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ABSTRACT

Rotating cylinder flows are very important in aerodynamics and in engineering structures.
Confined channel flow also has a wide range of applications including particles migration
through veins, droplet dynamics and so on. The present study demonstrates a numerical
investigation of forced convection heat transfer over a rotating hot circular cylinder vertically
placed at the central axis of a confined horizontal channel for laminar and turbulent flow. The
turbulent flow is investigated based on Reynolds Averaged Navier-Stokes (RANS) equations
using the Shear Stress Transport (SST) model. Fully developed flow of air at ambient
temperature is considered at the channel inlet for both laminar and turbulent flow cases,
whereas the surface of the channel is kept insulated. The cylinder is rotating either in clockwise
or counter-clockwise direction with a constant angular speed. The speed ratio, defined as the
ratio between the cylinder’s circumferential speed to the free stream speed, is varied along with
the free stream speed. The governing mass, momentum and energy equations in non-
dimensional form are solved numerically using Galerkin finite element method. For
simultaneously solving those equations, segregated solution approach is applied, where
multiple systems that depend on one another are solved separately in segregated steps. The
modelling is performed in a steady and incompressible fluid flow. Parametric simulation is
carried out over a range of mean flow Reynolds number based on the mean velocity of the
working fluid within the range of 40 < Re < 2000 for laminar flow and 3000 < Re < 10’ for
turbulent flow. The variation of blockage ratio (4 ) is considered as 0.05, 0.1 and 0.2, whereas
the rotational Reynolds number of the cylinder based on the peripheral velocity of the cylinder
1s set at Re. = 4, 10, 20 and 30. The numerical results are visualized in terms of streamline
plots, pressure contours and isosurface plots of thermal field. The distributions of coefficient
of drag, coefficient of lift and average Nusselt number of the hot cylinder surface as a function
of Reynolds number reveal a number of interesting observations from the present findings.
From this study, it is found that rotational direction of the cylinder has negligible effect on
thermal or flow fields and thus it doesn’t affect the drag or lift coefficients and average Nusselt
number. Although, the rotational speed of the cylinder has a significant influence on thermal
or flow fields, it also doesn’t affect any of the performance parameters. However, the
downstream vorticity is greatly influenced by both the free stream velocity and the blockage
ratio. Drag coefficients are higher for smallest cylinder both in laminar and turbulent flow

whereas Lift coefficients are higher for laminar zone but no regular pattern is found for



turbulent flow. For laminar flow, Nu is greater for smallest cylinder but opposite for the case
of turbulent flow. It is also found that the changes in Re and S significantly affect both the
aerodynamic and the thermal performance of the confined channel. Drag coefficient decreases
with the increase of Reynolds number while Lift coefficient approaches to zero for higher
Reynolds number for laminar flow but for turbulent flow it shows arbitrary value around zero.
And, Nu increases with the increase of Reynolds number up to a certain range in turbulent

zone, after that following a decreasing pattern, it remains almost constant.
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Chapter 1

Introduction

Heat transfer is such a branch of science that deals with the transfer of thermal energy. Heat
transfer is very common in our day-to-day life. Different mechanical devices like Internal
Combustion Turbines, Steam or Gas Turbines, air conditioners, refrigerators, etc., deal with
the heat transfer. Transportation of heat by turbulent motion in many processes like chemical
reactions, heat and mass transfer, and heat exchanger, etc., is of great importance from
engineering viewpoint. This convection has several applications like nuclear reactor,
electronics cooling, solar thermal technology, food processing industries and so on. Now-a-
days, Computational Fluid Dynamics (CFD) have become a common tool for performing
design and analysis of heat and mass transfer problems. There are many situations where the
requirement of mean flow characteristics set by the designer becomes more essential than the
behavior of flow and thermal fields. In that case, Reynolds Averaged Navier-Stokes (RANS)

model can be chosen to perform numerical simulation within reasonable accuracy.

1.1 Convection Heat Transfer

Convection, also denoted as convective heat transfer, is the transfer of heat from one place to
another by the motion of fluids. Convection is usually the dominant form of heat transfer in
fluids. Convection is the most complex mechanism in comparison with other heat transfer
mechanisms, namely conduction (heat diffusion) and radiation. Energy is transferred due to
specific molecular motion (diffusion), along with by bulk or macroscopic motion of the fluid.
In this motion a lot of molecules are moving collectively or as aggregates at any instant. Such
motion in the presence of a temperature gradient increases the heat transfer. At aggregate
condition, as the molecules retain their random motion, both the combination of energy
transport by random motion of the molecules and by the bulk motion of the fluid is responsible
for the total heat transfer. Depending on fluid motion, the convection can be classified as

‘natural’, ‘forced’ and ‘mixed’ convection.
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1.1.1 Natural convection

Natural convection is a mechanism of heat transfer where the fluid motion is not influenced by
any external source like fan or blower. In this mechanism, density of the fluid changes due to
temperature gradient. This causes lighter hot fluid to move up and the relatively denser cold
fluid to move close to the heated surface. Thus, a natural circulation of the fluid occurs, where
the cold fluid moves up after being heated and again surrounding cold fluid fills the void. By
this process thermal energy transfers from the heated surface to the relatively cold fluid layer.
Natural convection is of great importance for its presence both in nature and engineering
applications. Natural convection can be seen in the rising plume of hot air from fire, in the

formation of microstructures during the cooling of molten metals and so on.

1.1.2 Forced Convection

Forced convection is such a type of heat transfer where the fluids are forced to move to increase
the heat transfer. This force can be imposed by a fan, a pump, suction device, or other. As a
result, heat transfer rate increases significantly compared to natural convection. By varying the
fluid velocity, forced convection can be controlled, whereas natural convection occurs
automatically. Forced convection has several applications like heat exchanger, pipe flow, and

duct design in air conditioning system, steam turbines, lid driven cavity flow, etc.

1.1.3 Mixed convection

Mixed convection is the combination of natural convection and forced convection i.e., it occurs
when both the natural convection and forced convection work together. This is the most
common mode of heat transfer in practical situations. This is also defined by the occurrences
where both buoyant forces and pressure forces interact. Several parameters like geometry,
temperature, flow direction, flow velocity, etc. will define which type of convection (natural
or forced) will dominate the mixed convection. This convection has several applications like
thermal power plants, nuclear reactor, electronics cooling, solar thermal technology, food

processing industries and so on.
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1.2 Forced Convection Inside Channel

Forced convection inside a pipe or channel is a very popular problem. Generally, at the channel
or pipe walls, the velocity of fluid becomes zero which means a no-slip condition. Flow patterns
are greatly influenced by the surface of the channel or pipe. Inserting an obstacle inside the
channel also affects the flow patterns significantly. Aerodynamic forces will generate on the
surface of the obstacles with different heat transfer phenomenon if certain heating condition
has been applied. However, if the obstacle shape is modified into triangular, trapezoidal,

circular or any other complex shape, the pattern of forced convection may vary.

1.3 Laminar Flow

Laminar flow is a type of fluid flow where the fluid particles move smoothly or in regular paths
comparing with that of turbulent flow. Laminar flow also known as streamline flow. In laminar
flow, the flow properties at each point of the fluid remains constant. There is no cross-flow
perpendicular to the direction of flow. Laminar flow is also characterized by high momentum
diffusion and low momentum convection. It means that, viscous forces dominant over inertia
force. Fluid flowing through a closed channel such as a pipe or between two flat plates, the
flow may be laminar or turbulent depending on the velocity and viscosity of the fluid. At lower
velocities laminar flow occur. The flow field is then determined by a non-dimensional
parameter called the Reynolds number. This also depends on the dimension of the channel and
the velocity, viscosity and density of the fluid. Laminar flow through a pipe occurs when the

Reynolds number is below a threshold value of approximately 2,040.

1.4 Turbulent Flow

Most of the flows occurring in nature are turbulent by character, just like the production of
smoke of any fire, tornado, cyclone, ocean current, etc. In fluid dynamics, turbulent flow is
characterized by chaotic motion of the fluid. Turbulence is caused by excessive kinetic energy
of a fluid that overcomes the damping effect of the fluid's viscosity. For this reason, turbulence
is mainly visualized in low viscosity fluids. Turbulence is thus characterized by the following

features:
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Irregularity: Turbulent flows are highly irregular in nature. For this, turbulent
problems are normally treated as statistically. Turbulent flow is always chaotic.

However, not all chaotic flows are turbulent.

Diffusivity: The supply of energy in turbulent flows tends to accelerate the
homogenization of fluid mixtures. The characteristic for which the enhanced mixing

and increased rates of mass, momentum and energy transports is occurred in a flow is

called "diffusivity".

Rotationality: Turbulent flows always have some vorticity and are characterized by a
strong 3-D vortex generation mechanism known as vortex stretching. In fluid dynamics,
these vortices are associated with a corresponding increase of the component of
vorticity in the stretching direction due to the conservation of angular momentum. On
the other hand, turbulent energy cascade relies mainly on the vortex stretching to
establish the structure function. In general, the stretching mechanism insinuates
thinning of the vortices in the direction perpendicular to the stretching direction due to
the conservation of volume of the fluid elements. For this reason, the radial length of
the vortices decreases and the larger flow structures break down into smaller one. The
process will continue until the small-scale structures are small enough that their kinetic
energy can be changed by the fluid’s molecular viscosity into heat. Thus, turbulence is
always rotational and three-dimensional.

Dissipation: To assist the turbulent flow, a permanent source of energy supply is
required because turbulent dissipates rapidly as the kinetic energy has been changed
into internal energy by viscous shear stress. Turbulent causes the formation of eddies
of different length scales. Most of the kinetic energy of the turbulent motion has been
occurred in the large-scale structures’ region. The energy "cascades" from the large-
scale structures to smaller one by an inertial and essentially inviscid mechanism. This
process continues by creating smaller and smaller structures which produces a hierarchy
of eddies. This process thus creates structures that are small enough that molecular
diffusion becomes prominent and viscous dissipation of energy takes place finally. The

scale at which this occurs is the Kolmogorov length scale.
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Through this energy cascade, turbulent flow can be understood as a superposition of a

spectrum of flow velocity oscillations and eddies with a mean flow. The eddies are

mainly defined as coherent patterns of flow velocity, vorticity and pressure. Turbulent

flows may be viewed as consisted of a full hierarchy of eddies over a wide range of

length scales and the hierarchy can be explained by the energy spectrum that measures

the energy in flow directions for each length scale (wavenumber). The scales in the

energy cascade are normally uncontrollable and highly non-symmetric. Moreover,

based on these length scales, eddies can be divided into three categories.

a)

b)

Integral length scales: This is the largest scales in the energy spectrum. Energy
can be obtained by the mean flow from these eddies and also from each other.
Thus, these are the energy production eddies that have most of the energy. They
have the large flow velocity fluctuation and low frequency. Integral scales are
greatly anisotropic and are determined in terms of the normalized two-point
correlations of flow velocity. The maximum length of these scales is confined
by the distinctive length of the apparatus. For instance, the largest integral
length scale of the pipe flow problem is equal to the pipe diameter. For the case
of atmospheric turbulence, this length can move up to the order of several

hundred kilometers.

Kolmogorov length scales: These are the smallest scales ever in turbulent flow.
At this scale, viscosity dominates and the turbulent kinetic energy is being
dissipated into heat. For atmospheric motion, the typical values of the
Kolmogorov length scale in which the large eddies have length scales on the

order of kilometers, ranging from 0.1 to 10 millimeters.

