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Fluid Mechanics, Hydraulic

Machines and OCF

Revised Syllabus of ESE : Fluid Mechanics, Open Channel Flow, Pipe Flow: Fluid properties; Dimensional
Analysis and Modeling; Fluid dynamics including flow kinematics and measurements; Flow net; Viscosity,
Boundary layer and control, Drag, Lift, Principles in open channel flow, Flow controls. Hydraulic jump; Surges;
Pipe networks.

Hydraulic Machines and Hydro power: Various pumps, Air vessels, Hydraulic turbines — types, classifications &
performance parameters; Power house — classification and layout, storage, pondage, control of supply.

1. Fluid Properties

m A plate with surface area of 0.4 m? and weight of 500 N slides down on an inclined plane at 30° to
the horizontal at a constant speed of 4 m/s. If the inclined plane is lubricated with an oil of dynamic
viscosity 2 poise, find the thickness of lubricant film.

[10 marks : 2006]

Solution:

Assuming linear relationship between shear stress developed in
the lubricant and velocity gradient.

Let the thickness of the lubricating film be y

Surface Area of plate, A=0.4m? \Né\o’b@
Weight of plate, W = 500N
Speed of sliding of plate, V=4 m/s

Dynamic viscosity, u = 2 poise = 0.2 kg/m-s

The shear stress will be developed in the lubricant due to the component of the weight of the plate in the
direction of motion. Let the component of weight in the direction of motion be F.

. F = Wsin30° = 500 sin 30° = 250 N

According to Newton’s law of viscosity,

F = ﬂ/ |:','F=’CA; T:“%:|
y ay
02x04x4
= 250 = —mM
y
= y = 128x10°m

1.28 mm
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m A rotating viscometer has two cylinders. The radius of inner fixed cylinder is A, and the radius of
the outer rotating cylinder is R,. This viscometer is used for the measurement of viscosity. Derive
an expression for the viscosity in terms of the torque acting on the inner cylinder of height L, gap
between the bottoms of the two cylinders b, and the angular speed w (omega).

[9 marks : 2007]

Solution:

It consists of two co-axial cylinders, having radius R, and R, as shown in the figure. The very small space
(R, - R,) is left in between the two. The space between them is filled with the liquid whose viscosity is to
be determined.

The inner cylinder is suspended by a torsion wire on
spring and it is held stationary. The outer cylinder is then
rotated at a constant angular velocity. When the outer
cylidner rotates, the torque generated by such rotation i Pointer
is transmitted by the thin liquid film to the inner stationary B
cylinder, which causes rotation of torsion wire. The = T
rotation of wire can be measured by means of a circular R

dial attached to the wire and a fixed pointer. = 1

Torsional spring Circular dial gauge

Inner cylinder
(stationary) *

From the previously obtained calibration curve between

the torque and the rotation of torsion wire, the torque Ca;ﬁggr/rz---555555555?55555555555_5_
exerted on wire and hence on the inner cylinder, L(J to
corresponding to the measured rotation of wire can be Cv ©
known. !
Total torque, T=T,+T, ..(0)
T, = Torque due to side
T, = Torque due to bottom

Case-1:
Torque contributed from the sides, T,
Circumferential velocity of the outer cylinder
V= oR,
Clearance betweenthe cylinders, h = R,- R,
Assuming linear variation of velocity across the gap,
au vV ohR,

Velocity gradient — = L =
Yd ar r R, - R,

au uwfl,
Shear stress, = U— = —=
T W R, - R,
Shear force, Fy = tx2n R xL
T, = F,xR,
= I, = ©x2nR, x Lx R,
HoA,
= T, — £ _ xX2% R12 L
1 (Hz - R1)
2nuw RZ R,L

R - R,
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Case-2:
Torque contributed from the bottom (T,)
Consider an element of inner cylinder of width ‘dr at a radial distance r.

