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Abstract

Ionanofluids are mixtures of ionic liquid and solid particles with enhanced thermo-
physical properties. Using the properties of these ionanofluids (thermal conductiv-
ity, dynamic viscosity, specific heat, and density), a comprehensive analysis con-
cerning their heat transfer capability was performed. Two nanomaterials, silicon
carbide (SiC) and graphene dispersed in 1-hexyl-3-methylimidazolium tetrafluor-
oborate ([H,,;,,]SF,) were studied. Different equations (figures of merit) as a base of
comparison for laminar and turbulent flows were used. The effects of concentration
and temperature on the pumping power ratio were theoretically investigated. The
results indicated that the studied ionanofluids can contribute to the enhancement of
thermal performance, especially in laminar flow.
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Nomenclature

Variables

¢, Specific heat, J-(kg-K)™!

h Heat transfer coefficient, W-(m>K)™!
k Thermal conductivity, W-(m-K)™!
Mo Mouromtseff number

w Pumping power, W

Greek symbols
u Dynamic viscosity, Pas
P Density, kg-m™>
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Subscript

INF Tonanofluid

BF Base fluid

L Laminar

r Ratio

T Turbulent

Abbreviations

[Byim] [BE,] f 1-Butyl-3-methylimidazolium tetrafluoroborate

[C4im] INTF2] 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide

[C4 iy [NTE2] N-Butyl-N-methylpyrrolidiniumbis(trifluoromethanesulfonyl)
imide

[C2,;m][CH3SO;] 1-Ethyl-3-methylimidazolium methanesulfonate

[Evim] Ac) 1-Ethyl-3-methylimidazolium acetate

[Epiv] [DEP] 1-Ethyl-3-methylimidazolium diethylphosphate

[H,im]BF,4 1-Hexyl-3-methylimidazolium tetrafluoroborate

[Ny, JINTf2] Butyltrimethylammoniumbis(trifluoromethylsulfonyl)imide

FOM Figure-of-merit

1 Introduction

Ionanofluids are mixtures of ionic liquid and solid particles with enhanced thermo-
physical properties (thermal conductivity and heat capacity) which may be used as
alternative fluids both to conventional fluids and nanofluids, in order to improve heat
transfer in thermal systems. In the last years, ionanofluids were used as working flu-
ids in various solar applications (solar thermal collectors, solar heating systems).

The first studies on ionanofluids were carried out by Ribeiro et al. [1]. Numer-
ous studies afterward indicated and confirmed the significant features of these fluids.
Thus, Zhang et al. [2] investigated the thermal conductivity, viscosity, heat specific
capacity and heat transfer performance of the 1-ethyl-3-methylimidazolium acetate
([EMIm]Ac)—graphene nanoplatelets (GNPs) ionanofluid at various temperatures
and mass fractions. They reported an increase in the thermal conductivity of 43.2 %
that corresponds to an increase in the heat transfer coefficient of 28.6 %.

Paul et al. [3] studied the thermal conductivity, heat capacity and the rheological
behavior of [C4,,, ]INTf2], [C4, . JINTE2], [C4,,, JINTE2], and [Ny, ][NTf2]
with alumina nanoparticles and found an increase in thermal conductivity with
increasing nanoparticles concentration up to 11 %, an average increase in heat capac-
ity up to 62 % and also a significant increase in viscosity with increasing concentra-
tion. The results indicated a shear thinning behavior for all studied ionanofluids.

Thermal conductivity, density and viscosity of the f 1-butyl-3-methylimida-
zolium tetrafluoroborate [By\I1[BF,] and nanodiamond (ND) ionanofluid were
measured by Jorjani et al. [4]. Their results showed a maximum increase in
thermal conductivity and viscosity up to 9.3 % and 126 % at a temperature of
25 °C and a volume concentration of 1.04 %. Also, they noticed a non-Newtonian
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behavior of ionanofluid. Concerning the density of studied ionanofluid, this
property increases with increasing concentration and decreases with increasing
temperature.

