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For critically damped system:
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Insert function in Equations (2-38) and (2-39), manipulate algebra and the indicated result will be given. 
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0.414

0.414/7.27 10 5695 s 1.58 h

t ω π
φ ω ω

φ ω ωτ
ωτ

τ

Δ −

−

−

= = = = ×
= =

= = = −
=
= × = =

 

 
2-63 

0 45 100 (6s) 70

(70 45)/(100 45) exp( 6/ )

7.61 s

For 90% rise time exp( /7.61) 0.1

Rise time 17.52 s

T T T

τ
τ

τ

∞= = =
− − = −
=

− =
=

 

 
2-64 
Insert function in Equations (2-38) and (2-39), manipulate algebra to give the indicated result. 
 
2-65 

08 s, 40, 100

Rise time 2.303 18.424 s

(99%) 99 C

(99 100)/(40 100) exp( /8)

32.75 s

T T

T

t

t

τ
τ

°

∞= = =
= =
=

− − = −
=

 

 
2-66 

1

2 1/2

5 Hz, 0.6 s

(2π)(5) 31.4 rad/s

( ) tan ( ) 8.7

1/[1 ( ) ] 0.053

ω τ
ω

φ ω ωτ

ωτ

−

= =
= =
= − = − °
+ =

 

 
2-67 

1 1

2 1/2

15, 0.01 Hz 0.0628 rad/s

( ) tan tan (0.0628)(8) 26.7

Attenuation 1/[1 ( ) ] 0.894

A ω

φ ω ωτ

ωτ

− −
= = =
= − = − = − °

= + =
 



 

12 

Chapter 3 
3-1 
 

READING ix  i i md x x= -  2 2( ) 10i mx x- ´  

1 100.0 –0.09 0.81 
2 100.9 0.81 65.61 

3 99.3 –0.79 62.41 

4 99.9 –0.19 3.61 
5 100.1 0.01 0.01 

6 100.2 0.11 1.21 

7 99.9 –0.19 3.61 
8 100.1 0.01 0.01 

9 100.0 –0.09 0.81 

10 100.5 0.41 16.81 

 1000.9  154.90 
 

1

1/2

2
1/2

1

max

1 1
(1000.9)

10

100.09

( )
1

(1.549)
1 10 1

0.414;  all 1.96 (Table 3.4)

0.414
0.131

10

By Table 3.3, we have:

100.09 0.131 (2.15 to 

=

=

= =

=
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥ ⎡ ⎤⎢ ⎥ ⎢ ⎥= =⎢ ⎥ ⎢ ⎥− −⎣ ⎦⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦

= <

∴ = = =

= −

∑

∑

n

m i

i

m

n

i m

i

m

m

x x
n

x

x x

n

d

n

x

σ

σ
σ

σσ

1)

100.09 0.262 (21 to 1)

100.09 0.393 (356 to 1)

= ±
= ±

 

 
3-2 

1/22 2

2 2 1/2

 (110.2)(5.3) 584.06 Watts

( , )

{[(5.3)(0.2)] [(110.2)(0.06)] }

6.7 Watts or 1.149

P r I

P

P

P VI

P P V I

P P
W W W

V I

W

W

∂ ∂
∂ ∂

%

= = =
=

é ùæ ö æ öê ú÷ ÷ç ç= +÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è øê úë û

= +

=
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3-3 

1/22 2

2 2 1/2

2 2 1/2

{[(150)(0.01)] [(50)(0)] }

1.5

We want to find   with 150  or 1.5

2.25 {[(150)(0.01)] [(50)( )] }

0.0336 ft

A w L

A

A

L A

L

L

A A
A WL L W

W L

A A
W W W

W L

W

W

W W

W

W

∂ ∂
∂ ∂

∂ ∂
∂ ∂

%

= = =

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟= +⎜ ⎜⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
= +
=

=
∴ = +

= ±

 

 
3-4 

1

1 2

1/22 2

2
1 2

2 2 1/2

1; 1

{[(1)(0.1)] [(1.0)(0.03)] } 0.1044 ohms

T T
T

T T
RT R

RT

R R
R R R

R R

R R
W W WR

R R

W

1 2

∂ ∂
∂ ∂

∂ ∂
∂ ∂

= + = =

é ùæ ö æ öê ú÷ ÷ç ç÷ ÷= +ç çê ú÷ ÷ç ç÷ ÷÷ ÷ç çê úè ø è øê úë û

= + =

Series

 

Parallel 

1

1 2

1 2

1 2 2 1 2 1 2 1 1 2
2 2

1 2 1 2

1/22 22 2
2 1

22 2
1 2 1 2

2

( )( ) ( )
;

( ) ( )

( ) ( )

2500 10,000
(0.01) (0.03)

22,500 22,500

T

T

T T

R R

R R
R

R R

R R R R R R R R R R R R

R RR R R R

R R
W W WR

R R R R

1 2

∂ ∂
∂ ∂

=
+

+ - + -
= =

+ +

é ùæ ö æ öê ú÷ ÷ç ç÷ ÷ç çê ú= +÷ ÷ç ç÷ ÷ê úç ç÷ ÷÷ ÷ç ç+ +è ø è øê úë û

é ù é
ê ú= +ê úë û ë

1/22

0.01338 ohmsRTW

ì üï ïùï ïï ïê úí ýê úï ïûï ïï ïî þ
=

 

 
3-5 

2 1/2

1 2
1 2

1 2

1 2 2 1 2
2

1 2

{2[(1)(0.002)] }

0.0283 lowest uncertainty should be used.

 but 
2

( ) 20,000 10,000

40( )

R

R

W

W

R R R
R R R R

R R

R R R R R R R

R R R R1 2

∂ ∂
∂ ∂

=
= ← ∴

= = ∴ =+
+ − −= = =

+

25 ohm series arrangement

100 ohm parallel arrangement

 

 

1/22

1

,000 4

1
2 (0.1) 0.0354 ohms 

4RW

=

⎧ ⎫⎪ ⎪⎡ ⎤⎛ ⎞⎪ ⎪⎪ ⎪⎟⎜⎢ ⎥= =⎟⎨ ⎬⎜ ⎟⎟⎜⎢ ⎥⎪ ⎪⎝ ⎠⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭
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1 1 1 1 1

From (2)

2 ln ln(ln ) ln ln ln(ln )
n n n n n

i i i i i

i i i i i

ab x a x y b x x

= = = = =
+ = + +∑ ∑ ∑ ∑ ∑  

1

1

0.452

By solving simultaneously:

ln
52.07

1; 0.452
115.13

ln

n

i

i
n

i

i

c

y

a b

x

y x

=

=

= = = =

=

å

å
 

 
y  x  ln y  ln x  cy  id  id  

33.2 2040 3.50 7.63 31.2 2.0 2.0 

32.0 2580 3.46 7.85 35.0 3.0-  3.0 

42.7 2980 3.74 7.99 37.0 5.7 5.7 

57.8 3220 4.05 8.08 38.5 19.3 19.3 

126.0 3870 4.84 8.26 42.0 84.0 84.0 

17.4 1690 2.86 7.42 28.6 11.2-  11.2 

21.4 2130 3.06 7.66 32.0 10.6-  10.6 

27.8 2420 3.32 7.80 34.0 6.2-  6.2 

52.1 2900 3.95 7.97 36.8 15.3 15.3 

43.1 3310 3.76 8.10 38.8 4.3 4.3 

18.8 1020 2.94 6.94 23.0 4.2-  4.2 

19.2 1240 2.95 7.13 25.0 5.8-  5.8 

15.1 1360 2.72 7.21 26.0 10.9-  10.9 

12.9 1710 2.56 7.45 29.0 16.1-  16.1 

78.5 2070 4.36 7.64 31.8 46.7 46.7 

  52.07 115.13   245.3 
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1 1

1 1 1
| | | | | | [245.3]

15

| | 16.4

i i c

n n

i i i c

i i

i

d y y

d d y y
n n

d

= =

= −

= = − =

=

∑ ∑  

 
3-7 

1/2

2
1/2

1

( )
61.08

1 9

2.6

n

i m

i

x x

n
σ

σ

=

é ù
ê ú-ê ú
ê ú æ ö÷ê ú ç= = ÷ç ÷ê ú ÷çè ø-ê ú
ê ú
ê úê úë û

=

å
 

2 2( ) /21
( )

2
1 1

( )
2.6(2.5)2

( ) 0.154 not a very good player 

1 1
(30 )

10
30.6 the player should toss easier

mx x

m

m

m i i

m

P x e

P x

P x

x x d
n

x

σ
σ π

σ π

− −=

= =

= ←

= = +
= ←
∑ ∑

 

 

Toss Deviation 2( )i mx x-  

1 0 0 
2 3+  9.00 
3 4.2-  17.70 
4 0 0 
5 1.5+  2.25 
6 2.4+  5.78 
7 2.6-  6.80 
8 3.5+  12.25 

9 2.7+  7.30 

10 0 0 

 61.08 
 
3-10 

1 2

1

1 2

/2 1
1

/2

0

1

1

1

1
 where 

2

1 153
0.20   interpolating in Table 3-2: 0.441

3472

0.5244

0.955

x
P e d

e d

x

η
η

η
η

η

η η
σπ

η
π

η

σ
η

+ −
−

−

= =

= ← =

∴ =

= =

∫
∫  
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0.75
0.785 using Table 3.2 we find

0.955
(2)(0.284) 0.568

Probability of error of  0.75 volt 43.2

= = ←
= =

∴ =
P

η

%
 

 
3-11 

21 /2
1

0

1
1

1

1 1

For 5  F’s and 5 ’s

1
2 0.90 Table 3.2: 1.645

2

 where 15, 9.12

if 5, 0.548 Table 3.2

2(0.20797) 0.416

5 ’s and F’s; 24.2 ’s and D’s; 41.6 C’s

−⎛ ⎞⎟⎜ ⎟= = ← =⎜ ⎟⎜ ⎟⎜⎝ ⎠

= = =

= = →
= =

∴

∫P e d

x
x

x

P

η η
η η

π

σ σ
η

η

% % Α

% Α % Β % 

 

1

For 10 A’s and F’s

0.80 Table 3.2 1.282

15
11.7

1.282

= → → =

= =

P η

σ

% 
 

1 1if 5, 0.428 Table 3.2

2(0.16567) 0.3314

10 ’s and F’s; 23.43: ’s or D’s; 33.14 C’s

= = →
= =

∴

x

P

η

% Α  Β % 
 

 

1

1 1

For 15 A’s and F’s

0.70 Table 3.2 1.036

15
14.5

1.036
if 5; 0.345 Table 3.2

2(0.13495) 0.270

15 ’s and F’s; 21.5 ’s and D’s; 27 C’s

= → → =

= =
= = →

= =
∴

P

x

P

η

σ

η

% 

% Α % Β % 
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3-12 

 
 
 

3-13 

Temperature Total production Number rejected Number non-rejected 

1T  150 12 138 

2T  75 8 67 

3T  120 10 110 

4T  200 13 187 

 545 43 502 
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Apply Chi-Square Test:

3 8 (number of restrictions from number of

observations )

5

43
expected rejection rate 0.079

545
502

expected non-rejection rate 0.921
545

F n k F n

k

= − = =

=
= =

= =

 

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2 2 2 28 10 1312
150 75 120 2002

2 2 2 2138 67 110 187
150 75 120 200

0.079 0.079 0.079 0.079

0.079 0.079 0.079 0.079

0.921 0.921 0.921 0.921

0.921 0.921 0.921 0.921

[0.1266 96.89 2.38 24.81 0.0109 8.3110 0.2039 2.13] 1

χ
− − − −

= + + +

− − − −
+ + + +

= + + + + + + + × 4

2 4

0

134.8624 10 0.0135

From Table 3-5 0.995p

χ

−

−= × =
→ >

 

We conclude that the rejection rate is dependent on the temperature at which the cups are molded. 
 
3-16 
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3-20 
100 6.826 ft 0.01 ftmn x σ= = =  

a. 
1

0.005 ft
2

1
(2)(0.19146) 0.38292

2

38.92 out of 100 readings.

P

σ± = ±
⎛ ⎞⎟⎜ = =⎟⎜ ⎟⎟⎜⎝ ⎠

 

 
b. 0.02 ft 2

(2) (2)(0.47725) 0.9545

95.45 out of 100 readings

P

σ = 
= =

 

 
c. 0.05 ft 5

(5) (2)(0.49999) 0.99998

100 out of 100 readings

P

σ = 
= =

 

 
d. 0.001 ft 0.1

(0.1) (1)(0.0398) 0.0398

3.98 out of 100 readings

P

σ± = ±
= =

 

 
3-22 

4 6 6
Total 1 2 (10 10 ) ohms 1.01 10  ohmsR R R= + = + = ´  

 

Total 1 2

1

2 Total

Total

1/22 2
Total Total

1 2

4Total Total

1 2

6 5

5

6

W W W

1 1 W (10 )(0.05) 500 ohms

W (10 )(0.10) 10  ohms W 100,000 ohms

1.0 10
W 100 9.9

1.01 10

R R R

R

R R

R

R R

R R

R R

R R

⎡ ⎤⎛ ⎞ ⎛ ⎞∂ ∂⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟= +⎜ ⎜⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎢ ∂ ∂ ⎥⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
∂ ∂= = = =∂ ∂

= = =
×= × = %
×

 

 
3-23 

1

1 1
(46.45) 4.645 cm

10

n

m i

i

x x
n

=

= = =å  
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Reading ,  cmx  i i md x x= -  2 4( ) 10n mx x- ´  

1 4.62 0.025-  6.25 
2 4.69 0.045 20.25 
3 4.86 0.215 462.25 
4 4.53 0.115-  132.25 
5 4.60 0.045-  20.25 
6 4.65 0.005 0.25 
7 4.59 0.055-  30.25 
8 4.70 0.055 30.25 
9 4.58 0.065-  42.25 

10 4.65 0.015-  2.25 

Σ  46.45  746.50 
 

1/2
2 4

1

1 1
( ) (746.50 10 ) 0.0911 cm

1 9

n

i m

i

x x
n

σ -

=

é ù é ùê ú ê ú= - = ´ =ê ú ê ú-ê ú ë ûê úë û
å  

The acceptable maximum value of 1.96 (Table 3.4)=id

σ
 

At reading 3 2.49id

σ
= \ reading 3 can be eliminated. 

With the elimination of reading 3: 
1

(41.59) 4.621 cm.
9mx = =  

Reading i i md x x= -  2 4( ) 10n mx x- ´  

1 0.001-  0.01 

2 0.069 47.61 

3 0.091-  82.81 

4 0.091-  82.81 
5 0.021-  4.41 
6 0.029 8.41 

7 0.031-  9.61 

8 0.079 62.41 
9 0.041-  16.81 

10 0.009 0.81 

Σ   232.89 

1/2
41

(232.89 10 )
8

0.0539 cm

σ

σ

-é ù
ê ú= ´
ê úë û

=

 

 
3-25 
Group Service Calls Expected Calls 

A 10 8 

B 6 8 

 16 16 
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2
2

1

2 2
2

[(observed value) (expected value) ]

(expected value)

2 number of observations 1  number of restrications

(10 8) (6 8) 1 1
1.0

8 9 2 2
From Table 3.5, 0.3425

=

−=

= − = = = =
− −= + = + =

=

∑n
i i

ii

X

F n k n K

X

P

 

\There is a 34.25% change that Group A was harder on the equipment than Group B. 
 
3-26 

Read Viscos  

1 0.04  

2 0.041  

3 0.041  

4 0.042  

5 0.039  

6 0.04  

7 0.043  

8 0.041  

9 0.039  

   

   

 MEAN = 0.040667 

 STDEV = 0.001323 

 VAR = 1.75E-06 
 
3-27 
Least square bu spreadsheet 
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3-28 
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3-29 
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3-30 
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3-31 
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3-35 

1/22 2

1/22
2

4 1/2

4

0.01414 (4)(0.01)

[ 2.0006 10 ]

P E R

R

R

W W W

P E R

W

R

W

R
−

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥⎟ ⎟⎜ ⎜= +⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
⎡ ⎤⎛ ⎞⎢ ⎥⎟⎜= + ⎟⎜⎢ ⎥⎟⎟⎜⎝ ⎠⎢ ⎥⎣ ⎦

= − ×

 

Impossible to achieve the 1.4% with this method. 
 
3-36 

( )( )
( )

2 2

1/2
lbm ft Ibf
inf s in2

2lbf ft
lbm R

Nominal value 

(2) 32.17 25 lbf
(0.92)(1.0 in ) 1.4

in53.35 (530 R)

0.25963 lbm/s

0.921
( 0.001) 1.001086

0.92

0.001086
1.08696

0.201

m

m c m m

m m
m

c

°

∂
∂

⋅
⋅

⎡ ⎤⋅⎢ ⎥⎢ ⎥= ×⎢ ⎥°⎢ ⎥⎢ ⎥⎣ ⎦
=

⎛ ⎞⎟⎜+ = =⎟⎜ ⎟⎟⎜⎝ ⎠

= =



  

  

( 0.001) 1.001

1.0
0.001

m A m

m m
m

A

∂ 0.001
∂

+ =
= =
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1/2

1/2

1/2

25.01
( 0.01) 1.000199

25

0.000199
0.02

0.01

1.401
( 0.001) 1.000357

1.4

0.000357
0.357

0.001

530
( 0.1) 0.999906

530.1

9.4326

m p m m

m
m m

p

m p m m

m m
m

p

m T m m

m

T

∂
∂

∂
∂

∂
∂

⎡ ⎤⎢ ⎥+ = =⎢ ⎥⎣ ⎦
= =

⎡ ⎤⎢ ⎥+ = =Δ ⎢ ⎥⎣ ⎦
= =Δ

⎡ ⎤⎢ ⎥+ = =⎢ ⎥⎣ ⎦
= − ×

  

  

  

  

  

 4

2 2 2 2 2 2 2 2

4 2 2 1/2

10

[(1.08696) (0.005) (1) (0.001) (0.02) (0.5) (0.357) (0.005)

( 9.433 10 ) (2) ]

0.01172

1.172%

Wm m

m

−

−
= + + +
+ − ×

=
=

 



 

 
3-37 
Example 3.2 

1.0 0.1 0.1E I RW W W= = =  

a. 
2E

P
R

=  

2

2

2 2 2 2 1/2

(100)
Nominal 1000 W

10

100.1
( 0.1) 1.002001

100

0.002001
0.02001

0.1
10

( 0.01) 0.9990009
10.01

0.99
0.0999

0.01

[(0.02001) (1.0) ( 0.0999) (0.1) ]

0.
P

P

P E P P

P
P

E

P R P P

P P P
P

R

W P

∂
∂

∂
∂

= =

æ ö÷ç+ = =÷ç ÷÷çè ø

= =

æ ö÷ç+ = =÷ç ÷÷çè ø

-
= = -

= + -

= 02236

2.236

P

%=

 

 
b. P EI=  

100.1
( 0.1) 1.001

100

0.01

10.01
( 0.01) 1.001

10

0.1

P E P P

P

E

P I P P

P
P

I

∂
∂

∂
∂

⎛ ⎞⎟⎜+ = =⎟⎜ ⎟⎟⎜⎝ ⎠

=

⎛ ⎞⎟⎜+ = =⎟⎜ ⎟⎟⎜⎝ ⎠
=
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2 2 2 2 1/2[(0.01) (1) (0.1) (0.1) ]

0.01414

1.414

PW P

P

%

= +
=
=

 

 
Example 3.3 

2

2

2

2

(501)
1000

(500)
1000

500
1001

5, 0.05, 50

(501)(5)
( 1)

2250

1.001777

0.001777

(500)(5.01)
( 0.01)

2250

1.002222

0.2222

(500)(5)
( 1)

2250

E I RM
m

m

E
P EI W W W

R

P E P

P

P
P

E

P I P

P

P
P

I

P R P

∂
∂

∂
∂

= − = = =

⎡ ⎤−⎢ ⎥⎢ ⎥+ = ⎢ ⎥⎢ ⎥⎣ ⎦
=

=

⎡ ⎤−⎢ ⎥⎢ ⎥+ = ⎢ ⎥⎢ ⎥⎣ ⎦
=

=

⎡ −⎢+ = ⎢
⎣

2 2 2 2 2 2 1/2

1.000111

0.000111

[(0.001777) (5) (0.2222) (0.05) (0.000111) (50) ]

0.01527

1.53

m

P

P

P
P

R

W P

∂
∂

%

⎤⎥⎥⎢ ⎥⎢ ⎥⎦
=

=

= + +
=
=
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2

17.5
2.917

6

( ) 10.728

i
m

i m

y
y

n

y y

= = =

− =

∑
∑

 

1/ 2

1/22

,

1/ 2

10.728
1.465

5

17.264 10
0.2099

4

0.004406
1 0.999

2.146

y

y x

r

σ

σ
−

⎡ ⎤⎢ ⎥= =⎢ ⎥⎣ ⎦
⎡ ⎤×⎢ ⎥= =⎢ ⎥⎢ ⎥⎣ ⎦

⎡ ⎤⎢ ⎥= − =⎢ ⎥⎣ ⎦
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3-40 

1/22

2

1/2

,

1/22

log 0.253 0.497 log

log 7.167
0.7963

9 9

0.6514
( ) 0.6514 0.2853

9 1

(log log ) 0.0017717

0.0017717
0.01591

9 2

0.01591
1 0.

