselt
number. If the magnetic field is 700 Gauss, an increase of 7.19% was observed in the local
Nusselt number. In addition, it has been determined that the reason for the increase in
convective heat transfer is the emergence of a chain-like structure. Flow disorder caused by

magnetic field has been determined to increase the pressure drop.

Lahari et al. (2018) studied the effect of different volumetric ratios (0.5%, 1.5%, 2.0%) of
TiO,-ZnO/water hybrid nanofluids on heat transfer in a double-pipe heat exchanger.
According to the results of the experiment; the thermal conductivity of TiO, nanofluid has
increased by 14.8% at 1.5% volumetric concentration compared to the water (base fluid) , and
when the volumetric concentration is 2%, the thermal conductivity of volumetric
concentration is 27.9%. The thermal conductivity of ZnO nanofluid has raised by 11.5% at
1.5% volumetric concentration compared to the water, and when the volumetric concentration
IS 2%, the thermal conductivity of volumetric concentration is 18.1%. It has shown significant
improvement in both heat transfer rate and heat exchanger efficiency at the same volumetric
ratios. It has been determined that the thermal conductivity and efficiency of the heat
exchanger, TiO, and ZnO hybrid nanofluids increase 40.9% and 13.5% respectively at 1.5%

volume ratio.

Nguyen et al. (2008) studied experimentally the effect of Al,Os-water nanofluid on dynamic
viscosity. Two distinct particle sizes, 36 and 47 nm, were examined. As a consequently; it
was determined that 36 and 47 nm Al,Oz-water nanofluids at 4% particle volume
concentration showed almost the same viscosity, but when the volumetric concentration was
increased, 47 nm nanoparticulate nanofluids were found to have a higher viscosity value than

the nanofluids formed with 36 nm particles.

Xuan and Li (2000) examined the_impact of nanoparticle volume change, particle diameter
and particle geometry on heat transfer for Cu-water nanofluid. It has been determined that if
the volumetric ratio is increased from 2.5% to 7.5%, the nanofluid thermal conductivity

coefficient increases from 1.24 to 1.78.
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2.2. Literature Review on Impinging Jets

Teamah et al. (2015) researched the heat transfer and flow structure formed by the impact of
Al,Os-water nanofluid against a flat plate numerically and experimentally at different
Reynolds numbers (Re = 3000-32000) and nanofluid volume ratios (o= 0-10%). As a result,
as the volumetric ratio of nanoparticles in the fluid increased, heat transfer increased. This
increase was found to be a 62% improvement compared to the base fluid. It was observed that
if CuO-water nanofluid is used instead of Al,Os-water nanofluid, heat transfer can be

increased by 8.9%, and if TiO,-water nanofluid is used, an increase of 12% can be achieved.

Choo and Kim (2010) investigated the_impact of confined and unconfined impinging jets on
heat transfer experimentally and numerically. Air and water are used as fluids. As a
consequence, it has been determined that at constant pump power, the restricted jet flow

performs similarly to the unrestricted jet flow.

Boudraa and Bessaih (2020) numerically studied the flow and heat transfer effects of a hot
cubic block exposed to turbulent flow using the impinging jet. The parameters examined in
the study are the effect of Reynolds value (Re=1,1.5,2) on heat transfer, channel height and jet
axis position. According to the result of the study; there is an increment in heat transfer with
increasing Reynolds value and the best increase is Re=1 value. A decrease in the channel
height significantly increased the heat transfer rate. When the position of the jet axis is

towards the inlet of the channel, it has been observed that there is an increase in heat transfer.

Kilic and Ali (2019) investigated the heat transfer and flow properties when using nanofluids
and multiple jets. As a result; when the nanofluid volumetric ratio was increased from $=2%
to $=4%, the average Nusselt number increased by 10.4%. They determined that the positions
of the multiple jets were effective in heat transfer and that the Cu-water nanofluid showed the

best heat transfer performance.

Lv et al. (2017) Al,O3-water nanofluid has different volumetric ratios (0.5%, 1%, 1.5%, 2%)
at different impact angles (6 =50° 70° 90°) and different Reynolds numbers (Re=5000-
14000) has examined its effect experimentally. They found that Al,Os-water nanofluid could
provide 61.4% enhancement in heat transfer compared to pure water with H/Dp=4, 2%

volumetric ratio, Re=12000 value.
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Kilic and Efeoglu (2019) examined the heat transfer change caused by the impact of the
impinging fluid jet on a moving plate with high heat flux. Different types of nanofluids
(Al,03-H,0, TiO,-H,0, pure water) and different volume ratios (¢ = 0.5, 1.0, 1.5, 2.0) are the
parameters studied in the study. According to the study, it was determined that as the
nanofluid volumetric ratio increased, the average Nusselt number increased and the surface
temperature decreased, but it was determined that this increase in the average Nusselt number
continued as to decrease for increasing volumetric ratios. In the case of using different
nanofluids, it was determined that the best heat transfer performance was Cu-H,O nanofluid.
In the event of using Cu-H,O nanofluid; the average Nusselt number increased by 2.9%
according to TiO,-H,0, 3.1% according to Al,03-H,O nanofluid and 7.7% according to pure

water.

Sun et al. (2016) investigated the change in heat transfer of an impinging jet created with CuO
nanofluid. As a result, it has been determined that when using nanofluid, a significant increase
can be achieved in heat transfer compared to using only water. It has been found that there is
no significant change in pressure drop. A higher heat transfer coefficient was obtained when a
circular nozzle was used instead of a square-shaped nozzle. It has been determined that the

highest heat transfer is obtained when the jet angle is 90°.

Kilic and Ozcan (2017) examined the effect on heat transfer when using multiple jets and
different types nanofluids on a surface with high heat flux. As a result, they determined that
the increment in the Re number and the reduction in the particle diameter caused an increase
in heat transfer, and in the case of using Cu- H,O nanofluid, an increase of 9.3% compared to

Al,O3 -water nanofluid and 8.4% compared to TiO-water nanofluid could be achieved.

