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Abstract. This research investigates the pH value of stainless steel (SS) 316L/ deionised water
(DIW), alumina (Al,03)/DIW, and copper(I) oxide (Cu2O)/DIW nanofluids prepared using a
two-step controlled sonication temperature approach of 10°C to 60°C. The nanoparticles
volumetric concentration of each family of as-prepared nanofluid ranged from 0.1 to 1.0 vol%,
using as-received nanopowders, of 18 — 80 nm average particles size. Furthermore, the pH
measuring apparatus and the measurement procedure were validated by determining the pH of
commercially supplied calibration fluids, of pH 4, 7, and 10. Following the validation, pH
correlations were obtained from the experimental measurements of the 0.1, 0.5, and 1.0 vol%
nanofluids in terms of varied sonication bath temperatures and volumetric concentrations.
Those correlations were then combined into one robust pHnr correlation and validated using
the pH data of the 0.3 and 0.7 vol% nanofluids. The new proposed correlation was found to
have a 2.18%, 0.92%, and 0.63%, average deviation from the experimental pH measurements
of SS 316L, AlxO3, and Cu20 nanofluids, respectively, with an overall prediction accuracy of

~92%.
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Introduction

A new class of engineered fluids that rely on the dispersion of metals, metal oxides, allotropes
of carbon, or a combination of any of these materials in the form of nanoparticles (NPs) of
average diameter less than 100 nm and of low concentration, preferably < 1 vol%, in a non-
carcinogenic basefluid (e.g. water, oil, kerosene, glycols etc.) were defined by Choi in 1995 as
‘Nanofluids’ [1-3]. This advance category of fluids have gained the interest of many
researchers due to their distinctive properties compared to conventional fluids in the field of
heat transfer enhancement, drug delivery, paint additives, magnetic sealing, ionic liquid
synthesis, etc [4-11]. Although significant research findings on the thermophysical properties
of different nanofluids and their applicability are available in the literature, there is still a need
for better understanding of the fluid stability behaviour [12, 13]. To be more specific, the
interaction between the NPs themselves and between the particles with the surrounding
medium is still considered to be an area of exploration and of major concern. In general,
nanofluids stability can be subclassified into dispersion stability, and kinetic stability [14].
Dispersion stability takes into account both the Van der Waals attraction force between the
particles, and the electrostatic repulsion force caused by the electrical double layers on the
particles surface, where clusters formation or agglomerations of particles are more likely to
occur in a nanofluid when the attraction force is higher than the particle electrostatic repulsion
force [15]. On the other hand, the kinetic stability describes the NPs dynamic Brownian motion
in the basefluid, which causes particle sedimentation or phase-separation due to gravitational
force [16]. The problem arising from the two aforementioned mechanisms is their negative
impact on the long term stability of the suspensions if not appropriately dealt with, and hence
can degrade the nanofluid thermophysical properties [17-19]. Basically, there are three main
approaches to improve the stability of nanofluids: 1- sonicating the fluid, 2- adding surfactant,
and 3- adjusting the pH value to optimize the zeta potential. Sonication, which is a physical
method that depends on employing ultrasonic waves through the fluid, can be used to enhance
the stability of the solution by rupturing the particles attractional force within the sediments
[20]. Furthermore, using a surfactant of organic compounds that has hydrophilic head and
hydrophobic tail group, has shown to be useful in increasing the stability of the aqueous
solutions [21]. In addition, manipulating the pH value of nanofluids changes the NPs surface
and can strongly improve the stability of the dispersed NPs [22, 23]. This is because the zeta
potential, which is the potential difference between the layered fluid attached to the particles
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and the dispersed particles surface, can be increased/decreased by changing the pH value and/or
adding surfactant to the nanofluid. In principle, zeta potential values of nanofluids above +30
mV or below -30 mV are considered to be more stable due to the high repulsive force generated
between the charged NPs [24-26]. Implementing one or more of the aforementioned techniques

can result in obtaining a more homogeneous and better dispersed nanofluid.

