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Abstract
The present study investigates the effective thermal conductivity of nanofluids con-
taining crystalline or amorphous silicon dioxide (SiO2), or zirconium dioxide (ZrO2) 
nanoparticles dispersed in a mixture of water and glycerol with a mass ratio of 
60:40. Such fluids are relevant as potential cutting fluids in tribology and feature 
a broad distribution of irregularly shaped non-spherical particles of dimensions on 
the order of (100 to 200) nm that were produced by comminution of larger parti-
cles or particle aggregates. A new steady-state guarded parallel-plate instrument was 
applied for the absolute measurement of the effective thermal conductivity of the 
nanofluids with an expanded uncertainty (coverage factor k = 2) of 3% for tempera-
tures from (293 to 353) K and particle volume fractions up to 0.1. For a constant vol-
ume fraction of 0.03 for the three particle types, the measured thermal-conductivity 
ratios, i.e. the effective thermal conductivity of the nanofluids relative to the thermal 
conductivity of the base fluid, are less than 1.05 and not affected by temperature. 
In the case of the nanofluids with crystalline SiO2, with increasing particle volume 
fraction from 0.03 to 0.10 the thermal-conductivity ratios increase up to values of 
about 1.18 for all temperatures. A comparison of the measurement results with the 
Hamilton-Crosser model and an analytical resistance model for the effective thermal 
conductivity of nanofluids shows that the former one allows for better predictions 
for the present nanofluids with a relatively large viscosity. In this context, it could be 
shown that detailed knowledge about the sphericity and thermal conductivity of the 
dispersed nanoparticles is required for the modeling approaches.
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1  Introduction

According to the original work of Choi and Eastman [1], nanofluids consist of a 
liquid continuous dispersion medium and a dispersed phase of solid nanoparticles 
with dimensions in the nanometer range. The application of nanofluids is highly 
versatile due to their extensive range of properties and tailorability. The classical 
field of potential application is the use of nanofluids as heat transfer fluids in heat 
exchangers [2–5]. Since the effective thermal conductivity of nanofluids as one 
key thermophysical property in heat engineering is typically larger than the ther-
mal conductivity of the particle-free base fluids, the overall heat transfer can be 
increased [5]. In a recent review [6] on the heat transfer capabilities of nanofluids 
in a tube-bundle heat exchanger, however, the conclusion was drawn that the ben-
efits in the overall heat transfer are rather modest when replacing a conventional 
fluid by a nanofluid.

In recent years, the usage of nanofluids as cutting fluids in machining pro-
cesses became popular [7–10]. Minimum quantity lubrication (MQL) which 
needs only small amounts of cutting fluids has shown to be effective and pro-
vides many advantages regarding, e.g., environmental protection and operator 
health [7]. The main challenge is to avoid overly high temperatures in the contact 
zone of the process to ensure long-term operability of the tool [8]. High tem-
peratures are mainly caused by high mechanical friction between workpiece and 
worktool as well as poor thermal properties of the cutting fluid, in particular a 
low thermal conductivity [8]. Both properties can be improved when substituting 
liquids by nanofluids. In connection with grinding processes, for example, Shen 
et  al. reported reduced grinding forces, an improved surface finish of the work-
piece, and a reduction in friction as benefits [11]. In another study, Mao et  al. 
[10] stressed the importance of large effective thermal conductivities and high 
lubrication powers of the cutting fluids. By this, the dry grinding performance 
was significantly improved with the use of MQL. Benefits from using water as 
cutting fluid were further enhanced when aluminium oxide (Al2O3) nanoparticles 
of 1.2 wt% mass fraction were added, which led to a larger thermal conductivity 
and better lubrication properties caused by the penetration of the particles into 
the grinding zone.

Until today, there is still a debate on the effective thermal conductivity λeff of 
nanofluids, both from an experimental and a theoretical perspective. While many 
studies [12–14] claim that a significant enhancement of the effective thermal con-
ductivity can be achieved by the addition of nanoparticles to a fluid, other inves-
tigations [6, 15, 16] contradict this opinion. As shown in recent studies [6, 15, 
17], the change in the thermal conductivity of a liquid by the addition of several 
volume or weight percent of particles is not anomalous, but only moderate and 
follows well the predictions from the classical Hamilton-Crosser (HC) model [18] 
or an analytical resistance model developed at AOT-TP [15, 19]. This could be 
demonstrated by the application of experimental techniques, such as the transient 
hot-wire method [6] or the steady-state parallel-plate method [15], in an adequate 
way, i.e. by realizing the theoretical description of the heat transfer via thermal 
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conduction as close as possible in the experiments. Thus, future investigations 
on λeff of nanofluids should aim to address the influencing factors such as, e.g., 
the thermal conductivities of the particles and the base fluid as well as the mor-
phology and internal structure of the particles. While most research on nanofluids 
focuses on water and ethylene glycol as underlying base fluids, glycerol featuring 
a similar thermal conductivity as ethylene glycol, but a distinctly larger viscosity 
has been considered only in a few studies [20–22]. Regarding metal-oxide nano-
particles dispersed in liquids, copper, alumina, titania, and silica in its crystalline 
form are commonly studied [6, 15, 16].