0.2853

m

i m y

i ic

y x

N R

N
y

y y

N N

r

σ

σ

= − +
= = =

⎛ ⎞⎟⎜− = = =⎟⎜ ⎟⎟⎜⎝ ⎠−
− =

⎡ ⎤⎢ ⎥= =⎢ ⎥−⎣ ⎦
⎡ ⎤⎛ ⎞⎢ ⎥⎟⎜= − =⎟⎜⎢ ⎥⎟⎟⎜⎝ ⎠⎢ ⎥⎣ ⎦

∑
∑
∑

998
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( )

1 2 21

1 1

2 2

1 2 1 2

1

1

2
2

1

2

25
25

( ) ( )

100, 80, 75, 55

1 C

25 25
(nominal) 25

ln

( 1) 25.49673

0.49673

( 1) 25.49673 0.49673

( 1) 24.49659

h c

h c

h h cc
m T T

T T

h h c c

T

m

m h

m

h

m
m h

h

m c

T T TT
T

h

T T T T

W

T

T T

T

T

T
T T

T

T T

Δ

∂
∂

∂
∂

-
-

- - -
=

æ ö÷ç ÷ç ÷çè ø

= = = =

=  

-
D = =

D + =

D
=

D
D + = =

D + =
1

2
2

2 2 1/2

0.50341

( 1) 24.49659 0.50341

[(2)(0.49673) (2)( 0.50341) ]

1.00016 C
m

m

c

m
m c

c

T

T

T

T
T T

T

W

∂
∂

∂
∂

D

D
= -

D
D + = = -

= + -

= 
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1 2 3 4

2

2

1 2 3 4

2

1, 1.5, 3, 2.5 k

W 10 100 V 1V

1 1 1 1

2 1
(100) 1 0.4

3 3

24 W

R

R R R R

E

E
P

R

E
R R R R

Ω
%

= = = =
= = ±

=
⎛ ⎞⎟⎜ ⎟= + + +⎜ ⎟⎜ ⎟⎜⎝ ⎠
⎛ ⎞⎟⎜= + + + ⎟⎜ ⎟⎟⎜⎝ ⎠

=
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1
1

2
2

3
3

4
4

2 2 2 2 2 2 2 2 1/2

( 0.01) 23.901 99

( 0.01) 23.956 44

( 0.01) 23.989 11

( 0.01) 23.984 16

[(99) (0.1) (44) (0.15) (11) (0.3) (16) (0.25) ]

1.298 W

5.41

P

P
P R

R

P
P R

R

P
P R

R

P
P R

R

W

∂
∂
∂
∂
∂
∂
∂
∂

%

+ = =

+ = =

+ = =

+ = =

= + + +
=
=
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Va

Vm  

auto speed

measured
a

m

V

V V

=
=  

0

2 2 1/2

1/22
2

auto speed

measured

cos 10 4

cos sin

[(cos ) ( sin ) ]

(tan )

a m

a m

a

m

a m m

a a
m

m

V V m

V V

a m

V

V V

V V W W

V V
V

V

W W V W

W W
W

V V

θ

θ

θ

θ

θ θ
θ

θ θ

θ

%
∂ ∂
∂ ∂

=
=
= = ± = ±

= = −

= + −
⎡ ⎤⎛ ⎞⎢ ⎥⎟⎜ ⎟⎜= +⎢ ⎥⎟⎜ ⎟⎟⎢ ⎥⎜⎝ ⎠⎢ ⎥⎣ ⎦

 

10 0.0505

20 0.0751

30 0.1083

a

a

a

V

a

V

a

V

a

W

V

W

V

W

V

θ

θ

θ

°

°

°

= =

= =

= =

 

 
 
Section 3.5 
Take 25, 1

20 , 10 , 23.492

25.1
( 0.1) 1.004

25
cos 20.1

( 0.1) 0.99936
cos 20

mm V

a

a m a a

a a a

V W

W V

V V V V

V V V

θθ

θ

° °

= =
= = =

+ = =

+ = =
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4

2 2 2 2 1/2

0.004
0.04

0.1

6.368 10
0.006368

[(0.04) (1) (0.006368) (10) ]

0.0752

7.52

a

a

m

a

V a

a

V

V

V

W V

V

θ
∂ ×
∂ 0.1

%

−

∂ = =∂

= =

= +
=
=  

 
3-47 
n  1 2 3 4 5 6 7 8 9 10 
T  101.1 99.8 99.9 100.2 100.5 99.6 100.9 99.7 100.1 100.3 
 

2
act

1/ 2

10002.1 100.21

( ) 2.71

2.71
0.521 C

10

i mT T

T T

σ °

= =

- =

æ ö÷ç= =÷ç ÷÷çè ø

å
å  

 
3-48 

n  1 2 3 4 5 6 7 
T  101.1 99.8 99.9 100.2 100.5 99.6 100.9 

 

3

2 5

1/25
3

14.003
14.003 2.00043

7

( 2.000) 3.7 10

3.7 10
2.3 10

7

x x

x

σ

×

× ×

-

-
-

= = =

- =

æ ö÷ç ÷ç= =÷ç ÷ç ÷÷çè ø

å
å  
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3

3

3 3

3

120 rocks 6.8 cm

0.7 cm

6.5 cm  to 7.2 cm

0.3 to 0.4 cm

0.43  to 0.57

0.43 0.1664

0.57 0.21566

0.38206

Number in this range (120)(0.382) 46 rocks

m

m

x

x

x x

σ

σ σ
η
η

=
=
=
− −

=
= ∫ =
= ∫ =

= =
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3-51 

 
 
3-52 

22 0.3 0.01

0.3 (2)(0.01)

At 2, 1.44

at 1 [ 0.3 (2)(0.01)(2)](0.01)

0.0026

0.0026
0.0018

1.44

x y

y

y x x

y
x

x
x y

W W

W

y

∂
∂

%

= - +

= - +

= =
= = - +

= -

= - = -
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At 0, 2

1 (0.03)(0.01) 0.003

0.003
0.0015

2

x y

y

x y

W W

W

y

%
= =

= = - = -

= - = -

 

 
3-53 

2

2

0.01 0.3 2

(2)(0.01) 0.3 1

1
At 2, 3.846

(0.04 0.3)

(0.01)(2) (0.3)(2) 2 1.44

( 3.846)(0.01)(1.44)

0.0554

0.0277

x y

x

x x y

x x
x

y y

x
x

y

y

x
W W

y

W

x

∂ ∂
∂ ∂
∂
∂

∂
∂

- + =

- =

= = = -
-

= - + =

= = -

=

=

 

 
3-54 

2 5

5

122 2
Re

kg kg
12 lbm/min 5.448 0.0908

min s
0.5 m 0.0127 m

4.64 10  lbm/hr ft 1.92 10  kg/m s

(4)(0.0908)
Re 474,000

(0.0127)(1.92 10 )

Re
d m

m

d

WW W W

d m
μ

μ

π

μ

− −

−

= = =
= =
= × ⋅ = × ⋅
= =

×
⎡ ⎤⎛ ⎞⎛ ⎞ ⎛ ⎞⎢ ⎥⎟⎜⎟ ⎟⎜ ⎜ ⎟= + + ⎜⎟ ⎟⎢ ⎥⎜ ⎜ ⎟⎟ ⎟ ⎜⎟ ⎟⎜ ⎜ ⎟⎟⎜⎝ ⎠ ⎝ ⎠⎢ ⎥⎝ ⎠⎢ ⎥⎣ ⎦







/2

1/22
2 2

Re

0.005
(0.005) (0.01)

0.5

0.015

(0.015)(474,000) 7112W

⎡ ⎤⎛ ⎞⎢ ⎥⎟⎜= + +⎟⎜⎢ ⎥⎟⎟⎜⎝ ⎠⎢ ⎥⎣ ⎦
=
= =

 

 
3-56 

1 2

100 mi/hr 146.7 ft/s 44.7 m/s

5 m

44.7
Nominal values 1.423 lap/s

2 (5)

4
4 laps: 2.81sec

1.423
0.2sect

r

t t W

ω
π

τ

τ

Δ

Δ

= =
=

= =

= =
= − =
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2 2
1 2

1/2
2 2(1) ( 1)

0.2828 sec

0.2828
0.1006

2.81

t t
W W W

W

τ

τ
τ

Δ

Δ
Δ

⎡ ⎤= + −⎢ ⎥⎣ ⎦
=
= =
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3-58 
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3-59 

 
 
3-60 

1/2

10, 1.226

( )
0.0143

1

90  conf. 1.65 0.0236

90  conf. 1.96 0.0280

i
m

i m

x
n x

n

x x

n
σ

σ
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%
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= = =

é ù-ê ú
ê ú= =
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1/2

12 125.8333kPa

( )
2.3677

1

90% conf. 1.65 3.907 kPa

95% conf. 1.96 4.617 kPa

m

i m

n x

x x

n
σ

σ
σ

= =
⎡ ⎤−⎢ ⎥⎢ ⎥= =⎢ ⎥−⎢ ⎥⎣ ⎦
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∑
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11.0 V 9

0.03 V

5  significance 1.96 0.0588 V

1  significance 2.57 0.0771 V

mx n

σ
σ
σ

%
%

= =
=

= = ±
= = ±
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2

2

1.96
0.1 k ; 5  significance 1.96  for large  for small 

(1.96)(0.1)
15.37 16

0.05

For 0.1, [(1.96)(1)] 3.84 4

n n
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Δ

=  = = =

é ù
ê ú= = »
ê úë û

= = = »

 



Chapter 3  SM: Experimental Methods for Engineers 

38 

For dist, at 5 significance

, 0.5 , 1

t

t
t n v n

n

σ
%

Δ

-

= = = -
 

 
n  95 (Table)t  (calc)t

15 2.145 1.936 
16 2.131 2.0 
17 2.120 2.062 
18 2.11 2.121 

18n =  required 
 
3-65 

0.2 50.0 0.2

at 50.2 1

at 50.4 2

(1 ) 0.34134
one side of mean

(2 ) 0.47725

(between) 0.13591

V

V

V

P

P

P

σ
σ
σ

σ
σ

= = 
=
=

ü= ïïýï= ïþ
=
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1

2

2 2

2 2

1 1

2 2

2
0.06 0.03

20 23

0.062 0.032

20 23
19 22

4 1/2

95

3.56 mm 0.06 20

3.58 0.03 23

90  confidence

27.05 (Round to 27)

0.06 0.03
2.03

(2.191 10 )

From table, 2.052

⎛ ⎞ ⎛ ⎞⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠
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= = =
= = =
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σ
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2.03 2.052,< so expect same conf. level. 
 
3-67 

1

2

2 2

2 2

1 1

2 2

2
0.06 0.02

17 24

0.062 0.062

17 24
16 23

95

4 1/2

3.632 0.06 17

3.611 0.02 24

conf. 90  level

18.54 (Round to 19)

2.093

0.06 0.02
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(2.284 10 )

m
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2.647 2.093,> so may not yield same results. 
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3-68 
0.1 0.05

For 5 significance 1.96

10 significance 1.65

5 15.37 16

10 10.89 11

cost/part reject

cost of meas./part

total cost

(5 0.05 16 ( 16)

(10 0.

z

z

n
n

n
n

C

M

T

T C M n

T

σ Δ
% 
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1.96(0.1)% : 0.05 =
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= »

=
=
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= + =
= 1 11 ( 11)

0.05 16 0.1 11
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C M
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1  sig. 2.57

2.57(0.1)
0.05 26.42 27

(1  ) 0.01 27 ( 27)
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= = »

= + =
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3
3

1/222

1/22 2

3

125 10
1.327 kg /m

(287.1)(328.15)

0

0.4 0.5

328.15 1.25

0.004182

0.00555 kg/m

T

P

RT

W WW

T

W

ρ ρ

ρ

ρ

ρ ρ

×= = =
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2

3

2

4

3 0.1 3.33%

5 45

(10)(3)(0.1) 3 6.67%

5 135

(3)(5)(3) (0.1) 13.5 10%

5 405
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3

2

(4)(5)(3) (0.1) 54 13.33%

5 3 2 56

[(2)(5)(3) 3](0.1) 3.3 5.89%

yW

y x x

= = =

= + + =
= + = =

 

3-73 
23 2 5 13

8
2,

6
(6 2) (0.01)(13)
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0.013

0.0065 0.65%
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y x
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y x x
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W x W
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3-77 
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3-81 
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3-82 

 
 
3-83 

3 1

2 4

3 1

1/22 2 2
2

1/22 22

2 4

Let 

0.75 0.25

y x x

x xyR

y ax bx

w a w b w

W WWW

R y x x

= +
⎡ ⎤= +⎢ ⎥⎣ ⎦
⎡ ⎤⎛ ⎞ ⎛ ⎞⎛ ⎞⎢ ⎥⎟ ⎟⎟ ⎜ ⎜⎜ ⎟ ⎟⎟ ⎜ ⎜= + +⎜⎢ ⎥⎟ ⎟⎟ ⎜ ⎜⎜ ⎟ ⎟⎟⎟⎜ ⎟ ⎟⎢ ⎥⎜ ⎜⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
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3-88 

5

1/22
2

( ) (1)

(1 )

At 5, 1 (1 5) 1.040427

(0.01)(1.040427) 0.01040427

0.38603

0.3603
0.0772%

5

x x

x

y

y x

x

x

y
x e e
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x e

x y e
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W W

x

W
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x
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3-90 
Set up in Excel with the result: 

1 2 33.247 2.041 1.242 3.864y x x x= + + -  

 
x1 x2 x3 y 
1 3.2 3 9.5 
2 4.5 4 15.6 
3 4 5.6 21 
4 5.7 6 31 
5 6 7 32 
6 7 8 41 
7 8 9 45 
8 9 10 53 

1.241881 2.041483 3.247873 3.86409-  
5.329923 2.770111 7.06166 17.03189 
0.991044 1.881147 #N/A #N/A 
147.5351 4 #N/A #N/A 
1566.254 14.15486 #N/A #N/A 

 
3-91 
Entering in Excel worksheet the solution is 

00.526 0.228 34.723iQ T T= - +  

iT  oT  Q 
72 85 54.3 
72 95 51.8 
72 105 49.4 
72 115 46.6 
67 85 50.4 
67 95 48 
67 105 45.5 
67 115 42.9 
62 85 46.5 
62 95 44.4 
62 105 42.2 
62 115 40 
57 85 45.7 
57 95 43.9 
57 105 42 
57 115 40 

   
   

0.228-  0.526 34.723 
0.023821 0.0476643 3.897265 
0.942605 1.065328 #N/A 

106.75 13 #N/A 
242.306 14.754 #N/A 
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3-92 
Lower limit  

2 2 2 1/ 2

2 2 2 1/ 2

/ [(1/5) (0.5/5) (0.2/15) ]

0.0224 2.24%

Upper limit

/ [(1/100) (0.5/100) (0.2/100) ]

0.01136 1.136%

= + +
= =

= + +
= =

y

y

w y

w y

 

 
3-93 

1/ 22 1/ 2 2 2 1/ 2 2 2
1 3 2 2 2 3 3((1/2) / ) ((1/2) / )

Lower limit 20

2.449

/ 0.1225 12.25%

Upper limit 200

7.1414

/ 0.0357 3.57%

⎡ ⎤= + +⎢ ⎥⎣ ⎦
=

=
= =

=
=
= =

y

y

y

y

y

w w x x w x x w

y

w

w y

y

w

w y

 

 
3-94 
Follow procedure described in Example 3.6. Result will depend on values selected for increments in the variables. 
 
 
 
 
 
 



SM: Experimental Methods for Engineers Chapter 3 

55 

3-95 
Excel plot and curve fit shown below 
 
Solution is: 

0.3
e1/(1 ) 1.149

d
C R- =  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3-96 
Follow procedure described in Example 3.6. Result will depend on values selected for increments in the variables. 
 
3-97 
Follow procedure described in Example 3.6. Result will depend on values selected for increments in the variables. 
 
3-98 
Excel chart shown below 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

E T (degC)
-6.5 -150

-4.633 -100
-2.431 -50
-1.239 -25

0 0
1.277 25
2.585 50
3.918 75
5.269 100
8.01 150

10.779 200
16.327 300
21.848 400
27.393 500
33.102 600
45.494 800
57.953 1000
69.553 1200

y = 1E-06x5 - 0.0002x4 + 0.0092x3 - 0.2251x2 + 20.409x - 
1.2704

R2 = 1

y = -4E-08x6 + 8E-06x5 - 0.0006x4 + 0.0195x3 - 0.2983x2 + 
20.053x + 0.3059

R2 = 1

-400

-200

0

200

400

600

800

1000

1200

1400

-20 0 20 40 60 80

emf (mv)

T
(d

eg
C

)

Red C 1-C 1/(1-C)
3000 0.923 0.077 12.98701
5000 0.935 0.065 15.38462

10000 0.954 0.046 21.73913
30000 0.968 0.032 31.25

100000 0.973 0.027 37.03704

3000 12.98701
5000 15.38462

10000 21.73913
30000 31.25

100000 37.03704

C

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0 50000 100000 150000
Red

C
C

y = 1.1487x0.3099

R2 = 0.9584

1

10

100

1000 10000 100000

Red

1/
(1

-C
)

Series1

Power (Series1)
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3-99 
Excel worksheet shown below. Deviation column is the difference between the linear relation and the true value. 
 
 

3-100 
Excel worksheet shown below. Using the linear relation the value of t/RC to achieve a response of 63.2 percent is given 
by 
1 0.632 0.4198( / ) 0.8794

t/RC 1.218.

− = − +
=

t RC
 

This differs from the true value of 1.0 by 21.8% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

t/RC E/E0
0 1

0.4 0.67032
0.8 0.449329
1.2 0.301194
1.6 0.201897

2 0.135335

y = -0.4198x + 0.8794

R2 = 0.9253

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3

t/RC

E
/E

0 Series1

Linear (Series1)

eps error linear deviation
0.4 0.204729 0.19414 -0.01059
0.5 0.159104 0.16035 0.001246
0.6 0.119888 0.12656 0.006672
0.7 0.085309 0.09277 0.007461
0.8 0.054258 0.05898 0.004722
0.9 0.025996 0.02519 -0.00081

1 0 -0.0086 -0.0086

y = -0.3379x + 0.3293

R2 = 0.9904

-0.05

0

0.05

0.1

0.15

0.2

0.25

0 0.5 1 1.5

eps

er
ro

r Series1

Linear (Series1)
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3-101 
Fitting a combined straight line and parabola. 
Information needed: 
1. Desired slope of straight line, m 
2. Intercept of straight line (i.e., y-coordinate for which 0,x = b). 

3. x-coordinate value where straight line and parabola are to intersect, 1x  

4. x and y coordinates of another point on the parabola, 2 2, .x y  

This information can be obtained from a hand sketch. 
 
The equation of the combined curve is 

1

2
0 1 2 1 2

for 0 .

for (1)

c

c

y mx b x x

y a a x a x x x x

= + < <

= + + < <
 

Setting the slopes equal at 1x x=  and manipulating the algebra gives for the parabola coefficients. 
2 2

2 2 1 2 1 2 1 1 2 1

1 2 1

2
0 2 2 2 1 2

1 1

[( ) ( )] /[( ) 2 ( )] (2)

2 (3)

(4)

where

(5)

a y y m x x x x x x x

a m a x

a y a x a x

y mx b

= - - - - - -

= -

= - -

= +

 

Note once again the given quantities are m, b, 1 2, ,x x and 2.y  

 
3-102 
The above formulas may be programmed into an Excel spreadsheet to plot by themselves, or along with a set  
of data for comparison. The attached figure shows results for the set 

1 2 20.25, 0.5, 1.0, 1.0, 0.1,0.2,0.5.b x x y m= = = = =  

 
3-103 
Straight line parabola area. 
For normalized chart (1 by 1 unit) 
Area above curve with initial line segment, connecting to parabola 

1 1

2 2
0 2 1 1 2 1

3 3
2 2 1

Area (2 )( /2)

(1 )( ) ( /2)( )

( /3)( )

b y x

a x x a x x

a x x

= − −
+ − − − −
− −

 

For normalized chart on x-coordinate, 2 1.x =  

For normalization on both coordinates, the total chart area is 1.0, so  
the area under the curve would be 1 minus above curve. 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5

Series1

Series2

Series3
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3-104 
From Excel worksheet below, the resulting correlation is: 

1.77714.5049NR =  
Written in the form of Problem 3-30 gives 

0.56270.4287R                         (a)N =  

From Problem 3-30 
0.4870.5577                           (b)N R=  

 
R N (Eq. a) N (Eq. b) 

12 1.74 1.87 
3000 38.79 27.53 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N R
2 12

2.5 20
3 30

3.3 40
5.3 100
10 300
11 400
17 1000
50 3000

y = 4.5049x1.7771

R2 = 0.98231

10

100

1000

10000

1 10 100

N

R

Series1

Power (Series1)
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3-105 
From Excel worksheet below 

0.46241.0765x y=  

In form of Problem 3-28, 
2.16260.8526                        (a)y x=  

From Problem 3-28, 
2.15140.8642                        (b)y x=  

 
x y (Eq. a) y(Eq. b) 

1.21 1.2876 1,302 

8.1 78.6 77.83 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y x
1.2 1.21

1.82 1.35
5 2.4

8.8 2.75
19.5 4.5
32.5 5.1

55 7.1
80 8.1

y = 1.0765x0.4624

R2 = 0.9948

1

10

1 10 100

y

x

Series1

Power (Series1)
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3-106 
Worksheet shown below from Problem 3-27 

 0.6721   0.2955y x= +  

From worksheet 
  0.6833   0.2519y x= +  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y x
1.1 0.9
1.6 2.3
2.6 3.3
3.2 4.5

4 5.7
5 6.7

y = 1.4634x - 0.3683

R2 = 0.9835

0
1
2
3
4
5
6
7
8

0 2 4 6

y

x

Series1

Linear (Series1)
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3-107 
 

y x
60 20000
79 25000
90 35000

135 450000
110 47000
130 50000
160 62000
150 65000
180 70000
190 75000
191 80000
200 90000
210 100000
250 105000
240 110000
280 120000
300 135000
290 140000
330 145000
340 150000

y = 298.75x + 45219

R2 = 0.076

0

100000

200000

300000

400000

500000

0 100 200 300 400

y

x

Series1

Linear (Series1)

y = -1.0526x2 + 724.11x + 9292.4

R2 = 0.082
0

100000

200000

300000

400000

500000

0 50 100 150 200 250 300 350 400

y

x

Series1

Poly. (Series1)

y = 27047e0.0056x

R2 = 0.4523

0

100000

200000

300000

400000

500000

0 50 100 150 200 250 300 350 400

y

x

Series1

Expon. (Series1)

y = 358.27x1.0483

R2 = 0.5342

0

100000

200000

300000

400000

500000

0 50 100 150 200 250 300 350 400

y

x

Series1

Power (Series1)
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Chapter 4 
4-1 

( )( )
2 3

1
Equation (4-11)

1

By binomial expansion:

1

1

=
+

⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞⎟ ⎟ ⎟ ⎟ ⎟ ⎟⎜ ⎜ ⎜ ⎜ ⎜ ⎜⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎟ ⎟ ⎟ ⎟ ⎟ ⎟= − + − + ⋅ ⋅ ⋅⎜ ⎜ ⎜ ⎜ ⎜ ⎜⎟ ⎟ ⎟ ⎟ ⎟ ⎟⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎜ ⎜ ⎜ ⎜ ⎜ ⎜⎟ ⎟ ⎟ ⎟ ⎟ ⎟⎜ ⎜ ⎜ ⎜ ⎜ ⎜⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦
⎡

= −
⎣

i m

i m i

i

i

E RR
R R R

m m m
E

m i m i m i
R

i

i

R R Ri R R R

R R R R R R

R

R

2 3⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ − + ⋅ ⋅ ⋅⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎦ ⎣ ⎦ ⎣ ⎦i i

R R

R R

 

If we select the design variable iR large compared to R, then 
i

R

R
 is small and 

2

2

1 1

Error 1

Error
[ ]

i

i

i
E

i i i
R

i i

i i i

i

i i

Ei R R
i

R P R

E E R

R R R R

R E

R R R

⎡ ⎤⎢ ⎥= − = −⎢ ⎥⎣ ⎦
⎡ ⎤⎢ ⎥= − −⎢ ⎥+ ⎣ ⎦

=
+

 

