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CHAPTER -1

INTRODUCTION

1.1 Motivation

Newtonian or non-Newtonian fluid flow across circular cylinder has been
studied extensively because of its numerous practical applications Bluff
body.has received a great deal of attention especially for the prediction of
loads on enginéering structures such as offshore platform supports, ocean
pipelines, high buildings, bridge piers etc. and for analysis of wake control
in aeronautical engineering as well (Mohammed and Salman, 2007). Reliable
:kn'owledge of flow characteristics and hydrodynamic forces exerted on
bodies immersed in fluids is needed to design the support structures
exposed to non-Newtonian fluids in polymer melt operations. Due to thel
simple nature of the geometry, this flow has been frequently used to gain
insights into the physics of flow and to understand the wake dynamics of
bluff bodies. Moreover, this geometry has also been used to validate
numerical solution methodologies and to assess the efficiency of various

. numerical algorithms.

Over the past few decades, considerable attention has been given to this
geometric configuration and a voluminous body of knowledge incorporating
wide ranging phenomena has emerged. Several excellent reviews and even
entire books devoted to this geometric configuration have appeared in
literature (e.g., see Ghosh et al., 1994; Ahmad, 1996; Zdravkovich, 1997,
2003, etc.).

This simple flow configuration displays wide variety of flow phenomena
depending on various factors like nature of approaching flow (laminar,
turbulent; non-uniform, uniform)v, cross section of body (circular or non-
circular), fluid behaviour (Newtonian or non-Newtonian), flow configuration
(conﬁnéd or unconfined), number of obstacles and thgir arrangerhent (inline
or staggered), the range of kinematic parameters (Reynolds number, Prandtl

number, Richardson number), etc. In addition to this, the rate of heat
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transfer from cylinder to streaming fluid is influenced by the type of
boundary layer prescribed at the wall of the cylinder, namely, constant wall

temperature' (CWT) or uniform heat flux (UHF).

It is well known that many méterials exhibit a range of non-Newtonian flow
characteristics. For example, substances having high molecular weight
(natural and synthetic polymers, gums) soap solutions and multiphase
mixtures (foams, emulsions & suspensions) exhibit a wide fange of
rheological complexities including shear dependent viscosity, viscoelasticity

& yield stress, etc.

1.2. 1Newtonian Fluids

A Newtonian fluid is a fluid whose stress versus strain rate curve is linear
and passes through the origin. The slope of the curve is called the
Newtonian viscosity, is independent of shear rate or shear stress at a given
temperature and pressure. Some examples are air and other gases, water

and most substances having low molecular weights, organic liquids, etc.

1.2.2Non-Newtonian Fluids

A non-Newtonian fluid is a fluid whose flow properties differ in any way from
those of Newtonian fluids. In other words, at a given temperature and
pressure, slope of the shear stress versus shear strain curve is not constant,
i.e., the viscosity is dependent on shear rate or shear stress and sometime
on the kinematic history of the fluid which is under consideration. A
detailed literature on the non-Newtonian fluids -and their classification can
be found in various texts (Carréau et al., 1997; Chhabra and Richardson,

1999; Gupta, 2005).

1.3 Time-Independent Fluids

Many fluids do not follow the Newton’s law of viscosity, but is a function of
shear rate only. Such fluids are called as ‘time independent’ or ‘purely
viscous’ or ‘inelastic’ fluids. On the basis of the stress versus strain curve

these can be further divided into following classes (Figure 1.1(a)):
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(a) Shear — thinning or pseudo plastic: In these types of fluids apparent
viscosity decreases with shear rate and the flow curve is concave
downward. The extent of pseudo plasticity increases as slope
decreases. Most high molecular weight polymeric . systems
(solutions, melts, blends) and multiphase mixtures (solutions,

melts, blends, etc.) exhibit shear thinning characteristics.

(b) Shear — thickening or dilatant: In these types of fluids apparent
viscosity increases with shear rate and the flow curve is concave
upward. Very few fluids such as corn flour in water, kaolin in

water, suspensions of beach sand, etc. display this kind of

behaviour.
Viscoplastic
Bingham
Plastic
”n " g
;r‘.
p -
~—
N
p -
=
&9
=
wn

Pseudoplastic
Newtonian Fluid
Dilatant Fluid

|

Shear Rate

Figure 1 Rheogram for non-Newtonian fluids (Chhabra and Richardson, 1999; Chhabra, 2006)

(c) Viscoplastic fluids: These fluids are characterized by the existence

of a minimum stress which must be exceeded before fluid starts to
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deform. Once this stress exceeds the yield stress, the flow curve
may be linear or non-linear, but it will not pass through origin.
This type of fluid shows creeps and behaves like a soft elastic solid
whereas once the shear stress exceeds the yield stress it behaves
like a fluid. Examples of viscoplastic fluids include chocolates,

meat extract, carbopol solutions, paints, foams, etc.

1.4 Computational Fluid Dynamics

Computers along with the advanced mathematical techniques has opened a
relatively new and powerful field of aerodynamics called Computational
Fluid Dynamics (CFD). In its simplest terms, CFD is the process of taking a
physical flow problem, breaking it down into a suitable set of equations,

and solving them on a digital computer. (Arvel Gentry et al. 1998).

Computational fluid dynamics (CFD) is the science of predicting fluid flow,
heat and mass traﬁsfer, chemical reactions, and related phenomenon by
solving numerically the set-of governing mathematical equations. CFD
embraces a variety of technologies including mathemaﬁcs, computer
science, engineering and physics and these disciplines have to be brought

together to provide the means of modelling fluid flow.

CFD approaches the set of partial differential equations describing the
fundamental laws of motion. The fundamental basis of CFD problem is the
Navier-stokes eqﬁations which define any single fluid flow. These equations
can be solved by removing terms describing vorticity, then on linearizing

these equations and solved by a CFD solver code.

1.5 Meshing

GAMBIT 2.3.16: A geometric modelling and grid generation tool often
included with FLUENT technology. GAMBIT software allows users to create
their own geometry or import geometry from most CAD packages. It can
automatically mesh surfaces and volumes while allowing the user to control

the mesh through the use of sizing function and boundary layer meshing.
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The partial differential equations that govern fluid flow and -heat transfer are
not usually amenable to analytical solution, except for very simple cases.
Therefore, in order to analyse fluid flows, domains are splits into smaller
sub domains. The governing equations are then discretized and solved
inside each of these formed sub domains. Typically, one of three below
mentioned methods is used to solve the approximate version of the system
of equations:_ finite volume, finite elements, or finite differences. The sub

- domains are often called a mesh or grid.

Due to the recent developments in CFD, better algorithms and more
computational power have become available to CFD analysis, resultirig in

diverse solution techniques.

1.6 Organization of Dissertation

The entire dissertation has been divided into various chapters. Different
types of fluids are studied in Chapter 1. Chapter 2 deals with the previous
work that has been done to study the momentum and heat transfer -
characteristics of flow around cylinder. In Chapter 3, the problem statement
is formed and governing equations are presented with boundary conditions
along with solution methodology. Development of model using GAMBIT -and
further solution procedure in FLUENT has also been discussed. In Chapter
‘4, the model has been validated with the results given in literature and then
the model developed is used to generate extensive flow and heat transfer
data. Finally, conclusions are given in the Chapter 5 along with the

recommendations for future study.
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CHAPTER - 2

LITERATURE REVIEW

This chapter presents an overview of various aspects including the flow
regimes a_t_ssociated with the flow past a circular cylinder, Which helps in the
basic understanding of the flow phenomena. It is further followed by a brief
literature review available for the flow and heat transfer across a cylinder in

different configurations.