Taylor microscales: The Taylor microscale is the intermediate length scale at
which fluid viscosity greatly affects the behavior of turbulent eddies in the flow.
This length scale is generally applied to turbulent flow that can be identified by
a Kolmogorov spectrum of velocity fluctuations. In this kind of flow, length

scales that are larger than the Taylor microscale are not affected by viscosity
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strongly. In the direction of flow, these larger length scales are generally
referred to as the inertial range. The turbulent motions are subject to strong
viscous forces below the Taylor microscale and kinetic energy is dissipated into
heat. These shorter length scale motions are normally entitled as the dissipation

range.

However, a total description of turbulent flow is one of the undefined problems in
physics. Though it is possible to find some particular solutions of the Navier-
Stokes’s equations using the governing fluid motion, all such solutions are unable
to finite disruptions at large Reynolds numbers. Dependence on the initial and
boundary conditions creates the fluid flow irregular both in time and space so that
a statistical information is needed. There is no useful analytical solutions of
turbulent flows in geometries of engineering interest though statistical theories of
turbulent flow have provided better understanding of the scaling laws in various

flow regimes.

1.5 Direct Numerical Simulation

Direct numerical simulation (DNS) is such a simulation procedure in computational fluid
dynamics (CFD) where the Navier—Stokes equations are solved numerically without any
turbulence model. It means that the entire range of spatial and temporal scales of the turbulence
must be determined. Every spatial scales of the turbulence must be determined with the help
of the computational mesh, related with the motions having most of the kinetic energy. So, it
can be concluded that DNS is very useful in developing of new models and the improvement
of existing ones. However, DNS is limited to simple fluid flows and relatively lower range of

Reynolds numbers.

1.6 Turbulence modelling

Turbulence modeling is the formation and utilize of a mathematical model to presage the
effects of turbulence. Turbulence is an extremely complicated phenomenon by its nature.
Besides any physical considerations, turbulence is by default three dimensional and time

dependent. Thus, a great amount of information is required to describe the turbulent flow in
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total. Therefore, in building a mathematical model that approaches the physical behavior of

turbulent flows, has far far less precision.

Since turbulence consists of random fluctuations of the various flow properties, a statistical
approach is carried out for turbulence modeling. The objectives are best served by using the
process introduced by O. Reynolds (1895) where all quantities are defined as the sum of mean
and fluctuating parts. This procedure leads to the formulation of RANS equations for turbulent
flow that is based on the adherences that the flow field over time have small, local oscillations
that can be served in a time-averaged sense. Due to the nonlinearity of the Navier-Stokes
equation, time averaging of the continuity and Navier-Stokes equations precedes to the

appearance of momentum fluxes which act as apparent stresses throughout the flow.

The Navier—Stokes equations mainly govern the velocity and pressure field of a fluid flow. In
case of turbulent flow, each of these quantities may be disintegrated into a mean part and a
fluctuating part. By averaging the equations, we can find the Reynolds-averaged Navier—Stokes
(RANS) equations, that govern the mean fluid flow. However, the nonlinearity of the Navier—
Stokes equations signifies that the velocity fluctuations still come out in the RANS equations
along with the presence of momentum fluxes that act as apparent stresses all over the flow.
This demonstrates the issue of closure, i.e., establishing an adequate number of equations for
all of the unknowns. Joseph Valentin Boussinesq was the first to look on the closure problem,
by introducing the theory of eddy viscosity. In 1877 Boussinesq suggested relating the
turbulence stresses to the mean fluid flow to define the system of equations. After that, Ludwig
Prandtl proposed the additional concept of the mixing length along with the idea of boundary
layer. For wall-bounded turbulent flows, the eddy viscosity should vary with distance from the
boundary wall. In modern terminology, mixing-length model is referred as an algebraic model
or a zero-equation model of turbulence. From the definition, an n-equation model presents a
model that requires solution of n no. of differential equations in addition to conservation of

mass, momentum and energy equations.

In this study, nine different turbulent models with RANS equations are used namely Algebraic
yPlus, Length VELocity (L-VEL), k-¢, Realizable k-¢, k-o, Shear Stress Transport (SST), Low
Reynolds number k-g, Spalart-Allmaras and v-2f. All of these models extend the Navier-Stokes
equations with an additional turbulent viscosity term, but they differ by the calculation

procedure.
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1.6.1 Algebraic yPlus Model

The algebraic yPlus turbulence model is an algebraic turbulence model rested on the distance
from the nearest boundary. The model is rested on Prandtl’s mixing-length theory and is good
for internal flows. It is so far less mesh sensitive than that of transport-equation models like

Spalart-Allmaras or the k-& model.

1.6.2 Length VELocity (L-VEL) Model

The L-VEL (Length-VELocity) turbulence model is also an algebraic turbulence model usually
applied for electronic cooling applications. It is also less mesh sensitive than that of transport-
equation models like Spalart-Allmaras or the k-¢ model. It was evolved by Agonafer et. al. for

internal fluid flows and uses an extension of the logarithmic law of the wall.

1.6.3 Spalart-Allmaras Model

The Spalart-Allmaras model appends a single additional variable namely Spalart-Allmaras
viscosity and does not utilize any wall functions; it solves the whole flow field. The model
was actually developed for aerodynamics applications and is beneficial in the fact that it
solves only a single additional variable. For this reason, it is less memory-intensive than the
other models which solve the flow field in the buffer layer. Experience also shows that this
model does not exactly compute flow fields that exhibit shear flow, separated flow ezc. Its

benefit is that it is quite stable and shows better convergence.

1.6.4 k-¢ Model

The k-¢ model is one of the most applied turbulence models for industrial applications. This
model contains the standard k-¢ model. The model acquaints with two additional transport
equations and two dependent variables; the turbulent dissipation rate, £ and the turbulent kinetic
energy, k. The k-¢ model is very famous for industrial purposes due to its good convergence
criteria and relatively low memory necessities. It does not compute flow fields exactly that
show adverse pressure gradients, strong curvature to the flow, or jet flow. It performs well for

external flow problems around complex geometries.
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1.6.5 k-w Model

The k- model also solves for two dependent variables; the turbulent kinetic energy, &, and the
dissipation per unit turbulent kinetic energy, w. w is also generally known as the specific
dissipation rate. The execution of the k- model is same as the k-¢ model. It also utilizes wall
functions and therefore has sufficient memory requirements. Its converging is much more
difficult and is quite sensitive to the initial guess of the solution. The k-w model is helpful in
many cases where the k-¢ model is not accurate, such as internal fluid flows, flows that show

strong curvature effect, separated flows, and jets.

1.6.6 Low Reynolds Number k-&¢ Model

When the accuracy of wall functions in the k- model is not sufficient, a low Reynolds number
model can be used. “Low Reynolds number” appertains to the region close to the boundary
wall where viscous effects dominate. Most low Reynolds number £-¢ acclimates the turbulence
transport equations by using damping functions. As it does not use wall functions, acrodynamic

forces and heat flux can be modeled with higher accuracy.

1.6.7 Shear Stress Transport (SST) Model

To combine the uppishly behavior of the &~ model at the near-wall region with the wholeness
of the k-¢ model, Menter et. al. introduced the SST (Shear Stress Transport) model that lies
between the two. SST model in the CFD Module contains a few well-tested adjustments, such
as production restrictors for both & and w, the use of S instead of € in the restrictor for pr and
a sharper cut-off for the cross-diffusion term. It is also a kind of low Reynolds number model,

i. e. it does not apply wall functions.

1.6.8 v2-f Model

For the case of v2-f model, the turbulent viscosity is dependent on the velocity fluctuations,
perpendicular to the streamlines. This phenomenon makes it possible to model turbulence

anisotropy, and to distinct between low-Reynolds number effects and wall blockage. Global
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effects of the pressure fluctuations on the turbulent flow fields are contained by applying

elliptic relaxation to the pressure strain term.

1.7 Turbulent Channel Flow and Heat Transfer

Channel flow can be modeled as internal flow where the confining walls change the
hydrodynamic behavior of the fluid flow from an arbitrary state at the channel inlet to a definite
state at the outlet. The flow may be laminar or turbulent depending on the flow velocity and
fluid property. The flow may be turbulent when the Reynolds numbers are high enough
depending on the geometry. If heat is applied on the wall, heat transfer occurs between the fluid
bulk and solid wall. Heat may be provided to the wall either as constant wall heat flux or
constant wall temperature difference. Due to turbulence in the flow, fluid particles show chaotic
motion that increases the rate of energy and momentum exchange between the particles, thus
accelerating the heat transfer and the friction coefficient. This friction coefficient also adds to
the heat transfer. Moreover, the boundary conditions of the flow fields and the temperature
fields also influence the turbulent heat transfer. Study of the turbulent flow and heat transfer
over a rotating circular cylinder placed between a parallel channel are of great importance
because of its essential nature in understanding the convective heat transfer between the fluid

and solid boundary.

1.8 Motivation of the Present Study

Though DNS is the most accurate approach for analyzing turbulence, it is applicable
only for simple physical geometries till now. But now-a-days, turbulent model is widely used
in real life problems especially in the engineering sectors having many complex geometries. A
few works have been done considering flow and heat transfer over rotating circular cylinder
inside a confined channel. Most of the previous work deals with the constant speed ratio (ratio
of the peripheral velocity of the rotating cylinder and the mean velocity of the working fluid)
which means that the rotational speed of the cylinder is to be changed automatically with the
change of mean flow Reynolds number which is not always the practical scenario of this type
of problem. So, the present study of turbulence modeling of channel flow and heat transfer is

mainly the observation of the practical scenario stated above.
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1.9 Main Objectives of the Thesis

The main objectives of the present study are as follows:

e To find out the suitable turbulence model for the typical problem.

e To investigate the effect of rotational direction of the circular cylinder, the blockage
ratio, the rotational speed of the cylinder as well as the change of mean velocity of the
working fluid on the flow and the thermal characteristics of the confined channel.

e To observe the coefficient of drag, coefficient of lift and average Nusselt number of the
hot cylinder surface as a function of Reynolds number.

e To find out the optimum condition of heat transfer.

1.10 Outline of the thesis

The primary goal of the present study is to investigate the effect of rotational direction of the
circular cylinder, the blockage ratio, the rotational speed of the cylinder as well as the change
of mean velocity of the working fluid on the flow and the thermal characteristics of the confined
channel. This is presented in structured way for the easy readership and understanding. Before

the main analysis, a proper theoretical background is provided on subject matter.

Chapter 1 discusses the theoretical aspects of the present analysis which contains a brief idea
about convection, forced convection inside channel, laminar and turbulent flow, direct
numerical simulation, turbulence modeling, turbulent channel flow and heat transfer. Finally,
the application of present study and motivation of the present work are described. Objectives

of the present work are also listed.

Chapter 2 encompasses sufficient literature review for the present work. This literature review
is carried out on the basis of related physics, analysis procedure and geometry of the physical
problem. Pertinent parameters, which are responsible for present work, are selected on the basis

of the previous works.

Chapter 3 contains the mathematical modeling of the present study. The governing equations
are also written both dimensional and non-dimensional forms. Appropriate boundary
conditions are discussed. Turbulent kinetic energy and dissipation rate equation are shown for

different turbulent models. Validation procedure is also discussed in details.
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Chapter 4 represents formulation of the numerical methods. Firstly, general concept of CFD
and numerical methods are discussed. After that, Galerkin weighted finite element formulation
is shown for the present problem. Finally, code validation and grid independence test are

described to ensure the numerical accuracy of the present work.

In Chapter 5, results and discussion are presented in a comprehensive way with related
graphical analysis and contours. Effect of Reynolds number, blockage ratio, rotational direction
and Reynolds number based on the circular cylinder on the variation of drag coefficient, lift

coefficient and Nusselt numbers have been shown.

