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Analysis of Heat Transfer

Performances of Ionic Liquid

and Ionanofluids with

Temperature-Dependent

Thermophysical Properties. Energies

2021, 14, 8420. https://doi.org/

10.3390/en14248420

Academic Editor: Kamel Hooman

Received: 5 October 2021

Accepted: 17 November 2021

Published: 14 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Mechanical Engineering, University of Sarajevo, 71000 Sarajevo, Bosnia and Herzegovina;
dzaferovic@mef.unsa.ba

2 The Public Authority for Applied Education and Training, College of Technological Studies,
Shuwaikh 70654, Kuwait; jh.almutairi@paaet.edu.kw

3 Faculty of Technical Sciences, University of Novi Sad, 21000 Novi Sad, Serbia; bika@uns.ac.rs
* Correspondence: hasecic@mef.unsa.ba; Tel.: +387-33-729-825

Abstract: The heat transfer performances of ionic liquids [C4mpyrr][NTf2] and ionanofluids with
Al2O3 nanoparticles under a laminar flow regime, and with constant heat flux on the tube wall is
numerically modeled and analyzed for three values of initial/inlet temperature and for two Reynolds
numbers. Heat transfer characteristics were considered by analyzing the temperature distribution
along the upper wall, as well as by analyzing the Nusselt number and heat transfer coefficient. The
results obtained numerically were validated using Shah’s equation for ionic liquid. Thermophysical
properties were temperature-dependent, and obtained by curve-fitting the experimental values of the
thermophysical properties. Furthermore, the same set of results was calculated for the ionic liquid
and ionanofluids with constant thermophysical properties. It is concluded that the assumption that
thermophysical properties are constant has a significant influence on the heat transfer performance
parameters of both ionic liquid and ionanofluids, and therefore such assumptions should not be
made in research.

Keywords: ionanofluids; computational fluid dynamics; heat transfer; Nusselt number; temperature-
dependent properties

1. Introduction

Nanofluids are a mixture of base fluid and small nanoparticles up to 100 nm size. It is
proven that nanofluids have better thermal properties than the base fluids [1], therefore,
in the last two decades, a substantial amount of research has been conducted related to
the nanofluids and their application to the solar systems and other heat exchange devices.
A major part of those research studies was focused on the thermophysical properties
and heat transfer of nanofluids where the base fluid was water and ethylene-glycol, with
nanoparticles with different oxides (Al2O3, TiO2, CuO, etc). Ribeiro et al. [2] introduced
ionanofluids, the suspension of nanoparticles in ionic liquids as a new class of nanofluids.
One of the first experimental investigations of ionanofluids was done by Altin et al. [3],
who analysed the rheological properties of the suspensions of the nanoparticles in the
ionic liquids. Following this, Wang et al. [4] and Altamash et al. [5] also experimentally
analyzed the rheological properties of ionanofluids. They concluded that ionanofluids
show non-Newtonian flow behavior. When it comes to the thermophysical properties of the
ionanofluids, Nieto de Castro et al. [6] were among the first who conducted experimental
investigations into the thermophysical properties of ionanofluids. They studied the thermal
properties of imidazolium and pyrrolidinium and higher wall carbon nanoparticles, and
concluded that nanoparticles cause improvement in the thermal conductivity and heat
capacity of ionanofluids compared to the base fluids. Ionanofluids are mainly analyzed in
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respect to their thermophysical properties. The analyses were experimentally conducted
by Fox et al. [7], Bridges et al. [8], Titan et al. [9–13] and Bhattacharjee et al. [14], while
Minea et al. [15] gave a comparison of thermal conductivity for different ionanofluids.
Fox et al. [7] experimentally investigated the influence of alumina nanoparticles on the
thermophysical characteristics of ionanofluids, and showed that fibrously shaped Al2O3
nanoparticles show a greater improvement in thermal conductivity. Bridges et al. [8]
showed that the increased heat capacity of ionic fluids was improved with alumina par-
ticles without a detrimental effect on thermal stability. Titan et al. [9–13] showed that an
increased heat transfer coefficient of forced convection and a deterioration in the natural
heat transfer of a nanoionic fluid relative to an ionic fluid, as well as showing that there are
significant improvements in the thermophysical characteristics of ionanofluids compared
to the base ionic fluids. Besides the thermophysical properties, they also analyzed the rheo-
logical behavior of the ionanofluids and concluded that ionanofluids show non-Newtonian
flow behavior.

