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Abstract
The carbon nanotubes are considered as one of the highest thermal conductive material which is having a variety of heat

transfer applications. The suitability of carbon nanotubes in convective heat transfer is examined using multi-wall carbon

nanotubes (MWCNT)-thermal oil-based nanofluids. Stable nanofluids are prepared in the concentration range of 0–1 mass%

and Prandtl number range of 415 B Pr B 600 using ultrasonication. The natural convection heat transfer behavior is studied

experimentally in a vertical rectangular enclosure with aspect ratio 4. The heat transfer experiments are conducted at varying

heat flux in the range of 1594–3150 W m-2. The heat transfer coefficient, Nusselt number and Rayleigh number are estimated

for MWCNT-thermal oil-based nanofluids and are compared with pure thermal oil. A significant deterioration in heat transfer

coefficient is observed at higher concentrations of nanofluids. The study signifies the adverse impact on the cooling perfor-

mance of MWCNT-thermal oil-based nanofluids in natural convection heat transfer, even though higher thermal conduc-

tivities are observed in nanofluids. It is found that not only thermal conductivity is essential property in heat transfer, but other

thermophysical properties are also influential towards thermal management.
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List of symbols
A Heat transfer area in the test cell (m2)

AR Aspect ratio (m)

Cp Specific heat capacity of cooling water

(kJ kg-1 �C)
Cpbf Specific heat capacity of base-fluid (kJ kg-1 �C)
Cpnf Specific heat capacity of nanofluid (kJ kg-1 �C)
Eh; max Maximum possible uncertainty for heat transfer

coefficient (–)

EI Maximum possible uncertainty for ammeter (–)

EMB Maximum possible uncertainty for mass balance

(–)

ET Maximum possible uncertainty for temperature (–)

EV Maximum possible uncertainty for voltmeter (–)

g Acceleration due to gravity (m s-2)

Gr Grashof number (–)

h Heat transfer coefficient (W m-2 �C)
I Current (Ampere)

kbf Thermal conductivity of base-fluid (W m-1 �C)
knf Thermal conductivity of nanofluid (W m-1 �C)
kw Thermal conductivity of the wall (W m-1 �C)
m Mass flow rate of cooling water (kg s-1)

mbf Mass of base-fluid (kg)

mnp Mass of nanoparticle (kg)

Nu Nusselt number (–)

Pr Prandtl number (–)

q Heat flux (W m-2)

Q Heat transfer rate (W)

QC Heat transfer rate at the cold side (W)

QH Heat transfer rate at the hot side (W)

Ra Rayleigh number (–)

t Time (s)

T Temperature (�C)
Tavg Average temperature (�C)
TC Corrected surface temperature of the cold wall

(�C)
TC; out Temperature of cold wall (�C)
TH Corrected surface temperature of the hot wall (�C)
TH; out Temperature of hot wall (�C)
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Tin Temperature of cooling water inlet (�C)
Tout Temperature of cooling water outlet (�C)
V Voltage (V)

wt:fr Weight fraction of nanoparticles in nanofluid (–)

x Position of the thermocouples (m)

xw Thickness of the wall (m)

Greek symbols
b Coefficient of thermal expansion (1/�C)
bbf Coefficient of thermal expansion of base-fluid (1/�C)
bnf Coefficient of thermal expansion of nanofluid (1/�C)
bnp Coefficient of thermal expansion of nanoparticle (1/

�C)
uP Weight fraction of nanoparticles (–)

uv Volume fraction of nanoparticles (–)

q Density (kg m-3)

qbf Density of base-fluid (kg m-3)

qnf Density of nanofluid (kg m-3)

qnp Density of nanoparticle (kg m-3)

l Viscosity (Pa s)

lbf Viscosity of base-fluid (Pa s)

lnf Viscosity of nanofluid (Pa s)

d Distance between hot and cold walls (m)

Introduction

The cooling characteristics of heat transfer processes are

highly dependent on the thermophysical properties of

thermal fluids in the system. The thermal fluids are utilized

in variety of industries particularly in microelectronics,

nuclear cooling, solar collectors, power generation, dis-

tributor transformer heat exchangers, air conditioning, and

engine cooling. The conventional thermal fluids are not

favorable for heat transfer due to weak thermal properties

and extensive progress is required for the preparation and

utilization of upgraded thermal fluids for advanced heat-

transfer applications. The addition of nanoparticles in

conventional thermal fluids for the improvement in thermal

properties can be an exquisite choice for the optimal and

economical thermal management of heat-transfer pro-

cesses. The unique thermal, chemical and mechanical

properties of nanoparticles tend towards the preparation of

different combinations of nanofluids for many applications

other than heat transfer such as pharmaceuticals, food

processing, crystal growth, fuels, and lubricants [1–4].

Extensive studies are found on the improved effective

thermal conductivity of nanofluids [5]. However, the

thermal conductivity solely cannot define the heat transfer

improvement in heat transfer processes. The addition of

nanoparticles in conventional base-fluids alters other ther-

mophysical properties such as density, viscosity, specific

heat capacity and coefficient of thermal expansion. It is

noteworthy that most of the industrial thermal management

is carried out using convective heat transfer processes [6].

