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An Analysis of Buoyancy-Driven Heat Behaviour and Flow Pattern of a Water-
Copper Nanofluid in a Cylindrical Conduit

Itabiyi, O.E., Sangotayo, E.O. and Ogidiga, J.O.

Abstract: The flow of fluids and heat characteristics through free convection within an enclosed
space has gained substantial study due to the various applications in manufacturing industries. This
work examined the influence of buoyancy factors on normal convection in a heated tube filled with
Copper (Cu) nanofluid. The method of finite difference was employed to characterize the
regulating fluid formulae, and C++ programming language was employed to evaluate the Navier
Stoke and continuity fields. This study examined Cu nanoparticles with particle sizes ranging from
1% to 10% and buoyancy values between 2.6 x 10’ and 2.8 x 10’ N. Cu nanofluid was used as the
working fluid and the findings are presented as temperature gradient, Nusselt number, stream
function, and vorticity curves. The findings revealed that an increase in the weight proportions of
nanoparticles to 0.04 amplifies the buoyancy parameters to the highest value of 2.75 x 10’ N; it
yields a substantial enhancement in the heat transport rate by convection. Also, as the buoyancy
factor increases, the temperature gradient, vorticity, and stream function of the nanofluid improve,
while the local drag coefficient decreases. This study advances the understanding of buoyancy-
driven convective flow and heat behavior in the technical design of floating vessels for safety and

effectiveness.

Keywords: Nanofluid, Natural Convection, Cylindrical Cavity, Buoyancy parameter, Finite
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I. Introduction

issues with conventional micro fluids including
abrasion, clogging, quick sedimentation, and
large pressure loss, In addition to the great
thermal efficiency, nanofluids have special

Many theoretical and applied research papers on
cooling electrical equipment, military,
biomedical, radiators, etc. have focused on
natural convection. Nanofluids cool electronic

chips, computers, cars, and medical devices due
to their superior thermal characteristics.
Electronic ~ cooling,  vapour  absorption
refrigeration, heat ventilation, nuclear reactor
moderation, and air conditioning all take
buoyancy-induced natural convective heat
exchange into account [1,2]. Nanofluids are
employed as a working fluid to get around
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thermal properties, such as elevated surface-to-
proportion and  strong  thermal
Nanofluids are considered a
successful technique for reducing carbon
emissions, reducing the effects of global
warming, and, most importantly, ending our
reliance on fossil fuels. Nanofluids are therefore
frequently used in the heat extraction industry,
for example, in the cooling of electrical circuits.
Recent studies focused on the use of nanofluids
to improve heat transmission and its utility in
the cooling industry. [3, 4]

volume
conductivities.

The author [5] looked at how well heat transfer
functioned in an enclosed space with nanofluids
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and a focused heat source and Nanofluids can
improve heat transfer compared to regular
fluids, according to the findings of lattice
Boltzmann modeling, which has led to the
shrinking of a variety of industrial equipment.
The capacity proportion of nanoparticles was
shown to enhance the mean Nusselt number
[6], Nada's simulation of heat transmission and
fluid flow produced by buoyant forces in a
partially heated container containing nanofluids.
[7] examined laminar translational heat
transmission in a vertical annulus with solid
cylinders that generated heat within using
natural convection and conduction. The
findings showed that the range in which the
uncertainty associated with heat transfer may be
changed by nanoparticle size. The heat
transmission and fluid flow of spontaneous
convection of an Aluminum-water nanofluid in
an enclosed space were studied with partially
heated walls and the impacts of nanoparticles
are magnified when the Prandtl number is
reduced [8]. [9] examined the impact of
nanofluids on heat transfer for a range of
relevant factors in a trapezoidal enclosure. The
findings showed that a steep sloping wall and a
significant amount of Cu nanoparticles can
significantly speed up heat transmission.

