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Tutorial 1

Fluid properties

1. A reservoir of glycerin has a mass of 1100kg and a volume of 0.9 m3. Calculate its weight, mass
density, specific weight and specific gravity.

Solution:

Mass of glycerin (m) = 1100kg
Volume (V) =0.9 m3

Weight (W) =7

Mass density (p) = ?

Specific weight (y) = ?
Specific gravity (S) =?

W = mg = 1100x9.81 = 10791N
p=m/V =1100/0.9 = 1222.22 Kg/m?
y = pg=1222.22x9.81 = 11990 N/m?
S = Velycerine/ Ywater = 11990/9810 = 1.22

2. A liquid compressed in a cylinder has a volume of 2000 cm?® at 2MN/m? and a volume of 1990 cm? at
4MN/m?. What is its bulk modulus of elasticity?

Solution:

Initial volume (V) = 2000 cm?

Final volume (V1) = 1990 cm?

Change in volume (AV) = 1990-2000 = -10 cm3
Change in pressure(AP) = 4-2 = 2MN/m?

Bulk modulus of elasticity (K) =?

AP 2
AV/V T —10/2000

=400 MN/m?

3. If the bulk modulus of elasticity of water is 2.2 Gpa (GN/m?), what pressure is required to reduce a
volume by 0.8%?

Solution:

Bulk modulus of elasticity (K) = 2.2 Gpa = 2.2x10° Pa
Reduction in volume (AV /V) = -0.8% = -0.008
Pressure (P) =7
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AP
~
P—0
—0.008

2.2x10° = —
P = 17600 KPa

4. At a depth of 7.5km in the ocean, the pressure is 75Mpa. Assume a specific weight at the surface of
10 KN/m? and an average bulk modulus of elasticity of 2.5 Gpa for that pressure range. Find (a) the
change in specific volume between the surface and 7.5km (b) the specific volume at 7.5km and (c) the
specific weight at 7.5km.

Solution:

Pressure at 7.5km (P2) = 75 Mpa = 75x10° N/m?

Specific weight at the surface (y;) = 10 KN/m? = 10x1000 = 10000 N/m?
Bulk modulus of elasticity at the surface (K) = 2.5 Gpa = 2.5x10° N/m?
Change in specific volume (Avg) = ?

Specific volume at 7.5km (vs;) = ?

Specific weight at 7.5km (y;,) = ?

(a) Density at the surface (p;) = y1/g = 10000/9.81 = 1019.4 kg/m?
Specific volume at the surface (vs1) = 1/p; = 1/1019.4 = 0.000981 m3/kg

Bulk modulus in terms of specific volume is
AP

Avg /vsy
75x10% — 0
Av,/0.000981

2.5x10° = —

Avg = -0.0000294 m3/kg

(b) vs2 = vs; + Avg = 0.000981-0.0000294 = 0.000951 m3/kg
(c) Density at 7.5km (p,) = 1/vs, = 1/0.000951 = 1051.5 kg/m?
Y2 = ppg = 1051.5x9.81 = 10315 N/m?

5. The surface tension of mercury and water at 60° ¢ are 0.47N/m and 0.0662N/m respectively. What
capillary height change will occur in these two fluids when they are in contact with air in a glass tube of
radius 0.30mm? Use 8 = 130° for mercury and 0° for water.

Solution:

Radius of tube (r) = 0.30 mm = 0.3/1000 = 0.0003m
Surface tension for mercury (0,,) = 0.47N/m
Surface tension for water (o) = 0.0662N/m

0 = 130° for mercury and 0° for water

Capillary height change for mercury (hm) =7?
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Capillary height change for water (h) = ?

20,,Cos60 2x0.47xC0os130
hm ==2 = =-0.0149m = -14.9mm
Pmgr 13600x9.81x0.0003

__20Cosf _ 2x0.0662xC0s0
T pgr  1000x9.81x0.0003

h =0.0445m =44.5mm

6. In a fluid the velocity measured at a distance of 75mm from the boundary is 1.125m/s. The fluid has
absolute viscosity 0.048 NS/m? and relative density 0.9. What is the velocity gradient and shear stress at
the boundary assuming a linear velocity distribution. Also calculate kinematic viscosity.

Solution:

Change in velocity (du) =1.125-0 =1.125m/s

Change in distance (dy) =75—-0=75mm =75/1000 m = 0.075m
Absolute viscosity (1) = 0.048 NS/m?

relative density (S)= 0.9

velocity gradient (du/dy) =?

Shear stress (1) = ?

Kinematic viscosity (v) =?

du/dy =1.125/0.075 =155t
du 2
T= ,ua = 0.048x15=0.72N/m

Density of fluid (p) = SXpwater = 0.9x1000 = 900kg/m3
v = u/p =0.048/900 = 5.3x10° m?%/s

7. The velocity distribution of a viscous liquid (dynamic viscosity = 9 Poise) flowing over a fixed plate is
given by u = 0.85y - y2 (u is velocity in m/s and y is the distance from the plate in m). What are the shear
stresses at the plate surface and at y=0.3 m?

Solution:

u=0.85y-y?

Dynamic viscosity (1) = 9 Poise =9/10 = 0.9 NS/m?
Shear stress (1) at plate (fory=0)="?

Shear stress (1) fory=0.3m ="?

du/dy = d(0.85y - y?)/dy = 0.85-2y
09085 -2
t=hgy =0 (0. )

Fory=0
Shear stress (t) = 0.9(0.85-2x0) = 0.765 N/m?
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Fory=0.3m
Shear stress (t) = 0.9(0.85-2x0.3) = 0.225 N/m?

8. A piston is moving through a cylinder at a speed of 5.7m/s as shown in fig. The film of oil separating
the piston from the cylinder has a viscosity of 0.95 Ns/m?2. What is the force required to maintain this
motion?

|<—7';mm ->|

T

124.7mm 125mm —'

Solution:

Speed of piston =5.7m/s

Viscosity of oil (1) = 0.95 NS/m?

Diameter of piston (D) =124.7mm = 0.1247m
Length of piston (L) = 75mm = 0.075m
dv=5.7m/s

dy =dr=(125-124.7)/2 mm = 0.15mm = 0.00015m
Frictional Force (F) =?

F = Shear stress(t) at the piston surface x surface area of piston (A)

F= yj—‘y‘ (rDL) = 0.95x 0_050';15 (x0.1247x0.075) = 1060.7N

9. A piston of weight 90N slides in a lubricated pipe. The clearance between piston and pipe is 0.025mm.
If the piston decelerates at 0.6m/s? when the speed is 0.5m/s, what is the viscosity of the oil?

‘4125mm->|

130mm
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Solution:

Weight of piston (W) = 90N

Clearance (dy)= 0.025mm = 0.000025m
Deceleration (a) = 0.6m/s?

Change in velocity (du) = 0.5m/s

Diameter of piston (D) = 125mm = 0.125m
Length of piston (L) = 130mm = 0.13m
Viscosity of oil (1) =?

Frictional force (F) = Shear stress(t) at the piston surface x surface area of piston (A)
F= uZ—; (DL) = px —=>— (7x0.125x0.13) = 1021.02u

0.000025
Z F =ma
w

W—-F=—a
g

Summing the forces

90
90 ~ 1021.024 = 5 o= (~0.6)
u =0.094 NS/m?

10. A square block weighing 1.15KN and 250mm on an edge slides down an incline on a film of oil 6um
thick. Assuming a linear velocity profile in the oil, calculate the terminal speed of the block. The viscosity
of the oil is 0.007 NS/m?.

1.15KN

0.006mm

\20°

Solution:

Weight of block (W) =1.15KN =1150N
Side of block (L) = 250mm =0.25m
Thickness (dy) = 6um = 6x10°m
Viscosity of oil (i) = 0.007 NS/m?
Terminal velocity (u) =?

Frictional force (F) = Shear stress(t) at block surface x surface area of the block (A)
— d_u 2\ — u 2\
F = ke (L*) = 0.007x 106 (0.25%) =729u

Component of W in the direction of F is WSin20
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At the terminal condition, equilibrium occurs.
F = Wsin20

72.9u = 1150xSin20

u =54m/s

11. A shaft 70mm in diameter is being pushed at a speed of 0.4m/s through a bearing sleeve 70.2mm in
diameter and 250mm long. The clearance, assumed uniform, is filled with oil of kinematic viscosity 0.005
m?/s and sp gr 0.9. Find the force exerted by the oil on the shaft.

Shaft\SIfeve:\

; —3p 04m/s

—————

Solution:

Diameter of shaft (D) = 70mm = 0.07m

Length of shaft (L) = 250mm = 0.25m

Change in velocity (du) = 0.4m/s

Kinematic viscosity of oil (u) = 0.005 m?/s

Sp gr of 0il (S)=0.9

Density of oil (p) = 0.9x1000 = 900kg/m?3

Dynamic viscosity (i) = up = 0.005x900 = 4.5 NS/m?
Clearance (dr) = dy = (70.2-70)/2 mm = 0.1mm = 0.0001m
Force exerted by the oil on the shaft (F) = ?

F = Shear stress(t) at the shaft x surface area of shaft (A)

F= yZ—;‘ (nDL) = 4.5x 0.3:01 (rx0.07x0.25) = 990N

12. A shaft 75mm in diameter is fixed axially and rotated inside a sleeve of diameter 75.2mm at 200rpm.
The length of the shaft is 200mm. Determine the resisting torque exerted by the oil and the power
required to rotate the shaft. Take viscosity of oil =5 NS/m?.

Solution:

Diameter of shaft (D) = 75mm = 0.075m

Radius of shaft (r) =0.075/2 = 0.0375m

Length of shaft (L) = 200mm = 0.2m

Speed of shaft (N) = 200rpm

Dynamic viscosity of oil (1) =5 NS/m?

Clearance (dr) = dy = (75.2-75)/2 mm = 0.1mm = 0.0001m
Torque exerted by the oil on the shaft (T) =?

Power required to rotate shaft (P) = ?
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2Nm _ 2x200xT

Angular velocity (w) = o o " 20.94rad/s

Tangential velocity (u) = rw = 0.0375x20.94 = 0.785m/s
du=7.85m/s

Frictional force (F) = Shear stress(t) at the shaft x surface area of shaft = u Z—; (mDL)

0785 (11%0.075x0.2) = 1849.6N
0.0001

T = Fr = 1849.6x0.0375= 69.4Nm
P = F u=1849.6x7.85 = 145194W = 1451.9 KW (or use P = Tw)

= 5x

13. A cylinder of 12cm radius rotates concentrically inside a fixed cylinder of 12.6cm radius. Both
cylinders are 0.3m long. Determine the viscosity of the liquid that fills the space between the cylinders if
a torque of 0.9 Nm is required to maintain an angular velocity of 60rpm.

Solution:

Radius of outer cylinder (r1) = 12.6cm = 0.126m
Radius of inner cylinder (rz) = 12cm = 0.12m

dr =dy =0.126-0.12 = 0.006m

Length of cylinder (L) =0.3m

Torque (T) =0.9Nm

N=60rpm

Viscosity of the liquid (u) =?

2NT _ 2x60xm

Angular velocity (w) = o = e - 6.28rad/s
Tangential velocity of inner cylinder (u) =, = 0.12x6.28 = 0.75m/s
du=0.75m/s

Frictional force (F) = Shear stress(t) x surface area (A)
d
T=Fr,= ,uﬁ Q2rr,L)r,

0.75

09 = um(Zﬂx0.120x0.3)x0.120

u=0.265 NS/m?

14. A flat plate 0.3m?in area moves edgewise through oil between large fixed parallels 10cm apart. If the
velocity of plate is 0.6m/s and the oil has a kinematic viscosity of 0.45 stokes and specific gravity 0.8,
calculate the drag force when (i) the plate is 2.5cm from one of the planes and (ii) the plate is
equidistant from both the planes.
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Solution:
Area of plate (A) = 0.3m?
A

Velocity of plate (u) = 0.6m/s 2.5cm
dv =0.6m/s —Y—

. L . L —
Kinematic viscosity (u) = 0.45 stokes = 0.45x10* m?/s
Sp. gr. of fluid (S) = 0.8 7.5cm
Density of fluid (p) = 0.8x1000 = 800kg/m? Y

Dynamic viscosity () = up = 0.45x10“x800 = 0.036 NS/m?

(1) dy1 = 2.5cm = 0.025m
dy2 =10-2.5 =7.5cm =0.075m
Total force (F) = Force on sidel (F1) + Force onside2 (F2) =T1 A+ T A= (11 +T2) A

F=(pas+uss)A=(0036-"o+0.036-)03=0345N

dyl dy2

(1) If the plate is equidistant, dy; = dy, = dy = 10/2 = 5cm = 0.05m
Total force (F) = Force on sidel (F;1) + Forceonside2 (F2) =11 A+ T, A=(T1+ ) A

du du du 0.6
= (“EJ’ #E)A = 2u A = 2x0.036x - x0.3 = 0.26N

15. A Newtonian fluid fills the gap between a shaft and a concentric sleeve. When a force of 780N is
applied to the sleeve parallel to the shaft, the sleeve attains a speed of 2m/s. If a 1400N force is applied,
what speed will the sleeve attain? The temperature of the sleeve remains constant.

Solution:

Force (F1) = 780N
Velocity (ul) = 2m/s
Force (F2) = 1400N
Velocity (u2) =7

= du
F
Also, T = -
A
du F
# dy A
Fou4 = const
du ‘udx _Fl .F2
Therefore, — = —
"dul  du2
780 _ 1400
2 w2
u2 =3.6m/s
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16. The surface tension of water in contact with air is 0.0725N/m. The pressure outside the droplet of
water of diameter 0.02mm is atmospheric (1.032x10°> N/m?2). Calculate the pressure within the droplet
of water.

Solution:

Diameter of droplet = 0.02x10° m

Radius of droplet (r) = 0.01x10° m

Surface tension (g) = 0.0725N/m

Pressure outside droplet (P,) = 1.032x10° N/m?
Pressure within droplet (Pg) = ?

_ . . 20 2x0.0725
Pressure inside droplet in excess of outside pressure (P) =— = ————

= — = 14500 N/m?

r 0.01x10
P4 = P+P, = 14500+1.032x10° = 117700 N/m?
17. The tip of glass tube with an internal diameter of 2mm is immersed to a depth of 1.5cm into a liquid
of sp. gr. 0.85. Air is forced into the tube to form a spherical bubble just at the lower end of the tube.
Estimate surface tension of liquid if the pressure in the bubble is 200Pa.

Solution:

Radius of bubble (r) = 1mm = 0.001m
Pressure inside bubble (P;) = 200Pa
Dept‘h'of |IC!UId (h) = 1:5cm =0.015m /mm dia.
Specific weight of liquid (y) = sp g7 Xywater =0.85x9810 = 8338.5Pa

Surface tension (g) = ?

Pressure outside the bubble (P,) = yh = 8338.4x0.015 = 125.07Pa "~~~ 7| |77 1.5cm

Pressure within droplet in excess of outside pressure (P) = 200-125.07 = 74.93Pa

p=2
.
_ % _ 74-93’2‘&: 0.0375N/m
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18. Three cylindrical tubes of 0.5m length are placed co-axially and the central tube is rotated at 5 rpm
applying a torque of 6 Nm. Determine the viscosity of oil which fills the space between tubes. Take ry, r;
and rz3 as 0.15m, 0.152m and 0.154m.

Solution:

Radius of cylinderl (r;) =0.15m
Radius of cylinder2 (r;) =0.152m
Radius of cylinder3 (r3) =0.154m
Length of cylinders (L) = 0.5m

Applied torque to cylinder2 (T) = 6 Nm
rpm of cylinder2 (N) = 6

Viscosity of oil (1) =? [—>

12 3

Torque is transmitted through oil layer from tube 2 to tube 1 and tube 3.

Angular velocity of tube 2 (w) = zév—on = 2x65;m =0.5236rad/s

Tangential velocity tube2 (u;) = r,w = 0.152x0.5236= 0.07958m/s

du =0.07958m/s

F, = Viscous force on tube 1, F, = Viscous force on tube 2

For small space between cylinders, the velocity gradient may be assumed to be a straight line and
average radius r can be taken.

ra=(ri+r2)/2 =0.151m, rp = (r>+r3)/2 = 0.153m

dy: =r-r1 =0.002m, dy, = r3-r, = 0.002m

T = FlT'a + Fzrb
du du
T = Haye rryL) r, + ks (2mryL) 1,

0.07958 0.07958

6=u (2mx0.151x0.5) 0.151 + H=oor (2mx0.153x0.5) 0.153

0.002 002
u =1.038 NS/m?

19. A fluid of absolute viscosity of 0.045 Pa-s and sp gr of 0.91 flows over a flat plate. The velocity of fluid
at 70mm height over the plate is 1.13m/s. Calculate the shear stress at the solid boundary and at points
20mm above the plate considering (a) linear velocity distribution, and (b) parabolic velocity distribution
with vertex at point 70mm away from the surface.

Solution:

Absolute viscosity (u) =0.045 Pa-s
spgr=0.91

Velocity at 70mm from the plate = 1.13 m/s
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(a) Linear velocity distribution
Equation: u = ay
a=tan6=1.13/0.7=16.1

u=16.1y
du
v 16.1

As the velocity gradient is constant, shear stress is also constant throughout.

Shear stress (1) = uZ—; =0.045x16.1 = 0.726 Pa (throughout)

(b) Parabolic velocity distribution
Equation: u = ay? + by + ¢
Aty=0,u=0
c=0
Aty =0.07m, & = 0
dy

Z—; =2ay+b
2ax0.07+b =0
b =-0.14a
Aty=0.07m,u=1.13m/s
1.13 = ax0.07% + bx0.07 + ¢
Substituting the values of b and c
1.13 = ax0.07? — 0.14ax0.07 + 0

=-230.61
b =-0.14x-230.61 = 32.29

Hence, u = —230.61y? + 32.29y

du
oy —461.22y + 32.29

du
Aty=0,o- = 3229

Aty = 0.02m, Z—; = —461.22x.02 + 32.29 = 23.0656

Shear stress aty =0, (1g) = ,uZ—; =0.045x32.29 = 1.453 Pa

Shear stress aty =0.02m, (79 02) = U Z—; =0.045x23.0656 = 1.038 Pa

20. Through a narrow gap of height h, a thin plate of large extent is pulled at a velocity V. On one side of

the plate is oil of viscosity y; and on the other side oil of viscosity u,. Calculate the position of the plate

so that (a) the shear force in the two sides of the plate is equal, and (b) the pull required to drag the

plate is minimum.

Solution:
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T HUq
h
_>
- —> Vv
¥ U2
v

_ _ du 4
(a) shear stress on upper face =1, = il

du 14
shear stress on lower face =1, = u, o e
T1 =Ty
u v U 14
Lh-y =2y
— Uzh
Wity

(b)F = pull required to drag the plate per unit area
F = T1+ Tz

14 v
F=mi=+;

For F to be minimum,

dF/dy=0

arF v v

ay ~ Moy T H23e

v v

.u'l (h_y)z Ilz F

#1 _ h2-2hy+y?

Ha y2

h? 2h Uy

vy T (1 #2) =0

Solving for h/y and neglecting —ve root

221+J£
y U2

y = h
1+ A1
u2

21. A 120mm circular disc rotates on a table separated by an oil of film of 2mm thickness. Find the
viscosity of the oil if the torque required to rotate the disc at 60 rpm is 4x10* Nm. Assume the velocity
gradient in the oil film to be linear.
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Fixed R Por d]<_
Solution:

Radius of disc (R) = 120/2 = 60mm = 0.06m
Thickness (h) = 2mm = 2x10>m

Torque (T) = 4x10* Nm

N =60 rpm

2Nm _ 2XO0%T _ 6.28rad/s

Angular velocity (w) = 0 P

Viscosity of oil (i) =?
Consider an elementary ring or disc at radius r and having a width dr.

Torque on the element (dT) = Shear force x r

= 1dAr = uZ—Z Qnardr)r = ,u%(andr)r = ,u% Qurdr)r = Zn%ﬁdr

R2 R*
Total torque (T) = [ %ﬁdr =%

_ TUx6.28x0.06%
41074 = ————
2x2x1073

1 =0.0062 Ns/m?

22. A disk of radius R rotates at an angular velocity w inside an oil bath of viscosity u as shown in figure.
Assuming a linear velocity profile and neglecting shear on the outer disk edges, derive an expression for
the viscous torque on the disk.

OH\P |

Radius of disc = R
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Clearance = h on both sides

Torque =T
N =rpm
Angular velocity = (w) = 22’_0”

Viscosity of oil = u
Consider an elementary ring or disc at radius r and having a width dr.

Torque on the element (dT) = Shear force x r
= 2tdAr = ZHZ—Z(andr)r = 2;1% Qrrdr)r = Zu%(andr)r = Mt%ﬁdr

R 4mpw nTuwR*
MO 13 gy = THOT

Total torque (T) = [ - -
23. Distilled water stands in a glass tube of 10mm diameter at a height of 25mm. What is the true static
height? Take surface tension of water = 0.074 N/m and angle of contact = 0°.

Solution:

Diameter of tube (d) =10 mm = 0.01m
Surface tension of water (o) = 0.074N/m
0 = 0° for water

Capillary height change for water (h) is

40Cos6 4x0.074xCos0
h= = =0.003m = 3mm
pgd 1000x9.81x0.01

True static height = 25-3 =22mm

24. A solid cone of maximum radius R and vertex angle is to rotate at an angular velocity w . An oil of
viscosity ¢ and thickness t fills the gap between the cone and the housing, Derive an expression for the
torque required and the rate of heat dissipation in the bearing.

thickness = t

Solution:
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Maximum radius of cone = R

thickness of oil = t

Angular velocity = (w) = 2:’_0"

Viscosity of oil = u
Consider an elementary area dA at radius r of the cone.

Torque on the element (dT) = Shear force x r

= — =¥ —— Ar ), _ 2o 3
= 1dAr = Hay Qurdr)r=pu ; urds)r =pu ; (an sine) =T dr
_ (R2muw 3, _ muwR*
Total torque (T) = [ Prwy) =
L - . . . muw?R*
Rate of heat dissipation = power utilized in overcoming resistance = Tw = reing
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Tutorial 2
Fluid pressure
1. A cylinder contains a fluid at a gauge pressure of 360 KN/m?. Express this pressure in terms of a head

of (a) water, and (b) mercury of sp gr = 13.6
What would be the absolute pressure in the cylinder if atmospheric pressure is 760mm Hg.

Solution:
Pressure (P) = 360 KN/m? = 360x103 N/m?
Head (h) =?
P = pgh where p = Density of fluid
P
h=—
Py
a) Head in terms of water (p = 1000 kg/m?3)
3
h =310 36 7m
1000x9.81

b) Head in terms of mercury
p = sp gr x density of water = 13.6x1000 = 13600 kg/m3

360x103
h=—"——=2.7m
13600x9.81

Atmospheric pressure (h) = 760mmhg = 0.76m hg

Atmospheric pressure (Patm) = pmercurygh = 13600x9.81x0.76 = 101396N/m? = 101.3KN/m?
Absolute pressure (Pabs) =?

Pabs = Pgauge + Patm = 360+101.3 = 461.3KN/m?

2. What would the pressure in kN/m? be if the equivalent head is measured as 400mm of (a) mercury (sp
gr 13.6) (b) water (c) oil specific weight 7.9 kN/m? (d) a liquid of density 520 kg/m3?

Solution:

Head (h) = 400mm = 0.4m

Pressure (P) =?

P = pgh where p = Density of fluid

a) In terms of mercury, p = sp gr x density of water = 13.6x1000 = 13600 kg/m3

P = pgh = 13600x9.81x0.4 = 53366 N/m? = 53.366 KN/m?
b) In terms of water, p = 1000 kg/m?

P = pgh = 1000x9.81x0.4 = 3924 N/m? = 3.924 KN/m?
c) In terms of oil of sp. wt. (¥,;;) = 7.9 kN/m?
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P = pgh = y,;h =7.9x.4 =3.16 KN/m?
d) In terms of liquid with p = 520 kg/m3
P = pgh =520x9.81x0.4 = 2040 N/m? = 2.04 KN/m?

3. A manometer connected to a pipe indicates a negative gauge pressure of 50mm of mercury. What is
the absolute pressure in the pipe in N/m? if the atmospheric pressure is 1 bar?

Solution:

Atmospheric pressure (Patm) = 1 bar = 1x10°> N/m?
Head (h) = -50mmhg = -0.05m hg

Absolute pressure (pabs) = ?

p of mercury = sp gr x density of water = 13.6x1000 = 13600 kg/m?
Gauge pressure (Pgauge) = pgh = -13600x9.81x0.05 = -6671 N/m?
Pabs = Pgauge + Patm = -6671+1x10° = 93329 N/m? = 93.3KN/m?

4. An open tank contains 5.7m of water covered with 2.6m of kerosene (sp wt = 8KN/m?3). Find the
pressure at the interface and at the bottom of the tank.

Solution:

Height of kerosene (h) = 2.6m

Height of water (h1) =5.7m

Sp wt of kerosene (y) = 8KN/m?3

Pressure at interface (Pint) = ?

Pressure at bottom (Pbottom) = ?

Pint = yh = 8x2.6 = 20.8KN/m?

Pbottom = Pint + y,yqterhl = 20.8+9.81x5.7 = 76.7 KN/m?

5. The closed tank in the fig. is at 20° C. If the pressure at point A is 96 Kpa absolute, what is the absolute
pressure at point B? What percent error results from neglecting the specific weight of air? (Take sp wt of
air =0.0118 KN/m?3)

. Air
5m Air

TrsoTalt
J
|

5m

|
jin_ Water l

Solution:
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Sp wt of air (y4ir) = 0.0118 KN/m3

Sp wt of water (Vyyqter) = 9-81 KN/m?3

Starting from A,

Pa+ Pac -Pcp-Pos = Ps

Py + Yairhac — Ywaterhoc = Yairhos = P

Ps =96 +0.0118x5 —9.81x2 — 0.0118x3 = 76.404 Kpa
Neglecting air,

Pp — Ywaterhpc = Pp

Ps =96 —9.81x2 = 76.38 Kpa

Error = (76.404-76.38)/76.404 = 0.00031 = 0.031%

6. In the fig., the pressure at point A is 2900 N/m?. Determine the pressures at points B, C and D. (Take
density of air = 1.2 kg/m?3)

K Air Air ¢ k)
0.8m
im B
A .
I Air
1.5m
2m X ‘¥

Water 0.7m
1 S

Solution:

Density of water (p) = 1000kg/m?

Pa=2900 N/m?

Density of air (pg;) = 1.2 kg/m?

Pe=?,Pc=? Pp=?

Starting from A,

Py = Py — pghperween 4 and 5 = 2900 — 1000x9.81x0.2 = 938 N/m?

Pe = Py + pghperween 4 and x — Pairghxc = 2900 + 1000x9.81x1.3 -1.2x9.81x2.3 = 15626 N/m?
Pp = Py + pghperween A and p = 2900 + 1000x9.81x2 = 22520 N/m?
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7. In the fig., the absolute pressure at the bottom of the tank is 233.5 Kpa. Compute the sp gr of olive oil.
Take atmospheric pressure = 101.3 Kpa.

Oil (spgr=0.9) 1

Water 2

Olive oil 2.

[rfe— S—ofe T g »|

Mercury 0.4m

Solution:

Absolute pressure at bottom (Pabs) =233.5 Kpa
Atmospheric pressure (Patm) = 101.3 Kpa

Sp wt of water (y) = 9.81 KN/m3

Sp wt of 0il (¥,;;) = 0.9x9.81 KN/m? = 8.829 KN/m?

Sp wt of mercury (y;,,) = 13.6x9.81 KN/m?3 = 133.416 KN/m?
Sp gr of olive oil (S) =7

Pabs = Patm + Pgauge

Pabs = Patm + Poil + Pwater + Polive oil + Pmercury

233.5=101.3 + Yoil hoil +y hwater + Yolive oil h olive oil + Ym hmercury
233.5 = 101.3 + 8.829x1.5 + 9.81x 2.5 + Y,yipe oi1 ¥2.9 + 133.416x0.4
Yolive oit = 14.16 KN/m?

i i 14.16
S = Yolive oil — =1.44
y 9.81

8. The tube shown in the fig. is filled with oil of sp gr 0.82. Determine the pressure heads at A and B in
meters of water.

oil

A
AN
i T
2.1m
0.5m
X

oil
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Solution:

sp gr of oil = 0.82

Sp wt of oil (y,;;) = 0.82x9810 = 8044.2 N/m?3

Head in terms of water at a and B (ha and hg) =?

Take atmospheric pressure to be 0 for gauge pressure.

Py =0 — Voir Rbetween x and 4 = - 8044.2x2.6 = -20914.9 Pa

P 20914.9
hy=—2—=— =-2132m
Ywater 9810

Py = Py + Voir Rpetween A ana 5 = -20914.9 + 8044.2x2.1= -4022.1 Pa

Pg 4022.1
hg = =— =-041m
B Ywater 9810

9. Calculate the pressures at A, B, C and D in the fig.

Air
Air
A

0.4m
X 0.4m
B 0.5m

1m

Water +

Solution:

Sp wt of water (y) = 9810 N/m3

sp gr of oil = 0.9

Sp wt of oil (y,;;) = 0.9x9810 = 8829 N/m?

Take atmospheric pressure to be 0 for gauge pressure.

Py =0 — ¥ hpetween x and a = - 9810x0.8 = 7848 Pa

Pg =0+ ¥ Apetween x ana B = 9810x0.5 = 4905 Pa

Neglecting air, Pc =Pg = 4905 Pa

Pp = P + Yoit hpetween c anap = 4905 +8829x1.9 = 21680 Pa
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10. The tank in the fig. contains oil of sp gr 0.75. Determine the reading of gauge A in N/m?2.

Air

QOil

Solution:

sp gr of oil = 0.75

Sp wt of oil (y,;;) = 0.75x9810 = 7357.5 N/m3

Sp wt of mercury (y;,,) = 13600x9.81 N/m? = 133416 N/m?

Take atmospheric pressure to be 0 for gauge pressure.
Starting from X and neglecting air,

0 — Ymhm + Yoir hoi = Pa

PA =-133416x0.2+7357.5x3 = -4610.7 N/m?
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11. In the left hand of the fig., the air pressure is -225mm of Hg. Determine the elevation of the gauge
liquid in the right hand column at A.

20.4KN/m?
Air
110.2m— Air
Oil
—107.8m
Spgr=0.8

106m

Liquid (sp gr. = 1.6)

Solution:

Air pressure at the left hand tank = -225mm Hg =-0.225m Hg
Sp wt of water (y) = 9810 N/m3

Sp wt of oil (y,;;) = 0.8x9810 = 7848 N/m?

Sp wt of mercury (y;,,) = 13600x9.81 KN/m3 = 133416 KN/m?3
Sp wt of liquid (¥;iquiq) = 1.6x9810 = 15696 N/m>

Py = —0.225y,, = -0.225x133416 = -30018.6 N/m>

Pa= Pa

Pair + Yoit hoit + Viiauia hliquid = 20400 + yhyqter
-30018.6 + 7848x(110.2-106) + 15696 xh = 20400 + 9810 x(107.8-106+h)
h=5.96m

Elevation at A = 106-5.96 = 100.04m
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12. Compartments B and C in the fig. are closed and filled with air. The barometer reads 99.98 Kpa.
When gages A and D read as indicated, what should be the value of x for gage E? (Hg in each tube)

206.8Kpa C
la= 4
i 254mm
B X

Solution:
P, =206.8 KPa = 206800 Pa
Sp wt of mercury (y;,,) = 13.6x9810 N/m? = 133416 N/m?

Starting from A and neglecting air,

Py —VYm X +¥Ymx 0254 =0

206800 — 133416 X + 133416x0.254=0
X =1.8m

13. In the fig., the areas of the plunger A and cylinder B are 38.7 cm? and 387 cm?, respectively, and the
weight of B is 4500 N. The vessel and the connecting passages are filled with oil of specific gravity 0.75.
What force F is required for equilibrium, neglecting the weight of A?

4.8m

TXL XR_ °

Oil (sp gr = 0.75\
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Solution:

Area of A (Aa) =38.7 cm?, Area of B (Ag) =387 cm?
Weight of B (Ws) = 4500N

Sp wt of water (y) = 9810 N/m3

Sp wt of oil (y,;;) = 0.75x9810 N/m? = 7357.5 N/m?

Pressure at X, = Pressure at X

Py + You hoir fromAtoX; = Wg/Ap
Pa+ 7357.5x4.8 = 4500/387x10™*
Pa = 80963 N/m?

F = Pa Ax=80963 x 38.7x10™* = 313N

14. For the open tank, with piezometers attached on the side, containing two different immiscible
liquids as shown in the fig., find (a) the elevation of liquid surface in piezometer A, (b) the elevation of
liquid surface in piezometer B, and (c) the total pressure at the bottom of the tank.

Elv2.1m A B
I N\
1
Liquid A
(spgr=0.72)
Elv 03m
Liquid B
(sp gr=2.36)
ElvOm —

Solution:

Sp wt of liquid A (y,4) = 0.72x9810 N/m?3 = 7063.2 N/m3
Sp wt of liquid B (yg) = 2.36x9810 N/m?=23151.6 N/m?3

a) Elevation of liquid surface in piezometer A = elevation of liquid A in the tank =2.1 m

b) Pressure due to A at the interface (Pa) = ¥4 hyiquia 4 = 7063.2 x (2.1-0.3) = 12713.8 N/m?
Equivalent head for liquid B due to Pa is

hy = Py/yg =12713.8/23151.6 = 0.55m

Elevation of liquid surface in piezometer B = Elv of liquid at B + ha=0.3 + 0.55 =0.85m

c) Total pressure at the bottom =y, hjiguia 4 + V& Miquia B
=7063.2 x (2.1-0.3) + 23151.6x0.3 = 19659 N/m?
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15. In the fig., gage A reads 290Kpa abs. What is the height of water h? What does gage B read?

Air : 175Kpa abs

Water h

Hg B 70cm

A&

.

