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a b s t r a c t 

The optimization of energy systems and the efficiency enhancement of energy conversion processes

are still huge challenges. The ionanofluids (INFs) composed of the long multi-walled carbon nanotubes

(MWCNTs) and 1-ethyl-3-methylimidazolium thiocyanate ionic liquid ([C 2 C 1 im][SCN]) are innovative sys- 

tems with proven remarkably enhanced thermal conductivity and attractive rheological characteristics.

Therefore, as an extension of our previous study, this work aims to examine the overall heat transfer per- 

formance of these INFs as working fluids for energy conversion processes and design sustainable energy

systems. The new measuring set was designed and constructed to determine the convective heat transfer

coefficient and pressure drop during the flow of INFs, using the heat exchanger with saturated steam at

100 °C. The obtained results showed that the heat transfer of INFs is prevailed by the convection mecha- 

nism. According to a new thermo-economic efficiency-price index proposed in this work, the amalgama- 

tion of MWCNTs with [C 2 C 1 im][SCN] is justified from both thermophysical and economic points of view. 

© 2021 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ )
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. Introduction

Energy is considered a major agent in the generation of wealth 

nd economic development [1] . Nonetheless, global environmental 

ssues significantly affect patterns of energy use around the world. 

t is, therefore, necessary to optimize energy balance which en- 

bles more efficient thermal systems in many industries, such as 

icroelectronics, automobiles, power generation, and many oth- 

rs. Of particular interest are the applications related to i ) pho- 

ovoltaic/thermal solar systems, ii ) heat pump systems, iii ) engine 

ooling or vehicle thermal management, and iv ) heating, ventila- 

ion, and air conditioning [1–9] . Lots of modern thermal systems 

nvolve the combined heat and mass transfer phenomena, which 

esult in the need for comprehensive exergy analysis [4–7] . Im- 
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ortantly, the optimum operation of any thermal system requires 

inimum energy destruction [4] . 

One of the top strategies to enhance the thermal performance 

f heat transfer fluids (HTFs) for storage, transportation, and con- 

ersion of energy in modern thermal systems is the addition 

f nanometer-sized, thermally-conductive (polymeric, metallic, or- 

anic, or inorganic) solid particles of various morphological proper- 

ies into a base liquid (water, oil, ethylene glycol, etc.) [10] . Multi- 

alled carbon nanotubes (MWCNTs) are particularly useful for this 

urpose due to both low density of ca. 2 g �cm 

–3 and very high

hermal conductivity up to 30 0 0 W �m 

–1 �K 

–1 at room tempera- 

ure [11] . The nanofluids (NFs) have been extensively examined 

s working media in solar collectors including both thermal and 

hermo-economic aspects [12–14] . 

A new type of heat transfer media, so-called ionanofluids 

INFs), has been intensively studied in recent years. This is a 

roup of nanodispersions in which ionic liquids (ILs) form the 

ontinuous phase [15] . ILs have many advantages over molecu- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ )
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Nomenclature 

Acronyms and abbreviations 

[C 1 C 1 im][DMP] 1,3-dimethylimidazolium dimethylphos- 

phate 

[C 2 C 1 im][DCA] 1-ethyl-3-methylimidazolium dicyanamide 

[C 2 C 1 im][EtSO 4 ] 1-ethyl-3-methylimidazolium ethylsulfate 

[C 2 C 1 im][MeSO 3 ] 1-ethyl-3-methylimidazolium methanesul- 

fonate 

[C 2 C 1 im][SCN] 1-ethyl-3-methylimidazolium thiocyanate 

[C 2 C 1 im][TCM] 1-ethyl-3-methylimidazolium tricyanome- 

thanide 

[C 4 C 1 im][NTf 2 ] 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 

[C 4 C 1 pyrr][NTf 2 ] 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide 

[C 6 C 1 im][BF 4 ] 1-hexyl-3-methylimidazolium tetrafluorob- 

orate 

c-CVD catalytic chemical vapor deposition 

GNPs graphene nanoplatelets 

GO graphene oxide 

HTA heat transfer area 

HTF heat transfer fluid 

IL ionic liquid 

INF ionanofluid 

MWCNT multi-walled carbon nanotube 

NF nanofluid 

Parameters and variables 

C p specific isobaric heat capacity of fluid (J �kg –1 �K 

–1 ) 

d inner diameter of measuring tube (m) 

d o outer diameter of measuring tube (m) 

EPI efficiency-price index (–) 

f Darcy friction factor (–) 

g acceleration of gravity (m �s –2 ) 

G mass flow rate of fluid (kg �s –1 ) 

h average convective heat transfer coefficient 

(W �m 

–2 �K 

–1 ) 

k thermal conductivity of fluid (W �m 

–1 �K 

–1 ) 

L length of measuring tube (m) 

Nu average Nusselt number (–) 

Pe Peclet number (–) 

PEC performance evaluation criterion (–) 

Pr Prandtl number (–) 

Re Reynolds number (–) 

T average bulk temperature of fluid ( °C) 

T in inlet bulk temperature of fluid ( °C) 

T out outlet bulk temperature of fluid ( °C) 

T w 

average wall temperature of measuring tube ( °C) 

v average velocity of fluid (m �s –1 ) 

�h m 

difference in height of mercury in manometer limbs 

(m) 

�p pressure drop (Pa) 

�T LMTD logarithmic mean temperature difference ( °C) 

η viscosity of fluid (Pa �s) 

ηw 

viscosity of fluid at average wall temperature (Pa �s) 

ρ density of fluid (kg �m 

–3 ) 

ρm 

density of mercury (kg �m 

–3 ) 

$ INF total cost of INF preparation ($) 

$ IL price of base IL ($) 

$ MWCNTs total cost of MWCNT synthesis ($) 

$ UT cost of ultrasound treatment ($) 
i

2 
Subscripts 

exp experimental 

pred predicted 

1,2,3,4,5 thermocouple numbering on the wall of measuring 

tube 

ar base fluids: high chemical and thermal stabilities, wide liq- 

idity range, negligible vapor pressure, designable cation-anion 

tructure, low flammability, and acceptable recyclability [16 , 17] . 

he INFs have rapidly gained many possibilities for application, 

uch as working fluids for energy transport in cooling and heat- 

ng systems (solar collectors, heat pumps, etc.) [18–22] , pigments 

n paints for solar panels [23] , electrolytes in cell batteries [24] , 

r lubrication materials [25 , 26] . In areas related to thermal man- 

gement and energy harvesting, the thermophysical properties of 

NFs (thermal conductivity, viscosity, isobaric heat capacity, den- 

ity) play a key role [27–30] . They are crucial in determining the 

eat transfer (or storage) capabilities and the required pumping 

ower. 