In convective heat transfer processes, all of the afore-

mentioned effective properties play a significant role. The

increase in effective density and effective viscosity of

nanofluids can deteriorate the heat transfer performance.

Other than these, the stability of nanofluids is an important

aspect for the efficient utilization of nanofluids in various

applications. Extensive studies on the stability of nanoflu-

ids are found and researchers have managed to stabilize

different types of nanoparticles in conventional liquids

using mechanical and chemical techniques [7–9].

Carbonaceous nanoparticles are known for their highest

thermal conductivities especially carbon nanotubes (CNT).

There are many studies reporting the improvement of

effective thermal conductivity in the colloidal dispersions

of CNT-water- and CNT-oil-based nanofluids. Limited

experimental investigations are found on the natural con-

vective heat transfer performance of CNT-based nanoflu-

ids. Natural convection heat transfer process depends on

the buoyancy-driven forces which can be significantly

affected by the increase in effective viscosity and effective

density of working fluid [10].

Natural convection heat transfer behavior in nanofluids

has been theoretically studied widely in different geome-

tries and scenarios [11–17]. However, few experimental

investigations are reported on the natural convection in

nanofluids [18]. A few studies have pointed out the sig-

nificant difference between theoretical and experimental

investigations [19]. Hu et al. [20] investigated natural

convection behavior of alumina-water-based nanofluids in

square enclosure experimentally and theoretically. The low

concentration of nanofluids (1 mass%) showed better

Nusselt number values as compared to high concentrations

of nanofluids (2–3 mass%). They termed effective thermal

conductivity as an advantageous factor and effective vis-

cosity as a disadvantageous factor for heat transfer

improvement using nanofluids. Mahrood et al. [21] inves-

tigated the natural convection behavior in TiO2- and

Al2O3- carboxymethyl cellulose/water-based non-Newto-

nian nanofluids. The lower concentrations (� 0:2 vol%)

showed incremental Nusselt number. However, the values

of Nusselt number decreased in higher concentrations of

nanofluids.

Li et al. [22] investigated the natural convection

behavior in ZnO-ethylene glycol/water-based nanofluids

based on experimentally measured thermophysical prop-

erties. It was found that the heat transfer coefficient of

nanofluids increases with an increase in heating power in

the enclosure. It was also observed that the nanofluids with

higher percentage of ethylene glycol exhibited poor heat

transfer performance. The reason was attributed to the
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higher thermal resistance caused by ethylene glycol.

Beheshti et al. [23] experimentally the investigated natural

convection heat transfer behavior in low concentrations of

0.001 and 0.01 mass% multi-wall carbon nanotubes

(MWCNT)-transformer oil-based nanofluids at input power

range of 50–150 W. The Nusselt number and heat transfer

coefficient were found to be increasing with nanotube

concentration. Amiri et al. [24] experimentally studied the

natural convection behavior in hexylamine coated

MWCNT-transformer oil-based nanofluids. Two different

concentrations of nanofluids, 0.001 and 0.005 mass%, were

investigated in a transformer reservoir model. It was found

that heat transfer coefficient increased with an increase in

nanotube concentration and input power.

Thomas et al. [25] investigated the cooling behavior of

boron nitride-mineral oil-based nanofluids. The natural

convection behavior was studied in a lumped system where

a copper test piece was heated up to a known temperature

and then dipped inside the nanofluid originally at room

temperature. The temperature transients of the copper test

piece were compared with the pure oil and it was found that

the nanofluids did not have any significant effect on the

cooling performance. The heat transfer coefficient of

nanofluids was found to be slightly lower than pure oil.

Heris et al. [26] experimentally investigated the natural

convection in an inclined cavity using CuO-, TiO2-, Al2O3-

turbine oil-based nanofluids. It was reported that the Nus-

selt number of pure oil was found to be higher than

nanofluids for all inclination angles. It was found that the

TiO2-based nanofluids comparably exhibited higher Nus-

selt number than other nanofluids for all concentrations.

Table 1 presents the natural convection behavior of dif-

ferent nanofluids in different geometries.

Many studies have reported the incremental effective

thermal conductivity of carbon nanotubes-based nanofluids

[35]. However, the performance of high concentrations of

carbon nanotubes-based nanofluids during natural convec-

tion heat transfer process at varying particle loading are not

found in literature. Very few studies are found on the

natural convection heat transfer behavior in oil-based

nanofluids. In a recent study [18], functionalized alumina

(f-Al2O3)-thermal oil-based nanofluids were used to

investigate the natural convection heat transfer behavior in

a vertical rectangular enclosure. Whereas, in the present

work, MWCNT-thermal oil-based nanofluids with different

nanotube concentrations are employed to analyze heat

transfer characteristics, which implies the novelty of the

present work. The present work aims to address the

aforementioned deficit in the existing literature and there is

a need to study and characterize the heat transfer behavior

of different combinations of nanofluids. The natural con-

vection behavior of nanotubes-based nanofluids is investi-

gated at high concentrations (up to 1 mass%). The

experimentally measured thermophysical properties are

used to estimate heat transfer characteristics. The thermo-

physical properties are taken from Ilyas et al. [36]. The

suitability of CNT-thermal oil-based nanofluids for con-

vective heat transfer processes is investigated at a fixed

aspect ratio of 4 and different input heat fluxes.

