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Module — 03
Convective Heat Transfer in External Flows — |
Lecture — 06
Blasius solution: similarity method

Hello everyone. So, in today’s class first we will derive the energy equation in non-
dimensional form, then we will solve the governing equation for flow over flat plate
using similarity method. This solution is known as Blasius solution. Blasius first solved
this equation, using similarity method and derived the ordinary differential equation

which you can solve using some numerical technique.
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Non-dimensional Energy Equation
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So, first let us see what we derived, the energy equation in dimensional form. So, if you
see for laminar Newtonian fluid flow with constant properties, this is the energy equation
we derived right. So, this is the temporal term, this is the convective term, this is the

diffusion term and as it is constant properties so, the thermal conductivity we can take it

outside and this ISFF;+/J¢ , Where @ is the dissipation function.

So, dissipation function in general is given in this form. If it is an incompressible flow;

then obviously, VV =0. So, last term will become 0. Using this non dimensional
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parameters now you please convert this energy equation in non-dimensional form. So,

what we will use? We will use some reference velocity U, and reference length L.

So, these are some characteristic length L and characteristic velocity U.. For external
flows generally, we take the free stream velocity as reference velocity that is your U,
and for any geometry we find the characteristic length and that length we take as

reference length L. So, you can see using this reference velocity we have non-

dimensionalized the velocity u* as Ul

0

- v w . :
Similarly, v¥=—, vv*:U—, the temperature non dimensional temperature we have

U

o0 0

defined as¢9:_|T le" , Where T, is the wall temperature and T is the free stream

w [

temperature.

Similarly, the coordinate, we have non-dimensionalized using the characteristic length L.

So, x*= X , y*= Y , 2% = z , and the pressure, pressure we have used p*= P and the
L L 2

L

0

. U . . .
tlmet*=tT°°. So, these are some non-dimensional parameters used to convert this

dimensional form of the energy equation to non-dimensional form of the energy

equation.

So, as homework you just do it and finally, you will get these equations. So, you can see
we have written in non-dimensional form. So, this is the convective term. In diffusion
term, these non-dimensional numbers comes one by Reynolds number into Prandtl

number.

In this term, one new non dimensional number comes that is your Eckert number and

Dp™*.
p*IS

with the dissipation function you will get% . And obviously, you know how the

e

defined. So, this is the material derivative. So, now let us define the non-dimensional

numbers.
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Important Dimensionless Numbers
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So, this conversion from dimensional form to non-dimensional form using these non-
dimensional parameters, you can do as a homework. And now, you can see the definition
of these non-dimensional numbers, which we encountered in non-dimensional form of
the energy equation. So, first non-dimensional number is Eckert number. So, what is
U2
c, (T, —T.)

Eckert number? Eckert number E, =

So, that means, it is the temperature difference. So, you can see that in the numerator you
have kinetic energy of the flow and in denominator you have boundary layer enthalpy
difference. So, you can see Eckert number is the ratio of kinetic energy of the flow to the
boundary layer enthalpy difference. And Prandtl number you know, Prandtl number
PUL
y7]
reference velocity, L is the reference length and mu is the dynamic viscosity of the fluid.

p =

r

and Reynolds number, R, = , where rho is the fluid density, U, is the

So, these two non-dimensional numbers you are familiar with, but this is the new number
Eckert number which we can write in this form. So, with some mathematical algebra,
(rMa’

you can write Eckert number, E, =
T
(=D
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So, you know what is Mach number? Mach number is the ratio of fluid velocity to the

: . U
local sound velocity. So, that means, Mach number you can defined, Ma = ?“’, where a

c
is the local sound speed andy =—". So, you can see in this equation that, if Mach
c

Vv
number is very low then Eckert number also will become very low. So, here you can see
whatever energy equation we have written in non-dimensional form. So, if Mach number
is very low then these last two terms you can neglect, because Eckert number will be

very-very low.