Chapter 6 summarizes the present work and concluding remarks are presented. Finally, further

research scopes are presented for future research opportunities.



Chapter 2

Literature Review

This chapter commences by looking into both the experimental and numerical cases of flow
past a circular cylinder in both the laminar and turbulent regimes. A great amount of interest
has been found from the data and information obtained from these works. This literature review
is split into four sections, laminar flow and heat transfer over a confined cylinder and rotating
cylinder and same for the case of turbulent flow. The emphasis of the first two sections is
entirely on the studies of laminar flow by both experimental and numerical methods. The latter

two sections of the paper will compare the numerical models used for turbulent flows.

2.1 Laminar flow and Heat Transfer over a confined cylinder

Laminar flow past cylinders is a very interesting research topics from long since because of its
importance in our day-to-day life. It has a wide range of applications in various branches like
particle migration inside the veins, combustion including droplet dynamics and vaporization
etc. The flow past a stationary cylinder inside a channel with the cylinder placed symmetrically
at the center of the channel was studied by Chen et al. (1995). They focused on the nature and
occurrence of the bifurcation from steady symmetric flow to the periodic shedding regime.
Huang and Feng (1995) also investigated numerically flow over a circular cylinder confined
between two parallel plates. In the study, the interplay among wall effects, elasticity, shear

thinning and inertia is examined in detail.

Anagnostopoulos et al. (1996) studied the effect of blockage ratio on the vortices numerically.
They have concluded that when the flow is steady, the size of the vortices decreases with the
blockage ratio, while the spacing among the vorticities decrease in both directions with

increasing blockage ratio when the flow is unsteady.
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TABLE 2.1: Previous studies of laminar fluid flow in confined channel
) Confining Wall Governing )
Reference Fluid Boundary Conditions Parameters Key findings
Zovatto and the transition from steady flow to a periodic
Pedrizetti (2001) Any fluid No slip 100 < Re <2000 vortex shedding regime happens at larger Re
when the cylinder approaches to one wall
Chakraborty ef al total drag coefficient had been decreased with
(200 4))/ ' Air Impervious wall 0.1 <Re<200 an increase in the blockage ratio for a definite
value of the Re
Sahin and Owens . . identified the critical Reynolds numbers for
(2004) Any fluid No slip 0<Re=280 different blockage ratios
. . the drag curve is in good agreement with the
Wen et al. (2004) Air No slip 35<Re <560 2D computations of Henderson
Dinankar and studied the the effect of gap (G) between the
Senp ta (2005) Any fluid Symmetry Re=1200 cylinder (of diameter D) and the wall, lift and
gup drag coefficients
. with the increase of blockage ratio, the
Kumar and Mittal Any fluid No slip 0'005. < blockage critical Re for the onset of the instability first
(2006) ratio < 0.125 .
decreases and then increases
showed experimentally the effect of channel
Rehimi et al. (2008) Air Solid wall Re=30-277 confinement of a circular cylinder centered
between two parallel walls
Singha and _ validates that transition to vortex shedding
. . . Re =45,100, 150, o
Sinhamahapatra Air No slip 200. 250 regime is delayed when the channel walls are
(2010) ’ close to the cylinder
Sen et al. (2010) Air Slip and Towing tank Re < 40 found the separation Reynolds number

boundary conditions

successfully
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The unsteady momentum and heat transfer from an asymmetrically confined circular cylinder

within a plane channel is investigated numerically by Mettu et al. (2006).

Rajani et al. (2013) also studied the unsteady laminar flow past a circular cylinder in a channel
with fixed wall on both at top and bottom using OpenFOAM and studied the flow fields along
with the pressure distributions. Nidhul ez a/. (2014) numerically investigated the effect of size
of rectangular flow domain and grid spacing on flow past a circular cylinder at low Reynolds
number. In the paper, the flow pattern and flow characteristics over a circular cylinder at low
Reynolds number had been studied by means of vorticity magnitude contour, streamlines,

coefficient of drag and change of x-component of velocity.

Sun et al. (2016) also investigated numerically the flow fields, lift coefficient, drag coefficient
for laminar flow past a confined circular cylinder. Flow over a circular cylinder confined by
walls with local waviness near the cylinder had been computed and the vortex shedding
characteristics were studied by Deepakkumar ez a/. (2016). Among the four different locations
considered in their study, the waviness located near the wake region effectively suppresses the
shedding. Later, Mehdi e al. (2016) analyses fluid flow around around a 2-dimensional circular
cylinder with Reynolds No of 200, 500, and 1000 with different angle of attack 0°, 5°, and 10°.
In the study, the pressure coefficients, drag coefficients and vortex shedding for different
Reynolds numbers and different angle of attack had been computed and compared with other

numerical results that showed good agreement with the present results.

Zhang et al. (2016) study the laminar flow over a square cylinder confined within a channel
conquered to a locally uniform blowing/suction speed placed both at the top and bottom
channel walls. They have showed that wall blowing has a stabilizing effect on the flow, and
the corresponding critical Reynolds number increases monotonically with increasing blowing
velocity. Then, Mathupriya ef al. (2018) investigated unsteady flow over a cylinder confined
by two parallel walls using direct numerical simulation (DNS). They have concluded that
different instability regimes are observed as the Re of the flow increases. Also, the confinement

effects played a significant role in changing the properties of the wake.

Doreti and Dineshkumar (2018) later investigated various control techniques to reduce vortex
induced vibrations, drag and lift force acting on circular cylinder in-order to prevent structural

damage and discussed the effect of those techniques in modifying the wake flow structure is
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2.2

Laminar flow and Heat Transfer over a rotating cylinder
TABLE 2.2: Previous work of laminar flow over a rotating cylinder
Confining Wall Governin
Reference Fluid Boundary Paere to Ifgs Speed Ratio Key findings
Conditions
M. B. Glauert Anv fluid —_— —_— circulation increase indefinitely with the
y flu : )
(1957) constant increase of rotational speed
‘ _ Constant; effects of using different boundary conditions
Ingham (1983) Any fluid Solid wall Re=15,20 0,0.1,0.2,0.3, 0.4, on the stream-function at large distances
0.5 from the cylinder are presented and discussed
Ineham and Tan . . Constant; investigated steady and unsteady flow past a
& (1990) € | Any fluid Solid wall Re=5,20 | 0,0.1,0.2,0.4,0.5, rotating circular cylinder respectively for
1,3,5 different Reynolds number and speed ratio
Tane and Tneham ‘ . Constant: extend the Reynolds number range for
& & Any fluid Solid wall Re =60, 100 ; reliable data on the steady flow, particularly
(1991) 0 < Speed Ratio <1 . . .
- - with regard to the lift and drag coefficients.
showed that the present method can be used
) ] Constant: to calculate not only the global characteristics
Chew et al. (1995) | Any fluid Solid wall Re=1000 0-6 ’ of the separated flow, but also the precise
evolution with time of the fine structure of
the flow field
Re =40, 60 Constant With increasing speed ratio, the mean lift
Kang et al. (1999) | Any fluid No slip 100 1,60 ’ 0 < Speed Ratio < increases llpearly and jche.mean drag
’ T s - decreases, which differ significantly from
) those predicted by the potential flow theory
Constant measurements were made to
F. H. Barnes Water Solid wall Re =50, 55, 0 < Speed Ratio < determine the a value at which shedding is
(2000) 60, 65 =>P - suppressed for Reynolds numbers between
1.2

50 and 65
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highlighted in this work. Later, Cavanagh and wulandana (2019) studied the flow effects at
Reynolds numbers of 20, 50, 200, and 500 in the steady laminar and periodic shedding regimes.
They have found that for stationary case, the length of the recirculation zone is independent of
the number of ridges, while the drag coefficient generally increases as the number of ridges
increases. Then, Jagad ef al. (2018) investigated the flow over a circular cylinder embedded on
different spherical and cylindrical surfaces at a fixed Reynolds number of 100 and concluded
that the effect of surface curvature is insignificant on drag coefficient, lift coefficient and

Strouhal number.

Tokumaru and Dimotakis (1993) also studied the same as Ingham and Tang (1990). Stojkovic
et al. (2002) numerically investigated two-dimensional laminar flow over a circular cylinder
rotating with a fixed angular velocity and concluded that the mean drag had been decreased
with increasing circumferential speed of the cylinder. Stojkovic ef /. (2003) and K. M. Lam
(2009) investigated vortex shedding for flow past a rotating circular cylinder with different
Reynolds number and rotational speed. Later, Mittal and Kumar (2003) performed similar
numerical investigation and showed that the results from the stability analysis for the rotating
cylinder were in very good agreement with those from direct numerical simulations. They
concluded that the flow became unstable for speed ratio within 4.3 < a < 4.8. Cliffe and
Taveneer (2004) concluded that the critical flow rate where the instability generates can be
increased by rotating the cylinder about its own axis, and that at a fixed flow rate the vortex

street can be removed entirely by sufficiently large rotation.

After that, Snagmo Kang (2006) and Sojoudi and Saha (2013) studied numerically uniform
shear and shear thinning and thickening respectively over a rotating circular cylinder. Kumar
etal (2011) investigated flow past a rotating circular cylinder experimentally and showed that
Strouhal number measurements and global wake patterns agree well with previous work. Flow
past rotating circular cylinders near a wall in the low Reynolds number regime was studied by
Rao et al. (2011). The wake-wall interactions were investigated in detail, for different wall
heights and rotational rates by Shaafi er a/. (2017). Later, Sengupta and Patidar (2018)
numerically investigated flow past a cylinder executing rotary oscillation for Re = 250 — 400
using two-dimensional (2D) stream function-vorticity formulation. They proved that their

results match more accurately with experimental results both qualitatively and quantitively.
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Badr et al. (1989) also studied the steady and unsteady flows past a circular cylinder rotating
with constant angular velocity and translating with constant linear velocity. They have
concluded that the values of the steady-state lift, drag and moment coefficients from the two

methods are found to be in good agreement.

Apart from fluid flow, Paramane and Sharma (2009), Paramane and Sharma (2010)
numerically investigated heat transfer across a rotating circular cylinder maintained at constant
temperature and uniform heat flux respectively to observe flow patterns, Nusselt numbers for
different Reynolds numbers and blockage ratios. Prasad et al. (2011) extended the similar
works in order to analyze the combined effect of channel-confinement and cylinder rotation on
the flow and heat transfer across a cylinder for various blockage ratio, rotational velocity and
Reynolds number. Similarly, the effects of Prandtl number on the heat transfer characteristics
of an unconfined rotating circular cylinder are investigated for varying rotation rate for
different Reynolds number and Prandtl numbers are investigated by Sharma and Dhiman
(2012). Sharma et al. (2015) also investigated temperature distribution and heat transfer for
uniform wall temperature condition for flow past a rotating cylinder. They had described the
effect of vortex shedding, drag and lift characteristics and concluded that the heat transfer rate

increases with increasing Reynolds number.

2.3  Turbulent flow and Heat Transfer over a confined cylinder

A. Roshko (1961) investigated the flow past a circular cylinder experimentally for Reynolds
number from 10° to 107 and concluded that the drag coefficient increases from its low
supercritical value to a value 0.7 at Re = 3.5 x 10° and then becomes constant. Yazdi and
Khoshnevis (2018) experimentally studied the effect of sub critical Reynolds number of the
flow across an elliptic cylinder and observed lower turbulence intensity and velocity defect
parameters. Ford and Winroth (2019) also studied experimentally the scaling and topology of
confined bluff-body flows for Re = 10* to 10° and found that flow topology changes

substantially between short and long tailed geometries.

