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Abstract

In this chapter, two-dimensional mixed convection heat transfer in a laminar cross-flow
from two heated isothermal semicircular cylinders in tandem arrangement with their
curved surfaces facing the oncoming flow and confined in a channel is studied numer-
ically. The governing equations are solved using the control-volume method on a
nonuniform orthogonal Cartesian grid. Using the immersed-boundary method for fixed
Reynolds number of Rep = upD/v = 200, Prandtl number of Pr = 7, blockage ratio of
BR=D/H = 0.2 and nondimensional pitch ratio of ¢ =L/D =3, the influence of
buoyancy and the confinement effect are studied for Richardson numbers in the range
-1<Ri<1. Here, up is the average longitudinal velocity based on the diameter of the
semicylinder. The variation of the mean and instantaneous nondimensional velocity,
vorticity and temperature distributions with Richardson number is presented along
with the nondimensional oscillation frequencies (Strouhal numbers) and phase-space
portraits of flow oscillation from each semicylinder. In addition, local and averaged
Nusselt numbers over the surface of the semicylinders are also obtained. The results
presented herein demonstrate how the buoyancy and wall confinement affect the wake
structure, vortex dynamics and heat transfer characteristics.

Keywords: bluff bodies, tandem arrangement, blockage ratio, interference effects, wall
effects

1. Introduction

The flow and heat transfer past bluff bodies of various cross-sectional geometries is important
because of advances in heat exchanger technology, cooling of electronic components and chips
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of different shapes and sizes. Although the majority of these studies have focused on studying
the cross-flow past bluff bodies such as cylinders of circular [1-6], elliptic [7-10], rectangular
[11-15] and square cross-sections [16-20], there are fewer studies on the semicircular cylinder
geometry [21-24]. Gode et al. [25] studied numerically the momentum and heat transfer
characteristics of a two-dimensional (2D), incompressible and steady flow over a semicircular
cylinder and pointed out that the wake ceases to be steady somewhere in the range of
120<Re<130. Boisaubert and Texier [26] performed solid tracer visualizations to assess the
effect of a splitter plate on the near-wake development of a semicircular cylinder for Reynolds
numbers of Re = 200 and 400 and three splitter plate configurations. Their results show that
for Re = 400, the splitter plate causes an increase in near-wake length, a decrease in near-wake
maximum width, a secondary vortex formation and a decrease of the maximum velocity in the
recirculating zone, while for Re = 200, the near-wake keeps its symmetry and vortex shedding
is inhibited. Nalluri et al. [27] solved numerically the coupled momentum and energy equa-
tions for buoyancy-assisted mixed convection from an isothermal hemisphere in Bingham
plastic fluids and reported results for streamline and isotherm contours, local and mean
Nusselt number as a function of the Reynolds, Prandtl, Richardson and Bingham numbers.
Bhinder et al. [28] studied numerically the wake dynamics and forced convective heat transfer
past an unconfined semicircular cylinder at incidence using air as the working fluid for
Reynolds numbers in the range of 80<Re<180 and angles of incidence in the range of
0°<a<180°. Based on the flow pattern and the angle of incidence, they identified three flow
distinct zones and proposed a correlation for the Strouhal and averaged Nusselt number as a
function of Re and a. Chandra and Chhabra [29] performed a numerical study to assess the
flow and thermal characteristics from a heated semicircular cylinder immersed in power-law
fluids under laminar free and mixed convection for the case of buoyancy-assisted flow. Their
results show that as the value of the Richardson and Reynolds numbers increase, the drag
coefficient shows a monotonic increase and that the average Nusselt number increases with an
increase in the value of the Reynolds, Prandt]l and Richardson numbers.

The foregoing survey of literature reveals that although the great majority of research for the
flow and heat transfer past a heated hemisphere in cross-flow has been made for an unbounded
domain, there are relatively few studies that deal with the investigation of the blockage con-
straints present in the confined hemisphere problem. Kumar et al. [30] performed a numerical
analysis to investigate the forced convection of power-law fluids (power-law index varying from
0.2 to 1.8) around a confined heated semicircular cylinder for Reynolds numbers between 1 and
40 and Prandtl number of 50. They assessed the effects of blockage ratios ranging from 0.16 to
0.50 and found that for a fixed value of Re, the length of the recirculation zone decreased with an
increase in the value of n and that the drag coefficients and the averaged Nusselt number
increased with increasing blockage ratio for any value of n.

