"f’ \"35%:1\3&111]:11}55 do not exist for flow fields for which stream functmn cannot be deﬁned
(e) There is no pressure variation normal to straight streamlines in an inviscid flow.

Q2. The three components of velocity in a velocity field are given by
w=Ax+By+Cz, v=Dx+Ey+Fzw=Gx+Hy+Kz.
Determine the relationship/s among the coefficients A through K necessary for the following cases:

(a) If this is to be a possible incompressible flow ficld.
(b) If this is to be an irrotational flow field.
(c) If this flow field has to represent a rigid body motion.

Q3. A heated rectangular electronic chip floats on the top of a thin layer of air, above a bottom plate as
shown in fisure below. Air of density p. is blown at 2 uniform velocity 1, through the holes in the bottom
plate. The chip has width w perpendicular to the plane of the diagram. There is no flow in the z direction.
Assume a steady, inviscid, constant density flow in the gap between the chip and the bottom plate. In
addition assume the flow in the x direction in the gap under the chip to be uniform.

b ; S Chip
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a) Obtain an expression for the velocity in the x direction. 3

@ Obtain an expression for the velocity in the y direction.
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: 'r- M State clearly the boundary conditions to be satisfied by the velocity at y = 0 and y = h. i ¥s
e fb') ‘Obtain an expression for the velocity profile.
i (¢) What is the velocity U, for which there is no net flow either up or down.

Q2. Starting from rest at £ = 0, the cart shown is propelled by a hydraulic catapult (liquid jet). The jet
strikes the curved surface and makes a 180° turn, leaving horizontally. Rolling resistance may be neglected,
but an aerodynamic drag force acts on the cart proportional to the square of its speed, Fy, = kUJ%. The mass
of the cart is M and the jet of water (of constant area A) leaves the nozzle with a speed V; (relative to the

ground).

(a) Derive an expression for the cart acceleration as a function of cart speed, U(t) and other given
parameters. For your analysis, you may neglect the mass of the liquid in contact with the cart in
compassion to the cart mass.

(b) What is the terminal speed of the cart?




_ u-l- -l— e —— —_— PEY el

' ‘the relation betw v, 2 PE E‘E - a_v =
at is the relation een W, U, o ' ax '3y’ ot 'ox’ By
fu du du dv Bv Bv

" above flow field?

for a velocity potential to be def

potential to be defined for the above flow field?
d) In case if a stream function, ¥ can be defined, show that lines of constant «s are the flow streamlines.

e) In case if both the stream function and the velocity potential can be defined, show that the velocity

potential ¢ satisfies the Laplace equation.
f) In case if both the stream function and velocity potential can be defined, show that lines of constant ¢

are everywhere perpendicular to line of constant 4fr except at the stagnation points.

Q2. A steady, two-dimensional flow field is represented by the stream function:

W =Kxy
where K=1 s'. Consider a new coordinate system (labelled as X-Y) obtained by rotating the x and ¥ axes
counter clockwise through an angle 45° with respect to the original coordinate system keeping the origin fixed
as shown in the figure below. Consider two rectangular fluid elements ABCD and PORS in the flow field as

shown in the figure. ABCD has its adjacent sides parallel fo the x and y axes whereas the fluid element PORS
has its adjacent sides parallel to the X and ¥ axes.

Y
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1 "ﬁé—fﬂﬁ[}f components in a two-dimensional, inviscid, constant density (=1000 kg/m?), steady ﬂow field
ven as follows: u = A(x +¥),v = —A(x + y), where 4=1 s"'. Consider a directed line segment in the
L, e ﬁeld; connecting the points P(0, 0) and Q(3,3). The pressure is given as zero gauge at the origin. The
~ acceleration due to 0 gravity is g =10 m/s® and it acts along the negative z direction,

y (a) Is the line PQ a streamline? Justify with calculations.

(b) Can the Bernoulli’s equation be applied to find the change in pressure experienced on moving from the
point P to the point Q along the direction PQ ? (Merely stating yes or no without proper mathematical
justification will not carry any marks)

(c) Starting from Euler’s equation of motion in differential form, find the pressure at Q.

