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Abstract

In present study numerical investigation of two kinds of fluids namely air and water flow
on flat surface have been performed to investigate the boundary layer. Computational fluid
dynamics has been used as a numerical technique to solve continuity equation and
momentum equation. The air has been used in this study due to its wide importance in
aerodynamics applications. In addition water has been used for comparison. A 1 m length flat
surface has been used as a base for boundary layer fluid flow. The altitude of the
computational domain which includes the free stream fluid flow was 0.1 m. The fluid
velocity at the leading edge of the surface was 10 m/s for both air and water. Flow on smooth
surface has been considered. Viscous fluid flow was used and hence no-slip condition has
been adopted for both air and water. The Reynolds number (Re) was based upon the distance
x from the leading edge as a characteristic length. The boundary layer thickness (3) has been
calculated. In addition wall shear stress (t) has been studied for both air and water. Also some
other parameters have been calculated such as displacement thickness (5°), momentum
thickness (0 ) and the coefficient of drag (Cp). The results showed that the Reynolds number
of water is bigger than the Reynolds number of air based on the conditions of the current
study. The boundary layer of air is laminar from leading edge until 0.8 m. Beyond 0.8 m up
to the surface end, the boundary layer is in the transition region. Also the boundary layer of
water transited to turbulent region at 0.2 m while the air boundary layer is still laminar. As
expected, the momentum thickness (0) showed similar behavior as boundary layer thickness
(8).The displacement thickness of air is higher than the displacement thickness of water.The
results also showed that the air drag coefficient has less value than water drag coefficient
from approximately 0.2 m up to the downstream. The results showed that water flow affected
the flat surface by bigger wall shear stress than air.
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1. Introduction

When a real free stream fluid flows past
over a solid flat surface, then the velocity
magnitude of the fluid at the solid surface
must be the same as that of the solid surface.
Hence in case of the solid surface is stationary,
the velocity magnitude of the fluid at the solid
surface must be zero because of no slip
condition. The velocity increases from zero at
the flat surface to the wvelocity of the
mainstream. This region in the vicinity of the
solid flat surface which starts at leading edge
of the solid surface is generally a narrow
region and called boundary layer. Due to the
viscous condition and the large shear stress,
the velocity gradient is large in the boundary
layer region. Therefore the boundary layer
thickness increases with the distance x along
the solid surface. The development of
boundary layer has been illustrated in figure 1.
Near the leading edge of the solid surface, the
flow is laminar and the boundary layer is said
to be laminar boundary layer. As the thickness
of the boundary layer increases in the
downstream direction, the laminar boundary
layer becomes unstable. Hence the motion of
the fluid is disturbed and transferred from
laminar to turbulent boundary layer through
transition region. In literature several papers

interested with turbulent boundary layer [1-3].
The velocity profile in the laminar boundary
layer can be approximated by a parabola as
shown in figure 2.

The shearing stress t at the wall is related
to the velocity gradient at the wall by:

r=u(5)

Where: u is the dynamic viscosity of the fluid.

1)

The Reynolds number Re in this case is
based upon the distance x from the leading
edge as the characteristic length:

)

Where: p is the density of the fluid, U is the
mainstream  velocity and v=% is the
Kinematic viscosity.

It can be noticed that in recent years the
boundary layer theory received increasing
attention [4].
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Fig.1. Development of the boundary layer along a solid flat surface.
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Fig.2. A laminar boundary layer over flat surface.

For practical purpose, the boundary layer
region is defined in the following alternative
ways:

(a) The Boundary layer thickness (6):

d is the distance y where u becomes 99%U,
i.e. whene the difference between u and U
remains 1%.

(b) Displacement thickness 6™

The displacement thickness as explained in
leterature is the distance y by which the
external free stream of the fluid is effectively
displaced due to the formation of the boundary
layer.

For incompreeesible flow[5]:

=1 (-2 ®

8" = &/3 for a laminar profile.

8" = &/8 for a turbulent profile.

(c) The Momentum thickness (8):

The Momentum thickness is the distance y
cooresponding to the momentum defect
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brought about by the actual profile in relation
to the uniform profile.

For incompreessible profile, 6 given as [5]:

0 = ff%(l _%) dy

6 = 5/8 for a laminar profile.

(4)

0 = (7/72) & for a turbulent profile.

