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EXPERIMENTAL INVESTIGATION ON THERMAL PERFORMANCE OF
Ag-WATER NANOFLUIDS

ABSTRACT

The goal of the present study is to investigate experimentally the thermal
conductivity and viscosity of silver-water nanofluid and its thermal performance in a

single-phase natural circulation mini loop.

The experiments were performed both with silver-water nanofluids and de-ionized
water. The silver-water nanofluid with 5 percent (in weight) concentration, which
contains polyvinylpyrrolidone with 1.25 percent (in weight), was purchased. This
sample was diluted with de-ionized water to four different concentrations of 0.25,
0.5, 0.75 and 1 percent (in weight). Thermal conductivity and viscosity of nanofluids
were measured by 3w method and Brookfield rheometer, respectively. An
effectiveness factor was used to define the thermal performance of the mini loop.

Throughout the experimental period, operating parameters such as inclination angle

and input power to the heater of the loop were varied in the range of 0 to 60° and 10

to 50 Watt, respectively. Moreover, the effect of using polyvinylpyrrolidone on
thermal conductivity, viscosity and thermal performance of nanofluids has been

discussed and the results were compared with other studies in the literature.

As a result, the experiments showed that current samples were found to be more
viscous and thermally less conductive than the values in the literature. However our
measurements appear to be more compatible with polyvinylpyrrolidone solution
results in the literature. It is concluded that all nanofluid samples have an enhanced
effectiveness factor up to 8.6 percent (25 Watt) than the de-ionized water and the
effectiveness of the mini loop show an enhancement with increase in inclination

angle and particle concentration at all applied power.

Keywords: Nanofluid, silver, surfactant, mini loop, thermal performance, thermal

conductivity, viscosity, polyvinylpyrrolidone, single phase, natural convection
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Ag-SU NANOAKISKANIN ISIL PERFORMANSININ DENEYSEL
INCELENMESI

(0)/
Bu ¢alisma, glimiis-su nanoakiskanin 1s1l iletkenliginin, viskozitesinin ve tek fazl

dogal tasmimli mini donglideki 1s1l performansinin deneysel olarak incelenmesini

amagclamaktadir.

Deneyler de-iyonize su ve gilimiis-su nanoakiskanlarla gerceklestirilmistir.
Kiitlesel olarak, yiizde 1,25 polivinilpirolidon ve yiizde 5 glimiis tanecikler igeren
giimiig-su nanoakiskan temin edilmis ve dort farkli konsantrasyona (kiitlesel yiizde
0,25—1) seyreltilmistir. Nanoakigkanlarin 1s1l iletkenligi ve viskozitesi sirasiyla 3
yontemiyle ve Brookfield reometresiyle ile dl¢iilmiistiir. Sistemin 1s1l performansinin
belirlenmesi i¢in ise, sistemde gerceklesen 1s1 transferinin miimkiin olan en yiiksek
151 transfer miktarina oranini temsil eden etkinlik katsayisi kullanilmistir. Deneyler
strasinda, dongiiniin 1sitict giicii ve egim acist gibi ¢alisma parametreleri, sirasiyla
10-50 Watt ve 0-60 derece olarak degistirilmistir. Bunlara ek olarak,
polivinilpirolidon kullaniminin giimiis-su nanoakiskanin 1s1l iletkenligi, viskozitesi
ve termal performansi lizerindeki etkisi tartisilmistir ve elde edilen sonuglar

literatiirdeki diger ¢alismalarla karsilastirilmistir.

Sonug olarak, deneylerden numunelerimizin literatiirdeki degerlerden daha fazla
viskoz ve 1si1l olarak daha az iletken oldugu bulunmustur. Bununla birlikte,
Ol¢iimlerimizin literatiirde yer alan polivinilpirolidon ¢ozeltilerinin sonuglariyla daha
uyumlu oldugu goériinmektedir. Biitlin nanoakiskan numunelerin, de-iyonize suya
gore ylizde 8.6’ya (25 Watt) kadar iyilestirilmis bir etkinlik katsayisina sahip oldugu
ve sistemin etkinliginin, tiim 1sitic1 giiclerinde, tanecik konsantrasyonu ve egim

acisinin artmasiyla, iyilesme gosterdigi sonucuna varilmistir.

Anahtar Kelimeler: Nanoakiskan, giimiis, yiizey aktif malzemeler, mini dongi, 1s1l

performans, 1s1l iletkenlik, viskozite, polivinilpirolidon, tek faz, dogal taginim
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CHAPTER ONE
INTRODUCTION

Conventional heat transfer fluids such as water, oil, ethylene glycol (EG) and
soon, could not compensate the needs of advanced thermal engineering technology
(Buschmann 2013). Researchers have figured out that the heat transfer is more
efficient with usage of the downscaled materials since the pioneering study of Choi
(1995). Nanofluids including solid particles in the base fluid had an impact on the
field of thermal engineering and brought the heat transfer conundrum into a new
light. The heat transfer enhancement capability of nanofluids makes them one of the
most suitable materials for thermal engineering studies. Nano scaled metals, metal
oxides or carbon based materials mixed into a base fluid to form the nanofluid.
Nowadays, nanofluids have the potential for being used in various engineering
applications such as solar collectors (Bandarra Filho, Mendoza, Beicker, Menezes, &
Wen, 2014; Tyagi, Phelan, & Prasher, 2009), electronics cooling (Hsieh, Leu, & Liu,
2015; jam, & Saidur, 2012; Naphon, & Wiriyasart, 2009), nuclear reactor cooling
(Barrett, Robinson, Flinders, Sergis, & Hardalupas, 2013), heat exchangers (Godson,
Deepak, Enoch, Jefferson, & Raja, 2014; Madhesh, & Kalaiselvam, 2014; Said,
Saidur, Sabiha, Hepbasli, & Rahim, 2016), refrigerators (Bi, Guo, Liu, & Wu, 2011;
Mahbubul et al., 2014; Saidur, Kazi, Hossain, Rahman, & Mohammed, 2011).

