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Abstract

Effects of wall confinements (B) and of Prandtl numbers (Pr) on the two-dimensional
laminar flow around a heated tapered trapezoidal bluff body are investigated numerically at low
Reynolds numbers (Re) for 0.71<Pr<100 and 12.5%<p<50%. The critical Reynolds number (i.e.
the switch from a steady to a time-periodic flow) is calculated and it exists between Re = (36 and
37), (60 and 61) and (91 and 92) for B of 12.5%, 25% and 50%, respectively. The Nu (average)
increases with the increasing value of Re and/or Pr and/or . The variation of Nu (local) on each
surface of the cylinder and the isotherm contours are presented to clarify the role of Prandtl
number and B on transfer of heat from the trapezoidal bluff body. The maximum heat transfer
enhancement with respect to a square bluff body on the basis of equal projected area is found to
be approximately 31% and 45% for B = 12.5% and 25%, and for Pr=0.71 and Re=1. Finally, the

Colburn heat transfer factor correlations are obtained for the preceding range of settings.

Keywords: Trapezoidal bluff body; Blockage ratio; Critical Reynolds number; Prandtl number;

Nusselt number; the Colburn heat transfer factor and Heat transfer enhancement.
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Nomenclature

downstream side of a tapered trapezoidal obstacle, m
upstream side of a tapered trapezoidal obstacle, m
total lift coefficient (=F_ /(0.5pU?, b))

fluid specific heat, J kg*K™

vortex shedding frequency, s™

heat transfer coefficient (local), W m? K™

heat transfer coefficient (average), W m? K*
domain height, m

the Colburn heat transfer factor

conductivity (thermal) , W m™* K*

domain length, m
recirculation distance, m

Nusselt number (local) (= hb/k)

Nusselt number (average) (= hb/k )
Prandtl number (= uc, /k)
Reynolds number (= pU_b/ 1)
critical Reynolds number

Strouhal number (=fb/U..)

temperature, K

fluid temperature at the inlet, K
wall temperature (constant) at the face of the cylinder, K
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U inlet velocity (avg.), ms™

V, component of the velocity in the x- direction (=V, /U )
A component of the velocity in the y- direction (:Vy* /U,)
X4 distance from rear end of cylinder to exit, m

X, distance from inlet to front end of cylinder, m

Greek symbols

/] (=b/H)

0 =T -T)I(T,-T.))

H fluid viscosity, kg m™s™

P fluid density, kg m™

Subscript

c critical value

w surface of the trapezoidal cylinder
0 inlet condition

Superscript

* dimensional variable



List of Publications

International Journals:

1. M. Parveez , A. Dhiman, T. Rasool, Transition to periodic unsteady and effects of Prandtl
numbers on the flow across a confined heated trapezoidal bluff body, Brazilian Journal of

Chemical Engineering (under review).

Conferences:

1. M. Parveez , A. Dhiman, T. Rasool , Confined momentum and heat transfer phenomena
around a bluff body of trapezoidal cross-section, Proceedings of the National conferences on
Innovations and development in Chemical Technology Feb. 28-01-2014, GGIPU, Dawarka

Delhi.



CHAPTER 1: Introduction

The flow around a bluff body has been comprehensively investigated numerically as well as
experimentally due to its pragmatic implications e.g design of heat exchange systems, designing
of oil buoys and floating structures, probes and flow measuring devices. Flow of a fluid past a
trapezoidal shape bluff body is more complicated phenomenon than that observed around a
circular cylinder. For instance, the industrial flow meters utilize the relation between the
shedding frequency and the flow rate or velocity, a trapezoidal shape is found to be more
advantageous than a circular cylinder [1]. Besides the Reynolds number, the vortex shedding
depends strongly on the wall confinement. The parameters like Cp (drag coff.), Lr (recirculation
length) etc show dependence on Re (Reynolds number) and Pr (Prandtl number). This work has
been taken to elucidate transition to periodic unsteady and effects of Prandtl numbers on the flow
across a confined heated trapezoidal bluff body, also the role of B (blockage) on the streamlines
and heat flow pattern as well. The continuity (mass), Navier-Stokes and energy equations are
solved by using a finite volume solver Ansys Fluent.

In order to understand the phenomenon properly a few terms are needed to be addressed

in details which are as follows.

1.1 Bluff body flow

. A boundary layer separation is always practiced by a bluff body when a fluid flows past
it. If the face facing the flow have sufficient cross section, as a result, change the flow pattern it
is called bluff body. Flow over a moving track or car or wind moving along skyscrapers are some
examples of bluff-body flow. There exist a region behind the bluff body where the flow is
slowed down. It creates an unsteady, which makes the bluff body vibrate and may lead to
structural failure, especially when the frequency of shedding matches one of the resonant
frequencies of the structure. A famous incident happens in history called Tacoma
bridge collapse. A boundary layer separation is always practiced by a bluff body when a fluid
flows past it. Behind this bluff body as here it is considered tapered trapezoidal, a periodic flow
motion will build up in the wake because of boundary layer vortex shedding from either side of

the cylinder at certain range of Reynolds number.



1.2 Flow separation: When the fast moving vehicle jumps over hills the separation of
wheels takes place from the surface but if the vehicle moves with low speed no separation takes
place. Same phenomena is observed when the moving fluid pass the curved surface. It is very
difficult to predict where the separation will takes place and this point of separation depends on
Reynolds number, surface roughness etc. Due to flow separation, it results in the formation of

circulating fluid region which is just adjacent to the back side of the body called as vortices.