The main objective of the present work is to provide reliable experimental data 
for the effective thermal conductivity consisting of quartz or amorphous SiO2 or 
monoclinic ZrO2 nanoparticles dispersed in a mixture of water and glycerol with 
a mass ratio of 60:40. Such nanofluids are considered as possible cutting fluids 
because they are based on a liquid continuous phase with a relatively large thermal 
conductivity and viscosity, in combination with nanoparticle types that are easily 
available. For the experimental determination of λeff of the three types of nanofluids, 
a steady-state technique in the form of a guarded parallel-plate instrument was used 
at temperatures between (293 and 353) K and a maximum particle volume fraction 
of 0.10. Furthermore, turbidity, scanning transmission electron microscopy (STEM), 
and dynamic light scattering (DLS) measurements allowed to qualitatively charac-
terize the stability and dimensions of the dispersed non-spherical particles previ-
ously prepared in a top-down comminution step. The influence of temperature as 
well as volume fraction, thermal conductivity, and morphology of the particles on 
the measured thermal-conductivity ratios are discussed and used for comparison 
with predictions from the HC model [18] and an analytical resistance model [15, 
19].

2 � Experimental

2.1 � Materials and Sample Preparation

As starting materials for the comminution step, three commercial metal-oxide pow-
ders, i.e. quartz SiO2 (c-SiO2), amorphous SiO2 (a-SiO2), and monoclinic ZrO2 
(m-ZrO2), were used as provided by the manufacturers. Detailed information about 
the characteristics of the initial particles is given in Table 1. Here, the d50 value, i.e. 
the value of the particle diameter corresponding to 50 % in the cumulative particle 
size distribution, is in the µm range for c-SiO2 and m-ZrO2. The used a-SiO2 par-
ticles have primary particle sizes of about 12 nm and were manufactured by con-
tinuous flame hydrolysis. In this step, loosely bound agglomerates as well as merged 
aggregates are formed, where sizes up to about 40 µm are characteristic for the pow-
der starting material as stated by the manufacturer.

To obtain the nanofluids, comminution was carried out in a planetary ball mill 
(PM400, Retsch, Germany) using water as dispersion medium and a milling speed 
of 400 rpm over a period between (3 and 7) h. The grinding balls were made of ZrO2 
with a diameter between (280 and 400) µm and their amount was calculated in order 
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to obtain a filling bead ratio of 30 vol%. The accurate amount of particles and fluid 
were weighted using a precision balance (LA12000S, Sartorious, precision 0.1 g) to 
achieve particle mass fractions between 0.095 and 0.31 in water. To suppress par-
ticle agglomeration during comminution, the surface charge of the particles was 
increased. For this purpose, the pH of the two SiO2-based nanofluids was adjusted to 
values above 7 by adding potassium hydroxide as base (KOH pellets from Merck in 
aqueous solution of a concentration of 1 mol·dm−3). The estimated maximum mass 
fraction of KOH in water was 0.05, which is too small to detect a difference between 
the thermal conductivity of water and that of the solution. This statement is con-
firmed by the work of Riedel [27] and La Bideau et al. [28]. In the case of ZrO2, the 
pH of the forming dispersions was already at 11, and did not require a further adjust-
ment. After the comminution process, a defined amount of glycerol (C3H8O3, Che-
miekontor, purity ≥ 99.5 %) was added to the respective sample in order to obtain a 
mass ratio of 60:40 between water and glycerol.

The particle mass fractions w in the final nanofluids were converted to particle 
volume fractions φ based on the density of the water-glycerol base fluid ρbf [29] 
and of the particles ρp. For the true density of the particles, literature data for the 
bulk material at 298.15  K were collected for c-SiO2 (ρp  =  2650  kg·m−3), a-SiO2 
(ρp  =  2196  kg·m−3) and m-ZrO2 (ρp  =  5680  kg·m−3) [30]. The used approach 
assumes an ideal mixing behavior neglecting influences from further impurities. 
Taking into consideration the sample preparation procedure and the uncertainties 
associated with the input parameters, the relative expanded (coverage factor k = 2) 
uncertainties of the particle volume fractions and the volume fractions of the base 
fluid in all nanofluids studied are estimated to be 5% in both cases. For all three 
particle types, a volume fraction of about 0.03 was prepared. An additional concen-
tration dependency was probed for the c-SiO2-based nanofluid by preparing three 
further φ values of 0.05, 0.075, and 0.10. The detailed values for w and φ are given 
in Table  2 in connection with the measurement results for the effective thermal 
conductivity.