Experimental investigation of flow past a circular cylinder in a pipe is studied by Arumuru et
al. (2020) to understand the effect of Reynolds number and blockage ratios. They concluded

that in the turbulent regime, the upstream flow becomes fully turbulent, and the Strouhal
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TABLE 2.3: Previous work of turbulent flow over a circular cylinder in a confined channel

Confining Wall

Reference Fluid Boundary Governing Key findings
o\ Parameters
Conditions
Islam and Rachavan ' . B laminar model works very well up to Re of 10° and
& Air No slip Re = 100000 the discrepancy between the present approach and
(20006) : . . :
experiments increases with Re beyond this value
Benim et al. (2007) Air Symmetry Re=10%to 5x10° predict the boundary layer transition and the
associated drag coefficient reduction
‘ o computed the pressure and drag coefficients for
Rahman ez al. (2007) Air Periodic Re = 1000, 3900 different Reynolds numbers and compared with
experimental and other numerical results
Parnaudeau ef al . . B Both the numerical and experimental results are
' Air Solid wall Re =3900 found to be in good agreement with previous large
(2008) : :
eddy simulation data
satisfactory results for engineering design
Ong et al. (2009) Air Impervious wall Re =10, 2x10°, purposes are found for high Reynolds number
3.6x10° flows around a circular cylinder in the supercritical
and upper-transition flow regimes, i.e. Re > 10°.
the numerical and experimental results were in
good agreement in case of the instantaneous and
Yagmur et al. (2015) Air Solid wall Re = 5000, 10000 time-averaged flow field patterns of vorticity,
velocity component along streamwise direction
and streamline topology
Yuce and Kareem A No sli Re < 4x106 Wake downstream of the square cylinder was
(2016) Ir O slip €= found to be much more turbulent than that of the
circular one
1n6 6 the frequencies of the drag and lift coefficients
Daneshi M. (2016) Air No slip Re=10°, 2x10%, obta?ned theoretically agreed well with the

4x10°

experimental results
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number remains constant. The spanwise pressure distribution is influenced due to the blockage
effects near the wall. Later, Maryami et al. (2020) studied experimentally the unsteady pressure
exerted on the surface of a round cylinder in smooth and turbulent flows and shown that an
increase in the length scale of the flow structures increases the spanwise correlation length of
the flow structures at the vortex shedding frequency at the stagnation point, while at the

cylinder base, the spanwise correlation length decreases at the vortex shedding frequency.

Tabata and Fujima (1991) then studied numerically the flow past a circular cylinder using finite
element method and discussed the effect of the subdivision of the boundary layer upon flow
patterns and drag coefficients. Tutar and Holdo (2001) numerically observed flow around a
circular cylinder in sub-critical flow regime using two groups of turbulence models and showed
that the finite element method (FEM) can also be used with confidence for this type of flow.
Young and Ooi (2004) numerically investigated the effect of the turbulent length scale at the
inlet and found that the variations of up to 14% were noted in the flow properties such as mean
drag and Strouhal number, but large discrepancy between experimental and computational

results had been remained.

Dong and Karniadakis (2005) presented the results of direct numerical simulations (DNS) for
turbulent flows over a stationary circular cylinder and over a rigid cylinder imposing forced
harmonic oscillations at Reynolds number Re = 10,000. They have compared their data with
experimental one and showed that the simulation has captured the physical quantities and the
statistics of the cylinder wake correctly. The roughness effects on the flow past a circular
cylinder were investigated numerically by Rodriguez ef al. (2016) and Xie and Wang (2016).
Pang et al. (2016) investigated high Reynolds number flow around a cylindrical bluff body and
concluded that the k- (SST) model is supercilious to other two-equation RANS models and
is capable of capturing the effects of surface roughness. The curvature correction modification

to the &~ (SST) model further amends this model.

Later, Plata er al. (2018) numerically investigated flow past a circular cylinder using a
multiscale discontinuous Galerkin method for Re = 20000 and 140000 and found an overall
good agreement with the reference CFD in terms of integral flow quantities and near-wake
statistics. Then, Turbulent flow characteristics around a circular cylinder was studied by Yao
et al. (2019) to show the effect on the drag coefficient, lift coefficient and the distribution of

the wind pressure. Kumar and Singh (2020) also studied numerically the flow past a cylindrical
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bluff body at sub-critical Reynolds number and observed that at fixed Re, the drag coefficient
(Cp) increases with an increase in the blockage ratio while decrease with increasing Re for a
fixed value of blockage ratio. After that, Ooi et al. (2020) numerically investigated the effect
of blockage ratio for Re = 3900 and concluded that at higher blockage ratios, an adverse
pressure gradient develops and the boundary layer on the channel walls separates and interacts

with the cylinder wake.

Sowoud ef al. (2020) studied the turbulent flow past a cylinder for different Reynolds number
and showed both qualitative and quantative results. Then the super hydrophobicity on the flow
past a circular cylinder in various flow regimes are investigated using particle image
velocimetry-based experiments was studied by Sooraj et al. (2020). They concluded that the
surface modification can reduce the drag coefficient and have a profound effect on the near

wake.

Using the technique of large eddy simulation flow over a circular cylinder at Reynolds number
3900 is studied numerically by Kravchenko and Moin (2000). They have studied the impact of
numerical resolution on the shear layer transition and found that the power spectra of velocity
fluctuations are in excellent agreement with the experimental data. Breuer (2000) also using
the same technique of LES, evaluated the applicability of LES for practically relevant high-Re
flows and investigated the influence of sub-grid scale modeling and grid resolution on the
quality of the predicted results. Catalano et a/. (2003) also used the LES modelling flow around
a circular cylinder in the supercritical regime and compared the data with RANS solutions and
experimental data and concluded that LES solutions are shown to be considerably more

accurate than the RANS results.

Rodriguez et al. (2015) and Sidebottom et al. (2015) used the LES modelling to investigate the
flow topology, vortex shedding process and to assess the effect of four numerical parameters
namely sub-grid scale (SGS) turbulence models, wall models, discretization of the advective
terms in the governing equations, and grid resolution respectively. Zhang et al. (2019)
numerically investigated turbulent flow and noise sources on a circular cylinder in the critical
regime by LES. The far-field noise obtained in the study by both direct computation and
acoustic analogy shows a dominant vortex shedding tone, but with additional broadband

sources in the cylinder wake.
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2.4  Turbulent flow and Heat Transfer over a rotating cylinder

TABLE 2.4: Previous work of turbulent flow over a rotating cylinder

Confining Governin
Reference Fluid Wall Boundary £ Speed Ratio Key findings
... Parameters
Conditions
there is admirable agreement between both the
; : 4 Constant; numerical and experimental results for all speed
Badr et al. (1990) Any fluid Solid wall 10°<Re<10 05,1,3 ratios considered,p except for the highest rotstion
rate.
calculated values for different separation
‘ ‘ _ positions, the drag and lift force coefficients, the
Cheng ef al. (1994) | Any fluid | Solid wall Re=6x10° Constant; velocity and the pressure distribution on the
0,0.1,0.2,0.3 . .
cylinder surface are found to good agreement with
the published experimental data
) ) ) concluded that their finite-difference method is
Nair et al. (1998) | Any fluid No slip Re =3800 Constant; found to be accurate and fast as compared with
05,1,3 .
other published results
Dierich et al. Any fluid Solid wall Re=1.5x10* variable Shown that the universal logarithmic velocity
(1998) to 10° distribution is still valid near the wall.
; ; Re=10° and Constant; showed the flow field and calculated time
Chou M. H. (2000) Alr No ship 10* <3 dependent lift and drag coefficients
Elmiligui ef al A o Constant; predicted the drag coefficient, lift coefficient and
) (2004) ’ Ir periodic Re =50000 0,0.2,0.4, 0.6, the Strouhal number and commented that
08,1 modified PANS model was the most accurate
Takayama and Air Solid wall Re = 0.4x10° Constant: coqc}lluded that both the drag ap;il lilft c':oefﬁci'ents
Aoki (2004) t0 1.8%10° 0to 1 with arc grooves 12;Eia:;§ (;mt the increasing
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Sanjital and Goldstein (2004) studied the forced convection heat transfer from a circular
cylinder for a wide range of Reynolds number and Prandtl number. They had proposed an
empirical correlation for identifying the overall heat transfer from the cylinder. Later, Shao and
Zhang (2006) presented both the RANS and LES modelling to simulate the flow over a circular
cylinder at a Reynolds number of 5800, that is based on free-stream velocity and the diameter
of cylinder. They have investigated both the velocity field and the temperature field and
analogized with the experimental measurements. Lastly, Ma and Duan (2020) investigated the
flow similarities and heat transfer around a circular cylinder for a wide range of Reynolds

number and showed the effect on drag coefficient, lift coefficient and Nusselt number.

Direct Numerical Simulation of Turbulent flow around a rotating circular cylinder was studied
by Hwang et al. (2007). They have computed the turbulent kinetic energy and found to be
similar to that in plane channel flow as well as in pipe and zero pressure gradient boundary
layer flows. Cheng and Luo (2007) then studied the effect of wall confinement for flow around
arotating circular cylinder and observed that the mean drag coefficient increases monotonically

with the gap between the cylinder and the wall.

Dol et al. (2008) then experimentally investigated periodic vortex shedding from a rotating
circular cylinder for Reynolds number of 9000 for velocity ratios between 0 and 2.7. They have
observed that the convection speeds of the two rows of vortices differ while the spacing ratio
diminishes and increased inequality of the two separated shear layers leads to weaker vortices
in the near wake region. S. J. Karabelas (2010) then studied the Large Eddy Simulation of high-
Reynolds number flow past a rotating cylinder with different spin ratios. He had concluded that
as the spin ratio increases, the mean drag decreases and the flow is also stabilized. He also
proved the LES computations could be accurate for high-Re sub-critical flows. Now, Karabelas
et al. (2012) studied the same but using the RANS equations via finite volume method. They
had found that load coefficients were inversely proportional to the Reynolds number for most

of the examined rotational rates.

The flow past a rotating cylinder at supercritical Reynolds number has been studied using the
computational fluid dynamic methods by Yao et a/. (2016). They have analyzed the variation
of flow field around a rotating cylinder and showed the variations of lift and drag coefficients.
After that, Mgaidi ef al. (2018) and Yazdi et al. (2019) analyzed the flow around a rotating

circular cylinder at subcritical regime of Reynolds number by both experimentally and
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numerically. Mgaidi ef a/. (2018) have mainly focused on the lift coefficients and compared
their numerical values with the experimental data they have found. Their experimental data

matches best with the SST models.

Yazdi et al. (2019) also used the SST models for numerical study and investigated Strouhal
number, drag coefficient and flow pattern for different Reynolds number and spin ratios. They
have found that with increasing the rotation ratio, the drag coefficient is decreased and also, by
increasing the rotation ratio, the positions of the stagnation and separation points are changed.
Lastly, Chen ef al. (2020) experimentally investigated the whirl and generated forces of rotating
cylinders in still water and suggested that the frequency of the DFW (Different Frequency
Whirl) may equal multiple times or one-multiple times that of the rotating frequency: the whirl
direction of the DFW with multiple times the frequency of the rotating frequency is the same

as the rotating direction.

