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ABSTRACT
A finite element method is used to study the effect of flow past a circular cylinder with an integral wake
splitter. A fractional step algorithm is employed to solve the NavierStokes and Energy equations with a
Galerkin weighted residual formulation. The vortex shedding process is simulated and the effect of splitter
addition on the time period of shedding is studied at a Reynolds number of 200 and a blockage ratio of 0.25.
The effect of splitter and the Strouhal number and heat transfer augmentation per unit pressure drop has been
investigated.
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NOMENCLATURE

= Splitter plate length
= Blockage ratio (D/H)
SPL
= Strouhal number (fvs*D/Uav)
St
= Cylinder diameter
= Temperature
Τ
=
Frequency
of
vortex
shedding
fFDPV
vs
= Time period of shedding
Τps
= Fully developed parabolic velocity
= Height of the channel
H
Uav = Average velocity
= Nondimensionalized velocity in xdirection
I W S P = Integral wake splitter plate
U
= Nondimensionalized velocity in ydirection
k
= Thermal conductivity of the fluid
V
= Nondimensional stream function
Nu
= Nusselt numberzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(∂T/∂Y|wall)
ψ
= Nondimensional vorticity
ς
Ρ
= Nondimensional pressure
= Nondimensional time
τ
Pr
= Prandtl number (ν/α)
= Difference operator
Δ
Re
= Reynolds number (Uav*D/v
η
= At the nth time step
S
= Distance measured along the cylinder and splitter
= Kinetic viscosity
ν
surface
= Thermal diffusivity
L
= Length of the integral wake splitter
α
SEVP = Stabilized error vector propagator
BR
D

INTRODUCTION
Flow past a circular cylinder is a challenging, basic and fundamental fluid mechanics problem and
has wide engineering applications. The highly asymmetric and periodic nature of the flow in the
downstream has attracted the attention of physicists and engineers alike. From the physics point
of view, it is highly fascinating to understand how and why such a highly symmetric flow in the
upstream becomes so highly asymmetric in the downstream.
A circular cylinder can be seen as a part of a tube bundle in diverse engineering applications
such as heat exchangers, air conditioning coils, nuclear reactor fuel rods, etc. In many situations
gas flow over the tubes has a permissible gas side pressure drop. This restricts the power of the
09615539
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blower or pump being used. Gases, because of their high thermal resistances, give a low heat
transfer coefficient. To make the heat exchanger economical, it is required that heat transfer per
unit pressure drop be higher. To achieve this objective extended surfaces, vortex generators, oval
or flattened tubes are usually used. A noble approach is by the use of splitter plates.
Around Reynolds numbers of 40, the two stationary Fφppal vortices are shed downstream.
Vortex shedding from the circular body results in flowinduced vibration, which is characterized
by Strouhal number. When a relation for Reynolds numberzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJ
(Re) against Strouhal number (St) is
plotted for a circular cylinder, a peak can be noticed in the 200 to 300 Re range as shown by
Blevins1. Zdrakovich2 and Aref and Siggia3 attribute the shedding process to the instability
caused by the sinuous motions in the far wake. On the other hand, Perry et al.4 have proposed a
different mechanism known as the instantaneous "alleyway" concept. This idea had the support
of Gresho et al.5 as well as Sa and Chang6 subsequently. In simulating the flow past a square
cylinder, Kelkar and Patankar7 have applied numerical perturbation to simulate the vortex
shedding in an infinite medium. The blockage ratio effect in confinement has been investigated by
Φkajima8, Mukhopadhyay et al.9.
The Reynolds numbers associated with these flows are sufficiently high to produce turbulence
in the wake region. Slaouti and Stansby10, point out that there is no general turbulence model to
incorporate into the numerical simulation of unsteady separated flows. Though direct numerical
simulation is possible, present day computing power requirements prohibit the direct three
dimensional simulation of NavierStokes equations. It has been observed in the experiments of
Slaouti and Gerrard11, that some concepts of largescale wake behaviour associated with vortex
shedding at high Reynolds numbers (greater than 104) are similar to the flow at low Reynolds
numbers (100200). For low Reynolds numbers, the flow and forces acting on the circular
cylinder can very well be predicted by twodimensional laminar computations.
Roshko12 was the first to demonstrate that vortex shedding is fully inhibited by the addition of
a splitter plate of length 45 times the cylinder diameter. Since then, systematic studies have been
made by Roshko13, Bearman14, Gerrard15, Apelt and West16. Heat transfer aspects have been
studied by Sparrow and Kang17 and Ibrahim18.
Flow visualization plays a vital role in the basic understanding of the flow phenomena and also
provides a physical intuitive reasoning. It has also been noticed that the computer laboratory lags
far behind, in the race of offering basic understanding of flow physics and heat transfer by means
of flow visuals (snapshots taken by flow visualization techniques). This gives ample scope for the
need to generate numerical flow visuals by way of simulation. Though a good number of
interesting experimental papers do exist on integral wake splitter plates, to the knowledge of the
authors not a single paper has been published using numerical computations. This prompted us to
set the objectives of the present paper as to simulate numerically and validate the time evolution
of flow past a circular cylinder in a channel and study the effect of adding a wake splitter in the
downstream, integral with the cylinder. The influence of triangular and rectangular wake splitters
for lengths 0.25D, 0.5D and 1.0D have been studied.
METHOD OF ANALYSIS
Analysis is essentially based on the explicit time integration of NavierStokes equations, which is
based on the projection scheme originally developed by Chorin19 in a finite difference context.
This has been extended to finite element laminar flow problems by Donea et al.20. This algorithm,
along with Galerkin weighted residual formulation, has been used in the finite element method to
solve full NavierStokes equations (1) through (3) after the following nondimensionalization.
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WherezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D, is the cylinder diameter Uav is the average velocity in the channel and Tref
corresponds to the reference temperature.