1.2 Wake: The re-circulating flow formed behind a moving or stationary solid body,
called as wake caused by the flow of surrounding fluid around the body. In fluid dynamics
terminology a wake is the region of disturbed flow (usually turbulent) on the posterior side of a
solid body moving through a fluid, caused by the flow of the fluid around the body. The pressure
is found to be maximum at the point where the fluid is stagnant and decrease along the front half
of the cylinder. As the flow reaches the posterior end, the pressure start to built on that side of
the cylinder and ultimately results in adverse pressure gradient. As a result, the flow separates

from the surface and creating a highly disturbed zone behind the cylinder called the wake.

1.4 Vortex shedding: A shear layer which is highly disturbed separates from the surface
of the bluff body. This shear layer turns round and finally form an isolated vortex and the
phenomena is called vortex shedding. Also this shear layer separates from the top and bottom
surface alternatively and eventually interact with each other forming a regular vortex pattern
called as Karaman vortex street. The frequency at which vortexes are formed depend on various

parameters like shape of bluff body but Reynolds number play a vital role in vortex shedding.

1.5. Drag and lift

Force exerted by a flowing fluid in the direction of flow on a body is called drag. when
the body is immersed in stationary fluid, normal pressure force gets exerted on the surface of
body. Tangential shear force is exerted on the surface of the body because of no-slip conditions
and it only occurs when the fluid is moving and because of effects of viscosity. while as normal
pressure force acts on the surface of body immersed in stationary fluid. Thus in general, drag
force is due to the mutual effects of pressure and wall shear force in the direction of flow. The

body moves in the direction normal to flow when the components of the pressure and wall shear



forces acts in the directions normal to the flow and their sum is called lift. Thus for 2-D flows,
the resultant of the pressure and wall shear forces can be resolved into two components, one is
the drag force that is in the direction of flow, and the another which normal to flow which is the
lift. These force are related with the density p of the fluid, the velocity V, and the size, shape, and
the body orientation. It is more appropriate to work dimensionless numbers that represent the
drag and lift characteristics of the body. These numbers are drag coefficient Cp and lift

coefficient C. and are defined as

Co=7 Fo
“PVIA
5P

C.=1 at
“PVIA
2

1.6. Dimensional Groups:
The simple scaling and dimensional considerations of this flow suggest the following

dimensionless numbers is used to characterize the flow.

1.6.1 Reynolds Number (Re)

The Reynolds number is obtained by considering the ratio of inertial force and viscous
force. The definitions of this dimensionless number include the fluid properties like density and
viscosity, also a velocity and length as (characteristics dimension). Reynolds number is generally
defined as:

Re=pvDy/p=vDH/v=QDH/vA
D= diameter of pipe (hydraulic), length is L(m), Q= flow rate (m*/s), A= cross-sectional area
of pipe (m?), V= velocity (mean) (m/s), u= viscosity (dynamic) of fluid (pa-s), v= kinematic

viscosity (m?/s), p=density of fluid (m?/s)

1.6.2.Prandtl number (Pr)
It is expressed as the ratio of momentum diffusivity (kinematic viscosity) and thermal

diffusivity.



Pr =uCp/k = v/a =viscous diffusion rate/Thermal diffusion rate, v= viscosity (kinematic)
= wp (M?s), « = diffusivity (thermal) = (k/pCp) (m%s), p = dynamic viscosity (pa-s), k =
conductivity (w/mk), Cp = specific heat (J/kgk), p = density (kg/m°)

some values for Pr are: 0.16-0.7 for mixtures of noble gases with hydrogen, 0.7-0.8 for
air and many other gases, around 7 for water (at 20 degree Celsius), between 100 to 40,000 for
engine oil and around 1*1025 for earth’s mantle. For mercury, conduction of heat is very
effective in comparison to convection and diffusivity (thermal) is dominant.

The thickness of momentum and thermal boundary layers are controlled by Prandtl
number. when Pr is small, it means heat diffuses very quickly compared to the velocity

(momentum).

1.6.3. Nusselt number

The Nusselt number is the ratio of convective to conductive heat transfer across the
boundary. The conductive component is measured under the same setting as the heat convection
but with a (hypothetically) stagnant fluid.

Nu_=convective heat transfer/conductive heat transfer =hL/k

L = characteristic length, k = thermal conductivity and h = heat transfer coefficient. If
Nu=1(unity) infers that convection and conduction are of similar degree, is feature of "slug flow"
or laminar flow. The large value of Nusselt number infers more prominent convection, with
turbulent flow in the range of 100-1000.

1.6.4. Grashof number

The Grashof number (Gr) is the ratio of the buoyancy to viscous force acting on a fluid.
Usually encountered where natural convection is involved.

Gr = gBATp’D* /v

where g, B, AT are the coefficient of gravitational force, volumetric thermal expansion
coefficient and temperature difference, respectively. At higher Grashof numbers the boundary

layer is turbulent; at lower Grashof numbers, the boundary layer is laminar.