Materials

The nanofluid is comprised of multi-walled carbon nan-

otubes and thermal oil. The acquired MWCNTs (US

Research Nanomaterials Inc., USA) are having high purity

with a carbon content of[ 97 mass%. The inner and outer

diameters of the nanotubes are in the range of 5–12 and

30–40 nm, respectively. The length of the MWCNTs is in

the range of 10–20 lm. The scanning electron microscopy

(SEM) image of the nanotubes is shown in Fig. 1a. The

transmission electron microscopy of a single nanotube with

multi-walls is shown in Fig. 1b. The base-fluid, thermal oil,

is a paraffinic type (C15–C50) of refined mineral oil with a

purity of up to 99 mass%. The thermophysical properties

of nanotubes and thermal oil are given in Table 2 [36].

Preparation and stability of nanofluids

The nanofluids are prepared in variety of concentrations

ranging from 0 to 1 mass%. The researchers have reported

different chemical and mechanical mixing techniques to

stabilize nanofluids [37]. However, in the current work, the

stability of MWCNT-thermal oil-based nanofluids is

achieved by using only mechanical mixing technique (ul-

trasonication). An ultrasonic homogenizer (Biologics Inc.,

150 V/T) is used to mechanically stabilize nanotubes in

thermal oil. The ultrasonicator is operated at 20 kHz fre-

quency. The ultrasonication operation is applied for 45 min

at 30% pulse and 70% power for each nanofluid sample.

The sedimentation analysis is carried out and none of the

nanofluids showed sediment for at least a month, the details

are discussed in Ilyas et al. [36]. After 1 month, slight

flocculated-type sediment [38] is observed in low concen-

trations of nanofluids, shown in Fig. 2a. The higher con-

centrations of nanofluids exhibited remarkable stability and

nanotubes are found to be stable. The better stability at

high concentrations of nanofluid is attributed to the

entanglement behavior of MWCNTs in thermal oil, which

causes significant increase in the viscosity. Due to this

increment in the viscosity at higher concentration, the

dispersion of nanotubes in oil becomes prodigious as

compared to lower concentration of nanotubes in thermal

oil. The particle size distribution analysis is carried out for

0.1 mass% of nanofluids is shown in Fig. 2b [36]. It is
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found that the average agglomerate size of the nanofluid

did not exceed * 250 nm after applying ultrasonication.

Thermophysical properties of nanofluids

The thermophysical properties of nanofluids are experi-

mentally measured and the detailed discussion can be

found in the previous study [36]. It is known from many

aforementioned studies, in most cases, the theoretical

models do not predict thermophysical properties with

precision. The aim of this study is to apply experimentally

measured thermophysical properties for the analysis of heat

transfer characteristics of nanofluids. The correlations

based on the experimentally measured thermophysical

properties of MWCNTs-thermal oil-based nanofluids are

tabulated in Table 3. These correlations are used in the

calculation of Nusselt number, average heat transfer coef-

ficient and Rayleigh number. The effective density of

MWCNT-thermal oil-based nanofluids was found to be

closely following the theoretical model [36]. The model

was proposed by Pak and Cho [39], given in Eq. 1. The

model is based on the volumetric concentrations to predict

effective density of nanofluids. Therefore, a conversion

equation is used, given in Eq. 2. The correlations for other

thermophysical properties, i.e., effective viscosity, effec-

tive thermal conductivity, effective specific heat capacity

Table 1 Experimental studies on the natural convection heat transfer in different nanofluids

Researcher Geometry Nanoparticle Base-

fluid

Parameters Remarks

Putra et al. [27] Cylindrical

cell

Al2O3 and

CuO

Water AR ¼ 0:5; 1

uv ¼ 1%; 4%

107 �Ra� 109

The Nusselt number decreases with the increase in

particle concentration

Ho et al. [28] Square

enclosure

Al2O3 Water 0�uvð%Þ� 4 The heat transfer increment was found at low

concentration (0.1 vol%) nanofluids.

Kouloulias

et al. [29]

Rectangular

enclosure

Al2O3 Water 125�QðWÞ� 175

0�uvð%Þ� 0:12

2:5� 109 �Ra� 5:2� 109

The heat transfer coefficient decreased with the increase

in nanoparticle loading.

Wen and Ding

[30]

Horizontal

cylinder

TiO2 Water 0�uvð%Þ� 1

104 �Ra� 106

The deterioration in heat transfer increased with

nanoparticle concentration

Nnanna [31] Rectangular

enclosure

Al2O3 Water 0�uvð%Þ� 8

9:16�QðWÞ� 120:91

The Nusselt number showed improvement for low

concentration of nanofluids (� 2%).