Several studies were undertaken to illustrate the influence of the pH value on the nanofluids
stability [27-39]. For example, Manjula et al. [40] examined the effect of pH value and
surfactants on the suspension behaviour of alumina (Al2O3)/H20 nanofluid via monitoring the
formed sedimentations in the fluid. It was found that optimizing the pH value and adding
surfactant to the nanofluid have resulted in maximising the stability of the nanosuspension.
Witharana et al. [41] studied the aggregation and settling performance of 0.5 wt% (Al.03)/H20
nanofluid, of 46 nm particle diameter and water of pH of 6.3 and 7.8. Their results showed that
the samples made of pH 6.3 were stable for more than 30 minutes, and that the nanofluids
fabricated with a basefluid of pH 7.8 had a complete settling and particles separation after 30
min. Lee et al. [42] examined the stability and effective thermal conductivity of copper(Il)
oxide (CuO), of 25 nm average particles diameter, suspended in deionized water.
Measurements of the formed agglomeration particles size, for the nanofluids of pH 3 to 11,
have revealed that the attracted particles were mostly sized between 160 to 280 nm. It was
concluded that the stability of the nanofluid was highly influenced by the pH value and the
hydrodynamic size of the embedded particles. In addition, at a pH value of 11, the effective
thermal conductivity has shown 11% enhancement over that of the basefluid. Song [43] studied
the possibility of stabilising stainless steel (SS) 316L/ H>O nanofluids, of 70 nm average
particles size, with added surfactants of sodium dodecylbenzene sulfonate (SDBS) and sodium
dodecyl sulfonate (SDS). In their experiment, the nanofluids investigated were adjusted to a
pH value of 8.0, 9.0, 10.0, 11.0, and 12.6, before determining their durability and stability. Five
approaches were used for their characterisation, namely: 1- absorbance measurement, 2-
particle size distribution measurement, 3- sedimentation observation, 4- transmission electron
microscope (TEM) observation, 5- zeta potential measurement. The long term stability analysis
illustrated that the fabricated suspension of pH 11 maintained for 10 days, pH 10 maintained
for 3 days, and those of less pH value have fully settled within one day. On the other hand, the
nanofluid of pH 12.6 showed an excess amount of OH ions, which resulted in disturbing the

electrostatic stability, causing the particles to rapidly settle.



Our review of the available literature quoted above shows that the pH value of nanofluids has
a strong effect on its stability, and that the pH value of the suspension is influenced by its
temperature and NPs concentration. The effect of a fluid pH was also reported to extend to the
level of changing the wettability nature of the surface in contact to it [44, 45]. Given these facts,
using an ultrasonic device for preparing nanofluids will lead to an increase in the fluid
temperature and hence affect the resulting pH value of the nanofluid. This rise in temperature
is limited by the surrounding atmospheric temperature of the site where the nanofluid is been
prepared. This fact needs to be factored in when the commercial production of nanofluids in

large scale is considered.

To the best of our knowledge, there is no existing empirical or theoretical relation that links
the nanofluid controlled fabrication temperature and concentration to its pH value. Therefore,
in this study, the pH value of SS 316L, copper(I) oxide (Cu20), and aluminium (Al) NPs
dispersed in deionised water (DIW), was measured experimentally at range of controlled
sonication bath temperatures and particle concentrations. An empirical correlation was then
developed from the measured pH values, controlled fabrication temperatures, and particle
concentrations of the prepared nanofluids and validated to help estimate the pH value of similar
nanofluids robustly, within the same range of conditions. Such correlation is expected to be
beneficial to nanofluids manufacturers and even researchers, where it can aid them in
predicting the fluids pH value beforehand, so that a more convenient nanofluid with the desired

stability can be achieved.
Experimental procedure

Materials. Portable pH meter calibration fluids of values 4, 7, and 10 were purchased from
Metrohm USA Inc. A purity of 99.9% Al NPs and SS 316L NPs, of spherical particles shape
and particles size between 40 to 60 nm and 60 to 80 nm, respectively, were purchased from
SkySpring Nanomaterials. The chemical composition, as supplied by the manufacture, of the
SS 316L NPS is shown in Table 1. A 99.86% super fine Cu2O NPs, of 18 nm average particles
size, were supplied by US Research Nanomaterials. A set of 40 mL, 27.5 mm outer diameter
and 95 mm height, glass clear vials with screwed top were provided by SIGMA-ALDRICH.
Deionised water, produced by an Elga PRO30BPM1-US Purelab Prima 30 water purification
system, was used as the basefluid for the nanofluids preparation after adjusting its pH value to
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Table 1. Stainless steel 316L chemical composition, wt% [46].