Solution:

Sp wt of water (y) = 9.81 KN/m3

Sp wt of mercury (y;,,) = 13.6x9.81 = 133.416 KN/m?
Pa =290Kpa abs

h="?

Ps =?

Py =175+ yh + Y hp
290 =175 +9.81h+133.416x0.7
h=22m

Po = 175 + 9.81 (2.2+0.7) = 203.4 KN/m?
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16. A manometer is attached to a tank containing three different fluids as shown in fig. What will be the
difference in elevation of the mercury column in the manometer (i.e. y)?

— Elvém
Air pressure = 35Kpa
___ Elv5m
Oil (sp gr =0.82)
Elv2m
Water
i __ ElvOm
Im Y
A A A B T
Hg

Solution:

Sp wt of water (y) = 9.81 KN/m3

Sp wt of mercury (y;,,) = 13.6x9.81 = 133.416 KN/m?
Sp wt of oil (y,;;) = 0.82x9.81 = 8.0442 KN/m?

PA:PB

35+ Yoithoit + Yh = Ym y
35+ 8.0442x3+9.81x3= 133.416y
y =0.66m
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17. Determine the pressure difference between two points A and B in the fig.

Kerosene
Sp. gr.=0.82
/ Air
= 3
Benzene Sp wt. =11.77 N/m
Sp. gr.=0.88 ] \
L B —-
B 10cm
A f |
| _ 41lcm [ . A A
21cm i | _ :: 15¢m
9cm L - L -
v l v
| L _/_f _______
Water
Mercury
Sp. gr.=13.6

Solution:

Sp wt of water (y) = 9.81 KN/m3

Sp wt of mercury (y;,,) = 13.6x9.81 = 133.416 KN/m?
Sp wt of benzene (yz) = 0.88x9.81 = 8.6328 KN/m?
Sp wt of kerosene (y) = 0.82x9.81 = 8.0442 KN/m3
Sp wt of air (yg;r) = 0.01177 KN/m?3

Starting from A,

Py +v5x0.21 — ¥,,x0.09 — yxx(0.41 — 0.09) + y(0.41 — 0.15) — y,;x0.1 = Py

P, +8.6328x0.21 — 133.416x0.09 — 8.0442x0.32 + 9.81x 0.26 — 0.01177x0.1 = Py
Par—Ps =10.22 Kpa
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18. Fig. below shows a conical vessel having its outlet at A to which a U-tube manometer is connected.
The reading of the manometer given in the fig. shows when the vessel is empty. Find the reading of the
manometer when the vessel is completely filled with water.

2

Initial
Water

Final

Solution:

Sp wt of water (y) = 9.81 KN/m3
Sp wt of mercury (y;,,) = 13.6x9.81 = 133.416 KN/m?

When the vessel is empty, equating pressure at initial level
Yy = Ymx0.2

9.81y=133.416x0.2

y=2.72m

When the vessel is filled with water, let us say the mercury moves by height h
Equating pressure at final level

yB+y+h)=y,(h+02+h)

9.81(3+ 2.72 + h) = 133.416(0.2 + 2h)

h=0.1145m

Deflection of mercury = 2h+0.2 =2x0.1145+0.2 = 0.429m
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19. Compute the absolute pressure at point A in the fig.

Water

Oil
Sp. gr.=0.88

Water

Mercury
Sp. gr.=13.6

Solution:

Sp wt of water (y) = 9.81 KN/m3
Sp wt of mercury (y;,,) = 13.6x9.81 = 133.416 KN/m?
Sp wt of ol (y,;;) = 0.88x9.81 = 8.6328 KN/m?

Starting from A,

Py + v0ix0.175 — ¥,,x0.23 + yx0.15 = 0

P, +8.6328x0.175 — 133.416x0.23 + 9.81x0.15= 0

PA =27.7 Kpa

Absolute pressure at A = Patm +27.7 =101.3+27.7 = 129Kpa

20. The fig. shows a 1cm diameter U-tube containing mercury. If now 20cc of water is poured into the
right leg, find the levels of the free liquid surfaces in the two tubes.

Mercury
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Solution:

With the addition of 20ml of water,
Drop in mercury level in right leg =y
Rise in mercury level in left leg =y
Depth of water column = h

h= Vol of water added/Cross sectional area = 20x107¢/ GxO.OlZ) =0.254m

Pe = Pe

YmercuryX2Y = YwaterXh

13.6x9810x2y = 9810x0.254

y =0.0093m =0.93cm

Height of free mercury level in the left leg = 18+0.93 = 18.93cm
Height of free water level in the right leg = 18-0.93+25.4 = 42.47cm

21. The diameters of the limbs A and B of a U-tube shown in fig. are 5mm and 20mm respectively. The
limb A contains a liquid of sp. gr. 0.9 while the limb B contains a liquid of sp.gr. 1.3. The fig. shows the
position of the liquids in the two limbs. Find what pressure should be applied on the surface of the
heavier liquid in limb B so that the rise in level in the limb A is 10mm.

liquid of
sp.gr.=0.9

liquid of External pressure P

sp.gr.=1.3

No external pressure

Solution:

Sp gr of liquidin A=0.9

Sp. gr. of liquidin B =1.3
Diameter of limb A =5mm
Diameter of limb B = 20mm
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a. When no external pressure is applied
PE = PF

Yaxhq = ypxhy

0.9x9810xh, = 1.3x9810xh,,

h, =1.3h,/09 (a)

b. When external force p is applied on the surface of liquid B
Rise in limb A =10mm

Fallin limbB=h

Level EF shifts to new position is E1F1.

Volume of liquid transferred to left limb = Volume of liquid fell in right limb
c/s area of left limbx10mm = ¢/s of right limbxh
T — — T —
(3x(5x107%)?) x10x1073 = (3x(20x107%)? )
h =0.000625m
Pe1 = Pr
Yax(hg +10x1073 — 10x1073) = P + ygx(h, — 10x1073 — h)
0.9x9810xh, = P + 1.3x9810x(h;, — 10x10~3 — 0.000625)
8829h, = P + 12753(h;, — 0.010625) (b)
Fromaandb

8829x1.3h,/0.9 = P + 12753(h;, — 0.010625)
P =135.5 N/m?

22. Find the pressure difference between containers A and B shown in the figure.

Solution:
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Pressure at E = pressure at F
Py + VmercuryX0.205in45 + VpercuryX0.5 = Pg + Yyarerx0.3

P, +13.6x9810x0.20Sin45 + 13.6x9810x0.5 = P + 9810x0.3
PA _PB =-82633 N/m2

23. An 8cm diameter piston compresses manometer oil into an inclined 7mm diameter tube, as shown
in figure below. When a weight W is added to the top of the piston, the oil rises an additional distance of
10cm up the tube. How large is the weight, in N?

B Initial level X

Finallevel = [Feomeeeeaoo

Qil, sp gr

=0.827 =7mm

Solution:
Diameter of piston (D) = 8cm = 0.08m
Diameter of tube (d) = 7mm = 0.007m
h =0.10Sin15 = 0.0258m
When the manometer is not connected to the container, the mercury in the reservoir is at original level
and at level A in the tube.
Equating pressure at XX
Py = y,, L1Sin15 (a)
Due to compression, the fluid in the container moves down by dh and the fluid in the tube moves up by
10cm.
Volume of fluid fallen = Volume of fluid risen
T T
Zx0.082dh = Zx0.0072x0.1
dh =0.000766m
Equating the pressure at new level (YY)
W + Py + Vairdh = vy (h + dh) + 1, L1Sin15  (b)
Fromaandb
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w
Area of piston

Neglecting dh
Y _ 0.827x9810x0.0258

n 2
4950.08

W=1.05N

= th + (Vm - Vair)dh

24. Figure below shows a pipe containing a liquid of sp gr 0.8 connected to a single column
micromanometer. The area of reservoir is 60 times that of the tube. The manometer liquid is mercury.
Find the pressure in the pipe.

A T L
Liquid of Y
spgr0.8 0.25m

[ ] 4

Solution:

When the manometer is not connected to the container, the mercury in the reservoir is at original level
and at level A in the tube.

Equating pressure at XX

YoitY = Vmercuryh1 (a)

Due to pressure, manometric liquid in the reservoir drops by dy and it will travel a distance of 0.25m in
the tube.

Volume of fluid fallen = Volume of fluid risen

Ady=ax0.25

60ady = ax0.25

dy =0.0041m

Equating pressure at new level (ZZ)

Py+youly +dy) = Vmercury(O-ZS +hl+dy) (b)

Fromaandb

PA + Vmercuryh1 = Vmercuryhl + Vmercury (0-25 + dy) - Voildy
P, = 13.6x9810(0.25 + 0.0041) — 0.8x9810x0.0041 = 33868 N/m?

https://civinnovate.com/civil-engineering-notes/



https://civinnovate.com/civil-engineering-notes/

25. Find the gauge readings at A and B if the atmospheric pressure is 755mmHg.

Closed

K B
i A
0.2m

T

R
Air
/V Oil, sp. 1.5m
Hg gr.=0.8
Vapor l
Water ‘
2m

Solution:
AtM. Pr. = Ymercury X 755x1073 = 13.6x9810x755x10~% = 100729 N/m?

Neglect pressure due to mercury vapor and air (small)
Writing pressure equation for gauge A,
P, =P, =P,
Ymercury X 0.6 = Py
P, = 13.6x9810x0.6 = 80049.6 N/m? (abs. pr.)
Gauge pressure at A = Abs. pr. - Atm. pr. = 80049.6-100729 = -20679.5 N/m?

Writing pressure equation for gauge B starting from gauge A
Py + Voux1.5 + Vipaterx1.8 = Pg
—20679.5 4+ 0.8x9810x1.5 + 9810x1.8 = Py

Py =8750.5 N/m?
Gauge pressure at B = 8750.5 N/m?
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Tutorial 3
Hydrostatic force on submerged bodies

1. A vertical rectangular gate, 1.4m high and 2 m wide, contains water on one side. Determine the total
resultant force acting on the gate and the location of c.p.

V
T
3m
Water _L
KGate

Solution:

Area (A) = 2x1.4 = 2.8 m?

Location of CG (y) = (3+1.4/2) =3.7m
Resultant force on gate (F) =?

Cp (yp) =7

F = yAy =9810x2.8x3.7 = 101631 N = 101.631 KN

M.l. about CG (I;) = %x2x1.43 =0.457 m*
0.457
2.8x3.7

=¥+ ;—‘; =37+ =3.74m

2. An inclined rectangular gate (1.5m wide) contains water on one side. Determine the total resultant
force acting on the gate and the location of c.p.

Solution:
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Area (A)=1.5x1.2=1.8m?
Location of CG (¥) = (2.4+1.2S5in30/2) = 2.7m
Resultant force on gate (F) =7

Cp(yp)=?

F =yAy =9810x1.8x 2.7 =47676N = 47.676 KN

M.I. about CG (Ig) = —x1.5x1.2% =0.216 m"*

_ -, IgSin?6 _ 0.216Sin?30 _
Yp=y+ - 2.7 + Terzs - 2.71m

3. Aninclined circular with water on one side is shown in the fig. Determine the total resultant force acting
on the gate and the location of c.p.

Solution:

Area (A) = nxlzz =0.785 m?

Location of CG (y) = (1.8+1.0Sin60/2) = 2.23m
Resultant force on gate (F) = ?

Cp (yp) =?

F = yAy = 9810x0.785x2.23 = 17173N = 17.173 KN
M.l. about CG (I;) = 614x14 = 0.049 m*
_ | IgSin%0

yp=y+A—=2.23+

0.049S5in260
————F=2.25m
0.785x2.23
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4. Gate AB in the fig. is 1m long and 0.7m wide. Calculate force F on the gate and position X of c.p.

S V
A _f
3m
Oil (sp gr =0.81) _L

Solution:

Sp. wt of oil (y) =0.81x9810 = 7946 N/m3

Area (A) = 0.7x1 = 0.7 m?

Location of CG (y) = (3+1Sin50+1Sin50/2) = 4.15m

Resultant force on gate (F) = ?
X=7?

F = yAy = 7946x0.7x4.15 = 23083 N = 23.08 KN
M.I. about CG (Ig) = —x0.7x13 = 0.058 m*

Vertical distance of CP from free surface

_ -, IgSin?6 _ 0.0585in%50 _
Yo=Y+ 5 - 4.15 + “o7eals - 4161m

Vertical distance between CP from CG = 4.161-(3+1Sin50)= 0.395m
x = 0.395/sin50=0.515m

5. The gate in the fig. is 1.2m wide, is hinged at point B, and rests against a smooth wall at A. Compute (a)
the force on the gate due to sea water pressure, (b) the horizontal force exerted by the wall at point A,
and (c) the reaction at hinge B.
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[4— Wall

Patm
4
Sea water
Density = 1025kg/m3
5.1m
v B 0

inge

|<— 2.85m —>|

Solution:
Sp wt of sea water (y) = 1025x9.81 = 10055 N/m?

Area (A)=1.2x3.6=4.32 m?

Location of CG (¥) = (5.1-2.2)+2.2/2 = 4.0m

a) Resultant force on gate (F) = ?

F = yAy = 10055x4.32x4.0 = 173750 N = 173.75 KN

b) Force P =?
M.l. about CG (I;) = %951.2953.63 =4.665 m*
Vertical distance of CP from free surface

_ | 15Sin%0 4.665x(2.2/3.6)?

Yo=Y + A_j/ =40+ 23204 =4.1m

Vertical distance between Band CP =5.1-4.1 =1m
Location of F from B = 1/sin@ = 1.636m

Taking moment about B,
Px2.2-173.75x1.636 = 0
P =129.2KN

c) Reactions at hinge, By and B, = ?
YE =0

Bx—129.2 + 173.75x2.2/3.6 =0

Bx = 23.02 KN

SE, =0
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B,- 173.75x2.85/3.6 =0
By=137.55KN

6. Gate AB in fig. is 4.8m long and 2.4m wide. Neglecting the weight of the gate, compute the water level
h for which the gate will start to fall.

5000N

5000N

A
—~
600
48

.em

CG

h —
\
Water Zep C Ccp

Solution:

Area (A) = 2.4xh/Sin60 = 2.77h m?
Location of CG () =h/2 m

Resultant force on gate (F) is

F = yAy =9810x2.77hxh/2 = 13587h% N

M.I. about CG (I;) = = x2.4x(——)3 = 0.308h* m*
12 sin60
Vertical distance of CP from free surface
_  IgSin?0 0.308h3 Sin%60

Yo=Y+ 5 =h/2+ TRz =0.667h

Distance of F from B = (h-0.667h)/Sin60=0.384h
Taking moment about B,

5000x4.8-13587h?x0.384h = 0
h=1.66m

https://civinnovate.com/civil-engineering-notes/



https://civinnovate.com/civil-engineering-notes/

7. Find the net hydrostatic force per unit width on rectangular panel AB in the fig. and determine its line

of action.
Vi
' A
2m
A 2 \Z
1m A
Water T
2m Glycerin
# 5 Sp. wt. = 12.36 KN/m3
Im
v
Solution:
Area (A) =2x1=2m?
Location of CG (y) = 2+1+2/2 = 4 m for water side
Location of CG (y1) = 1+2/2 = 2 m for glycerin side
F _
Resultant force on gate (F) =? y

F =vyAy

Force due to water (Fuwater) = YAy = 9.81x2x4 = 78.49KN
Force due to glycerin (Fgyc) = YAy1 =12.36x2x2 = 49.44KN
Net force (F) = 78.49-49.44 = 29.04KN

M.I. about CG (Ig) = —x1x2% = 0.666 m*

: I 0.666 _
Distance of Fwater from CG (ycpl) =y+ el 4+ e - 4.083m

: I 0.666 _
Distance of Fgy from CG (ycpz) =y+ i 2+ Ty 2.166m

Taking moment about B,
29.04y = 78.49x(5-4.083)-49.44x(3-2.166)
y=0.945m
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8. Circular gate ABC in the fig. is 4m in diameter and is hinged at B. Compute the force P just sufficient to
keep the gate from opening when h is 8m.

Water T
h
A — —*—
2m
B O —x
2m
d i
C 5 P
Solution:
2
Area (A) = T[x% =12.56 m?
Location of CG (¥) =8m
P=?
Resultant force on gate (F) F ) 7
F = yAy =9810x12.56x8 = 985708 N = 985.708KN
P

M.1. about CG (I;) = 614x44 =12.56 m*
Position of CP from free surface

_ g 12.56
Yep =y + yE =8+ Trsers 8.125m
Taking moment about B,
985.7x0.125-Px2=0

P =61.6KN

9. The tank in the fig. contains oil (sp gr = 0.8) and water as shown. Find the resultant force on side ABC
and its point of application. ABC is 1.2m wide.

A
T oil 1 WS A
3m 2.4m
v 5 L2
A
1.8m Water
\ 4 C

Solution:
Sp wt of oil (y,;;) =0.8%9810 N/m?* = 7848 N/m?3
Area (A1) =1.2x3=3.6 m?
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Area (A2) =1.2x1.8 =2.16 m?

Location of CG for AB (y1) = 3/2 =1.5m
Resultant force on ABC="?

Force on AB
Fup = Yoy Aly1 =7848x3.6x1.5 = 42379N
Pt. of application of Fas = (2/3)x3 = 2m below A

Force on BC

Water is acting on BC and any superimposed liquid can be converted to an equivalent depth of water.
Yoit hoit __ 7848x3

Equivalent depth of water for 3m of oil = se10 - 2.4m A 4
Employ an imaginary water surface of 2.4m. -1 o
Location of CG for IWS (y2) =2.4+1.8/2 =3.3m Fas _: T
Fse = yA2yZ = 9810x2.16x3.3 = 69925N — " 3:38m
Point of application of Fgc from A is
PP 5 Fec —»| L
1 C
R=y24+40 =334 20208 aaem
TYeT i 5ET 216x3.3

i.e.3.38+0.6 = 3.98m from A

Total force on side ABC (F) = 42379469925 = 112304N = 112.304 KN
Taking moment about A,

112304 y = 42379x2+69925x3.98

y=3.23m

F acts at 3.23m below A.

(Alternative method: Solve by drawing pressure diagram. Force = Area of pressure diagram x width. Take
moment to find position of resultant force.)

10. Gate AB in the fig. is 1.25m wide and hinged at A. Gage G reads -12.5KN/m?, while oil (sp gr = 0.75) is
in the right tank. What horizontal force must be applied at B for equilibrium of gate AB?

5.4m '
) v
Water . T
Qil
1.8m
B v

Solution:
Sp wt of oil (y,;;) =0.75%9810 N/m? = 7357.5 N/m?

Area (A) = 1.25x1.8 = 2.25 m?
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Location of CG for right side (y1) = 1.8/2 =0.9m

Force on AB at the right side
Foit = YoirAy1=7357.5x2.25x0.9 = 14899N
Pt. of application of Foi = (2/3)x1.8 = 1.2m from A

Left side
For the left side, convert the negative pressure due to air to equivalent head in water.
Equivalent depth of water for -12.5KN/m? pressure =§ = % =-1.27m

This negative pressure head is equivalent to having 1.27m less water above A.
Location of CG from imaginary water surface (y2) = 2.33 + 1.8/2 = 3.23m

A
Fyater = YAY2 = 9810x2.25x3.23 = 71294N
Point of application of Fyater from A'is Fuate Foi

F_v.le _393 —x125x1.8% ;
_y+A—)_/— . +m =3.31m from IWS

i.e.3.31-2.33 =0.98m from A

Taking moment about A
Px1.8 + 14899x1.2-71294x0.98 = 0
P =28883 N =28.883 KN

11. The gate AB shown is hinged at A and is in the form of quarter-circle wall of radius 12m. If the width
of the gate is 30m, calculate the force required P to hold the gate in position.

Fv
0
~z ° | B, p
|
Water '
10
1
1
e ——>

Solution:

Horizontal force (Fy) = yAy = 9810x(30x12)x12/2 = 21189600 N = 21189.6 KN (right)
Fy acts at a distance of 12x1/3 =4m above the hinge A.

Vertical force (F,) = Weight of volume of water vertically above AB =y Volume,,p

mx122

= 9810x [ x30] = 33284546 N = 33284.546 KN (downward)
Fv acts at a distance of 4r/3m = 4x12/3x3.1416 = 5.1m from the vertical AO.
Taking moment about A,
Px12=21189.6x4+33284.546x5.1
P =21209 KN
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12. The water is on the right side of the curved surface AB, which is one quarter of a circle of radius 1.3m.
The tank’s length is 2.1m. Find the horizontal and vertical component of the hydrostatic acting on the
curved surface.

«

A Water
‘*; O —--__-__J

“« 5
3

Solution:
Horizontal force (Fy) = yAy = 9810x(1.3x2.1)x(2.5+1.3/2) = 84361 N = 84.361 KN (right)

Vertical force (Fv) = Weight of imaginary volume of water vertically above AB
=y [Volumeypp + Volumeyocp|

x1.32

= 9810x[ L x21+ 2.5x1.3x2.1] = 94297 N = 94.297KN (downward)

13. The 1.8m diameter cylinder in the fig. weighs 100000N and 1.5m long. Determine the reactions at A
and B, neglecting friction.

Solution:
Horizontal force (Fy) = yAy = 0.8x9810x(1.8x1.5)x(1.8/2) = 19071 N (right)

Vertical force (Fy) = Weight of volume of water vertically above BDC
Vertical force (Fy) =(F\)os - (FW)oc = ¥ [Volumegpgco — Volumepgcp]
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= yVOlumeBCD
2
=0.8x9810x [”’“2"9 x1.5] = 14978 N (up)

Reaction at A = Fy=19071 N (left)
Reaction at B = Weight of cylinder — Fy = 100000-14978 = 85022N (up)

14. In the fig., a 2.4m diameter cylinder plugs a rectangular hole in a tank that is 1.4m long. With what
force is the cylinder pressed against the bottom of the tank due to the 2.7m depth of water?

1.2c0s30 =1.04m

*JHI*
0.16m

Solution:
Water is above the curve portion CDE, whereas it is below the curve portion AC and BE. For AC and BE,
imaginary weight of water vertically above them is considered and the vertical force on theses part acts

upwards.
Net vertical force= (Fv)coe (down) — (Fv)ac (up) — (Fv)se (up)
= Weight of volume of water vertically above CDE- imaginary Weight of volume above arc AC-
imaginary weight of volume above arc BE
=Y [VOlume above CDE ~— Volume above AC — Volume above BB]
= 9810x[(volume rectangle CEMN — volume semicircle CDE)
— (volume rectangleCRPN + volume sectorCOA — volume triangleROA)
— (volume rectangleSEMQ + volume sectorBOE — volume triangleB0S)]

2
-9810x [(2.4x2.1x1.4 _ mxl2 x1.4) _ (0.16x2.1x1.4 + 3% mx1.22x1.4 — 21.04x. 6x1.4) _
2 360 2

(0.16x2.1x1.4 + 2% rx1.22x1.4 — 11.04x. 6x1.4)]
360 2
=27139N (down)
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15. A dam has a parabolic profile as shown in the fig. Compute the horizontal and vertical components of
the force on the dam due to the water. The width of dam is 15m. (Parabolic area = 2/3(b*d)

Water 6.9m

B

Solution:
Horizontal force (Fy) = yAy = 9810x(15x6.9)x6.9/2 = 3502906 N = 3502.906 KN (right)

Vertical force (Fv) = Weight of volume of water vertically above AB =y Volume 4p0pe a5

= 9810 x§x3x6.9x15 = 2030670 N = 2030.67 KN (down)

16. The bottled liquid (sp gr = 0.9) in the fig. is under pressure, as shown by the manometer reading.
Compute the net force on the 50mm radius concavity in the bottom of the bottle.

16cm
AR .

. 50mm radius
Solution:

From symmetry, Fh =0

Manometeric equation for pressure,
Pya +vx0.07 = ypyx0.12

Paa +0.9x9810x0.07 = 13.6x9810x0.12
Paa = 15392 N/m?

Fv = Paa Abotiom+ Weight of liquid below AA = Paa Avottomt ¥ Volumepeiow aa
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= Paa Abottom+ Y [VOlumecylinder of height 16cm — VOlumehemisphere of radius SOmm]
=15392xmx0.05% + 0.9x9810[mx0.052x0.16 — %x%xnx0.053]
=129.7N (down)

17. The cylinder in the fig. is 1.5m long and its radius is 1.25m. Compute the horizontal and vertical
components of the pressure force on the cylinder.

V

Water

Solution:
AB =1.25+1.25Sin45 = 1.25+0.88 = 2.13m
Horizontal force (Fy) = yAy = 9810x(2.13x1.5)x(2.13/2) = 33380 N = 33.38 KN (right)

Vertical force (Fv) = Weight of volume of water vertically above ABC
=y [Volume 1 + Volume?2 + Volume3 + Volume4|

1 1
=9810x [Exnx1.252x1.5 + 0.88x1.25x1.5 + 0.5x0.88x0.88x1.5 + 5xnx1.252x1.5]
=67029N = 670.29 KN (up)

18. The 1m diameter log (sp gr = 0.82) divides two shallow ponds as shown in the fig. Compute the net
horizontal and vertical reactions at point C, if the log is 3.7m.

T v N M
0.7m
1m
Water I
AL 0.5m
C
Solution:

Horizontal force on ADC (Fy;) = yAly1 = 9810x3.7x1x1.2= 43556 N (right)
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Horizontal force on BC (Fyy,) = yYA2y2 = 9810x3.7x0.5x0.5/2= 4537 N (left)

Vertical force on ADC (Fv1) = Weight of volume of water vertically above ADC
Vertical force (Fv1) =(Fv)mnocoam (Up)- (Fv)mnoam (down)

= yVolumeyocp

= 9810x%xnx0.52x3.7 = 14254N (up)

Vertical force on BC (Fv2) = Weight of volume of water (imaginary) vertically above BC
=y Volumegoc

= 9810x§xnx0.52x3.7 =7127N (up) Wl

Weight of log (W) = ;04 Volume,,, Fui
= 0.82x9810xmx0.5%x3.7 =23376N (down)

Horizontal reaction at C (Ry)

-Rx +Fu1- Fh2 =0

R = Fui- Fz = 43556 — 4537 = 39019N (left)

Vertical reaction at C (Ry)

Ry+Fvi+Fn,—-W=0

Ry = 23376-14254-7127 = 1995N (up)

19. The 0.9m diameter cylinder in the fig. is 7m long and rests in static equilibrium against a frictionless
wall at point B. Compute the specific gravity of the cylinder.

Vv

Water
Wall

Solution:

Wall

Vertical force (Fv) = Weight of volume of water vertically above ADBECA
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= (F,) on semi-circle ACE + (F,) on quadrant BE
For BE, imaginary weight of fluid vertically above it is considered
=y [Volume 4opc + Volume gop + Volume 4ppo]

= 9810 Enxo.452x7 + 2 mx0.45%x7 + 0.45x0.45x7] = 46670N (up)

The reaction at B is purely horizontal.

Weight of cylinder (W) = Fy
W =46670N

Yey1 Volume,y,; = 46670
Yeyt Tx0.452x7 = 46670

Veyr = 10480 N/m?

Sp gr of cylinder = ” 9810 = 1.07

20. Find the horizontal and vertical forces per m of width on the tainter gate shown in the fig.

7.5m radius

7.5m c 1-- pommm T

Solution:
Horizontal force (Fy) = yAy = 9810x(7.5x1)x7.5/2 = 275906 N = 275.906 KN (right)
Fy acts at a distance of 7.5x2/3 = 5m from water surface.

Vertical force (Fv) = Weight of imaginary volume of water vertically above ABCA
=y [Volume sectoraopc — Volume triangleAOB]
= 9810x [%xnx7.52x1 - 0.5x7.5x(7.5C0530)x1]

=49986N = 49.986KN (up)
Fv acts through the centroid of the segment ABCA.
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21. The tank whose cross section is shown in fig. is 1.2m long and full of water under pressure. Find the
components of the force required to keep the cylinder in position, neglecting the weight of the cylinder.

14Kpa
0.9m
;@m radius
v v
Water

Solution:

Pressure =14KPa

. P 14000
Equivalent head of water =— =
Y 9810

Apply 1.43m water above the cylinder.
Horizontal force (Fy) = yAy = 9810x(0.9x1.2)x(1.43+0.9/2) = 19918 N = 19.918 KN (right)
Sin(OEF) = 0.3/0.6
<OEF = 30°=<EOD
EF = 0.6C0s30=0.52m
Vertical force (Fy) = (Fv)masrocoem -(Fv)maep
= Weight of volume of water vertically above ABFOCDEA

=1.43m

=Y [VOlume ABFE + Volume triangleEOF + Volume sector EOD + Volume quadrant COD]
= 9810x [0.52x1.43x1.2 + 0.5x0.3x0.52x1.2 + %xnx0.62x1.2 + %xnx0.62x1.2]

=14110 N =14.11 KN (up)
Forces required to keep the cylinder in positions are: 19.918KN to the right and 14.11KN to the up.
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22. Each gate of a lock is 6m high and is supported by two hinges placed on the top and the bottom. When
the gates are closed, they make an angle of 120°. The width of the lock is 7m. If the water levels are 5m
and 2m at upstream and downstream respectively, determine the magnitude of forces on the hinge due
to the water pressure.

Water

l«—F:

w
|«3 >l
< |«

|

Solution:

F = Resultant water force, P = Reaction between gates, R = total reaction at hinge
6 =30°

Width of lock = 3.5/cos30 = 4.04m

Resolving forces along gate

PcosB = RcosB i.e. P=R (a)

Resolving forces normal to gate

PSin® +RSinB = F (b)

Fromaandb

P = F/2SinB

Horizontal force on upstream side (F;) = yA1y1 = 9810x4.04x5x5/2= 495405 N
F1 acts at 5/3m = 1.66 from bottom

Horizontal force on downstream side (F,) = yA2y2 = 9810x4.04x3x3/2= 178346N
F2 acts at 3/3 = 1m from bottom

F = Fi— F, =495405-178346 = 317059 N

Taking moment about the bottom to find the point of application of F,
317059y = 495405x1.66-178346x1
y=2.03m

P = F/2SinB = 317059/2sin30 =317059N
R=P = 317059N

Taking moment about bottom hinge
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Rt x6 =317059x2.03
Rt =107272N = 107.272KN
Rb = R—Rt=317059-107272 = 209787N = 209.787KN

23. Find the net horizontal and vertical forces acting on the surface ABCDEF of width 5m as shown in the
figure below. BCD is a half circle.

o

Water

Solution:
AB =2/Sin45° = 2.8284m
EF = 2/Sin45° = 2.8284m

Pressure force on inclined surface AB (F;) = VwaterA1Y1 = 9810x(2.8284x5)x1 = 138733N which is
perpendicular to AB

Fix = F1 Cos45° = 138733 Cos45° = 98099N (right)

F1y = F1 Sin45° = 138733 Sin45°% = 98099N (up)

For curved surface BCD

For = YwaterA2Y2 = 9810x(2x5)x3 = 294300 N (right)

1 22
Fzy = YwaterVabove Bcp = 9810x (E X T) x5 = 77048N (down)

Pressure force on EF due to water (F3) = VywaterAsyYs = 9810x(2.8284x5)x5 = 693665N which is
perpendicular to EF

Fax = F3 Cos45° = 693665 Cos45° = 490495N (right)

Fay = F3 Sin45°% = 693665 Sin45° = 490495N (up)

Pressure force on EF due to oil (F,) =V,iA4Ys = 0.8x9810x(2.8284x5)x1 = 110986N which is
perpendicular to EF
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Fax = F4 Cos45° = 1109955 Cos45° = 78479N (left)

Fay = F4 Sin45° 1109955 Sin45° =78479N (down)

Net horizontal force = 98099+294300+490495-78479N = 804415N (right)
Net vertical force = 98099-77048+490495-78479N = 433067N (up)

24. Calculate the pressure force on the curved surface ABCD as shown in the figure below. AB is a quadrant
of radius 1m and BCD is a semi-circle of radius 1m. Take width of curve =5m.

V
T
3m
L
Im
T
Water

—>le 5

2m

4

Solution:
Horizontal force on AB (Fi,) = YwaterA1V1 = 9810x(1x5)x3.5 = 171675N (right)

Vertical force on AB (F1y) = YwaterVabove 4B (imaginary) = 9810x anlz + 3x1) x5 = 185674N (up)

Horizontal force on BCD from the left side (Fy,) = YwaterA2V2 = 9810x(2x5)x5 = 490500N (right)
Vertical force on BCD from the left side (F,yy = YwaterVabove Bep = 9810x G nxlz) x5=77048N (down)

Horizontal force on BCD from the right side (F3,) = ¥,i142V3 = 0.82x9810x(2x5)x1 = 80442N (left)
Vertical force on BCD from the right side (F3y) = ¥oi1Vapove Bcp = 0.82x9810x anlz)xS = 63179N

(up)

Net horizontal force = 171675+490500-80442 = 581733N = 581.733KN (right)
Net vertical force = 185674-77048+63179 = 171805N = 171.805KN (up)
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25. Find the weight of the cylinder (dia. =2m) per m length if it supports water and oil (sp gr = 0.82) as
shown in the figure. Assume contact with wall as frictionless.

QOil Im

Water im

Solution:

Downward force on AC due to oil (FVac) = Weight of oil supported above curve AC
=Y,i Volume of oil above AC

=Yoil (VOlumeAFCD — Volume quadrant ACD)

-0.82x9810 (1x1x1 - %nxlle) = 1726N

Pressure at C due to 1m oil (P) = ¥,;; x1 = 0.82x9810x1 =8044.2 Pa

. ., P _ 80442
Equivalent head of water due to 1m oil = = o810 - 0.82m

Apply 0.82m water above EC.

0.82

Water im

Upward vertical force on CBE (FVcse) = Weight of water above CBE
= y(Volume sem; circie cae + Volume cyyg)
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— 9810 (%nxlle n 0.82x2x1) =31498N
Weight of cylinder = FVcse - FVac = 31498-1726 = 29772 N

26. Find the magnitude and direction of the resultant pressure force on a curved face of a dam which is
shaped according to the relation y = x2/6. The height of water retained by the dam is 12m. Assume unit
width of the dam.