Masuda, Ebata, & Teramae (1993) carried out the first experimental study in
respect to thermal conductivity of nanoparticles in base fluid suspensions. They
concluded that the Al,Os—water nanofluid at concentration of 4.3 percent can
increase the thermal conductivity of water by 30 percent. An ongoing research (Choi,
Zhang, Yu, Lockwood, & Grulke, 2001; Eastman, Choi, Li, Yu, & Thompson, 2001;
Lee, Choi, Li, & Eastman, 1999) corroborated this thermal conductivity
enhancement and these results have motivated the researchers to the new
experimental and theoretical studies about nanofluids. Just after these motivating
results, number of nanofluid related papers has increased expeditiously (Buschmann

2013) as can be seen in Figure 1.1.
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Figure 1.1 Number of publications containing the term nanofluid in literature

In order to advance the understanding of the nano-scale materials effect on
systems thermal performance, thermal properties are required for systematical
investigations. Thermal conductivity, viscosity, density and heat capacity are
important to understand the complexity of nanofluid systems, as shown in Figure 1.2

(Timofeeva, Singh, Yu, & France, 2016).
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Figure 1.2 Illustration of complexity and multivariability of nanofluid systems (Timofeeva, Singh, Yu,

& France, 2016)



Due to their unique electrical, optical and thermal properties, metal nanoparticles
such as Ag, Au, Cu and Al, show important recognition in chemistry and physics.
Nanofluids including metal nanoparticles are found to have much higher heat transfer
potential than nanofluids with metal oxide nanoparticles (Eastman et al., 2001;
Murshed, Leong, & Yang, 2005; Sharma, & Jain, 2011). Ag is one of the substantial
metals whose potential have been used for nanofluids investigated experimentally for
several times. Ag nanoparticles can be chosen due to their high thermal conductivity
and stable chemical properties (Zhou, Xia, Chai, Li, & Zhou, 2012a). Capability of
being easily synthesized of Ag nanoparticles makes them attractive for nanofluid
studies (Haddad, Abid, Oztop, & Mataoui, 2014). Furthermore, Ag is widely
accepted as a safe material for human and animals (Salehi, Heyhat, & Rajabpour,

2013).

Many studies are available on the thermal conductivity and viscosity of nanofluids
including Ag nanoparticles. Some of these studies include Ag nanofluid without a
surfactant (Cho, Baek, Lee, & Park, 2005; Ghanbarpour, Nikkam, Khodabandeh, &
Toprak, 2015; Godson, Raja, Lal, & Wongwises, 2010; Karamallah, & Sultan, 2014;
Oliveira, Bandarra Filho, & Wen, 2014; Patel et al., 2003, Paul, Sarkar, Pal, Das, &
Manna, 2012; Phuoc, Soong, & Chyu, 2007), while some of them used a surfactant
which can overcome the stabilization problem by preventing agglomeration.
(Iyahraja, & Rajadurai, 2015; Kang, Kim, & Oh, 2006; Karthikeyan, Ramachandran,
Pillai, & Solomon, 2014; Li, Hong, Fang, Guo, & Lin, 2010; Parametthanuwat,
Bhuwakietkumjohn, Rittidech, & Ding, 2015; Salehi et al., 2013; Singh & Raykar
2008; Warrier, & Teja, 2011; Zhou et al., 2012a; Zhou, Xia, & Chai, 2015).

A silver nanofluid was synthesized for the first time by citrate reduction route in
the study of Patel et al. (2003). They concluded that the thermal conductivity of Ag—
citrate nanofluids with 60—80 nm particle size enhances from about 3.2% to 16.5% at
30—60°C temperature range. Cho et al. (2005) utilized the chemical reduction
method for preparation of Ag-EG nanofluids which enhances the thermal
conductivity up to 18% for the concentration of 5000 ppm. Paul et al. (2012)

prepared Ag—water nanofluid with 55 nm particle size by wet chemical bottom up



approach. They reported that maximum thermal conductivity enhancement of Ag
nanofluid is at 0.1 vol%. Phuoc et al. (2007) produced Ag nanofluid with one step
method as laser ablation of metal targets in water solutions without use of any
dispersants or surfactant. Their results indicated that the viscosity increases 3.7% and
the thermal conductivity increases about 3—5% for 0.01 vol% concentration. Godson
et al. (2010) prepared their Ag—water nanofluid samples at volume concentrations
from 0.3% to 0.9% without using any surfactant. They reported that the thermal
conductivity of Ag nanofluids increases as the temperature increases from 50 to
90°C. On the contrary, the viscosity of nanofluids decreases with the increase in
temperature. Moreover, they investigated the effect of Brownian motion on the
thermophysical properties of nanofluid. They demonstrated that the Brownian
velocity increases by 40—60% with every 0.3% concentration increase. Oliveira et al.
(2014) performed an experimental study with Ag—water nanofluid by altering the
volume concentration between 0.1-0.3% with two different particle sizes (10 and 80
nm). Their results showed that the relative viscosity (u,/us) and the relative thermal
conductivity (k,/ky) of Ag—water nanofluid does not reveal a systematic behavior
response to the particle size. They also concluded that the thermal conductivity
increases with the volume concentration; however the viscosity of nanofluid shows
an inconsistent trend with the increase of concentration. Karamallah et al. (2014)
reported that the Ag nanofluid behavior is close to Newtonian fluids through the
function between shear rate and viscosity. Moreover, the experimental viscosity data
is much larger than the theoretical model values. They also mentioned that the
enhancement can be attributed to the specific surface areas of the nanoparticles.
When the particle size of Ag nanoparticles is less than 20 nm, the viscosity of

nanofluid will increase rapidly with decreasing particle sizes.

Due to high surface energy of the nanoparticles, the nanofluids have tendency to
aggregate which causes instabilities and quick settling down of the particles.
Addition of surfactants into base fluids is generally used to minimize aggregation
and enhance dispersion of nanoparticles. On the other hand, surfactants influence the
thermal properties of liquids, such as, thermal conductivity and viscosity (Hwang et

al., 2008; Iyahraja, & Rajadurai, 2015; Timofeeva, Routbort, & Singh, 2009; Zhou,



Xia, Li, Chai, & Zhou, 2012b). Chen & Xie (2010) concluded that cationic gemini
surfactant is a negative factor in improving the thermal conductivity at higher
concentrations. Tavman & Turgut (2010) found that the thermal conductivity of
sodium dodecyl benzene sulfonate (SDBS)-water suspension decreases with the

increasing SDBS ratio which expresses the surfactant effect on thermal conductivity.

