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Thermo-physical properties of diamond nanofluids: A review
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Abstract

Nanofluids offer many opportunities to enhance the efficiency of thermal systems by improving the thermal
properties of the host fluids. Due to its exceptional thermal, mechanical and electrical properties, diamond
has attracted attention for use as a nanoparticle in fluids. Thereby, nanofluids have proven to be useful in
applications, especially electronic cooling, where increasing thermal properties and avoiding electrical
conductivity are vital. There have been numerous investigations of nanodiamond-nanofluid systems with
many suggesting that considerable property enhancements, e.g., increased thermal conductivity, might be
possible. However, those results have not been collectively compared or discussed. This paper reviews and
summarizes the experimental values of the physical and thermal properties, including an appropriate focus
on the thermal conductivity enhancement, of nanodiamond-nanofluid systems found in the literature as well
as different techniques for thermal conductivity measurement. The effect of various factors on the thermal-
physical properties of diamond nanofluids is also reviewed, and the stability and viscosity of diamond
nanofluids are tabulated and compared. The preparation and properties of hybrid nanofluids containing
diamond nanoparticles are analyzed and discussed in detail, and a list of potential uses for these enhanced

heat transfer fluids in industrial and commercial applications is provided and deliberated.

Keywords: diamond, nanodiamond, nanofluid, thermal conductivity, viscosity, hybrid nanofluid, doped

nanodiamond.
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Nomenclature

A Area (m?)

C A constant

CcC Cylindrical cell method

Cp Heat capacity (J/kg-K)

DI Deionized water

DW Distilled water

EG Ethylene glycol

EO Engine oil

FL Flash lamp method

h Convection heat transfer coefficient (W/m?-K)
k Thermal conductivity (W/m-K)
L Length (m)

MNO Mineral oil

MDO Midel oil

ND Nanodiamond

NF Nanofluid

PG Propylene glycol

q Heat flow (W)

SHW Short hot wire

SO Silicone oil

SSPP Steady state parallel plate

T Temperature (°C)

TC Thermal Conductivity (W/ m-K)
TCA Thermal constant analyzer

TCP Thermal comparator principle
TFO Transformer oil

THW Transient hot wire

TPS Transient plane source technique
ubD Ultra-dispersed diamond

Greek Letters

A

Difference

V] Viscosity (Pa-s)

p Density (kg/m®)

@D Particle volume fraction
Subscripts

bf Base fluid
enhancement Enhancement

nf Nanofluid

1. Introduction

Thermal management is critical and challenging in light of the ever-increasing energy consumption in
today’s world. The promise of improved heat extraction from inevitable thermal sources (e.g., from IC

chips to transformers to engines) indicated by recent progress with nanotechnology has attracted many
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researchers to seek novel solutions to enhance energy efficiencies. Nanofluids have been defined as fluids
containing suspended solid (metallic and non-metallic) nanometer-sized particles [1]. After discovering that
adding a minute concentration of nanoparticles can lead to dramatic enhancements in thermo-physical
properties of a traditional fluid, nanofluids have emerged as their own unique area of research [2]. Serrano
et al. [3] have clarified the differences among millimeter-, micrometer- and nanometer-scaled nano-sized
nanomaterials. The larger surface-to-volume ratio of nanomaterials compared to micro materials (~ 1,000
times higher) leads to further improvements of performance [4] when nanomaterials are used, as compared
to micron-sized materials in base fluids [5]. Nanofluids show thermal properties that are significantly better
than the base fluids, which are being used in numerous applications. They can show superior heat transfer
performance even at lower pumping power compared to the base liquid [6]. Still, nanofluids can have
detractions, such as higher pressure drop, liner erosion and agglomeration [7]. Addressing those problems
has led to several industrial and medical applications of nanofluids, including thermal management in
electronic, nuclear, biomedicine, renewable energy harvesting, space, and transportation systems [8].
Figure 1 compares thermal conductivities of different base fluids and solids, which may be employed as

nanoparticles to synthesize nanofluids.

The benefits of a particulate nanodiamond nanofluid over other nanofluids make it of particular interest.
Diamond itself has the highest thermal conductivity of any material due to strong carbon-carbon covalent
bonding and low phonon scattering [9], typically over 2,200 W/(m-K) and as high as 3,320 W/(m-K) in
isotropically pure monocrystalline synthetic diamond [10]. While metallic particles such as silver have a
high thermal conductivity, their electrical conductivity can render it unusable in many applications. On the

other hand, the electrical conductivity of undoped diamond is approximately 0.01 nS/m, which is negligible.
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Fig. 1. The thermal conductivity of different base fluids and solids materials at 25 °C.

