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Abstract

Since the second half of the twentieth century, nanofluids are very promising engineering materials that can find
numerous applications in the processes of heat exchange. Scientist and engineers are developing new and more ad-
vanced nanosuspensions which may differ from their physical properties, production costs and practical use. The aim
of this paper is to study the differences between two nanofluids containing a mixture of graphite and nanodiamonds
with various ash content. Here, ethylene glycol was used as a base fluid. Rheological properties, thermal and elec-
trical conductivities at a constant temperature 298.15 K were investigated for nanoparticle volume content ranging
from 0.004 to 0.023. It was presented that ash content in nanofluids changes significantly rheological properties of
nanofluids containing graphite/nanodiamonds mixture nanoparticles. While the variation in ash content does not affect

thermal conductivity of nanofluids, a big impact on electrical conductivity is reported.
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1. Introduction

In an era of ever-increasing demand for energy, sci-
entists and engineers compete in the design of materials
with sophisticated properties. One undoubtedly impor-
tant groups of materials are suspensions of nanoparti-
cles called nanofluids. At the end of the last century,
first experimental studies showing that the addition of
the nanoparticles to liquid causes an increase in the ther-
mal conductivity of such material has been introduced.
Since then many publications on the thermal conductiv-
ity of nanofluids has been presented [1, 2, 3, 4, 5, 6]. In-
creasing the thermal conductivity of the fluid results in
the enormity of possible applications of these materials
in many fields of industries [7, 8]. Particularly notewor-
thy are the possibilities of using these materials in the
building industry [9], green energy [10, 11, 12] and the
wider automotive industry [13].

Nanofluids apply not only in industry, but also are
promising materials in medical drug delivery systems.
Especially interesting here are harmless to the organism
gold nanoparticles that can be used in a targeted ther-
apy [14, 15, 16].
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However, the addition of nanoparticles to the lig-
uid does not remain without effect on its mechanical
properties. Increasing concentration of nanoparticles
leads to an increase in dynamic viscosity of the suspen-
sion [17, 18, 19, 20]. It must be taken into consideration
when designing systems using nanofluids.

One of the most popular groups of nanoparticles used
in the research on thermal conductivity of nanofluids
are oxides [21, 22, 23, 24, 25, 26]. Note, however,
that in addition to oxides widespread is the use of met-
als [27, 28, 29], nitrides [30, 31, 32, 33] and carbon
nanotubes [34, 35, 36]. More recently, graphene was
also considered due to high intrinsic thermal proper-
ties [37, 38, 39, 40, 41]. A relatively new study group
of nanofluids are so-called hybrid nanofluids which
contain different types of nanoparticles, in suitable ra-
tios [42, 43, 44, 45, 46].

Nanodiamonds (ND) based nanofluids are also very
interesting and promising. Branson et al. [47] investi-
gated two types of nanofluids containing nanodiamonds
in which the liquid base were poly(glycidol) polymer
brush:EG and oleic acid:mineral oil. They showed
that the thermal conductivity of these systems is grow-
ing much more than the prediction of Maxwell model.
In addition, they showed that the increase in thermal

February 10, 2017



Nomenclature

G storage modulus [Pa]

G’ loss modulus [Pa]

k thermal conductivity [Wm™! K]
K Herschel-Bulkley model consistency [Pa s”]

n Herschel-Bulkley model flow index behavior -]

v shear rate [s71]

v deformation [-]

n dynamic viscosity [Pas]

o density [kg m™]
T shear stress [Pa]

70 Herschel-Bulkley model yield stress [Pa]

o electrical conductivity (1S cm™]
) fraction [-]
subscripts

bf base fluid

m mass

nf nanofluid

) particle

\% volume

conductivity with the concentration of nanoparticles is
linear. Sundar et al. [48] examined thermophysical
properties of water based nanofluids containing ND.
Once again, thermal conductivity of those materials was
much higher than static theoretical models predictions.
Yeganeh et al. [49] described the influence of tempera-
ture and volume fraction of nanodiamonds on thermal
conductivity of deionized water. Yu et al. [50] pre-
sented results of experimental studies on thermal con-
ductivity of ethylene glycol based nanofluids containing
low volume concentration of diamond nanoparticles.
They described that thermal conductivity enhancement
is correlated to the pH values of the nanofluids which
is directly linked to the stability of samples. Tyler et
al. [51] examined thermophysical properties of nanoflu-
ids and polymer-based nanocomposites containing nan-
odiamonds.

