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Abstract

In the present experimental study, an eco-friepadbcess (synthesized from rice plant source) was
used to produce silica nanoparticles. Silica narimbes are environmentally friendly nanoparticles
that have high heat transfer potential due tobisndant natural resources, low cost synthesis and
mass production. The surface and atomic structfirthe nanoparticles have been investigated
through SEM and FTIR tests. After production of oparticles, water/silica nanofluid samples
were prepared using two-step method that calledfremadly nanofluid. Stability and thermal
conductivity of the eco-friendly nanofluid were exiaed. Investigating the stability of the prepared
samples, the DLS and TEM tests have been condasesell as periodic visual observation of
possible sedimentation over a period of six mortireugh photography. The stability results
indicated that the prepared samples possess excel@o-structure and it showed long-time
stability even after six months of preparation. Ttmermal conductivity measurement of the samples
has been done in different temperatures ranging £6 to 55°C and solid volume fractions of 0.1,

0.25, 0.5, 1, 1.5, 2, 2.5, and 3 %. The resultswskdothe maximum thermal conductivity



enhancement of 33 % which took place at the tenyreraf 55C and solid volume fraction of 3 %.
Moreover, new precise correlation to predict theritial conductivity of the eco-friendly nanofluid
has been proposed with the maximum deviation & 265 Finally, according to the results, it can
be claimed that synthesis of environmentally frignoinoparticles of silicon oxide with a plant
source for nanofluid production is important, ahé ttype of nanofluid can be introduced as an

environmentally friendly alternative fluid with Higheat transfer potential in thermal systems.

Keywords. Eco-friendly Nanofluid; Stability; Thermal conductivity; Silicaanoparticles; new

correlation; Experimental;

Nomenclature Greek Symbol

DLS Dynamic light scattering @ (%) fsrzggo\;]omme
GO Graphene Oxide M kg/ms Dynamic viscosity
h (W/m?.K) Heat transfer coefficient o (kg/md) Density

k W/mK)  Thermal conductivity

S0, Silicon Oxide Subscripts

SEM Scanning electron microscope bf base fluid

T (°C) Temperature Exp Experimental
TCR thermal conductivity ratio nf nanofluid
TEM Transmission electron microscope| r Ratio

V (ml) Volume np Nanoparticle
XRD X-ray crystallography pred Predicted




1. I ntroduction

Highly efficient and environmentally friendly theain systems are among the most crucial
requirements of most industries. Considering tligcal role of energy and environmental debate,
increasing the heat transfer rate to achieve hifytiency, reduce fuel consumption, reduce air
pollution, and compact thermal systems are grepbitance [1-3]. A convenient way to improve
the heat transfer rate is to employ fluids withighkr heat transfer potential compared to other
conventional fluids such as water, ethylene glyeolkl oils [4]. To this end, nanofluids could be
used as a smart heat transfer fluid which demaesteahigh heat transfer potential [5].

Nanofluids are in fact the suspensions of Nanodsjzarticles (less than 100 nm) in conventional
heat transfer fluids such as water, oil, and etig/lglycol [6]. Considering their prominent heat
transfer characteristics, different types of namd# have been studied by researchers to gain a
better understanding of the behavior of such flid®]. Thus nanofluids are expected to be
extensively employed to improve the efficiency aaliability of a wide range of products such as
industrial heat exchangers [10, 11], computer msaes [12], cooling system of car engines [13],
solar energy systems [14, 15], production and neotufing processes [16, 17], and nuclear
reactors [18]; however, that if the source of nawbple production and its synthesis method is
environmentally friendly, it could, in addition téhe benefits, reduce the chemical and
environmental impact of the process. Chemical sgithtechniques may harm the construction of
nanoparticles, which in turn affects the electrictthermal, and optical specifications of
nanoparticles [19, 20]. These methods can also teadther harms such as health hazards,
equipment erosion and environmental contaminafldrerefore, there is a serious requirement for
the development of a functional approach that \isrenmentally friendly to counteract the above
issues [20, 21].

