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Abstract Circular cylinders experiencing different upstream

flow conditions have been studied for low Reynolds numbers

using hot-wire anemometry and smoke flow visualizations.

The upstream condition of the cylinder in the test section is

varied using a wire mesh placed at the entrance of the test

section. The Reynolds number is varied by varying the

diameter of the cylinder and the mean velocity in the test

section. Smooth cylinders of diameter varying from 1.25 to

25 mm are used in the present study. A multi-channel hot-

wire anemometry is used for measuring the fluctuating

velocities in the test section and the wake behind the cylinder.

The sectional views of the wake behind the cylinder are

obtained using a 4 MP CCD camera, 200 mJ pulsed laser and

a fog generator. The flow quality in the test section is

examined using higher order turbulence statistics. The effect

of free stream turbulence levels and their frequencies on wake

structures and the shedding frequencies of circular cylinders

are studied in detail. It has been observed that the alteration in

wake structure and the shedding frequency depend strongly

on the frequencies and the amplitudes of upstream distur-

bances besides the diameter of the circular cylinder.
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Notations

Re Reynolds number

D Diameter of the cylinder

u Mean velocity along x direction

BL Boundary layer

x Distance between the screen and the cylinder

y Lateral direction from the centre of the tunnel

z Height of the probe from the bottom of the test section

Subscripts

rms Root mean square value of the fluctuation

mean Time-averaged quantity of the fluctuating velocity

cr Critical condition at which transition takes place

w Wake width of the circular cylinder

Introduction

Circular cylinder is a most common and simplest form of the

bluff body that exists in nature and several man-made struc-

tures. Flow past a circular cylinder has immense applications in

engineering and applied science. For all ranges of Reynolds

numbers (Re), starting from the blood flow in veins

(Re * 100) toflowpast an airplane (Re * 106), knowledge in

the circular cylinder under cross-flow is extremely important.

Further, the calculation of wind loading on civil structures

(Chimney stacks, Bridge piers, cables and cooling towers),

hydrodynamic loading on marine structures (cables and oil

pipelines in the deep ocean), Heat transfer characteristics of

electrodes, nuclear fuel rods, heat exchanger tubes and elec-

tronic components in chemical, nuclear, thermal and electrical

engineering, the insightful understanding in flow past the cir-

cular cylinder is vital.

It is known from last century that the alternate shedding

of vortices (Karman vortex street) in the near wake of the
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cylinder for Re C 40 leads to large fluctuating pressure

forces in the transverse direction. This may cause structural

vibration due to cyclic change in the direction of pressure

force and production of aerodynamic noise due to velocity

fluctuations in the wake. In some exceptional cases, reso-

nance may occur which could trigger the failure of struc-

tures (Tacoma Narrows Bridge collapse [1]). The flow

structures behind the circular cylinder are complex due to

the interaction of three shear layers: the boundary layer

(BL) over the cylinder surface resulting from no-slip, the

separated shear layer due to adverse pressure gradient on

the surface and the low-pressure wake behind the cylinder.

Various flow regimes and variation of drag coefficient for

flow past a circular cylinder at different Re are found in

textbooks [2, 3] and many research papers [4–6] where the

upstream velocity is assumed to be uniform.

The wake structure for various flow regimes starting

from subcritical to supercritical Re has been well estab-

lished based on the assumption that the upstream/free

stream velocity is uniform and steady. However, the

upstream flow may not be uniform in many practical sit-

uations. The disturbances created by moving, oscillating,

and vibrating objects and their byproducts, that is, acoustic

noise besides the changes caused by heat convection, make

the atmosphere highly turbulent with large scales of vor-

tical structures. The momentary stall and the oscillation in

lift experienced by the aircraft wing in the clear air are due

to the presence of small-scale atmospheric turbulence [7].

The amplitude of fluctuation in lift depends strongly on the

scales of free stream turbulence (FST). For Re below

2 9 105, the BL is extremely sensitive to the amplitude and

the frequency contents of the FST [8].