The most promising thermophysical properties have cyano 

lkylimidazolium-based INFs due to relatively high thermal con- 

uctivity and low viscosity of their base liquids compared to other 

nown ILs [31] . Recently, we found an extraordinary 43.1% im- 

rovement of thermal conductivity of INF containing 1-ethyl-3- 

ethylimidazolium thiocyanate [C 2 C 1 im][SCN] and 1 wt% in-house 

h MWCNTs with a high aspect ratio of 6300 (“7h” refers to the 

uration of the catalytic chemical vapor deposition (c-CVD)), while 

he nanodispersion viscosity remained at a moderate level of 135 

Pa �s (25 °C, shear rate of 32 s –1 ) [32] . Lower MWCNTs loading of

.25 wt% enhanced the thermal conductivity of INF by 9.6% and 

ncreased its viscosity from 23.6 mPa �s to 46.0 mPa �s under the 

ame conditions as above. Furthermore, we discovered that the 

hermal conductivity of the interfacial nanolayer is 39 times higher 

han that of the base [C 2 C 1 im][SCN]. 

In contrast to thermophysical investigations of INFs, only very 

ew experimental studies concern the heat transfer performance 

f this type of media. Paul et al. [22 , 33 , 34] investigated the natural

nd forced convection of INFs containing 0.18 vol%, 0.36 vol%, 

.9 vol%, as well as 0.5 wt%, 1.0 wt%, and 2.5 wt% of alumina 

xide Al 2 O 3 nanoparticles (spherical and whiskers shape, size < 

0 nm, specific surface area > 40 m 

2 �g –1 ) dispersed in 1-butyl- 

-methylimidazolium bis(trifluoromethylsulfonyl)imide [C 4 C 1 im] 

NTf 2 ] or 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl- 

ulfonyl)imide [C 4 C 1 pyrr][NTf 2 ], respectively. The results indicate 

hat during forced convection the heat transfer coefficient in- 

reases with nanoparticle loading up to 27% and 40% for laminar 

nd turbulent flow regimes, respectively [22] . On the other hand, 

he reverse trend is observed for natural convection. In this case, 

he decrease in convective heat transfer coefficient with Al 2 O 3 

oncentration occurs regardless of the nanoparticle morphological 

haracteristics and aspect ratio of the rectangular test cell [34] . 

his result derives from several overlapping factors associated 

ith a relative change in the thermophysical properties of INFs, 

anoparticle clustering, and nanoparticle-IL interactions. 

Numerical analyses of the heat transfer performance of INFs 

19 , 21 , 35–41] are much more common than the above-mentioned 

xperimental works. Minea and Murshed [35] reported that low 

oncentrations ( ≤ 1 wt%) of graphene nanoplatelets (GNPs) or 

WCNTs (with an aspect ratio of ca. 70–700) in [C 4 C 1 im][NTf 2 ], 

-hexyl-3-methylimidazolium tetrafluoroborate [C 6 C 1 im][BF 4 ], or 

-ethyl-3-methylimidazolium ethylsulfate [C 2 C 1 im][EtSO 4 ] resulted 

n moderate enhancement of heat transfer coefficient, between 

.7% and 12.1% over the base ILs, during forced convection in lam- 

nar flow regime. Chereche ̧s et al. [41] conducted a simulation of 
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[

eat transfer during laminar flow of mixtures containing water 

0, 0.25, 0.5, or 0.75 mole fraction), 1-ethyl-3-methylimidazolium 

ethanesulfonate [C 2 C 1 im][MeSO 3 ], and several loadings (1 wt%, 

.5 wt%, 5 wt%, 10 wt%, or 15 wt%) of Al 2 O 3 nanoparticles (size

 50 nm, specific surface area > 40 m 

2 �g –1 ). They concluded that

he addition of water to IL decreases the convective heat trans- 

er coefficient up to 70%, while the addition of nanoparticles en- 

ances the heat transfer by a maximum of 50%, depending on 

he alumina loading. Prasad and Selvakumar [21] studied laminar 

orced convection in a heated rectangular tube (geometry com- 

only used in flat plate solar collectors) using INFs consisted of 

C 4 C 1 im][NTf 2 ] and Al 2 O 3 nanoparticles (size < 50 nm, specific 

urface area > 40 m 

2 �g –1 ) up to 2.5 wt%. They noted that the heat

ransfer performance of the INFs increased with Reynolds num- 

er, nanoparticle concentration, and temperature. The maximum 

nhancement of the convective heat transfer coefficient reached 

a. 60% and 40% compared to base IL and reference water-based 

F, respectively. The research indicates that INFs have a higher 

otential to be employed in medium to high temperature ap- 

lications. Similar conclusions were reached by Hosseinghorbani 

t al. [19] who investigated forced convection in the turbulent 

ow regime of INFs composed of graphene oxide (GO) nanopar- 

icles (0.5 wt%, 1 wt%, or 2 wt%) and [C 4 C 1 im][NTf 2 ]. They noted

hat the maximum enhancement in convective heat transfer co- 

fficient of INFs (compared to base IL) was equal to 7.2% at 0.5 

t% loading of GO. Higher nanoparticle concentrations cause a 

ignificant increase in the viscosity of INFs, which surpasses the 

ositive enhancement of other physicochemical properties, espe- 

ially thermal conductivity. The work of Hosseinghorbani et al. 

19] demonstrates that INFs at low mass fractions of GO are su- 

erior to the commercial HTFs, and have great potential for use 

n concentrated solar power plants. Recently, Das et al. [8] numer- 

cally examined the performance of hybrid photovoltaic/thermal 

olar system with INFs composed of 1,3-dimethylimidazolium 

imethylphosphate [C 1 C 1 im][DMP] (20 vol%), water (80 vol%), and 

wo-dimensional MXene Ti 3 C 2 nanosheets (0.05 wt%, 0.10 wt%, or 

.20 wt%). The convective heat transfer coefficient increases by 

2.6% for 0.20 wt% Ti 3 C 2 + [C 1 C 1 im][DMP]/water INF compared to 

he reference Al 2 O 3 /water NF at a mass flow rate of 0.06 kg �s –1 . 

Alirezaie et al. [42 , 43] , who made interesting thermo-economic 

nalyzes of conventional water and ethylene glycol-based NFs us- 

ng various engineering correlations available in the literature, con- 

luded that “nanofluids don’t have economic justification except in 

igh-tech devices with critical applications”. However, they did not 

ake into account the possibility of using the INFs. The influence of 

hermophysical properties and economic costs of ILs and INFs on 

heir feasibility as HTFs in chemical process design has been ex- 

ensively studied by Nieto de Castro group [28 , 44 , 45] . França et al.

45] reported that an efficient way to study new design expenses is 

o divide them into five parts, i.e., the battery limits, utility, off-site, 

ngineering fees, and working capital. The main influence herein 

s the battery limits investment, which is related to the equipment 

nd installation costs. This is a function of the device size (heat 

ransfer area (HTA)), construction material, and assumed working 

onditions (pressure, temperature). Mendonça et al. [44] consid- 

red an exemplary application of heat exchanger and condenser, 

rescribing the external constraints and neglecting the pressure 

rop across the fluid ducts. Consequently, the number of relevant 

ariables has been reduced to HTA expressed by Newton’s law of 

ooling. The conclusion was that without the correct physicochem- 

cal properties of the working medium, it was possible to over- 

stimate the required equipment size by 25%, which can signif- 

cantly increase the economic costs of the process. França et al. 

