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The Effect of Serrated Fins on the Flow Around a Circular Cylinder

Byong-Nam Ryu, Kyung-Chun Kim, Jung-Sook Boo*
School of Mechanical Engineering, Pusan National University,
30 Jangjeon-dong, Geumjeong-gu, Pusan 609-735, Korea

An experimental study is performed to investigate the characteristics of near wake flow behind
a circular cylinder with serrated fins using a constant temperature anemometer and flow vis-
ualization. Various vortex shedding modes are observed. Fin height and pitch are closely related
to the vortex shedding frequency after a certain transient Reynolds number. The through-
velocity across the fins decreases with increasing fin height and decreasing fin pitch. Vortex
shedding is affected strongly by the velocity distribution just on top of the finned tube. The
weaker gradient of velocity distribution is shown as increasing the freestream velocity and the
fin height, while decreasing the fin pitch. The weaker velocity gradient delays the entrainment
flow and weakens its strength. As a result of this phenomenon, vortex shedding is decreased. The
effective diameter is defined as a virtual circular cylinder diameter taking into account the
volume of fins, while the hydraulic diameter is proposed to cover the effect of friction by the fin
surfaces. The Strouhal number based upon the effective diameters seems to correlate well with
that of a circular cylinder without fins. After a certain transient Reynolds number, the trend of
the Strouhal number can be estimated by checking the ratio of effective diameter to inner
diameter. The normalized velocity and turbulent intensity distributions with the hydraulic
diameter exhibit the best correlation with the circular cylinder’s data.
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Region, Vortex Shedding, Strouhal Number

Nomenclature

) ) X, Y . Rectangular Coordinate
de . Effective Diameter

] ) — [ Time Average
dw  : Hydraulic Diameter i

d;  Inner Diameter 1. Introduction

do . Outer Diameter

f : Vortex Shedding Frequency
. Fin Height

p . Fin Pitch

St Strouhal Number (St=fd/U,)
. Fin Thickness

ts . Exposure Time

Vortex shedding behind a bluff body is observ-
ed in a wide range of Reynolds numbers and in
many industrial and environmental flows. Nu-
merous studies on the mechanism of vortex for-
mation have been carried out. Gerrard (1966)
showed that the size of the vortex formation re-

. Str i i V i . . .
Unax - Streamwise Maximum Velocity gion is determined by the balance between the

U, . Freestream Velocit . .
° ¢ octty entrainment into the shear layer and the re-
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outside of the wake crosses the center axis. Fluid
is drawn across the wake by the action of the
growing vortex on the other side. The end of the
vortex formation region is also defined as that
point of the maximum velocity fluctuation on the
wake centerline with twice the vortex shedding
frequency. Thereafter, Green and Gerrard (1993)
insisted that the end of the vortex formation
region corresponds with the point of maximum
vorticity. This result has also been observed by
Griffin (1995). The length of vortex formation is
closely related to vortex shedding. If it is control-
led by a body such as a split plate, the vortex
shedding can be considerably modified (Gerrard,
1966 ; Apelt, 1973). Besides these studies, the
effects of an electromagnetic force and a free
surface on the flow behavior around a bluff body
have been investigated by Kim and Lee (2002),
and Lee and Daichin (2001).

The models used in this study are heat-ex-
changer tubes which are circular cylinders with
serrated fins helically welded. Although the tubes
are used to reduce the gas side heat resistance, not
much information about flow characteristics is
available in the literature. For engineers who
design the optimal configuration of fin para-
meters, it is important to know the details to the
flow fields around the serrated finned tube, such
as fin height and fin pitch. The main purpose of
this study is to scrutinize the flow characteristics
around the serrated finned tube by focusing on
the vortex shedding phenomenon. In the near
wake behind the tube, ensemble and conditional
measurements of velocity profiles are made in a
wide range of Reynolds numbers. We suggest
equivalent diameters which are used properly as
the characteristic length scales because the tubes
have spacing between the fins and the tube outer
wall.