Table 1   Properties of the initial particles before the comminution process [23–26]

Particle type Trade name CAS 
number

Provider Purity in 
wt%

Major 
impurity 
in wt%

d50/nm

Quartz SiO2 
(c-SiO2)

SIKRON SF 
800

14808–60-
7

Quar-
zwerke 
group

97.5 Al2O3, 2 2000

Amorphous SiO2 
(a-SiO2)

AEROSIL® 
200 V

112945–
52-5

Evonik 
indus-
tries

 > 99.8 – Primary: 12
Aggregates: 

average 
157.5

Monoclinic ZrO2 
(m-ZrO2)

ZirPro CC05 1314–23-4 Saint-
Gobin

 ≥ 98 SiO2, 0.5 1500
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2.2 � Characterization of Nanofluids

After the comminution process, different experimental techniques were applied 
at the Technische Universität Braunschweig (TUBS) for the characterization of 
the morphology and stability of the nanoparticles. The main information is given 
in the following section, while additional details are provided in the Supporting 
Information.

2.2.1 � Dynamic Light Scattering

The nanofluids obtained directly after the comminution process, i.e. the particles 
dispersed in H2O, were investigated by dynamic light scattering (DLS) using a com-
mercial instrument (Zetasizer Nano ZS, Malvern). With such instruments, only qual-
itative information about the particle size and its distribution can be deduced by the 
application of the Stokes–Einstein equation [31] that is additionally in principle only 
valid for an infinite dilution of the particles, whilst high particle concentrations are 
used in the present study. For details on the application of the DLS technique for 
the characterization of size, size distribution, and also, in some cases, shape of the 
particles in dispersed systems, the reader is referred to the literature [15, 31–34]. In 
the present work, the particle size distributions for the different types of nanofluids 
were obtained by combining the translational particle diffusion coefficient measured 
at 25  °C via DLS at a defined scattering angle of 175° with the Stokes–Einstein 
equation, in which the viscosity of pure H2O of 0.89 mPa·s [35] was employed. The 
results can be found in section S1 of the Supporting Information.

For all nanofluids, a polydispersity can be observed, where the majority of the 
particles are in the submicron range after the comminution process. The c-SiO2 and 
m-ZrO2 particles have an average diameter (d50) of around (200 and 187) nm and 
show a relatively narrow particle size distribution, with a ratio d90/d10 between (2.6 
and 3.3) for the four c-SiO2 samples and 2.7 for the m-ZrO2 sample. In contrast, the 
distribution of a-SiO2 is much broader (d90/d10 ≈ 6.1) and gives an average diameter 
of d50 ≈ 124 nm. The latter value is larger than the primary particle size given by 
the manufacturer (about 12 nm). However, it needs to be stated that the synthesis via 
flame hydrolysis results in particle aggregates and strong agglomerates with a typi-
cal hydrodynamic size which is bigger than the size of primary particles but still in 
the submicron range. Even by dispersion in aqueous media with high shear forces, 
those aggregates and agglomerates cannot be broken and therefore particle sizes in 
the range of the primary particles cannot be observed in dispersions. The presence 
of even larger particles, partially with sizes above 1 µm, is related to further aggre-
gation and agglomeration effects which can lead to particle sizes of around 40 µm 
for the starting material according to the manufacturer. A deeper and quantitative 
analysis about the size distribution analyzed by DLS cannot be drawn here.
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2.2.2 � Scanning Transmission Electron Microscopy

For the final nanofluids featuring the water/glycerol mixture as base fluid, scan-
ning transmission electron microscopy (STEM) was applied using a Helios 5 UX 

Table 2   Measurement results for the thermal conductivity of the water/glycerol mixture (mass ratio 
60:40) and the effective thermal conductivity of the related nanofluids containing c-SiO2, a-SiO2, or 
m-ZrO2 nanoparticles including the corresponding thermal-conductivity ratios

The thermal-conductivity ratio λeff · λbf −1 is calculated using the thermal conductivity λbf of the base 
fluid measured directly before each nanofluid sample. This value for λbf can be slightly different from the 
λbf data shown in the table which refer to an exemplary measurement series

System w φ T/K ∆T/K λbf or λeff/
(mW·m–1·K–1)

λeff ·λbf
−1

H2O + C3H8O3 0 0 293.14 2.5 462.7 –
313.14 474.1 -
333.14 491.8 –
353.15 510.8 –
293.14 3.0 457.8 –
313.14 474.7 –
333.14 496.0 –
353.14 512.1 –

c-SiO2 + H2O + C3H8O3 0.030 0.069 293.14 3.0 478.0 1.048
313.14 491.2 1.034
333.14 509.9 1.038
353.14 524.9 1.040

0.050 0.113 293.14 3.0 499.2 1.090
313.14 512.7 1.085
333.14 529.4 1.083
353.14 541.1 1.074

0.076 0.165 293.14 3.0 523.2 1.138
313.14 538.4 1.140
333.14 555.4 1.136
353.14 564.9 1.129

