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Abstract A sensitivity analysis is performed to analyze the effects of the nanoparticle
(NP) aggregation and thermal radiation on heat transport of the nanoliquids (titania
based on ethylene glycol) over a vertical cylinder. The optimization of heat transfer
rate and friction factor is performed for NP volume fraction (1% � φ � 3%), radiation
parameter (1 � Rt � 3), and mixed convection parameter (1.5 � λ � 2.5) via the face-
centered central composite design (CCD) and the response surface methodology (RSM).
The modified Krieger and Dougherty model (MKDM) for dynamic viscosity and the
Bruggeman model (BM) for thermal conductivity are utilized to simulate nanoliquids with
the NP aggregation aspect. The complicated nonlinear problem is treated numerically.
It is found that the temperature of nanoliquid is enhanced due to the aggregation of
NPs. The friction factor is more sensitive to the volume fraction of NPs than the thermal
radiation and the mixed convection parameter. Furthermore, the heat transport rate is
more sensitive to the effect of radiative heat compared with the NP volume fraction and
mixed convection parameter.
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1 Introduction

The heating and cooling of functioning fluids play an important role in the mechanical,
electrical, power, and manufacturing industries. The high energy systems have to be cooled by
utilizing the effective cooling technique. In this view, employing common coolants like ethylene
glycol, water, oils, and propylene glycol are not satisfactory because of their poor thermal
efficiency. One way of improving the thermal property of common coolant is by suspending
nano-sized particles (such as Cu, Ni, Ag, Au, TiO2,CuO, Al2O3, and ZnO) into the base fluid.
Here the amalgamation of coolant and nanoparticles (NPs) is termed as nanoliquid, which
can fade the excess of heat due to higher thermal conductivity (see Choi and Eastman[1]).
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The three-dimensional (3D) convective transport of TiO2-ethylene glycol nanoliquid over an
extending plate was investigated by Hosseinzadeh at al.[2]. They proved that the heat flux
and the amount of NPs are directly proportional. The magneto-nanofluid transport past an
extendable disk subjected to a space-related heat source was examined by Mahanthesh et al.[3].
They established that the heat transport rate is more influenced by the thermophoresis feature
in comparison with haphazard motion. Mebarek-Oudina[4] studied the natural convective flow of
TiO2 with various base fluids in a cylindrical annulus. The nanoliquid transport on a permeable
extending/shrinking cylinder was addressed by Roşca et al.[5]. They found that there exists a
single and twin solution for extending plate and shrinking plate cases respectively.

Besides, experimental studies[6–7] proved that nanoliquids have higher thermal conductivity
than conventional coolants due to the haphazard motion and aggregation of NP having a per-
colation nature. Combining particles/molecules in a specific pattern to form a long structure
with strong bonding is referred to as aggregation. The relative viscosity of the aggregated
particles and thermophysical properties of NPs are modeled using the fractal theory. Ellahi
et al.[8] analyzed the influence of NP aggregation on the wedge flow of Al2O3-H2O nanoliquid.
They proved that the fractal dimensions and temperature profiles are inversely proportional.
The magneto-natural convective flow of CNT-H2O nanoliquid using the NP aggregation was
investigated by Benos et al.[9]. This study showed that the nanoliquids exhibit diverse rheo-
logical properties depending on the formation of aggregation. Acharya et al.[10] examined the
NP aggregation on nanoliquid inside a revolving channel. Their results proved that the heat
transport rate decays for the radius of the gyration factor at the lower plate but it enhances at
the upper plate.

On the other hand, the heat transmission due to thermal radiation has a major role in nuclear
plants, gas turbines, space vehicles, aircraft missiles, and satellites. The mixed convective
transport in an extending cylinder was investigated by Mukhopadhyay and Ishak[11]. They
found a higher heat transport rate and friction factor on the boundary in the case of the
cylinder than a flat plate. Mahanthesh et al.[12] examined the radiative flow of nanofluid over
a nonlinearly extended plate subjected to prescribed surface heat flux. They showed that the
heat transport rate enhances due to the thermal radiation aspect. The behavior of radiation
aspect on mixed convective transport over an inclined cylinder subjected to deviating heat
cause/drop was inspected by Hayat et al.[13]. Their study showed that heat transport rises with
the curvature parameter. Pandey and Kumar[14] investigated the natural convective transport
of nanoliquid past an extending permeable cylinder. Their results proved that the friction
factor reduces with the radiation aspect. The magneto-nanoliquid flow in a squeezing channel
subject to thermal radiation was inspected by Shit and Mukherjee[15]. However, theoretical
investigations studying the effect of aggregation in a cylinder in the presence of radiative heat
were extremely limited.