Sundar et al. [52] carried out investigation on en-
hancement in electrical conductivity for nanodiamond-
nickel (ND-Ni) nanocomposite dispersed in water (W)
and ethylene glycol (EG). They conducted study for
three different volume concentrations (0.02%, 0.05%,
0.1%) of nanocomposite at temperatures between 24°C
and 65°C for two different base fluids, water and ethy-
lene glycol, respectively. The experimental data clearly
indicate that water-based nanofluids have much higher
electrical conductivity enhancement than those based

on ethylene glycol. Additionally, they observed the in-
crease in electrical conductivity with increase in ND-
Ni nanocomposite load in base fluid for both water and
ethylene glycol. They recorded enhancement in electri-
cal conductivity for 0.1 vol. % water based nanofluid
at level 1339.81% and 853.25% at 24°C and 65°C, re-
spectively compared to the pure water. While ND-Ni
ethylene glycol based nanofluids shows enhancement in
electrical conductivity at level 199.52 % and 200.23%
at the same condition as water based nanofluids. Shukla
and Aiyer [53] studied electrical properties of trans-
former oil with nanodiamonds inclusion. They found
that addition of nanodiamonds particles up to 5 wt. %
into transformer oil not cause changes in electrical re-
sistivity and dissipation factor.

Fontes et al. [54] compared basic thermophysical
properties of nanofluids containing carbon nanotubes
and nanodiamonds. They found that thermal conduc-
tivity enhancement is higher in ND nanofluids. In ad-
dition, a drastic degradation of the dielectric strength
by the diamond nanoparticles was reported. Wilson et
al. [55] studied thermophysical properties of nanoflu-
ids containing nanodiamond for it use in an oscillating
heat pipe. Liu et al. [56] investigated the influence of
nanodiamonds addition in engine oil. They concluded
that adding nanodiamond particles to engine oil results
in increasing the maximum engine power and the max-



imum torque while the fuel consumption is decreased.
Oil based nanofluids contained nanodiamonds were in-
vestigated also by Taha et al. [57]. They measured vis-
cosity and thermal conductivity of various concentra-
tions of nanodiamonds in dielectric insulator mineral oil
and reported that this material exhibin Newtonian nature
with viscosity enhancement well predicted by Einstein
model. Nanofluids containing various types of nanodia-
monds are an area of interest of many scientists all over
the World [58, 59, 60, 61, 62, 63, 64].

As a new trend in the growing field of nanodiamonds
based nanofluids, the aim of this paper is to report and
discuss the thermophysical properties of ethylene glycol
based nanofluids containing graphite/diamonds mixture
with various ash content. So, experimental measure-
ments for rheological properties, thermal and electrical
conductivities were performed considering the influence
of nanoparticles loading and ash content.

2. Materials and methods

2.1. Nanoparticles characterization

Nanopowders presently used to produce nanofluids
were purchased from the Plasmachem GmbH (Berlin,
Germany). Two types of nanopowders with various ash
content were used. First type of nanoparticles (NP1)
was raw material in which ash content was over 5 wt.%,
while in second type (NP2) ash content did not exceed
0.3 wt.%. The average diamond primary particle size
in both samples was 4 nm as indicated by manufac-
turer. Density of powders was measured by means of
helium pycnometer Ultrapyc 1200e (Quantachrome In-
struments, Boynton Beach, USA). Temperature of mea-
suring chamber was stabilized at 298 K using thermo-
stat Grant TC120 (Grant Instruments, Cambridgeshire,
GB). Basic nanoparticle properties given by the manu-
facturer were summarized in Table 1. This Table shows
in particular that the decrease in ash content induces an
increase in specific surface.

