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Abstract

The flow pattern behind a circular cylinder is associated with
various instabilities. These instabilities which are characterized
by the Reynolds number (Re) and include the wake and vortices
detached from it are well-studied in the past. However, the effect
of heat transfer on these stabilities needs more attention.
Moreover, depending on the physical application of the cylinder,
increasing the level of turbulence on the surface of the cylinder
could be a target for pressure drop reduction or heat transfer
enhancement. Hence, hotwire anemometry has been carried out
to investigate the velocity profile and vortex shedding from a
heated foamed cylinder. The experiments are performed for a
range of Reynolds numbers from 1000 to 10000 based on mean
air velocity (0.5, 1 and 2 m/s) and the cylinder outer diameter
(0.042, 0.062 and 0.072 m) at three different cylinder surface
temperatures being ambient temperature, 50°C and 75°C.

Introduction

The flow over bluff bodies such as cylinders has been attracting
considerable attention not only because of its interesting nature
but also owing to a large number of engineering applications
directly linked to that. Tubes inside the heat exchangers could be
taken into account as a popular example of such bodies. There
are two crucial factors that are considered in designing a heat
exchanger; heat transfer augmentation and flow resistance
reduction. One way to increase the thermal performance of a
heat exchanger is area extension, e.g. through the use of fins
attached to the bare cylinders. Studies show a relative
enhancement in the heat transfer efficiency of the modified
cylinders [1-8]. However, these extended surfaces cause a
significant growth in pressure drop, consequently, the total
efficiency of the heat exchanger could drop [9-12]. It should be
noted that one reason for having higher pressure drop is the
creation of a blockage in the main flow stream which leads to
consuming more power by the fan to pump the air across the
cylinders. Another source of pressure drop is the creation of a
wake and vortex shedding downstream of the cylinders.

Currently, as an alternative to fins, metal foam is suggested to be
used in the heat exchanger industry. Due to the existence of small
pores within the foam, not only the heat transfer area per volume
is increased [13-15], but also it affects the pressure drop by
minimizing the blockage as the flow can be conducted through
the pores. In addition, pressure drop in case of foam can be
affected by existence of different turbulent structures [16-18].

It is well known that the turbulent structures downstream of the
cylinder affect the flow field which is directly linked to the
pressure drop. There has been broad and considerable published
research in the field of the flow over the cylinder. In particular,
the characteristics of the generated wake behind the cylinder,
such as its size and the frequency of the structures detached from
it, have been studied widely by a number of investigators. The

size of the wake and the frequency of the vortex shedding from
the wake are directly related to the Reynolds number. Extensive
reviews about the effects of Reynolds number on the
characteristics of the wake of a cylinder are presented by Roshko
[19], Berger & Wille [20] and Zdravkovich [21]. Furthermore, it
is thought that the attached fin or foam (to the cylinder) affects
the flow structures [22-24]. However, very limited experimental
researches have been conducted in this area.

There are two areas of interest regarding the structures of the
flow over the cylinder; namely, the created wake and the
structures detached from the wake. Regarding the former,
Khashehchi et al. [25] and Ashtiani et al. [26] showed that the
size of the wake behind the foam-covered cylinder is increased
by increasing the Reynolds number. It was also showed that the
turbulence kinetic energy inside the wake of foamed cylinder is
significantly higher than that of a bare cylinder. Zdravkovich [21]
indicated the role of the fins as vortex-spoilers as they disturb the
shed vortices, making them less coherent and three-dimensional.
Moreover, other studies on vortex shedding of finned-cylinders
show that the vortex shedding frequency is well correlated with
the cylinder effective diameter, which is based on the projected
frontal area of the cylinder (Mair et al. [27], Hamakawa et al.
[28]). Unlike the aforementioned studies on the detached
structures from the wake of finned and bare cylinders, no specific
investigation has been conducted in the literature regarding the
foamed cylinder type. Indeed, several unresolved issues still need
to be investigated in order to improve our understanding of the
effect of the foam on the flow field behind the cylinder, since the
flow structures past a porous-wrapped cylinder are different from
those of bare and finned cylinders.