1.6.5. Richardson number

The ratio of potential to kinetic energy and if the Richardson number is < unity,
buoyancy is insignificant in the flow. If it is > unit , buoyancy is dominant (in the sense that there
is inadequate kinetic energy). If the Richardson number is of the order unity, then the flow is
likely to be buoyancy-driven, The Richardson number in this context is defined as

Ri = Gr/Re’

Ri=0: Forced convection, Ri=« : Free convection, Ri >: Aiding flow mixed convection
(heated cylinder, i.e., where the buoyancy acts in the same direction as the flow)

Ri < 0: opposing flow mixed convection (cooled cylinder, i.e., where the buoyancy and

the flow are in opposite directions)

1.5.6. Strouhal number

It is well known that the non-dimensional frequency of oscillation in lift is termed as
Strouhal number (St=f L/U,) and the vortex shedding frequency f is measured from the
variation of lift coefficient. ‘L' is the characteristic length and 'v' is the velocity of the fluid this
characteristic length is the amplitude of oscillation.



Chapter 2: Literature review

Most of the researchers have focused on the investigation of flow around normal geometry like a
circular cylinder through experimental, theoretical and numerical approaches. A set of theoretical
and review articles are now available for the flow of Newtonian fluids past circular cylinders [2 -
6]. Now a days the flow and transfer of heat around non-circular cross-sections have received
considerable attention. Goujon-Durand et al. [7] experimentally investigated the shedding of
vortex formation and envelope of peak to peak amplitude velocity oscillations on the rear side of
the cylinder. An impulsively started laminar flow around an expanded trapezoidal cylinder with
the range of Reynolds number 25<Re<1000 was studied by Lee[8]. In this work four main flow
regimes has been carried out, according to it, on all the faces of the cylinder the flows are
predominantly attached also the flow circulation develops at the rear end of the cylinder. There is
major flow separation from the principle edge of the cylinder. The variation of Strouhal number
(St) from a tapered trapezoidal cylinder was studied numerically by Chung and Kang [9] It was
observed that both the Reynolds number and height ratio effects the Strouhal number from
cylinders. The Strouhal number increases as the ratio of heights from the square section
decreases. It was also observed that Strouhal number shows variation with the height ratio and
for Re=100,150,and 200. The numerical results obtained in the study of Kahawita and Wang
[1] has been confirmed by experimental behaviour reported by Goujon-Durand et al. [7] at
lower Reynolds number, about Re/Re; < 2. For Re=65, i.e. Re=1.55Re,, the present numerical
results indicate that the amplitude maximum occurs at a location of about 4.25b, Goujon-
Durand et al. [7] reported the corresponding location 4b or 4.5b. It was also observed that for a
fixed trapezoidal height ‘b’ in the axial direction the value of Strouhal number is almost
independent of the value of the small base width ‘a’ at lower Re. In a recent study, Dhiman and
Hasan [10] investigated the 2-D unconfined streamline profiles and transfer of heat across a long
bluff body for Re range 1-150 and Pr=0.7 (air). Between Re=5 and 6, It was found that the
beginning of flow separation takes place. For Re=46 and 47 there is the switch from a steady to a
periodic unsteady regime. The correlation is also provided for the Nu (average) in the steady
regime.

It is also apparent that very limited work is currently available on the flow and heat

transfer around an expanded trapezoidal bluff body. In another study Lee [11], numerically



investigated the early stages of laminar flow for the range 25<Re<1000 around the bluff body.
For Re<25, the starting flow develops with no visible flow separation. After some time, the flow
gets detached from the back face of the cylinder, and forms eddies within a recirculation zone.
As the Reynolds number increases the point of stagnation moves fast in the downstream
direction. Chen et al. [12] investigated two dimensional flow around cylinder (expanded
trapezoidal) and also porous in nature. The results are presented with flow configuration for
Darcy number 10%-10°3, porosity from 0.4-0.8 and Re 20-200. when Da< 10™: the Darcy number
becomes smaller at large Darcy number, the fluctuation-amplitude of drag coefficient decreases,
the Reynolds number has to be higher before the vortex shedding phenomena occurs. Recently,
Dhiman and Ghosh [13] study the steady and periodic forced convection flow and transfer of
heat past a long bluff body for Re=1-150. The re-circulation length increases as Re increases in
the steady regime (1 <Re< 47). The switch from steady to unsteady regime occurs between
Re=47 and 48. There is approximately 146% and 141% enhancement in the transfer of heat as
compared to tapered and square cylinders. Further correlations of drag, Nu average, wake length
and Strouhal number with Reynolds numbers have also been established. The value of average
Nusselt number for the expanded cylinder increases monotonically with the increase in Reynolds
number in both steady and time depended regimes.

Venugopal et al. [14] carried out experimental investigations on the vortex flow meter
with the differential wall pressure measurement method at high Reynolds number of the order of
10°. Three different blockages (14%, 24% and 30%) were considered in this study and it was
demonstrated that the vortex flow meter comprising of a trapezoidal cross-section is one of the
major contributors in the field of flow metering. The vortex shedding from different bluff bodies
has been numerically studied by ElI-Wahed et al. [15] at high Reynolds numbers. The results
indicate how the shape of the object can influence the nature of the shed vortices. It was
observed that the T shaped shedder produce vortices of large size. The vortices are mainly be
concentrated near the centerline of the meter body behind the cylinder and by this one can get the
good signal by a sensor placed in this region. It is observed that small vortices are formed at both
sides of the front face of the shedder