The presence of various levels and intensities of FST in the

atmosphere significantly alters the flow near the surface of the

cylinder by energizing the fluid inside the BL which accel-

erates the transition to turbulence, enhances the mixing and

entrainment, and distorted itself by the mean flow [9]. This

causes a substantial shift in flow regimes by changing the

angle of flow separation, pressure distribution, and the drag

associated with the flow. The vorticity amplification theory

[10, 11] suggested that the FST undergoes amplification due

to vortex stretching as the flow approaches the stagnation

zone of the cylinder. An important characteristic of this

stretching mechanism is the selective amplification of turbu-

lent energy at scales of vortices larger than a neutral scale.

The turbulence energy dissipates more rapidly than the

amplification due to viscous action at scales smaller than the

neutral scale. The amplified vortices/eddies of scales which is

close to the boundary layer thickness interact with the BL to

induce an early transition from laminar to turbulent [12]. The

earlier studies showed that the wake behind the circular

cylinder, the vortex shedding frequency, and the drag coef-

ficient have significantly altered with increased in FST for Re

up to 32,000 [13]. Here in the present study, the effect of FST

is examined in detail in the low Reynolds numbers regimes.

Various levels of FST are generated inside the wind

tunnel test section with the help of grids placed upstream of

the circular cylinder [14, 15]. Conventionally, two types of

grids (active and passive) are used in the wind tunnel

depending on the level and intensity of turbulence. The

passive grid produces a lesser turbulence intensity (TI)

compared to the active grid due to the low root-mean-

square (RMS) velocity development in the downstream

[16]. The TI can be increased up to 20% using the active

grid arrangement where randomly rotating agitator wing-

lets add turbulent kinetic energy to the flow [17]. Since low

Reynolds numbers are obtained in the present study by

using the smaller cylinders which expected to have the

smaller BL thickness, the free stream turbulence with less

turbulence intensities are considered here.

Flow visualizations [18–20] were the only tool available to

understand the behavior of real fluid flows before the sev-

enteenth century. Leonardo Da Vinci (1452–1519) was the

first person to take a scientific approach to visualize the flow.

He had accurately correlated the formation of vortices with

the separation of a shear layer from the lips of the leaflets

[21]. The aerodynamic experiments were revolutionized by

the inventions of Pitot static tube and the swirling arm in the

eighteenth century. Most of the major discoveries of fluid

phenomena such as transition (Osborne Reynolds), shock

wave (Ernst Mach), boundary-layer (Ludwig Prandtl), Kar-

man vortex street (Theodor von Karman) and bursting phe-

nomena (Stephen Kline) were made through flow

visualizations. Even today, the qualitative flow visualizations

are used to understand the points of separation over surfaces

to minimize the use of sensors in predicting the aerodynamic

forces. Here, the sectional views of flow over the circular

cylinder are obtained using a high energy (200 mJ/pulse)

laser sheet, fog generator, and a CCD camera to identify the

location of separation point over the circular cylinder and the

unsteady wake. Turbulence statistics, vortex shedding and the

wake width are measured using the four-channel hot-wire

anemometry system. The higher order moments [22] of the

fluctuating velocities are used for characterizing the flow

quality at the wind tunnel [23] test section.

Experimental Setup and Instrumentation

Figure 1 shows the subsonic open circuit wind tunnel facility in

CSIR-CMERIDurgapurwith the smoke flowvisualization and

multi-channel hot-wire anemometry velocity measurement

systems. It has a test section with a cross sectional area of

0.3 9 0.3 m2. The settling chamber has a square honeycomb

(cell area of 0.03 9 0.03 m2) and three screens of different

sizes (0.019 9 0.019 m2, 0.013 9 0.013 m2, and
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0.007 9 0.007 m2) to minimize the atmospheric fluctuations

inside the test section. The contraction section has an area ratio

of 11 and 1 m length. It has the TI of less than 1% in the test

section.The test sectionhas a lengthof 1.3 m for visualizing the

wake structures for long distance. The diffuser has a 48 diver-
sion angle and a length of 1.2 m. The tunnel is operated by two

counter rotating fans driven by two ac motors and variable

frequency drives (VFD). The test section velocity can be varied

from 0.4 to 35 m/s.

The laboratory ambient temperature is maintained using

split air conditioners and the relative humidity is main-

tained with the help of a dehumidifier (Origin, Novita). The

local temperature and pressure are measured using the

analog barometer and a digital thermometer from SATO.