2.1.1 Bluff Bodies

From the point of view of fluid mechanics bodies can be classified in two
kinds: streamlined and bluff bodies. The shape along which streamlines
follow a smooth path are called streamlined bodies, e.g., an aerofoil, etc. On
the other hand, bodies around which streamlines break away with sharp
changes in parameters such as velocity, etc., is called a bluff body. Bluff
bodies may also have sharp edges or corners, such as flat plates, triangular,
square, rectangular, and polygonal cylinders or may be round like spheres
and circular, elliptical and arbitrary oval cylinders. The point of separation
is fixed by the sharp edges for the former type whereas it can adjust itself in
response to the flow structure for the rounded bluff bodies. A region of
separated flow also occurs over a large portion of the surface of bluff body,
which results in a high proportion of form or drag and a large wake region. A
streamlined body will have lower flow resistance than a bluff body for a
given frontal area and velocity. In streamlined bodies, the regioné where
losses occur are inside the boundary layers and wake that remain
reasonably thin, whereas in case of bluff bodies, adverse pressure gradient
. causes the boundary layers to separate, creating— a large wake filled with
energetic eddies diésipating a large part of mechanical energy and thereby

increasing the drag.
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Z.1.2 Regions of Disturbed Flow

When there is a relative motion between the fluid and the bluff body
(circular cylinder in this coﬁtext), a region of disturbance is always formed
around the body, nature of which depends upon the. flow parameters. In
spite of some differences in the shape and size of the disturbed region, some
similarities have been observed. Disturbed flow can be divided in to four
regions on the basis of the ratio of the local velocity (u) to the free stream

velocity (U max) as shown in figure 2.

T e

(iv): 0<U, .

| Giyu>1, |-

. .
1]
Figure 2 Disturbances regions across cylinder {Zdravkovich, 1997).

(i) Stagnation region: A narrow region of upstream retarded flow.
Here u << U max |

(ii) Boundary layer region: Two boundary layers are attached to the
surface of the cylinder.

(iii) Displaced and accelerated flow region: The extent of displaced region
is strongly influenced by the confining walls (blockage ratio). Here u >
U max.

(iv) Wake region: The formation and destruction of flow structures in this
region depends upon the state of flow i.e. lamiﬁar or turbulent. Here u

< U max.
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It is understood that above a critical Reynolds number, flow around slender
cylindrical bodies, in general, exhibits the well-known time periodic vortex
shedding as a result of the von-Karman instability leading to alternate
vertical structures known as the von Karman vortex street. This
phenoi'ﬁenon is responsible for fluctuating forces on the body that may
cause structural \}ibrations, acoustic noise emissions, and sometimes
resonance triggering the failure of structures. Thus, it is important from

engineering point of view to investigate flow around these bodies.

2.1.3 Governing Parameters

The governing parameters for the flow and heat transfer in non-Newtonian
fluids are Reynolds number (Re), Prandtl number or Peclet number (Pe) and
power law index (n). Additional parameters emerge for mixed convection
such as Richardson number (Ri) and parameter for temperature dependent
viscosity (b). The effect of these parameters on Drag Coefficient (Cp) and

surface averaged Nusselt number (Nu) is analysed in this study.

2.2 Dimensionless Groups

Various dimensionless groups can be considered to characterize the flow of
power law fluids. The simple scaling and dimensional considerations of this

flow suggest the following dimensionless numbers to characterise the flow.

Reynolds Number (Re)

Ny2—-n
pD nljavg. (1)

. Re =

where D, p and Uayg are the diameter of the cylinder, density of the fluid and

average inlet velocity of the fluid, respectively.
For an uncontrolled flow, Uag = Us (free stream velocity).

Prandtl Number {Pr)

pr = & (Lang)™ )
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‘where ¢, and k are the specific heat and thermal coriduétivity of the fluid,

respectively.

Peclet Number (Pe)

Pe=RexPr=w . (3)

Peclet Number is independent of the power-law constants and thus offers

the possibility of reconciling the results for Newtonian and power-law fluids.

Nusselt Number (Nu)

' Where, his the convective heat transfer coefficient.

Grashof Number (Gr)

Gr = SEATED (Larg) 7 (5)

m2 D

where g, f and AT are the coefficient of gravitational force, volumetric

~ thermal expansion coefficient and temperature difference, respectively.
Rayleigh Number (Ra)

gBATD3p?c,

Ra = GrxPr=
ku

(6)

Both Gr and Ra are inter-related and are relevant when heat transfer occurs

by free convection.

Richardson Number (Ri)

Gr __ gBATD
ReZ UZy,

Ri (7)

Ri= 0: Forced Convection; Ri = «: free convection

Ri > 0: aiding flow mixed convection (heated cylinder i.e., where the

buoyancy acts in the same direction as the flow).
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Ri < 0: opposing flow mixed convection (cooled cylinder i.e., where the

buoyancy and the flow are in the opposite direction).

Drag Coefficient (Cp)

_ Fp _ Fpr Fpp

CD - 1 2 - 1 2 + 1 2
FPUmaxDL 2PUmaxDL 2PUmaxDL
— —

Viscous Component Pressure Component

where Fp, For and Fpp are the total, friction and pressure drag forces,
respectively. Unax is the maximum velocity of the fluid at the inlet (for

unconfirmed flow, Unax = Us) and L is the length of the cylinder.

Lift Coefficient (Cy)

- Fp, _ FLr FLp
CL — 1 2 - 1 2 + 1 2
= PUmaxPL P UimaxDL 2PUmaxDL
l__'_J Y

Viscous Component Pressure Component

where FL, FLr and Fip are the total, friction and pressure lift forces,

respectively.

2.4 Referred Literature

The bulk of the information on momentum and heat transfer from a cylinder
is available for only Newtonian fluids in steady flow regime. Recent studies
have evolved with different modifications like detailed hydrodynamics and
heat transfer of non-Newtonian power-law fluids across a single and
multiple circular cylinder (for instance, see Bharti et al. 2005, 2006, 2007,
Patnana et al. 2010; Sivakumar et al. 2006). Recently, vortex dynamics and
drag and heat transfer characteristics of power law fluid in unconfined flow -
configuration has also been stl.{died over a wide range of power law index
' (0.4<n<1.8), Reynolds number (40<Re<140) (Patnana et al., 2009, 2010).
" Besides that, there have been various studies on mixed convection flow
across a circular cylinder submerged in power-law medium (for instance
Soares. et al.,2005; Dhiman et al., 2007; Mohammed and Salman 2007;
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Soares et al.,2009; Srinivas et al.,2009). A brief review of the available
literature on mixed convection flow across a single circular cylinder s

presented below:

Juncu (2004) has analysed the unsteady heat/mass transfer between a
circular cylinder and a surrounding fluid flow. Numerical investigations
were carried out for the cylinder Re=2 and 20 and different value of the
Prandtl/ Schmidt numbers. The heat and mass balance equation were soIved
numerically in cylindrical coordinates By the ADI method. In the range of
Reynolds numbers investigated, the laminar flow around a circular cylinder
has two regimes: stéady flow without separation (Re<5) and steady flow with

two symmetric vortices behind the cylinder (S<Re<Rect=46).