Solution:

The equation of the dam

y =x%/6

Consider an element of thickness dy and length x at a distance y from the base.
Area of element = xdy

Area of OAB = f012 xdy = f012 \J6ydy
= Vex2|y3/2| " = 67.882 m’

Horizontal force (F,) = yAy = 9810x(12X1)x6 = 706320N
Vertical force (Fy) = Weight of water vertically above dam OA
=y Volpag = y AreapsgL = 9810x67.882x1 = 665922N

Resultant force (Fg) = /F,§+Fy2 =970742N = 970.742KN

o _4F 1 665922
Direction of resultant force = Tan™ 1 2 = Tan~1 2222
Fy 706320

=43.31°

27. A cylinder, 2m in diameter and 3m long weighing 3KN rests on the floor of the tank. It has water to a
depth of 0.6m on one side and liquid of sp gr 0.7 to a depth of 1.25m on the other side. Determine the
magnitude and direction of the horizontal and vertical components of the force required to hold the
cylinder in position.
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A
1.25m
0.6m v
—4 B
Solution:
OA= 0B =0C=1m, BD = 0.6m
OD =1-0.6 =0.4m
CD = (12 — 0.42)1/2=0.9165m
< COD = tan™! (0'9165)= 66.4°
0.4

OE =1.25-1=0.25m

< AOE = cos™ ! (%)= 75.5°
1

<AOB = 180-75.5 = 104.5°

AE =0.25tan75.5 =0.96m
Weight of cylinder = 3KN = 3000N

Net horizontal force (Fy) = (Fy)ap — (Fy)cs = YouAlyl — yA2y2
=0.7x9810x1.25x3x1.25/2-9810x0.6x3x0.6/2 = 10797N (left)

Net vertical force (Fv)= Weight of volume of oil vertically above AB + Weight of volume of water vertically
above BC = Fvag (up) + Fvec (up)

=Y,i Volume 4gg + yVolumegp,
= You(Volume of sector AOB + Volume of AAOE) + y(Volume of sector BOC —

Volume of ACOD)
104.5 2 66.4 2
=9810x0.7 (= xmx12x3 + 0.50.25x0.96x3) + [9810x (3= xmx12x3 — 0.5x0.9165x0.4x3 )]

360
=32917N (up)
The components to hold the cylinder in place are 10797 N to the right and 32917-3000 = 29917N down.
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Additional problems on hydrostatic force

For the system shown in figure, calculate the height H of water at which the rectangular hinged gate will
just begin to rotate anticlockwise. The width of gate is 0.5m.

\V

Water

Solution:
Force due to water (F;) = YAy
=9810x(1.2x0.5)x(H — 0.6) = 5886(H — 0.6)
CPof F;
M.I. about CG (I;) = %x0.5x1.23 =0.072m*
Vertical distance of CP of F; from free surface

_ .1 _ _ 0.072 _ (H-0.6)%+0.12
Y=y + Ay (H —0.6) + 1.2x0.5(H-0.6)  (H—0.6)

Force due to air pressure (F2)= PA = 40x1000x1.2x0.5 =24000N, which acts at a distance of H-0.6 from
the free surface.
Taking moment about hinge,

(H-0.6)%+0.12 _
5886(H — 0.6) |2 = — (H — 1.2)] = 24000x0.6
(H—-0.6)24+0.12— (H —1.2)(H — 0.6) = 2.446
H=1.6m
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A 3m square gate provided in an oil tank is hinged at its top edge. The tank contains gasoline (sp. gr. =
0.7) up to a height of 1.6m above the top edge of the plate. The space between the oil is subjected to a
negative pressure of 8 Kpa. Determine the necessary vertical pull to be applied at the lower edge to
open the gate.

Gasoline surface

New level due to pressure
-8Kpa pressure

1.16m  |a A
T ——————————————————————— 1.6m T
h ) A A
\ 4 Gasoline “—— Hinge Yo
Gate i
Solution:

Head of oil equivalent to -8 Kpa pressure = P - —80% -1.16m

Yoir  0.7x9810
This negative pressure will reduce the oil surface by 1.16m. Let AB = new level. Make calculation by
taking AB as free surface.
h=1.6-1.16=0.44m

¥ = (1.6 — 1.16) + 7 x35in45 = 1.5m
Hydrostatic force (F) = y,;; Ay = 0.7x9810x(3x3)x1.5 = 92704.5N
CPof F

M.l. about CG (I;) = %x3x33 =6.75m*

Vertical distance of CP of F; from free surface
_ —, Igsin?6 _ 6.755in%45 _
Yo =Y+ =15+ = 1.75m

Vertical distance between the hinge and F =1.75-0.44 = 1.31m

Taking moment about the hinge

Px3sin45 = Fx 32
sin45
Px3sin45 = 92704.5x ~22
sin45

P =80962N
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There is an opening in a container shown in the figure. Find the force P and the reaction at the hinge (R).

24Kpa
Hinie
Gate Fﬁ T
(1.2mxm T i
1
2.9m '
P W R !
0 1
30 Container }_ \4 Yo
oil, sp. gr. ‘L
=0.85 PN LS
F
Solution:
. . D 24000 .
Equivalent head of oil due to 24 Kpa pressure = — = ————— = 2.9m of ail

Yoit  0.85x9810
Apply 2.9m of oil above the hinge.

¥ =29 +3x1.25in30=3.2m

Hydrostatic force (F) = y,;; Ay = 0.85x9810x(1.2x1.2)x3.2= 38424N
CPof F

M.l. about CG (I;) = %951.2951.23 0.1728m*

Vertical distance of CP of F; from free surface
_ =, Igsin?6 _ 0.1728Sin?30 _
Yw=y+ BT 3.2+ Azxixsz - 3.209m

Vertical distance between the hinge and F = 3.209-2.9 = 0.309m

Taking moment about the hinge

Px1.2 = 38424x 22%
sin30

P = 19788N

R+P=F

R =38424-19788 = 18636N
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Tutorial 4

Buoyancy and floatation

1. A rectangular pontoon has a width of 6m, length of 10m and a draught of 2m in fresh water. Calculate
(a) weight of pontoon, (b) its draught in seawater of density 1025 kg/m? and (c) the load that can be
supported by the pontoon in fresh water if the maximum draught permissible is 2.3m.

Solution:
a) Weight of pontoon = Weight of water displaced
W = YivaterVwater aisplacea = 9810x6x10x2 = 1177200 N = 1177.2 KN

b) Draught in sea water (D) =?
Weight of pontoon = Weight of sea water displaced

1177200 = Yseq waterV

1177200 = 1025x9.81x6x10xD

D=1.95m
C) Dmax =2.3m
Load that can be supported in fresh water (P) = ?
Total upthrust (Fs) = Weight of water displaced

= YwaterVwater displacea = 9810x6x10x2.3 = 1353780N = 1353.78KN

P=Fs—W =1353.78-1177.2= 176.58 KN

2. A steel pipeline carrying gas has an internal diameter of 120cm and an external diameter of 125cm. It
is laid across the bed of a river, completely immersed in water and is anchored at intervals of 3m along
its length. Calculate the buoyancy force per meter run and upward force on each anchorage. Take
density of steel = 7900 kg/m3.

Solution:
Buoyant force per m = Weight of water displaced per m

= YwaterV = 9810x§x1.252x1 =12039N/m

Buoyant force for 3m (Fg3) = 12039x3 = 36117N
Weight for 3 m of pipe (W3) = 3xVsteetVsteer

= 3x7900x9.81x§x(1.252 —1.20%) =22369N
Upward force on each anchorage = Fg3 — W3 =36117-22369 = 13748N

3. A wooden block of width 2m, depth 1.5m and length 4m floats horizontally in water. Find the volume
of water displaced and the position of center of buoyancy. The specific gravity of wooden block is 0.7.

Solution:
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Weight of block = Weight of water displaced
ywoodeood = ywaterVwater diplaced
0.7X9810X2X1.5X4 = 9810VWater displaced

Vwater displaced = 8.4m3

Finding depth of immersion (h)
Weight of block = Weight of water displaced
ywoodeood = ywaterVwater diplaced
0.7x9810x2x1.5x4 = 9810x2x4xh
h=1.05m
Position of center of buoyancy = h/2 = 0.525m from bottom

4. A piece of wood of sp gr 0.65 is 80mm square and 1.5m long. How many Newtons of lead weighing
120KN/m3 must be fastened at one end of the stick so that it will float upright with 0.3m out of water?

Solution:
Length of wood = 1.5m
Length of wood in water =1.5-0.3 =1.2m

Total weight of wood and lead = Weight of water displaced
Vwoodeood + Vleadvlead = VwaterVwater diplaced
0.65x9810x0.082x1.5 + ¥;004Vieqa = 9810[0.082x1.2 + V;,04]
61.214 + 120000V,,5q = 75.34 + 9810V,,04

Viead = 0.000128 m?

Weight of lead = ¥;,04Vieqq = 120000x0.000128 = 15.38N

5. A block of wood floats in water with 40mm projecting above the water surface. When placed in
glycerin of sp gr 1.35, the block projects 70mm above the surface of that liquid. Determine the sp gr of
wood.

Solution:

A = Area of block

h = Height of block
S = sp gr of block

Weight of wooden block (W) = Yiwo0dVwooa = SX9810xAh (a)

Weight of water displaced (Ww) = VwaterVwater diptacea = 9810xA(h-0.04) (b)
Weight of glycerin displaced (W) = YgiycerinVgiycerin diptacea = 1.35x9810(h-0.07) (c)
Here, W = Wy = Wgs

Equatingaand b
Sx9810xAh= 9810xA(h-0.04)
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h—0.04
S =
h

Equating b and c
9810A(h-0.04) = 1.35x9810A (h-0.07)

h=0.155m
h—0.04 0.155-0.04
§= R 0155 =0.74

6. A rectangular open box, 7.6m by 3m in plan and 3.7m deep, weighs 350KN and is launched in fresh
water. (a) How deep will it sink? (b)If the water is 3.7m deep, what weight of stone placed in the box will
cause it to rest on the bottom?

Solution:

a) Depth of immersion (h) =?

Weight of block = Weight of water displaced
350000 = ywaterVwater diplaced

350000 = 9810x7.6x3xh

h=1.56m

b) Weight of block and stone = Weight of water displaced
350000 + Weightstone = ywatervwater diplaced

350000 + Weightgsione = 9810x 7.6x3x3.7
Weightstone = 477572N = 477.57KN

7. A stone weighs 500 N in air and 200N in water. Determine the volume of stone and its specific gravity.

Solution:

Weight in air-Weight in water = Buoyant force
Buoyant force (Fg) =500-200 = 300N

Fs = Weight of water displaced

300 = YwaterVwater diplaced

300 = 9810xVy,qter diplaced

Vwater diplaced = 0.0306m*

Volume of stone (V) =0.306m?3
Weight inair __ 500
v "~ 0.0306

Specific weight of stone (Ystone) = = 16340N/m3

. . 16340
Specific gravity of stone = fstene — =1.66
Ywater 9810

8. A metallic body floats at the interface of mercury of specific gravity 13.6 and water in such a way that
30% of its volume is submerged in mercury and 70% in water. Find the density of the metallic body.

Solution:
Volume of metallic body =V
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Density of metallic body = p

Weight of metallic body = Weight of fluid displaced = Buoyant force due to mercury + Buoyant force due
to water

ng = pmercurygvmercury diplaced+ pwaterngater diplaced
px9.81xV = 13.6x1000x9.81x0.3V + 1000x9.81x0.7V

p =4780 kg/m3

9. A wooden block 4mx1mx0.5m is floating in water. Its specific gravity is 0.76. Find the volume of the
concrete of specific gravity 2.5, that may be placed on the block which will immerse the (a) block
completely in water and (b) block and concrete completely in water.

Solution:
a) Immersion of the block completely in water

Total weight of block and concrete = Weight of water displaced

YwoodVwood + YconcreteVeoncrete = YwaterVwater diptaced

0.76x9810x4x1x0.5 + 2.5x9810xV_,pcrete = 9810x4x1x0.5
Veoncrete = 0.192m>

b) Immersion of the block and concrete completely in water

Total weight of block and concrete = Weight of water displaced

Vwoodeood + Vconcretevconcrete = Vwatervwater diplaced
0.76x9810x4x1x0.5 + 2.5x9810xVoncrere = 9810x[4x1x0.5 + Vopneretel
Veoncrete = 0.32m?

10. Determine the specific weight and volume of an object that weighs 10N in water and 12N in oil of
specific gravity 0.8.

Solution:
Weight of object =W
Volume of object =V

Weight of object — Weight in water = Buoyant force due to water

W =10 = YyaterVwater diplaced
W —10 =9810V
W —10=9810V (a)

Weight of object — Weight in oil = Buoyant force due to oil

W —10 = yuVou diplaced
W —12 = 0.8x9810xV
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W —12=7848V (b)

Solving aand b,

V =0.001019 m3

W =10 +9810x0.001019 = 19.996N

19.996

= =19623 N/m3
0.001019

Specific weight of body (y;) = %

11. To what depth will a 2.4m diameter log 5m long and sp gr 0.4 sink in fresh water?

Solution:
Radius (r) =1.2m
Depth of floatation=DC ="?

DB =1.2Cos6, DO =1.2Sin6

Weight of log = Weight of water displaced

Vlongog = ywaterVwater diplaced

0.4x9810x7x1.22x5 = 9810(Vecror oasc — Vo traingtes |

260

9810x9.04 = 9810 [%xnxl.szS _ 2x0.5x1.2€059x1.25in9]

9.04 = 0.12566 — 0.72sin20
Solving by trial and errors for 6
6 = 80, Right side =9.8

6 = 75, Right side = 9.06

6 = 74.9, Right side =9.04

Take 8 = 74.9
Depth of floatation (DC) =0OC—- 0D =1.2 — 1.25in74.9 = 0.041m

12. What fraction of the volume of solid piece of metal of sp gr 7.2 floats above the surface of a
container of mercury of sp. gr. 13.6?

Solution:
V = Volume of metal

https://civinnovate.com/civil-engineering-notes/



https://civinnovate.com/civil-engineering-notes/

V' = Volume of mercury displaced

Weight of body = Weight of mercury displaced

ybodbeody = ymercuryVmercury diplaced
7.2x9810xV = 13.6x9810xV’

V'/V =0.53
Fraction of volume above mercury = 1-0.53 = 0.47

13. A uniform body of size 4mx2mx1m floats in water. What is the weight of the body if the depth of
immersion is 0.6m? Also determine the meta-centric height.

Solution:

Weight of body = Weight of water displaced

= YwaterVwater diplaced = 9810x4x2x0.6 = 47088 N ML
G
B
Position of center of buoyancy (OB) = 0.6/2 = 0.3m !
Position of cg (0OG) =1/2=0.5m 0
Lxax23
MB=L1=1""__(556m

V. 4x2x06
BG =0.5-0.3=0.2m

GM = MB-BG =0.556-0.2 =0.356m

14. A solid cylinder of diameter 3m has a height of 2m. Find the meta-centric height of cylinder when it
is floating in water with its axis vertical. The specific gravity of cylinder is 0.7.

Solution:
h = depth of immersion

Weight of body = Weight of water displaced :
chchyl = Vwatervwater diplaced M+
0.7x9810xmx1.52x2 = 9810x7x1.52xh G
B—

h=1.4m !

0

Position of center of buoyancy (OB) =1.4/2 =0.7m
Position of cg (0OG) =2/2=1m
BG=1-0.7=0.3m

54

I Lymx1.
MB =-= +——=0.4017m
%4 mx1.5%x1.4

GM = MB-BG = 0.4017-0.3 =0.1017m
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15. A solid wood cylinder has a diameter of 0.6m and a height of 1.2m. The sp.gr. of the wood is 0.6. If
the cylinder is placed vertically in oil of sp.gr. 0.85, would it be stable?

Solution:

h = depth of immersion :
Weight of body = Weight of oil displaced i

chchyl = YouVour diplaced G—
i
0.6x9810xmx0.3%x1.2 = 0.85x9810xmx0.3%xh B
h=0.847m |
0

Position of center of buoyancy (OB) = 0.847/2 = 0.4235
Position of cg (OG) =1.2/2 = 0.6m
BG = 0.6-0.4235 =0.1765m

1 4
I =x1x0.3
MB =-= —+———=0.0265m
%4 17x0.34x0.847
GM = MB-BG =0.0265-0.1765 =-0.15m

As metacentric height GM is negative, the body is unstable.

16. A body of size 3mx2mx2m floats in water. Find the limit of weight of the body for stable equilibrium.

Solution:

S = Sp gr of plastic

h = depth of immersion

Weight of body = Weight of water displaced

ybodyvbody = Vwatervwater diplaced
S5x9810x3x2x2 = 9810x3x2xh

h =2S i
1

G,

Position of center of buoyancy (OB) =25/2=S B ..
Position of cg (0OG) =2/2=1m i
BG = 0G-OB =1-S i
;

1
Mp = Lo ST _ ose
%4 3x2x2S S

GM:MB-BG=¥—1+S

For stable equilibrium, GM >0
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SE-145>0

$2-5+0.166>0

Values of S are 0.21 and 0.79

Lower limit of Weight = ppo4y9Vhoay = 0.21x1000x9.81x3x2x2 = 24721N = 24.72KN
Upper limit of weight = pyoqygVioay = 0.79x1000x9.81x3x2x2 = 92999N = 92.99KN

17. A wooden cylinder of specific gravity 0.6 and circular in cross-section is required to float in oil of
specific gravity 0.8. Calculate the ratio of length to diameter for the cylinder so that it will just float
upright in water.

Solution:
Length of cylinder =L

Diameter of cylinder =D

h = depth of immersion M—
Weight of body = Weight of oil displaced G—i—
chchyl = YoitVoir diplaced B_E_
0.6x9810x % xD2xL = 0.8x9810x 7 xD?xh 5
h=0.75L "

Position of center of buoyancy (OB) = 0.75L/2 = 0.375L
Position of cg (OG) =L/2 =0.5L
BG = OG-0B =0.5L-0.375L = 0.125L

MB =1L= éxﬂ—xw _Dn?
1% ng2x0.75L 12L
2
GM = MB-BG = —— — 0.125L
12L
For stable equilibrium, GM >0
2
2 _0.125L>0
12L
D2-1.5L%>0
L2/D? <0.667
L/D<0.8167
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18. A solid cone of specific gravity 0.7 floats in water with its apex downwards. Determine the least apex
angle of the cone for equilibrium.

Solution:
D = Dia. Of cone

d =Dia. Of cone at water surface

h = Depth of immersion

D

d

|

1
—_

H = Height of cone

20 = Apex angle

R = Radius of cone

r = radius of cone at water surface

Finding depth of immersion (h)
Weight of cone = Weight of water displaced

Vconchone = Vwatervwater diplaced

0.7x9810x %xansz = 9810x§xnxr2xh

.7R*H
h=2>
h= 0.7(HTan6)*H
(hTano)?
h=0.8879H

0G = ZH = 0.75H

OB = %h = 0.75x0.8879H = 0.6659H
BG = OG-OB = 0.75H-0.6659H = 0.0841H

1
Jxmxr® 0.7572

MB=1L=

4 %xn:xrth h

2
- —0'75('1;‘1"9) = 0.75hTan?6 = 0.75x0.8879HTan?0 = 0.6659HTan?0

GM = MB-BG =0.6659HTan?6 — 0.0841H
For stable equilibrium GM>0
0.6659HTan?0 — 0.0841H > 0

Tan?6 — 0.1263 > 0

Tan6 > 0.3553

0 > 19.56°

Least apex angle = 20 = 2x19.56 =39.12°
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19. A cylindrical buoy 1.8m in diameter, 1.2m high and weighing 10.5 KN floats in salt water of density
1025 kg/m?3. Its CG is 0.45m from the bottom. If a load of 3KN is placed on the top, find the maximum
height of the CG of this load above the bottom if the buoy is to remain in stable equilibrium.

q

Finding depth of immersion (h)

Solution: |
G = CG of buoy GJ—E—
G1 = CG of load 3KN : x
G’ = Combined CG of load and buoy M i
h = depth of immersion v G'_i__'_
B=CB ! 1.2m
0G =0.45m G -
0G1=? BT h
: T \4

Weight of load and buoy = Weight of water displaced
10500 + 3000 = psait watergVwater diplaced

13500 = 1025x9.81x1mx0.9%xh

h=0.53m

OB =0.53/2 =0.265m

I Lxmx1.84
MB = o= W=0.38m
BG’ = 0G’-OB = 0G’-0.265
G’'M = MB-BG’ = 0.38- 0G’+0.265 = 0.645-0G’
For stable equilibrium, G'M>0
0.645-0G">0
0OG’ <0.645m
Taking moments about O,
3x103x0G1 + 10.5x103x0.45 = (3x103+10.5x10%)x0.645

0G1=1.3275m

20. A plate of metal 1.1mx1.1mx2mm is to be lifted up with a velocity of 0.1m/s through an infinitely
extending gap 20mm wide containing an oil of sp. gr. 0.9 and viscosity 2.1NS/m2. Find the force required
to lift the plate assuming the plate to remain midway in the gap. Assume the weight of the plate to be
30N.
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Solution:

Velocity of plate (u) = 0.1m/s

Sp. gr. of 0il =0.9

9mm

A 4

+—Ah—

2mm

Sp. wt. of oil (y) = 0.9x9810 = 8829N/m?
Viscosity of oil (1) = 2.1NS/m?
Clearance on both sides (dy; = dy>=dy) = 9mm = 0.009m

Weight of plate = 30N

Force required to lift the plat (F) =?

Upthrust on the plate = yxvol. of plate = 8829x1.1x1.1x2/1000 = 21.37N

Viscous force on the plate = Viscous force on left + Viscous force on right

:T1A+T2A:(T1+T2)A

du du du 0.1
= (ua + yE)A = 2u0A = 2x21x 55 x11x1.1 = 56.47N

Total force required to lift the plate = Weight-Upthrust + Viscous force = 30-21.37+56.47 = 65.1N

21. A block of wood of rectangular cross-section of sides a and b, and of length L has relative density of

S. If the block is to float in water with its longest axis horizontal and the length a vertical, show that for

o . b
stable equilibrium o> J6S(1-2S5).

Solution:

— —

M=
G

B

AV

T G = CG, B = Center of buoyancy, M = Metacenter

a

!
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For the block to float
Wt. of block = Wt. of water displaced

YbiockVbiock = YwVwater diplaced
YwS abL =, byL

y =Sa
0B =06 =1
2 2
a Sa a
BG —5—7—5(1—5)
1 1
BM:L_Eng :ELb3 = b?
%4 bLy bLSa 12Sa

b2
125a

Metacentric height (GM) = é —BG = %(1 -5)

For stable equilibrium, GM>0
bZ

a
125a_5(1_5) >0
b? a
125a>5(1_s)

2> . [65(1-5)

22. Consider a homogeneous right circular cylinder of length L, radius R, and specific gravity S, floating in
water (S = 1) with its axis vertical. Show that the body is stable is % = [25(1 — $)]Y/>.

Solution:
Length of cylinder = L

Radius of cylinder =R
Specific gravity of cylinder =S

h = depth of immersion M—
Weight of cylinder = Weight of water displaced G—i—
chchyl = VwaterVwater diplaced B_E_
$x9810xmxR?xL = 9810xmxR?xh E
h = SL Ol

Position of center of buoyancy (OB) = SL/2
Position of CG (OG) = L/2

BG = 0G-0B =7 (1—5)

1
MB:L: an.);R‘l- :ﬁ:R—Z
%4 nxXR“xh 4h 4SL
R? L
GM=MB-BG =——=(1-15)
4SL 2
For stable equilibrium, GM = 0
R _L1-95=0
4SL 2
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> =[25(1 - 95)?

23. If a solid conical buoy of height H and relative density S floats in water with axis vertical and apex
upwards, show that the height above the water surface of the conical buoy is equal to H(1 — 5)1/3.

Solution: . ’(
R = Radius of cone ».‘r |<_

r =Radius of cone at water surface ——
y = Height above the water surface /\ y ‘
v v

H = Height of cone j
/ e :

1 1 1
SxYwaterX 3TR?H = Yyarerx (5 nR?H — gnrzy)
R?SH = R*H —r?%y

RZ
y="SH(1-5) (a)
From similar triangles,
R H

T3 (b)

Fromaandb

H2
y = FH(l -9
y=H(1 -3

Weight of cone = Weight of water displaced

yconevcone = Vwatervwater diplaced

24. A cone of base radius R and height H floats in water with the vertex downwards. If 8 is the semi-
vertex angle of the cone and h is the depth of immersion, show that for stable equilibrium Sec?8 > H/
h.

Solution:
D = Dia. Of cone
d =Dia. Of cone at water surface

h = Depth of immersion

H = Height of cone

20 = Apex angle

R = Radius of cone

r = radius of cone at water surface
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PN
(6]

r = htan@
0G=H

4
oB=3h

4
BG=-H —2h=0.75(H - h)

14 2 )2

MB = é = A = WIS 0PN _ g 75htan?6

gn'rzh T oohn
GM =; — BG = 0.75htan?6 — 0.75(H — h)
For stable equilibrium, GM>0

0.75htan26 — 0.75(H — h) > 0

htan?6 > (H — h)

h(1 + tan?6) > H

Sec?0 > H/h

25. A cone of base diameter d and height H floats in water with the axis vertical and vertex downwards.
1rd2s1/3 1/2
If the sp gr of the cone material is S, show that for stable equilibrium H < 3 [1_5—1/3]

If S =0.7, what would be the minimum value of R/H for stable equilibrium?

Solution: d
d = Dia. Of cone
|<_ d1 _>|

d1 =Dia. Of cone at water surface

y = Depth of immersion

H = Height of cone

20 = Apex angle

R = Radius of cone

r = radius of cone at water surface

Weight of cone = Weight of water displaced

yconchone = ywaterVwater diplaced

1md? |, 1 d1?
Sxywaterxg 2 H_Vwaterxg 2 y

Sd?H = d1%y (a)
From similar triangles,
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Fromaandb
y = HS'Y/3

OG=-H

wWalw

OB:Zy

(b)

(c)
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3 3 3 3 3
BG=_H—-y=,(H-y)=(H-HS?)=H(1-S5"?)

4

MB=1=
v
3

GM=L1_BG
\%4

4

1 4 ¥ \?

2amal’” 3412 3(§d) _3d?y _ 3d?HSY3 _ 3d?s1/3
1imd12 -
Ty

16y 16y  16H?2 16H2  16H

3d251/3 3d251/3

16H

For stable equilibrium, GM>0

3d2s1/3
16H

3d251/3
16H

1 'd251/3‘
H<=|——
2 11-51/3]
Numerical
1 [d2s1/3]
H<=|——=
2 11-51/3]

drl si/3 7

3
> H(1-$3)

1/2

2 [1-s1/3]

- R
Minimum value of;

—2H(1-5"3)>0

1/2 1/2

= [—1‘0'71/3] =0.355

1-51/3
] 0.71/3

51/3
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26. A cylindrical buoy 1.25m in diameter and 1.8m high has a mass of 770kg. Show that it will not float
with its axis vertical in sea water of density 1025 kg/m?>. If one end of vertical chain is fastened to the
base, find the pull required just to keep the buoy vertical. The CG of the buoy is 0.9m from its base.

Solution:

a) h = depth of immersion

Weight of body (W) = mg = 770x9,81 = 7553.7N
Weight of body = Weight of water displaced i

T

7553.7 = pPseq water9Vwater diplaced
7553.7 = 1025x9.81x - x1.25%xh

h=0.612m

o b----

Position of center of buoyancy (OB) =0.612/2 = 0.306m
Position of CG (OG) = 1.8/2 = 0.9m
BG =0.9-0.306 = 0.594m

1 4
MB = i _ 64x7'tx1.25

= == =0.16m
1% Zx1.252x0.612

GM = MB-BG =0.16-0.594 = -0.434m
As metacentric height GM is negative, the body is unstable and it will not float with its axis vertical.

b) T =pull in chain
Net upthrust (R) = T+W =(T+7553.7)

Finding new depth of immersion (h’) V

Net upthrust = Weight of water displaced G~ T
G

R = Psea Waterngater diplaced B — h

R = 1025x9.81x = x1.25%xh’ i !

h’ = 0.00008R ! 2
O 1

OB = 0.00008R/2 = 0.00004(T+7553.7) l

0G =0.9m T

G’ =new CG due to T and W (lowered due to T)

Lymx1.25%
Mp =1— &t 1220.7

v Zx1.25%x0.00008R = (T+7553.7)
Taking moment about O (W passing through G and R through G’)
W 0G =R 0OG’
7553.7x0.9 = (T+7553.7)0G’
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OG, — 6798.33
T+7553.7
BG’ = 0G’-0B = =223 _ 0.00004(T + 7553.7)
T+7553.7
GM = MB-BG’ = ——o2 __ 979833 | (00004(T + 7553.7)

(T+7553.7) T+7553.7
_—5577.63-0.00004(T+7553.7)2
- T+7553.7

For stable equilibrium, GM>0
—5577.63 + 0.00004(T + 7553.7)? >0
T + 7553.7

T>4254.8N

27. A hollow cylinder of external radius R and internal radius r, height h and sp. gr. S floats in a liquid of
sp. gr. So. Show that for its stable equilibrium

h<s R2 + 12
=70 125(S, - 9)

Solution:
Height of cylinder = h
Specific gravity of liquid = So

Specific gravity of cylinder =S

h” = depth of immersion M

Weight of cylinder = Weight of liquid displaced G—:L
chchyl = yliquideater diplaced B_T
5$x9810xmx(R? — r?)xh = 9810xSyxmx(R? — r?)xh' !
p =5t :
So 3}
_ Sh
Position of center of buoyancy (OB) = YN
0
Position of CG (OG) = h/2
h  Sh h
BG _OG_OB_E_E = E(SO -5)
Mp = Lo ZE) R (e
1% tx(R2—r2)xhr 4 4Sh
0
2 2
GM = MB-BG = 2B 1 o o
4Sh 25,

For stable equilibrium, GM = 0

So(R*47%) _ h o _
4Sh 25, (So—=5)=0
R%+12
h =S, 25(So—S5)
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28, The wooden beam shown in the figure is 200mmx200mm and 4m long. It is hinged at A and remains
in equilibrium at 8 with the horizontal. Find the inclination 8. Sp. gr. of wood = 0.6.

Ay /{
)
im adm y
I NWI NN v/
B \>/

Water

Fs

Solution:

Length of beam immersed under water =y

Weight of beam (W) = VpeamVpeam = 0.6x9810x(0.2x0.2x4) = 941.76N
W acts at a distance of 2m from A.

Buoyant force on the beam (Fs) = Weight of water displaced = Yy aterVivater dispaicea
=9810x(0.2x0.2xy) = 392.4y
FBactsataC.

AC=4-2
2

Taking moment about hinge A,
941.76x2c056 = 392.4y (4 — %) cos6
y2—8y+9.6=0

y=6.5,1.47

Asy = 6.5 is not possible, y =1.47

sinf =
4-147

6 =23.3°
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Tutorial 5
Relative equilibrium
1. An open rectangular tank 3m long and 2m wide is filled with water to a depth of 1.5m. Find the slope

of the water surface when the tank moves with an acceleration of 5m/s? up a 30° inclined plane. Also
calculate the pressure on the bottom at both ends.

5m/s?
el
B L
A 1.5m o
A&
T
300

Solution:

Inclination of surface (a) = 30°
Acceleration (a) =5 m/s?

Slope of water surface (6) = ?

Pressure at A (Pa) = ?, Pressure at B (Pg) = ?

Components of acceleration
ax = 5c0s30 = 4.33 m/s?
a;, =5sin30 = 2.5 m/s?

tan@ = ax  _ 4.33
gtay, 9.81+2.5
6 =19.38°

Depth of water at rear end (h1) = 1.5+(3/2)xtan19.38 = 2.03m
Depth of water at front end (h2) = 1.5-(3/2)xtan19.38 = 0.97m

Pa=vh1(1+ “;) = 9810x2.03 (1 + 2) = 24989 N/m’

Py = yh2 (1 + %) = 9810x0.97 (1 + %) - 11941 N/m?

2. A rectangular tank 2m long, 1.5m wide and 1.5m deep is filled with oil of specific gravity 0.8. Find the
force acting on the bottom of the tank when (a) the vertical acceleration 5m/s? acts upwards (b) the
vertical acceleration 5m/s? acts downwards.
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E F

c Y D *
1.5m

A A2

B
[« 2m —>]

Solution:

a) Acceleration (a,) = 5 m/s? (vertically upwards)
Depth of oil (h) = 1.5m

Force acting on the bottom (Fag) = ?

= az\ _ S\ 2
Py =vouh (1 + g) = 0.8x9810x1.5 (1 + 9.81) =17772 N/m
Fag = Pa X Area at bottom = 17772x2x1.5 = 53316N

b) Acceleration (a,) = -5 m/s? (vertically downwards)
Force acting on the bottom (Fag) = ?

— _ %z _ __5)\_ 2
Py = Vouh (1 g) = 0.8x9810x1.5 (1 9.81) = 5772 N/m
Fas = Pas X Area at bottom = 5772x2x1.5 = 17316N

3. An open cubical tank with each side 1.5m contains oil of specific weight 7.5KN/m?3 up to a depth of
1.3m. Find the forces acting on the side of the tank when it is being moved with an acceleration of 4m/s?
in vertically upward and downward direction.

A B
[ ¢« 15m -
Pa

a) Acceleration (a,) = 4 m/s? (vertically upwards)
Depth of oil (h) =1.3m
Force acting on side (F1) =7

Pa=Youh (1+ “;) = 7500213 (1 + 55-) = 13725.5 N/m?

F1= Area of pressure diagram x width = 0.5x13725.5x1.3x1.5 = 13382N
b) Acceleration (a,) = -4 m/s? (vertically downwards)
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Depth of oil (h) =1.3m
Force acting on side (F2) =?