The average velocity at the test section is measured using a

four in one DP measurements micro-manometer and a Pitot

static tube. A four channel hot-wire anemometry system is

used for measuring the fluctuating velocities. The hot-wire

probes are calibrated against the micro-manometer before

being used for measuring the turbulence statistics in the

wind tunnel. The FST in the test section is altered using a

wire mesh with the average cell size of 5.3 9 5.3 mm and

the diameter of 1.15 mm. The effect of Reynolds numbers

and FST are studied by placing the circular cylinders of

different diameters at different axial locations where the

FST statistics are known. The data acquisition is performed

using the NI PXIe-1062Q chassis (eight slots) with the NI

PXIe-8133 controller. LABVIEW program is used for

acquiring and analyzing the fluctuating velocity data.

Smoke flow visualization is performed using a laser

sheet from 532 nm, 200 mJ/pulse and 15 Hz double pulsed

Nd: YAG laser (Quantel, France) and a 4 MP power view

plus CCD camera. The flow is seeded with the particles of

10 l size using an Antari fog machine (Z-1200 II). The

laser and the camera are synchronized with a 250 ps res-

olution laser pulse synchronizer from TSI, India. The

position of the camera is varied using a two axis traverse

system placed at the bottom of the test section. Many

experiments are performed to optimize the smoke con-

centration for capturing the separation point and the vortex

shedding. Adjusting the smoke intensity and the position of

the fog generator were highly challenging as the smoke

was fed from outside the settling chamber. This method is

expected to give an accurate prediction of separation point

compared to the streamlined smoke layers generated

through discrete points in the upstream of the cylinder.

Results and Discussion

The ambient air density in the laboratory is calculated using

the pressure measured from an analog barometric and the

temperature measured with a digital thermometer. The fluid

viscosity is calculated using Sutherland’s formula from

measured temperature. Reynolds number (Re) is calculated

using the calculated density and viscosity. It is varied by

changing the cylinder diameters and the test section velocity.

The flow can be assumed two-dimensional as the cylinders

have a maximum deviation of ± 0.03 mm from the mean

diameter. Hot-wire probes are mounted on a rack and tra-

versed across the test section to obtain the fluctuating velocity

from which turbulence statistics are obtained.

TI is defined as the ratio of root mean square of velocity

fluctuations to the mean velocity which shows the level of

fluctuations in the wind tunnel. The probability density

function (PDF) shows the skewness (deviation from the

Fig. 1 Open circuit wind tunnel with experimental setup and apparatus
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symmetric distribution) in the signal qualitatively. Conven-

tionally, the skewness near the wall is linked to the bursting

process in turbulence [24]. The flatness factor describes the

deviation of Gaussian profile especially the flatness of the tail.

If the PDF has relatively large values in its tails, then the

flatness value will be larger [25]. This occurs when the time

series data contain significant numbers of sharp peaks and it is

related to the intermittency [26].

Here, the flow quality in the test section is examined first

using the turbulence statistics obtained from the fluctuating

velocities as it has a strong effect on the flow separation and

vortex shedding. Next, the effect of empty tunnel disturbances

on the past a circular cylinder from Re = 31 to Re = 466 is

presented using flow visualizations and fast Fourier transform

(FFT). The effect of increased level of FST (3%) on the

cylinder wake is compared with the empty tunnel FST (0.3%)

in the subsequent section. Finally, the variation in wake

structure for different diameters of the circular cylinder with

same Re and variation in FST is discussed.

Examination of Flow Quality in the Test Section

Each and every wind tunnel existing around the world has a

certain level of free stream turbulence (FST) and it depends on

the local ambient, the honeycomb, number of screens and the

contraction ratio. The size and distribution of eddies/vortices

present in the free stream flow have a dominant role on the

deviation of various scaled model results. It is essential to have

the quantitative measurement of these upstream disturbances.

TI is traditionally used to describe the flow quality at the test

section. However, the flow may have some shear due to non-

uniformity in the screens inside the settling chamber, rough

wall and leakages in the test section even though the TI is

constant in the test section for small test section wind tunnels.

The shear layers induced in the flow due to leakage at the test

section wall was observed using higher order moments of

fluctuating signal [21]. The hot-wire probes used formeasuring

the fluctuating velocities are calibrated in the wind tunnel

against the steady velocity measured using a Pitot static tube

and micro-manometer. The calibration coefficients are

obtained from curve fitting in MATLAB using the King’s law.