The thermal enhancement due to TiO2 NPs, NP aggregation, and radiative heat on the
transport of ethylene glycol-based TiO2 nanoliquid past a vertical cylinder having surface heat
flux have been analyzed for the first time. The heat transfer rate and friction factor are
optimized via the response surface methodology (RSM) and central composite design (CCD).
The numerical solution for nonlinear equations is obtained via a finite difference method (FDM).
Comprehensive interpretations are made through the graphical and tabular forms.

2 Mathematical formulation

Consider a steady, two-dimensional, and laminar flow of an incompressible nanoliquid (TiO2-
ethylene glycol) in a semi-infinite vertical cylinder with radius a. A cylindrical coordinate system
is chosen in such a way that the x-axis is along the axial direction (along with acceleration due
to gravity but in the reverse direction), and the r-axis is perpendicular to the cylinder (see
Fig. 1). The modified Krieger and Dougherty model (MKDM) for viscosity and Bruggeman
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model (BM) for thermal conductivity are utilized to simulate nanoliquids with NP aggregation.
Further, the prescribed surface heat flux (qw(x)) at the surface and thermal radiation aspects
are also taken into account. Let free stream velocity U(x) = c1x

l flow over the cylinder, where
c1 is a positive constant, and l is the characteristic length. An ambient temperature of the fluid
is denoted by T∞. The effect of viscous dissipation and slip velocity between the base liquid
and NPs is neglected. The governing expressions are listed as follows (see Refs. [16]–[17]).

Fig. 1 Sketch of physical model (color online)
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where u and v are velocities, and T , g, qr, σ∗, and k∗ correspond to the temperature, acceleration
due to gravity, radiative heat flux, Stefan-Boltzmann constant, and mean absorption coefficient,
respectively. μ, ρ, β0, cp, and k are, respectively, referring to viscosity, density, coefficient of
thermal expansion, heat capacitance, and thermal conductivity. The subscripts ‘nf’ and ‘f’
represent the nanoliquid and base liquid, respectively.

The associate boundary conditions are (see Refs. [16]–[17])⎧⎪⎨
⎪⎩

u = 0, v = 0, knf
∂T

∂r
= −qw(x) at r = a,

u → Uw(x) =
c1x

l
, T → T∞ as r → ∞.

(7)

From the experimental data, it is well known that the nanoliquids have remarkable thermal
conductivity. Further, an enhancement in the thermal property can be achieved by haphaz-
ard motion of NPs or due to NP aggregation causing percolation behavior. The Brownian
randomness decays compared with aggregation which boosts the mass of aggregates, whereas
the percolation behavior of aggregates can lead to an enhancement of thermal conductivity.
Owing to this, on redefining the thermophysical properties of nanofluid for NP aggregation, the
effective viscosity (μnf), density (ρnf), thermal expansion coefficient ((β0)nf), heat capacitance
((cp)nf), and thermal conductivity (knf) are listed as follows (see Refs. [6]–[8])

μnf = μf

(
1 − φagg
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)−2.5φmax

,

ρnf = (1 − φagg)ρf + (φρ)agg,
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)
,

where the correlations for μnf and knf are taken from the MKDM and the modified Maxwell
model, respectively. The thermal characteristics of particles aggregation (denoted by subscript
‘agg’) are given by (see Refs. [6]–[8])

ρagg = (1 − φint)ρf + φintρs, φagg =
φ
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,
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where kagg is a value of the BM for spherical particles. Here, φ, φagg, φint, and φmax are the
NP volume fraction, the effective particle volume fraction of aggregates, NP volume fraction
within the aggregate, and maximum particle packing fraction (φmax = 0.605 for particles of
spherical shape), respectively. From the fractal theory, Ragg and Rp correspond to radii of
aggregates and primary NPs (the value of Ragg