As such, we experimentally investigate the effects of aluminium
foam on the velocity profile and vortex shedding.

Experimental Setup

The experiments were performed in an open loop suction wind
tunnel with a fan rotor driven by 17kW electric motor. The inlet
velocity of the tunnel is controlled manually by means of a pitot
tube. The flow conditioning consists of a fine mesh screen,
followed by a honeycomb section containing 1700 cardboard
tubes and removable flow-smoothing screens. The contraction is
three-dimensional with a 5.5:1 area ratio. The test section is
0.46m wide, 0.46m high and 2m long. Figure 1 schematically
shows the side view of the experimental setup. In this figure, the
streamwise and transverse directions are indicated by “x” and “y”
axes, respectively. The velocity range of air in an air-cooled heat
exchanges is generally between 1 to 4 ms™, and the diameter of
the tubes could be between 6 to 60 mm [29]. Hence, in this
experiment outer tube diameters of 0.042, 0.062 and 0.072m and
inlet velocities of 0.5, 1 and 2m/s have been selected. The free
stream turbulence level of empty test section was calculated to be
0.5%at 1to 4 ms™.
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Figure 1. Side view of experimental setup

The experiments were conducted on 32mm diameter bare
cylinders which are covered with aluminium foam of different
thicknesses (10, 30 and 40mm). The length of all tubes was 600
mm. Moreover, an extra 120 mm of the tube length is used to
support the tube and install it in the tunnel. Aluminium foam
which was attached to the tube consists of ligaments forming a
network of inter-connected cells. The samples with pore density
of 10 PPI (pores per inch) with an effective density of about 5%
of a solid of the same material are used.

The blockage ratio of the wind tunnel is between 9% tol15%
based on the total outer diameter of the tube and the height of the
test section. Richter’s studies [30] show for a circular tube with a
blockage ratio of less than 25% blockage effect is insignificant.
Hence, no correction for tunnel blockage is applied on the results
of the present study. Nonetheless, it is expected that increasing
the blockage, increases all the forces and also pressure
coefficients [31] however, analysis of which is not covered in
this paper.
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Figure 2. Schematic of hotwire measurements

We used a Dantec 55P15 single sensor hot-wire probe in our
experiments. The probe has 1.25 mm long platinum-plated
tungsten wire sensing elements of Sum diameter and is operated
in constant temperature mode with an over-heat ratio set to 1.8.
The probe was calibrated in the free stream using Dantec 54T29
reference velocity probe. The probe was mounted to a computer
controlled three-axis traverse system. To obtain shedding
frequency, probe was fixed at 0.5D downstream of the cylinder
as shown by a black dot in Figure 2, and velocity fluctuations
along transverse direction at 90° and 270° were acquired at
logarithmic spaced points with a resolution of 10 um on straight
lines normal to the cylinder surface as indicated by “Upper
Velocity Profile” and “Lower Velocity Profile” in the same
figure. Sufficient sampling frequency of 25 kHz to resolve the
smallest scales and sufficiently long sample lengths (120 sec) for
statistical convergence also have been used. The uncertainty

relative to the maximum velocity at 95% confidence is calculated
to be 1.3%.

Hot water, extracted from a hot bath, was pumped to flow
through the cylinder and heats the walls internally. This process
was controlled by a Julabo F33-ME refrigerated/heating
circulator.

Results

The effect of aluminium foam on the velocity profile and
shedding frequency of heated foamed cylinders mounted in the
wind tunnel is studied for inlet velocities of 0.5, 1 and 2m/s.