Note: Euler’s equation of motion in differential form for a steady flow is given as
‘?p = —§
—Cip= (V-9
e,
where b is the body force per unit mass. You ma}f use the following vector identity for your analysis:

(V- v)v——v[v V)—V x(Vx V)

Q4. A fluid of constant density o resides in a horizontal nozzle of length L having a cross-sectional area that
varies smoothly between 4; and A4 via:

N
A(x) =l (Jqo T ‘qe} E
Here the x-axis lies on the nozzle’s centreline and x = 0 and x = L are the horizontal locations of nozzle’s inlet

and outlet, respectively. The initial pressure inside the nozzle is p;. At £ = 0, the pressure at the inlet is raised

to p; = P, and the outlet pressure is mamtamed | at py. As a result, the fluid begins to flow horizontally through
the nozzle. Assume the flow inside the nozzle to be inviscid and the velocity field to be one-dimensional i.e.
u=u{x)andv ¥ 0.

x=1L
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Q2.
(@) Starting with the Reynolds transport theorem for balance of linear momentum applied to a stationary control
volume of fixed shape in a fluid flow, derive the differential form of linear momentum equation for a fluid flow

(Note: Leave your answer in terms of the stress tensor components, T, W
(b) For isotropic Newtonian fluid, the components of the stress tensor are given by the constitutive relationship:

= A T - aur' au}
rff ——pﬁ'j“&- ; 2(?]7)('5:;‘1"[; a—xj-i-a:‘

where p and A are functions of position. Combing this constitutive equation with the result of part (a), derive

the Naiver Stokes equations for incompressible flow of a Newtonian fluid. Do not assume the fluid viscosity
(7+8=15 marks)

to be a constant in your derivation.

Q3. Consider steady fully developed laminar incompressible flow of a Newtonian fluid in the gap between two large,
smooth parallel plates that are both stationary. The upper and lower walls are located at y = £H, respectively as shown
2
ry J

in the figure below. An additive in the liquid causes its viscosity to vary in the y-direction as u(y)= ,.-:;:u[l + e

y y d
Here the flow is driven by a constant nonzero pressure gradient: %P — constant.

Stationary wall

:'St:atin:marj.,nr wall
with the Navier Stokes equations derived in part (b) of question 2 coupled with the incompressibi
erive an expression for u(y) when —1 <y <0. e




‘of turbu enthnenc energy
ith the Navier Stokes equation in vector form, derive the vorticity transport equation in vector form.

: Iﬂsﬁufy"ﬂ;e vortex stretching term in this equation and explain its consequence in turbulent flow physically.
(5+8=13 marks)

- The following vector identifies may be useful in your derivation:
s Vx(Vx4)=v(v-4)-v*4

3 = SO =

Ax(Vx A)—zv(fl A)-(4-v)4

i?}c(:_ﬂix,_‘j):ﬁ( ) ( )+(E‘F’)H—(E?)§

Q5. An infinite flat plate is located at y = 0 (xz-plane) below an initially stationary constant property Newtonian fluid

of density p and viscosity u occupying the upper half space, y > 0 as shown in the figure below. The plate is stationary

until £ = 0 when it suddenly starts translating in its own plane in the positive x-direction at a constant speed Ug. This

‘motion continues until t = T when the plate suddenly stops moving. There are no externally applied pressure gradients,
Ignore the effects of any body forces.

y U(t),

Uy

L

U(t) _ -

(a) Starting with the x-component of momentum equation, determine a linear partial differential equation for

u(y, t).
(b) State the boundary conditions to be satisfied by u(y,t) for0 <t <Tand t > T.

g Lol

(¢) For0<t<T, '-L—z;- = f(77) where the independent variable 17 = —% Determine the function g(r) .
;. 2 g




Q6. Consider laminar boundary layer flow of Newtonian fluid of density p and dynamic viscosity y over a stationary
flat plate as shown in the figure below. The plate length is L and its width perpendicular to the plane of paper is b. The
velocity of the uniform free steam is U,,. Let & denote the boundary layer thickness at a distance L from the leading

edge.
Us

b

Analytical solution of the boundary layer equations yields the relation:

11V]

. L .
where Re; is the Reynolds number defined as Re;, = £~ and ¢, 1 are constants.
L = )

(a) Write the boundary layer equations for flow over a flat plate in their most simplified form.

(b) Determine the value of n by means of an order-of-magnitude analysis of the boundary layer equations.

(c) The drag force on the plate is traditionally expressed in terms of the non-dimensional drag coefficient, Cp,
defined as :

Fp
Cp ==———= c;Re/"

> pUALb
where Fp is the total drag force acting on the plate up to length L. Determine the value of m by means of an

order-of-magnitude analysis.
(2+7+6=15 marks)
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