The nanopowder NP1 and NP2 were characterized by
scanning electron microscopy (SEM) and X-ray diffrac-
tion (XRD) for size, structural and chemical evalu-
ation. SEM was performed with JEOL-JSM-6301F
(JEOL USA Inc., Peabody, USA) equipment coupled
with energy dissipative X-ray spectrometer (EDS) that
was used for chemical characterization of nanopowders.
Samples were prepared from the deposition of nanopar-
ticles on a carbon substrate.

Powder XRD experiments were performed on a
Bruker D8 Advance (Bruker GmbH, Karlsruhe, Ger-
many) diffractometer working in a 6-26 modified

Table 1: Basic properties of used graphite/diamonds nano-mixture.

NP1
Appearance black powder
CAS-No. 7782-40-3
Lot number PL-GD-15051
Ash content 5,9 wt.% at 1000°C 6 h
BET surface 368 m? g~! by N, adsorption
Density 2540.4 kg m™3
Diamond phase 26% by oxidation of sp? phase
NP2
Appearance black powder
CAS-No. 7782-40-3
Lot number PL-GD-MOF-YF-1601
Ash content 0.29 wt.% at 1000°C 6 h
BET surface 470 m? g~! by N, adsorption
Density 2521.4 kgm™

Diamond phase 26% by oxidation of sp? phase

Bragg-Brentano geometry and equipped with a Lynx-
Eye fast detector. The Cu Ka1 radiation (¢=1.5406A)
is selected using a Ge(111) monochromator. The 26 an-
gular domain was scanned with a step size of 0.03° and
integration time of 1970 s per step. A misoriented single
crystalline Si sample holder was used to avoid any back-
ground signal from it. SEM images for both types of
nanopowder are shown in Fig. 1 at accelerating voltage
of 5 kV and magnification of 10000. SEM images in-
dicate that the two samples have different structure and
morphology. NP2 appear mainly in the form of aggre-
gates composed of fine particles while in NP1, one can
see the presence of larger particles with irregular shapes.

EDS images and composition from EDS spec-
troscopy of both nanopowders are displayed in Fig. 2. A
comparison of figures 2A) and 2C) shows the presence
of spherical particles in NP1. The chemical composition
of NP1 nanopowder from the EDS spectroscopy and
corresponding to the spectrum 6 displayed in Fig. 2A) is
reported in Fig. 2B). It evidences that identified spheri-
cal particles mainly contain Fe. It should be mentioned
that similar chemical composition and identical con-
stituents were obtained considering all spectra associ-
ated to spherical particles reported in Fig. 2A). Fig. 2B)
also shows that main component of NP1 sample is C
as expected, in agreement with manufacturer specifi-
cations related to graphite and diamond mixtures. It
should be noted that C cannot be solely attributed to car-
bon substrate supporting the samples due to large mag-
nitude of peak. An insight in Fig. 2D) shows that Fe
is absent in NP2 sample indicating that this chemical
component seems to be related to the ash content. Here



Figure 1: SEM images of nanopowders A) NP1 and B) NP2.

again EDS spectra shows that main chemical compo-
nent is C for nanopowder NP2. Other components are
not considered due to irrelevant amount.