= 4z) = 4\ 2
Py =vyouh (1 + g) = 7500x1.3 (1 9_81) = 5774.46 N/m
F.,= Area of pressure diagram x width = 0.5x5774.46x1.3x1.5 = 5630N

4. An open rectangular tank 1.5mx1mx1.2m high is completely filled with water when at rest. Determine
the volume spilled after the tank acquired a linear uniform acceleration of 0.6 m/s? in the horizontal
direction.

Solution:
Acceleration (ax) = 0.6 m/s?
Volume of water spilled=?

Slope of surface = tan® = a,/g = 0.6/9.81 =0.0611
8=3.5°
DE =1.5tan3.5 =0.091m

Volume of water spilled=Area of traingeCDEx width
=0.5x1.5x0.091x1 = 0.06825 m?3

5. What distance must the sides of a tank be carried above the surface of water contained in it if the
tank is to undergo a uniform horizontal acceleration of 3m/s? without spilling any water? (0.1529L)
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Solution:

d=?

Slope of surface = tan® = a,/g = 3/9.81 = 0.306

9=17°

d =0.5Ltan17 =0.153L

The tank must be carried 0.153L above the surface of water.

6. A rectangular tank 6m long, 2m wide and 2m deep contains water to a depth of 1m. It is accelerated
horizontally at 2.5 m/s? in the direction of its length. Determine

a) Slope of the free surface

b) Maximum and minimum pressure intensities at bottom

c) Total force due to water acting on each end of tank. Check the difference between these forces by
calculating the inertia force of the accelerated mass.

" oo
_+_ h2
S -
Solution:

Acceleration (ax) = 2.5 m/s?
Depth of water (h) = 1m

a) Slope of free surface (8) = ?

Slope of surface = tan® = a,/g = 2.5/9.81 =0.255
0=14.3°

b) Max pressure (Pa) =?

Min. pressure (Pg) = ?

h1l=1+3tan6 = 1.7646m

h2=1-3tanB = 0.2353m

P, = yh1 =9810x1.7646 = 17310.7 N/m?
Pg = yh2 =9810x0.2353 = 2308.3 N/m?

c) Force on each side (Fag, Fep) = ?

Fae = Area of pressure diagram x width = 0.5x17310.7x1.764x2 = 30546N
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Fep = Area of pressure diagram x width = 0.5x2308.3x0.2353x2 = 543N
Difference in force (Fp) = 30546-543= 30003N

Force needed (F) = mass of water x linear acceleration = px Volume of water xa,
= 1000x(6x2x1)X2.5 = 30000N
F =~Fp

7. An oil tanker 3m wide, 2m deep and 10m long contains oil of density 800 kg/m? to a depth of 1m.
Determine the maximum horizontal acceleration that can be given to the tanker such that the oil just
reaches its top end. If the tanker is closed and completely filled with the oil and accelerated horizontally
at 3m/s?, determine the total liquid thrust (hydrostatic force) on the front and rear end.

Er-._
n ~~o
1 ~~<
/ S~
II iC ~~§‘~\ D
F- =
C D
T —
e -
2m 0 b B8/ >N ] /I ,I_>
E 5 P A ] /
Im ,“ I/'_>
* II<_ ! I
A B — < »
€— 10m 4>| A B

h2

Solution:

a) Maximum horizontal acceleration (ay) = ?

When the oil touches the top end, the water surface rises 1m at the left side and falls 1m at the right
side.

Maximum permissible slope (tan8) = §= 0.2

6 =11.3°

tanf =&
g

0.2 =&
9.81

ax=1.962m/s?

b) ax = 3m/s?
When the tanker is completely filled and closed, there will be pressure built up at the rear end

equivalent to the virtual oil column CE that would assume a slope of ax/g = 3/9.81 = 0.306.
CE = 10tan61 = 10x0.306 = 3.06m
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Pressure at B = yx2 = 9810x2 = 19620N/m?
Pressure at A=yx(2 + 3.06) = 9810x5.06 = 49638.6N/m?
Virtual pressure at C = yx3.06 = 9810x3.06 = 30018.6N/m?

Force at front end = Area of pressure diagram for BDx width
=0.5x19620x2x3 = 58860N

Force at rear end = Area of pressure diagram for ACx width
= 0.5x(49638.6+30018.6)x2x3 = 238972N

8. An open circular cylinder of 1m diameter and 2m depth is completely filled with water and rotated
about its axis about 45 rom. Determine the depth at the axis and amount of water spilled. Also find the
speed of rotation at which the central axial depth is zero.

T
2\ [
A 2 I s 2m
_____ - L
C P D
Solution:
Radius (r) =0.5m
rpm (N) =45
Angular velocity (w) = 22’—0” = % =4.712 rad/s

a) Depth at axis (PO) =?

Amount of water spilled = ?
2,.2 2 2

— r‘w — 0.5°4.712 =0.283m
29 2x9.81

PO =2-0.283=1.717m

Amount of water spilled = Volume of paraboloid AOB

= %xnrzz = %xnx0.52x0.283 =0.111m?3

b) When O touches P, z becomes 2m.
speed of rotation (N) =?
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29
_ 0.52w?
T 2x9.81
w =12.53 rad/s

60w _ 60x12.53
N=—= =120rpm
2 2

9. An open circular vessel is 1m in diameter and 2m height. It contains water filled to a depth of 1.5m. If
the cylinder rotates about its vertical axis, (a) what constant angular velocity can be obtained without

spilling, (b) what is the pressure intensity at the center and at the corner of the bottom if w = 6
radians/seconds.

Solution:

Radius (r) =0.5m

a) Angular velocity (w) =

If no water is spilled,

Volume above XX = volume of paraboloid AOB

mx0.52x0.5 = %xﬂxO.SZxZ

z=1m

When the water surface just touches the top rim,

Rise of liquid at the edge above XX = Fall of liquid at the center below XX =z/2 =0.5m

TZ(A)Z

2g
_0.5%w?
T 2x9.81

w = 8.858 rad/s

60w _ 60x8.858
N=—= =85 rpm
21 21

b) For w = 6 rad/s
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r?w? _ 0.5262
29 2

=0.46m

Z =

Origin 0 is 0.46/2 = 0.23m below XX.
The value of PO and CA are
PO =h1=1.5-0.23=1.27m
CA=h2=1.5+0.23 =1.73m

Pressure at center (Pp) = yh1 = 9810x1.27 = 12459 Pa
Pressure at corner (P.) = yh2 = 9810x1.73 =16971 Pa

10. A cylindrical vessel of 0.5 m diameter and 0.6 m height is completely filled with water under a
pressure of 9.81 KN/m?2. It is rotated at 300 rpm about its vertical axis. Determine the pressure at point
adjacent to the wall of the vessel.

Solution:
P =9.81 KP =9810Pa
Radius (r) =0.25m

Rpm(N) = 300

. 2Nm 2x300xTmT
Angular velocity (w) = = e

=31.41rad/s

_ r?w? _ 025231417

zZ = =3.14m
2g 2g

If the vessel is completely filled with water under a pressure and rotated about its vertical axis, the liquid
will rise with a virtual height of h.

Volume above AB = volume of paraboloid POQ
mx0.25%xh = %xnx0.252x3.14
h=1.57m
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CP=h1=0.6+1.57 =2.17m
Pressure at C = P + yh1 = 9810+9810X2.17 = 31098 Pa

11. A closed cylindrical vessel of 1m diameter and 2m height contains water filled to a depth of 1.5m. If
the vessel is rotating at 20radians/sec, how much of the bottom of the vessel is uncovered?

Solution:
Radius (r) =0.5m
Angular velocity (w) = 20 rad/s

riw? _ 0.5220% _

ZS == 5.1m
29 29
_ rfw? _ rf20% )
Z, = g = 29 - 20.38r; (a)
2,.2 2 2
7, = 29 =220 _ 90 38,2 (b)

29 29

Also, z; = 2;+1.5 = 20.38r12 + 2 (c)
Equating b and c,

20.38r:% + 2= 20.38r,° (d)
r2% - ri?=0.098 (e)

Volume of air above AB = Volume of paraboliod (POQ-MON)
mx0.52x0.5 = %xnxrzzzz - %xnxrle (f)

Froma,bandf
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0.25 = r#x20.38r% — r#x20.381
r*-r*=0.0122 (8)
solvingeand g

(r2?2 - r1?) (r2? + r1?) =0.0122

0.098 (r2? + r1%) =0.0122
r?+r?=0.1244

r? - ri? = 0.098 (from e)

Solving above two equations

ri =0.115m

Area uncovered = ¥ = mx0.1152 = 0.0415m?

12. A 400mm high open cylinder and 150mm in diameter is filled with water and rotated about its
vertical axis at an angular speed of 33.5 rad/s. Determine (a) the depth of water in the cylinder when it
is brought to rest, and (b) the volume of water that remains in the cylinder if the speed is doubled.

0.075m

'

0.4m

Solution:
Radius (r) =0.075m
Angular velocity (w) = 33.5 rad/s

a) Depth of water at rest (d) = ?

_ r?w? _ 0.075233.52
2g 2x9.81

=0.32m

Amount of water spilled = Volume of paraboloid AOB

= %xnrzz = ixnx0.0752x0.32 =0.002827m3

Original volume of water = nr?h = x0.075%x0.4 = 0.007069 m?
Remaining volume of water (V,) = 0.007069-0.002827 = 0.004242 m?
V., =nrid
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0.004242 = mx0.075%xd
d=0.24m

b) If the speed is doubled,

Angular velocity (w) = 2x33.5 =67 rad/s
_ r?w? _ 0.075%2672

z= = —=1.287m
29 2x9.81

z1=1.287-0.4 = 0.887m

1.287m

112 w?
29
0.887 =

r1 =0.062m

le

112672

Volume of water spilled = Volume of paraboloid (AOB-SOT)
= 2 xmx0.075%x1.287 — 5 xmx0.0622x0.887 = 0.006016 m’

Original volume of water = 0.007069 m3
Volume of water left = 0.007069-0.006016 = 0.00105 m?3

13. A cylindrical tank is spun at 300 rpm with its axis vertical. The tank is 0.6m high and 45cm diameter
and is completely filled with water before spinning. Calculate (a) the speed at which the water surface
will just touch the top rim and center bottom of the tank, and (b) the level to which the water will return
when the tank stops spinning and the amount of water lost.

0.225m

o
o
3

Solution:
Radius (r) =0.225m
a) When the water surface touches the top rim and center bottom,
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z=0.6m
r2w?
= e
0.225%w?
0.6 =

29
w =15.25rad/s
60w _ 60x15.25

N =
21 21

=146 rpm

b) Amount of water lost = ?
Depth of water after rest (d) = ?
Amount of water lost = Volume of paraboloid AOB

= %xnx0.2252x0.6 =0.0477m3

Original volume of water = mx0.225%x0.6 = 0.0954 m?
Volume of water left (V) = 0.0954-0.0477 = 0.0477 m3
V. =nr?d

0.0477 = mx0.225%d

d=0.3m

14. A cylindrical vessel closed at the top and bottom is 300mm inn diameter, 1m long and contains
water up to a depth of 0.8m. The air above the water surface is at a pressure of 60 KPa. If the vessel is
rotated at a speed of 250n rpm about its vertical axis, find the pressure head at the bottom of the vessel
at the center point and at the edge.

Solution:

Pressure (Pa) = 60 Kpa

P _ 60000
Head due to pressure (h) == =
y 9810

= 6.11m of water

Radius of cylinder (r) =0.15m

https://civinnovate.com/civil-engineering-notes/



https://civinnovate.com/civil-engineering-notes/

N =250 rpm
Pressure head at center and edge at the bottom =?

. 2Nm 2x250xm
Angular velocity (w) = 0 T e " 26.16 rad/s
2,2 2 2
) 0.15%226.16
Z1 = = =0.785m
29 2x9.81
2,2 2 2
riw 1r126.16
Z, =+ —=- = 34.88r} (a)
29 2x9.81

Volume of air above BG = Volume of parabola PQR

1
x0.15%2x0.2 = Exnxrfxzz

rZ2z, = 0.009 (b)
Solvingaand b
ry =0.13m, Z, =0.59m

QS = 1-22 = 1-0.59 = 0.41m
AD = AC+CD = 1+(0.785-0.59) = 1.195m

Pressure head at center = h+QS = 6.11+0.41 = 6.52m
Pressure head at edge = h+AD = 6.11+1.195 = 7.305m

15. A closed rectangular tank full of water is 3m long, 2m wide and 2m deep. The pressure at the top of
water is raised to 98.1 Kpa. If now the tank is accelerated horizontally along its length at 6m/s?, find the
forces on the front and rear ends of the tank. Check your results by Newton’s law too.
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Solution:
Acceleration (ax) = 6m/s?
Pressure (P) = 98.1Kpa

P 98100
Head due to pressure (h) =— =
Y 9810

= 10m of water

. e_ax_ 6
e = T 981

CD = EF =1.5tanf = 1.5x9% =0.917m

Pressure force at rear end (F1) = yAx1 = 9810x(2x2)x(0.917+10+1) = 467623N
Pressure force at front end (F2) = yAx2 = 9810x(2x2)x(10-0.917+1) = 395657N
Net force (F«) = F1— F, = 467623 - 395657 = 71966N

According to Newton's law

F =m. ax = p Volume ay = 1000x(3x2x2)x6 = 72000 N

Hence Fy is equal to F.

16. An open cylinder tank 0.5m in diameter and 1m height is completely filled with water and rotated
about its axis at 240 rpm. Determine the radius up to which the bottom will be exposed and the volume

of water spilled out of the tank.

Solution:

r=0.25m

Radius (r) =0.25m
N =240rpm
2NT  2x240x7

Angular velocity (w) = =

=25.13 rad/s
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_ r?w?  0.25%25.132

zZ = =2.01m
29 29

Z1=2.01-1=1.01m
rl=>?
Volume of water spilled =?

zZy = 29

r1225.132
1.01 = 2 =——
2g

ri=0.18m

Volume of water spilled = Volume of paraboloid (APB-CPD)
= %xnx0.252x2.01 - %xnx0.182x1.01 =0.146 m?

17. An open circular cylindrical pipe of radius R and height h is completely filled with water with its axis
vertical and is rotated about its axis at an angular velocity w. Determine the value of w in terms of R and
h such that the diameter of the exposed center portion is equal to the radius of the cylinder.

Solution:

R

[+

Radius of cylinder =R

Diameter of exposed central portion =R
Radius of exposed central portion = R/2
For parabola APB
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R?w?
= 29
x+h=

R%w?

20 (a)

For parabola CPD
_ (R/2)?w? _ R?*w?

Y=g T e (b)
Fromaandb
h= R%w? _ R%w? _ 3R?w?

29 89 89

8gh
w= [29"
3R2

18. A cylindrical tank 1.5m in diameter and 3m in height contains water to a depth of 2.5m. Find the
speed of the tank so that 20% of the original volume is spilled out.

Solution:

TA

Radius of the tank (r) = 0.75m

After 20% of the original quantity of water spills out and if the depth is brought to rest, the depth of
water will be reduced to 20%.

Depth of water when the tank comes to rest = 80% of original depth = 0.8x2.5 =2m
Rise in water level at the end = 3-2 = 1m = fall at the center
i.e.z=2m
TZ(A)Z

=2

_0.75%w?

=2
w = 8.35rad/s

_ 60w _ 60x8.35

= om 2p S0TPM

19. Determine the speed of rotation of a cylinder 900mm diameter when the liquid contained in it rises
to 500mm height at sides and leaves a circular space 300mm diameter on the bottom uncovered. Taking
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the liquid as water, calculate the total pressure on the bottom. Find also the depth when the vessel is
stationary.

Solution: 0.45m

0.5m

Radius of cylinder (r) = 0.45m
Radius at bottom (rl1) =0.15m

For APB
T'Z(.L)z
Z =
2g
2,.2
x+05=22"2 -001030> (a)
For CPD,
_ r1?w?
==
_0.152w?

= 0.001147w? (b)

Fromaandb

w=7.4rad/s, x=0.063m

N = 8o _ 80274 _ 70.6 rpm

2m 2T

Volume of water spilled = Volume of paraboloid (APB-CPD)
= Zxmx0.452x(0.5 + 0.063) — ~xmx0.152x0.063 = 0.1768 m?

Volume of water in the tank before rotation = 7x0.45%x0.5 = 0.318 m?

Volume of water left (V) =0.318-0.1768 = 0.1412 m3

Total pressure on the bottom = Weight of water in the tank = yV,. =9810x0.1412 = 1385N
V. =nr?d

0.1412 = x0.45%d

d=0.22m

Depth of water when the vessel is stationary = 0.22m
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20. A U-tube shown in figure is filled with a liquid of specific gravity 1.25 to a height of 15cm in both the
limbs. It is rotated about a vertical axis 15cm from one limb and 30cm from the other. If the speed of
rotation is 60rpm, find the difference in the liquid levels in the two limbs. Also find the pressure at
points M and N at the base of U-tube.

|
}4— 30cm —p <4 15cm >‘

St

’
7’
/’
’
7
v

|
|
|
|
|
\ | / T
\ M 7/
Z1 \ |
I ’ Z
R .
\\ I
~ .
<
<
L AP _¢_

N////i/ M

.S

|
\/ 60rpm

Solution:
Distance from the axis of rotation to left side (r1) = 0.3m
Distance from the axis of rotation to right side (r2) = 0.15m

Speed of rotation (N) = 60 rpm
2N _ 2x60xT0

Angular velocity (w) = " e 6.28 rad/s
4 = rZw? _ 0.32x6.282 -0.181m
1 29 29 '
2, .2 . 52 . 2
z, = B® _ 015%x6282 o 0

29 29
Difference in level =0.181-0.045 = 0.136m

Sum of Z; and Z, = 0.226

But total height of water in two limbs before rotation = 0.15+0.15 = 0.3m
The difference (0.3-0.226 = 0.074) is equally divided for two limbs.
Pressure at N =y(Z; + 0.074/2) = 1.25x9810x0.218 = 2673 Pa

Pressure at M =y(Z, + 0.074/2) = 1.25x9810x0.082 = 1005.5 Pa
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21. Prove that in case of forced vortex, rise of liquid levels at the end is equal to the fall of liquid level at
the axis of rotation.

e ol

Solution:

R = Radius of cylinder

MN = Water level at absolute equilibrium (original water level)
After rotation, AOB is the profile of the liquid surface.

h: = Rise of liquid at end

hs = Fall of liquid at the end

Volume of liquid before rotation = wR?(h + h)
Volume of liquid rotation = Volume of cylinder ABQP- Volume of paraboloid AOB

1
=nR?*(h+hs + h,) — EnRz(hf +h,)
Volume of liquid before rotation = Volume of liquid after rotation
1
nR*(h+ h;) =nR?*(h+ hy + h,) — EnRz(hf +h,)

hr = hf
Hence, rise of liquid level at the end = fall of liquid level at the axis of rotation
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Tutorial 6

Fluid Kinematics

1. Water is flowing through a pipe of 2.5cm diameter with a velocity of 0.5m/s. Compute the discharge
in m3/s and litres/s.

Solution:

Diameter of pipe (d) = 2.5cm = 0.025m

C/S Area of pipe (A) = gxo.ozs2 =0.000491 m?
Velocity (V) = 0.5m/s

Discharge (Q) =?

Q= AV =0.000491x0.5 = 0.000245 m?3/s
Expressing Qin Ips
Q =0.000245x1000= 0.245 lps

2. A 30 cm diameter pipe carries oil of sp. gr. 0.8 at a velocity of 2m/s. At another section the diameter is
20cm. Compute the velocity at this section and discharge in m3/s and kg/s.

Solution:

Diameter of pipe at sectionl (di) =30cm = 0.3m
Area of pipe at sectionl (A;) = %XOB2 =0.07068 m?
Velocity of pipe at section1 (V1) = 2m/s

Diameter of pipe at section2 (d;) = 20cm = 0.2m
Area of pipe at sectionl (A;) = %xO.Z2 =0.0314 m?
Velocity of pipe at sectionl (V3) =?

Discharge at section 2(Qy) = ?

Discharge at section 1(Qs) = A; V1 = 0.07068x2 = 0.1413 m3/s
According to continuity,

Q> =Q:=0.1413 m3/s

Expressing Qz in kg/s

Q = Density x Discharge in m3/s = 0.8x1000x0.1413 = 113 kg/s
V2 =Qy/A; = 0.1423/0.0314 = 4.5 m/s

3. Given the velocity field: V = (6 + 2xy + t?)i — (xy? + 10t)j + 25k
What is the acceleration of a particle at (3, 0, 2) at time t = 1?
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Solution:

u=(6+2xy+t?),v= (xy?+10t),w = 25k
ou ou ou ou

a, = Ua + Ua + 3z + T

= (6 + 2xy + t2)2y + (xy? + 10t)2x + 25kx0 + 2t
At(3,0,2)andt=1

a, = (6 + 2x3x0 + 12)2x0 + (3x0% + 10x1)2x3 + 25kx0 + 2x1 = 62

v v dv |, dv

ay = ua'f‘va'f‘WE s

= (6+2xy + t>)y? + (xy? + 10t)2xy + 25kx0 + 10
At (3,0,2)andt=1

a, = (6 + 2x3x0 + 1%)02 + (3x0? 4 10x1)2x3x0 + 25kx0 + 10 = 10

= (6 + 2xy + t2)0 + (xy? + 10t)0 + 25kx0 + 0
At (3,0,2)andt=1
a, = (6 + 2x3x0 + 1%)0 + (3x02 + 10x1)0 + 25kx0 + 0 =0

Acceleration (a) = /a,zc +a? +aZ=v62%2+10%2+02=62.8

4. A conical pipe diverges uniformly from 0.1m to 0.2m diameter over a length of 1m. Determine the

local and convective accelerations at the mid section assuming (a) rate of flow is 0.1 m3/s and it remains
constant, (b) at 2 sec if the rate of flow varies uniformly from 0.1 to 0.2 m3/s in 5Sec.

Solution:

At any distance x, diameter is

Dy =01+ (*=2)x = 0.1(1 +x)

Cross sectional area (4,) = %D,% = %[0.1(1 + x)]? = 0.00785(1 + x)?
Q Q

Velocity of flow (u,, = u) = A_x = m

(a) Q= 0.1 m3/s (constant)

u

Local acceleration = P 0 (steady)

Convective acceleration =u u _ Q -2Q
© T ox  0.00785(1+x)2 0.00785(1+x)3
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At mid section (x =0.5m),
_ 2
Convective acceleration = * =42.74 m/s?
0.007852(1+0.5)5
(b) Q varies uniformly from 0.1 to 0.2 m3/s in 5Sec

Att=2S
Q=0.1+(

0.2-0.1
5

)xz =0.14 m¥/s

Local acceleration = gu_____ 1 9%
T8t 0.00785(1+x)2 d¢
Atx=0.5m,t=2s

. 1 0.14-0.1
Local acceleration = =1.132 m/s?
0.00785(140.5)2 2

Convective acceleration = u 2% = Q -2Q
dx ~ 0.00785(1+x)? 0.00785(1+x)3

At x=0.5m

. . —2x0.142
Convective acceleration = ————————=83.77 m/s?
0.007852(1+0.5)5

5. The following cases represent the two velocity components, determine the third component of
velocity such that they satisfy the continuity equation:

a) u=3x%v=4xyz

w="7?

According to continuity equation,
du OJv  ow
axtayta 0

0 (3x?) , 9(4xyz) | ow
ax ay 0z

6x + 4xz+a—W =0
0z
w = [ —(6x + 4xz) dz
w = —6xz — 2xz> + f(x,y)

=0

b) u = 5x*+2xy, w = 2z3-4xy-2yz
v="?
According to continuity equation,

6_u v ow
dx  0dy 0z

8 (5x2+2xy) |, ov |, 9(2z3-4xy-2yz)
—_—t —t =
ox dy 0z

10x+2y+2—;+6zz—0—2y=0
v=[—(10x + 6z2) dy
v =—10xy — 622y + f(x,2)

0
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6. Which of the following velocity fields satisfies continuity equation?

a) u = 4xy+y?, v = 6xy+3x

Solution:

To satisfy the continuity equation,
du  Ov

a + 5 =0

.0 a
Computing % + %

u 9(4xy+y?) n d(6xy+3x)
ax ' dy dx oy

ou OJv
Here, —+——#0
dx 0y

= 4y +0+6x+0 = 4y+6x

Therefore, it does not satisfy continuity.

b) u =2x2+y?, v = -4xy

Solution:

To satisfy the continuity equation,
du  Ov

ax Ty~ 0

. Ou  0ov
Computing Ir + %
du | v _ 9(2x*+y?) n a(—4xy)
dx 0y - ox ay
ou  Jv
Here, a + E =0

=4x+0-4x =0

Therefore, it does satisfy continuity.
C. U = 2x2-xy+722, v = X2-4xy+y?, W = -2xy-yz+y?

To satisfy continuity equation,

ou  Ov Oow
E™ + E + P

. Ou  Ov  Oow
Computing Ir + oy T oz
qu v | ow _ 9 (2x*-xy+z?) n d(x?-4xy+y?) n d(-2xy—yz+y?)
ax 9y oz ox dy 0z

= 4x-y+0+0-4x+2y-0-y+0 =0

du OJv  ow
x @ + e *0

Therefore, it does satisfy continuity.

Ky v = Kx
x2+y2" T x24y2

du=
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Solution:

To satisfy the continuity equation,
ou v

Ty 0

.9 ]
Computing % + %

du  Ov _ 6( lei);z) + a(lef:;z)

5 5 - ox ady

-1 -1
= (—Ky) @i 2x + (Kx) @i 2y
_ 2Kxy _ 2Kxy
T (x2+y2)2 (x2+y2)2

ou Odv
Here,a+5 =0

=0

Therefore, it does satisfy continuity.

7. A 40cm diameter pipe, conveying water, branches into two pipes of diameters 30cm and 20cm
respectively. If the discharge in the 40cm diameter pipe is 0.38m?3/s, compute the average velocity in this
pipe. If the average velocity in 30cm diameter pipe is 2m/s, find the discharge and average velocity in
20cm diameter pipe.

Solution:

Diameter of pipe 1 (d1) =40cm = 0.4m

C/S Area of pipe 1 (A;) = %x0.42 =0.1256 m?
Diameter of pipe 2 (d;) =30cm = 0.3m

C/S Area of pipe 2 (A;) = %xO.BZ =0.07068 m?
Diameter of pipe 3 (d3) = 20cm = 0.2m

C/S Area of pipe 3 (A3) = %xO.Z2 =0.0314 m?
Discharge through pipe 1(Q1) = 0.38 m3/s
Velocity at pipe 2 (V1) =2m/s

Velocity at pipe 1 (V1) =?

Discharge through pipe 3(Qs3) = ?

Velocity at pipe 3 (V3) =?

Vi = Qi/A; =0.38/0.1256 = 3.025m/s
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Q= A, V,=0.07068x2 = 0.1413 m3/s

From continuity,

Q=Q+Qs

Qs =Qi- Q,=0.38-0.1413 =0.2387 m3/s
V3 =Qs/A; =0.1387/0.0314 = 7.6m/s

8. Is the continuity equation for steady, incompressible flow satisfied with the following velocity
components in polar co-ordinate?
a.vg=Cr,v,=K(R*—-1%),v.=0

Solution:

To satisfy the continuity equation,

19(rvy) | 19(vg) |, 0v, _
r or r 06 + 9z 0
19(rvy) 1 d(vg) %

Computmg; ar r 00 0z
19Gvy) | 10We) | dvy _ 10(rx0) | 19(cr) o(k(r?-r?))
r or r 06 az r or r 06 0z
=0+0+0=0
100y | 100e) | v, _

Here’r or r 060 0z

Therefore, the continuity equation is satisfied.

b. v, = Kcos6(1 — Tb_z), vg = —Ksinf(1 + Tb—z)
Solution:

To satisfy the continuity equation,

10(rvy) la(m)_o
r or r 90

19(rvy) | 19(ve)
r or r 06

6(rKcosB(1—T%)) + 16(—Ksin9(1+r%))
or r L)

Computing

10(rvy) | 10(vg) _

r odr r 06

1
r

= %[H{cos@ _6(16—;%) + (1 - r%) —a(ﬂf;rose)] + % [—Kcose (1 + Tb—z)]
= %[rl(cos@ (0 + i—f) + Kcosf (1 — :’—2)] — % [Kcos@ (1 + :’—2)]

=1 [ZKDCOSG + Kcosf — Kbcosg] - % [KCOSH (1 + r%)]

r 72 72

__Kbcoso Kcos6 . Kcos6 . Kbcos6 0

] r r r3
10(rvy) | 19(vg) _

Here, o + o = 0

Therefore, the continuity equation is satisfied.
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9. In polar co-ordinate, the two velocity components are given as v, = U5, (1 —172/R?) and vy = 0.
Determine v,.(, z) from the incompressible relation if umax is constant..

Solution:

From continuity equation,
19(rvy) | 19(vg) |, 0V, _
r or r 06 + 9z 0

19@rvy) |, 19(0) n Oumax(1-12/R?)] _
r or r 06 0z -

1000 L g4+ 0=0

r or

0

fo(trv)=0

rv,. = f(0,2)
b = [0

r r

10. The water tank in the following figure is being filled through section 1 at vi; = 5m/s and through
section 3 at Qz = 0.012 m3/s. If water level h is constant, determine the exit velocity v,.

3 ‘ Q3=0.012m3/s

v

v

D1 =40mm h 2

_ D2 =60mm

Solution:

Diameter of pipe 1 (d;) =40mm = 0.04m

C/S Area of pipe 1 (A;) = %950.042 =0.001257 m?
Diameter of pipe 2 (d;) = 60mm = 0.06m

Area of pipe at section2 (A;) = %XO.062 =0.002827 m?
Velocity of pipe at section1 (V1) = 5m/s

Q3 =0.012 m3/s

Exit velocity (v2) =?

Discharge through pipel (Q1) = A; V1 =0.001257x5 = 0.006285 m3/s

Discharge through pipe 2 (Q2) = Q; + Qs = 0.006285+0.012 = 0.018285 m3/s
V2 = Qz/A; = 0.018285/0.002827 = 6.5m/s

https://civinnovate.com/civil-engineering-notes/



https://civinnovate.com/civil-engineering-notes/

11. Water flows from A to D and E through series pipelines shown in the figure.

D
ds;, Qs,V3
A H
di, Q3 Vi dQ, V. C
- 1 -
ds, Q4, Vs

Diameter of pipe AB = 50mm, Diameter of pipe BC = 75mm, Diameter of pipe CE = 30mm, velocity in
pipe BC = 2m/s, velocity in pipe CD = 1.5m/s, Q3 =2Q4
Compute Qa, V1, Qz, d3 and V.

Solution:
Diameter of pipe AB (d1) = 50mm = 0.05m
Vi

C/S Area of pipe AB (A1) = x0.052% = 0.001963 m?

Diameter of pipe BC (d;) = 75mm = 0.075m

C/S Area of pipe BC (A;) = %xO.0752 =0.004418 m?
Diameter of pipe CE (d4) = 30mm =0.03m

C/S Area of pipe CE (A4) = %3(0.032 =0.000707 m?
Velocity in pipe BC (V2) = 2m/s

Velocity in pipe CD (V3)=1.5m/s

Q3 =2Qq

Qy, Vi, Q, dzand Vs =7?

Q2 = A, V, =0.004418x2 = 0.008836 m?/s
Qi = Q; = 0.008836 m?/s
V1 = Qa/A; =0.008836/ 0.001963 = 4.5m/s

Q2= Qa+tQ4 =204+ Qs =3 Q4
Qs = Q»/3 =0.008836/3 = 0.002945 m3/s
V4 = Qu/A4 =0.002945/0.000707=4.17m/s

Qs =2Qq4 = 2x0.002945 = 0.005891 m3/s
A;s = Qs/V3 = 0.005891/1.5 = 0.003927m?
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Vs
A3 = Zxd32

0.003927 = 7 xd,
d3 =0.07m =70mm

12. The velocity potential (¢b) is given by ¢ = x? — y2. Find the velocity components in x and y direction.
Also show that ¢ represents a possible case of fluid flow.

Solution:

¢=x*-y
u=7?,v=">
_ _99 _
u=-—--= 2x
_9% _
6y_

2

The given value of ¢ represents a possible case of fluid flow if it satisfies Laplace equation.

62 62
0x? = 0y?
9 _ 5, 220 _
ax "7 axz T 2
0 _ o, b _ _
ay Y, axz 2
_ . . A )
Substituting above values in Laplace equation, we getﬁ + oy 2—-2=0

Hence, the given value of ¢ represents a possible case of fluid flow.

13. A stream function () is given by ¥ = 2x — 5y. Calculate the velocity components, and magnitude
and direction of resultant velocity.

Solution:
Y =2x -5y
u="7?,v=">

Resultant velocity (R) = Vu? + v2 = V52 + 22 =5.38

Direction of resultant velocity () = tan_lz = tan~! % =21.8°

14. If, for a two dimensional potential flow, the velocity potential is given by ¢ = 4x(3y —4),
determine the velocity at point (2, 3). Determine also the value of stream function ¥ at point (2, 3).

Solution:
¢ =4xBy —4)
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Velocity at point (2,3) =7

p="2
9¢
u=-——-= —12y+16 = —12x3 + 16 =-20
v=-2c _12x=-12x2=24
ay
Resultant velocity (R) = Vu? + vZ = /(—20)2 + (—24)2 =31.2
op _ _0¢ _ _
o oy =—12x (a)
Y _ 9% _ _
3y — o = 12y — 16 (b)
Integrating a with respect to x
Y =—-6x*+c (c)

c is a constant which is independent of x, but may be a function of y.
Differentiating c with respect toy

a dc

now O

Frombandd
% =12y - 16
dy

Integrating

c =6y%—16y

Substituting in c
Y = —6x2% + 6y? — 16y = —6x22 + 6x3% — 16x3 =-18

15. The stream function for a two dimensional flow is given by ¥ = 8xy. Find the velocity potential
function.

Solution:

Y = 8xy

¢ =

9 _ oy _

ax  dy Bx (a)
o6 _ _ 0% _ _

3y = ox 8y (b)

Integrating a with respect to x

¢ =4x2+c (c)

c is a constant which is independent of x, but may be a function of y.
Differentiating c with respect to y

a dc
R
From b and d
dc
oy~
Integrating
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c=-4y
Substituting in ¢
¢ = 4x? — 4y?