As it can be seen from the literature overview, the experimental investigations of
ionanofluids are rare in comparison to the published experimental investigations of the
nanofluids. When it comes to the analyses of ionanofluids by using computational fluid
dynamics, to the authors best knowledge there are only few studies available [16–23],
whereas Said [24] analyzed the use of adaptive neuro fussy interface systems to predict the
thermal conductivity and viscosity of ionanofluids. Computational fluid dynamic analyses
of ionanofluids are mainly focused on the heat transfer performances.

Minea et al. [16] numerically analyzed heat transfer in a square enclosure filled with
ionic liquid nanofluid. Although they stated that the thermophysical properties are tem-
perature dependent, it can be concluded that they are only a function of initial temperature.
Chereches et al. [17,18] numerically analyzed heat transfer behavior of ionanofluids in lam-
inar flow for different Reynolds numbers and one initial temperature for case without [17]
and with [18] insulation over the pipe walls. Titan et al. [19] investigated the natural
convection heat transfer of Al2O3 nanoparticle enhanced N-butyl-N-methylpyrrolidinium
bis {(trifluoromethyl)sulfonyl} imide ([C4mpyrr][NTf2]) ionic liquid. The heat transfer
performance of ionanofluids was also numerically analyzed by Prasad et al. [20] and
Rupesh et al. [21]. Prasad et al. [20] analyzed the heat transfer in a 2-D flat plate, whereas
Rupesh et al. [21] analyzed the heat transfer performance of ionanofluids around a circular
cylinder. The most recent numerical investigations of the heat transfer behavior of particle
suspension in ionic liquids were done by Shah et al. [22] and Bouchta et al. [23].

Although it has been shown that ionanofluids flow behavior corresponds to non-
Newtonian flow, the assumption of Newtonian fluid was made in many studies [3–5,9–13].
In most numerical research a single-phase assumption was made, whereas the properties
of ionanofluids are calculated as the properties of a mixture and a function of the weight
percent of nanoparticles and base liquid. Furthermore, the studies all assumed that the
properties are constant and related only to the initial and boundary conditions.

In this research, a numerical analysis of steady, laminar forced convection flow of
Al2O3 nanoparticles in ([C4mpyrr][NTf2]) ionanofluids in a straight tube with constant
heat flux on the tube wall for different Reynolds numbers and different values of initial
and inlet temperature is presented. The heat transfer characteristic of the ionic liquid and
ionanofluids for different weight percentages were analyzed and compared. The geometry
was chosen due to its common application in solar collectors. The main contribution of this
research is that this is, to the authors best knowledge, the first research on heat transfer
characteristics of ionanofluids in which the thermophysical properties are temperature re-
lated and described in corresponding equations and implemented in such form. Moreover,
the results are compared with results obtained for constant thermophysical properties for
different initial temperature values. Although the term constant thermophysical properties
is used, it must be emphasized that the thermophysical properties are a function of the
initial/inlet temperature and therefore are constant for the same initial/inlet temperature.
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2. Materials and Methods

The mathematical model can be summarized in the following governing and constitu-
tive equations:

Continuity equation
d
dt

∫
V

ρdV+
∫
s

ρv · ds = 0 (1)

where ρ is density and v is the velocity vector.
Momentum equation

d
dt

∫
V

ρvdV+
∫
s

ρvv · ds =
∫
s

T · ds +
∫
V

fbdV (2)

where T the Cauchy stress tensor and fb is the resultant body force.
Thermal energy equation

d
dt

∫
V

ρcvTdV +
∫
s

ρcpTv · ds = −
∫
s

q·ds +
∫
V

(T : gradv)dV (3)

where cp is the specific heat, T is the temperature and q is the heat flux vector.
Stoke’s law

T = 2µ
.

D − 2
3

µdivvI − PI (4)

where
.

D =
1
2
[gradv + (gradv)T] (5)

is the rate of strain tensor, µ is the dynamic viscosity, p is the pressure and I is the unit
tensor.

Fourier’s law
q = −k gradT (6)

where k is thermal conductivity.
Thermophysical properties of ionic liquid and ionanofluids.
Relationships for thermophysical properties (density, thermal conductivity, viscosity

and specific heat) of ionanofluids [C4mpyrr][NTf2] with the Al2O3 nanoparticles used in
this study are obtained by curve-fitting the experimental results from the literature [22] and
are given in the Table 1. Additionally, relationships for certain properties, such as density,
were already given by Titan [22] and are used as such.