Elements Cr Ni Mo Si Mn S C P Fe

wt% 16-18 10-14 2-3  0.75 max 2 max 0.03 max 0.03 max 0.045 max Dbalance

Characterization. Characterization tests were performed for the SS 316L, Al, and Cu,O NPs
through a 9 kW Rigaku SmartLab, Japan, X-ray diffraction (XRD) analyser and its software,
SmartLab Guidance, using a CuKa X-ray source with a diffraction angle of 20 and an incidence
beam step of 0.2° to determine the Bragg's peaks of each element contained in the examined
sample. The diffraction scanning angle range was from 20° to 80°, with a scanning rate of
1°/min. NPs densities were obtained in order to calculate the nanoparticle volumetric
concentrations, which was required for the nanofluids fabrication. This was done by first
measuring the samples weight, using an ae-ADAM PW 214 analytical balance of 0.0001 g
readability and £0.0002 g accuracy, then placing them in a HumiPyc trademark Model 1 gas
pycnometer — volumetric analyser at an operational temperature of 25°C. The pH values of the
DIW and fabricated nanofluids were measured from inside the vials, after placing them on a
benchtop, by immersing the Hach PHC20101 Intellical pH measuring electrode connected to a
HACH HQ40D portable pH meter, of accuracy +£0.002 pH, vertically to a depth of 5 cm then
obtaining the reading for three times and averaging the values. The aforementioned procedure
was done after calibrating the pH meter, before each conducted measurement and taking into
account the temperature compensation, using the three as-received calibration fluids and the
manufacturer instructions [47, 48]. Fig. 1 illustrates the experimental setup used for measuring
the pH value of the nanofluid samples, which was also adopted for measuring the DIW pH

value, at different temperature gradient.



Fig. 1. Experimental setup used in measuring pH value of nanofluids samples.

Nanofluids preparation. Each nanofluid sample was prepared by placing the NPs first inside
the vial then injecting 20 mL of DIW, using a disposable syringe, on top of the nanopowder
after which the vial was sealed using the provided cap. The volume concentrations (¢) of NPs
used were 0.1, 0.3, 0.5, 0.7, and 1.0 vol%, for each individual type of material. The vial
containing the solution was then placed gently in a Soniclean company benchtop bath type
ultrasonic vibrator, running at 100% power (43 kHz pulse) and filled with water to the
recommended operating level by the manufacturer, for 4 hours to agitate the mixture. This kind
of particles dispersion method is known as the two-step approach, which is a common
procedure used for the production of nanofluids by many researchers [16, 33]. The sonicator
bath temperature was then controlled, at a margin of £1°C, for a temperature (T) that ranged
from 10°C to 60°C, with an increment of 10°C, by gradually adding hot or cold water inside
the ultrasonic bath and extracting the access water from the device via the attached ejection
valve. This was done in order to characterise the variation in nanofluids pH (pHaxr) value at
different points of temperature (e.g. pH value of nanofluid fabricated for 4 hours at fixed
sonication bath temperature of 30°C with a margin of £1°C). It should be pointed out that the
lab temperature, where the experiments were performed, was 25°C and that surfactants or
dispersing materials/chemicals were not used for the production of the nanofluids to avoid
additional parameters effects on the fluid-particles pH value. Fig. 2 demonstrates the schematic

procedure of the two-step nanofluids preparation.



Fig. 2. Schematic procedure for the two-step nanofluids preparation.

Correlations development and validation. The pH value of the basefluid (pHwr) was first
measured for three times and averaged, at a temperature range of 10°C to 60°C with an
increment of 5°C, as these values reflect the behaviour of the nanofluids with zero nanoparticle
concentration. The measurements were then plotted and fitted with a suitable trendline relation
in order to obtain the best fit equation, which is valid in the range of 10°C < T < 60°C. Next,
the average pH values of each material employed to form the nanofluids, of 0.1, 0.5, and 1.0
vol%, were plotted after measuring them at different controlled production temperature, while
fixing a single parameter (i.e. sonication bath temperature or particles concentration). The
plotted data were then fitted with a trendline relation to acquire their equations and
nondimensionalised using a reference temperature (To) and a reference basefluid pH value
(pHo), which were selected to be 25°C and 7, respectively. This was done to have the
correlations independent of any units using the surrounding temperature condition. Afterwards,
the temperature dependant correlation and the particle concentration correlation were
combined together and their regression coefficients were taking as unknown variables. An
Excel 2016 data analysis tool was used to determine the new correlation regression coefficient
variables and the validation of the proposed correlation was performed by comparing it with

the 0.3 and 0.7 vol% as-fabricated nanofluids measured pH values.
Results and discussion