 
4-3 

(1)(4)(0.1) 0.4 N

0.4
0.4 m

1

iF B L

x

= = =

= =
 

 
4-4 

1/21
2

RMS
0

1
( )

T
I i t dt

T

ì üï ïï ïï ï= í ýï ïï ïï ïî þ
ò  

a. 2
RMS

0

1/2

0

1/2

1
100cos ( )

1 sin 2

2 4

100 sin 4

2 4

7.071

T

T

I t d
T

t t

T

T T

T

τ
é ù
ê ú= ê ú
ê úë û

ì üï ïé ùï ïï ïê ú= +í ýê úï ïë ûï ïï ïî þ

ì üé ùï ïï ïê ú= +í ýê úï ïë ûï ïî þ
=

ò  

b. 
1/2

100
0.3642

(377) 2RMS
T

I
T

ì üï ïï ï= =í ýï ïï ïî þ
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4-5 

Equation (4-13) 
( )( )
( )( )1

m

m i

m

m i

RR
R R

RRi
R R

E

E
=

+
 

( )( )
2 3

1m

m i

RR
R R

i i i i

E R R R

E R R R

é ùæ ö æ ö æ öê ú÷ ÷ ÷ç ç ç÷ ÷ ÷= - + - + ⋅ ⋅ ⋅ç ç çê ú÷ ÷ ÷ç ç ç÷ ÷ ÷÷ ÷ ÷ç ç çê úè ø è ø è øê úë û

 

If we select the design variable iR large compared to R then 
i

R
R

 is small and: 

1
i i i

E R R

E R R

é ù
ê ú= -ê úê úë û

 

( )( )
( )( )

2

2

2

2

2 2 3 2 2

2

3

2

Error 1
1

1

[ ]

Error
[ ]

m

m i

m

m i

i

i

RR
R R

RR i i
R R

R
R

R
i iR

i

i i

i i i i

i i

i i

R R

R R

R R

R R

RR RR

R R R

R R R R R R R R R

R R R

R

R R R

é ù
ê ú= - -ê úê ú+ ë û

é ù
ê ú= - -ê ú+ ê úë û

-
= -

+

- + + -
=

+

=
+

 

 
4-6 

2( )
i i i

i i

E d E
i S

R R dR R R

-
=  = =

+ +
 

 

For maximum sensitivity, 0
i

ds

dR
=  

3

2

( )
i

i i

Eds

dR R R
=

+
 

\The circuit has max sensitivity for .iR  ¥  

 
4-7 

2

2
Equation (4-14) 1

( )

−⎡ ⎤⎢ ⎥= = = +⎢ ⎥+ ⎣ ⎦
i i i

ii

E R EdE R
S

dR R RR R
 

2 3 2

1 2 3 4  where 1i

i i i i

E R R R R
S

R R R R R

é ùæ ö æ ö æ öê ú÷ ÷ ÷ç ç ç÷ ÷ ÷= - + - + ⋅ ⋅ ⋅ <ç ç çê ú÷ ÷ ÷ç ç ç÷ ÷ ÷÷ ÷ ÷ç ç çê úè ø è ø è øê úë û

 

If 
i

R

R
 is very small compared to 1, then we can neglect higher order terms, and 
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2

3 2 2 3 3 2 2

2

1 2
( )

2 2 4 2

( )

i i i

i ii

i i i i i i i

i i i

E R E R
S

R RR R

E R R R R R R R R R RR

R R R R

é ù
ê ú= - -ê ú+ ê úë û

é ù- - - + + +ê ú= ê ú+ê úë û

 

2

2 2

3 2
Error

( )
i i

i i

E R R R

R R R

é ù+ê ú= ê ú+ê úë û
 

 
4-11 

Equation (4-26) 1 2

1 4 2 3
g

R R
E E

R R R R

æ ö÷ç ÷= -ç ÷ç ÷÷ç + +è ø
 

400 40
3 0.584 millivolts

400 6000 40 602gE
æ ö÷ç= - =÷ç ÷÷çè ø+ +

 

Equation (4-24)  2 31 4

1 4 2 3
( ) where g g g

R RR R
E I R R R

R R R R
= + = +

+ +
 

3

(400)(6000) (40)(602)
412.5 ohms

400 6000 40 602

0.584 10
1.118 amp

412.5 110g

R

I μ× -

= + =
+ +

= =
+

 

 
4-12 
From Example (4-4) it was found that: 
 

1 3 1 2 3 3 2 1
4

1 2 3 2

2 3

6

6

4

[ ( ) ]

(1 )( )

(4)(800) 0.08 [(100)(800)(1600) (800) ]

0.08 10 (1 800 100)(1600) (4)(800)

2.56 10 51.20

0.115 3200
799.955 ohms

g g

g g

ER R I R R R R R R R
R

I R R R R ER

R

−610
-

- + +
=

+ + + +

- ´ +
=

´ + + +

´ -
=

+
=

 

 
4-14 

At balance conditions: 2 4
1 1

3

(100)(4000)
1000 ohms

400

R R
R R

R
= ∴ = =  

Assuming a battery voltage of 4 and negligible internal resistance, some values of gI can be found as 1R is adjusted to the 

balance condition. By this means the most current sensitive galvanometer may be observed. 

1 2
1

1 4 2 3

2 31 4

1 4 2 3

900 4000
If  900 ohms:  4

1000 4400

0.04 volts

(900)(100) (4000)(400)
but 

(900 100) 4000 400

0.04
454 ohms

454

g

g

g
g

g

g
g

R R
R E E

R R R R

E

E R RR R
I R

R R R R R R

I R
R

æ ö æ ö÷ç ÷ç÷= = - = -ç ÷ç÷ ÷ç ÷ç÷÷ç è ø+ +è ø

=

= = + = +
+ + + + +

= =
+
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1 2

1 2

1 2
1 2

1 2

6 6

6 6

1 2

For gal #1 For gal #2

.04 0.04

454 50 454 500
79.5 amps 42.0 amps

deflection deflection

79.5 10 42.0 10

0.05 10 0.2 10
deflection 1590 mm deflection 210 mm

g g

g g

g g

I I

I I

I I

s s

μ μ

× ×
× ×

- -

- -

= =
+ +

= =

= =

= =

= =

 

1If  975 ohms

975 4000 (975)(100) (4000)(400)
4 0.016

1075 4400 1075 4400

0.016
454.3 ohms

454.3

g

g
g

R

E R

I
R

=

æ ö÷ç= - = = +÷ç ÷÷çè ø

= =
+

 

1 2

1 2

6 6

1 26 6

For gal #1 For gal #2

0.016 0.016

454.3 50 454.3 500
317 amps 16.78 amps

31.7 10 16.78 10
deflection deflection

0.05 10 0.2 10
634 mm 83.9 mm

g g

g g

I I

I Iμ μ

× ×
× ×

− −
− −

= =+ +
= =

= =

= =

 

\Use galvanometer #1 because as 1R is adjusted closer and closer to the balance condition it is more difficult to detect 

movement of the needle, and with galvanometer #1 the deflection is greater and therefore, easier to detect. 
 
4-15 

6 6

1 3 1 2 3 2 3 1
4

2 3 2

6

4 6

4

(30)(0.05 10 ) 1.50 10 amp

[ ( ) ]

[1 ]( )

4(12,000) 1.5 10 [3000(800) 7,200,000]

1.5 10 (111)(800) (4)(600)

47,985.6
19.993 ohms

2400.1332

g

g g

g i g

I

ER R I R R R R R R R
R

I R R R R ER

R

R

× ×- -

-

-

= =

- + +
=

+ + +

- ´ +
=

´ +

= =

 

 
4-16 

shunt

shunt

2 31 4

1 4 2 3

Deflection

 where 

(290)(600) (500)(1000)
528.5 ohms

890 1500

(30)(528.5)
28.4 ohms

558.5

g

g
g i

e g

e

I

S
E R R

I R
R R R R

R RR R
R

R R R R

R

=

= =+ +

= + = + =+ +

= =
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1 2

1 4 2 3

3
3

3
6

290 500
3 0.021 volt

890 1500

21 10
0.268 10 amp

28.4 50

0.268
Deflection 5.36 10  mm shunted circuit 

0.05 10

g

g

R R
E E

R R R R

I

−3

× ×

× 10 ×
×

− −

−

⎛ ⎞ ⎛ ⎞⎟⎜ ⎟⎜⎟= − = − =⎜ ⎟⎜⎟ ⎟⎜ ⎟⎜⎟⎜ ⎝ ⎠+ +⎝ ⎠

= =+

= =

 

series

3

3

3

6

21 10

528.5 50 30

0.0345 10 amp

0.0345 10
Deflection 690 mm

0.05 10

g
g

g

E
I

R R R

×

×

×
×

-

-

-

-

=
+ +

=
+ +

=

= =

 

 
4-18 
Prototype T-section.  
Refer to Figure 4-43, constant-k T section.  
Assume load resistance of 16 ohms. 

3
1

2 1

32 1
2

1 2

62 1
1

1 2

2
2 1

16
3.39 10  henrys

( ) 3.14(2000 500)

( ) (2000 500)16
1.91 10  henrys

4 4(3.14)(2000)(500)

2000 500
7.46 10  farads

4 4(3.14)(2000)(500)(16)

1 1

( ) (3.14)(

k

k

k

k

R
L

f f

f f R
L

f f

f f
C

f f R

C
f f R

π

π

π

π

×

×

×

-

-

-

= = =
- -

- -
= = =

- -
= = =

= =
-

613.25 10  farads
2000 500)(16)

× -=
-

 

 
4-19 
Prototype T-section  
Refer to Figure 4-43, constant-k T section. Assume load resistance of 1000 ohms. 

1000
0.3185 henrys

(3.14)(500) 2

1 1
0.637 farads

(3.14)(500)(1000)

k
k

c

k
c

LR
L

f

C
f R

π

μ
π

= = =

= = =
 

 
4-20 
Prototype T-section  
Refer to Figure 4-43, constant-k T section. Assume load resistance of 1000 ohms. 

1000
0.0796 henrys

4 4(3.14)(1000)

1 1
2 0.1592 farads

4 4(3.14)(1000)(1000)

k
c

k k
c

R
L

f

C C
f R

π

μ
π

= = =

= = =
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4-21 
Volt-ohmmeter: 

3

3 5
0

(150)(468)
618

0 (150)(468)
618

(150)(11,000)
11,150

VTVM (150)(11,00

5000
3.12 10  amp

160,000

(3.12 10 )(1.5 10 ) 468 v actual 

500 460 volts
10

VTVM:

500
10

−

−
−

+
−

+

= = = ×+
= = × × =

⎡ ⎤⎢ ⎥= = =⎢ ⎥⎢ ⎥++ ⎢ ⎥⎣ ⎦

=
+

m

m

m

m

i

v

RR
R R

v RR
i R R

E
i

R R

E iR

E E
R

E
0)

11,150

148
500 468 volts

158

⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥ = =⎢ ⎥⎢ ⎥ ⎣ ⎦⎢ ⎥⎣ ⎦

 

 
4-23 

4(0.225) 1.0 0.01

(1.0)
4(0.225) 400(0.225) 90 pf/in.

A
C A x d

d
dC

S
dx d

ε

ε ε

= = =

= = = =
 

 
4-24 

1.0 0 volts
15.61

0.064 0 unit disp

v v
S

d d

Δ
Δ

¶ -
= = = =

¶ -
 

 
4-25 

3 5 2

3 3 5

2

(100)(6.895 10 ) 6.895 10  newton/m

2 10  m; 0.055(2 10 )(6.895 10 ) 75.8 v

1
; ; From Equation (3-2)

p

t E gtp

E p p E
p

gt E gt E gt

∂ ∂
∂ ∂

− −
= × = ×
= × = = × × =
= = = −

 

1/22 2

1/22 2
6

3 3 2

2 2 1/2 2

1 75.8
(0.5) (7.62 10 )

(0.055)(2 10 ) (0.055)(2 10 )

{[4550] [2630 } 5255 newtons/m  or 0.7625

E t

p

p p
Wp W W

E t

W

∂ ∂
∂ ∂

× ×
−

− −

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟= +⎜ ⎜⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
⎧ ⎫⎪ ⎪⎡ ⎤ ⎡ ⎤⎪ ⎪⎪ ⎪⎢ ⎥ ⎢ ⎥= + ×⎨ ⎬⎢ ⎥ ⎢ ⎥⎪ ⎪⎢ ⎥ ⎢ ⎥⎪ ⎪⎣ ⎦ ⎣ ⎦⎪ ⎪⎩ ⎭

= + = %

 

 
4-26 

4
RMS

3
RMS

1 1 2
(50)(10 )(1)(180)

602 2

66.7 10  volts

E NABW

E

π

×

-

-

æ ö÷ç= = ÷ç ÷÷çè ø

=
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4-27 

2 2

1

2

db 10log 1 10log
35

0.1 log log(0.7932) 0.1
35

0.7932 27.76 watts
35

P P

P

P

P

=  - =

- =  = -

= 

 

 
4-28 

3
IN OUT

2
OUT

OUT OUT

2
INPUT SIGNAL NOISE

NOISE IN
NOISE IN2

IN NOISE IN

OUT NOISE OUT

2.2 10  volts; 35 watts; 8 ohms

35 watts 16.7 volts

10 mv 1.0 10  volts 

( )
65 20log ( ) 5.62 volts

1.0 10

( )

( )

E P R

E
P E

R

E E E

E
E

E E

E E

μ

−

−

−

= × = =

= = → =

= + = ×

− = ∴ =
×

= →
6

NOISE OUT 3

NOISE OUT

(16.7)(5.62 10 )
( )

2.2 10

( ) 42.8 mv

E

E

−
−
×=

×
=

 

 
4-29 

1/2
OUT OUT

NOISE IN
NOISE IN1

6
NOISE OUT OUT

NOISE OUT 3
NOISE IN IN

NOISE OUT

3

3

 ( ) 16.7 volts

( )
75 20log ( ) 44.5 volts

2.5 10

( ) (16.7)(44.5 10 )
( )

( ) 180 10

( ) 4.125 mv

4.125 10
db 20log

42.8 10

E P R

E
E

E E
E

E E

E

μ−
−

−

−
−

= =

− = → =
×

×= → =
×

=
⎛ ⎞× ⎟⎜⎜= ⎜⎜⎜ ×⎝ ⎠

20log 0.0964 20.32⎟ = = −⎟⎟⎟

 

 
4-32 

( ) ( )
( )( ) ( )

2

10 kilohms, 100 kilohms 0.10

1
Loading error 100

1

At 10% 0.10 Loading error 4.74%

At 90% 0.90 Loading error 42.6%

m m

i

m m m

i
m i

m

R R
R R

RR R
R R R

m

m

R
R R

R

R

R

R

R

= = → =

− −
= ×

− +

→ = ∴ = −

→ = ∴ = −
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4-33 

( )( )
( )( )

1
.100 volts 0.1667

6

1

m

m i

m

m i

m
i

i

RR
R R

RRi
R R

R
E

R

E

E

= = =

=
+

 

LIN ACT

ACTUAL LINEAR ACT
% Error 100

(volts) (volts)

0 0 0 0

0.25 4.00 3.60 10%

0.50 7.70 7.20 6.5%

0.60 9.10 8.64 5.05%

0.80 11.76 11.50 2.21%

1.00 14.40 14.40 0

m

R
R

E E

E E E
×-

=

-
-
-
-

 

 
4-34 

1 2 3

2
3 1

4
2

4

121 ohms; 119 ohms;  121 ohms

(121)
123.0336 ohms

119

When  122 ohms and  100 volts ?  and  ?b g

R R R

R R
R

R

R E E E

= = =

= = =

= =  = =

 

0

0

1 2

1 4 2 3

 where 0 100 volts

121 119
100

121 122 119 121

100[0.4979 0.4958] volts 0.21 volts

b b b
b

g

g

R
E E R E E

R R

R R
E E

R R R R

E

= = ∴ = =+
⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥= − = −⎢ ⎥ ⎢ ⎥+ + + +⎣ ⎦⎣ ⎦

= − =

 

 
4-35 

* 8 1/2
1

* 10 1/2
2

1/2 OUT

NOISE INCIDENT

OUT

NOISE

32

1 INCIDENT

For PbS at 3.5 μ 1.0 10  (cm)Hz /watt

For PbS at 196 C and 3.5 μ 8.0 10 (cm)Hz /watt

1
* [ ( )] when CONSTANT

 CONSTANT

1.25 10 ; db 10

D

D

E S
D A f

E P N

E

E

P

P

°

Δ

−

→ = ×
− → = ×

= → =

=

⎞⎟⎟ = × =⎟⎟⎠
32

1
log 10log(1.25 10 ) 29.03

P

P
−= × = −

 

 
4-36 

8 1/2 2 2

OUT OUT

NOISE NOISE

1/2INCIDENT OUT
1/2 8 8

NOISE

8
INCIDENT

In Sb at 5 * 1.0 10 cm(Hz) /watt 4.0 10  cm

45 db 45 20log 178

1 (0.2)(178) 35.6
( )

*( ) 1.0 10 10

35.6 10  watt

D A

E ES

N E E

P E
A

E Df

P

μ

Δ

−

−

→ = × = ×
= = → =

⎛ ⎞⎛ ⎞⎟⎜ ⎟⎜⎟= = =⎜ ⎟⎜⎟ ⎟⎜ ⎟⎜⎟⎜ ⎝ ⎠⎝ ⎠ ×
= × s
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4-37 

2500 ohms, 7000 ohms 7.16 10

12 volts ?

m
m i

i

i

R
R R

R

E i

× -= =  =

= =
 

LIN ACT
3 3

ACTUAL LINEAR ACT
% Error 100

10 amps 10 amps

0 1.716 1.716 0

0.25 1.690 1.687 0.01775%

0.50 1.656 1.658 0.01210%

0.75 1.628 1.629 0.00615%

1.00 1.600 1.600 0

m

R
R

i i

I i i

-
= ´

´ ´

-  

( )( )
1

where 
1m

m i

i
RRi

R R

E
i

R

é ù
ê ú
ê ú= ê ú
ê ú+
ê úë û

 

 
4-38 

( )
( ) ( ) ( )

0

0

24 volts

0.1
1 1

m

m

mm i

R
R

mRRR
RR R i

E
E

R
E

R

=
=

é ù =- +ê ú
ê úë û

 

at  volts

6 0.225
12 0.501
18 0.780
24 1.00

m

R
RE

 

 
4-40 

2
2

2

0.1 W at 0 dB 20 to 100 kHz

0.5, 1.0 db

0.5 10log 0.112 W
0.1

1.0 10log 0.079 W
0.1

P
P

P
P

+ −
= =

− = =

 

 
4-41 

0

15000 10%

800 2%

30 V 0.1 V

0.0533

i

m

m

i

R

R

E

R

R

Ω
Ω

= ±
= ±
= ±

=
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At 5 V 0.168

At 10 V 0.341

At 15 V 0.521

m

m

m

R

R

R

R

R

R

=

=

=

 

 
4-42 

6

4

80 10 log
100

10  W

80 20 log
1.0 mV

10  mV 0.1 V

N

N

N

N

P

P

E

E μ

-

-

- =

=

- =

= =

 

 
4-43 

2
1 2 1 2 1 1 2

2
2 1 2

60
1 Rev 0.0333sec

1800
Displacement in 1 Rev (20)(0.0333)

0.6667 m

666.7 mm

1 5

( )

( )

s v v
V

t t s t t t t t

v s

t t t

∂ ∂
∂ ∂

∂
∂

= =

=
=
=

-
= = =

- - -

+
=

-

 

1 2

1/22 2
2 2 2

2 2
1 2 1 2 1 2

1/22
2 2

1

( ) ( )

1
(0.001) (0.001)

666.7

0.00206

v s t t

v

s s
W W W W

t t t t t t

W

v

é ùæ ö æ öæ öê ú-÷ ÷ç ç÷ç ÷ ÷ç ç÷ê ú= + +ç ÷ ÷÷ ç çç ÷ ÷÷ê ú÷ç ç ç- ÷ ÷ç ç÷ ÷è ø - -è ø è øê úë û

é ùæ öê ú÷ç= + +÷çê ú÷÷çè øê úë û
=

 

 
4-44 

1
Gain

(25)(5) 125 M

f

f

R

R

R Ω

= -

= =
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4-45 

1
2

1

1

2

Gain 1

(25 1)(5) 120 M

(5)(120)
4.8 M

5 120

f

f

f

f

R R
R

R R

R

R

R

R

Ω

Ω

=
+

= +

= - =

= =
+

 

 
4-46 

10, 14, 1a b c= = =  

 
4-49 

31 2
0 1 2 3

1 2 3

1 2 3

2 3

1 2 3

f

f f f

EE E
E R E E E

R R R

R R R

R R R

æ ö÷ç ÷= - + + = + +ç ÷ç ÷÷çè ø

= = =

 

 
4-50 
Gain 15 1 14n n= + + =  

 
4-51 
Choose values of iR C  to match integration times. At 1τ =  ms could use 

6

1 k

1μF

(1000)(1 10 ) 0.001sec

i

i

R

C

R C

Ω

-

=

=

= ´ =

 

 
4-58 

Voltage sensitivity 
0.94

15.67 V/in.
0.06

V

x

Δ
Δ

= = =  

In null region, sensitivity 
0.01

14.29 V/in.
0.0007

= =  or very nearly the same. 