Polyvinylpyrrolidone (PVP) prevents nanoparticle aggregation and control the
average particle size and shape as providing a steric barrier on particle surface (Goel,
& Rani, 2012; Zhang, Zhao, & Hu, 1996). PVP is widely used in the synthesis of Ag
nanofluids. Moreover, PVP is distinguished from the other surfactants thanks to its
good solubility in polar solvents and thermal stability (Abdelrazek, Ragab, &
Abdelaziz, 2013; Xia, Jiang, Liu, & Zhai, 2014). Dakroury, Osman & El-Sharkawy
(1990) obtained that the concentration of PVP in aqueous solutions affects the
thermal properties of the solution. As the concentration of the surfactant rises, the
viscosity of fluid increases which leads to decrease in the thermal conductivity of the
fluid (u.k=constant). Swei & Talbot (2002) measured the viscosity of aqueous PVP
solutions with different concentrations from 2 to 3 wt% considering K-values which
is a function of the average molecular weight. They resulted that the viscosity of this
suspension increases for each weight percent of PVP. Yu, Xie, Chen & Li (2010)
found that the surfactant addition might be led to negative effect on thermal
conductivity. When they added the PVP with 5% weight concentration, the thermal
conductivity of PVP/EG suspension decreases about 2% compared to EG. Zhou et al.
(2012b) experimentally investigated the viscosity and thermal conductivity of
different common surfactant as SDBS, sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB) and PVP solutions. They concluded that
all of these surfactants reach a stable thermal conductivity ratio
(the ratio of the thermal conductivity of the surfactant solution to that of the water)
after a certain concentration. PVP seems to be more special than the others due to its
thermal conductivity ratio decreases rapidly reaching the lowest value at 0.1 wt%,
and then increases gradually with increasing concentration. Moreover, the viscosity
of PVP solution is significantly higher than the solution including the other

surfactant at 20°C and decreases quickly with increase in temperature. They reported



that the special thermal properties of PVP solution is related to the long alkyl chain

molecules which winds with each other.

Kang et al. (2006) worked on Ag—water nanofluid with 8—15 nm particle size and
volume concentrations of 1%, 2% and 3%. Although the surfactant was added to
disperse particles into fluid, the type of surfactant was not mentioned. They reported
that the viscosity of nanofluids increases 30% at 2 vol% and the thermal conductivity
increases 11% at 4 vol% compared to those of the base fluid. Singh & Raykar (2008)
prepared silver nitrate (AgNO;)—ethanol nanofluid using PVP as surfactant with
weight ratio of 1:10, 1:5 (AgNO; to PVP). They reported that the nonlinear behavior
of relative thermal conductivity of nanofluids can be explained based on Brownian
motion of nanoparticles. As temperature increases, diffusion rate of nanoparticles
increases due to the loss of polymer binding (Das, Putra, Thiesen, & Roetzel, 2003).
Moreover, they also concluded that the thermal conductivity enhancements greater

than 1.55 for sample with PVP weight ratio 1:5 at temperature 323 K.

Li et al. (2010) prepared Ag—oil nanofluids with using the oleic acid to coat the
surface of Ag nanoparticles. They concluded that the thermal conductivity of
nanofluid is higher than the base fluid and increases nonlinearly with increasing
weight concentration of the nanofluid. Moreover, the thermal conductivity
enhancement of the nanofluid at room temperature is much less than those at higher
temperatures. They deduced that the results can be related to the capping of the
surfaces of the nanoparticles with oleic acid. As heat transfer in solid and base liquid
suspensions occurs at the interface of the solid particle and the fluid interface, an
increase in the size of interfacial area can lead to more efficient heat transfer
properties (Karthikeyan et al., 2008). Warrier et al. (2011) examined the particle size
effect on the thermal conductivity of Ag—EG nanofluid with three different sizes (20,
30-50 and 80 nm) at 1 and 2 vol% concentration of 0.3 wt% PVP as surfactant was
used to keep the particles as well-dispersed in the base fluid. They concluded that the
results appear to support the thermal conductivity of Ag—EG nanofluid decreases
with decreasing particle size. Salehi et al. (2013) reported that the amount of PVP in

Ag—water nanofluids can have a significant effect on thermal conductivity. Their



results indicated that the thermal conductivity decreases with an increase in the
amount of PVP above 500 ppm particle concentrations. Xia et al. (2014) investigated
the effects of PVP on stability of Al,O;—water nanofluids and reported that the
addition of PVP has negative influence on thermal conductivity of base fluid and
significantly improves the stability of nanofluid. Zhou et al. (2012a) studied on Ag
nanofluids with different volume concentrations suspended into a 12 g/ PVP-water
solution through the micro-pin fin heat sink. They reported that the heat transfer
capability has improved significantly with the addition of Ag nanoparticles. But, the
thermal resistance of Ag nanofluids under different conditions of pumping power is
higher than de-ionized water at low particle volume concentration. They ascribed
these results to the addition of surfactant PVP, which induces two disadvantageous
roles: decreasing thermal conductivity and increasing viscosity of nanofluids. After a
three years period, Zhou et al. (2015) made an experimental effort on measuring the
same nanofluid in the pin—fin heat sinks. They obtained similar viscosity values with
the previous one. The viscosity of base fluid is higher than the water by 30% and
when a small amount of Ag nanoparticles is added, there is no apparent change of
viscosity. Because of the weaken effect of PVP in nanofluids, only when the Ag
nanoparticle reaches 0.12 wt%, the heat transfer performance is better than water
with an enhancement of 6.61%. Moreover, they reported that if the concentration of
PVP is too high, long PVP chain will wind each other and Ag nanoparticles will
aggregate easily. Therefore, PVP concentration should be controlled at a proper
value. To obtain more accurate results about effect of surfactants, Iyahraja &
Rajadurai (2015) added SDS and PVP as surfactants. The mass concentration ratio of
surfactant to Ag nanoparticles was varied from 1:10 to 1:2. They deduced that the
surfactants have a significant role on the thermal conductivity enhancement of
nanofluids. As the PVP concentration increases, the thermal conductivity
enhancement of Ag—water nanofluid decreases. With the addition of 0.5 wt% PVP,
the enhancement of thermal conductivity of nanofluid sample reduced by 9.7%

compared to the sample without surfactant (Iyahraja, & Rajadurai, 2015).

Natural circulation loops (NCLs) are heat transport systems, in which the fluid

motion is generated by density difference occurring due to phase change or



temperature gradients without any external power source (pump, fan, suction device
etc.). NCLs could be considered as two—phase NCL (TPNCL) or single-phase NCL
(SPNCL )whether density gradient is caused by a phase change or temperature
gradient, respectively. Due to its disadvantages such as complex design, instabilities
and requirement of precision control, two-phase NCLs have restricted application
range. On the contrary, the SPNCLs have widespread application thanks to its
enhanced safety, simplicity and reliability (Basu, Bhattacharyya, & Das, 2012). Two
basic approaches became prominent for improving cooling technology: maximize the
cooling performance and decrease the characteristic dimensions (Jang, & Choi,
2006). In order to keep a SPNCL in the stable zone, Basu, Bhattacharyya & Das
(2013) decreased the horizontal arm length, vertical arm length and pipe inner
diameter. They reported that the loop with smaller diameter is found to be more

stable due to enhanced friction.

