Sadhana (2018) 43:182
https://doi.org/10.1007/s12046-018-0951-6

© Indian Academy of Sciences

@ CrossMark

Buoyancy-driven convective heat transfer from a semi-circular

cylinder for various confinements

RAKESH KUMAR GUPTA, AVINASH CHANDRA*® and RAJ KUMAR GUPTA
Department of Chemical Engineering, Thapar Institute of Engineering and Technology, Patiala 147004, India
e-mail: avichiitk@yahoo.com

MS received 19 August 2017; revised 8 May 2018; accepted 29 May 2018; published online 5 October 2018

Abstract. Buoyancy-driven convective heat transfer from a semi-circular cylinder for various confinements
has been studied using numerical simulations for wide ranges of parameters, Reynolds numbers (1 < Re < 50),
Richardson numbers (0 < Ri < 2), Prandtl numbers (0.7 < Pr < 50) and confinement ratios (0.2 < f < 0.8).
A hot semi-circular cylinder is symmetrically kept in a 2D rectangular confinement. The circular side of the
cylinder faces the upstream flow and the fluid flows against gravity in the channel. The governing equations are
numerically solved using FLUENT and the results obtained are presented in the form of isotherms, streamlines,
pressure coefficients, drag coefficients, Nusselt numbers, etc. The highest value of pressure coefficient increases
with blockage ratio for all cases. The drag coefficient decreases with Re and shows complex phenomena with
change in Ri and blockage ratio of the channel. Pressure drag has contributed more as compared with viscous
drag in all cases. The curved surface showed more heat transfer than the flat surface of the semi-circular
cylinder. The value of f§ also has great influence at large value of Peclect numbers (= 2500). Overall average

heat transfer in terms of average Nusselt number is a function of Ri, Re, Pr and f.

Keywords.

1. Introduction

Momentum and heat transfer studies of confined bluff
bodies have much importance in modern applications like
cooling of electronic components, drying of food stuffs,
solar thermal extraction systems, flow meters, building
works, nuclear reactors, natural circulation boilers, pro-
cessing of fibrous suspensions, removal of oversized par-
ticles from coating suspensions and design of novel heat
exchanging devices [1, 2]. The widely studied bluff bodies
are cylinders of various cross-sections such as circular,
square, triangular, elliptical, semi-circular, etc. It is well
known that most heat exchangers use circular cross-section
tubes as essential part of their construction. The phe-
nomenon of heat transfer taking place through the surface
of circular tubes is an example of the study of heat transfer
and flow over a circular bluff body. In the context of
geometry, a semi-circular cylinder occupies half space as
compared with circular cylinders. In case of semi-circular
cylinders, the presence of sharp corners and rear flat surface
provides additional mixing; hence the heat transfer
increases. Among different cross-sections of cylindrical
bluff bodies, semi-circular cylinder gained importance in
the recent past because of its suitability for compact heat
exchangers in modern applications and its shape allows
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economical use of space [3]. Moreover, a semi-circular
cylinder has the advantage of higher average Nusselt
number as compared with a circular cylinder [4, 5].

Detailed reviews of flow and heat transfer from different
types of bluff bodies are available in literature [6—8]. When
a flow passes over a bluff body, the flow gets separated and
trailing wakes are formed. The flow separation and wake
kinematics largely depend on body geometry, flow regime,
fluid properties, confinement and body forces. Complex
flow behaviours are usually seen with gravity at low and/or
moderate Reynolds numbers (laminar and/or transition flow
regime). Fundamentally, natural convection is always pre-
sent with forced convection; however, its contribution may
be small. In case of low and/or moderate Reynolds num-
bers, natural and forced convection phenomena are present
and this is termed as mixed convection heat transfer. The
relative contribution of natural convection to forced con-
vection is usually measured by the value of a non-dimen-
sional parameter known as Richardson number (Ri).

A few experimental investigations on heat transfer have
been reported in some research works [9—11], with addition
of buoyancy in different flow regimes over cylinders. One
[9] of these research works experimentally studied heat
transfer from circular cylinders in the range of Re =

100-3000 and Gr = 25000-300000 at blockage ratio
() = 0.047, 0.094. They concluded that heat transfer rates
were dependent on a non-dimensional parameter (Gr/Re?),
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for the entire range of conditions studied. They extended
this work for various angles (0°, 90°, 135° and 180°) and
forced flow and buoyant flow [10]. For angles of 0° and
90°, the heat transfer was reported to increase with rise in
buoyance forces. Another study [11] investigated influence
of buoyancy on wake formed behind hot cylinders of dif-
ferent shapes for Reynolds number ranges of 53—110 and
87-118. An experimental investigation on forced convec-
tion momentum and heat transfer over a semi-circular
cylinder is also available in literature [12], wherein
momentum and heat transfer to air from the cylinder at
different orientations in the range of 22 x 10°
< Re <45 x 10* is studied. The average Nusselt number
(Nugye) was reported to be the maximum for the arrange-
ment with curved surface of cylinder facing flow as com-
pared with other orientations at different angles of attack of
flow to curved surface of the cylinder. Nu,,, was found to
increase with value of Reynolds number in all configura-
tions, as per the well-known power law.

