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ABSTRACT

The detailed flow and thermal fields have been presented for the steady mixed convection
heat transfer from a semi-circular cylinder placed in a rectangular channel. The semi-circular
cylinder is symmetrically placed in a rectangular channel in such a manner as curved surface
of the semi-circular cylinder is facing the upward oncoming flow and gravity is acting in
downward direction (*-’ve y-direction). Hence, the buoyancy is also directed in the same
direction. This study spans the following ranges of conditions 1<Re<50; 0.7<Pr<50; 0<Pr<2
and Confinement ratio (B) = 4. The numerical predictions are analyzed in terms of the
distribution of pressure coefficients, drag coefficients, local and averaged Nusselt numbers
over the aforementioned ranges of the influencing parameters. The streamline patterns show
that the wake is being suppressed under confinement and isotherms are get clustered around
semi-circular cylinder. At low Reynolds number, the maximum value of pressure coefficient
found at front stagnation point followed by sudden drop at sharp corners whereas at high
value of Reynolds number, the drop in the value of pressure coefficient at corners are
relatively small than low Reynolds number. The maximum value of the local Nusselt number
is found at front stagnation point. At the sharp corners, the local Nusselt number suddenly
decreases and small recovery is seen at rear flat surface. As expected, the drag coefficient
decreases with increases in the value of Reynolds number whereas the average value of
Nusselt number increases with gradual increase in the value of Reynolds and Prandtl number.
The Richardson number shows complex influence on the flow and heat transfer
characteristics.
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Nomenclature

Specific heat of the fluid (J/kg.K)

Total drag coefficient (dimensionless)
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Pressure drag coefficient (dimensionless)
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Diameter of computational domain (m)
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Thermal conductivity of fluid (W/ m k)
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Total number of cells (dimensionless)
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Local Nusselt number (dimensionless)
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P Free stream pressure (Pa)

Pr Prandtl number (dimensionless)

Ra Rayleigh number (dimensionless)

Re Reynolds number (dimensionless)

Ri Richardson number (dimensionless)

S Surface area (m?)

T Fluid temperature (K)

Tw Wall temperature at the surface of the semi-circular cylinder
(K)

To Fluid temperature at inlet (K)

U Velocity (m/s?)

Uy x-component velocity (m/s?)

Uy y-component velocity (m/s?)

Us Free stream velocity at inlet (m/s%)

Greek symbols

/] Confinement ratio
Py Coefficient of volumetric thermal expansion (1/K)
o Grid spacing in the vicinity of the cylinder (m)
p Density of the fluid (kg/m°)
() Dependent variables like Uy, Uyand T
VI Dynamic viscosity of the fluid (Pa.s)
Subscripts
L], XYy Cartesian coordinates
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Dimensional variable



CHAPTER -1

Introduction

Flow around bluff bodies has been a topic of research for last several years due to its
engineering and theoretical importance. It constitutes an important class of fundamental

problem in the domain of fluid mechanics and heat transfer.

These studies provides useful insights into the nature of underlying physical phenomena such
as drag coefficients, lift coefficients, wake characteristics, isotherm, local distribution of
Nusselt number and average Nusselt number etc. The flow and heat transfer characteristics
are the functions of the field variables (Re, Pr, Ri, Nu and Nuayg), body geometry and degree
of confinements. Such model flow configurations represent the idealization of many real
problems and processes encountered in nature and in technology as well. Thus reliable
comparative data on the different structures are valuable for technological development or to
understand the existing flow and heat transfer phenomenon. There are many industrial
applications for the present flow configuration and heat transfer and it serves as model
configuration, e.g. cooling towers, chimney, compact heat exchangers, cooling components,
and many more. Specifically, recent engineering and industrial applications are frequently
using noncircular tubes in heat transfer applications. Semicircular cylinder is of particular
interest for chemical and food industries (e.g. thermal processing of sliced carrot along their
long axis), solar engineering applications, flow over semi-circular tubes in novel heat
exchangers, electronic cooling and some of the submarines with their flat base can be
visualized in terms of the flow over a semicircular cylinder. Additional applications are found
in polymer processing operations where the most of the fluids exhibit non Newtonian

behavior and variously shaped objects are used as flow dividers.

The flow and heat transfer characteristics are influenced by large number of factors such as
the number of obstacles, cross sectional shape and orientation of the bluff body, the nature of
approaching flow (laminar or turbulent) and the type of the fluid (compressible or
incompressible), nature of confinement, operating range of Reynolds number and angle of

incidence, etc.

The bluff body includes cylinder of various cross-sections such as circular, square, elliptical,
triangle, semi-circular etc. The flow and heat transfer fields are greatly influenced by the
cross-sectional shape of the cylinder.



