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Abstract. The flow around cylinder open the path for studying more complex shape bodies
like the ship’s hulls. The hydrodynamic properties of the ship’s hulls can be decomposed as
combinations of the flow properties of simpler bodies like flat plates, cylinders, ellipses,
spheres and ellipsoids. The aim of this study is to describe the flow around a cylinder based on
simulations with platforms like Comsol and Ansys that further can be compared with
experimental and analytical results. The drag force caused by the flow around cylinders can be
combined with the drag force of simple elements like flat plates, ellipses in order to correlate
with the drag force of a specific hull of ship. Cylinder is a case that offers with its simplicity
the possibility to check the results in all three ways: analytical, computational and
experimental. An exhaustive analysis of this shape offers a beginning path for generalizing the
external flows like the application of the superposition theory for complex geometries.

Keywords: CFD, pressure drag, friction drag, external flow, drag coefficient, ship hull

1. Introduction

The external flows and their generation of drag force express a permanent challenge for design
engineers activating in diverse industries (aerospace, automotive, ship building, etc). In most cases the
designed shapes are very complex (walls at different angles, edges, appendices, curvature variation)
and the common way is to perform CFD analysis for each given design or to use empirical formulae
that use the overall dimensions of the hulls. The best way in solving those difficulties is just to relate
the flow properties of the hulls with complex geometry to simpler shapes that could be better defined
and solved by analytical, numerical and experimental methods.

Mainly, in this study the interest is to obtain by numerical integration the drag force distributed
around cylinder for different Reynolds numbers. The interest zone is the interface cylinder — fluid
where a special attention is reserved to the local meshing of the proximate flow domain considering
the relative proportions of the envelope layers and a specific degree of refinement. The fluid domain
was modeled with the length of ten times the diameter of cylinder in the direction of flow and five
diameters on the secondary direction. The proportions chosen for the entire flow domain provide an
enough distance in which the external margins of the flow area and their imposed boundary conditions
do not influence distinguishable the flow near the cylinder wall.

Wieselberger (1921) came with a series of experimental results for the flow around cylinder at low
and high Reynolds number and made comparisons with the Lamb’s empirical formula. Roshko (1960)
pointed out the closed results of the drag coefficient shared by different researches, but in the region of
supercritical values of the Re number the results presented discrepancies. The applied wall
interference corrections offered an increase of the accuracy of the results. Zdrakovich (1979) collected
various empirical formulas for the drag coefficient recommended by several researchers especially for
low Reynolds values. Spalart (1983) created a code KPD2 capable of computing the boundary layer
around cylinder based on an integral method, and succeeded to eliminate some distortions in vortex



simulation that were noted in previous versions of the code. Mital (1995) did an analysis of the flow
around the cylinder based on LES model of turbulence, an initiative that desired the use of an
alternative method of analysis compared with the usual practices of research. He met a series of
difficulties in simulation of the three-dimensional flow in the wake of the cylinder and linked them to
mesh density imposed by the limitation of the available computational resources.

2. Method

For an axis-symmetrical body where a fluid flows around its surface into a direction parallel with
its axis appears a pressure distribution on its surface that after summation gives an overall external
load D, the drag force. It is characterized mainly by the drag coefficient Cp:
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The drag coefficient is very difficult to be exactly determined analytically, because it depend on
many parameters:

CD:

Cp = f(form,Re, Fr,¢) )

At the same time, the total drag force of a body is composed by two components, friction drag D¢
and the pressure drag Dp:
D=D;+D,=[1sinfdA+ [pcosh dA (3)

Also, the drag coefficient Cp, could be put in a form of a sum between the friction drag coefficient
and the pressure drag coefficient respectively:

CD = CDf + CDp (4)
where
_ Df _ 1 T . ~ E
Cpf = ToiA UL J, Tsin@ do =~ N (%)
Cpp =7 J Cpcos8dA = [ C, cos0d6 ~ 1.17 (6)

The approximations from upper relations are as per [1]. We intend to express in later studies the drag
of the specific hulls as linear combination of the drags of simpler shapes:

CD = achl + a2CD12+. . +anCDn (7)

For the flow around the cylinder, depending on Reynolds number, appear the separation of the flow
from the wall of the cylinder:
e Re<lI (Fig. 1): it is a creeping flow [2] where viscous forces dominates - friction drag prevail -
and in this viscous flow the streamlines behind the cylinder are parallel and symmetric almost
like the ones from the front of it [ 3] .