Velocity at this radius, V=ro ( 5
Assuming linear variation of velocity with depth in the gap ‘b’ |
— M_V — ﬂ i<—R—>
Shear stress, T= b | g
wre U ar _l_
Torque of the element, dr, = s (enrdnr= ?2nr3dr —r—- b
R.
Total torque onthe cylinder, T, = J‘O1%2m3dr T
R
wo . [T uo 2nR) o R}
= I=—"72n—| =-"— = ... (iii)
b 41 b 4 2b
Total torque, T=T+T,
e 2muonRER,L N muoR;
- R, — R, 2b
2nH12.RZL+nR|4 ©
T=\"R-R 20 |™
T
M= onreRL R
0 ———+—

m Through a very narrow gap of height ‘h’ a thin plate of large extent is pulled at a velocity V. On one
side of the plate oil of viscosity u, and on other side oil of viscosity p,. Calculate the position of
plate so that:

(i) The shear force on two sides of plate is equal

(ii) The pull required to drag the plate is minimum
[10 marks: 2008]

Solution:
Let ybe the distance of the thin plate from the top surface. Assuming linear
relationship between shear stress developed and the velocity gradient. T j, Wy
. S i1
(i) Shear stress developed on the top portion is given by, h — v
Mo
oo l
1 MT dy
Hq X 4
= T, = W X—
1 y

Shear stress developed on the bottom portion is given by

= X —
12 l'L2 h— y
If Ais the area of thin plate, then shear force on the top and bottom portion,

F, = 1,xAand F,=1,xA
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But F, = F,
= T, XA = T,xA
pixZ = upx
= — = 2
1 y h—y
= “'1(/7_)/) = “gy
= Y(M1+M2) = “1/7
= y = wih (Ans.)

(ii) The pull required to drag the plate = Total shear force

= F=F+F
= F=1A+1,A
vV 4 my M
— F = WX—XA+u,X xA:{—1+—2}VA
Ty ?“h-y y h-y
For Fto be minimum, i: =0
ay
Ky Mo
= -——+ =0
y?  (h-y)
2
S —)
(h-v) Uy

Y am
h=y = Jue

= (\/M_1+\/E)y = \/171/7
Juh

= y = ——— (Ans.)

\/M71+ Mo

m The velocity distribution for flow over a plate is given by
u=2y-y°
in which u is the velocity in ms™! at a distance y metres from the plate. Determine the shear stress
in Nm~2 at the boundary and at 0.2 m from it. Dynamic viscosity of fluid is 0.9 Ns/mZ.
[4 marks : 2013]

Solution:
Given U= 2y—y>
and u = Dynamic viscosity of fluid = 0.9 Ns/m?
au
Shear stress (1) = M@ =u(2-2y)

T, _gom = 0.9(2-2x02) = 1.44 N/m?

and T,y = 0.9 x 2 =1.8 N/mm?
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m A rectangular plate of 0.50 m x 0.50 m dimensions weighing 500 N slides down an inclined plane
making 30° angle with the horizontal, at a velocity of 1.75 m/s. If the 2 mm gap between the plate
and the inclined surface is filled with a lubricating oil, find its viscosity and express it in poise as
well as in Ns/m2,

[4 marks : 2014]

Solution:
Area of plate, A = 0.50x0.50=0.25m?
Weight of plate, W = 500N
Wsind = Fdr&lg
500sin30° = 1-A
au , e
= Mo’y = 500sin30
(v-0) . o~
= u ~>%x0.25 = 500sin30
2x10
500sin30° x2x 1073
= = 1.143 N-s/m?
s 175x0.25 s/m
Since; 1 Poise = 107" N-s/m?
N-s )
= 1@ = 10 Poise
u = 11.43 poise or 1.143 N-s/m?

BB A rectangular plate of 0.5 m x 0.5 m dimensions, weighing 500 N slides down an inclined plane
making 30° angle with the horizontal at a velocity of 1.75 m/s. If the 2 mm gap between the plate
and inclined surface is filled with a lubricating oil, find its viscosity in poise.

