LESSON-14
Concept of Boundary Layer:
Consider a flat plate over which a fluid is flowing in a direction parallel to the

plate. The prevailing flow conditions over the plate have following salient features:

1) As a fluid flows over a solid surface, a layer of fluid coming in contact with solid
surface sticks to it due to viscosity. This layer of fluid cannot slip away from the
solid surface and attains the same velocity as that of the solid surface. If the solid
surface is stationary, the velocity of fluid layer sticking to the surface will be zero.
This stationary layer of fluid retards the movement of adjacent layer of fluid
resulting in development of a small region near the solid surface in which velocity
of fluid increases from zero at solid surface to the velocity of main stream. This
region is known as hydrodynamic boundary layer. In this region of boundary layer,
there is a large variation in velocity of fluid in the direction normal to the solid

surface. Figure 1 shows boundary layer for a fluid flowing over a flat plate.
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Figure 1 Hydrodynamic Boundary Layer
i1) With-in boundary layer: Z—u #0 and u#u,
y
ou
Beyond boundary layer: 5 =0andu=u,

Where u is velocity of flow in boudary layer region and u_is the free stream

velocity.



1i1) With the increase in distance from the solid surface in vertical direction, velocity of

flow increases and distance at which velocity of flow attains a value of 0.99u_ is

called thickness of boundary layer denoted by ‘6 ’. Thickness of boundary layer
increases with increase in distance from leading edge of solid surface in flow
direction. The growth of boundary layer i.e. thickness is a function of incoming
velocity of flow and kinematic viscosity of fluid. At higher incoming velocities,
boundary layer growth is suppressed and a higher value of kinematic viscosity of a
fluid results in higher value of boundary layer thickness.

iv) Flow with-in the boundary layer is laminar upto certain distance from the leading
edge and beyond this distance; flow becomes unstable and becomes transitional in
nature. The flow becomes fully turbulent after passing through a transition zone of
finite length. Transition from laminar to turbulent flow in boundary layer region is
determined by the value of Reynolds number which is expressed as

Re=2=" (1)
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Where ‘x’ is distance from leading edge of the plate in flow direction and ‘v’ is
kinematic viscosity.
Laminar flow turns in to turbulent flow in boundary layer region at Reynolds number

values between 3x10° f05x10° .

v) For fully turbulent flow in boundary layer region, a laminar sublayer is formed in
the immediate vicinity of plate surface where flow is laminar and beyond this
sublayer flow is turbulent.

vi) At the plate surface, velocity gradient and shear stress have higher values and along
the flow direction these values diminish for laminar boundary layer region.
However, in turbulent boundary layer region, velocity gradient and shear stress
have high values near the plate surface.

vii)For flow through pipes, boundary layer growth is similar to that over a flat plate
except that thickness of the boundary layer is limited to the radius of the pipe as the
flow is taking place in an enclosed space. Boundary layer starts developing from
pipe walls, meet at the center of pipe and entire flow acquires characteristics of a

boundary layer resulting in fully-developed flow. For fully-developed flow, velocity



profile is constant; there is no variation in pressure and velocity of flow. The
entrance length required for the flow to turn in to fully-developed turbulent flow is
a function of fluid properties, initial level of turbulence, downstream conditions and
it is generally estimated to be equal to 50-80 times the pipe diameter. The velocity
distribution for a fully-developed laminar and turbulent boundary layer in a pipe has
been shown in Figure 2.
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Figure 2 Development of Boundary Layer in Pipe

viil) The local skin friction coefficient is defined as ratio of the local wall shear stress

to the dynamic pressure of uniform flow.
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ix) Depending upon the nature of velocity profile, boundary layer thickness and skin

)

friction coefficient are expressed as
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= Average skin friction coefficient C s 1s expressed as:
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= Friction force is expressed as
Friction force= éf X % pu_ xareaof plate (14)

Thermal Boundary Layer:

Similar to hydrodynamic boundary layer, a thermal boundary layer also develops
when a fluid flows over a solid surface which is at a temperature different than that of the
fluid. Temperature of the fluid layer in contact with the solid surface becomes equal to
that of the solid surface. This fluid layer exchanges energy with the adjoining fluid layers
resulting in development of region in which temperature variation exists. The region
above the solid surface in which temperature variation in the direction normal to the
surface exists is called thermal boundary layer. Figure 3 shows thermal boundary layer

for a fluid flowing over a solid surface.
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Figure 3 Thermal Boundary Layer

The thermal boundary layer thickness ‘0,” is defined as the distance from the

t

solid surface in a direction normal to it at which
T -T
I -T,

=0.99 (15)

Where T is the temperature of the surface

T, is the temperature of fluid outside the thermal boundary layer also called free

stream temperature.

‘T 1s the temperature at a given distance from solid surface with in thermal

boundary layer.

At the leading edge of the solid surface, temperature gradient is very high and its
value decreases with increase in distance from the solid surface in vertical direction as
temperature of fluid approaches free stream temperature. In turbulent boundary layer,
formation of eddies decrease the value of temperature gradient.

If the free stream temperature, 7, of the fluid is higher than that of the surface,

fluid temperature will be minimum at the surface of the solid and it increases gradually
till it becomes equal to the free stream temperature. The vertical distance measured from
the surface of the solid to the point where fluid temperature is equal to the free stream
temperature denotes the thickness of the thermal boundary layer. Temperature profile in a
thermal boundary layer is a function of flow velocity, specific heat, viscosity and

conductivity of the fluid. The relationship between thicknesses of hydrodynamic and



thermal boundary layers is governed by the Prandtl number value. Prandtl number is

expressed as

Pr=""¢ (16)
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Thicknesses of Thermal and hydrodynamic boundary layer are equal.
« ForPr>l1, 6,<6
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Hydrodynamic boundary layer is thicker than the thermal boundary layer.
« ForPr<l, §,>~0
o >~ > (19)

Thermal boundary layer is thicker than the hydrodynamic boundary layer.
A correlation proposed by Pohlhausen relates Prandtl number with Thermal and
hydrodynamic boundary layer thicknesses and is expressed as:

S, =0xPr ¥ (20)

At the surface of the solid as fluid velocity is equal to zero, the heat flux at the solid

surface may be expressed as

A Y )i
Temperature gradient as suggested by Prandtl is expressed as
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Using equation (22), equation (21) can be expressed as

% =h (T,-T,)= 0.3325(7; ~T,)Re}’ Pr"’ (23)
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h, = 0.332ER635 pr’? (24)
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Equations (24) and (25) give the local values of convective heat transfer coefficient
and Nusselt number at a given distance from the leading edge of the solid surface.
Average values of convective heat transfer coefficient and Nusselt number over the

entire length, L of the solid surface is given as

h, = 2><0.332%Re%5 Pr’? (26)
Nu, =0.664Re)” Pr’’ (27)
REVIEW QUESTIONS:

Q.1 Define hydrodynamic bundary layer.
Q.2 Define thermal boundary layer.
Q.3 Define laminar sub layer.

Q.4 Thickness of thermal boundary layer is equal to that of hydrodynamic boundary layer
if
a) Pr>1 b) Pr<1
¢) Pr=1 d) None of the above

Q.5 In acylinder, entrance length required for a flow to be fully-developed turbulent
flow is equal to
a) 100 times its diameter b) 50 to 80 times its diameter
c) 50 times its diameter d) None of the above