Those, of course, are the properties of “stand-alone” diamond. However, the thermal conductivity of
smaller size diamonds at the micro and nano scale in host liquids or composites may be different. For
instance, Kidalov et al. [11] have measured the thermal conductivity of micro and nanodiamond mixtures
at different percent concentrations outside of a base fluid and report much smaller values for the thermal
conductivity of a diamond “nanopowder.” Nevertheless, thermal conductivity has always been shown to be

enhanced by adding diamond nanoparticles to the conventional base fluids.

Nanodiamonds are formed in a contained explosion process and are often referred to as detonation
nanodiamonds. The process is studied by Titov et al. [12] who observed that the nanodiamond nucleation
occurs once after the explosion and after dynamic growth as the nanodiamond particles are formed in an
extremely fast reaction. The nominal size of the nanodiamond particles formed is approximately 5
nanometers, but they have a natural tendency to form tightly cohesive agglomerations. Dolmatov [13] used
commercially available “ultra-dispersed diamond (UDD) powders” with an average size of 0.1-2.0 um.
They experienced a severe agglomeration issue when the powder was dispersed in the base fluid. In
preparing the UDD powders, the igniter used in the detonation procedure gave rise to carbon and metal
impurities that attached to the nanodiamond’s outer surface. There are different methods to purify the UDD
powders, which is important for achieving stable nanofluids. Using strong acids such as nitric acid and
sulfuric acid and mixtures for removing impurities is a common method. Adding an acid increases the
number of -COOH groups on the nanodiamond (ND) surface. In a recent patent, Domatov et al. [14] used

a novel purification technique that involved mild, acid and alkali-free diamond nanoparticle detonation
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materials. Starting with the as-formed nanodiamonds, Branson et al. [15] prepared novel deaggregated
diamond nanoparticles to enhance thermal conductivity where it is noted that, “the deaggregated diamond

nanoparticles may be surface functionalized or oxidized.”

The authors proffer that there has not been a review of diamond nanofluids and their thermo-physical
properties thus far. In this review paper, several processes for nanodiamond fluid preparation, techniques
to measure the thermal conductivity of nanofluids, and models for the thermal conductivity of nanofluids
are presented, and experimental studies assessing the thermal conductivity enhancement via diamond

nanoparticles are reviewed.

Furthermore, it is essential to make the point that thermal conductivity is not the only factor in terms of
expressing thermal property enhancements of a nanofluid. For example, Gunnasegaran et al. [16] have
reported thermal property enhancements by analyzing the temperatures of diamond nanofluids that
incorporate water as the base fluid as they are heated in a looped heat pipe. In a similar work, Aun et al.
[17] studied the diamond nanofluid thermo-physical properties and loop heat pipe that was used in order to
evaluate the total thermal resistance of the diamond nanofluid. A nanofluid’s stability is another crucial
factor in determining it applicability. Researchers are looking for stable nanofluids, and thus, many stability

tests have been developed, which are discussed below in the section on stability.

To suppress aggregation and improve the dispersion behavior of nanofluids, three different methods have
been exploited: using surfactant, pH control, and ultrasonic agitation [18]. However, before dispersing
nanoparticles in the base fluid, transmission electron microscopy (TEM) has been commonly utilized to
inspect the nanoparticle particle shape and other characteristics. In regard to practical application of
nanofluids, viscosity is a very important feature of any nanofluid since it is critically related to the pumping

power.

In this review, improving the viscosity of diamond nanofluids from their base fluids is a focus. This paper
also examines the existing agreements and disagreements between nanodiamonds based nanofluids’
thermal conductivity and viscosity values at various conditions (temperature, pressure and, flow regime) as
reported in the literature. It concludes by defining a reasonable range for heat transfer enhancement when

nanodiamond based nanofluids are used.

Different viscosity models for a liquid containing suspended solid have had inconsistent results. This matter
is critical because the viscosity of the nanofluid directly affects pressure drop, which matters in industrial
applications [19]. Keblinsky [20] and Koca et al. [21] emphasize how crucial it is for nanofluids to achieve
an acceptable viscosity. The Hatschek et al. and Masoumi et al. studies in references [22] and [23] are

efforts to model the viscosity of the nanofluid as a two-phase system. Lu and Fan [24] show that a
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nanoparticle-size decrement or an increase in volume fraction leads to an increase in viscosity as well as
thermal conductivity. Chevalier et al. [25] have studied the viscosity of SiO, nanoparticles in an ethanol
base fluid in different particle sizes and concentrations using a capillary viscometer and concluded that
viscosity greatly depends on the particle size. Esfe et al. [26] did a similar study on viscosity with a water-
based nanofluid and found that the viscosity of the nanofluid rises with a decrease in particle size. Shanker
et al. [27] reported the same effects for different nanofluids in glycerol and water-based fluid. However,
Abdelhalim et al. [28] have observed a rise in viscosity of water-based gold (Au) nanofluids with larger
nanoparticles. It has been observed that an increase in particle concentration leads to an increase in the
viscosity, which is theoretically expected. For instance, Behi and Mirmohammadi [29] reported that with a
rise in nanoparticle volume fraction from 0.6 to 0.8, a 1.7% increase in viscosity was observed. Kole and
Dey [30] predicted viscosity as a function of volume fraction. Their results from examining the relationship
between viscosity and temperature agreed with a modified Andrade correlation [31]. Stelle et al. [32] stated
that relative nanofluid viscosity improvements do not depend on temperature and cannot be predicted by

classic models for viscosity.