In both diffractograms, the most pronounced fea-
ture at 25.9° in the Fig. 3 is attributed to the (002) of
graphite. The peak around 43.7° belongs to different
compounds including diamond (111) and graphite (100)
appearing as a shoulder around 45°. It is also noted that
all apparent peaks are quite broad indicating the poorly
crystalized structure of both nanopowders in agreement
with the small sizes of ordered domains of both graphite
and diamond phases (evaluated with Topas software) of
around 2 nm and 5 nm, respectively. Other peaks at
62.5° and 78° are too large to be unambiguously as-
signed and certainly correspond to ash. Main difference
between nanopowders is shown at 30° and 40° corre-
sponding to ash with lower content for NP2. In addi-
tion, small peaks in the diffractogram of NP1 at both
30.19 and 35.5° are in agreement with maghemite Fe;O3

in agreement with EDS characterization reported above
and indicating the presence of Fe. X-ray diffraction
studies confirm that the nanopowders contain graphite
and diamond phases as specified by the manufacturer.
XRD analysis performed with Topas software allowed
to evaluate the proportion of both graphite and diamond
for both samples with similar values of around 25% and
75%, respectively.
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Figure 3: X-ray diffractogram for the nanopowders.

2.2. Sample preparation

Nanofluids containing two types of nanoparticles
(labeled S1, S2 for NP1 and NP2 nanoparticles re-
spectively) were prepared by mechanical dispersing
nanoparticles in base fluid. Pure ethylene glycol
(POCH, Avantor Performance Materials Poland, Gli-
wice, Poland) was used as base fluid and no sur-
factant was added (with density 1113.7 kg m™ at
293.15 K [65]). An analytical balance WAS 220/X
(Radwag, Radom, Poland) with the accuracy of 0.1 mg
was used to accurately weight mass of nanoparticles and
ethylene glycol. For breaking possible agglomerates, a
Genius 3 Vortex (IKA, Staufen, Germany) was used for
30 min, and then ultrasound action for 200 min in ul-
trasoundwave bath Emmi 60 HC (EMAG, Moerfelden-
Walldorf, Germany) was conducted. Fig. 4 presents pic-
tures of prepared samples immediately after preparation
and few days later up to one week. It might be no-
ticed that sedimentation of nanoparticles occurs within
the samples. First the samples appear visually stable
during few hours for both nanofluids S1 and S2. Af-
ter one day at rest, sedimentation starts to produce even
for low concentration. A comparison between pictures
for nanofluids S1 and S2 shows that ash content penal-
izes the stability of the suspensions and increase the rate
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Figure 2: EDS images and analysis: A) EDS image of NP1, B) spectra analysis of NP1, C) EDS image of NP2, D) spectra analysis of NP2.

of sedimentation as sedimentation produces earlier with
S1. Consequently, all measurements reported thereafter
in the paper were performed immediately after sample
preparation.

The samples were prepared in mass concentrations
from 1% to 5%, and the mass concentrations were re-
calculated to the volumetric fractions by using the equa-
tion:

Gy Py W
Pr (E * p—)

2.3. Measuring system

A HAAKE MARS 2 rheometer (Thermo Electron
Corporation, Karlsruhe, Germany) with Peltier system
coupled with a Phoenix 2 thermostat (Thermo Elec-
tron Corporation, Karlsruhe, Germany) was used for
shear flow and viscoelastic structure measurements of
nanofluids. A cone-plate measuring geometry with cone
angle of 2° and 60 mm diameter was used. The volume
of sample was 2 cm?, and it was measured with HTL

Labmate Pro LMP5000 single channel pipette (HTL
Lab Solutions, Warsaw, Poland), with accuracy of 0.1%.
Storage (G’) and loss (G”) modulus, related to vis-
coelastic behavior of nanofluids, were determined in os-
cillatory experiments where deformation was changed
from 0.1 to 10, frequency 1 Hz and temperature of
298.15 K. Shear flow behavior of nanofluids at same
constant temperature of 298.15 K was measured in shear
rate range from 0.1 to 1000 s~!, shear rate steps were
planed on logarithmic scale. Each sample was stay at
rest between the cone and plate geometry during 5 min-
utes under a constant temperature of 298.15 K before
measurement. In addition, to minimize the impact of
the environment on rheological measurements, a Teflon
solvent trap was used to isolate the measuring system
from the ambient.

