Chapter

Solutions

7.1

D: 25 mm diameter of pipe, V = 3 m/s
d = 12 mm diameter of pipe for the pitot tube

Q, : (without pitot-static tube) = T x D> xV

0, = % X (25 x 1072 x 3 = 1.473 x 107 m¥s

If pitot tube is introduced

Ay

%(D2 P = %[(25 x 10732 = (12 x 10732

3.78 x 107* m?
0,=A,V,, V,=1473 x 107/3.78 x 107
= 3.899 m/s will be indicated

Error = % =-30%

To reduce the error to 1%, the changed velocity must be 3.01 m/s with the pitot tube

Q _ 1473x107°
v, 301

4
4 = [44, :\/4><4.894><10 s
T T

7.2 For the system of Fig. 7.14

Ay = = 4.894 x 107* m?

(1)
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80x10°

Ve = 80 km/h = ——— =22.22 m/s
: 3600

p=100kPar=20C, p=11774 kg/m?
6 = 1 mm full-scale deflection

= ? (spring stiffness)
t = 1.5 mm thick aluminum, p, = 2600 kg/m®

Fy

F,: drag force

Cs Apv;
2

C,: drag coefficient = 0.567

A': Projected area
p: density
vt velocity

A_

D

r

ry

Usable frequency range

2F 2%5
Gpvi  0567x11774x2222°

= 0.0303 m’

_[4a \/4><0.0303 01964 m
T T
F, 5
= fa _ = 5000 N/m
b 1073

D
= QOuter radius of sphere = 5 = 0.0982 m

= Inner radius = r, — ¢t = 0.0982 — 0.015
0.0967 m

4 4
37 (r5—-1r) = 3 (0.0982% — 0.0967°) 7

1.79 x 10°* m?

= pV = 2600 1.79 x 107 = 0.465 kg

= \/Z = Im = 103.7 rad/s (16.5 Hz)
m 0465

16.5x 0.2 =33 Hz

(1) {eq. (7.8)}

(2)

3)
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Damping

§

Cy A dx)  d?
X
—kx + X p vf——x =M
2 dt
{Drag force is always opposite to relative velocity }
2
A
—d ;+CdAp 2vf—ﬁ d—x+kx Cadp
dt 2 dt ) dt
Linearizing Eq. (5) about vy,

1
[\®)
=

d*x dx
M—+C,ApV;y — +kx
TR Plro dt

Cq Ap )2
7 f

_ CyApvro 0567 x0.0303x 11774 x 2222

¢

“)

(%)

(6)

© 2 kM 2,/5000 x 0465
= 0.00466
7.3
Ry =Ry R, | % P v
Ry
Ry  + S0 X e, K, i X + * 1 T
@ b (1D +1) (1,0 + 1) ¢ 1,(tD +1)

Fig. 1 (Fig. 7.19) Constant-temperature anemometer.
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Staring from e, and v, the following transfer function is obtained in terms of the differential operator

- e—OKe+KV ! > KbKa = 670 (1)
R, I,(tD+1) )| 1,1, D"+ (1,+7T,)D+1 R,

v: Fluid velocity
e,: Output voltage
Since R; = R, error signal is mainly from the feedback loop.

The characteristic equation of (1) is given by

KK, K KK, K, R,
{11121D3+(1112+111+121)D2+(1+11+12)D+1+%”}e0 :—(“I”“)v 2)
m

m

7=000ls 7, = 7, = 0.000001

105 D +2001 x10°D*+1.002%x 10°D+K=0 (3)
where K =1+ K, 4)
Applying Rouths stability criterion to Eq. (3)
1071 1.002 x 107
2.001 x 107 K
(2.001) x 107 x 1002 x 1073 = K x 1071%) -0
2.001x107°
-9 -3
K= 2.001x10 ><11.002><10 )
1075
K =2005 or K, =2004 is the margin of stability
K.K, K,
Kloop = —choe (6)
I,
1
Kipop = - X 2005
5
001
T = t - 0000 w106 s (7.36) (7)