The solution algorithm employed in the present study is an Eulerian velocity correction method
which is also known as fractional step algorithm. In each time step of the algorithm, the following
three steps are repeated.
(1) Calculation of pseudo velocities.
(2) Evaluating pressure from pressure Poisson equation.
(3) Correcting the pseudo velocities to get actual velocities.
Heat is treated as a passive scalar, and the energy equation is solved to obtain the temperature
distribution. In this case also the Galerkin formulation is applied.
As per step (1), the pressure term is dropped from X andYmomentum equations (2) and (3) and
the pseudo (fictitious) velocities are calculated. Modified X momentum equation is as shown in
(5). The velocities are so named because they will not satisfy the continuity equation.

Expanding the left hand side of (5) by Euler's explicit scheme of forward differencing yields,

Equating equations (5) and (6) the following equation is obtained.

Proceeding on the same lines, the Y momentum equation (3), takes the following form.

When the pressure term which was ignored is added,

68

B.S.V.P. PATNAIK, K.N. SEETHARAMU AND P.A. ASWATHA NARAYANA

On excluding common terms on both the sides,
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Proceeding on similar lines, (13) is obtained.

The summation after taking derivative with respect tozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJI
X for equation (10) and Y derivative for
equation (12) yields the pressure Poisson equation (14), which is solved for pressures:

The finite element spatial discretization is performed by the Galerkin weighted residual
formulation, where the shape function itself is the weighting function. Linear triangular elements
are used to represent U, V, Ρ and T which are approximated as

Details of the formulation are as in Fletcher21 and the shape functions given by (14) defined for
the triangular elements are as in Segarlind22.
By obtaining the velocity field a priori, the following stream function equation (16) is solved
with appropriate boundary conditions to obtain the ψ values.