Ni et al. [32] Cylindrical

cell

Al2O3 Water uv ¼ 0:01%; 0:1%

2:6� 108 �Ra� 7:7� 109

The heat transfer coefficient and Nusselt number

decreased with an increase in nanoparticle

concentration

Li and Peterson

[33]

Rectangular

enclosure

Al2O3 Water 0�uvð%Þ� 6 The natural convection deteriorated in nanofluids due to

thermophoretic motion of nanoparticles

Choudhary and

Subudhi [34]

Rectangular

enclosure

Al2O3 Water 0�uvð%Þ� 6

0:3�AR� 2:5

Higher concentration of nanofluids exhibited

deterioration in heat transfer

Fig. 1 a Scanning electron microscopy 1(SEM); b transmission

electron microscopy image of MWCNT
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and effective coefficient of thermal expansion are tabulated

in Table 3 [36].

qnf ¼ uvqnp þ ð1� uvÞqbf ð1Þ

uv ¼
mnp

�
qnp

mnp

�
qnp þ mbf=qbf

ð2Þ

The thermophysical properties of the nanofluids play a

vital role in heat transfer improvement [40]. It is

notable that all thermophysical properties change with

respect to the change in nanoparticle concentration; how-

ever, significant or insignificant. The improvement in

effective thermal conductivity of nanofluids is the only

advantageous scenario for natural convective heat transfer

[41]. The relative changes in thermophysical properties of

MWCNT-thermal oil-based nanofluids at 30 �C and dif-

ferent particle loadings are shown in Fig. 3. It is observed

that the relative changes in effective density and effective

coefficient in thermal expansion are insignificant. The

maximum reduction in effective coefficient of thermal

expansion is observed to be 1.06% at 1 mass% concen-

tration of MWCNT in thermal oil. The effective density of

nanofluids is observed to be increased slightly up to 0.66%

at 1 mass% MWCNT in thermal oil. The maximum

increment in effective thermal conductivity is found to be

18.6% at 30 �C. A disagreement in the incremental effec-

tive thermal conductivity of nanotubes-oil-based nanofluids

at different particle loadings was found in the literature

[36, 42]. The effective viscosity of the nanofluids is

observed to be increasing massively with the addition of

nanotubes. The maximum increase is observed to be

62.22% at 1 mass% nanotube loading. The increment in

viscosity of nanofluids was reported in many studies [43].

The relative changes in effective specific heat capacity are

observed at different nanotube loadings and a maximum

decrement of 12.62% is found. Similar trends were found

in previous studies [28, 44].

Experimental setup and procedure

Natural convection setup

The natural convection heat transfer behavior in MWCNT-

thermal oil-based nanofluids at various nanotube concen-

trations is investigated in a vertical rectangular enclosure.

The aspect ratio of the enclosure is 4. The natural con-

vection test cell with inner dimension of 12 9 4 9 3 cm is

fabricated by stainless steel (SS304). The wall thickness of

the hot and cold sides of the test cell is 2 mm while other

walls have a thickness of 4 mm. A mica-strip heater

(100 W) of 4 mm thickness and dimensions of 12 cm 9

4 cm is attached to the hot wall, shown in Fig. 4 [18]. The

heater is used to supply uniform heat flux at the hot-side.

The cooling wall is attached to a cooling jacket. A constant

flow rate of cooling water from the thermostatic bath is

used to dissipate heat from the test cell. The type-K ther-

mocouples are attached to the hot wall (TC1 and TC2) and

Table 2 The properties of

MWCNTs and paraffinic

thermal oil

Properties MWCNT Thermal oil

Density (kg m-3) at 15 �C * 2100 854.5

Viscosity (m2 s-1) at 40 �C – 4 9 10-5

Thermal conductivity (W m-2 oC) at 35 �C * 2000 0.133

Specific heat capacity (kJ kg-1 �C) at 45 �C 0.733 1.97
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b

Fig. 2 a The visual sedimentation analysis of nanofluids after

1 month; b particle size distribution of 0.1 wt % MWCNT-thermal

oil- based nanofluid. Reproduced with permission from [36]
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cold walls (TC4 and TC5) to measure the temperatures. At

hot-side, the thermocouples (TC1 and TC2) are attached in

between the mica-strip and the hot wall. At cold-side, the

thermocouples (TC4 and TC5) are inserted in the holes at

the middle of the cooling wall. The fluid temperature is

measured at the middle of the enclosure using a type-K

probe-thermocouple (TC3) of length 6 cm and thickness

1 mm. The two thermocouples are used to measure the

cooling water inlet and outlet temperatures to estimate the

heat output from the test cell. Teflon (PTFE) sheets are

used at the top-end and the bottom-end of the enclosure to

avoid leakage and provide insulation. A layer of insulating

sheet (Armaflex 3.2 cm) is wrapped around the test cell to

prevent heat loss.