For instance, in case of semi-circular cylinder, the flow behavior depends upon on the
orientation of the cylinder to the direction of the flow, for the case of curved surface facing
the flow directions, the flow get separated at Re 15 and the steady flow regime end up at Re =
30. (Chandra and Chhabra, 2011). It also influenced by the type of the operating fluid (shear
thinning, shear thickening, viscous, Newtonian and non-Newtonian flow). For instance, in
case of heat transfer from an unconfined semi-circular cylinder, the maximum heat transfer
occurs at the front surface of the cylinder and the sharp corners, while, rear flat surface
contributes less. Furthermore, this behavior changes with the range of Reynolds number,
Richardson number, Prandtl number, Nusselt number and average Nusselt number. In
comparison with circular cylinder, semi-circular cylinder is having the geometrical
complexity and asymmetric. Hence, flow and heat transfer characteristics are quite different

in nature for semi-circular cylinder.

In this, study we are aiming to explore the influence of channel wall on the flow and heat
transfer characteristics from a semi-circular cylinder. A semi-circular cylinder is kept in a

channel of confinement =4.



Literature review

CHAPTER -2

This chapter presents a review of the previous work related to the flow and heat transfer

across various shapes of cylinder like circular or square cylinders etc. The fluid flow and heat

transfer from a cylinder immersed in streaming fluid is influenced by large number of

variables such as body shape, confinement, blockage ratio, Re, Pr etc.

Table: 2.1: Literature reviews for single and multiple circular cylinders

Source Range of conditions Remarks
Sanitjai and | Experimental, Forced convection, | Detailed streamline and isotherm
Goldstein 2x10 *< Re <10°, .7< Pr <180 profile were presented.
2004 . :
( ) The Nu at the front stagnation point Nu
= f (Re®®, Pr).
Soarsetal. | Numerical, Forced convection, 5 < | The maximum value of Nu
Re<40, 1< Pr <100, 0.5<n<1.4 , .
(2005) - T T T was found at the front stagnation point.
The drag value increased with increase
in Re and n.
The CHF provided more heat transfer
than CWT.
Soarsetal. | Numerical, Mixed convection,0 < | Nua, increased with Pr, Re and Ri.
(2009) Ri<3, 1<Re<30, 1<Pr<100, 0.6<n | The influence of Ri increased with n.
<1.6 Cp decreased with Re and n.
Salleh et al. | Numerical, Mixed convection, | The influence of confinement has been
(2010) 1<Re<40, 0.72<Pr<100, 0.5< B < | shown.

1.9.

The boundary layer separation point
moved towards rear stagnation point

with increase in 3 and vice-versa.




Table: 2.2: Literature reviews for confined non-circular cylinders

Source Range of conditions Remarks
Abbasai et | Numerical, Steady forced Stanton number and Nuayg Were function
al.(2002) convection, Triangular prism, 30< | of Re.
Re <200, Pr=0.71, 0< Gr <I. . .
€ <200, Pr=0.71, 0< Gr<1.5x The influence of vortex shedding has
10*
been shown.

Cruchaga Numerical, Steady mixed The influence of Gr on friction

and convection, Square cylinder, 100< | coefficients along the wall has been

Celentano | Re <500, 0< Gr <32x10* studied.

(2002) It is shown that temperature
distributions were strongly affected by
the buoyancy

Dhiman et | Numerical, Steady mixed Ri having more influence on C, than Cp,

al.(2007) - .

convection, Square cylinder, 0 < .
q y The degree of asymmetry increased
i< < < < <
Ri<1, 1=Re <30, 7<Pr<100, § with the value of the Ri increase from 0
=0.125.
to 1.
Dhiman et | Numerical, Steady mixed The influence of Ri on Nu has been
al.(2007) convection, Square cylinder, 0 <Ri | presented.
<0.5, 1<Re<30, 0.7<Pr<100, 0.8 <
n<15.
Sahu et al. | Numerical, Unsteady forced Nu increased with Re and Pr.
i i <
(2009) convection, Square cylinder, 60 < The heat transfer from front half was
< <Pr< <n<
Re <160, 0.7<Pr<50, 0.5<n< 1.4. found more than rear half of the
cylinder.

Chatterjee | Numerical, Steady mixed The drag coefficients shown complex

and convection, Square cylinder, 0 <Ri | dependencies on Ri.

Amiroudine | <1,1<Re<30, 0.7< Pr<100, g =

(2009) 0.10 %




Chhabra et

Numerical, Steady forced

Nu =f (Re, n, Pr, and E).