Until now, several studies (Doganay, & Turgut, 2015; Misale, Devia, & Garibaldi,
2012; Nayak, Gartia, & Vijayan, 2008; Nayak, Gartia, & Vijayan, 2009; Turgut, &
Doganay, 2014;) have examined the thermal performance of nanofluid on SPNCLs.
Nayak et al. (2008) investigated experimentally behavior of a large scaled SPNCL
with water and Al,Os—water nanofluid with different concentrations (0.3—2 wt% and
40—-80 nm nanoparticle size). Their results showed that natural circulation flow rate is
enhanced with using nanofluid. Moreover, they reported that the system efficiency
increases with increasing nanoparticle concentration, however suppression of
instabilities decreasing. A year later, Nayak et al. (2009) conducted their experiments
with three different metallic oxide nanofluids (0.5% by wt.) as Al,O3, CuO and TiO;
having particle size of 60, 50 and 25 nm, respectively. They concluded that the
Al,O3 and Ti0O; nanofluids seem to be more promising over the entire power range.
Findings of both study indicated that the SPNCLs are potential systems for the
thermal management of electronic devices. Misale et al. (2012) tested the thermo-
hydraulic performance of a single-phase natural circulation mini loop (SPNCmL)
whose dimensions are 180x264 mm in lengths and 4 mm in internal diameter. The
experiments were first performed with using DIW and then Al,Os;—water nanofluids

with volume concentrations of 0.5% and 3%. Moreover, they investigated the



varying parameters such as input power (10 to 50 W), inclination angle of loop (0° to
75°) and heat sink temperature (10 and 20°C). They only obtained a slight thermal
performance enhancement with nanofluids at 75° inclination angle. Turgut &
Doganay (2014) made an experimental effort with a SPNCmL for 20°C heat sink
temperature and 0° inclined angle by altering applied power in the range of 10 to 50
W. They concluded that the thermal performance of Al,O;—water nanofluids shows
an enhancement with increasing input power and particle concentration. They also
pointed out that all the nanofluid samples have higher thermal performance than the
DIW. After one year, Doganay & Turgut (2015) again with the same setup made
experiments for different inclination angles. Contradictory to the results of Misale et
al. (2012), they showed that using nanofluids enhances the thermal performance of

SPNCmL for the inclination angles from 0 to 75°.

In this study, the thermal performance of Ag—water nanofluid in a SPNCmL was
investigated experimentally. Obtained results were compared with the results of
Doganay & Turgut (2015) which includes Al,Os—water nanofluid in the same
system. Moreover, the thermal conductivity and viscosity of Ag—water nanofluid
were measured by 3o method and Brookfield Viscometer, respectively. Additionally,
the influence of PVP on thermal conductivity, viscosity and thermal performance of

Ag-water nanofluid has been discussed.



CHAPTER TWO
EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Preparation of Nanofluid

The Ag-water nanofluid with 5 wt% concentration of 15 nm spherical Ag
nanoparticles, which contains 1.25 wt% PVP was procured from US Research
Nanomaterials, Inc. (Houston, USA). Then, these 5 wt% nanofluids were diluted to 4
different weight concentrations, namely 0.25%, 0.5%, 0.75% and 1%. To obtain a
uniform dispersion, each sample was stirred for 10 minutes duration after dilution
process. Concentration and type of surfactant was found to be sufficient to keep the

suspension stable even after 6 months.

Concentration of Ag, PVP and the density of nanofluids are shown in Table 2.1.
The density of nanofluid (p,s) and base fluid (psy) was measured by taking constant
10+0.1 ml and then weighed on a high precision (Precisa XB 220A) microbalance
(£0.001 g).

Table 2.1 Solution composition (wt%) and density of nanofluid samples

Solution composition wt% Density (kgm™)
Ag PVP (23°C)
water 0 964.67
0.25 0.0675 973.89
0.5 0.125 986.57
0.75 0.1875 997.57
1 0.25 1009.05

2.2 Thermal Conductivity

Thermal conductivity of nanofluids was measured by 3w lock-in detection at

ambient temperature (23°C). 3@ method was first presented in 1990 by Cahill and

has gained importance for the characterization of thermal properties in parallel with

improvement in nanotechnology. The popularity of this method has increased with
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the interest in thermal conductivity of thin films. The method was validated with
pure fluids, such as water, ethylene glycol methanol, and ethanol and yielding
accurate thermal conductivity ratios within +2%. The details of experimental setup of
the technique have been explained with details previously (Tavman, & Turgut, 2010;
Turgut et al., 2008). Thermal conductivity of water was measured to be 0.6 W/mK.
Relative thermal conductivity parameter is defined as thermal conductivity of
nanofluid/base fluid ratio. In the case of relative measurements, the resolution is

0.1% in thermal conductivity.

2.3 Viscosity

The viscosity of samples was measured by using a Brookfield Viscometer which
had an UL (ultralow) adapter and UL spindle in order to measure viscosity values
lower than 15 cP. Applied torque was kept in the range of 10—-100% in order to carry
out reliable viscosity measurements (Turgut, Saglanmak, & Doganay, 2016). After
each measurement, spindle was cleaned off by using alcohol and pure water,
respectively. The temperature variation (from 20 to 50°C) of samples was supplied

by temperature bath (Polyscience M9712, USA).
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Figure 2.1 Experimental viscosity of water in comparison with ASHRAE Handbook (1985) data
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The accuracy of viscosity measurement was verified by comparing the measured
water as base fluid value with the ASHRAE handbook (American Society of
Heating, Refrigerating and Air-Conditioning Engineers Handbook, 1985). The

maximum deviation was found as 4% (Figure 2.1).

2.4 Thermal Performance

The design of experimental setup was mentioned in Turgut & Doganay 2014. The
mini loop has a rectangular shape (304 mm x 220 mm) which consist of copper pipes

with 4.75 mm inner diameter connected with four glass bends (Figure 2.2).

Expansion tank  Cooler Ventil

|.
—_ _,.I'_
i i)
| i
| .
T ! :
! .
! :
+ Ts Tt
L Lh +
NS L
L Nopzm AT A~ -

| L

Figure 2.2 Sketch of the experimental setup

An expansion tank placed on the top side to prevent the system from the excessive
pressures. To supply or extract working fluid, a ventil was added. The expansion
tank and ventil are also made by copper pipes with inner diameters of 19 mm and 10

mm, respectively (Table 2.2).
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Table 2.2 Dimensions of mini loop

Parameter Dimension (mm)
Diupe 4.75

D expansiontank 19

Dyencit 10

H 304

L 220

L. 110

Ly 140

A heater consists of an electrical resistance with 1.77 Q/m was positioned at the
bottom of the system. The coaxial heat exchange system positioned at the top side of
the system as a cooler fed by a bath circulator (Polyscience M9712) at 20°C
temperature with 0.01°C stability.