Dagtekin and Oztop (2007) investigated numerically the effect of double jet flow in
isothermal walls on heat transfer in a laminar flow regime. The jet Reynolds numbers, the
position on the wall of the jet fluids, and the distance of the jets to each other are parameters
examined in the study. Air was used as fluid (Pr=0.71). As a result of the effect of two jets in
the channel, a multi-layered flow occurred in the impact zone. The average Nusselt number
increased linearly with increasing Reynolds number. It has been observed that heat transfer

increases significantly when the Reynolds number of the first jet is greater than the second jet.
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To sum up, It has been determined that as the two jets approach each other, the effect of the
second jet decreases and behaves like a single jet.

Nguyen et al. (2009) experimentally investigated the heat transfer performance from a heated
surface by using Al,Os-water nanofluid with a limited and submerged impact jet.Particle
volumetric ratio and the distance of the jet from the heated surface for both laminar and
turbulent flows are the parameters studied in the study. The nozzle diameter is 3 mm and the
distance from the nozzle to the heated surface is between 2.5 and 10 mm, the particle volume
ratio is between 0 and 6%. Consequently; it has been determined that if the particle volume
ratio is 2.8% and the jet-surface distance is 5 mm, the highest surface heat transfer coefficient

can be obtained.

Barewar et al. (2019) examined experimentally the heat transfer properties of ZnO-water
nanofluid at different jet-plate surface distance (2-7.5) and different volume concentration
(9=0.02% - 0.1%) by impacting the heated copper plate surface. As a result; as the particle
concentration increases, the heat transfer increases, and when the volumetric concentration is
¢=0.1%, there is a 51% increase in heat transfer compared to pure water for the ZnO
nanofluid. It has been determined that there is maximum improvement in heat transfer when

the jet-plate distance H/Dy=3.5 at the nanofluid ¢ = 0.1% volumetric concentration.

Nayak et al. (2016) compared the thermal performances of Al,0O3 and TiO, nanofluids and
they investigated experimentally the effect of two impacting nanofluid jets at different
volumetric ratios (0.01%, 0.03%, 0.05%, 0.07%) on heat transfer. As a consequence, it has
been determined that these two different nanofluids show similar performance, the rise in heat
transfer is due to the behaviour of the nano-particles in the flow rather than the increase in the
heat transfer coefficient, so Al,Os-water nanofluid has a better performance than TiO,-water

nanofluid because it can provide a more homogeneous distribution.

Kilic et al. (2017) researched the cooling effect of a flat plate with constant heat flux with the
help of an impinging air jet. Dimensionless channel heights and different Reynolds numbers
are parameters investigated in the study. As a result, by increasing from Re=4000 to Re=
10000, the average Nusselt number increased in the range of 49.5%. It was determined that by

increasing the jet plate distance between H/Dy, = 4-10, an increase of 17.9% was achieved.
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Kilic and Baskaya (2017) analyzed numerically the improvement of heat transfer on the
surface with constant heat flux by using impinging fluid jet and flow baffler of different
geometries together. In the study, the flow and heat transfer in the channel with and without
flow diverter was investigated for different Reynolds numbers and the jet hydraulic diameter
(H/D) ratios of the channel height. According to the results of the study, by using the
impinging fluid jet and different geometry flow baffler together; it has been observed that an
increase of up to 28% can be provided in heat transfer, depending on the case of not using
flow baffler. Furthermore, it has been determined that the heat transfer increases with the

increase in the Re number.

McGuinn et al. (2007) examined the heat transfer provided by the nozzle with two different
outlet geometries (flat outlet and shaped). This study is numerical and experimental as an
examined. As a consequence, it has been observed that the shaped nozzle provides a more
effective heat transfer compared to the flat nozzle. It has been determined that the heat
transfer on the surface is not only due to the turbulence that occurs but also to the geometry of

the flow coming to the surface.

Kareem et al. (2019) investigated experimentally when using the CuO-water nanofluid with
impinging jet technique, the hydrodynamic property of flow and its effect on heat transfer.
Different Reynolds numbers (Re=1000-8000) and particle concentrations (¢ =0.1-0.3) are the
parameters examined in the study. Consequently, heat transfer increased as both particle
volume ratio and Reynolds number increased. It was determined that increasing the distance
between the nozzle-target plate caused the Nusselt number to decrease, and the maximum

increase in Nusselt number was 2.9% and the minimum increase was 0.87.

Abdelrehim et al. (2019) numerically studied the heat transfer and flow analysis of a single
impact jet. They investigated the effects of nanoparticle volume concentration (@=0-4%),
Reynolds number (Re=100-400), and jet height ratio (H/W=0.5-4) and on local and mean
Nusselt number. As a result, the Nusselt number increased as both Reynolds and volumetric
concentration increased. If the volumetric ratio is = 4% and the jet height ratio is H/W = 4, a

maximum increase of 150% in the average Nusselt number was found.

27



Kilic and Efeoglu (2019) investigated the effect of the joint effect of nanofluid and impinging
jets on heat transfer by impacting a moving plate with high heat flux. Different nanofluid
particle diameters (Dp=10, 20, 30, 40 nm) and different plate velocities (Vpiae=0, 2, 4, 6 m/s)
are the parameters examined in the study. Al,O3-H,0O nanofluid was used as the basic fluid in
the study. Consequently; it was determined that as the particle diameter decreased, the
average Nusselt number increased and the surface temperature decreased, and the best heat
transfer performance was D, =10 nm. It has been determined that as the plate velocity rises,
the average Nusselt number increases, but this increase continues by decreasing as the plate
velocity increases. The increase in Nuayg In the range of Vpae=0-2 m/s was 40.9%, the
increase in Nuayg in the range of Vyae=2-4 m/s was 23.9%, and the increase in Nuayg in the

Vplae=4-6 m/s range was 8.1%.