Moreover, numerous two-dimensional numerical inves-
tigations have been reported in previous years related to
flow over and heat transfer from bluff bodies. These works
address flow and heat transfer with various geometries with
the influence of aiding/opposing buoyancy. Some of these
works studied unconfined bluff bodies [13—18] and others
studied confined bluff bodies [3, 19-24]. Detailed reviews
on circular cylinders are already reported in literature [6, 7].
One of the numerical study [20] on mixed convection for
similar configuration concluded delaying of flow separation
from cylinder and shortening of wake behind cylinder due
to rise in value of Richardson number or blockage ratio.
Moreover, they observed reverse flow near to wall at much
higher values of Richardson number. Another researcher
[19] observed same intensity of forced and free convective
flow at Ri =36, f =0.167 and value of Nu,,, was also
reported to rise with value of Re [19, 20] or Ri [20].

Numerical simulations were also carried out for confined
square cylinder [1, 23, 24]. Flow separation and wake
formation at rear side of cylinder were observed due to
increase in Reynolds number and wake size was reduced
with increase in Richardson number [24]. One of these
studies [23] observed the change of flow behaviour from
unsteady vortex shedding to steady vortex with increase in
Richardson number. The value of Cp, was seen to be higher
with either decrease in Reynolds number or increase in
blockage ratio or rise in Richardson number [24]. The value
of Nu,,, was found to rise with increase in Reynolds
number [23] or blockage ratio [1, 23] or Richardson num-
ber [1, 24].

Semi-circular cylinders were also considered by a few
researchers to visualize phenomena of flow and heat
transfer in unconfined space [25] as well as in confined
space [2, 3, 26]. In a mixed convection study from
unconfined semi-circular cylinder [25], drag coefficient
was observed to increase with either decrease of value of
Re or increase in value of Ri. The value of Nu at surface
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of cylinder was found to be the maximum at corners of
the cylinder at low Re and shifted towards front stagna-
tion point with increase in Reynolds number. Value of
Nug,,, increased with increase in value of any of three,
viz., Re, Pr and Ri. In another study [2], air flow and
forced convective heat transfer characteristics from a
confined semi-circular cylinder were examined. In this
study, flow separation and wake formation were observed
with increase of Reynolds number and these phenomena
got delayed with increase in blockage ratio. The wake
size downstream of cylinder increased at either higher
values of Re or lower values of 5. Moreover, in a similar
study [25] of confined semi-circular cylinder, steady flow
was observed to change into time periodic pattern for
Re = 69-70. Individual and drag coefficients increased
due to either decrease in value of Re or increase in value
of f [2]. Ratio of individual drag coefficients (Cpp/Cpr)
increased due to increase in value of either Re or f5. The
value of local Nusselt number on cylinder surface
increased due to increase in either Reynolds number or
blockage ratio. The value of Nu,,, increased with
increase in Re only for Re > 5 but mixed patterns were
observed in the range of 1 < Re < 5. In a different study
of confined semi-circular cylinder [3], value of Nu,,, of
confined semi-cylinder cylinder was found to be more as
compared with the unconfined one and increased with
increase in blockage ratio of confinement. In a previous
study [26] of confined cylinder, the average Nusselt
number (Nu,,,) sharply increased due to rise of value of
Pr.

Many numerical studies are available concerning two-
dimensional momentum and heat transfer from confined
cylinders of either circular or square geometry with aid-
ing/opposing buoyancy. Furthermore, one similar
research work [25] is also reported on unconfined semi-
circular cylinder with addition of buoyancy. Although,
three different research studies [2, 3, 26] are reported on
confined semi-circular cylinders, they are without addi-
tion of buoyancy. In one of these studies [2], forced
convection has been considered, which is far different
from the present study of mixed convection. Another
study [3] considered a similar system for power-law flu-
ids. One further study [25] presented the vortex shedding
results for similar configurations reported [2, 3]. In these
three studies, confined semi-circular configuration was
used for forced convection heat transfer without consid-
ering gravity. However, in our present case, flow against
gravity has been considered with varying confinement,
which has never been explored in the literature to the best
of our knowledge. No two-dimensional numerical simu-
lation of buoyancy-aided heat convection and fluid flow
characteristic past a semi-circular cylinder is available in
the literature. Therefore, the present work is targeted to
fill such a gap of 2D mixed convection momentum and
heat transfer in the area of numerical transport
phenomena.
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2. Problem specification

A two-dimensional numerical simulation of momentum and
heat transfer from a cylinder is considered. A long confined
hot semi-circular cylinder is used and schematic of the
problem is given in figure 1. A cylinder with diameter
D has been kept inside a straight confinement of width
L. The cylinder has distance M from inlet section and
N from outlet section. The cylinder (maintained at constant
value of wall temperature 7,,) is kept in a channel such that
the curved side of cylinder faces the oncoming flow.

The confinement of channel is represented in terms of a
dimensionless parameter, blockage ratio (f§), which ranges
from 0.2 to 0.8 in the present study. Many previous studies
[2, 3] used blockage ratio in the range of 0.2-0.5, which is
currently extended up to 0.8 to provide results in a larger
practical range. A Newtonian, incompressible fluid at
constant temperature of T, (T, <T,) flows between
adiabatic walls of the channel. The flow is considered as
steady and laminar, and has a parabolic velocity profile at
the inlet section [23]. The forced flow is also aided by
buoyant flow, developed due to density variation in the
fluid, which is in the same direction of the forced flow.
Thermo-physical fluid properties are considered as constant
with respect to variation in temperature. The fluid density
(p) is expected to vary due to temperature and included to

J— - L >
1 Outflow
V.
Adiabatic
wall
N
r
o X
— D — T, (wall-
Temperature)
M
Adiébatic
wall ] ‘
Inflow
Ve, Ti)

