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ABSTRACT
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In this paper, two Deep Eutectic Solvents (DESs), choline chloride:
urea and choline chloride: glycerol with molar ratios of 1:2, respectively,
were investigated as dispersants for Al2O3 nanoparticles (NPs) to study
the heat exchange. Because of the DESs’ high thermal properties,
especially at high temperatures, they became good candidates for
heat transfer applications. We prepared the DESs and examined
their thermal conductivity as a new approach data using a thermal
conductivity meter. Nanoparticles loading ratios of 1, 2, 3, 4, and 5 vol.%
was proposed to inspect the thermal effect. Viscosity, friction factor
(f), Nusselt number (Nu), Prandtl number (Pr), Reynolds number (Re),
and heat transfer coefficient (h) relationships were studied in details
under laminar flow conditions. Results showed that both of the pristine
DESs had higher heat transfer coefficients than the nanofluids at all
loadings, which attributed to the high heat capacity of the DESs than
the NPs materials. Here, the heat transfer coefficient of the nanofluids
decreased by increasing the NPs loading.
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INTRODUCTION
Nanofluids are the products of dispersing nanoparticles ( ≤ 100 nm) in fluids to upgrade their heat transfer properties [1].
This type of fluids was gaining attention since it was introduced, more than 20 years ago [2], due to the easiness in preparation
and remarkable improvement in thermal properties [3]. Nanofluids were employed in a wide range of applications, including transformer oil [4], electronics industry [5-7], refrigerators and chillers [8,9], diesel combustion and electrical generators [10,11], pipes and
heat exchangers [12,13], solar energy, nuclear reactors, space, cooling of machines, catalyst, and mass transfer [3].
Nanofluids are based on Brownian motion phenomenon, in which the particles are suspended in a fluid medium and the
gravity has no effect due to their small size [1]. Different nanoparticles (NPs) such as, silica [14], aluminum oxide [15], and copper
[16]
were added to water [14], ethylene glycol [17], glycol [18], etc. to synthesize nanofluids mixtures. Many researchers assumed the
nanofluids as a single-phase liquid, which neglected many physical impacts and calculations. Therefore, challenges to describe
the suspension results conflicting, and poor mechanism understanding was reported [19].
“Deep eutectic solvents” is a term appeared in 2003 [20] to describe solvents formed by the hydrogen bond interaction between two, or more [21], materials containing a hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) [22]; the final product
possesses a lower melting point than its raw materials. The DESs often have melting points lower than 100°C, including a group of
liquids at room temperature [23,24]. For example, the DES produced by mixing choline chloride (mp=302°C) and urea (mp=133°C)
1:2 molar ratio, respectively, has a melting point of 12°C [20]. The DESs have many advantages, including, but not limited to, low
flammability, low vapor pressure, inexpensive raw materials, environmentally green, broad electrical and thermal windows, biodegradable, safe, and easy to synthesize [25,26]. These exceptional properties made them good candidates for many applications [22].
Different DESs were reported as dispersants for nanoparticles which were used for different purposes. Martis et al.
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reported the use of choline chloride: urea DES to disperse pristine and oxidized multiwall carbon nanotubes, p-MWCNTs and oMWCNTs, respectively. It was found that p-MWCNTs had low dispersion in the DES, while o-MWCNTs well dispersed. Abbott et al.
[28]
successfully dispersed SiC and Al2O3 nanoparticles in choline chloride: ethylene glycol DES, which used for silver electrodeposition. Mota-Morales et al. [29] injected MWCNTs in choline chloride: acrylic acid DES, which was prepared in different molar ratios,
to manufacture macroporous poly (acrylic acid)-CNxMWCNT complexes. Recently, Fang et al. [30] have investigated the dispersion
of graphene oxide nanoparticles in several DESs, which were introduced as nanofluids. Promising results were observed regarding dispersion, stability, and thermal conductivity. Nevertheless, the use of deep eutectic solvents as nanofluids media is still not
common; in fact, much work is needed to utilize this kind of solvents [31].
Choline chloride: urea and choline chloride: glycerol deep eutectic solvents were intensively investigated since their raw
materials are safe and common [20,32,33]. These DESs have a wide thermal range [32], which promoted them for heat transfer applications. In this paper, the thermal conductivity of choline chloride: glycerol and choline chloride: urea DESs were measured and used
to study the DESs as nanofluids dispersants for Al2O3 nanoparticles to examine the heat transfer. Friction factor, Nusselt number,
Reynolds number, and heat transfer coefficient values were reported in the laminar flow region, due to DESs’ high viscosity (Table
1). The suggestion of using DESs for this type of application was due to their negligible vapor pressure, which made their usages
safe, reliable, and overcame the water operation problems.
Table 1. Greek symbols used during the study.
Nomenclature
Cp
D
f
h
K
V
Nu
Re
Pr

specific heat capacity, J/kg K
tube diameter, m
friction factor
heat transfer coefficient, W/m2 K
thermal conductivity, W/m K
mean velocity m/s
Nusselt number
Reynolds number
Prandtl number