Ersayin and Selimefendigil (2013) investigated the heat transfer and flow properties of
vibrating and non-vibrating flow of the impinging jet formed for Al,O3z-water nanofluid on a
moving plate. In numerical simulation, nanoparticle volume ratio (¢=0,2,4,6), plate velocity
(Upiate=0.25,0.5,1,2) Reynolds number (Re=100,200,400), and nanoparticle vibration
frequency (1Hz, 2Hz, 4 Hz ,8Hz) values were studied. While the plate velocity is changing,
the nanoparticle volumetric concentration is taken as ¢=4% and the Reynolds value is Re=
100. As a consequence, it was determined that while the plate is stationary, the impacting jet
forms two symmetrical vortexes on the right and left sides of the plate. However, as the plate
moves in the + x-direction, the thermal and velocity streamlines bend to the right. The
stopping points of the jet flow were more apparent at low plate velocities. It was determined
that the Nusselt number was maximum at these points, but this effect decreased with
increasing plate velocities. It was determined that the total heat transfer rate increased as the
nanoparticle volumetric concentration increased. It has been found that increasing the total

heat transfer velocity with increasing the frequency for the vibratory jet impingement.

Buonomo et al. (2019) numerically investigated the flow and heat transfer analysis with the
impinging jet technique of Al,Os-water nanofluid on a heated moving surface. Water and
Al,Os-water nanofluid are used as working fluids. The k-¢ turbulence model of ANYSYS
FLUENT package program was used for the numerical model. Two geometric structure were
created for two values of the jet target surface distance (H/W=6-10) in the research. The

concentration of nanoparticles was researched in the range of ¢$=0%-6%, the Reynolds
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number was investigated at Re = 5000, 20000 values, and the plate velocity was investigated
in the range of U,=0,0.8,2 m/s. As a consequence, the moving plate decreased the local
Nusselt number at the impact point substantially. The Reynolds value and plate velocity as
increased, the average Nusselt number increased. The local Nusselt number increased, the
volumetric ratio and jet--target surface distance ratio as increased. In the case of using
nanofluid, in viscosity occurred an increase, so causing more entrainment of the moving plate.

Thus, it has been determined that there is a greater mass flow rate from the moving surface.

Sharif and Banerjee (2008) numerically investigated the effect to heat transfer of a jet
impinging to a heated moving plate. Jet outlet Reynolds number (Re=5000-20000), different
plate velocities (Upiae=0-2 m/s) and jet- target plate distance (H/W=6-8) are the parameters
examined in the study. The standard k-¢ turbulence model was used for numerical analysis.
As a result, when there is no movement in the plate and the jet hits the plate, two counter-
rotating primary vortices were formed on either side of the jet. It has been determined that the
increase in Jet Reynolds number and plate velocity provides a significant increase in the

average Nusselt number.

Basaran and Selimefendigil (2013) studied numerically the heat transfer of jets double
impinging to a moving plate heated for a laminar flow in a rectangular channel. Water and
Al,Os-water nanofluid were used as working fluid. The effects of jet outlet Reynolds number
(Re=50-200), plate velocity (Up=0, 0.5, 1, 2 m / s) and nanofluid volumetric ratio (¢p=0% -
6%) were investigated. FLUENT package program was used for numerical analysis. As a
result, the Nusselt number increased as the plate velocity increased. The maximum increase in
Nusselt number was obtained near the impact zone in the stationary plate at the exit in the
moving plate. As the Re number increased, the thermal boundary layer became thinner and
thus the heat transfer increased. It has been determined to increase the Nusselt number with

increasing the nanoparticle volumetric ratio.
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3. MATERIALS AND METHODS

In this study was numerically investigated the improvement of heat transfer from a moving
surface with high heat flux by using the impinging fluid jet technique of nanofluids. The
numerically is handled problem is solved regardless of time in cartesian coordinates. Elliptic
equation type and shifted cell structure are used in the formulation of the equations.
Mathematically steady viscous flows have an elliptical structure. This means that the values at
one point of the flow are affected from the surrounding points. The hybrid scheme is used as
the discretization process algorithm. This scheme is a scheme that combines the precision of
the central differences scheme with the stability of the upwind scheme. It was used with the
SIMPLEST (SIMPLEShorTened) algorithm, which is a variation of the SIMPLE algorithm as

there is no direct equation for pressure.

The target plate dimensions are modeled as 110x40x32 cm (length x width x height). These
dimensions were chosen for model the cooling using nanofluid and the impinging jet of a
moving plate, which is high heat flux on the surface. The constant heat flux on the surface of
the plate placed on the x-y plane is 222000 W/m?. The nozzle hydraulic diameter is Dy=3.5
mm. For this numerical analysis, the low Re number k-¢ turbulence model of PHOENICS
HAD program was used. This model is preferred in confined impinging jet applications since

it can obtain results compatible with the test results at the applied Reynolds value.

In the literature (Hremya et al. 1998) it is seen that the low Re number k-¢ turbulence model
gives the best results at Re=15000, but can be used up to Re=50000. For this reason, the
operating range of Re value has been chosen as values close to this value in order to meet

model criteria.