Fig. 1 The visualized flow around a cylinder for Re=0.16 (Van Dyke [9])



1<Re<30 (Fig. 2): behind the cylinder the boundary layer begins to separate, and in the zone
between the two symmetrical points of separation is appearing two twin eddies of opposed
spins — Von Karman street of shed vortices; behind the two eddies the streamlines of the
lateral sides of cylinder get closed together parallel and symmetric [3]. C4 depends comparable
on both form drag and friction drag. C4 decreases when increasing Re.
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Fig. 2 The visualized flow around a cylinder a) Re=1.54; b) Re=9.6; ¢) Re=26 (Van Dyke [9])

30<Re<90 (Fig. 3): periodic oscillations inside the wake of the flow behind cylinder begin to
be detected [3]. C4 depends comparable on both form drag and friction drag. C4 decreases
when increasing Re.

Fig. 3 The visualized flow arund a cylinder for Re=30.2 (Van Dyke [9])

Re>90: the eddies alternatively spill in the backward wake of the flow and continuously
regenerate on both sides of the axis parallel with the flow. Cp depends comparable on both
form drag and friction drag. Cp decreases when increasing Re.

10°<Re<10’ (Fig. 4): it begins the separation on a point at about 80° from the front edge. In
the range of values. C4 depends comparable on both form drag and friction drag. Cp decreases
when increasing Re.
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Fig.4 The flow around cylinder: the sketch of the separation point at Re=100, ~80°

10°<Re<2x10° (Fig. 5a, b): it is observed that the drag coefficient is almost constant,
Cp=1...1.2. This is because in this range pressure drag (form drag) is dominant in the total



drag. The same situation is for Strouhal number that remain almost constant around the value
S =~ 0.20 . This region practically is independent of Re number.
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Fig. 5 The visualized flow around a cylinder: a) Re=2000, b) Re=10000 (Van Dyke [9])

e 2x10°<Re<5x10° (Fig. 6): Critical flow. At Re=2x10° the attached boundary layer begins to
transit to a turbulent state because the most part of the drag is originating from the shear force
that is greater for the case of turbulent flow [1] and also causes a significant drop of the drag
coefficient. This effect is called drag crisis. It is justified by the fact that the turbulent
boundary layer is more capable to resist to the adverse pressure gradient around the cylinder
so it will tend to separate further back of the cylinder; the turbulent boundary layer is capable
to maintain a pressure around the cylinder that reduces overall the drag. The wake will be
thinner, it creates smaller vortices and determine a smaller zone of low pressure on the
downstream surface, contributing to a smaller drag [2]. At Re=3.8x10° the boundary layer
becomes fully turbulent and the point of separation moves further behind to around 120° from
the front edge and the drag coefficient have a sudden decrease to Cp, = 0.3.
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Fig. 6 Flow around cylinder: the sketch of separation point at Re=3.8x10°, 6=120° and Cp~0.3=minimum

Narrow Wake

— > Cp=0.3

e 5x10°<Re<2x10° supercritical flow with Cp, increasing slowly.
e Re>2x10% post-supercritical flow, where Cp, is closed to a steady value Cp, = 0.67 [4].

The most known empirical formula that describe the drag coefficient of the flow around cylinder
are presented below:

8T

*  Wieselsberger-Lamb (1921) [9): € = 75 (2.002—logyoRe) (8)
0.687
e Clift (1978) [10]: Cp = % o
« M 1]: Cp =22 4+1.17 0
unson [1]: Cp = N (10)

In Fig. 7 are made comparisons between the empirical formula (8), (9), (10) and the
experimental values from [7].
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Fig. 7 — Comparison of experimental results with empirical formulas of prediction
for the drag coefficient of flow around cylinder

As it is represented, neither of the presented models is capable to represent with enough accuracy
the drag force for the entire range of variation of the Re number. Wieselberg-Lamb model
approximates the experiments only in a short range of the Reynolds number (1<Re<10), Clift model
only in the range 1<Re<100, while Munson’s formula looks to cover a large range 1<Re<2x10’ with
good approximation (it fails in prediction of drag coefficient value only at the beginning of the drag
crisis). A comparison of the mentioned empirical models (Fig. 8) recommends the one proposed by
Munson model when it is desired only a reference value. The bigger share of the total drag comes
from thee pressure drag. Following the mathematical solutions offered by the conformal mapping
studies, the pressure coefficient that governs the external flow is:

€=t m 1 (L) =1 - (R0 _ g gsin2 (11)
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Fig. 8 Theoretical variation of the pressure coefficient around the cylinder

Strouhal number characterize the vortex shedding in the wake of cylinder:
st =L2 = f(Re) (12)
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The generation of vortexes and shedding encounters with a specific frequency depending on the
Reynolds number. They generate fluctuations of the lift and drag coefficients that manifest as a
vibration with a frequency described by Strouhal number. For St=1 begin to dominate the viscosity in
the fluid flow, and for St<10™* dominates the oscillations in the wake. An empirical formula (Roshko)
gives St number function of Re number (Re<2x10°):

st=0212(1-22) (13)

The turbulence method used for analysis is k — ¢ that is associated to the equations of Navier-
Stokes in RANS form of the conservation of momentum

22+ puVu = —Vp + V[( + ) (Vu + Vu")] (14)
and equation of continuity
Vu=20 (15)
The k — ¢ is the method of two equations, of turbulent kinetic energy k and of dissipation rate &.

The method iterative contains a predictor k-L (L is the turbulence eddy scale length) and a corrector &,
and the involved equations are:

o fork
Z—’;+V(ku—g—;Vk)=Pk—e (16)
e fore
%+v(eu—ﬁ—:v5) =2 (C1P — Ce) (17)
where turbulent kinetic energy k is
k = cpllll?, (18)
dissipation rate € is .
e=C2 (19)
the production of turbulent kinetic energy Py, is
P =L (Vu+ Vu')?, (20)
the turbulent viscosity of eddy p; is
pe = Cuplk 1)
the turbulence eddy scale length L is .
L=2 22)

&
The default values of empirical parameters used in equations are

Cpe = 0.01, C, =009, C; =144 C, =192, g, =1.00, o, = 1.30 (23)



As initial condition, the field of velocity is considered null, then is considered a transition time 7*
of formation of a steady turbulent flow.

Near the wall the effect of viscosity prevails and while the velocity is very small, its gradient is
very high and get a big amplification from closing to the wall. In order to avoid solving the equations
for huge gradients of velocity, there are used wall functions that are applied at a distance y from the
wall.

R , 12 = 2 uz
n-(Vu+Vu)=—IL—t”ZT”, k=%, €=K—];, (24), (25), (26)

where K = 0.42 is the von Karman’s constant. All the upper equations are applied on a surface
envelope at distance y from the wall and not directly on the wall. The tangential speed u to the wall is
used to calculate the frictional speed uy:

lul _ 1
w X logRe, + B (27)

Equation (27) is available in the logarithmic sublayer of the fluid near the wall and the Reynolds
number has the value:

Re, =X~ 10 (28)

The domain is computed by using k-epsilon turbulence model that gives quality results especially
near the wall where the drag coefficient can be obtained along of the boundary surface.

Flow results around a cylinder is a start in understanding the flow around more complex shapes
like hydrofoils or ship’s hulls where it is desired that the separation of the boundary layer to happen
further back in order to assure that the flow resistance to be caused more from the viscous drag than
from the pressure drag.

The domain is meshed in 2 parts (Fig. 9), such that for the near wall is used structured mesh
composed of quad elements and the rest of the domain of the fluid is meshed by triangular elements.
The Delaunay triangulation have specific maximization of the minimum angle inside the triangular
element, avoiding skinny triangles that distorts the results. This triangulation method is commonly
used in CFD for meshing the domains. On the surface of the cylinder are chosen very small elements
at the scale of 10™ in order to be comparable with the von Karman sublayer. Entire domain is a 16x8
m water fluid and the cylinder is 1 m diameter.
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Fig.9 The mesh of the domain of flow around cylinder



3. Results

The target is the comparison of the experimental results with the numerical ones obtained by CFD
analysis. Fig. 10a shows the field of velocities around the cylinder and can be distinguish that at about
30 - 40° (the angle measured from the front side of the cylinder) all the curves from the proximate
zone are gathered in that point.

On the surface of the cylinder, the pressure has a maximum on front edge, then at about 30° - 40°
the gradient becomes negative for any Re number. Beginning with 80° and up to 120° (the angle
variation is a function of Re number) the pressure becomes null and as consequence appear the
separation of the boundary layer (fig.10b).
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Fig. 10 Representation of the field of velocities and streamlines:
a) velocity magnitude field; b) pressure contours



Pressure coefficient describes how the external loads distribute on the surface of the cylinder. But
for an overall action of the loads on cylinder is necessary to determine drag coefficient.
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Fig. 12 Pressure coefficient of the flow around cylinder

An important issue is to try to obtain drag coefficient in a computational model and to compare it
with experimental values and empirical formulas. Following this path, for a list of Reynolds numbers
(Re=10%, 2x10%, 10°, 2x10°, 10%, 2x10%, 10°, 2x10°, 10°, 10”) was obtained afferent drag coefficients
that gave enough information to build the drag curve.

