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28Flow and heat transfer characteristics around a semi-circular cylinder placed in a confined channel are
29investigated in the unsteady regime. The two-dimensional simulations are carried out for varying values
30of control parameters: Reynolds number (Re) = 50–200 and Prandtl number (Pr) = 0.7, 10 and 100 at a
31fixed blockage ratio of 25% for Newtonian constant-property fluid. Continuity, Navier–Stokes and energy
32equations with appropriate boundary conditions are solved using the commercial computational fluid
33dynamics solver Ansys Fluent. The transition from steady to time-periodic flow occurs between
34Re = 69 and 70. The effect of Prandtl number on Nusselt number is pronounced; the ratio of Nusselt num-
35ber values belonging to Pr = 100 and those belonging to Pr = 0.7 ranges from 6.3 to 6.5 over the Reynolds
36number domain investigated. Finally, the present numerical results are used to develop drag coefficient,
37Strouhal number and Nusselt number correlations.
38� 2016 Elsevier Ltd. All rights reserved.
39

40

41

42 1. Introduction

43 Analogous to a circular cylinder, confined flow and heat transfer
44 around a semi-circular cylinder have variety of engineering appli-
45 cations such as cooling of electronic components and chips of var-
46 ious shapes, pin type heat exchange systems, thermal processing of
47 foodstuffs, vortex flow meters, and others [1–5]. Besides, a semi-
48 circular cylinder offers space economy in terms of the specific heat
49 transfer area. In spite of such widespread applications, limited
50 information is available in the open literature on the confined flow
51 around and heat transfer from a semi-circular cylinder. We have
52 recently systematically presented and discussed various studies
53 on the flow and heat transfer characteristics in a channel with a
54 built-in semi-circular cylinder [6–8]; Kumar and Dhiman [6] and
55 Kumar et al. [7] investigated the confined forced flow and heat
56 transfer around a semi-circular cylinder, albeit at low Reynolds
57 numbers (Re up to 40). This motivated us to examine the confined
58 forced convection heat transfer from a semi-circular cylinder in the
59 unsteady regime (or at intermediate Re). On the other hand, exten-
60 sive numerical/experimental literature is available on the forced
61 flow and heat transfer around a semi-circular cylinder in the
62 unconfined domain [9–24]. Among these studies, Kiya and Arie

63[9], Boisaubert et al. [10], Coutanceau et al. [11], Sophy et al.
64[12], Koide et al. [13], Koide et al. [14], Chandra and Chhabra
65[15,16], Gode et al. [17], Bhinder et al. [18] and Chatterjee et al.
66[19] investigated the unsteady flow around a semi-circular cylin-
67der. Forbes and Schwartz [20] and Chandra and Chhabra [21,22]
68determined the effects of control parameters on a semi-circular
69obstacle in the steady regime (or at low Re). Tiwari and Chhabra
70[23] investigated the influence of flow and heat transfer parame-
71ters on flow around and heat transfer from a semi-circular cylinder
72for power-law fluids in the steady regime (Re = 0.01–30 and Pr = 1–
73100). The classical inverse variation in the value of the drag coeffi-
74cient with Re is reported. In a recent study, Chatterjee and Mondal
75[24] studied the mixed convection heat transfer across a semi-
76circular cylinder in the unsteady regime for Re = 50–150 at a fixed
77Prandtl number (Pr = 0.71). Considerable differences in the global
78flow and heat transfer quantities are observed for the range of set-
79tings investigated.
80Thus, as far as we know, no one has investigated the unsteady
81momentum and heat transfer around a confined semi-circular
82cylinder in a channel, in spite of its many engineering applications
83[1–5]. In the confined configuration, forced convection heat trans-
84fer phenomena are noticeably influenced by the wall confinement
85or blockage ratio (defined as the ratio of a semi-circular cylinder’s
86diameter (D) to the channel transverse height (H), that is b = D/H)
87in addition to the values of Re and Pr. The present work aims to fill
88these gaps in the confined flow configuration for the forced flow
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89 around and heat transfer from a semi-circular cylinder in the
90 unsteady regime. The effect of various values of control parameters
91 (Re and Pr) on the engineering output parameters (such as drag
92 coefficient, Nusselt and Strouhal numbers) and temporal variation
93 in the values of drag and lift coefficients and Nusselt number are
94 discussed. Instantaneous flow and thermal patterns around a
95 semi-circular cylinder are also presented. Lastly, simple expres-
96 sions of drag coefficient, Strouhal number and Nusselt number
97 are determined.