Similarly, Singha and Balachandra [16] investigated experimentally the structure
statistics in the recirculation region of a sharp-edged bluff body of trapezoidal shape placed

upright in a shallow channel and concluded that the wakes formed behind a bluff body are found



to contain a considerable number of coherent structures. For von Karman vortex street
investigation, flow visualization supported by image processing acts as a useful tool as reported
by Pankanin and Kulinczak [17]. The obtained results confirmed the findings of the
simulation. The slit in the bluff body takes a part of the stagnation region as an information
medium of generated vortices. The phenomenon is strongly dependent on the bluff body
geometry. Schewe and Larsen [18] showed the effects of Reynolds number in the flow around a
bluff bridge deck trapezoidal and affirmed that an significant practical inference of this
assumption is that parameters such as St, C, and Cp may be obtained from low speed wind
tunnel model tests and applied directly to the model. It was concluded that bodies with sharp
edged cross-section such as bridge box girders may have distinct Reynolds number effect. Also,
Schewe [19] works on the results of experiments carried out for the broad range of Re
(10°<Re<10") in the wind tunnel under high pressure, using different bodies along with
trapezoidal-shaped bridge element. It was observed that by shifting the value of Re led to striking
changes in the force coefficient and St number. Reynolds number effects can have radical
consequences on the unsteady behavior. The examination of the pressure probe properties as the
sensor in the vortex flow meter which is tapered trapezoidal in shape has been carried out by Sun
et al. [20]. The pressure sensor are functional to improve the design of duct-wall differential
pressure method in flow measurement and also gives in-depth understanding about the
measurement of differential pressure. A bluff body flow meter arrangement of this cross-section
also finds its use in controlling air pollution produced by internal combustion engines as stated
by Rodely et al. [21]. Sun [22] has made an analysis of the on the performance and design of the
converging-diverging vortex flow meter. It is found that the lower measurement limit can be
obtained through the converging-diverging structure, compared to conventional vortex flow
meters. Steggel and Rockliff [23] demonstrated effects of varying side ratio L/D (0.4<L/D<) for
the flow around rectangles under both uniform and oscillatory flow. A good consensus with
experimentation is found for Re > 500 also the calculated Strouhal number is higher than
experimental. It was also observed that Cd increases, with decreasing L/D at Re=200. Frequency
of vortex shedding is determined here by Venugopal et al. [24]. The numerical simulations
reveal that the K-e RNG model predicts the Strouhal number near to the experimental results
than the other models. The effects of sampling rate, tap location and blockage effects, are

explored. Among all the bodies the trapezoidal body is found to be finest among all.



It can thus be concluded from the above discussion that no information is currently
available on the effects of Prandtl numbers and on the onset of shift from a steady to a unsteady
regime for the forced convection heat transfer from a confined trapezoidal cylinder. Therefore,
the main objectives of the present work are to investigate the effects of Prandtl numbers and to
determine the shift from a steady to a unsteady regime for different values of Re and . Heat
transfer correlations have also been established in terms of the Colburn j, factor. Furthermore,
the present study is the natural extension of our recent work [13] for Re=1-40 and [3=0.125-0.50,
albeit at a fixed Pr of 0.71 (air).



CHAPTER-3: Formulation and numerical methodology

3.1. Problem description

Figure 1 shows geometrical configuration of 2-D incompressible and laminar flow over a
long tapered trapezoidal bar having upstream face width and axial cylinder height b each, and
downstream face width a (=0.5b) [5, 13]. The domain is considered to be confined by employing
wall confinements (B) ranging from 12.5% to 50%, where B is defined as b/H. The long tapered

trapezoidal bar is maintained at a constant temperature of T, and exposed to a fluid stream of

average velocity U, and temperature T _(<T,) at the inlet. After a thorough investigation

(section 3), the distance from the inlet to the anterior face of the cylinder (X,) is set as 12b and
the downstream distance between the posterior face of the trapezoidal and the exit plane (Xg) is
taken as 20b, with the total length of computational domain (L) of 33b in the x- direction. The
detailed procedure to fix these dimensions is given in section 3 after specifying the governing

equations and boundary conditions.

/Solid boundary (no - slip)

Trapezoidal cylinder
— VX: O,WZ O’ ezl H/2

| olid boundary (no - slip)
Yy

XI:

XUH‘ b=1 ‘ Xd
- L -

Figure 1: Sketch of the flow around a confined tapered trapezoidal body in a channel

The equations used in their dimensionless form for the present system can be written as

follows
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Continuity equation

oV
M Ny g (1)
oX oy
X - Momentum equation
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Energy equation
a 9 2 2
@+a(\/xe)+ (\/y)= 1 8429+8§ @)
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In this study, the properties like (density, viscosity and thermal conductivity) of the flowing fluid
are considered to be temperature independent and the viscous effects are also negligible such that
the present situation are applicable, where the difference in temperature is not too large.

The non-dimensional form of B.C's for the confined flow and transfer of heat across a

cylinder can be written as

e Atinlet: V, =1.5[1-(1-2By))?’1 (O<y<H/b;p=b/H),V, =0and6 =0
e Atabove and below channel walls:v, =0,v, =0 (no-slip) and 80/8y=0 (adiabatic)
e Onthe face of a cylinder: V, =0,V, =0, (no-slip) and 6 =1
e Atthe exit of channel: oV, /ox=0, &V, /ox=0 and 06/ox=0
3.2. Numerical details and choices of numerical parameters

The governing equations (1 - 4) along with above mentioned B.C's (boundary conditions)
are solved by using a CFD solver Ansys Fluent [26]. The velocity profile (fully developed) at
the channel inlet is incorporated by using user defined functions available in Ansys Fluent [26]
and 0.01is to be set as dimensionless time step [10, 25]. The resulting algebraic equations are

solved by Gauss-Siedel iterative method in conjunction with AMG solver. The equations like

continuity (mass), component (Navier-Stokes) and of energy are used in the order of 10™° each

11



in the steady regime and of 10% each in the time-periodic regime. In this study, all the
simulations are carried out in an Intel Xeon™ (2.40 GHz) workstation of the Department of

Chemical Engineering, IIT Roorkee.