[6 marks : 2020]

Solution:

Force analysis in direction of motion

Fp= Wsin 0
TA = 500 sin 30° (i)
. ear stress, T= Mdy
{Since the gap is very-very small so velocity variation is considered as linear.}
_ V=9
T= U "

_
T= Mo
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By eq. (i)

(1.75)

w2 05%05

0.002

U—A = 500sin30°
= 500 sin 30°

u= 1143 Ns/m?

u = 11.43 Poise

2. Manometry and Hydrostatic Forces

m Find the depth of water required to topple the rectangular flashboard and reaction at the hinge of
the flashboard shown in figure.

Solution:

[10 marks : 2006]

Let the centre of gravity of the flashboard be at a distance x from the free surface.

Assuming unit width of the flashboard perpendicular to the plane of paper

Hydrostatic force on the flashboard is given by -

=

F

sin 50°

X

F

F

The hydrostatic force Fwill act at the centre of pressure (h) .

Now, we have

hep

>

cp

sin 50°

WAY =w(Lx1)x ¥ = wlx
D x
L L/2 D
L . .
> sin50° and D = L sin50°
wlx  [.-Area =L x 1, for unit width]
L wi? .
— °= —sinh0°
wl x 2S|n50 5 sin 50
Iz
T+ A_G)—c sin20
L 3 ba®  1x (3
—sin 50° + xL X2. sin250° g =32 T 1o
2 12 x (Lx 1) x Lsin50°
L . L . 2 .
— sin 50° + —sin 50° = = L sin 50°
2 6 3
hep
Yy
2lsins0°
3 -
sinb0° 3
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Thus the perpendicular distance of the line of action of the

hydrostatic force Ffrom the hinge is given by
LeverArm = L gL 2—£ 2
eve = 3 =3
Taking the moment of all the forces about the hinge, we get

L
Fl=-2| =
(3 j =0
wi? L
—sinb0°| =-2| =
= > (3 j 0
= L =6m
o D = Lsin50°=6sin50°=46m
Now for equilibrium,
2 2
R, = Fsin50° = %sin 50° x sinb0° = M x sin® 50° = 103.62 kN

12 9810 % (6)

R, = Fcos50° = WTsin 50° x cos 50° = x sin 50° x cos 50° = 86.95 kN

Resultant Reaction, R = JRZ +RZ = |(103.62) +(86.95)° = 135.27 kN

Determine the total pressure on a plane rectangular plate 1 m wide and 3 m deep when its upper
edge is horizontal and coincides with water surface and plate is held perpendicular to water surface.
[2 marks : 2010]

Solution:

Let the width and depth of the rectangular plate be b and d respectively.
AV4

Total pressure on the rectangular plate will be given as { T
P = YAX I ¥
where v is the unit weight of water, A is the area of rectangular plane L 1
surface and X is the distance of centre of gravity from water surface. J
P =yxbxdxx etm=l
— 9810x 1x3x > {,;:ﬁ}
2 2

44145N = 44.145kN

m Show that the hydraulic pressure remains invariant in a horizontal plane parallel to free surface.

[4 marks : 2010]

Solution:

Consider an element of area dA, is y height below the free surface level, RV
in a fluid of density p, hence for equilibrium =
pdA + Weight of liquid in a volume of dA - dy = (p + dp)dA
pdA + pd (dAdy) = (p+ dp)dA Y
pg -dAdy = dp-dA

p
® f
ay ay
p = pgy + constant T
P ey p+ dp

Hydrostatic pressure o Depth
Hence, hydrostatic pressure varies only in vertical direction. Hence at a particular depth below the free
surface hydrostatic pressure will remain same in a horizontal plane.
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m A 45° sector gate is located on the crest of spillway. The water is upto the mid-point of the gate
when closed. The width of the gate is 10 m. The radius of the sector gate is 2 m. Determine
the hydrostatic force on the gate. Mass density 1000 kg/m?3, g = 9.79 ms2,

[10 marks : 2011]

Solution:

Given: Radius of the sector gate = R=2m
Width of the gate =L =10m
Height of water, h above the bottom tip of the gate

= sing = ﬁ
R
= h= Rsing=2sin225=0.765m
Hydrostatic force, P = (P3+P3 (1)
Py= v,Ax
Here A is area of vertical projection of the gate and x is the C.G. of the vertical projection from top.
P,= vy -(hxL) xg = (9.79 x1000)(0.765 x 10) x 0.765