982. Problem formulation

99Confined laminar flow of constant property incompressible
100Newtonian fluids in a channel with a built-in heated semi-
101circular cylinder is shown schematically in Fig. 1. The long semi-
102circular cylinder is exposed to a fully developed velocity field with
103average velocity U1 and uniform temperature T1 at the inlet. The
104semi-circular cylinder is located symmetrically on the centerline of
105the channel at an upstream distance of Xu from the inlet and at a

Nomenclature

C heat capacity of fluid (J kg�1 K�1)
CD total drag coefficient (¼ FD=ð1=2qU2

1DÞ)
CL total lift coefficient (¼ FL=ð1=2qU2

1DÞ)
CV control volume
D diameter of the semi-circular cylinder (m)
F vortex shedding frequency (s�1)
FD drag force per unit length of the semi-circular obstacle

(N m�1)
FL lift force per unit length of the semi-circular obstacle

(N m�1)
h local heat transfer coefficient (W m�2 K�1)
�h average heat transfer coefficient (W m�2 K�1)
H height of the computational domain (m)
k thermal conductivity of fluid (Wm�1 K�1)
L length of the domain (m)
NuL local Nusselt number (=hD/k)
Nu average Nusselt number (¼ �hD=k)
p dimensionless pressure (¼ p�=ðqU2

1Þ)
Pr Prandtl number (=lC/k)
Re Reynolds number (=DU1q/l)
St Strouhal number (=fD/U1)
t dimensionless time (=t⁄/(D/U1))
Dt dimensionless time-step

T absolute temperature (K)
Tp dimensionless time period of one periodic cycle
T1 fluid temperature at the inlet (K)
Tw surface temperature of the semi-circular obstacle (K)
U dimensionless velocity vector (=U⁄/U1)
U1 average velocity at the inlet (m s�1)
Ux, Uy x- and y-components of dimensionless velocities
x, y dimensionless streamwise and transverse coordinates

(= x⁄/D, y⁄/D)
Xd downstream distance (m)
Xu upstream distance (m)

Greek symbols
b blockage ratio (=D/H)
d size of the CV clustered around a semi-circular

cylinder (m)
h dimensionless temperature (=(T � T1)/(Tw � T1))
l dynamic viscosity of fluid (Pa s)
q fluid density (kg m�3)

Superscript
⁄ dimensional value

XdXu

H

channel wall

inlet
boundary

outflow
boundary

Ux = U(y)

semi-circular cylinder

xy

channel wall

D

θ = 1

θ = 0

Uy =

(no-slip, adiabatic)

(no-slip, adiabatic)

(no-slip, )

0

Fig. 1. Schematic diagram.

Table 1
Choice of upstream and downstream distances for Re = 200 and Pr = 100.

Xu/D CD Nu Xd/D CD Nu

30 2.9501 51.5860 100 2.9565 51.6080
45 2.9765 51.1819 120 2.9765 51.1819
60 2.9958 50.7871 140 3.0000 50.6999

Table 2
Choice of grid size and time step for Re = 200 and Pr = 100.

Grid CD Nu Dt CD Nu

G1 2.9516 51.5871 0.1 2.9690 51.1020
G2 2.9765 51.1819 0.05 2.9980 51.2535
G3 2.9999 50.6074 0.01 2.9765 51.1819
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106downstream distance of Xd from the outlet measured from the flat
107side of the cylinder. The total length of the computational domain
108is L (=Xu + Xd) in the axial direction and the height of the computa-
109tional domain is H in the lateral direction. The blockage ratio b = D/
110H, where D is the diameter of the semi-circular cylinder, is fixed at
1110.25.
112The dimensionless forms of the continuity, Navier–Stokes and
113energy equations are represented by Eqs. (1)–(3), respectively.
114

r � U ð1Þ 116116

117
DU
Dt

¼ �rpþ 1
Re

r2U ð2Þ 119119

120
Dh
Dt

¼ 1
RePr

r2h ð3Þ 122122

123In Eq. (2) the free convection term is neglected because it is
124much smaller for our case than the forced convection. The impor-
125tance of free convection relative to forced convection is character-
126ized by the buoyancy parameter, the Richardson number
127Ri ¼ Gr=Re2 ¼ gbvDTD=U