The mica-strip heater is connected with a heater-control

setup, shown in Fig. 5. The heater-control setup is powered

by single-phase AC and consists of a temperature-

controller, shut-down safety switch, voltmeter and voltage

regulator. The current is measured by AC clamp meter. The

input heat flux at the hot-side of the enclosure is controlled

by the voltage regulator. At the cooling-side, the cooling

water inlet and outlet streams are connected to the ther-

mostatic bath, Hahnshin HS 3005 N, which operates at

constant flow rate. The thermocouples are attached to the

8-channel data acquisition system (USB-TC, Measurement

Computing Co.) to record temperature transients using a

computer. For all readings, the temperature transient

measurements are set for 1 Hz and it is observed that the

signal noise does not surpass ± 0.05 �C.

Table 3 The correlations for the effective thermophysical properties of MWCNT-thermal oil-based nanofluids [36]

Properties Parameters Correlations

Effective viscosity (Pa s) 25� Tð�CÞ� 80

0:99� 1� uPðwt:frÞ� 1

cðs�1Þ ¼ 100

lnf ¼ �1:8231� 0:0686

T
þ 1:7235ð1� uPÞ þ 3:329ð1� uPÞ2

þ 136:7838
ð1� uPÞ2

T2
� 3:2363ð1� uPÞ3 � 2347:39

ð1� uPÞ
T3

Effective thermal conductivity

(W m-2 �C)
25� Tð�CÞ� 63:15

0:99� 1� uPðwt:frÞ� 1

knf ¼ 0:595� 0:4547ð1� uPÞ

þ T 0:7422� 0:606ð1� uPÞ þ
0:2759

ð1� uPÞ
� 0:3943

ð1� uPÞ2

" #

Effective specific heat capacity

(kJ kg-1 �C)
44� Tð�CÞ� 80

0:99� 1� uPðwt:frÞ� 1

Cpnf ¼ �20þ 21:573ð1� uPÞ � 0:012T þ 0:024Tð1� uPÞ

Effective coefficient of thermal

expansion (1/�C)
20� Tð�CÞ� 60

0:99� 1� uPðwt:frÞ� 1

bnf ¼ 7:56� 10�4 þ 6:34� 10�7T � 8:09� 10�4uP

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.0 0.3 0.6 0.9

Nanoparticle concentration/mass%

μr μnf μbf= /

kr knf kbf= /

/

/

/

ρr ρnf ρbf
=

βr βnf βbf
=

CPr CPnf CPbf
=

Fig. 3 The relative changes in effective thermophysical properties of

MWCNT-thermal oil-based nanofluids at 30 �C

Sample filling/Expansion
allowance opening

Closing plate
To DAQ

PTFE
insulation

Thermocouples
Cooling 

water inlet

Cooling 
water outlet

Thermocouple

PTFE insulation

To heater
controller

Strip heater Nanofluid

Insulation
TC1

TC3

TC4

TC5
TC2

TC7

TC6

Fig. 4 The natural convection test cell with heater and cooling jacket.

Reproduced with permission from [18]

1202 S. U. Ilyas et al.

123



Data reduction

The power input at the hot-side is calculated using Eq. 3.

The heat-out from the test cell at the cooling-side is cal-

culated using Eq. 4. The heat loss is calculated for each

heat transfer experiment by taking the difference between

the heat-input to the hot wall (QH) and the heat-out from

the cooling-side (QC). It is found that the average heat loss

does not surpass 3.5% at steady-state condition.

QH ¼ VI cosðaÞ ð3Þ
QC ¼ mCPðTout � TinÞ; ð4Þ

where cosðaÞ is the power factor for the current facility and

a value of 0.9 is used for the single-phase AC-supply. The

m and CP represent the mass flow rate and the specific heat

capacity of the cooling water, respectively. The inlet and

outlet temperature of the cooling water is denoted by Tin
(TC6) and Tout (TC7), respectively. It is illustrated from

Fig. 4 that the thermocouples are attached at the outer

section of the hot wall. Similarly for cooling wall, the

thermocouples are inserted in the middle of the cold wall.

Therefore, the corrected surface temperatures at the hot

wall and cold wall boundary are calculated. The corrected

surface temperatures of the hot wall TH and cold wall TC
are calculated using Eqs. 5 and 6, respectively.

TH ¼ TH;out �
qDxw
kw

ð5Þ

TC ¼ TC;out þ
qDxw
2kw

; ð6Þ

where TH;out and TC;out represent the average of the hot-

side wall thermocouple (TC1 and TC2) measurements and

average of the cold-side thermocouple (TC3 and TC4)

measurements, respectively. The q, kw and Dxw represents

the input heat flux, thermal conductivity of the wall

material (SS304) and the thickness of the wall, respec-

tively. The heat transfer coefficient and the Nusselt number

is calculated using Eqs. 7 and 8.

h ¼ Q

AðTH � TCÞ
ð7Þ

Nu ¼ hd
k
; ð8Þ

where A, d and k represent the heat transfer area, the dis-

tance between hot and cold wall, and the thermal con-

ductivity of the liquid in the test section, respectively. The

values of A and d are constant and corresponds to 48 cm2

and 3 cm, respectively. The Rayleigh number is calculated

for the pure oil and nanofluids at varying nanoparticle

concentration uP and DT, given in Eq. 9. The Rayleigh

number is dependent on the Grashof number Gr and

Prandtl number Pr. The Gr represents the ratio of buoy-

ancy to the viscous forces while the Pr represents the ratio

of momentum diffusivity to thermal diffusivity.