Table 1 compares the Strouhal number (St) for different cases.
As seen, the Strouhal number increases with the foam thickness
and this more pronounced for higher temperatures and inlet
velocities. More interestingly, Strouhal number decreases by
increasing the velocity for a fixed foam thickness. With these two
observations and knowing

Re=U.D/, (1)

se=1"P/, @

where U is the inlet velocity, D is the characteristic length, f is
the shedding frequency and v is the kinematic viscosity, one
concludes that unlike the bare cylinder where Strouhal number
linearly varies with the Reynolds number when Re =107 to 10%,
it is not easy to relate Strouhal number to Reynolds number in
case of heated foam-covered cylinders. However, it is possible to
choose another characteristic length instead of outer diameter for
the case of foam. It might be useful to choose the average pore
size as the characteristic length; however this is beyond the scope
of this paper and is left for a future report.

By comparing the Storuhal numbers at different temperatures, it
can be noted that increasing the temperature, increases the vortex
shedding frequency. Unlike the effect of foam thickness, the
effect of temperature is more pronounced at lower velocities.

Strouhal number for

Foam U cylinder surface kept at:
L te?nr;l:::'?lfre S 75
0.5m/s 0.19 022 | 0.23
10mm 1m/s 0.18 0.17 | 0.19
2m/s 0.17 0.17 | 0.19
0.5m/s 0.19 022 | 0.24
30mm Im/s 0.18 0.19 | 0.20
2m/s 0.17 0.17 | 0.21
0.5m/s 0.21 0.22 | 0.25
40mm 1m/s 0.20 0.22 | 0.24
2m/s 0.20 0.21 | 0.24

Table 1. Comparison of the Strouhal number between different cases

The following figures are demonstrating the upper and lower
velocity profiles of heated foamed cylinders. Figure 3 and Figure
4 are comparing the velocity profiles of thick foam (40 mm
thickness) where the former has been obtained at ambient
temperature and latter at 75°C. Figure 5 and Figure 6 compare
the same profiles for thin foam (10 mm thickness). It has to be
mentioned that the measurements took place 10mm away from



the surface of the foam to avoid errors induced by sharp
temperature gradients.

Figure 3 and Figure 5 show that with surface kept at ambient
temperature for both cases (thick and thin thicknesses), measured
points are almost out of the shear layer which means increasing
the foam thickness increases the size of the wake since the
maximum velocity, indicating the boarder of the shear layer, is
observed somewhere between Omm to 10mm for the foam with
10mm thickness and around 12mm for the foam with 40mm
thickness.
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Figure 3. Comparison of the upper and lower velocity profiles between
foamed cylinders with 40mm thickness at ambient temperature
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Figure 4. Comparison of the upper and lower velocity profiles between
foamed cylinders with 40mm thickness at 75°C

Comparing Figure 3 with Figure 4 and also Figure 5 with Figure 6
show that temperature has a significant effect on the wake size.
Profiles with higher velocity reach U/Uj, = 1 later than those
with lower velocities at 75°C. However, the converse is true for
the case when the cylinder wall is not heated, i.e. when it is at
ambient temperature. This rather peculiar behaviour can be
attributed to the rapid change of the local temperature and
accordingly local viscosity and density changes where high
velocity flow is drifted abruptly from the high temperature region
near the surface. Here, low velocity flow has enough time to
respond to the upstream flow field changes. More interestingly,
comparing the upper and lower profiles demonstrate that shape of
the wake in heated foamed cylinder is not symmetrical and the
wake region is further extended in lower side of the cylinder
compared with the upper side. This effect is more pronounced
with thicker foam. This can be attributed to the buoyancy effects.
By increasing the surface temperature, buoyancy causes an

increase in the magnitude of the transverse component of the
velocity and, thus, distorts the shape of wake.
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Figure 5. Comparison of the upper and lower velocity profiles between
foamed cylinders with 10mm thickness at ambient temperature
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Figure 6. Comparison of the upper and lower velocity profiles between
foamed cylinders with 10mm thickness at 75°C

Conclusion

Hotwire have been used in a low speed wind tunnel to perform
velocity measurements downstream of heated foam-covered
cylinders. A range of Reynolds number from 1000 to 10000 was
covered in this study. The results show that adding foam to a bare
cylinder decreases the vortex shedding frequency and heating
strengthens this effect. Moreover, heating the foamed cylinder
makes an asymmetric wake downstream of the cylinder where its
lower part is further extended than the upper part as a result of
buoyancy forces.