 
4-59 
PbS detector 

2 2

1.0μm

30 dB

1 mm square 10 cm

S

N

A

λ

-

=

=

= =

 

From Example 4-14, 11 1/2* 1.5 10  cm Hz /WD = ×  

2 1/2
11

11

30 20log ; 31.26

(10 ) (31.26)
1.5 10

2.11 10 W

N N

E E

E E

P

P

-

-

æ ö÷ç ÷= =ç ÷ç ÷÷çè ø

´ =

= ´
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4-60 

Open loop gain 2000 2000
S

N
= =  

Neg. feedback 0.05k =  

0

0

For 1.0 2000 1 ( 1)

1 2000
20; 10

20 20

i

f i

E E N

E
A E

k

= =  = 

= = = = =
 

From Equation (4-40) 

0
100 1

2000 0.01
0.05 (0.05)(2000)

2000
 Ratio 200,000 106 dB

0.01

E

SN

=  = 

= = =
 

Initial dB for 2000SN =  is only 66 dB 
 
4-61 
Non-inverting op-amp 

11 M , 100 kfR RΩ Ω= =  

Case (d) Figure 4-32 

1

106
Gain 1 1 11

105
fR

R
= + = + =  

 
4-62 
Inverting, differential input  
Case (c) Figure 4-32 

6

5
1

10
Gain 10 

10

fR

R
= - = - = -  

 
4-63 
Figure 4-38, constant k T section, 8,  40 HzcR f= =  

8/ (40) 0.064 henrys

1/(8)(40) 995 Farads
K

K

L

C

π
π μ

= =
= =  

 
4-64 
Figure 4-38, constant k T section, 8,  450 HzcR f= =  

8/4 (450) 1.41 millihenrys

1/4 (8)(450) 22.1 farads
K

K

L

C

π
π μ

= =

= =
 

 
4-65 
Figure 4-57, PbS detector, / constantS N =  

9

11

9 11
2 1

At 3.0 m * 5 10 at room temp

1.5 10 at 76K

/ 5 10 /1.5 10 0.0333

dB 10 log(0.0333) 14.77

D

P P

λ μ= = ×
= ×

= × × =
= = −
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4-66 

2

2

2

2

100 W at 0 dB, 10 to 50 kHz

1.0 10log ( /100)

126 W upper limit

1.0 10log ( /100)

79.4 lower limit

P

P

P

P

P

=
+ =
=

− =
=

 

 
4-67 

90  20 log ( / 0.005)

    0.16 V
N

N

E

E μ
- =

=
 

 
4-68 
From Figure 4-51 
Voltage sensitivity Δ /Δ 0.62/0.04 15.5 V/imV x= = =  
 
4-69 

2

/ 25 dB

4.0 mm

2.0  μm

S N

A

λ

=

=

=

 

11From Figure 4-57,    * 1.6 10

Noise 25 dB 20log ( / )

= ×
= = N

D

E E
 

1/ 2

/ 1.778

* ( ) / )/

Bandwidth for Figure 4-57 is 1 Hz

=
=

=

N

N

E E

D Af E E P

f f

 

Solving for P, 
1/ 2 11

12

(0.04) (1.778)/1.6 10

9.86 10 W

P
−

= ×
= ×
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Chapter 5 
5-1 

6(1 ) 11[1 (6.47 10 )(40)] 11.003 in.L TαΔ -+ = + ´ =  

Error 11.003 11.0 0.003 in.\ = - = One should not be concerned with this error because it is fixed and may be 
calculated. 
 
5-2 

6(1 ) 76[1 (6.47 10 )( 70)]L TαΔ × -+ = + -  

True measurement 75.966 feet=  
 
5-3 
For no reflected light: 

3 5
2 , , ,

2 2 2
d

λ λ λ …=  

2
2

d n
λλ= -  where 1, 2, 3,m …=  is the number of fringe lines. 

2 1

2 4 4

n n
d

λ λ λ-
\ = - =  

 
5-5 

x 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

y 3 3.84 3.67 4.293 7.32 14.13 26.07 44.0 68.92 102.2 141.75 
 
Trapezoidal method: 1xΔ =  

1
0

1
2

3 141.75
3.67 7.32 26.07468.92 (1)

2

178.36 sq units

n
n

i

i

y y
A y xΔ

−

=

⎡ ⎤+⎢ ⎥= +⎢ ⎥⎢ ⎥⎣ ⎦
⎡ ⎤+⎢ ⎥= + + +⎢ ⎥⎣ ⎦

=

∑
 

Simpson’s Rule: 
1

1
0

1

[3 ( 1) ] .
3

3 141.75 4(3.84) 2(3.67) 4(4.293) 2(7.32) 4(14.13) 2(26.07)0.5

4(44.0) 2(68.92) 4(102.2)3

172.10 square units

n
i

n i

i

x
A y y y

A

Δ
-

+

=

ì üï ïï ïï ï= + + + -í ýï ïï ïï ïî þ
ì ü+ + + + + + +ï ïï ï= í ýï ï+ + +ï ïî þ

=

å

 

Direct Integration: 
5

2 3 4

0
[3 4 6 2.8 0.13 ]

171.25sq units

A x x x x dx= + − + −

=
∫
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1 4 0
1 20
1 0 0

80
6 0
4 0
20

0
1 2 3 4 5

x

y

y = 3 + 4 x  6 x2+ 2.8x3  0 .1 34 x4

A =  1 75  sq re nits

 
 
Graphical method: 
Error: Graphical 

171.25 175 3.75 sq unitsE = - = -  

Trapezoidal: 
171.25 178.36 7.11 sq unitsE = - = -  

Simpson’s 
Error 171.25 172.10

0.85 sq unitsE

= -
=

 

 
5-6 
Actual area: 

0
sin 2 sq unitsA x dx

π
= =ò  

Trapezoidal rule: for 
π

4
xΔ =  

1
0

1

π π 3π π
sin sin sin

2 4 2 4 4

1.895 sq units

Error 2.0 1.895 0.105 sq units

n
n

i

i

y y
A y x

A

Δ
-

=

æ ö÷ç é ù+ ÷ç ÷ ê ú= + = + +ç ÷ç ÷ ê úç ÷ ë û÷çè ø

=
= - =

å
 

For 
π

:
8

xΔ =  

π π 3π π 5π 3π 7π π
sin sin sin sin sin sin sin

8 4 4 2 8 4 8 8

1.973 sq units

Error 0.027 sq units

A

A

é ù
ê ú= + + + + + +
ê úë û

=
=

 

For 
π

:
12

xΔ =  

π π π π 5π π 7π 2π 3π
sin sin sin sin sin sin sin sin sin

π12 6 4 3 12 2 12 3 4
5π 11π 12

sin sin
6 12

1.995 sq units

Error 0.005 sq units

A

A

⎡ ⎤⎢ ⎥+ + + + + + + +⎢ ⎥= ⎢ ⎥⎢ ⎥+ +⎢ ⎥⎢ ⎥⎣ ⎦
=

=
 

Simpson’s Rule 
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1
1

0

1

4
[3 ( 1) ]

3

n
i

n i

i

x
A y y y

-
+

=

ì üï ïï ïï ï= + + + -í ýï ïï ïï ïî þ
å  

For 
π

:
4

xΔ =  

π
{0 0 4(0.707) 2(1) 4(0.707)} 2.005 sq units

12
Error 0.005 sq units

A = + + + + =

= -
 

For 
π

:
8

xΔ =  

0 0 4(0.2585) 2(0.5) 4(0.707) 2(0.886) 4(0.965) 2(1.0)π

4(0.965) 2(0.886) 4(0.707) 2(0.5) 4(0.2585)24

2.005 sq units

Error 0.005 sq units

A
ì ü+ + + + + + +ï ïï ï= í ýï ï+ + + + +ï ïî þ

=
= -

 

 
5-7 

2 2 2

1/22
1

1

2 2

1/220 0 1 0
1 0 0 0

0
2

25

1

25 ; 0.25

4 1

p p p p
nn n n

p n

x y z

z z z z
A x y

x y

z x y x y

z z z z
A x y

x y

z

Δ Δ
Δ Δ

Δ Δ

Δ Δ
Δ Δ

++

+ + =
⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥− ⎟⎜ − ⎟⎜⎟⎜ ⎟⎢ ⎥⎜⎟= + +⎟⎜ ⎜⎟ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟⎜⎜ ⎟ ⎝ ⎠⎝ ⎠⎢ ⎥⎣ ⎦

= − − =
⎧⎪ ⎡ ⎤⎪ ⎛ ⎞ ⎛ ⎞⎪ ⎢ ⎥− −⎟ ⎟⎜ ⎜⎪⎪ ⎟ ⎟⎜ ⎜⎢ ⎥= + +⎟ ⎟⎨ ⎜ ⎜⎟ ⎟⎢ ⎥⎪ ⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎪ ⎢ ⎥⎪ ⎣ ⎦⎪⎪⎩

+

∑∑

1/2
0 1 0
1 1 1

1/2
1 1 2 1
1 0 0 0

1/22 21 1 2 1
2 1 1 1

1

1

1

z z z
x y

x y

z z z z
x y

x y

z z z z
x

x y

Δ Δ
Δ Δ

Δ Δ
Δ Δ

Δ Δ
Δ Δ

⎡ ⎤⎛ ⎞ ⎛ ⎞− −⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎜ ⎜+ +⎟ ⎟⎢ ⎥⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞ ⎛ ⎞− −⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎜ ⎜+ + +⎟ ⎟⎢ ⎥⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥− −⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎢ ⎥+ + +⎟ ⎟⎜ ⎜⎟ ⎟⎢ ⎥⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

y

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭

 

0 2
1

0
0

1 2
0

0 2
2

1 2 2
1

2
0

1 2 2
2

2
1

25 (0.5) 0 4.97

25 5

25 0 (0.5) 4.97

25 (1) 0 4.9

25 (0.5) (0.5) 4.95

24 4.9

25 (1) (0.5) 4.87

4.87

z

z

z

z

z

z

z

z

= - - =

= =

= - - =

= - - =

= - - =

= =

= - - =

=
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1/22 2

1/22 2

2 2

4.97 5 4.97 5
4 1 (0.25)

0.5 0.5

4.9 4.97 4.95 4.97
1 (0.25)

0.5 0.5

4.95 4.97 4.9 4.97
1

0.5 0.5

A

ìï é ùï æ ö æ ö- -ï ê úï ÷ ÷ç ç= + +÷ ÷í ç çê ú÷ ÷÷ ÷ç çï è ø è øê úï ë ûïïî

é ùæ ö æ ö- -ê ú÷ ÷ç ç+ + +÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è øê úë û

éæ ö æ ö- -÷ ÷ç ç+ + +÷ ÷ç ç÷ ÷÷ ÷ç çè ø è ø

1/2

1/22 2

(0.25)

4.87 4.95 4.87 4.95
1 (0.25)

0.5 0.5

4.046 sq unitsA

ù
ê ú
ê ú
ê úë û

üïé ù ïæ ö æ ö- - ïê ú ï÷ ÷ç ç+ + +÷ ÷ ýç çê ú÷ ÷÷ ÷ç ç ïè ø è øê ú ïë û ïïþ
=

 

 
5-9 

611.65 10 / C               True reading at 20 Cα × ° °−=  

6

At 10 C

20 [1 (11.65 10 )(10 20)] 20.00233 mL

°

× -= + - =
 

6

At 40 C

20 [1 (11.65 10 )(40 20)] 19.99534 mL

°
-= + ´ - =

 

 
5-10 

5 2 1
2.15 10 in. 9 (from Problem 5-3)

4

9.14 in.

− ⎛ ⎞− ⎟⎜= = = ⎟⎜ ⎟⎟⎜⎝ ⎠
=

n
n d

d

λ λ

−5

×

× 10

 

 
5-12 

1

1

3
2

2 2
2 1 1
2

1 2 2 2 11

2 2

: 1.805 10  psig; 0.07 psig

1.10 1
1.10 2.00

2.00 2

a p p

a

x p p

p p p w W

p d d d p
r x x

p p d d p pd

x x
W W W

p p

Δ

Δ
1

Δ

Δ Δ

∂ ∂
∂ ∂Δ

-= - = ´ =

æ ö æ öæ ö ÷ ÷÷ ç çç ÷ ÷÷ ç çç= = -  = -÷ ÷÷ ç çç ÷ ÷÷ ç çç- -÷ ÷ ÷÷ ÷ç ÷ ç çè ø è ø è ø

é ùæ ö æ öê ú÷ ÷ç ç÷ ÷= +ç çê ÷ ÷ç ç÷ ÷ç ÷÷çê è øè øêë û

1/2

2
1

1

2
41

2 1

2

2

42
1

2 42 1

10 psig

1 1
7.25 10

2

At 0.4 4 psig

At 0.9 9 psig

at 0.4 2.90 101

2 ( ) at 0.9 6.53 10

a

a

a

a

p p
r p

p p

x d

p d p p

r p

r p

rx d p

p d p p r1

∂ ×
∂Δ

∂ Δ
∂

-

-

-

-
= =ú

ú -
ú

æ ö÷ç ÷ç= - = -÷ç ÷ç -÷÷çè ø

=  =

=  =

ì üæ ö ï ï=  ´÷ ï ïç ï ï÷ç= =÷ í ýç ÷ ïç ÷÷ç -è ø =  ´ïïî þ
5 52.035 10  in. 4.56 10  in.xW- -

ïïï

´ < < ´
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5-13 
2

44
2 3

0 0

1 3 4

4
1.5 113.333

3

y x x

y dx x x x

= + +

æ ö÷ç= + + =÷ç ÷÷çè øò
 

0 1 2 3 4

1 8 23 46 77

x

y
 

 
Trapezoid Rule 

1 77
8 23 46 116

2
Error 1.61667

A
+

= + + + =

= 
 

Simpson rule 
1

[1 77 ( 4)(8) (2)(28) (4)(46)]
3

113.333 Exact

A
æ ö÷ç= + + - + +÷ç ÷÷çè ø

=

 

 
5-24 

1( )

(70)(14 0) (100)(58 14) (106)(96 58) (64)(74 96)

  (20)(30 74)+(10)(0 30)

980 4400 4028 1408 880 300

6820

i i iA y x x+= −
= − + − + − + −
+ − −

= + + − − −
=

∑
 

6820 6168
Error 10.56%

6168

-
= =  

 
5-25 
 

1x  iy  (rect)AΔ  (trap)AΔ  

0 50 500  
10 72 720 610 
20 84 840 780 
30 93 930 885 
40 60 600-  765 
30 33 330-  465-  
20 41 410-  370-  
10 45 450-  430-  
0 50 0 475-  
  1200 1300 

 
10

(Simpson) [50 60 72(4) 84(2) 93(4)]
3

10
[60 50 33(4) 41(2) 45(4)]

3
1447

A = + + + +

− + + + +
=

 

(Trap) exact 1300

1200 1300
Error (rect) 7.7%

1300
1447 1300

Error (Simpson)= 11.3%
1300

A = =
-

= = -

-
= +
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5-26 
6

6

11.65 10 / C at 15 C

(1 ) (30)[1 (11.65 10 )(50 15)]

30.017475 m

Error 0.0017475 m 0.05825%

L T

α

α

° °

Δ

−

−
= ×
+ = + × −

=
= =

 

 
5-28 

1x  iy  (rect)iAΔ  (trap)iAΔ  

0 0.5 0 0 

0 1 0.5 0.5 

0.5 1 0.5 0.5 

1 1 0.5 0.5 

1.5 1 0.5 0.5 

2 1 0 0 

2 0.5 0 0 

2 0 0 0 

1.5 0 0 0 

1 0 0 0 

0.5 0 0 0 

0 0 0 0 

0 0.5 0 0 

(total)A   2.0 2.0 
Both give the correct area. 
 
5-29 
See chart below. 

3 2

6

0

0.0278 0.7143 0.2659 0.9048

61.0794

y x x x

A y dx

= + - +

= =ò
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5-30 
The values of the integrals are: 
0 to 10μm T 1000K Integral 51,835

0 to 10μm T 2000K Integral 893,933

0 to 20μm T 1000K Integral 55,871

0 to 20μm T 2000K Integral 905,153

= =
= =
= =
= =

 



 

82 

Chapter 6 
6-1 

2

1

2

1

1 1 1

1

2

2 1

% Error 100
1

100

5.59%

A
A

A
A

h h h

h

A

A A

é ù- -ê úë û= ´
é ù-ê úë û

= ´
+

=

 

 
6-2 

4 2

max 3

4 4
4

2 2

2

1 3 (1 )
100

3 16

16 16(300 )

9 (1 ) 9 (1 )

600
9 (1 )

pa
y t wy

Et

t E wy E
a

p p

E
a wy

p

μ

μ μ

μ

Δ

Δ Δ

Δ

-
= = =

= =
- -
é ù
ê ú= ê ú-ê úë û

 

 
6-3 

2

3

2

2

2

2116 lb/ft 12 in.

ft62.4 lb/ft

407 in. H O

2116 lb/ft
factor 5.2

407 in. H O

p
p h h

h

γ
γ

ΔΔ = = = ×

=

= =

 

 
6-4 

2
2

;
8

p
n

kTr n
λ

π
= =  

3

5

for 1 atm

n 0.214 molecule/cm

0.770 10 cm

p

λ

2010
−

=
= ×
= ×

 

 

17 3

2

for 1 torr

0.28 10 molecule/cm

0.586 10 cm

p

n

λ −

=
= ×
= ×

 

 

14 3

for 1μ

0.28 10 molecule/cm

5.86 cm

p

n

λ
×

=
=
=

 

 

2

17 3

2

for 1 in. H O

0.524 10 molecule/cm

0.313 10  cm

p

n

λ

×

× −

=
=
=
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3

11 3

for 10 μ

0.28 10 molecule/cm

5860 cm

p

n

λ

−=
= ×
=

 

 
6-5 

2

2

rms2
rms

4

17
2

2

8π
3 3

2

8

2.34 10

D

r n
p kT

n v
mmv

p
n

kT

kT

P

T

D p

λ

λ
π

λ −

=

= → =

∴ =

=

= ×



 

 in KT °  
p in microns 
D in cm 
 
6-6 
By Equation (6-4) 

( ) ( )
1/220 2 2

2

2 2

3
3

1

1 4

3π
; 1128 ft/sec

4
1

207.5
sec

2 3
; 0.075 lbm/ft ; 13.8

π

n n

w w
w w

n

n

p

p

h

r C
w C

LV

w

LV
h h

tr

μ ρ
ρ

=
⎧ ⎫⎪ ⎪⎡ ⎤⎪ ⎪⎪ ⎪⎢ ⎥− +⎨ ⎬⎢ ⎥⎪ ⎪⎢ ⎥⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭

= =

=

= = =

 

( )

( )

2 2

4 4

1/220 2

4.31 10 4.31 10

1/220 2
207.5

1

1 7.64 10

1

1 7.64 10

w w

w

p

p

p

p

× ×
×

×

=
⎧ ⎫⎪ ⎪⎡ ⎤⎪ ⎪− +⎨ ⎬⎢ ⎥⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭

=
⎡ ⎤⎢ ⎥+⎢ ⎥⎣ ⎦
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0 0

Eq (6-4) Eq (6-8)

0 0 1 0 0 1

103.75 0.5 0.0725 103.25 0.5 0.0723

155.625 0.75 0.0482 155.625 0.75 0.0482

207.5 1.0 0.0362 207.5 1.0 0.0362

1037.5 5.0 0.00714 1037.5 5.0 0.00725

2075.0 10.0 0.00341 2075.0 10.0 0.00362

20,750.0

n n

p pw w
w p w p

w w

100.0 0.0000965 20,750.0 100.0 0.000362

↓ ↓ ↓ ↓ ↓ ↓
∞ ∞ ∞ ∞ ∞ ∞

 

 

1

0 .0 0 0 1

0 .0 0 1

0 .0 1

0 .1

0
1 01 0 0 1 0 .1

P
P0

w
wn

| |

eq(6   8)

eq(6   4 )

og og p per

 
6-8 

1/2

2 2

2 21
2

π 1
239

secπ

r c
w

V L r

é ù
ê ú
ê ú= =ê úæ öê ú÷ç + ÷ê úç ÷çè øê úë û

 

 
6-9 

1 2
1 2

1

2 2 3
2 1

3 1 2

3

1 ( )

0.0314 in ; 7.06 in ; 184 lb/ft

62.4 lb/ft ; (0.0705) lb/in

factor 0.0705 lb/in

m f
c

m

f

g A
p p p h

g A

A A

p h

ρ ρ

γ

γ

Δ

Δ

⎛ ⎞⎟⎜ ⎟= − = + −⎜ ⎟⎜ ⎟⎜⎝ ⎠
= = =
= =
=

 

 
6-10 

11 2

4 2 5 2
max3

5 4
4

11

3

2 10 N/ 0.3 0.075

1 3
(1 ) 1 atm 1.0132 10 N/

3 16

(9)(1.0132 10 )(0.025) (1 0.09)

(16)(2 10 )

1.692 10  m 1.692 mm

E m r m a

p
t a p m

Et

t

t

μ

μΔ Δ

×
×

× −

= × = = =
= − = = ×

−=

= =
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Because sensitivity of LVDT is 2.5 nm, this is the minimum change in deflection which can be measured. 

Max deflection at 1 atm 1
3

0.564 mmt= =  

9

6

6

2

2.5 10
 for 2.5 nm 1 atm

0.564 10

4.431 10 atm

0.449 N/m

pΔ
−
−
−

×= ×
×

= ×
=

 

 
6-12 

1/22

1

5

(1 )

1.7 10  ohms

R p

R

R
R R b p W w

p

W

Δ
∂Δ

∂Δ

-

é ùæ öê ú÷ç ÷= + = çê ú÷ç ÷ç ÷ê úè øê úë û

= ´

 

 
6-14 

2
3

5 3

4

0.9420 mm;

10 mm

2.82 10 mm Hg Error negligible if Eq. (6-22) is used.