Heat transfer coefficient has been widely inveséidaas an important and effective parameter in the

applications of nanofluids as the alternative #uidn overview of the results of some studies on



the thermal conductivity enhancement of nanoflutsidering their environmental effects, is

presented in Table 1.

Table 1. An overview of the results of some studieshe thermal conductivity enhancement of

nanofluids

Temperature Concentration  Enhancement  Environmental
Ref. Nanoparticle Basefluid (O (%) % effect
[20] MWCNT Water 20 -50 0.075-0.175 20.15 Eco-friendly
[22] Sio, Ethanol 25-70 0.15-1.17 9.5 -
[23] Cuo Water/ Ethylene ) 5, 0.1-2.0 36.97 -

glycol
[24] GNP Water 20-45 0.025-0.1 22 Eco-friendly
Reduced
[25] graphene Water 15-40 1.0-4.0 45.1 Eco-friendly
oxide

[26] SWCNT Water 10 -50 0.25 wt% 36.5 -
[27] ZnO Water 25 0.1-5.0 33 Eco-friendly
[28] Graphene Water 20 - 60 0.5-1.0 wt% 32 -
[29] Graphene Water 20-45 0.05 0.25 Eco-friendly

Literature suggests that the heat transfer coefftciof nanofluids is considerably improved
compared to that of the base fluid by adding atéchiamount of nanoparticles. This characteristic
of nanofluids can further help to facilitate thelgations of nanofluids in different industries.
Maxwell was among the firsts to analytically exaedrthe thermal conductivity of a suspension.
He considered a very diluted suspension contaigpiigere particles by neglecting the particle-base
fluid interactions and reported the results asralydical correlation (Eq. 1) [30].

knf — knp + 2kbf + 2(knp - kbf )¢ (1)
kbf knp + Zkbf - (knp - kbf )9

In this equation, k is the thermal conductivity ands solid volume fraction. Subscripts of nf, np

and bf denote nanofluid, nanoparticles and base, ftaspectively.
Thermal conductivity of Ti@deionized water nanofluid has been studied by Kedset al. [31].

They used the rod-shaped (@ 10 nmx 40 nm) and isphehaped (d15 nm) nanoparticles. Their



results showed 33 % and 30 % enhancement in theramaluctivity by adding rod-shaped and
spherical-shaped nanoparticles, respectively. Tiesults also indicated that the size and shape of
the nanoparticles have certain effect on thermatlgotivity of the nanofluid. The effect of adding
different surfactants (CTAB, SDS, and Oleic Acididaapplying different sonication time (10, 30,
50, 80, 160 min.) on the stability and thermal agitvity of Mg(OH),-water nanofluid has been
experimentally studied by Asadi et al. [32]. Thepaorted that the CTAB surfactant and 30 min
sonication time showed the best effect on the l#yabind thermal conductivity enhancement of the
nanofluid. Hemmat et al. [33] studied the effecttemperature and solid volume fraction on
thermal conductivity of MgO/EG-water(60-40) nanaflwsing artificial neural network (ANN).
Based on the experimental results, they proposetkva correlation to predict the thermal
conductivity of the nanofluid with respect to temgdere and solid volume fraction.

llam et al. [34] conducted an experimental study tbermal conductivity with respect to
temperature and solid volume fraction of water-E&gpene oxide nanofluid. The experiment was
conducted over different temperatures ranging f&ihio 45°C and solid volume fractions of 0.01
to 0.1 %. They reported the maximum enhancemeh0af7 % at the solid volume fraction of 0.1
% and temperature of 8. The thermal conductivity of Cu/Tiawater/EG hybrid nanofluid, over
different range of temperatures and solid volunaetfon, has been studied by Hemmat et al. [35].
They correlated the thermal conductivity behavidrtloe studied nanofluid using ANN and
proposed a new correlation for thermal conductiyptgdiction. Sabiha et al. [36] studied the
stability and thermo physical properties of watasdd nanofluid containing single-walled carbon
nanotubes (SWNTSs) in different solid volume fraoioand temperatures. They used Sodium
Dodecyl Sulfate (SDS) surfactant to well dispefse nanopatrticles into the base fluid and achieve
long-term stable nanofluid. They reported the theroonductivity enhancement of 37 % at the
temperature of 68C and solid volume fraction of 0.25 %.