16. For the velocity potential function given as: u = ay sinxy, v = ax sinxy, obtain an expression for
velocity potential function.

Solution:

u = ay sinxy, v = ax sinxy

2 =—u=—aysi (a)
5 = U= —aysinxy a
ap _ ,

3y v = —ax sinxy (b)

Integrating a with respect to x

¢ =acosxy+c (c)

c is a constant which is independent of x, but may be a function of y.
Differentiating c with respect toy

% = —axsinxy + Z—; (d)
Frombandd

—axsinxy + Z—; = —axsinxy
ac

% =

c=0

Substituting in ¢
¢ = acosxy

17. The velocity components in a two-dimensional flow are: u = 8x2y — §y3, v =—8xy% + §x3. Show

that these velocity components represent a possible case of an irrotational flow.

Solution:
u = 8x2%y — §y3, v = —8xy? +§x3

u v
Pl l6xy, P —16xy

Continuity equation

du  ov

a+@— 16xy —16xy =0

As the continuity equation is satisfied, it is a possible case of fluid flow.
The rotation is given by

—1( _%w\_1/_g,2 2 _ g2 2y —
wZ_Z(ax 6y)_2( 8y +8x°—8x“+8y°) =0

As w, = 0, the flow is irrotational.
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18. Show that the following stream function represents an irrotational flow.
Y=6x—4y+7xy+9

Solution:

Yy=6x—4y+7xy+9

u=-2=_4_7x
dy

W _
v-ax—6+7y

The rotation is given by

1 /0v ou 1
wz—a(a—a)—a(o—o)—o

As w, = 0, the flow is irrotational.

19. Given the velocity vector V = ax i + by |, where a, b = constant. Plot the streamlines of flow and
explain whether stagnation point occurs.

Solution:

u=ax, v=hy
From continuity,
Z+Z=0
atb=0

a=-b

With this,
u=ax, v=-ay

Equation of streamline
dx _ dy

u v
dx _ dy
ax —ay

Integrating
ax _ _fd_y
y

X
Inx =—=Iny+c
Xy =c¢
This is the general expression for streamlines, which are hyperbolas.
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Plotting

Let c= 0,xy=0

x =0, y can have any value
y =0, x can have any value
Letc=1

xy =1

y =1/x o
For +ve x, y is also +ve

> X
For —ve x, y is also —ve.
Hence there are 2 streamlines correspondingtoc=1
in first and third quadrant (for C>0). /

For C<0, there are 2 streamlines

A

in second and fourth quadrant.

For u =0 and v =0 (at stagnation point)

ax=0i.e.x=0

-ay=0i.e.y=0

At origin (0,0), the velocity is zero, which is stagnation point. At this point two streamlines have opposite
directions and intersect each other.

Direction of streamlines
Looking at velocity, u = ax, v = -ay

First quadrant: down
Second quadrant: down
Third quadrant: up
Fourth quadrant: up

20. If u = ax, v =ay and w = -2az are the velocity components for a fluid flow, check whether they satisfy
the continuity equation. If they do, is the flow rotational or irrotational? Also obtain equation of
streamlines passing through the point (2, 2, 4).

Solution:

u=ax, v=ayandw=-2az
ou v ow

—_— —_— — = g+a- =
6x+ay+az a+a-2a=0

The continuity equation is satisfied.
Rotational components

_l/ow ov\ _1 .. _
w0 =3(5-5)=30-0=0
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1(0u OJw 1
w0y =5(5-50)=30-0 =0

1 (dv ou 1
w0, =3(5—5) =30-0 =0

As the rotational components are zero, the flow is irrotational.

Equation of streamline
dx _dy _dz

u v w

dx_dy _ _dz

ax ay T —2az

Considering first and second equations
ax _ dy

xy

Integrating

Inx = Iny + InC1

X

-=cl (a

=cl (a)

Considering first and third equations

dx _ dz

X T -2z

Integrating

Inx = —%lnz + Inc2

Inx + Inz'/? = Inc2
xz12 = ¢2 (b)

At (2,2,4)

Cl =2/2=1,C2 =2x4Y?=4

Hence the equation of streamline
x/y=1andxz'/? =4
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Tutorial 7

Fluid Dynamics

1. Oil with sp gr 0.75 is flowing through a 15cm diameter pipe under a pressure of 105KN/m?. If the total
energy relative to a datum plane 2.5m below the center of the pipe is 18m, determine the flow rate of
oil.

Solution:

Pressure (P) = 105 Kpa

Diameter of pipe (d) = 15cm = 0.15m

C/S Area of pipe (A) = §x0.152 =0.01767 m?
Datum head (Z) = 2.5m

Total energy (E) = 18m

Flow rate (Q) =?

According to Bernoulli’s equation,

2
E:£+V_+Z
Yy 29

105000 v?
18 = seeo T 29 +2.5
V=491m/s

Q=AV=0.01767x4.91 = 0.0867 m?3/s

2. A fluid is flowing in a 20cm diameter pipe at a pressure of 28 KN/m? with a velocity of 2.4m/s. The
elevation of center of pipe above a given datum is 4m. Find the total energy head above the given
datum if the fluid is (a) water, (b) oil of sp gr 0.82, and (c) gas with a specific weight of 6.4 N/m3.

Solution:

Pressure (P) = 28 Kpa
Velocity (V) = 2.4m/s
Datum head (Z) =4m
Energy head (E) =?

a) For water, y = 9810 N/m3

2 2
E=24+2147=202" 14 -715m
Yy 29 9810  2g
b) For oil, y = 0.82x9810 =8044.2N/m?
28000

2 2
E=24+Y47= +22 44 =7.77m
Y 2g 29

8044.2
b) For gas, y = 6.4N/m3
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2
200 + 2% 1 4 =4379.3m
6.4 29

2
E=2+Z+4z=
Yy 29

3. A pipe, through which water is flowing is having diameters 40cm and 20cm at sections 1 and 2
respectively. The velocity of water at section 1 is 5m/s. Find the velocity head at sections 1 and 2 and
also compute discharge.

Solution:

Diameter of pipe at sectionl (d1) =40cm = 0.4m

C/S Area of pipe at sectionl (A;) = %9(0.42 =0.1256 m?
Velocity of pipe at sectionl (V1) =5m/s

Diameter of pipe at section2 (d;) = 20cm =0.2m

C/S Area of pipe at section2 (A;) = %xO.Z2 =0.0314 m?

Velocity heads = ?

Discharge (Q) =?
Q=A;V1=0.1256x5 = 0.628 m3/s
Q=A1Vi=A V>

V2 =Q/A,=0.628/0.0314 = 20m/s

2 2
Velocity head at section 1 = 2V_1g = 25_9 =1.274m
. . vz 202
Velocity head at section 2 = =% = —=20.38m
29 29

4. The water is flowing through a taper pipe of length 50m having diameters 40cm at the upper end and
20cm at the lower end, at the rate of 60 Ips. The pipe has a slope of 1 in 40. Find the pressure at the
lower end if the pressure at the higher level is 24.525 N/cm? (a) assuming no loss of energy (b) a loss of
0.2m.

Solution:
Diameter of pipe at sectionl (d1) = 20cm =0.2m

C/S Area of pipe at sectionl (A;) = %xO.Z2 =0.0314 m?
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Diameter of pipe at section2 (d;) =40cm = 0.4m

C/S Area of pipe at section2 (A;) = %9(0.42 =0.1256 m?
Discharge (Q) = 60lps = 60x103 m3/s =0.06 m3/s

Velocity at section 1 (V1) = Q/A; =0.06/0.0314 =1.91m/s
Velocity at section 2 (V,) = Q/A; =0.06/0.1256 = 0.47m/s
Pressure at section 2 (P,) = 24.525 N/cm? =24.525x10% N/m?
Pressure at section 1 (P4) =?

Slope =tan® = 1/40

0=1.43°

Taking datum head at section 1 (Z;) =0

Z, =50Sin1.43 =1.25m

a. Applying Bernoulli’s equation at section 1 and 2 (considering no loss)
P Vi P,  V#

A4 L4z =24247

y 29 1Ty T2g ' 72

Py, 1912 _ 24.525x10* | 0.47°

9810+ 2g +0 9810 29

P, = 255799 N/m?
b. Applying Bernoulli’s equation at section 1 and 2
Loss of head (h)) =0.1m

2 2
By iz =217, 4,
Y 29 Y 29

+ 1.25

P 1.91% 24.525x10% = 0.472
—+—+0=
9810 2g 9810 2g

P, = 256780 N/m?

+1.25+0.1

5. A pipe line carrying oil of sp.gr. 0.8, changes in diameter from 300mm at a position A to 500mm at
position B which is 5m at a higher level. If the pressures at A and B are 19.62 N/cm? and 14.91 N/cm?
respectively, and the discharge is 150 Ips, determine the loss of head and the direction of flow.

Solution:
Diameter of pipe at section A (d;) =300mm = 0.3m
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C/S Area of pipe at section A (A;) = %xO.B2 =0.0707 m?
Diameter of pipe at section B (dz) = 500mm = 0.5m

C/S Area of pipe at section B (A;) = %9(0.52 =0.1963 m?
Discharge (Q) = 150lps = 150x103 m3/s =0.15 m3/s
Velocity at section A (V1) = Q/A; =0.15/0.0707 = 2.12m/s
Velocity at section B (V) = Q/A, = 0.15/0.1963 = 0.764m/s
Datum at section A (Z1) =0

Datum at section B (Z;) =5m

Pressure at section A (P1) = 19.62 N/cm? = 19.62x10* N/m?
Pressure at section B (P2) = 14.91 N/cm? = 14.91x10% N/m?
Loss of head (h)) =?

Direction of flow =?

Vi 196200 2.122
=+Z, = + =——+ 0=25.229m
2g 0.8x9810 29

149100 0.7642

0.8x9810 29

Energy head at A (Ea) = % +

+5=24.028

P, VZ2
Energy head at B (Es) = + 2 +Z, =
hy = Ea-Es = 25.229-24.028 = 1.201m

As Ea is greater than Eg, the flow takes from A to B.
6. A 100mm diameter suction pipe leading to a pump carries a discharge of 0.03 m3/s of oil (sp gr =

0.85). If the pressure at point A in the suction pipe is a vacuum of 180mmHg, find the total energy head
at point A w.r.t a datum at the pump.

ol

Suction pipe Discharge pipe

=y

1.2m
_v

Datum

Pump

Solution:

Diameter of pipe at section A (d) = 100mm = 0.1m

C/S Area of pipe at section A (A) = %xO.l2 =0.00785 m?
Discharge (Q) = 0.03 m3/s
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Velocity at point A (V) =Q/A = 0.03/0.00785 = 3.82m/s
Pressure head at A (h) =-180mm Hg =-0.18 m of Hg
Pressure at A (P) = yygh = 13.6x9810x(-0.18) = -24015 Pa
Datum head (Z) =-1.2

Total energy head at A (E) =?

According to Bernoulli’s equation,

2 _ 2
E=P Vi, _ —24015 |, 382" ., _ ja30cm
Y 2g 0.85x9810 29

7. Qil (sp gr = 0.84) is flowing in a pipe under the conditions shown in the fig. If the total head loss from
point 1 to point 2 is 0.9m, find the pressure at point 2.

D;=15cm ,P; =455 KN/m?

Q=006mys—» 5 -1
D, =25cm ,P, =7?
x 2 —
35m Q=0.06 m3/s
1.2m
Datum l

Solution:

Diameter of pipe at section 1 (d;) = 15cm = 0.15m

C/S Area of pipe at section 1 (A;) = %xO.lS2 =0.0176 m?
Diameter of pipe at section 2 (d;) = 25cm =0.25m

C/S Area of pipe at section 2 (A;) = %xO.ZS2 =0.049 m?
Discharge (Q) = 0.06 m3/s

Velocity at point 1 (V1) =Q/A;1 = 0.06/0.0176 = 3.4m/s
Velocity at point 2 (V,) =Q/A, = 0.06/0.049 = 1.22m/s
Datum head at 1 (Z;) =3.5m

Datum head at 2 (Z;) =1.2m

Head loss (h.) = 0.9m

Pressure at 1 (P1) = 455 Kpa = 455000 Pa

https://civinnovate.com/civil-engineering-notes/



https://civinnovate.com/civil-engineering-notes/

Pressure at 2 (P;) =?

Applying Bernoulli’s equation at 1 and 2

Py Vi _P v
St L =Tt Lty

P, 1.222

2
090 4 2% 435 12409

0.84x9810  2g > = 0.84x9810
P2=470767 Pa=470.76 KPa

8. A 20cm diameter horizontal pipe is attached to a reservoir as shown in fig. If the total head loss
between the water surface in the reservoir and the water jet at the end of the pipe is 1.8m, what are the
velocity and flow rate of water being discharged from the pipe?

Water

Solution:

Diameter of pipe at section 2 (d;) =20cm =0.2m
C/S Area of pipe at section 2 (A) = %xO.Z2 =0.0314 m?
Velocity at point 1 (V1) =0 m/s

Datum head at 1 (Z;) =4.5m

Datum head at 2 (Z;) =0

Head loss (h.) = 1.8m

Pressure at 1 (P1) = 0 (atmospheric)

Pressure at 2 (P2) = 0 (atmospheric)

Velocity at point 2 (V3) =?

Discharge from point 1 (Q;) =?

Applying Bernoulli’s equation at 1 and 2
L/ S A
Yy 29 Yy 29
0+0+4.5=0+g+0+1.8
V,=7.28 m/s

Q; = A, V,=7.28x0.0314 = 0.228 m?/s
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9. Oil flows from a tank through 140m of 15cm diameter pipe and then discharge into air as shown in
the fig. If the head loss from point 1 to point 2 is 0.55m of oil, determine the pressure needed at point 1
to cause 0.02 m3/s of oil to flow.

Elv. 30m
S o o
Air
Elv. 25m 1
Oil
Spgr=0.8

Solution:

Diameter of pipe at section 2 (d;) = 15cm =0.15m

C/S Area of pipe at section 2 (A) = %xO.lS2 =0.0176 m?
Velocity at point 1 (V1) =0 m/s

Datum head at 1 (Z;) = 25m

Datum head at 2 (Z,) =30m

Head loss (hi) = 0.55m

Pressure at 2 (P2) = 0 (atmospheric)

Discharge (Q) = 0.02 m3/s

Velocity at point 2 (V2) = Q/A, =0.02/0.0176 = 1.14m/s
Pressure at 1 (P1) =?

Applying Bernoulli’s equation at 1 and 2

2 2
By iz =217, 4,
Y 29 Y 29

Py _ 1.142
Sarosg TO+25=0+ EYE 30 +0.55

P1=43037 Pa=43.037 Kpa
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10. In the fig., one end of a U-tube is oriented directly into the flow so that the velocity of the stream is
zero at this point (stagnation point). Neglecting friction, determine the flow of water in the pipe.

20cm dia. pipe

]
I

7cm Hg

>

Solution:

Diameter of pipe (d) =20cm = 0.2m

C/S Area of pipe (A) = gxo.z2 =0.0314 m?
Velocity at point 1 (V1) =0 m/s

Taking center of pipe as datum
Datum head at 1 (Z;) =0
Datum head at 2 (Z;) =0
Pressure at 1=P;

Pressure at2 =P,

Velocity at point 2 =V,

Flow rate (Q) =?

Applying Bernoulli’s equation at 1 and 2
P Vi P,  V#

=+ +Z==+=2+7Z

y Toggtar=7 1,2

2
Bro+0=24+%40
Y Y 29

’2
V,= 7g(P1—P2)

Writing manometric equation
Pl + ywater(y + 007) = P2 + Ywatery + yng0.07

P; +9810x0.07 = P, + 13.6x9810x0.07
P1-P, =8652.4 Pa

= 2@, -p)= |25 -
Vz—\/y (P, Pz)—J9810x8652.4 =4.15m/s

Q=AV,=0.0314x4.15=0.13 m?/s
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11. Find the manometer reading (h) in the lossless system of the fig.

25mm dia—p, 2

2m
Vi=0.6m/s
75n§n dia
—» Water 1
3 tm
h
e I
7 A

Solution:

Diameter of pipe at section 1 (d;) = 75mm = 0.075m

C/S Area of pipe at section 1 (A;) = %)c0.0752 =0.00442 m?
Diameter of pipe at section 2 (d;) = 25mm = 0.025m

C/S Area of pipe at section 2 (A;) = %XO.OZSZ =0.00049 m?
Velocity at point 1 (V1) =0.6 m/s

Discharge (Q) = A; V1 = 0.00442x0.6 = 0.00265 m3/s
Velocity at point 2 (V2) =Q/A; = 0.00265/0.00049 = 5.4 m/s
Pressure at 2 (P2) = 0 (atmospheric)

Pressure at 1=P;

Taking datum through point 1

Datum head at 1 (Z;) =0

Datum head at 2 (Z;) =2m

h="?

Applying Bernoulli’s equation at 1 and 2
Py, VY P, | VF

- +=—+Z,==+=+7

y g tia=y gt

9810+ 20 +0=0+ 20 +2

P1=34020 Pa

Writing manometric equation

Py + Ywaterx1 = 0+ yygxh
34020 + 9810x1 = 13.6x9810xh
h=0.328m
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12. In the fig., the fluid is water and the pressure at point 1 is 180Kpa gage. If the mass flux is 15kg/s,

5cm dia jet
* J’/—>

8cm dia pipe / 12m

— 1 —¢—

what is the head loss between 1 and 2? (flux = flow rate)

Solution:
Diameter of pipe at section 1 (d;) = 8cm = 0.08m
C/S Area of pipe at section 1 (A1) = %xO.082 =0.00503 m?

Diameter of pipe at section 2 (d;) =5cm = 0.05m
T

C/S Area of pipe at section 2 (A;) ==x0.05% = 0.00196 m?

4
Mass flux (M) = 15kg/s
15

. . M _
Velocity at point 1 (V1) = oA = 10007000503 - 2.98m/s
Velocity at point 2 (V) = M 15 =7.65m/s

pA, _ 1000x0.00196
Pressure at 1 (P1) = 180 Kpa
Pressure at 2 (P2) = 0 (atmospheric)
Taking datum through point 1
Datum head at 1 (Z;) =0
Datum head at 2 (Z;) = 12m
Head loss (h.) =?

Applying Bernoulli’s equation at 1 and 2

2 2
By Az, =2 57,4
Y 29 Y 29

2 2

180000 , 2987 L n _ g 4 765 4 1o 4 p,
9810 29 29

he = 3.82m
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13. A pipeline connected to a reservoir discharges water to the atmosphere. The loss of head is 1 times
velocity head from A to B, 1.5 times velocity head from B to C and 0.5 times velocity head from C to D. If
the pipe is 150mm in diameter, calculate the pressure heads at B and C. Also compute discharge.

Reservoir

Datum

Solution:

Diameter of pipe (d) = 15cm = 0.15m

C/S Area of pipe at section (A) = %xO.lS2 =0.0176 m?
Velocity at A (Va) =0

V = Velocity of water through pipe = Vg =Vc=Vp

v? 1.5V2 0.5V2
32
Total head loss (hL) = 2

Datum head at A (Za) =20m

Datum head at B (Zg) =0

Datum head at C (Z¢) = 15m

Datum head at D (Zp) =5m
Pressure at A (Pa) = 0 (atmospheric)
Pressure at D (Pp) = 0 (atmospheric)
Pressure head at B (Pg/y) =?
Pressure head at C (P /y) =?
Discharge (Q) =?

Applying Bernoulli’s equation at Aand D
PAy Vi gz, =Po Y54z 4nL
y 29 AT y T2 7P

3v?

0+0+20=0+2+5+3
29 29

V=8.57m/s
VB = Vc = VD =8.57 m/s
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Applying Bernoulli’s equation at Aand B

Py, Vi Pg | V3
2+ L4+ 7, ==+=4+Zz+hL
Y T 2g A Y T 2g B AB

2 2
0+0+20="24+" y0+Z
Y 29
8572 = 8.572
29 29

20="84
Y

Ps —125m
14
Applying Bernoulli’s equation at Band C

Pg | V§ Pc V¢
=+ 24+ Zg=—+-"-+4+Z,+hlL
y 29 B y 2g c BC

2 2 2
125+ +0=2¢4 2 4454 227
29 14 29 29
+8 572
25— E + 1.5%8.57
Y 29
Pe— _g11m
Y

Q=AV=0.0176x8.57 = 0.1508 m?/s

14. A 15cm diameter pipe is expanded to 25cm diameter suddenly at a section. The head loss at a
sudden expansion from section 1 to 2 is given by h, = (V1-V,)?/2g. For a discharge of 45 Ips, calculate the
manometer reading h.

<

50cm

Water

ercury

Solution:
Diameter of pipe at section 1 (d;) = 15cm =0.15m
C/S Area of pipe at section 1 (A1) = %9«40.152 =0.0176 m?
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Diameter of pipe at section 2 (d;) = 25cm = 0.25m

Area of pipe at section 2 (A;) = %xO.ZS2 =0.049 m?
Discharge (Q) = 45 lps = 0.045 m3/s

Velocity at point 1 (V1) =Q/A; = 0.045/0.0176 = 2.55 m/s
Velocity at point 2 (V2) =Q/A, = 0.045/0.049 = 0.92 m/s
Pressure at 1=P;

Pressure at 2 =P,

Taking datum through point 2

Datum head at 1 (Z;) =0.5m

Datum head at 2 (Z;) =0

—V,)2 _ 2
Head loss (hL) — -s) — (2.55-0.92)

2g 29
h="?

=0.14m

Applying Bernoulli’s equation at 1 and 2
P Vi P,  V#

24L 47 =2+ 247, +h

y 29 1Ty T2g 727

Py 2.552 P, 0.922
— S=—4+—— 14
9810 29 9810 + 29 +0+0

P1 - Pz =-6359.6 Pa

Writing manometric equation

Py + YwaterXxy + VHth = P+ YwaterXxh
-6359.6+9810(0.5-h)+13.6x9810h =0
h=0.0117m

15. Water is pumped from a reservoir through 150mm diameter pipe and is delivered at a height of 15m

from the centerline of pump through a 100mm nozzle connected to 150mm discharge line as shown in

the figure. If the pressure at the pump inlet is 210 KN/m? absolute, inlet velocity of 5m/s and the jet is

discharged into atmosphere, determine the energy supplied by the pump. Take atmospheric pressure =

101.3 KN/m? and assume no friction.

100mm dia

150mm dia

Pump

Solution:
Diameter of pipe at section 1 (d;) = 150mm = 0.15m
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C/S Area of pipe at section 1 (A;) = %950.152 =0.01767m?

Diameter of pipe at section 2 (d;) = 100mm = 0.1m

C/S Area of pipe at section 2 (A;) = ng.lz =0.007854 m?
Velocity at point 1 (V1) =5 m/s

Discharge (Q) = A; V1 =0.01767x5 = 0.08835 m3/s

Velocity at point 2 (V,) =Q/A; = 0.08835/0.007854 = 11.25 m/s
Pressure at 1 (P1) = 210 KN/m?

Pressure at 2 (P;) = 101.3 KN/m? (atmospheric)

Taking datum through centerline of pump
Datum head at 1 (Z;) =0

Datum head at 2 (Z,) = 15m

Energy supplied by pump ="?

hp = Head supplied by the pump

Applying Bernoulli’s equation at 1 and 2
P VP _Ph
St Tt hy =2+ 47

210000 , 52 101300 . 11.252
5810 +£+O+hp— 9810 + 29 + 15
hp =9.09m

Energy supplied by the pump = yQh,, = 9810x0.08835x9.09 = 7878W

16. For a turbine shown in the figure, P, = 200 Kpa, P,= -35Kpa, Q = 0.3m3/s. Determine the energy
output of the machine if its efficiency is 80%.

400mm dia

Turbine

800mm dia

Solution:
Diameter of pipe at section 1 (d;) =400mm = 0.4m

C/S Area of pipe at section 1 (A;) = §3c0.42 =0.1256m?
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Diameter of pipe at section 2 (d;) = 800mm = 0.8m
C/S Area of pipe at section 2 (A) = §x0.82 =0.5026 m?
Discharge (Q) = 0.3 m3/s

Velocity at point 1 (V1) = Q/A,=0.3/0.1256 = 2.38 m/s
Velocity at point 2 (V,) =Q/A, = 0.3/0.5026 = 0.6 m/s
Pressure at 1 (P1) = 200 Kpa

Pressure at 2 (P2) = -35Kpa

Taking datum at 2,

Datum head at 1 (Z;) =0

Datum head at 2 (Z;) = 1.5m

Efficiency () =0.8

Energy output of machine =?

h: = Head extracted by turbine

Applying Bernoulli’s equation at 1 and 2
PV} P, V&

-+ 2+Z—h=—=4+24+7

y Toggtar—he =45+ 2

200000 , 2.382 —35000 = 0.62
9810 +—Zg +15—-h, = 9810 +E+ 0
ht =25.72m

Energy output =n(yQh;) = 0.8x(9810x0.3x25.72) = 60555W
17. A jet of water issues vertically upwards from 0.2m high nozzle whose inlet and outlet diameters are

100mm and 40mm respectively. If the pressure at the inlet is 20 Kpa above the atmospheric pressure,
determine the discharge and the height to which the jet will rise. Assume no friction

100mm dia

Solution:
Inlet diameter (d1) = 100mm = 0.1m
C/S Area at inlet (A1) = %xO.l2 =0.007854 m?

Outlet diameter (d;) = 40mm = 0.04m
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C/S Area at outlet (A,) = %x0.042 =0.001257m?

Pressure at 1 (P1) = 20 KN/m?
Pressure at 2 and 3 (P, P3) =0
Discharge (Q) =7

Height to which jet will rise (h) =?

Applying Bernoulli’s equation at 1 and 2 (Taking datum at 1)

P, V? P,  V#
- +2+Z,=2+2417,
Y 29 Y 29
20000

+Z 4 0=0+% 402
9810  2g - 29 )

VZ—-VZ=-36.076 (a)

From continuity

AV = A1,

0.007854V; = 0.001257V,

V; = 0.16V, (b)

Fromaandb

(0.16V,)%? — V2 = —36.076

V2 =6.08m/s

V1=0.97m/s

Q = A,V, =0.007854x0.97 = 0.007618 m3/s
Applying Bernoulli’s equation at 2 and 3 (Taking datum at 2)

2 2
B bz, =515z,
Y 2g Y 2g
2
0+ 1 0=040+h
29
h=1.88m

18. A jet of water coming out from 50mm diameter rounded nozzle attached to 100mm diameter pipe is
directed vertically downwards. If the pressure in the 100mm diameter pipe 0.2m above the nozzle is 200
Kpa gauge, determine the diameter of jet 5m below the nozzle level.

5m

3|l
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Solution:

Diameter of pipe at section 1 (d;) = 100mm = 0.1m

C/S Area of pipe at section 1 (A1) = ng.lz =0.007854 m?
Diameter of pipe at section 2 (d;) = 50mm = 0.05m

C/S Area of pipe at section 2 (A) = %xO.OS2 =0.001963m?
Pressure at 1 (P1) = 200 Kpa

Pressure at 2 and 3 (P, P3) =0

Applying Bernoulli’s equation at 1 and 2 (Taking datum at 2)
P VY P, |V}

=+ 2+Z==+E2+7Z

y Toggtar =ty

20000
9810

VZ—-VZ=-404 (a)
From continuity

2 2
+4402=0+2+0
29 2g

A1V1 = A2V2
0.007854V; = 0.001963V,
V1 = 0.25V2 (b)

Fromaandb
(0.25V,)%2 — V2 = —404
V, =20.75m/s
V1=5.18m/s
Q = A,V; =0.007854x5.18 = 0.0407 m3/s
Applying Bernoulli’s equation at 2 and 3 (Taking datum at 3)
By Vg, =015
Yy 29 Yy 29
20.752
29
Vs =23m/s
As; = Q/V3;=0.0407/23 =0.00177 m?
As =2dj
0.00177 = Z.d3
d3=0.047m = 47mm

0+

V2
+5=0+-%-+0
29
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19. The pipe flow in the figure is driven by the pump. What gauge pressure is needed to be supplied by
the pump to provide water flow rate of Q = 60m3/h? Neglect head loss from A to B. Head loss from C to

2 2
D=30 I;C—;; Head loss from D to E = 20 ‘;C—;; das (diameter of pipe AB) = dep = 5¢m; dpe = 2cm. where Vep =

velocity in pipe CD and Vpe = velocity in pipe DE.

>

Solution:

Discharge (Q) = 60m3/h = 60/3600 m3/s = 0.0167 m3/s
Diameter of pipe AB and CD = 5cm = 0.05m

C/s Area of pipe AB and CD (Ans, Acp) = %xO.OSZ: 0.001963m?
Diameter of pipe DE =2cm = 0.02m

C/s Area of pipe DE (Apg) = %x0.022= 0.000314m?

A E

80m

Velocity of flow through AB and CD (Vag = Vcp) =Q/Aas = 0.0167/0.001963 = 8.5m/s

Velocity of flow through DE (Vpe) = Q/Ape = 0.0167/0.000314 = 53.2m/s
Head loss between A and B (hLag) =0

2 2
Head loss from C to D (hLcp) = 30% = 30% =110.5m

Head loss from D to E (hlpg) = 20% = 20% =73.65m

Total head loss (h) = 0+110.5+73.65 = 184.15m

hp = Head supplied by the pump

At point1,V; =0, P; =0 (atm)

At point E, Pe = 0 (atm)

Applying Bernoulli’s equation between 1 and E (Taking datum through A)

P Vi _Pe  VE
St ot L thy = iy
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2
0+0+10+h, = 0+"-+80 + 184.15
hm =398.4m

Applying Bernoulli’s equation between B and C

2 2
Pe % zp v h, =24y 7,
14 2g Yy 29

VB = Vc, ZB = Zc

Pc — Pg = yh, =9810x398.4 = 3908304 Pa = 3908.304 Kpa
Gauge pressure to be supplied by the pump = 3908.304 Kpa

20. The head extracted by turbine CR in the fig. is 60m and the pressure at T is 505 KN/m2. For losses of
2V,?/2g between W and R and 3V1%/2g between C and T, determine (a) how much water is flowing and
(b) the pressure head at R. Draw the energy gradient line and hydraulic gradient line.

1 _Elv.75m 30cm dia

4

Vi

Solution:

Diameter of pipe TC (d;) =30cm = 0.3m

C/S Area of pipe TC (A1) = 2360.32 =0.0707 m?
Diameter of pipe RW (d2) = 60cm = 0.6m

C/S Area of pipe RW (A;) = %xO.62 =0.2827 m?

Pressure at T (Pr) = 505 KPa
Velocity at T (V1) = V1

hlwc = 3V1%/2g

hLaw = 2V2%/2g

ht=60m

Datum head at T (Z1) = 75m
Datum head at R (Zg) = 30m
Datum head at W (Zw) = 45m

Pressure at W (Pw) =0
Velocity at W (Vw) =0

Flow rate (Q) =?

Pressure head at R (Pg/y) =?

a) Applying Bernoulli’s equation at T and W

W
V,

~

Iv.30m \
R 60cm dia

Elv.45m
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2
Pry V_T +Zr—h, = Pw +Z VW + Zy, + Total head loss
14

505°°°+ L 75— 60—0+0+45+3V1+
9810

VZ+ V= 2107 (a)

Continuity equation

AVi=AV,

0.0707 V1=0.2827 V,

Vi=4V; (b)

Fromaandb

V,=3.52m/s

V1=14.08 m/s

Q= A; V1 =0.0707x14.08 = 0.995 m?3/s

b) Applying Bernoulli’s equation at R and W

2 2

”R +30—0+0+45+2V2

Pr 154+ % _15+ﬁ_1563m
Y 2g 29

Finding the eIevation of EGL and HGL

505000 = 14.08%
9810

EGLatT= + Zyp = + 75=136.6m

EGLat C = EGL at T- hlyc = 136.6 — $= 106.3m

EGLat R=EGL at C - heg = 106.3-60 = 46.3m

2
EGL at W = EGL at R — hLrw = 46.3 —%:45m

2
HGLatT=EGL at T — —g =136.6 — 2% _ 126.5m
HGL at C = EGL atC——— 106.3 — %% _ 96.2m
3.522

HGLatR=EGL at —463——:456m
T 2g 29

HGLatW = EGLatW——g 45 —0=45m
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126.5m

Elv.45m

21. The figure below shows a pump P pumping 90 Ips of water from a tank.

(a) What will be the pressure at points B and C when the pump delivers 14.5KW of power to the flow?
Assume the losses in the system to be negligible.

(b) What will be the pressure at C when the loss in the in the inlet to the pump is negligible and between
the pump and the point C, a loss equal to 2 times the velocity head at B takes place.

o c
1.4m
T l&— 10 cm dia.
3m Water 16 cm dia.

l Reservoir

Pump
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Solution:

Discharge (Q) = 90 lps = 0.09 m3/s

Diameter of large pipe (dg) = 16cm = 0.16m
Diameter of smaller pipe (dc) = 10cm = 0.1m

(a) Power (P) = 14.5 KW = 14500W
Pressure at point B (Pg) = ?
Pressure at point C (P¢) =?
Head supplied by the pump = h,
P =vyQh,
14500 = 9810x0.09xh,,
he =16.42m

Va=0, Po=0 (atm. pr.)