From the foregoing discussion, it is clear that no prior results are available on the flow and heat
transfer characteristics past a confined tandem hemisphere array under buoyancy-assisted and
buoyancy-opposing conditions. This study aims to fill this void in the existing literature. In this
work, we numerically investigate the transient fluid flow and thermal characteristics in the
mixed convection regime around two isothermal semicylinders of the same diameter in
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tandem arrangement confined inside a vertical channel of finite length using fixed Reynolds
and Prandtl numbers, fixed blockage ratio and gap width and several values of the buoyancy
parameter (Richardson number).

2. Formulation of the problem

2.1. Governing equations and boundary conditions

Consider a 2D steady, Newtonian, incompressible Poiseuille flow fluid with a mean main-
stream velocity ug at the entrance of a vertical duct over infinitely long semicylinders of
diameter D placed symmetrically between two parallel plane walls as shown schematically
in Figure 1. A system of Cartesian coordinates (x,y) is used with its origin located at the
centre point of the upstream hemisphere. The length and height of the computational
domain are defined in terms of the axial and lateral dimensions (Lot = 30D and H, respec-
tively). The pitch-to-diameter ratio is 0 = L/D = 3 and the blockage ratio BR = D/H = 0.2,
where L is the longitudinal spacing between semicylinders. The upstream hemisphere is
placed at a distance of 5.5D from the inlet to its centre and at a distance S; = 24.5D from its
centre to the outflow boundary. These values were chosen as they were estimated to be
sufficiently large to allow the wake behind the downstream semicylinder to develop prop-
erly and to exit the domain without producing observable reflections. The forced flow enters
the channel at ambient temperature T, and the semicylinders have a wall temperature of
Tw. Flow rectifiers are placed at the channel exit producing a parallel flow at x = S;. The
thermophysical properties of the fluid are assumed to be constant except for the variation of
density in the buoyancy term of the axial momentum equation (Boussinesq approximation)
and the effect of viscous dissipation is neglected. Using the vorticity (QQ = 0V /0X- oU/dY)
and stream function formulation (U = 0y/dY, V = -01/0X), the flow is described by the
nondimensional equations

621p 621/1
Sl TR SRe) 1
OX?  oY? M
00 PR Q1 (PQ FQ\ 30
E—Fﬁﬁ &W—E(ﬁ—f—ﬁ +Rlﬁ’ (2)
0, 0p00_0p20_ 1 (%0 30 o
Ot  OYOdX 0XOY RePr\ox? oY?/)

where V = (U,V) is the dimensionless velocity vector and 0 is the dimensionless temperature. In
Egs. (1)~(3), U and V are the X and Y components of V, respectively. All velocity components are scaled
with the oncoming mean bulk velocity u; the longitudinal and transverse coordinates are scaled with
the semicylinder diameter D; the time is scaled with the residence time D/uy, T = tuy/D; the temper-
ature is normalized as 0 = (T-Ty)/(T,—To). In the above equations, the nondimensional parameters
are the Reynolds number, Re = u(D /v, the Prandtl number Pr = v/a and the Richardson number,
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Ri = ¢B(T—To)D/u3, respectively (frequently, instead of using the Richardson number, the Grashof
number is employed, Gr = RiRe? = gf(T,,~To)D? /v?). Here, g is the acceleration due to gravity, a is
the thermal diffusivity, f is the thermal expansion coefficient of the fluid and v is the kinematic viscosity.
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Figure 1. Schematic diagram of the computational domain and the configuration of the semicylinders inside the channel
atBR=02and o = 3.

Egs. (1)—(3) have to be solved with the following boundary conditions:

The inflow boundary is specified by a developed velocity profile at the channel inlet

1)-1/2[1/BR + 3Y-4(BR)*Y®] = Q-12(BR)*Y = 6 = 0, (4)

For the channel walls, ) =0, + 1/BR at the left (Y =-1/(2BR)) and right walls (Y = +1/
(2BR)), respectively. Vorticity at the walls is evaluated using Thom’s first-order formula [31],
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Qup = 2(,1=,,) /A, ()

where An is the grid space normal to the wall. Adiabatic channel walls are assumed, 06/0Y = 0.