Table 1. Equations used for predicting the thermophysical properties for different weight percent wt%.

Thermophysical
Property Base Liquid 0.5 wt% 1.0 wt% 2.5 wt%

Density,[
1000 kg·m−3] −7.77·10−4T + 1.6129 [22] −0.0008T + 1.6324 −0.00087T + 1.665 −0.001T + 1.722

Viscosity, [Pa·s] 8·1023T−10.15 3·1022T−9.544 2·1027T−11.46 3·1028T−11.93

Heat capacity,[
kJ·kg−1·K−1]

−3·10−6T2 + 0.0048T + 0.3941 0.0016T + 1.7234 −6·10−6T2 + 0.0076T + 0.1891 −8·10−6T2 + 0.01T + 0.2965

Thermal cond.,[
W·m−1·K−1]

−6·10−5T + 0.1398 [22] −0.01 ln T + 0.1826 −0.008 ln T + 0.1748 −0.007 ln T + 0.1745

The curve-fits are applied to the experimental values of the thermophysical properties
obtained by Titan [22], and the results are presented in Figure 1.
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Figure 1. Comparison of the predicted values for thermophysical properties using equations from Table 1 with measured
data obtained by [22].

As it can be seen from Figure 1, the temperature variations of density (Figure 1a),
viscosity (Figure 1b), heat capacity (Figure 1c) and ratio of thermal conductivity of base
liquid and corresponding ionanofluids (Figure 1d) were compared with experimental
results obtained by Titan [22]. The comparison was made for the base liquid as well as for
ionanofluids with concentrations of 0.5, 1.0 and 2.5 wt% (weight percent). The square of
correlation factor (R2) for density was above 0.95, for viscosity above 0.99, for heat capacity
above 0.98 and for the ratio of thermal conductivity above 0.8, regardless of weight percent.

The numerical method employed for modeling the flow and heat transfer of ionic
liquid and ionanofluids was the finite volume method. The methodology closely follows
the one presented in [23,24].

3. Results

The steady-state flow of ionic liquid [C4mpyrr][NTf2] and ionanofluids with Al2O3
nanoparticles through the horizontal straight tube of 1.75 m length and 0.014 m diam-
eter was analyzed with convective heat transfer included. The geometry of the prob-
lem can be seen from Figure 2. The case study was analyzed for initial temperatures
Tin1 = 293 K, Tin2 = 303 K and Tin3 = 335 K, for two Reynolds number values (100 and
512), and for three values of weight percentage (0.5 wt%, 1.0 wt% and 2.5 wt%). Addi-
tionally, the heat transfer characteristics of pure ionic liquid was also analyzed. The wall
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heat flux was constant q = 13 kW·m−2. At the outlet, the pressure was set to 0 Pa. For the
purpose of set up, the inlet boundary conditions uniform velocity profile was used.
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The effects of natural convection were neglected. Due to computational efficiency,
fluid flow was analyzed through a part of the tube in the shape of a longitudinal wedge
with an angle of 5◦ as it can be seen from Figure 3.
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The heat transfer characteristics of the ionic liquid and corresponding ionanofluids
were investigated by analyzing the heat transfer coefficient and Nusselt number. Addition-
ally, the temperature profile for each case is presented.

The heat transfer coefficient and Nusselt number were calculated using the following
equations:

hIL/NEIL =
q

(Twall − Tin)
,
[
W·m−2·K−1

]
(7)

NuIL/NEIL = hIL/NEIL
D

kIL/NEIL
[−] (8)

where
q
[
W·m−2] is heat flux through the shell of the tube given as the boundary condition

Twall [K] is temperature of the tube shell
Tin [K] is initial (reference) temperature
hIL/NEIL

[
W·m−2·K−1

]
is the heat transfer coefficient of the ionic liquid (IL) or io-

nanofluids (NEIL)
D [m] is diameter of the tube
kIL/NEIL

[
W·m−1·K−1

]
is the thermal conductivity of the ionic liquid (IL) or ionanoflu-

ids (NEIL)
The validation of the presented model along with the grid refinement was done for

the ionic liquid [C4mpyrr][NTf2] and the results were compared with results obtained by
using the Shah’s equation. The grid sensitivity study was performed for four different
values of base cell sizes. The characteristics of the analyzed grids are given in Table 2.
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Table 2. Grid characteristics for grid sensitivity study.