Using continuity equation at Band C
Q 0.09

VB = g = %().—162 = 4.47m/s
_Q _ 0.09 _
Ve = e Tor 11.46m/s

Applying Bernoulli’s equation between A and B (taking B as datum)
PayVA,g =P8 V5, g
y T2g ATy T29 " 7B

Pg 4.472

0+0+3=—L 4
9810 2x9.81

Ps = 19440 Pa
Applying Bernoulli’s equation between A and C (taking B as datum)

+0

2 2
Pay Ay 2yt hy, =21+ % 1 7,
Yy 29 y 29

11.462

_ _Pc
0+0+3+1642= 5810 + %981 +4.4
Pc=81680 Pa
b) Loss between Aand B=0
145 4.472
Loss betweenBand C=2-= =2 =2.04m
2g 2x9.81

Total loss of head (h) =2.04m
Pressure at point C (P¢) = ?
Applying Bernoulli’s equation between A and C (taking B as datum)

Pa Vi _Pc V¢
At St Zythy = e Lo+ By

Pc 11.462
+
9810 = 2x9.81

0+0+3+1642=
Pc=61668 Pa

+4.4+ 2.04
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22. The figure below shows a pipe connecting a reservoir to a turbine which discharges water to the
tailrace through another pipe. The head loss between the reservoir and the turbine is 8 times kinetic
head in the pipe and that from the turbine to tailrace is 0.4 times the kinetic head in the pipe. The rate
of flow is 1.36m3/s and the pipe diameter in both cases is 1m. Determine (a) the pressure at inlet and
exit of turbine, and (b) the power generated by the turbine.

1m dia
50m
Turbine
<——— 1Imdia 5m
4 | v

Solution:
Diameter of pipe 1-2 and 3-4 (d) = 1m
Discharge (Q) = 1.36m?3/s

As d is same, velocity (V) is also same for pipe 1-2 and 3-4.
1.36

_Q_ 136
V= = 212 =1.73 m/s
. . & 1.732
Head loss between reservoir and turbine (hi)=8— =8 =1.22m
29 2x9.81
. . v? 1.732
Head loss between turbine and tailrace (hw)= 0.4 — = 0.4——=0.06m
29 2x9.81

Total loss of head (h.) = 1.22+0.06 = 1.28m

P1=0,Ps=0,V1=0,V4=0

(a) Pressure at2 (P2) =7?

Pressure at 3 (P3) =?

Applying Bernoulli’s equation between 1 and 2 (taking datum through 2)

2 2
%+%+le%+%+zz+hw
2
0+0+50=—2 4+ 1 04+1.22

9810 = 2x9.81
P, =477035 Pa

Applying Bernoulli’s equation between 3 and 4 (taking datum through 4)
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Py V3 _P V2

S Zy = T e 2yt
2

P 73 504040+ 0.06

9810 2x9.81

P, = -49958 Pa

b) Power generated by the turbine (P) =?
Head extracted by turbine = hr
Applying Bernoulli’s equation between 2 and 3 (taking datum through 2)

P. Vi P V2

24+ 247, —hr==2+24+7;

Y 2g Y 2g

477035 1.732 —49958 1.732
——+—+0—-hy = —40
9810y = 2x9.81 9810 2x9.81

h'T = 537m

P =yQhr = 9810x1.36x53.7 =711176W = 711.176KW

A 2.5m long pipeline tapers uniformly from 10cm diameter to 20cm diameter at its upper end. The pipe

centerline slopes upwards at an angle of 30° to the horizontal and the flow direction is from smaller to

bigger cross-section. If the pressure at lower and upper ends of the pipe are 2bar and 2.4bar

respectively, determine the flow rate and the pressure at the mid-length of the pipeline. Assume no

energy losses.

Solution:

Solution:
Diameter of pipe at sectionl (d;) = 10cm =0.1m

C/S Area of pipe at sectionl (A;) = %xO.l2 =0.00785 m?
Diameter of pipe at section2 (dz) = 20cm =0.2m
C/S Area of pipe at section2 (A;) = %XO.ZZ =0.0314 m?

Pressure at section 1 (P1) =2 bar = 2x10° N/m?
Pressure at section 2 (P,) = 2.4bar =2.4x10° N/m?
Discharge (Q) =?
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Pressure at mid length (P3) =?

Taking datum head at section 1 (Z;) =0
Z, =2.55in30=1.25m
73 =1.25Sin30=0.625m

a. From continuity equation
AiVi=AV,
%inzm;:%xozzn
Vi=4V,

Applying Bernoulli’s equation at section 1 and 2
PV} P, V&

2+ Ll4Z,=2+247

y 29 1Ty T2g 72

2x105 | (4V,)? 10= 2.4x10°
9810 29 9810

V,=2.64m/s
Vi =4x2.64 = 10.56m/s
Q=A; V1 =0.00785x10.56 = 0.083 m3/s

2
+¥%2 4125
29

b. At mid length d3 = 15cm = 0.15m
C/S Area of pipe at section3 (As) = %xO.lS2 =0.01767 m?
V3 =Q/A;=0.083/0.01767 = 4.7m/s

Applying Bernoulli’s equation at section 1 and 2
P, VE Py VZ
4+ 2+ 7, =24+2 417
Y 29 Y 29
2x10% = 10.562 P 4.72
+0=—"4—
9810 2g 9810  2g

P; = 238581N/m? = 238.581 Kpa

+ 0.625
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Tutorial 8

Flow measurement

1. A jet of water issuing from 5mm diameter orifice working under a head of 2.0m, was found to travel
horizontal and vertical distances of 2.772m and 1m respectively. If Cc = 0.61, determine discharge.

Solution:

Diameter of jet (d) = 5mm = 0.005m

C/s of jet (a) = %xO.OOS2 =1.96X10° m?

Head (H) =2m

Xx=2.772m,y=1m

Cc=0.61

Discharge (Q) =7
X _ 2772

v \/‘W_H - m

Cs=CcCv=0.61x0.98 =0.5978

Q = Cya,/2gH = 0.5978x1.96x107°,/2gx2 = 7.34X10° m3/S = 0.0734 Ips

=0.98

2. For the two orifices shown in the figure below, determine Y, such that X, = 3%.

Y_ ¥
T 2m orificel
10m \\
orifice2 \
N \
Y \
Y2 \\\ \\
AY \‘
4 X2 X1
Solution:
H1 = 2m, Y1 =10-2 = 8m, Hz = 10-Y2
_3%
X, = "
Yz = -')
X
Coefficient of velocity for orifice 1 (C,;) = ——
NOA
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. . . Py Xz
Coefficient of velocity for orifice 2 (C,,) = ——
Y ( v2) \/m
Since the two orifices are identical
Ci1=Cn
X, _ X
JaviH,  JAY,H,
x; x5
4V H,  AY,H,
3X1 2
x _ (3

4x2x8  4Y,(10-Y,)

Y2 —10Y,+9=0

Solving for Y,

Y,=1,9

As Y; =8m, Y, =9 (>Y;) is not feasible.
HenceY,=1m

3. A vessel has two identical orifices provided in one of its sides as shown in the figure. Locate the point
of intersection of two jets. Take C, =0.98 for both orifices.

4

AV4
T 2m orificel
T - \\
\
\
\
\
5m ‘\ |

JayH
Ci1=Cn

x _ x

JaviH, | i,
Y,H, =Y,H,

Yix2 =Y,x5

Y; = 2.5Y, (a)
Here,
Y,-Y,=H,—H,=3
Fromaandb

Y1 = 5m, Yz =2m
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x = Cy/4Y1H; = 0.98V4x5x2 =6.2m

4. A rectangular orifice 1.0m wide and 1.5m deep is discharging water from a vessel. The top edge of the
orifice is 0.8m below the water surface in the vessel. Calculate the discharge through the orifice if C4 =
0.6. Also calculate the percentage error if the orifice is treated as a small orifice.

Solution:

Width of orifice (b) = 1m

Depth of orifice (d) = 1.5m

H; =0.8m, H, = H;+d = 0.8+1.5=2.3m
Ca=0.6

Discharge (Q) through large orifice = ?

error in discharge treating as small orifice = ?

Q= gcd by2g (Hy? - Hy"?)
= 2x0.62x 1V2x9.81(2.3%/2 — 0.8%/2) = 5.076 m¥/s
For small orifice, h=H; +d/2 =0.8+1.5/2 = 1.55m
Discharge (Q1) through small orifice (Q1) = Ca \/Zg_H
= 0.62x1x1.5 v2x9.81x1.55 = 5.13 m%/s
5.13-5.076

% error in measuring discharge = Wx100= 1.06%

5. A rectangular orifice of 1.5m wide and 1.2m deep is fitted in one side of a large tank. The water level

on one side of the orifice is 2m above the top edge of the orifice, while on the other side of the orifice,
the water level is 0.4m below its top edge. Calculate the discharge through the orifice if C4 = 0.62.

Solution:

Width of orifice (b) = 1.5m

Depth of orifice (d) = 1.2m

Height of water from top edge of orifice (H1) = 2m

Difference of water level on both sides (H) =2+0.4 = 2.4m

Height of water from bottom edge of orifice (H,) = H1+d = 2+1.2 =3.2
Cy=0.62

Discharge through partially submerged orifice (Q) = ?

2
Q=3Caby2g (H3/2 = H}?) + Cqb(H, — H)\2gH

2
= §x0.62x1.5\/2x9.81(2.43/2 —23/2) 4+ 0.62x1.5(3.2 — 2.4)V2x9.81x2.4
=7.55m3/s
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6. A horizontal venturimeter in a water main has a 20cm diameter at one end and tapers to 10cm at its
throat. A piezometer installed at the inlet reads 30cm, while the one at the throat reads 18cm.
Determine the discharge through the main, if C4 = 0.98.

Solution:

Diameter at inlet (d1) = 20cm =0.2m

C/s area of inlet (A1) = %xO.Z2 =0.0314m?
Diameter at throat (d;) = 10cm = 0.1m

C/s area of throat (A;) =g x0.1% = 0.00785m?
Pressure head at inlet (P:1/pg) =30cm =0.3m
Pressure head at throat (P,/pg) =18cm =0.18m
Head (h) = 5—; - 5—; =0.12m

C4=0.98

Discharge (Q)=?

Q = Cy/2gh—2222
/Ai—AE

0.0314x0.00785

= 0.98v2x9.81x0.12
/0.03142-0.007852

=0.0122 m?/s

7. A horizontal venturimeter is used to measure the flow of water in a 200mm diameter pipe. The throat
diameter of the venturimeter is 80mm and the discharge coefficient is 0.85. If the pressure difference
between the two measurement points is 10cm of mercury, calculate the average velocity in the pipe.

Solution:

Diameter at inlet (d;) = 200mm = 0.2m

C/s area of inlet (A1) = anO.Z2 =0.0314m?

Diameter at throat (d;) = 80mm = 0.08m

C/s area of throat (A;) = %xO.OB2 =0.00503m?

Pressure difference (P1-P2) = 10cm of Hg = yy4h = 13.6x9810x0.1 Pa

Zl = Zz

Head (h) _ P,—P, — 13.6x9810x0.1 =1.36m
Y 9810

Cqs=0.85

Average velocity in the pipe (V) =?

Q = Cay/2gh 22
Ja3-4
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= 0.85V2x9.81x1.36 0.0314x0.00503
V0.03142-0,005037
=0.0223 m¥/s

V =Q/A;=0.0223/0.0314 =0.71m/s

8. An orificemeter is provided in a vertical pipeline of 250mm diameter carrying oil of sp.gr. 0.9, the flow
being upwards. The difference in elevation of the upstream and downstream ends of the manometer on
the orificemeter is 350mm. The differential U-tube manometer shows a gauge deflection of 200mm.
Calculate the discharge of oil. The diameter of the orifice is 150mm. Take Cq4 = 0.65.

Solution:
Diameter of pipe (d1) =250mm = 0.25m
C/s Area of pipe (A1) = %XO.ZSZ =0.049 m?

Diameter of orifice (d2) = 150mm = 0.15m

C/s Area of pipe (A;) = %xO.lS2 =0.0176 m?
Sp.gr. of oil (So) =0.9

Difference in elevation (Z1-Z2) = 350mm =0.35m
Reading of manometer (x) = 200mm = 0.2m
Sp.gr. of mercury (S) =13.6

Cq =0.65

Discharge of oil (Q) =?

Head h is given by
h=x (Si - 1): 0.2 (ﬁ - 1):2.82m

o 0.9

Q = Cy/2gh 2122
1/A§—A§

0.049x0.0176

= 0.65v2x9.81x2.82 ——V —=
1/0.0492-0.01762

=0.091 m3/s

9. A 20cmx10cm venturimeter is mounted in a vertical pipeline carrying oil of sp.gr. 0.8 flowing upwards.
The throat section is 20cm above the entrance section of the venturimeter. The differential U-tube
manometer shows a gauge deflection of 25cm. Calculate the discharge of the oil and the pressure
difference between the entrance and the throat section. Take Cq =0.96

Solution:

Diameter at inlet (d;) =20cm =0.2m

C/s area of inlet (A1) :%xO.Z2 =0.0314m?
Diameter at throat (d;) = 10cm = 0.1m

C/s area of throat (A;) = %xO.l2 =0.00785m?
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Sp.gr. of oil (So) =0.8

Density of oil (p) =0.8x1000 = 800 kg/m?
Difference in elevation (Z>-Z1) = 20cm =0.2m
Reading of manometer (x) = 25mm =0.25m
Sp.gr. of mercury (S) =13.6

Discharge of oil (Q) =?

Pressure difference (P1-P,) =?

Head h is given by

h= x(:—o— 1)= 0.25 (%— 1)=4m

Q = Cy/2gh—2122
1/A§—A§

0.0314x0.00785

= 0.96V2x9.81x4
/0.03142-0.007852

=0.0689 m?/s

h is also expressed as
P1—P,

h = 0 + (Zy — Z3)
Pl _ 4402
pg

P1-P, = 4.2x800x9.81 = 32962 N/m?

10. A venturimeter with a throat diameter of 100mm is fitted in a vertical pipeline of 200mm diameter
with oil of sp.gr. 0.88 flowing upwards. The venturimeter coefficient is 0.98. The pressure gauges are
fitted at tapping points, one at the throat and the other in the inlet pipe 320mm below the throat. The
difference between two pressure gauge readings is 28 KN/m2 Working from Bernoulli’s equation,
determine (a) the volume rate of oil through the pipe, (b) the difference in level in the two limbs of
mercury if it is connected to the tapping points and connecting pipes are filled with same oil.

Solution:

Diameter at inlet (d;) = 20cm = 0.2m

C/s area of inlet (A1) =%3€0.22 =0.0314m?

Diameter at throat (d;) = 10cm =0.1m

C/s area of throat (A;) = %xO.l2 =0.00785m?

Sp.gr. of oil (So) =0.88

Density of oil (p) =0.88x1000 = 880 kg/m®

Difference in elevation (Z;-Z1) = 320cm =0.32m
Difference in pressure (P1-P2)= 28KN/m? = 28000N/m?
Sp.gr. of mercury (S) =13.6

https://civinnovate.com/civil-engineering-notes/



https://civinnovate.com/civil-engineering-notes/

C4=0.98
Discharge of oil (Q) =?
Manometer reading (x) =?

a. Applying Bernoulli’s equation between inlet (1) and throat (2)

P. v P. 24

T RETRRC I TREPREL

P,—P, v Vi

—+(Z—Zy))=*=~——
pg (Z1=22) 29 29
28000 (—032) = vi Vi

880x9.81 ) T 29 29

vZ Vv

2 -1 =292 (a)

29 29

According to continuity equation
A1 V1=A2V2

AV; 0.0314V;

Vv, = =
A,  0.00785

Solvingaand b

WV _ 592

29 29
V1=1.95m/s
Discharge (Q) =A1V: = 0.0314x1.95 = 0.612 m3/s

Actual discharge = C4 Q = 0.98x0.612 = 0.599 m3/s

=4V, (b)

_ P,—-P, _ _ 28000 _ _
b.h =" 4 (2, — Zy)=gg; oo+ (—032) =2.92
S
292 = (13.6 1)
74=*\088
x=0.2m

11. A venturimeter is used for measurement of discharge of water in a horizontal pipeline. The ratio of
the upstream pipe diameter and throat is 2:1 and upstream diameter is 300mm. Mercury manometer
connected at the pipe and throat shows the reading of 0.24m and the loss of head through the meter is
1/8 of the throat velocity head. Calculate the discharge in the pipe using the continuity and energy
equations.

Solution:

Pipe diameter (d;): throat diameter (d) = 2:1
Pipe diameter (d;) = 300mm = 0.3m

Throat diameter (d;) =d1/2 = 0.15m
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C/s area of inlet (A;) = %xO.S2 =0.0707m?
C/s area of throat (A;) = %x0.152= 0.01767m?

Manometer reading (x) =0.24m
Sp.gr. of mercury (S) =13.6
Velocity at inlet =V;

Velocity at throat =V,

2
Head loss (hy) =§.‘2/—;

Discharge in the pipe (Q) =?

Head h is given by

h=x (;—0 - 1)= 0.24 (% - 1):3.02m

Applying Bernoulli’s equation between inlet (1) and throat (2)

P, V2 P, V£
—+=+Z;=—=+=+7Z,+h
pg 29 1T pgl2g 27T
Pi—P, vi v 1V
—=+(Z,—Z))=2—-—21+=-% a
R G- = (@)
P,—P.
h==""2+(Z,-Z b
R (- Z)) (b)
Fromaandb
i _ v
T 169 29
wvZ vE
g 29

According to continuity equation

A1 V1=A2V2
VZ — AVq =0.0707V1 =4V1 (d)
A, 0.01767

Solving c and d

94v)? V¢ —3.02
16g 29 ’

Vi=1.86m/s
Discharge (Q) = A1V1 = 0.0707x1.86 = 0.131 m?3/s

12. A horizontal venturimeter with inlet and throat diameters of 400mm and 200mm respectively, is
connected to a pipe. If the pressure in the inlet portion is 200KPa and the vacuum pressure (negative) on
the throat is 400mm of mercury, find the rate of flow in the pipe taking C4 = 0.97.

Solution:
Diameter at inlet (d;) = 400mm = 0.4m

C/s area of inlet (A1) = %x0.42 =0.1256m?
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Diameter at throat (d;) = 200mm = 0.2m
C/s area of throat (A;) = %x0.22= 0.0314m?

Pressure at inlet (P1) =200 Kpa = 200x103N/m?
Pressure head at throat = -400 mm of mercury

Cq=0.97

Discharge (Q) =?

Pressure head at inlet (i) 200000 =20.38m of water
Py 1000x9.81

Py

Pressure head at throat (pg

) =-0.4 m of mercury =-0.4x13.6m of water =-5.44 m of water
21=Zz

Head h is given as

h= % + (Z, — Z,) =20.38-(-5.44)+0 = 25.82m

Q = Cy/2gh—2222
/Ai—AE

0.1256x0.0314

= 0.97vV2x9.81x25.82 ———
v0.12562-0.03142

=0.708 m3/s

13. A Venturimeter is to be fitted in a horizontal pipe of 0.15m diameter to measure a flow of water
which may be anything up to 240m3/hour. The pressure head at the inlet for this flow is 18m above
atmospheric and the pressure head at the throat must not be lower than 7m below atmospheric.
Between the inlet and the throat there is an estimated frictional loss of 10% of the difference in
pressure head between these points. Calculate the minimum allowable diameter for the throat.

Solution:
Diameter of pipe (di1) =0.15m

C/s area of pipe (A1) = §x0.152: 0.01767m?
Discharge (Q) = 240m3/hour = % =0.0667m3/s

Velocity at inlet (V1) = Q/A; = 0.0667/0.01767 = 3.77m/s
Pressure head at inlet (ﬂ) =18m
pg

Pressure head at throat (;—;) =-7m
21=Zz

Head loss (h) = 0.1x(ﬁ - P—z) =0.1(18+7) =2.5m
pg P9
Diameter of throat (d2) = ?

Applying Bernoulli’s equation between inlet (1) and throat (2)

P, VE P,  VZ

L4 L4 Zi=2+247,+h
pg 29 1T pgl2g 72T
P. P. v:  v?

L2 _dgp

pg P9 29 29
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vz 3.777

18+7=5—?+2.5

V,=21.34m/s

C/S area of inlet (A;) = Q/V, = 0.0667/21.334 = 0.003126 m?
Ay = %xd%

0.003126 = ~xd3
d; =0.063m = 63mm

14. A Venturimeter of throat diameter 0.07m is fitted in a 0.15m diameter vertical pipe in which liquid of
relative density 0.8 flows downwards. Pressure gauges are fitted to the inlet and to the throat sections.
The throat being 0.9m below the inlet. Taking the coefficient of the meter as 0.96 find the discharge a)
when the pressure gauges read the same b) when the inlet gauge reads 15170 N/m? higher than the
throat gauge.

Solution:

Diameter of pipe (di1) =0.15m

C/s area of pipe (A1) = %x0.152= 0.01767m?
Diameter at throat (d;) = 0.07m

C/s area of throat (A;) = %x0.072= 0.00385m?
2:—-7,=09m

Cqa=0.96

Discharge (Q) =7

a) P1 :Pz
P1—P,
h =?+ (Zl _ZZ) = 0+0.9=0.9m

Q = Cy/2gh 2122
1/A§—A§

0.01767x0.00385
1/0.017672-0.003852

= 0.96v2x9.81x0.9
=0.016 m3/s

b) P1 =P, +15170
15170

_ P-P, _ _ _
h= e +(Z1—Z,) 8710007981 +0.9=2.83m

Q = Cyv/2gh 2222

2 2
AZ-43

= 0.961/2x9.81x2.83 0.01766x0.00385

v0.017662—-0.003852
=0.0285 m?/s
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15. Water is flowing over a sharp-crested rectangular weir of width 50cm into a tank with cross-sectional
area 0.6m?. After a period of 30s the depth of water in the tank is 1.4m. Assuming a discharge
coefficient of 0.9, determine the height of the water above the weir.

If the rectangular weir is replaced by a 90° notch weir with the same head and a discharge coefficient of
0.8, calculate the depth increase of the water in the tank after 30s.

Solution:

a) Width of rectangular weir (L) = 50cm = 0.5m

C/S area (A) = 0.6m?

Depth of water in tank (h) = 1.4m

Volume of water in 30 Sec = Ah = 0.6x1.4 = 0.84m?
Discharge (Q) = Volume/time = 0.84/30 = 0.028 m3/s
Ci=0.9

Height of water (H) =?

2
Q =3 Cay/2g LH®/?
0.028 = §x0.9\/2x9.81 x0.5xH3/2
H =0.076m

b) With 90° V-notch, C4 = 0.8

Head (H) = 0.076m

Increase in depth after 30s (h;) = ?

Q = = Cay/2g tan(8/2) H/?

Q= %x0.8v2x9.81 tan(90/2) 0.0765/? = 0.003 m3/s

Q= t

0.003 = &M
30

h1 =0.15m

16. A sharp edged weir is to be constructed across a stream in which the normal flow is 200 litres/sec. If
the maximum flow likely to occur in the stream is 5 times the normal flow then determine the length of
weir necessary to limit the rise in water level to 40cm above that for normal flow. C4=0.61.

Solution:

Normal discharge (Q1) = 200 Ips = 0.2 m3/s
Maximum discharge (Qz) = 5x0.2 =1 m3/s
C4=0.61

Water level for normal flow =y

For y+0.4, Length of weir (L) = ?
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2
Q =3Ca\/29 LH/?

| = 2x0.61VZx9.81 Ly®/2
0.2 = 1.801 Ly3/?
L=0.111y73/? (a)

Q2 = 2x0.61V2x9.81 L(y + 0.4)*/?

1 =1.801L(y + 0.4)3/2
0.555 = L(y + 0.4)%/%2 (b)

Fromaandb

0.555 = 0.111 y=3/2(y + 0.4)3/2
(y+0.4)3/2
y3/2 -

Y04 _ 5924
y

y =0.208m
L=0111y732=0.1110.208"3/2=1.17m

17. Compute the flow rate if the measured head above the bottom of the V-notch is 35cm, when 6= 60°
and C4=0.6. If the flow is wanted within an accuracy of 2%, what are the limiting values of the head.

Solution:

Head (H) =35cm =0.35m
0= 45°

Cs=0.6

Flow rate (Q) =?

Q = = Cq\[2gtan(6/2) HS/?
Q = = x0.6v2x9.81 tan(60/2) H%/ = 0.818H5/2
= 0.818x0.35°/2 = 0.059 m¥/s

With +2% error
Q1 = 0.059+0.02X0.059= 0.0602 m3/s
Q, = 0.059-0.02X0.059= 0.0578 m3/s

Q = 1.417H5/?
5/2
Q, = 1.417H./

0.0602 = 0.818H."?
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Hi =0.352m
Q, = 1.417H,"
0.0578 = 0.818H,/?
H, =0.346 m

18. Water is flowing in a rectangular channel of 1m wide and 0.8m deep. Find the discharge over a
rectangular weir of crest length 60cm if the head of water over the crest of weir is 30cm and water from
channel flows over the weir. Take Cq = 0.62. Take velocity of approach into consideration.

Solution:

Area of channel (A) = 1x0.8 = 0.8 m?
Length of weir (L) = 0.6m

Head of water (H1) =0.3m

Ca=0.62

Discharge over a rectangular weir without velocity of approach is

2
Q= 3Ca L J2gH>?
= §x0.62x0.6 V2x9.81x0.33/2 = 0.18 m¥/s

Velocity of approach (V.) = Q/A =0.18/0.8 =0.225 m/s
V§ _ 02257

= = 0.00258m
29  2x9.81

Velocity head (h,) =

2
Q = SCaLy2g [(H: +h)*/? — h?]
= §x0.62x0.6 V2x9.81[(0.3 + 0.00258)%/% — 0.00258%/2] =0.183 m*/s

19. A broad-crested weir of length 40m, has 400mm height of water above its crest. Find the maximum
discharge neglecting velocity of approach. If the velocity of approach is taken into consideration, find
the maximum discharge when the channel has a cross-sectional area of 40m? on the upstream side.
Take Cq4 =0.6.

Solution:

Length of weir (L) = 40m
Head of water (H;) = 0.4m
Cs=0.6

Maximum discharge neglecting velocity of approach
Qumax = 1.705C, LH3/?
= 1.705x0.6x40x0.4%/? = 10.352 m?/s
Taking velocity of approach into consideration
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Area of channel (A) = 40 m?
Velocity of approach (Va) = Qmax/A = 10.35/40 = 0.25875 m/s
. _ V& _ 0258752
Velocity head (h,) = 26 = 2xo81
Maximum discharge considering velocity of approach
Qmax = 1.705C, L [(H + hy)3/? — hf;/z]

= 1.705x0.6x40[ (0.4 + 0.0034)3/2 — 0.0034%/2] = 10.476 m*/s

= 0.0034m

20. The heights of water on the upstream and downstream side of a submerged weir of length 3.5m are
300mm and 150mm respectively. If C4 for free and drowned portion is 0.6 and 0.8 respectively, find the
discharge over the weir.

Solution:

Height of water on upstream side (H) = 0.3m
Height of water on downstream side (h) =0.15m
Length of weir (L) = 3.5m

Ca1=0.6,C4,=0.8

Discharge through drowned orifice (Q)=?

2
Q= §CdlL,/Zg(H —h)3/2 4+ CyyLhy/2g(H — h)

= §x0.6x3.5\/2x9.81(0.3 — 0.15)%/2 + 0.8x3.5x0.15,/2x9.81(0.3 — 0.15) = 1.08 m*/s

21. A 1.25m diameter circular tank contains water up to a height of 5m. At the bottom of the tank, an
orifice of 50mm diameter is provided. Find the height of water above the orifice after 1.5 minutes. Take
Cqs=0.62.

Solution:
Diameter of tank (D) =1.25m

Area of tank (A) = %xl.ZS2 =1.227 m?
Diameter of orifice (d) =50mm = 0.05m
Area of orifice (a) = %xO.OS2 =0.00196 m?

Coeff. of discharge (Cq4) = 0.62
Initial head (H1) =5m

Time (t) =1.5 minutes = 90 Sec
Final head (H,) =?

From continuity

-Q dt = Adh
_ _ (H24
t = qudh
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I

o Hy Cdao,/Zghdh
_ 24 )

- Cd.a\/ﬁ

90 = 2x1.227(V5-/Hy)
"~ 0.62x0.00196+/2x9.81

0.197 = (2.236 — \/H,)

H2=4.15m

22. A rectangular swimming pool is 1m deep at one end and increases uniformly in depth to 2.6m at the
other end. The pool is 8m wide and 32m long and is emptied through an orifice of area 0.224m?, at the
lowest point in the side of the deep end. Taking C4 for the orifice as 0.6, find a) the time for the depth to
fall by 1m b) the time to empty the pool completely.

™~ g

2.6m

Solution:
Area of orifice (ao) = 0.224m?
Cd=0.6

a) For 1m fall in depth
Hi=2.6m, H, = 1.6m
Time to fall 1m depth (t1) =?
A =32x8 = 256m?
From continuity
-Qdt =Adh

_ _ (14
tl = H, th
— _(Fa_ 4
- Hy Chay+/2gh
_ 24(/F- )

Cd.a\/ﬁ

dh
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_ 2x256(V2.6-1.6)
T 0.6x0.224/2x9.81
=299S

b) Time to completely empty the tank (t) = ?

Let us find out the time to empty the tank (t2) from H; = 1.6m to H, = Om
We need A in terms of h.

A =8L

L_32

h 16

L=20h

A = 8x20h = 160h

-Q dt = Adh
— _ H4
t2 = H, th

_ H, 160h 160 [

- _ — Hz 172
le Cdao,/Zghd Caao /29 “Hi /= dh

160 2 (1,3/2 3/2)
=— x> (H/*—-H
0.6x0.224/2x9.81" 3 ( 1 2

179.2(1.6%/2 - 0) =363 S

Time to completely empty the tank (t1) =t1 + 12 =299 + 363 = 662S

23. A cylindrical tank of internal diameter 0.6m, length 1.5m and axis vertical has a 5cm diameter sharp-
edged orifice (Cq = 0.6) in the bottom, open to atmosphere. The tank is open at the top and empty. If

water were admitted into the tank from above at a constant rate of 14lps, how long will it take to just fill

the tank? How much water will escape through the orifice during that period?

Solution:

Diameter of tank (D) =0.6m

Area of tank (A) = %3c0.62 =0.2827 m?
Diameter of orifice (d) =5cm = 0.05m

Area of orifice (a) = %xO.OS2 =0.00196 m?
Coeff. of discharge (Cq4) = 0.6

K = Cd.a\/2g = 0.6x0.00196x+/2x9.81=0.0052
Inflow (Q;) = 14 Ips =0.014 m3/s

Initial head (H1) = 0m

Final head (H;) = 1.5m

Time required to fill the tank (t) =?

Water escaped through orifice =?
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24 Q; — K \/H,
t=—|0; In———=+K(J/H, — /H
K2 [ " Q- KJH, (VHo )
2x0.2827 0.014 — 0.0052V1.5
=————10.014 In
0.0052 0.014 — 0.0052v/0
t=44.46 Sec

+0.0052(V1.5 - V0)

Inflow volume = Q; X t = 0.014x44.46 = 0.6224 m3
Volume of water contained in the tank = A x H, = 0.2827x1.5 = 0.424 m3
Water escaped through orifice = 0.6224 — 0.424 = 0.1984 m?3

24. A vertical cylindrical tank 2m diameter has, at the bottom, 0.05m diameter sharp-edged orifice (Cd =
0.6).

() If the water enters the tank at a constant rate of 0.0095 cumecs, find the depth of water above the
orifice when the level in the tank becomes stable.

(1) Find the time for the level to fall from 3m to 1m above the orifice when the inflow is turned off.

(1) If water now runs into the tank at 0.02cumecs, the orifice remaining open, find the rate of rise in
water level when the level has reached a depth of 1.7m above the orifice.

Solution:

Diameter of tank (D) =2m

Area of tank (A) = gch2 =3.14m?
Diameter of orifice (d) =5cm = 0.05m

Area of orifice (a) = %xO.OS2 =0.00196 m?
Coeff. of discharge (Cd) = 0.6

General equation for tank with inflow (Q;) and outflow (Q,)
(Q; — Q,)dt = Adh

Where Q, = Cd. a\/m = k+/h =Discharge through orifice

K = Cd.a\/2g = 0.6x0.00196x+/2x9.81=0.0052

I) Qi= 0.0095 m3/s
Depth of water above orifice (h) =?
For stable condition, dh =0

Qi =Q, =Kvh
0.0095 = 0.0052Vh
h=3.34m

) Initial Head (H1) = 3m
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Final Head (H;) = 1m
Time required to lower the head from H; to H, (t) =?
When the inflow is turned off, Q; =0

(—Q,)dt = Adh
Adh Adh
dt = -0 = "kvn

__ 2x3.14 (\/§—\/T)

~0.0052
= 885Sec

) Qi =0.2 m¥/s
Head (h) =1.7m
Rate of rise in water level (dh/dt) =?

(Qi — Qo)dt = Adh

ﬁ _ Qi—Qo _ Qi—K\/ﬁ

at = A A
dh _ 0.2-0.0052v1.7
dat 3.14
=0.0615 m/s

25. A cylindrical tank is placed with its axis vertical and is provided with a circular orifice of 4cm diameter
at the bottom. A steady inflow and free discharge at the bottom of the orifice causes the depth of water
in the tank to rise from 0.59m to 0.75m in 106 Sec. Further it is observed that the depth rises from 1.2m
to 1.29m in 129 Sec. Determine the inflow rate and the diameter of the tank. Assume Cq = 0.62.

Solution:

Diameter of orifice (d) = 4cm = 0.04m

Area of orifice (a) = %x0.042 =0.001257 m?

Coeff. of discharge (Cq4) = 0.62

K = Cd.a\/2g = 0.62x0.001257xv2x9.81=0.00345

Inflow rate (Q)) =?
Diameter of tank (D) =?

