CIVE1400: Fuid Mechanics Examples: Answers

Pr essure and Manometers
1.1

What will be the (a) the gauge pressure and (b) the absolute pressure of water at depth 12m below the
surface? puaer = 1000 kg/m>, and P amosphere = T01KN/M?,
[117.72 kKN/m?, 218.72 kKN/m?]

a)

Pgauge = P9N
=1000% 9.81x12
=117720 N /7, (Pa)
=117.7 kN / m?, (kPa)

b)
pabsolute = pgauge + patmospheric
=(117720+101) N /7, (Pa)

=2187 kN / n?, (kPa)
12
At what depth below the surface of oil, relative density 0.8, will produce a pressure of 120 kN/m?? What

depth of water is this equivaent to?
[15.3m, 12.2m]

a)
P = VPyater
=08x1000 kg / m°
p=pgh
:% :%: 15.29m of ail
b)
0 =1000 kg/ m®
_ 120x10°

= m =12.23m of water

13

What would the pressure in KN/m? be if the equivalent head is measured as 400mm of (a) mercury y=13.6
(b) water ( c) oil specific weight 7.9 kN/m® (d) aliquid of density 520 kg/m>?

[53.4 KN/m?, 3.92 kN/m?, 3.16 kN/m?, 2.04 kN/m?]

a)
p = pratef
=136x1000 kg / n®
p=pgh
=(136x10%) x981x 04 =53366 N / n?
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b)

p=pgh
=(10°) x9.81x 04 = 3924 N / m?

W=y
p=pgh
=(7.9x10°) x04 = 3160 N / 7’
d)
p=pgh
=520%9.81x 0.4 = 2040N / nv’
14
A manometer connected to a pipe indicates a negative gauge pressure of 50mm of mercury. What isthe

absolute pressure in the pipe in Newtons per square metre is the atmospheric pressureis 1 bar?
[93.3 kKN/m?]

=1bar =1x10° N /v

Patmosphere
Pabsolute = Pgauge T Patmospheric
= pgh+ Patmospheric
=-136x10°x981x005+10° N /n7, (Pa)
= 9333 kN /n7, (kPa)

15
What height would awater barometer need to be to measure atmospheric pressure?
[>10m]

Parmosphere = 10AF =1x10° N / m’
10° = pgh
He 10°
1000x9.81
h= 10°
(136x10°) x981

=1019mof water

=0.75mof mercury
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Aninclined manometer is required to measure an air pressure of 3mm of water to an accuracy of +/- 3%.
Theinclined arm is 8mm in diameter and the larger arm has a diameter of 24mm. The manometric fluid
has density 740 kg/m® and the scale may be read to +/- 0.5mm.

What is the angle required to ensure the desired accuracy may be achieved?
[12° 39']

Examples: Answers

3

diameter d \
U |

Datum line

By = Py =0 0N = D02+ 2,)

Volume moved from left to right =zA = %Az = XA,

:lei)2 = 22 mz :sz
4 sng 4 4
Zz d2 ~ d2

4= gnep? D2

2

[l
P.= P, = lomangXESine"'FH

h= XD ing+ iD
pwaterg _pmang @' DZB
0 0.008° [
h=(074x ing+
pwater g (O Iowater )gX|§|m nH 0.0242 E

h=0.74 x (sn6+01111)
The head being measured is 3% of 3mm = 0.003x0.03 = 0.00009m
This 3% represents the smallest measurement possible on the manometer, 0.5mm = 0.0005m, giving
0.00009 = 0.74x0.0005 (sin@+01111)

singd=0132
=176
[Thisis not the same as the answer given on the question sheet]
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17

Determine the resultant force due to the water acting on the 1m by 2m rectangular area AB shown in the
diagram below.

[43560 N, 2.37m from O]

The magnitude of the resultant force on a submerged planeis:

R = pressure at centroid x areaof surface
R=p09z A
=1000% 9.81x (122 +1) x(1x 2)
=43556 N/ n?

This acts at right angle to the surface through the centre of pressure.

o = l oo _ 2nd moment of areaabout aline through O
~ AX  1st moment of area about aline through O

By the parallel axis theorem (which will begiveninanexam), |, =15 + AX?, where lgg isthe ond
moment of area about aline through the centroid and can be found in tables.

S::ﬂﬁ‘_
Ax
b
—
G G
d
bd?®
v  For arectangle | =17
Asthewadl isvertical, Sc=D and Xx=2,
59 1x2” (122 +1)
= + +
12(1x 2)(122+1)
=237 mfromO
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18

Determine the resultant force due to the water acting on the 1.25m by 2.0m triangular area CD shown in
the figure above. The apex of thetriangleisat C.

[43.5x10°N, 2.821m from P]

3

36

v  Foratriangle 1 ;5 =

2
Depth to centre of gravity is z=10+ 2500545 =1943m.

R=p9z A
0x12
=1000x 9.81x 1943 x E’MQ
20
= 23826 N /7

Distancefrom Pis X = Z/ cos45= 2.748m
Distance from P to centre of pressureis

S = E

Ioo = IGG + Aiz
_leg , o 125x2°

== A% Y= 3g(129)(2748) (2748)
= 2:829m
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For ces on submerged surfaces

2.1

Obtain an expression for the depth of the centre of pressure of a plane surface wholly submerged in afluid
and inclined at an angle to the free surface of the liquid.

A horizontal circular pipe, 1.25m diameter, is closed by a butterfly disk which rotates about a horizontal
axis through its centre. Determine the torque which would have to be applied to the disk spindle to keep
the disk closed in avertical position when there is a 3m head of fresh water above the axis.

[1176 Nm]

The question asks what is the moment you have to apply to the spindle to keep the disc vertical i.e. to
keep the valve shut?

So you need to know the resultant force exerted on the disc by the water and the distance x of thisforce
from the spindle.

We know that the water in the pipe is under a pressure of 3m head of water (to the spindle)

A

2.375 hE3

| B
/ |

Diagram of the forces on the disc valve, based on an imaginary water surface.

h =3m, the depth to the centroid of the disc
h' = depth to the centre of pressure (or line of action of the force)
Calculate the force:

F = pghA
25
=1000x 9.81x 3x n%g
= 36116 kN

Calculate the line of action of the force, h'.

_ 2nd moment of area about water surface
~ 1st moment of area about water surface

I 00
~ Ah
By the parallel axis theorem 2™ moment of areaabout O (in the surface) | = I, + Ah? wherelgs isthe
2nd moment of area about a line through the centroid of the disc and Igg = 774,
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+3
4(7r )3

2

r
= — + = 3
12 3=13.0326m

So the distance from the spindle to the line of action of the forceis
x = h'—h = 30326 - 3= 0.0326m
And the moment required to keep the gate shut is
moment = Fx = 36116 x 0.0326 = 1176 KN m

2.2

A dock gateisto be reinforced with three horizontal beams. If the water acts on one side only, to a depth
of 6m, find the positions of the beams measured from the water surface so that each will carry an equal
load. Give the load per meter.

[58 860 N/m, 2.31m, 4.22m, 5.47m]

First of al draw the pressure diagram, as below:

A A

h 2h/3
foo|dk

d3

R f

— v
f

The resultant force per unit length of gate isthe area of the pressure diagram. So the total resultant forceis

1
R=_pgh® = 0.5x1000x 9.81x 6 = 176580 N (per mlength)

Alternatively the resultant forceis, R = Pressure at centroid x Area, (take width of gate as Im to give
force per m)

h
R:pg§><(h><l) =176580 N (per mlength)

Thisisthe resultant force exerted by the gate on the water.
The three beams should carry an equal |oad, so each beam carries the load f, where

R
f :§=58860N
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If we take moments from the surface,
DR= fd, + fd, + fd,
D(3f) = f(d, +d, +ds)
12=d, +d, +d,

Taking the first beam, we can draw a pressure diagram for this, (ignoring what is below),

' N

2H/3

F=58860

/1 |

1 5 2F
We know that the resultant force, F :5 POH® ,s0 H = E

o= [2F _\/ZXS886O _346m
“\pg V1000x981

And the force acts at 2H/3, so this is the position of the 1% beam,

. 2
position of 1st beam = 3 H=231m

Taking the second beam into consideration, we can draw the following pressure diagram,

ch52.31
H 2H/3
f |k
I v
F=2x56860 f
v 7 -

The reaction forceis equa to the sum of the forces on each beam, so as before

= |2F _\/2><(2><58860) _49m
“\pg V 1000x981 =
The reaction force acts at 2H/3, so H=3.27m. Taking moments from the surface,

(2x58860) x 327 = 58860 x 2.31+58860 % d,
depth to second beam d, =4.22 m

For the third beam, from before we have,
12=d, +d, +d,
depth to third beam d, =12 -2.31-4.22 =547m
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2.3

The profile of amasonry dam isan arc of acircle, the arc having aradius of 30m and subtending an angle
of 60° at the centre of curvature which liesin the water surface. Determine (@) the load on the dam in N/m
length, (b) the position of the line of action to this pressure.