Rp
is taken as 3.34). D is the fractal index, in

general for spherical particles which takes the value 1.8. The effective thermal conductivity of
TiO2-ethylene glycol nanoliquid can be predicted accurately by utilizing the Maxwell and BM
which is more realistic. The similarity solutions to Eqs. (1), (2), and (6) can be obtained by
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utilizing the appropriate transformation as follows[16–17]:⎧⎪⎨
⎪⎩
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Here, η and Ψ correspond to similarity variable and stream function, respectively. c2 is a
positive constant. Using Eq. (8) and thermophysical properties of nanoliquid for aggregation
approach, Eq. (1) satisfies trivially, and Eqs. (2), (6), and (7) take the following forms:
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The dimensionless parameters in Eqs. (9) and (10) are defined as follows:
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where γ is the curvature parameter, λ is the mixed convection parameter, Gr is the Grashof
number, Re is the Reynolds number, Pr is the Prandtl number, and Rt is the thermal radiation
parameter. The expressions for the skin friction coefficient (SF) and local Nusselt number (Nux)
are given by (see Ref. [19])

1
2
Re0.5

x SFx = A1f
′′(0), Re−0.5

x Nux = A5
1

θ(0)
, (12)

where Rex = c1x2

lνf
(the local Reynolds number).
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3 Solution methodology

Linear differential equations (9)–(10) with Eq. (11) are solved by using the bvp4c routine
in MATLAB. This routine is based on the FDM. Equations (9)–(10) are first converted into a
system of the single-order differential system by substituting f = y1, f ′ = y2, f ′′ = y3, θ = y4,
and θ′ = y5 as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

y′
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with the corresponding initial conditions

y1(0) = y2(0) = 0, y3(0) = 1, y4(0) = t, y5(0) = − 1
A5

, (14)

where the initial guess is denoted by t. A comparison of f ′′(0) and 1
θ(0) with the previously

published data is made when λ = 1, γ = 0, Rt = 0, and φ = 0 to validate the method employed
(see Table 1). From Table 1, the comparison shows favorable agreement.

Table 1 Values of f ′′(0) and 1/θ(0) for diverse values of Pr when λ = 1, γ = 0, Rt = 0, and φ = 0

Pr
Ramachandran et al.[18] Ishak[17] Present result

f ′′(0) 1/θ(0) f ′′(0) 1/θ(0) f ′′(0) 1/θ(0)

0.7 1.833 9 0.777 6 1.833 9 0.777 6 1.833 8 0.777 6
1 − − 1.733 8 0.878 0 1.733 8 0.878 1
7 1.403 7 1.691 2 1.403 7 1.691 2 1.403 8 1.691 3
10 − − 1.371 2 1.906 7 1.371 1 1.906 7

4 Results and discussion

The dimensionless velocity (f ′(η)) and temperature (θ(η)) profiles are computed for diverse
values of effective parameters such as thermal radiation parameter (Rt), curvature parameter
(γ), mixed convection parameter (λ), and NP volume fraction (φ) versus dimension space coor-
dinate (η), which are displayed graphically. Further, to understand the behavior of skin friction
coefficient

(
1
2Re0.5

x SFx

)
and local Nusselt number (Re−0.5

x Nux), an optimization procedure is
performed through the RSM. The Prandtl number is taken as 150.45 for ethylene glycol at
300K. Also, the values for other parameters are fixed as γ = 0.2, λ = 4, Rt = 2, and φ = 0.03
unless otherwise specified. Figures 2–9 are plotted for two diverse cases, namely, (i) Case I: with
aggregation (φint �= 1), (ii) Case II: without aggregation (φint = 1). The qualitative behavior of
f ′(η) and θ(η) is the same for both cases; however, quantitatively they are different. Further,
f ′(η) is found to be higher for Case II than Case I whereas the reverse trend is observed for
θ(η).
4.1 Parametric analysis