So, you can see these two terms in the energy equation you can neglect. And, for laminar
incompressible flow generally Mach number is very low and for that you can drop these
two terms and you can write the energy equation in this form. So, it is in non-
dimensional form and if you write in dimensional form, the energy equation for

incompressible fluid flow, then this will be your energy equation.

(Refer Slide Time: 07:03)

Blasius solution: similarity method
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Now, let us consider flow over flat plate. So, this is the simplest solution we can do for
flow over flat plate, because your pressure gradient is 0. So, first let us write the
governing equation. We have already derived the boundary layer equations for flow over

- . . - . ou ov
flat plate. So, continuity equation; so, what is continuity equation? x + @ =0.
X
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So, while deriving the boundary layer equation for flow over flat plate what are the
assumptions we took? We have assumed that it is a steady flow, two dimensional flow,

and incompressible Newtonian fluid flow. So, for that you can write the continuity
o . . ou _ou o
equation like this and momentum equation you can writeu—+v-—=v—.
ox oy oy
So, this is the boundary layer equations right, these are boundary layer equations. Now,
you can see these equations are non-linear, because the momentum equation you can see
these terms are non-linear. So, it is difficult to solve analytically. Blasius first time

solved these equations using similarity method.

So, when can you use similarity method? First you see the velocity distribution for flow
over flat plate. So, if you see this is the length of the plate L, x is the axial direction, y is
measured from the flat plate, U., is the free stream velocity and if you see at any location
X1, S0 this will be your velocity profile. So, velocity from 0, it will develop and at the

edge of the boundary layer.

So, this is the edge of the boundary layer it will become free stream velocity U..
Similarly, if you see at location x; so, here also the velocity will vary; velocity will vary
u from 0 to U.,, because U, is the free stream velocity. So, at the free stream velocity U,,
is constant for flow over flat plate. So, you can see in these two locations that, velocity

profile looks similar except it is with a scaling factor.

So, if you see at x, location, whatever velocity profile you can see if you scale it down, it
will be similar to the velocity profile at x; location. So, we can see that as this velocity
profile looks like similar with a scaling factor so we can use the similarity method to
solve these governing equations. So, Blasius first observed that, if these two independent
variables x, y; if you convert it into a single variable n, where n is function of x and y
then, with the scaling factor all the velocity profile at different locations will fall in a

same curve.

So, here if you see that if you plot the velocity u by U.,; so, u by U.., so you can see that
you will be 0 at y = 0 and at the edge of boundary layer you have U, so it will become

1. And, if you plot this velocity distribution With% , 0 1s the boundary layer thickness.
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So, at any location 6 is the distance from the flat plate to the edge of bond layer, where

the velocity becomes close to free stream velocity U.. And, at different location if you

plot this u by U,, versus%, because 6 will vary with x.

(x)
So, & is function of x, then he observed that it will fall in the same curve. So, it will look
like. So, you can see this is the velocity 1 and this will be also 1, because at y = 8, this
will become 1. So, it will fall in the same curve at different location, along the axial
Y it

direction at different x location if you plot the velocity in this curve Ulversusﬁ,
X

0

will fall in the same curve.

So, you can see that velocity profiles are similar. So, that is why we can use the

similarity approach to solve these governing equations. Now, you can see that we have
defined%, d is function of x; so obviously, we can see that we can define one variable n

combining the two independent variables x and y such that, it will become y into g(x).
So, combine the two independent variables; two independent variables x and y into a

single variable n, which is function of x and y and postulate that Uldepends on n only.

o0

So, now this n will be function of x and y. We do not know; what is the function, but it
will be function of y and x. So, we will write, because we can see from here that 5(x). So,
it will be function of x, but that is unknown. So, let us define the similarity variable n;
similarity variable n=yg(x), we do not know what is the function; so, which is function

of x.