3.2.1 Grid dependence study

The grid structure is generated here is shown in Figure 2. Briefly, the computational grid
structure has both uniformity and non-uniformity in grid distributions with the finest size of
0.002b (near the cylinder and just near the upper and lower walls of the channel) and the coarsest
grid size of 0.4b with 100 points (CVs) on each side of a trapezoidal cylinder. The grid
optimization study is carried out for the value of the blockage ratio of 50% by using three grids
(42044 cells, 67040 cells and 92084 cells with 75CVs, 100CVs and 125CVs prescribed on each
side of the trapezoidal obstacle, respectively) at the largest value of the Reynolds number of 40
fixed in this work for the Prandtl number of 0.71. The percentage differences between the total
drag coefficients are found to be < 1.4% for both the grid sizes of 67040 cells and 92084 cells
with respect to the results of drag coefficient at the grid size of 42044 cells. The resultant %age
deviation in the values of Nusselt numbers are found to be < 0.70% for both the size of 67040
cells and 92084 cells, respectively. Thus, the grid size of 67040 cells is used for = 50%. Thus
for B = 12.5% and 25%, the size of grid 101280 cells and 75600 cells are found sufficient.

3.2.2 Domain optimization study

The distance from inlet to front face of cylinder is optimized by carrying out the tests
for two values of upstream distances of 12b and 17b and for the two extreme vales of  i,e 12.5%
and 50%. The relative %age deviations in the values of total Cp and average cylinder Nu
(average) are found to be negligible and about 0.02% respectively for f = 12.5% for the Pr of
0.71 (Table 1). Further, the same upstream test has been carried out for the Pr of 100 which

shows the negligible variation in the values of Cpand Nu.
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For the same conditions mentioned above, upstream dependence test has been carried out
for the B of 50%, as shown in Table 1. The relative percentage difference in the values of total
Cp and N, are negligible and about 0.02% for Pr=0.71, and for Pr=100 the corresponding
differences in the Cp and N, are negligible. Therefore, the distance of 12b is fixed from inlet to

front surface of cylinder.

Table 1: Effects of upstream distances (Xy) for f of 12.5% and
50% for Re=1 and for Pr of 0.71 and 100

Pr=0.71 é:;ig é:;ig % deviation

Co 33.4919 33.4919 Negligible
B=12.5% Nu 0.8085 0.8084 0.02

Pr=100

Co 33.4919 33.4919 Negligible

Nu 3.8340 3.8340 Negligible

Pr=0.71

Co 260.1585 260.1585 Negligible
B=50% Nu 0.3518 0.3519 0.02

Pr=100

Co 260.1585 260.1585 Negligible

Nu 6.1631 6.1361 Negligible

Similarly, the downstream dependence is checked for the two extreme values of 20b and
25b of downstream distances at Reynolds number equal to 40. The relative %age deviation in the
values of overall Cp and Nu (average) are found to be < 0.003% and 0.002% respectively for the
B of 12.5% and for Pr. as 0.71, as shown in Table 2. It is further observed under the same
conditions but for the Prandtl number of 100, the relative percentage difference in Cp and Nu is
0.002% and 0.001% respectively. The downstream dependency has also been carried out for the
blockage ratio of 50% as shown in Table 2. The relative percentage differences in the values of
overall Cp and cylinder Nu are 0.05% and 0.01% and for Pr=0.71. Further, the deviation in the

values of Cp and Nu are found negligible for a Prandtl number equal to 100. Therefore, the
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distance of 20b is found sufficient from rear side of cylinder up-to the exit, for the generation of
results. Furthermore, Table 2 presents the downstream effect for the Re of 100 and for the B of
50% because of the fact that the shift from a steady to a unsteady regime for this blockage ratio
occurs between Re=91 to 92. The percentage differences of Cp and Nu for the downstream
distances of 25b and 20b are found about 0.03% and 0.31% respectively. Thus, the downstream

distance of 20b is again found adequate for further simulations.

Table 2: Effects of downstream distances (Xgy) for S of 12.5% and
50% and for Pr of 0.71 and 100

Pr=0.71 §S;ig ij;ig % deviation
Co 3.4944 3.4943 0.002
Nu 2.9114 2.9114 0.001
p=12.5%,Re=40 “g¢ 0.1757 0.1760 0.15
Pr=100
Co 3.4944 3.49433 0.002
Nu 17.2540 17.2541 0.001
St 0.1770 0.1760 0.56
Pr=0.71
Co 9.8209 9.8160 0.05
B=50%, Re=40 N 3.9092 3.90958 0.01
’ Pr=100
Co 9.8209 9.8209 Negligible
Nu 19.2651 19.2651 Negligible
Pr=0.71
Ccno, D Co 8.3861 8.3889 0.03
p=50%, Re=100 Nu 5.2178 5.2018 0.31
St 0.5319 0.5319 Negligible
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CHAPTER-4: Results and discussions

It is also worthwhile to mention here that in oil and chemical related industries the value
of Pr up to about 100 are commonly observed, particularly in the processing of organic liquids
like glycols, olive oil and glycerol's, etc. [27 - 29]. In addition, calculations are carried out to
determine the shift from a steady to a unsteady regime for all the blockage ratios considered. The
various engineering parameters such as drag coefficient, local and average Nusselt numbers and
the Colburn heat transfer factor are calculated and discussed. The representative streamline and
isotherm profiles are provided to recognize the thermal and flow structures around the tapered
cylinder under consideration. The results thus obtained after numerical simulation have been
compared with results available in the literature in the next section. Simple empirical equations
relating the physical parameters under study with the Reynolds number have been derived. The

applicability range of these correlation is fine.