Figure 1. Schematic of flow over confined heated semi-circular
cylinder.
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y-component of momentum equation. Presently, the density
variation can be incorporated through the Boussinesq
approximation p = p[1 — (T — Tx)] (proposed by J V
Boussinesq), like those with lower temperature differences
(here, T\, — Too = 1). Due to the small temperature differ-
ence, it is reasonable to assume that all other thermo-
physical properties are constant. It is well accepted that
viscous dissipation effects are important in thermal energy
equation for a flow with large velocity gradients [23]. In the
present study, flow currents have small velocity gradients
due to low values of Reynolds number and weak buoyancy
in the flow. Therefore, viscous dissipation is not important
and can be ignored in energy equation for the present case.
There are different literatures [1, 20] in which the viscous
dissipation is neglected for an approximately similar range
of governing parameters. This assumption is also aligned
with one of the previous study of semi-circular cylinders for
similar sets of Re, Pr and Ri as in case of present simula-
tion. The dimensionless governing equations [27] for the
present situation are given here in Eqs. (1)—(4).
Mass conservation:

Ou Ov
oL 1
8x+8y 0 (1)

X-momentum conservation:

%+va_u—_a_p+i @4,@ (2)
“ox dy  Ox Re\dx? 0y?

y-momentum conservation:

% .
+a—yz> + Ri.0 (3)
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Energy conservation:
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where all dimensionless variable are defined as follows:

x=X/D,y=Y/Dyu=U/Vo,v=V/Vo,p=P/pV2,
0= [(T - Too)/(Tw - Too)]

The governing equations (1)—(4) are subject to the fol-
lowing physical boundary conditions.

At flow inlet, the fluid enters at constant temperature
(T,,) and has a fully developed parabolic velocity profile.
Hence, the boundary conditions at inlet can be written as

u=0,v=15(1-2px)*0=0.

Adiabatic walls are no-slip solid boundaries and adia-
batic situation exists throughout the confinement. Hence

u=0,v=0,00/0x = 0.



182 Page 4 of 18

Cylinder surface is also a solid surface, and no-slip
condition is used there. The surface is maintained at con-
stant wall temperature 7,,. Hence, the boundary conditions
are

u=0,v=0,0=1.

Flow at the exit is fully developed conditions. This
considers zero diffusion of all variables along the flow at
the exit and has similarity with homogeneous Neumann
boundary conditions. However, any of the properties still
can show lateral gradients in flow at the exit. Hence, exit
conditions is approximated as follows

0¢p/0y =0, where ¢ = u,v and 0.

At the line of symmetry: for the present operating con-
ditions, flow behaviour must be laminar and symmetric on
middle plane x = 0. Hence, the symmetry boundary con-
ditions is applied as follows:

u=0,0v/0x =0,00/0x = 0.

The values of flow and temperature field variables (u, v, p
and 0) have been obtained after solving governing equa-
tions (1)—(4). These variables are further used to calculate
different practically important parameters like total drag
coefficient (Cp), pressure drag coefficient (Cpp), friction
(viscous) drag coefficient (Cpr), pressure coefficient (Cp),
local Nusselt number (Nu) and average Nusselt number
(Nutgy,), as defined in Egs. (5)—-(10):

Cp 2(1/21;%2 Cpp + Cpr, (5)
Cor = 73172 )

Cpr :(1/21;%, (7)

Nu = faa_(’ (9)

1
Nug,, = g/Nu.dS.

3. Numerical methodology

The non-uniform hybrid grids generated in ANSYS FLU-
ENT are used for numerical simulation of the present
problem. To capture the field gradient near the semi-circular
cylinder, fine grids are generated and used near the cylinder
surface. The two-dimensional steady, laminar, coupled
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solver in ANSYS FLUENT has been deployed to obtain
solutions of governing equations. The convective terms of
Egs. (2)-(4) are discretized by a second order upwind
scheme. Coupling of pressure—velocity is done using the
SIMPLE scheme. The standard Boussinesq approximation
for density variation is used and other physical properties
are kept constant. The iterations are solved by the Gauss—
Siedel method in connection to multi-grid method to eval-
uate governing equations. Numerical tolerance limits are
taken as 10® for residuals of Egs. (1)-(3) and as 10~" for
residual of Eq. (4). Computational time has been reported to
increase with increase in the value of Ri to meet the identical
degree of solution convergence. It is obvious that mixed
convection problem has one extra variable, Ri, in y mo-
mentum equation, which increases complexity in simulation
and desired convergence. Domain and grid-independence
simulation runs are also conducted, so that the ultimate
solution is independent of choice of domain and mesh size.
Domain- and grid-independent studies are a trade-off
between high computational resources (due to large domain
size and ultrafine grids) and accuracy of the results. Inlet
boundary domain-independence tests are carried out in the
range of values of m (= M/D) as 25-50 for limiting values of
dimensionless governing parameters (i.e., Re = 1, 50, Pr =
0.7, 50 and Ri = 0, 2). The inlet boundary domain is found
to be optimum at m = 30. Further, outlet boundary domain
is also optimized in the range of values of n (= N/D) as
30-60 for the same values of Re, Pr and Ri and found to be
optimum at n = 40. The results of domain-independent tests
are presented in table 1. Three different grids (G1-G3) have
been used to carry out grid independence at limiting con-
ditions. The details of different grids and simulation results
are presented in table 2. Table 2 clearly shows that per-
centage difference in values of Cpp, Cpr, Cp, Nu,,, for grid
G2 and G3 have been found to be about 1% for all condi-
tions. Further refinement of the grid will lead to high com-
putational time without any appreciable change in the
results. Therefore, grid G2 is considered as the optimum
grid for current work and also shown in figure 2.