Thermal conductivity measurements were performed
with a KD2 Pro Thermal Properties Analyzer (Decagon
Devices Inc., Pullman, Washington, USA). In this
equipment, thermal conductivity of liquid samples is
measured from the transient line heat source method.
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Figure 4: Pictures of S1 and S2 nanofluids with various volume con-
centrations of nanoparticles.

Standard uncertainty of measurement was estimated at
2%, as presented in recent work [66]. Thermal conduc-
tivity of materials was also measured at constant tem-
perature of 298.15 K for various volume fractions of
nanoparticles. The vial with the sample and the probe
was placed in water bath MLL 547 (AJL Electronic,
Cracow, Poland) for stabilization of temperature. As
recommended by the manufacturer, 15 minutes of inter-
val was considered between successive measurements.
As a result, the measurement reported here are the aver-
age of four measurements taken with this interval.

Finally, electrical conductivity of the two types of
nanofluids containing diamonds nanoparticles was also
measured using conductivity meter Multiline 3410
(WTW GmBH, Weilheim, Germany) with TetraCon
925 with four electrodes. Conductivity cell (Tetra-
Cone 925) has also inbuilt temperature sensor, which
allows to simultaneously measure electrical conductiv-
ity and temperature of the sample. Conductivity me-
ter with TetraCon 925 before measurements was cal-
ibrated using standard conductivity solution HI 7031,
LOT: 7695 (Hanna Instruments, Woonsocket, USA) at
298.15 K, and the standard deviation of measurements
was 0.1 %. The full procedure of calibration was pre-
sented in Ref. [32]. The temperature was stabilized us-
ing water bath for at least 30 minutes before measure-
ments started. Measurements were carried out every
15 minutes for three hours after the temperature was
stabilized. During this period, as shown in Fig. 4, all
the samples keep visually stable. The values of electri-
cal conductivity were calculated as an average of these
measurements.

3. Results and discussion

3.1. Rheological properties

Oscillatory experiments at 298.15 K are reported in
Fig. 5 considering the evolution of storage G’ and loss
G” moduli with deformation for both nanofluids and en-
tire range of nanoparticle volume content. First, a quite
linear regime with hallmarked plateau is observed for
both G” and G” at low deformation up to a critical value
of deformation around 0.006 for all nanofluids, except
for S2 at 0.004 volume fraction of nanoparticles. Such a
plateau is generally defined as the linear viscoelastic do-
main. Beyond this domain, the nanofluids start to flow.
One can also observed that G’ is always higher than G”.
So, this result evidence the viscoelastic structure of in-
vestigated nanofluids at low strain rate. This trend is
dependent to nanoparticle volume content as G’ and G”
increase with concentration for both nanofluids. After



the plateau, G" and G” decrease when the deformation
is increased indicating the breakdown of viscoelastic
structure of nanofluids and their flowing. In addition,
it should also be reported a small overshoot for G” for
higher nanopowder content and strain rate around 0.5
before its decrease when the strain rate is increased. An
insight in the values of G” and G” shows that the mod-
uli are higher with S2 than S1 at similar volume content.
These results show that ash content increase reduces the
build-up of nanoparticle structural network within the
base fluid. This agrees with stability results previously
discussed.
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Figure 5: Storage (G’) and loss (G”) moduli as a function of defor-
mation for various volume fractions of nanoparticles in nanofluids at
a constant temperature 298.15 K and a oscillation frequency of 1 Hz
for A), B) S1 and C), D) S2 samples.

Shear flow behavior of nanofluids is shown in Fig. 6
A) and B), where shear stress is plotted versus the shear
rate. First, it is observed that nanofluid S2 at 1 wt. % be-
have in Newtonian manner with similar viscosity value
than the one of base fluid. So, this explains the evolution
of G” and G” for this nanofluid reported above.