2
1, where Gr, g, bv, DT, D and U1 are the

128Grashoff number, acceleration due to gravity, coefficient of volu-
129metric expansion, temperature difference, diameter of the semi-
130circular cylinder and fluid velocity at the inlet, respectively. Ri is
131calculated using the experimental value of bv [25] and the Ri
132ranges here from 0.014 (for engine oil, Pr = 100) to 0.066 (for air,
133Pr = 0.7). Due to such low values obtained for Ri, the effect of the
134cross-buoyancy term is neglected in Eq. (2). In Eq. (3) the viscous
135dissipation is neglected, as is typical for lower Reynolds number
136investigations. Since the Prandtl number Pr occurs only in the
137energy Eq. (3), Pr affects the temperature distribution and heat
138transfer, but not the flow properties.
139The following dimensionless boundary conditions are given for
140the current flow situation: at the channel inlet, a fully developed
141velocity profile is utilized [6–8],
142

Ux ¼ 1:5 1� ðj1� 2byjÞ2
h i

ð0 6 y 6 H=DÞ; Uy ¼ 0 and h ¼ 0: 144144
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Fig. 2. CD and Nu for a semi-circular cylinder in the unsteady unconfined flow
regime at Pr = 50; present results and Chandra and Chhabra [16].
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Fig. 3. Instantaneous streamlines at different phases of vortex shedding for (a–d) Re = 100 and (e–h) Re = 200 in the time-periodic regime.
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145 On the top and bottom walls of the domain, Ux = 0, Uy = 0 (no-
146 slip) and oh/oy = 0 (adiabatic). On the surface of a semi-circular
147 cylinder, Ux = 0, Uy = 0 (no-slip) and h = 1 (uniform wall tempera-
148 ture). At the channel exit, oUx/ox = 0, oUy/ox = 0 and oh/ox = 0. Pres-
149 sure boundary conditions are not explicitly required, because the
150 solver extrapolates the pressure from the interior [26].

151 3. Description of numerical solution procedure and the grid,
152 domain and time step dependence studies

153 A non-uniform computational grid was created (see [7]) using
154 the commercial grid generator Gambit. The grid is fine near the
155 semi-circular cylinder and near the top and bottom channel walls,
156 whereas a coarse grid is used far away from the cylinder and the
157 domain walls. For instance, a fine grid with a cell size (d) of
158 0.01D (the number of control volumes (CVs) on a semi-circular
159 cylinder is 340) is clustered around a semi-circular cylinder and
160 near the walls, and the largest grid size used is 0.5D.
161 The governing equations (Eqs. (1)–(3)) are solved with the spec-
162 ified boundary conditions using the commercial computational
163 fluid dynamics solver Ansys Fluent [26]. A second order upwind
164 scheme is used to discretize convective terms of momentum and
165 energy equations, while the diffusive terms are discretized by a
166 central difference scheme. The SIMPLE method was used for the