al.(2007 convection, Elliptical cylinder. . )
( ) veet preat eyl The Nuayg increased with Pr and Re.
01<Re<40, 1<Pr<100, 0.2<n<1.8,
0.2<E<5, Heat transfer increased with increase in
the value of the n.
Patil et al. | Numerical, Steady forced The Nuayg increased with Re, Pr and n.
2008 convection, Circular cylinder, .01 < . .
( ) veet rev yi Heat transfer decreased with increase in
Re<40, 1<Pr<1 .2<n<1.8, 2<p<
e=<40, 1=Pr=100, 0.2=n=1.8, 2<f< the value of the n.
10.
Srinivas et | Numerical, Steady mixed The Cp decreased with increase in Re
al.(2009) convection, Horizontal circular and Pr.
cylinder, 0<Ri <2, 1< Re<40,1< Pr . .
y T T T T The rate of heat transfer increased with
<1 2<n<l1. . .
=100, 0.2sn=1.8 Re, Ri, and Pr and decreased with n.
Ishak Numerical, Steady mixed The boundary layer separation was
(2009) convection, Vertical circular delayed for a cylinder as compared to a
cylinder, 0.7<Pr<10. flat plate.
Dhole et al. | Numerical, Steady forced The value of Nuayg increases with Re, Pr
(2006) convection, Sphere cylinder, 5<Re | and it decrease with increasing value of
<200, 1<Pr<400, 0.5<n< 2. n.
Table: 2.3: Literature reviews for semi-circular cylinders
Source Range of conditions Remarks
Kiya et al. | Numerical study, 2-D, semi-circular | The Re was a function of geometrical
(1975) and semi-elliptical projection, shape of the front and rear vortices, drag
Navier-Stokes equations, coefficients and distribution of pressure
60<Re<100. and shear stress.
Karniadakis | Numerical study, Re=150. The 2-D and 3-D simulations were
and Brown carried out. They examined the 3-D
(1995) influences the flow structure for an

unsteady shear flow.




Kumarasay | Experimental study, The pressure distribution of unsteady
and Barlow Re=4.67x10°. pressure at separation points was
(1995) reported.
The vortex shedding vanished at the
critical gap ratio of 0.33 times the
diameter of the cylinder.
Boisaubert | Experimental study, 60<Re<100, The flow was visualized showing the
et al. | p=0.14
(1996) comparative wakes and flow fields for
two opposite arrangements. (curved
face and flat face)
Boisaubert | Experimental study, Re=100 The flow field has been visualized by
et al. . . . .
using dispersed solid particles and dye
(1997) 9 cIsp P Y
filaments.
The initial formation and shedding of
the vortices behind a semi-circular
cylinder has been reported.
Boisaubert | Experimental study, 60<Re<100. The effect of gap between the semi-
and Texier, circular and the splitter plate on the
(1998) wake was obtained.
The wake length increased with
increasing in the value of Re.
Coutanceau | Experimental study, 60<Re<200. The flow field has been visualized by
et al. using dispersed solid particles and dye
(2000) filaments.
The wake was mostly affected by back
concave wall of the shell.
Sophy et al. | Numerical study, Re=65. The laminar periodic regime
(2002)

has been observed at Re=65.




Nada et al. | Experimental study, Free The convective heat transfer coefficient
(2003) convection, 10°<Re<6x10* was found as a function of the Rayleigh
yl€1g

number, inclination  angle, and
orientation angle of the semi-circular
cylinder.
The Nu increased with the angle of
inclination.

Nadaetal. | Experimental and numerical study, | The Nuay increased the angle of attack.

(2007) %103<Ra<d 5x10°%

2.2x10°<Re<4.5x10 The Nuayg increased with increase in

Reynolds number

Hocking et | Numerical study, 0 <Froude The results were presented to show the

al. (2008) number <5. influence of gravity on wake size for the
flow over a semi-circular cylinder.
They found narrow and long wake
region for the upward facing curved
surface configuration and wide and
short wake region for the downward
facing curved surface configuration

Chandra Numerical, Steady mixed At Re=1, Nu was found to be maximum

and convection, 0< Ri <2, 1< Re <30, at corners and for high Re, it shifted

Chhabra 1< Pr <100, 0.2 <n<6. towards the front stagnation point.

2011 . . .

(2011) The Nuayg increased with Re, Pr and Ri.

Chandra Numerical, Steady forced The Cp decreased with increase in Re,

and convection, 0.01<Re <30, 1 <Pr < | for n<1 at low Re.

Chhabra

(2011) 100, 0.2 <n<1.8.

The Nuayg increased with Re, Pr and Ri.

Heat transfer increased with the higher

value of power law index.




Chandra
and
Chhabra
(2012)

Numerically, Free convection, 10<

Gr<10°,0.72< Pr<100, 0.2<n<1.8.

The Nuayg increased with Gr and Pr.

The flow remain attached to the surface

of the semi-circular cylinder for n>1.




2.1 Gap in literature

Based on the detailed discussion on the available literature, it is thus fair to conclude that no
study is available on mixed convection heat transfer characteristics from a semi-circular
cylinder placed in rectangular channel. The present work aims to fill this gap in literature by
exploring the mixed convection heat transfer from a confined semi-circular cylinder in the

steady flow regime.

2.2 Objectives of the present work

The following objectives have been set for the present study on the mixed convection (aiding

buoyancy) heat transfer from heated semi-circular cylinder placed in a rectangular channel.

(a) To study the influence of channel confinement of # = 4 on flow and heat transfer

characteristics under gravity.

(b) To study the influence of Richardson number (Ri), Reynolds number (Re) and Prandtl

number (Pr).



CHAPTER -3

Mathematical formulation and numerical methodology

This chapter represents the mathematical equations describing the confined mixed convection
heat transfer from semi-circular cylinder together with the relevant boundary conditions. The
equations to calculate the individual and total drag coefficient, Nusselt number and stream

function and isotherm patterns are represented in this chapter.