The impact of Rt on f ′(η) and θ(η) is presented in Figs. 2–3. f ′(η) and θ(η) increase with
an ascending value of Rt. Physically, this is due to the availability of excessive heat in the
nanoliquid system through the radiation process; as a result, the liquid particles move faster.
Figures 4–5 illustrate the behavior of f ′(η) and θ(η) for the numerous values of γ. f ′(η) decays
for increasing values of γ whereas the opposite trend is noticed for θ(η). Here, γ = 0 represents
the flat plate. The thermal diffusion of the nanoliquid is controlled by the coefficient (2γη +1).
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The effect of λ on f ′(η) and θ(η) is displayed in Figs. 6–7. θ(η) decreases with a rising value of
λ whereas reverse nature is observed for f ′(η). This is due to stronger buoyancy force, higher
values of λ imply larger buoyancy force which corresponds to the higher velocity field f ′(η) and
lesser temperature field θ(η). The influence of φ on f ′(η) and θ(η) is illustrated in Figs. 8–9.
f ′(η) and θ(η) are, respectively, decaying and growing with an ascending value of φ due to the
inclusion of more NPs.
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Fig. 2 Impact of Rt on f ′(η) (color online)
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Fig. 3 Impact of Rt on θ(η) (color online)
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Fig. 4 Impact of γ on f ′(η) (color online)
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Fig. 5 Impact of γ on θ(η) (color online)
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Fig. 6 Impact of λ on f ′(η) (color online)

η

θ
η

λ
γ ϕ

Fig. 7 Impact of λ on θ(η) (color online)

4.2 RSM
The relations between effective parameters (Rt, λ, φ) and response variables (skin friction

coefficient SF and local Nusselt number Nux) are well explained by a statistical approach known
as the RSM. The chosen range of effective parameters and their levels based on the face-centered
CCD are tabulated in Table 2. The main advantage of this model is that it includes linear,
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Fig. 8 Impact of φ on f ′(η) (color online)
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Fig. 9 Impact of φ on θ(η) (color online)

quadratic, and interaction terms. The experimental design and the responses are recorded in
Table 3. The general forms of correlation of effective parameters (Rt, λ, φ) on response variables
(SF and Nux) are given as follows:

SF =m0 + m1Rt+m2λ+m3φ+m11R
2
t +m22λ

2 + m33φ
2+m12Rtλ+m13Rtφ+m23λφ, (15)

Nux = p0 + p1Rt + p2λ + p3φ + p11R
2
t + p22λ

2 + p33φ
2 + p12Rtλ + p13Rtφ + p23λφ, (16)

where m0 and p0 are the intercepts, m1, m2, m3, p1, p2, and p3 are the linear term coefficients,
m11, m22, m33, p11, p22, and p33 are the quadratic term coefficients, and m12, m13, m23, p12,
p13, and p23 are the interaction term coefficients.

Table 2 Levels of effective parameters based on CCD-RSM

Parameter Symbol
Level

−1 (low) 0 (middle) 1 (high)

Rt (1 � Rt � 3) W1 1 2 3
λ (1.5 � λ � 2.5) W2 1.5 2 2.5

φ (0.01 � φ � 0.05) W3 0.01 0.03 0.05

Table 3 Responses with their experimental design

Run
Coded value Real value Response variable

W1 W2 W3 Rt λ φ SF Nux

1 −1 −1 −1 1 1.5 0.01 1.666 547 3.610 690
2 1 −1 −1 3 1.5 0.01 1.695 000 2.822 725
3 −1 1 −1 1 2.5 0.01 1.699 242 3.628 118
4 1 1 −1 3 2.5 0.01 1.745 957 2.839 001
5 −1 −1 1 1 1.5 0.05 2.648 485 3.906 644
6 1 −1 1 3 1.5 0.05 2.684 834 3.021 828
7 −1 1 1 1 2.5 0.05 2.688 986 3.918 149
8 1 1 1 3 2.5 0.05 2.748 904 3.035 059
9 −1 0 0 1 2 0.03 2.071 927 3.768 275
10 1 0 0 3 2 0.03 2.114 608 2.930 648
11 0 −1 0 2 1.5 0.03 2.071 319 3.234 815
12 0 1 0 2 2.5 0.03 2.119 102 3.249 121
13 0 0 −1 2 2 0.01 1.703 484 3.127 020
14 0 0 1 2 2 0.05 2.695 298 3.354 429
15 0 0 0 2 2 0.03 2.095 299 3.242 008
16 0 0 0 2 2 0.03 2.095 299 3.242 008
17 0 0 0 2 2 0.03 2.095 299 3.242 008
18 0 0 0 2 2 0.03 2.095 299 3.242 008
19 0 0 0 2 2 0.03 2.095 299 3.242 008
20 0 0 0 2 2 0.03 2.095 299 3.242 008
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4.2.1 Accuracy of model
The accuracy of the model is validated via the analysis of variance table and residual plots