Ra ¼ Gr � Pr ¼ gqbq2CPd
3

hkl
ð9Þ

The heat transfer characteristics (Nu,Gr and Pr) are

calculated at the average temperature Tavg of thermophys-

ical properties. The Tavg is given in Eq. 10.

Tavg ¼
TH þ TC

2
ð10Þ

Fig. 5 The natural convection heat transfer experimental setup
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Results and discussion

Temperature transients

The liquid is filled inside the test cell from the top and the

sample filling tube is kept open for the provision of thermal

expansion of liquid. A uniform heat flux is applied at the

hot-side. The investigations are carried out at five different

heat flux in the range of 1594–3150 W m-2. The same heat

flux is applied to all samples for comparison purpose. The

temperature transients are recorded until a steady-state

condition is achieved. At initial condition, the temperature

is at room temperature for the hot wall, cold wall, and the

liquid filled inside the enclosure. As the power switch is

turned on, the voltage is controlled to apply uniform heat

flux at the hot-side. An increase in temperature is observed

for the hot wall and the liquid sample inside the enclosure,

shown in Fig. 6. At the cold-side, a cooling jacket is used

to dissipate heat from the test cell by constant flow rate of

water. A slight increase in temperature of the cold wall is

observed as compared to the hot wall. The temperature

transients of pure thermal oil and nanotube-based

nanofluids reached steady-state condition after 1–1.5 h.

The surface corrected temperatures are calculated using the

steady-state temperatures of the hot wall and cold wall.

Figure 7 represents the corresponding changes in the

temperature transients of the hot wall at different input heat

flux. The temperature of the hot wall increases with the

increase in input heat flux.

The steady-state temperatures for the hot wall, cold wall

and the middle of the test cell for MWCNT-thermal oil-

based nanofluid (1 mass%) at different input heat flux is

shown in Fig. 8. It is observed that the hot wall temperature

(at thermocouple position x = 0) increases with increasing

input heat flux. Similar behavior is observed in nanofluid

(at x = 1.5 cm). However, a mitigated increase in nanofluid

temperature compared to the hot wall is observed with the

increase in input heat flux. Similar behaviors are reported

in previous studies by Ho et al. [28] and Putra et al. [27]. At

the cold wall (x = 3 cm), a minute increase in temperature

is observed as compared to the hot wall and the nanofluid

which is attributed to the effective dissipation of heat from

the enclosure at the cooling-side.

Heat transfer experiments

The natural convection in nanofluids takes place due to the

density difference and buoyancy forces. The particle dis-

tribution and the temperature gradient significantly affect
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the buoyancy drive-natural convection. There are many

factors which significantly affect natural convection

behavior in nanofluids as compared to pure fluids. These

factors include the role of slip mechanism between the

nanoparticle and the base-fluid, the Brownian motion of

nanoparticles, the uneven distribution of nanoparticles

inside the base-fluid, Dufour effect and thermophoresis

[17, 45–48]. In the present work, natural convection heat

transfer characteristics of MWCNT-thermal oil-based

nanofluids in rectangular enclosure with fixed aspect ratio

are investigated. The temperature difference DT across hot

and cold wall is measured and plotted against input power,

shown in Fig. 9. A typical increasing trend is observed, the

DT increases with an increase in input heat at the hot-side.

It is found that with an increase in nanotube concentration

in thermal oil, the DT across the hot and cold wall is

increased. A significant rise in DT is observed at 1 mass%

nanotube loading as compared to pure thermal oil. This

outcome exhibits the poor performance of high concen-

trations of nanotube-thermal oil-based nanofluids for

cooling applications by natural convection. The elevated

DT for nanofluids compared to thermal oil may correspond

to the additional resistance in heat transfer caused by the

presence of nanotubes in thermal oil. This change is not

significant at low input heat (7.65 W) for thermal oil and

nanofluids. However, with the increase in input heat, the

rise in DT becomes significant.