References

[1] Khani, F., Raji, M. A., and Nejad, H. H., 2009, "Analytical
Solutions and Efficiency of the Nonlinear Fin Problem with
Temperature-Dependent Thermal Conductivity and Heat
Transfer Coefficient," Communications in Nonlinear Science and
Numerical Simulation, 14(8), pp. 3327-3338.

[2] Liang, S. Y., Wong, T. N., and Nathan, G. K., 2000,
"Comparison of One-Dimensional and Two-Dimensional Models
for Wet-Surface Fin Efficiency of a Plate-Fin-Tube Heat
Exchanger," Applied Thermal Engineering, 20(10), pp. 941-962.

[3] Lin, C.-N., and Jang, J.-Y., 2002, "A Two-Dimensional Fin
Efficiency Analysis of Combined Heat and Mass Transfer in
Elliptic Fins," International Journal of Heat and Mass Transfer,
45(18), pp. 3839-3847.



[4] Peles, Y., Kosar, A., Mishra, C., Kuo, C.-J., and Schneider,
B., 2005, "Forced Convective Heat Transfer across a Pin Fin
Micro Heat Sink," International Journal of Heat and Mass
Transfer, 48(17), pp. 3615-3627.

[5] Tao, Y. B, He, Y. L., Huang, J., Wu, Z. G., and Tao, W. Q.,
2007, "Numerical Study of Local Heat Transfer Coefficient and
Fin Efficiency of Wavy Fin-and-Tube Heat Exchangers,"
International Journal of Thermal Sciences, 46(8), pp. 768-778.

[6] Tian, J., Kim, T., Lu, T. J., Hodson, H. P., Queheillalt, D. T.,
Sypeck, D. J., and Wadley, H. N. G., 2004, "The Effects of
Topology Upon Fluid-Flow and Heat-Transfer within Cellular
Copper Structures," International Journal of Heat and Mass
Transfer, 47(14-16), pp. 3171-3186.

[71 Wang, C.-C., and Chi, K.-Y., 2000, "Heat Transfer and
Friction Characteristics of Plain Fin-and-Tube Heat Exchangers,
Part I: New Experimental Data," International Journal of Heat
and Mass Transfer, 43(15), pp. 2681-2691.

[8] Yun, J.-Y., and Lee, K.-S., 2000, "Influence of Design
Parameters on the Heat Transfer and Flow Friction
Characteristics of the Heat Exchanger with Slit Fins,"
International Journal of Heat and Mass Transfer, 43(14), pp.
2529-2539.

[9] Kim, M.-H., and Bullard, C. W., 2002, "Air-Side Thermal
Hydraulic Performance of Multi-Louvered Fin Aluminum Heat
Exchangers," International Journal of Refrigeration, 25(3), pp.
390-400.

[10] Cavallini, A., Del Col, D., Doretti, L., Longo, G. A., and
Rossetto, L., 2000, "Heat Transfer and Pressure Drop During
Condensation of Refrigerants inside Horizontal Enhanced
Tubes," International Journal of Refrigeration, 23(1), pp. 4-25.

[11] Romero-Méndez, R., Sen, M., Yang, K. T., and Mcclain, R.,
2000, "Effect of Fin Spacing on Convection in a Plate Fin and
Tube Heat Exchanger," International Journal of Heat and Mass
Transfer, 43(1), pp. 39-51.

[12] Torii, K., Kwak, K. M., and Nishino, K., 2002, "Heat
Transfer Enhancement Accompanying Pressure-Loss Reduction
with Winglet-Type Vortex Generators for Fin-Tube Heat
Exchangers," International Journal of Heat and Mass Transfer,
45(18), pp- 3795-3801.

[13] Dukhan, N., Quifiones-Ramos, P. D., Cruz-Ruiz, E., Vélez-
Reyes, M., and Scott, E. P., 2005, "One-Dimensional Heat
Transfer Analysis in Open-Cell 10-Ppi Metal Foam,"
International Journal of Heat and Mass Transfer, 48(25-26), pp.
5112-5120.