In several studies, various nanoparticles were mixed and dispersed in a base fluid to form hybrid nanofluids,
which are introduced and potential issues and considerations are discussed in this paper. Also, there have
been studies in which two base fluids are mixed to attain some special properties. Namburu et al. [33] mixed
ethylene glycol and water to take advantage of both components for the first time. To include diamond

nanofluid applications, various applications of diamond nanofluids are reviewed at the end of this paper.
2. Preparation methods

Nanoparticle preparation methods are the primary factor affecting thermo-physical properties of nanofluids,
including thermal conductivity and stability [34]. Moreover, other factors could impact those properties.
According to the literature, the particle size is directly affected by the preparation method and is a major
factor in whether the result is between nano-size or micro-size suspensions [35]. However, the effect of
particle size is not restricted to the suspension stability. Sonication time is another critical factor affecting
thermo-physical properties of the nanofluid, which is investigated in many nanofluid studies such as

Buonomo et al. [36], Mehrali et al. [37], Sonawane et al. [38] and other references listed in Table 2.

There are two common methods for nanofluid preparation. Formation and dispersion of nanoparticles can
occur in a single process, or they can be formed in a first step then followed by nanoparticle dispersion in
the fluid, denoted as the two-stage process in the literature [39]. Either way, the main goal is the preparation
of homogeneously dispersed nanofluids, which show stable characteristics and desired properties [40 and

41]. The two-step method is economical for mass production from a commercial point of view [42].
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However, the challenge in this technique is agglomeration due to the high tendency of individual particles
to agglomerate, which may happen before complete dispersion. This issue can be worse in higher
concentrations of nanofluids [43]. Technically, in the two-step method, the nano powders can be dispersed
to the base fluid either mechanically or chemically [44] and [45]. In mechanical dispersion, sonication is
often used to disperse particles into the base fluid, while chemical dispersion is done by adding surfactants
[46]. The recommended technique for nanofluids with metallic nanoparticles is the single-step method to

avoid possible particle oxidation [8].

Table 1. Nanodiamond nanofluid preparation method in the literature

Sonication

Base fluid Nanoparticle source/ synthesis method Particle size (nm) Nanofluid mixing/preparation method time (min) Ref.
ime (min

EG Commercially available UDD 30-50 Under ultrasonic vibration 180 [47]
MDO Commercial nanodiamond purified via ozone 500 - 700 Under ultrasonic vibration N/A [48]
EG, DW Purified and modified by different acids mixtures 30-50 Continuous sonication 180 [49]
DI Deaggregated nanodiamond nanoparticles 4 Horn type ultrasound process N/A [50]
EG Purified and surface modified by acid mixtures 5-10 Continuous sonication N/A [51]
SO Nanodiamond coated with graphene 56-260 Dispersion and sonication 10 [52]
EG Purified and surface modified by the mixture acid 5-10 Ultrasonic under controlled pH N/A [53]
EO Commercially available nanodiamond N/A Mechanical treatment 60 [54]
EG, MNO Detonation UDD followed by functionalization 5 Ultrasonic in dimethylsulfoxide 60 [55]
MNO Commercially available UDD 6 Dispersion and sonication 180-240 [56]
TFO Acid treated UDD followed by functionalization 10 High energy ultra-sonication 150 [57]
PG, DW Purified UDD followed by functionalization 5-10 Dispersion and sonication 120 [58]
DW, EG, EO Commercial nanodiamond 10-150 Dispersion and sonication 30 [59]

146

147 3. Thermal conductivity

148  Due to the high thermal conductivity of the suspended functionalized nanodiamond particles in the base

149  fluid, an enhancement in the overall thermal conductivity (TC Enhancement) of the diamond nanofluid is

150  expected. This enhancement is defined as the ratio of thermal conductivity of the diamond nanofluid to its

151  Dbase fluid

0 _ knf—kb

152 kenhancement ( /0) - Kp x 100 (1)

153  where kq and ky are nanofluid and base fluid thermal conductivity, respectively.