Experimental investigation of Al,O,/watet-free

convection heat transport revealed that
nanofluids with weight fractions from 0 to 8%
showed enhanced heat transfer for volume
fractions between 0.2% and 2% and decreased
efficiency for volume concentrations exceeding
2% [10]. The thermophysical characteristics of
ALO; and TiO, metallic

distributed in water were examined and it was

oxide particles
revealed that nanofluids exhibited significantly
better heat conductivity than regular liquids
[11]. [12] studied spontaneous convective heat
transfer in a horizontal cylindrical container
containing TiO, nanoparticles dispersed in de-
ionized water, and [13] examined free
convective heat transport of titanium dioxide
nanoparticle

suspensions. [14] investigated
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turbulent free convection heat transmission in

nanofluid thermal stratification, the results
demonstrated that nanofluids in an enclosure
significantly affected the effectiveness of heat
transfer. [15]

found enhancements at low-

weight fractions and degradation at high
concentrations of nanoparticles in turbulent
heat transfer by free convection. [16] examined
the free convective transfer of heat at different
nanofluid volume concentrations in a
rectangular duct with partly heated vertical
sidewalls. Heat exchange increased by 15%
relative to water at 0.1% weight fractions [17].

[18] statistically evaluated free convection heat
exchange in a lateral tube containing Al,O;-
water nanofluid at percentages from 1% to 4%
by volume and the Nusselt factor enhanced
with Rayleigh value. Omer et al. [19] used SiO,
nanofluid to model free convection heat
transport in a concentric horizontal annulus and
the mean Nusselt value increased with the
Rayleigh  parameter. [20] employed Cu
nanoparticles and water as the foundation fluid
in a computer investigation to figure out how
aspect ratio affects nanofluid heat transfer
through un-induced convection and raising the
nanoparticle value from 0.01 to 0.2 increases the
average Nusselt values by 50.4%. [21] described
buoyancy-induced spontaneous convective heat
transfer by vibration on the cylindrical surface
in a prismatic container filled with transformer
oil - TiO, and the temperature rose axially and
fell radially. [22]
Richardson parameters affected heat behaviour
tube filled with
nanoparticles at various weight percentages and
Richardson affect heat

transmission.

investigated how  the

and flow pattern in a

variables  greatly

The review of the literature found that less
study has been done on how the buoyancy
factor affects heat transfer by free convection
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through a cylindrical duct. This study examines
the consequence of buoyancy parameters on
free convection in an enclosed space with a hot
H,O- Cu nanofluid-filled cylinder channel.
Buoyancy is essential in the design of
underground concrete foundations and resisting
watet's buoyant forces prevents the structure

from floating or shifting upward.

II. Materials and Methods
A. Numerical Model

Figure 1 shows the two-dimensional laminar
boundary layer flow of an incompressible
Newtonian fluid with viscous fluid on the
cylinder's surface. The surface temperature is
greater than the free stream temperature and
water contains copper nanoparticles. Laminar
natural convection heat transport was simulated
in a saturated H,O-Cu nanofluid vertical
cylinder. Free circulation and fluid motion
relative to the solid surface come from density
change-induced buoyancy and the momentum
field accounts for buoyancy forces as body
These link

momentum, and equations.

forces. conditions continuity,

The
thermophysical properties stated in Table 1

energy

are considered to be constant. [0].

T=T,

oz

Figure 1: Geometrical configuration, boundary
conditions, and coordinate system

B. Governing Equations

The driving mathematical equations were solved
assuming fluid incompressibility, laminar flow,
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no internal heat inputs, two-dimensional flow,
the Boussinesq approximation, and thermal
equilibrium between water and nanoparticles.
The present model suggests steady, two-
dimensional, laminar, incompressible, viscous-
free flow, and gravity acts vertically downward,
but radiation is ignored. Over the continuum,
mass and

flow-regulating  formulae  are

momentum conservation formulae [7, 8]:

The continuity formula is expressed in Eq. (1)

o Lolpv) talon) alew) o a
ot r or r o6 oz

R and Z Navier-Stokes equations are Eq. (2)
and Eq. (3).
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Equation (4) provides the formula for thermal
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The nanofluid heat capacity (Cp)nf’ density, P,

thermal expansion coefficient, S, and thermal
diffusivity, ¢ are expressed in Eq. (5-11) [9, 10,
11].