The heat transfer coefficient of pure thermal oil and

nanofluids are estimated. The relative changes in heat

transfer coefficient of nanofluids with respect to base-fluid

are compared in Fig. 10. It is observed that all nanofluids

showed deterioration in heat transfer coefficient. It is also

observed that despite the higher thermal conductivity of the

nanotubes-based nanofluids, the nanofluids showed poor

heat transfer performance for all concentrations. It is found

that the heat transfer coefficient deteriorates further at

higher concentrations of nanotubes as compared to thermal

oil. The maximum deterioration of 21.3% is observed for

1 mass% nanotube concentration at DT = 30.16 �C.
Hwang et al. [49] investigated the natural convection

heat transfer behavior in a rectangular enclosure heated

from bottom. It was observed that the relative heat transfer

coefficient increased with the increase in average temper-

ature of Al2O3-water-based nanofluids. However, a con-

tradictory behavior is observed for MWCNT-thermal oil-

based nanofluids in the current study. The distribution of

relative heat transfer coefficient with respect to temperature

difference across the enclosure is not following any pattern.

The relative heat transfer coefficient exhibits a decreasing

trend at low DT . However, at high values of DT , the rel-

ative heat transfer coefficient is observed to be increasing

again. This outcome is observed in all samples of

nanofluids. This phenomenon might attribute to the parti-

cle–liquid interaction at different conditions and thermo-

physical properties especially thermal conductivity and

viscosity of pure oil and nanofluids.

The kinetic theory of colloidal suspensions explains that

the Brownian motion of nanoparticles increases with an

increase in temperature, which increases the energy trans-

fer due to intensified collisions among particles. However,

at high concentration of nanoparticles in base-fluid, the

packing effect is more prominent, and which decreases the

Brownian motion of the nanoparticles thus increases the

effective viscosity of nanofluid [50]. It is evident from

Fig. 3 that the effective viscosity shoots up to 62% which

can be the one of main reasons for deteriorating heat

transfer behavior. The buoyancy-driven forces can be

reduced at elevated viscosity of liquids and the heat

transfer from hot-side to the cold-side can only be more
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through conductive mode than convective mode of heat

transfer as compared to the pure oil. Therefore, the

observed deterioration in the heat transfer characteristics of

MWCNTs-thermal oil-based nanofluids can be mainly

attributed to the high viscosity of nanofluids. The effective

viscosity of the nanofluid is found to be increasing with the

increase in nanotube concentration, which could be the

hindrance towards the convective heat transfer in the

nanofluid.

It should be noted that the change in Nusselt number at

different particle loadings signifies the mode of heat

transfer only. The value of Nusselt number does not imply

any improvement or the deterioration in heat transfer rate

during convection process when the thermal conductivity

varies with the nanoparticle concentration. However, the

changes in overall heat transfer coefficient only represent

the enhancement or deterioration on the overall heat

transfer performance. The relative changes in Nusselt

number of nanofluids with respect to pure thermal oil is

estimated and presented in Fig. 11. It is observed that the

addition of nanotubes in the thermal oil tends the

nanofluids towards conductive-dominant heat transfer as

compared to pure oil. The Nusselt number is decreasing by

the increase in nanotube concentration. Similar trends were

observed in previous studies for metal oxides-turbine oil-

[26], Al2O3-water- [27] and SiO2-water- [51] based

nanofluids. The maximum reduction of 35.74% in relative

Nusselt number is observed for 1 mass% nanotube loading

at DT = 30.16 �C. This significant deterioration behavior is
attributed to the increase in effective thermal conductivity

of nanofluids. The changes in other thermophysical prop-

erties such as effective viscosity, effective density, effec-

tive specific heat capacity and effective coefficient of

thermal expansion are also influential in the deterioration

of heat transfer coefficient of this particular nanofluid.

The average Nusselt number for the MWCNT-thermal

oil-based nanofluids at different Rayleigh number is plotted

in Fig. 12. It is found that the nanofluid at all concentra-

tions shows lower heat transfer enhancement compared to

pure thermal oil. The Nusselt number decreases for

nanofluids as compared to thermal oil. The maximum

reduction is observed at 1 mass% nanotubes loading. A

leftward shift in the Rayleigh number is observed for

nanofluids. This left shift is more significant at higher

concentrations of nanotubes in thermal oil. This is attrib-

uted to the significant changes in thermophysical properties

of nanofluids at different temperatures and nanoparticle

concentrations. Similar behavior was observed by

Putra et al. [27] and Ho et al. [28] for Al2O3-water-based

nanofluids.

The present work is compared with the existing litera-

ture [18], where f-Al2O3-thermal oil-based nanofluid was

used to investigate heat transfer characteristics in the

similar geometry and heat flux conditions. An increment in

the heat transfer coefficient was found for f-Al2O3-thermal

oil-based nanofluids as compared to the pure thermal oil. A

maximum increment of 14% was observed for the highest

concentration (3 mass%) of alumina in thermal oil. A

comparative graph of the heat transfer coefficient ratio at

varying nanoparticle concentrations is presented in Fig. 13.