0.100 0.212 293.14 3.0 545.8 1.182
313.14 561.7 1.188
333.14 575.6 1.180
353.14 587.0 1.174

a-SiO2 + H2O + C3H8O3 0.030 0.059 293.14 3.0 472.6 1.033
313.14 485.3 1.022
333.14 502.9 1.014
353.15 519.6 1.015

m-ZrO2 + H2O + C3H8O3 0.031 0.141 293.14 3.0 481.2 1.050
313.14 496.6 1.051
333.14 514.5 1.052
353.15 526.5 1.045
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instrument (Thermo Fisher). Representative STEM images for the dried parti-
cles based on nanofluids with φ = 0.03 are given in Fig.  1 and confirm the quali-
tative DLS measurements results that the majority of the particles in all systems 
are smaller than 1 µm and a clear polydispersity can be observed. The c-SiO2 and 
m-ZrO2 particles represent statistically distributed, non-spherical fragments with 
dimensions on the order of about (50 to 200) nm that are mainly present as primary 
particles and resulted from the comminution of clearly larger particles; see Table 1. 
For the sample with the largest c-SiO2 concentration (φ = 0.10), no clear differences 
of the STEM images to those related with φ = 0.03 can be found, indicating that 
there is no significant difference in the agglomeration state of the nanoparticles at 
higher concentration. In the case of a-SiO2, the primary spherical particles are much 
smaller than for the other two particle types and cannot be evaluated properly by 
STEM. As expected, most of the particles are aggregated and have a tendency to 
build even bigger agglomerates of irregular shape. Whilst in the comminution pro-
cess those agglomerates and aggregates are partially broken, it seems that a fast re-
agglomeration takes place.

Since the particle morphology is a key influencing parameter for λeff and required 
in common modeling approaches, a further evaluation of the STEM images 
was made using ImageJ software (version 1.53  k) [36]. As indicator for the par-
ticle shape, the 2D circularity of the particles was calculated considering a broad 
ensemble of particles. Details of the calculation procedure are given in section S2 
of the Supporting Information. A circularity value of 1 indicates a perfect circle, 
whereas values close to zero indicate an elongated non-spherical shape, i.e. a rod 
with a large length-to-width ratio. For c-SiO2 and m-ZrO2 nanoparticles, circular-
ity values including standard deviations (k = 1) of 0.64 ± 0.17 and 0.63 ± 0.22 were 
obtained, respectively. In the case of a-SiO2, the circularity could not be properly 
evaluated because no clear boundaries between the individual particles and corre-
sponding aggregates/agglomerates could be defined; the resulting mean circularity 
of 0.38 ± 0.22 appears to be underestimated and form a lower boundary. Hence, we 
estimate that the particle circularity of a-SiO2 is between 1 associated with the pri-
mary spherical particles and the derived average circularity of 0.38. These specified 
values for the 2D circularity were employed as estimates for the 3D sphericity Ψ, 
which is required as input in the two applied models for λeff.

Fig. 1   STEM micrographs of the dried c-SiO2 (left), a-SiO2 (middle), and m-ZrO2 (right) nanoparticles 
prepared from nanofluids with a particle volume fraction of 0.03 in the water/glycerol base fluid
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2.2.3 � Turbidity Measurements

For an accurate measurement of λeff of nanofluids, it is essential that the nanofluids 
remain stable and that the nanoparticles do not substantially sediment during the 
measurement. For this reason, the TurbiScan stability index (TSI) was recorded as a 
function of time for all water-glycerol-based nanofluids using a commercial instru-
ment (TurbiScan Lab, Quantachrome GmbH & Co. KG) and can be seen in sec-
tion S3 of the Supporting Information. Therein, also details on the measurements 
and the calculations of TSI can be found. TSI values below 1 indicate an excellent 
particle stability without visual destabilization [37, 38]. While TSI values between 
1 and 3 imply a weak destabilization which might be visible in few cases, values 
larger than about 3 are associated with destabilization phenomena like sedimenta-
tion or creaming [38]. For the nanofluids containing a-SiO2 (φ = 0.03) and c-SiO2 
(φ = 0.03–0.10), the TSI is below 3 for the period of the thermal-conductivity meas-
urements of about 16 h. Such stability could also be observed by visual observa-
tion in glass flasks. In that case, the nanofluids started to show signs of destabi-
lization although no significant change in the thermal conductivity was observed. 
The ZrO2-containing nanofluid (φ = 0.03) shows the lowest stability, indicated by a 
TSI value of about 5.5 after 16 h. This means that the measurements for λeff of this 
sample may have been affected by destabilization effects. Although not clearly vis-
ible with the naked eye, one possible explanation for the lower stability and stronger 
sedimentation tendency may be the higher density of ZrO2, which is more than dou-
ble the density of SiO2.

2.3 � Effective Thermal Conductivity by Guarded Parallel‑Plate Instrument

The effective thermal conductivity of the nanofluids λeff including the thermal con-
ductivity of their related base fluid λbf was measured at ambient pressure with a 
newly developed guarded parallel-plate instrument (GPPI). This revised version is 
based on the same concept as the former measurement instrument detailed in Ref. 
[39]. In previous works, the GPPI has already been applied for the investigation of 
several types of fluids [39–42] including nanofluids [15]. A detailed description 
of the new apparatus will be given in a future study. In the present work, only the 
essential features of the instrument and the relevant experimental conditions and 
procedures are provided in the following.