[4.28 x 10° N/m length at depth 19.0m]

Draw the dam to help picture the geometry,

h =30sin60 = 2598m
a =30co0s60=150m

Cdculate F, = total weight of fluid above the curved surface (per m length)

F, = pg(areaof sector - areaof triangle)

60 598 x 15
=1 81x 2 Q—E?
000x9.8 %’BO ><360 2 %

=2711375kN /m

Caculate F, = force on projection of curved surface onto avertical plane

1
R = Epghz
= 05x1000x 9.81x 2598° = 3310681 kN / m

The resultant,

Fo =+/FZ +F?2 = /33106812 + 2711375
=4279.27 kN / m

acting at the angle
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F
tand = FV =0819

h

6=39.32"

Asthisforce act normal to the surface, it must act through the centre of radius of the dam wall. So the
depth to the point where the force actsis,

y = 30sin 39.31°=19m

2.4

The arch of abridge over astream isin the form of a semi-circle of radius 2m. the bridge width is 4m.
Dueto aflood the water level is now 1.25m above the crest of the arch. Calculate (a) the upward force on
the underside of the arch, (b) the horizontal thrust on one half of the arch.

[263.6 kN, 176.6 kN]

The bridge and water level can be drawn as:

1.25m

2m

v

a) The upward force on the arch = weight of (imaginary) water above the arch.

R, = g % volume of water
2

-0 B 5
5 HX4—26.867m

O
volume = H125+ 2)x4-

R, =1000% 981x 26867 = 263568 kN

b)

The horizontal force on half of the arch, isequal to the force on the projection of the curved surface onto a
vertical plane.

1.25

»&
<

2.0

F, = pressure at centroid x area
= pg(125+1) x (2x 4)
=17658 kN
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2.5
The face of adam is vertical to a depth of 7.5m below the water surface then slopes at 30° to the vertical.

If the depth of water is 17m what is the resultant force per metre acting on the whole face?
[1563.29 kN]

h,

»&
»

hy

\60%

«—
X

h, =17.0m, soh;=17.0-75 =95. x=9.5/tan 60 =5.485m.
Vertical force = weight of water above the surface,
F, :pg(hzxx+0.5hl><x)
= 9810 % (75x 5485+ 05x 95% 5485)
= 659123 kN /m

The horizontal force = force on the projection of the surface on to avertical plane.

1
F, = Epghz
=05x1000x 981x 17>
=1417545kN /' m

Theresultant forceis

Fo =+/F2 +F?2 = /659123 +1417545°
=156329 kN / m
And acts at the angle

F
tan@ = FV = 0465

h

0=2494"

2.6

A tank with vertical sidesis squarein plan with 3m long sides. The tank contains oil of relative density
0.9 to adepth of 2.0m which isfloating on water a depth of 1.5m. Calculate the force on the walls and the
height of the centre of pressure from the bottom of the tank.

[165.54 kN, 1.15m]

Consider one wall of the tank. Draw the pressure diagram:

Examples: Answers CIVE1400: Fluid Mechanics 11




CIVE1400: Fuid Mechanics Examples: Answers

dz
d3

f2

v

density of oil peii = 0.9pwaier = 900 kg/n.
Force per unit length, F = area under the graph = sum of thethreeareas=f; + f, + f3
(900x9.81x2) x 2
f, =
2
f, =(900x9.81x 2) x15x 3=79461N
(1000% 981x15) x15
fy=
2
F=f+f,+f,=165544 N

x3=52974 N

x3=33109 N

To find the position of the resultant force F, we take moments from any point. We will take moments
about the surface.

DF = f,d, + f,d, + f.d,
2 15 2
165544 D =52074x 2+ 79461x (2+) + 33100 % (2 +15)

D =2.347m (from surface)
= 1153m (from base of wall)
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Application of the Bernoulli Equation

3.1

In avertical pipe carrying water, pressure gauges are inserted at points A and B where the pipe diameters
are 0.15m and 0.075m respectively. The point B is 2.5m below A and when the flow rate down the pipeis
0.02 cumecs, the pressure at B is 14715 N/m? greater than that at A.

2

Vv
Assuming the losses in the pipe between A and B can be expressed as k2—g where v isthe velocity at A,

find the value of k.

If the gauges at A and B are replaced by tubes filled with water and connected to a U-tube containing
mercury of relative density 13.6, give a sketch showing how the levelsin the two limbs of the U-tube
differ and calculate the value of this difference in metres.

[k =0.319, 0.0794m]

Part i)
d, =015m d, =0.075m Q=002 m*/s
Pg — P =14715N / m?
kv2
h =——
29

Taking the datum at B, the Bernoulli equation becomes:

By continuity: Q= UaAa = UsApg
u, = 002/(70.075?) =1132m/s
Uy = 0.02/(710.03752) = 4527 m/ s

giving
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Pg — Pa Ug —U,

+ —_
10009 " 29 29

15-25+1045- 0.065 = -0.065k

k =0.319
Part ii)
P = Pu9Zs + Pp
pxxR = pngp +prZA _prRp + pA
pxxL = pxxR
pngB + pB = pngp +prZA _prRp + pA
Pe — Pa = Pu0(2a — 25 )+ OR: (00 — )
14715=1000% 9.81x 25+ 981R (13600 - 1000)
R, =-0079m
3.2

A Venturimeter with an entrance diameter of 0.3m and athroat diameter of 0.2m is used to measure the
volume of gas flowing through a pipe. The discharge coefficient of the meter is0.96.

Assuming the specific weight of the gas to be constant at 19.62 N/m?, calculate the volume flowing when
the pressure difference between the entrance and the throat is measured as 0.06m on awater U-tube
manometer.

[0.816 m/g]
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What we know from the question:
P,9=19.62N /m?

C, =0.96
d, =0.3m
d, =02m
Calculate Q.
u, = Q/0.0707 u, = Q/0.0314
For the manometer:

P+ 0,92= P, +pgg(22 B Rp)+pngp
Pr= P = 19-62(22 - 21) +587.423 <-——=(1)

For the Venturimeter

2 2

P: +u_l+21= P +U_2+22
P9 29 p,9 29
p, - p, =19.62(z, - 2,) +0803u2 ce———(2)

Combining (1) and (2)

0.803u’ =587.423
Uy, = 27.047mM/s

2
Qo = 27.047x n%g =085m° /s

Q=C,Q,, = 096x085=0816m*/s
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3.3

A Venturimeter is used for measuring flow of water along a pipe. The diameter of the Venturi throat is
two fifths the diameter of the pipe. Theinlet and throat are connected by water filled tubes to a mercury
U-tube manometer. The velocity of flow aong the pipeisfound to be 25JH m/s, where H isthe
manometer reading in metres of mercury. Determine the loss of head between inlet and throat of the

Venturi when H is 0.49m. (Relative density of mercury is 13.6).
[0.23m of water]

For the manometer:

P+ 0,92 = P, +p,0(z - H) + p,0H
p.— P, =p,9%2-P,9H+0,0H - 0,02
For the Venturimeter

2

bW P
p9 20 % pg 29

p u; pw
P,=P, = +P,9% — U1 — P94t pr

% +7z,+ Losses

Combining (1) and (2)

2 2

P W P

+—+zZ
Pud 29 1= foXs) 29

Lp,9 = Hy(p, —pw)—%w(uz2 -u7)

but at 1. From the question

Examples: Answers
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u, =25JH =175m/s
WA =UA

l75><71d—2—u n%dg
4  ?"010

u, =10.937m/s
Substitute in (3)

0.49 x 9.81(13600 - 1000) - (1000/ 2)(10.9372 - 1.75?)
9.81x 1000

Losses=L =
= 0.233m

3.4

Water is discharging from atank through a convergent-divergent mouthpiece. The exit from thetank is
rounded so that |osses there may be neglected and the minimum diameter is 0.05m.