Relevant studies in the ionanofluids field were carried out by Minea and co-
workers [5-8]. The results on rheological behavior and isobaric specific heat
capacity of the mixture of 1-ethyl-3-methylimidazolium methanesulfonate
[C2,,in][CH5S0O5] (0.75) + water (0.25) and alumina nanoparticles were presented
in Ref. [5]. In this study, they noticed two types of behavior of the studied ion-
anofluid: a Newtonian behavior at low nanoparticles concentrations and a non-
Newtonian behavior if the concentration is increased (for 3.38 % and 5.28 % vol.
Al,03). Also, the results indicated a maximum increase in viscosity up to 78 %,
while the maximum decrease in isobaric specific heat capacity was 9.9 %. By
comparing experimental results with theoretical models, they concluded that nei-
ther theoretical model cannot be used to predict the increase in viscosity with
increasing concentration.

In another study, Minea et al. [6] performed a numerical study on the behav-
ior of [C2,,;,, JICH;SO;] (0.75) + water (0.25) and alumina nanoparticles mixture,
[C2,,inJICH3SO3] + water mixture and water in laminar convective flow. They
found that by adding water to the ionic liquid ([C2,,;,,][CH;SOs]), the convective
heat transfer coefficient decreases up to 70 %. By reporting the results for the heat
transfer coefficient to those for pumping power, they concluded that ionanofluid
with 5 %-10 % wt. Al,O; can be a good alternative to ionic liquid for thermal
applications. In another article, Chereches and Minea [7] investigated the electri-
cal conductivity of ionanofluids based on water—[C2,;,][CH;SO;] ionic liquids
and alumina nanoparticles mixtures and found that by adding nanoparticles to the
water—[C2,.;., ]ICH;SO;] mixture, the electrical conductivity decreases up to 60
%.

Effects of temperature, nanoparticles concentration and mass mole of water on
thermal conductivity, viscosity and density of 1-ethyl-3-methylimidazolium diethyl-
phosphate [Ey\][DEP], or its aqueous solution[Ey,][DEP] + water and MWCNTSs
were investigated by Zhao et al. [8]. Their results showed that all properties of iona-
nofluids are improved if MWCNTs are added to their base fluid.

Thermo-physical and radiative properties, as well as photo-thermal conversion
performance of the [ByIBF, ionic liquid with GNPs, SWCNTs, and GE materials
were investigated by Zhang et al. [9]. The results showed that the [ByyIBF,+GE
exhibit the highest thermal conductivity ratios compared to the GNPs- and SWCNTs
at the same mass fractions and also that the viscosity of [By;;BF,+ GE decreases
with increasing mass fraction, while the viscosity of GNPs- and SWCNTs showed
the similar trend (decrease followed by an increase with increasing concentration).

Extensive reviews on ionic liquids and ionanofluids were published by Minea
[10], Minea and Murshed [11], Wegner and Janiak [12] and Habib et al. [13].

In the current study, two types of ionanofluids, [H,,,]BF,+SiC and [H ;]
BF, + graphene, having the same base fluid, different nanomaterials, and the same
weight concentrations will be discussed in terms of heat transfer efficiency. The rea-
son for choosing the two ionanofluids for the study is the different variation of the
properties (viscosity and density) with increasing concentration.

mim
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Fig.1 The variation of the relative thermo-physical properties with concentration and temperature—
[Hyim]SF4 + SiC ionanofluid

0.94
] 0.92
: g
5 S os
3 g oss
g  [Hmim]SF4+0.03 wt.% Graphene s ®[Hmim]SF4+0.03 wt.% Graphene
3 # [Hmim]SF4+0.06 wt.% Graphene £ 086 - # [Hmim]SF4+0.06 wt.% Graphene
£ - ES
& )
& 084
082
25 35 45 55 65 25 35 45 55 65
Temperature (] Temperature [C]
111 0.984
11
109 0.98
§ 108 S 0976 +
S 107 ]
S 2 0972 +
< 1.06 ® [Hmim]SF4+0.03 wt.% Graphene z ® (Hmim]BF4+0.03 wt.% Graphene
? 1.05  [Hmim]SF4+0.06 wt.% Graphene S 0968 +  [Hmim]BF4+0.06 wt.% Graphene
& 1.04
0.964
1.03
102 0.96
25 35 45 55 65 2 35 as 55 65
Temperature [ €]

Temperature [C]

Fig.2 The variation of the relative thermo-physical properties with concentration and temperature—
[H,im]SF4 + graphene ionanofluid