4.1. Validation

The comparison of the current study findings is first made with the results of ref. [9] on
the long cylinder for the Re of 100 and 150 (Table 3) by considering the same domain. An
outstanding concordance is found between the present values and that given in ref. [9]. For
example, the maximum deviations in St. no are found to be < 1.0% and 2.2% for Re = 100 and
150. Further, because of the non-availability of experimental results in the literature, Table 4
provides the similarity of Cp and Nu for the transfer of heat and flow for the highest Reynolds
number (Re=40), and for the blockage ratio of 25% in the steady flow regime. Exceptional
concurrence can be seen between the present results and the values reported in literature [30 - 33]
and the maximum deviation can be seen of the order of 0.10% for drag coefficient and 0.25% for

Nusselt number.
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Table 3:Validation of Strouhal number (St) with Chung and Kang [9]

Source Strouhal number
Re=100

Current work 0.14

Ref.[9] 0.138
Re=150

Current work 0.15

Ref.[9] 0.149

Table 4: Drag coefficient and Nusselt number(average) validation with literature values at

Re=40 for p=25%

source (Cp) (Nu)
Present work 1.7039 4.6701
Bharti et al.[30] 1.7034 -
Rao et al.[31] 1.7054 -
Bijjam and Dhiman [32] 1.7039 -
Bharti et al.[33] - 4.6593
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4.2. Flow patterns

Extensive details on the flow of air (i.e. at Pr=0.71) around a trapezoidal cylinder in a
channel can be found in our recent study [25], it is not replicated here. The flow pattern is
represented by streamline contours around the long tapered trapezoidal cylinder in steady
regime. Streamline contours are a group of constant velocity lines in the domain of present study
which help in identifying the nature of flow (i,e steady or unsteady). Briefly, as the Reynolds
number increases the flow separates at the trailing edge of the cylinder as shown in Fig. 3. The
distance from just near the back side of the object to the point of connection for the closed near
wake on the axis of symmetry is defined as wake length, an important flow parameter. It has
been observed that for a fixed B, the recirculation region increases as there is increase in Re. This
nature is found to be similar to that of the confined flow across the square [28, 29, 34], triangular
[35, 36] and circular [30 - 32] cylinders. For the fixed value of Reynolds number, the size of
recirculation region decreases with an increase in blockage ratio. In prolongation of preceding
efforts of Dhiman et al. [25], Fig. 4 shows the change in the wake length for the tapered cylinder
with Re in the steady regime along with the values found in ref. [28]. The recirculation length is
found higher for square cylinder at Re <10 for p=12.5% and 25% as shown in Figures. 2a and
2b; however, for Re>10, a contrary tendency of the wake length is observed with the increasing

difference in the increasing value of wake length for the two obstacles.
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[28] for different f in the steady regime.

This abnormality is due to the fact that the separation of flow in the present case of tapered
trapezoidal cylinder takes place from top and bottom surfaces along with the rear corners.
However, in case of a square cylinder, flow separation occurs only from the rear corners.
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4.3. Transition from a steady to time-periodic flow

One of the major objectives of this study is to the find the critical Reynolds number (i.e.

the shift from a steady to a unsteady regime), the values of the physical output parameters like

drag and lift coefficients, and Nusselt number are monitored and plotted with respect to time.
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For instance, the lift coefficient (C.) is illustrated at various values of Re and f in
Figures. 3a-3f. After scrutinizing the streamline contours Figure 3 and lift coefficient pattern, it
is concluded that for the  of 0.125, 0.25 and 0.50, the transition occurs at Reynolds numbers of
37, 61 and 92 respectively as shown in Figure. 5. The critical Reynolds number increases with
the increase in blockage ratio (B) and it has been confirmed by carrying out the time dependent
numerical simulations in the full computational domain. This is consistent with the findings of
Srikanth et al. [35] and Turki et al. [36], respectively.

4.4. Thermal patterns

The effects of Reynolds number on the thermal structures around an bluff body of are
investigated for Re in the range of (1-40) in steady regime at Pr=0.71-100. Figures 4 and 5
present the representative isotherms close to the long trapezoidal obstacle at Pr (=0.71, 50 and
100) for the B of 12.5%, 25% and 50%, for the extreme values of Re=1 and 40 respectively.
Obviously, the thermal effects are more evident at low values of Reynolds and Prandtl numbers
as viscous effects are more prevailing in the steady regime or one can conclude that the
conduction is more dominant at this juncture. As the value of Pr is progressively increased from
0.71 to 100, the thermal boundary layer thickness decreases, for the set values of B and Re. On
the other hand, the isotherms are highly disturbed by the adiabatic walls, e.g. as shown in
Figures. 4d and 4g for p=50% and 25% at Re=1 and Pr=0.71. The reduction of temperature field
increases with the rise in the Prandtl number at different blockage ratios as and can also be seen
in Figs. 6 and 7. It is also observed that for the blockage ratio of 12.5% the wavering effect
increases with the rise in Pr. number because of time-periodic nature found at Re=40. Similar to
the confined square [28, 29, 34], triangular [35] and circular [33] cylinders in a channel, the
highest concentration of isotherms is observed on the front end of the tapered bluff body which is
quite apparent from the thermal patterns (Figs. 6 and 7). It therefore results in high transfer of

heat from the front face of the cylinder in comparison to the other faces of the cylinder.
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50 and 100 at different p.
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4.5. Local Nusselt number