167pressure–velocity decoupling. The ensuing algebraic equations
168are solved by the Gauss-Siedel iterative scheme in combination
169with the Algebraic Multi-Grid scheme until the absolute conver-
170gence criterion of 10�15 is satisfied for continuity, velocities and
171energy. Also, the solution is assumed to have converged when it
172shows at least 10 constant amplitude cycles in the time history
173profiles of output parameters [27–32]. The geometrical parameters
174such as upstream and downstream distances, grid size and time
175step were selected after a thorough study and these details are pro-
176vided underneath.
177The effect of upstream distance (Xu/D) on the values of drag
178coefficient (CD) and average Nusselt number (Nu) is explored for
179Xu/D = 30, 45 and 60 at the highest value of Re (200) and Pr (100)
180studied (Table 1). The relative differences in the values of CD and
181Nu for Xu/D = 30 were found to be less than 1.6% for both CD and
182Nu, with respect to the values at Xu/D = 60, whereas for Xu/D = 45
183the corresponding differences were found to be less than 1% for
184both CD and Nu. Hence, the dimensionless upstream distance of
18545 seems to be adequate to avoid entrance effects. Similarly, com-
186putations were carried out to determine the effect of downstream
187distance (Xd/D) on the physical output parameters by considering
188Xd/D = 100, 120 and 140 for Re = 200 and Pr = 100 (Table 1). The
189relative deviations in the values of CD for Xd/D = 100 were found
190to be less than 1.5% with respect to the values at Xd/D = 140, while
191for Xd/D = 120 the corresponding differences were observed to be
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Fig. 4. Onset of transition from a steady to a time-periodic regime: (a, c) streamlines and (b, d) time histories of lift coefficients at the Re of 69 and 70.
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192 about 0.8%. The relative changes in the values of Nu for Xd/D = 100
193 and 120 were found to be about 1.8 and less than 1%, respectively,
194 with respect to the values at Xd/D = 140. Hence, the dimensionless
195 downstream distance of 120 seems to be adequate to avoid end
196 effects.For a grid resolution study (Table 2), a careful examination
197 of physical parameters was undertaken by considering three grids
198 consisting of 43,436 (G1), 103,579 (G2) and 127,691 (G3) cells
199 (with 250 (d/D = 0.1), 340 (d/D = 0.01) and 400 (d/D = 0.008) CVs
200 allocated on the surface of a semi-circular cylinder, respectively),
201 at Re = 200 and Pr = 100. The relative percentage differences in
202 the values of CD and Nu for the grid G2 were found to be only about
203 0.8 and less than 1.1%, respectively, as compared to the values for
204 the grid G3. Thus, the optimized grid G2 is used for further calcu-
205 lations of output flow and heat transfer parameters.
206 Finally, the optimum value of non-dimensional time step (Dt)
207 was fixed for the present study (Table 2). For this, numerical results
208 were obtained for the three non-dimensional time steps of 0.1
209 (Dt1), 0.05 (Dt2) and 0.01 (Dt3) for the optimized grid G2
210 (103,579 cells), dimensionless upstream distance of 45 and down-
211 stream distance of 120 at Re = 200 and Pr = 100. The relative differ-
212 ences in the values of CD and Nu for the Dt2 were found to be about
213 0.7% and 0.2%, respectively, as compared to the values at Dt3. Thus,
214 the non-dimensional time-step of 0.01 (Dt3) is used for further
215 calculations.

216 4. Results and discussion

217 The computations were carried out for the parameter domain of
218 16 Re values (50 to 200 in intervals of 10), and 3 Pr values
219 (0.7, 10 and 100, for air, water and engine oil as working fluids,
220 respectively) at a blockage ratio of 25% [7]. The fixed blockage ratio

221of 25% is considered because extensive studies [32–38] on various
222other shapes of bodies are available for this ratio. It is also to be
223noted that for an unconfined stationary circular cylinder 3D insta-
224bility occurs at around Re = 188.5 (mode A instability) for Newto-
225nian constant property fluid [39]. Despite this fact, carrying out
226the present 2D simulations up to Re = 200 is justified because fluid
227flow stability is stronger for a confined domain [6] than an uncon-
228fined domain [21].
229Fig. 2 shows a comparison of the present unconfined values of
230CD and Nu with the reliable unconfined values of Chandra and
231Chhabra [16] for a semi-circular cylinder in the unsteady regime
232(Re = 80–140) at Pr = 50. A maximum deviation of less than 1% is
233noted between the present values of CD and Nu and those in
234[16]. In addition, the current numerical methodology was bench-
235marked with Chandra and Chhabra [21,40] in our recent studies
236[6,7] on the confined flow around a semi-circular cylinder in the
237steady regime; it is not repeated here for brevity. Furthermore, this
238methodology is benchmarked for the flow around a cylinder of
239square cross-section inclined at an angle of incidence of 45� in
240the channel with 25% blockage [41]. Thus, the present numerical
241solution procedure can be considered trustworthy.

2424.1. Flow patterns

243The flow was found to be steady, as two symmetric vortices are
244formed behind a semi-circular cylinder, for the range of Re up to
24569. This is a steady state due to the reduction of disturbances
246and the increase in flow stability due to the confined walls
247(in unconfined flow, a value of 39.5 has been identified [21]). Not
248surprisingly, the size of these symmetric vortices increases linearly
249with increasing Re. On further increasing the value of Re (P 70),
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Fig. 5. Instantaneous isotherm contours at different phases of vortex shedding for Re = 100 at different Prandtl numbers.
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250 the flow field shows non-symmetrical behavior. For instance,
251 Fig. 3a–h represent the instantaneous streamlines around a con-
252 fined semi-circular cylinder for the flow of Newtonian fluids at
253 Re = 100 and 200. These figures show the periodic variations in
254 the vortices behind the semi-circular cylinder at the four time
255 instances of a complete periodic cycle (in the figure Tp is the time
256 period for vortex shedding). The appearance of an instantaneous or
257 time dependent small wake behind the semi-circular cylinder that
258 can be seen in Fig. 3a–h is similar to the wake in the unsteady
259 unconfined flow regime [16,27–32].
260 Furthermore, the onset of transition from a steady to a time-
261 periodic regime (or the onset of vortex shedding) is determined
262 by means of streamlines (Fig. 4a and c) and time history of the lift
263 coefficient (Fig. 4b and d), at Pr = 0.7. It is found that at Re = 69 the
264 value of the lift coefficient remains at zero throughout the very
265 long time period investigated, as expected for steady symmetric
266 flow. For Re = 70, however, the flow becomes unsteady and after
267 some transition, periodic flow develops due to vortex shedding.
268 These findings suggest that the critical Reynolds number lies
269 between 69 and 70 for the flow situation studied.