28] selected a specific process and calculated the necessary HTA 

onsidering the use of ILs, INFs, and commercial HTFs. They found 

hat [C 2 C 1 im] + -based and cyano-based INFs yield smaller HTA due 
3 
o their lower viscosity. Therefore, these media are efficient on a 

ar with a significant number of commercial HTFs. The addition 

f MWCNTs to the ILs leads to an increase in the required equip- 

ent size, however, at moderate nanoparticle doses of ca. 0.5 wt%, 

t improves the thermophysical properties and reduces the varia- 

ion of the HTA with temperature. Although the high price of ILs 

epresents an obstacle, some of the ILs and INFs require a smaller 

TA than the commercial HTFs for the same purpose, especially at 

emperatures above 80 °C [28] . Oster et al. [30] analyzed thermo- 

hysical characteristics and economic aspects of heat exchange re- 

ctor at 25 °C and 90 °C for trihexyl(tetradecyl)phosphonium-based 

Ls with acetate, butanoate, hexanoate, octanoate, or decanoate an- 

ons, as well as for INFs composed of above-mentioned ILs and 

WCNTs (with an aspect ratio of ca. 100), boron nitride, graphite, 

r mesoporous carbon, with concentration up to 3 wt%. Their stud- 

es showed that the INFs do not seem to be promising materi- 

ls for heat transfer applications. Despite the enhanced thermal 

onductivity, density, and isobaric heat capacity (which are ben- 

ficial), the viscosity is also augmented, thereby significantly in- 

reasing maintenance costs of the equipment. They pointed pris- 

ine ILs as promising HTFs, particularly at high temperatures due 

o the decrease in viscosity, low vapor pressure, and wide liquidity 

ange [30] . 

Taking into account all the above-mentioned studies and our 

revious investigations, the research objectives of this work in- 

lude three main areas that have not been presented in the lit- 

rature so far: i ) fully experimental study of the heat transfer of 

NFs containing long MWCNTs during forced convection in lami- 

ar flow regime (currently there are only numerical works); ii ) in- 

epth analysis of the “negative effects” of heat transfer during the 

ow of INFs, i.e., the pressure drop penalty (it is often neglected in 

he literature); iii ) proposal of a simple parameter/indicator that 

oes not require an exergy balance, but clearly shows the cost- 

ffectiveness of using INFs in heat transport applications (currently 

he costs of added nanoparticles and INF preparation are not in- 

luded). 

In particular, this work is focused on the overall heat transfer 

erformance of low-viscosity cyano alkylimidazolium-based INFs 

ontaining [C 2 C 1 im][SCN] and 0.100 wt%, 0.175 wt%, or 0.250 wt% 

oadings of in-house 7h MWCNTs with a high aspect ratio equal 

o 6300. The research helps to deeper understand the behavior of 

NFs during forced convection in the laminar flow regime through 

he straight horizontal tube, i.e., the case commonly found in heat 

xchange applications. It is essential to evaluate the overall en- 

rgy efficiency of a thermal system since the enhancement in 

onvective heat transfer coefficient may be negated by the in- 

rease in pressure drop and the required pumping power. To the 

est of our knowledge, the pressure drop penalty during the flow 

f INFs has not yet been investigated experimentally. Therefore, 

e designed and constructed a new experimental stand to de- 

ermine the heat transfer performance of INFs. The major ad- 

antages of the proposed set are the measurement capabilities 

f convective heat transfer coefficient and pressure drop of low- 

olume nanofluid samples (up to 150 mL), as well as the ability 

o study possible applications of a steam heat exchanger for en- 

rgy transport using IL and INFs as working fluids. Finally, we pro- 

osed a new non-dimensional thermo-economic efficiency-price 

ndex to examine the justification of the amalgamation of MWCNTs 

ith IL. 

. Materials and methods 

.1. Materials 

The continuous phase of studied INFs was commercial 

C C im][SCN] (CAS Number: 331717-63-6, Sigma Aldrich, USA). 
2 1 
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Fig. 1. Representative SEM image of vertically aligned MWCNT array (A) and TEM images of low (B) and high (C) magnification of individual MWCNTs. 
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he advantages of the chosen IL are high thermal conductivity 

long with low viscosity and ecotoxicity in comparison to other 

nown ILs [28 , 31 , 32] . The dispersed phase of INFs consisted of

WCNTs, which were synthesized in our laboratory via seven-hour 

-CVD, according to the methodology described in ref. [46] . We 

ave used the same batch of materials, thus, the detailed speci- 

cation of [C 2 C 1 im][SCN] and in-house 7h MWCNTs can be found 

n our previous work [32] . Briefly recalling, Fig. 1 shows micro and 

anomorphology of applied MWCNTs. 

Scanning electron microscopy (SEM) image ( Fig. 1 A) revealed 

s-grown MWCNTs as vertically aligned arrays 440 μm-thick 

which practically correspond to the actual length of a single nan- 

tube), partially curly at the side of growth. Further, transmis- 

ion electron microscopy (TEM) images at low ( Fig. 1 B) and high 

 Fig. 1 C) magnification show individual nanotubes (diameter ca. 

0–80 nm, aspect ratio 6300, BET surface 35 m 

2 �g –1 ) as straight 

uasi -1D objects with a scarce number of corrugations and of a 

articularly high graphitization degree at the whole cross-section 

apart from a very few near-surface walls richer in C-sp 

3 -defects 

less developed upon the final step of c-CVD growth). A Thermo 

cientific (FEI) Talos F200X G2 operating at 200kV was utilized for 

EM analysis. TEM images were acquired using a Ceta 4k × 4k 

MOS camera. The MWCNTs were dispersed on a copper grid (300 

esh) with holey carbon film. 

.2. Sample preparation 

The INFs were prepared by dispersing 0.100 wt%, 0.175 wt%, and 

.250 wt% (i.e., 0.0531 vol%, 0.0930 vol%, and 0.133 vol%) of in- 

ouse 7h MWCNTs in 150 mL of [C 2 C 1 im][SCN]. The samples were 

onicated for 10 min using UP200St sonicator (Hielscher Ultrason- 

cs GmbH, Germany). The ultrasound generator of the device oper- 

ted at its nominal values of power, frequency, and amplitude (200 

, 26 kHz, and 100%, respectively). To prevent the increase in tem- 

erature during sonication, the samples were placed in a 10 0 0 mL 

eaker with cooled (–5 °C) pure ethylene glycol (POCH, Poland). The 

anodispersions under test were stable during the experiments, 

owever, over a longer time scale of more than six months, they 

ended to sediment. Details on the stability of the tested INFs can 

e found in our previous work [32] . 