= 28646.76 N = 28.65 kN
P, = Vertical component of the water pressure
= Weight of imaginary volume of water ABC. RN
Area ABC = Area of sector AOC - Area of triangle AOB - T

T X 22 1 0.765 = ol__.-—+
= x225-—x0.765x
360 > tan22.5 5 /

= 0.0794 m?
P = (0.0794 x 10 x 9.79 x 1000)

= 7773.26 N=7.773 kN
From (i) Hydrostatic Force,

Spillway

P= 28652 +7 7732 =29.69kN

m A rectangular gate of width 5 m and depth 1.5 m is installed to control the discharge as shown in
figure below. The end ‘B’ is hinged. Determine the force normal to the gate applied at ‘A’ to open it.

[

c

Hinge Gate : 5.0 m width
1.5 m depth

[6 marks : 2012]



MRDE ERSY Fluid Mechanics, Hydraulic Machines and OCF 9

Solution:
Given: A=Areaofgate=15x5=75m?
Depth of C.G. of gate from free surface of water = h
= DG=AC-AE
= 3- AGsin 45° B
1
- 3-075x—
J2
= 2.4697m

The total pressure force (F) acting on the gate,

F = pGAR = 1000 x 9.81 x 7.5 x 2.4697 = 181708.18 N = 181.71 kN
This force is acting at point Hwhere depth of Hfrom free surface is given by

-2
oo eSO g
Ah
3
where, 1o = MOl of gate <28 = 2X18 4 40605t
12 12
1.40625 x sin 45°
Depth of t f h = +2.4697
epth of centre of pressure 7 Ex 24697
= 0.03796 + 2.4697 = 2.508 m
h *
As from figure sin45° =
igu i on
h* 2.
Distance, OH = — = ﬁ =3.547m
sind5° 1
V2
. 3
Distance, AO = — =4.243m
sin45°
Distance, AH = AO- OH=4.243-3.547 =0.696 m
Distance BH = AB-AH=15-0.696 = 0.804 m

Taking the moments about the hinge B
Px AB = Fx(BH)

Px15 = 181708.18 x 0.804
181708.18 x0.804
= P = 15 x =97395.585 N = 97.396 kN
Hinge
m The gates of lock are 5 cm wide by 6 m and when i

closed, at an angle of 120°. Each gate is held on by

two hinges placed at the top and bottom of the gate.

If the water levels are 6 m and 4.5 m on the upstream Upstream Downstream
and downstream sides respectively, determinethe N\ |
magnitude of the forces on the hinges due to the
water pressure.

[20 marks : 2013] O
Hinge
Lock gate in plan
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Solution:
Width of the gates of lock =5 cm
Although 5 cm width is practically not possible, it may be due to printing error in exam. Assuming data
given is correct.

Width, W=>5cm
Hinge
M 120° Downstream
____________________________________ w
6m 4.5m
water level water level
30°
R P
Hinge
Lock gate in plan
Fig. (i)
Width of each gate = >0 _ 002887
| oreac ale = ———— =0. m
9 2c0s30°
Ty A 8
el R _
g x
€
© €
™ €
0
P, <
Py
X H, L
6y, 4.5y,

Fig. (ii)

Total pressure on the upstream face of the gate is

P

u

pghA = 1000 x9.81x g x[6x0.02887]

5097.8646 N = 5.0978 kN
The depth of the centre of pressure on the upstream face is given by

) o % x0.02887 x &°
h = h —_— = 3 =4
b T R Tt 00887 xe) X3

Total pressure on the downstream face of the gate is

P, pghA = 1OOO><9.81><4—é5><(0.02887><4.5)

= 2867.5488 N = 2.86755 kN
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Depth of centre of pressure on downstream face is
1 Oe—— 2/—/1 —_
B I Ex0.02887>< 45
hy = h+-t& =225+ =3m
? Ah (0.02887 x 4.5)x 2.25
Resultant water pressure on each gate
P = P,-P,=5.0978-2.8675 = 22303 kN §