Greek symbols
υ
∅
ρ
α
μ
Subscripts
nf
f

kinematic viscosity, m2/s
volume concentration, %
density, kg/m3
thermal diffusivity, m2/s
viscosity, kg/ms
nanofluid
base fluid

MATERIALS AND METHODS
Materials
Choline chloride (ChCl, 99%, ACROS Organics), glycerol ( ≥ 99.5), and urea (99.0%) were purchased from Fisher Scientific
(Pittsburgh, PA, USA) to prepare the DESs. A Millipore DI water system (18.2 MΩ.cm) produced by Synergy 185, EMD Millipore
Corp. (Billerica, MA, USA) was used to provide water for cleaning purposes.
DESs Perpetration And Characterization
The DESs were prepared in accordance with a previously reported work [32]. The chemicals were used as received without
further treatments. Both choline chloride: urea (DES1) and choline chloride: glycerol (DES2) mixtures were synthesized in ratios
of 1:2, respectively. The mixtures were prepared by mixing the reactants and heating them to 80°C with stirring for several hours.
Ultimately, colorless products formed, which were stored in sealed containers to prevent any possible moisture.
The thermal conductivity test was conducted using a TLS-100 thermal conductivity meter (ThermTest Inc, Fredericton,
NB, Canada). The results were obtained at room temperature and repeated three times to calculate the average; the standard
deviation was calculated and reported as error bars.
System Set up
The suggested system to use in this work was designed as shown in Figure 1 and used to investigate the heat transfer from
a hot fluid to the nanofluid. The process consisted of two loops, each has a tank, pump, flow meter, and two thermocouples; both
loops are connected to a shell and tube heat exchanger. The suggested length of the heat exchanger was 1 m, involved 40 tubes
of 5 mm diameter. Different flow rates, from 100 to 300 L/min, and NPs loading, from 1% to 5 %, were used for calculations.
Viscosity and density values used in this study calculations were based on our previous report [32,33], while the heat capacity was
employed as stated in a previous work [34]. The mentioned properties were calculated for the nanofluids as well illustrated in the
next section.
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Figure 1. The suggested system diagram.

Data Processing
2-4-1 Density
The nanofluid density correlation was proposed by Pak and Cho [35], which can be defined as:

ρ _ nf=

(1 − ∅) ρ _ f +∅ ρ _ p

[1]

where ρnf is the nanofluid density, ∅ the volume concentration of Al2O3 particles, ρf and ρp the base fluid and nanoparticles
densities, respectively.
2-4-2 Specific heat capacity

Xuan and Roetzel [36] suggested a relation to calculate the nanofluid specific heat capacity as follows:

nf=

[(1 − ∅) ( ρ Cp ) ] _ f + [ ∅ ( ρ Cp )] _ p

[2]

where Cpnf, Cpf, and Cpp are the nanofluid, base fluid, and nanoparticles heat capacities, respectively.
2-4-3 Thermal conductivity
The nanofluid thermal conductivity was calculated using the equation introduced by Yu and Choi [37] as:

=
K _ nf

K _ f (( K + 2 K _ f + 2∅ ( K − K _ f ))) / (( K + 2 K _ f − ∅ ( K − K _ f )))

[3]

where Knf, Kf, and K are the nanofluid, base fluid, and nanoparticles thermal conductivities, respectively.
2-4-4 Viscosity
Nanofluids viscosity was calculated using Einstein′s equation as suggested by Drew and Passman [38], which is applicable for
spherical particles with fraction volume less than 5 vol%, as shown below:

µ _ nf = (1 + 2.5∅) µ _ f

[4]

where μnf and μf are the nanofluid and base fluid (DES) viscosities, respectively.
2-4-5 Friction factor
The friction factor for the pure DESs and nanofluids was estimated [39] as:

f = 64 / Re

[5]

Reynolds number [40] can be calculated as below:

Re = VD / υ

[6]

where V is the fluid velocity, D the tube diameter, and υ the Kinematic viscosity, which can be calculated by the following
equation:

υ=µ/ρ

[7]

2-4-6 Nusselt number
The base DESs and nanofluids Nusselt number was calculated by Seider-Tate equation [41] as presented below:

[ Nu ]n f = [1.86( Re]n f [ Pr ]n fD / L)](1/3) ([µn f / µ w nf )]0 .14
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where Nu is Nusselt number, Re Reynolds number, and Pr Prandtl number, which was calculated as [42]:

Pr = ([Cp ] _ nf µ _ nf ) / K _ nf 									

[9]

It is worth noting that µnf and µwnf were assumed equal in this study, which neglects the second term of the above equation.
The heat transfer coefficient for forced convection in laminar flow range [43] can be calculated by:

Nu _ nf = hD / K _ nf 											

[10]

where h, D, and K are heat transfer coefficient, tube diameter, and thermal conductivity, respectively.

RESULTS AND DISCUSSION
Effect of Temperature on Nanofluids Viscosities
The viscosity of the nanofluids was estimated using Einstein’s formula as modified by Drew and Passman for the two-phase
mixture (equation 4). It is well known that the dynamic viscosity decreases by temperature increase due to the higher mobility
of the ions, based on the Arrhenius equation [33]. The viscosity of nanofluids was studied as a function of temperature within the
range of 30°C to 70°C as presented in Figure 2a and 2b. From the figure, it can be observed that the NPs loading slightly affected
the viscosity at low temperature. However, this influence diminished by increasing the temperature. On the other hand, the fluids
followed Arrhenius behavior at all NPs loadings. Rising the temperature reduced the internal resistance of the molecules, which
resulted in easy movement of the flow. Arrhenius equation is considered as a simple expression to describe this behavior, as long
as the dependence of temperature on dynamic viscosity is concerned. The data showed identical curves for both DESs at different NPs ratios; however, DES1 showed higher viscosities than DES2. Urea has a higher effect on viscosity than glycerol due to its
amide type, which could lead to forming self-hydrogen bonds between the chloride ions and urea [44].

Figure 2(a). Viscosity of nanofluid as a function of nanoparticles volume and temperature for DES1.

Figure 2(b). Viscosity of nanofluid as a function of nanoparticles volume and temperature for DES2.
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Effect of NPs Loading on the Fluid Friction Factor
The friction factor of pure DESs and nanofluids was calculated by equation 6 and its relationship with Reynold number was
presented in Figure 3a and 3b for (a) DES1 and (b) DES2. Results showed that the base DES1 had a higher friction factor (2.662)
than DES2 (1.382) at the same velocity (2.12 m/s) due to the higher viscosity of DES1, which attributed to the presence of urea
[32]
. It can be noted, from both figures, that the friction factor decreased by increasing Re number at all NPs ratios. On the other
hand, a tiny increase was observed by increasing the NPs ratios, which could be attributed to the high base fluid viscosity (no
difference can be observed from the figure). It was reported that the nanoparticles increased the fluid’s viscosity, resulting in a
higher friction factor due to the decrease in Re number [45,46]. However, in our DESs system, the friction factor was not affected by
increasing the NPs load due to the high viscosity of the DESs. To evaluate our findings, the friction factor of DES1 and DES2 was
compared to water at the loading ratio of 2%, with the consideration of different applied flow rates [47]. The friction factor in this
study was much higher, which could improve the heat transfer exchange [20]. However, increasing the nanofluids viscosity could
agglomerate the nanoparticles, leading to increasing the pumping system power.

Figure 3(a). The effect of Reynolds number on nanofluids friction factor for DES1.

Figure 3(b). The effect of Reynolds number on nanofluids friction factor for DES2.