C
B

B

ay
Vp

V ay
V

p × −

== −
=

= =

 

 
6-15 

2

2

4

at 1.0

( )
1 1.33 dyne/cm

4

(1.333)(50)
5.68 10 dynes

4(293)

at 0.01 , 5.68 10 dynes

g

g

p

p T T
F

T

F

p F

μ

μ

μ

−

−

=
−= =

= = ×

= = ×

 

 
6-16 

Assume a steel diaphragm and a deflection equal to 
1

.
3

t  

4 2 4 6
max 3

6
2

3
(1 ) 0.0687 10

3 16
0.01618 and check to see if 30,000 cps

1.934 10

159,000 cps 30,000 cps

0.01618 in. 0.500

t p
y a t

Et
t f

t
f

a
f

t a

μ

π

−= = − = ×

= >
= ×

= >
∴ = =

 

Assume spacing equal to 0.01 in. Then 
2

4 2
2 3

0.225 ; 0.196 in

3
0.225 (1 )

16

0.0382 pf /psi

A
C A

d
C A y

a
y pd Et
C c y c

y y p p

ε

ε μ∂ ∂
∂ ∂
∂ ∂ ∂ ∂
∂ ∂ ∂ ∂

= =

= − = −

= = −
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6-18 
3 4 3

3

0.6 in 3.472 10 ft

air at 14 psia and 70 F; 0.0752 lbm/ft

V

ρ

×

°

−= =
=

 

 
6 lbm

50 Hz 4.057 10 ft /hr; 0.0440
hr ft

w C μ= = × = ⋅  

a. 50 Hznw =  

( ) ( )

1/2
9 2 6

3 3 6

2 2 2
7

6 16
1/22 20 2

2 6 16 7 4 12

3 3

2 3
5.3 10 4 1.113 10

π

3
50 2.90 10

4

1
0.5 [3.63 10 ]

1 4

(3.63 10 )(2.90 10 ) 9.54 10

3.12 10  ft 6.24 10  ft

n n

n

w w
w w

LV L L
h L

Cr r r

r c r
w

LV L

p
L r

p
L

r r r

r d

μ
ρ

π

− −

−

− −

− −

= = × → = ×

= = → = ×

= = → = ×
⎧ ⎫⎪ ⎪⎪ ⎪− +⎨ ⎬⎪ ⎪⎪ ⎪⎩ ⎭

= × × → = ×
= × → = ×

3 6 16 2(3.12 10 ) (3.63 10 ) 3260 10 32.6 ftL L− −= × × = × → =

 

 
b. 100 Hznw =  

2 2
9 2 6

17 4
6 17 6

3 3

8.62 10 100 1.16 10

3.438 1
1.23 10

2.785 10 (1.16 10 )(1.23 )

1.625 10  ft 3.25 10  ft

2.26 ft

r r

L L
L

r
r

r d

L

1710

-

- -

- -

´ =  = ´

= = ´  =
´ ´ ´

= ´  = ´
=

 

 
c. 500 Hznw =  

2
5 6 18 4 12

3 3

2.90 10 (2.71 10 ) 0.785 10

0.941 10 1.882 10  ft 1.88 ft

r
L r r

L

r d L

- -

- -

= ´ = ´  = ´

= ´  = ´ =

 

 
6-19 
The reading would be the same. 10 in. Hg 
 
6-20 

1/2

1/22 2
3

6 3

90 C 363 K (20.04)(363) 381.8 m/s

3
0.75 10  m

4

1.5 m 5 10  m

n

T c

r c
w r

LV

L V

π

° °

−

−

= = = =
⎡ ⎤⎢ ⎥= = ×⎢ ⎥⎢ ⎥⎣ ⎦

= = ×
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1/ 23 2 2

6

5
3

(3) (0.75 10 ) (381.8)
160.5  Hz

4(1.5)(5 10 )

6.9 10
6.623 kg/m

(287)(363)

nw

p

RT

π

ρ

−
−

⎡ ⎤×⎢ ⎥= =⎢ ⎥×⎢ ⎥⎣ ⎦
×= = =

 

1/2
5

3

1/25 6

3 3

2 3
2.13 10 kg/ m s

(2)(2.13 10 ) (3)(1.5)(5 10 )

(6.623)(381.8)(0.75 10 )

0.1069

LV
h

pcr

h

h

μμ
π

π

−

− −
−

⎡ ⎤⎢ ⎥= × ⋅ = ⎢ ⎥⎣ ⎦
⎡ ⎤× ×⎢ ⎥= ⎢ ⎥× ⎢ ⎥⎣ ⎦

=

 

 
6-21 

2

2

(1.85 1)(5.0) 4.25 in. H O

4.25 in. H O

p

p

Δ
Δ

= - 

=
 

 
6-22 

4
2 6

max 3

4 8 3

6
2

1 3
(1 ) 29 10  psi

3 16

6.87 10 0.0162 in. 0.3 10  psi

0.25 in.

1.934 10 (for steel) 159,500 Hz

pa
y t E

Et

t p

a

t
f f

a

μ

μ

π

Δ

Δ−

= = − = ×

= × = = =
=

= × =

 

 
6-23 

7 1
1 1

4

4 1 2 3

1 2
2

1 4 2 3

2

(1 ) (1.7 10 ) psi 100 ohms

100.17 ohms 10  psi

At 24 volts and 100.17 ohms 100 ohms

(100)(200) (100)(200.17)
24

(200)

1.02 10  v

g

g

R R b p b R

R p

E R R R R

R R
E E

R R R R

E

Δ

Δ

- -

-

= + = ´ =

= =
= = = = =

é ùé ù -ê úê ú= - = ê úê ú+ +ê ú ê úë û ë û

= - ´ olts 

 

 
6-24 

5 3

2 2
2 4 2

1.5 10  mm , 0.3 mm, 0.030 mmHg

π
5.94 10  mm

4

2.44 cm

B B

B

ay V V d p

d y
p y

V

y

= × = =

= → = ×

=

!

 

 
6-25 

For air: 7(8.64 10 ) mean free path
T

P
λ −= × =  

P is in 2lbf/ft ;  in T R°  
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For Knudsen Gage: 
5

8 2
2 2

5

10 10  or

lbf lbf
2.82 10 2.82 10

ft ft

3.06 10 30.6

p

p

T T

μ μ

λ

-

- -

-

< <

´ < < ´

\ ´ < <

 

 
6-26 

3

6
3

2

( ) 135 mm 0.135 m

(0.83)(1000) 830 kg/m

13.8 10
164.11 kg/m

(287)(293)

(9.806)(0.135)(830 164.11) 881.51 N/m

m f
c

m

f a

g
p h h

g

p

RT

p

ρ ρ

ρ

ρ ρ

Δ

Δ

= − = =

= =
×= = = =

= − =

 

 
6-27 

22 2 2
2 2

max 3 2 2

2
max

2 
max

3 (1 ) 4
ln

4π

4.064 10 [0.9844 0.635(4.323)]

2.885 10 in.

W a b a
y a b

bEK a b

y

y

μ

-

-

é ùæ ö- ê ú÷ç= - - ÷çê ú÷÷çè ø-ê úë û

= ´ -

= ´

 

 
6-28 

3
3

3

3
0

0

2

400 10
4.925 kg/m

(287)(283)

999 kg/m

(0.8)(999) 799 kg/m

( )

(0.12)(799 4.9)

95.3 N/m

0.0138 psia

a

w

a
c

g
p h

g

ρ

ρ

ρ

ρ ρΔ

×= =

=
= =

= −

= −
=
=

 

 
6-29 

5

5

5

8

2.27 10

(2.77 10 )(293)

1.01 10

6.56 10  m

T

p
λ -

-

-

= ´

´
=

´

= ´

 

 
6-30 

2 2

2.5cm, 0.3 cm, 0.122 cm

Deflection 0.04 cm

200 GN/m 20 MN/cm

a b t

E

= = =
=

= =
 

Inserting in deflection equation gives 2 513.786 N/cm 1.379 10 Pap = = ×  
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6-33 
529.8 in Hg 1.009 10  Pa

(gage) 10 kPa

7200 ft

bp

p

z

= = ´

=
=

 

5.26

0
0

5.26

1

(0.003566)(7200)
(29.8) 1

518.69

22.82 in. Hg

77263 Pa

b
BZ

p p
T

æ ö÷ç ÷= -ç ÷ç ÷÷çè ø

é ù
ê ú= -
ê úë û

=
=

 

3

(abs) 87.263 kPa

(87,263)(100 10 )
0.1038 kg

(287)(293)

p

pV
m

RT

-

=

´
= = =

 

If use weather bureau 5(abs) 1.109 10  Pap = ´  

110,900 87,263
Error 27.1% too high

87,263

−= =  

6-34 
10 psia 68,940 Pa=  

Using weather bureau, (abs) 110,900 68,940 41,960 Pap > - =  

Using correct pressure, (abs) 87,263 68,940 18,323 Pap = - =  

41,960
Error 1 129% too high

18,323
= - =  

 
6-35 

21" fluid (0.75)(5.203) 3.902 lbf /ft

1 psf 47.88 Pa

(3.902)(47.88)
735 Pa

2.54

= =
=

= =p

″

Δ

 

 
6-36 

 small compared to fluid

1.75
(935) 1716 Pa

0.75

a

p

ρ

Δ

=
⎛ ⎞⎟⎜= =⎟⎜ ⎟⎟⎜⎝ ⎠

 

 
6-37 

2
2

a
1

0.85 15sin 30 7.5 cm

0.005
small

0.05f

h

A

A

γ

ρ ρ

′ °= = =

æ ö÷ç= = ÷ç ÷÷çè ø


 

2
0.005

(7.5) 1 7.575 cm fluid
0.05

(7.575)(0.85)(5.203) 33.5 psf

1604 Pa

pΔ
é ùæ öê ú÷ç= + =÷çê ú÷÷çè øê úë û

= =
=
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6-38 

2

13.6

13
(13.6 1) 64.49 in. H O

2.54

335.5 psf

16.06 kPa

SG

pΔ

=
æ ö÷ç= - =÷ç ÷÷çè ø

=
=

 

 
6-40 

2

2

13 5
(13.6 1) 1

2.54 10

80.61 in. H O

20.08 kPa 

pΔ
é ùæ ö æ öê ú÷ ÷ç ç= - +÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è øê úë û

=

=

 

 
6-41 

3

9 2

4 4
2

11

4

1/211 4

2 2

10 kPa at 20 C 7800 kg/m

1.25 cm 200 10  N/m 0.3

1 (3)(10 )(0.0125)
(1 0.3 )

3 (16)(2 10 )

1.58 10  m 0.158 mm

10.21 (1.0)(2 10 )(1.58 10 )
15,820 

(0.0125) (12)(1 0.3 )(7800)

p

a E

t
t

t

f

ρ

μ

Δ °

−

−

= =
= = × =

= −
×

= × =
⎡ ⎤× ×⎢ ⎥= = =⎢ ⎥−⎢ ⎥⎣ ⎦

Hz

 

 
6-42 

3

5
3

65 atm 20 C

0.85 15.3 cm 1.0 mm

(0.85)(996) 847 kg / m

(65)(1.01 10 )
78.3 kg/m

(287)(293)

9.8
(0.153)(847 78.3)

1.0
11.53 Pa

m

a

p T

SG h

p

ρ

ρ

°

Δ

= =
= = ±
= =

×= =

= −
=

 

 
6-43 

3 6 3

5
3

1/2 5

1/22 2

6

5 atm 50 C 323 K 0.0005 m

0.8 m 3 cm 3 10  m

(5)(1.01 10 )
5.46 kg/m

(287)(323)

kg
20(323) 359 m/s 1.97 10

m-s

(0.0005) (359)
205 Hz

(3 10 )(0.8 0.5( )(0.005))

(2

n

p T r

L V

p

RT

c

w

h

ρ

μ

π
π

°
−

−

−

= = = =
= = = ×

×= = =

= = = ×

⎡ ⎤⎢ ⎥= =⎢ ⎥× +⎢ ⎥⎣ ⎦

=
1/25 6

3

)(1.97 10 ) (3)(0.8)(3 10 )
0.243

(5.46)(359)(0.0005) π

− −⎡ ⎤× ×⎢ ⎥ =⎢ ⎥⎢ ⎥⎣ ⎦
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2 2 2 2 1/2
0

0.5

1

[(1 0.5 ) (4)(0.243) (0.5) ]

1.27

n

w

w

p

p

=

=
- +

=

 

 
6-44 

3 5 3

2
3

2

125 cm 1.25 10  mm

(0.2)
0.0314 mm

4

20 μm 0.02 mm (torr)

282 mm

B

C

B

V

V ay y

ay
p

V

y

π

= = ×

= = =

= = =

=

 

 
6-45 

5
atm

3

5.26

atm

120 F 580 R

13 psig 89,627 Pa

(weather) 29.83 in. Hg 1.01 10 Pa

3.0 m 600 ft

(0.003566)(600)
(29.83) 1

518.7

29.188 in. Hg

98,840 Pa

98,840 89,627 9213 Pa

(9213)(3)

(287)(

T

p

p

V z

p

p

pV
m

RT

° °= =
= - = -

= = ´

= =

é ù
ê ú= -
ê úë û

=
=

= - =

= =

atm

0.2989 kg
580)(519)

If use weather  , 101,000 89,627 11,373 Pa

11,373
Error 1 0.234 (23.4% high)

9213

p p

=

= - =

= - =

 

 
6-46 

11

1/211 2

2 2

5

140 dB 0.029 psia 200 Pa

5000 Hz 1000 Hz 7800

0.5 cm 0.005 m 2 10 0.3

10.21 (1.0)(2 10 )
10,000

(0.005) 12(1 0.3 )(7800)

1.6 10 m 0.016 mm

n

a E

t

t

ω ω ρ

μ

-

= =
= = =

= = = ´ =

é ù´ê ú= ê ú-ê úë û

= ´ =

 

 
6-47 

5.26
5 (0.003566)(14,000)

(1.013 10 ) 1
518.7

59,500 Pa

p
é ù
ê ú= ´ -
ê úë û

=
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6-48 
1

2

2

25 cm

(25) 4
(13.6 1) 1 124.9 in. H O

2.54 50

649 psf 31 kPa

h

pΔ

=
é ùæ öê ú÷ç= - + =÷çê ú÷÷çè øê úë û

= =

 

 
6-49 

1

1

11 1

(1 ) 700 1 699 atm

90

2.5 10 Pa

R R b p p

R

b

Δ Δ
Ω

- -

= + = - =

=

= ´

 

11 5(90)[1 (2.5 10 )(699)(1.013 10 )]

90.159

R

Ω

-= + ´ ´
=

 

 
6-50 

6 3

3
3

5

0.0006 m 0.1 m

15 10 m

500 kPa

50 C 323 K

500 10
5.394 kg/m

(287)(323)

1.97 10 kg/m -s

359 m/s

r L

V

p

T

p

RT

c

ρ

μ

°

−

−

= =
= ×
=
= =

×= = =

= ×
=

 

1/22 2

6
π(0.0006) (359)

(1.5 10 )(0.1 0.5π(0.0006))

981 Hz

nω -

é ù
ê ú= ê ú´ +ê úë û

=

 

1/25 6

3
(2)(1.97 10 ) (3)(0.1)(1.5 10 )

π(5.394)(359)(0.0006)

0.113

h
- -é ù´ ´ê ú= ê ú

ê úë û
=

 

 
6-52 
See conversion list at start of chapter. 
 
6-53 

atm

abs

750
(101.32 kPa)

760

99.99 kPa

825.0 99.99 925 kPa

p

p

æ ö÷ç= ÷ç ÷÷çè ø

=
= + =

 

 
6-54 

3 35 L 5 10 m

10 C 283 K 509 R

V

T ° °

-= = ´
= = =

 

Indicated barometer 29.85 mm Hg 101.079 kPa= =  
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5.26
0.003566(600)

Actual barometer (101.079) 1
518.69

98.9 kPa

é ù
ê ú= -
ê úë û

=

 

4

(indicated) 101.079 80 21.079 kPa

(actual) 98.9 80 18.9 kPa

(18,900)(0.005)
(actual) 1.61 10 kg

(2078)(283)

21.079 18.9
Error 11.5%

18.9

p

p

m -

= - =
= - =

= = ´

-
= = +

 

6-55 

3 3
2

45.2 cm 0.1 1.483 ft

(H O) 997 kg/m 62.3 lhm/ft

SG of Hg 13.595

h

ρ

= ± =
= =
=

 

( )

32.2
(1.483)(13.6 1)(62.3)

32.2
1164 psf

8.08 psi

m f
c

g
p h

g
ρ ρΔ = −

= −
=
=

 

 
6-56 

Reading that is 
1

7.94%
12.6

= too high 

 
6-57 

2

3

3

2 in. H O 10.41 psf

(50)(144)
0.2546 lbm/ft

(53.35)(530)

(0.82)(62.4) 51.17 lbm/ft

( )

10.41
0.204 ft

51.17 0.2546

a

f

m f
c

p

p

RT

g
p h

g

h

ρ

ρ

ρ ρ

Δ

Δ

= =

= = =

= =

= −

= =−

 

0.204
Length displacement 0.598 ft

sin 20
= =°  

 
6-60 

2 6(0.01 10 )(1 10  Pa) 1000 Pa

At 40,000 Pa

1000
% uncertainty 2.5%

40,000

pΔ

-´ ´ =
=

= =
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6-61 

2 1

3

for  the sensitivity for the inclined micromanometer becomes

/ 1/( )sinθ ( / )

For water density of 1000kg/m , the sensitivity becomes

1/(1000)(1 0.85)(9.8/1.0)(0.5) 1.36 mm/Pa

c

D d

S h p g g

S

ρ ρΔ= = −

= − =

@

 

 
6-62 

3

2

1 mm 0.735 Pa, density for air at 300 K, 1 atm is 1.17 kg/m

0.735 (1.17) /2(1.0)

and 1.04 m/s

p

u

u

= =
=
=

 

 
6-63 
For and oil with specific gravity of 0.9, sensitivity becomes 

2.04 mm/pa

and

S =
 

20.49 (1.17) /2(1.0)

     0.915 m/s

u

u

=
=

 

 
6-64 

 (9.8/1.0)(1000)(2.95 1)(0.15)

2867 Pa 0.4158 psi

pΔ = -
= =

 

 
6-65 

5
air (0.5)(1.013 10 ) /(287)(308) 0.573

2867 (9.8/1.0)(2950 0.573)

0.0992 m 9.92 cm

p h

h

ρ
Δ

= ´ =

= = -
= =

 

 
6-66 

2

4 11 3

11 2 0.5

200 GN/m , 0.3

/3 (3)(200000)(0.02) (1 0.09) / (16)(2 10 )

0.535 mm

(10.21/0.0004)[(2 10 )(0.000535) /(12)(1 0.09)(7800)]

20.92 kHz

E

t t

t

f

μ= =
= − ×
=
= × −
=

 

 
6-67 

5
air (75)(1.013  10 )/(287)(308) 85.95

(0.2)(9.8/1.0)(1000 85.95)

      1792 Pa

p

ρ
Δ

= × =
= −
=

 

 
6-68 

5

6 3

For air 2.41, 343, 1.91 10

0.15 m, 0.5 mm,  1.2 mL 1.2 10 m

c

L r V

ρ μ -

-

= = = ´

= = = = ´
 

 
Inserting values in Eqs (6-5) and (6-6) gives  

620 Hz

0.306
n

h

ω =

=
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6-69 
The standard atm pressure at the altitude given is 

5 5.26(1.0132 10 )[1 (1520)(0.0065)/288.16]   

  84,332 Pa

ρ = × −
=

 

Vacuum readings greater than this value are impossible.  
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Chapter 7 
7-1 

3/ +1/
2 2 2 2
2 1

1 1 1

2/ +1/
2 2 2 2 2
1 1 2

1 1 1 2

2/
2 2 2
1

1 2

2

1

Consider:

; ;

cg p p
m A p

RT p p

p p p p
p p p p

p p p p p

p p
p

p p p

γ γ γ

γ γ γ

γ

γ
γ

Δ
Δ

Δ

é ùæ ö æ öê ú÷ ÷ç ç÷ ÷= -ç çê ú÷ ÷ç ç÷ ÷÷ ÷ç ç- ê úè ø è øê úë û

é ùæ ö æ öê ú÷ ÷ç ç÷ ÷- = + =ç çê ú÷ ÷ç ç÷ ÷÷ ÷ç çê ú +è ø è øê úë û

æ ö æ÷ç ç÷ =ç ç÷ç ç÷÷ç ç +è ø è



( )1

2/
2

2

2/ 2
2 22
1 2

1

( )

1

p p

p p
p p

p p

γ
γ

γ

γ

Δ

Δ
-

ö÷÷ +÷÷÷ø

æ ö æ ö÷ ÷ç ç÷ ÷= +ç ç÷ ÷ç ç÷ ÷ç ÷÷ç è øè ø

 

By the binomial theorem: 
2/

2 22
1 2

1 2

2( 1)
1 (1)

p p
p p

p p

γ
γ

γ
Δæ ö é ù-÷ç ê ú÷ = + + +ç ÷ç ê ú÷÷çè ø ë û

  

also: 
1/ 1 /

2

1 2
1 1 1

p p

p p

γ γ γ γ
Δ

− −⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥ ⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟− = − +⎜ ⎜⎢ ⎥ ⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
 

By the binomial theorem: 
1 / 2

2 2 2

1 1 1 2
1 1 (2)

2

p p p

p p p

γ γ
γ γ

γ γ
Δ Δ Δ

-é ù é ùæ ö æ öæ ö- -ê ú ê ú÷ ÷÷ç çç÷ ÷÷- + = + +ç çê ú ê ç ú÷ ÷÷ç çç ÷÷ ÷ç÷ ÷÷ç çê ú ê úè øè ø è øê ú ê úë û ë û

  

Multiply (1) by (2) 
1/2

2
2 2

1

2
2 1 2

1

1/21/2 2/ 1/

2 1
1

2 1.5
1 ( )

if in Eq. (7-9)
10

2
( )  in Eq. (7-9)

2 3 3 1 1.5
Error 3

1 4 4 4

+

⎡ ⎤⎛ ⎞⎟⎜⎢ ⎥⎟∴ = − − +⎜ ⎟⎢ ⎥⎜ ⎟⎜⎝ ⎠⎢ ⎥⎣ ⎦
<

= −

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎢ ⎥⎟⎜ ⎟ ⎟⎜ ⎜⎟= − − −⎟ ⎟⎜ ⎜ ⎜⎢ ⎥⎟ ⎟ ⎟⎜ ⎟ ⎟⎜ ⎜⎟⎜ ⎝ ⎠ ⎝ ⎠−⎝ ⎠ ⎢ ⎥⎣ ⎦

 



c

c

c

g
m A p p p

RT

p
p

g p
m A p p

RT

g
A p

RT

γ γ γ

γ

γ
γ γ

Δ Δ

Δ

1/2

1/21/2 2/ 1/

2 1
1

1

In Equation (7-10)

2 9 9 3
Error

1 10 10 10

+

⎧ ⎫⎪ ⎪⎪ ⎪⎡ ⎤⎛ ⎞⎪ ⎪⎟⎪ ⎪⎜⎢ ⎥⎟− +⎜⎨ ⎬⎟⎢ ⎥⎜ ⎟⎜⎪ ⎪⎝ ⎠⎢ ⎥⎪ ⎪⎣ ⎦⎪ ⎪⎪ ⎪⎩ ⎭

⎧ ⎫⎪ ⎪⎡ ⎤⎪ ⎪⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥⎟⎪ ⎪⎜ ⎟ ⎟⎜ ⎜⎟= − −⎟ ⎟⎜⎨ ⎬⎜ ⎜⎢ ⎥⎟ ⎟ ⎟⎜ ⎟ ⎟⎜ ⎜⎟⎜⎪ ⎪⎝ ⎠ ⎝ ⎠−⎝ ⎠ ⎢ ⎥⎪ ⎪⎣ ⎦⎪ ⎪⎪ ⎪⎩ ⎭



cg
A p

RT

γ γ γγ
γ
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7-3 
5Re 10 3.84 in.d d=  =  

Select a venturi from Figure 7-10. 
5 5

3 2
1 2

1
16

2
act

1 2
1 2

0.978 for 10 Re 8 10

1.502 lbm/ft ; 0.02185 ft

1
1.035

1

1
( )

2

d

c

C

p
A

RT

M

m
p p p

g YCMA

ρ

ρ
Δ

= < < ×

= = =

= =
−

⎡ ⎤⎢ ⎥= − = ⎢ ⎥⎣ ⎦


 

2

2
21.0

m
p

Y
Δ =


 Using Figure 7-14 and the above equation assuming 0.9Y =   

2

2

2

2

0.3 lbm/sec 2.33 lbf /ft

0.5 lbm/sec 6.47 lbf /ft

0.7 lbm/sec 12.7 lbf /ft

1.0 lbm/sec 25.9 lbf /ft

m p

m p

m p

m p

Δ

Δ

Δ

Δ

= → =
= → =
= → =
= → =









 

 
7-4 
Follow the same procedures as in the above problem. 