So, now what we can do? So, now we can see that these independent variables x and y

we have combined into a single variable n such that, Uiis function of eta only; some

0

function, we do not know the function, but function of n only. Now, we have the
governing equations we know u with some function of F. So, we will just substitute all

these in these equations and we will derive the Blasius equation.
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Blasius solution: similarity method
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So, we have seen that n=yg(x). So, we can write — = yd—g. So, you can write ordinary
X

dx

derivative; that means, yg'. So, g' represent the derivative of g with respect to x.
Slmllarly, ay =g . Now, we know the velocity profileu =U_F (7). And, we will see the
derivative of u with respect to x and y.

So, u = U, where U, is the free stream velocity into F. F is function of n only. So, it is

function of n only and g is function of x only. So, first let us wrlteﬁ—u—U dF dn . So,

OX dn OX

/. yg' and aF _ F'. So, you can writeU_yg'F".
ox dn

dF an

Similarly, you take the derivative of u with respect to y. So, — o . So, it will beU .
oy d77 oy

So,%] =¢. So, you can writeU_gF '. Now, take the derivative of Z—uwith respect to y.
y

2
So, we can write a—l: = 9 (8_u) :
oy

oy oy
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So, what you can write; %uwe know right. So, we can writei(a—u)a—n. So, this you

on

. . ou . L L
can write. So, now you see, this is thea. So, you write the derivative of it with respect
to n. So, U, is constant, g is function of x only; so, it will be F "and 8_77: g. So, you

can write U_gF " anda—77 =g.
oy

o%u

So, you can write it asU_g*F". So,— =U_g*F". Now, let us substitute this in the

momentum equation.

(Refer Slide Time: 18:48)

Blasius solution: similarity method
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So, from momentum equation, you can wrlteua—+v—=v—2. So, here you can see,
X
ou ou o .
here we have already found u x o' o but v is unknown.
X
o’u  au

2 2
So, let us find v. So, v= ¥ x So, you can write v is equal to; so, Va_u'
ou oy’

EY
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So, we have already derivedU_g°F"-u, u =U, F right and Z—iwe have derived as

U_yg'F "and divided byg—;.

So, this is yourU_gF'. So, from here you can see that, you can write v is equal to. So,

n

. . . F
you see U, U, will cancel out, one g will get cancelled, so you will get ngand the

second term one U, will get cancelled and F'F'will get cancelled, so you will

getU_vyF 9 .
g
So, we have found the v. Now, if you see the continuity equation so, in the continuity
equation we have@. So, let us find @from here. So,@:ﬂa—n. So, now you see
oy oy oy onoy
ov - . d "
—from here you just find. So, vg. So, now we can write — (—).
on dn F'

So, this is your first term and minus now, ai of this so it will be so, you can see; so,
n

there are two terms y and F. So, g is function of x only. So, you can Writery% F'. So,

9y
g on

we have taken the; we have taken the derivative of F minus. So, U, and we

haveg—n. So, what isa—”? on is nothing but, g and here aa—Zis there. In the denominator

y oy oy
if you see it will be aa—gand that will be also g.
- - - - - 2 d F " -
So, now you multiply g and write it. So, it will bevg d_(F); so, these g g will get
n

cancelled. So, it will be U_yg'F 'minus you can see this, g—none g will be there and one
y

g will get cancelled here. So, you can writeU_F 9, So, this is yourg—v. Now, let us use
g y

- : . o . ou ov
the continuity equation. So, you can write the continuity equation (2— +% =0.
X
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Blasius solution: similarity method
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So, this is the continuity equation. Now, we have already found a—and also we have
X

founda—v. So, you can see a—uwhatever we have found a—uis U_yg'F'and a—vis this
oy OX OX oy

expression. So, let us put in the continuity equation.
i i ez 9 (F e 9’
So, if you put it here so,U _yg'F '+vg d_(F)_U‘”yg F —Ungzo,
n

So, if you can see that this term and this term is same with a minus sign so, you can
cancel it. And, now you notice, you see g is function of x only and F is function of n
only. So, you rearrange such a way and separate the variables such that, that in the left
hand side will be function of n only and right hand side will be function of x only. So, if
()

you write and rearrange then, you can write

So, this will be divided by F and if you take this in the right hand side, it will become

positive and you can write asU—°°g—2; s0, it you are dividing so it will be g°. Now, you
v g

can see in this equation we have separated the variables left hand side is function of eta
only and right hand side is function of x only and these are equal. So obviously, it will be
equal to some constant right.
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So, you can write that equal to some constant K. So, it will be some constant K, because
it is function of n only; function of n only left hand side and this term is function of x

only.