2. Experimental Apparatus and
Procedure

To investigate the effect of serrated.fins on
vortex shedding and its mechanism of the flow
past cylinder, vortex shedding frequencies and
velocity distributions are measured in a wind

tunnel. A recirculating water tunnel is used for
flow visualization. The wind tunnel is a closed
circuit subsonic wind tunnel with a length of
36000 mm. The test section has dimensions of
2000(1) X 700(h) X 700 (w) mm®. The length of the
contraction part is 1600 mm and the contraction
ratio is 6.6 : 1. Free stream velocity, U,, is con-
trolled in a range of 0.5~60.0 m/s, and its tur-
bulent intensity is less than 0.2%. Uniformity of
the velocity distribution in the test section ex-
cluding boundary layer is 1.0~1.5 %. A constant
temperature anemometer (TSI, TFA300), I-type
(TSI, 1210-20), X-type (Kanomax, 0252R-TS5)
hot wire and split film probe (TSI, 1288) are used
for velocity measurement. The X-type hot wire
is used to find the vortex shedding frequency
with the free stream velocity ranging from 5.0 to
30.0 m/s. The corresponding Reynolds number
range based on the outer diameter of the tubes is
17000 to 185000. In this study, the X-axis is
defined as the direction parallel to the freestream
and the Y-axis is defined as the perpendicular
direction with respect to both the X-axis and
the cylinder axis. The velocity components along
the X~ and Y-axes and their turbulent intensities
are designated as U, V and Urms, Vrms, Tespectively.
The position of the frequency measurement is
X/ds=6.0, Y/d,=0.0 being the tube center. Ca-
libration of the X-probe is carried out by the
look-up table method. Hot wire signals are ac-
quired with a sampling rate of 10kHz (2kHz
for vortex shedding frequency measurement), and
the number of each sample size is 40960 at every
measuring point. For the reverse flow measure-
ment in the near wake, a split film probe is set in
the state of 90° rotation. This is the same method
that was used by Kim and Jung (1991). The
calibration method was proposed by Stock (1977,
1985).

The water tunnel used for flow visuaiization is
driven by two impellers, and the total dimensions
are about 12500 (1) X 5200(h) X 2200 (w) mm®. The
volume of water kept in the vertical circulating
water tunnel is about 40 m®. The test section
dimensons are 5000(1) X 1200 (h) X 1800 (w) mm®.
The velocity in the test section is controlled from
0.1 to 2.0m/s, and the velocity uniformity and
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the turbulent intensity in the test section are 0.1%
and 2.8%, respectively.

Polyvinyl chloride particles are used for flow
visualization seeds. The specific gravity of the
tracers is 1.02 and the diameter range is 100 to
200 gm. The light source is an Ar-Ion Laser
(Coherent, Innova-70) the power of which is
about 4 W. Particle images are recorded by a
photographic still camera under the laser light
sheet illumination. The configuration and geome-
try of the models used in this study are shown in
Fig. 1. Details of the model geometry are summa-
rized in Table 1. A total of 10 models are used
including a bare tube for comparison. Four dif-
ferent outer diameters — 75, 85, 87, and 93 mm —
and four different fin heights — 12, 17, 18, and 21
mm — are used in this research.

Table 1 Geometry of models
[mm]

Model| di | do | h t p
0 Sst(s510 |0 —

50175 ] 12, 1.0 |8.45
5175112 | 1.0 |5.62
51| 85|17 | 1.0 |6.76
5187 | 1812676
51| 87 | 18 [1.2]5.62
51 | 87 | 18 | 1.2 | 4.81
51 | 87 | 18 | 1.2 [4.05
51|93 |21 |13]562
51 193] 21 13405

Remark

Circular Cylinder

—_

*
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Fig. 1 Configuration of the model

3. Results and Discussion

The variation of the vortex shedding frequency
versus the free stream velocities is shown in
Fig. 2. As is the general tendency of a constant
Strouhal number associated with a circular cy-
linder wake, the frequency increases linearly as
freestream velocity increases in the present range.
It is interesting to note that the vortex shedding
frequency decreases as fin height increases and fin
pitch decreases. For example, at the free stream
velocity of 30 m/s, the frequency of Model #9 is
about half of the bare tube. This is the effect of
the fins, and is mainly due to the through-flow
velocity crossing the fins. The through-flow ve-
locity could be decreased with increasing fin
height and decreasing fin pitch because of the
increase in flow resistance by the fins. This factor
may strongly affect the vortex shedding mec-
hanism.