The working principle of parallel-plate instruments for the measurement of the 
thermal conductivity is to fulfill the ideal one-dimensional form of the Fourier law 
of heat conduction for a planar sample, Q̇

cond
= A ⋅ 𝜆 ⋅

(

T
hot

− T
cold

)

∕s , as close as 
possible. From an accurate determination of the heat flux Q̇

cond
 caused purely by 

conduction through the sample, the heat transfer area A, the sample thickness s, 
and the temperature difference ∆T = Thot – Tcold between the two outer surfaces of 
the sample, the thermal conductivity of the sample λ can be directly accessed in an 
absolute and accurate way. For this, it needs to be ensured that additional contribu-
tions to the measured heat flux Q̇

meas
 due to advective heat transfer through the sam-

ple, heat leakages to the surrounding, or radiative heat transfer between the plates 
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in contact with the sample need to be suppressed as much as possible or taken into 
account in a reliable manner, which will be addressed below. Influences originating 
from the Soret and/or Dufour effect of the particles dispersed in nanofluids on Q̇

meas
 

are insignificant in connection with the used steady-state technique, as detailed in 
Ref. [15].

In the GPPI, advective heat transfer can be neglected for all measurements since 
the sample is placed between two parallel circular copper plates oriented perpen-
dicular to the gravitational field and the heat flux is guided in a stable configuration 
from the upper hot to the lower cold plate. To suppress heat leakages from the bal-
ancing heating plate with diameter (86.00 ± 0.02) mm to the surrounding, the plate 
is covered by a multi-part guard system in lateral and radial direction. For this, each 
guard element of the heating system is controlled independently to the same temper-
ature as the heating plate. Electrical resistance heating for the upper heating system 
and Peltier elements for the lower cooling plate are used for the control of the tem-
perature field. The latter is recorded by several calibrated Pt100 resistance probes 
placed inside the GPPI and having an absolute uncertainty (k = 2) of 0.02 K. A fur-
ther guard around the multi-guard system is given by a housing made of aluminum 
alloy and featuring channels for the circulation of water. Its temperature was kept at 
about 1 K below T of the heating system by a lab thermostat. Radiative heat transfer 
between the surfaces of the heating and cooling are minimized by covering their 
polished surfaces with a thin chrome layer, i.e. the emission coefficient is reduced 
to  about 0.04 [39]. Water [43] and glycerol [43] are relatively strongly absorbing 
fluids, i.e. radiation contributions are negligible, as shown in Ref. [39]. Since the 
investigated nanofluids are anticipated to absorb radiation even stronger than the 
base fluid, radiative heat transfer on the measurement results can be neglected. The 
measurement instrumentation and automation, sample preparation, and measure-
ment procedure are basically identical as in our previous studies [15, 42] on λbf of 
water-based nanofluids using the old version of the GPPI. To adjust the layer thick-
ness s, polyether ether ketone (PEEK) spacers with a thickness of (2 ± 0.02) mm 
were used in the present study.

The functionality of the new GPPI was validated by performing measurements 
on several liquids including water as reference fluid. For the latter liquid studied at 
mean T from (283 to 358) K, the measured results obtained for s = (1.5 and 2) mm 
in combination with temperature differences ∆T of (2.0, 2.5, and 3.0) K agree with 
the reference correlation from Huber et  al. [44] recommended by the REFPROP 
database [45] with an average absolute deviation of 0.5 %, where the maximum and 
minimal deviations are − 0.8 % and 0.6 % at (283 and 358)  K, respectively. The 
deviations are within the experimental uncertainty (k = 2) of the present measure-
ment data which can be specified with 3 % considering the uncertainties of the input 
parameters on the working equation. Details on these investigations will be provided 
in a future study.

Before the investigation of the nanofluids, the thermal conductivity λbf of the base 
fluid water/glycerol (60:40 wt%) was measured at mean T of (293, 313, 333, and 
353) K using two values for ∆T = (2.5 and 3.0) K between the two plate surfaces. 
For the study of the nanofluids, the larger ∆T = 3.0 K was selected at the same four 
mean T as the base fluid. Before each nanofluid measurement, λbf of the base fluid 
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was measured and used as a reference for the calculation of the thermal-conductivity 
ratio. For these six sets of measurement, agreement between the individual λbf val-
ues clearly within the expanded experimental uncertainty was achieved. For each 
nanofluid, the measurements were performed from the lowest to the highest T within 
a time period between (16 and 18) h. After the steady-state is reached, a total of 25 
data points are collected for one temperature during a period of 10 min. Based on 
twice the standard deviation of the 25 data points, the repeatability of the thermal 
conductivity measurements is estimated to be 0.5 %. After opening the instrument, a 
visual inspection of the samples indicated no clear sedimentation or agglomeration 
for all studied nanofluids.

3 � Results and Discussion

The following section summarizes and discusses the measurement results for the 
thermal conductivity of the base fluid and the effective thermal conductivity of 
the nanofluids, including corresponding thermal-conductivity ratios, as a function 
of temperature and composition. A comparison is made with a single data source 
in literature available for the base fluid and with two theoretical approaches for the 
prediction of λeff. In this context, the influence of the non-spherical morphology of 
the dispersed SiO2 and ZrO2 nanoparticles on the effective thermal conductivity is 
pointed out.