3.1. Model Geometry

Conservation of mass, momentum and energy equations are given in accordance with
boundary conditions, the model is in continuous conditions. The heat transfer to the
environment with radiation has been neglected, only the heat transfer with turbulent, forced

convection is taken into account.
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Conservation equations:
g
% 3.1)
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pU, —F=——+—| u| —+— |—pu;
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(3.2)
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5oL X (3.3)
Transport equations of the model:
- oU. _
pUis—k=aiKu+iJ§—k}+u{gu' V- ’](?;J.' —pe
X, OX; o, )OX: X; X ) OXj (3.)
- oU. _ 2
pU; s_gzai{[lﬁ'i]g_g}" flclluts((ZUI + axl JZ;JI - fzczp%
X, OX: o, ) OX; X; i J. (35)
Turbulent kinetic viscosity:
k2
“’t = fyCyp_
& (3.6)

o, =100; o,=1314; C,=144; C,=192; C,=0.09

The damping functions of the Lam-Bramhorst low Reynolds number k-& model are presented

in the equations below.

f, =[L—exp(-0.0165Re,)] (1+ 255}

& (3.7)

-[12]
. (3.8)
f, =1-exp(—Re?) (3.9)
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In here,

2
Ret = &
pe (3.10)

_ pk%z
H (3.11)

Re

z

Jet inlet temperature is modelled as T;=20°C. Model geometry is shown in Figure 3.1 and

mesh structure is in Figure 3.2.
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Figure. 3.1. CFD Model Geometry.
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Figure. 3.2. Mesh Structure.
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Boundary conditions in this study are shown below (Table 3.1)

Table 3.1. Boundary Conditions.

Jet

Plate

Outlet

Front
Wall

Upper
Wall

(TiWer)®

k=0

2
(CuCa) I

In this study, a mesh number of 110x40x32 (140.800) was used. The cell structure is adjusted
according to the flow conditions, and the cells are concentrated on the surface of the jet inlet
and the copper plate in order to obtain a more sensitive result. The iteration number was
examined between 1000 and 5000 and the cell number was studied between 25 and 34.
Accordingly, when the number of cells is 110x40x32 and the number of iterations is 3000, it

has been observed that the results are independent of the number of cells and iterations.

Numerical model, Li Q. et al. (2012) has been verified according to the results of their
experiment. As seen in Figure 3.3, the difference between the numerical model and

experimental results is below 5% for Re=12000. In the current study, Re=16000 has been

studied.
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Figure. 3.3. Comparison of the numerical model.

3.2. Mathematical Formulation
Heat transfer from the plate surface will occur with, convection, conduction and radiation.

Conduction and convection heat losses are neglected in the calculations.

Qconvection = Qtotal - Qconduction - Qradiation (312)

Heat transfer from the surface with convection;

Qconvection = hAAT (3. 13)

As shown here, h is the heat transfer coefficient, A is convection surface area, AT (AT=Tsyrtace-
Tou) IS the difference between the measured surface temperature and the fluid average

temperature.

Nusselt number (Nu) is a dimensionless parameter showing the ratio of convective heat
transfer to conduction heat transfer. Therefore, the Nusselt number indicates the improvement
in heat transfer in the fluid layers. The local Nusselt number indicates the improvement in
locally occurring heat transfer, while the average Nusselt number indicates the improvement

in heat transfer over the whole plate surface. Nusselt number;

Nu = (Qconvection Dh )
(Ts _Tjet)'knf (3 14)
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As shown here, Dy, is the hydraulic diameter, Ts is the measured surface temperature, Tie is the

jetinlet temperature, and, k. is the nanofluid thermal conductivity coefficient.

The Reynolds number (Re) is used to determine whether the flow is laminar or turbulent in
forced convection. Reynolds number based on turbulent flow;

— (O 'Vjet'Dh)
(/unf )

Re (3.15)

As shown here, p,_ is the nanofluid density, Vi is the jet outlet velocity, Dy, is the hydraulic
diameter, and . is the nanofluid dynamic viscosity. Density of the nanofluid is (Pak ve Cho,

1998);

P =1=9).05 + 0.0, (3.16)

As shown here, ¢ is the nanofluid volume ratio, p,, is the basic fluid (water) density, and p,
is the density of the solid particles in the nanofluid. Volumetric ratio of the nanofluid is;
1

= 3.17
= W), —py) 8.17)

As shown here, o is the difference between the densities of the nanofluid and the basic fluid
(water). Specific heat of nanofluid is (Wang et al., 2006);

0.(pC,), +(1-9).(pC,);
C = PP P 3.18
P (pnf) ( )

As seen here, ¢ is the nanofluid volume ratio, C) is the specific heat of the particle, Cy is

the specific heat of the base fluid. The thermal conduction coefficient of the nanofluid is
(Corcione, 2011);
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As seen here Re, is the nanoparticle Reynolds number, Pr is the Prandtl number of the base
fluid. T is the temperature of the nanofluid (K), and T is the freezing point of the base fluid.
kp is the thermal conduction coefficient of nanoparticles, ¢ is the particle volume ratio.

Nanoparticle Reynolds number is;

2p.k T

Re, = 2100 (3.20)
ﬂ;ubf d p

ky is Boltzmann constant.

Dynamic viscosity of nanofluid is formulated as follows (Batchelor 1977);

Hog = Hog (L+ 2.5+ 4.698¢°) (3.21)

As shown here, g is the dynamic viscosity of the base fluid, ¢ is the nanofluid volumetric

ratio.

3.3. Verification of Numerical Results

In this thesis, the cell structure is adjusted according to the flow conditions, and the cells are
concentrated on the jet inlets and the surface of the copper plate in order to obtain a more
sensitive result. The iteration number was studied between 1000 and 5000; the cell number

was studied between 25 and 34 (in the z-direction).

According to this, when the number of cells is 110x40x32 and the number of iterations is
3000, it has been seen that the results are independent from the number of cells and the
number of iterations. In Figure 3.4 and Figure 3.5, the independent graphs from the cell

number and iteration number are given.
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Figure. 3.5. Independence from the iteration number.