If the head in the tank above the centre-line of the mouthpieceis 1.83m. @) What is the discharge?

b) What must be the diameter at the exit if the absolute pressure at the minimum areais to be 2.44m of
water? ¢) What would the discharge be if the divergent part of the mouth piece were removed. (Assume
atmospheric pressure is 10m of water).

[0.0752m, 0.0266m"/s, 0.0118m%/s]

From the question:
d, =0.05m

minimum pressure = % =2.44m

&—mm:&
A9 A9
Apply Bernoulli:
P W P, Y P, U
4z =2+ Ez =421
P 29 M 29 £ 29
If we take the datum through the orifice:
z, =183m 2,=2,=0 u, = negligible

Between 1 and 2
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2

u
10+183=244 + =
29

u, =1357m/s

05
Q=u,A, =1357 x n%g =002665m° / s

Betweenland 3 p, = p,

183= £
T
u, =599m/ s
Q=U;A
d 2
0.02665 = 599 x nT”
d, =0.0752m
If the mouth piece has been removed, p, = p,
2
PP U
A9 M 29

u, =429z, =599m/s

2

=0.0118m°/s

Q=5997

3.5

A closed tank has an orifice 0.025m diameter in one of its vertical sides. The tank contains oil to a depth
of 0.61m above the centre of the orifice and the pressure in the air space above the oil is maintained at

13780 N/m? above atmospheric. Determine the discharge from the orifice.
(Coefficient of discharge of the orificeis 0.61, relative density of oil is0.9).
[0.00195 m*/s]

P = 13780 kN/m?

0.66m )
oil

From the question

do = 0.025m
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o0=09= Lo
Pu
o, =900
C, =061
Apply Bernoulli,
2 2
Pty _&+u—2+z2
P 29 A 29
Take atmospheric pressure as 0,
137 u;
3780 +061=—=
P9 29
u, =653m/s

025
Q=061x653x n%g =000195m° /s
3.6

The discharge coefficient of a Venturimeter was found to be constant for rates of flow exceeding a certain
value. Show that for this condition the loss of head due to friction in the convergent parts of the meter can
be expressed as KQ? mwhere K is a constant and Q is the rate of flow in cumecs.

Obtain the value of K if the inlet and throat diameter of the Venturimeter are 0.102m and 0.05m
respectively and the discharge coefficient is 0.96.

[K=1060]

3.7

A Venturimeter isto fitted in ahorizontal pipe of 0.15m diameter to measure aflow of water which may
be anything up to 240m*/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 l1oss of 10% of the difference in pressure head between these points.
Cad culate the minimum allowable diameter for the throat.

[0.063m]

dq =0.15m

dp
From the question:
d, =015m Q=240m*/hr =0667m° /s
u=Q/A=377Tm/s
P 18m Pa —-/m
A9 A9

Friction loss, from the question:

Examples: Answers CIVE1400: Fluid Mechanics 19




CIVE1400: Fluid Mechanics

Examples: Answers

Apply Bernoulli:

3.8

h :O.l(pl_pZ)
Jos)

P b Pl

P9 29 pg 29

PP U U
g pg 29 ' 29
25— 377° —2.5:£
29 29

u, =21346m/s
Q=U,A,

2

d
0.0667 = 21.346 x ”TZ
d, = 0.063m

A Venturimeter of throat diameter 0.076m isfitted in a0.152m 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 0.914m below theinlet. Taking the coefficient of the meter as 0.97 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.
[0.0192m°/s, 0.034m°/s]

From the question:

Examples: Answers
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d, =0152m A =0.01814m
d, =0.076m A, =0.00454m
0 =800kg/m®
C, =097
Apply Bernoulli:
2 2
&+u_1+21 :&+u_2+22
£ 29 £ 29
a p.=p,
W%,
29 AT 2g %
By continuity:
Q=uA =Uu,A,
u, =u, E =u,4
u? 16u?
—+0914 =
29 29
0914x2x9.81
u, :\/ 2982 —10934m/'s
15
Q=C Ay,

b)

Examples: Answers

Q=096x001814x10934 =0019m* / s

p, — p, =15170

2 2

P7P: Y "W 5914
9 29
15170 Q?(22043? -5511%)
g 29
558577 = Q*(22043 - 55112)
Q=0035m’/s

-0914
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Tank emptying

4.1

A reservoir is circular in plan and the sides slope at an angle of tan™(1/5) to the horizontal. When the
reservoir isfull the diameter of the water surface is 50m. Discharge from the reservoir takes place through
apipe of diameter 0.65m, the outlet being 4m below top water level. Determine the time for the water
level to fall 2m assuming the discharge to be 0.75a,/2gH cumecs where a is the cross sectional area of

the pipein m? and H is the head of water above the outlet in m.
[1325 seconds]

50m

From the question:  H =4m a= 11(0.65/2)* = 0.33m?
Q=0.75a,/2gh
=10963Vh
Intime & the level in thereservoir falls dh, so
Q& =-Ad

A
X=-—oh
Q

Integrating give the total time for levelsto fall from h; to h,.
h A
T= —Ihl 9 dh

Asthe surface area changes with height, we must express A in terms of h.
A= mr?
But r varieswith h.
It varies linearly from the surface at H = 4m, r = 25m, at agradient of tan™ = 1/5.
r=x+ 5h
25 = x + 5(4)
X=5
S0 A= {5+ 5h)?= ( 2577+ 257h + 507h)
Substituting in the integral equation gives
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h, 2577+ 257h% +507h
T=- dh
Im 10963vh
__ 25m n 1+h®+2h
10963-[ra Jh
nhn 1 h® 2h
= 71641 —+—+2 gh
f. w
- —71641ﬁ:2 h™2 +h32 +2p2 dh

- _71641%h1/2 +zh53/2 _l_ﬂh(S/Zlj12
5 3

dh

Fromthe question, h; = 4m h, = 2m, so
T= —71641%><41’2 +§><453/2 +%x43’2§—@x21’2 +%><253/2 +%x23/2%

= -71641(4+12.8+10.667) - (2.828 + 2263+ 377)]
= -7164127.467 - 8862]
= 1333 sec

4.2

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 Cg4 for the orifice as 0.6, find, from first principles,

a) the time for the depth to fall by 1m b) the time to empty the pool completely.

[299 second, 662 seconds]

- 32.0m -

1.0m
2.6m

The question tell usa, = 0.224n¥, Cy = 0.6
Apply Bernoulli from the tank surface to the vena contracta at the orifice:

2
u u
P U P

A 29 M 29

p1=pzandu; = 0. u, =,/2gh
We need Q in terms of the height h measured above the orifice.
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Q=C,a,u, = C,a,+/2gh
= 0.6%0.224%x+/2x981/h
= 0595/h

And we can write an equation for the discharge in terms of the surface height change:

Q& =-Adh

A
&=-—oh
Q

Integrating give the total time for levelsto fall from h; to h,.

a) For the first 1m depth, A = 8 x 32 = 256, whatever the h.
So, for thefirst period of time:
, 256
—168Ih =2 th
= —430.08[\/_1 - ]
= -43009+/26 - /16|

=299 sec

b) now we need to find out how long it will take to empty the rest.
We need the area A, in terms of h.

