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of lifting vanes, control surfaces and
propellers. Indeed, the enunciation of
boundary layer theory provided the key that
unlocked the door for much of the progress
during this century in the fields of both fluid
mechanics and convective heat transfer.

The boundary layer investigations are
usually concerned with the estimation of
boundary layer thickness parameters, the
shear stress and the associated drag on the
solid surface.

10.1. DESCRIPTION OF BOUNDARY
LAYER

Consider a continuous flow of fluid along the
surface of a thin flat plate with its sharp
leading edge set parallel to the flow direction.

The salient aspects of the flow situations
are :

(1) The free stream flow has a uniform
velocity U, in the x-direction. Particles of
fluid adhere to the plate surface as they
approach it and the fluid is slowed down
considerably. The fluid becomes stagnant or
virtually so in the immediate vicinity of the
plate surface. Generally it is presumed that
there is no slip between the fluid and the
solid boundary. Thus, there exists a region
where the flow velocity changes from that of
solid boundary to that of the mainstream
fluid, and in this region the velocity gradient
exists in the fluid. Consequently the flow is
rotational and shear stresses are present.
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Fig. 10.1. Boundary layer on a flat plate
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flu o boundary layer growth is algo

ed by other parameters such as the
g""en-ltude of the incoming velocity and the

8 latic viscosity of the flowing fluid. For
pn;f:; incoming velocities, there would be
hlgs time for viscous forces to act and
Lﬁordingly there would be less quantum of
boundary layer thick.ness at a particular
jistance from the leading edge. Further, the
poundary layer thickness is greater for the
fuids with greater kinematic viscosity.

(v) For some distance from the leading
edge, the boundary layer is laminar and the
velocity profile is parabolic in character. Flow
within the laminar boundary layer is smooth
and the streamlines are essentially parallel
to the plate. Subsequently, the laminar
boundary layer becomes unstable and the
laminar flow undergoes a change in its flow
siructure at a certain point, called transition
point, in the flow field. Within the transition
Zone, the‘ flow is unstable and is referred to
;-Btrfll}s1tion flow. After going through a
laaﬂsltlor_l zone of finite length, the boundary
]ai '; entirely changes to turbulent boundary
exteg)é )trl;h:hiurbﬁient boundary layer does not
S thinsq 1d surface. Unc!erlymg it, an
oy ayer called laminar su'blayef‘,

: Wherein ‘the flow is essentially of
the - Paracter. Outside the boundary layer,

tllrblll,l}:l:t.ﬂuid flow may be either lamingr or

laye(:iéi ll-‘he Pattern of flow in the boundary
R UJudged by the Reynolds number
x
=0
Dl;be v Where x is the distance along the

an
han“il:i:;i Measured from its leading edge. The

% from laminar to turbulent pattern

—

gf flow occurs at values of Re
etween 3 x 105 to 5 x 105

e

Wh);::lﬁlc:lse tr;ur-nbe:,. the co-ordinate points at

‘ rioration at the lamin
. af ar layer
eglen:dand stabilized turbulent flow sets u}{ is
s ént on the surface roughness, plate
b ure and the pressure gradient, and the
1(131ty of turbulence of the free stream flow
viii) In laminar bounda -
: ! ry layer, the
velocity gradient becomes less steep as one

proceeds along the flow. It is because now the
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v elocity from no slip at the plate

e ce to free stream value in the potential
€ occurs over a greater transverse distance.
Nevertheless in a turbulent boundary layer,
there occurs an interchange of momentum
and energy amongst the individual layers
comprising the boundary layer. Consequently,
a tur:bulent boundary layer has a fuller
veloqlty profile and a much steeper velocity
gradient at the plate surface when compared

to those for a laminar boundary layer
(Fig. 10.2).
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Fig. 10.2. Velocity distribution in laminar and
turbulent boundary layers on a flat plate

(ix) Velocity gradient and hence the shear
stress has a higher value at the plate surface.
For a laminar boundary layer the velocity
t becomes smaller along the flow
n and so does the shear stress.
for a turbulent boundary layer the
s at the plate surface again takes

. oh value consistent with the steeper
:glc?cil;;gl;radient. Figure 10.3 depicts the
distribution for the boundary
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Fig. 10.3. Shear stress distribution on either
side of plate

(x) Development c£-cundary layer for pipe
flow proceeds in a fashion similar to that for
flow along a flat plate. However, thickness of
the boundary layer is limited to the pipe radius
because of the flow being within a confined
passage. Boundary layers from the pipe walls
meet at centre of the pipe and the entire flow
acquires the characteristics of a boundary
layer. Beyond this point, the velocity profile
does not change and it is said to constitute a
fully-developed flow. Further, the velocity
gradient and the wall shear stresses are
greatest at the pipe entrance and drop to a
steady value at and beyond the region of
fully-developed flow. The characteristic
velocity distribution of fully-developed laminar
and turbulent boundary layer flows inside a
pipe are depicted in Fig. 10.4.