RESULTS AND DISCUSSION
Flow past an isothermal circular cylinder of diameter (D) is numerically simulated at a Reynolds
number of 200 in a channel of height 4D. This results in a blockage ratio (BR) of 0.25. A splitter
plate is attached integral with the cylinder (known as cylinder with integral wake splitter plate)
and is shown in Figure 1, its corresponding flow domain is given in Figure 2. Noslip boundary
condition is applied for the cylinder, splitter surface and channel walls. For pressure, the
homogeneous Neumann boundary condition is naturally incorporated, with a traction free exit.
First order boundary conditions are specified at the channel exit. Figure 3 shows the
corresponding finite element mesh.
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VORTEX SHEDDING FROM THE CYLINDER

Streamlines corresponding to the flow past a circular cylinder is shown inzyxwvutsrqponmlkjihgfedcbaZYXWV
Figure 4. Here,
initially, as in Figure 4(a) the flow is symmetric. At time (τ) = 1.22, incipience of separation
results as in Figure 4(b). The formation of two symmetric attached eddies of opposite vorticity
can be noticed in Figure 4(c). These eddies are fed by circulation from the shear layers and grow
in size. The eddy growth with time can be seen in Figure 4(d). The symmetric standing eddies
attached to the cylinder surface have an "alleyway" passage for flow penetration. Flow
penetrates either from the top or from the bottom into the "alleyway" the socalled narrow
passage. The eddies become weak and symmetry is lost at τ = 17.6, as in Figure 4(e). The eddy
about to be washed away in the wake can be seen in Figure 4(f) at τ=20.4.
With further progress in time, the eddy shedding periods are established. Initially eddies are
longer and hence the eddy formation region is larger. With time it becomes tighter and closer to
the formation region. Mukhopadyay23, has shown that the time evolution of lift coefficient and
monitored velocity both gave an identical period of shedding(Tps). At BR = 0.25 for a Reynolds
numbers of 200, the eddy is fully formed at the bottom and a sinuous motion can be seen in the
downstream as in the numerical visual in Figure 5(a). This creates a wake cavity on the top side.
Flow entrains through this wake cavity and the vortex gets folded up as in Figure 5(b). This eddy
is subsequently shed. With further progress of time, eddy formation on the top side takes place, as
can be seen in Figure 5(c) at τ = 42.1. Figure 5(d) shows a fully grown eddy on the top. It should
be noted here that Figures 5(a) and 5(d) visually represent flow pattern at half shedding cycle
apart. Once two vortices are shed (one from the top and another from the bottom) one shedding
cycle is completed. Again a new cycle starts and the periodic process continues.
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Son and Hanratty 24 , suggest that to simulate vortex shedding, asymmetric disturbance in the
upstream is required. But in a physical situation, the process is so natural and is hailed by the
multiple perturbation sources such as nonuniform inlet conditions, surface roughness,
perturbations in running conditions of the experiments etc., which could lead to destruction of the
symmetry of the eddies. Though Kelkar and Patankar7 have applied numerical perturbations to
initiate shedding, in an earlier paper BrazazyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
et al.25 have pointed out that the truncation and round
off errors, and errors due to numerical approximations act as perturbating factors and eventually
generate vortex shedding.
Figure 6 gives the monitored velocity against time for the above case, which shows no
fluctuations up to τ = 20.4. Above this a regular, periodic fluctuation has been noticed. The time
period of shedding has been marked in the figure. It should be stated that the two circled points on
the top and bottom correspond to Figure 5(a) and Figure 5(d), which are at half shedding cycle
apart.

71

Downloaded by Syracuse University At 01:29 11 September 2016 (PT)