, Drag coefficient of the flow around cylinde
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—&— Cd - Computational - COMSOL
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Fig. 13 Comparisons of the drag coefficient: Experimental vs Empirical formula vs Computational

The computational analysis of the model for different Re numbers got relatively closed results to
the experimental values, but it is necessary to be mentioned that in the zone of the drag crisis the
results differ significantly. The computational model didn’t represent with accurateness the crisis zone.

The Von Karman street is also analyzed to point out the transient processes that take place in the
formation and evolution of the vortexes in the wake of the cylinder. Because of the transitory
processes of the flow at Re>100, the lift and the drag coefficients will fluctuate.



For the model of Fig. 14 are used time steps of 0.4 seconds from a total time of 320 seconds (800
time steps) for Re=10".

Lift coefficient of the flow around cylinder Drag coefficientof the flow around cylinder
T T T T T T 15 T T T T T T

Lift Coefficient
Drag Coefficient
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Time t [s] a) Time t [s] b)
Fig. 14 Transient processes in the wake of the flow around the smooth cylinder
a) Lift coefficient; b) Drag coefficient

Analyzing the graph of the lift coefficient obtained by computation from Fig.14 a), the results
show that the oscillation period is around the value T = 40 s. The lift coefficient fluctuates with the
amplitude value C, = 1 while the drag coefficient with the amplitude of about C; = 0.20C;:

Cp = Cy - sin(2m/7 - t) (29)
CL = Cz ) Sin(ZT[/T ) t) = 5CD (30)

The oscillation frequency is calculated in two alternative ways, by CFD analysis and similitude theory
respectively:

1
for = St;’” = 0'2”19'0'1 =0.02119 (32)
The relative error between the two values is:
_ |fst—fcFp] . — 170
Error = 100=17% (33)
fst

The obtained error could be reduced further if denser mesh is used but with the expense of bigger
computational resources.
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Fig. 15 Unsteady flow in the wake of the fluid flow around a cylinder:
a) Velocity magnitude; b) Vorticity magnitude



4. Conclusions

The applied computational analysis of the flow around cylinder with platforms like Comsol and
Ansys shows that the CFD results keep closed to the experimental ones. In some special cases like the
ones with the range of the Reynolds number localized at the crisis zone appear differences between the
CFD and the experimental results. However, the CFD results for the pressure coefficient show less
differences related to the experimental results.

Transient analysis for the wake of the cylinder was able to reproduce the fluid turbulence along
with the creation of the two vortexes that appear at regular time steps.

The accuracy of computational analysis could be improved further by meshing with higher density
the entire domain of analysis but with the expense of utilization of more powerful hardware resources.

The present results obtained the flow around a cylinder opens the path for further analysis of more
complex bi-dimensional or three-dimensional shapes having at least one axis of symmetry.

The cylinder with external flow is the simplest symmetric shape where all classical methods of
analysis (analytical, numerical and experimental) provide solutions making it easily processed in
models of correlation of the drag coefficient of the complex shapes (like the ship’s hulls) as linear
combination of the drag coefficients of a list of simpler shapes.

Symbols

1 — dinamic viscosity, Ns/m*

[ — turbulent viscosity, Ns/m’

T* - transition time, s

v — kinematic viscosity, m/s*

p — density, m’/s

T —time, s; shear stress, N/m?

Cp — drag coefficient

Cpy — drag coefficient from friction

Cpp — drag coefficient from pressure
CFD - Computational Fluid Dynamics
ST — Similitude Theory

P,, - production of turbulent kinetic energy, N/m?/s
Fr — Froude number

k — turbulent kinetic energy, J

L — turbulence eddy scale length, m

P, P - pressure, inlet pressure, N/m’

u — speed in x direction of the model, m/s
ug — friction velocity, m/s

U, - inlet velocity, m/s

y — distance from the wall in boundary layer, m
A — surface of the cylinder wall, m*

Re — Reynolds number

& — dissipation rate

K - von Karman’s constant
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