.3. Measurement of thermophysical properties 

The specific isobaric heat capacity of pristine [C 2 C 1 im][SCN] 

nd INF with 1 wt% loading of in-house 7h MWCNTs was mea- 

ured using a differential tem perature-scanning microcalorimeter 

DSC) and batch type measurement cells (made of Hastelloy) in a 
4 
emperature range of 25 °C–50 °C. The expanded uncertainty (cov- 

rage factor 2.0, confidence level 0.95) of specific isobaric heat ca- 

acity measurements was estimated to be ±2%. Details about ap- 

aratus, calibration, and measurement procedures can be found in 

ef. [32] . The thermal conductivity of pure [C 2 C 1 im][SCN] and INFs 

ontaining 0.100 wt% and 0.250 wt% of in-house 7h MWCNTs was 

easured in a temperature range of 25 °C–50 °C. Thermal conduc- 

ivity was measured using KD2 Pro Thermal Properties Analyzer 

Decagon Devices Inc., Pullman, USA) with a single needle KS-1 

ensor of 1.3 mm diameter and 60 mm length; the estimated un- 

ertainty was ±5%. The measurements were performed according 

o the procedure described in detail in our previous work [32] . 

.4. Measurement of heat transfer performance 

The heat transfer performance of INFs was investigated using a 

ew custom-designed experimental set for low-volume samples up 

o 150 mL, shown schematically in Fig. 2 . The main section of the 

est stand was a steam heat exchanger (1). In its lower part, there 

as an electric heater (2) immersed in distilled water. Its heat- 

ng power was controlled by an autotransformer (3) VT5-1 (Pow- 

rLab, Malaysia) with aconstant voltage setting of 130 V. The tank 

1) was thermally insulated with glass wool and had a small open- 

ng with a condenser (4), which ensured that the produced steam 

emained at atmospheric pressure. The saturated steam of 100 °C 

eated a cylindrical horizontal measuring tube (5) made of stain- 

ess steel AISI 316L (inner diameter d = 1.53 mm, outer diame- 

er d o = 2.01 mm, and length L = 280 mm), through which the 

tudied fluid was pumped using a non-pulsating syringe pump (6) 

E-1010 (New Era Pump Systems, USA). The flow was laminar and 

ully-developed, i.e., undisturbed by the entrance and exit effects 

ue to the proper measuring tube geometry L / d >> 50. The exact 

uid flow rate was determined using a laboratory balance (7) PS 

200/C/2 (Radwag, Poland) of 0.01 g precision and a digital stop- 

atch, by defining the time required to collect a certain mass of 

he sample in a sealed bottle. Besides, seven K-type thermocou- 

les with a standard uncertainty of ±0.1 °C were mounted along 

he measuring tube (5), two inside at its inlet and outlet, and five 

n the outer wall at equal intervals, to measure bulk fluid temper- 

ture and local wall temperatures, respectively. The real-time tem- 

erature measurement and archiving of the results were enabled 

y the data acquisition module (8) USB-4718 (Advantech, Taiwan) 

onnected to a computer with a graphical user interface (9). Fur- 

hermore, a U-tube mercury manometer (10) was used for the de- 

ermination of pressure drop across the test section with an ac- 

uracy of 1 mm Hg. After each measurement, a sealed sample was 

ooled to the ambient temperature in the laboratory and then used 

or further experiments at increasingly higher flow rates within the 
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Fig. 2. Diagram of the custom-designed experimental set for the investigation of heat transfer performance of INFs: (1) steam heat exchanger, (2) electric heater, (3) au- 

totransformer, (4) condenser, (5) measuring tube, (6) syringe pump, (7) laboratory balance, (8) data acquisition module, (9) computer with a graphical user interface, (10) 

U-tube mercury manometer. 
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ange of ca. 10 0–450 0 mL �h 

–1 with the step of 10 0 mL �h 

–1 or 20 0

L �h 

–1 . All the measurements were carried out in single series 

ithout repetitions. 

The average bulk temperature T of the analyzed fluid was de- 

ermined as the arithmetic mean between temperatures at inlet T in 
nd outlet T out of the measuring tube (see Fig. 2 ): 

 = 

T in + T out 

2 

. (1) 

The average wall temperature T w 

of the measuring tube was 

alculated as the arithmetic mean from the indications of thermo- 

ouples T 1 –T 5 (see Fig. 2 ): 

 w 

= 

T 1 + T 2 + T 3 + T 4 + T 5 
5 

. (2) 

The values of T and T w 

varied from 64.1 °C to 38.3 °C and from

9.2 °C to 97.2 °C, respectively, depending on the mass flow rate of 

nalyzed fluid G (2.31 �10 –5 –1.42 �10 –3 kg �s –1 ). 

The experimental values of the average convective heat transfer 

oefficient h were obtained from the heat balance [47 , 48] : 

 = 

GC p ( T out − T in ) 

πdL · �T LMTD 

(3) 

here C p is the specific isobaric heat capacity of fluid at T (Table 

1 in Supplementary Material and Table S5 in Supplementary Ma- 

erial of our previous work [32] ); d and L are the internal diameter

nd length of measuring tube, respectively; and �T LMTD is the log- 

rithmic mean temperature difference, describing the temperature 

riving force for heat transfer in flow system (heat exchanger), de- 

ned as [49] : 

T LMTD = 

( T w 

− T in ) − ( T w 

− T out ) 

ln 

(
T w −T in 
T w −T out 

) . (4) 

�T LMTD ranged from 20.2 °C to 58.0 °C depending on the fluid 

ow rate (2.31 �10 –5 –1.42 �10 –3 kg �s –1 ). 

Furthermore, the experimental values of the pressure drop �p 

uring the flow of analyzed fluid were determined from the for- 

ula [50] : 

p = �h m 

( ρm 

− ρ) g (5) 
5 
here �h m 

is the difference in height of mercury in the manome- 

er limbs, ρm 

is the density of mercury (13550 kg �m 

–3 at 20 °C), ρ
s the density of tested fluid at T (Table S2 in Supplementary Mate- 

ial and Table S6 in Supplementary Material of our previous work 

32] ), and g is the acceleration of gravity. 

The measurement uncertainties of average convective heat 

ransfer coefficient h and pressure drop �p were estimated based 

n the error propagation law using the method presented by Mof- 

at [51] . The calculated relative combined standard uncertainties 

re equal to ±6% and ±11% for h and �p , respectively. A detailed

ncertainty analysis is provided in Part III of the Supplementary 

aterial. 

.4.1. Experimental validation 

The experimental stand was validated by measuring the average 

onvective heat transfer coefficient and pressure drop for pristine 

C 2 C 1 im][SCN], which is a Newtonian liquid, and whose physic- 

chemical properties (thermal conductivity, specific isobaric heat 

apacity, density, viscosity) have been investigated in this work 

Tables S1–S3 in Supplementary Material), as well as in our pre- 

ious study [32] (Tables S4–S7 and Fig. S3 in Supplementary Ma- 

erial of ref. [32] ). The measurements were conducted within the 

ow rate range of 10 0–450 0 mL �h 

–1 with the step of 100 mL �h 

–1 

r 200 mL �h 

–1 . 