An opposite trend is evidently observed between both types

of nanofluids. The alumina-based nanofluids exhibit an

increase in heat transfer coefficient ratio with the increase

in nanoparticle concentration, exhibiting an improved heat

transfer behavior. Whereas, the nanotubes-based nanofluids

illustrate decrement in heat transfer coefficient ratio with

respect to particle concentration, demonstrating a consid-

erable deterioration in heat transfer behavior. The com-

parative result clearly suggests that the heat transfer

behavior of nanofluids does not necessarily depend only on

15 20 25 30 35 40
0.56

0.60

0.64

0.68

0.72

0.76

0.80

0.84

0.88

0.92

0.96

1.00

 THO + 0.1 mass% MWCNT
 THO + 0.3 mass% MWCNT
 THO + 0.5 mass% MWCNT
 THO + 1 mass% MWCNT

N
u nf

 /N
u bf

Temperature difference, ΔT/°C

Fig. 11 The relative Nusselt number for nanofluids at different DT
and nanotube concentrations

5.0 × 105 1.0 × 106 1.5 × 106 2.0 × 106 2.5 × 106 3.0 × 106
12

13

14

15

16

17

18

19

20

21

22

 THO
 THO + 0.1 mass% MWCNT
 THO + 0.3 mass% MWCNT
 THO + 0.5 mass% MWCNT
 THO + 1 mass% MWCNT

N
us

se
lt 

nu
m

be
r

Rayleigh number

Fig. 12 The average Nusselt number for MWCNT-thermal oil-based

nanofluids at varying Rayleigh numbers

1206 S. U. Ilyas et al.

123



the thermal conductivity of nanofluids. The natural con-

vection heat transfer characteristics depend on all ther-

mophysical properties and interactions at the particle–

liquid interface.

The change in interactions at the particle–liquid inter-

face due to increase in temperature may affect the natural

convection heat transfer behavior in nanofluids. The dif-

fusiophoresis may take place when the nanoparticles move

towards higher concentration zone from a lower concen-

tration zone. Due to this movement of nanoparticles, the

nanofluid tends toward agglomeration, which can signifi-

cantly deteriorate the stability and overall heat transfer rate.

The agglomeration in nanofluids can cause sedimentation

of nanoparticles and many studies have reported the sedi-

mentation of nanoparticles as one of the main reason for

deteriorating heat-transfer [27, 29, 52–54]. It is also

notable that the aforementioned phenomenon may differ

for different nanofluid combinations. The deterioration or

improvement in heat transfer behavior of nanofluids may

differ because different types of nanoparticles exhibit dif-

ferent particle–liquid interactions. The high viscosity of

nanofluids can influence the thermal and momentum

boundary layer thickness which can diminish natural con-

vection heat transfer characteristics.

Uncertainty analysis

The relative uncertainty in the heat transfer parameters are

estimated using Moffat method [55]. This widely used

method has been reported in many investigations

[26, 56–58]. The maximum precisions for the voltmeter,

clamp ammeter and the thermocouple are ± 0.5 V, ±

0.0025 A and ± 0.1 �C, respectively. A measuring bal-

ance is used to prepare nanofluids, which has a precision

of ± 0.0001 g. The maximum precision for the dimensions

of rectangular enclosure is ± 0.5 mm. The maximum

possible uncertainty for ammeter, voltmeter, measuring

balance, thermocouple, and size of the enclosure can be

calculated by dividing the maximum precision with the

minimum experimental value. For instance, the maximum

possible uncertainty for ammeter is

EI ¼ � 0:0025=0:17 ¼ � 0:0147:

The maximum possible uncertainty for the average heat

transfer coefficient Eh; max is given in Eq. 11. The corre-

sponding maximum possible uncertainty in the heat trans-

fer coefficient is estimated to be ± 3.88%. Similarly, the

maximum uncertainty in Nusselt number and Rayleigh

number is found to be ± 4.22 and ± 5.08%, respectively.

Eh; max ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEVÞ2 þ ðEIÞ2 þ ð�ETH�TC

Þ2 þ ð�EAÞ2 þ ðEMBÞ2
q

ð11Þ

Conclusions

The natural convection heat transfer behavior in MWCNT-

thermal oil-based nanofluids are investigated at varying

concentrations up to 1 mass% and input heat flux up to

3150 W m-2 at fixed aspect ratio of 4. The temperature

transients are recorded for each sample and it is found that

the nanotube-thermal oil-based nanofluids showed higher

DT compared to pure thermal oil. The average heat transfer

coefficient and the average Nusselt number deteriorated up

to 21.3 and 35.74%, respectively, at for 1 mass% nanofluid.

The results suggest that, despite higher thermal conduc-

tivities of nanofluids, the nanofluids showed poor heat

transfer behavior during natural convection. This is

attributed to the relative changes in thermophysical prop-

erties of nanofluids especially effective viscosity of

nanofluids which shoots up to 62% at 1 mass% MWCNT-

based nanofluid. The involvement of other factors, such as

role of particle–liquid slip, diffusiophoresis, degree of

agglomeration and packing effects might contribute to the

deteriorating behavior of nanofluids. Based on the present

results, the dispersions of MWCNT nanoparticle in thermal

oil is not suitable for the natural convection heat transfer

process at studied concentration of nanofluids. However,

future experimental studies can be performed to investigate

the suitability of nanofluids in forced convection.
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