3.1 Problem statement

The two-dimensional laminar flow of incompressible fluid against gravity (aiding buoyancy)
with a uniform velocity U, and temperature of T, over a semi-circular cylinder under
confinement ratio (f=4) shown in fig 3.1.The surface of the semi-circular cylinder is
maintained at a constant wall temperature T,, The diameter of semi-circular cylinder is D.
The semi-circular cylinder is placed at an upstream distance Li, from the inlet with a
downstream distance Loy The value of Li, is chosen sufficiently large in order to get fully

developed velocity profile before the semi-circular cylinder.

3.2  Assumptions

The complication arises due to the coupling of the momentum and energy equation in the
case of mixed convection heat transfer with gravity term. Therefore, in order to keep the level
of complexity at a lower level, the following assumptions are made for the present

investigation.

Incompressible fluid.

2D, laminar flow.

Infinite long semicircular cylinder in z-direction

No viscous dissipation.

The Boussinesq approximation is used for the body force term.

Constant physico-chemical properties of the fluid other than density.

10



3.3 Governing equations

The governing differential equations used here are the mass and momentum equations in their

dimensional form.

Continuity Equation:

N oy
ag;’f)+ gl}]f)=o (1)

Equation of motion:

a(uU,) a(u,U, aP 0%U, 9%U,
p (x;x)'i' (y’x) =—_+,Ll ,x+ ’x (2)
0x oy dx 0x? 0dy?
o(U,U,) a(U,U,) oP 0%U, 9%U,
7 ; = -7 - 5 y 3
( o dy 6y+ 6x2+6y2 TP )
Energy equation:
a(u,t) o(U,T a°T"  9°T
oo, (CGT) QT (0T 07T "
ox oy ox ay
Boussinesg approximation
P =Poll =BT —Ts)] (®)
3.4 Boundary conditions
The boundary conditions for this flow are given as follow.
Inlet boundary: Uniform flow and temperature condition, i.e.
Up=0; U,=Uy; T =T, (6)

No-slip boundary condition at the surface of the semi-circular cylinder and at the confined

wall flow is imposed.
Uy=0; U,=0; T =T,. (7)

At channel wall:
Ug=0; U,=0; q=0 (8)

11



Outlet boundary:

The outflow boundary condition in FLUENT is defined as

ol

—_ :0
ay

where @ =U,, U,and T

3.5 Non-dimensional parameters and equations

* Length
* \elocity
* Pressure

» Temperature

Reynolds number:

Grashof number:

Prandtl number:

Richardson number:

D

pUZ,

T=T—T)/ (Tw—Ts )

e
Uy
Pr = ——
Tk
Ri — Gr
l_Rez

%)

(10)

(11)

(12)

(13)

12
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The governing equations in their non-dimensional forms are written as follows.

Continuity Equation:

o) 2(v)

dx dy =0

Equation of motion:

B(Uxe)+6(UyUx)__6_P+i azux+azux
0x dy 0x Re\odx? 0y?

a(Uny)+6(UyUy)=_a_P+i azuy+azuy CRT
0x dy dy Re\ 0x?2  0dy? '

Energy equation:

a(UxT)_I_a(UyT)_ 1 62T+62T
dx dy  Re.Pr \0x? 0y?

3.6  Non-dimensional boundary conditions
The boundary conditions can also be non-dimensionalized and presented as follow:

Inlet boundary:

At channel wall:

where @ =Uy, Ujand T.

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(2D

14



3.7 Calculation of global parameters

Pressure coefficient:

The ratio of the static pressure to the dynamic pressure on the surface of the semi-cylinder is

called the pressure coefficient given as follow.

K — Py

Co, =
iUy

(22)

Drag coefficients:

The total drag forces draw contributions from the friction and pressure forces and these forces
are presented in the form of the dimensionless friction and pressure drag coefficients. The

total drag coefficient is the sum of these two types of drag.

Cp is called total drag coefficient and is the sum of Cpp + Cpp.

Fp

Ch = ——— 23
FDP
Cnp = ——— 24
F
DF (25)

Copp = ———
PET 102 D
Copp represents the pressure drag and Cpr represents the friction drags
Nusselt number:

The rate of heat transfer from the cylinder to fluid and from the fluid to cylinder is

represented by the Nusselt number, Nu.

_hD

N, = (26)

15



3.8  Numerical methodology

The governing partial differential equations of the flow and heat transfer for the flow over a
semi-circular cylinder with appropriate boundary conditions were solved numerically using
the ANSYS FLUENT (version 6.3.26) over an unstructured mesh of uniform grid spacing at
the surface of semi-circular cylinder. The grid was generated in the GAMBIT (version
2.3.16). In order to capture the steep gradients near the surface of the semi-circular cylinder,
sufficiently fine grid was chosen in the vicinity of the semi-circular cylinder. The two
dimensional, steady, laminar, coupled solver was used to solve the incompressible flow on
the collocated grid arrangement. The second order upwind scheme has been used to discretize
the convective terms of the momentum and energy transport equations and the SIMPLE
(semi-implicit method for the pressure linked equations) scheme was employed for solving
the pressure-velocity coupling. The Gauss—Siedel (G-S) point-by-point iterative method in
conjunction with the algebraic multi-grid (AMG) method was used to solve the system of
algebraic equations. The convergence criterion of 10® was used for the residuals of the

continuity and momentum equations and that of 10 for the residuals of the energy equation.