So obviously, because U, and v are constant for the flow over flat plate and g is function

of x only. So, it will be equal to some constant K and that we need to find. Now, if you

: . . .U
see; so, if you consider this term equal to K, then you can rearrange it as—wg—3 =K. So,
v g

1

you can see you will be able to integrate itisd—g: KL

. If you rearrange it again so
g° dx 0. y g g

you can writed—g3 - K dx.
g U,

So, now you can see that, this equation now you will be able to integrate. So, integrating

the above equation. So, you can see you can Write—%iz:KULx+cl. So, this
g

o0

integration constant ¢; what will be the value? Now, you see physically, if you see this

figure as x —0, your boundary layer thickness 6—0.

So, you can see X — 0, at the leading edge of the plate your boundary layer thickness
will be tending to 0. It is not actually O; although, we write that x = 0,6 = 0, but at the
edge at the leading edge of the flat plate delta will not be exactly 0.

So, that is why we are writing x —0, & —0 and & is function of x and we have seen that,

n~ Yy because we have already seen that, the plot for the similar velocity so it will

5(x)°

be %and that we have writtenz = yg(x), because 6 is function of x and g is function of

X. S0, you can see as x —0, 6 — 0; obviously, at x —0, g —o0; that means, L — 0.
g

1 . . .
So, from here you can see that, x —0, —— 0; so obviously, the integration constant
g

¢1=0. So, now if you see from here you can write g* = — Y, .
2KvXx
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So, you can writeg =, |- Kox So, now you can see in this expression, K is constant
VX

right. So, for simple calculation we can take any value of K.

1 L . .
So, let us take the value of K as—E. So, that this minus will go away, because minus

minus will become positive and here 2 is there and if you take half then, these 2 2 will

get cancel and you will get a simple expression. So, let us take the value of K which is

constant as —%. So, if you put K = :—%, then you will getg = ,/U—; In some book,
14

you will find thisn = Y, .
2vX

So, depending on how they have taken this constant it will vary, but in our calculation

. 1 . . .
we are assuming the constant as—E, so that we will have the simple expression. So, g

. U . o
now we can write as, /—“’ So, now you can write n,77 =yg . So, you can see that it will
VX

U,
VX

bey . S0, this is the similarity variable. Now, we got the expression of g which is a

function of x as, /U—; . So, that we have found.
1%
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)
Now, let us take the other part. So, this partd”TF =K. And now, K we have already

assumed —% . So, this will be equal to —% :

So, it will be—%. So, if you see it will bed(%)=—%Fd77. So, you can see in this

equation still F is unknown; but F is function of n. So, now let us take that you can

integrate it. So, if you integrate this equation, then you will get J.Fdn and now, as F is

unknown it will be difficult. So, let us assume or choose a new variable f = _[ Fdr .

So, we are choosing f = I Fdn such that, g_f =F . So, you can see that, we are choosing
n

f :IFdn as a new variable F such that, you will getgl—f =F . So, here you can see in
n

this integration when we are writing it; so obviously, in here this it includes the constant

so that, when we are integrating these so obviously, there will be integration constant and

if you take the derivative. So, this constant will become 0; so, it will bei =F.

dn
. df . u daf .
So, now we can see, what |sd—. So, we have written F =5 So, d—whlch you can
n » n

represent as f '=Ui. Now, what is the physical significance of f. So, we have chosen a