X-ray diffraction analysis and nanoparticles density measurement. The XRD pattern of
the as-received SS 316L is shown in Fig. 3(a). It can be notice that only ferrite (BCC) and
austenite (FCC) peaks are shown in the plot which indicates that the microstructure is solely
composed of these two phases. The crystallite sizes obtained from the strongest Bragg's peaks

of the austenite (111) and ferrite (110) phases are about 47 nm and 44 nm, respectively. Figure



3(b) demonstrates the diffraction pattern of the as-received Al NPs. The peaks observed from
the analysis shows some oxidation in the Al sample, practically at angles 26 = 20.46°, 40.80°,
and 48.82° which are indexed as (020), (041), and (042), subsequently. Crystallite sizes found
at the highest peaks of Al (111) and a-Al,O3 (042) are about 50 nm and 91 nm, respectively.
Figure 3(c) of the as-received Cu2O nanopowder pattern shows the present of Cu and CuO
peaks, which is normal, since the Cu,O NPs are very unstable and when exposed to the outer
air the material is likely to oxidize to CuO, or return back to Cu. This kind of behaviour was
also stated by the manufacturer [49]. Highest peaks of Cu2O (111), Cu20 (200), Cu 0 (220),

and Cu (111) showed crystallite sizes of 20 nm, 15 nm, 13 nm, and 75 nm, respectively.

Fig. 3. X-ray diffraction patterns of: (a) Stainless steel 316L NPs, (b) Aluminium NPs, and
(c) Copper(I) oxide NPs.

It is worth noting that all crystallite sizes (Dpj;) were obtained using the Scherrer formula (Eq.
1), which is commonly used by many researchers [50-53].

FA
BrricosOnkr

(1)

Dy =

Where F represents a constant value equal to 0.9, A illustrates the wavelength of the CuKa X-
ray radiation source and is equal to 0.15405 nm, f,;; demonstrates the full width at half the

maximum of the (hkl) diffraction peak, and 8y,; represents the Bragg angle at (hkl) peak.

Density of the as-received SS 316L, Al, and Cu,O NPs, based on the volume and mass, are
shown in Table 2 along with their standard deviation (SD).

Table 2. The as-received nanoparticles densities.

Nanoparticle Mass Sample volume Density

SD x 102
type (@) (cm’) (g/em’)
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Stainless steel 3161 0.2 0.033 6.02 0.18

Aluminium 0.2 0.621 3.22 0.81

Copper(I) oxide 0.2 0.566 3.53 0.14

These density (p) values were employed in the mixing theory (Eq. 2) [54], which is widely
used and agreed upon by many researchers [16], to calculate the amount of NPs required for

the preparation of the nanofluids of selected vol%, where V,

np> Vbf, and m are the NPs volume,

basefluid volume, and mass, respectively.

v (5
vol% = —L2— = ——L (2)
0 Vinp+ Vpe (F)np-l- (p )bf

Basefluid pH variation with temperature. In this study, DIW was used as the basefluid for
preparing the different types of nanofluids. Thus, the pH value of DIW was measured first at a
temperature range of 10°C to 60°C, in order to reflect the nanofluids pH values when the
concentration of NPs is equal to zero. Figure 4(a) shows the DIW averaged pH value
measurements results at different point of temperature, where a monotonic variation in pH with
temperature is observed. The highest variation in the pH measurements, within one temperature
point, was +£0.05 at 10°C and 60°C, and the lowest was +0.02 at 20°C to 35°C. It is important
to note that, although the pH value of DIW, of pH 7 at 25°C, is increasing/decreasing with the
change in liquid temperature, the fluid is still considered to be neutral, but only at that point of
temperature. This is because, theoretically, rising/lowering the temperature of DIW
above/below 25°C would result in increasing/decreasing the amount of free hydrogen ions and
hydroxide ions equally, thus the variation seen in pH value is due to the change in the ionic
product constant of water (Kyw) [55]. A 3™ order polynomial relation fits the data well and the

equation obtained from it (Eq. 3) is valid in the range of 10°C < T < 60°C.
pHyr = ag + a;T + a,T? + a3T?; (3)
With R? =0.993

Where the regression constants a,, a;, d,, and as are equal to 7.56, -0.027, 1.86 X 10, and -

3.22 x 107, respectively.