Grid Characteristic Cell Size [mm] Number of Cells

1 2.4 46,688
2 1.2 198,356
3 0.6 1,353,488
4 0.3 8,493,674

The results for each grid, and the results obtained by using Shah’s equation, can be
seen from Figure 4. It can be seen from Figure 4 that as the grid is systematically refined,
the results approach the results obtained from the Shah’s equations.
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Furthermore, one can conclude that for grid 3 (base cell size of 0.6 mm), the obtained
results are grid independent since for further refinement the results remain the same.
Hence, the numerical study was performed for grid 3, with a base cell size of 0.6 mm.

Over 40 numerical simulations were performed in order to compare temperature pro-
files and hence heat transfer characteristics (heat transfer coefficient and Nusselt number)
for ionic liquid and ionanofluids with temperature-dependent thermophysical properties
and with constant thermophysical properties. For better presentation of the findings, the
results were compared in accordance with different perspectives, i.e., in accordance with
the weight percent, Reynold numbers, initial temperatures, and/or in accordance with the
temperature/dependency of thermophysical properties.

4. Discussion

Figure 5 presents the temperature distribution along the top wall, Twall , at Re = 100
and Re = 500 and 0.5 ≤ wt% ≤ 2.5 for fluids with constant thermophysical properties,
whereas Figure 6 presents the temperature distribution along the top wall, Twall , at Re = 100
and Re = 500 and 0.5 ≤ wt% ≤ 2.5 for fluids with temperature-dependent thermophysical
properties in accordance with Table 1.
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It can be seen from the Figures 5 and 6 that the temperature at x = 0 m is same as the
inlet temperature, and in the developing region (up to x = 0.4 m) the immediate increase
is noticeable. Following the gradual linear increase in the developed region due to the
constant heat flux applied to the wall surface, the temperature at the upper wall reaches
the maximum value at the outlet (x = 1.75 m).

Furthermore, for both constant and temperature-dependent thermophysical prop-
erties, the increase in the weight percent of nanoparticles results in lower temperature
profiles of the upper wall. One can conclude that the increase in the weight percent of
nanoparticles results in more heat transfer from the wall to the fluid regardless of the
temperature-dependency of the thermophysical properties. The same can be concluded
for the influence of the Reynold’s number; the increase in the Reynold’s number results in
an increase in heat transfer from the wall to the fluid for ionic liquid and ionanofluids for
constant and temperature-dependent thermophysical properties.

To better understand the influence of the temperature-dependency of the thermophys-
ical properties of the ionic liquid and ionanofluids on the temperature profile, Figure 7
presents the temperature distributions on the upper wall for Re = 100, inlet temperatures
T = 293 K, T = 303 K and T = 335 K and wt% of 0, 0.5 and 1.0 for both constant and
temperature-dependent thermophysical properties.
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Figure 7. Temperature profiles comparison for ionic liquid and ionanofluids with and without constant thermophysical
properties for Re = 100.

When analyzing the temperature profile on the upper wall for ionanofluids with and
without constant properties for constant weight percent and Reynolds number, and with
variable inlet temperatures, it can be concluded that the temperature profile is higher when
the assumption of constant thermophysical properties is made, regardless of the weight
percent or the inlet temperature. Therefore, it can be concluded that the temperature-
dependent thermophysical properties of ionanofluids cause better heat transfer from the
wall of the tube to the fluid.

Heat transfer performances of ionic liquid and ionanofluids for different weight
percent were analyzed through the heat transfer coefficient (Equation (7)) and Nusselt
number (Equation (8)). Figure 8 presents the heat transfer coefficient along the tube for
ionic liquid, and ionanofluids of 0.5 wt%, 1.0 wt% and 2.5 wt%, and for Reynolds numbers
of 100 and 512, for reference temperatures T = 293 K, T = 303 K and T = 335 K.
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Figure 8. Heat transfer coefficient for 0.5 ≤ wt% ≤ 2.5 and Re = 100 and Re = 512.

It is shown in Figure 8 that the increase in the Reynolds number, as well as the increase
in the nanoparticle weight percent, causes an increase in the heat transfer coefficient,
meaning that the heat transfer is higher for higher values of wt% and Re. The same
conclusion can be made for each inlet temperature. Furthermore, it is noticeable that
the heat transfer coefficient has the highest values at the inlet of the tube, leading to the
exponential decrease in the developing region (up to x = 0.4 m). Following this, the values
of the heat transfer coefficient gradually decrease in a linear manner when progressing
towards the outlet of the tube where the heat transfer coefficient has the minimum value.