Equation (5) provides an approximation of the
nanofluid's effective thermal conductivity
k, k., +2k, —2¢k —k,)

ko ko+2k ol k) ®)
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Table 1: Water-Cu Nanofluid's Thermophysical Characteristics [0]

Density (kgm-3) Heat Capacity Thermal Thermal Viscosity
(J/kg K1) Conductivity expansion (K1)
(Wm'K)
H>O 997.1 4179 0.613 21x10- 9.09x10->
Cu 8954 383 400 1.67x10-
This equation only applies to spherical The dimensional vorticity transmission equation
nanoparticles and does not take into  is given in equation (12)

consideration other nanoparticle shapes. This
model is suitable for researching nanofluid-
enhanced heat transfer [7, 10]. The nanofluid's
viscosity is given in Eq.(6) [11]:

s, =w, Q=) ©)

Equation (7) is the formula for the nanofluid’s
density [10]

p. =A—@)p, +po, ©)

Equation (8) expresses the nanofluid’s heat
capacitance [10, 11]:

(ee,), =@-o)ec,), +olec,), ®)

The nanofluid’s thermal expansion coefficient is
written in Eq (9) [11]

(0B). =L—pXpB). +ploh). )

Eq. (10) provides the nanofluid's thermal
diffusivity [11]
k

o = o (10)
nf ( )
J CP nf

C. Analytical Techniques and Solution
Schemes

Parabolic, elliptic, or hyperbolic Navier-Stokes
equations are partial derivative formulae. The
vorticity-stream technique was used to eliminate
the pressure gradient between the two equations
(2) and (3). Using the continuity concept in
equation (1), the vortex shedding transport
expression is presented in equation (11)

w— ov ou

or oz )

Ua_{o+\/a_a)—7ﬂ 6_T+Uaz_a)+az_a)
oa o a ar ot o (12)
Equation  (13) utilizes stream  function

derivatives to define velocity in two-dimensional
cylindrical dimensions.

u:al//, v:—aw (13)
oz or

Equation (14) offers the Poisson formula when
substituted in Eq.(11)

a)=_[az'/’+az’//j (14)
or? o0z*

The transport equation, energy equation, and
operational conditions were translated to a non-

dimensional notation for various

physical
parameters using L, Uy, , (T, - T), ¥, L and

respectively  for length, velocity,

ay /L
temperature, stream function, and vorticity as
shown in Eq.(15), [3].

ReFy_Y v
L u,

) oo
(r.-1)

U,
@ _v
oo Yoo (1)

Eqg. (16-19) provides the normalized equations
for the R- and Z-velocity components, vortex

shedding, stream constituent, and energy
transpott:
u=22 y__ 9 (16)
0z R
w=—2=2 ¢ 17)
0z OR’
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where p is dynamic viscosity, k is thermal
Gr is
Grashof number, Re is Reynolds number, Pr is

conductivity, Ra is Rayleigh number,

Prandtl number and Cp is specific heat capacity,
Non-dimensional border conditions are:
Q=0 V=0; ¥Y=#0, =U=1atZ=1; 0< R <1;
U=¥=0=V=0;Q+0;atZ=0; 0<R<1;

V=0=U=¥=0;Q% 0atR=0; 0<Z<1;

Y= 6_U:%: 6—V= 0;Q #0 atR=1; 0<Z<1 .
R OR OR

The finite difference approach is one of the best

problem-solving  techniques for nonlinear
energy transport and vorticity formulae (18) and
(19). The concurrent system of equations was
evaluated using relaxation and heat transmission
between a fluid and a surface causing a
temperature gradient proportional to the
neighbouring Nusselt quantity as shown in Eq.
(20). [23].