Figure 2 shows the percentage variation of TI measured

across the test section (y) at six locations and two locations

in the axial direction (x) where x = 0 represents the

starting position of the test section. The hot-wire probes are

kept at 140 mm from the bottom of the test section (z). The

data are acquired at 10 kHz sampling rate for 10 s at each

location and it is repeated for five times with the overheat

ratio (OHR) of 1.6. The turbulence intensities are measured

just upstream of the cylinder locations before the cylinder

being placed to study the FST effects. The average per-

centage variation of empty tunnel TI is around 0.3% for the

velocities range considered in the present study. In order to

find the existence of shear in the flow, the PDF of the

fluctuating velocity signal is analyzed. Figure 3 shows the

Gaussian (normal) distribution of the fluctuating velocity

signal [20]. Ideally, the flatness factor of the Gaussian

distribution is three and the skewness factor is zero for the

uniform wind tunnel velocities. However, the presence of

FST in the test section cause slight deviation in these

values. A small variation in the value of skewness and

flatness factors in Fig. 3 guarantees that the flow is almost

uniform throughout the test section.

Fig. 2 Turbulence intensities at a x = 120 mm, b x = 220 mm across the test section
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Fig. 3 Probability density function (PDF) at different lateral locations across the test section
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Effect of Empty Tunnel FST on Transition

Figures 4 and 5 show the smoke flow visualizations of flow

past circular cylinder for Re varying from 31 to 466. Here,

a circular cylinder of 1.25 mm diameter is placed at the

middle of the test section. The flow is seeded with water-

based particles from outside the settling chamber and it is

illuminated with 2 mm thickness laser sheets. A camera

placed under the test section captures the evolution of the

wake. The reflection of laser light causes a small over-

exposed zone at the cylinder surface. A small recirculation

zone is observed behind the cylinder for Re = 31 which

Fig. 4 Smoke flow visualization of flow past a circular cylinder for Re from 31 to 70

Fig. 5 Smoke flow visualization for Re from 78 to 466
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grows as the Re increases (Re = 39). An alternative

shedding of vortices from the cylinder is seen at Re = 47.

Traditionally, the transition and shedding pattern behind

the cylinder in a uniform flow is characterized by non-

dimensional frequency or the Strouhal number [27].

However, the uniform flow without disturbances is very

difficult to obtain in practical fluid flow simulations.

The free stream turbulence levels, acoustic disturbances,

cylinder roughness, cylinder aspect ratio, end conditions,

and blockage ratio affect the transition over the circular

cylinder [4]. The critical Reynolds number (Recr) at which

the onset of Karman vortex shedding (KVS) is seen

depends strongly on upstream condition if the cylinder is

smooth and the aspect ratio is large with a negligible

blockage ratio and acoustic disturbances. The Recr is not a

universal constant and it takes a different value for dif-

ferent initial conditions of the flow [28]. The flow created

in a highly viscous oil showed the highest Recr and the

onset of KVS was observed at Re = 65.2 [29] where the

background disturbances are dissipated quickly due to

strong viscosity. Many other experimental studies in the

wind tunnel have also shown a large scattering of Recr
varying between 40 and 65.2 [29, 30].

Figure 6 shows the variation of TI for three overheat ratios

(OHR) in the middle of the test section. The average variation

of TI is around 0.4% for velocity up to 30 m/s and it becomes

0.3% for lower velocities (up to 10 m/s). Figure 7 shows the

empty tunnel frequency spectra obtained using FFT for

Re = 31, 39, 44 and 47 based on the circular cylinder

diameter of 1.25 mm. Though the TI is almost similar, the

frequencies which dominate the flow at different speeds are

different. Hundred (100) Hz frequency dominates the flow at

velocity 0.38 (Re = 31) and 0.47 m/s (Re = 39). However,

four frequencies (35, 50, 100, and 355 Hz) dominate the flow

at 0.53 (Re = 43) and 0.58 m/s (Re = 47) where the tran-

sition expected to occur. A simple calculation based on fre-

quency and velocity shows that eddies of sizes 1.5, 5.3, 10,

Fig. 6 Variation of TI with free stream velocity and OHR

Fig. 7 Power spectra of empty tunnel data at Re = a 31, b 38, c 44 and d 47
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and 15 mm dominate the flow. Either one or few dominant

frequencies may be responsible for the flow transition and

vortex shedding in Fig. 4 at Re = 47.