Among the various nanofluids, eco-friendly or grgeaduced nanofluids can transform and

transfer energy, reduce dimensions and sizes indxehangers, increase productivity, reduce fuel



consumption and save costs. In addition, thesebeavery helpful to the environment in terms of
eliminating toxic and dangerous substances frontyieke of nature and the elimination of harmful
elements [37-39].

Water is extensively used in industrial systemgh&sheat transfer fluid. The results of studies
conducted on water-based nanofluids revealed tif@reeement in the thermal characteristics are
directly related to their microstructure detail®,[41]. In the present study, at the first, an eco-
friendly procedure is employed to produce Sifanoparticles from the plant source of rice bran.
Then, during the following steps applying two-stapthod, silicon dioxide nanoparticles, which
have low production cost, has been dispersed irdterw After examining the stability of the
prepared nanofluid, its thermal conductivity wasaswed with respect to the effective variables;
temperature and solid volume fraction. Finally,dzhen the experimental results, a new correlation
to predict the thermal conductivity of the nanddlinas been presented in terms of temperature and
solid volume fraction. The purpose of this papetoishow the effect of the silica nanoparticles,

produced by an eco-friendly method, on the theroatuctivity of water.

2. Experimental procedure

Considering the extensive applications of water heat exchangers, the present research
investigated the thermal characteristics of wateeld nanofluid containing silica nanoparticles.
Hence, the objective of this study is to furtherntify the existing challenges and their solutisns

that this nanofluid can be practically employed.

2.1 Production of silica nanoparticles from plant source of rice bran

The silica nanoparticles possess high specificasaerfarea, hydrophilicity, and non-solubility.
Another interesting characteristic of silica namtipkes is their low production cost, which enables
the practical applications of this nanofluid. Ore tbhther hand, we know rice is an important
nutritional grain in the world. Since its productiteaves behind a large amount of wastes, called
rice husk, the employed nanoparticles in this netewere produced from the plant source of rice

bran during the following steps. First, the ricarbkvas washed several times with distilled water to



remove contaminations and dust and then dried iovam for four hours at 105 °C. It was then
burned in the furnace for 8 hours at 580 ° C and ashes. During the burning process, the bran
was stirred several times from the furnace to allbevcarbonaceous compounds to be completely
burnt and destroyed.

Extracted silica was dispersed in NaOH aqueoustisaltand heated at 100 °C for 4 h under
magnetic stirring to solve silica and produce sodailicate (NaSiOs). The obtained solution was
filtered to remove the non-reactive contaminatioftse clear filtrate of N&5iOs solution cooled to
room temperature and titrated with 10%S@, to pH=7 under dynamic stirring. bBIO; was
neutralized by dilute sulfuric acid to precipitaiéica. After this, the solution was initially sted

for 24 hours and then aged for 48 h to allow tHasigel to gently precipitated. In order to
eliminate the sulfate salt, the formed gel was rfragted, filtered, and washed using water. The
clean silica gel was freeze-dried overnight to reenwvater. The schematic of the eco-friendly

process for synthesizing silica nanoparticles esented in Fig. 1.

T) Si0,+2NaOH—Na,Si05+H,0

_ m T=100 °C

agnetic s~ -
Stirrer g~ time =4 hr

T=600 °C

time =5 hr

Heating

Filteration

Cooling
Titration (pH=7)

Stirring the solution
(for 24 hr)

Filtering & Washing
Using freeze-dried

+
Sulfate salts
,_l.l.lllllllll

Fig. L Schematic of the eco-friendly process for synttiegisilica nanoparticles



Scanning electron microscope (SEM) image was usemtfirm the nanoparticles structure. The
result of SEM analysis is presented in Fig. 2. éansin this figure, the SEM image confirms a size

smaller than 50 nm for silica particles.