4. Results and discussion

The obtained numerical outcomes are presented and dis-
cussed in this section. It is always mandatory to ensure the
reliability of solution technique with choice of numerical
parameters to be used in simulation experiments. Two
previous works [19, 25] have been selected to validate
current numerical scheme for heat transfer from cylinders.
The first work is on a confined cylinder in the absence as
well as presence of buoyance forces, whereas the second is
on a semi-circular cylinder in the presence of buoyance
forces. These validation works support heat transfer simu-
lation for both semi-circular cylinder and confined cylinder
in the presence of buoyance forces. The results of valida-
tion work are presented in table 3.
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Table 1. Results of domain-independence tests.
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m n p Re Ri Pr Cpp Change (%) Cp Change (%) Nitgg Change (%)
Inlet domain-independence results
25 50 0.25 1 0 0.7 19.65 - 28.24 - 0.838 -
30 50 0.25 1 0 0.7 19.68 0.15 28.25 0.4 0.838 0
40 50 0.25 1 0 0.7 19.61 0.36 28.22 0.11 0.838 0
25 50 0.25 50 2 0.7 2.08 - 2.73 - 5.242 -
30 50 0.25 50 2 0.7 2.09 0.48 2.74 0.37 5.257 0.29
40 50 0.25 50 2 0.7 2.18 4.30 2.75 0.36 5.277 0.38
Outlet domain-independence results
30 30 0.25 1 0 0.7 19.65 - 28.26 - 0.8380 -
30 40 0.25 1 0 0.7 19.74 0.46 28.27 0.04 0.8379 0.01
30 50 0.25 1 0 0.7 19.73 0.05 28.27 0.00 0.8379 0.00
30 30 0.25 50 2 50 2.090 - 2.740 - 5.257 -
30 40 0.25 50 2 50 2.090 0.00 2.740 0.00 5.255 0.04
30 50 0.25 50 2 50 2.090 0.00 2.740 0.00 5.254 0.02
Table 2. Results of domain-independence tests.
Grid label Gl G2 G3
Grid details
Spacing at cylinder surface (J/ 0.017 0.007 0.005

D)
Number of nodes on cylinder 72 180 260

surface
Total number of grids in the 24120 58940 131002

domain
Grid Re Pr Ri Cpp Cpr Cp Nug,,
Grid-independence results at blockage ratio (f) = 0.25
Gl 1 0.7 0 19.74 8.530 28.27 0.838
G2 20.07 8.400 28.47 0.838
G3 20.19 8.340 28.53 0.839
Gl 50 50 2 1.82 0.540 2.368 22.40
G2 1.83 0.520 2.350 21.43
G3 1.84 0.520 2.370 21.76

As per table 3, validation results have maximum devia-
tions up to 3.5% which are acceptable. On the basis of
discussion of above validation work, present results have
accuracy within £4%. Therefore, the used numerical
methodology can be considered as reliable and accurate
within 4% for numerical work of flow over a confined semi-
circular cylinder and its thermal characteristics on addition
of buoyancy. After getting the confidence with the present
numerical methodology, this numerical scheme is used to
study mixed convection from confined semi-circular
cylinder in the interval of Reynolds number of 1-50,
Prandtl number of 0.7-50, Richardson number of 0-2 and
blockage ratio of 0.2-0.8. The highest Pr value is taken as
50, considering its practical importance in use of high
viscous or high molecular weight fluids in chemical,

petroleum- and oil-related engineering application indus-
tries [3]. Moreover, the high values of Pr up to 50 may be
shown by food products and light organic oils, etc. For
example, the values of Pr for sucrose solutions, which is
considered as one of the food products, are reported in the
range of 6.8-49.4 [28]. For light organic fluids, Prandtl
number is also reported in the range of 5-50 [29]. The
range of Pr for the present study also is decided as 0.7-50
based on some previous research works [1, 3, 23].

4.1 Description of flow

4.1a Streamline profiles: The flow behaviour around the
semi-circular cylinder under confinement is given in terms
of streamline profiles (left half) in figures 3-5 at limiting
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(a) (b)

Figure 2. Grid (G2) used in grid-independence study: (a) full view and (b) zoom view.

Table 3. Results of validation work for Farouk and Guceri [19], Chandra and Chhabra [25].

Re Pr Cpp Cp Nugyg
Forced convection from semi-circular cylinder
Chandra and Chhabra [25] 20 0.7 1.313 1.993 3.64
Present work (% deviation) 1.315 (0.15%) 1.995 (0.1%) 3.52 (3.3%)

Re Pr Ri Nugy,

Mixed convection from confined circular cylinder
Farouk and Guceri [19] 58.01 0.7 4.12 6.63
Present work (% deviation) 6.40 (3.5%)
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Figure 3. Streamlines (left half) and isotherms (right half) profiles at § = 0.2 for different values of Re, Prand Ri [(a) Re = 1, Pr = 0.7,
Ri=0,(b)Re=1,Pr=07,Ri=1,(¢c)Re=1,Pr=0.7,Ri=2,(d) Re=1,Pr=50,Ri =0,(¢) Re =1, Pr=50,Ri=1,f) Re = 1,
Pr=50,Ri =2,(g) Re =50, Pr=0.7,Ri =0, (h) Re = 50, Pr = 0.7, Ri = 1, (i) Re = 50, Pr = 0.7, Ri = 2, (j) Re = 50, Pr = 50, Ri = 0,