2

2

2

2

2

3.53 Assume 0.9

0.3 lbm/sec 0.392 lbf /ft

0.5 lbm/sec 1.09 lbf /ft

0.7 lbm/sec 2.14 lbf /ft

1.0 lbm/sec 4.36 lbf /ft

m
p Y

Y

m p

m p

m p

m p

Δ

Δ

Δ

Δ

Δ

⎡ ⎤⎢ ⎥= =⎢ ⎥⎣ ⎦
= → =
= → =
= → =
= → =











 

 
7-5 
Follow the above procedure. 

2

2

2

2

2

2

21.0 Assume 0.9

0.3 lbm/sec 2.33 lbf /ft

0.5 lbm/sec 6.47 lbf /ft

0.7 lbm/sec 12.7 lbf /ft

1.0 lbm/sec 25.9 lbf /ft

m
p Y

Y

m p

m p

m p

m p

Δ

Δ

Δ

Δ

Δ

= =

= → =
= → =
= → =
= → =
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7-6 

1 1

1 1

1/22/ 1

2 1
1

1/22 2

1 1

2 2

1 1

2 2

1 1

0.01
2

1
0.0001

4

c

p Tm

p T

g
m CA p

RT

W WW

m p T

W W

p T

γγ
γ γ

-é ùæ öê ú÷ç ÷= çê ú÷ç ÷ç ÷+ +è øê úê úë û

é ùæ ö æ öê ú÷ ÷ç ç÷ ÷ç ç= + =ê ú÷ ÷ç ç÷ ÷÷ ÷ê úç çç çè ø è øê úë û

æ ö æ ö÷ ÷ç ç÷ ÷ç ç+ =÷ ÷ç ç÷ ÷÷ ÷ç çç çè ø è ø






 

Pressure is more likely to be the controlling factor. 
 
7-7 

1
1

1 1

2 2
10 3 1

1/22/ 1

2 10
1

1/22/0.4

2

2
2

126.8 ft /sec

1
381 lb/in

2

2 2

1 1

(2)(32.2) 1.4 2
1 (381)(144)

(53.35)(500) 2.4 2.4

0.1222 in 0.496 in

s

s

c

s

mRT
u

P A

p p u

g
m CA p

RT

A

A d

γ

ρ

γ
γ γ

−

= =

= + =

⎡ ⎤⎛ ⎞⎢ ⎥⎟⎜ ⎟= ⎜⎢ ⎥⎟⎜ ⎟⎜+ +⎢ ⎥⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞⎢ ⎥⎟⎜= ⎟⎜⎢ ⎥⎟⎟⎜⎝ ⎠⎢ ⎥⎣ ⎦

= ∴ =





.

 

 
7-8 

2 2

2
1

Where [( ) ] if so that
4

c b b

d b f

g VA
Q

C A

A D ay d d D

ρ
ρ

π

⎛ ⎞⎟⎜ ⎟⎜= − ⎟⎜ ⎟⎜ ⎟⎜⎝ ⎠

= + − ≈
 

2

2
0

1

22
1

4
c b

d b f

d ay

D D

g Vay ay D
Q

D D C A

ρπ
ρ

⎛ ⎞⎟⎜− ⎟⎜ ⎟⎟⎜⎝ ⎠
⎡ ⎤ ⎛ ⎞⎛ ⎞ ⎟⎜⎢ ⎥⎟ ⎟⎜ ⎜= + −⎟ ⎟⎜⎢ ⎥ ⎜⎟ ⎟⎟⎜ ⎜⎝ ⎠ ⎟⎜⎢ ⎥ ⎝ ⎠⎣ ⎦

 !

 

2

1

2

if  is small may be neglected, and ( )

Error ( )

b f f

b f f

ay ay
m c y

D D

ay
c

D

ρ ρ ρ

ρ ρ ρ

æ ö÷ç = -÷ç ÷÷çè ø

æ ö÷ç= -÷ç ÷÷çè ø
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1 0

2

4

6

8

0
20 4 1 086

ay
d

Error

 
 
7-9 

1

1

1

1 0 2

2

;  where 2
2

 for 2.1

( )
Error 100

1.048 1.05
Error 100 0.191%

1.05
for 1.90

Error 0.1895%

b

b
b f

b f

c y b
f f

c y

b f

c y
m

c y ρ

ρ

ρ ρ ρ

ρ ρ

ρ ρ ρ

ρ ρ

= =

=

- -
= ´

´
= ´ = -

=

=



 

 
7-10 
From Figure 7-19 
for 2.5 GPM 0.25%K =   

cycles/sec
55 650

centistoke
1,085 1,095 cycles/gal

f
v

K

< <
< <

 

 
7-11 

2 2 2

1

2
1

 for 0.4
2

1

0.492 in [( ) ]
4

1 13 1.272 0.0209

2

2

0.01787 ft / ec

d
d

c b b

b f

c b

d b

QC
A C

g V

A

A D ay d

a a

g Va D
c

c A

c S

ρ
ρ

π

π

= = →⎛ ⎞⎟⎜ ⎟⎜ − ⎟⎜ ⎟⎜ ⎟⎜⎝ ⎠

= = + ⋅
+ = =

=

=

 

2 2
2 1

2 2
3 1

For 0.8

0.987 in 0.0386 0.01648 ft /sec

For 1.20

1.476 in 0.0454 0.01292 ft /sec

Error 0.00443 ft for 0.4

d

d

d

C

A a c

C

A a c

C

=
= = =

=
= = =
≈ =
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7-14 

1

1 1

1

2

2 1

2

1

1

; but

but  

y
y

sy y y y

s y y

y f
S S

E f y

I y f
C S

I y y

L dn L d

n dy p dy
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300 57.31 0.04 
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21
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1
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3
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% Error 1 0.0722 lbm/ft
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q
 

 
φ  vρ  ρ % Error  

0 0 0.0722 0 
0.1 0.000214 0.0724 0.001 
0.4 0.000855 0.07306 0.005 
0.7 0.00150 0.0737 0.01 
0.9 0.00193 0.07413 0.013 
1.0 0.00214 0.07434 0.015 
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From Figure 7-10 at 5
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1 1
and 10

2 4 ed d R
″ ″
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From Figure 7-13 0.61CM =  
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4

2

2 1/2
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2
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8.54 10
10,404 lbf /ft 147 in. Hg
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⎡ ⎤⎡ ⎤ ⎛ ⎞⎢ ⎥⎟⎜⎢ ⎥= × × ⎟⎜⎢ ⎥⎟⎟⎜⎢ ⎥ ⎝ ⎠⎢ ⎥⎣ ⎦ ⎣ ⎦
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4
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2
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Volume flows are the same. 
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5
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p
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0
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6

3

2
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2
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2
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Q
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7-45 
Figure 7-40 
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7
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1
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∞
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 at 0.95 atm and 267 K 281

0.95
293
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1
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( )21.5 2 1/2
12 1/2

0.75 in. 1.5 in. 0.5

Re 10,000 0.63 25 C

62.2 2.08 lbm/hr-ft

(62.2) (1.5112) ft
10,000 ; 2675 0.74 ft /s

2.08 hr

(0.74)π π 0.75 (2)(32.2)
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4 4 12 62.2
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m
m

d
d D

D
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U
U
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p

β

ρ μ
°

Δ
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= = = =
= = =
= =

= = =

⎛ ⎞ ⎡ ⎤⎟⎜ ⎢ ⎥= = ⎟⎜ ⎟⎟⎜ ⎢ ⎥⎝ ⎠ ⎣ ⎦
= f
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2

0.82 1 atm, 25 C 298 K 30 m/s

0.1 mm 1.18 kg/md

SG U

W ρ

°= = =
= =

 

2 21
(0.5)(1.8)(30) 533 Pa

2
11.16 psf 2.615 in fluid 66.42 mm fluid

dp uρ ¥= = =

= = =
 

1/2 1/2

1/42 2

00

1/22 2

6 1/2

6 1/2

2 2

1 1

4 4

1 0.1 1.2

2 66.4 298

(4.63 10 )

(30)(4.62 10 ) 0.065 m/s

d d

u d T

d

U

p p RT
U

p

W W W

U p T

W

ρ∞

−

⎛ ⎞ ⎡ ⎤⎟⎜ ⎢ ⎥⎟= =⎜ ⎟⎜ ⎢ ⎥⎟⎜⎝ ⎠ ⎣ ⎦
⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥⎟⎜ ⎟⎜⎟= +⎜ ⎟⎢ ⎥⎜⎟ ⎟⎜ ⎟⎜⎟⎜ ⎝ ⎠⎢ ⎥⎝ ⎠⎢ ⎥⎣ ⎦
⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥⎟ ⎟⎜ ⎜= +⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

= ×
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ind
21

2

100 3 40 C 233 K
p p

T
Uρ

°¥

¥

-
´ = = - =  

ind
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m
22,000 Pa 0.8 20 233 306

s
(306)(0.8) 245 ml

p M c

U

= = = =

= =
 

222,000 (0.03)(0.5) (245)
(287)(233)

0.0134

p
p

p

¥
¥

¥

é ù
ê ú- = ê úë û

=

 

21.7 kPap¥ =  
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21
2

00

0.01

22,000 0.0045

22.1 kPa

ip p

pU

p p

p

¥

¥

¥

¥

-
= -

- = -

=
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7-55 

3

3 3

4 3

231
2.35 gpm (2.35) 0.314 ft /min

1728

8.8896 10  m /min

1.483 10  m /s

−

−

⎛ ⎞⎟⎜= =⎟⎜ ⎟⎟⎜⎝ ⎠
= ×
= ×

 

3

4

1329 kg/m

(1.483 10 )(1329) 0.197 kg/sm

ρ
−

=
= × =
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0 0

exit

1/22
1/2

800 kPa 10 kPa 50 C 323 K 10

0.97 0.5% 2 cm 100 kPa

(0.02) (2)
(800,000) [0.2344]

4 (287)(323)

0.565 kg/s

p T

C d p

m
π

°= ± = = ±
= ± = =

⎡ ⎤⎢ ⎥= ⎢ ⎥⎣ ⎦
=


 

1/22 2

/

1/22 2

1

4

10 1 1

800 4 323

0.0126

p T
m m

W W
W

p T

é ùæ ö æ öê ú÷ç ÷ç÷= +ç ÷ê úç÷ ÷ç ÷ç÷÷ç è øê úè øê úë û

é ùæ ö æ öê ú÷ ÷ç ç= +÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è øê úë û
=

 

 

(0.0126)(0.585) 0.0071 kg/smW = =  
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3

15 psia 120 F 580 R

100 ft/s 10 0.0698 lbm/ft

P T

U θ ρ

° °∞ ∞

∞

= = =
= = ° =

 

2
21 (0.5)(0.0698)(100)

10.85 psf
2 32.17

0.0753 psl

dp Uρ ¥= = =

=

 

15 (0.0753)(0.02) 15.0015 psi

0.0753(1 0.005) 0.0757 psi
s

d

p

p

= + =

= + =
 

stag (15 0.0753) (0.0753)(0.015)

15.0742 psi

p = + -

=
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7-59 

2

1/ 1
2

1

/ +110
2

1/ 11
1

/ 11
2

/ 1

1
1

2

1

same as Eq. (7-23) as expected 

−

+∞
+

−+
+

−+

−

⎧ ⎫⎪ ⎪−⎪ ⎪−⎨ ⎬⎪ ⎪+⎪ ⎪⎩ ⎭=
⎡ ⎤⎢ ⎥⎣ ⎦

⎡ ⎤⎢ ⎥⎣ ⎦=
⎡ ⎤⎢ ⎥⎣ ⎦
⎛ ⎞⎟⎜ ⎟= ⎜ ⎟⎜ ⎟⎜ +⎝ ⎠

=

p

p

γ
γ

γ

γ γγ

γγ
γ

γ γγ

γ γ

γ
γ

γ

 

 
7-60 

0

2

2.5 cm 5.0 cm

0.5 1932 mm H O 39.6 pst 1.895 kPa

pd d

pβ Δ

= =

= = = =
 

1

1

1

2
4 2

2

31
1

1

750
400 (101.3) 500 kPa

760

27 C 300 K

1.895
0.004; 1.0

500

0.63

(0.025)
4.9 10  m

4
(500)(1000)

5.81 kg/m
(287)(300)

p

T

p
Y

p

MC

A

p

RT

π

ρ

°
Δ

−

⎛ ⎞⎟⎜= + =⎟⎜ ⎟⎟⎜⎝ ⎠
= =

= = ≈

=

= = ×

= = =

 

1/2
2 1[2 ]

0.046 kg / s
cm YA CM g pρΔ=

=


 

 
7-61 

1/2
190

(0.046) 0.014 kg/s
1932

m
⎡ ⎤⎢ ⎥= =⎢ ⎥⎣ ⎦

  

 
7-62 

1

2

1

1/22 22 2 2 2

12 mm H O

10 kPa

2 C 2 K

1 1 1

2 2 2

p

p

T

p p T

W

W

W

W WWm W

m p p T

Δ

Δ

° °

Δ

= 

= 

=  = 

é ùæ ö æ öæ ö æ ö æ ö æ öê ú÷ ÷ç ç÷ ÷ ÷ ÷ç ç ç ç÷ ÷= + +ç ç÷ ÷ ÷ ÷ê úç ç ç ç÷ ÷÷ ÷ ÷ ÷ç ç÷ ÷ ÷ ÷ç ç ç ç÷ ÷÷ ÷ç çè ø è ø è ø è øê úè ø è øê úë û

 

For Problem 7-60 0.011 1.1%mW
m

= =  

For Problem 7-61 0.033 3.3%mW
m

= =  
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7-63 

4 1/2

1.0 0.98

1
1.033

(1 )

Y C

M
β

= =

= =
-

 

1/2
2 1

4 1/2

[2 ]

(1.0)(0.98)(1.033)(4.9 10 )[(2)(5.81)(1895)]

0.074 kg/s

cm YCMA g pρ Δ
−

=
= ×
=



 

 
7-64 

1/2
190

(0.074) 0.023 kg/sec
1932

m
⎡ ⎤⎢ ⎥= =⎢ ⎥⎣ ⎦

  

 
7-65 
From Table 7-1 
Problem 7-60 2(loss) (0.78)(1932) 1550 mm H OpΔ = =  

Problem 7-61 2(loss) (0.78)(190) 148 mm H OpΔ = =  

Problem 7-63 2(loss) (0.1)(1932) 193 mmH OpΔ = =  

Problem 7-64 2(loss) (0.1)(1900) 19 mm H OpΔ = =  

 
7-74 
Rotameter with air 

10 C 283 K

400 100 500 kPa

Rating 100 L/min at full scale and 1 atm, 20 C

T

p

°

°

= =
= + =

=
 

Volume flow at meter condition corr

500 293
(50)

101 283

256 std L/min

Q=
⎛ ⎞⎛ ⎞⎟ ⎟⎜ ⎜= ⎟ ⎟⎜ ⎜⎟ ⎟⎟ ⎟⎜ ⎜⎝ ⎠⎝ ⎠

=

 

 
At standard conditions 

3

std
(256 10 )(101,000)

0.307 kg/min
(287)(293)

m
−×= =  

At meter condition 
1/2

corr
283 101

(0.307)
293 500

0.136 kg/min

m
⎡ ⎤⎛ ⎞⎛ ⎞⎟ ⎟⎜ ⎜⎢ ⎥= ⎟ ⎟⎜ ⎜⎟ ⎟⎟ ⎟⎜ ⎜⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

=


 

 
7-75 
Properties of water  

3

4

7 2

997 kg/m

9.8 10  kg/m-s

/ 9.87 10  m /s

  0.987 cSt

v

ρ

μ

μ ρ

−

−

=
= ×
= = ×
=

 

1 gal 3.777 kg=  
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The approximate range for + / 0.4%

is  60 to 600 cyles/s-cSt. 

The frequency range is

−
 

low

high

(60)(0.987) 59.2 cycles/s

(600)(0.987) 592 cycles/s

f

f

= =

= =
 

The flow coefficient (1092)/3.777 289.1 cyc/kg

The flow range is

K = =
 

low

high

59.2/289.1 0.204 kg/s

592/289.1 2.04 k/s

m

m

= =

= =
 

 
7-76 

5 3

2
dynamic

(2)(1.013 10 )/(287)(293) 2.41 kg/m

(2.41)(10) /(2)(1) 120.5 Pap

ρ = ´ =

= =
 

 
7-77 

5
1

0.25 in 6.35 mm

0.5 in 12.7 mm

(10)(1.013 10 )/(287)(313) 11.28

d

D

ρ

= =
= =

= ´ =

 

From Figure 7-14 0.5,=β  

2 1

4 1/2

2 5 2
2

/ 0.8, 0.88

1/[1 (0.5) ] 1.033 

(0.00635) /4 3.167 10 m

0.97

p p Y

M

A

C

π -

= =

= - =

= = ´

=

 

5

6 0.5

(0.88)(0.97)(1.033)(3.167 10 )

  [(2)(1.0)(0.2)(10 )(11.28)]

    0.059 kg/s

m −= ×
×

=
 

 
7-78 

3(2)(612) 1224 kg/mbρ = =  

 
7-79 

6
1 1

Using Eq. (7-24) with 0.97 and 1.4

with  20 atm 2.026 10 Pa, 323 K

= =
= = × =

C

p T

γ
 

gives  
4 2

2 3.29 10 mA -= ´  
 

7-80 
3

1

4

4

2

(5000000)/(287)(323) 53.94 kg/m

5.5 10  kg/m-s

50,000 (53.94) (0.05)/5.5 10

10.2 m/s

(53.94)(10.2) (0.05) /4 1.08 kg/s

Re u

u

m

ρ

μ

π

-

-

= =

= ´

= = ´
=

= =
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Take 0.973 at 100000

Using  0  and 1

C  Re

Yβ
= =
= =

 

4 2

0.5

1

1.08 0.973[1 (0.5) ] (0.0125)  

            [(2)(53.94) p]

53,930 Pa

/ 0.0107  and 1.0 justified

p

p p y

π

Δ
Δ
Δ

= -

´
=

= =

 

 
7-81 

0.004, 110,000

(0.88)(3.9)/0.004 8580 Hzs

d Re

f

= =
= =

 

 
7-82 

1/2

2
0

2
0

0.75, 35° 238K

33kPa, (20)(238) 309m/s

(0.75)(309) 231m/s

 (1/2)ρu

33,000/(287)(238) 0.483

33,000 (0.483)(231) /2

    45,887 Pa

M T

p c

u

P

p

ρ
ρ

¥

¥

= = - =

= = =
= =

- =

= =

= +

=
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Chapter 8 
8-1 

9
°F 32.0 °C For °C °F

5
9

°F 32.0 °F
5

°F °C 40.0°

= + =

= +

= = -

 

 
8-2 

true ind ind amb

ind amb

0.000088( )

Error 0.000088( )

Error 0.123°F

T T T T D

T T D

= - -

= -

=

 

 
8-3 

r

c
s

d

r
q

f

 
 

180

180

2

2 sin
2

s

r

C r

θ
π

θφ

θ

=
−=

=

 

( ){ }2 2 1

2
2 1 0

cos

3(1 ) (1 )

6( )( )(1 )

mn

d C

t m mn m
r

T T m

φ

α α

=

é ù+ + + +ê úë û=
- - +

 

For 0 38.3°CT T- =  

26.7 in. 4in.

8.6 0.30in.

85.7°

r C

dθ
φ

= =
= =
=

 

For 0 37.2°CT T- =  

27.4in.

8.35°

85.82°

0.292in.

r

d

θ
φ

=
=
=
=
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deflection at 1° 0.008in. =  

0 0For 38.9°C For 36.6°C

26.2in. 27.9in.

8.75° 8.22°

85.62° 85.89°

0.306in. 0.286in.