2 Thermo-physical Properties of lonanofluids
The thermo-physical properties of the two types of ionanofluids used for this study
were adopted from Zou [14] and Zhang [15]. Figures 1 and 2 depict the results on rela-

tive thermo-physical properties of [H,;,ISF,+SiC and [H,,;,,]SF,+ graphene, com-
puted with Egs. 1-4:

k
Thermal conductivity ratio: k, = . e
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HiNF

Dynamic viscosity ratio: y, = ; 2)
BF
Specifich . _ CpInF
pecific heatratio: ¢, , = P 3)
p.BF
Densi . . _ PwF
ensity ratio: p, = —. 4)
PBF

3 Results and Discussion
3.1 Heat Transfer Efficiency of lonanofluids

In current study, two types of ionanofluids, [Hm,-m]BF 4, +8iC  and
|H,,,ina| BF 4 + graphene, with different weight concentrations (0.03 % and 0.06 %)
and temperatures (25 °C-65 °C) will be discussed from point of view of heat trans-
fer efficiency and their benefits compared to the base fluid ([Hml-m] BF,).

The Mouromtseff number used to evaluate of performance of ionanofluids in var-
ious heat transfer applications was present for the first time by Simons [16]. This
number is based on one or more characteristics of fluids (thermal conductivity,
dynamic viscosity, specific heat and density) and in general form is defined as:
ke pb C;

Mo = ©)

ud
where the exponents a, b, ¢, and d take on values appropriate to the heat transfer
mode of interest and the corresponding heat transfer correlation.

3.1.1 Efficiency of lonanofluids in Internal Laminar Flows

An equation known for evaluating the efficiency of ionanofluids in laminar flow is
based on the ratio between dynamic viscosity and thermal conductivity [17]:

ﬂ _ (/41NF - #BF)/#BF ©)
Cy (kINF - kBF) / kgp

If this ratio is less than 4, it is considered that the ionanofluids are efficient com-
pared to the base fluid.

Figure 3a, b illustrates the efficiency of all studied ionanofluids at various tem-
peratures and weight concentrations of nanoparticles. One can notice that the
both studied ionanofluids have values of ratio C,/C; lower than 4 for all tem-
peratures and nanoparticles concentrations. Moreover, the results indicated that
[Him]SF4 + graphene ionanofluid has the values of ratio C,/C; much lower than

mim
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[H,im]SF, + SiC ionanofluid. This is due to dynamic viscosity of those two iona-

nofluids: for [H,;,,]SF,+ SiC ionanofluid, the viscosity increases with increas-
ing nanoparticles concentration, while for [H,;,ISF,+ graphene ionanofluid the
viscosity decreases with increasing concentration. Thus, it can be concluded that
both ionanofluids have a higher efficiency than that of the base fluid [H,;,]1SF,)
in internal laminar flow.

Another indicator to evaluate of the efficiency of ionanofluids in fully developed
internal laminar flows is based on the ratio between the thermal conductivities of
ionanofluid and the base fluid [16]:

_ ke

Mo @)

kpr

Mouromtseff number higher than 1 (Mo > 1) indicates better heat transfer capa-
bility of ionanofluid.
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Figure 4a, b shows the Mouromtseff number for the studied ionanofluid. As can
be seen, the Mo number is higher than 1 for all the studied temperatures and nan-
oparticles concentrations. For [H,;,,]SF,+ SiC ionanofluid, there is an increase in
Mo number with increase in both temperature and concentration, while for [H, ;]
SF, + graphene ionanofluid it can be seen that the temperature does not significantly
influence the values of Mo number. Also, it is noticed that the values of Mo number
are higher for [H,;,,ISF, + graphene ionanofluid compared to [H,,;,,]SF,+ SiC iona-
nofluid, which indicates that the [H; ISF, + graphene ionanofluid is more efficient
than [H,;,, ISF, + SiC ionanofluid in laminar flow.