235 K¥40 64000x SE 96

Fig. 2: SEM image of silica nanoparticles

In the present study, a WQF-510A/520A FTIR spece#t@mnwas used to make sure about presence
of the functional groups at the surface of siliamide nanoparticles and formations of silicate
network. The test results are shown in Figure 4-#e distinguished absorption peaks occur in the
range of 1063 and 562cmi’, which is related to the tensile vibration (C-®resence of this
functional group results in physical absorptiontbé water (formation of hydrogen bond) on
surface of the nanoparticles, and indeed makesdheparticles hydrophilic. Likewise, in FTIR
spectrum, the peaks occurring at the wavelengti@&é¢ni', 2860cnt, and 3406cr, indicate the
presence of Si-O groups, hydroxyl groups, and hyelnobonds on surface of the nanoparticles.

FTIR spectrum results of silicon oxide nanopartatemply with results of the earlier studies [42] .
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Fig. 3: TheFTIRspectrunof silicon oxide

2.2 Preparation methods of SiO, nanofluids

Preparing a stable nanofluid is the main challemgen employing nanofluids [43]. Formation of
agglomerates, due to the presence of intermoledataes between nanoparticles, changes the
thermophysical properties of nanofluid [44, 45].alkeg with this problem is a high-priority task in
practical applications of nanofluids. The two-stepthod was used in this study to prepare the
water/silica nanofluid. In order to prepare a nandfwith solid volume fractions of 0.1, 0.25, 0.5,
1, 1.5, 2, 2.5, and 3 %, the required amount ofoparticles was calculated using Eq. 2. The

ANDGR200 digital balance with an accuracy of 0.@0das used to weighing the nanopatrticles.

- P, np ¥ bf (2)
(38

Where Vi, pnp, @, and m represent the volume of the base fluid (mépoparticle’s density

(gr/cn?), solid volume fraction (%) and nanoparticles mégg, respectively. Nanofluids with



different concentrations were prepared accordinthéonanoparticles mass and amount of water

(with an electrical conductivity lower than 18 containing no ions) shown in Table 2.

Table 2. Masses of nanoparticles and Water usetthédgoreparing a volume of 55 gr of nano Fluid sasp

Mass (+0.001) (gr)

Solid volume fraction (%) Sio, Water
0.1 0.135 54.865
0.25 0.338 54.662
0.5 0.677 54.323
1.0 1.361 53.639
1.5 2.051 52.949
2.0 2.749 52.251
2.5 3.454 51.546
3.0 4.166 50.834

Preparing the nanofluid, the IKA-Ret BASIC magnaeiiicrer was used for 1 h to gradually mix the

nanoparticles in the base fluid. Then, an ultras@nocessor (UP400S- 400 W, frequency 24 kHz)
was used for 60 minutes to uniformly disperse theoparticles in the base fluid. For all the

samples, the adjustable pulse and amplitude were €28 and 80%, respectively. The probe code
was selected to be H3 in proportion to the samplemae. The probe entered the mixture at a depth
of 4 mm while generating the longitudinal wavese HT IR test was applied to the nanoparticles to
investigate the nanofluid stability, and the TEMES tests were conducted to examine the

different stability parameters of the nanopartictethe base fluid

Fig. 4-A and 4-B show the nanofluid right after paseation and four months after preparation,
respectively. As shown, no color changes can bergbd in the nanofluid. Fig. 4-C shows the
images which were captured from the particle sediat®n after six months. The results of
nanofluid stability analysis after six months iratied that no sediments were formed in the

container.



Fig. 4: The samples of Sj@vater nanofluid A) right after preparation, B)eafd months of preparation,
and C) after 6 months of preparation.

According to studies, theoretical correlations dm have the ability to predict changes in the
thermophysical behavior of the nanofluid becaussofiaids do not have the same behavior [45,
46]. Then, due to the mechanism and complex streicifinanoparticles, as well as their different

properties, which can result from the synthesisnahoparticles, the nature and size of the



nanoparticles, the effect of the base fluid, theperature, the nanofluid method, the method of
creating stability, and so on. The details of thesearch project are carefully and accurately
investigated. The aim of this project, in additimnits scientific aspect, is the feasibility stuatfy

mass production of silicon oxide nanoparticles frdme plant source and, consequently, the

production of stable water-silicon oxide nanofltod use in thermal systems.