Reynolds values are between 12000-18000 in the current study. The low Reynolds number k-
€ model, which is the turbulence model we use in turbulent flow modelling, needs a different
cell structure than the standard k-& model since it does not use wall functions. In the light of
this information, the density of the cells was increased in order to capture the changes in the
boundary layer and to model the viscous substrate boundary in the areas close to the impact

plate in the solution area.
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It has been determined that the difference between the numerical results and the experimental
results obtained in the case of using the low Re number k-¢ turbulence model is less than 5%
for Re=12000. The low Re number k-¢ turbulence model was compared with the standard k-¢
turbulence model and the standard k-o turbulence model, and it was found that it could better
represent the experimental results. Comparison of numerical results obtained by using
different turbulence models for Cu-H,O nanofluid with experimental results is shown in

Figure 3.6.
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Figure. 3.6. Comparison of model results with experimental results (¢ = 1.5%) for Cu-H,O
nanofluid (Li et.al., 2012).
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4. RESULTS AND DISCUSSION

In this section, the numerical results were taken for 6 different parameters. The thesis study

was examined in two stages. In the first stage, the Cu-H,O nanofluid was studied for a

stationary plate and the model was verified, in the following study, the heat transfer and flow

properties in both a moving and stationary plate of the Al,O3-H,0 nanofluid were examined.

a)

b)

Stationary Plate

Effect to heat transfer at different Reynolds numbers of Cu-H,O nanofluid (Re=
12000, 14000, 16000, 18000; Vpjae=0 m/s)

Effect to heat transfer at different particle diameters of Cu-H,O nanofluid (D,=10nm,
20nm, 40nm, 80nm; Vpiae=0 m/s)

Moving / Stationary Plate

Effect to heat transfer at different particle diameters of Al,O3-H,O nanofluid (Dp=10
nm, 20nm, 30nm, 40nm; Vpjae=2 m/s)

Effect to heat transfer at different plate velocities of Al;O3-H,O nanofluid (Vpae=0
m/s, 2 m/s, 4 m/s, 6 m/s)

Effect to heat transfer at different volume ratios of Al,03-H,0 nanofluid (¢ =0.5%, ¢
=1%, ¢ =1.5%, ¢ =2%; Vplae=2 M/s)

Effect to heat transfer of different types of nanofluids (Cu-H,0, Al,03-H,0, TiO,-

pure water; Vpiae=2 m/s) was investigated.

4.1. Effect to Heat Transfer at Different Reynolds Numbers of Cu-H,O Nanofluid
In this parameter, the effect on heat transfer of different Reynolds numbers was researched for

an impinging jet created using Cu-H,O nanofluid (20 nm particle diameter, 4% volumetric
ratio) (Re=12000, 14000, 16000, 18000). The effect to the local Nusselt number of jets on

different Reynolds numbers is shown in Figure 4.1.
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Figure. 4.1. Change of local Nusselt number at different Reynolds numbers (dp=20 nm and
¢= 4%) of the Cu-H,O nanofluid.

Reynolds (Re) number was increased from Re=12000 to Re=18000, and the average Nusselt
Number (Nuayg) also increased, but it was determined that this increase continued to decrease.
In the impact zone, the local Nusselt number decreased somewhat due to the decrease in
velocity as expected. The local Nusselt number due to the velocity to depend on the
momentum transfer at the beginning of the wall jet zone has been highest level. Local Nusselt
number decreased due to surface friction in the wall jet area. The change in local Nusselt
number for different Reynolds numbers was similar. However, the difference in the local
Nusselt number is the highest in the impact, this difference gradually is determined decreases

in the wall jet zone.

Increase in average Nusselt number is 14% value in the range Re=12000-14000; it is 8.9%
between Re=14000-16000 and it is 2.9% between Re=16000-18000. Thus; as a result of
increasing the value from Re=12000 to Re=18000, it was determined that there was an

increase of 28% in the average Nusselt number.

Current result, when compared with the studies in the literature (Lv et al. 2012; Wang et al.
2006), the increase in the number of Re and the increase in heat transfer is similar in the
studies in the literature. In addition, it was determined that the change in the local Nusselt

number in the impact zone and the wall jet region was similar to the studies in the_literature.
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However, compared to the one phase models of two-phase models has been observed that it
represents the physical process better. Temperature contours at Re=12000 and Re=18000
values are shown in Figure 4.2, and velocity vectors at Re=12000 and Re=18000 values are

shown in Figure 4.3.
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Figure. 4.2. Temperature contours of Cu-H,O nanofluid for a) Re=12000 and b) Re=18000
(dp =20 nm and ¢=4%).
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Figure. 4.3. Velocity vectors of Cu-H,O nanofluid for a) Re=12000 and b) Re=18000
(dp=20 nm and @= 4%).

The impact point is the most seen place of the jet effect. The fluid velocity has increased as
the increase of Re number. Increasing fluid velocity enabled the secondary vortexes in this
zone to remain in a more limited area. Therefore, the temperature decrease was higher at the
impact point, but it occurred in a more limited area. The fluid that changes direction after

impact accelerates due to momentum transfer. This situation has protected up to farther
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distance in the wall jet zone of velocity with the Re number increases. Thus, it has determined
to provide up to farther distance the temperature decrease of the fluid accelerated with the
momentum transfer. It has been seen that the thermal boundary layer thickness and surface
temperatures increase due to the decrease in fluid velocity in the zones close to the channel
walls. However, this effect decreases as the Re number increases. Since the impact plate is
copper (material with a high coefficient of thermal conductivity), it has been observed that the
local cooling effect provided on the impact plate rapidly spreads over the whole plate. This

case provides to occur in regularly of the temperature changes on the plate surface.

The result indicated that, when Cu-H,O nanofluid is used (20 nm particle diameter and 4%
volumetric ratio), it has been determined to increase expectedly of the heat transfer with the
increase in the Re number. As a result of increasing the Re number from 12000 to 18000, it

was determined that there was an increase of 28% in the average Nusselt number.