Ozerdem (2000) experimentally measured the convective heat transfer coefficient for a rotating
horizontal cylinder and proposed a correlation between the Nusselt number and turbulent
Reynolds number for a range of Reynolds number. Ouali et al. (2006) also investigated
convective heat transfer coefficient experimentally for flow past a circular cylinder.
Correlations between the Nusselt number with the axial and rotational Reynolds numbers are
proposed. Later, Eighnam (2014) investigated heat transfer from a rotating cylinder by both
experimentally and numerically to establish a correlation connecting to Nusselt number and

Reynolds number.
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Mathematical Formulation

For any kind of numerical problem, it is necessary to model the problem mathematically. Any
physical system can be modeled using one or more algebraic or differential equations. After
that, these equations have to be solved using appropriate initial and/or boundary conditions
found from the physical problem. Hence, mathematical modeling is the most important part to

obtain the accurate and realistic solution of the physical problem.

3.1  Physical Problem

The details of the rectangular shaped cavity are shown in figure 3.1. The computational domain
is presented in Cartesian coordinate having its origin at the center of the cylinder. The
rectangular channel has a width of L = 3D, where D is the diameter of the channel. The circular
cylinder of diameter d is centrally placed inside the channel at a distance of Lu = 1.2D from
the channel inlet. The cylinder is rotating at an angular speed of w either clockwise (CW) or
counterclockwise (CCW) direction and the surface of the cylinder is kept at a high temperature
Th. Three different diameters of the cylinder are selected and hence, the blockage ratio (/) is

varied as f = d/D = 0.05, 0.1 and 0.2 respectively.

3.2 Mathematical modelling

Mathematical modeling consists of governing equations and boundary conditions for
the present problem. At first, dimensional governing equations are formulated from the
physical system along with appropriate boundary conditions. Later, few scales are applied to
the governing equations and boundary conditions to convert them in non-dimensional form.
Different models are available to evaluate the thermo-physical properties of air as a single
phase. Among them, Laminar flow and SST (Shear Stress Transport) model for turbulent flow

are considered for the present problem.
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FIGURE 3.1: Schematic diagram (2D) of the rectangular channel with a rotating circular

cylinder in Cartesian coordinate system.

FIGURE 3.2: 3D view of the schematic diagram

3.2.1 Laminar Flow Governing equations

The working fluid in the channel is considered as air and the thermo-physical properties of air
are taken to be constant. The radiation and the buoyancy effects along with viscous dissipation
are neglected in this study. Radiation heat transfer is very much negligible than the convective
heat transfer in this case. And as air is used as the working fluid in our study with smaller

cylinder so we can ignore the effect of buoyancy as well as the viscous dissipation. The flow
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inside the channel is assumed to be two-dimensional, steady, laminar/turbulent, and
incompressible and hence, the mass, momentum and energy conservation equations in

dimensional form are written as follows given by Sun ez al. [16]:

Continuity equation:

u, vy, 3.1)
ox Oy
X-momentum equation:
LI [ g A i
P ox 0Oy Ox # o’ o) (3:2)
y-momentum equation:
2 2
ox Oy oy ox~ oy
Energy equation:
2 2
pC u@_T+v6_T =k 812’+6€ , (3.4)
Pl ox oy ox* Oy

Where, x and y are the dimensional cartesian coordinates, u and v are the dimensional velocity
components in the x and y directions respectively, p is the dimensional pressure, 7 is the
dimensional temperature, p is the density of fluid and y is the dynamic viscosity and C,, is the

heat capacity at constant pressure.

3.2.2 Boundary conditions

Boundary conditions are necessary for solving the governing equations. In the present study,
no-slip boundary condition is imposed on the wall surface of the channel, whereas a parabolic
inflow velocity u; for laminar flow of the working fluid maintained at an ambient temperature
Tc (< Ty) is considered at the channel inlet. Outflow boundary condition for both flow and
thermal fields are maintained at the exit of the channel. The boundary conditions of present

problem are presented dimensionally in table 3.1.
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TABLE 3.1: Boundary conditions of the present model in dimensional form

Boundary Wall(s) Thermal Field Flow Field
Inlet Tr=T. u=2(1—4y?
Outlet oT/ox=0 p=0
Channel Surface oT/oy=0 u=v=0
Rotating cylinder wall T="Th u=12ay,v=+2o0x

Here, o =2, where u, is the velocity of cylinder and u. 1s the mean inflow velocity. (+) ve sign
Um

of U and (-) ve sign of V' is for CW rotation and (-) ve sign of U and (+) ve sign of V'is for
CCW rotation of the cylinder.

3.3 Dimensional Analysis for Laminar Flow

For convection problems, it is very common to present the governing equations in
dimensionless form. Generally, the variables of the equations are normalized by a reference
value. As a result, the governing equations takes a non-dimensional form. The non-dimensional
analysis is advantageous over dimensional analysis as it reduces the physical experiment. For
this purpose, some non-dimensional governing parameters are formed using the physical

variables.

3.3.1 Non- dimensional scales

The following reference or characteristic parameters are chosen for obtaining the scales for the

present problem.

L

ref = D’U

P

=Uu ref

:pUief27]:”ef:T;‘ (3‘5)

ref m?o

Where, Ler 1s the reference characteristic length, Urer is the reference velocity, Preris the

reference pressure and Treris the reference temperature.

The following scales are applied to (3.1) - (3.4) to obtain the non-dimensional form of the

governing equations. These scales are represented by means of their reference properties.

x=2y=Yuvu=2Ly=-"eo T_TC,P:LRe:umD,Pr:#]? (3.6)

ry2 _
D D Un Um Th—T. Plm v
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Where, u, is the mean velocity at inlet, X and Y are the dimensionless coordinates, U and V are
the dimensionless velocity components in the X and Y directions respectively, P is the
dimensionless pressure, @ is the dimensionless temperature, Again, 7, is the highest

temperature and 7. is the lowest temperature.

3.3.2 Laminar Flow Non-dimensional governing parameters

In order to reduce the number of physical variables in dimensional analysis, non-dimensional
parameters are used. The non-dimensional parameters that govern the present problem are

stated below:

Reynolds number (Re): The Reynolds number is the ratio of inertial force to viscous force. It
helps to predict flow patterns in different fluid flow situations. At low Reynolds numbers, flows
tend to be dominated by laminar (sheet-like) flow, while at high Reynolds numbers flows tend
to be turbulent. As the Reynolds number increased, the inertia forces become dominant and
small disturbances in the fluid may be amplified to cause the transition from laminar to

turbulent flow. Reynolds number is expressed as [67]:

Re= el 3.7)
y7]

Where, U,, is the free stream velocity, D is the diameter of the channel and u is the dynamic
viscosity of fluid.

Prandtl number (Pr): This is the ratio of molecular diffusivity of momentum to molecular
diffusivity of heat. It represents the relative importance of momentum and energy transport by
the diffusion process. Pr relates the relative thickness of the hydrodynamic and thermal

boundary layers. Pr is the connecting link between the velocity field and thermal field. The

Prandtl number is expressed as [44]:

pr = G (3.8)

Here, £ is the thermal conductivity of the fluid.
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3.3.3 Non-dimensional governing equations

Applying scales and governing parameter mentioned above, dimensional governing equations

((3.1) - (3.4)) yields to the following form:

Continuity equation:

v v, (3.9)
oX oY
X-momentum equation:
2 2
v poU_ 0P, 110U U (3.10)
oX oY 60X ReloX® 0Y

Y-momentum equation:

oV oV oP 1 (oV oV
UtV = et — | —+— |,
X oY ov Re(@Xz ayzj (.11
Energy equation:
2 2
v, y0__1 [00,00] (3.12)
oX oY RePrl\oX”~ oY

3.3.4 Non-dimensional boundary conditions

Boundary conditions for the present problem in the non-dimensional form are presented in the
table 3.2. From the dimensional boundary conditions presented in §3.2.2 and by applying scales

(see §3.3.1) these non-dimensional boundary conditions are achieved.

TABLE 3.2: Non-dimensional boundary conditions of the present problem.

Boundary Wall(s) Thermal Field Flow Field
Inlet 0=0 U=2(1-4Y?)
Outlet 00/0X =0 P=0
Channel Surface 00/0Y=0 U=V=0
Rotating cylinder 0=1 U=+2aY,V=F+20aX

wall
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3.4  Turbulent Flow governing equations

Turbulent velocity », can be decomposed into an average component U, and fluctuating
component u, i. e. u,= U,+ u/. Here, i=1,2 denotes the x, y directions. Similarly turbulent
pressure p can be split into average component P and fluctuating component p' . The stationary

turbulent flow field is governed by incompressible RANS equations for turbulent flow which

can be written as below given by Sidebottom et al. [79]:

Continuity equation:

Ui . (3.13)
ox;
Momentum equation:
oU. oP 0O — (3.14)
L= ——(2uS. — pu |+ f,
Tox, o aj(”” pu )+,
Energy equation:
oT o'T
CU —=k , (3.15)
Pt ox, 6x12
) 1({oU, 0U, ) .
Where, the strain rate tensor, Sij :E a—’+ 3 L |. Volume force is denoted by f, which
X o

has two components along two axes. The volume force is considered zero in all directions for
the present study. In equation 3.14 the component 7, =—puu; is the turbulent Reynold’s

stresses. It has six components in three-dimensional analysis and three components in two-
dimensional analysis. This causes the presence of more unknown variables than the number of

equations and make the system of governing equations not solvable. To overcome this problem

different turbulent models are used. From Boussinesq hypothesis, 7, = —puu’, =24,S;, where

U’

u, 1s called turbulent viscosity or eddy viscosity. A Kinematic turbulent viscosity, v, can also

be defined, v, == whose unit is m” /s .

P
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3.5 Turbulent Models

There are different turbulent models which can be categorized as: Zero Equation Models, One
Equation Model and Two Equation Models. We are interested mainly on the last one, the Two
Equation Models. Corresponding dimensional equation of some two equation models are stated

below:

351 k-eModel
The model introduces two additional transport equations and two dependent variables; the
turbulent kinetic energy, k, and the turbulent dissipation rate, ¢. [103]. The turbulent viscosity

1s modeled as:

K’ 3.16
ll’lT = pC/q ) ( : )
£

The transport equation for k is expressed as

pUj%:i ﬂ_{_& % +2:UTSij'%_pg’ (317)
ox; O, o, ) Ox, ox;

The transport equation for ¢ is expressed as

o 0 i, | Os g oU. g (3.18)
U, —=— +~L | —1+2u,S.C,——~-C_p—,
P e, " ax, K” agJaij Hroite e, TP

The empirical optimum values of model constants are

C,=0.09,C, =1.44,C,, =1.92,6, =1.0,0, =1.3 (3-19)

3.5.2 k- w Model

The k- @ model solves for the turbulent kinetic energy, k& and for the dissipation per unit
turbulent kinetic energy, w. Here, @ 1s also commonly known as the specific dissipation rate.
The CFD Module that is deployed in present study has the Wilcox (1994) revised & - @ model.