[14] Mahjoob, S., and Vafai, K., 2008, "A Synthesis of Fluid and
Thermal Transport Models for Metal Foam Heat Exchangers,"
International Journal of Heat and Mass Transfer, 51(15-16), pp.
3701-3711.

[15] Leong, K. C., and Jin, L. W., 2006, "Effect of Oscillatory
Frequency on Heat Transfer in Metal Foam Heat Sinks of
Various Pore Densities," International Journal of Heat and Mass
Transfer, 49(3—4), pp. 671-681.

[16] Azzi, W., Roberts, W. L., and Rabiei, A., 2007, "A Study on
Pressure Drop and Heat Transfer in Open Cell Metal Foams for
Jet Engine Applications," Materials & Design, 28(2), pp. 569-
574.

[17] Dukhan, N., 2006, "Correlations for the Pressure Drop for
Flow through Metal Foam," Experiments in Fluids, 41(4), pp.
665-672.

[18] Bhattacharya, A., Calmidi, V. V., and Mahajan, R. L., 2002,
"Thermophysical Properties of High Porosity Metal Foams,"
International Journal of Heat and Mass Transfer, 45(5), pp. 1017-
1031.

[19] Roshko, A., 1954, "On the Development of Turbulent
Wakes from Vortex Streets," pp.

[20] Berger, E., and Wille, R., 1972, "Periodic Flow
Phenomena," Annual Review of Fluid Mechanics, 4(1), pp. 313-
340.

[21] Zdravkovich, M., 1997, "Flow around Circular Cylinders,
Vol. 1. Fundamentals," Journal of Fluid Mechanics, 350(pp. 377-
378.

[22] Ligrani, P., Harrison, J., Mahmmod, G., and Hill, M., 2001,
"Flow Structure Due to Dimple Depressions on a Channel
Surface," Physics of Fluids (1994-present), 13(11), pp. 3442-
3451.

[23] Won, S., Mahmood, G., and Ligrani, P., 2004, "Spatially-
Resolved Heat Transfer and Flow Structure in a Rectangular
Channel with Pin Fins," International Journal of Heat and Mass
Transfer, 47(8), pp. 1731-1743.

[24] Choi, H., Jeon, W.-P., and Kim, J., 2008, "Control of Flow
over a Bluff Body," Annu. Rev. Fluid Mech., 40(pp. 113-139.

[25] Khashehchi, M., Ashtiani Abdi, 1., Hooman, K., and
Roesgen, T., 2014, "A Comparison between the Wake Behind
Finned and Foamed Circular Cylinders in Cross-Flow,"
Experimental Thermal and Fluid Science, 52(pp. 328-338.

[26] Abdi, 1. A., Khashehchi, M., and Hooman, K., 2013, "A
Comparison between the Separated Flow Structures near the
Wake of a Bare and a Foam-Covered Circular Cylinder," eds.,
pp- VOICT29A006-VO1CT29A006.

[27] Mair, W., and Palmer, R., 1975, "Vortex Shedding from
Finned Tubes," Journal of Sound and Vibration, 39(3), pp. 293-
296.

[28] Hamakawa, H., Nakashima, K., Kudo, T., Nishida, E., and
Fukano, T., 2008, "Vortex Shedding from a Circular Cylinder
with Spiral Fin," Journal of Fluid Science and Technology, 3(pp.
787-795.

[29] Kuppan, T., 2000, Heat Exchanger Design Handbook, CRC,

[30] Richter, A., and Naudascher, E., 1976, "Fluctuating Forces
on a Rigid Circular Cylinder in Confined Flow," Journal of Fluid
Mechanics, 78(03), pp. 561-576.

[31] Blackburn, H., and Melbourne, W., 1996, "The Effect of
Free-Stream Turbulence on Sectional Lift Forces on a Circular
Cylinder," Journal of Fluid Mechanics, 306(pp. 267-292.