154  3.1. Models for thermal conductivity enhancement

155  To predict the thermal conductivity of a nanofluid, a weight average is too much of an oversimplification

156  toachieve accurate real values. There are several models suggested by researchers for predicting the thermal
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conductivity of the nanofluid using base fluids and nanoparticle thermal conductivity. Maxwell’s Theory
[60] and the Hamilton and Crosser approach [61] have been used to predict the thermal conductivity of the
nanofluid as a solid-liquid mixture, but there is no general agreement as to which model is the best approach.
Different models are applicable to different systems and should be applied appropriately with specific
conditions, materials (nanoparticle and base fluid) and particle size [62].

3.2. Thermal conductivity measurement

Measuring the thermal conductivity of a fluid at various temperatures can be challenging. Several methods
have been implemented to measure the fluid conduction heat transfer coefficient. The basic principle of

thermal conduction in one dimension is:
kA

where q is the applied heat, A is the area and AT is the temperature difference along length L. When dealing
with a fluid, special attention to the measurement technique is essential to avoid temperature gradients that
may cause thermal convection and error in thermal conductivity measurement. Available thermal

conductivity measurement methods and their descriptions are summarized below:
3.2.1. Transient methods

In these methods, measurements are taken over a short time while the heat is applied to the sample. There

are several different transient methods for measuring thermal conductivity of a liquid.
3.2.1.1. Thermal constants analyzer

A transient plane source (TPS) technique is used to determine the thermal conductivity of the fluid [63].
The TPS component acts as both heat source and temperature sensor [64]. The advantages of this method
are quick thermal conductivity measurements, simple sample preparations, and flexible sample-size

measurements.
3.2.1.2. Transient hot wire (THW)

The transient hot wire (THW) technique was proposed by Stalhane and Pyk [65] and has come to be the
most common method for measuring nanofluid thermal conductivity since it is rapid and simple and
minimizes the convection error. Healy at al. [66] presented the theory of this method and significant
corrections. This technique can be used through the following two methods. The first is the Liquid Metal
THW inwhich a glass capillary mercury is suspended in the dispersion or fluid. The glass capillary insulates

the mercury ‘hot-wire”’ from the conducting dispersion or fluid. The mercury wire represents one resistor
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in a Wheatstone bridge circuit that is heated during the application of a fixed voltage used as a bridge. The
temperature rise in the wire is computed from the variation in the resistance of the mercury over a specific
time period and is used to evaluate thermal conductivity. Second is the transient short wire method, which
is proper for corrosive liquids. This method has been regularly used for nanodiamond fluid thermal
conductivity measurements [49 and 51] as well as many other nanofluids [67].

3.2.1.3. 3w technique

The 3 method uses a heater and thermometer, similar to the THW, which deals with radial flow of heat
[68]. The main difference between THW and the 3® technique is that THW uses the time-dependent
response while the 3w technique relies on the application of temperature oscillations [69]. Wang et al. [70]
used the 3w method to measure thermal conductivity of TiO, and SiO, nanofluids. It has also been used by
Oh et al. [71] for thermal conductivity measurement of nanofluids of Al,Oz nanoparticles in deionized (DI)
water DI and ethylene glycol (EG) base fluids.

3.2.1.4. Flash lamp method

The Nanoflash device measures thermal conductivity by the flash-diffusivity technique. A sample is
uniformly irradiated on one side by applying a single Xenon flash tube pulse. Then the temperature increase
of the other side is determined as a function of time, utilizing an infrared (IR) detector. Shaikh et al. [72]
utilized a similar technique for thermal conductivity measurement of carbon nanoparticle-doped PAO oil.

Tyler et al. [48] have used this technique for nanodiamond thermal conductivity measurements.
3.2.1.5. Temperature oscillation

This technique measures the temperature feedback of the nanofluid when a heat flux or temperature
oscillation is applied. The temperature response obtained is the outcome of localized or averaged thermal
conductivity. It was first proposed by Roetzel [73] and improved later by Czarnetski and Roetzel [74]. Das
et al. [75] have used this method for CuO and Al,O3 nanofluid thermal conductivity measurement.

3.2.2. Steady state techniques

Thermal conductivity of nanofluids can also be analyzed using steady-state methods that are described in

further detail below:
3.2.2.1. Cylindrical cell

In this method, the space between two concentric cylinders is filled with a nanofluid. An electrical heater
is located inside the inner cylinder, and the other sides are insulated. Heat radially flows outward through

the test liquid [76]. More details about this method and apparatus are provided by Paul et al. [69].

9
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3.2.2.2. Steady state parallel plate

For the steady-state heat conduction investigation, numerous strategies of experimental cells can be built
for the thermal conductivity measurement of liquids. The fluid fills the space between two flat plates where
a constant heat flux is provided on one plate. The parallel-plate method or concentric cylindrical cell
approach is preferred to facilitate the test by transferring heat mainly in one direction. The device for the
steady-state, parallel-plate technique can be made based on the design provided by Challoner and Powell
[77]. Two parameters are to be controlled. One requires that the temperature rise in each thermocouple be
precisely measured. The difference in temperature readings must be lowered while the thermocouples show
the same temperature. While the heat delivered by the heater flows through the fluid between the lower and
upper copper plates, the total thermal conductivity, comprising the influence of the glass spacers, can be
calculated from the heat conduction formula. Wang et al. [78] have provided a more detailed description of
the apparatus.