270 4.2. Isotherm patterns

271 Fig. 5 shows the isotherm contours around a semi-circular
272 cylinder at different phases of vortex shedding for Pr = 0.7, 10

273and 100 at Re = 100. It is observed that the curved surface
274(upstream surface) of the semi-circular cylinder has the maximum
275crowding of the temperature contours (due to the thin boundary
276layer) as compared to the flat (or downstream) surface at constant
277Re and Pr. An increase in the Pr increases the crowding of iso-
278therms around both the flat and curved parts of the semi-circular
279cylinder. The isotherms are confined to a smaller region at higher
280values of Pr, thereby suggesting the bulk of the resistance to heat
281transfer is confined to a thin layer of fluid. This is clearly due to
282the thinning of the thermal boundary layer with increasing Pr
283[27–32]. The temperature contours behind the confined semi-
284circular cylinder form a similar pattern to the Kármán vortex
285street.

2864.3. Drag and lift coefficients

287The temporal variations in the values of drag and lift coeffi-
288cients in the periodic regime (ReP 70) at the Re of 100 and 200
289are shown in Fig. 6a and b, respectively. It can be seen in
290Fig. 6a and b that the amplitude of both the lift and drag coefficient
291increases slightly with increasing Re.
292Fig. 7 presents the time-mean values of drag coefficient against
293Re for steady (Re 6 69) as well as time-periodic (Re = 70–200)
294flows. In the steady regime (that is, up to Re = 69), as expected,
295the total drag coefficient decreases with Re. In the time-periodic
296regime, the time-mean value of the drag coefficient is calculated
297by averaging at least 10 cycles beyond the time at which the
298asymptotic shedding frequency of Kármán vortex is achieved. It
299was found that the time-mean value of drag coefficient decreases
300sharply with increasing Re for a semi-circular cylinder for Re 6
301140. To show the similarity with the confined flow around a circu-
302lar cylinder, Fig. 7 also includes the values of the drag coefficient
303for a circular cylinder in a channel with blockage of 25% [32].
304The drag coefficient is found to be higher for a semi-circular cylin-
305der than for a circular cylinder over the range of settings investi-
306gated. This phenomenon is similar to the unconfined flow over
307semi-circular, square and circular cylinders reported elsewhere
308[16,27–32]. In contrast, for the Re range 150–200; the time-mean
309value of the drag coefficient increases moderately with increasing
310Re.
311Furthermore, after a thorough investigation, the following
312simple expression (Eq. (4)) was developed to represent the total
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313 drag coefficient as a function of Re (for the Re range 50–200) for a
314 blockage ratio of 25%.
315

CD ¼ 7:1918þ 0:0286Re� 0:7016Re0:5 ð4Þ317317

318 This correlation has a maximum deviation of less than 0.9% at
319 Re = 70; however, the average deviation is below 0.5% for
320 50 < Re 6 200 with the present computed drag coefficient values.

3214.4. Nusselt number

322Similarly to drag and lift coefficients shown in Section 4.3, the
323temporal variation in the values of Nusselt numbers for the
324Re of 100, 150 and 200 at the Pr of 0.7, 10 and 100 is given in
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325 Fig. 8a–i. It is clear from these figures that the amplitude of the Nu
326 signal and the average Nusselt number increases with increasing
327 Re, and increases much more with Pr.
328 The surface averaged value of the Nusselt number is evaluated
329 as
330