3.1 � Summary of Measurement Results

The experimental results for λbf and λeff measured from (293 to 353) K with 
expanded uncertainties of 3 % are listed in Table  2. In the case of λbf, the ther-
mal conductivities obtained by applying ∆T = (2.5 and 3.0) K are given for each 
T based on one exemplary measurement set. Since λeff was only investigated using 
∆T = 3.0 K, due to consistency reasons the λbf values associated with the same ∆T 
served as a reference to calculate the thermal-conductivity ratio λeff · λbf

−1, i.e. the 
ratio of the effective conductivity of the nanofluid to the thermal conductivity of 
the base fluid measured directly before the corresponding nanofluid. According to 
Gaussian error propagation, the λeff · λbf

−1 ratio also listed in Table 2 for each ther-
modynamic state is associated with an expanded uncertainty of 4.2% (k = 2).

3.2 � Thermal Conductivity of Base Fluid

The measured thermal conductivities λbf of the base fluid, i.e. a mixture of water and 
glycerol with a mass ratio of 60:40, are shown in Fig. 2 as a function of temperature, 
differentiating between the individual data sets related to ∆T = (2.5 and 3.0) K. Both 
sets show agreement clearly within the experimental uncertainty (k = 2) of about 3 %,  
which confirms the reliability of the measurement instrument. The only further 
source in literature for λbf of the specific water/glycerol mixture is the correlation 
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reported by Bates [46]. This linear T-dependent correlation was developed based 
on measurements with a parallel-plate method between (283 and 353) K, without a 
specification of the experimental uncertainty. As can be seen from Fig. 2, our pre-
sent data are larger than the correlation of Bates [46] with a maximum relative devi-
ation of 4.1 % and an average absolute relative deviation (AARD) of 3.4 %. How-
ever, both data sets show a very similar T-dependent trend. It should be mentioned 
that Bates’ measurement results for pure water, forming the major component in the 
present base fluid, show negative deviations of up to − 1.3 % from the reference 
correlation [44] at a low T of 303.15 K, while the deviations are inverted to posi-
tive values at larger T with a value of + 2.5 % at 353.15 K. This trend may indicate 
a weak heat leakage from the guard system to the balancing heating plate at low 
T, corresponding to smaller heat fluxes, and vice versa at larger T, associated with 
somewhat larger heat fluxes. Since the heat fluxes measured for the water/glycerol 
base fluid are lower than for pure water in the case of a constant T-gradient used by 
Bates [46], it may explain his systematically lower values for λbf compared to the 
present work. Nevertheless, the agreement between both data sets is still reasonably 
good. Further experimental data for λbf are not available in the literature to the best 
of our knowledge.

3.3 � Effective Thermal Conductivity of Nanofluids

In this section, the measurement results for the effective thermal conductivity of the 
three different nanofluids are discussed in terms of the thermal-conductivity ratio 
λeff · λbf

−1. Since further experimental results for λeff of the present nanofluids are not 
available in the literature to the best of our knowledge, for comparison we applied 
two common prediction models, i.e. the Hamilton-Crosser (HC) model [18] and an 
analytical resistance model [15], called AOT-TP model in the following. Details to 
these two models can be found in the cited references. As input for both models, 
the thermal conductivities of the base fluid λbf and the morphology of the particles, 

Fig. 2   Thermal conductivity of a mixture of water and glycerol (mass ratio 60:40) at atmospheric pres-
sure measured by GPPI as a function of temperature: , ∆T = 2.5 K, measurement results from present 
study; , ∆T = 3.0  K, measurement results from present study; , correlation developed by Bates 
[46] from measurements with a parallel-plate method. For the experimental data, the error bars are only 
shown for ∆T = 3.0 K
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i.e. their mean diameter d50 extracted from the DLS measurements and their sphe-
ricities Ψ estimated directly from the STEM-based circularities, are employed from 
the experimental results. Furthermore, the thermal conductivities of the c-SiO2 
(λp = (1.30 to 1.58) W·m−1·K−1 from (273 to 450) K) [47], a-SiO2 (λp = (1.40 to 
1.80) W·m−1·K−1 from (273 to 463) K) [30], and m-ZrO2 (λp = 2.0 W·m−1·K−1 from 
(373 to 673) K [30]; value also employed for lower T studied in this work) particles 
are taken from the literature and correlated with a linear T-dependent fit. Additional 
parameters required in the AOT-TP model and adopted from the literature are the 
densities of the particles, as stated in Sect.  2.1, and the thermal diffusivity of the 
base fluid. Although no information about the latter property is available, it has been 
estimated by using data for the density of the mixture [29], the heat capacity of the 
two pure fluids [45, 48] averaged according to their mass fractions in the base fluid, 
and the measured thermal conductivity λbf reported in Table 2. Even if the thermal 
diffusivity is under- or overestimated by 50%, the absolute variation of λeff is smaller 
than 0.1 % in the exemplary case of the c-SiO2-based nanofluid with φ = 0.10 at 
T = 298.15 K.