3.2.3. Other methods

Another method of thermal conductivity measurement is the indirect method based on the thermal
comparator principle. The probe applied in this method requires that only a point contact be made to the
test liquid whose conductivity is to be measured. Additionally, the measurement is nearly immediate. It is
a widely known principle that when two materials are in contact over a small zone at different temperatures,
heat transfer occurs from the warmer to the colder body. Consequently, an inter-current temperature is very
rapidly achieved at the point of contact. The intermediate temperature is contingent upon thermal
conductivity of two substances. Thermocouples are applied to detect the voltage corresponding to the
temperature difference between the probe tip of the thermocouple and a heated reference placed within the
probe. A calibration curve is prepared utilizing samples with known thermal conductivity. The calibration

curve is used to estimate the thermal conductivity of the unknown samples.

Figure 2 demonstrates the percentage of published data available on thermal conductivity measurements of
nanofluids with respect to the method of measurement (through a literature search using published papers
in the field).

10
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Fig. 2. A number of thermal conductivity measurement techniques available for nanofluids with respect to percent of

publications using these methods.

As can be seen in Figure 2, the THW method is the most popular for measuring the thermal conductivity
of the liquids.

Figure 3 shows the temperature range of nanodiamond thermal conductivity measurements in different
liquids. The majority of measurements utilized the THW measurement technique where the Flash method

and short hot wire method were rarely used to measure the thermal conductivity of diamond nanoparticles
in liquids.

11
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Fig. 3. A summary of various temperature ranges used in thermal conductivity measurement for diamond nanofluids

with different base fluids available in the literature.

248

249  3.3. Thermal conductivity enhancement in diamond nanofluids

250 To do any nanofluid thermal properties calculation, the knowledge of base-fluid thermal properties is
251  essential. Table 2 summarizes the thermo-physical properties of the tested base fluids for diamond
252  nanofluids available in the literature.

253

Table 2. Thermo-physical properties of base fluids tested in nanofluid
research available in the literature.

Base Fluid cp (I/kg-K) p (kg/m?) k(W/m-K) | x(N-s/m?
DW [79] 4184 998 0.599 1.00E-04
EG [79] 2383 1117 0.25 2.20E-02
EO [80] 1881 888 0.145 8.40E-01

12



PG [81] 4019 1036 0.34 4.20E-02
MNO [82] 1760 800 0.134 2.00E-01
MDO [83] 1880 980 0.1444 1.00E-01
254
255  Figure 4 attempts to show all the studies on diamond nanofluid thermal conductivity enhancement at various
256  volumetric (mass) particle concentrations (wt.%).
s Kang et al. (2006) (25°C) (EG) Tyler et al. (2006) (20°C) (MDO)
+ Xie et al. (2009) (10-70°C) (EG 55%: DW 45%) Yeganeh et al. (2010) (30°C) (DI)
Yeganeh et al. (2010) (50°C) (DI) Xie et al. (2011) (10°C-60°C) (EG)
- Yuetal. (2011) (30°C) (EG) Ghazvini et al. (2012) (29°C) (EO)
Branson et al. (2013) (20-100°C) (EG) ® Branson et al. (2013) (20-100°C) (MNO)
® Sundar et al. (2016) (20°C) (PG 20%:DW 80%) + Sundar et al. (2016) (20°C) (PG 40%:DW 60%)
- Sundar et al. (2016) (20°C) (PG 60:DW 40%) - Sundar et al. (2016) (60°C) (PG 20%:DW 80%)
¢ Sundar et al. (2016) (60°C) (PG 40%:DW 60%) ® Sundar et al. (2016) (60°C) (PG 60%:DW 40%)
* Shukla & Aiyer (2015) (40°C) (TFO) ® Shukla & Aiyer (2015) (80°C) (TFO)
Shukla & Aiyer (2015) (120°C) (TFO) Pryazhnikov et al. (2017) (25°C) (DW)
Pryazhnikov et al. (2017) (25°C) (EG) Pryazhnikov et al. (2017) (25°C) (EO)
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Fig. 4. Diamond nanofluid thermal conductivity enhancement as a function of volumetric particle
concentration in literature.
257
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258 In Figure 5, thermal conductivity enhancement of some selected diamond nanofluid studies versus
259  nanoparticle volumetric concentration and temperature are depicted in a three-axis plot. The ball symbol
260  sizes in Figure 5 are proportional to the logarithm of the nanoparticle size in nanometers, and the bigger
261  symbols express larger particle size.