SIMULATION OF LAMINAR CONFINED FLOW PAST A CIRCULAR CYLINDER

PRODUCTION OF VORTICITY ON THE CYLINDER

. Figure 7 shows the time
Vorticity is the curl of the velocity vector and is given aszyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIH
ς =
evolution of isovorticity contours for flow past a circular cylinder, at BR = 0.25 and Re = 200. It
can be noticed that two thin vortex layers symmetrically situated, leave the surface of the cylinder
and curl round themselves. Vorticity becomes more and more concentrated in the rolled up
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portions.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 7(c) shows the elongation of vortices which signifies increasing strength and
they move away from the cylinder. Figure 7(d) shows as to how the constant vorticity lines
become longer and longer in the flow direction. Meanwhile each vortex produces a strong back
flow on the rear of the cylinder. Gerrard 15 points out that after reaching sufficient concentration,
a further supply of circulation to the vortex is cut off. Hence, elongated vortices cease to increase
in strength. We may speak of the vortex being shed from the body at this stage. The karman vortex
street can be seen in Figure 7(e) and 7(f), which are at half shedding cycle apart.
STROUHAL NUMBER CALCULATION
Strouhal number (St) represents a measure of the oscillating fluid flow phenomenon. It is defined
as the ratio of the product of vortex shedding frequency (fvs) and cylinder diameter (D) to the free
stream velocity (U∞). When "U∞" and "D" are nondimensionalized as unity, "St" simply equals
"fvs"· The vortex shedding frequency "fvs" is obtained as the inverse of the time period of shedding
(Tps ) . Table 1 gives the Strouhal number comparison for an infinite medium. The Strouhal number
at BR = 0.25 is 0.255, corresponding to a time period of shedding equal to 3. 917.
The present results are in good agreement especially with the experimental results of Gerrard15
and Roshko 13 in addition to the numerical results of Gresho et al.,5 Karniadakis 26 and Sa and
Chang 6 .
DETERMINATION OF NUSSELT NUMBER
A knowledge of heat transfer coefficient at low Reynolds numbers is also valuable in the
development of instruments using wires such as thermo elements and hot wire anemometers 27 .
Here the parameter of interest is the Nusselt number. In order to obtain the temperature
distribution in the flow domain, the energy equation is solved after solving the NS equations. The
local Nusselt numbers are obtained by calculating the temperature gradient on the surface of the
circular cylinder. i.e.
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Table 1

Comparison of Reynolds number with Strouhal number

Source
Gerrard 15 (Experimental)
Roshko 13 (Experimental)
Gresho et al.5 (Numerical)
Karniadakis 26 (Spectral)
Sa and Chang6 (SEVP)
Present study

50

0.14
0.14
0.14

-

0.139

Reynolds number
100
200
Strouhal number (St)
0.16
0.16
0.18
0.18
0.155
0.154

0.180.20
0.170.19
0.21
0.20
0.186
0.192

In Figure 8 the local Nusselt number distribution of an isothermal cylinder in an infinite
medium at Re = 200 has been compared with the experimental results of Eckert and Soehngen27
and finite difference results of Chun and Boehm28. Because the thermal boundary layer growth
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starts at the forward stagnation point, the thermal resistance is less in the beginning. Hence, local
Nu at the forward stagnation point is higher and decreases up to the point of separation. In the
wake region beyond the point of separation, a further increase can be seen because of good
mixing. The present finite element results compare well with the experimental values up to the
point of separation.
VORTEX SHEDDING FROM CYLINDER WITH SPLITTER