1+%><2005 1+%><2005

T-7, _ 0001-248x107°
T 0.001

% improvement = 1 —

0.248%
7.4 This problem can be easily solved using SIMULINK.
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Input velocity
vi + 1.0%sin(62800%u) ,_@
Transport Clock 2
delay Fen
+ D
Step input 1
Sum 2
Output voltage
o 1 I
Gain 2 N
1
—4010 I ™ . Te 35+1
le—6s+1 le—6s+1 | '
Gain 1 Sum 1 Hot wire
Electronics
t ms5p7.4
Clock 1
Hotwire response Dashed is vi Solid is €0

2.5 ‘ | | |

Time, seconds < 10°
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7.5 Equation for flow rate is given by

A, f 2(p1— p2)

T
Af

Change of temperature affects the orific diameter and the pipe diameter

Let C, = A )

0, = (1) {Eq. 7.40)

d,;: diameter of the orifice

d,s: diameter of the pipe

dj; = dy(1 + o AT), AT = change of temperature
1r=dy(l + o AT)

(dy; (1+ 0y AT)?

| dy 1+, AT))"
diy (1+0a,AT)

For dyp =25 mm, d,;=50 mm

o, = 5.145 x 10°° mm/mm/°C
o = 3.44 x 10° mm/mm/°C

c = 3)

AT Cyx10°
0 2581.988
5 2582.124
10 2582.260
15 2582.395

20 2582.531

25 2582.667

30 2582.802

35 2582.938

40 2583.074

For a 40°C change in temperature, change in flow rate will be by a factor of 1.00042

2
7.6 O : flow rate = 2—0 x 107% = 3.33 x 107 m¥/s
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Ap : Pressure drop = 750 Pa

Re : Reynold’s number = 500

p : Density of water = 1000 kg/m’

U : Viscosity of water = 0.001 Pa — s

Re = pOV (1)
u
where D is the tube diameter
0 _ 40
V=== 2
4" 2D (2)
where V is the velocity
From Egs. (1) and (2)
Re = 4pQ (3)
TuD
-9
D= 4p0 _ 4x1000x%x333x10 — 0.0085 mm
Remu 500 % 7 X 0.001

The above diameter is ridiculously small and impractical. Therefore, assuming a reasonably small
diameter, length is designed based on pressure drop. Let D = 0.5 mm, which results in a Reynold’s
number much less than 500.

_mD*Ap  mwx(05%x107°)*x 750

= = =0.345 m Eq. 7.52
12840 128 x0001x333%x107° (Fa )

The above length is reasonable.

7.7 For a rotameter, to derive Eq. (7.53) based on the simplified model.

SECTION A-A

]

M\

d;: Diameter of the float (constant)
d, : Diameter of the tube (variable)
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V;: Volume of the float

Py : Density of float

P+ Density of fluid

A;: Area of float (constant) ndf2/4

nd?

A, Area of tube (variable)

Weight of the float-buoyant force = net pressure
Vipr 8 = Vy Pyr 8 = ApA;

_ gV pr =V py)

Ap
Ar

gV
Ap = Tf Py = Pyp)
f

Equation (7.40) for the orifice
Az f Cd 2 A P

1_Ai2 Pir
Ay

Q=

Ay Orifice area

A,;: Pipe area
C,: Discharge coefficient
A = A,

From Egs. (2) to (5)

0 - Calh=4) \/2gi Pr =Py

1 a-a VA Pr
4

7.8 To derive the condition for minimizing error due to change of fluid density

K (A, = Ap\[pyr (Pr = Pyr)

dm 1K, (A - Ay)

(Pr = 2ppp
0Py 2P Py = Pyr) ! &

Py Density of fluid p;: density of float

dm
_— = O e = 2
P, Pr= <Py

m

(1

()

3)

“)
(%)

(6)

(1

(2)

3)
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Equation (3) means that if the density of float is twice the density of fluid, error due to its variation

will be minimum.