Nu ¼ �hD=k ¼ 1
S

Z
S
NuL � dS:332332

333 As with the drag coefficient, the time-mean value of the Nusselt
334 number is obtained by considering at least 10 cycles of vortex
335 shedding in periodic unsteady flow regime. The variation in the
336 value of the average Nusselt number with Re in both steady and
337 unsteady flow regimes, for Re = 50–200 and Pr = 0.7, 10 and 100,
338 is presented in Fig. 9. For the range of conditions examined, there
339 is an increase in the average Nusselt number with increasing Re,
340 and a more pronounced increase with increasing Pr, as can be pre-
341 dicted from Fig. 8. The variation of the average Nusselt number for
342 long unconfined semi-circular, trapezoidal, triangular and square
343 cylinders shows the same trend [16,27–32].
344 Further, the augmentation in heat transfer is calculated by uti-
345 lizing the following expression (5)
346

NuðPr ¼ 100 or Pr ¼ 10Þ=NuðPr ¼ 0:7Þ ð5Þ348348

349 It is calculated that the ratio of Nu values belonging to Pr = 10
350 and those belonging to Pr = 0.7 ranges from 2.75 to 2.8; however,
351 the ratio of Nu values belonging to Pr = 100 and those belonging
352 to Pr = 0.7 ranges from ranges from 6.3 to 6.5 over the Reynolds
353 number domain investigated.
354 Finally, the present heat transfer results are correlated (Eq. (6))
355 to calculate the average Nusselt number for the intermediate val-
356 ues of Re and Pr in both steady and unsteady regimes for
357 50 6 Re 6 200 and Pr = 0.7, 10 and 100.
358

Nu ¼ ð0:7961Pr0:416Þð1þ ReÞð0:472Pr�0:022Þ ð6Þ360360

361 The above correlation has a maximum deviation of less than
362 5.7% for Re = 70 and Pr = 0.7; however, the average deviation is less
363 than 2.9% for Re = 50–200 and Pr = 0.7–100, with the present com-
364 puted heat transfer results. Similar heat transfer correlations have
365 also been established in the literature for cylinders with triangular
366 [42] and square [43] cross-sections for a fixed blockage ratio of
367 25%.

368 4.5. Strouhal number

369 The Strouhal number St as a dimensionless vortex shedding fre-
370 quency can be calculated as St = fD/U1. The frequency of the vortex
371 shedding (f) at various values of Re is calculated by Fast Fourier
372 Transform (FFT) of the temporal variation of the lift coefficient.
373 The variation in the value of the Strouhal number with Re is shown
374 in Fig. 10. As the value of Re gradually increases (from Re = 70 to
375 200), the value of the Strouhal number increases monotonically.
376 This is also in line with results for various sharp-edged bluff bodies
377 of trapezoidal, square and triangular cross-sections in unconfined
378 domains [27,28,31]. Unsurprisingly, the Strouhal number is zero
379 in the steady state (Re 6 69) due to the symmetrical attachment
380 of vortices to the downstream of the semi-circular cylinder.
381 Next, based on the literature [42,43], a simple expression for the
382 Strouhal number was developed as a function of Re (for the Re
383 range 70–200).
384

St ¼ 0:1589=ð1� 0:0007 ReÞ ð7Þ386386

387 The above correlation has a maximum deviation of less than
388 1.6% for Re = 70; however, the average deviation is less than 1.1%
389 over the range 70 < Re 6 200 with the computed St results.

3905. Concluding remarks

391Constant property Newtonian fluid flow around and heat trans-
392fer from a semi-circular cylinder are investigated in confined
393(blockage ratio of 25%) steady and (periodic) unsteady flow
394regimes (Re = 50–200 and Pr = 0.7, 10 and 100) by carrying out
3952D simulations. A number of flow and heat transfer parameters,
396such as drag and lift coefficients, Strouhal number and average
397Nusselt number are studied. The onset of vortex shedding occurs
398between Re = 69 and 70. The drag coefficient decreases sharply
399as the Re increases up to 140 and thereafter it increases moder-
400ately with increasing Re. The Strouhal number increases with
401increasing Re for the range 70 6 Re 6 200. The average Nusselt
402number increases somewhat with Re and substantially with Pr
403for the entire range of Re and Pr studied. The ratio of Nu values
404belonging to Pr = 100 and those belonging to Pr = 0.7 ranges from
4056.3 to 6.5; Prandtl number has a large effect on heat transfer.
406Finally the correlations of drag coefficient, Strouhal number and
407average Nusselt number are determined, thus enabling their esti-
408mation in other applications at the blockage ratio of 25%.
409Future research could concentrate on the effect of blockage and
410extend the investigation to non-Newtonian fluids.
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