The obtained experimental results of the convective heat trans- 

er coefficient for [C 2 C 1 im][SCN] were compared with the values 

alculated from the Sieder-Tate equation for laminar flow heat 

ransfer in a circular tube and constant wall temperature boundary 

ondition [52 , 53] , which strictly corresponded to our measurement 

ase: 

 = 1 . 86 

k 

d 

[
RePr 

d 

L 

] 1 
3 ( η

ηw 

)0 . 14 

(6) 

ith the following constraints [52 , 53] : 

3 ≤ Re ≤ 2030 , 0 . 48 ≤ Pr ≤ 1670 0 , 0 . 0 044 ≤ η

ηw 

≤ 9 . 75 (7) 
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Fig. 3. Experimental and predicted values of (A) average convective heat transfer coefficient ( h ) and (B) pressure drop ( �p ) for pristine [C 2 C 1 im][SCN]. Predicted values were 

calculated from the Sieder-Tate equation ( Eq. (6) ) and the Darcy-Weisbach formula ( Eq. (10) ), respectively. Solid line – diagonal; dashed lines – deviation boundaries. The 

data are shown numerically in Table S6 in Supplementary Material. 
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here k is the thermal conductivity of [C 2 C 1 im][SCN] at T (Table 

3 in Supplementary Material), η and ηw 

are the dynamic viscosity 

alues of [C 2 C 1 im][SCN] at T and T w 

, respectively (the viscosity was

eported in Table S7 and Fig. S3 in Supplementary Material of ref. 

32] ), and Re, Pr are the numbers of Reynolds ( Eq. (8) ) and Prandtl

 Eq. (9) ), respectively [48 , 54 , 55] . 

e = 

v dρ

η
(8) 

 r = 

C p η

k 
(9) 

here v is the average velocity of [C 2 C 1 im][SCN] in measuring tube 

0.01–0.7 m �s –1 ), ρ is the density of [C 2 C 1 im][SCN] at T (Table S2

n Supplementary Material), and C p is the specific isobaric heat ca- 

acity of [C 2 C 1 im][SCN] at T (Table S1 in Supplementary Material). 

Similarly, the experimental pressure drop during the flow of 

ristine [C 2 C 1 im][SCN] was compared with the values calculated 

rom the Darcy-Weisbach equation for fully-developed laminar 

ow in a cylindrical tube [48] : 

p = 

64 

Re 

L 

d 

v 2 

2 

ρ. (10) 

Fig. 3 illustrates the comparison of the experimental data on 

verage convective heat transfer coefficient ( Fig. 3 A) and pres- 

ure drop ( Fig. 3 B) for [C 2 C 1 im][SCN] with the values obtained

rom Sieder-Tate equation ( Eq. (6) ) and Darcy-Weisbach formula 

 Eq. (10) ), respectively. As can be seen, there is a reasonable agree-

ent between experiment and theory. The observed deviations are 

bout ±4% and ±5% for h and �p , respectively. Moreover, these 

alues fall within the range of determined measurement uncertain- 

ies of ±6% and ±11%, respectively (see Table S5 in Supplementary 

aterial). 

. Results and discussion 

The main stage of the research involved the analysis of positive 

nd negative effects in the heat transfer of [C 2 C 1 im][SCN]-based 

NFs with MWCNT concentrations of 0.100 wt%, 0.175 wt%, and 

.250 wt%. This was accomplished through the experimental deter- 

ination of average convective heat transfer coefficient h ( Eq. (3) ) 

nd pressure drop �p ( Eq. (5) ) in the laminar flow regime (2 ≤ Re

100, 100 ≤ Pr ≤ 150, 200 ≤ Pe ≤ 10000), respectively. This mea- 

uring range was a direct result of the syringe pump ability (pump- 

ng power). The experimental values of h and �p were presented 
6 
s a function of thermal Peclet number Pe ( Eq. (11) ), characterizing 

oth physicochemical and hydrodynamic properties of the fluid. 

eclet number is the product of Reynolds number ( Eq. (8) ), which 

efines the flow regime, and Prandtl number ( Eq. (9) ), which de- 

cribes the relationship between momentum and thermal diffusiv- 

ties [48 , 54 , 55] . 

 e = 

v dρC p 

k 
(11) 

here k is the thermal conductivity of INFs at T (Table S3 in Sup- 

lementary Material and Table S4 in Supplementary Material of 

ur previous work [32] ). The relative combined standard uncer- 

ainty of Pe was estimated based on the method presented by Mof- 

at [51] and equal to ±6% (see Part III of the Supplementary Ma- 

erial). All the obtained values of h , �p , and Pe are collected in

ables S7 and S8 in Supplementary Material and shown in Figs. 4 A 

nd 5 A. 

Based on the average convective heat transfer coefficient h , 

he dimensionless average Nusselt number Nu was calculated 

47 , 48] : 

u = 

hd 

k 
. (12) 

The obtained Nu values are collected in Table S7 in Supplemen- 

ary Material and shown in Figs. 4 B. The relative combined stan- 

ard uncertainty of Nu is equal to ±8% (see Part III of the Supple- 

entary Material). 

Furthermore, the measured pressure drop �p was used to cal- 

ulate the Darcy friction factor f according to the equation [56–

8] : 

f = 

2 d�p 

Lρv 2 
. (13) 

The obtained results of f are collected in Table S8 in Supple- 

entary Material and shown in Figs. 5 B. The relative combined 

tandard uncertainty of f is equal to ±12% (see Part III of the Sup- 

lementary Material). 

As can be seen in Fig. 4 A, the average convective heat trans- 

er coefficient of INFs is much higher than that of the base IL, and 

t increases with increasing Peclet number as well as nanoparti- 

le concentration. The maximum value of h is 1363 W �m 

–2 �K 

–1 for 

he most concentrated nanodispersion of 0.250 wt% at the high- 

st Peclet number of ca. 10 0 0 0. This is an increase of 48.1% com-

ared to pristine IL under the same hydrodynamic conditions. In 

 similar literature study, Naddaf et al. [50] reported a maximum 
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Fig. 4. “Positive effects” in heat transfer of analyzed INFs as a function of Peclet number ( Pe ): (A) experimental values of average convective heat transfer coefficient ( h ); (B) 

experimental data (points) and correlated values (lines, Eq. (14) ) of average Nusselt number ( Nu ). The data are shown numerically in Table S7 in Supplementary Material. 