100
Kang et al. (2006) (25°C) (EG)
Yuetal (2011) (30°C) (EG)
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4 Taha-Tijerina et al. (2014) (23°C) (MNO)
?3 Taha-Tijerina et al. (2014) (100°C) (MNO)
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Fig. 5. Diamond nanofluid thermal conductivity enhancement for weigh fraction less than 0.5 wt. %.
262

263  Cases 1, 6 and 11 in Figure 5 state the fact that nanodiamond fluids with larger nanoparticles do not
264  consistently show more TC enhancement. However, at higher temperatures in most cases, more TC
265  enhancement is observed. Cases 8 and 9 reported by [56] and [57] illustrate that with low loading, TC
266  enhancements up to 20% can be expected. However, an inconsistency can be seen among diamond
267  nanofluid thermal conductivity enhancement studies as shown in Figures 4 and 5. This inconsistency might
268  Dbe due to different parameters such as the purity of tested nanofluid samples or accuracy of the measurement
269  techniques. It can be concluded that the average reported enhancement is about 10% for ~ 1.0 wt.% diamond
270  nanofluid.

271

14



272

@ 1. Tyler et al. (2006) (MDO) @20C

)
=N
Y . >
% o 3= Ql“ 2. Kang et al. (2006) (EG) @25C
= 2 i 3. Kang et al. (2006) (EG) @25C
« 3. Kang et al. (2006) (EG) @25
) 4. Yeganch et al. (2010) (DI) @30C
= 5. Yuetal. (2011) (EG) @30C
6. Branson et al. (2013) (EG) @20C

7. Branson et al. (2013) (MNO) @20C
8. Taha-Tijerina t al. (2014) (MNO) @40C
@ 9. Shukla & Aiyer (2015) (TFO) @40C
10. Shukla & Aiyer (2015) (TFO) @40C
11. Sundar et al. (2016) (PG 20%: DW 80%) @20C
12. Pryazhnikov et al. (2017) (EG) @25C

Fig. 6. Diamond nanofluid thermal conductivity enhancement as a function of weight fraction and temperature.
273
274 4. Stability of nanodiamond fluid

Preparation of stable, durable, nanometer-sized and homogeneous nanofluids has been challenging due to

275

276  highvan der Waals interactions between nanoparticles [84]. The common methods to evaluate the nanofluid
277  stability include zeta potential, absorbency, observing the stratification or sedimentation, and particle size
278  [85]. In the zeta potential method, nanoparticles’ movements are recorded by Laser Doppler Velocimetry
279  (LDV) while the nanofluid is under an electrical field [86]. Most of the nanofluid stability evaluations are
280  done via a zeta potential test in [35] and [87]. Li et al. [88] investigated the sedimentation and absorbency

281  of nanofluids using the zeta potential method.

It has been observed that by controlling the pH, some nanofluids could be kept stable for months [89].

282
Wang et al. [90] investigated the effect of pH on stability of two different nanofluids and found the optimal

283
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pH for obtaining the highest stability. Li et al. [88] found that, at a pH of 9.5, a good dispersion of copper

nanoparticles in water was observed.

In a nanodiamond study, Butenko et al. [91] studied the thermal stability of a nanodiamond. They detected
the decomposition of the functional group containing oxygen at 300-900°C and CHx groups at 700-
1,150°C. Cataldo and Koscheev [92] utilized ozone to study the thermal stability of ultradispersed
detonation diamond (UDD). Considering cyclo-hexane ozonation as a model reaction for diamond
ozonation, and using thermogravimetric analysis, a considerable difference has been observed between the
behavior of nanodiamond and bulk diamond samples. In some research, only physical methods have been
used for dispersion of low-loaded nanofluids with oil-based fluids, and highly stable products have been
reported for six months or more [93]. In the diamond nanofluid analysis, zeta potential is the method most
used to evaluate nanofluid stability and dispersion. Aggregation and clustering have been studied as factors
that decrease thermal conductivity of nanofluids. Thus, both aspects should be considered in preparation of
nanofluids to achieve a balance between thermal conductivity and nanofluid stability [94]. To avoid
agglomeration, Liang et al. [95] developed a new technique using a beads-assisted sonication (BADS)
process in two reactions and reported that, using this method, homogenous and stable functionalized
nanodiamond fluids could be achieved. The electro-kinetic properties can directly influence the stability of
the nanofluid. Hence, appropriately controlling those properties through maintaining specific pH could
increase stability because of the influence of strong repulsive forces. Electrostatic forces and van der Waals
forces, which represent repulsion and attraction phenomena among nanoparticles, are the two kinds of
forces that can be controlled by pH adjustments. Agglomeration can potentially occur after nanofluid
preparation, which can cause nanoparticle sedimentation relatively quickly because of gravimetric
downward body force, i.e., the cumulative weight. According to the literature, the sonication time is a
significant factor for dispersing the aggregated nanoparticles [94]. All three methods mentioned above can
be applied to enhance the suspension of nanoparticles. However, it is sometimes arduous to retain stable
nanofluids and thus maintain a uniform composition through the traditional approaches for achieving a

homogeneous stable condition for more than a day [96].