For all other nanofluids, the figure shows that shear
stress sharply increases with shear rate up to a critical

shear rate lower than 0.4 s~'. This is related to the pre-
dominance of viscoelastic structure of nanofluids in this
shear rate range. After this critical shear rate, when vis-
coelastic structure is breakdown, nanofluids start to flow
and behave in a non-Newtonian shear-thinning manner
with the existence of a yield stress value.

Such a behavior in the flowing regime can be well
modeled by the Herschel-Bulkley (H-B) model defined
by equation (2).

T=10+ Ky" 2

Fit of Herschel-Bulkley model was performed in
shear rate range 0.4 — 1000 s~! with Origin Pro 9.1 soft-
ware (OriginLab Corporation, Northampton, USA) and
in all cases R? is higher than 0.999. The parameter val-
ues of Herschel-Bulkley model are reported in Table 2
and presented in Fig. 7 for all nanofluids and concen-
trations. Comparison of H-B model with experimental
data was presented in Fig. 6, and shows the good agree-
ment between experiments and eq. (2) in the shear rate
range 0.4 — 1000 s,
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Figure 7: Values of calculated A) yield stress, B) consistency, C) flow
index behavior of S1 and S2.

The results of fitting, reported in Table 2 and Fig. 7,
shows that for both nanofluids, yield stress value in-
creases with nanoparticle volume content and that yield
stress of S1 is higher than the one of S2. This is related
to the higher content in ash. It is also observed that con-
sistency values increase with volume content, this trend



100
A)

T [Pa]

0.1k

=0
Herschel-Bulkley model
Herschel-Bulkley model
Herschel-Bulkley model
Herschel-Bulkley model
Herschel‘-Bquley model

0.01

L L
0.1 1 10

100 1000
shear rate [s”']
10
— ‘pureEGBﬁG]
C) ®ee ° S ©
e 1 ¢1=0.009
: .. 110013
: . S1¢,=0018 o
- ) S1¢,=0023 o
1 ° ° 7
o °
o °
_ o, %o
°
g el
°
3 ‘oo, °e o
°
° . e
ol .. ®eo, ° o i
°eee : oee:aee
.. ®e a0 e
aeeseee i
eeeeseeseeeaeeee

0.01 L .
10

shear rate [5"]

T [Pa]

n [Pas]

,69°%%°%°%0%06506,

psure EG [66] 4
2¢,=0004 o

S2 y=0.009

52 ,=0013
S2¢,=0.018 &
S2¢,=0.023 o
Herschel-Bulkley model
Herschel-Bulkley model
Herschel-Bulkley model
Herschel-Bulkley model
Herschel‘-BquIey model

0.1k

0.01 L
0.1 1 10 100 1000
shear rate [s"]
10
0o, ' ' ‘pureEGgse]
© S2 ¢,=0.004 o
o4 °, S2 9,=0.009
o o S2 9,=0.013
° ° S2,=0.018 o
o o S2,=0.023 o
1 ® e © i
o o
o _©
o o
© o
©0%0
oo
o, ©
60,
0.1 F ®o0o%0, E
0‘7050"0000
©
"““"0233309
LR ]
© 0 0®%00000000000000C0C00000000C0000000006
0.01 L L L
0.1 1 10 100 1000
shear rate [s"]

Figure 6: A), B) dependence of shear stress on shear rate (flow curves) for S1 and S2 samples at 298.15 K. C), D) dependence of viscosity on shear
rate (viscosity curves) for S1 and S2 samples at 298.15 K.

Table 2: Herschel-Bulkley rheological parameters extracted from flow curves of nanofluids in shear flow regime.