Expansion Tank Ventil

Bath Circulator '
Notebook Ta T3
\A '
Ts T2
DAQ System
T: Side View

Power Supply

Figure 2.3 Schematic diagram of the experimental set up
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Figure 2.3 shows a diagram of this experimental setup. The loop is mounted on a
table by using four pipe clamps. Two special screws adjust the table to provide the

rotation around the x-axis for the desired inclination angle.

The power supply voltage and the bath temperature were kept constant throughout
each experiment. The fluid temperature in mini-loop was recorded by regular interval
using thermocouples of type-K (Omega Engineering, USA) connected to a data
logger (HP34970A, 0.01°C resolution). Thermocouple numbers and positions are
indicated in Table 2.3. The accuracy of the thermocouples was obtained as £0.05 °C

by water bath calibration of thermocouples.

Table 2.3 Thermocouple numbers and positions

Thermocouple Position
T; Heater
T, Outlet side of heater
T3 Inlet side of cooler
T, Outlet side of cooler
T Inlet side of heater
Ts Inlet of cooler
T, Outlet of cooler

Power supply and water bath were activated simultaneously after 100 s from the
data acquisition started. After each termination, it is waited for the system to return
to the steady-state conditions. The experiments were conducted by varying two
parameters such as heater power between 10 and 5S0W and inclination angle of the
system at 0°, 30° and 60°. The mini loop was cleaned regularly with pure water

because the nanoparticles could settle on the inner surface of pipes.

To ascertain the repeatability of the experimental results, all measurements of
thermal conductivity, viscosity and thermal performance experiments were repeated
at certain intervals (once every two days) at least thrice. All of the measurements

were performed first with de-ionized water (DIW) and then with nanofluid samples.
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CHAPTER THREE
RESULTS AND DISCUSSIONS

3.1 Thermal Conductivity of Ag—water Nanofluids

The relative thermal conductivity (k,/ky) of Ag-water nanofluids with
concentrations of 0.25, 0.5, 0.75 and 1 wt% were measured at ambient temperature
(23°C). 1t is clearly seen from Figure 3.1, the thermal conductivity of our sample
decreases with increasing the concentration of nanoparticles. It is found that the
relative thermal conductivity decrement of nanofluid increases from 3 to 11.5% with

increasing concentration from 0.25 to 1 wt%.
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Figure 3.1 Variation of relative thermal conductivity with different concentrations (wt%)

The classical models such as Maxwell (1981), Bruggeman (1935) and Hamilton &
Crosser (1962) fail to predict the effective thermal conductivity of nanofluids, as
reviewed by Murshed & de Castro (2014) and Kleinstreuer & Feng (2011), because
such models include effect of particle concentration generally (superficially??), and

they have been basically developed for composites and micro or milli-sized
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inclusions (Vanaki, Ganesan, & Mohammed, 2016). Due to the fact that the effect of
surfactant was not included enough in these models, a complete model on thermal

conductivity of nanofluids has not been succeeded yet.

Our results show a contradiction with the thermal conductivity data to the data
reported in the literature. Figure 3.2 illustrates the comparison between our
measurement results and experimental thermal conductivity values of the available
studies (Ghanbarpour et al., 2015; Kang et al., 2006; Oliveira et al., 2014;
Parammettuwah et al., 2015; Paul et al., 2012) which investigated Ag nanofluid

(without using PVP) as a function of volume concentration (vol%).
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Figure 3.2 Variation of relative thermal conductivity with different Ag nanoparticle concentrations
(vol%) compared by Ghanbarpour et al. (2015), Kang et al. (2006), Oliveira et al. (2014),
Parammettuwah et al. (2015) and Paul et al. (2012)

The volume concentrations (¢,,/) were calculated using weight concentrations

(#ws) and the densities of nanoparticle (p,,) and base fluid (ppr) (Eq. 3.1).
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As seen in Figure 3.2, it is widely accepted that the thermal conductivity of

nanofluid is greater than that of the base fluid in which the nanoparticles dispersed.
However, it is known that the surfactants tend to weaken the thermal conductivity of
its base fluid. Iyahraja & Rajadurai (2015) investigated the effect of the
concentration of PVP on the thermal conductivity enhancement of nanofluid. They
reported that the addition of surfactant prevents the contact between the successive
two particles as the repulsive force dominates the attractive force of the particles.
They also concluded that the thermal conductivity enhancement of the nanofluid
becomes lower because of the increase in the concentration of the PVP. Dakroury et
al. (1990) associated the decrease in thermal conductivity with the decrease in the
mean free path of PVP molecules due to the increasing PVP concentration.
Therefore, a low thermal conductivity of Ag—water nanofluid can be related with the
use of PVP. Xia et al. (2014) concluded that PVP has negative influence on thermal
conductivity of base fluid. On the other hand, Zhou et al. (2012b) mentioned that the
thermal conductivity of PVP gradually approaches the value of de-ionized water with
increasing temperature. The reason of this behavior can be attributed to the loss of
PVP polymer binding with increasing temperature (Singh, & Raykar, 2008). Since
our existing experimental setup is not sufficient for thermal conductivity
measurements at high temperatures, the effect of temperature on the PVP could not
be obtained experimentally. Figure 3.3 shows a comparison between the results of
our study and those of the previous reports (Dakroury et al., 1990; Xia et al., 2014;
Zhou et al., 2012b) which investigated the aqueous solutions of PVP. The qualitative
similarity of curves may be related with that the Ag nanoparticles cannot reveal their
potential due to the fact that PVP has a strong barrier effect on surface of the

particles at ambient temperature (23°C).
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Figure 3.3 Variation of relative thermal conductivity with different PVP concentrations (wt%)
compared by Dakroury et al. (1990), Xia et al. (2014) and Zhou et al. (2012b) (AT: ambient

temperature)