Homogeneous Neumann-type boundary conditions are adopted at the channel exit, provided
that the outlet boundary is located sufficiently far downstream from the region of interest.

0P /0X|,_,, = OP/OXdY|,_, =00/0X|,_, =0, (6)

X=51 X=51

At the surface of the semicylinders,
Q24 ,1~¥,,)/An* = 6-1 =0. (7)

No-normal and no-slip boundary conditions are enforced at the surface of each semicylinder.
Due to the fact that the value of the stream function is an unknown constant along the surface of
each hemisphere, its value is determined at each time step as part of the solution process [32].

With the temperature field known, the rate of heat flux g; is obtained in nondimensional form with

the local Nusselt number Nu;, with j = 1,2 for the upstream and downstream semicylinder,
respectively. The local Nusselt numbers are evaluated from the following equation

lg(s.D

NS0 = Tk =

00

3 )

S

where k is the thermal conductivity of the fluid and S is the surface of the immersed
semicylinders. The surface-averaged (mean) Nusselt number is obtained by integrating the
local Nusselt number along the surface of each semicylinder

Niij(1) = %.[Nuj(s, 7)dS (9)

S

2.2. Numerical solution

The governing equations are discretized using the power-law scheme described by Patankar
[33] using a nonuniform staggered Cartesian grid with local grid refinements near the
immersed semicylinders and near the channel walls. Egs. (1)-(3) along with their
corresponding boundary conditions are solved using a finite volume-based numerical method
developed in Fortran 90 using parallel programming (OpenMP). Internal flow boundaries in
the flow field are specified using the immersed boundary method [34]. For all computations,
water is used as the cooling agent (Pr = 7). A stringent convergence criteria of the dependent
variables of 1x1077 is used, with an optimal time step of At = 5x107*. A fully developed base
flow is assigned as the initial value to each grid point in the domain, which physically means
that both semicylinders are introduced into an isothermal fully developed cross-flow. For a
given value of the Richardson number, computation is started immediately after the sudden
imposition of a uniform wall nondimensional temperature from 0 to 1 on both semicylinders at
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time 7 = 0. Transient calculations are performed up to 500 nondimensional time units. In order
to make comparisons with experimental results obtained on what are effectively unbounded
domains, Chen et al. [35] defined a Reynolds number, Rep = upD/v, where

D/2

Uup z% J u(y)dy. (10)

-D/2

In Eq. (10), u is the vertical component of the velocity field specified on the upstream boundary
and up is the average longitudinal velocity based on the diameter of the semicylinder. The
accuracy of the numerical algorithm was tested by comparing results of the mean Nusselt
number against available analytical [2] and numerical results [35] for the standard case of a
symmetrically confined isothermal circular cylinder in a plane channel. Details about the numer-
ical solution, validation of the algorithm and the grid employed can be found elsewhere [36, 37].

3. Results and discussion

The numerical results presented in this work correspond in all cases to Rep =200, Pr =7,
BR = 0.2, and 0 = L/D = 3. In this section, results are presented for the mean and instanta-
neous flow and thermal characteristics under varying thermal buoyancy. For clarity, only a
portion of the computational domain is shown. The images display (from left to right) the
nondimensional longitudinal and transverse velocity components with superimposed stream-
lines, the nondimensional vorticity field and the temperature field with superimposed velocity
profiles. The color scales below each image map the velocity, vorticity and temperature con-
tours, with red/yellow coloration representing positive vorticity or counterclockwise fluid
rotation and the green regions reflecting a lack of rotational motion.

3.1. Response characteristics for assisting flow (Ri = -1)

In this section, the response characteristics for assisting flow are presented. Figure 2 shows the

resulting nondimensional mean flow and thermal profiles at Ri = -1 (Gr = —4x10*), illustrating
how the relatively narrow wake of the upstream semicylinder reattaches at the forebody of the
downstream semicylinder. Here, the near wake of the latter is clearly shorter and narrower and an
increase in the longitudinal velocity component is observed at the central part of the channel
(Y =0) toward the downstream direction. The third strip illustrates how for the cooling process,
the flow pattern is slightly asymmetric and the peak vorticity values are particularly large.