2.3. Thermal conductivity measurement

In this study used the transient hot-wire methobictv is among the most accurate methods, to
experimentally measure the thermal conductivithafofluid with respect to solid volume fraction
and temperature. The measurements were condudtegithe KD2 Pro thermal property analyzer
(Decagon Device, USA). The WNB 7 water-bath wasiusekeep the temperature constant across

the samples. Fig. 5 shows a view of thermal condticsetup utilized in the present study.

ON/OFF

Sensor . I
Power
O Temperature @
indicator Temperature I

nalyaor o L[omm

Analyzer Temperature-controlled bath

Fig. 5: A schematic view of the thermal conducyiviteasurement setup



3. Results and discussion
3.1. Stability of nanofluids

3.1.1. DLSanalysis

The use of dynamic light scattering (DLS) is a ptgismethod of determining the distribution and
determination of particles’ size in different suspens. This is a non-destructive and quick
method. In this research DLS-VASCOTM series hasilmaployed. Laser beam emission at 657
nm on a nanoparticle-containing solution will peisome information on their size range as per
Mie theory[47] distribution of other particles waseasured in terms of number and intensity
variables. The results are shown in figures 6 an@s/the size of particles was examined by
different variables, the results may have indulséiglication.

Figure 6 shows the particles’ diameter distributiorierms of “intensity”. This figure displays the
intensity that the device’s sensors received frasel light diffraction emitted on a specimen in
different dimensions. Larger particles diffract ther intensity. The particles’ diameters are
approximately 78 nm or smaller. With respect to th& mechanism in this condition, the nano

dimensions of particles in the base fluid are distaéd.

1.0

0.9 4

0.8 4

0.7 4

0.6 4

0.5 4

0.4 4

Intensity (a.u.)

0.3 o

0.2 4

0.1 4

0.0
19 25 31 39 49 62 78 98 124 156 196 247 312 393 495

Diameter (nm)

Fig. 6: The diameter of the distributed nanopagtiakith respect to intensity

Figure 7 shows the results in terms of “number’ialdle. The analysis is related to number of
particles in each dimension. Consequently, diareaiEthe particles are determined. It is seen that

more than 80 percent of the area is related t@Wleeage diameter of 40.77 nm, which corresponds



to the average diameter of the particles declaredrig. 2. The result of Figure 6 is usually

appropriate for nano material reports.

0.20 ~

)

. 015 A

Number (a.u

0.05 4

19 25 31 39 49 62 78 98 124 156 196 247 312 393 495
Diameter (nm)

Fig. 7:The diameter of the distributed nanoparticles wétspect to the number

Regarding the stability study, the DLS results présd in Fig. 6 are related to the average diameter

of the nanoparticles based on intensitpue to the fact that larger diameter nanopartielesorb

more intense laser radiation, despite a small nurabaanoparticles of 78 nm, they cover a large

area of the graph. In Fig. 7, the analysis is bagethe number of particles. As can be seen, the
number of nanoparticles with a mean size of 44.77is1 much higher, and the results of Fig. 7

actually confirm the results of Fig. 6.

The analyses show that the nano dimensions ofililhersoxide particles in the base fluid can be

confirmed. The accuracy of diameter results caodmdéirmed by different analyses.

3.1.2. TEM analysis

This research uses a TEM test partially and acelyrato examine water/silicon dioxide
nanoparticle. TEM analysis is used to observe axa@mee the shape, surface structure of
nanoparticles, size, and its distribution on wdtase fluid. A Dutch-made Philips CM200 STEM

was used for the analysis and Figure 8 shows thétse



| TS <

Fig. 8: The TEM image of the silica-water nanofluid

The results show that the nanoparticles are s@iaid they have been dispersed throughout the
base fluid with the average size of 40-50 nm. Nambfquality is observed with respect to the size
of particles, their spherical shape, and their elisjpn in the based fluid. The results of Figure 8
confirm the DLS analysis results suitably and #utts confirm nanofluid stability.