0

new variable f. So, what is the physical significance of it? Let us see.
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So, we have defined f=IFdnsuch that, g—f:F. So, this F, whatever F we are
n

defining this is having the physical significance. So, f is equivalent to stream function.
So, whatever new variable we have defined f, it is having the physical significance
because it is equivalent to stream function. So, let us see, so how do you define the

velocity u? u you define if you have ¥ is the stream function then how you define

u=2
dy
dy dy dp _ _dy . . .
So, u= . Now, you can write——==g——. And, in earlier slide you can see we
dy dy dy = dp
have seen that, ar =F = L.
dr U,
. . df dy
So, you can see this u, you can write as de—=gd—so that means, you can
n n

Writeg—f -9 ?;” So, you can see f is equivalent to stream function with a factor g by
n n

U.,, but the physical significance of f is that, it is equivalent to stream function.

So, at the wall in this plate, you can assume the value of f as any constant, because it is a

you can assume flat plate has a stream line and along a streamline your stream function
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will be constant and any value we can take. So, for simplification we will take the value

of stream function or F as 0 on the flat plate. So, now, what we are getting from this

expression. So, you can see now f = j Fdn .
(Refer Slide Time: 38:16)
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So, you can writed(%)z—%Fdn. So, if you integrate it. So, you will get

F" 1 . 1 . . .
F=—E_|'Fd77 such that, it will be _Ef and integration constant | have told that it is

already included in the f. So, you can Write—% f . And, from here you can see F we have

defined F :ﬂ_
dn
. d?f o " . d3f . .
So, F'= el So, it will be f"andF :F; that means, f ™. So, now if you put it
n n

here and rearrange what you are going to get? f +% ff "=0, which is known as Blasius

equation.

So, now you can see we started with the partial differential equations, because continuity
equation and momentum equation which are boundary layer equations. So, those
equations were partial differential equations. Using the similarity method we converted
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this partial differential equation to ordinary differential equation, because this you can

see, this is your ordinary differential equation, because they are ordinary derivative right

2
ﬂg . So, this is ordinary derivative.
dn dn
So, you have converted PDE to ODE using similarity method. Now, you see about this
equation ordinary differential equation; so obviously, you can see it is a non-linear

equation, because you have ff "and it is a third order ordinary differential equation
because you have f ™. So, you can see this is a third order non-linear ordinary

differential equation. And, here f is function of n only that is why it is ordinary

derivative.

Now, how to solve this equation. So, Blasius used a power series to solve this equation,
but in this course we will not elaborate that, but you can use some numerical approach to
solve this ordinary differential equation, because you know different numerical
techniques right. So, you can use Rungekutta method to solve this equation with some
initial and boundary conditions.

So, in this case; obviously, it is a boundary value problem, you can see from the
boundary conditions which are known and which are not known. So, first let us write the
boundary condition boundary conditions. So obviously, you see that at y = 0 at the wall,
you have u = 0 and ¥ = constant at y —oo; that means, y —4 right.

So, you have u —U,, because it will approach free stream velocity. And, at x — 0,
where at the leading edge of the flat plate here also your u —U o. Now, you convert the

boundary condition in terms of f.

So, at y = 0. Now, you see what is the expression of n? So, you see n we have already

written 7 = y,/U—‘” and f is function of n only. Now, you can see here. So, at y = O;
VX

obviously,n=0. So, atn =0.

So, u = 0; means you can see u, how we have defined f :Ui . And f is nothing but, f".

o0

So, from here you can see at n = 0 u = 0; that means, f '= 0 right. Now, if you see in

terms of stream function, because we have already shown that, f is equivalent to stream
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function. So, you can consider the flat plate as a stream line and along a stream line
stream function will be constant and that constant value we can choose 0 for

convenience.

So, we can write f = 0. Now, if you see these two equations, now at y —oo right, ys
means oo also you can write means away from the wall. So, you can write at y —oo or
x—0 in both the cases n —oo right, because y —oo then, n —oo and x —0 that also n—oo.

So, what will be your value? So, you can see u —U.,; so that means, f ' will become 1.