T T T T

r r

d d

θ θ
φ φ

- = - =

= =
= =
= =

= =

 

deflection at 2° 0.020 in. =  

 
8-4 

cos

90
sin

d C C s

s
d S

r

α

π

= ≈
=  

1/22 2

1/22 2
90 90 90

sin cos ( ) cos ( )
2

d s t

d s t

d d
W W W

s t

s s s s S
W W S W

r r r r rπ π π π

⎡ ⎤⎛ ⎞ ⎛ ⎞∂ ∂⎢ ⎥⎟ ⎟⎜ ⎜= +⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠∂ ∂⎢ ⎥⎣ ⎦
⎧ ⎫⎪ ⎪⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞⎛ ⎞⎪ ⎪⎪ ⎪⎟ ⎟ ⎟⎜ ⎜ ⎜⎢ ⎥ ⎢ ⎥= + +⎟ ⎟ ⎟⎨ ⎬⎜ ⎜ ⎜⎟ ⎟ ⎟⎟ ⎟ ⎟⎜ ⎜ ⎜⎢ ⎥ ⎢ ⎥⎪ ⎪⎝ ⎠ ⎝ ⎠⎝ ⎠⎪ ⎪⎣ ⎦ ⎣ ⎦⎪ ⎪⎩ ⎭

 

For 150°FT =  
50.0102 10

102 in. 0.0001358 in.
10

1°F
125°F/in. 0.01695°F

0.008 in.

d

T

r W

W

×= = =

= =
 

For 200 F, 27.0in.T ° r= =  

0.00149in. 0.186 Fd TW W °= =  

For 300 F, 10.92in.T ° r= =  

0.00365in. 0.456 Fd TW W °= =  

 
8-5 

{ }

5 1 5 1
1 2

6

6

2
2 1 0

2 2 1

1.35 10 C ; 2.02 10 C

26.0 10 0.010 0.001
1.855; 0.714 0.017

0.014 0.000214.0 10

6( )( )(1 )
sin sin

2 2 3(1 ) (1 )
mn

n m

T T m ss
d

r t m mn m

α α

α αδ δ

− − − −= × = ×
× ±= = = = ±±×

− − += = ⎡ ⎤+ + + +⎢ ⎥⎣ ⎦

 

For small deflections sinθ θ=  

{ }
2 2

2 1
2 2 10

0

6( )(1 ) ( )

( ) 2 3(1 ) (1 )

0.00292in./°F

mn

d m s

T T t m mn m

d

T T

α α¶ - +
\ =

é ù¶ - + + + +ê úë û
¶

=
¶ -

 

1/22 2

sen

5
5

sen 3

sen sen

3.7 10
3.70 10 in./°F 100 1.27%

2.92 10

t mW W W
t m

W
−−
−

⎡ ⎤⎛ ⎞ ⎛ ⎞∂ ∂⎢ ⎥⎟ ⎟⎜ ⎜= +⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠∂ ∂⎢ ⎥⎣ ⎦
×= × × =
×
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8-8 
Temperature level 200°F From Table 8-3=  

At 250°F 5.280 mv

At 150°F 2.711 mv 0.02569 mv/°F

2.569 mv

 

0.05
0.01

5
0.004

0.4 mv
0.01

T RW W

T R

R

Δ
Δ

= = =

= =
 

( )(0.02569) 0.4 mv

3 use 4

T n

n t n

Δ =
= =

 

 
8-9 
Temperature level 400°F=  

At 350°F 7.20 mv

At 450°F 9.43 mv

2.23 mv

 

0.0223 0.0001065 mv/°F

( )( )( ) 0.1705 0.002 mv

S

R T S nΔ
= 
= = 

 

1/222

0.051°F or 1.275%

SR
T

T

WW
W T

R S

W

Δ

Δ

Δ
ì üï ïæ öæ öï ïï ï÷÷ çç= + ÷÷í ýçç ÷÷÷ ÷ç çï ïè ø è øï ïï ïî þ

=

 

 
8-10 

( )

( )

1 1
0

1 1
366.5

0

3,420
2,315 1,010 337°K

T T

T

R R e

e T

βé ù-ê ú
ë û

é ù-ê úë û

=

= =

 

0

1/222

0
T R R

T T
W W W

R R

é ùæ öæ ö¶ ¶ê ú÷ç÷ç ÷= + ç÷ê úç ÷÷ ç÷ç ÷÷çè øê ú¶ ¶è øê úë û

 

0 0

1 1
ln ln [ln 1.0]

R
e e

R T T
β
æ ö÷ç ÷= - =ç ÷ç ÷÷çè ø

 

0 0
ln R

R T

T β
β

=
+

 

( ) ( )
0

0

0 0 0 0

1/22 2

2 2
( ) ( )

ln ln

0.1135°K

R R
T R R

R R
R T R T

T

W W W

W

β β

β β

ì üï ïé ù é ùï ïï ïê ú ê úï ï-ê ú ê úï ïï ïï ï= +ê ú ê úí ýï ïê ú ê úï ïê ú ê ú+ +ï ïï ïê ú ê úë û ë ûï ïï ïî þï ï
=

 

 
8-12 

83

83 POT

POT

1.133 mv 1560°F

35.28 mv

35.28 1.133 34.15 mv
T T

E T

E E E E

E

= =

= = +

= - =
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8-13 

A
eA

eB

eC

eD
B

C
D

+ –

 
 

4.91 7.94 1.94 0

1.09 mv
A B C DE e e e e

E

= - + - = - + -

= 
 

 
8-14 
Iron constantan. 
Interpolate in Table 8-3. 
32°F 369.8°F

0.0025 0.925°FT R
T

T

W W
W

T R

£ £

= =  = 
 

 
Copper constantan. 
26.4°F 415.8°F

1.04°FT

T

W

£ £
= 

 

 
Chromel alumel. 
26.85°F 475°F

1.188°FT

T

W

£ £
= 

 

 
8-16 

4

1/41/4

8

28,000
860.74°K

(5.668 10 )(0.9)

E T

E
T

σε

σε −

=
⎛ ⎞⎛ ⎞ ⎟⎜⎟⎜ ⎟⎜= = =⎟ ⎟⎜ ⎜⎟⎟ ⎟⎜ ⎜⎝ ⎠ ⎟×⎝ ⎠

 

1/22

1/22 2

1

4

1 0.4 0.05

4 28 0.9

0.01434

T E WW W

T E
ε

ε

é ùæ öæ öê ú÷÷ çç= + ÷÷ ççê ú÷÷÷ ÷ç çè ø è øê úë û

é ùæ ö æ öê ú÷ ÷ç ç= +÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è øê úë û
=

 

12.34°CTW =  

 
8-17 

( ) ( )
2

| 1 | 2

12 1

4
1

2

( ) ( ) 225 W/m

| 2.23 | 280 0.5°C 553°F

| ~ 0.95 0.03

0.72 0.05

q A q AW W

q A q A T

q A Tεσ ε
ε

= = ±
= = ± =

= ±
= ±
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( )4 4
2 2 1 1

1/4

2

2.23

(2.23)(0.95)
(553) 724.3°K

0.72

T T

T

ε σ ε σ=

⎡ ⎤⎢ ⎥= =⎢ ⎥⎣ ⎦

 

Uncertainty results either from 2( | )q A  and 2ε  or 1 1, ,Tε  and 2ε whichever combination is worst. 

For 2( | )q A  and 2ε         
1/4

2
2

|q A
T

ε σ
æ ö÷ç ÷= ç ÷ç ÷÷çè ø

 

2

3/4
2

2 2

3/4
2

2
2 2

1/22 2
|

2

4 8 2

1 | 1

| 4

1 | 1

4

1 1

16 | 16

| (0.72)(724.3) (5.668 10 ) 11,231 W/m

T q A

T q A

q A

T q A

W W W

T q A

q A

ε

ε σ ε σ

ε εσ ε σ

ε

-

-

-

é ù æ ö¶ ÷çê ú ÷= ç ÷çê ú ÷÷ç¶ è øë û
æ öé ù¶ ÷ç ÷çê ú= ÷ç ÷ê ú ç¶ ÷ç ÷ë û è ø

é ùæ ö æ öê ú÷ç ÷ç÷= +ç ÷ê úç÷ ÷ç ÷ç÷÷ç è øê úè øê úë û

= ´ =

 

2

2

2 1 2 1

1/22 2

2

1 1 2

2 2 21/4
1

2 1
2 2 1 2 1

1 225 0.05
0.01807

4 11,231 0.72

13.09°K For , , :

(2.23) 1 1

16 16

T

T

T T

W

T

W T

W W W W
T T

T T
ε ε

ε ε

ε
ε ε ε

é ùæ ö æ öê ú÷ ÷ç ç÷= + =÷çê úç÷ ÷÷ç ç÷ç è øè øê úë û
=

é æ ö æ ö æ öé ù ê ÷ ÷ ÷ç ç çê ú ÷ ÷ ÷ç ç ç= = + +ê ÷ ÷ ÷ç ç çê ú ÷ ÷ ÷÷ ÷ ÷ç ç çç ç çè ø è ø è øë û ë

1/2

0.01909

ù
ú
ú

ê ú
ê úû

=

 

2
13.83°KTW =  

This is greater so it is taken as the uncertainty. 
 
8-18 

( ) ( )

( ) ( )

1 1 1

(1 ) 1 1

( ) ( )
1

1

1

1

t

t t

ts s s

t

t t

ts s s

t
t g t bt t

t

bs
bt te be A

E A
t

te A
F A

h T T E J

E
E F E

J
F

ε
ε

ε

ε
ε

ε

ε
ε

-

-

- = -
-

é ù + +ê ú é ùë û + -ê ú
ê úë û=

+ - + é ù
+ -ê ú

ê úë û

 

For s tA A!  

0.8
0.2

0.8
0.2

2165 168
1765

1

( ) (1)
(1 )

1400°F

t

t
g bt t t

t t

g

J

T E J T
h

T

ε
ε

é ù +ê úë û= =
+

= - +
-

=
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For the shield removed: 

( )
( )( )

4 4

1 11 1

( )

2 ( )
11

2 ( )
(2)

s
s sets t s

g t t e

bs t bs be
g s A

FE A

g s
be bs

s

hA T T A T T

E J E E
hs T T

hs T T
E E

εε

σ ε

ε

− = −
− −− = + − ++ −

−= −

 

Solve eT  in equation (2), then use equation (1) to find .tT  

 
8-19 

86.60 0.01 1.46

0.041 0.0087
1772 0.0201

( ) ( )
1

0.0402 1386 (1)

be
t

t be

t
t g t bt t

t

g be

E
J

J E

h T T E J

T E

ε
ε

+ +
=

+
= +

- = -
-

+ =

 

Also:  

( )( ) 1 11 1
2 ( ) gives:

11

0.06807 106.75 (2)

s
s sets t s

bs t bs be
s g s A

FF A

g be

E J E E
h T T

T E

εε

- -
- = +

- ++ -

+ =

 

Solve (1) and (2) simultaneously. 
1467°FgT =  

For the shield removed: 
4

4

( )

2(1927 ) (0.8)(19,950)

1390°F

g t t be

t t

t

h T T T E

T T

T

σε ε

σε

- = -

- = -

=

 

 
8-20 

( )4 4

6

6

( )

3 m/sec 1.0 atm

115°C 388°K 193°C 466°K

= 0.08 0.02 6 mm

0.03°C 410°K

27.06 10 Pr 0.68

(3)(0.006)
0.0343 Re 665

27.06 10

t

g t t e

t e

T f

hA T T A T T

U p

T T

d

W T

v

k

σε

ε

∞ ∞

−

−

− = −
= =

= = = =
± =

= ± ≈
= × =
= = =

×

 

0.466 1/3 20.0343
(0.683)(665) (0.68) 103.9 W/m °C

0.006
h = = −  

( )4 4

8 4 4(5.668 10 )(0.08)(388 466 )
388

103.9
386.9°K

t e
g t

T T
T T

h

σε

−

−
= +

× −= +
=
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2

1/22 2
2 2

2 2 2 2 2 2 1/2

4 1/2

[(1.01) (0.03) ( 0.0103) (15.59) ( 13.361) (0.02) ]

[9.181 10 0.0258 0.0714]

0.313°K (  and  control)

g t

g g g
T hT

t

T T T
W W W W

T h

h

εε

ε

-

é ùæ ö æ ö æ ö¶ ¶ ¶ê ú÷ ÷ ÷ç ç ç÷ ÷ ÷= + +ç ç çê ú÷ ÷ ÷ç ç ç÷ ÷ ÷÷ ÷ ÷ç ç çê ú¶ ¶ ¶è ø è ø è øê úë û

= + - + -

= ´ + +
=

 

 
8-22 

8 4 4(0.1714 10 )(0.57)[(1475) (1660) ]
1475°R

5.0
454°F

g

g

T

T

-´ -
= +

=
 

1/22 2 2 2

2 2 2 2 1/2{[(112.1)(0.750)] [(3.51)(1.0)] [( 985)(0.04)] [( 2.58)(20)] }

101.7°F

g t s e

g

g g g g
T h T T

t s e

T

T T T T
W W W W W

h T T

W

εε

é ùæ ö æ ö æ ö æ ö¶ ¶ ¶ ¶ê ú÷ ÷ ÷ ÷ç ç ç ç÷ ÷ ÷ ÷= + + +ç ç ç çê ú÷ ÷ ÷ ÷ç ç ç ç÷ ÷ ÷ ÷÷ ÷ ÷ ÷ç ç ç çê ú¶ ¶ ¶ ¶è ø è ø è ø è øê úë û

= + + - + -
=

 

For chrome plated: 

2 2 2 2 1/2

956°F

{[(11.8)(0.750)] [(1.264)(1.0)] [(983)(0.021)] [(0.624)(20)] }

25°F

g

g

g

T

T

T

W

W

=

= + + +

=

 

 
8-23 

2; 2

(555)(0.095)
79.2 sec

2 2(12.45)(8)(12)

mC
m v r L A rL

hA
rC

h

τ ρ ρπ π

ρτ

= = = =

= = =
 

 
8-24 

( )4 4

1/4

( )

1660°R; 1960°R

Take  0.27

g f t e

g e

g t

hA T T A T T

T T

T T
h

d

σ ε− = −
= =

⎛ ⎞− ⎟⎜ ⎟= ⎜ ⎟⎜ ⎟⎟⎜⎝ ⎠

 

( )

( ) ( )

5/4
4 4

1/4

5/4
8 4 4

1/41
96

( )
0.27

( 1660)
0.27 (0.17174 10 )(0.78) 1960

t g
e t

t
t

T T
T T

d

T
T

σε

−

− = −

− = × −
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Use trial and error method to solve for .tT  

( ) ( )
( )

( / )

0

( / )

2 21 1
96 192

1
96

1940°R

0.5

0.5(1940 530) 530 1235°R

1235 1960
0.507 0.678

530 1960

(555)(0.095)
0.678

[29.9]

t

hA mc i

t i

hA mc

T

T T T T
e

T T T T

T

hA
e

mc

L

L

τ

τ τ

π
τ

π

−∞
∞

−

≈
− −= =− −
= − + =

⎛ ⎞− ⎟⎜= = =⎟⎜ ⎟⎟⎜⎝ ⎠−
⎧ ⎫⎡ ⎤⎪ ⎪⎪ ⎪⎢ ⎥−⎪ ⎪⎪ ⎪⎢ ⎥⎪ ⎪⎣ ⎦= ⎨ ⎬⎡ ⎤⎪⎪ ⎢ ⎥⎪ ⎣ ⎦⎪⎪⎩

34 secondsτ

⎪⎪⎪⎪⎪⎭
=

 

 
8-25 

0

1.2 sec

0.125

c

i css

R C

E R

E R R

τ

α

= =

æ ö÷ç ÷ = = =ç ÷ç ÷÷ç +è ø

 

6Take 0.12 10 than 10μfcR CΩ= × =  

even mult value 
0.125( )

0.01712 megaohms

0.12 megaohms

10 f

c

c

R R R

R

R

c μ

= +
=
=
=

 

 
8-26 

0.98 0.01 3.0 380 1.0°C 653°Krr M T=  = =  =  

20 1
1 2.8

2

T
M

T

γ
¥

-
= + =  

0 1.8
r rT T T T

r
T T T

¥ ¥

¥ ¥

- -
= =

-
 

653
236.25°K

1.8 1 (1.8)(0.98) 1
rT

T
r¥ = = =
+ +

 

2

1
0.3618

1.8 1

(1.8 1) (1.8) 153.85

r

r
r

T

T r

T
T r

¥

-¥

¶
= =

¶ +

¶
= - + = -

¶

 

2 2 2 2 1/2

1/2

[(0.3618) (1.0) ( 153.85) (0.01) ]

[0.1309 2.367]

1.58°K

TW
¥

= + -

= +
=

 

 
8-27 

2 3

2

( ) 1
; ft

3

95 110
102.5°F

2 2

w p
L L

i

p w
f

g T T LhL
Nu Gr L

k

T T
T

ρ β

μ

-
= = =

+ +
= = =
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From Table A-8 air at 102.5°F  

0.046 lbm/hr 0.240 Btu/lbm-°Fpft cμ = ⋅ =  

3 11 1
Pr 0.706 1.78 10 °R

°R 562.5°R
β - -= = = = ´  

3
air

(14.7)(144)
0.0157 Btu/hr - ft -°F 0.0705 lbm/ft

(53.35)(562.5)

P
k

RT
ρ= = = =  

5 59.65 10 ( )( ) 6.82 10L LGr Gr Pr= ´  = ´  

1/4From Table 8-5 0.59( )L L
L

Nu Gr Pr h
k

 = =  

( )
4 1/4

21
3

(0.0157)(0.59)(68.2 10 ) Btu
0.806

hr -ft -°F
h h

´
=  =  

( )4 4 8 2 4( ) 0.1714 10 Btu/hr ft -°R

79°F 0.7 0.05

0.05

p w p

e

h T T t T T

T t

T
W W Wε

σ σ

ε

−
∞

∞
∞∞

− = − = × ⋅
= = ±

∂= =∂

 

( ) 8 10
4 4 1

1
(0.1714 10 )(1.0 10 )

2.125 10
8.06 10

1.065°F

w p

T

T
T T

h

W

σ
ε

∞

−
∞

−
∂ × ×= − = = ×∂ ×

=
 

 
8-28 

( )4 4( ) where 0.05 0.01p w ph T T t T T tσ∞− = − = ±  

8 2 10

1

(0.1714 10 )(5.0 10 )(1.0 10 )
95°F

8.06 10

93.86°F; (21.25)(0.01) 0.2125°FT

T

T
T W Wεε¥

- -

¥ -

¥
¥

´ ´ ´
= -

´
¶

= = = =
¶

 

 
8-29 

8 4 4(0.9)(5.669 10 )(308 294 ) (5.0)(298 )

286.6°K 13.6°C
a

a

T

T

-´ - = -

= =
 

 
8-30 

2

0

50°C 20 W/m °C

3.0 mm 20°C

T h

d T
∞ = = −
= =

 

37817 kg/m 0.46 kJ/kg -°Ccρ = =  

( )
2

34
3

1

(20)(4) (0.0015)

(7817)(460) ( )(0.0015)

0.01112 sec

hA hA

mc cV

π
ρ π

−

= =

=
 

Time constant 89.9 sec=  

0.011112

0

TT T
e

T T
-¥

¥

-
=

-
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8-34 
0.3ε =  

8 4 4(50)( 373) (5.668 10 )(0.3)(373 293 )

377 K
s

s

T

T

-- = ´ -

=
 

 
8-35 
For polished aluminum 0.09ε =  

374.2 KsT =  

 
8-36 

1 1.52m n= =  

6 5
1 2

3

1.7 10 , 2.02 10

0.6 10 mt

α α- -

-

= ´ = ´

= ´
 

1 1 0

2 2 0

10°C 40

120°C 90

T T T

T T T

= - - = -

= - =
 

Inserting in formula 

1

2

0.546 m

0.2427 m

r

r

= −
= +  

1

2

0.025
; 0.0458 rad 2.62°

0.546
0.025

0.103 rad 5.9°
0.2427

L

r
θ θ

θ

= = = - =
-

= = =
 

Deflection angle of strip 
2

θ
»  

Deflection sin
2

L
θæ ö÷ç= ÷ç ÷÷çè ø

 

1

2

Deflec l (2.5)sin1.31 0.057 cm

Deflec l (2.5)sin 2.95 0.128 cm

= = -

= =
 

 
8-37 

0 8000 at 0°C 273 K

at 200°C 473 K 10

R

R

Ω= =

= =
 

10 1 1
exp

8000 473 273

4316 K

β

β

é ùæ ö÷çê ú= - ÷ç ÷÷çê úè øë û
=

 

 
 
8-39 

27894 kg/m 452/kg °Ccρ = = ⋅  

3

6
(7897)(0.5)(0.1)(0.005)(2.54)

(452)
10

0.0146

mc =

=

 

2

4
(100)(2)(0.5)(0.1)(2.54)

0.00645
10

hA = =  

2.26 sec
mc

hA
τ = =  
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8-40 
73 W/m°Ck =  

2 6 2100 W/cm 10 W/m=  

q T
k

A x

Δ
Δ

=  

6(10 )(0.005)(0.0254)
1.74°C

73
TΔ = =  

 
8-41 

2

32°C 305 K 0.9

50°C 323 K 7 W/m -°Cr

T

T h

ε∞ = = =
= = =

 

( )8 4 4(5.669 10 )(0.9) 323 (7)( 305)

314 K 41°

t t

t

T T

T C

−× − = −
= =

 

 
8-42 

~ 32°CtT  

 
8-43 

2550°C 823 K 30 W / m -°C

0.8 400°C 673 K
r

a

T h

Tε
= = =

= = =
 

( )8 4 4(5.669 10 )(0.8) 823 (30)( 673)

787 K 514°C

t t

t

T T

T

−× − = −
= =

 

 
8-45 

100 400

pot

1.520 mV 8.314 mV

(5)(8.314 1.520) 33.97 mV

E E

E

= =

= - =
 

 
8-46 

0.526 0.885
At 50°F 0.0282 mV/°F

50
0.2°F 0.00564 mV

s
+= =

=
 

Comp. volt based on 32°F 0.526 mV=  

 
8-47 

4
ind ind ind

4
act act

300°C 573 K

315°C 588 Ka

E T T

E T T

σ

εσ

= = =

= = =
 

4 4
573

0.902
588

i

a

T

T
ε

æ ö æ ö÷ç ÷ç÷= = =ç ÷ç÷ ÷ç ÷ç÷÷ç è øè ø
 

1/22

16 16

0.0097

i aT T

i a

W WW

T T
ε

ε

é ùæ ö æ öê ú÷ ÷ç ç÷ ÷ç ç= +ê ú÷ ÷ç ç÷ ÷÷ ÷ê úç çç çè ø è øê úë û
=

 

(0.0097)(0.902) 0.0088Wε = =  

 



SM: Experimental Methods for Engineers Chapter 8 

125 

8-48 

1/4 1/4

450 273
742 K 469°C

0.902
i

a
T

T
ε

+
= = = =  

 
8-49 

3

2

5

1.0 mm 2400 kg/m

275 W/m -°C 650 J/hg-°C

50°C 0.85 W/m-°C

25 75 W/m -°C

L ~ 00 220°C

f

i

d

h c

T k

h kt

T

ρ= =
= =
= =
= =

=

 

1 1
1.157

2 (275)(2 )(0.0005)i
R

h rπ π
= = =  

2 5(25) (0.0005) 5.89 10kA π −= = ×  

tanh( ) 1.0¥   

5.344
π

kA
Rx
rk

= =  

(25)(0.0005)
0.0147

0.85

hsr
Bi

k
= = =  

( ) 1.286F Bi =  

220 5.344 0.0147
0.804

50 5.344 1.286

917°C

p

p

p

T

T

T

- -
= =

- +

=

 

 
8-51 

2
0

20°C 293 K 0.9

(293)[1 0.2(3) ] 527 K

T r

T

¥ = = =

= + =
 

( )8 4 4

293
0.9 504 K

527 293

(5.669 10 )(0.9) 293 180(504 )

490 K 217°

r
r

t t

t

T
r T

T T

T C

−

−= = =−
× − = −

= =
 

 
8-53 

( )8 4 4(5.669 10 )(0.07) 293 180(504 )

502 K 229°C

t t

t

T T

T

−× − = −
= =
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8-54 

4

0.05 and 0.8

At 210°F 670°R 0.05

(0.05)(670)

T t

E

ε

σ

=
= = =

=

 

 
At 0.8ε =  

4 4

1/4

(0.8)(670) (0.05)

0.8
(670) 1340°R 880°F

0.05

i

i

E T

T

σ σ= =

æ ö÷ç= = =÷ç ÷÷çè ø

 

 
8-55 

( )
0 00

2

34
3

0.01371

12 mm 6 mm

Copper 8890 398 97

100°C 20°C 25°C

(97)4 (0.006)
0.01371

(8890) (0.0006) (398)

1
72.95 sec

0.01371
25 20

100 20
202 sec

t

d r

c h

T T T

hA

mc

e

t

ρ

π
π

τ

−

= =
= = =

= = =

= =

= =
− =−

=

 

 
8-56 

0

18-8 ss 7817 460

0°C 25°C 3800

c

T T h

ρ

¥

= =
= = =

 

2 3

1

(4)(3800)

(7817)(0.05 10 )(460)