To clarify the effect of the fins, velocity dis-
tributions are acquired with various free stream
velocities near the fin tubes using an I-type hot
wire at X/d,=0.0, Y/do,>0.5. The results are
demonstrated in Fig. 3. Velocity measurements
inside the fins are possible at the position of the
fins’ middle height for Model #1 to #5, the fin
spacings of which are wider than the others’. The
measured through-flow velocity profiles are re-
presented as in Fig. 3(b), (¢). A rather surprising
result is that the through velocity of Model #1
near the inner cylinder wall is much greater than
that of the bare circular cylinder. It can be

Model #9

20 30
U [mis]

Fig. 2 Variation of vortex shedding frequency
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explained that the through-flow may accelerate
due to the narrowed passage resulting from the
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(d) Model #9
Fig. 3 Comparisons of the velocity distribution at
X/do=0.0

thickness of fins. In Fig. 3{c) Model #4, the
velocity of the middle part of the fin height
decreases as the freestream velocity increases due
to flow resistence, and the position of maximum
velocity moves in the Y-direction. To compare
the velocities near the inner cylinder, the velocity
of the circular cylinder and of Model #1, they
were 1.25 and 1.29 to 1.38 times the freestream
velocity, respectively. But in case Model #4, the
velocity decreases only marginally.

According to Chang’s results (1979), the maxi-
mum velocity near a circular cylinder accelerates
by approximately 1.6 U,. Chang (1979) argued
that the velocity near the wall reaches its maxi-
mum near 80° position then the velocity decreases
as the flow moves to the downstream. Therefore,
the present values (1.25 Uo in the case of the
circular cylinder; 1.29 to 1.38 U, in the case of
Model #1) are acceptable because the angle of
the measuring point in this study is 90° from
the stagnation point. It seems that the separation
is delayed because increased turbulent intensity
caused by the fins promotes momentum transfer
from the freestream. Therefore, the maximum ve-
locity of the fin tubes in Model #1 is greater than
the circular cylinder’s value, and this is observed
in Models #2 and #3, too. When fin height in-
creases and pitch decreases, the turbulent intensity
increases, and the friction force of fluid which
flows between fins also increases. This causes the
boundary layer to be developed. This develop-
ment of boundary layer makes the velocity gradi-
ent between the inner cylinder and the position
of maximum velocity decrease and affects vortex
shedding. .

In Fig. 3(d), Model #9 shows the opposite
tendencies since the fin spacing is too narrow to
pass through easily; hence the velocity decreases
and the position of maximum velocity moves
away from the cylinder wall. The effect of the
Reynolds number is also shown in the velocity
gradient. One can expect that the velocity profile
near the separation point attributes to the kine-
matics of vortex shedding.

Velocity distributions are classified according
to three modes as shown in Fig. 4. Friction can be
increased by increasing fin height and free stream
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velocity and by decreasing fin pitch. With in-
creasing flow friction, the velocity distributions
of the through flows are varied from type “A”
to “C” as indicated in Fig. 4. Type “C” has the
lowest velocity gradient in the region between the
cylinder and the fin. It makes for a much weaker
shear layer before flow separation, so that the
length of the recirculating zone becomes longer.
Usually, the weaker shear layer causes a reduc-
tion of vortex shedding frequency. Similar results
have also been observed by Gerrard et al. {1966,
1993). They introduced the relationship between
the size of the formation region, the strength of
vortices and the frequency of vortex shedding.
According to their conclusions, the higher veloci-
ty gradient observed in Model #1 compared with
the circular cylinder (Model #0) makes the en-
trainment flow much stronger and is followed by
an increase of vortex shedding frequency. But, too
many fins change the velocity profiles from type
“A” to type “B” or “C”, so that the entrainment
flow moves downstream and is weakened. As a
result, the vortex shedding frequency decreases.
Flow visualization results in the water channel
are represented in Fig. 5. In this case, the water
flow velocity is 0.99 m/s, which corresponds to
150 m/s in the wind tunnel by dynamic similari-
ty. The exposure time of the still camera is 0.25
of a second. Because of the high through velo-
city, Model #1 shows a shorter formation region
compared with the bare tube case, Model #0 (see
Fig. 5(a) and (b)). This result confirms our ex-
planation about the effect of fins on the vortex

e

Fig. 4 Sketch of the velocity distribution

(a) Model #Om

(b) Model #1

(¢) Model #3

(e) Model #8

(f) Model #9
Results of flow visualization of various
models (Us=0.99 m/s, ts=1/4 sec)
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shedding mechanism. The width of wakes in the

Y-direction of the fin tubes become wider as fin,

pitch decrease because of the retarding velocity on
the fin tube and the growing boundary layers. In
Figs. 5(e) and (f), it is hard to find any closed
formation region within the field of view.