The differential form of the continuity
equation for an incompressible flow in two
dimensions given as [6]:

ou
ax

ov
2 =0 (5)

The x component of momentum for steady and
two-dimensional fluid flow is [6]:

_op @ 0%

dx dx2 H dy? (6)
Similarly, the y component of momentum can
be given as [6]:
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As a literature background, the skin friction
serves as important quantity in a variety of
flow-control  applications. Therefore the
possibility of changing this parameter even by
a few percent is desirable. More recently, P.
Niegodajew, et al. studied skin friction of
turbulent boundary layer flow under the
adverse pressure gradient conditions [7]. On
the other hand, Y. Li et al. studied the laminar
boundary layer separation over a fluttering
panel induced by an oblique shock wave. The
effectiveness of a surface velocity feedback
strategy and the effect of the boundary layer
thickness are investigated. The investigation
has been performed in terms of the panel
vibration  behavior,  surface  pressure
distribution, and laminar boundary layer
separation [8]. H. Medina et al. studied a novel
laminar Kinetic energy model for the
prediction of pre transitional velocity
fluctuations and boundary layer transition. A
new model of laminar Kinetic energy has been
proposed and has been validated [9]. Also
numerical study of a flat-plate boundary layer
has great attention in literature [10].

2. Computational Details

Smooth and flat surface of length 1 m has
been used as a base for boundary layer fluid
flow investigation. The altitude of the
computational domain which include the
boundary layer and the free stream of fluid
flow was 0.1 m as illustrated in figure 3. The
fluid materials were air and water which have
been investigated over the flat surface and
compared to each other. The fluid velocity at
the leading edge of the flat surface was 10 m/s
for both air and water. Viscous fluid flow has
been considered and hence no-slip condition
has been adopted for both air and water. The
Reynolds number (Re) was based upon the
distance x from the leading edge as a
characteristic length. Computational fluid
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dynamic has been used and finite volume
method has been performed as a numerical
technique to solve the continuity equation for
an incompressible  fluid flow in two
dimensions and momentum steady two-
dimensional equation [11]. The study has been
performed under room temperature for both
fluids and the flat surface. Hence no heat
transfer has been considered. Also
atmospheric pressure has been considered
during the calculation of fluid flow over the
flat surface. The meshing size of the
computational domain was fine near the wall
surface to provide high resolution. In the
boundary conditions, the fluid which inters the
computational domain has been set as
velocity-inlet  whereas that leave the
computational domain has been set as outflow.
The monitor convergence has been set to 1e®.
The boundary layer thickness (3) and wall
shear stress (t) have been investigated for both
air and water over the flat surface. Also some
other parameters such as displacement
thickness (8°), momentum thickness (0) and
the coefficient of drag (Cp) have been
calculated for both air and water and have
been compared to each other. In order to
obtain high resolution for the boundary layer,
fine meshing has been wused for the
computational domain. The length of the flat
surface was long enough to investigate
Reynolds number (Re) in both laminar and
turbulent boundary layer region. Also the
length of the flat surface was including the
transition region. In fact the value of the
Reynolds number (Re) at the transition
location is complex function of various
parameters involved such as roughness of the
surface and surface curvature. To avoid the
roughness effect on the boundary layer
velocity near the surface, the flat surface has
been chosen to be smooth.
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Fig.3. Computational sketch of fluid flow over
flat surface.

3. Results and discussion

Computational investigation of air flow
over flat surface showed the air streamlines
and clear boundary layer constructed over the
smooth surface as illustrated in figure 4. The
boundary layer thickness increased from
leading edge toward the end of the solid
surface. The boundary layer is laminar from
the leading edge until 0.8 m. Beyond 0.8 m up
to the surface end, the boundary layer in
transition region. These results are consistent
with the Reynolds number (Re) measurements
of air and water flow in this study as shown in
figure 5. The Reynolds number of the air is
less than the critical value of which transition
takes place from laminar to turbulent flow.
The Reynolds number Re at the transition
location is complex function of various
parameters such as the roughness of the
surface [12].
Also the curvature of the solid surface and
some measure of the disturbances outside the
boundary layer in free stream region can affect
the value of the Reynolds number. Over a flat
surface of a sharp leading edge in a typical air
stream, the transition

take place at a distance x from the leading
edge given by Re=2x10° to 3x10° [13]. Hence
the air boundary layer did not reach the
turbulent region because of small Reynolds
number for air in these conditions of flow. On
the other hand the computational investigation
of water flow over the flat surface
showed that the transition from

Velocity Vectors Colored By Velocity Magnitude (m/s)

Fig.4. Simulation of air flow over flat surface.
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Fig.5. Reynolds numbers for air and water along the flat
surface.
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laminar to turbulent commenced in position
near the leading edge of the flat surface at
approximately 0.2 m as illustrated in figure 6.
The actual transition of fluid from laminar
flow to turbulent flow boundary layer may
occur over a region of the plate, not at a
specific single position. This early transition is
due to the large Reynolds number of water as
illustrated in figure 5. The boundary layer
thickness increased from leading edge toward
the end of the surface with transition from
laminar boundary layer to turbulent boundary
layer. Also the top of the free stream of water
flow included vortexes until the end of the
surface. This is because of high density and
high viscosity of water in addition to high
Reynolds number compared to air.