3.1.2 Efficiency of lonanofluids in Internal Turbulent Flows

In the internal turbulent flow the efficiency of ionanofluid is based on the Mouromt-
seff number (Mo) written in the form [18]:
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based on Eq. 7 114 + o
@]
a8 o
5 112 °
T 1101 °
: 1.08 ©
£ 106 T @
I o Laminar flow
s 1047 o ] )
= —O— [Hmin]BF4 + 0.03 wt.% SiC
102 1 —O— [Hmin]BF4 + 0.06 wt.% SiC
100+——————————7——
0.98 . : : . :
15 25 35 45 55 65 75
Temperature [ °C]
(a)
1.20
o o o
o o
1167
N
2 1
g 112
= (o] lo) () o
4 1 (o]
% 1.08 Laminar flow
% 1.04 1 —O— [Hmin]BF4 + 0.03 wt.% Graphene
= —O— [Hmin]BF# + 0.06 wt.% Graphene
1.0t———————————————————————~
0.96 - : : - :
15 25 35 45 55 65 75
Temperature [°C]
(b)

@ Springer



12 Page8of17 International Journal of Thermophysics (2021) 42:12

0.8 70.67,.0.33
Pineking €oine

0.47

HinF
Mo = PU8L0:67.033 (8)
BF"BF ©pBF

Hyp!

In this case, if the Mo number is higher than 1, the ionanofluid could be consid-
ered as advantageous fluid for heat transfer applications.

Figure 5a, b depicts the heat transfer efficiency of studied ionanofluids with the
variation of both temperature and concentration. In the case of [H,;,]SF,+ SiC ion-
anofluid, it can be seen that only ionanofluid with a concentration of 0.06 % at tem-
peratures up to 45 °C is beneficial for thermal applications, while for a concentration
of 0.03 % this type of ionanofluis is not indicated regardless of operating tempera-
ture. Moreover, Fig. 5a shows a decrease in Mo number with increasing tempera-

tures, the maximum values being obtained at 25 °C. For [H,; ISF,+ graphene
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ionanofluid, it can be seen that the values of Mo number are higher than 1. Com-
pared to [H,,;,,]SF,+ SiC ionanofluid, the values of Mo number are not affected by
temperature, these being constant approximately with increasing temperature.

Another equation to evaluate of the heat transfer capability of fluids in internal
turbulent flow is proposed by Vajiha and Das [19]:

05 04
FOM = Moy pqu plNF kINF Hgr
- 04 (06 03 )

pBF ».BF Kpr MINF

Figure 6a, b illustrates the variation of figure-of-merit with temperature and
concentration. The analysis made for the estimation of the heat transfer efficiency
shows that the equation by Vajiha and Das [19] providing much higher results
than the equation proposed by Mouromtseff [18]. Also, it can be noticed that the
values of FOM slowly increase with increasing concentration, but decrease with

Fig. 6 Heat transfer efficiency 3.0
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increasing temperature. Also, it can be noticed that the values of FOM for both
studied ionanofluids computed with Eq. 9 are very close, slightly higher values
being obtained in the case of [H,,;,,]SF,+ graphene.

Tables 1 and 2 present the other results of the figure-of-merit computed on
basis of Eqs. 10-21 [20] found in literature for forced single-phase convective
heat transfer in turbulent flow.

e For cooling—the classical equation for the Fanning friction factor and the con-
stant flow velocity:

Table 1 Figure-of-merit for [H
the turbulent flow

ISF, +SiC ionanofluids at various temperatures and concentrations in

mim

Figure-of-merit

[H,;n]SF4 + SiC

0.03 % 0.06 %

25°C  35°C  45°C  55°C 65°C 25°C 35°C 45°C  55°C  65°C
FOM,,

1018 0982 0975 0975 0991 1061 1027 1025 0974 0944
FOM,,

0981 0941 0926 0931 0950 0987 0945 0941 0873  0.848
FOM,,

1.028 0994 0985 0997 099 1052  1.022 1031 0962  0.908
FOM s

1.028 0998 0995 0995  1.005 1072 1047 1048 1007 0976
FOM

0991 0957 0945 0950 0963 0998 0963 0962 0903  0.877
FOM,,

1.038 1.0l 1.005  1.017 1010  1.063  1.042 1054 0995  0.939
FOM 4

1018 0982 0975 0975 0991 1061 1027 1025 0974 0944
FOM

0978 0934 0918 0921 0942 0983 0937 0932 0859  0.834
FOMyry

1025 0987 0976 0987 0987 1047 1013  1.021 0947  0.893
FOMyy,

1.028 0998 0995 0995  1.005 1072 1047 1048 1007 0976
FOM7y,

0987 0950 0936 0940 0955 0994 0955 0952  0.888  0.862
FOM,,;