Fig. 4. Measured deionised water pH value at a temperature range from 10°C to 60°C.

Nanofluids pH variation. The pH value of SS 316L/DIW, AlLO3;/DIW, and Cu,O/DIW
nanofluids for three concentrations, namely, 0.1, 0.5, and 1.0 vol% is presented in terms of
sonication bath temperature variation (Fig. 5(a-c)) and change in NPs volume percentage (Fig.
6(a-c)). The maximum deviation in the three pH measurements for all three nanofluids, at a
single point of temperature, was seen to be +0.04. Several distinct characteristics of the
nanofluids are observed from the plots. Similar to the basefluid behaviour (Fig. 4), the
nanofluids pH value tends to decrease with the increase in fabrication temperature. For
example, Fig. 5(a) shows a reduction of 4.40, 4.68, and 7.84% in the measured pH values of
the 0.1. 0.5, and 1.0 vol% SS 316L nanofluids at a temperature of 60°C compared with their
pH values at 10°C. In addition, it was further noticed that the increase in NPs concentration
caused the fluid pH value to rise from its initial basefluid state. This kind of outcome is
expected, since the added NPs to the basefluid tend to attract the free hydrogen ions within the
as-prepared DIW, thus keeping the liquid with higher amount of free hydroxide ions. Hence,
the pHar is predicted to be higher than the pHyr at each preparation temperature.
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Fig. 5. Nanofluids, of 0.1, 0.5, and 1.0 vol%, pH variation with temperature for: (a) SS
316L/DIW, (b) Al,O3/DIW, and (¢) Cu,O/DIW.

Depending on the NPs material used, the nanofluid pH value can either be strongly influenced
by the NPs concentration (e.g. SS 316L/DIW and Al,O3/DIW), or fixed fabrication temperature
(e.g. Cu2O/DIW). For further illustration, analysing the NPs volumetric concentration and
controlled production temperature effect on the pH value of Al,O3/DIW nanofluids (Fig. 5(b)
and 6(b)) showed that the average change in pH obtained from increasing the concentration
alone across the examined temperature range was 11.13%, while increasing the production

temperature for each fixed concentration had an average pH variation of 9.53%.

Fig. 6. Nanofluids, of 0.1, 0.5, and 1.0 vol%, pH variation with concentration for: (a) SS
316L/DIW, (b) Al,O3/DIW, and (c) Cu,O/DIW.

In addition, it can be seen that all three types of nanofluids pH data, at a specific concentration,
follows a 3™ order polynomial relation fit which can be expressed by Eq. 4 along with the

regression constants shown in Table 3.

pan = bO + blT + szz + b3T3 (4)
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Furthermore, from the data in Fig. 6, at each as-prepared fluid fabrication temperature, the
variation in pH value in respect of NPs volume percentage is seen to cohabit a 2" order

polynomial relation, for all three types of nanofluids, which can be expressed as:
pHyr = co + 1P+ szl)z &)
With R? =1

Equations 4 and 5 are valid in the range of 10°C < T <60°C, and 0.1 vol% < ¢ < 1.0 vol% with

the regression constants of Eq. 5 (i.e. ¢y, ¢4, and c,) are tabulated in Table 4.
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Table 3. Regression coefficients of Eq. 4 for SS 316L, Al,O3/DIW, and Cu2O/DIW nanofluids.

SS 316L/DIW ALO/DIW Cu0/DIW

Regression

constants 1y 0.5 vol% 1.0 vol% 0.1 vol% 0.5 vol% 1.0 vol% 0.1 vol% 0.5 vol% 1.0 vol%
bo 7.60 7.63 8.93 9.68 9.63 10.24 11.10 11.56 11.64
b, -0.013 0.014 -0.052 0.077 -0.01 -0.032 -0.021 -0.033 -0.024
b, 3226 % 104 -7528 x 104 1.64 x 10° 0.0023 2381 x10° 5976 x 10*  8.722 x 10* 9.361 x 10* 5266 x 10
by 3889 x 106 7407 x 100 -1.769 x 105 -2.574 x 105 -5.556 X 107 -5.556 x 10 -1.426 x 10° -1213 X 10°  -7.685 X 10
R? 0.974 0.959 0.970 0.978 0.921 0.932 0.955 0.950 0.941

13



Table 4. Regression coefficients of Eq. 5 for SS 316L, Al,O3/DIW, and Cu2O/DIW nanofluids.