To prove this point further, let pf]? be the nominal density and p, density variation around this

nominal value.
Let p'—fg =
Py
and p—g =y
Py

From Egs. (1), (4) and (5)

=Ky (A, = A pyiJx(y—x)

The ideal value of \/x(y — x) is 1. Therefore, error is given by

err=1- Jx(y—x)

For various values of x{0.95 to 1.05} and y{1.4 to 3} Eq. (7) is plotted. The results are presented
in Table 1. It can be clearly seen that for any density variation, when the density of float is twice that

of the fluid, error is the least.

Table 1: Error due to density variations of the fluid for various densities of the float (Eq. 7)

Density variations of the fluid around the nominal value x = Py/P. (eq. 4)

oo | N 095 096 097
£5 | 1.4 0.35 0.35 0.36
5% | 16 021 022 0.22
> | 18 0.09 0.10 0.10
"§ % 2 0.01  0.01 0.00
8o | 22 011 011 0.10
£ |24 020 020 020
o2 | 26 029 029 0.28
58 | 28 0.37 037 037
T = 3 0.45 045 0.45

0.98
0.37
0.23
0.11

0.00
0.10
0.19
0.28
0.36
0.44

0.99
0.38
0.23
0.11

0.01
0.09
0.19
0.28
0.36
0.44

1.00
0.38
0.24
0.12
0.01
0.09
0.18
0.27
0.35
0.44

1.01
0.39
0.25
0.12
0.02
0.09
0.18
0.27
0.35
0.43

1.02
0.40
0.25
0.13
0.02
0.08
0.17
0.26
0.35
0.43

1.03
0.41
0.26
0.14
0.03
0.08
0.17
0.26
0.34
0.42

1.04
0.42
0.27
0.14
0.03
0.07
0.17
0.26
0.34
0.42

1.05
0.42
0.27
0.15
0.04
0.07
0.16
0.25
0.34
0.42

=4

d

(§) bo

« Mini.
error

“)

(%)

(6)

(N
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7.9
18cm m=0.5kg
S e Nl Fi k= 3600 N/m
C,=0.567
6=0.2 sin wt
1.5m i i ; Water level
, F
A Centre of
rotation
C, Apv;
iz (1) {Eq. (7.8)}
F,: Drag force
C,: Drag coefficient (0.567 given)
A': Projected area
p: Density
vy Velocity
2 2
A= T mXOI 5 sas ()
4 4
p = 1204 kg/m3 (density of air)
0567 x 002545 1.204 v; 5
For Ve = 10 m/s (say)
F, =0.008687 x 100 = 0.8687 N 4)
v,, velocity due to rocking
=10 (5)
=15% 0.2 @ cos wt
If o = 2 rad/s
v, =15%x02 %2 cos ot =0.6 cos2t (6)

The gravity component along the x-axis

F; =mg6=mg 0.2 sin27 = 0.5 X 9.81 x 0.2 sin2¢
= 0.981 sin2¢ (7)
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This is larger than the drag force
The force due to the angular acceleration

foy = mla=0.5x1.5 (- 0.2 X 4 sin2r)
= —0.6 sin2t (8)

The rocking velocity represented by Eq. (6) is negligible for wind speeds of 10 m/s. Therefore, Egs.
(7) and (8) are important.
The three major sources of error in measuring wind velocity can be summarized as follows:

(1) Rocking causes a relative velocity of the still air with respect to the sensor, which cannot be
distinguished from an actual wind

(2) Rocking causes a tilt angle which puts a component of the spheapostrophe weight along the
force sensors sensitive axis

(3) Angular acceleration of the rocking causes a horizontal component of translation velocity and
a reaction to this cannot be distinguished from a wind force.

E}" = 0.008687 x 0.6 cos*2t ®)
= 0.003127 cos*2t

Only for wind velocities of 0.6 m/s, Eq. (9) will be comparable. Therefore, Eqgs. (7) and (8) are
plotted. The graph is presented as follows.