A=8L

L 32

h~ 16

A=160h

n, 160h
—168I —— dh

_ _2689° : [ 3/2 (h2 ) 32 ]

_ 2 3/2 3/2
= —268.95[(16) -(0*]
= 362.67 sec
Total time for emptying s,
T =363+ 299 = 662 sec

Examples: Answers
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4.3

A vertical cylindrical tank 2m diameter has, at the bottom, a 0.05m diameter sharp edged orifice for which
the discharge coefficient is 0.6.

a) If 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.

b) Find the time for the level to fall from 3m to 1m above the orifice when the inflow is turned off.

c) If water now runs into the tank at 0.02 cumecs, 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.

[@) 3.314m, b) 881 seconds, ¢) 0.252m/min]

Q = 0.0095 m3/s

A
h
Y4 _
dg =0.005m
From the question: Q;, = 0.0095 m’/s, d,=0.05m, Cq=0.6
Apply Bernoulli from the water surface (1) to the orifice (2),
2 2
& + u_l + et & + u_2 + 22
M 29 M 29
p1=pzandu; = 0. u, =,/2gh.
With the datum the bottom of the cylinder, zz=h, =0
We need Q in terms of the height h measured above the orifice.
Qout = Cd aOUZ = Cd a0 Zgh
.05
= om%g V2x9814/h
=0.00522+/h <————- )

For the level in the tank to remain constant:

inflow = out flow

Qin = Qout

00095 = 000522+/h
h=3314m

(b) Write the equation for the discharge in terms of the surface height change:
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Qa=-Ad
A

&=-—an
Q

Integrating between h; and h; to give the time to change surface level
T:—ﬂfgdh
:-6013LT h™2 dh
= -1203gh*?]"
= -12036/h} - b
hi=3andh,=1s0
T =881 sec
) Qi, changed to Qi, = 0.02 m*/s
From (1) we have Q,, = 0.00522+/h . The question asks for the rate of surface risewhenh = 1.7m.
ie. Qu =000522+/17 = 00068M" / s
Therate of increase in volumeiis:
Q=Q, -Q,, =002-00068=00132m°/ s

AsQ = Area x Velocity, therate of risein surfaceis
Q=Au
U :g _ 00132
A 20
4

=0.0042m/ s=0.252m/ min

4.4

A horizontal boiler shell (i.e. a horizontal cylinder) 2m diameter and 10m long is half full of water. Find
the time of emptying the shell through a short vertical pipe, diameter 0.08m, attached to the bottom of the
shell. Take the coefficient of dischargeto be 0.8.

[1370 seconds]

32m

d, =0.08'm

From the question W= 10m, D = 10md, = 0.08m Cy= 0.8
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Apply Bernoulli from the water surface (1) to the orifice (2),

2 2
&+u_1+ _&+u_2+22
M 29 M 29

p1=pzandu; = 0. u, =,/2gh.
With the datum the bottom of the cylinder, zz=h,z=0
We need Q in terms of the height h measured above the orifice.

Qout = Cda'ouZ = Cda'o Zgh

.08
= o.s%g\/z x981vh
=00178vh
Write the equation for the discharge in terms of the surface height change:
Qa=-Ad
A
d=-—od
Q
Integrating between h; and h; to give the time to change surface level
R A
T=- Ihl 5 dh
But we need Aintermsof h
2.0m
- >
1.0m
a
L
h

Surface area A = 10L, so need L interms of h

L
e i
2

a=(1-h)

1?=(1-h)?+ %g

L=2(2h-h?)

A=20y2h-h?

Substitute this into the integral term,

Examples: Answers
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S 20v2h - h2
“J, “o1078h °

h +/2h—h?

= —1123.6‘|'hl 7n
2h-h?
h

- —1123.6J’:2 J2=h dn

= —1123.6% %Q(z - h)”]:f

= 749.07[2828 - 1] = 1369.6sec

dh

dh

= -11236 J’:

4.5

Two cylinders standing upright contain liquid and are connected by a submerged orifice. The diameters of
the cylinders are 1.75m and 1.0m and of the orifice, 0.08m. The differencein levels of theliquid is
initially 1.35m. Find how long it will take for this difference to be reduced to 0.66m if the coefficient of
discharge for the orifice is 0.605. (Work from first principles.)

[30.7 seconds]
dq =1.75m dp =1.0m
h=1.35m
\
dg =0.108m
75 1
A = n%g = 24n7 A = n%g = 0.785n"
.08

d,=008m a6 = n%g = 0005037 C, = 0605
by continuity,

- A = Ad, =QA <----(
defining, h=hy - h,

~ch=—dh + &,

Substituting thisin (1) to eliminate &,
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— Adh, = A (3, - &) = Adh, - Adh
Ry
Adh

Ao =Qd <---- @

From the Bernoulli equation we can derive this expression for discharge through the submerged orifice:

Q = Cd ao‘V Zgh

—A

- =Ca 2 &

5 AA 1

“T(A+A)Ca 2

Integrating

_AA n 1
"= (a+a)Ca2gh "

- 2AA _
(Al-l_'A‘Z)chao\/ﬁ(\/E \/E)

_ —2x24x0785 i

~ (24+0785) x 0605x 0005032 x 9.81 (08124 -11619)

= 30.7sec

4.6

A rectangular reservoir with vertical walls has a plan area of 60000m?. Discharge from the reservoir take
place over arectangular weir. The flow characteristics of the weir is Q = 0.678 H¥? cumecs where H is
the depth of water above the weir crest. The sill of the weir is 3.4m above the bottom of the reservoir.
Starting with a depth of water of 4m in the reservoir and no inflow, what will be the depth of water after
one hour?

[3.98m]

From the question A= 60 000 n?, Q = 0.678 h 2
Write the equation for the discharge in terms of the surface height change:
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Qa=-Ad

A
X=-—oh
Q

Integrating between h; and h; to give the time to change surface level

 n A
T=- o

60000 .» 1
T 0678Jn h¥? dhn

— —121h
= 2x884955¢ h™*| "
From the question T = 3600 sec and h; = 0.6m

3600 = 17699115 h,** - 06 7]
h, = 05815m

Total depth = 3.4+ 0.58 = 3.98m
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Notches and weirs
51

Deduce an expression for the discharge of water over aright-angled sharp edged V-notch, given that the

coefficient of discharge is 0.61.

A rectangular tank 16m by 6m has the same notch in one of its short vertical sides. Determine the time
taken for the head, measured from the bottom of the notch, to fall from 15cm to 7.5cm.

[1399 seconds]

From your notes you can derive:

—_ 8 0 5/2
Q= 15Cd tan21/29H

For thisweir the equation simplifiesto

Q=144H%?

Write the equation for the discharge in terms of the surface height change:

Q& =-Adh

A
&=-—oh
Q

Integrating between h; and h; to give the time to change surface level
T=-[" A i
hQ

16%x6 » 1
144 Im 1z dn

2 i
=3 x6667h 7]

h1 = 015m, hz = 0.075m

T = 44.44/0075%% - 015*]
= 1399sec

Examples: Answers
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52

Derive an expression for the discharge over a sharp crested rectangular weir. A sharp edged weir isto 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 therise
in water level to 38.4cm above that for normal flow. Cy4=0.61.

[1.24m]

RN

From your notes you can derive:

2
Q=3Ciby2gh**

From the question:
Q.= 02m’s, h; = x
Q:= 1.0m%s, h, = x + 0.384

where x is the height above the weir at normal flow.

So we have two situations;

2

02= §cd by/2gx¥? =1801bx*? <--()
2

10= gcdbw/Zg(x +0.384)¥% = 1801b(x + 0.384)** <--(2)

From (1) we get an expression for b in terms of x
b=0111x"%?
Substituting thisin (2) gives,

X +0.384[ 1>
X

10=1801x O.lllE

ot 0.384§
5= X

X =01996m
So the weir breadth is

b =0111(01996) ¥
=124m
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53

Show that the rate of flow across atriangular notch is given by Q=Cy¢KH®? cumecs, where Cqis an
experimental coefficient, K depends on the angle of the notch, and H isthe height of the undisturbed
water level above the bottom of the notch in metres. State the reasons for the introduction of the
coefficient.

Water from atank having a surface area of 10m? flows over a90° notch. It is found that the time taken to
lower the level from 8cm to 7cm above the bottom of the notch is 43.5seconds. Determine the coefficient
Cq assuming that it remains constant during his period.