The vortex shedding frequency increases with increase

in Re due to lesser formation time of vortices behind the

cylinder. The flow in the cylinder wake (vortex shedding

region) is laminar at Re = 47 and 93 in Fig. 5. It was

shown in the literature [4] that the transition in wake

appears at Re ranging from 180 to 194. The dissipated

smoke regions in the Karman vortex sheet near the cylinder

at Re = 186 shows the fluid transition in the wake. The far

downstream has already become turbulent and the clear

vortex shedding pattern is no longer identified. The fine-

scale three-dimensionality in the wake near the cylinder

becomes increasingly active as Re increases, which causes

vortices to become turbulence structures at Re = 373 and

above.

Effect of High Level FST on Wake Structure

The effect of increased level of FST in the wake of the cir-

cular cylinder for Re up to 5441 is shown in this section. The

FST level ahead of circular cylinders in the test section is

varied using a wire mesh with an average cell size of

5.3 mm 9 5.3 mm where the wire thickness is 1.15 mm. The

measured TI near the wire mesh is around 8% and it reduces

along the downstream direction [15]. The measured TI near

the wire mesh is around 8% and it reduces along the down-

stream direction [15]. The reduction of TI with distance can

be attributed to the breakdown of larger vortical structures

and the energy transfer from large scale structures to small

scale eddies. The circular cylinders are placed at 130 mm

downstream of the wire mesh where the TI is 3%.

Figure 8 shows the power spectra obtained at an

upstream location of the cylinder without the presence of

cylinder for the above Re with two FST levels. FFT

algorithm in the MATLAB is used for calculating the

dominant frequencies in the signal. Here, an increase in

FST from 0.3 to 3% has altered the frequencies and their

amplitude in the velocity signal. The base tunnel flow

(TI = 0.3%) is dominated by 40, 50, 100 and 350 Hz

frequencies and their amplitudes are also comparable.

Increasing the TI by a wire mesh has enhanced the

amplitude of 40 and 100 Hz frequencies besides amplifi-

cation of few additional frequencies.

Figures 9 and 10 show the flow visualization images

obtained for Re = 134 (3.5 mm cylinder) and Re = 348

Fig. 8 FFT at an upstream location of the cylinder for u = a, b 0.58 m/s and c, d 0.75 m/s with the FST of 0.6 and 3%

50 J. Inst. Eng. India Ser. C (February 2019) 100(1):43–58

123



Fig. 9 Karman vortex shedding behind the circular cylinder at Re = 134

Fig. 10 Karman vortex shedding behind the circular cylinder at Re = 348
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(7 mm cylinder) with the TI of 0.3% (empty tunnel FST)

and 3% (with grid). The corresponding velocities for these

Reynolds numbers are 0.58 and 0.75 m/s. Here, though

both near-field (Fig. 9) and far field (Fig. 8) wake struc-

tures look similar, the effect of an increase in FST level

from 0.3 to 3% can only be seen outside the wake through

the diffused smoke streak lines. Further, the separation

point over the cylinder is very difficult to identify due to

the smaller diameter of the cylinder.

Quantitative validation is performed by examining the

frequency contents existing in the cylinder wake. Here, the

dominant frequencies of vortex shedding are obtained by

traversing the hot-wire probe across the wake which is

expected to give the accurate value and minimize the

uncertainties. Figure 11 shows the vortex shedding fre-

quency obtained for Re = 257 which is in between

Re = 134 and 348 with the TI of 0.3 and 3% where the

cylinder diameter is 7 mm. It can be seen from the fig-

ure that the shedding frequency is almost same for both

FST intensities. This shows that the increased momentum

transport from the FST cannot reach close to the cylinder

surface to alter the transition due to high viscous forces in

these Reynolds numbers.