Figure 8 shows the influence of B on the change of the Nu (local) along the cylinder surfaces of
the tapered trapezoidal cylinder at Re=1 and Re=40 for Pr equal to 0.71, 10, 50 and 100. It is
evident from the plots that for the particular 3, the Nu increases with the rise in the values of Re
and/or Pr. The Nu (local) also rises due to the blockage ratio stems mostly from the sharp change
in the temperature gradients. Moreover, due to the high temperature gradient normal to the face
of the body, each corner of the trapezoidal cylinder shows high value of Nu. The Nusselt number
(local) increases in the direction of the corners (A or B) on the front surface of the tapered
trapezoidal cylinder as there is the highest concentration of isotherms at this face thereby
resulting in high transfer of heat from the front surface similar to what has been observed in a
confined square cylinder [28, 29, 34]. The value of Nu (local) decreases on the top and bottom
face and then increases piercingly toward the posterior corners at point 'C' and 'D' shown in
figure 8 of the cylinder. Overall, the change of the Nusselt number (local) around the trapezoidal
cylinder surfaces is found to be symmetric for top and bottom halves of the channel in the steady
regime. Because the temperature field is found to be unsteady in nature at f=12.5% for Re=40,

the sample of instantaneous variation of local Nusselt number at different Pr is shown in Fig. 8d.

4.6. Average Nusselt number

The cylinder Nu (average) of the tapered trapezoidal cylinder is obtained by averaging the
average Nusselt number over the each face of the object. Figure 9 shows the variation of the
Nusselt number (average) for the tapered trapezoidal cylinder as a function of Reynolds number
and blockage ratio for Prandtl numbers ranging from 0.71-100. Parts a-d of Fig. 9 show that the
Nu (average) enhance with the increase of Reynolds number due to increased movement of fluid
same what has been observed in unconfined tapered [10] and expanded [13] trapezoidal
cylinders. It is also seen that the Nu (average) for the trapezoidal cylinder increases with
increasing Prandtl numbers for all blockages ratios (Figs. 9a-9d). Particularly, the average
cylinder Nusselt number increases with increasing blockage ratio for the Reynolds number range
5<Re<40 and Prandtl number of 0.71 (Fig.9a), however the average cylinder Nusselt number

decreases with blockage ratio for the Reynolds number of unity and the mixed trend is observed
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for Reynolds number of 5 [25] as the main reason for this trend is the prominent effect of
conduction at Pr=0.71, while this trend is not obeyed at higher Prandtl numbers. The behaviour
of average Nusselt number at Pr>0.71 in Figs. 9b - 9d is somewhat similar to that of Pr=0.71
(Fig. 9a) for Re>5 but it was also found that average Nusselt number shows a quantum jump at
Re=40 for p=12.5%, and the reason for this remarkable behaviour is the time-periodic nature at
Re =40. Further, Fig. 10 shows the distinction of the average Nusselt of the tapered trapezoidal
cylinder with that of a square cylinder [16] for the blockage ratios of 12.5% and 25% and for
Prandtl numbers in the range 0.71-100 in the steady flow regime.
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Figure 9: Change of the cylinder Nusselt number (average) with Re and blockage ratio for
different Prandtl number of the tapered trapezoidal cylinder
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It is found from Fig. 10a for B=0.125 that the Nu (average) of the cylinder is greater than the
square cylinder. However, Fig. 10b depicts as the B increases from 12.5% to 25% the Nu
(average) of the square cylinder starts to exceed from the Nusselt number (average) of tapered
one for higher Prandtl numbers (Pr>10). For instance, it is clear from the figure that if Re>10 the
average Nusselt number of the square cylinder starts to exceed the average Nusselt number of the
tapered cylinder, e.g. Pr=10, 50 and 100. The main reason behind this behaviour is, as the
Reynolds number increases there is early boundary layer separation in tapered trapezoidal body
as compared to square cylinder. The boundary layer detaches at the rear end of the cylinder
(square) while as for tapered cylinder the separation takes place from top and bottom surfaces
along with the rear corners, which results in the reduction in heat transfer for the tapered cylinder
[10, 25]. The Nu (average) of cylinder under investigation was found on the higher side as
compared with that of the cylinder [25] due to belated flow detachment for the range of Re<10.