(k) Re = 50, Pr =50, Ri = 1, (1) Re = 50, Pr = 50, Ri = 2].

values of Re and Pr for Ri =0, 1, 2 and = 0.2, 0.33, 0.8.
Figures 3-5 clearly show that the flow follows the body
contour or it is completely attached to cylinder body at
Re = 1, but symmetric wakes are observed for Re = 50 at
all values of Pr, Ri and f. It is a well-established fact
[2, 4, 25] that the flow detaches from rear side of cylinder
with increase in Reynolds number and symmetric wakes are
also observed. This occurs due to increase in domination of
inertial forces over viscous forces. Figure 3 shows that for
Re =1, no appreciable changes in the streamlines are
observed with increase in value of either Ri or Pr at all
values of f5. Further, for the set Re = 50, = 0.2 (figure 3),
the wake size has decreased by 67% and 90% due to
increase in value of Ri in the range of 0-2 at Pr = 0.7 and
50, respectively. Increase of Richardson number causes
increase in inertial force due to addition of buoyance force,
which is opposed to pressure force and viscous force acting
in the vicinity of semi-circular cylinder. This causes rise in
velocity in the wake and shear forces get weakened. This
tries to delay flow separation from the cylinder and shorten
the wake size [21, 23]. Therefore, increase in Richardson
number is responsible for separation delay and reduction in
wake size. For another blockage ratio (f) = 0.33, wake size
decreases up to 41% due to increase of Ri in the range of
0-1 and again increases to original wake size (at Ri = 0)
with increase of Ri in the range of 1-2, for all Pr consid-
ered. The increase in wake size due to increase of
Richardson number (Ri = 1-2) is observed possibly due to

mixed effects from buoyance force, wall effect, pressure
force and geometry of the semi-circular cylinder. As
Richardson number increases (Ri = 1-2), wake is expected
to get delayed and decrease in size. However, due to cor-
ners of the semi-circular cylinder, wake separation is not
delayed much at Ri =2. Net flow around the cylinder
increases because of combined effect of buoyance force
(Ri = 2) and higher blockage ratio (f = 0.33) and leads to
increase in the wake size. For higher blockage ratio (f8) of
0.8, wake size decreases only up to 6% due to increase of
Richardson number for all Prandtl numbers studied here.
However, secondary wakes are also observed at § = 0.8 for
all values of Prand Ri. At § = 0.8, net flow around cylinder
is relatively very high as compared with = 0.25 and 0.33.
The strong inertial forces are possibly more dominant over
buoyance forces and pressure forces and cause a small
decrease in the wake size. It is clear from this discussion
that increase in value of Richardson number governs
streamline profiles and wake region (at Re = 50) of cylinder
in a mixed manner depending on values of channel
blockage ratio and Prandtl number. Moreover, for Ri = 0
and 1, the wake size is decreased with increase in value of
blockage ratio for all Prandtl numbers studied. Decrease of
distance between walls confines and stabilizes the wake and
reduces its size at higher blockage ratio. This effect of
blockage ratio is seen to be more prominent at Ri = 0 as
compared with Ri = 1. For Ri =2, wake size shows a
mixed behaviour with increase in value of 5. Wake size is
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Figure 4. Streamlines (left half) and isotherms (right half) profiles at = 0.33 for different values of Re, Pr and Ri [(a) Re =1,
Pr=07,Ri=0,(b)Re=1,Pr=0.7,Ri=1,(c)Re=1,Pr=0.7,Ri=2,(d) Re=1, Pr=50,Ri =0, () Re= 1, Pr=50,Ri = 1,
() Re =1, Pr=50, Ri =2, (g) Re =50, Pr=0.7, Ri =0, (h) Re =50, Pr=0.7, Ri = 1, (i) Re = 50, Pr = 0.7, Ri = 2, (j) Re = 50,
Pr =150, Ri =0, (k) Re = 50, Pr =50, Ri =1, () Re = 50, Pr = 50, Ri = 2].

Figure 5. Streamlines (left half) and isotherms (right half) profiles at § = 0.8 for different values of Re, Pr and Ri [(a) Re = 1, Pr = 0.7,
Ri=0,(b)Re=1,Pr=07,Ri=1,(c)Re=1,Pr=0.7,Ri=2,(d) Re=1,Pr=50,Ri =0,(¢) Re =1, Pr=50,Ri=1,f) Re = 1,
Pr=50,Ri =2,(g) Re =50, Pr=0.7,Ri =0, (h) Re = 50, Pr = 0.7, Ri = 1, (i) Re = 50, Pr = 0.7, Ri = 2, (j) Re = 50, Pr = 50, Ri = 0,
(k) Re = 50, Pr=50, Ri = 1, () Re = 50, Pr =50, Ri = 2].
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Figure 6. Variation of pressure coefficients (Cp) at cylinder surface for different values of Ri and Re at different sets of  and Pr
[@) $ =02, Pr=0.7,(b) f=0.2, Pr=50,(c) f=0.8, Pr=0.7, (d) f=0.8, Pr=50].

initially increased due to increase of channel blockage ratio
and afterwards decreased also. A similar kind of mixed
effect of blockage ratio on wake size has been previously
observed for wake behind a square cylinder [24].