First case

dh =0.75-0.59 = 0.16m
dt = 107S

Average head (h) =0.67m
dh/dt = 0.001495
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Second case

dh=1.29-1.2 =0.09m
dt=129S

Average head (h) = 1.245m
dh/dt = 0.000698

(Q; — Q,)dt = Adh

dh _ Qi=Qo _ Qi-K\Vh
dt A A

Substituting values for both cases

0.001495 = Qi— 000;45\/06

Q:=0.001495A+0.002824  (a)

0.000698 = M

Q;=0.000698A+0.003849 (b)

Solvingaand b
A =1.285 m?
=0.0047 m?/s

’4-A ’4x1 285 =1.28m

26. A tank of constant cross-sectional area of 2.8m? has two orifices each 9.3x10* m? in area as shown in

the figure. Calculate the time taken to lower the water level from 7.5m to 2.1m above the bottom of the
tank. Assume Cq = 0.62.

T = -

7.5m —
T h

2.1m
A 4

Solution:
C/s of tank (A) = 2.8m?
C/s of orifice (a) = 9.3x10* m?
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Let the water level is at height h above the lower orifice at time t. dh is the decrease in water level in
time dt.

Q = discharge
Qdt = -Adh
dt =-Adh/Q

Discharge from top orifice (Q1) = Cda\/m

Discharge from lower orifice (Q2) = Cda\/m

Q=Q1+Q2 = Cda\/m + Cda\/m

H1=7.5m, H2=4.5m

T1 = Time taken to lower the water from 7.5m to 4.5m when both orifices are discharging
T2 =Time taken to lower the water from 4.5m to 2.1m when only lower orifice is discharging

Finding T1
de = _Adh _ _ 2.8dh
T Q T cgay2g(h-45)+Cqa2gh
dt = — 2.8dh _ 2.8dh
T cqa2g[J(h- 45)+ﬂ T 0.62x9.3x10~4,/2g[|/(h—4.5)+Vh]
dt = -1096.3 ———
[/(h— 45)+ﬂ
Integrating
_ 7.5 dh
1=-10963 [, s [Jomas ]
T1 = ~10963 [} OOV

=942Sec

Finding T2 using direct formula
H1=4.5m,H2=2.1m

2A
2= VHT - VH2
ek ]
2x2.8
r2= 0.62x9.3x10~* /29 [V4.5 — V2.1] = 1474 Sec

Total time taken to empty the tank from 7.5m to 2.1m = T1+T2 = 2416Sec = 40.26 min
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27. A tank is in the form of frustum of a cone having top diameter of 2m, a bottom diameter of 0.8m and
height 2m and is full of water. Find the time of emptying the tank through an orifice 100mm in diameter
provided at the bottom. Take Cq4 = 0.625.

Solution:
Cq=0.625

Area of orifice (a) = %xO.lZ: 0.00785 m?

H1 = 2m, Hz = Om, R1 = 1m, Ro =0.4m
From similar triangles,

1 0.4
2+H, H,
Ho =1.33m
1 nRZ 1 mx1?

= = =13.03
Cqa,/2g (Hi+Hy)? ~ 0.625x0.00785+/2x9.81 (2+1.33)?2

Time of emptying the tank is

T=K E(Hf/z - H,"?) +§Ho (H37? = H37%) + 218 (1, - Hzl/z)]

= 13.03[2(25/2 — 0%/2) + £x1.33(2%/2 — 03/7) + 2x1.332(21/2 — 0%/2)| = 160 Sec
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28. A tank is in the form of hemisphere of 2m diameter and having a cylindrical upper part of 2m

diameter and 3m height. Find the time of emptying the tank through an orifice of 75mm diameter at its
bottom if the tank is initially full of water. Take Cq = 0.62.

3m

75mm dia

Solution:
Cq=0.625

Area of cylinder (A) = §x22= 3.14 m?
Area of orifice (a) = %x0.0752= 0.004418 m?

T1 = time taken to lower water from 4m to 1m in the cylindrical part
T2 =time taken to empty the hemispherical part from 1m to Om

Computing T1
H1=4m,H2=1m

T1= ij_g[\/mﬂ/ﬁ]

Cqa
2x3.14
" 0.62x0.004418,/2g [V4 — V1] = 5185ec

Computing T2
Hl1=1m, H2=0m
Vs

e e G R Gl ]

= ; ﬂ 3/2 _ _ E 5/2 _ _ -
T2 0.62xo.004418@[ 3 (1 0) 5 ((1 0) 0)] 242 Sec
Total time taken to empty the tank = T1+T2 = 518+242 = 760 Sec
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Tutorial 9
Application of Momentum Principle
1. A 60cm pipe is connected to a 30cm pipe by a standard reducer fitting. For the same flow of 0.9 m3/s

of water and a pressure of 200Kpa, what force is exerted by the water on the reducer, neglecting any
lost head?

1 +Y
—% g
P, .
—p-r--oo-o- -¢— P,
I A
| f_ F'x
! +X
Reactions
Fy
Solution:
Diameter at section 1 (d;) = 600mm = 0.6m
Area at section 1 (A;) = %x0.62: 0.2827m?

Diameter at section 2(d;) = 300mm = 0.3m

Area at section 2 (A;) = %xO.BZ: 0.07068m?

Discharge (Q) = 0.9 m3/s

Velocity at section 1 (V1) =Q/A; ==0.9/0.2827 =3.18 m/s
Velocity at section 2 (V2) =Q/A; =0.9/0.07068 = 12.73 m/s
Pressure at section 1 (P;) = 200Kpa = 200000N/m?

Force exerted by water on reducer =?

Applying Bernoulli’s equation between 1 and 2 (Z; = Z,)

P VP P, | V¥
21471 Z1 — 2 + 2 4+ Z2
pg 29 pg 29
200000 3182 P, 12.732

1000x9.81 = 2x9.81  1000x9.81 = 2x9.81
P,= 124030 N/m?

Y. Forces in X direction = Rate of change of momentum in X direction

(PL Ay — Py Ay) — B = pQ(Vax — Viy)

(PL Ay — PyAy) — B = pQ(V, — V1)

Fy = (Py Ay — PA2) + pQ(V1—V3)

= (200000x 0.2827 — 124030 x 0.07068) + 1000x0.9(3.18 — 12.73) =39178 N
The forces in the Y-direction will balance each other and F, = 0.

Hence the force exerted by water on reducer is 39178 N to the right.
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2. A 500mm pipe carrying 0.8 m3/s of oil (sp gr 0.85) has a 90° bend in a horizontal plane. The loss of
head in the bend is 1.1m of oil, and the pressure at the entrance is 290KPa. Determine the resultant
force exerted by the oil on the bend.

iz +Y

i +X

Fx

i
\f

F Reactions
y

Solution:

Diameter at section 1 ad 2 (d) = 500mm = 0.5m

Area at section1and 2 (A;=A;) = %x0.52= 0.19635m?
Discharge (Q) = 0.8 m3/s

Velocity at 1 and 2 (V1 = V2) = Q/A; = 0.8/0.19635 = 4.07m/s
Pressure at 1 (P1) = 290KPa = 290000 Pa

Loss of head (h)) =1.1m

Resultant force exerted by the oil on the bend =7

Applying Bernoulli’s equation between 1 and 2 (Z; = Z,)
P, V} P, V&
—+—=+Zi=—=+4+=+Z,+h
pg T2g T T g T g T2t

290000 4.072 P, 4.072

= 11
0.85x1000x9.81 = 2x9.81 0.85x1000x9.81  2x9.81 +

P,=280828 N/m?

Y. Forces in X direction = Rate of change of momentum in X direction
Py Ay — F = pQ(Vox — Vi)

Py Ay — F, =pQ(0—V,)

F, =P Ay + pQVy

= 290000x0.19635 + 0.85x1000x0.8x4.07

=59709 N

Y. Forces inY direction = Rate of change of momentum inY direction

E,—P,A; = pQ(VZy - Vly)
Fy, — P, Ay = pQ(V, — 0)
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Fy :P2A2+pQV2
= 280828x0.19635 + 0.85x1000x0.8x4.07
=57908 N

Resultant force (Fp) = |F2,F? =83177N

Resultant force exerted by the water on the bend = 83177N (to the right and downward)

L _F _1 57908
Direction of resultant force = Tan 12 =Tan™12>—==44.1°
Fy 59709

3. The discharge of water through a 130° bend is 30 litres/s. The bend is lying in the horizontal plane and
the diameters at the entrance and exit are 200mm and 100mm respectively. The pressure measured at
the entrance is 100 kN/m?, what is the magnitude and direction of the force exerted by the water on the
bend?

+Y

Fx
+X

Reactions

Fy

Solution:
Diameter at section 1 (d;) =200mm = 0.2m

Area at section 1 (Ay) = %x0.22= 0.0314m?
Diameter at section 2(d;) = 100mm = 0.1m
Area at section 2 (A;) = %xO.lZ: 0.00785m?
Discharge (Q) = 30 lps = 0.03 m3/s

Velocity at section 1 (V1) =Q/A; = 0.03/0.0314 = 0.95 m/s
Velocity at section 2 (V,) =Q/A, = 0.03/0.00785=3.82 m/s
6= 180-130 = 50°

Pressure at 1 (P1) = 100KPa = 100000 Pa

Resultant force exerted by the oil on the bend =?

Applying Bernoulli’s equation between 1 and 2 (Z; = Z,)

Py, Vi P, |V
_1+_1+Zl :_2+_2+Zz
P9 29 pg 29
100000 0952 P, 3.822
1000x9.81 = 2x9.81  1000x9.81 = 2x9.81
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P,=93155 N/m?

Resultant force (Fg) =?
Direction of resultant force =?

Y. Forces in X direction = Rate of change of momentum in X direction

(Py Ay + P,C050 Ay) = F, = pQ(Va — Vi)

(P, Ay + P,A,Cos0) — F, = pQ(—V,Cos6 — V)

E, = (P, Ay + P,A,Co0s0) + pQ(V,+V,Cos0)

= (100000x0.0314 + 93155x0.00785C0s50) + 1000x0.03(0.95 + 3.82C0s50)
=3712N

Y. Forces inY direction = Rate of change of momentum inY direction
F, — P,Sinf A, = pQ(Voy — Viy)

F, — P, A;Sin6 = pQ(V,Sin8 — 0)

F, = P, A,Sin@ + pQV,Sin6

= 93155x0.00785Sin50 + 1000x0.03x3.825in50

= 648N

Resultant force (Fg) = |F2,F? =3768N

Resultant force exerted by the water on the bend = 3768N (to the right and downward)
18y _

. . _ _1 648
Direction of resultant force = Tan =Tan 1 =—=10°
Fy 3712

4. A 45° pipe bend tapers from 600mm diameter at inlet to 300mm diameter at outlet. The pressure at
inlet is 140KN/m? and the rate of flow is 0.425m3/s. At outlet the pressure is 123KN/m? gauge.
Neglecting friction, calculate the resultant force exerted by the water on the bend in magnitude and
direction. The bend lies in a horizontal plane.

P, +Y

Fx +X

Reactions
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Solution:

Diameter at section 1 (d;) = 600mm = 0.6m
Area at section 1 (Ay) = %x0.62= 0.2827m?
Diameter at section 2(d>) = 300mm = 0.3m
Area at section 2 (A;) = %x0.32= 0.07068m?
Discharge (Q) = 0.425 m3/s

Velocity at section 1 (V1) =Q/A;1 =1.5m/s

Velocity at section 2 (V,) =Q/A; = 6.01 m/s

Pressure at section 1 (P1) = 140KN/m? = 140000N/m?
Pressure at section 2 (P2) =123KN/m? =123000N/m?
Angle of bend (6)= 45°

Resultant force (Fg) =?

Direction of resultant force =?

Y. Forces in X direction = Rate of change of momentum in X direction

(Py Ay — P,Cos6 Ap) — Fr = pQ(Vaox — Viy)

(Py Ay — P,A,Cos60) — F, = pQ(V,Cos0 — V)

E, = (P, Ay — P,A,Cos0) + pQ(V,—V,Cos0)

= (140000x0.2827 — 123000x0.07068C0s45) + 1000x0.425(1.5 — 6.01Cos45)
=32262 N

Y. Forces inY direction = Rate of change of momentum inY direction
E, — P,Sinf A, = pQ(Voy — Viy)

F, — P, A;Sin6 = pQ(V,Sin8 — 0)

E, = P, A,Sin@ + pQV,Sin6

= 123000x0.07068Sin45 + 1000x0.425x6.01Sin45

=7953N

Resultant force (Fg) = |FZ2, F? =33228N

Resultant force exerted by the water on the bend = 33228N (to the right and downward)

L 4 F _1 7953
Direction of resultant force = Tan™1 2 = Tan™?! =13.8°
Fy 32262
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5. A 150mm diameter pipe on the horizontal plane carries water under the head of 16m of water with
the velocity of 3.5 m/s. Find the direction and magnitude of the pipe bend, if the axis of the bend was
turned with angle 75°. Assume no loss of energy at the pipe bend.

P,

+Y

+X

Reactions

Solution:

Diameter (d; =d3) = 150mm = 0.15m

Area at section 1 and 2 (A1=A,) =%x0.152 =0.01767m?
Velocity (V1=V3) =3.5m/s

Discharge (Q) = A; V1 =0.01767x3.5 =0.0618 m3/s

Pressure head = L 16 m
pg

P =156960 N/m?
Pressure (P=P1=P,) = 156960 N/m?
Angle of bend (6)= 75°
Resultant force (Fg) =?
Direction of resultant force =?

Y. Forces in X direction = Rate of change of momentum in X direction

(Py Ay — P,Cos0 Az) — F = pQ(Vox — Viy)

(Py Ay — P,A,Cos0) — F, = pQ(V,CosO — V)

F, = (P; Ay — P,A,Cos60) + pQ(V;—V,Cos0)

= (156960x0.01767 — 156960x0.01767Cos75) + 1000x0.0618(3.5 — 3.5C0s75)
=2216N

Y. Forces inY direction = Rate of change of momentum inY direction
E, — P,Sinf A, = pQ(Voy — Viy)

F, — P, A;Sin6 = pQ(V,Sind — 0)

E, = P, A;Sinf + pQV,Sin6

= 156960x0.01767Sin75 + 1000x0.0618x3.55in75
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= 2888N

Resultant force (Fz) = |F2, F? =3640N

Resultant force exerted by the water on the bend = 3640N (to the right and downward)

L _F _12888
Direction of resultant force = Tan™1! F—y =Tan™1 T 52.59
X

6. A main pipe of diameter 500mm branches in two pipes of diameter 300mm each in the horizontal
plane. Angle between the branches is 60° which is symmetrical with respect to the main pipe. Flow
discharge through the main pipe is 1.0 m3/s, which is equally divided into the branch pipes. If the
pressure intensity at the main pipe is 400KPa, find the magnitude and direction of resultant force in the
bend. Assume no loss of energy due to branch junction and in pipe sections.

Fx

Reactions

Diameter at section 1 (d;) = 500mm = 0.5m
Vi

Area at section 1 (A1) = - x0.5%= 0.19635m?
Diameter at section 2 and 3 (d» =d3) = 300mm = 0.3m
Area at section 2 and 3 (A2 =A3) = %JCO.?;2 =0.07068m?

Angle of bend (8)=30° for pipe 2 and 3

Discharge through 1 (Qi) =1 m3/s

Discharge through 2 and 3 (Q,=Qs) = Q1/2 =0.5 m3/s
Pressure at 1 (P1) = 400 KPa = 400000N/m?
Resultant force (Fg) =?

Direction of resultant force =?

Velocity at 1 (V1) = Qi/A1=5.09 m/s
Velocity at 2 (V) = Qo/A; =7.07 m/s
Velocity at 3 (V3 ) = Q3/A3 =7.07 m/s

Using Bernoulli’s equation at 1 and 2 (Z:=2,)
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P Vi P, | V¥
-+ 1 4+7,==2+247,
pg 29 pg 29
400000 5092 P, 7.072

1000x9.81 2x9.81 - 1000x9.81 2x9.81
P, =387962 N/m?
Using Bernoulli’s equation at 1 and 3 (Z1=Z3)

v vZ

Py Py
—+=+Zi=—=+=+7Z
pg 29 1T pg 29" 3

400000 5092 P 7.072

1000x9.81 = 2x9.81  1000x9.81 = 2x9.81

P3 =387962 N/m?

Y. Forces in X direction = Rate of change of momentum in X direction

(Py Ay — P,Cos0 Ay — P3Cost A3) — Fe = p [(Q2 Vaox + Q3 Vax) — Q1 V1]

(P, A, — P,A,Cos0 — P;A3Co0s0) — F, = p [(Q, V,Cos0 + Q3 V3Co0s0) — Q,V;]

E, = (P, Ay — P,A,Cos60 — P;A3C0s0 ) + p(Q.V; — Q, V,C0s0 — Q5 V3Co0s0)

= (400000x0.19635 — 387962x0.07068C0s30 — 387962x0.07068C0s30) + 1000(1x5.09 —
0.5x7.07C0s30 — 0.5x7.07Co0s30)

=30012N

Y. Forces inY direction = Rate of change of momentum inY direction

F, — P,Sin6 Ay + P3Sin0 Az = p [(Q2 Vay + Q3 Vay) — Q1 V4, |

E, — P,A;Sin® + P3A3Sin6 = p [(Q, V,5in6 + Q3x — V3Sing) — 0]

E, = (P,A;Sin® — P3A35in6) + p (Q; V,Sinf — Q3 V3Sin)

= 387962x0.070685in30 — 387962x0.07068Sin30 4+ 1000x0.5x7.075in30 — 1000x0.5x7.07Sin30
=0

Resultant force (Fg) = |F2,F? =30012N

F, _ 0
12 =-Tan1 =0°
Fy 30012

Direction of resultant force = Tan™
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7. Determine the magnitude of resultant force and its direction on the vane shown in the figure below if
a water of jet 50mm diameter and 20m/s velocity strikes the vane tangentially and deflects without
friction.

Solution:

Velocity (V) =20m/s

Diameter of jet (d) = 50mm = 0.05m

C/s of jet (A) =7 x0.052 0.001963 m?

Discharge (Q) = AV = 0.001963x20 = 0.03927 m3/s
No friction: No loss of head

Pressure is atmospheric: so no pressure force

V is constant throughout.

F, = pQ(Vix — V3y) = 1000x0.03927(20 — (—20c0s45)) = 1340.8 N
E, = pQ(V1, — V3, = 1000x0.03927(0 — 20sin45) = 555.4 N

Resultant force = ’sz + F7 = v1340.8% 4 555.42 = 1451N

. _4F _1555.4
Direction=tan™ 12 = tan~™ 1 222 =22.5°
Fy 1451

8. The diameter of a pipe bend is 30cm at inlet and 15cm at outlet and the flow is turned through 120° in
a vertical plane. The axis at inlet is horizontal and the center of the outlet section is 1.5m below the
center of the inlet section. Total volume of water in the bend is 0.9m3. Neglecting friction, calculate the
magnitude and direction of the force exerted on the bend by water flowing through it at 250lps and
when the inlet pressure is 0.15N/mm?.
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Solution:

Diameter at section 1 (d;) =30cm =0.3m

Area at section 1 (A;) = %x0.32= 0.07068m?

Diameter at section 2(d;) =15cm =0.15m

Area at section 2 (A;) = %x0.152= 0.01767m?

Discharge (Q) = 250 Ips = 0.25 m3/s

Volume of water within control volume (Vol) = 0.9m?
Weight of water within control volume (W) =y, 4ter V0l = 9810x0.9 = 8829N
Velocity at section 1 (V1) =Q/A; = 0.25/0.07068 = 3.54 m/s
Velocity at section 2 (V,) =Q/A; = 0.25/0.01767=14.15 m/s
Z,=0,Z21=1.5m

0= 180-120 = 60°

Pressure at 1 (P1) = 0.15N/mm? = 0.15x10°% N/m?
Resultant force exerted by the water on the bend =?

Applying Bernoulli’s equation between 1 and 2

2 2

pg 29

0.15x10° 3.542 P 14.152
+1.5= 2 +0

1000x9.81 = 2x9.81 1000x9.81 = 2x9.81

P, =70870 N/m?

Y. Forces in X direction = Rate of change of momentum in X direction

(P Ay + P,C0s60 Az) — Ry = pQ(Vox — Vi)

(P, Ay + P,A,Cos0) — R, = pQ(—V,Cos6 — V)

R, = (Py Ay + P,A,Co0s0) + pQ(V,+V,Cos0)

= (0.15x10°x0.07068 + 70870x0.01767C0s60) + 1000x0.25(3.54 + 14.15C0s60)
=13882 N

Y. Forces inY direction = Rate of change of momentum inY direction
Ry — P,Sing Ay —W = pQ(Vyy, — Vuy)

Ry — P, A3Sin — W = pQ(—V,Sin6 — 0)

Ry, = P, A;Sin8 — pQV,Sin6 + W

= 70870x0.01767Sin60 — 1000x0.25x14.155in60 + 8829

= 6850N

Resultant force (R) = ’R§+R§ =15481N

Resultant force exerted by the water on the bend = 15481N (to the right and downward)
1Ry _

. . _ _1 6850
Direction of resultant force = Tan™ ! =2 =Tan™?! =26.3°
Ry 13882
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9. A 45° reducing bend is connected in a pipe line carrying water. The diameter at inlet and outlet of the
bend is 400mm and 200mm respectively. Find the force exerted by water on the bend if the intensity of
pressure at inlet of the bend is 215.8KN/m?2. The rate of flow of water is 0.5m3/s. The loss of head in the
bend is 1.25m of oil of sp.gr. 0.85.

P +Y

Reactions

Solution:
Diameter at section 1 (d;) =400mm = 0.6m
Area at section 1 (A;) = %x0.42= 0.1256m?

Diameter at section 2(d;) = 200mm = 0.2m
Vi

Area at section 2 (A) = - x0.2%= 0.0314m?

Discharge (Q) = 0.5 m3/s

Velocity at section 1 (V1) =Q/A; =3.98 m/s
Velocity at section 2 (V2) =Q/A; =15.92 m/s
Pressure at section 1 (P1) = 215.8KN/m? = 215800N/m?

Loss of head = 1.25m of oil of sp gr 0.85, P= 0.85x9810x1.25 N/m?

Loss of head in terms of water (h.) =§ = % =1.0625m

Angle of bend (8)=45°
Resultant force (Fg) =?
Direction of resultant force =?

Applylng Bernoulli’s equation between 1 and 2 (21 = Zz)
Py [’12 Py [’22

215800 3.982 P, 15.922

= + + 1.0625
1000x9.81 = 2x9.81  1000x9.81 = 2x9.81

P,= 86574N/m?

Y. Forces in X direction = Rate of change of momentum in X direction
(Py Ay — P,Cos0 Ay) — Fy = pQ(Vay — Viy)
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(P]_ Al - PZAZCOSH) - Fx = pQ(V2C059 - Vl)

Fx = (Pl Al - PzAchSH) + pQ(Vl_VchSQ)

= (215800x0.1256 — 86574x0.0314C0s45) + 1000x0.5(3.98 — 15.92Co0s45)
= 21544N

Y. Forces inY direction = Rate of change of momentum inY direction
E, — P,Sinf Ay = pQ(Vyy, — Vi)

F, — P, A;Sin6 = pQ(V,Sin8 — 0)

E, = P, A;Sin6 + pQV,Sin6

= 86574x0.0314S5in45 + 1000x0.5x15.92Sin45

=7551N

Resultant force (Fg) = /F,CZJrFy2 =22829N

Resultant force exerted by the water on the bend = 22829N (to the right and downward)

" 4 F _4 7551
Direction of resultant force = Tan™ 12 =Tan™?! =19.3°
Fy 21544

10. The angle of a reducing bend is 60°. Its initial diameter is 300mm and final diameter is 150mm and is
lifted in a pipeline carrying water at a rate of 330 Ips. The pressure at the commencement of the bend is
3.1 bar. The friction loss in the pipe may be assumed as 10% of kinetic energy at the exit of the bend.
Determine the force exerted by the reducing bend.

Solution:

+Y

Fx +X

Reactions

Solution:
Diameter at section 1 (d;) =300mm = 0.3m

Area at section 1 (Ay) = %xO.SZ: 0.07068m?
Diameter at section 2(dz) = 150mm = 0.15m
Area at section 2 (A;) = %x0.152= 0.01767m?
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Discharge (Q) = 330lps = 0.33 m3/s

Velocity at section 1 (V1) =Q/A; =4.67 m/s
Velocity at section 2 (V,) =Q/A, = 18.67 m/s
Pressure at section 1 (P1) = 3.1 bar = 3.1x10° N/m?

18.672
2x9.81

=1.77m

2
Loss of head (h.) = 10% of velocity head at 2 = 0.1 Z—Zg =0.1

Angle of bend (6)=50°

Resultant force (Fg) =?

Direction of resultant force =?

Finding pressure at section 2 (P,)

Using Bernoulli’s equation at 1 and 2 (Z1=25)

P, VE P, V£

—+=+Zi=—=+>=+2Z,+h

pg 29 "1 T pg 29 T2 L
3.1x10° 4672 P, 18.67°

= + +1.77
1000x9.81 = 2x9.81  1000x9.81 = 2x9.81

P, =129256 N/m?

Y. Forces in X direction = Rate of change of momentum in X direction

(Py Ay — P,Cos0 Ay) — F, = pQ(Vox — Viy)

(P, Ay — P,A,Cos60) — F, = pQ(V,CosO — V)

E, = (P, Ay — P,A,Cos0) + pQ(V,—V,Cos0)

= (310000x0.07068 — 129256x0.01767C0s60) + 1000x0.33(4.67 — 18.67Co0s60)
=19229 N

Y. Forces inY direction = Rate of change of momentum inY direction
F, — P,Sinf A, = pQ(Voy — Viy)

E, — P, A;Sin8 = pQ(V,Sind — 0)

E, = P, A;Sin0 + pQV,Sin6

= 129256x0.017675in60 + 1000x0.33x18.67Sin60

=7314N

Resultant force (Fg) = /F,erFyZ =20573N

Resultant force exerted by the water on the bend = 20573N (to the right and downward)
18y _

. . _ _1 7314
Direction of resultant force = Tan™ 12 = Tan™?! =20.8°
Fy 19229
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11. A 0.4mx0.3m, 90° vertical bend carries 0.6m?3/s oil of sp gr 0.8 with a pressure of 120 Kpa at inlet to
the bend. The volume of the bend is 0.1 m3. Find the magnitude and direction of the force on the bend.
Neglect friction and assume both inlet and outlet sections to be at same horizontal level. Also assume
that water enters the bend at 45° to the horizontal.

Solution:

Diameter at section 2(d;) = 0.4m

Area at section 2 (A;) = %x0.42= 0.1256m?
Diameter at section 1 (d;) =0.3m

Area at section 1 (A;) = %x0.32= 0.07068m?
Discharge (Q) = 0.6 m¥/s

Weight of oil (W) = ¥,;; Vol = 0.8x9810x0.1 = 784.8N
Velocity at section 1 (V1) =Q/A;1 =4.8 m/s
Velocity at section 2 (V,) =Q/A; = 8.5 m/s
Pressure at section 1 (P1) = 120 Kpa

0 =45°

Resultant force (Fg) =?

Direction of resultant force =?

Finding pressure at section 2 (P,)

Using Bernoulli’s equation at 1 and 2 (Z;=2,)

P V2 P, V7
—+24+Z=2+24+17,
Pa 29 Pg 29

120000 4.82 P, 8.52

0.8x1000x9.81 2x9.81  0.8x1000x9.81 2x9.81

P, =100316 N/m?

Y. Forces in X direction = Rate of change of momentum in X direction
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(P1Cos6 Ay — P,Cos6 Ay) — Fr = pQ(Vax — Viy)

(P, Ay — P,A,Co0s0) — F, = pQ(V,Cos6 — V;Cos0)

E, = (P, A;CosO — P,A,Cos60) + pQ(V,CosO — V,Cos0O)

= (120000x0.1256C0s45 — 100316x0.07068C0s45) + 0.8x1000x0.6(4.8C0s45 — 8.5C0545)
=4388 N

Y. Forces inY direction = Rate of change of momentum inY direction

E, + (P,Sin® Ay + P,Sin® Ay) — W = pQ(Vyy, — Vi)

F, + (P1A;Sinf + P,A,Sin8 ) — W = pQ(V,Sind — V,Sin0)

E, = —(PA;Sinf + P,A,Sin0 ) + W + pQ(V,5in6 — V,Sin6)

= —(120000x0.1256S5in45 + 100316x0.07068Sin45) + 784.8 + 0.8x1000x0.6(4.8Sin45 —
8.55in45)

=-6115N

Resultant force (Fg) = |F2,F? =7526N

Resultant force exerted by the water on the bend = 7526N (to the right and upward)
15y

. _ _416115
Direction of resultant force = Tan™1 2 = Tan™1 = =54°
Fy 4388

12. The lawn sprinkler shown below has nozzles of 5mm diameter and carries a total discharge of 0.20
Ips. Determine the angular speed of rotation of the sprinkler and torque required to hold the sprinkler
stationary. Assume no friction at the pivot.

10cm 20cm

Solution:

Diameter of nozzle (d) = 5mm =0.005m

Area of nozzle (A) = %xO.OOS2 =1.963x10° m?

r;=10cm =0.1m

r, =20cm =0.2m

Total discharge =0.2 Ips

Discharge through each nozzle (Q) = 0.2/2 = 0.1 lps = 0.0001 m3/s
Relative velocity at outlet of each nozzle (V1 =V,) = Q/A =5.09 m/s
For torque(T) = 0, Angular speed of rotation ( w )=?

For w =0, Torque (T) =?
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a. Initial moment of momentum of fluid entering the sprinkler is zero. So torque exerted is equal to the
final moment of momentum. As no external torque acts (no friction), final moment of momentum
should also be zero.

Jet exerts force in opposite direction at nozzle 1 and 2 (downward direction).
Torque at 1: anticlockwise, torque at 2: clockwise.
As the torque arm for 2 is greater, the sprinkler will rotate clockwise if free to rotate.

Absolute velocity at 1 (V1a) =5.09 + r; w ==5.09 + 0.1 w (tangential velocity and relative velocity in the
same direction)

Absolute velocity at 1 (V2.) =5.09 - r, w =5.09 - 0.2 w (tangential velocity and relative velocity in
opposite direction)

Final moment of momentum = pQV,, 1, — pQV;, 71 =0

(Two torques in opposite direction, net torque = greater torque-smaller torque)
Vian = Vag 12

(5.09 + 0.1 w)0.1=(5.09 - 0.2 w)0.2

w =10.18rad/s

_2N7T
=760
N =98 rpm

b. For w =0, velocities are V1 and V,.

Torque exerted by the water on sprinkler = pQV,1, — pQViry
=1000x0.0001x5.09x0.2-1000x0.0001x5.09x0.1
=0.0509 Nm

Torque required to hold the sprinkler stationary = 0.0509 Nm

13. A lawn sprinkler shown in the figure has 0.8cm diameter nozzle at the end of a rotating arm and
discharges water at the rate of 12m/s. Determine the torque required to hold the rotating arm
stationary. Also determine the constant speed of rotation of the arm, if free to rotate.

rgw Va
4 =) At
[
\}B raw
le P L
I > < *

20cm 20cm
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Solution:

Diameter of nozzle (d) = 0.8cm =0.008m

Area of nozzle (A) = %x0.0082= 5.026x10° m2

ra = rp=20cm =0.2m

Relative velocity at A and B (V=Va=Vg) =12 m/s

Discharge through each nozzle (Q) = A V = 0.000603 m3/s

For angular velocity (w) =0, Torque required to hold the rotating arm stationary (T) =?
For torque (T) = 0, constant speed of rotation of the arm (N) =?

a. Jet exerts force in opposite direction at nozzle A and B (upward at A and downward at B).
Torque at A and B: both clockwise

(Two torques in same direction, net torque = sum of two torques)

For w =0, velocities are Va and V;.

Torque exerted by the water on sprinkler = pQV, 14 + pQVg 15
=1000x0.000603x12x0.2+1000x0.000603x12x0.2
=2.89 Nm

Torque required to hold the rotating arm stationary = 2.89 Nm

b. Initial moment of momentum of fluid entering the sprinkler is zero. So torque exerted is equal to the
final moment of momentum. As no external torque acts (no friction), final moment of momentum
should also be zero.

Absolute velocity at A (Via) = 12-r, w = 12 - 0.2 w (tangential velocity and relative velocity in opposite
direction)
Absolute velocity at B (V2a) = 12- rp w = 12 - 0.2 w (tangential velocity and relative velocity in opposite

direction)
Final moment of momentum = pQVy, 17, + pQVy, 1, =0
ViaTa = = Vaq 1p
(12-0.2 w)0.2=-(12-0.2 w)0.2
w =60rad/s
_ 2Nm
“= 760
N =573 rpm
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14. A lawn sprinkler with two nozzles 5mm in diameter each at 0.2m and 0.15m radii is connected across
a tap capable of discharging 6 litres/min. The nozzles discharge water upwards and outwards from the
plane of rotation. What torque will sprinkler exert on the hand if held stationary, and at what angular
velocity will it rotate free?

D
{\f\

o
N

&\

Solution:

Diameter of nozzle (d) = 5mm =0.005m

Area of nozzle (A) = %x0.0052= 1.9635x10° m2

ra=0.2m, rg= 0.15m

Assuming discharge to be equally divided,

Discharge (Qa = Qs) = 6/2 litres/min = 3/(1000x60) m3/s = 0.00005 m3/s
Relative velocity at A (Va) = Qa/A = 0.00005/1.9635x10° = 2.54m/s
Relative velocity at B (Vs) = Qg/A = 0.00005/1.9635x10 = 2.54m/s

Vertical component of relative velocity at A (Vya) = 2.54C0s30 = 2.2m/s
Vertical component of relative velocity at B (Vyg) = 2.54Cos45 = 1.8m/s

For angular velocity (w) =0, Torque required to hold the rotating arm stationary (T) =?
For torque (T) = 0, constant speed of rotation of the arm (N) =?

a. Jet exerts force in opposite direction at nozzle A and B (downward at A and upward at B).
Torque at A and B: both clockwise

(Two torques in same direction, net torque = sum of two torques)

For w =0, velocities are Vya and Vys.