Fig.6. Simulation of water flow over flat
surface.

The boundary layer thickness (8) for air and
water have been plotted and compared to each
other as depicted in figure 7. The result
showed clear difference between the two cases
after 0.2 m. This is because of big differences
of Reynolds number between air and water.
Also the boundary layer of water transited to
turbulent region at 0.2 m while the air
boundary layer is still laminar. This is
consistent with the theoretical background. As
expected, the momentum thickness (6) showed

105

similar behavior as boundary layer thickness
(8) as shown in figure 8.
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Fig.7. The boundary layer thickness for air and water
along the flat surface.
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Fig.8. The momentum thickness for air and water along
the flat surface.

The displacement thickness which is the
distance y by which the free stream of fluid
flow is effectively displaced because of the
formation of the boundary layer have been
calculated from the simulation results for both
air and water and illustrated in figure 9. The
displacement thickness of air is higher than the
displacement thickness of water. This is
beacause of the turbulent boundary layer
thickness of water is larger than the laminar
boundary layer thickness of air. Also this
result is consistant with the theortical
background.
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Fig.9. The displacement thickness of air and
water along the flat surface.

In fluid dynamics, the drag coefficient Cp is
used to measure the resistance of an object in a
fluid environment. The lower drag coefficient
indicates that the object will have less
aerodynamic or hydrodynamic drag. However
the drag coefficient is associated with a
particular surface area. In this study the drag
coefficients for air and water have been
calculated and illustrated in figure 10. The
results showed that the air drag coefficient has
less value than water drag coefficient from
approximately 0.2 m up to the downstream.
This is because water flow transitioned from
laminar to turbulent flow at 0.2 m.
Furthermore water has bigger density and
viscosity compared to air. It could be noted
that this result is quite consistent with the
available information in literature [14].
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Fig.10. The drag coefficients for air and water
along the flat surface.
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It is well known that a fluid at rest cannot
resist shearing forces. Therefore, under the
action of such forces it deforms continuously.
Also the resistance to the shearing forces in a
fluid appears only when the fluid is in
movement action. For solids the resistance to a
shear deformation depends on the deformation
itself. Hence the shear stress is a function of
the shear strain. However for fluids the shear
stress is a function of the rate of the strain. In
current study and for more information and
more details the wall shear stress of air and
water has been plotted in figures 11 and 12
respectively. The results showed that water
flow affected the flat surface by bigger wall
shear stress than air. This result is reasonably
accepted because of bigger density and
viscosity of water compared to air density and
viscosity.
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Fig.11. The wall shear stress of air.
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Fig.12. The wall shear stress of water.
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4. Conclusion

Boundary layers of air and water flow have
been investigated over flat surface. Numerical
investigation by using computational fluid
dynamics has been used as a numerical
technique to solve the continuity equation and
momentum equation. A 1 m length of smooth
and flat surface has been used as a base for
boundary layer fluid flow. Also the altitude of
the computational domain which includes the
free stream fluid flow was 0.1 m. Furthermore,
the fluid velocity at the leading edge of the
surface was 10 m/s for both air and water.
Viscous fluid flow was used and hence no-slip
condition has been adopted for both air and
water. The Reynolds number (Re) was based
upon the distance x from the leading edge as a
characteristic length. Different parameters
have been calculated and studied such as
boundary layer thickness (8), wall shear stress
(1), displacement thickness (5°), momentum
thickness (6 ) and the coefficient of drag (Cp).
The results showed clear difference between
air and water for all the parameters which
have been calculated and studied in this study.
This is mainly due to the Difference between
the Reynolds number of water and air where
the results showed that the Reynolds number
of water is bigger than the Reynolds number
of air based on the conditions of the current
study such as the values of viscosity and
density of the fluid flow. The boundary layer
of air is laminar from leading edge until 0.8 m.
Beyond 0.8 m up to the surface end, the
boundary layer in transition region. Also the
boundary layer of water transited to turbulent
region at 0.2 m while the air boundary layer is
still laminar. The displacement thickness of
air is higher than the displacement thickness of
water. The results showed that water flow
affected the flat surface by bigger wall shear
stress than air.
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Also the top of the free stream of water flow
included vortexes until the end of the surface.

The results showed that the air drag coefficient
has less value than water drag coefficient from
approximately 0.2 m up to the downstream. As
expected, the momentum thickness (6) showed
similar behavior as boundary layer thickness

(8).
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