If x is the height of the point of application ofthe resultant water pressure

on the gate, then

Pxx
2.2303 x

X =

P, x(6-h,) =P, x(45-hy)

5.0978 x (6—-4)—-2.8675(4.5-23)

2.643m

Consider Free Body Diagram from fig. (i), we get

Also,

Now, from fig. (iii)
ZF =0;
Z/\/IH2 =0;

Force on one top hinge, H,

Force on on one bottom hinge,

Fsin30 + Rsin30 =

F =

R =

R:
Rxx =

2H, =

H, =

R
P

P
2sin30

=P=

2H, + 2H,

2H, x6

2.2303 x2.643

6

R-2H, =2.2303-0.4912 = 1.7391 kN

0.6239 kN

2.2303 kN

=0.4912 kN

X

2H,
Fig. (iii)

A 9 m deep tank contains 6 m of water and 3 m of oil of relative density 0.88. Determine the
pressure at the bottom of the tank. What is the pressure at the bottom of the tank if the entire tank
is filled with water? What is the water thrust in this case? Draw the pressure distribution diagram in

both the cases.

Solution:
Case 1: Pressure at top = 0
Pressure atinterface = sy, z,

Pressure at bottom

Case 2:

=0.88x9.81x3
25.90 kN/m?

S¥wZ1 tYuéo

=0.88x981x3+9.81x6

= 84.76 kN/m?

VAR

Water

N

<\, -88.29 kN/m’

[8 marks : 2015]

X/ 25.9 kN/m”

=

,—84.76 kN/m”
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0
Y,H=9x9.81=288.29 kN/m?

Pressure at top
Pressure at bottom

1 1
Water thrust = E(YWH) xH = 7% 88.29 x 9 =397.305 kN per meter width of walll

3.Buoyancy & Floatation

Solution:

A metallic cube 30 cm side and weighing 450 N is lowered into a tank containing a two fluid layer
of water and mercury. Top edge of the cube is at water surface. Determine the position of block at

water-mercury interface when it has reached equilibrium.
[10 marks : 2009]

Let the top edge of the cube be at a distance x from the water mercury
interface.

As per Archimedes principle, when a body is immersed in a fluid
either wholly or partially, itis lifted up by a force which is equal to the

weight of the fluid displaced by the body. Thus, the force of buoyancy
is given by

F5 = Weight of water and mercury displaced by cube
= Volume of cube in water x p g + Volume of cube in mercury x Prgd

= (ﬂxﬂx;c)x1000x9.81+£x£x(£—x x 13600 x 9.81
100 100 100 100 100
=03x03%x9810x x+ 0.3 x0.3x 13600 x 9.81(0.3 -x)
= Fg = 882.9x + 12007.44(0.3 - x) ..(0)

As per the principle of floatation the weight of a body floating in a fluid is equal to the buoyant force at

equilibrium

. Fg = 450N ()

From (i) and (ii), we have
450 = 882.9x + 12007.44 (0.3 —x)

= 12007.44x —882.9x = 3602.232 - 450

= 11124 54y = 3152.032
= Y= {12454 = OeO2M=c000m

A metallic sphere of specific gravity 8.0 falls in an oil of density 800 kg/m3. The diameter of the sphere
is 10 mm. The viscosity of oil is 7.848 N-s/m2. Determine the terminal velocity of metallic sphere.

[4 marks : 2010]

Solution:

If a body drops in a fluid, at the instant it has acquired terminal velocity the net force acting on the body
will be zero. The forces acting on the body at this state will be

(i) Weight of body (W) acting downward

(i) Drag force (Fp) acting opposite to the direction of motion of body

(iii) Buoyant force (Fg) acting vertically up.