Chakraborty et al. (2004) studied numerically the steady flow of an
incdmpressible Newtonian fluid past a circular cylinder confined in a plane
rectangular channel using FLUENT 6.3 to-carry out two-dimensional steady
state analysis for an uniform ihlet velocity and for different values of the
Reynolds numbers in the range between 0.1 and 200 and blockage ratios in
the range between 1.54 and 20. It showed that the drag
coefficient, Cp decreased with an increase in Re for a fixed value of A. It was
found that Cp increased with a decrease in A for a fixed Re due to the fact
that the walls exert an extra retardation force on the cylinder. However, the
increase in the pressure drag was more significant than that in the friction
drag. An expression for drag coefficient as a function of the blockage ratio

was developed.

Soares et al. (2005) numerically investigated the steady and incompressible
flow of power-law fluids across an unconfined, heated circular cylinder to
determine the dependence of the individual drag and the heat transfér
characteristics, with in the following ranges: _Power law indices (0.5 < n <
1.4), Reynolds numbers (5 < Re < 40), Prandtl numbers (1 < Pr < 100) . The
momentum and energy equations were solved using a second-order finite

difference method to determine the pressure drag and frictional drag as well
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as the local and surface-averaged Nusselt numbers and to map the
temperature field near the cylinder. The study of flow parameters showed
that the frictional drag component increased with the flow-behaviour index
n and that the dependence of ‘this component on n increased with Reynolds

number.

Bharti et al. (2065) studied forced convection heat transfer in non-
Newtonian power law fluids past an unconfined circular cylinder
symmetrically placed in between two parallel boundaries in the steady cross
flow regime, for ’following ranges of conditions: Reynolds number up to 40,
Power law index (0.8, 1.0, 1.2), Prandtl numbers (1, 10). They also
conducted a study of streamlines, isotherms, distribution of vorticity and
viscosity on the surface of cylinder. Flow and heat transfer is governed by
the continuity, momentum and thermal energy equations. They solved the
equations using semi-implicit FVM and QUICK scheme. The vorticity and
viscosity show qualitatively similar dependence on the power law index and
separation point shows the highest but opposite magnitude of the viscosity

for shear thinning and shear thickening fluids.

Bhaiti et al. (2006) studied forced convection heat transfer in incompressible
power law fluids from a heated circular cylinder in the steady cross flow
regime numerically by solving momentum and thermal energy équatioris
using ‘a finite volume method and the QUICK scheme on a non-uniform
Cartesian grid for following ranges of conditions: Reynolds number
(5<Re<40), Power law index (0.6<n<2), Prandtl number (1<Pr<10V00).
Numerical results were used to develop simple correlations as functions of
pertinént dimensionless variables. Effects of Reynolds number, Prandtl
number and Power law index on local Nusselt number were also studied to
provide further physical insights. Effects of two types of thermal boundary
conditions namely constant temperature and uniform heat flux on surface of

cylinder were also presented.
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Bharti et al. (2'006) solved the mbment_um equations describing the steady
cross-flow of power law fluids across an unconfined circular cylinder using a
semi implicit finite volume method. The flow characteristics have been
. presented for the following ranges of conditions: Reynolds number
(5<Re<40), Power law index (0.6<n<1.8). They detailed that for the wake size
showed non monotonous variation with power law index but it did not
influence the value of drag coefficient. Pressure coefficient, vorticity and
viscosity distributions on the surface of the cylinder were also presented to

gain further physical insights into the flow kinematics.

Sivakumar et al. (2006) numerically investigated conditions for the
formation of a wake and for the onset of wake instability for the power law
fluids over an unconfined. circular cylinder by solving continuity and
momentum equations using FLUENT 6.3. Effect of power law index on the
Reynolds number, Strouhal number and drag coefficient has been presented
over a wide range of power law index (0.3>n>1.8) thereby establishing limits
of flow without separation and for the steady symmetric flow regimes
respectively. Both shear thinning and thickening seem to lower the values of
critical Reynolds number denoting the onset of wake instability as compared
to that for the Newtonian fluids. The effect was seen to be more prominent
. for shear thickening fluids. Corresponding values for critical Strouhal
number and drag coefficient have been presented for critical values of

Reynolds number.

Bharti et al. (2007) studied forced convection heat transfer from an-
unconfined circular cylinder in the steady cross-flow regime used finite
volume method for following ranges of conditions: Reynolds number
(10<Re<45), Prandtl number (0.7<pr<400). Numerical results were used to
develop various correlations for Nusselt number as a function of
dimensionless variables. Besides average Nusselt number, - effects of
Reynolds number, Prandtl number and thermal boundary conditions on
temperature field near the cylinder were also presented to provide further

insights into the nature of flow. Rate of heat transfer was found to increase
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with increase in Reynolds number and Prandtl number. Uniform heat flux
condition always showed higher value of heat transfer coefficient than the
constant wall temperature at the surface of cylinder for the same Reynolds

and Prandtl number.

Bharti et al. (2007) made contribution ‘in the Poiseuille flow of
incompressible power-law fluids past a circular cylinder. They placed a
circular cylinder midway between two parallel plates and investigated the
continuity and momentum equations using FLUENT. Extensive results
highlighting the roles of the Reynolds number (Re), the power-law index (n),
and the blockage ratio on flow characteristics have been presented over wide
ranges of conditions (1 < Re <40, 0.2<n<19,and 1.1 <a<4). Fora ﬁxéd
value of the blockage ratio, the drag coefficient increases és the shear-
thickening (n > 1) tendehcy of the fluid increases, whereas shéar—thinning (n
< 1) fluid behaviour shows the opposite dependence. At small Re, this effect
is observed to be very strong and it gradually diminishes as Re increases.
The effect of Re diminishes for n > lwith a decrease in a, whereas the
dependence becomes stronger for n < 1. In addition, the streamline and
pressure profiles have also been presented to provide further insights into
the detailed kinematics of the flow. The wake size is also observed to
increase as the flow power law index (n) decreases. Because of wall effects,
the flow separation seems to be delayed in shear-thickening fluids, Whefeas
the opposite trend was observed in shear-thinning fluids. The pressure
profiles are observed to be similar to that for an unconfined flow, The
dependence of the pressure coefficient on the flow behaviour index
intensifies in shear-thickening fluids with a decrease in the value of

blockage ratio.

Dhiman et al. (2007) studied laminar mixed convection flow and heat
transfer in case Newtonian and power-law fluids from a heated square
cylinder. The momentum and energy equations along with the Boussinesq
approximation were used to simulate the buoyancy effects. A semi-explicit

finite volume method with non-uniform grid has been used for the following
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range of conditions: Reynolds number 1-30, power-law index: 0.8-1.5,
Prandtl number 0.7-100, Richardson number 0-0.5. The drag coefficient
and the Nusselt number have been reported for a range of values of the
Reynolds number, Prandtl number, and Richardson number for Newtonian,
shear-thickening n<1 and shear thinning n<1 fluids. In this study, the
effects of Prandtl number and of power law index on the Nusselt humber
have been found to be more pronounced than that of buoyancy parameter
Ri<0.5 for a fixed Reynolds number in the steady crbs‘s-ﬂow regime Re<30.
- The total drag coefficient and the average Nusselt number show weak
dependence on the Richardson number in the steady cross-flow regime.
Soares et al. (2009) studied mixed convection heat transfer characteristics
from a circular cylinder immersed in power law fluids. They numerically
solved fhe continuity, momentum, and thermal energy equations using a
second-order finite difference method to obtain surface vorticity patterns
and determine the local and surface averaged values of the Nusselt number
for following ranges of conditions: Power law index ( 0.6, 0.8, 1, 1.6}, Prandtl
number (1,100), Reynolds number (1- 30), Richardson number (0, 1, 3). In
this work, the drag coefficient was found to be a decreasing function of
Reynolds number and power law index for all values of Richardson number.
The increasing degree of mixed convection was found to distort streamline
patterns anticlockwise, to shift anticlockwise the position of power law
viscosity maxima and minima, and change' the vorticity broﬁle at the
cylinder surface. The effects of mixed convection on heat transfer
characteristics were generally more significant at lower values of power ‘law>
index.