(see Table 4 and Fig. 10). The data variance and the significance of the regression model are
assessed by F - and p-values. The terms in the model are said to be significant and are considered
if their F -value > 1 and p-value < 0.05, otherwise they are ignored. Owing to this, the quadratic
term of λ from model (a) is removed. Similarly, the quadratic terms of λ and φ along with the
interaction terms Rt × λ and λ × φ are neglected from model (b). Further, the better-fitted
model is achieved as R2 and adjusted R2 tent to unity (see Table 4). The normal probability
plot shows that all the data points are aligned along the straight line, and the bar chart is
approximately symmetric without much skewness. This proves that the obtained data are
normal. Based on these facts, the chosen model is valid, and it has a good fit. The models for
SF and Nux by considering only the significant regression coefficients from Table 5 give

SF = 0.021 412Rt + 0.023 601λ + 0.495 628φ− 0.002 041Rt
2 + 0.104 082φ2

+ 0.005 229Rtλ + 0.002 637Rtφ + 0.002 615λφ + 2.095 30, (17)

Nux = −0.418 60Rt + 0.006 94λ + 0.120 52φ + 0.107 48R2
t − 0.023 43Rtφ + 3.242 00. (18)

Table 4 ANOVA for (a) SF and (b) Nux

Source
Degree of Adjusted sum of Adjusted mean

F -value p-valuefreedom squares squares

Model (a)
Model (a) 9 2.519 80 0.279 98 710 693.60 0.000

Linear 3 2.466 62 0.822 21 2 087 082.65 0.000
Rt 1 0.004 58 0.004 58 11 637.32 0.000
λ 1 0.005 57 0.005 57 14 138.51 0.000
φ 1 2.456 47 2.456 47 6 235 472.13 0.000

Square 3 0.052 85 0.017 62 44 719.70 0.000
R2

t 1 0.000 01 0.000 01 29.09 0.000
λ2 1 0.000 00 0.000 00 0.07 0.801
φ2 1 0.029 79 0.029 79 75 621.67 0.000

Interaction 3 0.000 33 0.000 11 278.45 0.000
Rt × λ 1 0.000 22 0.000 22 555.22 0.000
Rt × φ 1 0.000 06 0.000 06 141.25 0.000
λ × φ 1 0.000 05 0.000 05 138.87 0.000
Error 10 0.000 00 0.000 00 – –

Lack-of-fit 5 0.000 00 0.000 00 – –
Pure error 5 0.000 00 0.000 00 – –

Total 19 2.519 81
R2=100.00% Adjusted R2=100.00%

Model (b)
Model (b) 9 1.959 32 0.217 70 18 715.94 0.000

Linear 3 1.897 98 0.632 66 54 390.10 0.000
Rt 1 1.752 25 1.752 25 150 642.15 0.000
λ 1 0.000 48 0.000 48 41.37 0.000
φ 1 0.145 24 0.145 24 12 486.77 0.000

Square 3 0.056 94 0.018 98 1 631.68 0.000
R2

t 1 0.031 77 0.031 77 2 730.90 0.000
λ2 1 0.000 00 0.000 00 0.00 0.000
φ2 1 0.000 00 0.000 00 0.38 0.000

Interaction 3 0.004 40 0.001 47 126.03 0.000
Rt × λ 1 0.000 00 0.000 00 0.17 0.691
Rt × φ 1 0.004 39 0.004 39 377.58 0.000
λ × φ 1 0.000 00 0.000 00 0.34 0.575
Error 10 0.000 12 0.000 01 – –

Lack-of-fit 5 0.000 12 0.000 02 – –
Pure error 5 0.000 00 0.000 00 – –

Total 19 1.959 43
R2=99.99% Adjusted R2=99.99%
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Table 5 Estimated regression coefficients for (a) SF and (b) Nux

Term
Model (a) Model (b)

Coefficient p-value Coefficient p-value

Constant 2.095 30 0.000 3.242 00 0.000
Rt 0.021 412 0.000 −0.418 60 0.000
λ 0.023 601 0.000 0.006 94 0.000
φ 0.495 628 0.000 0.120 52 0.000

R2
t −0.002 041 0.000 0.107 48 0.000

λ2 −0.000 098 0.801 −0.000 02 0.993
φ2 0.104 082 0.000 −0.001 26 0.553

Rt × λ 0.005 229 0.000 0.000 49 0.691
Rt × φ 0.002 637 0.000 −0.023 43 0.000
λ × φ 0.002 615 0.000 −0.000 70 0.575