16



CHAPTER -4

Choice of numerical parameters

This chapter presents the optimization choice of numerical parameters for the present work
such as entrance and exit length of the channel, grid size, number of cells, convergence etc.

4.1 Entrance and exit length of the channel

The accuracy and reliability of the numerical results might be achieved by optimizing the
entrance and exit length of the channel. The independence study has been done for the
extreme combinations of Reynolds number 1, 50, Prandtl number 0.7, 50 and Richardson
number 0, 2. The four values of L;, as 25, 30, 40 and 50 have been chosen. The value of the
Cop, Cp and Nua,y have been compared and the less than 1% variation is set to be accepted.
The values of Cpp, Cp and Nuayg have been presented in Table 4.1. The observation of Table
4.1 shows that the values of Cpp, Cp and Nuayg are almost similar for all the values of L;, and

Lin = 30 has been chosen for the present work on safe hand.

Similarly, four values of L, have been chosen for the optimization of exit length. The
comparison of Cpp, Cp and Nuayg are shown in Table 4.2. The data reported in Table 4.2
suggest that the Lo, = 40 is the good choice among the four values of Ly, = 30, 40, 50 and
60. Hence, Loyt = 40 has been chosen as optimum value.

Table 4.1: Entrance length (Li,) independence

Pr Ri Re | Li/D | Low/D Cop Co NUayg
0.7 0 1 25 50 19.65 28.24 0.8380
0.7 0 1 30 50 19.68 28.25 0.8380
0.7 0 1 40 50 19.61 28.22 0.8380
0.7 0 1 50 50 19.66 28.26 0.8380
0.7 2 50 25 50 2.08 2.73 5.242
0.7 2 50 30 50 2.09 2.74 5.2573
0.7 2 50 40 50 2.18 2.75 5.2742
0.7 2 50 50 50 2.11 2.76 5.2771
50 0 1 25 50 19.65 28.25 4.4977
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50 0 1 30 50 19.68 28.25 4.4969
50 0 1 40 50 19.61 28.2 4.4972
50 0 1 50 50 19.66 28.26 4.4967
50 2 50 25 50 1.81 2.35 22.4821
50 2 50 30 50 1.82 2.36 22.4912
50 2 50 40 50 1.84 2.38 22.6867
50 2 50 50 50 1.83 2.37 22.6854
0.7 0 50 25 50 1.36 1.79 4.8858
0.7 0 50 30 50 1.37 181 4.9018
0.7 0 50 40 50 1.38 1.82 4.9195
0.7 0 50 50 50 1.38 1.83 4.9240
0.7 2 1 25 50 8.78 28.36 0.8385
0.7 2 1 30 50 8.75 28.37 0.8385
0.7 2 1 40 50 8.80 28.34 0.8385
0.7 2 1 50 50 8.78 28.38 0.8386
Table 4.2: Exit length (Loy) independence

Pr Ri Re Lin/D | Low/D Cop Co NUayvg
0.7 0 1 30 30 19.65 28.26 0.8380
0.7 0 1 30 40 19.74 28.27 0.8379
0.7 0 1 30 50 19.73 28.27 0.8379
0.7 0 1 30 60 19.72 28.27 0.8379
0.7 2 50 30 30 2.09 2.74 5.2572
0.7 2 50 30 40 2.09 2.74 5.2549
0.7 2 50 30 50 2.09 2.74 5.2544
0.7 2 50 30 60 2.098 2.74 5.2549
50 0 1 30 30 19.65 28.26 4.4983
50 0 1 30 40 19.74 28.27 4.4963
50 0 1 30 50 19.73 28.27 4.4968
50 0 1 30 60 19.72 28.27 4.4972
50 2 50 30 30 1.83 2.37 22.6180
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50 2 50 30 40 1.82 2.36 22.4067
50 2 50 30 50 1.84 2.39 22.4581
50 2 50 30 60 1.82 2.36 22.3599
0.7 0 50 30 40 1.37 1.81 4.9001
0.7 0 50 30 50 1.37 1.81 4.8995
0.7 0 50 30 60 1.37 1.81 4.8998
0.7 2 1 30 30 8.78 28.38 0.8385
0.7 2 1 30 40 8.71 28.39 0.8385
0.7 2 1 30 50 8.72 28.39 0.8385
0.7 2 1 30 60 8.73 28.38 0.8384

4.2  Grid resolution study

The grid independence study has been performed on the three different grids labeled as G1,

G2 and G3. The grid details are presented in Table 4.3. Again Cpp, Cp and Nuayg has been

compared and presented in Table 4.4. The observation of the Table 4.4 shows that the

variation in the values of Cpp, Cp and Nuay is less than 2-3% for the grid G2 and G3. In

addition, grid G3 is more complex than G2 and requires high computing resources and

excessive computational time. Hence, the grid G2 is chosen as optimum for the entire range

of the Reynolds number and it denotes the good compromise between the accuracy on one

hand and the required computational effort on the other.