Srinivas et al. (2009) considered the case of an isothermally heated
horizontal cylinder immersed in compressible power law fluid through which
mixed convective heat transfer occurs. In steady flow, both imposed flow and
. buoyancy force is in same direction called as aiding buoyancy. The
momentum and thermal equations for power law fluid were solved
numerically using finite volume based FLUENT 6.3 for the following ranges

of conditions: Richardson number 0 < Ri < 2 ; Power-law index 0.2 < n < 1.8;
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Reynolds number 1 < Re < 40; and Prandtl number 1 < Pr < 100. Under all
these condition, they observed that wake size decreases with increasing
values of Richardson number and./ or Prandtl number and surface pressure
coefficient decreases with the increasing Reynolds and Prandtl number
whereas local and average Nusselt numbers increases with increasiﬁg

values of Reynolds, Prandtl, and Richardson numbers.

Singh et al. (2010) simulated the flow across a circular cylinder placed
symmetrically in a channel with a second-order accurate, unstructured grid,
finite volume collocated Navier—Sfokes solver for different values of Reynolds
nﬁmber (45, 100, 150, 200 and 250) with the normalized channel height (H/
D) varying from 2.0 to 80 Wall pi‘oximity was found to have considerable
influence on the location of the separation points and length of the
recirculating zones. The separatioh points were found to move rearward
- resulting in a shorter wake with the decreasing values of channel height.
The presence of the sidewalls also delayed the transition from a steady flow
with closed attached wake to an unsteady flow. The normalized critical gap
is less than 0.5 at Reynolds numbers of 150, 200 and 250. When the
channel heigﬁt was more than the critical value, vortex shedding occurred
as in unbounded flow. Due to the interaction between the vortices in the
wall boundary-layers and cylinder wake, the vortex street disappeared at a
little downstream when the channel height was little more than the critical
value. The shed vortices were engulfed by thé boundary-layers. This process
occurred till the normalized channel height is about 4.0 at Reynolds number
of 100 and 150, and is about 3.0 for the higher Reynolds numbers. The
length of the distinct vortex street increased with Reynolds number and
channel height. The mean drag coefficient and Strouhal number in the
unsteady flow regime were found to decrease with increasing channel
height. Both the paraméters are significantly large when the channel height ‘
is small. The Strouhal number was practically independent of Reynolds
number at small values of H /D. The wall effect on these global parameters
was most pronounced and severe for H /D ratio 4.0 and progressively

decreased thereafter.
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Patnana et al. (2010) studied numerically two-dimensional (2D), unsteady
flow from an unconfined circular cylinder. The governing equations,
continuity, momentum and thermal energy have been solved using a finite
volume method based solver - FLUENT 6.3 for following ranges of
conditions: Power law index(0.4 <n <1.8), Reynolds number (40 <Re <140),
Prandtl number (1 <Pr <100). Depending upon the value of the power law
index(n), flow transition from being steady to unsteady occurs somewhere in
the range 33 < Re < 50, the fully developed periodic behaviour is seen only
beyond the critical value of the Reynolds number (Re). Observation is that
the average Nusselt number increases with Reynolds and/or Prandtl
numbers, irrespective of the value of the flow behaviour index. The effect of
power-law index on the heat transfer characteristics is seen to be stronger in

shear-thinning fluids than that compared to the shear thickening fluids.

Rao et al. (2011) solved numerically momentum and heat transfer equations
for flow across a square cylinder. The main emphasis of the work was to
delineate the values of the Reynolds number denoting the onset of flow
separation and the limits of the steady flow regime for both shear-thinning
and shear-thickening type fluids. The flow characteristics have been
presented for the following ranges of conditions: Reynolds number
(0.1<Re<40), Power law index (0.2<n<1.4) & Prandtl number (0.7<Pr<100).
Effects of Reynolds number, Prandtl number and Power law index on local

Nusselt number were .also studied to provide further physical insights.

Chandra et al. (2012) investigated mixed convection from a heated semi-
circular cylinder to power-law fluids in the steady flow regime. The
momentum and thermal energy equations have been solved numerically
over the following ranges of conditions: 0.6< Ri <2, 0.2< n <1.8,1< Re <30
and 1< Pr <100. The combined effects of the forced and free convection on
the flow and thermal fields are visualized in terms of the streamline and

isotherm contours. Further insights are provided in terms of the distribution
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of pressure coefficient and local Nusselt number along the cylinder surface.
The influence of the power—léw index is strongly modulated by the value of
the Reynolds number. Between the above mentioned range of conditions it
was found that At low Reynolds numbers, such as Re = 1, the local value of
the Nusselt number is found to be maximum at corners and for high values
of the Reynolds nuniber, it shifts towards the front stagnation point. The
average Nusselt number increases with an increase in the value of the

Reynolds number, Prandtl number and Richardson number.

Sharma et al. (2012) numerically studied mixed convection flow and heat
transfer across a square cylinder under the influence of aiding buoyancy at
low Reynolds numbers. (Re = 1-40, Ri = 0-1). The semi-explicit finite volume
method was implemented on the collocated grid arrangement is used to
solve the governing equations along with the appropriate boundary
conditions.. It was found that onset of flow sepération occurs between Re =
1-2, between Re = 2-3 and between Re = 34 for Ri = 0, 0.5 and 1,
respectively. The flow was found to be steady for the range of conditions
studied here. The friction, pressure and total drag coefficients were found to
increase with Richardson number, i.e., as the influence of aiding buoyancy
increases drag coefficients increase at the constant value of the Reynolds
number. The temperature field around the obstacle was presented by
isotherm contours at the Prandtl number of 0.7 (air). The local and average
Nusselt numbers were calculated to give a detailed study of heat transfer
over each surface of the square cylinder and an overall heat transfer rate
and it was found that heat transfer increases with increase in Reynolds

number and/or Richardson number.
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2.5 Summary of Literature Review

From the analysis of the literature presented in previous section, it was
observed that there have been detailed investigations on the forced
convection flow and heat transfer for a circular cylinder submerged in the
power-law fluid medium. At high Reynolds numbers, heat transfer occurs
mainly by forced convection. As the Reynolds number of the flow is reduced, .
the natural convection gradually increases. The importance of mixed
convection is gauged by the value of the Richardson number (Ri =Gr/ReZ?).
At Ri — 0O, forced heat transfer occurs and at Ri—»® , free heat transfer
occurs. Mixed convection occurs in between these two' limits (Soares et al.,
2009). There have been very few studies which deal with the mixed
convection (aiding buoyancy) from a circular cylinder in power-law fluids
(Bharti el al., 2009, Soares et al., 2009). However, there is clear indication-
of the gap in the literature in terms of the investigation for other flow
configurations for the mixed convection flow. Thus, it constitutes the aim of

the present work.