For measuring the vortex formation length,
the U-component velocity is determined using a
split film probe at 0.8 <X/do<2.6, —1.0<Y/do<
0.2. This result is used to plot the equi-velocity
contours. For entire models, the vortex formation
length is obtained by the method that a position
crossing the U/U,=0.0 contour line and the Y/
d,=0.0 line is determined to be at the end of the
vortex formation region. These results are plotted
in Fig. 6. In Fig. 6(a), where the vortex formation
length, Ly is normalized by the outer diameter,
do, the vortex formation length of Models #3 to
#6 are less than those of Models #0 to #2. Com-
parison of the vortex formation length as nor-
malized by the inner diameter is necessary, be-
cause the position of the entrainment flow ex-

Model #0

(a) Normalization by d,

Model #0

(b) Normalization by d;

Fig. 6 Vortex formation length of various models

pected in Fig. 4 is considered as being normalized
by the inner cylinder diameter. :

In Fig. 6(b) the vortex formation length, nor-
malized by the inner diameter, d;, increases ap-
proximately as fin density increases, as was seen
in the flow visualization results. As freestream
velocity increases from 5.0 m/s to 10.0 m/s, the
vortex formation lengths of all the models are
reduced. But, with increasing freestream velocity,
three different trends are represented, which are
increasing, decreasing and constant trend of vor-
tex formation length.

In the case of Models #1 and #2, as freestream
velocity increases, the vortex formation lengths
are slightly reduced. But, in the case of Models
#7 to #9, the lengths increase, and in the case of
Models #3 to #6, the length are nearly constant
with increasing freestream velocity.

As mentioned above, the finned tube has spaces
between the fins. In order to compare the Strouhal
numbers obtained by the serrated finned tube
with those of the normal circular cylinder, it is
necessary to choose a proper length scale for
the finned tube. Many different choices of tube
diameters are available. In Fig. 7, the fixed geo-
metrical diameters are the inner diameter d; and
the outer diameter d,. However, we need an equi-
valent diameter taking into account the fins.
Therefore, we define a hydraulic diameter, dn and
an effective diameter, de, as follows:

Hydraulic diameter, dy : A diameter which takes
into account the passage between fins;
4X (p—t) Xh )

p—t+2Xh W

dh:do_2 ><<

l
-
di
do

Fig. 7 Concept of hydraulic diameter
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Table 2 Equivalent diameters

[mm]
Model | de | dn | Model | de | d
0 Cylinder 5 60.3 | 71.3
1 542 | 522 6 618 | 73.9
2 558 | 59.5 7 63.6 | 76.4
3 57.1 | 653 8 63.1 | 77.3
4 588 | 67.7 9 67.2 | 82.7

Effective diameter, de: A diameter of the circu-
lar cylinder which has a volume equal to that
of the fin tube.

The values of hydraulic diameters and equiva-
lent diameters are shown in Table 2. The d» and
de have dimensions of 69.6—8899% and 67.2—
74.4% of do, respectively.

Strouhal numbers measured by hot wire at the
near wakes of various models are normalized by
the defined equivalent and outer diameters as
shown in Fig. 8. The values of Strouhal number
normalized by the outer diameters are much
higher than those of the circular cylinder. This
result indicates that the outer diameter is not a
more adequate length parameter since it does not
reflect any effect of the fins. However, equivalent
diameters seem to be reasonable scales. Especi-
ally, the effective diameter works well to fit all
the data with that of the bare tube at the lowest
Reynolds number.

If we carefully look at Fig. 8(b), there are three
different trends of Strouhal number with respect
to Reynolds number as follows :

(1) The Strouhal number is constant (like a
circular cylinder’s data) in the range of Reynolds
number (Models #3 to #6);

(2) The Strouhal number increases .in the
Reynolds number and then saturates (Models #1
to #2);

(3) The Strouhal number decreases after a
certain transition region (Models #7 to #9).

The results are very interesting and imply that
the effect of fins on vortex shedding is vivid.
Furthermore, fins may increase vortex frequency
for a certain geometrical parameter, and vice
versa. The differences in the through-flow velo-

06 ;
U;se oute:r dia.
o Nodel#0 <  Wodel#5
05+ m Model#1 O NModel #6
A Model#2 v Model #7
a NModel#3 o Model #8
04 v Model # 0@ Model #9
ar I i
- ! ]
/2]
0.3f
0.2} :
L . ;
i 1 i i
015 10 20 30
U [m/s]
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Use effet;;ﬂve dia.
o Model#0 O Model #5
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- !
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0.2
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U [mis]
(b) Effective diameter, de
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- o
m i i
02| . :
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U m/s