The entrance length required for the flow
to become fully-developed turbulent flow is
dependent on the surface finish, initial level

HUnestablished flow ——>|<—E
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of turbulence, downstream e
ey

properties and is generally o tiong. f,
m

50 — 80 times the pipe diamet, U:

10.2. BOUNDARY LAYER PARAYE

10.2.1. Boundary layer thicknegg
(8)
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Fig. 10.5. Concept of boundary layer thickness

Usually a distance & (delta) is prescribed
at which the velocity is within 1 percent of
its asymptotic value, i.e., u = 0.99 U Theni
becomes a nominal measure of the boundary
layer thickness; a measure of the thickness
of a region in which major portion of the
velocity distribution takes place. Another
measure of the boundary layer thickness s
determined by finding the intersection of the
asymptotic and the tangent to the velocity

stablished_.
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Fig. 10.4. Boundary layer growth in a pipe
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022 D|splacement thickness (8%)
102:2

Consider an elementary strip (Fig. 10.6)

(hickness dy and at instance y from the
;iate curface. At this elemental strip, the flow

Clocity can be presumed to have a constant

ue Of u. X
s Area of elemental strip,

dA=bxdy
where b is the width of plate perpendicular
«o the plane of this page.
Mass flow rate through this strip
= p x flow velocity x area
=pubdy
In the absence of plate, the fluid would
have moved with a constant velocity equal to
the free stream value U),. The corresponding
mass flow rate through this strip would have
been
=pU,bby
- Loss in mass flow rate through the
elemental strip is
=pUybdy-pubdy
=p(U,-u)bdy
Total loss in mass flow rate
i)

_ [ pWy-wbdy

0
Where 3 is the value of y at which u = U,
The displacement thickness 8* is defined

me e thickness of flow (transverse distance
asup,

the ¢d perpendicular to the boundary of
"eloz?thd Surface) moving at the free stream
in ﬂmg nd having flow rate equal to the loss

rate gn
formatioy,

account of the boundary layer
Mass flow rate through distance 6*

= p x velocity x area = p Uy b 8"
3 )
“PUbE < [ oW, -wbdy

| :"ﬂim —

awn at the origin. Evidently, these |
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- pr (UO—'U.)dy
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(** p is constant for incompressible flow)
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Fig. 10.6. Velocity defect and displacement
thickness

Cancelling p b from both sides, we get

()
U()S*‘_" j (Uo—u)dy
0
)
oy Uo“'u
or ) —'([ U, dy

U, is constant and can be taken inside the
integral

d
u
xe [ 1o g _(10.1)
5 j( Uo]y (10.1

Physically the displacement thickness may
be conceived as the transverse distance by
which the external free stream is effectivey
displaced due to the formation of boundary
layer.

10.2.3. Momentum thickness (6)

For the elementary strip shown in Fig. 10.6
Loss in mass flow rate due to velocity
defect
= p (U,—u) bady
Loss in momentum
= loss in mass x velocity of flow
= p(Uy—u)bdy xu

Scanned by CamScanner



500 ' > FLUID MECHANICS AND FLUID POWER ENGINEERING

- Total loss in momentum
S
= J pu(UO —u)bdy
0
The momentum thickness 0 is defined as

The thickness of flow moving at the free
stream velocity and having moment flux equal
to the deficiency of momentum flux in the
region of boundary layer.

Momentum flux through distance 6

= mass flow through 6 x velocity

= [p©®xb) Uy x Uy =p0b Uy?

) i
2 pOb U= [ pullp-ubdy
0

)
=pb| uy-wdy
0

Cancelling p b from both sides, we get :

U029= uUy-u)dy
or 0= echeOliml (U02— . dy
Up

Ot O O— ™

u u
il
Uo( Uony
..(10.2)

Physical the momentum thickness may be
conceived as the transverse distance by which
the boundary should be displaced to

compensate for the reduction in momentum-

of the flowing fluid on account of boundary
layer formation.

10.2.4. Energy thickness (6**)

For the elementary strip shown in Fig, 10.6,
Mass of fluid = p u b dy '
Kinetic energy of this fluid

1
G (mass) x (velocity)?

1

Kinetic energy of this flyiq in th
of boundary layer ® abgey,

1
= 5 (pubdy)UO2

'Loss in Kinetic energy through, ¢
tary strip o

1
= 5 pu bdy (UOZI_.M2)

Total loss of kinetic energy

o
1
- :2-_[ pubUZ -u?)q,
0

. The energy thickness 6* is defineq as thy
thickness of flow moving at the free sy,
velocity and having the energy equq
deficieney of energy in the boundary lgyer
region.

Kinetic energy through distance §*

= L premuy v

p b §F* U03

B | = b

.» % 6
1 1 2
e ="pb O RlS = — 2 _u)d
5 P 0 22‘; pubUy-uay

A}

pb| u U3 —u’)dy

O C—,

Cancelling % pb from both sides, we g
g UB= | uWf-u’)dy

or &t

©

)
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\ Physically the energy thioknes 'mwh ch

conceived as the transverse distance
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”*eﬁiijun near the solid surface.

j ghape gactor (H) represents the ratio of
d-splacement thickness to momentum
|t

th“-kness
o
H= r} ..(10.4)

skin friction coefficient (C;) refers to
e ratio of the local wall shear stress 1, to
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