[0.635]

8 7]
The proof for Q :1—5Cd t:;\n?/ZgHE”2 = C,KH®? isin the notes.

From the question:

A=10nf  6=90° hy=0.08m h,=0.07m T=435sec
So
Q= 2.36Cyh*?
Write the equation for the discharge in terms of the surface height change:
Qa=-Ad
A
d=-—od
Q
Integrating between h; and h; to give the time to change surface level
A
T=-[" = dh
h Q
10 n» 1
= dh
2 36C, Im h¥?
2 423;,
5 C [h ]007
282

435= —[o 0772 - 008 ]

C, =0635

5.4

A reservoir with vertical sides has a plan area of 56000m?. Discharge from the reservoir takes place over a
rectangular weir, the flow characteristic of which is Q=1.77BH¥? m%s. At times of maximum rainfall,
water flows into the reservoir at the rate of 9m®/s. Find a) the length of weir required to discharge this
quantity if head must not exceed 0.6m; b) the time necessary for the head to drop from 60cm to 30cm if
the inflow suddenly stops.

[10.94m, 3093seconds]

From the question:
A = 56000 n? Q=177BH%? Qmex = 9 M/s
a) FindB forH=0.6
9=1.77B0.6%?
B = 10.94m
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b) Write the equation for the discharge in terms of the surface height change:

Qa=-Ad
A
A= 9 A
Integrating between h; and h; to give the time to change surface level
h A
T= _J.hl 6 dh
56000 n 1
~ 1778 12
_ 2% 56000[h‘1’2]0'3
177B 06
=5784{0372 - 067]
T =3093sec

55

Develop aformulafor the discharge over a90° V-notch weir in terms of head above the bottom of the V.
A channel conveys 300 litres/sec of water. At the outlet end thereis a90° V-notch weir for which the
coefficient of discharge is 0.58. At what distance above the bottom of the channel should the weir be
placed in order to make the depth in the channel 1.30m? With the weir in this position what is the depth
of water in the channel when the flow is 200 litres/sec?

[0.755m, 1.218m]

8 0
Derive this formula from the notes: Q =—C, tan—./2gH>?

15 2
From the question:
6=90° Cq40.58 Q=0.3m’s, depth of water, Z= 0.3m
giving the weir equation:
Q=137H%?

a) As H isthe height above the bottom of the V, the depth of water = Z= D + H, where D isthe height
of the bottom of the V from the base of the channel. So

Q=137(z-D)**
03=137(13- D)%
D =0.755m

b) Find Zwhen Q = 0.2 m’/s

02 =137(z - 0.755)?
Z =1218m
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5.6
Show that the quantity of water flowing across atriangular V-notch of angle 20 is

8 .
Q=C, Etan 6,/2gH>? . Find the flow if the measured head above the bottom of the V is 38cm, when

0=45° and C4=0.6. If the flow is wanted within an accuracy of 2%, what are the limiting values of the
head.

[0.126m%/s, 0.377m, 0.383m]
Proof of the v-notch weir equation isin the notes.
From the question:
H=0.38m@f= 45° Cy4=0.6
The weir equation becomes:
Q=1417H%?
=1417(038)"
=0126° /s

Q+2% = 0.129 m’/s

0129 =1417H%2
H =0.383m

Q-2% = 0.124 m’/s

0124 =1417H%?
H =0.377m
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Application of the Momentum Equation

6.1

The figure below shows a smooth curved vane attached to arigid foundation. The jet of water, rectangular
in section, 75mm wide and 25mm thick, strike the vane with avelocity of 25m/s. Calculate the vertica
and horizontal components of the force exerted on the vane and indicate in which direction these
components act.

[Horizontal 233.4 N acting from right to left. Vertical 1324.6 N acting downwards]

N

450

7

25°

From the question:
a, =0075x0.025=1875x10"° m?

u, =25m/s
Q=1875x10"°x25m’ /s
a, =a,, 0 u, =u,

Calculate the total force using the momentum equation:
Fr, = ,oQ(u2 cos25-u, cos45)
=1000 x 0.0469(25c0s25 - 25c0s45)
=23344N
Fr, = pQ(u, sin25-u, sin4s)
=1000x 0.0469(25sin 25— 25sin 45)
=13246 N
Body force and pressure force are 0.
So force on vane:
R, =-F, =-23344N
R, =-F, =-1324.6N
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6.2

A 600mm diameter pipeline carries water under a head of 30m with avelocity of 3m/s. Thiswater main is
fitted with a horizontal bend which turns the axis of the pipeline through 75° (i.e. the internal angle at the
bend is 105°). Calculate the resultant force on the bend and its angle to the horizontal.

[104.044 kN, 52° 29']

From the question:

.6
a:n%g =0.283m? d=06m h=30m

u, =u, =3m/s Q=0848m’/s
Cdculatetotal force.

Fr = ,OQ(u2X - le) =Fg + Fp, +Fg,

F,, =1000 x 0848(3c0s75- 3) = ~1.886kN

Fy = ,oQ(u2y - uly) =Fg +Fp +Fy
F;, =1000x 0.848(3sin 75~ 0) = 2.457kN
Calculate the pressure force

p1= P> = p = hog = 30x1000x9.81 = 294.3 kN/n?
Fr = P,a, COS6, - p,a, Cosb,

= 294300 % 0.283(1- cos75)

= 6173kN
FTy = P&, sing, - p,a, sing,

= 294300 0.283(0-sin 75)

= -80.376 kN

There is no body forcein the x or y directions.
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FRx = FTx - FPx - FBx
=-1886-6173-0=
Fry =Fry = Fpy = Fey
= 2457 +80.376 — 0 = —-82.833kN

-63.616kN

These forces act on the fluid

The resultant force on thefluid is

6.3

Fr = m =104.44kN

— -1 DFRy |:|_ - ]
6 =tan " —0=52"29
AF.,. 0

A horizontal jet of water 2x10° mm? cross-section and flowing at avelocity of 15 m/s hits aflat plate at
60° to the axis (of the jet) and to the horizontal. The jet is such that there is no side spread. If the plateis
stationary, calculate a) the force exerted on the plate in the direction of the jet and b) the ratio between the
guantity of fluid that is deflected upwards and that downwards. (Assume that thereis no friction and
therefore no shear force.)

[338N, 3:1]

From the question
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a, = ag =2x10° n?

Apply Bernoulli,

n)
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Changein height isnegligible so z; = z, = zz and pressure is always atmospheric p;= p2= p3=0. So

U= U= uz=15 m's

By continuity Q1= Q. + Qs

Uia1 = Wap + Usags
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SO a=a+ az

Put the axes normal to the plate, as we know that the resultant force is normal to the plate.

Q. = ayu = 2x10°x15 = 0.03

Q= (az+ a)u

Q2= axu

Q3= (az-a)u
Cdculatetotal force.

P = PQUy — Uy, ) = Fi + Fi + Fi,

F,, =1000%0.030-15sin60) = 390 N
Component in direction of jet = 390 sin 60 = 338 N

Asthereisno force parallel to the plate Fyy = 0
Fy = puza, — pusa, — puya, cosg =0

a, —a,—a,cosf=0
a1:a2+a3

a,+a,cosf=a, —a,
4o =g = 4
%-%-g%
1
a; = §a2
Thus 3/4 of the jet goes up, 1/4 down
6.4

A 75mm diameter jet of water having avelocity of 25m/s strikes aflat plate, the normal of whichis
inclined at 30° to the jet. Find the force normal to the surface of the plate.

[2.39kN]
¥
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From the question,  dj = 0.075m u=25m's Q= 257£0.075/2)* = 0.11 m’/s

Force normal to plateis

Frx= 0Q( 0 - ui)
Frx = 1000x0.11 (0- 25c0s30) = 2.39 kN

6.5

The outlet pipe from a pump is abend of 45° rising in the vertical plane (i.e. and internal angle of 135°).
The bend is 150mm diameter at itsinlet and 300mm diameter at its outlet. The pipe axis at theinlet is
horizontal and at the outlet it is 1m higher. By neglecting friction, calculate the force and its direction if
theinlet pressure is 100kN/m? and the flow of water through the pipe is 0.3m>/s. The volume of the pipe
is0.075m”.