The difference between the results of the TEM ah® Bnage is due to the intrinsic property of the

tests, but in both tests, the areas of the nanolegriare consistent with oneThe objectives of the

TEM test include examining the structure of theopnrticles, how to disperse the intensity of the
nanoparticles in the base fluid, and measuring thgproximate size, while the test results of the
DLS test are applicable. Moreover, in DLS test, acimlarger volume of nanofluid is tested
compared to TEM. In other similar studies, there @ifferences between the results of DLS and
TEM [48-50]. In fact, the differences in the paldisize range are due to the inherent charactaisti
of these two methods, as well as the type of ingaihg particle size by these tests. The results o

both tests are correct and fully valid.



3.2. Validation
The validation analysis has been performed oversthdied range of temperatures (25%6% in

order to confirm the accuracy of the experimentaligment in measuring the thermal conductivity
of the nanofluid. To do this, the measured datahi present study was compared to the data
available in ASHRAE handbook [51]. Fig. 9 presetits compared data. As can be seen, the
maximum deviation between the measured thermalwmnity and those available in ASHRAE

handbook is 1.2 %, which shows the accuracy ofrthasurement.

0.6

0.66}
L ecmieme= ASHRAE [51]
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Fig. 9: validation of the measured data of theroomlductivity of water in different temperaturestwihose

available in ASHRAE handbook [51]

3.3. Thermal conductivity
This section presents the experimental results henmeasurement of thermal conductivity of

water/silica nanofluid over the different solid uoie fractions of 0.1-3 % and temperatures of 25-
55 °C. The percentage of thermal conductivity ratiomahofluid to that of the base fluid is defined

as Eq. 3.

knf ( 3)
kbf

Thermal Conductivity Ratio=



The thermal conductivity of the nanofluid with respto temperature is presented in Fig. 10-A. As
shown, the thermal conductivity of the nanofluidreases as the temperature increases. The reason
of this enhancement may be attributed to the fallgwreasons: 1) note that the thermal
conductivity of silica nanoparticles and that oé tbase fluid naturally increase in proportion to
temperature. Therefore, the thermal conductivitythe nanofluid is expected to enhance as the
temperature increases. However, this enhancemémgher than that of the pure water due to the
presence of nanoparticles, which counts as a pessharacteristic of nanofluids, 2) increasing the
temperature leads to increasing the Brownian motdmch in turn improves the nanofluid thermal
conductivity. The aforementioned explanations dse aonsistent with the results reported by Juan
and Lee [52] regarding the positive effect of Braamn motion on enhancing the thermal
conductivity.

Temperature increase at all the solid volume foastiresults in a linear increase in the nanofluid
thermal conductivity. Therefore, considering theramentioned reasons, temperature variations
have a significant effect on the thermal conduttiaf a nanofluid at higher concentrations. The
nanofluid thermal conductivity enhanced from 0.6@40.892 (W/m. K) under the effect of
temperature and solid volume fraction. Prasherfi@glied the effect of Brownian's motion on the
thermal conductivity of the nanofluid, and in hesults, unlike some researchers, he reported a
positive effect of Brownian's motion on the therrnahductivity of the nanofluid. His results also
showed that with increasing temperature the effeictBrownian's motion on the thermal

conductivity coefficient increases.
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Fig. 10: Variation of nanofluid thermal conductivityrses temperature in different solid volume fraction
Thermal conductivity ratio of nanofluid versus teargiture in different solid volume fractions

Fig. 10-B shows the variations of thermal conduttief the nanofluid with respect to temperature
at all the studied solid volume fractions. As candeen, at the lower solid volume fractions by
increasing the temperature, the number of collsiand the amount of energy transferred between
the fluid layers are not considerably high dueht® lbw number of nanoparticles in the base fluid.
The maximum enhancement was obtained at the soligne fraction of 0.1 % by 2.48 %; while at
higher solid volume fractions, the slope of thermahductivity ratio experiences a significant
improvement. It is interesting to note that the mimsportant reason of this increase can be
explained through the increase in the number obparticles in the base fluid. In this case, the
molecular motions are activated more quickly byreasing the temperature, which in turn
considerably increases the heat transfer rate gbtkie maximum enhancement of 38.2 % is
achieved at the highest solid volume fraction amdgerature.