Fig. 5. “Negative effects” in heat transfer of analyzed INFs as a function of Peclet number ( Pe ): (A) experimental values of pressure drop ( �p ); (B) experimental data (points) 

and correlated values (lines, Eq. (15) ) of Darcy friction factor ( f ) – for Pe up to 30 0 0, the point size is of order of error bar of Pe . The data are shown numerically in Table S8 

in Supplementary Material. 
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1% increase in convective heat transfer coefficient (up to 380 

 �m 

–2 �K 

–1 ) during laminar flow (50 < Re < 100) of viscous diesel

il-based NFs containing 0.2 wt% GNPs or MWCNTs (with an aver- 

ge aspect ratio of 300) in a horizontal cylindrical tube. Also, Razi 

t al. [59] observed only a 5% enhancement of heat transfer coeffi- 

ient (up to 230 W �m 

–2 �K 

–1 ) in the range of 10 < Re < 100 when

esting CuO–base oil NF (0.2 wt% loading) under analogous hydro- 

ynamic and geometric conditions. For comparison, in the case of 

ore conventional Al 2 O 3 -distilled water nanodispersions, the max- 

mum augmentation of laminar convective heat transfer coefficient 

n a straight cylindrical tube at low nanoparticle concentration (0.2 

ol%) was approx. 25% (up to 950 W �m 

–2 �K 

–1 ) in the range of 2500

 Pe < 60 0 0 [54] . 

Such remarkable enhancement of the average convective heat 

ransfer coefficient of INFs obtained in this work cannot be ex- 

lained simply by an increase in thermal conductivity, since the 

ddition of 0.25 wt% in-house 7h MWCNTs to the base IL causes 

a. 10% rise of this parameter (see Table S3 in Supplementary Ma- 

erial). It seems that the enhanced heat transfer of INFs may be re- 

ated to the increased temperature gradient at the wall of measur- 

ng tube, caused by the non-uniform distribution of nanoparticles, 

specially with a high aspect ratio [54 , 60] . This phenomenon can 

e due to Brownian motion, stochastic movements, dispersion ef- 

ects, nanoclustering, thermophoresis, and non-uniform shear rate 

cross the tube [47 , 54] . Some researchers indicate that a key fac-

or in the intensification of nanofluid heat transfer is a reduced 

hickness of thermal boundary layer [47 , 60] . The measured values 

f Prandtl number between 100 and 150 indicate that the thermal 
7 
oundary layer is much thinner compared to the velocity bound- 

ry layer, thus the momentum diffusivity dominates over the ther- 

al diffusivity. Moreover, at high nanofluid flow rates (high values 

f Reynolds and Peclet numbers), the nanoparticle fluctuations can 

atten the temperature profile, which becomes similar to that seen 

n turbulent flow, and which increases the heat transfer [55] . 

The average convective heat transfer coefficient h is often pre- 

ented in the form of dimensionless Nusselt number Nu , defined 

y Eq. (12) . The obtained results for analyzed INFs clearly indicate 

hat heat transfer by convection prevails over conduction and this 

ffect significantly increases with Peclet number ( Fig. 4 B). The ob- 

erved range of average Nusselt number 0 < Nu < 11 is typical of 

anofluid laminar flow [54 , 55 , 61–66] and much lower than in the 

ase of turbulent motion, where Nu usually ranges from 50 to 250 

67–70] . 

The main purpose of preparing INFs is to enhance the heat 

ransfer of base IL, however, it has a negative effect on the flow 

roperties, because solid nanoparticles increase the viscosity and 

equired pump power [71] . As can be seen in Fig. 5 A, pressure

rop �p during the flow of INFs significantly increases with the 

oading of in-house 7h MWCNTs and Peclet number. For instance, 

he augmentation of �p for the most concentrated INF at maxi- 

um Pe is 55.2% compared to the data for pristine [C 2 C 1 im][SCN]. 

his may be the result of aggregation and entanglement of long 

WCNTs in IL [72] . No drag reduction is observed, although it was 

uggested in several previous research works on the rheology of 

ow-concentrated MWCNT-based INFs [72–74] . The pressure drop 

easured by us is higher than in the case of other literature stud- 
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Fig. 6. Figures of merit of analyzed INFs for heat transfer purposes as a function of Peclet number ( Pe ): (A) performance evaluation criterion ( PEC ) and (B) efficiency-price 

index ( EPI ). Dashed lines – pristine [C 2 C 1 im][SCN]. The data are shown numerically in Table S9 in Supplementary Material. 
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es, e.g., Razi et al. [59] , observed a pressure loss up to 20 kPa at

e = 100, while testing the laminar flow of CuO–base oil nanofluid 

2 wt% loading) in a horizontal cylindrical tube. Most likely, in- 

ouse 7h MWCNTs have a strong affinity to imidazolium cations 

roviding more ordered structures, hence, the flow resistance of 

NFs is higher [75 , 76] . 

In hydraulics and fluid mechanics, the resistance in pipe flow 

s often presented in the form of Darcy friction factor f , defined 

y Eq. (13) . As can be seen in Fig. 5 B, the highest f occurs at the

owest values of Peclet number and significantly increases with the 

oncentration of MWCNTs. This is associated with the growing im- 

ortance of viscous forces in relation to inertial forces acting on 

he fluid. As a result, by increasing fluid velocity, the Darcy friction 

actor decreases. Our outcomes for 0.1 wt% INF show very good 

greement with the data provided by Wang et al. [63] for nan- 

dispersion containing distilled water and 0.05 vol% (i.e. about 0.1 

t%) carboxyl-functionalized MWCNTs with an average aspect ra- 

io of 700. In our work and the above-mentioned literature study 

63] , in comparable flow range (i.e. 3500 < Pe < 10000 and 30 <

e < 100), the Darcy friction factor is equal to 2.2–0.8 and 2.1–0.8, 

espectively. 

In the engineering practice of designing any heat transfer 

quipment, it is often necessary to use mathematical correlations 

etween average Nusselt number Nu or Darcy friction factor f and 

heir independent variables. Therefore, such useful empirical mod- 

ls for tested INFs have been proposed, respectively: 

u = 0 . 9718 · log ( P e ) 
1 . 827 

( 1 + φ) 
144 . 3 − 4 . 347 (14) 

f = 7038 ( Pe ) 
−1 . 024 

( 1 + φ) 
513 . 5 

. (15) 

The Eqs. (14) and (15) have two dimensionless independent 

ariables: Peclet number Pe and volume fraction of nanoparticles 

. Their forms were determined via nonlinear regression anal- 

sis using the Nonlinear Surface Fit Tool with the Levenberg- 

arquardt algorithm, available in OriginPro software (OriginLab, 

SA). The proposed Eqs. (14) and (15) very well describe the 

xperimental data on heat transfer of analyzed INFs in the 

ange of 200 ≤ Pe ≤ 10 0 0 0 and 0 ≤ φ ≤ 0.00133 ( Figs. 4 B

nd 5 B). The calculated coefficient of determination is close to 

nity and takes values of R 2 = 0.986 and R 2 = 0.994 for 

q. (14) and Eq. (15) , respectively. Importantly, the inherent as- 

umption of the proposed empirical models is forced convection 

uring a single-phase fully-developed laminar flow of both New- 

onian or non-Newtonian fluid in a straight horizontal cylindrical 

ube. 
8 
.1. Figures of merit 

To clarify the trade-off between heat transfer enhancement and 

ressure drop penalty due to the presence of MWCNTs within the 

ase IL, the non-dimensional performance evaluation criterion PEC 

as determined according to Eq. (16) [77] . The detailed derivation 

f PEC can be found in ref. [78] . It expresses the relation between

he average Nusselt number improvement and the Darcy friction 

actor increase at constant pumping power conditions. 