For a diamond nanofluid with an EG base fluid, Xie et al. [51] reported that the thermal conductivity
improvement surges with pH values ranging from 7.0 to 8.0. They stated that the impact of pH value on
thermal conductivity represents a direct relation between the solution’s pH value and the diamond nanofluid
stability. They summarized that the alkalinity (a relatively higher pH value) of the solution has a positive
effect on dispersion and the stability of the diamond nanofluid. The thermal conductivity improvement
decreases with elapsed time for solutions containing diamond nanoparticles mixed in EG when pH is 7.0,

i.e., a neutral solution. In a similar study, Yu et al. [53] reported that for a stable diamond nanofluid with

16



317
318
319
320
321
322
323
324
325
326
327

328

329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349

EG as the base fluid and with a pH of 8.5, there was no thermal conductivity reduction for six months.
Pryazhnikov et al. [59] showed that a small-concentration surfactant does not change the thermal
conductivity of the nanofluids significantly. They showed that a 1-2 nm surfactant thickness did not alter
either the size or the density of the nanoparticles. They concluded that the nanofluid stability can be
enhanced by adding different surfactants, but their thermo-physical properties do not vary much when
surfactants are added in small concentrations. Sundar et al. [58] conducted a study to characterize diamond
nanofluids without using a surfactant in the preparation process. They observed that the carboxyl groups
on the diamond nanofluid helped the particles’ stability in the base fluids. In the study by Taha-Tijerina et
al. [56], no surfactant was used. The presence of surfactant at the interface of nanoparticles and base fluid
impacts the free electron movement, leading to the diminished overall thermal conductivity of the

nanofluid. They have reported that a surfactant-free suspension can achieve better thermal conductivity.
5. Viscosity

Viscosity is one of the most important characteristics of all nanofluids. Adding diamond nanoparticles to a
base fluid may cause an increase in viscosity, which is not desirable and leads to energy loss. This increase
may be influenced by nanodiamond concentration and particle size. Ghazvini et al. [54] observed more
increase (20%) in viscosity at higher-concentration nanofluid samples. Taha-Tijerina et al. [56] measured
both kinematic and dynamic viscosity of the diamond nanofluids. According to their work, there was no
significant increase in kinematic viscosity of the diamond nanofluid due to the effect of increasing density
in a nanofluid. However, up to a 12% increase in dynamic viscosity has been reported in a nanodiamond
volume fraction of 0.03% at 100°C, which is not a large rise compared to other studies, for instance the one
by Gudson et al. [97] where more than a 30% rise in dynamic viscosity has been reported for silver
nanofluids. In Tyler’s work [48] using midel oil as the base fluid, for concentrations of 1, 2 and 3 wt.%, a
7, 76 and 140% increase in viscosity, respectively, was observed, which can be attributed to their large-
sized nanoparticles (around 450 nm on average) compared to other nanodiamond fluids. Sundar et al. [98]
reported that the viscosity of the diamond nanofluids increases with more particle loading and decreases
with rising temperature. The highest nanodiamond fluid viscosity rise was 79% at 60°C. They compared
their viscosity results with theoretical models for two-phase suspensions and validated the results.
Generally, there is no consistency between viscosity increases in diamond nanofluids. The base fluid
properties and, above all, interactions between the base fluid and diamond nanoparticles have the most
influence on the viscosity. To evaluate whether a nanofluid’s effectiveness is coolants-based, Prasher et al.
[99] determined that in order for the nanofluid to improve the performance in thermal applications, a rise
in viscosity should not be more than four times the thermal conductivity enhancement which is shown

mathematically in Egs. (3-5):
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where, Kn, Kof, ¢b, Hnt, and s are nanofluid thermal conductivity, base fluid thermal conductivity,
nanofluid weight fraction, and nanofluid and base fluid viscosities, respectively.

6. Hybrid nanofluid containing diamond nanoparticles

In many recent studies, hybrid nanofluids, which contain more than one particle type, have been used to
take advantage of constituent material properties, attracting the attention of researchers [100]. Considerable
enhancement in thermal conductivity and rheological properties has been seen in hybrid nanofluids
compared with one-solid particle type nanofluids [101]. Another example of a hybrid nanofluid application
is magnetic nanofluids created by adding metal particles that can be manipulated with a magnetic field
[102]. Also, ND-metal or ND-metal oxide hybrid nanofluids have been prepared by dispersing carboxylated
diamond nanoparticles in the base fluid, followed by adding the second element and using reducing agents

and surfactants.