3.2 Viscosity of Ag—water Nanofluids

The viscosity of nanofluids was measured in the temperature range of 20°C and
50°C. Figure 3.4 and Figure 3.5 show the shear stress versus shear rate values of
Ag—water nanofluid with various concentrations at lowest and highest temperature,
respectively. Liquids with low viscosity cannot be measured at high shear rate
because of the low torque (Figure 3.5). For both temperatures of 20°C and 50°C,
there is a linear relationship (0.998<R’<1) between shear stress and shear rate, which
shows Newtonian fluid behavior for all samples. Until now, several studies have
experimented the viscosity of water based Ag nanoparticle with using PVP (Zhou et
al., 2012b) and without using PVP (Godson et al., 2010; Karamallah, & Sultan, 2014;
Oliveria et al., 2012). As a result, all these studies showed that the viscosity curves of

nanofluids are close to the typical Newtonian behavior. Moreover, the PVP—water
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suspension shows the same linear behavior (Swei, & Talbot, 2002; Zhou et al.,

2012b).
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Figure 3.4 Shear rate and shear stress variation in Ag—water nanofluids with different concentrations
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The influence of temperature and nanoparticle concentration on the viscosity of
nanofluids at 70 rpm shear rate is shown in Figure 3.6. It is shown that the viscosity
of Ag—water nanofluid shows a decrement with increasing temperature. As
mentioned by Mahbubul et al. (2014), with the temperature increases, viscosity of

liquids decreases due to the reduction of attractive forces between molecules.
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Figure 3.6 Temperature versus viscosity for Ag—water nanofluids at 70 rpm and various
concentrations (wt%)

Figure 3.7 represents the viscosity of the Ag—water nanofluids with different
concentrations. It is indicated that the viscosity of nanofluids increases with
increasing weight concentration of nanoparticle. The enhancement in viscosity of

0.25, 0.5, 0.75 and 1 wt% Ag—water nanofluids are found to be 46%, 123%, 210%

and 343% respectively, at ambient temperature (23°C).
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Figure 3.7 Variation of viscosity with different concentrations (wt%)

Many studies have reported that the classical models fail to explain the viscosity
of nanofluid because of the missing parameters (Mahbubul, Saidur, & Amalina,
2012; Murshed, Leong, & Yang, 2008; Sundar, Sharma, Naik, & Singh, 2013). Due
to the fact that there is no unique model which includes the effects of particle size,
concentration, aggregation, surfactant and temperature simultaneously; our results

were not compared with the existing models.

For a better discussion of the temperature effect on viscosity of nanofluids,
viscosity values were normalized with de-ionized water (Figure 3.8). The relative
viscosity (unnur) of Ag—water nanofluid with 1 wt% concentration is found to be
4.81, 4.35, 4.02, and 3.75 for 20, 30, 40 and 50°C, respectively. As for the nanofluid
with 0.25 wt% concentration, relative viscosity is found to be 1.56, 1.51, 1.47 and
1.51 for 20, 30, 40 and 50°C, respectively. It is concluded that the relative viscosity
of higher concentration samples shows a dramatic decrease whereas it is almost
stable for the lower concentrations. The relative viscosity ratio of 1 and 0.25 wt%
samples decreases from 4.81 to 3.75 and from 1.56 to 1.51, respectively. This
provides the information that for the lower concentrations of Ag and PVP, samples

behave similar to water according to temperature. However, for the higher
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concentrations, temperature effect is more significant on the decrease of the relative

viscosity.
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Figure 3.8 Temperature versus relative viscosity for Ag—water nanofluids at 70 rpm and various

concentrations (wt%)

As seen in Figure 3.9, the relative viscosity (u,7/us) of nanofluids is found to be

increased anomalously with increasing volume concentration in comparison with

references (Godson et al., 2010; Kang et al., 2006; Karamallah, & Sultan, 2014;

Oliveria et al., 2012) including Ag—water nanofluid without using PVP. There is an

agreement in the literature that the relative viscosity of Ag-water nanofluids, as a

function of concentration, has generally lower values than our experimental results.
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Figure 3.9 Relative viscosity with different Ag nanoparticle concentrations (vol%) compared by
Godson et al. (2010), Kang et al. (2006), Karamallah & Sultan 2014 and Oliveria et al. (2012) (AT:

ambient temperature, UT: unknown temperature)

On the other hand, Swei & Talbot (2002) concluded that the viscosity of aqueous
PVP solutions increases considerably with increasing particle concentration from 2
to 3 wt% for K-values ranging from 92.1 to 95.4. PVP of molecular weights ranging
from 2500 to 3000000 can be generally classified according to the K value, known as
Fikentscher’s viscosity coefficient, which is assigned to various grades of PVP
present a function of the degree of polymerization, the average molecular weight and
the viscosity (Fikentscher, & Mark, 1929). The K-value can be calculated by

Fikentscher’s formula:

. \/300010g(yre,)+(c+1/5010g(,u,el))2+1/5clog—c
- 0.15¢+0.003¢?

(3.2)
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Where . is the relative viscosity, ¢ is the concentration in g/100 mL in solution
and K, represents K/1000. The K-value is based on the viscosity measurements,

given by the Fikentscher equation:

loglurel — 75K§

K, 3.3
¢ 1+15k2 ° G-

Since the PVP has been commonly classified as range in between 15 and 130 K-
value in the majority of the literature (Dahima, 2016; Kwan, Chiu, Chang, Wu, &
Huang, 2011; Swei, & Talbot, 2002), Fikentscher equation has been limited to this
range, as demonstrated in Figure 3.10. The comparison between the experimental
data and the results of Zhou et al. (2012b) in conjunction with Fikentscher equation
shows that, our sample show a similar trend with higher K-values (Figure 3.10).
Therefore, it looks reasonable to infer that PVP has a strong influence on Ag

nanoparticles because of its leading effect.
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Figure 3.10 Variation of relative viscosity with different PVP concentrations (wt%) compared by

Fikentscher equation and experimental results of Zhou et al. (2012b) (AT: ambient temperature)
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In consideration of our experimental results, the K-value of our samples,
calculated from Eq. (3.1), is equal to K-198, K-199, K-191 and K-190 for 0.0625,
0.125, 0.1875 and 0.25 wt% concentration of PVP, respectively. However, these K
values are higher than the ones considered in literature. As mentioned by Sharma &
Jain (2011), the aqueous PVP solution becomes poorer with increase in chain length
and a further disadvantage of PVP with high molecular weight is their much higher
viscosity. Based on this consideration, high relative viscosity of our samples is likely
to be associated with the average molecular weight of PVP and surely also with Ag

nanoparticles.

3.3 Thermal Performance of Ag—water Nanofluids in SPNCmL

The temperature is the only measurable data due to the fact that the mini loop is a
reduced dimensional system. For this reason, ATheer as the average temperature
difference of the fluid between outlet (T,) and inlet (Ts) of the heater side was
defined to determine the thermal stability of system (Turgut, & Doganay, 2014).