In this turbulence model, the turbulent viscosity is expressed as

k
H=p—, (3.20)
w
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The turbulent energy equation is expressed as

ok 0 . ok oU,
U —=—|(u+0, 1, )=— |+2u,.8, —~— pB, ko, (3.21)
P a o {(ﬂ ) & J 4S5 By
and the specific dissipation rate equation is expressed as
ow O ow w oU;
U _ O 2 S - D
J ax axj [(ﬂ w‘LlT)aij /LlT ij k a p/BO (322)

The optimum empirical values of model constants are used as

1.1
ﬂ ﬂofp:ﬂ ﬂofﬁa Ea :Ea
(3.23)
13 14707,  |9QQ .9
R e N
125 1480y, " |(B,* ) 100

3.5.3 SST Model

The SST model is a combination of the k-¢ model in the free stream and the k- model near
the walls [105]. It is also a low Reynolds number model, i.e., it does not apply wall functions.
Low Reynolds number refers to the region close to the wall where viscous effect dominates. In

this model, equations are formulated in terms k and w. The turbulent viscosity is expressed as

pak
max(aza), vaz) ’

s = (3.24)

where, S is the characteristic magnitude of the mean velocity gradients and is obtained from

S=.[25,S,,

(3.25)
Turbulent energy equation is expressed as
pUj%:i (/J"‘O'kﬂr)% +P—pp, ko, (3.26)
ox; O, Ox,

Specific dissipation rate equation is expressed as

ow 0 ow p 0w Ok oY 327
U, — o )2 21— f,, ) D2 L p_ppo, (327
£ x; ax i‘(,u ”'uT)éx J (=1)=5" ® 8x 8x uT PPy

J
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Where,

P= min£2,uTSij %,10 pﬁo*ka)} (3.28)

J

The model constants are defined through interpolation of appropriate inner and outer values a
as

¢=fub+(1-1,1) s, (3.29)
Where, ¢=f,7,0,.a,.

The interpolation functions are defined as

f. =tanh(§"),

6, = min {max( Vi 500, J 4p0'(02kJ’

ﬂo*a)la) , pa)lw2 ’ CDkwlw2
(3.30)
CD,, = max 2% a—wa—k,IO"10 ,
@ Ox; Ox,
and
f., =tanh(6,?),
(3.31)

0, = max[

2k 500/1}

Blol,” pal )]

3.5.4 Low Reynolds Number & - ¢ Model

The low Reynolds number k-¢ model is similar to the k-¢ model, but does not need wall
functions: it can solve for the flow everywhere [106]. It is a logical extension of the k-¢ model
and shares many of its advantages, but generally requires a denser mesh; not only at walls, but
everywhere its low Reynolds number properties kick in and dampen the turbulence. The low
Reynolds number k-¢ model can compute lift and drag forces and heat fluxes can be modeled

with higher accuracy compared to the £-¢ model. The turbulent viscosity is expressed as

2

k
= pC, ?fu (p, 1.k, €,1,), (3.32)
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Turbulent energy equation is expressed as

ok _iumﬁj%J”ﬂTS'%_p& (3.33)

P jgj_ﬁxj o, ) Ox,

Dissipation rate equation is expressed as

J - ij el
ﬁxj axj o ; k@xj

&

oe 0 o¢ g oU, g’
pU, — ——KMﬁJgJMﬂTS-C ——’—ngp7fg (o pt.k,6.1,),  (3.34)

Where,

f‘ =(1_ —l*/3_1)2 (1_0-36_(&/6-5)2) (335)
I =(pul,) 1R = pk’ [(u),u, =(ue/p)",
Where, /, is the distance to the closest wall. The closure constants are used as
C,=0.09,C,=15C,=19,0,=14,0,=14 (3.36)

3.6  Dimensional Analysis for Turbulent Flow

Here, channel height D is the reference length and mean velocity u., is the reference velocity.

The dimensional parameters are then defined as

vty Up o P IL (3.37)
D

Here, x, is the non-dimensional co-ordinates, U,” is non-dimensional average velocity; both
of them have two components in 2D co-ordinate system. ® is non-dimensional temperature

and P is non-dimensional average pressure. By using these parameters, the steady,
incompressible RANS equations for turbulent flow can be obtained in non-dimensional form

as [107]:

Continuity equation:

" (3.38)
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Momentum equation:

yrU_ P 2 9 (1+”—T]S,.j* i f (3.39)
ox, ox, Reox, v
Energy equation:
2
c©__1 00 (3.40)
7 ox;  ReProx,
N : . 1feu’ U’}
where, dimensionless strain-rate tensor, S :5 a—’*+ pwclt dimensionless Reynolds
X X,

u D . . . * * * . .
number, Re =—"—, dimensionless stream wise force, f, = f, = f; =0, and dimensionless
)

Prandtl number, Pr= 2.
a

3.6.1 Non-dimensional Boundary Conditions

The non-dimensional boundary conditions for turbulent flow in listed below:

TABLE 3.3: Non-dimensional boundary conditions of the present problem for turbulent

flow.
Boundary Wall(s) Thermal Field Flow Field
Inlet ®=0 U’ =2(1-4x")
Outlet o®/ox" =0 P =0
Channel Surface a@®/ox," =0 U'=U, =0

Rotating cylinder wall 0=1 U’ =2ax,,U," =2ax
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3.7 Non-dimensional turbulent Models
3.7.1 k-eModel

According to this model the dimensionless turbulent energy equation can be expressed as
[107]

*

.0k 1 0 v, \ok | 2 .,.oU .
U =5~ 1+— o TE, (3.41)
7 ox,  Reox, o, )ox; | Re " 7 ox, :

J

Dimensionless dissipation rate equation can be written as

* %2

. Og 1 0 v, \og | 2 cax€ 0U" 1 &
U. — = 1+—= = +—C,U S. —*_l*__c %
7 ox] Reéx, K o J@x } Re “" 7k ox] Re 7k (342)

J £ J

3.7.2 k- o Model

The dimensionless turbulent energy equation can be written as [107]

* ak* 1 a * * ak* 2 * *aU* * * *
U' S = 2 (1+0,0,)) 2 |+ 20,8, S - Bk o 4
! ox;  Reox, {( kT )ij J Re 7 ox; Py (3.43)

Dimensionless dissipation rate equation can be written as
* 80)* 1 a * 8&)* 2 * * a)* 6U* #2
U —=——|l+o,0; | —= |+—0o,0, S, —— b0 , 3.44
/ ox, Reaxj[( ‘”)axJRe Tk ex, & (349

J

3.7.3 SST Model

Dimensionless turbulent energy equation can be expressed as [107]

* ak* 1 a * ak* 3k * * *
U'Z=— " (140w, )= |+ P - Bk o, (3.45)
7 0x,;  Reox, [( T )Gx‘ J Py

J

Dimensionless dissipation rate equation can be expressed as

*

0w 1 0 O c,0w ok y . .
U —=——|l+o,0, |— [+2(1- 22— ——+ P - fw 4
7 ox;  Reox, {( . )Gx J ( fv') ® Ox; Ox; Hr Ao (346)

J
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3.7.4 Low Reynolds Number k& — @ Model

Dimensionless turbulent energy equation can be expressed as [107]

U Gk*:i 8* 140 Gk* +iursi4*8U1 ¢
7 ox,;  Reox, o, )ox; | Re =7 ax,

Dimensionless dissipation rate equation can be expressed as

*

proe oL 00 oo | 20,5200 L f(pukel,),
7 ox;  Reox, c,)0x; | Re "k ox, k

J

(3.47)

(3.48)



Chapter 4

Computational Method

We can solve a problem by three different ways namely experimental, numerical and analytical
approach. When the equations are more complex, numerical approach is more preferable than
analytical one. In this chapter, a brief discussion of numerical method is presented. Among
different numerical methods, finite element method (Galerkin weighted residual method) is

applied for the present problem.

4.1  Computational Fluid Dynamics

Computational fluid dynamics (CFD) is a branch of fluid mechanics that uses numerical
analysis and data structures to analyze and solve problems that involve fluid flows. Computers
are used to perform the calculations needed to simulate the free-stream flow of the fluid, and
the interaction of the fluid (liquids and gases) with surfaces defined by boundary conditions.
The fundamental basis of almost all CFD problems is the Navier—Stokes equations, which
define many single-phase (gas or liquid, but not both) fluid flows. These equations can be made
simple by removing viscosity terms to yield the Euler equations. Further simplification, by
removing vorticity terms yields the full potential equations. Finally, for small perturbations in
subsonic and supersonic flows, (not transonic or hypersonic) these equations can be linearized
to yield the linearized potential equations. CFD provides a qualitative and even quantitative
prediction of fluid flows by means of mathematical modeling through formulation of equations,
numerical methods through discretization and solution techniques and software tools with

solvers, pre and post processing utilities.

Different types of numerical solution procedure are available and among them finite difference,
finite element, finite volume, spectral element methods are very popular. All this method can
be applied to find out the numerical solution. However, proper choice of the method can reduce
the computational time and ensure better numerical accuracy. Although Finite Element
Methods have certain limitations, advanced techniques are adopted to overcome those
limitations and keep the numerical error in reasonable limit. The numerical solution techniques

are getting popular day by day due to their attractive features.
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4.2 Finite Element Method

The finite element method (FEM) has been used for solving differential equations in different
engineering and mathematical modeling. The term finite element was first introduced by
Clough in 1960. In the early1960s, this method is used by engineers for approximate solutions
of problems in stress analysis, fluid flow, heat transfer, and other areas. The FEM is a particular
numerical method for solving partial differential equations in two or three space variables. To
solve a problem, the FEM subdivides a large system into smaller, simpler parts that are called
finite elements. This is done by a particular space discretization in the space dimensions, which
is enforced by the construction of mesh inside the object: the numerical domain for the solution,
which has a certain number of points. Finally, the finite element formulation of a boundary
value problem results in a system of algebraic equations. The method approximates the
unknown variables at the domain. The simple equations that model these finite elements are
then assembled into a larger system of equations that models the entire problem. The FEM then
uses variational or weighted residual or direct methods from the calculus to approximate a

solution by minimizing an associated error function.

4.2.1 Advantages of Finite Element Method
The advantages of FEM over other methods are stated below:

¢ Finite Element Method is well-suited for complex geometry than FDM.

e It can handle a wide variety of engineering problems: Solid Mechanics, Fluids, Heat
Transfer, Dynamics, Electrostatic problems etc.

e FEM can handle complex restraints and complex loading: Point load, Element load
etc. compared with other numerical methods.

e  Writing computer codes on FEM is structured and straight forward.

e Conventional numerical solvers can be used to solve the equations generated by FEM.

e FEM has the ability to combine different kinds of functions that estimate the solution
within each element which is nearly impossible with FDM or FVM.
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4.3 Numerical Formulation

For the present investigation, Finite element method is used to solve the governing equations.
Since FEM is based on unstructured grids, this method is very useful for engineering
applications related with complex flow fields. The application of this technique is well
documented by Zienkiewicz, Taylor, and Zhu (2005). In the present study, non-linear
parametric solution method is chosen to solve the governing equations. Triangular mesh
arrangement is implemented in the present investigation with finer mesh near the cylinder
surface. Six noded triangular elements (Figure 4.1) are used in this investigation to smoothly
capture the non-linear variations of the field variables. The continuity, momentum and energy
equations are solved using the Galerkin finite element method. In this study, Energy equation
is a passive scalar transport equation. The flow field is being solved by using RANS equation
and turbulent model equation is used to solve energy equation and to have thermal field
solution. The continuity equation is used as a constraint due to mass conservation and this

constraint may be used to obtain the pressure distribution (Basak & Ayappa, 2001).

3

1 . 2
6

FIGURE 4.1: Six noded triangular mesh element
(https://www.cs.cmu.edu/~quake/triangle.highorder.html)

4.4  Discretization of Equations

In order to get the correct forms of the boundary conditions, the governing mass and
momentum equations must be written in conservation form as it allows the partial integration
to be carried out correctly (T. J. Chung, 2002). Thus, we can write:

Continuity equation:

v =0, (4.1)


https://www.cs.cmu.edu/~quake/triangle.highorder.html
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Momentum equations:

;(pvivj —01./.) =0, (4.2)
X . i
Where, o is the total stress tensor.

o, z—pé‘lj+z'ij :—pé',j+y(v,.,j+vj’[), (4.3)
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FIGURE 4.2: Flow chart of Computational Procedure
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4.5  Calculation of performance parameters

Important non-dimensional parameters such as Drag coefficient (Cp), lift coefficient (C;) and
average Nusselt number (Nu) along the surface of the rotating cylinder for isothermal heating

are calculated as [16]

B
C :L,C :L,Nuzi ac) ds, (4.28)
P t 76 I\ N

5P A ~pu,’A 0

Where, Fp is the drag force, F7 is the lift force, A is the projected area and of the cylinder and

S is the arc length of the cylinder surface.