0.981 sin 27-0.6 sin 2¢--equations (7) & (8)
0.8 T T T T T T

Force N (undesirable)

Time, sec
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7.10
Ry A
R; i
A
Section A—A
ection . LX _
=12.5 mm
g 1=2.5D
125 mm
g .
g
< my J—
I V=3 m/s
Q
Assumptions
(1) Water flowing through a 50 mm diameter pipe
(2) Velocity V =3 m/s
(3) 1 =2.5D =125 mm
(4) Ly = 12.5 mm
(5) m; =22 gms
(6) m, =7 gms
(7) Projected area of the drag A = 625 mm>
(8) F,: Drag force = 14 N
(9) E: Young’s modulus of elasticity 70 GPa (alumin)
(10) p: Density of water 1000 kg/m’
(11) o: Stress = 120 MPa Corresponding to € = 1500 us
=" (R} - R (1)
4
F; X IR
o= A/]Ic = _ FaXIRy (2)

T 4 4
— Ry (1-k
4 o )

where k = &
Ry
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1 -k = 4Fdl3
no R
AF, ] 1/4
k=|1-—-2 4)
o Ry
Let Ry =5 mm
4x4x0125 |
X4 X 0.
k=11~ . - =0.9606 (5)
7 X120 x10” % 0.005

R, = kR, =0.9606 x 5 = 4.803 mm
t=Ry— R, =5-4803 =0.197 mm

M 1 El

K: Stiffness = — = = — 6
: 265 » (6)
J —dx
El
0
I= %(R(‘)‘ -R)H = %(0.0054 — 004803%) (7
=7.2909 x 10" m*
From Eqgs. (6) and (7)
9 ~11 _
K, = 70x10°Xx 72909 <107 _ 4083 N-m )
‘ 00125 rad
{Equivalent stiffness}
J: Rotary moment of inertia
2
=m, *+m, By
2
=0.022 x 0.125% + M
=38x 10" kg - m?
1 |K
f, - natural frequency = — ‘/—S )
2r N J
po L[
2w\ 38%x10”
Drag coefficient
2F 2x14
C, = = (10)

ApV?  625x107°x 1000 x 3>
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7.11
P
Fluid resistance R, 4 ressure drop (1)
' Volume rate flow
P
Fluid inertance I 2 - ressure drop 2)
Time rate of change of volume rate
Newton’s law for the mass of fluid within the laminar flow element
d
Ga-PA-©QR)A=1 "2 3)
For the pressure sensor model
- 1
=P (D) = ——— (4)
(pa_pb) TsensD+1
[f D+ 1J
PP :R7f Ry _ K@D+ )
Q A (Teens D+1) (Tsens D+ 1)
Ry
where K=" (6)
A
I
f
Tam = 5~ )
a Rf
7.12
x 001
A,y (orifice area) = % = 7.854 x 107 m? (1)
X 0,025
A (pipe area) = % =4.909 x 107 m? 2)
V =35m/s
p = 1000 kg/m*
0 =AV =4909 x 10 x 5 = 2.4545 x 10~ m’/s (3)
A 2A
0= —22f - )
- (Asz
A f
) 2
0 A f
a1 p
A f A f
= Ap (%)

2
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24545107\ || (7854x10° )
7854 %107 4909 x10~*

2

Ap =

Ap = 476 kPa
Ap =p,, gh

A 476 x10°
P = 3.57 m of mercury (unreasonable) height

h =
pmg  13600%981

7.13
d, = 30 mm
d; = 80 mm
h = 0.3 m of mercury
Perde = 800 kg/m®  p, = 13600 kg/m® (mercury)

0=
Ap =p,, gh
= 13600 x 9.81 x 0.3
Ap = 40 kPa
A 2A
0= 2 : 14
1— (AzJ pcrude
A
2
X 0.
A, = % = 7.0686 x 107 m?
2
X 0.
A, = % = 0.005027 m>
70686 % 107 2 x40 % 10°
0= X

(70686107 800
0005027

= 0.0072 m’/s

(6)

(N

)

(1)

()

3)

“)

(%)