Figure 3 shows typical instantaneous flow and thermal patterns for Ri = -1, illustrating how
small amplitude flow oscillation takes place within the gap, while Kadrman vortices of relatively
small size are shed from the rear face of the downstream semicylinder. The third strip shows
how the interaction between the shear layers generated at the surface of both semicylinders and
the channel walls increases toward the downstream direction and reaches a peak at a location of
X~7.
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Figure 2. Nondimensional mean flow values at Rep = 200, BR = 0.2, ¢ = 3 and Ri = -1 (Gr = -4x10*). From left to right:
U and V velocity, Q vorticity and 0 temperature fields, respectively.
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Figure 3. Nondimensional near wake patterns of instantaneous velocity, vorticity and temperature contours at Rep = 200,

BR =02, 0 =3, and Ri = -1 (Gr = —4x10*). From left to right: U and V velocity, Q vorticity and 0 temperature fields,
respectively.

Figure 4 shows the time variations of the nondimensional longitudinal and transverse
velocity components at the symmetry plane and selected positions inside the channel.
Clearly, the velocity fluctuations depict a harmonic behavior after a short induction time of
7~100. The inset of the top and bottom left images illustrates how the recirculation zone
within the gap depicts small amplitude oscillations at a location of (X, Y) = (1.5,0), while the

maximum amplitude of the velocity fluctuations is reached at a downstream position of
(X,Y) = (45,0).
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Figure 4. Time variations of the nondimensional longitudinal and transverse velocity components as a function of the
nondimensional time at Ri = -1 (Gr = -4x10*). The extracted data is obtained at the symmetry plane and several X
positions.

3.2. Response characteristics for isothermal flow (Ri = 0)

Figure 5 shows the nondimensional mean flow values for an isothermal flow (Ri =0). In
the absence of buoyancy, the mean flow solution is symmetric. Although the recirculation
zone of the upstream semicylinder still occupies the total space within the gap, its width
is now larger than the semicylinder diameter. In addition, the length of the near wake of
the downstream semicylinder extends to X=4.5 and a slight decrease in vorticity strength
takes place.

Figure 6 shows typical instantaneous patterns of velocity and vorticity illustrating how vortex
shedding takes place at the rear of the downstream semicylinder. The third strip illustrates
how in the absence of buoyancy, the interaction between the shear layers generated by the
upstream semicylinder and the confining walls reduces.

Figure 7 shows the time variations of the nondimensional longitudinal and transverse velocity
components at the symmetry plane and selected positions inside the channel. This image
shows how after an induction time of 7~120, flow oscillation within the gap and downstream
of the lower semicylinder depict a nice harmonic behavior. Here, the amplitude of the oscilla-
tions reaches a peak at a location of (X,Y) = (5.5,0) and decreases toward the downstream
direction.
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Figure 5. Nondimensional mean flow values for the unheated semicylinders at Rep = 200, BR = 0.2, ¢ = 3, and Ri = 0.
From left to right: U and V velocity and () vorticity fields, respectively.
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Figure 6. Nondimensional near-wake patterns of instantaneous velocity and vorticity contours for the unheated
semicylinders at Rep =200, BR =0.2, 0 =3, and Ri = 0. From left to right: U and V velocity and Q vorticity fields,
respectively.
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Figure 7. Time variations of the nondimensional longitudinal and transverse velocity components as a function of the
nondimensional time at Rep = 200, BR = 0.2, ¢ = 3, and Ri = 0. The extracted data is obtained at the symmetry plane and
several X positions.

3.3. Response characteristics for opposing flow (Ri = 1)

In this section, the response characteristics for opposing flow are presented. Figure 8 shows the
nondimensional mean flow values at Ri = 1 (Gr = 4 x10*). Clearly, because of the presence of flow
reversal, the width of the symmetric recirculation zone present within the gap and at the rear of the
downstream semicylinder increases. As a result, the blockage effect is enhanced and the longitudinal
velocity component reaches peak values close to the semicylinders. Note how due to secondary flow,
both recirculation zones behind each semicylinder have approximately the same size. Also, because
of the presence of relatively strong upward flow within the gap, a bridge that reconnects the thermal
layers of both semicylinders increases buoyancy strength and vorticity strength reduces.