Re = 200 and BR = 0.25, in the initial
When flow takes place past a circular cylinder with splitter atzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONML
stages of flow irrespective of splitter length and configuration, two attached standing eddies are
formed. These eddies grow in size with time and are subsequently shed. The time period of vortex
shedding is precisely obtained by monitoring the velocity of signal traces in the downstream. The
time history of monitored velocity for a rectangular splitter of length 0.25D, attached to the
cylinder at BR = 0.25 and Re = 200, can be seen in Figure 9(a) and 9(b). The two monitored points
gave the same time period of shedding "Tps". The time period for half shedding cycle can visually
be noticed in terms of eddy reversal from top to bottom as in Figure 10. In the figure, apart from
the serpentine motion in the downstream, another eddy, formed on the opposite side and about to
get washed away in the wake, can be seen. Figure 11 shows the Karman vortex street in terms of
isovorticity contours for the case of a triangular IWSP of 0.5D length. Here the convection of
vortices in the downstream can be noticed.
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EFFECT OF SPLITTER ADDITION ON STROUHAL NUMBER
The effect of time period of sheddingzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
"Tps" and Strouhal number "St" are shown in Figure 12(a)
and 12(b) for rectangular and triangular IWSPs respectively. For a rectangular IWSP with
increase in the length of the splitter, the time period of shedding (i.e. for two vortices to shed, one
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from the top and another from the bottom) is found to increase, resulting in a smaller vortex
shedding frequency and, hence, a lower Strouhal number. With increase in rectangular splitter
length,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
St decreases. It has been observed in Patnaik 29 that flow past a bluffer body (square
cylinder) results in a smaller Strouhal number. The addition of rectangular IWSP makes the
arrangement tend to be more bluffer. Also the Strouhal number decrease is because of the increase
in length of the eddy formation region. When a splitter plate is attached, it takes longer for the
eddy to roll up, as the flow has to take a physically longer path. Hence, the eddy shedding sets up
less easily and takes a longer time period. Gerrard15, in his experiments on cylinders with splitters
in the Re ranges of 10 3 to 5 x 10 4 , points out that the production of circulation at the rear of the
cylinder will increase.
Interestingly, triangular splitter addition gave a contrasting trend as in Figure 12(b). For a
splitter length of 0.25D the shedding period decreased to 3.8 and for 0.5D this period is increased
to 4.2. But for a splitter length of 1D the time period of shedding decreased to 3.9. When a
triangular IWSP is attached, the body can be considered to be less bluffer. This possibly resulted
in a faster shedding of the vortices which influenced in a lesser time period of shedding and higher
Strouhal number (when compared to rectangular IWSPs). It should be mentioned that for an
elliptic cylinder, which is a less bluffer body, the Strouhal number is higher, in comparison to a
circular cylinder.
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PRESSURE DISTRIBUTION
The distribution of pressure coefficient on the cylinder with splitter has been compared with that
of the cylinder without splitter inzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 13. The base pressures for the cylinder with a splitter
length of 0.5D is 0.7 and for a splitter length of 1.0D it is 0.5. On the contrary, in the case of
cylinder without any splitter, the value is 0.8. This clearly shows a higher base pressure with
increase in splitter length. This means a higher pressure recovery. The curves are integrated to get
the actual pressure drop across the arrangement. Apelt and West16 have also concluded in their
experiments on wake splitters in subcritical Re ranges, that maximum change in base pressure
coefficient (CPB) is 50% for L/D = 1.0.
HEAT TRANSFER ASPECTS
When the splitter plate is integral with the cylinder, temperature drop takes place along the splitter
plate. The heattransfer coefficient on the splitter surface is specified while solving the Energy
equation. The effect of local Nusselt number distribution on the cylinder and splitter surface is
shown for a cylinder with rectangular splitter in Figure 14forPr = 0.72, which corresponds to air.
With the splitter addition, the minimum local Nusselt number is at the free end of the splitter plate.
The thermal boundary layer growth on the body in itself offers an explanation for this local Nu
minimum. Table 2 shows the average Nusselt number to be almost a constant value.
HEAT TRANSFER AUGMENTATION
The average Nusselt number per unit pressure drop has been plotted against the splitter length in
Figure 15. For a Prandtl number of 0.72, there is a clear heat transfer augmentation for both
rectangular and triangular splitters up to a splitter length of 0.5D. This is possible because of
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smaller form drag with splitter addition. Though the average Nusselt number remained almost
constant irrespective of the presence of the splitter, the base pressure recovery resulted in the
decrease in pressure drop with splitter addition.
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Table 2

Average Nusselt number variation for air Pr = 0.72, for the two
splitter configurations
0.0

Rectangular
Triangular

9 67
9.67

Length of the splitter (L/D)
1.0
0.5
0.25
9.47
9.52

9.42
9.56

9.33
9.37
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Configuration type

CONCLUSIONS
For a Reynolds number of 200 at a blockage ratio of 0.25, the vortex shedding process is
numerically simulated behind a circular cylinder and also with the splitter addition. The
phenomenon resulting from the instantaneous "alleyway" concept has been presented, and the
underlying flow physics is clearly brought out by means of streamlines and isovorticity contours.
The time period of shedding has been precisely obtained, by monitoring the signal traces of
velocity in theYdirection,from which the Strouhal number has been calculated.
The time period of vortex shedding increased with the rectangular splitter length. However, the
triangular splitters make the body to be less bluffer and resulted in a reduction in the time period
of shedding.
The average Nusselt number is almost constant for various splitter lengths. However, there is
an increase in base pressure recovery. Thus the overall pressure drop is found to decrease. This
leads to an increase in the average Nusselt number per unit pressure drop. Hence, heat transfer
augmentation per unit pressure drop is achieved with the addition of wake splitter.
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