It can also be concluded from Figs. 10a and 10b that as the Re and Pr increase there is the
enhancement in transfer of heat rate for the tapered cylinder as compared with the square
cylinder. The percentage enhancements of the average Nusselt number for a tapered trapezoidal
bluff body with respect to a square cylinder in both the confinements of 12.5% and 25% have

been calculated as ‘(Nu_NuSquare)/[\_juSquare x100 and represented in Table 5. The maximum

enhancement in heat transfer for a tapered trapezoidal bluff body with respect to a square
cylinder is found to be approximately 31% and approximately 45% for  of 12.5% and 25%
respectively for the Pr of 0.71 and Re=1. It is also observed that the percentage heat transfer
enhancement goes on decreasing as the Prandtl number and/or Reynolds number increase(s) for
both the blockages and for all Prandtl numbers as the reason is already discussed in the above

paragraph.
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steady regime
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Tableb: Percentage enhancement for the tapered trapezoidal cylinder with respect to the
cylinder [28]

Nu B=12.5% Nu B=25%
Re(Pr=0.71) Tapered Square % Tapered Square %
obstacle obstacle  Enhancement  obstacle  obstacle Enhancement
1 0.8087 0.6160 31.28 0.6223 0.4305 44.54
5 1.4554 1.3667 6.49 1.5880 1.3305 19.35
10 1.8329 1.6877 8.60 2.0066 1.7751 13.04
30 2.6216 2.4159 8.51 2.8110 2.6345 6.70
40 2.9113 2.6947 8.04 3.0688 2.9276 4.82
Re(Pr=10)
1 1.9244 1.6877 14.03 2.2438 1.9927 12.60
5 3.1691 2.8472 11.31 3.6695 3.3580 9.28
10 3.9791 3.6669 8.51 4.5018 4.2217 6.63
30 6.0352 5.7608 4.76 6.2100 6.3317 1.92
Re(Pr=50)
1 3.1065 2.7576 12.65 3.7041 3.3434 10.79
5 5.1451 4.6905 9.69 6.0466 5.5979 8.04
10 6.4304 6.0776 581 7.3195 7.0439 3.91
30 10.1084 9.9066 2.04 10.3619 10.8858 4.81
Re(Pr=100)
1 3.8339 3.4144 12.29 4.5993 4.1667 10.38
5 6.3642 5.8284 9.19 7.5153 6.9781 7.70
10 7.9405 7.5904 4.61 9.1571 8.7999 4.06
30 12.7250 12.5112 1.71 12.9257 13.7462 5.97
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4.7. Coulburn heat transfer factor

Further, the average Nusselt number varies approximately linearly with respect to
Reynolds and Prandtl numbers and blockage ratio; it is suitable to show a relationship that
represent transfer of heat by simple expressions in terms of the Colburn factor (jn)

jn=Nu /(Re Pr*®)

Figures 9a-9c show the depicts results in terms of |, factor at three different values of f.

The jj values resultant to the values of Pr are seen to overlap for particular value of  for the Re
in the range of 1<Re<40. Some deviations at Re <5 for f=25% and at Re<10 for =50% and for
Pr=0.71 can be observed. Table 6 shows the correlations established for different range of
Prandtl numbers as well as for different blockage ratios. These correlations have the average
deviations of about 3.65%, 2.85% and 5.80% for f=50%, 25% and 12.5% respectively for the
Reynolds number range 1<Re<40 and Prandtl number range 10<Pr<100. However, the
maximum deviations are about 7.30%, 5.30% and 10.40% for p=0.50, 0.25 and 0.125
respectively. It is also important to mention here that the average deviation for f=12.5% is about
4.35% for the range 1<Re<30 and 10<Pr<100 as at Re=40 the flow shows time-periodic
behavior, and 15-45 points are used for generating these correlations. The correlation derived for
Pr=0.71 is somewhat different because of prominent conduction here and as such the trend in
Figs. 11b and 11c is unusual at lower Prandtl and Reynolds numbers .
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Table 6: Error analysis for the generalized correlations of the Colburn jj, factor

B Prandtl Generalized Average % Maximum % R?
number Correlation deviation deviation

50% 0.71 jn=0.48Re*%* - - 0.867
10,50,100  j, =1.3Re?% 3.63 7.30

25% 0.71 jn =0.78Re™**’ - - 0.980
10,50,100  j =0.99Re*® 2.85 5.30

12.5% 0.71 jn =0.92Re*® - - 0.999
10,50,100  j, =0.80Re® 5'55%32" 10.40

* If excluding the point (at Re=40) where the flow shows time-periodic behaviour

33



CHAPTER 5: Conclusions and Recommendations

conclusions

Two-dimensional investigation across the cylinder of tapered trapezoidal cross section in an

confined steady regimes are explored for Re=1-40 and Pr=0.71-100
» The effects of Prandtl numbers (0.71<Pr<100) and blockage ratios (p=12.5%, 25% and
50%) on characteristics of heat transfer of a tapered trapezoidal cylinder confined in a

channel have been carried out at low Reynolds numbers.

» The critical Reynolds number is calculated and it exists between Re = (36 and 37), (60
and 61) and (91 and 92) for  of 12.5%, 25% and 50% respectively, also as the blockage

ratio increases the critical Reynolds number increases.
» The maximum enhancement in heat transfer for a tapered trapezoidal bluff body with

respect to a square cylinder is found to be approximately 31% and 45% for the
blockages of 12.5% and 25% respectively for Pr=0.71 and Re=1.

» Finally, the Colburn heat transfer j, factor correlations have been developed for the

preceding range of conditions

Recommendations

Following points can be carried out as the future work in this field:

» This work depicts 2-D phenomena only and for more accurate results simulations can be

carried out in 3-D pattern .

» The same study can be carried out for non-Newtonian fluids.

» The same problem can be studied under aiding buoyancy conditions.
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