- Table 1 Summary of Literature Review

Author Parameter ranges Remarks

S Kol W A 2
Bharti et al. Re= up to 40, The local and average Nusselt was
(2005) . n=0.3,1.0,12 seen to be higher in shear-thinning

Pr=1, 10 fluids than that Newtonian and shear-
thickening. Both the local and average
Nusselt - humber increase with a
decrease in power-law index and/or

an increase in the Prandtl number.




5<Re<40
0.6<n<?2

| Bharti et al.

(2006)

Shear thinning behaviour of fluids

decreases size of recirculation zone
and delays the separation and The
drag coefficient is always.K seen to
decrease with an increase in power

law index for n = 1.5.

10<Re<45
Pr = 0.7<pr<400

f Bharti etm al

(2007a)

Rate of heat transfer was found to
increase with increase in Reynolds
number and Prandtl number uniform

heat flux condition.

I;Soares et al. Re=1- 30
(2009) : n = 0.6, 0.8, 1,
| 1.6,
Pr=1,100
Ri=0,1,3

The drag coefficient was s found to be a

decreasing function of Reynolds
number and power law index for all

values of Richardson number.
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W

ana et al. 40 <Re <14 The average  Nusselt™ number
(2010) v 0.4 <n <1.8, increases with Reynolds and/or
1 <Pr <100 Prandtl numbers, irrespective of the

value of the flow behaviour index.

AN IR A,

Chandra et al. 0.6< Ri <2 Between the meﬁtioned range

(2012) - 0.2<n<1.8 conditions it was found that, at low
1< Re <30 Reynolds numbers, such as Re = 1,
1< Pr <100 the local value of the Nusselt number

is found to 't?e_ maximum at corners
and for high values of the Reynolds
number, it shifts towards the front
stagnation point. The average‘ Nusselt
number increases with an increase in
the value of the Reynolds number,
Prandtl number and Richardson

number.
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2.6 Objectives of the Present Work

The following objectives are set up to investigate the influence of fluid
behaviour in the mixed convection flow across an isothermally heated

circular cylinder:

1) To investigate the effects of temperature and shear-dependent dependent
viscosity on the local and global momentum and heat transfer
characteristics. This investigation requires the following steps:

a. Approximation of two-dimensional (2D}, steady flow of an
incompressible non—Newtonian' flow over an infinitely long
circular cylinder. |

b. Solve the continuity, momentum, and thermal energy equations
for non-Newtonian fluid for the above defined problem and
geometric situations using FLUENT. |,

2) To obtain the influences of the Reynolds number (Re), Prandtl number
(Pr), power-law index (n), Richardson number (Ri)} and terﬁperature
thinning index (b) on the following:

» Drag coefficient (Cp) & avrage Nusselt number (Nu)
e Detailed local and global kinematics of momentum and heat

transfer
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CHAPTER - 3

MATHEMATICAL FORMULATION & GOVERNING EQUATIONS

This chapter discusses the geometrical details of the flow configuration
along with the simplifying assumptions, followed by the governing

differential equations and the appropriate boundary conditions used.

3.1 Problem Statement

In this study, the 2-D unconfined flow of an in:compressible power law fluid.
across a circular cylinder is investigated as shown in Fig. 3. This obstacle of
circular cross-section is exposed to uniform flow (having a velocity U and
temperature Te) at the inlet. The cylinder is placed at an upstream distance
" Ly from the inlet and a downstream distance of Lgq from the outlet. The total
length of the complitational domain is L in the axial direction and a height H
in the lateral direction. The surface of the cylinder is taken to be at- a
constant wall temperature (Tw). The thérmo—physical properties (except
viscosity) of the streaming fluid are assumed tol' be independent of

temperature.

Channel Wall (No-Slip Wall Moving with Fluid Velocity)

— . . 4
.  Circular Cylinder i
No-slip Boundar i
_»: | ,lk ( p Y) L,=H/2 !
EOJ I H , Outflow
o o ) \ P T ST TTrTETT TR T B Boundary
u

H
._X_ - {
K

Channel Wall (No-Slip Wall Moving with Fluid Velocity)

Figure 3 Schematics of the flow around an unconfined circular cylinder
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3.2 Mathematical Formulation

The flow and heat transfer problems are governed by the continuity,

momentum and thermal energy equations.

The continuity, momentum, and thermal energy equations (Srinivas et al.,

2009) are as follows:

Continuity equation

oU,, +%:'0
ox. 6}/ (l)

X-component of momentum equation:

o or ’
AU ou, +U ou, :_6_p+ Ol T @)
ox Y oy Oox Oox oy A

Y-component of momentum equation:

ouU ou 0 0
p|U. =2 U y |- 3p+ Txy+ Ty + 08,
Ox Y oy & ox Oy

3)

Thermal energy equation:

oT oT o°T o
iy g ity Py (A
pcﬁ( X ax y ay) (axZ ayZ] (4)

Where
Ux: Velocity in x direction (m/s) Uy: Velocity in y direction (m/s)
p: Density of fluid (kg/ms3) T: Temperature (K)
p: Pressure (Pa) 4 Cp: Heat Capa(-:ity (J/kg K)

k: Thermal Conductivity (W/m?2 K) t: Shear Stress (Pa)
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Relation between the components of extra stress tensor and rate of

deformation tensor

7, =2ue,; Where (i, j) =(x, y)

Rate of deformation tensor is given as

5]

Power law fluid:

1

8(’1'_2

ou,  oU,
o oI

.
p=m(l,/2)" %
I, =2’ +¢<:xy2 +g, + swz)
Where,
m = power law consistency index

n = power law index of the fluid

Iz - second invariant of the rate of strain tensor

(5)

(6)

(7)

(8)

. Since, Boundary conditions for the circular cylinder are written as follows:

» Inlet boundary condition: U, =U,, U,=0, T'= T«;

e On Surface of the cylinder : Standard no-slip condition and constant

temperature

Dirichlet boundary conditions

Exit boundary condition:

Neumann boundary condition

9
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* At plane of symmetry (x=0): The symmetric flow condition is imposed.

U, _o v =0 2T_y

> Ox - (10).

The effect of temperature dependence on viscosity (Soares et al.; 2010) are

assumed to be in the form

i .
U = Aere (11)

where 6(K) is the temperature, R the molar gas constant, and activation
energy E needs to be independent of viscosity. In practice, most fluids do
obey this form of temperature dependence, albeit over varying ranges of

temperature intervals.

The following approximation is used for the dimensionless viscosity n:

E
7 eR8 —
n=-——=—F=~e’" (12)
Hoo eFTo
" The temperature thinning index (b) is given by

RTy Teo U

- Where

T, Temperature of cylinder (K)

T, Temperature of fluid at inlet (K)
R Universal gas constant

E Activation Energy (J)

The above mentioned governing equations are being solved using

commercial fluid dynamics software (FLUENT) on a proper grid
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arrangement. The solution of these equations yields the velocity, pressure
and temperature fields. These fields are transformed into the useful fluid
dynamics variables such as streamlines, drag coefficients and Nusselt

number, etc.

3.3 Numerical Solution Methodology

The governing equations for unconfined flow conﬁgur_aﬁon presented have
been solved in FLUENT on a non-uniform grid structure using the QUICK
(Quadratic Upwind Interpolation for Convective Kinematics) scheme. The
non-uniform grid was generated in the commercial grid generator GAMBIT
2.4.6.

The ensuing section discusses in detail the steps involved in grid generation

and the solution procedure used.