EC = 

Nu INF 

Nu IL (
f INF 

f IL 

) 1 
3 

(16) 

here Nu IL , Nu INF are the average Nusselt numbers for IL and INF, 

espectively, and f IL , f INF are the Darcy friction factors for IL and 

NF, respectively. The obtained results are collected in Table S9 in 

upplementary Material and shown in Fig. 6 A. 

In order to verify the cost-effectiveness of adding MWCNTs 

o base IL, we proposed a new thermo-economic criterion called 

fficiency-price index EPI defined as: 

PI = 

PEC (
$ INF 

$ IL 

) (17) 

ith 

 INF = $ IL + $ MWCNTs + $ UT (18) 

here $ INF is the total cost of INF preparation, $ IL is the price of 

ase IL, $ MWCNTs is the total cost of nanotube synthesis, and $ UT is 

he cost of dispersing MWCNTs in base IL by ultrasound treatment. 

 summary of the costs is shown in Table 1 , while a detailed list

f costs can be found in Table S4 in Supplementary Material. The 

alculated values of EPI are collected in Table S9 in Supplementary 

aterial and shown in Fig. 6 B. 

As illustrated in Fig. 6 A, PEC is higher than unity virtually in 

he entire measuring range, except for the lowest applied flow 

ates, i.e., at Pe < 10 0 0. Hence, it can be concluded that the pos-

tive effects of improved heat transfer of studied INFs exceed the 

egative effects of augmented friction losses. Furthermore, an in- 

rease in the MWCNT concentration enhances the overall ther- 

al performance of INFs. The maximum observed PEC of 1.26 is 

ignificant compared to the literature data on heat transfer per- 

ormance in deep laminar flow regime ( Re < 100) for conven- 

ional nanodispersions containing carbon nanoparticles and high- 

iscosity base liquids, e.g., MWCNTs/GNPs and diesel oil [50] or 

WCNTs and heat transfer oil [79] , for which the average PEC was 

bout 1.1. Moreover, our results are comparable to the simulation 

ata of [C C im][NTf ] + Al O , determined by El-Maghlany and
4 1 2 2 3 
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Table 1 

Material and preparation costs of analyzed INFs. 

ID IL volume (mL) MWCNT concentration (wt%) MWCNT weight (g) $ IL ($) $ MWCNTs ($) $ UT ($) 

Sample 1 150 0.100 0.1674 174.36 2.54 0.01 

Sample 2 150 0.175 0.2933 174.36 4.44 0.01 

Sample 3 150 0.250 0.4192 174.36 6.35 0.01 
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inea [36] , at much higher nanoparticle concentration (1 vol%) 

nd Reynolds number (100 < Re < 2000). 

A significant disadvantage of PEC is the omission of material 

nd preparation costs of INFs. Therefore, we proposed a new non- 

imensional thermo-economic criterion called efficiency-price in- 

ex EPI , defined by the Eq. (17) . The calculated values of EPI as a

unction of Peclet number are shown in Fig. 6 B. The course of EPI

nd PEC curves is very similar except for a slight reduction in the 

alue of EPI which depends on the dose of MWCNTs. The maxi- 

um value of EPI is 1.21, which is only of 3.5% lower than PEC 

nder the same measuring conditions. These results clearly indi- 

ate that the addition of in-house 7h MWCNTs to [C 2 C 1 im][SCN] 

s economically justified, as the total costs of synthesis and disper- 

ion of nanotubes are insignificant compared to the price of base 

onic liquid. 

. Conclusions 

Our work is the first fully experimental analysis of the heat 

ransfer performance of INFs in the laminar flow regime (2 ≤ Re 

100, 100 ≤ Pr ≤ 150, 200 ≤ Pe ≤ 10000), taking into account 

oth gains and losses from the use of this type of media. A de- 

ailed analysis of the results shows that the average convective 

eat transfer coefficient h and the pressure drop �p increase sig- 

ificantly with nanoparticle concentration and nanodispersion flow 

ate. In the case of the most concentrated INF (0.25 wt%) at the 

aximum Pecklet number (ca. 10 0 0 0), the enhancement of h and 

p reaches 48.1% and 55.2% compared to base IL, respectively. To 

larify the trade-off between heat transfer improvement and pres- 

ure drop penalty due to the presence of MWCNTs within the base 

L, two figures of merit have been introduced: performance evalu- 

tion criterion ( PEC ) and efficiency-price index ( EPI ). Both PEC and

PI are higher than unity in the entire measuring range, except for 

he lowest applied flow rates of INFs ( Pe < 10 0 0). The maximum

bserved values of PEC and EPI are equal to 1.26 and 1.21, respec- 

ively. These values clearly indicate that the addition of in-house 

h MWCNTs to [C 2 C 1 im][SCN] is justified from both thermophysi- 

al and economic points of view. 

Our research shows that when the concentration of MWCNTs 

ncreases, the heat transfer efficiency of INFs also rises (see PEC 

nd EPI parameters in Fig. 6 ), thus, it would be worthwhile to 

ake measurements on dispersions containing higher doses of the 

anoparticles ( > 0.25 wt%). However, this requires the use of a 

ew closed-circuit installation with a much more powerful non- 

ulsating delivery pump, due to the significantly enhanced viscos- 

ty of such media. It would also be valuable to take measurements 

n the turbulent regime, since the drag reduction effect may occur 

nd be beneficial to the overall heat transfer performance of INFs. 

urthermore, an interesting possibility might be to study the heat 

ransfer efficiency of nanodispersions based on other low-viscosity 

nd low-toxicity ionic liquids, e.g., 1-ethyl-3-methylimidazolium 

icyanamide [C 2 C 1 im][DCA] or 1-ethyl-3-methylimidazolium tri- 

yanomethanide [C 2 C 1 im][TCM]. 
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dward Zor ębski: Investigation, Methodology, Validation, Formal 

nalysis, Data curtion. Heather F. Greer: Investigation, Methodol- 

gy, Resources. Marzena Dzida: Conceptualization, Methodology, 

alidation, Investigation, Resources, Writing – original draft, Writ- 

ng – original draft, Writing – review & editing, Supervision, Project 

dministration, Funding acquisition. Sławomir Boncel: Conceptual- 

zation, Methodology, Validation, Investigation, Resources, Writing 

original draft, Writing – original draft, Visualization, Writing –

eview & editing, Supervision, Project administration, Funding ac- 

uisition. 

cknowledgments 

BJ, GD, AK, RJ, EZ, MD, and SB thank the National Science Cen- 

re (Poland) for the financial support in the framework of OPUS 

rant No. 2017/27/B/ST4/02748. HFG thanks the EPSRC Underpin- 

ing Multi-User Equipment Call (EP/P030467/1) for funding the 

EM. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.ijheatmasstransfer. 