Table 4.3: Grid details

Grid label Gl G2 G3
Spacing at cylinder 017 .007 .005
surface (8/D)
No. of points at 72 180 260
cylinder surface (Np)
Total no of cells (N) 24,120 58,940 1, 31,002
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Table 4.4: Grid independence study

Grid Pr Ri Re Cop Cor Co Nu(avg)
label

Gl 0.7 0 1 19.74 8.53 28.27 0.8379
G2 0.7 0 1 20.07 8.40 28.47 0.8381
G3 0.7 0 1 20.19 8.34 28.53 0.8386
Gl 0.7 0 50 1.374 0.43 1.81 4.9001
G2 0.7 0 50 1.37 0.43 1.81 4.8971
G3 0.7 0 50 1.38 0.44 1.82 4.8962
Gl 0.7 2 1 19.68 8.71 0.83 28.3971
G2 0.7 2 1 20.02 8.57 28.60 0.8385
G3 0.7 2 1 20.14 8.51 28.65 0.8386
Gl 0.7 2 50 2.09 0.64 2.74 5.2549
G2 0.7 2 50 211 0.63 2.75 5.2491
G3 0.7 2 50 212 0.63 2.75 5.2484
Gl 50 0 1 19.74 8.53 28.27 4.4963
G2 50 0 1 20.07 8.41 28.47 4.4939
G3 50 0 1 20.19 8.34 28.53 4.5025
Gl 50 0 50 1.36 0.43 1.81 24.3981
G2 50 0 50 1.37 0.43 1.81 23.8025
G3 50 0 50 1.38 0.43 1.81 23.2177
G2 50 2 1 20.64 8.73 4.53 29.3812
G2 50 2 1 20.98 8.59 29.58 4.5293
G3 50 2 1 21.11 8.52 29.64 4.5378
Gl 50 2 50 1.82 0.54 22.40 2.3677
G2 50 2 50 1.83 0.52 2.35 21.4342
G3 50 2 50 1.84 0.52 2.37 21.7636
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CHAPTER -5

General validations

In this chapter, the series of benchmarking problems have been solved to validate the
numerical methodology and process used here. The obtained results have been compared

with literature values.

5.1 2-D Lid-driven cavity flow

The flow of an incompressible fluid is induced in a square cavity (of side L) by the motion of

the top lid with a uniform velocity, U_ in the x-direction. The schematics of the flow are

o0

shown in fig 5.1. This problem can be considered as a basis for examining the efficiency of
numerical techniques for this problem. The results are computed and compared with (Ghia et

al., 1982). The boundary conditions (non-dimensional) used here are as follows.

The no-slip boundary condition is used at the left, right and bottom walls.

U, =0, U, =0. (27)
At the top wall
U =1; U, =0. (28)
Moving lid
/ A UOO: 1
L
A i
y
/‘
X

Figure 5.1: Schematics of lid-driven cavity flow

The present values of the x-velocity and y-velocity at the vertical and horizontal centerlines

respectively of the cavity at Reynolds number, Re = 100, 400, 1000 are presented in figures
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pLU,
U
The presented results show the maximum difference of *1.47%, which shows good

5.2 and 5.3. The Reynolds number for lid-driven cavity flow of is defined as Re =

agreement with the results reported in literature (Ghia et al., 1982).

1
0.8 —
: — Re=100 (Present)
o Re =400 (Presenf)
0.6 — A 77777 Re = 1000 (Present)
y - - Re=100 (Ghia et. al)
[ O Re =400 (Ghia et. al.)
| A Re=1000 (Ghia et. al)
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Figure 5.2: Comparison of centerline Uy velocity

0.4

[ j . ———— Re=100 (Present)
i K (3) Re=400 (Present)
o [N R Re = 1000 (Present)

, N B Re=100 (Ghiaet al)
0.2 7/65 AN (6] Re=400 (Ghia et al)
N A Re=1000 (Ghia et. al)

Figure 5.3: Comparison of centerline Uy velocity
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5.2  Steady flow over semi-circular cylinder

The flow of incompressible fluids with uniform velocity U,, over an unconfined semi-circular
cylinder. The flow schemes are shown in fig 5.4. The implemented boundary conditions are

given as
The physically realistic boundary conditions for this flow are
Inlet boundary: Uniform flow and temperature condition, i.e.
Ug=Us ; Uy=0; T =T, (29)

No-slip boundary condition at the surface of the semicircular cylinder for the flow and

constant wall temperature condition for heat transfer is imposed.
Uy=0; U,=0; T =T, (30)

Outlet boundary: the outflow boundary conditions are used to model the flow at the exit
where the details of the flow velocity and pressure are not known a prior it. These are

appropriate where the exit flow is close to a fully developed condition.

ol

3y =° (31)

where @ =U,, U,and T
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Figure 5.4: Schematic presentation of the semi-circular cylinder

Table 5.1: Comparison of drag coefficients
Pr Re CDP CD Nuavg
Chandraand | 0.7 | 20 | 1.313 | 1.993 | 6.63427
Chabra (2010)
Present 0.7 | 20 | 1.315 |1.995 | 6.402803

The present results are almost similar to the literature values.
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5.3 Forced convection heat transfer over horizontal circular cylinder

within confining wall in a rectangular channel

The flow of incompressible fluids with uniform velocity U, over a confined circular cylinder.