SS 316L/DIW ALO;/DIW Cu,O/DIW
Temperature

0 C c c C c c C c c

0 1 2 0 1 2 0 1 2
10 7.52 -0.300 1.333 8.98 1.218 -0.239 10.83 1.367 -0.778
20 7.46 -0.112 1.061 8.72 1.663 -0.522 10.89 0.5 4.428 x 107"
30 7.40 -0.275 1.250 8.53 2.223 -1.122 10.85 0.627 -0.378
40 7.46 -1.007 1.844 8.37 1.843 -0.656 10.53 1.473 -0.956
50 7.35 -0.730 1.633 8.17 2.438 -1.106 10.52 0.218 0.094
60 7.16 -0.012 0.728 7.30 4.410 -2.433 9.74 1.713 -1.022
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Correlation development. From analysing the experimental results of Fig. 5 and Fig. 6, it was
found that the pH value of each type of nanofluid examined depends on the volumetric
concentration of the NPs used and the temperature of suspension fabrication. In order to
establish a joint link between the two parameters (i.e. T and ¢) and the nanofluid pH value, an
analysis of the variation of these parameters independently was carried out. Having the
correlation independent of any units, the pHar was nondimensionalised by that of the basefluid,

at room temperature conditions, using the parameters pHovm and To values.

Influence of temperature. The pH values of SS 316L/DIW, Al,O3/DIW, and Cu,O/DIW

nanofluids in Fig. 5 were nondimensionalised using the value of pHuw then plotted in contrast

. . . T . .
to the nondimensionalised temperature (T—), for each of the three nanoparticle concentrations.
0

It can be observed from Fig. 7 that the pH ratio (::—"f) against (TL) corresponds to a 3™ order
bfo 0

pHy
PHps

polynomial relation. Thus, the correlation for ( ) as a function of (Tl) can be best
0 0

represented as:

PHns _ T T2 T3
pHoro do + d1(TO) + dz(To) + d; (To) (6)

Fig. 7. Nanofluids, of 0.1, 0.5, and 1.0 vol%, nondimensionalised pH variation against (Tl)
0

for: (a) SS 316L/DIW, (b) Al,O3/DIW, and (c) Cu,O/DIW.

Influence of concentration. From Fig. 6 and Eq. 5, it was demonstrated that the variation in
pHys as a function of ¢ followed a 2" order polynomial relation at a fixed fabrication
temperature. This was examined for all three types of nanofluids that were produced from a
controlled sonication bath temperature that ranged from 10°C to 60°C. Due to the nature of Eq.
5, the appropriate nondimensionalisation representation of the correlation can be shown as
following:
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PHny

_ 2
pHoro eo+ed+ed (7)

Proposed correlation. From the previous two analysis of the influence of each parameter, it
was found that a general pH,,; correlation can be illustrated by combining Eq. 6 and Eq. 7 in

the following format:

VL [d, 4 dy () + o)+ s (2] T + €1 + e ®

Equation 8 was then extended to Eq. 9 because of the infinite number of solutions that can be

obtained at the current state to the regression coefficients.

Py _ T Ty2 T3 T T2
oy = Xo T X1GD) + X2 + X3 () 4 Xad + Xsd () + Xed()* +

X0 + Xad? + Xod? () + X10? ()7 + X110 ()’ ©)

Where the correspondence of the new regression coefficients (i.e. X, to X;1) are shown in

Table 5.

Table 5. Regression coefficients of Eq. 9 and their correspondence.

Regression . Regression . Regression .
) Representation ) Representation ) Representation
coefficient coefficient coefficient
Xy d,. e X, d,.e; Xg d,. e,

The Excel 2016 data analysis regression tool was then used to determine the values of the

unknown regression coefficients of Eq. 9 for the different types of nanofluids from their

nondimensionalised pHnr measured data and (TL). Table 6 shows the statistical analysis
0

tabulation of the regression coefficients, where Eq. 9 with the coefficients of Table 6 has a

range of validity of 10°C < T <60°C, and 0.1 vol% < ¢ < 1.0 vol%.
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Table 6. Regression coefficients of Eq. 9 values for different as-fabricated nanofluids.