So, f'—1. Now, you can see f'—1 in this case. And, what is the physical significance
of f ". So, in the f ", so from here you can see. So, at n —oo what will be the velocity

gradient? So, at the edge of the boundary layer your and outside the boundary layer you
have free stream velocity U,. So obviously, you can see the velocity gradient will be 0

and what will be the velocity gradient you can see f "will represent the velocity

gradient.

So, f"=0, ok. So, at the edge of boundary layer and outside the boundary layer you can
see that, f "= 0, because velocity gradient will become 0. So, now we can see from this

boundary condition we have converted the boundary condition in terms of f and n.

So, you can see n = 0, your stream function is 0, we have just assumed 0 value, f'=0

and at n —oo, f'—1 and velocity gradient. So, f " will represent the velocity gradient.

So, f"=0. Now, you can see that this ordinary differential equation you can solve using

some numerical technique. So, you can refer some book, you can use Rungekutta method
to solve this ordinary differential equation with this condition. So, you can see here, your

the value of f "atn =0 is unknown. So, atn =0, f "(0) is unknown.

So, you solve such a way that, you assume the value of f "(0) at n = 0, because to solve

this equation you need it and satisfy that at n —oo, 00 you cannot have. So, as far distance

for n high value f "will become 0, because velocity will become 0.

So, you can see f "f values are known at n =0, but at n = 0, f"is unknown. So, you
assume the value of f "(0) and such a way that, you satisfy f "at n —oo means far away

from the wall it will become 0.
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So, it is known as shooting technique, because you have to assume and check whether it

is satisfying that condition or not if it does not satisfy you change the value of f "(0). So,

in this way you solve these equations you solve these ordinary differential equation using

Rungekutta method and shooting technique and satisfy f "at n —oo as 0, assuming the

value of f "atn =0.

(Refer Slide Time: 48:23)
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If you solve this then, you will get these values. You can see that if you assume f "value

at n =0 as 0.33206, then you can see at n —oo at a higher value it is becoming 0.

So, this is the value n. So, this will be U... So, you can see this is the n value. So, 0 is at
wall and as n increases; that means, you are going away from wall. So, and you can see

the value of f, f is equivalent to stream function; j—fis U.. So, this is your U, and
n

2

> it is the velocity gradient. So, that you are assuming this value such that, your at

n

n—oo it will become 0. So, if you plot it. So, you can see the plot here.

So, this is the plot of f. So, we have assumed f = 0. So, it is satisfying and away from

wall means, n at higher value; it is increasing. f ' is the representation of the velocity.
So, now you can see f'. So, f'atm =0, it is 0, but at n—oo; obviously, outside the

boundary layer it will become constant value right, 1. So, you can see this is almost 1.
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. . u -
So, this is your u = U, right; so that means, —= 1 and you can see around n = 5 it is
o0

becoming almost constant, because it is outside the boundary layer and it is maintaining

the free stream velocity U,.. And, f "is the representation of velocity gradient.

So obviously, you can see velocity gradient will be higher at the wall, because wall shear
stress will be there. And, as you go away from the wall your velocity gradient will be
will decrease and outside the boundary layer; obviously, it will become 0 and you can
see you have higher value at 1 = 0 as n increases your velocity gradient decreases and at

the edge of the boundary layer almost, it is becoming 0.

So, you can see almost at n = 5, your velocity is becoming almost 99 % of U,, and that
will define the hydrodynamic boundary layer thickness. So, & will define where u
becomes almost 99 % of U... So, that you can see, it is becoming 1 and velocity gradient

also is becoming 0.