As the concentration of silica nanoparticles insesa the amount of solid materials with a higher
thermal conductivity is added to a fixed amounthaf base fluid. As a result, the nanofluid thermal

conductivity enhances. This dependency is mostly thuthe nature of nanoparticles and their



higher thermal conductivity, which makes the namdftthermal conductivity to be affected by the
increase in the amount of nanopatrticles.

The results presented in Fig. 11-A shows that theofiuid thermal conductivity increases by
increasing the concentration of nanoparticles. &mnges can be associated with the intensified
effect of nanoparticles Brownian motion within thase fluid and the mixture of nanofluid layers.
The temperature effects decrease proportionallyigiter concentrations in case the nanoparticle
agglomerates form, since their Brownian motion dases as the agglomeration size increases. In
fact, the particles transform from their nanosahlaensions to larger agglomerates, in which case
their movement velocity decreases compared to thigial state. Previous research show that with
increasing particle size, the effect of Browniantimo on the increase of the thermal conductivity
decrease[53]. In this research the results showhhancreasing the volume fraction due to the

stability of the nanofluid (No agglomeration in w@articles.), the thermal conductivity is always

increased.
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Fig. 11: Variations of thermal conductivity versus dalblume fraction at different temperatures
Thermal conductivity ratio of nanofluid versus gokolume fraction at different temperatures

Fig. 11-B demonstrates the results of relativerttaérconductivity of the nanofluid with respect to
different volumetric fractions. This figure helps gain a better understanding of the behavior of

nanofluid thermal conductivity compared to the bdtéd by increasing the volumetric



concentration. At volumetric concentrations loweart 1 %, the ratio of variations experienced a
maximum of 8 % increase, while a considerable im@naent is achieved by increasing the amount
of nanoparticles in the base fluid.

The nanofluid thermal conductivity always increadms increasing the volumetric fraction.
However, excessive increase in the volumetric ibactauses problems such as instability of
nanopatrticles in the base fluid or a significantréase in the nanofluid viscosity [54]. In some
thermal systems, the effect of heat transfer im@mnoents is much higher in comparison with the
increased power of the pumping power; thus, usigofiuids can be efficient even with higher
volume fractions. In some empirical studies, thfectfof the difference between heat transfer and
pumping power is investigated and its results aesgnted [55, 56].

Given that rice plant is a rich source of silica, this study, silica oxide nanoparticles were
synthesized using this natural source. Then, watbnsific methods, the process of production and
stabilization of the nanofluid was investigatedemhits thermal properties were investigated under
different conditions. The results showed that tlasofluid can be used in thermal systems such as
heat exchangers, solar water heaters, car cooystgras and ventilation systems due to long-term

stability and favorable thermal properties compacepure water.

3.4. Proposed Correlation

Nanofluids have a complex structure and their tlroonductivity are affected by different
parameters such as temperature, volumetric fracparticle size, surface, atomic, and chemical
structure, nanofluid preparation method, and dtgbiNumerous studies have confirmed this
through the significant difference between the expental results and those obtained by the
classical theoretical correlations [57, 58] . Thaghe present study, based on experimental data,
new correlation has been proposed (Eq. 4) to prddie thermal conductivity of the studied
nanofluid in terms of temperature and solid voluiraetion with Rsqr= 0.99. This correlation, in

fact, was derived through curve fitting using Lelverg—Marquardt algorithm.
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Fig. 12 compares the experimental results on the od thermal conductivity with those obtained
by the proposed model. The results are presentédraspect to volumetric fractions and the ratio
of thermal conductivity in all the temperatures. éan be seen, the calculated results by the
proposed model are in excellent agreement witreperimental results. The proposed correlation

can be used to calculate the thermal characteyisfievater/silica nanofluid in numerical studies.
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Fig. 12. Comparison between the predicted TCR&i®yptoposed model with those of experimental détta w

respect to solid volume fraction at different temaperes

To further investigate the accuracy of the proposedelation (Eq. 4), the margin of deviation

analysis has been done using Eg. 5:

Ke,, -K (5)
Deviationmargin(%) = [B‘i—wj x100
B

Where kg, represents the measured thermal conductivity & gresent study, ankb is the
predicted thermal conductivity by the proposed nhoig. 13 displays the difference between the

predicted results by the proposed model and therarpntal data. As can be seen, the maximum



margin of deviation between the experimental dat those predicted by the proposed model is

2.72 % which proofs the accuracy of the proposedeho
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Fig. 13: Comparison between TCRs predicted by tbpgsed model and those of experimental data.

3.5. Comparison of the thermal conductivity of the studied nanofluid with some other
nanofluids

The present investigation accurately and comprehelgsexamined the silicon oxide nanoparticles
due to several reasons such as improving the theramauctivity of the base fluid, low cost,
production and abundance of its resources in naéime long-term stability. This section compares
the results obtained from the thermal conductivityhe studied nanofluid and the results presented
for other nanofluids. Fig. 14 compares the expentaleresults of the present study and the results
presented by other researchers at the temperat@ir@® and 50°C in different solid volume

fractions.
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Fig. 14: Comparison of the measured thermal comdtycof Silica-water nanofluid with other publistie

researches in different solid volume fractions anthe temperature of 30 and %D

Fig. 14 reveals that there is no considerable wiffee between the results of the studied nanofluid
in the present study with other combination of rmartcles including water/CNT-ADs.
Therefore, the comparison between the results @n8050°C shows that the thermal conductivity
of the studied nanofluid enhances by a greater estithe temperature increases. However, the cost
and favorable conditions of production and longrtestability of water/silicon oxide nanofluid

allows it to be used as a functional and reliahl&l fin thermal systems.



4- Conclusion

In the present investigation, in order to improkie thermal properties of the deionized water (the
base fluid), the stability, and thermal conducyivibf the silica-water nanofluid have been
experimentally examined. An eco-friendly process waed to synthesis the silica nanoparticles.
Applying SEM and FTIR tests, the nano-structurethe produced silica nanoparticles has been
scrutinized. Then, applying two-step method, theoflaid has been prepared and its stability has
been accurately examined. The thermal conductiatythe prepared nanofluid has been
experimentally measured in a wide range of tempegatand solid volume fractions. The results
can be summarized as follows:

1- Regarding the chemical structure of the studiedbparticle and the preparing process of
the nanofluid, as well as achieving the nano sizthe particles in the base fluid, a long-
term stable nanofluid (for more than 6 months) lbeen produced.

2- Fourier Transform Infrared Spectroscopy method) &lsown as FTIR, can be employed to
investigate the stability of the silica-water ndoif with acceptable results.

3- The results of TEM and DLS stability test have aded that the produced nanofluid possess
excellent stability.

4- Thermal conductivity enhancement in higher tempeegt is more noticeable compared to
those lowers. The temperature increase leads tilvénmal conductivity enhancement of the
nanofluid by increasing the Brownian motion of freaticles. The maximum enhancement
of 38.2 % took place at the solid volume fractid8 80 and temperature of 55.

5- Predicting the thermal conductivity of the studiednofluid, a new highly precise
correlation in terms of temperature and solid vauimaction has been proposed based on

the experimental data. The maximum margin of deuiadf the proposed model is 2.72 %.
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Highlights
Using eco-friendly process to synthesis the silica nanoparticles

Performing SEM, XRD, and FTIR tests to investigate the surface and chemical structure of
nanoparticles

Sedimentation analysis has been done using TEM and DL S tests.

Thermal conductivity of the eco-friendly nanofluid was measured and compared with other
nanofluids

The maximum thermal conductivity enhancement of 33 % has been observed.