Figures 12, 13, 14 and 15 show the wake structure

behind the cylinder for higher Reynolds numbers varying

from 746 to 1555 where the distinct KVS cannot be

Fig. 11 Power spectra of dominant shedding frequency for Re = 257 with TI of 0.3 and 3%

Fig. 12 Effect of change in FST on cylinder wake at Re = 746
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observed due to the turbulent nature of the wake at these

Re. Cylinder with a diameter of 15 mm is used for

Re = 746 (u = 0.57 m/s). However, a 25 mm diameter

cylinder is used for Re = 933 (u = 0.57 m/s), 1244

(u = 0.75 m/s) and 1555 (u = 0.95 m/s). The frequency

contents of the base tunnel velocity signals are same to

Fig. 8 as the test section velocities are low. A notable de-

crease in wake width is observed at different downstream

locations when the FST intensity is increased from 0.3 to

3% for all these Reynolds numbers though the separation

Fig. 13 Effect of change in FST on cylinder wake at Re = 933

Fig. 14 Effect of change in FST on cylinder wake at Re = 1244
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points over the cylinder are difficult to measure

quantitatively.

Figure 16 shows the shedding frequencies obtained with

the FST intensities of 0.3 and 3% for Re = 818 (diameter

of the cylinder is 7 mm) to quantify the effect of FST. A

significant increase in shedding frequency is observed at

this Re. This increase in frequency shows the formation of

smaller KVS vortices which reflects the delay in flow

separation and a decrease in wake width. Further increase

in Re with 3% FST also increases the shedding frequencies

which can be seen from Fig. 17. This clearly shows that the

small scale eddies present in the mean flow could over-

come the viscous forces in the boundary layer and

penetrate close to the wall to induce boundary layer tran-

sition at these Reynolds numbers.

Figure 18 shows the variation of non-dimensional wake

width for Re = 746 and 1244 with two FST levels of 0.6

and 3%. Here, W denotes the width of the wake and D

represents the diameter of the cylinder. The wake width is

measured from a number of flow visualization images at 1

D downstream location from the cylinder rear end. A

substantial increase in wake widths is noticed with

increased FST though the boundary layer over the cylinder

is expected to laminar (strong viscous forces) in these

Reynolds numbers. The wake width for Re = 1244 is

significantly increased compared to Re = 746. This

Fig. 15 Effect of change in FST on cylinder wake at Re = 1555

Fig. 16 Power spectra behind the cylinder wake at Re = 818 with the FST of 0.6 and 3%
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indicates an early transition and delay of separation point

over the cylinder surface with increased FST.

The vortex shedding pattern behind the circular cylinder

for same Re is also expected to change with a change in

FST besides shedding frequencies shown above. The

alteration in shedding patterns with a change in FST at low

Reynolds numbers (Re = 45 and 53) was shown in liter-

ature [14] by varying the free stream velocity and the

cylinder diameter. Here, the variation in wake profiles for

higher Reynolds numbers (Re = 933, 1555, 3110 and

5441) with a change in FST from 0.3 to 3% is shown in

Figs. 19 and 20. Two cylinder diameters of 15 and 25 mm

are used and the Re is fixed by varying the free stream

velocity. The wake profile is completely different for two

different diameters of the cylinder, though the Re is same.

This shows that the consequences of FST on different

diameter cylinders (variation in boundary layer thickness)

are different though Re is same.

It is also interesting to note here that the shedding fre-

quency decreases with a decrease in free stream velocity

and an increase in diameter of the cylinder. Figure 21

shows the power spectra obtained at the 25 mm diameter

cylinder wake for Re = 4432 and 13,297 with the FST

levels of 0.6 and 3%. The shedding frequency increases

with an increase in FST at these Re as well. A percentage

increase of 2 and 4% in shedding frequency is noticed for

Re = 4432 and 13,297. However, the shedding frequency

Fig. 17 Vortex shedding frequencies for Re = 3047 and 4734 with the FST of 0.6 and 3%

Fig. 18 Effect of FST on wake width for Re = 746 and 1244
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with 25 mm diameter cylinder at Re = 4432 with 3% FST

is 23 Hz which is much lower than the shedding frequency

(205.5) of 7 mm cylinder at even lesser Re (3047).

The percentage variation in shedding frequency is reduced

from 4.5 (Fig. 17) to 2% (Fig. 21) by increasing the diameter

of the cylinder for a similar range of Re (4734 and 4432) with

7 and 25 mm diameter cylinders. This implies that dominant

frequencies existing in the free stream with 3% FST can have

an influence on separation over the cylinder up to a certain

diameter of the cylinder and velocity. Beyond which it may

not have any effect, as these frequencies are expected to be

suppressed by the strong viscous action in the boundary layer

before reaching the transition point in the laminar region (80�)

for larger diameter cylinders. However, this limit of cylinder

diameter is not obtained due to the smaller test section as the

blockage ratio beyond 5% plays a major role in the transition.