[13.94kN at 67° 40’ to the horizontal]

A‘F

1& 2 Draw the control volume and the axis system

p; = 100 KN/, Q=0.3m’s 0 = 45°
d; =0.15m d, =0.3m
A;=0177 m? A, =0.0707 m?

3 Cdculate the total force
inthe x direction

FTx = ,OQ(sz - ulx)
= ,oQ(u2 cosfd - ul)

by continuity Au, = Au,=Q, S0
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-L-1698m/s
R (YT Rt

_ 03
00707

u, =424m/s

F;, =1000x 0.3(4.24 cos45-16.98)
= -149368N

and in the y-direction
FTy = m(UZy - uly)

= pQ(u, sn6-0)
=1000x% 0.3(4.24sin45)
=899.44 N

4 Calculate the pressure force.

F- = pressureforceat 1 - pressureforce at 2
Fo, = P,A COSO—-p, A, cosf = p A — p,A, cost

Fo, = PASIN0-p,A sind=-p,A,siné

We know pressure at the inlet but not at the outlet.

we can use Bernoulli to calculate this unknown pressure.

2 2
u u
Py s _P Y

g 29 pg 29

where hy isthe friction loss

+2z, +h,

In the question it says this can be ignored, h=0
The height of the pipe at the outlet is 1m above theinlet.
Taking theinlet level asthe datum:
z,=0 Z;=1m
So the Bernoulli equation becomes:
100000  16.98° P, 4.24°

+ +0= + +
1000x 981 2x981 1000981 2x981
p, =2253614 N /nt

Examples: Answers
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Fp, =100000x 0.0177 - 2253614 cos45x 00707
=1770-11266.34 = —9496.37 kN

F., = —2253614sin45x 00707
= -11266.37

5 Cdculate the body force

The only body force is the force due to gravity. That isthe weight acting in they direction.

Fs, = —pg xvolume
=-1000% 9.81x 0.075
=-1290156 N

There are no body forces in the x direction,
F, =0

6 Calculate the resultant force

I:Tx - FRX + FPX + FBX

FTy = FRy * FPy * FBy

Fo, =Fr —Fp, —Fy,
= —41936+9496.37

5302.7 N

X

FRy = FTy - FPy a FBy
=899.44 +11266.37 + 735.75
=1290156 N

And the resultant force on the fluid is given by

I:Resultant

Examples: Answers
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Fo =4 F2, - Fa,
= \/5302.72 + 12901567
= 1395kN

And the direction of application is

OFp, O
o= tanF e o2 11290156

§= 67.66°
OF, O 5302.7

The force on the bend is the same magnitude but in the opposite direction
R=-F,

6.6

The force exerted by a 25mm diameter jet against aflat plate normal to the axis of thejet is 650N. What is
the flow in m%s?

[0.018 m¥/g]

us
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From the question,  dj = 0.025m

Force normal to plateis
Frx = 0Q( 0 - uix)
650 = 1000xQ (0-u)
Q= au= (7d/4)u

T e e e e e e N
Lt
e e T T T T T

rr
R I T I R e
AR F T
'\'\.'\'\.'\'\.'\'\.'\'\.'\'\.'\'\.'\'\.'\'\.'\'\.'\'\. e

L
e e e e e e

x= 650 N

650 = -1000au’® = -1000Q%a

650 = -1000Q?/(70.025%/4)
Q= 0.018m’/s
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6.7

A curved plate deflects a 75mm diameter jet through an angle of 45°. For avelocity in the jet of 40m/sto
the right, compute the components of the force developed against the curved plate. (Assume no friction).

[Rx=2070N, R,=5000N down]

ui

From the question:

a, = 10075 | 4=4.42 %107 nv’

u, =40m/s
Q=442x10"°x40=01767m"/s
al = a21 SO ul = u2

Cadlculate the total force using the momentum equation:

Fr, = ,oQ(u2 cos45- ul)
=1000 x 01767(40c0s45- 40)
= -207017N

Fr, = pQ(u, sin45-0)

=1000x 01767(40sin45)
=4998N

Body force and pressure force are 0.
So force on vane:
R, =-F, =2070N
R =-F, =-4998N

Examples: Answers
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6.8

A 45° reducing bend, 0.6m diameter upstream, 0.3m diameter downstream, has water flowing through it
at the rate of 0.45m>/s under a pressure of 1.45 bar. Neglecting any loss is head for friction, calculate the

force exerted by the water on the bend, and its direction of application.

[R=34400N to the right and down, 6 = 14°]

1& 2 Draw the control volume and the axis system

p. = 1.45x10° N/m?, Q=0.45m’/s
d,=0.6m d,=0.3m
A;=0.283m? A, =0.0707 m?

3 Calculate the total force

inthe x direction

Fry = pQ(sz - ulx)
= ,oQ(u2 cos@ - ul)

by continuity Ay, = Au, =Q, so

045
U =——— =159m/s
(062 / 4)
045
U = 50707 - 6.365m/ s

Examples: Answers
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F;, =1000x 0.45(6.365c0s45 - 159)
=1310N

and in the y-direction
FTy = m(UZy - uly)

= pQ(u, sing-0)
= 1000 x 0.45(6.365sin45)
=1800N

4 Calculate the pressure force.

F- = pressureforceat 1 - pressureforce at 2
Fo, = P,A COSO—-p, A, cosf = p A — p,A, cost

Fo, = PASIN0-p,A sind=-p,A,siné

We know pressure at the inlet but not at the outlet.

we can use Bernoulli to calculate this unknown pressure.

P, Y P,
—+—+z =—>+—=+72 +h
20 AT pg2g 2T

where hy isthe friction loss
In the question it says this can be ignored, h=0
Assume the pipe to be horizontal
21=2
So the Bernoulli equation becomes:

145000 159° P, 6.365

+ = +
1000x981 2x981 1000x981 2x981
p, = 126007 N/ nv

Fo, =145000 % 0.283-126000c0s45 % 0.0707
=41035- 6300 =34735N

Fo, = —-126000sin45x 0.0707
=-6300N

Examples: Answers
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5 Calculate the body force
The only body force is the force due to gravity.

There are no body forcesin the x or y directions,
Fo, = Fg, =0

6 Calculate the resultant force

I:Tx - FRX + FPX + FBX

FTy = FRy * FPy * FBy

FRX = FTX - FPX - FBX
=1310- 34735
= -33425N

FRy = FTy - FPy - FBy
=1800+ 6300
=8100N

And the resultant force on the fluid is given by

I:Resultant

FRX

Fr = Fs, ~Fz,
= /334252 + 81002
= 34392 kN

And the direction of applicationis

e, O 8100
@=tan O 0= tan™ Q’igz 1362"
OFg, O 33425
The force on the bend is the same magnitude but in the opposite direction
R=-F,
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L aminar pipe flow.

7.1

The distribution of velocity, u, in metres/sec with radius r in metres in a smooth bore tube of 0.025 m bore
follows thelaw, u = 2.5 - kr’>. Where k is a constant. The flow is laminar and the velocity at the pipe
surface is zero. The fluid has a coefficient of viscosity of 0.00027 kg/m s. Determine (a) the rate of flow
in m*/s (b) the shearing force between the fluid and the pipe wall per metre length of pipe.

[6.14x10™* m*/s, 8.49x10> N]

The velocity at distance r from the centre is given in the question:

u=2.5-kr?
Also we know: M =0.00027 kg/ms  2r = 0.025m
We can find k from the boundary conditions:
when r=0.0125, u=0.0 (boundary of the pipe)
0.0 = 2.5- k0.0125°
k = 16000
u=2.5-1600r>
a)

Following along similar lines to the derivation seen in the lecture notes, we can calculate the flow dQ
through asmall annulus or:

@ = ur Aannulus
Poruis = T+ &) =117 =271 &

X = (25-16000r 2277 &
0.0125

Q=27 [(25r-16000r°) dr
0

(252 16000 ,0°°
‘g

B
=614m’/s
b)
The shear forceisgivenby F = 1 x(21)
From Newtons law of viscosity
T= u%
dr
% = -2 x16000r = —32000r
F = -0.00027 x 32000 x 0.0125x (2 x 77x 0.0125)

=848x103°N
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7.2

A liquid whose coefficient of viscosity is m flows below the critical velocity for laminar flow in acircular
pipe of diameter d and with mean velocity u. Show that the pressure lossin alength of pipe is 32um/d?.
Qil of viscosity 0.05 kg/ms flows through a pipe of diameter 0.1m with avelocity of 0.6m/s. Calculate the
loss of pressure in alength of 120m.