Net force on the metallic sphere = Fg + Fp— W

But Fo+ Fp-W =0 T
= W= Fg+Fp o)
Specific gravity of metallic sphere = 8.0 TF

B

Density of metallic sphere, p, = 8xp, =8 x 1000 = 8000 kg/m?
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Diameter of sphere, D=10mm=10x103m
7.848 N-s/m?
W = pgx g x volume of sphere

Viscosity of ail,

=
I}

= 8000 x 9.81 x g x (10 x 103)3 = 0.0411 N

and Fg = p,x g x volume of sphere

= 800x9.81x g x (10 x 103)3 = 0.00411 N

Assuming Stoke’s law to be valid in this case, we get

Fp = 3nuVD where Vs the terminal velocity
From (i), we get
0.0411 = 0.00411 + 3uVD
= 3muVD = 0.0411-0.00411
= V = 0.03699 = 0.05 m/s

3nx7.848 x10x107°
But Stoke’s law is valid only upto Reynolds number less than 0.2

p,VD  800x0.05x10x 107
o 7.848

Thus the terminal velocity of the sphere is 0.05 m/s

Re = = 0.051 < 0.2 (ok)

A vertical gap 23.5 mm wide of infinite extent contains oil of specific gravity 0.9 and viscosity
2.5 N-s/m?. A metal plate 1.5 m x 1.5 m x 1.5 mm weighing 50 N is to be lifted through the gap at a
constant speed of 0.1 m/sec. Estimate the force required to lift the plate.

[6 marks : 2012]

Solution:

Width of gap = 23.5mm
Viscosity, u = 2.5 Ns/m?
Specific gravity oil = 0.9
Weight density of oil = 0.9 x 1000 = 900 kgf/m?3
= 900 x 9.81 N/m3 (- 1kgf=9.81N)
Assuming that the plate lies in the middle of the gap
Volume of plate = 1.5mx 1.5m x 1.5 mm F
= 15x15x0.0015m3 T
= 0.003375 m? |
Thickness of plate = 1.5 mm 11 mm I 11 mm
Velocity of plate = 0.1 m/sec J__
Weight of plate = 50N 1.5mm
When the plate is in the middle of the gap, the distance of plate from 23.5 mm

vertical surface of the gap

(Width of gap - Thickness of platej
2

(23.5—1.5

5 j:ﬂmm:0.0ﬂm

Now, shear force on left side of the metallic plate
F, = Shear stress x Area
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d
_ H(_Uj x(1.5x1.5) = 2.5><( 0.1 )x1.5x1.5 =51.136 N
ay J, 0.011

Similarly, the shear force on the right side of the metallic plate

F, = Shear stress x Area
= 25><( 01 )x(1 5x15) =51.136 N
oot R
- Total shear force = f,+F,=51.136 + 51.136 = 102.272 N
In this case the weight of plate (which is acting downward) and upward thrust is also to be taken into
account.
The upward thrust = weight of fluid displaced = pvg

(unit weight of fluid) x Volume of fluid displaced
9.81 x 900 x 0.003375
29.80N

The net force acting in the downward direction due to the weight of the plate and upward thrust
= weight of plate — upward thrust = 50 — 29.80 = 20.20 N

.. Total force required to lift the plate up
= Total shear force + 20.20 = 102.272 + 20.20 = 122.472 N

m The weights of a cube (side = 1.2 m) and a sphere (diameter = 1.25 m) are 20 kN and 5 kN
respectively. Both cube and sphere are connected together by a short rope in a water reservoir.
Computer the tension in the rope and percentage of sphere that will be above water surface.

[8 marks : 2016]

Solution:
Let subscript ‘s’ denotes sphere and subscript ‘¢’ denotes cube and T Fos
be tension in the rope. \ AV
y = Depth ofimmersion of sphere yi\/ -
Given: Diameter of sphere (d,) = 1.25m Ws=5kN
Side of cube (a) = 1.2m r
For cube, I'= Wy-Fge T
= 20-(a,)?9.81 A Fec
= 20-(1.2)39.81
Tension in the rope, T = 3.048kN Fw,=20kn
For sphere T+ Wy = Fgo
= 3.048 x 103+ 5x 10 = 1000 x V, .4 x9.81
= Vimerseg = 0.8204 m?3 = Immersed volume sphere in water.

Volume of sphere in air = [%(1 25)3 - O.8204}m3 =0.2023m°

Percentage of sphere above water surface = 02023 x100 = 19.78%
gu 25)3