Moreover, in this study, the influence of the assumption of the constant thermophysical
properties on the heat transfer performances for ionic liquid and ionanofluids was analyzed.
Therefore, Figure 9 presents the Nusselt number values along the tube for both ionanofluids
with temperature-dependent thermophysical properties and for ionanofluids with constant
thermophysical properties. Analysis was undertaken at a constant weight percentage, so
that the influence of the assumption could be analyzed for different inlet temperatures and
Reynolds numbers.
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and different Reynold numbers.

When analyzing Figure 9, one can conclude that the assumption of the constant
thermophysical properties of both ionic liquid and ionanofluids has a great influence on
the Nusselt number. The influence is more significant as the weight percent increases. The
greatest difference between the results for constant and variable thermophysical properties
is for the weight percentage of 2.5%, where significant divergence is noticeable for the
Nusselt number, both for Re = 100 and Re = 512, as well as for each inlet temperature. When
analyzing curves for the temperature-dependent thermophysical properties (Figure 1) it
can be seen that, for wt% 2.5, the viscosity exponentially decreases, resulting in a significant
difference in the viscosity values for different temperatures. The Nusselt number values for
constant thermophysical properties for Re = 512 and T = 293 K correspond to the Nusselt
number values obtained by Chereches et al. [17].

For better understanding of the heat transfer performances of ionic liquids and io-
nanofluids, the heat transfer coefficient was analyzed and compared in accordance of
weight percent for ionic liquid and ionanofluids, with and without constant properties for
Re = 100 (Figure 10) and Re = 512 (Figure 11).
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The heat transfer coefficient increases as the weight percent of ionanofluids increase,
and it has the lowest value for ionic liquid for both Re = 100 and Re = 512, regardless of
inlet temperature. Furthermore, it is noticeable from Figures 10 and 11 that the assumption
of the constant thermophysical properties has the greatest influence on the heat transfer
performances of the observed ionanofluids. The greatest influence is for those with a
weight percent of 2.5%. It can also be seen from Figures 10 and 11 that for ionic liquids and
ionanofluids with constant thermophysical properties, the heat transfer coefficient is higher
or lower (depending on the weight percent and inlet temperature), which can mislead a
conclusion that the heat transfer performances are better or worse than they really are.

5. Conclusions

This paper presents a numerical investigation of the forced heat transfer of a ionic
liquid [C4mpyrr][NTf2] and ionanofluids with Al2O3 nanoparticles through a straight tube.
Geometric and physical models were defined that adequately describe the problems, as
well as the numerical grid on which the simulations were performed in the STAR-CCM +
2019.2 software. Numerical research was undertaken with the following approximations:
the effects of natural convection were neglected, and fluid flow through a part of the tube



Energies 2021, 14, 8420 13 of 14

in the shape of a longitudinal wedge with angle of 5◦ was analyzed. Thermophysical
properties of the analyzed ionic liquid and ionanofluids were assumed to be a function
of temperature. The adequate equations for each thermophysical property were gained
via curve-fitting the experimental values with square of correlation factors above 0.95
for density relations, 0.99 for viscosity relations, 0.98 for heat capacity relations and for a
ratio of thermal conductivity above 0.8, regardless of weight percent. In order to obtain
grid independent solutions, a grid sensitivity study was performed, and the model was
validated with the results of Shah’s equation. The presented analysis of the obtained
results of the Nusselt number and the heat transfer coefficient of the ionic and nanoionic
liquid shows the change in the considered parameters along the tube for different wt% and
different Reynolds numbers. During the analysis of the numerical results of the Nusselt
numbers and the heat transfer coefficient of both the ionic and nanoionic liquid, a decrease
in the Nusselt numbers and the heat transfer coefficient with a decrease of a wt% was found.
Moreover, it is concluded that an increase in the Reynolds number results in an increase
in both heat transfer coefficient and Nusselt number. The Nusselt number and the heat
transfer coefficient of the ionic and nanoionic liquid decrease exponentially along the tube
for any case under consideration. The results were compared against the results related to
the ionic liquid and ionanofluids with constant thermophysical properties. It is concluded
that the assumption that thermophysical properties are constant has a significant influence
on the heat transfer performance parameters of both ionic liquid and ionanofluids, and
therefore such assumptions should not be made in research.
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