3.4 Mesh Generation

The unstructured “quadrilateral” cells of non-uniform grid spacing were
generated using the commercial grid tool GAMBIT 2.3.16. The region near
the cylinder is given fine meshing to observe the effects around cylinder .
more vividly and the regions away the cylinder are meshed in somewhat
coarser (as compared with cylinder proximity) to save the computational
time as in fig.3.

H
H

Grid X Nov 23, 2011
FLUENT 8.3 (2d, dp. pbns, lam)

Figure 4 Mesh of the given Problem Statement generated in Gambit 2.3.16
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The following boundary types have been specified:

WALL - Upper wall, Lower wall, Cylinder.

VELOCITY_INLET — Inlet. |

OUTFLOW - Outlet

The generated mesh is exported to the commercial solver FLUENT

The commercial CFD package FLUENT 6.3 has been used to solve ‘the
governing equations. A third order accurate QUICK (Quadratic Upwind
Interpolation for Convective Kinematics) scheme has been used to discretize

the convective terms in the momentum and thermal energy eqﬁations.
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CHAPTER - 4

RESULTS AND DISCUSSIONS

In this study, flow and heat transfer across a circular cylinder is studied for
the following range of conditions: Re = 1-40, Pr = 1-100, n ='0.2-1.8, Ri = O-
3, b = 0-1.- Commercial CFD packages FLUENT was used in this study to
carry out the calculations. Having fixed the numerical parameters, the
~accuracy of the solution -procedure has been demonstrated further by
producing some of the literature values for the unconfined flow and mixed
convection heat transfer in power law fluids across a circular cylinder
thereby inspiring confidence in the reliability of the solution procedures and

the accuracy of results (Soares et al., 2009).

41 Domain Independence Study

‘Domain and grid sizes play a major role on the accuracy of the numerical
solution procedure. Hence, it is necéssary to investigate the sizes of domain
and grids which yield the results free from end effects (domain sizes) and/or
numerical instability (appears due to unbalanced grid structurés). In this
work, first, the domain independence study has been carried out to find the
lengths (upstream,. downstream and height) which are optimized in such a
manner that the computational time and accuracy of results being balanced
to each other. The results of domain independence studies are shown in the

preceding sections.

The influence of height on the drag coefficients and average Nusselt number
is shown in Table 2. In this part of study, a downstream length (Ld) of 80 &
upstream length (L4) of 20 has been fixed while the height varies as 50, 100
and 150 for two values of the Reynolds number (Re = 1, and 40), for three
values of the power-law index (n= 0.2, 1 and 1.8) and for two valués of the

Richardson number (Ri = 0, 3).
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Table 2 Influence of Height {H) on Drag coefficient (C,} and average Nusselt number (Nu)
with Re and power lawindex at Ld = 80 & Lu= 20

| Ri=0 ‘ Ri

11. 7128
s

‘ﬁ%m R

26 8823

40 (1.0)

. From table 2 it is clear that the influence of the increase in the height on
total drag coefficient and Nusselt number is significant for H=50 to H =100,
so a height of 100 units is selected.

The influence of downstream length on the drag coefficients is shown in
Table 3. In this part of study, an upstream length (Lu) of 20 & Height of 50
has been fixed while the downstream lengths are varies as 80; 120 and 160
for two values of the Reynolds number-(Re = 1, and 40), for three values of
the Iﬁower-law index (n= 0.2, 1 and 1.8) and for two values of the Richardson
number (Ri = 0, 3).
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" Table 3 Influence of downstream length on Drag coefficient {C;) and average Nusselt number (Nu)
with Re and power law index (n} at Lu=20& H=50

Ri=0 Ri=3

40 (1.0)

An analysis of Table 3 shows that the increase of downstream length (La)
from 80 to 120 yields a significant variation as compared to an increment
from 120 to 160 in the values of total drag coefficients over the ranges of
parameters considered in this work. Therefore, downstream length (La) of
120 is sufficient enough to produce the results are free from the end effects.

The inﬂﬁence of upstream length on the drag coefficients is shown in Table
4. In this part of study, a downstream length (Lg) of 80 & Height of 50 has
been fmed while the upstream lengths are varies as 20, 30 and 40 for two

values of the Reynolds number (Re = 1, and 40), for three values of the
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power-law index (n= 0.2, 1 and 1.8) and for two values of the Richardson

number (Ri = 0, 3).

Table 4 Influence of downstream length on Drag coefficient {Cy} and average Nusselt number (Nu)
with Re and power law index at Ld = 80 & H=50 at Ri =0

Ri

[
o
a
e
[
W

11.9518

sk L

16.5673

119.9113

S

19.8684

24.9909

Fhlact 4

An analysis of Table 4 shows that the increase of upstream length (Lu) from
20 to 30 results in significant variation as compared to an increment from
30 to 40 in the values of total drag coefficients over the ranges of parameters
considered in this work. Therefore, upstream length (Lu) of 30 is sufficient
enough to produce the results are free from the end effects.

Based on the influence of the domain sizes on the drag coefficients and

Nusselt number shown above, the domain size of Lqa = 120D, Ly = 30D & H =
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100D is resulted in domain free results and therefore has been used in this

study to obtain the final results.

4.2 Grid Independence Study

For this study three meshes having different grid sizes were chosen. The

number of points on the cylinder were chosen to be 100.

As can be seen from the table 5 there is very little variation in the values of
drag coefficient and average Nusselt number on changing the cell size so the
mess having coarser spacing and comparable computational time (G2) is

chosen.

Table 5 influence on drag coefficient (C;) and average Nusselt number (Nu) with Re and power law
index for three different grids having dimensions (Ld = 120, Lu = 30 & H = 100)

40 (1.0)

24.5887

o
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G1 — 192678 quadrilateral cells
100 points on cylinder with .1D spacing near the cylinder and .24D away

from the cylinder

G2 - 198178 quadrilateral cells
100 points on cylinder with .05D spacing near the cylinder and .24D away
from the cylinder

G3 - 208378 quadrilateral cells ,
100 points on cylinder with .02D spacing near the cylinder and .24D away

from the cylinder

4.3 FLUENT Methodology

The commercial CFD package FLUENT was used to compute the unconfined
flow cases studied in this thesis. FLUENT uses the FVM technique to
discretize the governing equations. The FVM discretization process used in

FLUENT consist of the

e Subdivision of the flow domain into a set of non-overlapping control
volumes (CVs) or cells »
» Integration of the conservation equations over cell assuming uniform

values of the v_ariables over the entire cell,

FLUENT offers different discretization schemes, namely, first order upwind,
second order upwind, power law and QUICK scheme. The QUICK scheme
has been used here to discretize the convective term in the momentum
equations. The semi implicit method for pressure linked equations (SIMPLE)

scheme was used for solving the pressure-velocity coupling.

FLUENT provides the density as constant, ideal-gas, incompressible ideal
gas, Boussinesq, piecewise linear, piecewise polynomial, polynomial and any
other UDFs. The viscosity model available in FLUENT are constant

(Newtonian), piecewise linear, piecewise polynomial, power-law, Sutherland,
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kinetic theory, cross, Herschel-Bulkley, Carreau, non-Newtonian power-law

and UDFs.

In this work, boussinesq approximation for density and ‘non-Newtonian
power-law viscosity model (shear rate and temperature dependent) is used.
- FLUENT solves the system of algebraic equations using the GS point-by-
point iterative method in conjunction with the algebraic multi-grid method
(AMG) solver. The use of the multi-grid scheme can greatly reduce the
* number of iterations and CPU time required to obtain a converged solution.
A relative convergence criteria of 109 for the continuity, x- and y-
components of velocity and energy were prescribed. In addition, the values
of the drag coefficients have also been monitored and when» there is no
- further significant change (less than 10-4) was observed for large number of

iterations (>1000), the solution is assumed to be converged.