= _[Z_gj (20)
Eq. (20) is the enclosed Nusselt number across
the heated contact space yields the usual Nusselt

quantity as shown in Eq. (21) [23].

U= %:_ %
| aZLN,dR 1)

0

Equation (22) was used to get the nanofluid's
Rayleigh number (Ra,), Equation (23) was used
to calculate its Grashof number (Gr,), and
Equation (24) was wused to calculate its

Buoyancy factor (BF,). [11, 23]

_wH
o, - L1 @2)
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Ra,,

Gr, = B (23)
Gr,

BF, = = (24)

The condition for stable flow was met by
establishing conformity in the temperature and
vortex fields as shown in Eq. (25): [3].

5 S
> lel

The variable ¢ denotes Q W or 0, and n refer

to the number of iterations required for

(25)

<8

convergence of the outcomes. The value
utilized varies between 10 and 10 in distinct

forms of literature [3].

III. Results and Discussion

Figure 2 shows the effects of the convergent
standard on numerical findings by estimating
the average Nusselt value at stability levels from
10" to 10® and 10 convergence worked better.
Grid independence experiments demonstrated
that a 41 by 41 grid design provided an
outstanding numerical solution, high accuracy,
and field precision that matched results of [3].
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Figure 2: A chart of the convergence parameter
against the average Nusselt number

Figure 3 illustrates how changes in the weight
proportion of nanoparticles between 0 and 0.1

affect the buoyancy properties of the system.
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2.75 x 10’ is the maximum buoyancy value
achieved with a weight proportion of 0.04
nanoparticles. It appears that the rate of heat
exchange by convection is increasing at a rapid
rate, whilst the proportion of nanoparticle
volume is decreasing at a rapid rate. As a direct
consequence of this, the rate of convective heat
transport is fast growing, whilst the change of
conduction heat exchange is diminishing.
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1] 0.02 0.04 0.08 008 01
Nanoparticle Concentration
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nanoparticle

Figure 3: effect of adjusting the
content on the

buoyancy variable

The effect that varying the buoyancy variables
between 2600 and 2800 has on the Nusselt
quantity is seen in Figure 4. The observations
made by [19] and [18] are backed up by the
values of Nusselt, which rise in conjunction
with the buoyancy principles over time. This
suggests that while the speed of heat transfer via
conduction is decreasing, the rate of heat
transmitted by convection is rapidly expanding.

The

variables

outcome of changing the buoyancy
between 2600 and 2800 on the
neighborhood drag coefficient is depicted in
figure 5. An elevated drag coefficient indicates
that the object has greater acrodynamics, while
reduced buoyancy values increase aerodynamic
drag. Local drag coefficient values are lower in
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which
indicates that convective flow is declining

lockstep with buoyancy attributes,

rapidly as buoyancy parameters increase.
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Figure 4: The effect of varied buoyancy
characteristics on the Nusselt
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Figure 5: The impact of modifying buoyancy
characteristics on the local drag
coefficient

Figure 6 illustrates the effect that buoyancy

factors have on the temperature of Cu

nanofluid when measured along the Z-
0.5. The

steeper as the

coordinate at a distance of r =
temperature gradient gets

buoyancy factor gets higher, and the
temperature circulation along 2z gets more
uneven from 0 to 0.6 before leveling off at 1
until it reaches 1 and the results were consistent

with those obtained by [21].