[11 520 N/m?]

See the proof in the lecture notes for

Consider acylinder of fluid, length L, radiusr, flowing steadily in the centre of a pipe

® O (7n
W/ R

The fluid isin equilibrium, shearing forces equal the pressure forces.

T2 L=ApA=Apr?
_bpr
L2

du
Newtons law of viscosity 7 = ’ud_y’

d
We are measuring from the pipe centre, so 7 = —,ud—?
Giving:
Apr  du
L2 Har
du__Ap r
d L 2u

In an integral form this gives an expression for velocity,

__bfp 1
u=--, 2/j‘l'rdr

The value of velocity at a point distance r from the centre

"L 4u

Atr = 0, (the centre of the pipe), U= Umax, a r = R (the pipewall) u= 0;

Ap R?
c=8p R
L 4u

At apoint r from the pipe centre when the flow is laminar:
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U, =T@(Rz‘r2)

The flow in an annulus of thickness or

ag: ur Aannulus
A e =T +X) = =2m &

oL
== 4,u(R2 r2)2m &

0=LP T
L2
_Ap R Apmd?
L 8u  L128u
So the discharge can be written
Ap m?
Q=—
L 128u

(Rzr—r?’) dr

To get pressure loss in terms of the velocity of the flow, use the mean velocity:
u=Q/A
Apd?
u= P
32

per unit length

b) From the question L= 0.05 kg/ms d=0.1m

u= 0.6 m/s L = 120.0m
32x005%x120x% 0.6
Ap = 012

=11520N / n?
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7.3

A plunger of 0.08m diameter and length 0.13m has four small holes of diameter 5/1600 m drilled through
in the direction of its length. The plunger is a close fit inside a cylinder, containing oil, such that no oil is
assumed to pass between the plunger and the cylinder. If the plunger is subjected to avertica downward
force of 45N (including its own weight) and it is assumed that the upward flow through the four small
holesis laminar, determine the speed of the fall of the plunger. The coefficient of velocity of the oil is0.2
kg/ms.

[0.00064 m/s]

F = 45N

d =5/1600 m
_—
Q v p
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cylinder

N

0.8m

Flow through each tube given by Hagen-Poiseuille equation

Ap m?
Q=—
L 128u

There are 4 of these so total flow is

- 42P L =A 475/ 1600)° = Ap3601x107*°
Q=47 128y~ PPo13x128x02  OP

Force = pressure xarea

F=45= Ap%@'@g - 4;@L 1600@%
ou2 2 0
Ap = 9007.206 N /
Q=324x10°m’/s
Flow up through piston = flow displaced by moving piston
Q = AVjpiston
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3.24x10°® = 1x0.04*XVpigton

7.4

A vertical cylinder of 0.075 metres diameter is mounted concentrically in adrum of 0.076metres internal
diameter. Oil fills the space between them to a depth of 0.2m. The rotque required to rotate the cylinder in
the drum is 4Nm when the speed of rotation is 7.5 revs/sec. Assuming that the end effects are negligible,
calculate the coefficient of viscosity of the ail.

[0.638 kg/ms]|

From thequestion  r; = 0.076/2 r, = 0.075/2 Torque= 4Nm, L = 0.2m
The velocity of the edge of the cylinder is:
Ugy = 7.5 x 271 = 7.5x2x720.0375 = 1.767 m/s
Ugrum= 0.0
Torque needed to rotate cylinder
T =1 x surface area
4= T(2H2 X L)
r =226354N /v
Distance between cylinder and drum = r4 - r, = 0.038 - 0.0375 = 0.005m

Using Newtons law of viscosity:

T:'UE
du_1767-0

dr ~ 00005
7 = 22635 = 13534

1 =064 kg/ms (Ns/nv)
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Dimensional analysis

8.1

A stationary sphere in water moving at avelocity of 1.6m/s experiences adrag of 4N. Another sphere of
twice the diameter is placed in awind tunnel. Find the velocity of the air and the drag which will give
dynamically similar conditions. The ratio of kinematic viscosities of air and water is 13, and the density of
air 1.28 kg/m°.

[10.4m/s 0.865N]

Draw up the table of values you have for each variable:

variable water ar
u 1.6m/s Usir
Drag 4N Doair
\Y \Y 13v

p 1000 kg/m® 1.28 kg/m®
d d 2d

Kinematic viscosity is dynamic viscosity over density =v = /p.

d ud
The Reynolds number = Re= pUT = u7

Choose the three recurring (governing) variables; u, d, p.

From Buckinghams 1ttheorem we have m-n =5 - 3 = 2 non-dimensional groups.
qp(u,d,p, D,v) =0
dm.m)=0
7 =u*d™p*D
7T, = u*d™ p%y
As each Ttgroup is dimensionless then considering the dimensions, for the first group, T:

(note D is aforce with dimensions MLT )

MOLOT® = (LT73)* (L) (ML) MLT

M] O=c +1

C1=-

L] O=a+b;-3c;+1
4= +b;

T] 0=-a-2
y=-2
by =-2
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m=u?d?p™D
D
=
And the second group T :
MOLOT® = (LT7%)™ (L) (ML) 2T
M] 0=c
L] O=a+by-3c,+2
2=a+hb
T] O=--1
&e=-1
b, =-1
m=u"d"p%
v
" ud

So the physical situation is described by this function of nondimensional numbers,

0 D v U
A7) = g Lo

For dynamic similarity these non-dimensional numbers are the same for the both the sphere in water and
in the wind tunnel i.e.

nlajr = nlwater
]TZair = réwater
For gy
O Db 0 0D 0
[ 2dZHajr ) t 2dszaIer
D, _ 4
128x10.4% x (2d)? ~ 1000x 162 x d?
D,, =0865N
For o
Haf =Ran
d air d water
v v
u, x2d 16xd
u, =104m/s
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8.2

Explain briefly the use of the Reynolds number in the interpretation of tests on the flow of liquid in pipes.
Water flows through a 2cm diameter pipe at 1.6m/s. Calcul ate the Reynolds number and find also the
velocity required to give the same Reynolds number when the pipeis transporting air. Obtain the ratio of
pressure drops in the same length of pipe for both cases. For the water the kinematic viscosity was
1.31x10° m?/s and the density was 1000 kg/m?>. For air those quantities were 15.1x10° m%s and
1.19kg/m”.

[24427, 18.4m/s, 0.157]

Draw up the table of values you have for each variable:

variable water ar
u 1.6m/s Uair
P Pwater Pair
p 1000 kg/m® 1.19kg/m®
v 1.31x10"°m?%s 15.1x10"°m?%s
p 1000 kg/m® 1.28 kg/m®
d 0.02m 0.02m

Kinematic viscosity is dynamic viscosity over density =v = /p.

d ud
The Reynolds number = Re= pud_ud
U v
Reynolds number when carrying water:

e LU _ 16x002
Cwaer =7, T 131%10°°

To calculate Re;, we know,

= 24427

Rewater = Reajr
i, 002
24427 = —3="F
15x10
u, =1844m/s

To obtain the ratio of pressure drops we must obtain an expression for the pressure drop in terms of
governing variables.

Choose the three recurring (governing) variables; u, d, p.

From Buckinghams 1ttheorem we have m-n =5 - 3 = 2 non-dimensional groups.
qp(u,d,,o, v, p) =0

dm,m)=0
1, = u™d™p%p

As each Ttgroup is dimensionless then considering the dimensions, for the first group, Tu:
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MOLoTO = (LT)* (L) (ML) LT
M] 0=c1
L] O=a +b;-3c;+2
2= +b
T] O=-4-1
a=-1
by=-1
m=u"dp%

14

ud

And the second group T, :
(note p is a pressure (force/area) with dimensions ML™T?)