The schematics of the flow are shown in figure 5.5. The results are computed and compared

with Farouk and Guceri, 1982. The boundary conditions used here are as follows:

Inflow and Out flow boundary condition:

09

— =0

dy
where @ =U,, Ujand T.

No-slip boundary condition at the surface of the circular cylinder:

(32)

(33)

(34)

(35)
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Figure5.5: Schematic presentation of the circular cylinder within confined wall

Table 5.2: Comparison of results

Pr Ri Re NUayvg
Farouk and 0.7 412 58.01 6.63427
Guceri
Present 0.7 412 58.01 6.402803
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CHAPTER -6

Results and discussion

This chapter presents the extensive result obtained from the numerical calculations from the
2D, mixed convection and heat transfer from a semi-circular cylinder in the steady flow
regime. The parameters like individual and total drag coefficients and Nusselt number have
been studied to delineate their dependence on dimensionless parameters such as Reynolds
number and Prandtl number for the semi-circular cylinder. The detailed kinematics of the
flow and heat transfer characteristics have been visualized in terms of stream lines and
temperature contours. The flow and heat transfer fields are obtained by the variation of
Nusselt number, average Nusselt number, individual and total drags coefficients over the
surface of the semi-circular cylinder. In this study, investigation has been carried out when
imposed flow and gravity induced flow are in the upward direction (aiding buoyancy) for the

semi-circular cylinder placed in a channel.

6.1 Fluid flow characteristics

6.1.1 Streamline patterns

Figs 6.1 and 6.2 in the left half presents the flow patterns around the semi-circular cylinder
in terms of stream line profiles for combination of Reynolds number, Richardson number at

Prandtl number (Pr =0.7, 50). The trends can be summarized as follow:

No separation is seen for the Reynolds number (Re=1) at Pr = 0.7 for all values of Ri. For
constant Ri, the separation bubble increases in size whereas at constant Re, bubble shrinks
with increase in Ri. The effect of buoyancy- induced flow is seen to suppress the size of the
wake. The size of the wake region decreases with the increasing value of the Richardson
number or the Prandtl number or both. At lower value of Reynolds, buoyancy induced
current contributes to the strength of the flow and leading towards the crowding of the

streamlines at the front surface of the semi-circular cylinder.
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6.1.2 Pressure coefficients

The distribution of the pressure coefficient, Cp on the surface of the semi-circular cylinder are
shown fig 6.3 for various combinations of the Reynolds number, Richardson number and
Prandtl number. At the low value of Reynolds number (Re=1) the value of Cp decreases
along the body contour, reaching its minimum value at point B followed by a very little
recovery between point B and point C. This indicates that the pressure drag contributes
significantly to the overall drag even at such low Reynolds numbers. At high value of
Reynolds number (Re=50), the maximum value of C, found at front stagnation and lowest
value remains at point B. The similar trend is seen for high value of Re and Pr (Re=50, Pr =
50) .The value of the Cp decreases at the corner point B with increasing value of Ri. The
decrease in the value of pressure coefficient is observed in between point A and point B

instead of the sudden drop at point B.

6.1.3 Drag coefficients

The Drag value (Cpp and Cp) are presented in fig 6.4 for the ranges of the Re, Pr and Ri. The
value of Cpp and Cp suddenly decreases as the value of Re changes from 1 to 10. This behave
is due to the boundary layer separation behind the semi-circular cylinder. The stream line
profile also shows that the flow is attached to the body contours and at Re = 10 it get
separated and separate bubble form. The size of the bubble increases with increase in the
value of Re. Hence, the sudden drop in the drag values is seen between Re = 1 to Re = 10.At
low Re, the influence of buoyancy (Ri) is almost negligible. The influence of Ri increases

with increase in the value of Re and Pr. The drag increases with increase in Pr.
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Fig 6.3: Distribution of pressure coefficient along the surface of semi-circular cylinder
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6.2 Heat transfer

6.2.1 Isotherm patterns

Isotherm contours are shown in the right half of fig 6.1 - 6.2. The isotherm contours are
qualitatively similar to the streamline patterns shown in the left half. The crowding of
isotherms increases on the front surface of the semi-circular cylinder with increasing Re and
Pr. The crowding of isotherms on the curved surface presents higher Nu here than that on the
flat surface. This shows that curved surface transfer much more heat than the rear plane

surface of semi-circular cylinder.