4.1b Pressure coefficients distribution: More information on
flow behaviour is collected from the surface variation of
pressure coefficient (Cp) over cylinder. The values of Cp
relate pressure recovery at any point of surface with respect to
inlet pressure (P,). Figure 6 presents variation in values of
pressure coefficients at cylinder surface for different values
of Richardson number at different sets of values of Prand f5.
It is clearly seen from figure 6 that the value of Cp is maxi-
mum at the vicinity of vertex A and minimum at vertex B.
Further, a slight reverse for this minimum value is observed
up to point C for all values of Re and Ri studied. This may
happen due to velocity increase from point A to B and
decrease from point B to point C. At all Richardson numbers,
the values of Cp have been high at Re = 1 as compared with
its values for Re = 50. The reason behind this might be high
velocity at Re = 50. The value of pressure coefficient at
curved surface (AB) also gets larger with increase of Ri at
f = 0.2 for all values of Re. This behaviour is not observed at

f = 0.8, because, the flow area between cylinder and con-
fined wall is less at increased blockage ratio of 0.8 and
buoyant flow is insignificant. Figure 7 presents variation in
values of pressure coefficients at cylinder surface for differ-
ent blockage ratios. Figure 7 clearly shows that maximum
and minimum values of Cp widen due to increase in blockage
ratio for each Re, Pr and Ri studied.

Figure 8 presents variation in values of pressure coeffi-
cients along the confinement wall length for different sets
of Re and Ri. Figure 8 shows that pressure coefficient first
decreases in the inlet domain (before cylinder) and has
mixed patterns in the outlet domain (after cylinder) for
different values of f and Pr studied. Especially for § = 0.8,
the value of pressure coefficient suddenly drops at the end
of inlet domain possibly due to high velocity observed. The
magnitudes of values of pressure coefficients are reported
to be comparatively high for value of = 0.8 as compared
with f = 0.2. For Re = 1 and f = 0.2, pressure coefficient
upstream to cylinder decreases as Richardson number
increases at Pr = 0.7, whereas it increases with rise of
Richardson number at Pr = 50. For Re = 1 and f§ = 0.8, no
significant changes have been observed in values of
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pressure coefficient in inlet domain with increase in
Richardson number at both Pr values 0.7 and 50. For
Re =50 and f = 0.2, the variation in values of pressure
coefficient upstream to cylinder with Richardson number
shows a reverse pattern as compared with Re = 1. For
Re = 50 and f = 0.8, values of pressure coefficient in inlet
domain have no changes with increase in Richardson
number at Pr = 0.7 and decrease with increase in Ri at
Pr=50. In the region downstream to the cylinder, the
pressure coefficient has a mixed influence with increase in
Richardson number at various conditions of Re and Pr
studied. For Re = 1, the pressure coefficients increase due
to rise in Richardson number for all values of f and Pr
studied. This effect is more pronounced at f§ = 0.2 and/or
Pr =0.7. For Re = 50, the pressure coefficients have no
appreciable change with increase of Richardson number for
all values of Pr and f studied except increase in their values
at Pr=0.7 and f = 0.2.

4.1c Drag coefficient and ratio of pressure drag to friction
drag coefficient: Total drag force (in y-direction) and its
coefficient on bluff body have contributions by components
of normal and shear forces acting on the body. Effect of

Reynolds number on drag coefficient (Cp) for different
values of f, Ri and Pr on semi-circular cylinder surface is
given in figure 9. This figure clearly shows that value of Cp
continuously decreases due to increment in Re for all sets of
observations carried out. A similar behaviour of decrease in
Cp with increase in Re has also been observed in some
previous studies [1, 2, 24, 25, 30]. The rate of decrease in
Cp is observed to be higher for Re < 10 as compared with
Re > 10, which may be due to higher contribution of vis-
cous forces (Re < 10) in total drag coefficients. Due to
increase in Richardson number, value of Cp increases at
f = 0.2 and all values of Re. The increase in value of Cp
with Ri is also reported in previous numerical works
[1, 25, 30]. The increase in the drag coefficient with
Richardson number is possibly due to rise in overall flow
caused by buoyant effect. For blockage ratio (f§) = 0.33, the
values of drag coefficient show complex behaviour and this
complexity is more at higher value of Ri at all Reynolds
number values. For f# = 0.5, the values of Cp rise with
increase in Richardson number at all Reynolds numbers,
but the increase is less as compared with increase at low
blockage ratio (ff = 0.2). Moreover, at f§ = 0.8, the drag
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coefficients are insignificantly changed with increase of
Richardson number. It is already understood that for higher
blockage ratio, area available for flow between cylinder and
confined wall is less, buoyant flow is less significant and
insignificant change in drag coefficient is observed at high
blockage due to increase in Ri. It is also observed from
figure 9 that an increase in Prandtl number reduces the
effect of Ri on Cp.