MOLOT® = (LT)*(L)*( ML) MT 2L

M] O=c+1
co=-1
L] O=a+by-3c-1
2=&+b
T] O=-a-2
=-2
b,=0
L=u’pp
__ P
=7

So the physical situation is described by this function of nondimensional numbers,

v p O
d!

A )= P e O

For dynamic similarity these non-dimensional numbers are the same for the both water and air in the pipe.
nlajr = nlwater
n-2air = réwater

We are interested in the relationship involving the pressurei.e. Tb
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Opd OpOQd

U—4 =40—=4

Dpu |:]ajr D,OU |:lwater
Pute _ Porie: Ynater
pajr pairusjr

1000 x 16° 1
= 119x18447 ~ 0158 %'
Show that Reynold number, pud/p, is non-dimensional. If the discharge Q through an orifice is afunction
of the diameter d, the pressure difference p, the density p, and the viscosity |, show that Q = CpY?d%/pY?
where C is some function of the non-dimensional group (dp?d"?/).
Draw up the table of values you have for each variable:

The dimensions of these following variables are

P ML™

u LT*

d L

m MLT?

Re=ML3LTHL(MLITTY=MLELTILM LT =1

i.e. Reisdimensionless.

We aretold from the question that there are 5 variables involved in the problem: d, p, p, 1t and Q.
Choose the three recurring (governing) variables; Q, d, p.
From Buckinghams 1ttheorem we have m-n =5 - 3 = 2 non-dimensional groups.
dQ.d,p,p,p) =0
dm,m)=0
m=Q*d*p%u
1, =Q*d>p%p
As each Ttgroup is dimensionless then considering the dimensions, for the first group, T4:

MOLOTO = (LT * (L) (ML) * MLT

M] O=c;+1
ci=-1
L] 0=3a+b;-3c;-1
2=3x +b;
T] O=-g-1
a=-1
b,=1
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7.1. Q—ldl —1
_d
29

And the second group T, :
(note p is a pressure (force/area) with dimensions ML™T?)

MOLOTO = (LT )* (L) (ML) ™ MT 2L

M] O=c+1
C=-
L] 0=3a+bh-3c-1
-2=3a+b
T] O=-a-2
B=-2
bz =4
=Q7d*p™p
_d'p
=0
So the physical situation is described by this function of non-dimensional numbers,
Ody d* P 0_
A )= g oo
or
dy _ Od*pQ
H—=H
Qo A
' Edpll2 p]J2 D:u2p1/2|:|
Q= U
The question wantsusto show : Q= f % 7 % o
1 p]JZQ
Take the reciprocal of square root of To: =5 =T,
Jm —d%p
Convert g by multiplying by this number
du p”Q _
Thy = Th7h, =

dez 12 ~ dpllzpuz

then we can say
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_ Dp]J2p1/2d C|2pl/2 _
dllma’%a)_ﬂﬁ U ' p1/2 %_0

or

~ Dp]JZp]JZd gd2 p1/2
Q= (‘E U ﬁ pﬂz

8.4

A cylinder 0.16m in diameter is to be mounted in a stream of water in order to estimate the force on atall
chimney of 1m diameter which is subject to wind of 33m/s. Calculate (A) the speed of the stream
necessary to give dynamic similarity between the model and chimney, (b) the ratio of forces.

Chimney:  p=112kg/m® U = 16x10°kg/ms
Model: p = 1000kg/m® 1 = 8x10* kg/ms
[11.55m/s, 0.057]

Draw up the table of values you have for each variable:

variable water ar
u Uwater 33m/s
F Fwater Fair
p 1000 kg/m® 1.12kg/m®
m 8x10 *kg/ms 16x10"°kg/ms
d 0.16m Im

Kinematic viscosity is dynamic viscosity over density =v = /p.

The Reynolds number = Re= ,oqu = %
For dynamic similarity:
Rewater = Reajr
1000u,,, 016 112x33x1
8x10™*  16x10°°
u,. =1155m/s

water

To obtain the ratio of forces we must obtain an expression for the force in terms of governing variables.
Choose the three recurring (governing) variables; u, d, p, F, [
From Buckinghams 1ttheorem we have m-n =5 - 3 = 2 non-dimensional groups.
(/(u,d,p,,u, F) =0
dm,m)=0
m=utd®p%u
1, =u*d™p*F

As each Ttgroup is dimensionless then considering the dimensions, for the first group, T4:
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MOLOT® = (LT73)* (L) (ML) MLT

M] O=c+1
c=-1
L] O=a +b;-3c;-1
2= +b
T] O=-a4-1
a=-1
by=-1
m=u'd p
_H
pud

i.e. the (inverse of) Reynolds number

And the second group T :

MOLOT® = (LT7)* (L) (ML )" MLT 2

M] O=c+1
C=-
L] O=a+by-3c-1
B=ath
T] O=-a-2
p=-2
b,=-1
m=u?d'p'F
_ F
"~ uldp

So the physical situation is described by this function of nondimensional numbers,

F U

<ﬂ(m%)=¢§pﬁ,m5:0

For dynamic similarity these non-dimensional numbers are the same for the both water and air in the pipe.

nlair - nlwater
r[Zajr - 7-[2water

To find the ratio of forces for the different fluids use To
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HZajr = 722water

O F O
fora, =Harat

drF 40 0OF U

2 = 2

d air d water

F., _  112x3F¥x1 0057
F_ 1000x1155°x016

water

85
If the resistance to motion, R, of a sphere through afluid is afunction of the density p and viscosity p of
the fluid, and the radius r and velocity u of the sphere, show that R is given by

% rg
R=—f %&
1Y H H
Hence show that if at very low velocities the resistance R is proportional to the velocity u, then R = kuru
where k is a dimensionless constant.
A fine granular materia of specific gravity 2.5 isin uniform suspension in still water of depth 3.3m.
Regarding the particles as spheres of diameter 0.002cm find how long it will take for the water to clear.

Take k=61tand u=0.0013 kg/ms.
[218mins 39.3sec]

Choose the three recurring (governing) variables; u, r, p, R, L.

From Buckinghams 1ttheorem we have m-n =5 - 3 = 2 non-dimensional groups.
qp(u,r,p,/,{, R) =0
dAm.m)=0
AV
7T, =u*r”p%R

As each Ttgroup is dimensionless then considering the dimensions, for the first group, T:

MOLOT® = (LT78)* (L) (ML) MLT

M] O=c+1
c=-1
L] O=a +b;-3c;-1
2= +b
T] O=-4-1
aq=-1
by=-1
m=utrTpt
_ 1
our

i.e. the (inverse of) Reynolds number
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And the second group T :
MOLoT® = (LT7)* (L) (ML®)* MLT 2

M] O=c+1
c=-1
L] O=a+by-3c-1
B=ath
T] O=-a-2
&p=-2
b, =-1
m=u’r'p’R
_ R
u’rp

So the physical situation is described by this function of nondimensional numbers,

R O

(ﬂ(m,%):(ﬂﬁp%,prqu:O

or

_ dwpd
_ﬂBpurH
rd Rp Uour

, u? O O
he question asks us to show R:—fB&Hor— f H
1Y H u H

Multiply the LHS by the square of the RHS: (i.e. Tox(1/15%) )
R pzuzr2 _Ro

2 2 2

o U

Uour U
&; =f B&H
H H
The question tellsus that R is proportional to u so the function f must be a constant, k

Ro_

s H
R = kru

The water will clear when the particle moving from the water surface reaches the bottom.
At terminal velocity there is no acceleration - the force R = mg - upthrust.
From the question:
0=25 so  p=2500kg/m® 1 = 0.0013 kg/ms k = 6m
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r = 0.00001m depth = 3.3m

4
mg = 710.00001° x 9.81 x (2500 — 1000)

=616x10™"
Lkru = 0.0013x 677 0.00001u = 616 x 0™
u=252x10"m/s

33

t= w =218min 39.3sec
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