Figure 3 shows the temperature dependency for the experimental (markers) and 
modeled (lines) results for λeff · λbf

−1 of the three nanofluids at a constant particle 
volume fraction φ = 0.03. In connection with the HC model and AOT-TP model vis-
ualized in columns (a) and (b) of the figure, respectively, the solid lines correspond 
to the values for the average sphericities Ψ, while the dotted and dashed lines reflect 
the models corresponding to the upper and lower boundaries of Ψ, i.e. the uncertain-
ties as obtained by STEM. In the case of a-SiO2, where the evaluation of the STEM 
images was hardly possible, only the two boundaries corresponding to Ψ = 1 and 
Ψ = 0.38 are given in Fig. 3. Here, it can be seen that moderate thermal-conductivity 
ratios between about 1.02 and 1.05 could be resolved by the measurements for all 
three nanofluids, independent of temperature and particle type. The latter behavior 
can be related to the fact that all three particles have similar particle thermal conduc-
tivities λp and, in turn, similar λp · λbf

−1 ratios of about 2.9 (a-SiO2), 3.1 (c-SiO2), 
and 4.4 (m-ZrO2).

In all cases, agreement between the experimental results and the two prediction 
models within the experimental uncertainties and the confidence level of the models 
is found. By trend, the experimental results for c-SiO2 and m-ZrO2 agree better with 
the HC model that provides larger λeff  · λbf

−1 values than the AOT-TP model. The 
latter is apparently superior to the HC model in the case of the nanofluid featuring 
a-SiO2 particles. Our previous study on water-based nanofluids containing nearly 
spherical titanium oxide (TiO2), SiO2, or polystyrene (PS) particles indicated that 
the AOT-TP model is often superior to the HC model to describe λeff · λbf

−1 for these 
systems. Similar conclusions can also be deduced by considering the review [17] 
and experimental study [6] from the research groups of Wakeham and Assael. Thus, 
the results from the present work and the literature suggest that the HC model seems 
to be more reliable for nanofluids with base fluids of relatively large viscosity such 
as the present water/glycerol mixture (η = 3.63 mPa·s at 293.15 K [29]) or ethylene 
glycol (η = 20.9 mPa·s at 293.15 K [45]), while the AOT-TP model can be superior 
in the case of low-viscosity base fluids such as water (η = 1.00 mPa·s at 293.15 K 
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[35]). Both models predict also no T-dependency for λeff · λbf
−1 in the probed T 

range, which is confirmed by our experimental results.
For the nanofluid containing the c-SiO2 particles, the concentration depend-

ency of the effective thermal conductivity was additionally studied at T between 
(293.15 and 353.15) K in steps of 20  K. For an exemplary temperature of 
293.15 K, the measurement results for λeff · λbf

−1 are illustrated in the upper part 
of Fig. 4 together with the predictions by the HC model and AOT-TP model in 
columns (a) and (b). Based on the measurements, a relatively linear increase of 
the thermal-conductivity ratio up to about 1.18 at φ = 0.10 is found. This behavior 
is similar for all studied temperatures, as can be seen in Fig. S4 of the Supporting 
Information. These results and those shown in Fig. 3 demonstrate again that a rise 
in temperature associated with an intensification of the Brownian motion of the 
particles does not cause a significant change in the λeff · λbf

−1 ratio.

Fig. 3   Thermal-conductivity ratio for nanofluids containing c-SiO2 (top row), a-SiO2 (middle row), and 
m-ZrO2 (bottom row) particles dispersed in a mixture of water and glycerol (mass fraction 60:40) as a 
function of temperature at φ = 0.03 comparing the experimental results with predictions from the HC 
model (column a) and the AOT-TP model (column b): , , and , measurement; , models using 
average particle sphericity derived from STEM;  and , models representing the higher and 
lower boundaries of particle sphericity. Error bars represent the experimental (k = 2) uncertainty of the 
thermal-conductivity ratio, which are shown exemplarily for one temperature in each case



	 International Journal of Thermophysics (2022) 43: 167

1 3

167  Page 14 of 18

In accordance with the observations made in Fig. 3, the HC model is in better 
agreement with the experimental data within their expanded uncertainties than 
the AOT-TP model that underestimates the effective thermal conductivity, espe-
cially at the largest φ. Furthermore, both models predict no temperature depend-
ence for λeff · λbf

−1 within the studied T range, which can be observed from Fig. 
S4 of the Supporting Information. For a proper application of the two models, 
detailed information about the average sphericity of the non-spherical c-SiO2 par-
ticles (Ψ = 0.64 ± 0.17), as revealed by the STEM images in Fig.  1, is required. 
If a sphericity Ψ = 1 related to spherical particles is used, the predictions for  
λeff · λbf

−1 would be systematically too low in both cases. An increase in the 
thermal-conductivity ratio with decreasing Ψ, i.e. increasing deviations from a 
sphericity of the particles of same volume, can be rationalized by the increasing 
surface area of the particles. This larger heat transfer area results in a larger con-
vective heat transfer between particles and fluid, as it is reflected by the AOT-TP 
model [15, 19].