ATheater parameter also represents the amount of the heat removed from the system.
AT}zeater = Té _TS (3.4)

The system stability is denoted by the steady-state curves which are given by the
variation of ATheaer and Tiax versus time. It is clearly seen from Figure 3.11 and
Figure 3.12, the thermal stability of mini loop shows same behavior for both water
and 0.25% Ag—water nanofluid at all applied power. Moreover, the quiescent state
time reduces with decreasing power and inclination angle. When the loop reaches the
steady-state conditions, it is observed that the fluid always circulates in a counter-
clockwise direction. The reason of this motion is possibly the lack of a symmetrical

geometric manufacturing of the mini loop.
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Figure 3.11 Time dependent variation of AT}eaer and T ey at 0° inclination angle for DIW
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Figure 3.12 Time dependent variation of ATy and Th.c at 0° inclination angle for 0.25 wt%
Ag—water nanofluid

Thermal stability of the mini loop for 30° and 60° inclination angles shows similar
behavior as 0° inclination angle. Figure 3.13 demonstrated that the quiescent state

time increases with increase in inclination angle.
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Figure 3.13 Time dependent variation of ATpeuer and Tpa of 0.25 wt% Ag—water nanofluid for

different inclination angle at 20 W

Haddad, Oztop, Nada & Mataoui (2012) reviewed the effect of nanofluids for
both single- and two-phase models on natural convective heat transfer systems. They
reported that most of the numerical results show that the presence of nanofluid
enhances the heat transfer capability, whereas experimental results show that
nanofluids deteriorate the heat transfer. Taylor et al. (2013) demonstrated that the
obtained results need to be properly non-dimensionalized, since it is difficult to draw
a conclusion only by considering the heat transfer coefficient. Therefore, an
effectiveness factor as a non-dimensional parameter was utilized to specify the
thermal performance of fluid in the SPNCmL. Since the only measurable data is
temperature, the effectiveness factor which represents the ratio of actual to maximum
possible heat transfer through the system (Doganay and Turgut 2015).

LT

E =———- 3.5
T,-T, 3.5)
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Based on the calibrated temperature measurements, the maximum uncertainty of
the effectiveness factor was estimated to be 1.5%. The uncertainty bars is not shown
in Figures in order to avoid unclarity in the graphs, which will confuse the readers.
Figure 3.14 depicts the effect of concentration on the effectiveness of mini loop as a
function of power. It is clearly seen that the effectiveness of the system increases
with increasing nanofluid concentration. This result is valid for the all supplied
powers. The effectiveness also shows a decrement with the increase in power
because of the fixed temperature of the cooling bath which causes increase in the

maximum possible heat transfer.
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Figure 3.14 Effectiveness variation as a function of power for DIW and Ag nanofluid with different

concentration (wt%)

As seen in Figure 3.15 the effect of inclination angle was investigated at 0°, 30°
and 60° by comparison between 0.25% Ag—water nanofluid and base fluid. It is
indicated that the effectiveness of both samples show a significant enhancement with

increasing inclination angle.
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Figure 3.15 Effectiveness variation for DIW and Ag nanofluid of 0.25 wt% concentration with

different inclination angle

Since the temperature of the fluid exceeds its evaporation temperature and then
becomes the water-vapor two-phase flow, power range of tested nanofluid
diminished at higher particle concentration. Although the 0.25% Ag—water nanofluid
can be measured till 50 W, measurement of sample with 1 wt% concentration
scarcely reached up to 20 W. In order to explain these results one must consider the
hydrodynamic behavior of nanofluid into account. The steady state mass flow rate
and velocity of the samples could not be measured due to the fact that the mini loop
has reduced dimensions. For this reason the fluid velocity was calculated from Eq.
(3.6) and Eq. (3.7), derived by Vijayan, Nayak, Pilkhwal, Saha, & Raj (1992) and
used for nanofluids by Doganay & Turgut (2015), Nayak et al. (2008) and Nayak et
al. (2009)

e

b 42—b _
e =| 2 8APHPD A" pyy 17 (3.6)
p  ATuNC,
v,="0 (3.7)
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Where m.is the steady state flow rate, P is the applied power at heater, g is the
gravitational acceleration, 4p is the average density difference between outlet and
inlet of heater. H is the height of the loop, D is the hydraulic diameter, 4 is the cross
sectional area of the pipes, pyis the base fluid density, A7 is the average temperature
difference between outlet and inlet of heater, u, is the reference viscosity which
measured by Brookfield Viscometer, C, is the effective specific heat which estimated
by Eq. (3.8), and p and b are constants of friction factor as f=p/Reb. The density was
adopted from Table 2.1. Ng is defined by Vijayan et al. (1992) which represents the
effective loss coefficient of the entire loop (Eq. 3.9).

_85(PC),, +(1=4,XpC)yy

C, (3.8)
¢nppnp + (1 - ¢np )pbf
Lt . leﬁ
N; = 3; i 7 (3.9)

where /, a and d are non-dimensional parameters, respectively /;=L/L, a;=A/A,,

and d,':D,'/Dr.

The velocity of fluids in SPNCmL is affected by the variation of gravity for
different angles than 0° (Doganay, & Turgut, 2015). For this reason the Eq. (3.6)
should be corrected with g.,,=gcos6, as it seen in Eq. (3.10). € is the inclination
angle of the SPNCmL.

1

;o _|2gcos OAPHPD' A p,, [ .

The steady state flow rate determined according to Eq. (3.6) and Eq. (3.10) for the
system with 0° and greater than 0° inclination angles, respectively. Figure 3.16 and
Figure 3.17 indicate the steady state velocity of Ag—water nanofluids as a function
of input power. It is clearly seen from Figure 3.16 that, the steady state velocity of
the nanofluid sample decreases with the increase in the concentration, which is

probably owing to the effect of viscosity increase. It is also indicated that the
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nanofluid velocity shows a decrement with increasing inclination angle because of
the effect of gravitational acceleration, as shown in Figure 3.17. Additionally, the
increase in the applied power causes increase of the fluid velocity which affected by

the density gradients between hot and cold sections.