4.4 Validation of Results

The present numerical solution procedure has been validated by comparing
the results obtained in this work with the available literature results. The
results obtained for different values of Re and Power law coefficient for
different values of Richardson Number were found to be in excellent
agreement with the literature values. (Srinivas et al., 2009 & Soares et al.,

2009)

Table 6 Comparison of present results with available results from the literature for Ri= 0

Re (n) Co ’ Co Nu Nu

(Present Work) - | (Srinivas etal., 2009) (Present Work) | (Srinivas et al., 2009).

1(1.0)

TH02)

40 (1.8)

40 (E0)

40 (0.2)




Table 7 Comparison of present results with available results from the literature forRi= 1

Nu Nu
(Present Work) (Soares etal., 2009}

Re (n) Co Co
(Soares etal., 2009)

i(08)

730 (1.6)
3 '

30 (0.8) 1.671 1.68 | 17.639 16.27

4.5 Drag Coefficients

Thée hydrodynamic drag force component along the x direction can be
expressed in terms of the corresponding drag coefficient Cq4, and the present
study (Figure 5, 6; 7) shows that an increase in Richardson number from Ri
= O to 3 resulted in increase in values of Cq with Prandtl number 1-100,
Reynolds number 1-40 & b = 0-1 irrespective of the fluid behavior index (n).
“This trend can séfely be ascribed to the increasing distortion of streamlines
(thereby sharpening of velocity gradients) near the surface of the éylinder
with the increasing value of the Richardson number. For all the
aforementioned values of Ri and Pr, the drag coefficient was a decreasing
function of Reynolds number (Re) whereas an increasing function of power
law index (n). Also on increasing the temperature thinning index from O to 1,
there was a decrease in the values of drag coefficient. Such effects can be
attributed to a reduction in frictional drag component due to the overall
decrease in the effective viscosity which resulted from larger temperature
thinning index. Furthermore, such depe_ndencé of drag coefficient on
temperature thinning index became more pronounced as the Prandtl
number. decreased from Pr = 100 to Pr = 1. Also, the increase in Cd with
mixed convection parameter Ri became more pronounced with at lower
Prandtl number (Pr = 1). For instance, at Pr =1,Re=1,n=1&b=1an
increase in Ri from O to 3 resulted in an increase in Cq from 8.09 to 11.52
whereas at Pr = 100, Re =1, n =1 & b - 1, the increment was from 9.95 to
10.79.
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Figure S Effect of Richardson number Ri on the total drag coefficient for
Re = 1,10,20 and 40, Pr = 1, 20 and 100 and b = 0 for different values of n
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Figure 6 Effect of Richardson number Ri on the total drag coefficient for
Re =1,10,20 and 40,Pr = 1, 20 and 100 and b = 0.5 for different values of n
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Figure 7 Effect of Richardson number Ri on the total drag coefficient for
Re = 1,10,20 and 40, Pr =1, 20 and 100 and b =1 for different values of n
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4.6Average Nusselt Number

Figure 8, 9, 10 show the functional dependence of the average Nusselt
number (Nu) on the Reynolds number (Re), power-law index (n), Richardson
number (Ri), and Prandtl number (Pr)& temperature thinning index (b). The
average Nusselt number (Nu) shows an increase with Reynolds number (Re)
and/or Prandtl number (Pr) and/or both. For fixed values of the parameters
(Ri, Re, Pr), the average Nusselt number increases as the fluid behavior
changes from Newtonian (n = 1) to shear-thinning (n < 1); however, the
opposite effect is seen in shear-thickening (n > 1) fluids. In other words, all
else being equal, shear thinning fluid behavior facilitates heat transfer while
the shear thickening behavior has deleterious effect on heat transfer. For
fixed values of Reynolds number (Re), flow behavior index (n), and
Richardson number (Rj), an increasing value of the Prandtl number (Pr) also
enhances the rate of heat transfer, irrespective of the type of the fluid
behavior. The average Nusselt number (Nu) values in the mixed convection
are always higher than those in the forced convection. For a fixed Reynolds
number (Re), the average Nusselt number (Nu) is seen to increase with
increasing Richardson number (Ri. It is also seen that the influence of
Richardson number (Ri) on the average Nusselt number (Nuw) is more
prominent at low Reynolds number than that for high Reynolds numbers.
Also increasing the values of temperature thinning index shows an increase
in the values of surface averaged Nusselt number. The increase was
pronounced for shear thinning fluids as compared to shear thickening
fluids. This was mainly due to the lowering of the effective viscosity in shear

thinning fluids near the cylinder due to its high temperature.
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Figure 8 Effect of Richardson number Ri on the surface averaged Nusselt number for
Re = 1,10,20 and 40, Pr =1, 20 and 100 and b = O for different values of n
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Figure 9 Effect of Richardson number Ri on the surface averaged Nusselt number for
Re = 1,10,20 and 40, Pr =1, 20 and 100 and b = 0.5 for different values of n
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Figure 10Effect of Richardson number Ri on the surface averaged Nusselt number for
Re =1,10,20 and 40, Pr=1, 20 and 100 and b =1 for different values of n
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4.7 Streamline Patterns

Representative streamline patterns close.to the cylinder for Reynolds
numbers Re = 1 and 40, Richardson numbers Ri = 0, 1, and 3, Prandtl
number Pr = land 100, and power law index (n) = .4 , 1 and 1.8 are shown
‘in figures 11 and 12. The main effect of mixed convection term was a loss of
symmetry of the streamline patterns, which are known to be symmetrical in
the absence of 'mixed convection, as shbwn iri figures 12 and 13. Such
symmetry-breaking was in part characterized by the presence, in the
streamline patterns, of a positive slope which increased with the increasing
valu'es of the Richardson number Ri. While such upward slope is not seen in
pure forced convection, i.e. at Ri = 0, once the mixed convection term was
introduced, the pbsitive slope was found to increase with the value of the
power law index. The present study also showed that such positive slope
became less pronounced at higher values of Re and Pr, so that at Re = 40
and Pr = 100, it was no longer observed. It is so in part due to the thinning
of the thermal boundary layer at high Prandtl number and due to the
increasing contribution of convection with Reynolds number. For Re = 40, in
the absence of buoyancy effects (Ri = 0), the flow separates from the trailing
edge of the cylinder to form two sjmmetrical vortices behind it. Also, it is
clear from these figures that the buoyancy forces are aiding the flow close to
the cylinder surface and consequently the velocity gradient increases
significantly with the increase of Ri, an effect which is more pronounced at
Pr=1 when the boundary layer is relatively thick. ,
Representative plots of the streamlines and isotherm contours showed that
for a fixed value of the temperature-thinning index b, an increase in power-
law index resulted in a slight increase in distance between the streamlines,
and between the isothermal lines, in the downstream region. Moreover, for a
fixed value of power-law index n, an increase in temperature-thinning index
b did not seem to have produced any significant change in the qualitative
‘nature of the streamline and isotherm patterns. Both the aforementioned
observations indicate that the effect of temperature thinning index on the

streamline and isotherm patterns is quite lmited.
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Figure 11 Influence of Richardson numberon the streamline contours for flow at Re = 1 and Pr =1,100 (solid line
corresponds to Pr = 100 and dashed line corresponds to Pr = 1, flow direction — left to right)
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Figure 12 Influence of Richardson numberon the streamline contours for flow at Re = 40 and Pr =1,100 (solid line
corresponds to Pr = 100 and dashed line corresponds to Pr = 1, flow direction — left to right)