So, you can tabulate it, you can solve this ordinary differential equation using
Rungekutta method and plot this table as well as this figure, ok. Now, from the solution
Blasius solution at n = 5 your velocity is becoming almost 99 % of U... So, you can see

from this table. So, at = 5, you can see it is becoming almost 99 % of the U..
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So, let us find what is &6(x). So, let us define 6 as the distance from the plate,

WhereUi =0.99. So obviously, you can see. So, around n = 5, it is becoming 99 %. So,

o0

at y = 6; obviously, it is becoming this. So, n we know. So, at place of y you putéu—;".
14

So, this is the expression of n we are writing is equal to 5 and you can write

0=5 S—X and if you rearrange it so, you can seeé = % :
\/ . X

€x

. . o 5 :
So, now you can see from the Blasius solution, we got the value of — = F and if you
X

recall that when we use scaling analysis, we have shown that delta by x is order of 1 by

. . 1 1
root R e x. So, from scaling analyasé ~——"1. 50, now you can see that o1 and
X /Rex X /Rex

you can see from the Blasius solution. In some book, you can see that this value 5
whatever we have taken, it can be taken as 5.2 or 4.9, because from this table you can see
this is also 0.99.

So, in different books you can see that, these value of n is taken as 5.2 or 4.9 kind of

thing, but we have chosen just 5. So, %z i. Now, let us find what is the wall shear

stress? Right. So, find wall shear stress, which is function of Xx. So, now,

w

T :ya—u| _,right, at the wall y = 0 we are finding 7, and 4 we know that itis f '.
ay y=0 w U

0

So, you can see Now you can write pz,, = zU EL_O. Now, this you write in terms of n

derivative right. So, you can writez,, :yumia—”lnzo; SO, you can seen = y . S0,
dy o vX
U,
on_ 1
oy VX
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So, if you put these values. So, you can see this will bez,, = @U 1 f"(0) . So, these
VX

U

o0

value f ", what is the physical significance of f "? We have shown that it is a velocity
gradient and velocity gradient now you know from the Blasius solution, what is the value
atn=0.

So, if you go back to this table, you can see this is the value of f "atn =0. So, if you put

this value here and rearrange you will get 0.332; 0 6 I am not writing. So, it will

ber, =0.332 H, . S0, this is your wall shear stress.
VX

U

0
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Now, let us write local skin friction coefficient. So, this you can define asC, = bu

1,
;Y

So, if you put that you will get 0.66410UL,/U—°o and if you rearrange it you will
VX

0

getC, =224
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So, if you remember that using scaling analysis also we have foundC, ~ . So, from

1
R,

scale analysis already we have shown that, C, ~ . Now, let us find what is the total

1

friction force per unit width? So, total friction force per unit width of the plate.

L
So, F :jrwdx, because this is the length of the plate. So, if you do it you will
0

get0.664pU 2 S—L Now, average skin friction coefficient now you can write; average

0

skin friction coefficientC, = I F
2
= L
oY
: 1.328 . ,
So, that is L .1. So,L=——. So, in today’s class, we have seen that we have started

VR,

with the boundary layer equation for flow over flat plate. We used similarity method,
proposed by Blasius and we converted the partial differential equations to ordinary

differential equation using similarity method.

So, similarity variable we have used as n, which is function of two independent variables

x and y and we have used Uias capital F which is function of n only. And, we have

0

converted these boundary equations to Blasius equation which is your third order non-
linear ordinary differential equation.

Then, we have written down the boundary conditions and you know that, the value

of F", f" which is the representation of velocity gradient is unknown at the wall. So,

using some numerical technique like Rungekutta method and shooting technique you can

assume the value of f "atn = 0 and satisfy that f " at n —oo will become 0, because at

the near to the edge of the boundary layer and outside the boundary layer your velocity

gradient will become 0 for flow over flat plate.
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Then, we have tabulated the values of f f "with n and we have also shown the plot of f
f"and f ", where f is the representation of stream function f 'is representation of the
velocity and f "is the representation of velocity gradient.

Then, we have found the hydrodynamic boundary layer thickness 6 from the Blasius

) 5
solution and we have shown that é = F and also we have found the wall shear stress
X
eX

and from wall shear stress we have found the local skin friction coefficient and average

skin friction coefficient.

Thank you.
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