Since the velocity decreases, fluid spends more time at heater side and exposes
more heat extraction. In the case of high heat extraction, the evolution of two-phase
flow mentioned above is possible. This means that the system is more convenient for

low power inputs or concentrations.
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Figure 3.16 Steady state velocity in the SPNCmL versus input power for 0° inclination angle
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Figure 3.17 Steady state velocity in the SPNCmL versus input power for 0.25 wt% Ag concentration

In order to achieve better precision for the thermal performance of Ag—water
nanofluid in more detail, our experimental results were compared with the data of
Doganay & Turgut (2015) which includes Al,Os—water nanofluid in the same
system. Comparison of the effectiveness of the system working with Ag and Al,O;

nanofluids at 0° inclination angle demonstrated in Figure 3.18. To obtain a clear

solution, effectiveness values of nanofluids were normalized with de-ionized water.
The effectiveness of Ag—water nanofluid shows an enhancement with increase in the
particle concentration, which were in agreement with the effectiveness of
Al,Os—water nanofluid (Doganay, & Turgut, 2015). It is also found that some
apparent contradictions between both nanofluids are obtained by applying various
powers. Although Al,Os;—water nanofluid has an almost constant effectiveness ratio
with respect to applied power, there is a significant enhancement for Ag—water

nanofluid, especially for higher concentration.
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Table 3.1 involves specifications of our study and study of Doganay & Turgut
(2015) such as; base fluid and nanoparticle type, particle size, particle concentration,
surfactant type and range of effectiveness ratio. In order to understand these complex
transport phenomena, it is important to underline the role of relation between
surfactant and nanoparticle. Doganay & Turgut (2015) utilized the acetic acid (0.1—
0.3% by wt) as a surfactant for the stability of Al,Os;-water nanofluid. Xia et al.
(2014) concluded that the thermal conductivity ratio of Al,Os-water nanofluid
decreases with the increase of PVP concentration. However, acetic acid does not
have a significant impact on thermal conductivity in contradistinction to PVP
(Bleazard, Sun, & Teja, 1996). Based on this approach, nanofluid containing PVP
surfactant should be examined more intensively and carefully because of the fact that
the particle concentration of PVP (relative to Ag) plays an important role in

determining the thermal performance of nanofluid.

Table 3.1 Summary of information of Doganay & Turgut (2015) and current experimental
investigations on viscosity

. . . Range of
- 0,
Atrticle Partlclg Surfactant Particle W.M’ Partlcle effectiveness ratio
base fluid concentration size (nm)
(&nlEry)

Doganay & . .

Al,Os-water Acetic Acid 3.6—10 10 and 30 1.006—1.073
Turgut 2015
Current Ag-water PVP 0.25—1 15 1.017—1.111
Study

The reason of this contradiction is not only the concentration of PVP in nanofluid,
but also the temperature effect on PVP. As mentioned above, PVP shows a barrier
effect on Ag nanoparticles. With increasing temperature, PVP loses this influence
due to the loss of polymer binding (Singh, & Raykar, 2008) and then Ag nanoparticle
leads to reveal its heat transfer potential. Therefore, the effectiveness ratio of water
based Ag nanoparticles freed from PVP binding shows a better enhancement with the
increase in the applied power. However, this enhancement cannot come through for
the low concentrations, as seen in Figure 3.18. This relation is also justified by the
viscosity-temperature relationship. Although the nanofluids with low concentrations

have an almost constant relative viscosity and thermal performance with increasing
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temperature and applied power, respectively, there are more noticeable variations for
higher concentration. It is also resulted from Figure 3.18 that the effectiveness ratio
of 1 wt% Ag—water nanofluid shows approximately 1.1% increase than the 10 wt%
Al,Os—water nanofluid for supplied power of 10 W. Based on this consideration,
it may be regarded that Ag nanoparticles are more efficient to satisfy the need of

cooling systems, especially for low concentrations.
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Figure 3.18 Comparison of effectiveness ratio of Ag and Al,O; nanofluid (Doganay & Turgut, 2015)

at 0° inclination angle
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CHAPTER FOUR
CONCLUSIONS

In the present study, thermal conductivity and viscosity of Ag—water nanofluid
containing PVP surfactant and its thermal performance in a SPNCmL were

investigated. The important details are concluded below:

v' The thermal conductivity of nanofluids decreases with the increasing
concentration. The maximum deterioration of thermal conductivity is 11.5%

for 1 wt%.

v" The viscosity of nanofluid decreases significantly with increasing temperature
and increases with increasing concentration. The maximum enhancement of

viscosity is 4.81 for 1 wt% at 20 C°.

v Compared to literature, our sample was found to be more viscous and
thermally less conductive. However, we determined that our thermal
conductivity and viscosity results appear to be more compatible with the data

of PVP solutions.

v The quiescent state time reduces as the power increases. ATheuer and Tiax

increases with the increase of inclination angle and particle concentration.
v" All the nanofluid samples show a higher effectiveness factor than the DIW and
the effectiveness of the system is enhanced with increase in particle

concentration and inclination angle at all applied power.

v" At the same conditions, effectiveness of Ag—water nanofluids is significantly

higher than the values of water based Al,O;—water nanofluids.
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v While AlLOs;—water nanofluids have an almost constant effectiveness ratio
with respect to applied power, Ag—water nanofluids show an enhancement,

especially for higher concentrations.

v" The system is more convenient for lower power inputs or concentrations due to

the evolution of two-phase flow.

According to aforementioned conclusion, it is observed that the PVP has an
important effect on thermophysical properties and thermal performance of Ag—water
nanofluid. The disparity between our results and the literature data is related with
that the Ag nanoparticles cannot reveal its potential due to the fact that PVP has a
strong  barrier effect on surface of the particless To achieve
a better thermal performance and understanding of the physical phenomena between
surfactant and nanoparticles, the effects of temperature on thermophysical properties

and molecular weight of surfactant should be employed in future studies.
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APPENDICES

Variables

k thermal conductivity (W/mK)
T temperature (°C)

K Fikentscher’s viscosity

coefficient

mass flow rate (kg/s)

E .

gravitational acceleration (m/s”)

g

H height (mm)

P power (W)

D hydraulic diameter (mm)
A cross sectional area (m?)
V velocity (m/s)

C specific heat (kl/kg °C)
L length (mm)

p constant of f=p/Reb

N effective lost coefficient
Abbreviations

EG ethylene glycol

DIW de-ionized water

SDBS  sodium dodecyl benzene
sulfonate

PVP polyvinylpyrolidone
SDS sodium dodecyl sulfate
CTAB cetyltrimethylammonium
bromide

wt weight

vol volume

NCL natural circulation loop

48

AT ambient temperature

SPNCL  single-phase natural circulation
loop

TPNCL  two-phase natural circulation
loop

SPNCmL single-phase natural

circulation mini loop

Subscripts

nf nanofluid

bf base fluid

ss steady state

rel relative

c concentration in g/100 mL
b constant of f=p/Re”
cor corrected

r reference

e effective

G geometry

np nanoparticle

Greek letters

u viscosity (Pa.s)

p density(kg/m®)

) volume fraction

0 inclination angle (°)
4 interval

e effectiveness

1) omegao
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