The above flow visualizations and FFT data have clearly

shown that the FST frequencies and their amplitude of

certain limit can affect only up to a certain diameter of the

cylinder. In most of the real-life scenarios, smaller diam-

eter cylinders (suspension bridges, [1]) are highly affected

by atmospheric turbulence rather than larger diameter

cylinders (cooling tower, storage tank). The FST frequen-

cies and their amplitudes have to be changed if the tran-

sition is desired at higher diameter cylinders. A huge

spectrum of frequencies with different amplitude levels can

Fig. 19 Variation of wake structures with change in diameters for Re = 933 and 1555

Fig. 20 Variation of wake structures with change in diameters for Re = 3110 and 5441
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be generated through active grid mechanism rather than the

passive grid used in the present study. A randomly rotating

agitator winglets were used in the literature [17] for pro-

ducing the free stream flow with 20% TI. A similar con-

figuration will be used for controlling the frequencies and

amplitudes of FST in our future studies.

Conclusion

Effects of change in free stream turbulence on the flow past

a circular cylinder have been studied using hotwire

anemometry and smoke flow visualization for Reynolds

number varying from 31 to 15,000. The flow quality in the

test section was examined using probability density func-

tion, TI and the higher order moments of turbulent fluc-

tuations as the free stream conditions have a strong role in

the transition over the circular cylinder. It has been

observed that the higher order moments have small

variations across the test section. This implied that the

mean flow is uniform with a constant TI across the tunnel.

The empty tunnel has a free stream turbulence (FST) with

the average TI of 0.3%. The smoke flow visualizations

showed that the transition in the wake and vortex shedding

behind the circular cylinder is observed between Re = 42

and 45 for the wind tunnel in CSIR-CMERI Durgapur.

Earlier experimental studies have shown a range of Re

from 40 to 65.2 for vortex shedding depending on the

disturbance in the test section.

The dominant frequencies (40, 50, 100, 350 Hz) in the

free stream and their amplitude were changed (40 and

100 Hz) when a wire mesh was placed at the entrance of

the test section. A maximum TI of 8% was observed close

to the wire mesh and it reduces along the downstream

direction due to the breakdown of larger vortical structures

and the energy transfer from large scale structures to small

scale eddies and the subsequent dissipation in Kolmogorov

length scales. Cylinders of different diameters were placed

Fig. 21 Vortex shedding frequencies for Re = 4432 and 13,297 with the FST of 0.6 and 3%
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at the location of known TI (3%) to study the effect of FST.

Both flow visualizations and FFT analysis of fluctuating

velocities have shown that an increase in TI does not affect

the wake, vortex shedding frequencies and their patterns at

low Reynolds numbers (134, 257 and 348). However,

significant changes in wake widths were observed for

Re = 746, 933, 1244, and 1555. The power spectra were

also showed an increase in vortex shedding frequencies for

Re = 818, 3047 and 4734.

A change in wake patterns behind the circular cylinder

was noticed with the change in cylinder diameters though

the Reynolds numbers were kept constant. The shedding

frequency was observed to be decreasing with an increase

in diameter of the cylinder and reduction in free stream

velocity. Further, the power spectra obtained at Re = 4432

with 25 mm diameter cylinder and at Re = 4734 with

7 mm diameter cylinder has shown that the effect of FST

decreases with increase in diameter of the cylinder. This

suggested that the diameter of the cylinder (that is,

boundary layer thickness and its growth over the surface)

plays a prevailing role in flow separation and wake tran-

sition for a given free-stream dominant frequencies. Hence,

the certain range of FST frequencies and their amplitude

can only influence the cylinder (delay separation) up to a

certain diameter after which these disturbances are dissi-

pated inside the boundary layer due to strong viscous

action. It is essential to change the FST level and their

amplitude to delay separation if the diameter of the

cylinder is changed though the Reynolds number is kept

constant. The effect of higher level of FST will be studied

in future with an active grid arrangement.
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