Fig. 10 Residual plots for (a) SF and (b) Nux
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The effects of effective parameters (Rt, λ, φ) on SF and Nux are examined by utilizing con-
tour and surface plots. Figures 11 and 12 are plotted to study the impact of two parameters
by fixing the third parameter at the middle level. Figure 11(a) shows the impact of Rt and
λ. It is analyzed that, highest level of Rt and λ correspond to the maximum value for SF.
The variation of Rt and φ on SF is displayed in Fig. 11(b), and the maximum SF is noticed
at high levels of Rt and φ. The effect of interaction λ with φ is sketched in Fig. 11(c), and
an enhancement in SF is found for ascending values of λ and φ. Also, at the high levels of λ
and φ maximum SF is observed. From Fig. 12(a) a maximum Nux is achieved for a low level
of Rt and high level of λ. Similarly, the maximum value of Nux is noticed for a low level of
Rt and high level of φ (see Fig. 12(b)). Figure 12(c) portrays the influence of interaction λ with φ

λ
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φ

φ
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φ

φ

λ

 

λ

Fig. 11 Contours (left) and surface plots (right) for SF (color online)
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Fig. 12 Contour (left) and surface plots (right) for Nux (color online)

on Nux. The maximum heat transport is noticed when λ and φ are kept at a high level.
4.3 sensitivity analysis

The sensitivities of SF and Nux towards Rt, λ, and φ are evaluated via the following
sensitivity functions:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

∂SF

∂Rt
= 0.021 412 − 0.004 082Rt + 0.005 229λ + 0.002 637φ,

∂SF

λ
= 0.023 601 + 0.005 229Rt + 0.002 615φ,

∂Sf

∂φ
= 0.495 628 + 0.208 164φ + 0.002 637Rt + 0.002 615λ,

(19)
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⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

∂Nux

∂Rt
= −0.418 60 + 0.214 96Rt,

∂Nux

∂λ
= 0.006 94,

∂Nux

∂φ
= 0.120 52 − 0.023 43Rt.

(20)

The sensitivity of SF and Nux for different values of Rt and φ by fixing λ at the middle level
is illustrated in Figs. 13–14. Here, the positive and negative bar chart indicates the increment
and decrement in SF and Nux, correspondingly. The greater the height of the bar, the more
sensitive the response will be toward the variable.

From Fig. 13, the sensitivities of SF towards Rt, λ, and φ are found to be positive at all
levels of φ by passing Rt from −1 to +1. Also, it is noticed that the sensitivity of SF to φ is
highest at high levels of Rt and φ, and enhances with an increase in φ and Rt. The sensitivity
of SF to λ increases with φ by passing Rt from −1 to +1. The sensitivity of SF to Rt decays
and advances with Rt and φ respectively. However, SF is more sensitive to φ compared with
Rt and λ, specifically in the high levels of Rt and φ.

The sensitivities of Nux towards Rt, λ, and φ are displayed in Fig. 14. Since the sensitivity
of Nux to λ and φ is always positive, Nux increases with the increase in λ and φ. Focusing on
the sensitivity of Nx to λ, no change is noticed when Rt and φ changes from level −1 to +1.
The sensitivity of Nux to Rt is always negative and hence Rt has a decreasing impact on Nux.
Also, no change is noticed when φ changes from level −1 to +1. The sensitivity of Nux to φ
decreases when Rt changes from −1 to +1. The Nusselt number is more sensitive to Rt than
λ and φ.
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Fig. 13 Sensitivity analysis for SF when λ = 0 (color online)
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Fig. 14 Sensitivity analysis for Nux when λ = 0 (color online)

5 Conclusions

The results obtained from the analysis are summarized as follows.
(i) The velocity profile decays due to the NP aggregation.
(ii) The temperature field is found higher in the presence of NP aggregation.
(iii) The velocity and temperature fields are positively related to the radiation aspect.
(iv) The heat transport increases due to the curvature of the cylinder.
(v) The friction factor is more sensitive to NP volume fraction compared with the radiation

aspect and mixed convection aspect.
(vi) The Nusselt number is more sensitive to thermal radiation aspect than mixed convection

and NPs volume fraction.
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