(c) Hydraulic diameter, dy
Fig. 8 Strouhal numbers of various models with
outer and equivalent diameters

city profiles confirm, as suggested in Fig. 4, that
there exist different vortex shedding mechanisms
with different geometrical arrangements. It can be
explained that Models #1 and #2 accelerate the
fluid velocity at the area between two adjacent
fins and the strong shear layer produces a faster
roll-up process. With slight increase in fin densi-
ty, acceleration may diminish due to the increase
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Fig. 9 Comparisons of the time mean velocity with
various diameters at X/d,=5.0, Uo=10.0 m/s

in wall friction, hence the velocity gradient near
the finned tube turns out to be almost equal to
that of the circular cylinder. Consequently, the
vortex shedding mechanism might be the same
as with the circular cylinders, which keeps the
Strouhal number constant with a certain range of
Reynolds number (see Models #3 to #5). With a
further increase in fin density, the through flow
faces a strong adverse pressure gradient since the

05

Modal #0
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04 -~ — - Modsl#2
Modal #3

Modol#4
Model #5
0.3} e ~ Model #6
Mode! #7
= Modol #8
o= Model #9

)\ = —o— - Modelns
N PR Model #3

) )
Yid,
(b) Effective diameter, de
05
Mode! #0
Mods!#1
04k = = - - Modeluz

3

=
2 |
:Eo.z

[}
Y/d,
(¢) Hydraulic diameter, dp

Fig. 10 Comparisons of the streamwise turbulent
intensity with various diameters at X/do=
5.0, Uy=10.0 m/s

gap between two adjacent fins is too narrow. This
configuration (Models #7 to #9) causes a rela-
tively weak velocity gradient near the separation
point, and then a decreasing Strouhal number
with increasing wake width.

Once the effective diameter can be used for
scaling the Strouhal number properly for the
serrated finned tube wake, the usefulness should
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Fig. 11 Comparisons of the lateral turbulent inten-

sity with various diameters at X/d,=5.0,
Uo,=10.0 m/s

be checked for both mean velocity profile and
turbulent intensity distributions in the wake. Fig.
9 depicts the normalized mean velocity profiles
taken at X/d,=5.0 by various diameters. In gen-
eral, the velocity defect becomes stronger with
increasing fin height and decreasing fin pitch
mainly because of the increase in friction. Of
course, the difference comes from the differences

in vortex formation length. As can be seen in Fig.
9(a), the velocity profile normalized by the outer
diameter shows many scatters compared with
other equivalent diameters which take into ac-
count the effect of the fins. The best correlation
with the data of a circular cylinder is made when
the hydraulic diameter is used as the length scale.
It can be explained that the hydraulic diameter
reflects friction forces due to the fins.

The distributions of streamwise and lateral
turbulent intensity measured at X/d,=5.0 are
demonstrated in Fig. 10 and Fig. 11. Again, three
different diameters are used for scaling. It is
interesting to note that the intensity profiles
obtained in the wakes of the finned tube seem
to be nearly the same as those obtained in the
case of the bare tube wake. There are many
scatters when the outer diameter is used for nor-
malization. Due to the gap between the fins, the
half width of the turbulent intensity profiles get
narrow compared with the circular cylinder case
as shown in Fig. 10(a) and Fig. 11(a). The best
correlation is accomplished by using the hy-
draulic diameter as the characteristic length. A
slight lack of correlation is shown in the maxi-
mum intensity region, but the correlation of the
half width looks excellent.

4, Conclusions

The characteristics of vortex shedding and near
wake of the circular cylinder with serrated fins
were investigated experimentally for various free
stream velocities. The following conclusions were
obtained.

(1) Three different modes of Strouhal number
versus Reynolds number were firstly observed in
the wakes behind serrated finned tube cylinders.
In general, sparse fins increase the Strouhal num-
ber with increasing Reynolds number, while
dense fins decrease the Strouhal number with
increasing Reynolds number.

(2) Three different categories of velocity prof-
iles inside the gap between the fins were observed.
These phenomena are attributable to the three
different modes of Strouhal number behavior.

(3) The lower velocity gradient is in the
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through flow, the longer the length of vortex for-
mation. The weak shear layer moves the entrain-
ment flow further downstream and decreases the
vortex shedding frequency.

(4) The effective diameter and hydraulic di-
ameter are proposed for taking into account the
effect of the fins.

(5) The Strouhal number based on the effec-
tive diameter correlates well with that of the
circular cylinder. The mean velocity and turbu-
lent intensity distributions are well correlated
with the hydraulic diameters.
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