4.2. Effect to Heat Transfer at Different Particle Diameters of Cu-H,O Nanofluid
In this parameter, the copper nanoparticles in the basic fluid in different diameters (D,=10nm,
20nm, 40nm, 80nm) are studied for 4% volumetric ratio, Re=16000. In Figure 4.4, local

Nusselt numbers achieved for different nanoparticle diameters are shown.

—a&——  dp=10nm
........ o TP dp=20nm
— ———— dp=40nm
—-—&-—-  dp=B0nm

Figure. 4.4. Effect to local Nusselt number of different particle diameters.

As the nanoparticle diameter used in the fluid decreases, the surface area/volume ratio of the
particles increases, which causes an increase in the surface area between the solid particle and
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the basic fluid, thus it causes an increase in heat transfer from the nanofluid. Also, in small
diameter particles, the hydrodynamic behaviour resulting from the impact and translational
motion (Brownian motion) also increases the formation of the vortex. This case increases the
hydrodynamic boundary layer and it decreases the thermal boundary layer.

According to these results, when the particle diameter was 10nm, the best heat transfer
performance was obtained. When the particle diameter was reduced from 80nm to 10nm,
there was an increase by 13.2% in the average Nusselt number. The change in the local
Nusselt number is show similarity across the target plate. The local Nusselt number is the
highest level due to the high velocity at the beginning of the wall jet zone however, it is
decreasing gradually due to the decrease in velocity in the wall jet zone. The difference in
local Nusselt number is highest at the beginning of the wall jet zone in the range in particle
diameter.

The reason for this is that in small particle diameter nanofluids has a larger heat transfer
surface area. Furthermore, it has a higher turbulent density due to high velocity. The reduction
in the local Nusselt number is minimum throughout the wall jet zone at D,=10 nm. This is
because; since the particle diameter is small, it is affected to less from the friction effects
between the fluid layers. Temperature contours for D,=10 nm and D,=80 nm are shown in
Figure 4.5, velocity vectors for D,=10 nm and D,=80 nm are shown in Figure 4.6.

Temperature, °C
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Figure. 4.5. Temperature contours of the Cu- H,O nanofluid for a) D,=10 nm and b) D,= 80
nm (Re = 16000 and ¢ = 4%).
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Figure. 4.6. Velocity vectors of the Cu- H,O nanofluid for a)D,=10 nm and b)D,=80 nm
(Re=16000 and ¢=4%).

As the particle diameter decreases; a gradually increasing increase in the average Nusselt
number (Nuayg) Was determined. When the particle diameter is reduced from 80 nm to 40 nm,
Nuayg Was increased by 2%; when the particle diameter was reduced from 40nm to 20nm,
Nuavg Was increased by 6%, and when the particle diameter was reduced from 20nm to 10nm,
Nuavg Was increased by 8%.

The reasons for this are the increase in the nanofluid heat transfer coefficient due to the
reducing particle diameter and the vortexes are created in the regions close to the surface.
These vortexes are occurred by the collision and translational motion (Brownian motions) of

the nanoparticles.

Current result, when compared to the studies in the literature (Li et al. 2012; Feng and
Kleinstreuer 2006), there are not many studies that primarily examine the particle diameter as
a parameter in the literature. Similar to the current studies, an increase in heat transfer was
found to depend on the decrease in nanoparticle diameter also in this study. In the literature,
when reduction of 10 nm in particle diameter, Nusselt number is seen increase by 5.7% (¢=
4% volumetric ratio and D,=20-40 nm). In this parameter had been obtained an increase of

6% under the same conditions.
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The result shows that it has been determined that as the nanoparticle diameter used decreases
in the fluid, the heat transfer increases occur increase in the heat transfer coefficient of the
fluid, the heat transfer increase with increase the particle surface area/volume ratio. It has
been found that when the particle diameter is reduced from 80nm to 10nm, in the average

Nusselt number has been observed an increase of 13.2%.

4.3. Effect to Heat Transfer at Different Particle Diameters of Al,03-H,O Nanofluid

In this parameter, the effect to heat transfer of different particle diameters (D,=10nm, 20nm,
30nm, 40nm) was investigated for an impinging jet created using Al,O3-H,O nanofluid. Jet
inlet temperature is Tine=20°C, Re=16000 and plate velocity is Vpae=2 m/s. In Figure 4.7,
local Nusselt numbers obtained for different nanoparticle diameters are shown. In Figure 4.8,

the change of the average Nusselt number is given.

Figure. 4.7. Effect to local Nusselt number of different particle diameters.
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Figure. 4.8. Effect to average Nusselt number of different particle diameters.

It has been determined that as the nanofluid particle diameter decreases (depending on the
increase of solid particle surface area) the average Nusselt number increases and the surface
temperature decreases. However, this increase in the average Nusselt number has been
continued as decreasing for decreasing particle diameters. It has been determined that when
the particle diameter is reduced in the range D,=40-30 nm that there is a 4.1% increase in the
average Nusselt number, when reduced in the D,=30-20 nm range that there is a 3.7%
increase in the average Nusselt number, when reduced in the D,=20-10 nm range that there is
a 1.1% increase in the average Nusselt number.When it was decreased in the range of D,=40-
10nm, the highest heat transfer increase occurred as an increase of 9.1% in the average
Nusselt number. Temperature contours occurred on the plate surface are shown for D,=10nm

and Dp=40nm values in Figure 4.9.
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Figure. 4.9. Plate temperature contours of AlO3-H,0 nanofluid for a) D,=10 nm and b) D,=
40 nm.
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As a result, it has been determined that as the nanofluid particle diameter reduces_(depending
on the increase of solid particle surface area) the average Nusselt number rise and the surface
temperature reduces. However, this increase in the average Nusselt number has been
continued as decreasing for decreasing particle diameters. When reduced in the D,=40-10nm

range that there is a 9.1% increase in the average Nusselt number.