021.121161 . 

eferences 

[1] H. Esen, M. Inalli, M. Esen, Technoeconomic appraisal of a ground source heat 
pump system for a heating season in eastern Turkey, Energy Convers. Manag. 

47 (2006) 1281–1297, doi: 10.1016/j.enconman.2005.06.024 . 
[2] H. Esen, M. Inalli, M. Esen, A techno-economic comparison of ground-coupled 

and air-coupled heat pump system for space cooling, Build. Environ. 42 (2007) 
1955–1965, doi: 10.1016/j.buildenv.20 06.04.0 07 . 

[3] M. Esen, T. Yuksel, Experimental evaluation of using various renewable en- 

ergy sources for heating a greenhouse, Energy Build 65 (2013) 340–351, doi: 10. 
1016/j.enbuild.2013.06.018 . 

[4] K. Singh, R. Das, Exergy optimization of cooling tower for HGSHP and 
HVAC applications, Energy Convers. Manag. 136 (2017) 418–430, doi: 10.1016/ 

j.enconman.2017.01.024 . 
[5] K. Singh, R. Das, Simultaneous optimization of performance parameters and 

energy consumption in induced draft cooling towers, Chem. Eng. Res. Des. 123 

(2017) 1–13, doi: 10.1016/j.cherd.2017.04.031 . 
[6] K. Singh, R. Das, An improved constrained inverse optimization method for 

mechanical draft cooling towers, Appl. Therm. Eng. 114 (2017) 573–582, doi: 10. 
1016/j.applthermaleng.2016.12.002 . 

[7] K. Singh, R. Das, Improved Quantification of Exergy Destruction in Mechanical 
Cooling Tower Considering All Tower Inlet Parameters, J. Heat Transf. (2018) 

140, doi: 10.1115/1.4038479 . 
[8] L. Das, K. Habib, R. Saidur, N. Aslfattahi, S.M. Yahya, F. Rubbi, Improved Ther- 

mophysical Properties and Energy Efficiency of Aqueous Ionic Liquid/MXene 

Nanofluid in a Hybrid PV/T Solar System, Nanomaterials. 10 (2020) 1372, 
doi: 10.3390/nano10071372 . 

[9] H.G. Zavaragh, A. Kaleli, F. Afshari, A. Amini, Optimization of heat transfer and 
efficiency of engine via air bubble injection inside engine cooling system, Appl. 

Therm. Eng. 123 (2017) 390–402, doi: 10.1016/j.applthermaleng.2017.04.164 . 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121161
https://doi.org/10.1016/j.enconman.2005.06.024
https://doi.org/10.1016/j.buildenv.2006.04.007
https://doi.org/10.1016/j.enbuild.2013.06.018
https://doi.org/10.1016/j.enconman.2017.01.024
https://doi.org/10.1016/j.cherd.2017.04.031
https://doi.org/10.1016/j.applthermaleng.2016.12.002
https://doi.org/10.1115/1.4038479
https://doi.org/10.3390/nano10071372
https://doi.org/10.1016/j.applthermaleng.2017.04.164
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B. Jóźwiak, G. Dzido, A. Kolanowska et al. International Journal of Heat and Mass Transfer 172 (2021) 121161 

[

[

[  

[

[

[

[  

[

[

[

[

[

[  

[

[  

[

61] Y. Yang, Z.G. Zhang, E.A. Grulke, W.B. Anderson, G. Wu, Heat transfer prop- 
erties of nanoparticle-in-fluid dispersions (nanofluids) in laminar flow, Int. J. 

Heat Mass Transf. 48 (2005) 1107–1116, doi: 10.1016/j.ijheatmasstransfer.2004. 
09.038 . 

62] D. Ashtiani, M.A. Akhavan-Behabadi, M.F. Pakdaman, An experimental investi- 
gation on heat transfer characteristics of multi-walled CNT-heat transfer oil 

nanofluid flow inside flattened tubes under uniform wall temperature con- 
dition, Int. Commun. Heat Mass Transf. 39 (2012) 1404–1409, doi: 10.1016/j. 

icheatmasstransfer.2012.07.017 . 

63] J. Wang, J. Zhu, X. Zhang, Y. Chen, Heat transfer and pressure drop of nanoflu-
ids containing carbon nanotubes in laminar flows, Exp. Therm. Fluid Sci. 44 

(2013) 716–721, doi: 10.1016/j.expthermflusci.2012.09.013 . 
64] C. Selvam, S. Harish, D.M. Lal, Effective thermal conductivity and rheological 

characteristics of ethylene glycol-based nanofluids with single-walled carbon 
nanohorn inclusions, Fuller. Nanotub. Carbon Nanostructures. 25 (2017) 86–93, 

doi: 10.1080/1536383X.2016.1261285 . 

65] A. Tahiri, K. Mansouri, Theoretical investigation of laminar flow convective heat 
transfer in a circular duct for a non-Newtonian nanofluid, Appl. Therm. Eng. 

112 (2017) 1027–1039, doi: 10.1016/j.applthermaleng.2016.10.137 . 
66] H.-H. Ting, S.-S. Hou, Investigation of Laminar Convective Heat Transfer for 

Al2O3-Water Nanofluids Flowing through a Square Cross-Section Duct with a 
Constant Heat Flux, Materials. 8 (2015) 5321–5335, doi: 10.3390/ma8085246 . 

67] A .A . Hachicha, Z. Said, S.M.A. Rahman, E. Al-Sarairah, On the thermal and ther-

modynamic analysis of parabolic trough collector technology using industrial- 
grade MWCNT based nanofluid, Renew. Energy. 161 (2020) 1303–1317, doi: 10. 

1016/j.renene.2020.07.096 . 
68] B. Saleh, L.S. Sundar, Entropy generation and exergy efficiency analysis of ethy- 

lene glycol-water based nanodiamond + Fe3O4 hybrid nanofluids in a circular 
tube, Powder Technol. 380 (2021) 430–442, doi: 10.1016/j.powtec.2020.12.006 . 

69] S. Zhang, L. Lu, T. Wen, C. Dong, Turbulent heat transfer and flow analy- 

sis of hybrid Al2O3-CuO/water nanofluid: An experiment and CFD simulation 
study, Appl. Therm. Eng. 188 (2021) 116589, doi: 10.1016/j.applthermaleng.2021. 

116589 . 
11 
70] L.S. Sundar, M.K. Singh, A.C.M. Sousa, Turbulent heat transfer and friction 
factor of nanodiamond-nickel hybrid nanofluids flow in a tube: An exper- 

imental study, Int. J. Heat Mass Transf. 117 (2018) 223–234, doi: 10.1016/j. 
ijheatmasstransfer.2017.09.109 . 
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