6.2.2 Local Nusselt number

The variation of local Nusselt number along the surface of the semi-circular cylinder as
shown in fig 6.5. Under all conditions, the rear surface contributes very little to the overall
heat transfer. This is not surprising because the temperature gradient is a maximum at the
front stagnation point and it progressively decreases along the curved surface of the cylinder.
At point B, Nusselt number shows its maximum value and it decreases along the rear surface
of the cylinder. This is due to the presence of sharp corner at point B and the sudden
boundary of isotherm profile heat transfer on heat. Again, the influence of Ri increases with
increase in Re at constant Pr. At constant Pr and Re, the value of local Nu increases with
increase in Ri at front curved surface whereas in the rear it decreases with increase in Ri. At
Re = 50, Pr = 0.7, the influence of Ri at front surface is more prominent than rear surface,
whereas at Re = 50, Pr = 50, the influence of Ri increases in the rear of the semi-circular
cylinder. This is due to the complex inter-planer between the field parameter Re, Pr and Ri.

6.2.3 Average Nusselt number

It is frequently needed to estimate the value of the average heat transfer coefficient in a new
application, i.e., for known value of Re, Ri, and Pr. The functional dependence of the average
Nusselt number on the Reynolds number (Re), Prandtl number (Pr) and Richardson number
(Ri) is shown in the fig 6.6. The average Nusselt number shows positive dependence with the
Reynolds number, Prandtl number and Richardson number. At low Prandtl numbers, the

effect of Richardson number is seen to be quite distinct; it progressively diminishes with the
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increasing value of Pr up to 7. Further, increase in the value of Pr presents increase in the
value of the Ri (fig 6.6). Hence, Nuayg shows complex dependence on Ri in case of mixed
convection heat transfer. Overall, Nuayg increase with increase in Re and Pr. The rate of heat

transfer increases with increase in the Prandtl number.
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Fig 6.5: Distribution of Nusselt number along the surface of semi-circular cylinder
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Fig 6.7: Distribution of average Nusselt number along the surface of semi-circular cylinder

In fig 6.7, as the value of Ri increases from 0 to 2. The value of Nuayg is almost constant and

having little influence at Re = 50.

Table 6.1: Dependence of Cp on Re, Ri and Pr.

Re Pr=0.7 Pr=30

Ri=0 | Ri=0.5 | Ri=1 | Ri=1.5| Ri=2 | Ri=0 | Ri=0.5 | Ri=1 | Ri=1.5 | Ri=2

1 |28.47 | 28,51 | 28.53 | 28.57 | 28.60 | 28.47 | 28.79 | 29.12 | 29.41 | 29.72

10 | 396 | 425 | 455 | 485 |5160| 3.96 | 416 | 436 | 454 | 471

20| 269 | 296 | 324 | 353 | 381 | 269 | 287 | 3.05 | 3.21 | 3.36

30| 223 | 249 | 275 | 395 | 328 | 224 | 241 | 257 | 273 | 2.87

40 | 1.98 | 221 | 247 272 | 297 | 198 | 214 | 231 | 246 | 259

50| 181 | 203 | 228 | 252 | 275 | 181 | 195 | 212 | 227 | 240

Pr=7 Pr =50

1 |28.47 | 2881 |29.20 | 29.56 | 29.91 |28.47 | 28.76 | 29.03 | 29.31 | 29.59

10 | 3.96 4.2 445 | 468 | 492 | 396 | 415 | 433 | 451 | 4.66

20| 269 | 290 | 311 | 332 | 351 | 269 | 286 | 3.03 | 3.18 | 3.32

30| 223 | 243 | 262 | 281 | 299 | 223 | 239 | 255 | 270 | 2.83

40| 198 | 216 | 235 | 253 | 271 | 198 | 212 | 228 | 243 | 255

50| 181 | 198 | 2.17 | 2.35 251 | 181 | 192 | 210 | 225 | 2.37
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CHAPTER -7

Conclusions and future recommendations

Conclusions

This chapter summarizes the key finding of the present work regarding the mixed convection
heat transfer from a confined semi-circular cylinder for the following range of the conditions:
0.7< Pr <50, 1<Re<50, 0<Ri<50 and S=4.

The detailed flow and thermal field have been explored in terms of stream lines and isotherm
profiles. The distributions of pressure coefficient and local Nusselt number along the surface
of the semi-circular cylinder have been presented. The overall gross behaviour is interpreted
in terms of the individual and total drag coefficients and average Nusselt number. The wake
region is small at lower value of Reynolds number in the rear of the semi-circular cylinder
which disappears with the increasing values of the Prandtl number and the Richardson
number and the flow remains attached to the surface of the semi- circular cylinder. The value
of the pressure coefficient is found to be maximum at the front stagnation point and at low
value of Reynolds number the value of Cp decreases along the body contour, reaching its
minimum value at point B. The drag coefficients decrease with increase in the Reynolds
number. The rear surface contributes very little to the overall heat transfer and local Nusselt
number is found to maximum at corner point (B) of the semi-circular. Overall, the average
Nusselt number shows positive dependence with the Reynolds number, Prandtl number and

Richardson number.

Future recommendations

The following suggestions can be made for the future work in this field:

e This work can be further extended for the 2D unsteady flow regime.

e The identification of parameters for the flow transition from 2D to 3D.

e In the present work the mixed convection problem is investigated for the aiding
buoyancy flow of Newtonian fluid and it can be extended to the non — Newtonian
fluid.
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