Sundar et al., in separate works, investigated the hybrid nanofluid of nanodiamond/cobalt oxide [103],
nanodiamond-nickel [104], and nanodiamond-Fe304 [105] for their thermal conductivity and rheological
properties. In those studies, as well as many other hybrid nanofluid studies, thermal properties improvement
compared with regular nanofluids was reported. In the preparation process, the nanodiamond was subjected
to strong acids to remove carbon impurities. By the process of reduction, metal ions were added to the

sample.
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Fig. 7. (a) Schematic of the synthesis procedure of Nd-FesO4 nanoparticles; (b) TEM results (ND-soot; left), (acid
treated-Nanodiamond; middle), (ND-FesO4 nanoparticles; right) [105], with permission from the publisher.

Hemmat Esfe and Hajmohammad [106] investigated the properties of nanodiamond-CosO4 EG-based
nanofluids to optimize thermal conductivity and viscosity. They concluded that the highest thermal
conductivity and lowest viscosity occur at the maximum temperature and concentration. Kalidasan and
Rajesh Kanna [107] have studied natural convection of hybrid nanofluids containing nanodiamond and
cobalt oxide. The results indicated that, for all the Rayleigh numbers, the intensity of the main vortex
depreciated with an increase in nanofluid concentration, which can be counted as an enhancement in
properties. Zyla et al. [108] studied the graphite/diamond mixture nanofluid and evaluated its thermo-
physical properties. Changing the graphite proportion in the mixture did not affect thermal conductivity of
the nanofluid, but had a significant effect on electrical conductivity. Puzir et al. [109] added silver
nanoparticles to the nanodiamond fluid and reported a 4% enhancement in diamond nanofluid thermal
conductivity, along with a 64% increase of nanodiamond fluid viscosity, which was caused by the effect of

silver on the nanodiamond clusters formed.
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Fig. 8. Thermal conductivity at various particle weight concentrations in hybrid nanofluids containing nanodiamonds.

Hybrid nanofluid stability can be challenging due to the difficulties in achieving complete dispersions of
two different nanoparticles. These materials may have surface charge (positive or negative), which can
cause agglomeration. Thus, for stable hybrid nanofluid preparation, proper material selection should be

considered.

7. Application of diamond nanofluids
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Adding nanodiamond particles to dielectric fluids can be appropriate for electronic cooling applications
where high thermal conductivity and minimal electrical conductivity of the heat transfer fluid are vital for
implementation.[110]. Naphon et al. [111] modeled the thermal behavior of the cooling fluid in the fin-type
heat sink of a central processing unit (CPU) in computers and compared it with experimental results. Their
results showed a non-uniform temperature distribution in the heat sink, which could be a problem for the
electronic devices. However, those results can be guidelines for achieving a novel cooling system design
with enhanced thermal performance. Gunnasegaran et al. [112] conducted experimental examinations and
simulations on diamond nanofluid thermal properties and heat transfer characteristics involved in cooling
desktop PCs. Choi et al. [113] investigated three different nanoparticles including nanodiamond in
transformer oil and also evaluated their potential as a new type of coolant for automotive heat management.
Ma et al. [114] showed that diamond nanofluid-based oscillating heat pipes can extract heat fluxes larger
than 10 MW/m? and are considered as the future generation of cooling devices in electric systems. In
another study, Shen et al. [115] studied the application of diamond nanofluids in wheel grinding and the
associated tribological behavior in grinding of cast iron under wet and dry conditions. They used a
minimum amount of lubrication for potential applications in engine operation and compared the results
with those of water. They showed that, compared to dry grinding, diamond/alumina nanofluid grinding
could significantly reduce the grinding temperature and grinding forces, increase surface roughness, and

prevent workpiece burning.
8. Conclusion

This study reviewed recent developments in improving the thermal conductivity of fluids for thermal
applications and mainly focused on using diamond nanoparticles. Viscosity, as an essential feature of
diamond nanofluids, was also covered. Several potential and current applications for using the diamond
nanoparticles were reviewed and summarized and included the automotive, electronic cooling and
cryosurgery industries. Furthermore, methods used for characterizing the thermal conductivity were
reviewed and summarized. Based on the literature, it can be concluded that the main factors affecting heat
transfer behavior and thermal conductivity of the diamond nanofluids are nanoparticle size, concentration,
base fluid type, nanofluid temperature, viscosity and preparation method. The most critical parameter that
substantially influences thermal characteristics was nanoparticle concentration in the base fluid. It was
inferred that the amount of nanodiamond, which becomes a nanofluid in the host liquid system, has a direct

relationship to thermal conductivity improvement.
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