Nusselt Number Relationship With Re and Pr Numbers
Nu number can be defined as the ratio of the convective to conductive heat transfer [43], which was calculated by equation 8.
Figure 4a and 4b present Nu number as a function of Re number for the DESs at different NPs loadings. The results indicated that
the base fluid has a higher Nu number than the nanofluids; Nu number decreased by increasing the NPs ratios but increased with
Re number increasing [48]. This is due to the effect of NPs on the density and viscosity of the nanofluid, by which Re number was
estimated. Here, as Re number increased by decreasing the viscosity, DES2 had a higher Nu number than DES1. Figure 5a and
5b show the relationship of Nu number with Pr number. Pr number was calculated via Equation 9, where the thermal conductivity
was practically measured in this work. The DES1 thermal conductivity was found to be 0.354 ± 0.06, while its value was 0.378 ±
0.07 for DES2. From the figure, DES2 showed higher Nu number than DES1 at the same Pr number. Also, Nu number decreased
by NPs loading and Pr number increasing. The maximum Nusselt number was 57.116 for DES1 and 67.442 for DES2 at NPs
loading ratio of 0%. Figure 6 illustrates the effect of NPs ratio on Pr number, where DES1 had higher values than DES2 due to
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its higher viscosity and lower thermal conductivity. By increasing the NPs ratio, Pr number decreased because of the decreasing
in the heat capacity and increase in thermal conductivity. It was found that there are many factors might affect the heat transfer
process, such as the friction force between the fluid and nanoparticles, Brownian force, agglomeration, and gravity [15].

Figure 4(a). Nusselt number vs Reynolds number for DES1.

Figure 4(b). Nusselt number vs Reynolds number for DES2.

Figure 5(a). Nusselt number vs Prandtl number as a function of nanoparticles volume for DES1.
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Figure 5(b). Nusselt number vs Prandtl number as a function of nanoparticles volume for DES2.

Figure 6. Prandtl number as a function of nanoparticles volume for DES1 and DES2.

Effect of NPs Loading on Heat Transfer Coefficient
The convective heat transfer coefficient (h) is an important parameter for heat exchangers design. In this report, it was calculated by equation 10 and studied as a function of NPs loading as illustrated in Figure 7a and 7b for DES1 and 2, respectively. The
results showed that DES2 had a higher heat transfer coefficient (1699.54 W/m2 K) than DES1 (1347.95 W/m2 K) as base fluids
at a flow rate of 100 L/min. It was observed that the heat transfer coefficient increased by increasing the flow rate (increasing Re
number) and decreasing the NPs loading. The maximum heat transfer coefficients were at 0% volume concentration and flow rate
of 300 L/min with values of 4043.85 and 5098.63 W/m2 K for DES1 and 2, respectively. By adding 5% NPs, these values decreased to be 3495.89 and 4513.73 W/m2 K for DES1 and 2, respectively. This decrease attributed to the decrease in Pr number,
which decreased by NPs increasing due to the higher heat capacity of the DESs than the NPs. Maiga et al. [49] have numerically
investigated the forced convection heat transfer of nanofluids in the laminar flow area in different systems and ended up with conflicting conclusions to ours. This disagreement is because they used water, which had a lower heat capacity than the NPs; while
the DESs had much higher heat capacity values. In other studies, it was found that the nanoparticles can affect other physical
properties, such as the specific heat, specific mass, and dynamic viscosity [35,50]. It was also found that the convection movement
increases proportionally with the NPs density and heat capacity but inversely with the shape factor and thermal conductivity [51,52].
Nevertheless, our findings are in contrast with the general concept of nanofluids, where filling the NPs increase h. Here, it could
be concluded that the commonly used equations to calculate the thermal properties are not applicable to fluids of high viscosity
and heat capacity. An experimental study is recommended to compare the results and calculate the difference in values.
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Figure 7(a). Heat transfer coefficient vs NPs loading for DES1.

Figure 7(b). Heat transfer coefficient vs NPs loading for DES2.

CONCLUSION
The thermal conductivity of choline chloride: urea and choline chloride: glycerol was measured and reported in this work.
Al2O3 nanoparticles dispersion in deep eutectic solvents, flow in a horizontal shell and tube heat exchanger, and heat transfer
performance was theoretically investigated using nanofluid correlations. The effect of adding nanoparticles on friction factor, Nusselt number, heat transfer coefficient, and flow behavior were studied. It was found that the pure DESs have higher heat transfer
coefficient than their nanofluids, which was attributed to their high heat capacities. Although the DESs have a higher viscosity than
water, which requires a high-pressure pumping
system, DESs is still recommended to use, especially at high temperatures, due to their unique properties. By injecting 5
vol% NPs at a flow rate of 300 L/min, the heat transfer coefficient decreased from 4043.85 and 5098.63 W/m2 K to 3495.89 and
4513.72 W/m2 K for DES1 and 2, respectively. The nusselt number for DES1and 2 also decreased from 57.12 and 67.44 to 46.61
and 56.42, respectively, when the pure DESs loaded by 5% NPs. Finally, the friction factor wasn’t affected by NPs concentration
increasing due to the high viscosity.
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