S1 S2

Pm Pv To K n To K n

- - Pa Pas” - Pa Pas” -
0.01 0.004 | 0.05560+0.00000 0.02929+0.00037 0.94010+0.00195 | 0.00000+0.00000  0.01954+0.00000  1.00000+0.00000
0.02 0.009 | 0.19726+0.00849  0.05105+0.00063  0.88574+0.00185 | 0.16695+0.01199  0.04357+0.00081  0.90544+0.00277
0.03 0.013 | 0.42123+0.02914 0.08943+0.00291  0.82687+0.00486 | 0.35174+0.00815 0.06150+0.00063 0.87890+0.00153
0.04 0.018 | 1.05886+0.05568 0.15391+0.00718 0.77460+0.00696 | 0.63505+0.01862 0.08551+0.00169 0.84678+0.00296
0.05 0.023 | 2.44504+0.06063  0.24627+0.00960 0.73113+0.00581 | 1.00363+0.07311 0.13683+0.00825 0.80227+0.00900

being more important again with S1. Finally, flow in-
dex behavior of both nanofluids decrease with volume
content. At similar volume content, lower values are
obtained also with S1. Fig. 6 presents also viscosity
curves of examined materials.

The results reported here imply that apparent vis-
cosity, define as the ratio of shear stress to shear rate
and described in Fig. 6, decreases with shear rate when
viscoelastic structure is breakdown and yield stress ex-
ceeded, and that apparent viscosity at fixed shear rate in-
creases with volume content in nanoparticles as mainly
reported with nanofluids.

3.2. Thermal conductivity

Results of experimental studies on thermal conduc-
tivity were summarized in Table 3. It also shows the
comparison of the thermal conductivity of the suspen-
sion to the thermal conductivity of pure ethylene gly-
col. The results indicate that the thermal conductivity
of nanofluids increases linearly with increasing volume
fraction of nanoparticles in the sample.

It is also apparent that S1 nanofluids presents a
slightly higher thermal conductivity than the S2 sam-
ples. However, these differences are vanishingly small,
and are smaller than the 2% measurement uncertainty.
This indicates that thermal conductivity enhancement
is mainly governed by graphite/diamond phase. There-
fore, it is possible to fit a linear function, which could be



Table 3: Experimental values of the thermal conductivity of S1 and S2
nanofluids for various volume fraction at temperature 7' = 298.15 K.

S1 S2
Pm Py kn[ kn[/kbf knf kn[/kbf
- - Wm! K! - Wm! K! -
0.00 0.000 0.2438 1.00000 0.2438 1.00000
0.01 0.004 0.2455 1.00697 0.2450 1.00492
0.02 0.009 0.2485 1.01928 0.2483 1.01825
0.03 0.013 0.2523 1.03466 0.2515 1.03158
0.04 0.018 0.2545 1.04389 0.2528 1.03671
0.05 0.023 0.2580 1.05824 0.2568 1.05312

used to describe the dependence of thermal conductivity
on volume fraction of nanoparticles in ethylene glycol
based graphite/diamonds mixture nanofluids in the ex-
amined range of volume fractions. Fitting such a linear
function to the experimental data was also performed
with OriginPro 9.1 software. The following obtained
model for S1:

knf

— =1+2.49p,, 3

kot
with standard error of parameter 0.07, and coefficient of
determination, R, is 1, and for S2:

k;
142210, (4)
kpr

with standard error of parameter 0.08, and R? =0.9999.

Fig. 8 presents results of experimental studies on ther-
mal conductivity of S1 and S2 samples. It also shows
that proposed linear function (3) and (4) modeled ex-
perimental data well. Observed enhancement in thermal
conductivity is lower than presented by Yu et al. [50] for
ethylene glycol based nanofluids containing pure nan-
odiamonds.

3.3. Electrical conductivity

The electrical conductivity of two types of ethy-
lene glycol based nanofluids (S1 and S2) with vari-
ous volume concentration and different level of pu-
rity of nanodiamonds were investigated. The results
of these experimental data are listed in Table 4 and
plotted in Fig. 9. For both nanofluids S1 and S2, one
can observe a nonlinear increase in electrical conduc-
tivity with increasing volume concentration of nanopar-
ticles in the base fluid, in agreement with previous stud-
ies [32, 52, 54]. For nanofluids S2, we can observe
much higher increase in electrical conductivity than for
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Figure 8: Dependence of thermal conductivity of A) S1 and C) S2, and
thermal conductivity enhancement for B) S1 and D) S2 nanofluids on
volume fraction of particles at 298.15 K.