In the calculation of the modeled values displayed in the upper part of Fig. 4, 
it has been assumed that the present nanofluid features solely c-SiO2 particles 

Fig. 4   Thermal-conductivity ratio for nanofluid containing a-SiO2 particles dispersed in a mixture 
of water and glycerol (mass ratio 60:40) as a function of the particle volume fraction at T = 293.15 K 
comparing the experimental results with predictions from the HC model (column a) and the AOT-
TP model (column b): , measurement; , models using average particle sphericity derived 
from STEM;  and , models representing the upper and lower boundaries of parti-
cle sphericity; , models in case of spherical particles with a particle sphericity of 1. In the top 
row, λp used in the two models corresponds to that for pure c-SiO2 (λp = 1.35 W·m−1·K−1). In the bot-
tom row, λp = 1.7  W·m−1·K−1 used in the two models corresponds to the volume-weighted average of 
the λp values for a binary mixture of c-SiO2 (λp = 1.35 W·m−1·K−1, volume fraction 0.985) and Al2O3 
(λp = 23.5 W·m−1·K−1, volume fraction 0.015), representing the influence of the Al2O3 impurities in the 
sample. Error bars represent the experimental (k = 2) uncertainty of the thermal-conductivity ratio
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featuring a thermal conductivity of λp ≈ 1.35  W·m−1·K−1. However, accord-
ing to the specification of the manufacturer, the original powder shows only a 
mass fraction purity of 0.975 and includes alumina (Al2O3) as a major impurity 
with w = 0.02 and a distinctly larger λp value of 23.5  W·m−1·K−1, which repre-
sents the mean average of (30 and 17) W·m−1·K−1 for particle densities of 3800 
or 3500  kg·m−3, respectively, at 373.15  K [30]. Thus, as input for the models, 
we have calculated a volume-weighted average for the thermal conductivity of 
the particle mixture (λp ≈ 1.7  W·m−1·K−1), assuming mass fractions of 0.98 
for c-SiO2 and 0.02 for Al2O3 and considering the particle density for c-SiO2 
(ρp = 2650 kg·m−3) and Al2O3 (ρp = 3650 kg·m−3 as average value). As can be 
seen from the lower part of Fig.  4 for T = 293.15  K, the predictions from both 
models considering the presence of Al2O3 in the particle ensemble increase rela-
tive to those neglecting this, which makes up to 3.4 % and 3.0 % changes for 
λeff · λbf

−1 in case of the HC and AOT-TP models, respectively, for Ψ = 0.64 and 
φ = 0.10. Over the entire composition range, the experimental data are repre-
sented well by both updated models, in particular the HC model, which is also the 
case for all other T according to Fig. S5 in the Supporting Information and cor-
roborates the previous findings shown in Fig. 3. Here, at the lowest concentration 
of φ = 0.03, the changes between the modeling results considering and omitting 
the presence of Al2O3 are within 1 % and do not have a pronounced effect yet. 
Nevertheless, the current example demonstrates that besides a reasonable infor-
mation about the morphology of the particles, also data on their thermal conduc-
tivity is essential for reliable predictions of the effective thermal conductivity of 
nanofluids.

4 � Conclusions

The present work has investigated the effective thermal conductivity λeff of nano-
fluids comprised of silica and zirconium dioxide nanoparticles dispersed in a 
high-viscosity mixture of water and glycerol with a mass ratio of 60:40. For these 
nanofluids, being of potential interest in tribological applications, measurements 
were performed at ambient pressure from (293 to 353) K with a new version of 
a steady-state guarded-parallel plate instrument that is designed to represent the 
one-dimensional Fourier law of heat conduction as close as possible. The experi-
mental thermal conductivities λbf of the base fluid agree well with a single data 
source in the literature. At a constant volume fraction of the c-SiO2, a-SiO2, and 
m-ZrO2 nanoparticles with a value of 0.03, the measured thermal-conductivity 
ratios λeff · λbf

−1 show moderate values around 1.05 and are independent of the 
particle type and temperature. A concentration-dependent study on the nanofluids 
containing the crystalline SiO2 particles revealed a linear and T-invariant increase 
of λeff · λbf

−1. The application of two common prediction models for λeff of the 
present nanofluids with relatively large viscosities indicated overall a better per-
formance of the HC model compared to an analytical resistance model developed 
at AOT-TP. A better accuracy of the models is achieved when considering the 
information about the circularity or sphericity of the dispersed particles of rather 
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irregular non-spherical shape as well as the presence of particle impurities which 
can affect the average thermal conductivity of the dispersed phase. Further sys-
tematic studies need to be conducted in the future in order to analyze the trend 
that the HC model and AOT-TP model appear to be more suitable for the predic-
tion of λeff of nanofluids having relatively large and small viscosities of the base 
fluid, respectively.
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