Moreover, the coefficient of total drag (Cp) is defined as
sum of coefficients of pressure (form) drag (Cpp) and
coefficients of friction (viscous) drag (Cpr). The relative
importance of pressure drag to friction drag in total drag
over bluff body is understood by the ratio of individual drag
coefficients (i.e., Cpp/Cpr). The variation of Cpp/Cpf ratio
with value of Re is presented in figure 10, at different
values of 8, Pr and Ri. It is seen in figure 10 that the value
of ratio of individual drag coefficients has been always
greater than one for all cases considered; therefore, pressure
drag has more contribution in total drag as compared with
contribution of friction drag [2, 25]. The Cpp/Cpr ratio
decreases with Reynolds number in the range of Re < 10
and attains minimum value at Re = 10 and further increases
monotonically with Re. This implies that contribution of

viscous drag, as compared with pressure drag, increases
with Re and becomes maximum at Re = 10 and then
decreases monotonically. This also tallies with steep
decrease in Cp values discussed earlier for Re < 10. Fur-
ther, for § = 0.2, Cpp/Cpp ratio increases with rise in value
of Richardson number for all Pr. For § = 0.33, Pr=0.7,
the values of Cpp/Cpr ratio have insignificant changes and
for = 0.33, Pr =50, the values of Cpp/Cpr ratio have
mixed changing patterns with increase in value of Ri. For
p=0.5, 0.8 and Pr=0.7, the value of Cpp/Cpp ratio
increases and for § = 0.5, 0.8 and Pr = 50, the values of
Cpp/Cpr ratio have insignificant changes with rise in value
of Richardson number. These variations of Cpp/Cpf ratio at
different blockage ratios with Richardson numbers also
tally with results of total drag coefficients except at f = 0.5,
0.8 and Pr = 0.7.

4.2 Heat transfer description

4.2a Isotherm profiles: The flow field in the vicinity of
semi-circular cylinder directly relates the behaviour of
isotherm contours, and isotherm profiles ultimately show
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Figure 9. Variation of drag coefficients with Re at different values of f, Pr and Ri.

the heat transfer fields. It is well known that both
crowding and spreading of isotherms are governed by
local and average Nusselt numbers. The isotherm contours
for the present set of conditions are shown in right half
portions of figures 3—5. For all cases, thinner thermal

boundary layers are observed on the curved side of
cylinder than on the flat portion of cylinder because the
curved surface of cylinder faces the incoming flow. This
shows enhanced heat transfer from the curved side of
semi-circular cylinder and is similar to previously
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Figure 10. Variation in ratio of individual drag coefficients (Cpp/Cpr) with Re at different values of Ri, Pr and f5.

reported results in literature [24]. In figures 3-5, cluster-  for all sets of Pr, Ri and f§ studied. The high clustering of
ing of isotherms around the semi-circular cylinder is isotherms shows high thermal gradients in close proximity
observed to be higher at Re = 50 as compared with Re =1 to the cylinder. Moreover, for Re =1, temperature
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gradients are seen to be high at corners as compared with
flat surface of cylinder but this phenomenon is reversed
for Re = 50. Both of these observations can be explained
by the domination of inertial forces and formation of
wakes at flat side of cylinder at Re = 50. Further, lateral
width of isotherms is reduced at Re = 50 as compared with
Re = 1. This is because of the domination of heat transfer
by convection at Re = 50 as compared with heat transfer
by conduction at Re = 1 [24]. The increase of Prandtl
number in the range of 1-50 also increases the tempera-
ture gradients near cylinder at all sets of Re, Ri and f
studied. This behaviour is observed due to shrinkage of
thermal boundary layer at higher values of Pr. Further, for
p =0.2, increase in value of buoyancy (= Ri) has no
appreciable effect on isotherms at Pr = 0.7, but higher
temperature gradients have been observed at Pr = 50 due
to increase of buoyancy. This effect of buoyancy is similar
to previous results reported in literature for an unconfined
semi-circular cylinder [25] as well as confined cylinder of
circular or square cross-section [20, 24]. Further investi-
gation of figure 4 for f = 0.33 shows no changes of iso-
therms with increase in Ri for all cases studied. At

Re = 50 and Pr = 50, mixed effects are observed due to
increase in Richardson number. For f§ = 0.8, increase in
values of Ri has no effects on isotherms for all cases
studied here. The high blockage ratio tries to supress the
isotherms strongly, and increase in Richardson number is
not observed to have any further congestion among iso-
therms. This behaviour tallies with the isotherm beha-
viour observed for heated square cylinders at high
blockage ratio of 0.5 [1]. This discussion shows that
increase in value of Ri affects isotherms only at low
blockage ratio (ff = 0.2, 0.33) in a mixed manner and it
shows complex behaviour with interplay of Re, Pr, Ri
and 5. Moreover, as blockage ratio is increased, lower
temperature gradients are observed around the cylinder at
all values of Re, Pr and Ri. The reason for this might be
the fact that as blockage ratio is more, velocity and mass
flow of fluid around the cylinder decrease. Less flow of
fluid around the cylinder is responsible for low heat
transfer and low temperature gradients. These isotherm
profiles have similar behaviour as compared to square
cylinders in literature [24] in the particular range of
B =0.3-0.5 at Re = 20 and Pr = 50 only.
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4.2b Local Nusselt number (Nu): A detailed distribution of
values of Nu over cylinder surface is presented in figure 11,
for different sets of Re and Ri at different combinations of 8
and Pr. This shows that the values of Nu are higher at
curved surface compared with its values at flat surface for
all conditions. The value of Nu is increased due to rise of
Re for all conditions of Pr,  and Ri studied. At Re = 1,
local Nusselt number has no appreciable change due to
increase in Richardson number in all cases studied. For
Re = 50, value of Nu increases due to rise in value of Ri at
all cases but the effect is much pronounced at small values
of both Pr and f (figure 11). The variations of Nu along
surface (ABC) of cylinder are presented in figure 12 for
different blockage ratios at different sets of Re, Pr and Ri. It
is observed in this figure that values of local Nusselt
numbers increase due to increase in blockage ratio for high
values of Peclect number (= 2500), but the phenomenon is
reversed for low values of Peclect number (= 0.7). This
distinct phenomenon is observed due to interplay of Re, Pr
and f. In particular, effective flow rate increases with
increase in f§ and a thick thermal boundary is observed due

to low Peclect number. Therefore, local heat transfer is
reduced at the surface of the cylinder at such low Peclect
number and high blockage ratio. For all cases of Peclect
numbers, a sharp peak of local Nusselt number has also
been observed at point B of cylinder surface. Point B has
this kind of peak value of Nusselt number due to a geo-
metrical singularity [24]. The maximum value of local
Nusselt number has also been observed at corner points in
other confined heat transfer studies [30] also.