Figure 9 shows a typical instantaneous flow and thermal pattern at Ri =1 (Gr = 4 x10%),
illustrating how the shedding process changes in the presence of flow reversal. Here, the
recirculation zone within the gap impinges the forebody of the downstream semicylinder and
pairs periodically with the vortices shed by the downstream semicylinder. Note how because of
the presence of relatively high upward flow, the downstream semicylinder sheds typical Kdrman
vortices of relatively large size. The third strip illustrates how vorticity contours become more
complex toward the downstream direction. Here, A highlights how wall vorticity merges with
downstream vortices with the same sign. The fourth strip shows how the total surface of the
downstream semicylinder is completely surrounded by upward flow that produces a thermal
plume at the upper stagnation point of the lower hemisphere. As such, heat transfer decreases
because of the presence of relatively high temperature fluid within the gap.
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Figure 10 shows the time variations of the nondimensional longitudinal and transverse veloc-
ity components at the symmetry plane and selected longitudinal positions inside the channel.
Clearly, time-periodic flow oscillation sets in after an induction time. The inset of the lower left
image shows how the recirculation zone within the gap depicts periodic flow oscillation of
relatively small amplitude.
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Figure 10. Time variations of the nondimensional longitudinal and transverse velocity components as a function of the
nondimensional time at Rep =200, BR=0.2, 0 =3, and Ri=1 (Gr= 4 ><104). The extracted data is obtained at the
symmetry plane and several X positions.

3.4. Strouhal number and phase space plots

The left images in Figure 11 show (from top to bottom) the normalized spectrum of the
transverse velocity component as a function of the nondimensional frequency (Strouhal num-
ber), St = fD/ug for Ri = -1, 0 and 1, respectively.

These images show how for Ri = -1, 0 and 1 and for selected locations within the gap and
downstream of the lower semicylinder, there is a sharp peak at St = 0.32111, 0.29448, and
0.22295, respectively, indicating that the wake vortex shedding of both semicylinders is
time-periodic and is dominated by a single fundamental frequency. These images exem-
plify how for the three values of the buoyancy parameter studied, the recirculation zone
of the upstream semicylinder locks on to the shedding frequency of the downstream one.
In addition, these images show how the Strouhal number decreases for increasing values
of the buoyancy parameter. The right images in Figure 11 show the corresponding phase-
space relation between the longitudinal and transverse velocity signals after the vortex
shedding reaches an established periodicity. The inset of these figures describe the fluctu-
ations at a location of (X,Y) = (1.5,0). For all cases, the single orbit with a double loop
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illustrates how the periodic alternate shedding of vortices takes place at the space within
the gap and downstream of the lower semicylinder.
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Figure 11. Rep =200, BR = 0.2, 0 =3, and Ri = -1, 0 and 1. Left images: Normalized spectrum of the longitudinal and
transverse velocities. Right images: Phase-space plot of the longitudinal velocity signal as a function of the transverse
velocity signal.
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4. Heat transfer

In this section, the heat transfer characteristics of the semicylinder array are presented for
buoyancy assisting and opposing flow.

4.1. Local Nusselt numbers

Figures 12a and b show representative distributions of the local Nusselt number defined in
Eq. (8) over the curve length A-B-C-D (body contour of each semicylinder) for Ri = -1 and
Ri =1, respectively. In these figures, the broken and continuous lines correspond to the
upstream and downstream semicylinder, respectively. For assisting/opposing buoyancy,
when the warm/cold downward flow impinges the front stagnation point of the upstream
semicylinder, the temperature gradient is maximum and the local Nusselt number reaches
its peak value at point C. Beyond point C, as the warm/cold downward-flowing fluid travels
through the front half of the semicylinder along the surface B-C-D, it yields/picks up thermal
energy and the local Nusselt number gradually decreases toward points B and D. The cold/
warm upward flow present between both semicylinders impinges the rear of the upstream
one, a local maximum is reached at point A and a progressive increase in the local Nusselt
number is observed over the curve length B-D. Depending on whether buoyancy assists/
opposes the flow and because of the presence of the recirculation zone within the gap that
yields/picks up thermal energy from the wake of the upstream semicylinder, a local mini-
mum of the local Nusselt number is reached at the front stagnation point of the downstream
semicylinder. Thus, the local Nusselt number beyond point C gradually increases toward
points B and D. As the flow detaches from the tip of the downstream semicylinder (points B
and D), the local Nusselt number reaches a local/global maximum for assisting/opposing
buoyancy, respectively.