4.4. Effect to Heat Transfer at Different Plate Velocities of Al,03-H,O Nanofluid

In this parameter, the effect to heat transfer of different plate velocities (Vpiae= 0 m/s, 2 m/s, 4
m/s, 6 m/s) was investigated for an impinging jet created using Al,O3-H,O nanofluid.
Nanofluids have a volumetric ratio of $=2.0. The jet inlet temperature is Tiye = 20°C, and the
Reynolds number is Re=16000. Change of the local Nusselt numbers obtained for different
plate velocities are given in Figure 4.10, and the change of the average Nusselt number is

given in Figure 4.11.

35D

30D

) 200 -
Mz

150

0,00 005 010 0,15 0,20

HK{m)

Figure. 4.10. Effect to local Nusselt number of different plate velocity.
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Figure. 4.11. Effect to average Nusselt number of different plate velocity.

It has been determined that as the plate velocity increases, the local Nusselt number increases,
especially in the impact zone, the high heat transfer effect provided in the impact zone
changes in the opposite direction of the plate movement direction. It was determined that
depend on the increase of the plate velocity also the average numbers are increased, but this
increase continues by decreasing. It has been determined that the local Nusselt numbers
occurring at low velocities are lower for fluid flowing in the direction of plate movement, and

in the opposite direction occurring of local Nuselt numbers are higher.

It can be said that the reason for this is that, the velocity of the flow is in the same direction
depending on the plate movement and the hydrodynamic boundary layer decreases in the

region where is in the opposite direction and due to the heat boundary layer increases.

As the plate velocity increases at different plate velocities, it has been determined that the
average Nusselt number increases prominently. However, it has been determined that this
increase continues by decreasing as the plate velocity increases. It has been determined that as
the plate velocity increases, the hydrodynamic boundary layer increases, so the thermal
boundary layer decreases and the heat convection coefficient increases. When plate velocity is
increased in the range of Vpe=0-2 m/s, increasing in Average Nusselt number is 40.9%;
when plate velocity is increased in the range of Vyiae=2-4 m/s, increasing in average Nusselt

number is 23.9%; and when plate velocity is increased in the range of Vyjae=4-6 m/s,
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increasing in average Nusselt number is determined 8.1%. Figure 4.12 shows the temperature
contours that occur on the impact plate for different plate velocities.
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Figure. 4.12. Plate Temperature contours of Al,03-H,O nanofluid for a) Vpjae=6 m/s and b)

To sum up, it was determined that as the plate velocity increased, the Average Nusselt number
increased prominently. It has been observed that as the plate velocity increases, the
hydrodynamic boundary layer increases and consequently the thermal boundary layer
decreases and the coefficient of the heat convection increases. It has been determined that
when plate velocity is the increased range of V.=0-6 m/s, the average Nusselt number is
increased by 88.9%.

4.5. Effect to Heat Transfer at Different Volume Ratios of Al,O3-H,O Nanofluid

In this parameter, the effect to heat transfer of different volumetric ratios (¢= 0.5%, 1%, 1.5%,
2%) was investigated for an impinging jet created using Al,O3-H,O nanofluid. Jet inlet
temperature is Tine=20°C, Re=16000 and plate velocity is Vpiae=2 m/s. The local Nusselt
numbers are given for different volume ratios in Figure 4.13, and the change of the average
Nusselt number is given in Figure 4.14.
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Figure. 4.14. Average Nusselt numbers at different volume ratios.

It has been determined that as the volumetric ratio is increased, the heat transfer from the plate
Is increased, but this increase continues by decreasing. When the volumetric ratio is increased
in the range of ¢=0.5-1.0, increasing in average Nusselt number is 0.98%; when the
volumetric ratio is increased in the range of ¢=1.0-1.5, increasing in Average Nusselt number
is 0.79%; and when the volumetric ratio is increased in the range of $=1.5-2.0, increasing in
average Nusselt number is determined 0.71%. Temperature contours occurred on the plate

surface are shown for volumetric ratios ¢ = 0.5 and ¢ = 2.0 in Figure 4.15.
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Figure. 4.15. Plate temperature contours of Al,03-H,O nanofluid for a) $=0.5 and b) ¢$=2.0.

As a result; it was determined that as the volumetric ratio of nanofluid increased (due to the

increase of the number of particles in the fluid), the average Nusselt Number increased and

the surface temperature decreased. However, it has been determined that this increase in the

average Nusselt number continues by decreasing for increasing volumetric ratios. When the

volumetric ratio is increased in the range of $=0.5-2.0, it has been determined increase by

2.5% in the average Nusselt number.

4.6. Effect to Heat Transfer of Different Types of Nanofluids
In this parameter, using different types of nanofluids (Cu-H,0O, Al,03-H,0, TiO,-water and

pure water) the effect to heat transfer an impinging jet was investigated. Nanofluids have a

volumetric ratio of ¢=2.0. Jet inlet temperature is Tiner =20°C, Re=16000 and plate velocity is

Vpiae=2 m/s. Table 4.1 gives thermophysical properties of nanofluids at 20 °C.

Table 4.1. Thermophysical properties of nanofluids at 20°C.

Nanofluid Density Specific Dynamic Kinematic Thermal Thermal
p(kg/m®) Heat Viscosity, Viscosity Conductivity | Expansion
Cp(J/kgK) p(Pa.s) (m?s) Coefficient Coefficient
A (W/mK) B (m%/s)

Cu-H,O | 1316.672 | 3148.451 | 0.001099 | 0.000000835 0.6684 0.000161
Al,03-H,0 | 1055.836 | 3931.451 | 0.001044 | 0.000000989 0.6391 0.000154
TiO,-H,O | 1063.236 | 3902.513 | 0.001044 | 0.000000982 0.6378 0.000153
Pure water 998.2 4182.0 0.000993 | 0.00000099 0.597 0.000143
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Local Nusselt numbers are given for different types of nanofluids in Figure 4.16, and the
change of average Nusselt numbers of different types of nanofluids are given in Figure 4.17.
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Figure. 4.16. The effect on the local Nusselt number of different nanofluids.
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Figure. 4.17. The effect on the average Nusselt number of different nanofluids.