4.2c Average Nusselt number (Nu,,,): In daily life appli-
cations, heat transfer coefficient is used for engineering
calculations at particular sets of Ri, Re, Pr and f. The same
coefficient may be easily obtained from the magnitude of
Nu,,, at the same conditions. The representative variation
in values of Nu,,, with Re at separate sets of Ri, Pr and f is
given in figure 13. The values of Nu,,, are observed to
increase due to increase in value of Re and/or Pr, as
expected for all settings. The value of Nu,,, also increases
due to increase of Richardson number at all Reynolds
numbers except Re = 1 and this effect is more pronounced
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at large Re and/or low fB. The increase in Nu,, with
increase in value of Ri is also reported in a similar study
[30] for square cylinders. The values of Nu,,, at Pr = 50
are found to be higher compared with values at Pr = 0.7 for
other identical conditions.

5. Conclusion

The current work presents study of flow and thermal fields
for Newtonian fluids around a hot isothermal semi-circular
cylinder, inside a confined channel. This study has been



Sadhana (2018) 43:182

performed for parameter ranges 1 < Re < 50, 0.7 < Pr
< 50,0 < Ri <2 and 0.2 < f < 0.8. Different results of
flow parameters like streamlines, pressure coefficients and
individual and total drag coefficients have been presented
and discussed. Moreover, isotherms, local and average heat
transfer coefficients are also discussed to get insight of heat
transfer phenomena. The flow is found to be steady at all
values of Re and is observed to be either attached to the
cylinder or separated with wake formation depending on
Re. The maximum values of pressure coefficient is
observed near the front stagnation point and its minimum
value is observed at a point at the rear side of the cylinder
(depending on blockage ratio of confinement). The values
of total drag coefficient increased with increase in blockage
ratio of confinement and also with increase in Richardson
number but only at lower blockage ratio. This enhances
heat transfer from curved side of semi-circular cylinder.
Isothermal lines are found to be more crowded to the
cylinder with increase in Reynolds number (Re) or Prandtl
number (Pr) and/or decrease in blockage ratio (ff) and
Richardson number only at high Re (~50). The value of
average Nusselt number is observed to increase with
increase in Reynolds number and Prandtl number. It is seen
for all cases (except Re = 1) that average Nusselt number
increases due to increase of Richardson number, which is
also more pronounced at lower blockage ratio. The average
Nusselt number also increased with increase in Prandtl
number at all otherwise identical conditions. The present
work is executed as a preliminary effort towards design of a
novel heat exchanger as a future work.

Nomenclature
Cp drag coefficient at the surface of semi-circular
cylinder (dimensionless)

Cpr  friction (viscous) drag coefficient at the surface of
semi-circular cylinder (dimensionless)

Cpp  pressure drag coefficient at the surface of semi-
circular cylinder (dimensionless)

cp specific heat capacity of the fluid (J/kg K)

Cp pressure coefficient at the surface of semi-circular
cylinder (dimensionless)

D diameter of semi-circular cylinder (m)

Fp drag force per unit length of semi-circular cylinder
(N/m)

Fpp  pressure drag force per unit length of semi-circular
cylinder (N/m)

Fpr  friction (viscous) drag force per unit length of semi-

circular cylinder (N/m)
g gravitational acceleration (m/s”)
average heat transfer coefficient at surface of semi-
circular cylinder (W/m?K)
Gr Grashof number [= gfvAT D*p*/u*]
(dimensionless)
k thermal conductivity of the fluid (W/m K)
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L gap between two adiabatic confining walls (m)
M, N distance (m)

g unit vector normal to cylinder surface

P pressure (Pa)

Pe Peclet number [= Re.Pr] (dimensionless)

P, static pressure at cylinder surface (Pa)

P fluid pressure at inlet section (Pa)

Pr Prandtl number [= c,u/k] (dimensionless)

Re Reynolds number [= DV, p/u] (dimensionless)
S surface area of cylinder (m?)

T, wall temperature of the cylinder (K)

T fluid absolute temperature (K)

T, fluid temperature at the inlet section (K)

U fluid velocity in X-direction (m/s)

\% fluid velocity in Y-direction (m/s)

Ve ~ maximum velocity at inlet of confinement (m/s)
Voo average velocity at inlet of confinement (m/s)
X, Y Cartesian co-ordinates (m)

Greek symbols

B blockage ratio of confinement [= D/L]
(dimensionless)

Py coefficient of thermal volumetric expansion of fluid
(K™

0 fluid temperature (dimensionless)

p  fluid density (kg/m’)

poo fluid density at temperature of 7., (kg/m>)

u dynamic viscosity of fluid (kg/m s)

0 size of grid element at surface of semi-circular
cylinder (m)
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