1.035 1.003 0.996 1.007 1.001 1.059 1.033 1.043 0.979 0.923
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Table 2 Figure-of-merit for [H,

mim]SF4+ graphene ionanofluids at various temperatures and concentra-

tions in the turbulent flow

Figure-of-merit ratio

[H, i, ]JSF4 + graphene

0.03 % 0.06 %

25°C 35°C 45°C 55°C 65 °C 25°C 35°C 45°C 55°C 65 °C
FOM,

1.091 1.098 1.087 1.088 1.077 1.151 1.162 1.159 1.158 1.146
FOM 14

1.143 1.143 1.126 1.126 1.110 1.212 1.226 1.221 1.216 1.199
FOM,

1.116 1.127 1.108 1.107 1.093 1.184 1.201 1.194 1.188 1.171
FOM 5

1.069 1.075 1.066 1.067 1.059 1.116 1.125 1.123 1.123 1.113
FOM

1.110 1.119 1.104 1.104 1.091 1.175 1.188 1.183 1.178 1.164
FOM

1.095 1.103 1.087 1.085 1.074 1.148 1.163 1.156 1.151 1.137
FOM 14

1.091 1.098 1.087 1.088 1.077 1.151 1.162 1.159 1.158 1.146
FOM 1y

1.135 1.148 1.129 1.129 1.113 1.218 1.233 1.227 1.222 1.203
FOM 1y

1.120 1.132 1.111 1.110 1.096 1.190 1.208 1.200 1.193 1.175
FOM

1.069 1.075 1.066 1.067 1.059 1.116 1.125 1.123 1.123 1.113
FOM7y,

1.113 1.124 1.108 1.108 1.094 1.181 1.194 1.189 1.184 1.169
FOM 5

1.098 1.108 1.09 1.089 1.077 1.154 1.170 1.162 1.157 1.141

1

4 3 1 A
FoM,, = Momre _ <_”1NF > 5 <_C””NF > ! <_”1NF > ’ <kﬂ> Yo
Y’ Opr PBF Cp.BF HpF kgp '

3 1 7
FOM ... = hine/ hgr _ <Cp,1NF> 10 </"INF> 10 (@) 10 an
T3 WINF/ WBF CP,BF MBF kBF 9
13 4 ;
Cpani P/ Wine vt \ 0 [ pyr \ T [ kg \ ©
FoM,, = 222 _ e} F
parltye/ Wor p.BF Hpr BF
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e For heating—the classical equation for the Fanning friction factor and the con-
stant flow velocity:

4 2 _2 3
FOM... — Mo,y _ [ PwvE? CpaNF \ 3 [ Hing \ 3 Iﬂ ’ (13)
M Opr PBF Cp.BF HpF kgp ’
2 _3 3
FOM... = hINF/hBF _ <CP,INF>5 (ﬂlNF) > </ﬂ>5 (14)
re Wine/Wgr Cp.BF HBr kpp |
7 3 3
Cpani P/ Wine Coane \ 5 Hive \ S [ kive \ 3
FOM; = Y = ) (15)
Cp.BF BF/ Wgr Cp BF HpF BF

e For cooling—the Blasius equation for the Fanning friction factor and the con-
stant flow velocity:

4 3 1 7
Mo p 5/c¢ INF 0 u “2/(k 10
FOM g = M]NF _ < 1NF> < P > < lNF) <% ’ (16)
Opr PBr Cp.BF HpF BF
1 3 _3 z
FOM o = b/ hge _ <P1NF> 0 (CPJNF> 10 <M1NF> 4 </ﬂ> 10 a7
” Wine/ W PBF Cp.BF HpF kg |

ho W 1 3 _3 7
FOMyyy = 2Nl 2N we! Winr _ <_”1NF> ? <C"v’NF> ’ <_“INF> ' <’M> "y

Cprh BF /Wgr PBF Cp.BF HpF kg

e For heating—the Blasius equation for the Fanning friction factor and the con-
stant flow velocity:

4 2 _2 3
FOMy, = 2ome _ <_”1NF>5 <_CP”NF>5 <_”1NF> 5 <’M> (19)
Mogy PBF Cp.BF HpF kpp
1 2 _B 3
FOMyyy = el or <_”'NF> ; (CP”NF>5 <_”'NF) ? (’M) (20)
Wine/ W PBF Cp.BF HpF kgp

h w 1 1 _1B 3
FOM,,, = o anePy e/ Wine _ <pINF> 2 <CpJNF> s <M1NF> g (@) g 21

Cp,BFhB p/ Wgr PBF Cp.BF HpF kg

One can notice that the values of FOM for [H,;,ISF,+ graphene are higher
than 1 for all temperatures and concentrations, which indicate that this type of
ionanofluids can be a good choice to be used in heat transfer applications. And
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in these cases, it can be seen that the FOM values computed with Eqgs. 10-21 are
lower than those calculated with Eq. 9 [19], the results being in accordance with
the results obtained with Eq. 8 [18].

3.2 Pumping Power

In contrast to the Mouromtseff number, which is based on thermo-physical prop-
erties of ionanofluids, for the estimation of the pumping power only viscosity
and density are needed. If the pumping power ratio is less than 1, then the iona-
nofluids can be useful for heat transfer applications.

In this regard, the pumping power for the laminar and turbulent flows was
evaluated with following equations [21]:

— In laminar flow:

2
W, = Hne (”ﬂ) _ 22)
Hpr \ PINF

— In turbulent flow:
u 0.25 P 2
Wy = (—’NF> <ﬂ> : (23)
HpF PINF

Figure 7a, b depicts the pumping power ratio for various temperatures and
concentrations in the laminar flow. As can be seen, the pumping power ratio
is higher than 1 for [H; ISF,+ SiC ionanofluid, and lower than 1 for [H ;]
SF, + graphene ionanofluid in all the studied temperatures and concentrations.
Moreover, for [H,,;,JSF,+ SiC ionanofluid it can be noticed that the pumping
power ratio increases with increasing temperature, and also that adding nanopar-
ticles in the base fluid influence the pumping power only at temperatures above
45 °C. Concerning the [H,;  ISF,+ graphene ionanofluid, it can be stated that
can be used in heat transfer applications, the minimum value of pumping power
ratio being obtained at a temperature of 35 °C for both studied concentrations.

Figure 8a, b shows the pumping power ratio with the variation of both tem-
peratures and concentrations in the turbulent flow. Compared to the laminar flow,
the [H,,;,]SF,+ SiC ionanofluid with a concentration of 0.06 % and tempera-
tures up to 55 °C can be used in thermal applications, while [H,,;,I1SF,+ gra-
phene ionanofluid cannot be recommended for heat transfer applications, since
the values of pumping power ratio for all temperatures and concentrations is
higher than 1.

Finally, to have a complete image on heat transfer efficiency of studied iona-
nofluids, the results discussed above are summarized in Table 3.
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Fig.7 Pumping power ratio in 1.4
laminar flow —O— [Hmin]BF4 + 0.03 wt.% SiC ©
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4 Conclusions

In this paper, heat transfer efficiency of ionanofluids in laminar and turbulent flows
was investigated. The comprehensive analysis was based on the experimental data
of [H,;,ISF,+SiC and [H,,,]SF,+ graphene ionanofluids (thermal conductivity,
dynamic viscosity, specific heat and density). The conclusions of this study are:

— In laminar flow, both studied ionanofluids have a higher efficiency than the base
fluid ([H,;,,ISF.,);

— In turbulent flow, [H,;,,]SF,+ graphene ionanofluid is beneficial for heat transfer
applications at all studied temperatures and concentrations.
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Fig. 8 Pumping power ratio in 1.06
turbulent flow —O— [Hmin]BF4 + 0.03 wt.% SiC
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— In laminar flow, the values of the pumping power ratio are higher than 1 for
[Hyi]SE4 + SiC ionanofluid, and lower than 1 for [H,;,ISF,+ graphene iona-
nofluid at all studied temperatures and concentrations, which indicate that [H,; ]
SF, + graphene ionanofluid can be used in heat transfer applications;

— In turbulent flow, the values of the pumping power ratio indicated that using the
ionanofluids leads to a penalty in pumping power.
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