Torque exerted by the water on sprinkler = pQVy 4 174 + pQVyg 15
=1000x0.00005x2.2x0.2+1000x0.00005x1.8x0.15
=0.0355 Nm

Torque required to hold the rotating arm stationary = 0.0355 Nm

b. Initial moment of momentum of fluid entering the sprinkler is zero. So torque exerted is equal to the

final moment of momentum. As no external torque acts (no friction), final moment of momentum
should also be zero.
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Absolute velocity at A (V1a) = Vya- raw = 2.2 - 0.2 w (tangential velocity and relative velocity in opposite
direction)
Absolute velocity at B (V2a) = Vye- raw = 1.8 - 0.15 w (tangential velocity and relative velocity in opposite
direction)
Final moment of momentum = pQVy, 14 + pQVya 153 =0
ViaTa = =Vaqp
(2.2-0.2 0)0.2 =-(1.8- 0.15 w)0.15
w =11.36rad/s

_ 2Nt
=760
N =109rpm

15. A flat plate is struck normally by a jet of water 50mm in diameter with a velocity of 18m/s. Calculate:
a) the force on the plate when it is stationary, b) the force on the plate when it moves in the same
direction as the jet with a velocity of 6m/s, and c) the work done per sec and the efficiency in case (b).

Solution:
Diameter of jet (d) = 50mm =0.05m
Area of jet (A) = %xO.OSZ = 0.001963m?

Velocity of jet (V) =18 m/s

a. Force exerted by the jet on the plate (F) = pAV?
= 1000x0.001963x182 = 636N

b. Velocity of plate (u) = 6m/s
Force exerted by the jet on the plate when the plate is moving (Fp) = pA(V — u)?
=1000x0.001963x(18 — 6)? = 283N

c. Work done per/sec (W) = Fp x distance/time = Fp x u = 283 x 6 = 1698
Kinetic energy of jet (KE)/sec = % (pAV)V? = %pAV3=%x1000x0.001963x183 =5724)
Efficiency = W/KE = 1698/5724= 0.3 = 30%

16. A jet of water 60 mm in diameter with a velocity of 15m/s strikes a flat plate inclined at an angle of
25° to the axis of the jet. Calculate the normal force exerted on the plate (a) when the plate is
stationary, (b) when the plate is moving at 4.5 m/s in the direction of jet and (c) the work done per sec
and the efficiency for case b.

Solution:
Diameter of jet (d) = 60mm =0.06m

Area of jet (A) = %x0.062 = 0.00283 m?
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Velocity of jet (V) =15 m/s
Angle of inclination of the plate with the axis of jet (8) =25°

a. Normal force exerted on the plate (F) = pAV?2Sin6
= 1000x0.00283x15%Sin25 = 269N

b. Velocity of plate (u) = 4.5m/s
Normal force exerted on the plate when the plate is moving (Fp) = pA(V — u)2Sinf
= 1000x0.00283x(15 — 4.5)2Sin25 = 132N

c. Work done per/sec (W) = Fp x distance/time = Fp x u = 132 x 4.5 = 594/
Kinetic energy of jet (KE)/sec = % (pAV)V? = %pAV3=%x1000x0.00283x153 =4776)
Efficiency = W/KE = 594/4776 =0.12 = 12%

17. A 75mm diameter jet of water having a velocity of 25m/s strikes a flat plate, the normal of which is
inclined at 30° to the jet. Find the force normal to the surface of the plate and in the direction of the jet.

Solution:

Diameter of jet (d) = 75mm =0.075m
Area of jet (A) = %x0.0752 = 0.00442 m?
Velocity of jet (V) =25 m/s

Angle made by normal with horizontal = 30°

Angle of inclination of the plate with the axis of jet (8) =60°
Normal force (F,) =?
Force in the direction of jet (Fx) = ?

F, = pAV2Sin@ = 1000x0.00442x252Sin60 = 2392N
FE, = F,Cos30 = 2392C0s30 = 2071N
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18. A jet of 20mm in diameter moving with a velocity of 5m/s strikes a smooth plate, which is inclined at
an angle of 20° to the horizontal. Compute the amount of flow on each side of the plate and the force
exerted on the plate.

Solution:
Diameter of jet (d) = 20mm =0.02m
Area of jet (A) = %xo.oz2 = 0.000314 m?

Velocity of jet (V) =5 m/s

Angle of inclination of jet with horizontal (6) = 20°
Q = Flow through jet before striking plate
Qi and Q; = Flow on upper and lower side of plate

A; and A; = Area of jet on upper and lower side of plate
Q=AV=0.000314x5 = 0.00157 m3/s
Force exerted on plate(Fx) =?

Writing momentum equation in direction of S
pA,V? — pA,V? — pAV2Cosf = 0
WithQ=AV,Q:=A1V,Q2=A,V

Q1 — Q2 = Qcost

From continuity, Q; + Q, = Q

Solving above two eq.,

Q1 =2(1+ Cos6) and Q, = £ (1 — Cost)

Q1 = 22 (1 + C0s20) = 0.00152 m?/s

Q2 = 2" (1 - C0s20) = 0.00005 m*/s

F, = pAV2Sing = 1000x0.000314x52Sin20 = 2.7N
E, = E,Cos(90 — 20) = 2.7 Cos70 = 0.92N

19. A flat plate hinged about its top edge, is suspended vertically. It weighs 8KN. A jet of water, 50mm in
diameter strikes the plate normally at its mid-point with a velocity of 50m/s. (a) Determine the
horizontal force that should be applied to it at the bottom edge to keep it vertical. (b) Determine the
angle of deflection where it stays in equilibrium, if it is allowed to rotate about the hinge.
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0

Jet L

Fx

Solution:

Weight (W) =8KN = 8000N

Diameter of nozzle (d) = 50mm =0.05m
Area of nozzle (A) = %xO.OS2 =0.001963m?
Velocity of jet (V) = 50m/s

AB =BC=L/2

a. Horizontal force at bottom (Fy) =?

Force exerted by the jet on the plate (P) = pAV?=1000x0.001963x502 = 4907N
Taking moment about hinge (C)

PL/2 =F, L

Fx=P/2=2453.5N

b. a = Angle of inclination of the plate with vertical

L/2

CB=L/2

As the jet strikes the plate at mid point and the plate deflects about hinge C, the vertical height from the
center of the jet remains same as L/2 i.e. GC=L/2.

From ACGD, Perpendicular distance from C to force F = CD = CG/Cosa = L/2 Seca

From ACEB, Perpendicular distance from C to weight W = EB = CB Sina = L/2 Sina
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The axis of jet jet makes an angle (90-a) with the plate.
Force exerted by the jet normal to the plate (F) = pAV?2Sin(90 — a) = pAV2Cosa
= 1000x0.001963x50%Cosa =4907Cosa

Taking moments about hinge C
WLS' = FLS
5 ina = > eca

8000 Sina = 4907 Cosa Seca
a=37.8°
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Tutorial 10

Boundary layer theory

1. If the velocity distribution law in a laminar boundary layer over a flat plate is assumes to be of the
formu = ay + by3, determine the velocity distribution law.

Solution:
Aty=0,u=0

Aty =4,u=U
U=ad+bs3 (a)
Aty = 8,3—1;= 0
du

du _ 2
dy—a+3by

a+3b6%=0

a = —3b5? (b)
Fromaandb

U= -3b83%+bs3

U
b=-15
_3U
28
Hence the velocity distribution equation is
3U U 3

U=25Y"257
z_éz_l(zf
U~ 28 2\8

2. A flat plate of 2m width and 4m length is kept parallel to air flowing at 5m/s. Determine the length of
plate over which the boundary layer is laminar and shear stress at the location where boundary layer
ceases to be laminar. Take p of air = 1.208 kg/m? and v of air = 1.47x10° m?/s.

Solution:
Width (b) =2m
Length (L) =4m
Velocity (U) = 5m/s
UL 5x4
Reynold no. (Re) = — =T
Re>5x10°
On the front portion, the boundary layer is laminar and on the rear, it is turbulent.

Rey == = 5x10°

= 1.361x10°
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5x
—= _ =5x10°
1.47x1075

x=1.47m
Up to 1.47m from the leading edge, the boundary layer is laminar.

5x 5x1.47
0= = =0.01039
JRex  |/5x105
0.664 0.664
Cr = = =0.000939
f JRex  \/5x105

Shear stress (7) = %CprZ = %0.000939x1.208x52 = 0.01418 N/m?

3. For the velocity profile given below, compute the displacement thickness and momentum thickness:

u 3.y 1,y\2

7736)-36)
Where U = free stream velocity, u = velocity in boundary layer at a distance y and § = boundary layer
thickness.

Solution:
u_3y_ ¥y

U~ 25 2682
Displacement thickness (§*) = ?

Momentum thickness (8) = ?

ly -2 2
45 = 662l
)
=5§—-=4=2
4 6
E
12

o=y (15 =l (G- (=B )
2 4

(O Yy 3_y3_y_)
f ( 462 463 262+463 484 dy

_f6(3_y 11y2 ___)
T Jo \2s 482 ' 283 45t

5

3y  11y3  3y* y

452 1283 © 883 208,
36 1186 | 36 1)

4 12 8 20
196

T 120
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Drag and lift

4. A flat plate 2mx2m moves at 40km/hr in stationary air of density 1.25kg/m?3. If the coefficient of drag
and lift are 0.2 and 0.8 respectively, find the lift force, the drag force, the resultant force and the power
required to keep the plate in motion.

Solution:
Area of plate (A) = 4m?
. _ _ 40x1000 _
Velocity (V) = 40 km/hr = 2060 =11.11m/s

Density of air (p) = 1.25kg/m3
Coefficient of drag (Cp) = 0.2
Coefficient of lift (C.) = 0.8
Lift force (F.) =?

Drag force (Fp) =?

Resultant force (R) = ?

Power (P) =?

F, = =C,pAV? = 2x0.8x1.25x4x11.112 = 246.86 N
2 2

1

Fp = =CppAV? = 2x0.2x1.25x4x11.112 = 61.7IN
2 2

R = \JF? + F2 =246.862 + 61.71% = 254.45N
P=FpV=6171x11.11 = 685W

5. A kite weighs 0.9N and has an area of 7400 cm?. The tension in the kite string is 3.3 N when the string
makes an angle of 45° with the horizontal. For a wind of 30km/hr, what are the coefficients of lift and
drag if the kite assumes an angle of 8° with the horizontal? Consider the kite essentially a flat plate and

density of air = 1.2kg/m3.
Kite Lift
459, Drag

String 80

T W
Solution:
Weight of kite (W) = 0.9N
Area of kite (A) = 7400 cm? = 0.74 m?
Velocity (V) = 30 km/hr = 222229 _g 33/
elocity (V) = m/hr = ———-=8.33m/s

Density of air (p) = 1.2kg/m?>
Tension (T) =3.3N
Coefficient of lift (C,) =?
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Coefficient of drag (Cp) = ?

Forces in X-dir

Fo = 3.3cos45 = 2.33N
Force in Y-dir
F.=3.3sin45+0.9 = 3.23N

F, =3 CypAV?
3.23 = x(,x1.2x0.74x8.332
C.=0.104

Fp =3 CppAV?
2.33 = ZxCpx1.2x0.74x8.332
Cp = 0.075

6. Calculate the weight of a ball of diameter 50mm which is just supported in a vertical air stream which
is flowing at a velocity of 10 m/s. Take density of air = 1.25kg/m? and kinematic viscosity = 15 stokes.

Solution:
Diameter of ball (D) = 50mm = 0.05m
Area of ball (A) = %xO.OS2 =0.001963 m?

Density of air (p) = 1.25kg/m3
kinematic viscosity (v) = 15 stokes = 15x10* m?/s
Velocity (V) = 10m/s

Weight of ball = ?

Reynold no. (Re) = VD _ 10x0.05

= — =333
v 15x10~%
For Re between 5 to 1000, coefficient of drag (Cp) = 0.4

Weight of ball = Drag force
= 2 CppAV? = 2x0.4x1.25x0.001963x10% = 0.049N

7. A metallic sphere of sp.gr. 8.0 falls in an oil of density 800 kg/m3. The diameter of the sphere is 10mm
and it attains a terminal velocity of 50mm/s. Find the viscosity of the oil in Poise.

Solution:

Density of sphere (ps) = 8x1000 = 8000 kg/m?3
Density of oil (po) = 800 kg/m?

Diameter of sphere (D) =0.01m

Terminal velocity (V) = 0.05m/s

Viscosity of oil (i) =7?

https://civinnovate.com/civil-engineering-notes/



https://civinnovate.com/civil-engineering-notes/

Weight of sphere = Buoyant force on sphere + Drag force

1 1
psgxgnD3 = pogxgnD3 + 3nuDV

1 1
8000359.813561'[360.013 = 800)59.8135871950.013 + 3mux0.01x0.05

u= 7.848 PaS = 78.48 Poise

The expression for drag force is valid for Re<0.2.

VD 800x0.05x0.01
Re=L" =" - 005
u 7.848

8. A metallic ball of diameter 5mm drops in a fluid of sp.gr. 0.8 and viscosity 30 poise. The sp.gr. of
metallic ball is 9.0. Find (a) the force exerted by the fluid on the ball, (b) the pressure drag and skin
friction drag, and (c) the terminal velocity of the ball in the fluid.

Solution:

Diameter of ball (D) = 0.005m

Density of fluid (p) = 0.8x1000 = 800 kg/m?3
Viscosity of fluid (1) = 30 poise = 30/10 = 3 PaS
Density of ball (p,) = 9x1000 = 9000 kg/m?
Drag force (Fp) = ?

Pressure drag and friction drag = ?

Terminal velocity (V) = ?

Weight of ball (W) = Drag force (Fp) + Buoyant force on ball (Fs)

FD =W- FB

= ppgxcmD* — pgx=mD3 = 9000x9.81x =mx0.005% — 800x9.81x - wx0.005° = 0.005265N
Pressure drag = %FD = §x0.005265= 0.001755 N

Friction drag = gFD = §x0.005265= 0.00351N

Fp = 3muDV
0.005265 = 3mx3x0.005V
V =0.0372 m/s

Checking the Reynold’s no.
_ pVD _ 800x0.0372x0.005

Re = PR —

As Re<0.2, above expression for Fp is valid.

=0.05

9. A jet plane which weighs 19620N has a wing area of 25m?. It is flying at a speed of 200km/hr. When
the engine develops 588.6KW, 70% of this power is used to overcome the drag resistance of the wing.
Calculate the coefficient of lift and coefficient of drag for the wing. Take density of air = 1.25 kg/m?3.

Solution:
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Weight of plane (W) = 19620N

Wing area (A) = 25m?

Speed (V) = 200 km/hr = 22222 = 55 55m/s

Power =588.6KW =588600W

Power used to overcome drag resistance (P) = 0.7x588600 =412020W
Density of air (p) = 1.25 kg/m?3

Coefficient of drag (Cp) = ?

Coefficient of lift (C,) = ?

P=FoxV
412020 = Fp x 55.55
Fo=7417.1N

Fp =5 CppAV?
7417.1 = - xCpx1.25x25x55.552
Cp=0.154

Lift force (F.) = Weight of plane = 19620N
Fy =3 CypAV?

19620 = 2 xC,x1.25x25x55.552
C.=0.407

10. A 10mm ball of relative density 1.2 is suspended from a string, in air flowing at a velocity of 10m/s.
Determine the angle which the string will make with the vertical. Take p of air = 1.208 kg/m? and
viscosity of air = 1.85x107° Pa-S. Also compute the tension in the string.

Solution:

Diameter of ball (d) = 10mm
Velocity (V) = 10m/s
Angle(B) =7? A

Fp

Area of sphere (A) = %xO.Ol2 = 7.85x10"° m?
Weight of sphere (W) =yVol = 1.2x9810x%x7'[x0.013 =0.006163 N
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Reynold no. (Re) = % = —1""1"88;‘;f;‘f’;°1 — 6530

For Re between 1000-100000, Cp = 0.5

Fp = ~CppAV? = 20.5x1.208x7.85x10~5x102 = 0.002371
2 2

Fp  0.002371
tanf = — =

W~ 0.006163
9=21°

Tension in the string = /F2 + W2 = v0.0023712 + 0.0061632 = 0.0066N

11. Determine the rate of deceleration that will be experienced by a blunt nosed projectile of drag
coefficient 1.22 when it is moving horizontally at 1600 km/hr. The projectile has a diameter of 0.5m and
weighs 3000N. Take p of air = 1.208 kg/m?>.

Solution:
Velocity (V) = 1600 km/hr =
Drag coeff. (Cp) = 1.22
Diameter of projectile (d) = 0.5m
Area of sphere (A) = %xO.S2 =0.1963 m?
Weight (W) = 3000N
Deceleration (a) = ?

1

FD = ECDPAVZ

1600x1000

=444.44 m/s
3600

w
Fp =—ma = —ga

w 1
—'z;(l = E(:D]9/1L,2

- % a= %x1.22x1.208x0.1963x444.442
a=-93.4m/s?

12. An aeroplane weighing 22500N has a wing area of 22.5m? and span of 12m. What is the lift
coefficient if it travels at 320 km/hr in the horizontal direction? Also compute the value of circulation
and angle of attack measured from zero lift axis.

Solution:

Velocity (V) =320 km/hr =
Wing area (A) = 22.5m?
Weight = 22500 N = Lift force (Fy)
Lift coefficient (C.) =?

Angle of attack (B) =?
Circulation(I') = ?

Fy =3 C pAV?

22500 = % C,x1.208x22.5x88.892

320x1000

=88.89 m/s
600
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C.=0.2095

C, = 2msinf
0.2095 = 2msind
9=1.911°

' = nCVsind = nx%x88.89sin1.911 =17.46 m?/s

13. A kite, which may be assumed to be a flat plate and mass 1kg, soars at an angle to the horizontal.
The tension in the string holding the kite is 60N when the wind velocity is 50 km/h horizontally and the
angle of string to the horizontal direction is 35° The density of air is 1.2 kg/m3. Calculate the drag
coefficient for the kite in the given position if the lift coefficient in the same position is 0.45. Both
coefficients have been based on the full area of the kite.

Solution:
Lift
Kite
350 Drag

String

Solution:
Mass of kite = 1kg
Weight of kite (W) = 1x9.81 N =9.81N
Area of kite = A
. 50x1000
Velocity (V) =50 km/hr = ~eoneo =13.88/s
Density of air (p) = 1.2kg/m?3
Tension (T) = 60N
Coefficient of lift (C.) = 0.45
Coefficient of drag (Cp) = ?

Forces in X-dir (Drag)

Fo = Tcos35 = 60cos35 =49.14N

Force in Y-dir (Lift)

FL=Tsin35+9.81 = 60sin35+9.81=44.22N

F, =5 CpAV?
44.22 = > x0.45x1.2xAx13.882
A =0.85 m?

Fp =3 CppAV?
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49.14 = %xCDx1.2x0.85x13.882
CD =0.5

14. A steel sphere of 5mm diameter falls in a glycerin at a terminal velocity of 0.05m/s. Assume Stoke’s
law is applicable, determine (a) dynamic viscosity of glycerin, (b) drag force and (c) coefficient of drag.
Take sp wt of steel and glycerin as 75 KN/m? and 12.5 KN/m3 respectively.

Solution:

Solution:

Diameter of ball (D) = 5mm = 0.005m
Sp wt of steel (Vszeer) = 75 KN/m?3

Sp wt of glycerin (yg;,) = 12.5 KN/m?
Terminal velocity (V)= 0.05m/s
Viscosity of fluid (u) =?

Drag force (Fp) =?

Coefficient of drag (Cp) = ?

Weight of sphere (W) = Drag force (Fp) + Buoyant force on the sphere(Fs)
FD =W- FB
1 13 1 _n3
= YsteelX ET[D - yglyng[D
= 75000x £ 7x0.005% — 12500x £ 7x0.005° = 0.00409N

From Stoke’s law

Fp = 3nuDV
0.00409 = 3mxux0.005x0.05
pu= 1.7NS/m?
Reynold’s no.
12509)0.05x0.005
Re =22 = G )x” =018
As Re<0.2, Stoke’s is valid.
Cp=22=22-133
Re  0.18
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Dimensional and model analysis

15. Using Rayleigh’s method, derive an expression for flow through orifice (Q) in terms of density of
liquid (p), diameter of the orifice (D) and the pressure difference (P).

Solution:
Q=f(pD,P)
Q — KpanPC

Writing dimensions

3Tt = K(ML™3)*(L)?(ML™'T~2)¢
[3T~1 = gMmatc]—3a+tb—cp—2c
Equating the powers of M, Land T
a+c=0

-3atb-c=3

-2c=-1

Solving above equations

c=1/2

a=-c=-1/2
b=3a+c+3=—§+%+ 3=2

Substituting values of a, b and c
Q =Kp~/?D*P¥? = KD2/P/p

16. Assuming the drag force exerted by a flowing fluid (F) is a function of the density (p), viscosity (u),
velocity of fluid (V) and a characteristics length of body (L), show by using Rayleigh’s method that

2
F= CpA% where A is area and C is constant.

Solution:

F=flp,uV,L)

F=K pa‘ubchd

Writing dimensions

MLT 2 = K(ML™)*(ML™'T-Hb (LT H°(L)4
MLT—Z — KMa+bL—3a—b+c+dT—b—C

Equating the powers of M, Land T
atb=1

-3a-b+ctd =1

-b-c=-2
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There are 3 equations and 4 unknowns. As we have to get expression in terms of p, V and L (Area), we
can express the powers of these three variablesi.e. a, c and d in terms of b.

a=1-b

c=2-b

Substituting a and c in second eqaution
-3+3b-b+2-b+d =1

ord=2-b

Substituting the values of a, cand d

F=K pl—b'ubv2—bL2—b
— KpVZLZp_b[le_bL_b
_ 272 (PVE) 7P
= Kpv?1? y )
= [K(Re)™"]pAV?

2
= [2K(Re)"]pA~

V2

17. Power input to a propeller (P) is expressed in terms of density of air (p), diameter (D), velocity of the
air stream (V), rotational speed (w), viscosity (1) and speed of sound (C). Show that
P = cpw3D® where c = constant. Use Rayleigh’s method.

Solution:

P=f(p,D,V,w,uC)
P = KpanVdeueCf

Writing dimensions
MIAT=3 = K(ML™)*(L)P AT DT HYMLITHe(LT DS
MLZT—S — KMa+eL—3a+b+c—e+fT—c—d—e—f

Equating the powers of M, Land T

ate=1
-3a+b+c-e+f=2
-c-d-e-f= -3

There are 3 equations and 6 unknowns. As we have to get expression in terms of p, w and D, we can
express the powers of these three variables i.e. a, b and d in terms of remaining variables.

Solving above equations,
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a=1l-e

d =3-c-e-f

substituting a and d in second eqaution
-3+3e+b+c-e+f =2

Or, b =5-c-2e-f

Substituting the values of a, b and c
p = KpanVCa)d[,leCf — Kpl_eDS_C_Ze_fVCa)3_C_e_fﬂeCf
= KpD°w® (p®D ¢ w™eu®)(D~Vew ) (D Tw /)
_ 5 3 pDz(l) —e L Cc L f
- K’DD w ( u ) (Dw) (Dw)
2, \"€ c f
Representing = K (pD w) ( 4 ) (L) by c

1% E Dw
P = cpw3D®

18. If the resistance to motion of a sphere through a fluid (R) is a function of the density (p), viscosity (u)
of the fluid, and the radius (r) and velocity (u) of the sphere, develop a relationship of R using
Buckingham’s T theorem.

(Take u, r and p as repeating variables and take the dimension of shear stress for R)

Solution:

f1(R,p,u,r,u) =0

Total number of variables =5

No. of fundamental dimensions = 3
No. of m terms = 5-3=2

f(my,m) =0 ()
Choose u, r and p as repeating variables.

First mterm
7.[1 — ualrblpclR (”)

Writing dimensions

MOIOTO = (LT—l)al (L)bl (ML—S)clML—lT—Z
Equating the powers of M, Land T

cl+1 =0

al+b1-3c1-1=0

-al-2=0

cl=-1,al= -2

Substituting al and c1 in second equation
-2+b1+3-1=0
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bl1=0
Substituting the values of al, bl and clin I
m =u"?r% 1R

R

T4 =
1 pu?

Second i term
a2..b2 c2 (“l)

T, = u*r’“p“u
Writing dimensions

MOIOTO = (LT—l)aZ (L)bz (ML—3)c2ML—1T—1
Equating the powers of M, Land T

c2+1 =0

a2+b2-3c2-1=0

-a2-1=0

a2=-1,c2=-1

Substituting a2 and c2 in second equation
-1+b2+3-1 =0

b2 =-1

Substituting the values of a2, b2 and c2 in llI
m,=urlp iy

Substituting values of iy and m; in |
R u\ _

f (i) =0

R _ (e

pu? f(urp)

R = pqu (L)

urp

19. The pressure difference (AP) in a pipe of diameter (D) and length (L) due to viscous flow depends on
the velocity of fluid (V), viscosity (1) and density (p). Using Buckingham’s  theorem, show that AP =

%f(Re) where Re = p:l is Reynold’s number.

(Take D, V and p as repeating variables)

Solution:

f1(AP,D,L,V,u,p) = 0

Total number of variables = 6

No. of fundamental dimensions = 3
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No. of mterms =6-3=3
f(mry,mp,m3) =0 (1)

Choose D, V and p as repeating variables.

First mterm
m; = DPVDPIpIAP (1)

Writing dimensions

MOIOTO = (L)al(LT—l)bl (ML—S)CIML—lT—Z
Equating the powers of M, Land T

c1+1 =0

al+b1-3c1-1=0

-b1-2=0

cl=-1,bl=-2

al-2+3-1=0
al=0

Substituting the values of al, bl and clin Il

m, = DOV 2p~1AP
— AP
T[]. - sz

Second i term
m, = DYVP2pe2L (1)

Writing dimensions

MOLOTO = (L)az (LT—l)bZ (ML—3)c2L
Equating the powers of M, Land T

c2=0

a2+b2-3c2+1=0

b2=0

a2=-1

Substituting the values of a2, b2 and c2 in llI

m, = D7 OpOL
L

7T2 = E

Third m term
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T3 = D“3Vb3p53y (IV)

Writing dimensions

MOIOTO = (L)a3 (LT—l)b3 (ML—S)CSML—lT—l
Equating the powers of M, Land T

c3+1 =0

a3+b3-3c3-1=0

-b3-1=0

c3=-1

b3 =-1

a3-1+3-1=0

a3 =-1

Substituting the values of a3, b3 and c3 in (IV)
s =D~ 1p 1y

Substituting the values of 1y, t; and 1z in (1)
AP L k) _
f (pV2 ’D’pDV) 0
AP _ (L _#
pv2 (D ’ pDV)
Multiplying first mterm by 1/ 1, and 1/ i3 and expressing the product as a function of 1/m3

AP D pDV _ f (pDV)

pVIL u U
AP =2 f(Re)

20. Show by dimensional analysis that the power P required to operate a test tunnel is given by

u
P = pL2V3 (—)
pLV=¢ oLV

where p is density of fluid, u is viscosity, V is fluid mean velocity, P is the power required and L is the
characteristics tunnel length.

Solution:

f1(P,p,L,V,u) =0

Total number of variables =5

No. of fundamental dimensions = 3
No. of m terms = 5-3=2

f(ry,my) =0 (1)
Choose p, L and V as repeating variables.

First mterm
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T = palLblvclp n
Writing dimensions
MOIOTO = (ML—3)a1(L)bl(LT—l)clMLZT—3
Equating the powers of M, Land T
al+l=0
-3al+bl+cl+2=0
-c1-3=0
Solving
al=-1,c1=-3
-3x-1+b1-3+2=0
bl=-2
Substituting the values of al, bl and clin I
my = p L2V 3P
P
Ty = W
Second m term
Ty = paszZchy (1)
Writing dimensions
MOLOTO — (ML—3)a2 (L)bZ(LT—l)CZML—lT—l
Equating the powers of M, Land T
a2+l =0
-3a2+b2+c2-1=0
-c2-1=10
Solving
a2=-1,c2=-1
-3x-1+b2-1-1=0
b2 =-1
Substituting the values of a2, b2 and c2 in llI
m, = p LW
ry =
pLV

P 2

f(pL2V3'pL_V) =0
7= 4 (517)

pL2V3 pLV

u
P = pl2V3 (—)
pLZV>¢ oLV

Substituting the values of iy and m; in |
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21. A pipe of diameter 1.8m is required to transport oil of sp.gr. 0.8 and viscosity 0.04 poise at the rate
of 4 m3/s. Tests were conducted on a 20cm diameter pipe using water at 20°C. Find the velocity and rate
of flow in the model. Viscosity of water at 20°C = 0.01 poise.

Solution:

Diameter of prototype (D,) = 1.8m

Density of oil (p,) = 0.8x1000 = 800kg/m?

Viscosity of prototype (W) = 0.04 poise = 0.004 PaS
Discharge for prototype (Q,) =4 m3/s

L -1572m/s

Velocity of prototype (V,) = j—” =
14

- %xl.s2
Diameter of model (Dm) = 0.2m
Density of water (pm) = 1000kg/m?
Viscosity of water (im) = 0.01 poise = 0.001 PaS
Velocity of model (Vi) =?

Rate of flow in the model (Q) =?

From Reynolds’ model law
Re)model = Re) Prototype
pmeDm — pprDp

Hm Up
1000xV,,x0.2 _ 800x1.572x1.8
0.001 B 0.004

Vm=2.83m/s
Qm = Vin Am = 2.83x§x0.22= 0.0889 m?/s

22. A ship 250m long moves in seawater, whose density is 1030 kg/m?3. A 1:125 model of this ship is to
be tested in wind tunnel. The velocity of air in the wind tunnel around the model is 20m/s and the
resistance of the ship is 50N. Determine the velocity and resistance of the ship in seawater. The density
of air is 1.24 kg/m3. Take the kinematic viscosity of seawater and air as 0.012 stokes and 0.018 stokes
respectively.

Solution:

Length of prototype (L) = 250m

Density of seawater (p,) = 1030 kg/m?

Kinematic viscosity of seawater (v,) = 0.012 stokes = 0.012x10* m?%/s

Length of model (Lm) = 1;—5x250 =2m

Density of air (pm) = 1.24 kg/m3

Kinematic viscosity of air (v,,) = 0.018 stokes = 0.018x10* m?%/s
Velocity of model (Vi) = 20m/s

Resistance of model (Fm) = 50N

Velocity of prototype (V,) = ?
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Resistance of prototype (F,) = ?

From Reynolds’ model law
Re)model = Re) Prototype

Vinlm _ VpLy
U Up
20x2 V,x250

0.018x10-* _ 0.012x10-*

V, =0.1066 m/s

Resistance = mass x acceleration = pL3% = pLZ%V = pL?V?
E _ Priyw
E, _ 1030x250%2x0.10662

50 1.24x22x20?

Fo = 18436 N

23. In 1:30 model of a spillway, the velocity and discharge are 1.5m/s and 2 m3/s. Find the corresponding
velocity and discharge in the prototype.

Solution:

Linear scale ratio (L) = 1/30
Velocity of model (Vi) =1.5m/s
Discharge of model (Qm) =2 m3/s
Velocity of prototype (V,) =?
Discharge of prototype (Qp) = ?

From Froude model law,
Fr)model = Fr)prototype

Ve %
VImlm vl
15 G
1 /981,
\/9.81x%Lp

Vo =8.216 m/s

Q _ AV _ Lk
Q, _(30L,,)?8.216

2 L%,x1.5

Qp, = 9859 m3/s
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24. A spillway model is to be built geometrically similar scale of 1/40 across a flume of 50cm width. The
prototype is 20m high and the maximum head on it is expected to be 2m. (a) What height of the model
and what head on the model should be used? (b) If the flow over the model at a particular head is 10
Ips, what flow per m length of the prototype is expected? (c) If the negative pressure in the model is
150mm, what is the negative pressure in the prototype?

Solution:

Scale ratio for length (L;) = 1/40
Width of model (Bm) = 0.5m
Height of prototype (Hp) = 20m
Head on prototype (Hdp) =2m
a) Height of model (Hm) =?
Head on model (Hdm) =?

Hyy,
L, = H_p
1  Hp
40 20
Hmn=0.5m
Hd,,
Lr = H_dp
1 Hd,
40 2
Hdm = 0.05m
b) Flow through model (Qu) = 10 Ips = 0.01 m3/s
Flow through prototype (Q,) = ?
Qm _ 25
o
0.01 [1\*°
% (@)
Qp,=101.2 m3/s
Width of prototype (By)
L, =2m
By,
1 05
W05,

Bp=20m
Discharge per unit width = 101.2/20 = 5.06 m3/s

c) Negative pressure head in model (Py) = -0.15m
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Negative pressure head in prototype (P,) = ?

P
L =2
r Pp

1 _-015
40 P,

Pp = '6m

25. The pressure drop in an aeroplane model of size 1/50 of its prototype is 4 N/cm2. The model is
tested in water. Find the corresponding pressure drop in prototype. Take density of air = 1.24 kg/m?3. The
viscosity of water is 0.01 poise while the viscosity of air is 0.00018 poise.

Solution:

Linear scale ratio (L) = 1/50

Pressure drop in model (Pm) = 4 N/cm? = 4x10* N/m?
Density of air (pp) = 1.24 kg/m?

Density of water (pm) = 1000 kg/m3

Viscosity of water (im) = 0.01 poise = 0.001 PaS
Viscosity of air (i) = 0.00018 poise = 0.000018 PaS
Pressure drop in prototype (Pp) = ?

As the problem involves both viscous and pressure force, we have to use both Reynolds and Euler model
law.

From Reynolds’ model law

Re)model = Re) Prototype

PmVmLm _ pprLp

i p
1
1000mexmLp 1.24xV, L,
0.001 ~0.000018
V=344V,
From Euler model law
Eu) model = Eu) prototype
Vin B V5
VPn/Pm  Po/Pp
344V, Y,

\/4x104 _\/ P,
1000 7124

Pp=4.2 N/m?
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