It has been determined that nanofluids show similar flow properties in the same volumetric

ratio and Reynolds number.
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It was determined that Cu-H,O nanofluid showed the best heat transfer performance. In the
case of using Cu-H,O nanofluid; it was determined that the average Nusselt number increased
2.9% compared to TiO,-H,0, 3.1% compared to Al,0O3-H,0 nanofluid, and 7.7% compared to
pure water. It has shown in nanofluid, which is the highest heat conduction coefficient of the
highest increase in heat transfer. Therefore, it has been determined the nanofluid heat
conduction coefficient is an important parameter. Also, it has been determined that the use of
nanofluid can provide a significant increase in heat transfer compared to conventional heat
transfer fluids (water). The temperature contours occurring is shown on the impact plate for

different nanofluids in Figure 4.18.
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Figure. 4.18. Plate Temperature contours a) Pure water, b) Cu-H,O.

As a result, it was determined that Cu-H,O nanofluid showed the best heat transfer

performance in the case of using different nanofluids.
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5. CONCLUSIONS

The aim of this thesis study is to examine the heat transfer and flow properties in cooling with
different types of nanofluid, which is heat transfer from a moving plate with high heat flux
using a single air jet. In the current studies in the literature, there are some separately studies
on the determination of the material characteristics of nanofluids and the effect on heat
transfer of impinging jets. Unlike the studies in the current literature, the common effect of
impinging jet and nanofluid were numerically investigated effect at the heat transfer from a

moving plate with the using impinging jet technique.

In order to the cooling of systems with high heat flux;

» The different Reynolds numbers of the Cu-H,O nanofluid

= Different particle diameters of Cu-H,O nanofluid

= Different particle diameters of Al,03-H,0 nanofluid

= Plate velocities of Al,O3-H,O nanofluid

= Volume ratios of Al,03-H,0 nanofluid

= The effect of different types of nanofluids on heat transfer has been investigated.

In the thesis study, the low Re number k-g turbulence model of the PHOENICS computational
fluid dynamics program was used.

In the numerical study, the problem has been defined, the model geometry has been created,
and the necessary calculations have been made on the boundary conditions. The model has
been independent from the number of cells and the number of iterations, after the pre-model
results are seen compatible with the existing studies in the literature, the model study has been
completed in accordance with the model program. Numerical study has been verified and

interpreted with existing studies in the literatiire.

The iteration number was studied between 1000-5000 and the cell number was studied in the
range of 25-34. When the number of cells is 110x40x32 and the number of iterations is 3000,
it has been determined that the results are independent from the number of cells and iterations.

The numerical model has been validated by experimental studies available in the literature.
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According to the result of the study,

In the case of using Cu-H,0O nanofluid (stationary plate), it has been determined that
heat transfer increases with increasing Reynolds number, and it was determined an
increase by 28% in the average Nusselt number with increasing from Re=12000 to
Re=18000.

In the case of using Cu-H,O nanofluid (stationary plate), it was found that heat
transfer increases as the nanoparticle diameter decreases and when the particle
diameter was reduced from D,=80 nm to Dp=10 nm, in the average Nusselt number
was determined increase by 13.2%.

In the case of using Al,O3-H,O nanofluid, it has been determined that as the
nanoparticle diameter decreases, the average Nusselt number increases and the surface
temperature decreases, when the particle diameter was reduced from D,=40 nm to
Dp=10 nm, in the average Nusselt number was determined increase by 9.1%.

In the case of using Al,O3-H,O nanofluid, it has been determined that as the plate
velocity increases, the average Nusselt number increases, and when the plate velocity
was increased from Vpae=0 m/s to Vpae=6 m/s, in the average Number was
determined increase by 88.9%.

In the case of using Al,O3-H,0 nanofluid, it was determined that as the volumetric
ratio increases, the average Nusselt number increases and the surface temperature
decreases, and when the volumetric ratio is increased from ¢=0.5 to ¢= 2.0, in the
average Number was determined increase by 2.5%.

In the case of using different nanofluids (Cu-H,0, Al,03-H,0, TiO,- pure water), it
was determined that Cu-H,O nanofluid showed the best heat transfer performance. It
has been determined that Cu-H,O nanofluid provides 7.7% better heat transfer

compared to pure water.
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6. RECOMMENDATIONS

The results of this thesis study, it can be used in industry, and it can use in aviation and space

technology in the design of more efficient heat exchangers. Then, it can use in systems, which

is high cooling needs such as the cooling of electronic systems, solar collectors, and nuclear

technology. In addition, it will be able to contribute to the development of health, robotic

applications, automotive, defence, aviation and space technologies in the future.

In the future studies related to this thesis topic;

It can be studied on heat transfer effects and to flow properties of the common effect
of hybrid nanofluids and ferromagnetic nanofluids together with impinging jets.

New studies can be conducted to examine the effects of single and multiple jets on
different jet geometries using nanofluid.

New studies can be made on the use with different surface cooling techniques (film
cooling, cooling by perspiration, etc.) of impinging jets in case of using nanofluidic
fluid.

Most of the researches in the literature has been carried only for spherical
nanoparticles. In future studies, the production of nanoparticles of different geometries
(such as hexagon, triangle, square, oval) produced in different diameters,
determination of the thermal properties of these new types of nanofluids which are
produced, about the effect to flow characteristics and heat transfer of these fluids can
be investigated.

Energy management based studies can be done about economic analysis of new types
of nanofluids and their effect on the environment.

Studies can make to the effect flow characteristic and on heat transfer of different
types nanofluids using impact plates, which are different surface roughness values

such as metal foams.
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App. 1. CFD flow diagram
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