Print ISSN 2714-2469: E- ISSN 2782-8425 UNIOSUN Journal of Engineering and Environmental Sciences (UJEES)



05

045t
04
£ o35 .’4
8 e
5 o3 -
5
a 025
g ----BF_H20=2.64
B 02
a ——BF_nf=275
E 015
= BF_nf=2.68
01
- . =BF_nf=259
0.05
_l
0
o 0.2 0.4 0.6 0.8 1
Z -Axis
Figure 6: Temperature curve of multiple

buoyancy parameters, (Bf¥1000) at
the midway of the plane

Figure 7 depicts the effect that buoyancy values
between 2600 and 2800 have on the
longitudinal velocity at the midway of the plane.
These values were determined by measuring the
velocity of the fluid as it moved along the plane.
The longitudinal velocity distribution rises to a
higher level as the buoyancy parameters are
increased. It suggests that nanofluids with
strong buoyancy characteristics create better
flow patterns.

Z-axis

0.2 0.4 i == "0 1 1|2

— — BF_H20 =264
—+—BF_nf=275
——BF_nf=274
—+—BF_nf=258

, — % -BF_nf=258

Langitudinal Velocity

Figure 7: Trajectories of numerous buoyancy
(Bf+1000)
velocities along the Z-axis at the

parameters longitudinal

middle plane

The vorticity of a nanofluid is affected by the
buoyancy parameter, as seen in Fig. 8. As the
nanofluid's
vorticity rises. This suggests that nanofluids

buoyancy parameter rises, the
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with higher buoyancy parameters improve flow
circulation and rotation patterns. Circulation
and vorticity are indicators of fluid rotation, a
fluid with a finite surface area rotates in
circulations and vorticity makes fluid points

rotate.

200
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——BF_nf=274
—+—BF_nf= 2.68

— = BF_nf=2.59
100

Vorticity [

02 04 06 08

Distance along Z axis

-50

Figure 8: The vorticity patterns for different
buoyancy parameters at the center
plane of the Z-axis

In Figure 9, the number of buoyancy values is
shown versus the stream function. It implies
that the stream function of the nanofluid
increases when buoyancy parameter values
between 2600 and 2800
increasing the volume

with
rate of the
nanofluids. Engineers examine how floating

increase,

flow

boats, such as ships and oil rigs, respond to
added weight for reasons of safety and
efficiency, and this evaluation is based on the
density-buoyancy relationship, which is essential
in the engineering design of all types of floating
vessels. Buoyancy lessens the apparent weight
of objects that have completely submerged to
the ocean floor and it is frequently simpler to
lift an object through water than to take it out
of it. It is wused for creating ships and

submarines.
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IV. Conclusion

This study investigated the effect of buoyancy
variables on normal convection in a heated tube
filled with Copper (Cu) nanofluid using
numerical approaches. The observations led to
the following conclusions: the heat dispersion
and temperature variation of nanofluids increase
as buoyancy parameters increase. When the
buoyancy components increase, the stream
function, circulation, longitudinal velocity, and
rotation increase, while the drag coefficient
decreases. This research demonstrates that the
effect of a buoyancy parameter modifies both
the solution's flow pattern and its thermal
behavior. This study contributes to an increased
understanding of buoyancy-driven convective
flow and heat behavior in the technical design
effective

of floating vessels to ensure

performance and safety.
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m Mass flow rate [kg/ht]
Qu Useful energy (W]

Cp Heat capacity [J/keg.K]
Cpns Nanofluid heat capacity [J/kg.K]
Cpr Fluid heat capacity [J/keg.K]
Cpp Nanoparticle heat capacity [J/kg.K]
Kr Fluid thermal conductivity [W/m.K]
Ky Nanoparticle thermal conductivity [W/m.K]
Knr Nanofluid thermal conductivity [W/m.K]
Greek Symbols

Symbols Definitions Unit

Prnf Nanofluid density [kg/m’]

(0] Nanoparticle size [-]

pf Fluid density [kg/m’ |

Unf Nanofluid viscosity [m?/s]

Pp Nanoparticle density [kg/m’ |

Us Fluid viscosity [m?/s]
Subscripts

nf Nanofluid
p Particle
f  Fluid

Bf Base Fluid

Greek symbols

M viscosity

2 Volume fraction

0 Density
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