4.2. Overall Nusselt number

Figure 13 shows the time variation of the surface-averaged Nusselt number of both
semicylinders with Richardson number. In these figures, the broken and continuous lines
correspond to the upstream and downstream semicylinder, respectively. Figure 13 shows
how the presence of the upstream semicylinder has a significant effect on the heat transfer
characteristics of the downstream semicylinder and lower heat transfer rates are achieved
by the latter. For clarity, in the inset of Figure 13, the value of the mean Nusselt number of
both semicylinders is plotted in a limited range of the nondimensional time, from 7 = 180 to
200. It is worth to mention that the discernible periodic oscillations of the mean Nusselt
number of the lower semicylinder are closely related to flow oscillation due to vortex
shedding for both cases.
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Figure 13. Time-evolution of the overall Nusselt numbers at Rep = 200, BR = 0.2, 0 = 3, and Ri = -1 and Ri = 1 for the
upstream (broken lines) and downstream (continuous lines) semicylinders, respectively.

5. Conclusions

In this work, numerical simulations have been carried out to study the unsteady flow and
heat transfer characteristics around two identical isothermal semicylinders arranged in
tandem and confined in a channel. The blockage ratio, Prandtl number and pitch-to-
diameter are fixed at BR = 0.2, Pr =7 and ¢ = 3, respectively. Numerical simulations are
performed using the control-volume method on a nonuniform orthogonal Cartesian grid.
The immersed-boundary method is employed to identify the semicylinders confined
inside the channel. The influence of buoyancy has been assessed on the resulting mean
and instantaneous flow, vortex shedding properties, nondimensional oscillation frequen-
cies (Strouhal numbers), phase-space portraits of flow oscillation, thermal fields and local
and overall nondimensional heat transfer rates (Nusselt numbers) from each semicylinder.
Results show that in this parameter space, the flow patterns reach a time-periodic oscilla-
tory state, the recirculation zone of the upper semicylinder completely fills the space
within the gap and vortex shedding from the lower semicylinder occurs. For values of
the Richardson number of for Ri = -1 and Ri =1, steady-state and time periodic oscilla-
tions of the mean Nusselt number are observed for the upstream and downstream
semicylinder, respectively.
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Nomenclature

BR  blockage ratio, D/H

D semicylinder diameter (characteristic length)

f vortex shedding frequency (Hz)

g gravity acceleration

Gr  Grashof number based on semicylinder diameter, Gr = gf(T,,~T)D? /1>
h local heat transfer coefficient

H  width of computational domain

k thermal conductivity of fluid

L pitch (centre-to-centre distance between two semicylinders)
Lit length of computational domain

n normal direction

Nu local Nusselt number (see Eq. (8))

Nu Average Nusselt number (see Eq. (9))

Pe  Peclet number, Pe = ugD/a

Pr  Prandtl number, Pr =v/a

Re  Reynolds number based on uy, Re = ugD/v

Rep Reynolds number based on up, Re = upD/v

Ri  Richardson number based on semicylinder diameter, Ri = Gr/Re?
S surface area of immersed semicylinders

S length from the origin to the channel outlet

St Strouhal number based on semicylinder diameter, St = fD/uq
t time

T temperature

To  fluid temperature at the channel inlet

T  temperature at the surface of the semicylinders

u,v longitudinal and transverse velocity components, respectively
up  mean fluid velocity at the channel inlet

up average longitudinal velocity over the semicylinders (see Eq. (10))
U  nondimensional longitudinal velocity component, U = u/u
\Y4 nondimensional transverse velocity component, V = v/ug
x,y  Cartesian rectangular coordinates

X nondimensional longitudinal coordinate, X = x/D

Y nondimensional transverse coordinate, Y = y/D

Greek symbols

o thermal diffusivity of fluid

f thermal volumetric expansion coefficient

i dynamic viscosity

v kinematic viscosity

Y nondimensional stream function

() nondimensional vorticity

o nondimensional pitch-to-diameter ratio, 0 = L/D

237



238 Heat Exchangers— Design, Experiment and Simulation

0 nondimensional temperature, 0 = (T-Ty)/(T»=To)
© nondimensional time

Subscripts

0  ambient or reference
1,2 refers to the upstream and downstream semicylinder, respectively
w  at the surface of the semicylinders
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