4.8 Isotherm Patterus

This study also showed asymmetry of the isotherm patterns for mixed
convection (Figures 13 and 14) and that such asymmetry exhibited a"
" complex dependence on the Reynolds number (Re = 1 and 40) and Prandtl
number (Pr= 1 and 100), as well as on the power law index (n =) 0.4,

1, 1.8). The extent of such symmetry-breaking is qharacterized by a
distortion in the isotherms which increésed anticlockwise as mixed
convection increased, i.e. with greater Ri, and did not occur in the absence
of mixed convection, i.e. at Ri = 0. This effect becomes less pronounced with
the decreasing value of the power law index, an observation that can
qualitatively be explained by the fact thét the values of effective fluid
viscosity decrease with the increasing degree of shear~t_hinning behavior,

which increases the flow rate close to the cylinder surface, consequently
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reducing the effect of buoyancy forces on the isotherms. The present study
also showed that in the presence of mixed convection (and also in

~its absence), a decrease in power law index from n = 1.8 to 0.4 resulted in
slight overall increase in compactness of the isothermals, which slightly
increased the temperature gradient overall. A similar trend was observed as
Prandtl number increased from Pr = 1 to 100, although in this case the
increase in témperature gradient was much steeper, presumably due to the
thinning of the thermal boﬁndary layer. In general, a higher tefnperature
gradient close to the cylinder surface is visible from the isotherm contours.
Temperature contours are denser around the front of the cylinder than in its
rear, indicating that convective cooling of the cylinder surface is more

intense upstream.
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Figure13 Influence of the Richardson number {Ri = 0,1, 3) and Prandtl number (Pr= 1, 100} on the isotherm patterns in
the vicinity of an isothermal cylinder for power-law index n = 0.4, 1, 1.8 at a Reynolds number of (Re = 1).
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Figure 4 influence of the Richardson number {Ri = 0,1, 3} and Prandtl number {Pr= 1, 100} on the isotherm patterns in the
vicinity of an isothermal cylinder for power-law index n =0.4, 1, 1.8 at a'Reynolds number of (Re = 40}.




CHAPTER - 5

CONCLUSIONS AND RECOMMENDATIONS

- 5.1 Conclusions

In this work, momentum and heat transfer across an unconfined circular
cylinder is studied for wide range of parameters: Reynolds number (Re) = 1-
40, Prandtl number (Pr) = 1-100, Richardson number (Ri) = 0-3, power law
index (n) = 0.4-1.8, temperature thinning iﬁdex (b) = O-1. The finite volume
method based commercial CFD package FLUENT is used to solve the flow
and energy equations. Flow parameters such as total drag coefficient (Cq)

and surface averaged Nusselt number (Nu) are obtained and compared with

the available values in the literature in order to validate the model.

The hydrodynamic drag force component shows that an increé.se in
Richardson number from Ri = O to 3 resulted in increase in values of Ca with _
Prandtl number 1-100, Reynolds number 1-40 & b = 0-1 irrespective of the
fluid behavior indexA(n). Also on increasing the température thinning index

from O to 1, there was a decrease in the values of drag coefficient.

For fixed values of the parameters (Ri, Re, Pr), the average Nusselt number
increases as the fluid behavior changes from Newtonian (n = 1) to shear-
thinning (n < 1); however, the opposite effect is seen in shear-thickening (n >
1) fluids. Also increasing the values of température thinning index shows an

increase in the values of surface averaged Nusselt number.

Streamline and isotherm contours are also presented in order to describe

the flow and temperature field near the cylinder.
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5.2 Recommendations for future wark

This thesis has contributed to the understanding the effects of fluid flow and

heat transfer across a circular cylinder in an unconfined flow.

e Further research along similar lines can help. broaden our -
understanding of the flow around circular and other geometries with
extensive ranges of different computational parameters.

e Study can also be extended to different flow regimes eg. Transition or
turbulent regimes. ‘ '

o Temperature variations of other thermo physical can also be
incorporated in the model_s.

e Further 3D simulations can also be performéd to comprehend the real

life scenarios across a bluff body.

58 |Page



REFERENCES

Bharti, R.P, Chhabra, R.P, Eswaran, V. (2006) Steady flow of power law fluids across a

circular cylinder, The Canadian journal of chemical engineering,(84).

- Bharti, R.P, Chhabra, R.P, Eswaran, V. (2007) Steady forced convection heat transfer from a |
heated circular cylinder to power-law fluids. Int. J. .of Heat and Mass Transfer (50):977-990.

Bharti, R.P, Chhabra, R.P, Eswaran, V. (2007) A numerical study of the steady forced
convection heat transfer from an uncgnﬁned circular cylinder, Heat Mass Transfer (43).639-
648. '

Bharti, R.P, Chhabra, R.P and Eswaran, (2005) Forced Convection Heat Transfer to Non-

Newtonian Power-Law Fluids from a Heated Circular Cylinder, New Delhi.
Chhabra, R.P. (1999) Heat and mass transfer in rheologiéally complex systems. In Advances
in the Rheology and Flow of Non-Newtonian Fluids; Siginer, D., De Kee, D., Chhabra, R. P.,

Eds.; Elsevier: Amsterdan, Chapter 39.

Chhabra, R.P. (2006) Bubbles, Drops and Particles in Non-Newtonian Fluids, second ed.;
CRC Press: Boca Raton, FL,

Dhiman,. A.K., Anjaiah, N., Chhabra, R.P., Eswaran, V.(2007) Mixed Convection From a
Heated Square Cylinder to Newtonian and Power-Law Fluids, Journal of Fluids
Engineering,(129):506-513.

Fred Stern Fall, (2009) Bluff Body, Intermediate Fluid Mechanics (58:160).

Merkin, J.H., (1976) Mixed convection from a horizontal circular cylinder.

Int.J. Heat Mass Transfer (20):73-77.

59|Page



Mohammed, H.A., Salman, Y.X., (2007) Experimental investigation of mixed
convection heat transfer for thermally developing flow in a horizontal

circular cylinder. Applied Thermal Engineering (27):1522-1533.

Patnana, V.K., Bharti, R.P., Chhabra, R.P.,(2010) Two-dimensional unsteady
forced convection heat transfer in power-law fluids from a cylinder. Int. J.
Heat and Mass Transfer (53):415241.

Soares, A.A, Ferreira, J.M. and Chhabra, R.P. (2005} Flow and Forced
Convection Heat Transfer in Cross flow of Non-Newtonian Fluids over a
Circular Cylinder. Ind. Eng. Chem. Res.{44)5815-5827.

Sivakumar, Bharti, R.P, Chhabra,R.P.(2006) Effect of power law bindex on
critical parameters for power law flow across an unconfined circular

cylinder, Chemical engineering science (61):6035-6046.

Soares, A.A, Anacleto, J., Caramelo, L., Ferreira, J.M., and
Chhabra,R.P.(2009) Mixed Convection From a Circular Cylinder to Power
Law Fluids. Ind. Eng. Chem. Res.48, 8219-8231.

Srinivas, A.T, Bharti, R.P. and Chhabra, R.P. (2009) Mixed Convection Heat
Transfer from a Cylinder in Power-Law Fluids: Effect of Aiding Buoyancy.
Ind. Eng. Chem. Res. 48:9735-9754.



	Title
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	References