Regression SS 316L/DIW AlL,O3/DIW Cu,0/DIW
constant

X, 1.104 1.395 1.562
X, -0.107 -0.376 -0.053
X, 0.090 0.289 0.072
X, -0.025 -0.081 -0.033
X, -0.227 -0.144 0.255
Xs 0.703 1.099 -0.229
X, -0.685 -0.922 0.073
X, 0.180 0.249 0.007
Xq 0.397 0.212 -0.154
Xo -0.781 -0.837 0.197
X10 0.741 0.686 -0.097
X1 -0.195 -0.181 0.009
R? 0.995 0.985 0.953

Maximum deviation -0.90% -1.24% +0.95%

Average deviation 0.28% 0.50% 0.38%

Validation of the new correlation. In order to validate the newly developed correlation, the
pH of the as-prepared 0.3 and 0.7 vol% nanofluids of different fixed fabrication temperatures

were compared with the proposed correlation in terms of experimental measurement against
17



theoretical computation as demonstrated in Fig. 8. The central line in Fig. 8(a-b) represents a
perfect match between the new correlation values and the experimental data. It can be notice
that there exists some level of deviation between the measured data and the correlation
prediction, especially with the measured data of SS 316L/DIW nanofluid. Nevertheless, the
correlation shows very good estimation towards the pH,,; for all three types of nanofluids,
where the highest prediction error was shown to be -8.09% (at T = 40°C and ¢ = 0.7 vol%) for
SS 316L/DIW, +5.08% (at T = 60°C and ¢ = 0.7 vol%) for AlO3/DIW, and +2.31% (at T =
60°C and ¢ = 0.7 vol%) for Cu2O/DIW. The average error of the newly proposed correlation,
for the 0.1-1.0 vol% SS 316L/DIW, Al,O3/DIW, and Cu,O/DIW samples, was found to be
2.18%, 0.92%, and 0.63%, respectively. Given a specific controlled sonication bath
temperature and NPs concentration, the correlation of Eq. 9 insures at least 91% confidence
that the value will be between the upper and lower prediction error limits of the curve-fit range.
Such level of error is acceptable for many industrial applications, since the highest deviation

from the actual pHyr measurement would be within a value of £0.57 (i.e. less than 1).

Fig. 8. Comparison between the new correlation prediction (Eq. 9) and the measured pH of:
(a) SS 316L/DIW, (b) AlO3/DIW, and (c) Cu,O/DIW.

Summary

Measurements of the pH value of three types of nanofluids, namely, SS 316L/DIW,
ALO3/DIW, and Cu,O/DIW were performed in order to develop a general correlation that can
predict the pHyr value, within the conducted experiments range, from the liquid production
temperature and nanoparticle volumetric concentration. All three types of nanofluids were
fabricated using a controlled sonication bath temperature two-step approach, with 0.1 to 1.0

vol% of NPs. The following conclusions are drawn:
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e The experimental findings have indicated that, increasing the NPs concentration in the
basefluid had an alkaline effect, while rising the temperature caused the nanofluid to be
more acidic. Such behaviours are expected to be a result of: 1- the NPs attraction of free
hydrogen ions within the basefluid, and 2- the increase in the amount of ions been freed
from their water molecules caused by the rise in fluid temperature.

e In addition, depending on the nanoparticle material, the pH,; can be strongly
influenced by either the controlled sonication bath temperature, as in the case of
Cu2O/DIW, or the changes in nanofluid particle concentration (e.g. SS 316L/DIW, and
ADLO3/DIW). For instant, by analysing the pH value of ALO3/DIW for the two
aforementioned parameters, the average change in pHar due to increasing the particles
volumetric concentration alone over the fixed bath temperatures have shown to be
11.13%, whereas varying the processing controlled temperatures for each volumetric
concentration has resulted in a 9.53% average change in pH.

e Using the experimental data, a new pHar correlation was developed as a function of
fabrication bath temperature and NPs volume concentration to estimate the pH value of
the three previous types of nanofluids. The proposed correlation has illustrated a high
prediction capability, where its average error for SS 316L/DIW, Al,O3;/DIW, and
Cu0/DIW have shown to be 2.18%, 0.92%, and 0.63%, respectively.

Nevertheless, it should be acknowledged that, due to the variation in nanofluid dispersant
methods and their NPs crystal structures, the presented correlation are very helpful and reliable
for applications that uses nanofluids fabricated similarly to the conducted study approach and
parametric range. These correlations will be advanced for additional parameters such as NPs

average size, shape, and the existence of surfactants.
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