4.6  Mesh Generation

As stated earlier, the computational domain is, at first, discretized by applying triangular mesh
elements. The entire domain is discretized by non-uniform unstructured triangular mesh
elements. Each triangular element has six nodes (see figure 4.1). More fine mesh has been used
near the boundary of the cylinder. Also, the meshing is done in such a manner so that there is
no singular point in the computational domain. Then varying number of mesh elements, the
grid independence test has been accomplished and 15570 elements has been considered for the
current study since there is insignificant change in the drag coefficient, lift coefficient and
average Nusselt number with the improvement of finer grid. It must be noted that, meshes are
finer near the wall to increase accuracy of flow prediction as the different parameter’s gradient

is higher in near wall region.

Table 4.1: Some of the main mesh parameters

Mesh parameters values
Maximum element size 0.005 m
Minimum element size 6x10° m

Maximum element growth rate 1.1
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FIGURE 4.3: (a) Mesh structures for the entire domain, (b) mesh around the cylinder,

(c) mesh near longitudinal wall
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4.7 Model Validation

Model validation has been done in numerical procedure to check the reliability of the present
scheme. The validation has been performed for both the laminar and turbulent flow separately.

Moreover, grid validation has also been performed to select the suitable mesh elements.

4.7.1 Model Validation for Laminar Flow

Firstly, the present model is compared with the results of Prasad ef al. (2011) on the basis of
drag coefficient, lift coefficient and nusselt number for Re = 40-100. The present numerical
solutions are in good agreement with the published result of Prasad ez a/. (2011) on a numerical
simulation of convection over a rotating circular cylinder inside a rectangular channel with the

combined effect of fluid flow and heat transfer. The comparison has been shown in Fig. 4.4.

4.7.2 Grid Independence Test

Mesh resolution sensitivity were tested for laminar flow with Re. = 4, blockage ratio = 0.1, Re
= 500 and considering CCW rotation. Five sets of meshes are taken into consideration for the
present problem. Number of triangular elements considered as 1660, 3018, 7378, 15570 and
36634. Differences in the values of drag coefficient, lift coefficient and Nusselt number

decreases with increasing meshes which are listed in the table 4.1 below:

By comparing the data shown in table 4.1, 15570 elements are taken for this study. As further

increase of elements will only increase the computational cost.

The same grid combination has been taken into consideration for turbulent flow too.
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FIGURE 4.4: Comparison between the Present solution and the result of Prasad ef al. [2011]
in terms of (a) Cp, C; and (b) Nu for various Re with = 0.3 and a = 2.
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Table 4.2: Grid independence test for laminar flow

Number of meshes Drag coefficient Lift coefficient Nusselt number
1660 4.69489004 -0.1366207 12.5639032
3018 4.298109482 -0.447083934 13.8047709
7378 4364347295 -0.523352884 14.660012
15570 4372705083 -0.507143595 15.0382573
36634 4.372705083 -0.507143595 15.0382573

4.8  Turbulence Modelling

Previous studies show that out of two equations RANS model, the Shear Stress Transport (SST)
model suited best for the present study of flow past a rotating circular cylinder confined in a
channel [97, 98]. SST model has got the superiority over other two equations model as it
combines the behavior of the k~w model at the near-wall region with the well converging k-¢

model.

4.8.1 Model Validation for Turbulent Flow

For turbulent flow, the present model is compared with the results of Mgaidi et a/. (2018) on
the basis of lift coefficient for speed ratio from 0.6 to 1.1 and Re from 1.5x10° to 2.14x10°.
The present work is well close to the results of Mgaidi ez a/. (2018) on a numerical simulation
of turbulent flow over a rotating circular cylinder in a confined channel. A maximum error of
approximately 8% is found from the present data. Probable reason for this deviation might be
the use of different CFD tool. Also, the published results of Mgaidi et a/. (2018) have large

deviation with their experimental study.
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FIGURE 4.5: Comparison between the Present solution and the result of Mgaidi ez al. (2018)
in terms of lift coefficient for (a) U =11 m/s, (b) U =13 m/s, and (c¢) U =15 m/s.



Chapter 5

Results and Discussions

The main objective of the present study is to investigate the effect of rotational direction of the
circular cylinder, the blockage ratio, the rotational speed of the cylinder as well as the change
of mean velocity of the working fluid on the flow and the thermal characteristics of the confined
channel. Special attention is given to keep the speed ratio (ratio of the peripheral velocity of
the rotating cylinder and the mean velocity of the working fluid) varies with Reynolds numbers,
whereas all previous works dealt with the constant speed ratio. Since constant value of speed
ratio makes the rotational speed of the cylinder to be changed automatically with the change of
mean flow Reynolds number which is not always the practical scenario of this type of problem.
In this study, we’ll observe the distributions of coefficient of drag, coefficient of lift and
variations of average Nusselt number of the hot cylinder surface as a function of Reynolds
number. The Reynolds number for laminar flow has been changed from 40 to 2000 and from
3000 to 10000000 for turbulent flow. Moreover, the cylinder Reynolds number (defined by the
rotational speed of the cylinder) varies from 4 to 30 and the blockage ratio from 0.05 to 0.2.
Selected numerical results of the present problem in terms of streamline plots, pressure contour,
and isosurface plots of temperature are taken into consideration to visualize the flow and the

thermal fields.

5.1 Laminar Flow

Parametric simulation is carried out in the range of 40 < Re <2000, 4 < Re. <30 and 3 = 0.05,
0.1, 0.2. The results are described in terms of streamline plots, pressure contour, and isosurface
plots of temperature, distributions of drag and lift coefficients and variations of Nusselt number
of the hot cylinder surface as a function of Reynolds number. Figure 5.1 shows the variation
of isosurface plots of temperature with the change of mean flow Reynolds number for different
combinations of cylinder rotational direction and speed, and blockage ratio. The top two rows
of Fig. 5.1 (a) reveal the fact that the direction of rotation of the cylinder has little impact on
thermal fields. As the whole surface of the cylinder is kept at constant temperature, so rotation

doesn’t make any effect on thermal fields. However, with the increase of mean flow Reynolds
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5.1.1 Isosurface plots
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FIGURE 5.1: Effects of mean flow Reynolds number and (a) direction of cylinder rotation
for Re. =4 and p = 0.2, (b) blockage ratio for Re. =4 and CCW direction of cylinder rotation
and (c) rotational Reynolds number of the cylinder for f = 0.05 and CW direction of cylinder
rotation on isosurface plots of temperature.
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number, the shape of the isosurface plots changes sharply since the incoming cold air blows
over the rotating hot cylinder at a faster speed for higher Re. The thermal fields at the
downstream of the channel significantly depend on the blockage ratio and the rotational
Reynolds number of the cylinder at low Re. This is clearly evident in Fig. 5.1 (b) and (c¢).
However, at higher Re, the change of blockage ratio still contributes to affect the thermal fields,
whereas the change of Re. on the region of high temperature inside the channel appears to be
insignificant. Because at higher Re, incoming air blows so fast that it can neutralize the effect
of relatively smaller rotational speed of the cylinder. Hence, only the blockage ratio of the

cylinder plays dominant role on the thermo-fluid characteristics inside the channel.

5.1.2 Streamline plots

In order to visualize the flow fields inside the channel, the streamline plots for various
combinations of geometrical and flow parameters are presented in Fig. 5.2. Figure 5.2 (a)
shows the variation of streamline plots with the change of rotational directions (CW and CCW)
of the cylinder and mean flow Reynolds number. It is observed that streamline plots are
significantly changed with the increase of incoming air velocity. In the mean free stream, for
inviscid flow over a rotating cylinder, rotation causes recirculation of fluid around the cylinder
as also observed by Prasad ef al. [9], which, in turns, results in the formation of the eddies at
the downstream of the cylinder. Due to low pressure region at the downstream, some detached
eddies are formed. The fact that the rotational direction does not affect the flow fields
significantly can be visualized from Fig. 5.2 (a). Figure 5.2 (b) demonstrates the effect of

cylinder size in terms of blockage ratio on the streamline plots and it can be concluded that
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FIGURE 5.2: Effects of mean flow Reynolds number and (a) direction of cylinder rotation
for Rec =4 and f = 0.2, (b) blockage ratio for Re. =4 and CCW direction of cylinder rotation
and (c) rotational Reynolds number of the cylinder for £ = 0.05 and CW direction of cylinder

rotation on streamline plots.
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eddies are increased for the larger one as flow restriction increases with the increasing size of
the cylinder. So, the downstream pattern is significantly changed due to the increasing size of
the cylinder. Due to the enhanced effect of Re., the streamlines representing the flow fields are
shifted further towards the wall of the channel which can be noticed from Fig. 5.2 (c). Here, it
is moving towards the bottom surface of the channel since CW direction of cylinder rotation
has been taken into consideration. But for higher Re, this effect is reduced due to the enhanced

effect of free stream velocity.

5.1.3 Pressure contour

Figure 5.3 shows the variation of pressure with the change of mean flow Reynolds number for
different combinations of cylinder rotational direction and speed, and blockage ratio. Figure
5.2 (a) shows that direction of rotation of the cylinder has little impact on pressure fields which
are in the range of 10~ Pa. The pressure is maximum on the surface of the cylinder and
eventually decreases. Figure 5.3 (b) depicts that with the increase of blockage ratio, pressure
field changes significantly especially at the downstream. By increasing the diameter of the
cylinder, actually flow separation at the downstream increases because of the higher flow
restrictions which results in such kind of changes. The fact that with the increasing rotational
speed, the pressure field varies just near the cylinder wall can be proved from fig. 5.3 (c).
Because with the increasing rotational speed, air strikes much on the surface. As a result,

pressure increases.
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FIGURE 5.3: Effects of mean flow Reynolds number and (a) direction of cylinder rotation
for Re. =4 and p = 0.2, (b) blockage ratio for Re. =4 and CCW direction of cylinder rotation
and (c) rotational Reynolds number of the cylinder for f = 0.05 and CW direction of cylinder

rotation on pressure contours.
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5.1.4 Variations of Performance parameters
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FIGURE 5.4: Variation of Cp, C; and Nu as a function of Re for different f and both CW
and CCW rotational direction of the cylinder at Re. = 4.