Table 4: Experimental values of the electrical conductivity of S1
and S2 nanofluids for various volume fraction at temperature 7' =
298.15 K.

S1 S2
Pm Py Onr T/ Obr Onr OuflObr
- - uS cm™! - 4S cm™! -

0.00 0.000 0.90 1.00 0.90 1.00
0.01 0.004 6.56 7.29 59.85 66.49
0.02 0.009 9.99 11.10 90.56 100.62
0.03 0.013 13.21 14.68 121.20 134.67
0.04 0.018 16.13 17.92 147.56 163.96
0.05 0.023 18.20 20.22 171.65 190.73

S1 nanofluid, which can explained by higher purity of
nanoparticles used to produce S2 samples.

Change of electrical conductivity with increasing of
volume fraction of nanoparticles might be described
with a good accuracy by a second degree polynomial



for S1 samples:

Tnf 2
=1+ 1380.52¢, — 24026.23¢;, (5)
Obf
with R2 = 0.9979, and for S2:
Tnf 2
=1+ 13582.97¢, — 238507.31¢%, (6)
Opf

with &2 = 0.9957. Fitting of second degree polynomial
were performed in OriginPro 9.1 software.

In Table 4 it was also presented ratio between elec-
trical conductivity of nanofluid and electrical conduc-
tivity of base fluids, called as enhancement of electri-
cal conductivity. Graphical representation of these data
was presented in Fig. 9 (B) and (D). As can be seen,
nanofluids S2 have much higher enhancement of elec-
trical conductivity in whole investigated range of vol-
ume fraction of nanoparticles in ethylene glycol than
S1 nanofluids. The maximum enhancement of electrical
conductivity was obtained in the highest tested volume
fraction (0.023) for both types of nanofluids and it was
over 2000 % and 19073 % respectively for S1 and S2
samples. Such a large increase in electrical conductiv-
ity of nanofluids, or even higher, was also reported by
few researchers [54, 67, 68].

4. Conclusions

The paper report results of comprehensive experi-
mental measurement of thermal and electrical conduc-
tivities and rheological properties as well on this ethy-
lene glycol based graphite/diamonds nanofluids. In ad-
dition, in spite of previous reports on diamond nanoflu-
ids, this work is the first and unique where influence of
nanoparticle and ash content is considered simultane-
ously, to the best of our knowledge

It was shown that nanofluids mainly behave as yield
stress fluids with viscoelastic structure. This behavior is
mainly related to nanoparticle volume and ash content.
G’ and G”, yield stress, apparent viscosity of nanofluids
are increased with volume content. This trend is also
enhanced with higher content in ash within the nanoflu-
ids.

Then, the thermal conductivity of nanofluids was
shown to be linearly increased with nanoparticle vol-
ume content without any influence of ash content, in-
dicating that this enhancement was mainly governed by
graphite/diamond phase. However, the maximum en-
hancement is rather weak and attains 5.8% at 0.023 vol-
ume fraction of particles. Finally, it was demonstrated
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Figure 9: Dependence of electrical conductivity of A) S1 and C) S2,
and electrical conductivity enhancement for B) S1 and D) S2 nanoflu-
ids on volume fraction of particles at 298.15 K.

that electrical conductivity of nanofluids strongly in-
creased with nanoparticle volume content and can
achieve high value at maximum volume content.
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Highlights

e Thermophysical properties of ethylene glycol
based graphite/diamonds mixture nanofluids were
investigated

o Ash content changes significantly rheo-
logical properties of nanofluids containing
graphite/nanodiamonds mixture nanoparticles

o Ash content does not affect thermal conductivity,
but has a big impact on electrical conductivity of
nanofluids
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