The variations of Cp, C; and Nu as a function of Re are displayed in Fig. 5.4 (a), (b) and (c)
respectively. The decreasing trend of the variation of Cp and the increasing trend of Nu are
observed with increasing mean flow Reynolds number. There are two types of drag, one is the
skin-friction drag and another is the viscous pressure drag. Both of them are proportional to the
velocity of the fluid velocity [111] whereas the drag coefficient is inversely proportional to the
same velocity. For this reason, drag coefficient decreases with increasing Re. And Nu also
increases as with increasing mean flow Reynolds number, greater amount of fluid moves over
the cylinder surface and it takes more heat from the surface. For a fixed Re, it is found that
both CW and CCW directions of rotation do not alter the values of Cp and Nu. Moreover, the
absolute values of C; remain the same, but with the opposite sign due to the change of the
rotational direction of the cylinder. On the other hand, the change of blockage ratio contributes
significantly to the change of both Cp and C; at higher Re. As the size of the cylinder increases,
it becomes more difficult to generate lift. The rotation of the cylinder might affect the drag

coefficient to be decreased with increasing Re. Besides, the value of Nu decreases gradually
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FIGURE 5.5: Variation of Cp, C; and Nu as a function of Re for different Re. at f = 0.05
and CW rotational direction of the cylinder.
with increasing f. The rotation of the cylinder probably causes the fluid to pass over the
cylinder without any effective heat transfer and exertion of pressure force on the surface of the
cylinder. From Fig. 5.4, it is obvious that heat transfer is highest for the smallest blockage ratio,
S =0.05. For this reason, Fig. 5.5 is drawn to analyze the effect of Re. on Cp, C; and Nu at S
=0.05. It can be concluded that the values of Cp, Cy are almost the same, but a little discrepancy
is shown for higher Re. at low Re. Moreover, with the increase of Re., Cp decreases but Cy
increases. The flow separation occurs in the flow field for rotating cylinder rather on the surface
for the stationary cylinder. This causes the pressure drag coefficient to be decreased with
further increase of the rotational velocity [46]. And as the cylinder gets rotated, the fluid above
the cylinder gets decelerated whereas the fluid below the cylinder gets accelerated. This causes
the pressure above the cylinder to be increased with a decrease of pressure at the bottom. For
this reason, the lift coefficient increases with increasing rotational velocity [46]. However, the
value of Nu remains exactly the same for different values Re.. This reveals that heat transfer

does not change with increasing Re. within the selected range.



Chapter 5. Results and Discussions 59

5.2  Turbulent Flow

Parametric simulation is carried out in the range of 3000 < Re < 10000000, 4 < Re. <30 and
=0.05, 0.1, 0.2. The results are described in terms of streamline plots, pressure contour, and
isosurface plots of temperature, distributions of drag and lift coefficients and variations of

Nusselt number of the hot cylinder surface as a function of Reynolds number.

5.2.1 Isosurface plots
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FIGURE 5.6: Effects of mean flow Reynolds number and (a) direction of cylinder rotation
for Re. = 10 and = 0.1, (b) blockage ratio for Re. = 10 and CW direction of cylinder rotation
and (c) rotational Reynolds number of the cylinder for f = 0.1 and CCW direction of cylinder

rotation on isosurface plots of temperature.
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5.2.2 Streamline plots
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FIGURE 5.7: Effects of mean flow Reynolds number and (a) direction of cylinder rotation
for Re. =10 and = 0.1, (b) blockage ratio for Re. = 10 and CW direction of cylinder rotation
and (¢) rotational Reynolds number of the cylinder for = 0.1 and CW direction of cylinder

rotation on streamline plots.
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5.2.3 Pressure contours
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FIGURE 5.8: Effects of mean flow Reynolds number and (a) direction of cylinder rotation
for Rec = 10 and f = 0.1, (b) blockage ratio for Re. = 10 and CW direction of cylinder rotation
and (c) rotational Reynolds number of the cylinder for f = 0.1 and CCW direction of cylinder

rotation on pressure contours.
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Figure 5.6 shows the variation of isosurface plots of temperature with the change of mean flow
Reynolds number for different combinations of cylinder rotational direction and speed, and
blockage ratio. Figure 5.6 (a) reveals that the rotational direction of cylinder has no or little
effect on the thermal flow fields. As the object is a symmetric one, so there is no such effect of
rotational direction. However, for higher Reynolds number (Re), the separation region at the
downstream becomes narrower because of the much higher speeds of incoming cold air with
constant rotational speed. For this, downstream field changes significantly with increasing Re.
The thermal field that is also greatly influenced by changing the blockage ratio as shown in
Fig. 5.6 (b). For higher blockage ratio, separation region becomes larger as expected. Because,
flow restriction and surface area of the hot surface increases with the increasing size of the
cylinder. The change of Re. on the region of high temperature inside the channel appears to be
insignificant. Hence, the blockage ratio and the Reynolds number plays dominant role on the

thermo-fluid characteristics inside the channel.

In order to visualize the flow fields inside the channel, the streamline plots for various
combinations of geometrical and flow parameters are presented in Fig. 5.7. Figure 5.7 (a)
depicts the variation of streamline plots with the change of rotational directions (CW and
CCW) of the cylinder and mean flow Reynolds number. There is no significant change in
thermal fields for rotational direction of the cylinder because the mean flow velocity of fluid is
large enough to overcome the effect of rotational velocity. It is also observed that streamline
plots are significantly changed with the increase of incoming air velocity just for the same
reason as laminar flow fields. Figure 5.7 (b) demonstrates the effect of cylinder size in terms
of blockage ratio on the streamline plots and it can be concluded that separations are higher for
the larger one as flow restriction increases with the increasing size of the cylinder. The fact that
the streamline changes a little with the increasing Re., is shown in Fig. 5.7 (c¢). But for higher
values of Re, this effect of Re. has been vanished. This is because the mean flow Reynolds

number (Re) dominates over Re. when velocity is higher.

And Fig. 5.8 depicts the effects of mean flow Reynolds number, rotational direction of the
cylinder, blockage ratio and the cylinder Reynolds number on the pressure contours. The fact
that the rotational direction of cylinder can’t affect the pressure field so much, is found from
Fig. 5.8 (a). Pressure field changes significantly with increasing blockage ratios especially at
the downstream of the flow. This is shown in Fig. 5.8 (b). As flow restrictions are increasing

with the increase of blockage ratios, so it is very much practical to have different field for
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5.2.4 Variations of Performance parameters
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FIGURE 5.9: Variations of (a) Cp, (b) C and (c) Nu for different Reynolds number,
blockage ratio and rotational direction of the cylinder for Re. = 4.

increasing size of the cylinder. Figure 5.8 (¢) demonstrates the same result as of 5.7 (¢) for

having the same reason.

The variations of Cp, Cz and Nu for different values of Re are displayed in Figs. 5.9 (a), (b)
and (c) respectively. The obvious fact that the drag coefficient decreases with increasing
Reynolds number at higher Reynolds number is shown in Fig. 5.9 (a). Increase of Re keeping
the rotational speed constant increases the upward dislocation of the stagnation point.
Therefore, for smaller speed ratios, the effect of velocity increase is much higher than the effect
of rotational speed and hence, drag coefficient decreases with larger slopes [98]. Figure 5.9
(b) shows that the effect of Re on lift coefficient is almost negligible as the values are close to
zero. Because of higher velocity of inlet fluid parallel to the circular cylinder, vertical lift force
is much less and probably due to the turbulence of fluid it gives arbitrary results. Increasing
values of Nusselt number means the increasing heat transfer for higher Reynolds number. This

is depicted in Fig. 5.9 (c). High velocity fluid takes away more heats from the cylinder surface.



Chapter 5. Results and Discussions

71

(2)

(b)



Chapter 5. Results and Discussions 72

(©)

FIGURE 5.10: Effects of Re. on (a) Cp, (b) C; and (c) Nu as a function of Re for = 0.1 and
CCW rotational direction of the cylinder.

But after a certain values of Reynolds number, Nusselt number keeps decreasing. Initially with
the increase of mean flow Reynolds number, due to greater contacts with cylinder heat transfer
enhances. Along with this collision among fluid particles becomes higher for turbulent flow.
This increases the heat transition rate and thus contribute to increasing Nu. After the values of

Re >2x10°, Nusselt number decreases.

Figure 5.10 depicts the effect of Re. as a function of Re on drag coefficient, lift coefficient and
Nusselt number. Changing the values of Rec has no effect on Cp and Nu. These are shown in
Fig. 5.10 (a) and 5.10 (c) respectively. This is probably due to the higher mean flow inlet
velocity comparing with the relatively lower rotational velocity of the cylinder which nullifies
the effect of rotational velocity. For the case of lift coefficient, at higher values of Re, there are

no effect of Re., but some variations are present at lower Reynolds number. This is shown in
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Fig. 5.10 (b). But if we increase the rotational velocity of the cylinder, it will probably affect
the flow fields and thermal fields.

In this study, we have considered variational speed ratio instead of making it constant by
changing both the mean flow inlet velocity and the rotational speed simultaneously which is
more practical in this type of problem. The fact that the variation of drag coefficient in respect
to experimental study [90] is about 7-8% whereas there is no such variation for lift coefficient
[90] are shown in Table 5.1. And the variation of Nu found is less than 3% [100, 101] which is
shown in Table 5.2. So, we can conclude that our results with variable speed ratio concept

matches the experimental results well enough to describe the scenario.

Table 5.1: Variation of drag and lift coefficients with experimental study

Re Takayama and Aoki (2004) Present
Drag Coefficient 1.8x10° 1.25 1.34
Lift Coefficient 1.8x10° 0 0

Table 5.2: Comparison of Nu with experimental study
Re Ouali et al. (2006) Present
5000 50 49.5
10000 95 91.3




Chapter 6

Concluding Remarks and Future Scopes

The present two-dimensional, incompressible, steady laminar and turbulent flow past a rotating
circular cylinder has provided new information regarding the effect of blockage ratio, mean
fluid velocity, rotational direction of the cylinder and rotational speed of the cylinder. These
are summarized in the first four sections and section 6.5 discusses further numerical research
opportunities to be taken to further investigate the thermal performance of the confined channel

due to the cylinder.

6.1 Effects of Blockage Ratio

The effects of blockage ratio on the flow field, thermal field and performance parameters are

summarized below:

e With the increasing size of the cylinder, eddies are formed at larger rate because flow
restrictions become greater for large cylinder. So, flow fields affect significantly by
blockage ratio.

e Thermal fields and pressure fields at the downstream of the channel also significantly
depend on the blockage ratio.

e Drag coefficients are higher for smallest cylinder in laminar case and opposite for
turbulent flow case.

o Lift coefficients are higher for laminar zone but no regular pattern is found for turbulent
flow.

e For laminar flow, Nu is greater for smallest cylinder but opposite for the case of

turbulent flow.
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6.2

6.3

6.4

6.5

Effect of Mean Fluid Velocity

Both thermal field, pressure field and flow fields are significantly influenced by the
mean fluid velocity.

Drag coefficient decreases with the increase of Reynolds number.

Lift coefficient approaches to zero for higher Reynolds number for laminar flow but for
turbulent flow it shows arbitrary value around zero.

Nu increases with the increase of Reynolds number up to a certain range in turbulent

zone, after that following a decreasing pattern it remains almost constant.

Effect of Rotational Direction of the Cylinder

This phenomenon has very little or no effect on thermal, flow and pressure fields.
Drag coefficient and Nu remains the same for either rotation of the cylinder.

Lift coefficient has showed the opposite value for either rotation of the cylinder.

Effect of Cylinder Speed

Cylinder speed greatly influenced the thermal, flow and pressure fields.
Drag and Lift coefficient shows a little difference for lower Reynolds number but for
higher one these values are similar.

Nu remains constant for all speed of the cylinder.

Future Research Scopes

The present study has hopefully developed our understanding of the flow field, thermal fields

and performance parameters of two-dimensional, incompressible, steady laminar and turbulent

flow past a rotating circular cylinder. So, a great amount of investigation is required to provide

more to the following issue. The future scopes of the present study are summarized as follows:

Different types of nanofluid can be introduced to the channel.
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The present work has been carried out for steady state. Therefore, the work can be
extended for transient case.

Effect of higher blockage ratios can be studied her on.

Investigations can be carried out for heat fluxes too.

More rotational speed of the cylinder can be introduced.

The investigation can be extended for three-dimensional steady or unsteady cases.

Experimental study of this type of problem is an urgent need.
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