84.5 sec

d

hA h dL

mc Lcπ

π
ρπ −

−

= =
×

=
 

0.012 secτ =  

84.51 0

25 0
0.038 sec

te

t

--
=

-
=

 

 
8-57 

T(°C) E(µV) Ch-AL 

30 1203 

100 4095 

150 6137 

200 8136 

250 10,151 

10,151 8136 6137 4095 1203

27.32 mV

EΔ = + + + -
=

 

 
8-58 
Ni-Al 5 ( 3.5) 18.5 μV/°C

Ni-Cn 35 25 60 μV/°C

S

S

= - - - =
= - - =
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8-60 

50

100

0.836 mV

1.785 mV

(total) 10(1.785 0.836) 9.49 mV

E

E

E

=

=

= - =

 

 
8-61 

0 0

(total) 10(1.785) 17.85 mV

E

E

=

= =
 

 
8-62 

600

500

14.37 mV

11.603 mV

(total) 10(14.37 1.603) 27.67 mV

Substantial difference

E

E

E

=

=

= - =
 

 
8-63 

600°C ( ) 24,906 mV ( ) 33.102 mV

(ref ) 25°C ( ) 1.000 ( ) 1.277

T E K E J

T E K E J

= = =
= = =

 

 
At 600°C ( ) 24.906 1.000 23.906

( ) 33.102 1.277 31.825

E K

E J

= - =
= - =

 

If type J installed the temperature readout on a type K instrument would  
correspond to 31.825 1.000 32.825 mV.+ =  

( , at 32.825 mV) 789°C or an error of 189°CT K = +  

 
8-64 

( )4 4( )

28°C 301 K, 0°C 273 K

0.9 14

a t t w

t w

hA T T A T T

T T

h

σε

ε

− = −
= = = =
= =

 

Solution of equation gives 310.7 K 37.7°CaT = =  

 
8-66 

70 5 2 mm

15 125 125°C 20°C
t s

s i f

k k d

h h T T

= = =
= = = =

 

1 1
1.273

2 (125)(2 )(0.001)i
R

h rπ π
= = =  

2 4(70)π(0.001) 2.2 10

and tanh( ) 1.0

kA

L

-= = ´
 ¥ ¥ 

 

( )4 1/2
2.2 10

1.273
0.837

π(0.001)(5)

(15)(0.001)
0.003

5
( ) 1.273

X

Bi

F Bi

-´

= =

= =

=

 



Chapter 8  SM: Experimental Methods for Engineers 

128 

125 0.837 0.003
0.395

20 0.837 1.273

194°C

p

p

p

T

T

T

- -
= =

- +

=

 

 
8-67 

70;sk =  all other values the same 

( )4 1/2
2.2 10

1.273

4

0.0598
(0.001)(70)

(15)(0.001)
2.14 10

70
( ) 1.27

X

Bi

F Bi

π

−×

−

= =

= = ×
=

 

125 0.0598 0.00021
0.0448

20 0.0598 1.27

130°C

p

p

p

T

T

T

- -
= =

- +

=

 

 
8-69 

0.3 0.03 350 K and 600 K

1% of at 500 KE b

T

W E

ε =  =
= 

 

8 4 2

2

(500 ) (5.668 10 )(500) 3543 W/m

1% 35.4 W/m

b

E

E K

W

= × =
= =

 

1/4
4

1/22 2 2
2 1

( 1)
4

T E

E
E T T

WW W

T E
ε

σε
σε

ε

æ ö÷ç= = ÷ç ÷÷çè ø

é ùæ ö æ ö æ öê ú÷ ÷ ÷ç ç ç= - +÷ ÷ ÷ç ç çê ú÷ ÷ ÷÷ ÷÷ ç çç è ø è øè øê úë û

 

4 2

4 2

1/22 2 2

1/2

2 2

At 350 K (350) 255 W/m

At 600 K (600) 2203 W/m

0.03 1 35.4
At 350 K

0.3 4 255

[0.01 0.0012]

0.106

1 35.4
At 600 K 0.01

4 2203

T

T

E

E

W

T

W

T

σε

σε

= =
= =

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎢ ⎥⎟ ⎟ ⎟⎜ ⎜ ⎜= +⎟ ⎟ ⎟⎜ ⎜ ⎜⎢ ⎥⎟ ⎟ ⎟⎟ ⎟ ⎟⎜ ⎜ ⎜⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
= +
=
⎡ ⎛ ⎞ ⎛ ⎞⎢ ⎟ ⎟⎜ ⎜= + ⎟ ⎟⎜ ⎜⎟ ⎟⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎣

1/2

0.10008

⎤⎥⎢ ⎥⎢ ⎥⎦
=

 

Most of the uncertainty results from the uncertainty in .ε  



SM: Experimental Methods for Engineers Chapter 8 

129 

8-70 
0.8 0.04ε =   

1/22

1/22 2

0.04
At 350 K 0.0012

0.8

0.061

1 35.4
At 600 K 0.0025

4 2203

0.0502

T

T

W

T

W

T

é ùæ öê ú÷ç= +÷çê ú÷÷çè øê úë û
=

é ùæ ö æ öê ú÷ ÷ç ç= + ÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è øê úë û
=

 

Still, most of the uncertainty results from uncertainty in .ε  
 
8-71 
Type E thermocouple 

1.0°C or 0.4%W =   

       a. 
1 2

1/22 2

1.41 C

T T TW W WΔ
⎡ ⎤= +⎢ ⎥⎣ ⎦

= ± °
 

       b. Sensitivity (mV/°C) should be same for all junctions and give better  
determination of .TΔ  

 
8-73 

0

3 2

65,  20 C

mc/hA 

 (2675)(0.004) (921)/(24)(0.004) (6)

  68.4 s

T T

τ
∞ = = °
=
=
=

 

0.5At 34.2 s  ( 65)/(20 65) et T −= − − =  

37.7 CT °-  
From Table 8.3a   1942 mVE =  
 
8-74 

( )4 4
e

8 4 4

( )  

0.25

(40)(86 30) (5.669 10 )(0.25)( 359 )

646 K 373 C

p p

e

h T T T T

Te

T

σε

ε

°

−

− ∞ = −
=

− = × −
= =

 

 
8-75 

0.09

821 K 548 CeT

ε
°

=
= =

 

 
8-76 

0 1000  at 250 C 523 K, 1

1 (1000) exp [ (1/523 1/273)]

3945 K

R T R

β
β

°= = = =

= -
=
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8-77 

( )8 4 4

0.7,    600 C 873 K,   350 C

40

(40)( 623) = 5.669 10 (0.7) 873

798 K 525 C

w

t t

t

T T

h

T T

T

ε ∞

−

= = ° = = °
=

− × −
= = °

 

 
8-78 

1/4 0.25/ 673/0.902 690.6 K 417.6 Ca iT T ε °= = = =  

 
8-79 

1/4
true

Let  be indicated temperature.

True temperature will be 

  (0.7/0.08)

         1.72  

=

i

i

i

T

T T

T

 

 
8-80 
Platinum-constantan 0 ( 35) 35 mV/ C

Platinum-nickel 0 ( 15) 15 mV/ C

°
°

= − − =
= − − =  

 
8-81 
Chromel-constantan at 100 C 6.319 mV/junction

(15 junctions) (15)(6.319) 94.785 mVE

° =
= =

 

 
8-82 

8 4 4

0.85, 17 C 290 K

10, 10 C 263 K

(10)( 290) (5.669 10 )(0.85)(290 263 )

301 28 C 

t

a

a

T

h Tw

T

T K

ε °
°

−

= = =
= = − =

− = × −
= = °
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Chapter 9 
9-1 

0

2

0.352 W/cm-°C at 0°C

0.352

277.3 0.0551 14.787 0.0457

T
T T

k

q dT dT
k

A dx dx

T x x

=

=
æ ö æ ö÷ ÷ç ç= =÷ ÷ç ç÷ ÷÷ ÷ç çè ø è ø

- = - +

 

from Excel quadratic fit as shown 

0.1102 14.787
dT

x
dx

= -  

0°C
0° at 20.29 12.551

dT
T x

dx

æ ö÷ç= = = -÷ç ÷÷çè ø
 

4.418

(14.787 0.1102 )Tk
x

=
-

 

T and k table as function of x. Then plot of k as function of T. Excel spreadsheets are shown. 

 

 
 
9-5 

2
2

1
2 2

π
2

r L
T wr

a b
μ

æ ö÷ç ÷ç= + ÷ç ÷ç ÷÷çè ø
 

For water at 100°F 
1.65 lbm/ft-hr 5%

0.01705 in.-lbfT

μ = ±
=
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Using the simplified expression 
2

1 22 r r Lw
T

b

μπ
=  

1 2

2 22 2

1 2

2
2

( ) ( ) ( ) ( )

( ) ( )

T T r L

w b

T T T T
W W W W W

r r L

T T
W W

W b

μμ

⎧⎪ ⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎡ ⎤⎪ ⎛ ⎞∂ ∂ ∂ ∂⎟ ⎟⎟⎪ ⎜ ⎜⎜ ⎢ ⎥ ⎢ ⎥ ⎟⎢ ⎥ ⎜⎢ ⎥⎟ ⎟⎟= + + +⎜ ⎜ ⎟⎜⎨ ⎜⎟ ⎟⎟ ⎢ ⎥ ⎢ ⎥ ⎟⎜ ⎜⎢ ⎥⎜ ⎟⎜⎢ ⎥⎟ ⎟⎟⎜⎪ ⎜ ⎜ ⎝ ⎠∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎢ ⎥⎪ ⎢ ⎥ ⎢ ⎥ ⎣ ⎦⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎪⎩
⎫⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞∂ ∂⎟ ⎟⎜ ⎜⎢ ⎥ ⎢ ⎥+ +⎟ ⎟ ⎬⎜ ⎜⎟ ⎟⎟ ⎟⎜ ⎜⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠∂ ∂⎣ ⎦ ⎣ ⎦

1/2

0.000916 in - lbfTW

⎪⎪⎪
⎪⎪⎪⎭

=

 

For Glycerine at 100°F, same procedure 
0.0254 in.-lbf

0.00137 in -lbfT

T

W

=
=

 

 
9-8 

3 2

3 2

1.93
0.00237 10 ft /sec

0.4654 10 ft /sec

87.0 lbm/hr-ft 35.9 centipoise

v t
t

v
v

or

ρ
μ μ

−

−

⎛ ⎞⎟⎜= − ×⎟⎜ ⎟⎟⎜⎝ ⎠
= = ×

= =

 

 
9-9 

opt 10 min  use series solution

For 600 sec

t

t

∴
=

@
 

(9)(600) (25)(600)600
16,600 16,600 16,600

2
8 1 1

9 25π

0.856

F e e e

F

-- -é ù
ê ú= + + +ê úë û

=


 

1 1 1 1

1 1

1.0 0.856

.928 0.072
A B A B

A B

x x x x

x x

+ = - =

= =
 

For 10,800 sect =  

Use two terms of series: 0.422F =  

1 10.711; 0.289A Bx x= =  

 
9-10 

1 1 11.0 1.0 0.0912 0.9088A B Ax x x+ = = - -  

391.2 3520 9780
opt opt opt

1 1 0.8176

1 1
0.808

9 25
t t t

A BF x x

F e e e
- - -

= - =

é ù
ê ú= + +ê úê úë û

 

2

opt 12 2
opt

2
12

4
6250 sec

0.1645 cm /sec

L
t D

t

D

π
= =

=
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9-11 

optt t=  

1 9 25 49
2

5 13 24

opt

1/2 9/2 25/2 49/2
2

3 7 13

opt

2 18
2

8 1 1 1

9 25 49

0.297 1.11 10 4.5 10 8.65 10

1

2
8 1 1 1

9 25 49

0.490 0.993 10 1.2 10 3.78 10

2

8 1 1

9 25

F e e e e

F

t t

F e e e e

F

t t

F e e e

π

π

π

− − − −

− − −

− − − −

− − −

− − −

⎡ ⎤⎢ ⎥= + + + +⎢ ⎥⎣ ⎦
= + × + × + ×

=
⎡ ⎤⎢ ⎥= + + + +⎢ ⎥⎣ ⎦

= + × + × + ×
=

= + +





50 98

9 24 45

1

49

0.109 1.375 10 6.13 10 4.4 10

e

F

−

− − −

⎡ ⎤⎢ ⎥+ +⎢ ⎥⎣ ⎦
= + × + × + ×



 

 
9-15 
Cu properties 

38890 kg/m 398 J/kg-°C

0.0125 m

c

r

ρ = =
=

 

0
exp

T T hA

T T cV

τ
ρ

¥

¥

æ ö- ÷ç ÷= -ç ÷ç ÷ç ÷- è ø
 

0

2

95 C 35 C

570 W/m - C

T T

h

∞= ° = °
= °

 

2
1

34
3

(570)(4) (0.0125)
0.03867 sec

(8890)(389) (0.0125)

25.86 sec

hA

cV

cV

hA

π
ρ π

ρ

−= =

=
 

(sec) (°C)

5 84.45

10 75.76

20 62.69

40 47.78

60 40.90

Tτ

 

 
9-16 

5 5
2

Btu
10 , 6.66 10 ft

hr-ft - F
0.4 Btu/hr-ft- F

q T
k x

A x

k

Δ Δ
Δ

−= − = = ×
°

= °
 

5 5(10 )(6.66 10 )
16.6°F

0.4
T TΔ Δ

-´
= -  = -  

cu constantan 6.5 mv/°C ( 35 μ /°C) 41.5 μV/°CS S S V= − = − − =  

6 65
(41.5 10 ) (16.6) 383 10 volts/ junction pair

9
E S TΔ − −⎛ ⎞⎟⎜= = × = ×⎟⎜ ⎟⎟⎜⎝ ⎠  

Tot 5 pairs 383 μv 5 1.915 mvolts
pairs

E
E = ´ = ´ =  
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9-17 

14.7 psia 95°F 75°F

at 75°F 0.435 psia

v
db wb

g

gw

P
P T T

P

P

φ = = = =

=
 

( )( ) (14.265)(20)
0.435

2800 2725

0.330 psia at 95°F 0.823 psia

w

gw db wb
v g

wb

v g

P P T T
P P

T

P P

- -
= - = -

-

= =
 

0.330
40%

0.823

at 0.330 psia

Dew point temp 66.8°F

v

g

v

dp

P

P

P

T

φ φ= =  =

=

 =
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5 2

2
sat

2

2.06 10 N/m 32°C 50%

( )( )

1537.8

at 32°C 4759 N/m

(0.5)(4759) 2380 N/m

DB

DB WB
v

WB

v

p T

p pgw T T
p pgw

T

p

p

φ= × = =
− −= − −

=
= =

 

Solve equation by iteration using Steam Tables to obtain gwp  as a function of .WBT  

Solution yields 25.46°C.WBT =  

 
9-19 

2

(5000)(0.002)
2.0 W/m -°C

(0.3) (55)

q x
k

A T

Δ
Δ

⎛ ⎞⎟⎜= = =⎟⎜ ⎟⎟⎜⎝ ⎠  

1/22
2

/

1/22
20.3

(0.01)
55

0.01139

0.2278 W/m -°C

q Ak T
q
A

k

WW W

k T

W

Δ
Δ

⎡ ⎤⎛ ⎞⎢ ⎥⎟⎜⎛ ⎞ ⎟⎜⎢ ⎥⎟⎜ ⎟= + ⎜⎟⎜ ⎟⎢ ⎥⎟ ⎜⎟⎜ ⎟⎝ ⎠ ⎜ ⎟⎟⎢ ⎥⎜⎝ ⎠⎢ ⎥⎣ ⎦
⎡ ⎤⎛ ⎞⎢ ⎥⎟⎜= +⎟⎜⎢ ⎥⎟⎟⎜⎝ ⎠⎢ ⎥⎣ ⎦

=
=

 

 
9-20 

20°C 35°C 0.5°C

2339 Pa 5628 Pa
WB DB

gw g

T T

p p

= = 

= =
 

(101,300 2339)(35 20)
2339

1538 20
1361 Pa

vp
- -

= -
-

=
 

1361
11.4°C 0.242

5628
Perturb by 1°C 21, 36

2487

DP

WB DB

gw

T

T T

p

φ= = =

= =

=
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(101,300 2487)(35 21)
( 1) 2487

1538 21
1575

WB vW p
- -

+ = -
-

=
 

1595
0.28

5628
13.8°C

11.4 13.8
2.4

1

0.242 0.280
0.038

1

DP

DP

WB

WB

T

T

T

T

φ

φ

= =

=

¶ -
= = -

¶

¶ -
= = -

¶

 

(101,300 2339)(36 20)
( 1) 2339

1538 20
1296

DB vT P
- -

+ = -
-

=
 

1296
10.8°C 0.218

5947
11.4 10.8 0.242 0.218

0.6
1 1

0.024

DP

DP

DB DB

T

T

T T

φ

φ

= = =

¶ - ¶ -
= = =

¶ ¶

=

 

2 2 2 2 1/2[( 24) (0.5) (0.6) (0.5) ]

1.24°C
DPW = - +

=
 

2 2 2 2 1/2[( 0.038) )(0.5) (0.024) (0.5) ]

0.0225

Wφ = - +
=

 

 
9-23 

40°C 25°C 0.5°C

7384 Pa 3169 Pa

3169
0.429

9384
( )( )

1538

DB DP

gw DB WB
v gw

WB

T T

pg pv

p p T T
p p

T

φ

= = 

= =

= =

- -
= -

-

 

28.4°CWBT =  by iteration. 

Assume DB exact and perturb DP by 1°C  
to 26°C, 3363vp =  

3363
0.455

7384
29.2°C

0.429 0.455
0.026

1

28.4 29.2
0.8

1

(0.026)(0.5) 0.013

(0.8)(0.5) 0.4°C

WB

DP

WB

DP

WB

T

T

T

T

W

W

φ

φ

φ

= =

=

¶ -
= = -

¶

¶ -
= = -

¶

= =

= =
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9-24 

5
2 2

lbf s lbm ft s
32.2 3600 1.158 10 lbm/hr - ft

hrft lbf s

⎛ ⎞⎛ ⎞ ⎛ ⎞⋅ ⎟⎜⎟ ⎟⎜ ⎜⎟⎜ = ×⎟ ⎟⎜ ⎟⎜⎜⎟ ⎟⎟ ⎟⎜ ⎜⎟⎜ ⎝ ⎠⎟⎝ ⎠⎜⎝ ⎠
 

 
9-25 

6 2

200 20
110°C 383

2

0.032 W/m °C 24.8 10 m /s

Pr 0.7

fT K

k v −

+= = =

= ⋅ = ×
=

 

( ) 31
383

6 2

(9.8) (200 20)(0.01) (0.7)
GrPr

(24.8 10 )

5242

-

-
=

´
=

 

1/4 20.032
[2 (0.43)(5242) ] 18.1 W/m -°C

0.01
h = + =  

Copper 
38890 kg/m 398 J/kg °Ccρ = = ⋅  

2

34
3

(18.1)4 (0.005)

(8890)(398) (0.005)

0.00307

hA

pcV

π
π

=

=
 

0.00307

0

T T
e

T T
τ-¥

¥

-
=

-
 

 
9-30 

2 6 2100 W/cm 10 W/m
q

A
= =  

k for 18–8 167.3 W/m °CSS = ⋅  

( ) 6(10) (0.002)
122.7°C 220.89°F

16.3

q
A

x
T

k

Δ
Δ = = = =  

For copper-constantan thermocouple emf generated is 5.361 mV. 
 
9-32 

3
2

4 3 2 4

5

4

5

50 cSt 1%

1.93( 1)
0.00237 10

1.93
(50)(0.1076 10 ) 0.00237 10 ft / 5.38 10

230.5 sec

1.074 10

(0.01)(5.38 10 )
0.5 sec

1.074 10

v

t

v W

v

t t

v s
t

t

v

t

W

−

− − −

−

−
−

= = ±
⎡ ⎤∂ −⎢ ⎥= − ×⎢ ⎥∂ ⎣ ⎦

⎡ ⎤⎢ ⎥= × = − × = ×⎢ ⎥⎣ ⎦
=
∂ = ×∂

×= =
×
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9-33 
2 20.001 m / 890 kg/m

Re 5 1 cm

40 kPa

v s

d

p

ρ

Δ

= =
= =
=

 

2
5 3

4 4

5

(5)(0.001)
0.5 m/s

0.01

(0.01)
(0.5)π 3.93 10 m /s

4

(0.005) (40,000)

8 (8)(0.001)(890)(3.93 10 )

0.281 m

5 Re
28.1

8 8

U

Q

r
L

Q

L

d

π β π
μ

Δ

−

−

= =

= = ×

= =
×

=
= > =

 

 
9-34 

0 0

400 10°C

0.03365 W/m-°C

6 mm 50 mm

10 mm 125 mm
i i

T K T

k

d L

d L

Δ= =
=
= =

= =

 

( ) ( )0 10
6

2 2 (0.03365)(10)

lnln

4.14 W
i

d
d

Lk T
q

π πΔ= =

=
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( ) ( ) ( ) ( )0.1 0.1
15 69std

2

25

3080 W/m

x x
k ks

q T

A TΔ Δ
Δ= =
+ +

=
 

 
9-36 

~ 0.05 W/m-°C

10 cm (sample) 15 0.2°C

1% 1%h

q
A

k

x T

q
W W

A

q T k T
k x

A x

Δ Δ

Δ ΔΔ
Δ

= = ±
⎛ ⎞⎟⎜ = ± = ±⎟⎜ ⎟⎟⎜⎝ ⎠

= =

 

1/22
2 2

1/22
2 2

/

0.2
(0.05) (0.01)

15

0.0527

(10)(0.0527) 0.527 cm

x k T
q
A

x

W W W Wq A

x k T

W

Δ Δ

Δ

Δ Δ

é ùæ öê ú÷çæ ö æ ö ÷çê ú÷ ÷ç ç ÷= + + ç÷ ÷ç ç ÷ê ú÷ ÷ ç÷÷ çç ÷è øè ø ç ÷÷ê úçç ÷è øê úë û

é ùæ öê ú÷ç= + +÷çê ú÷÷çè øê úë û
=
= =
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9-37 
3

3 4 2

5 2

140 1sec 880 kg/m

1.93
(0.00237)(140) 10 3.19 10 ft /s

140

2.95 10 m /s

t

v

ρ

− −

−

= ± =
⎡ ⎤⎢ ⎥= − × = ×⎢ ⎥⎣ ⎦

= ×

 

5(2.95 10 )(880)

0.026 kg / m s

vμ ρ -= = ´
= ⋅

 

 
9-39 

2

3

0.1 W/m -°C cube 2 mm on side

8890 kg/m 398 J/kg -°C 20 seccρ τ

=
= = =


 

( )s
s w

dTq mc
W T T

A A dτ
= - -  

Solution: exp 1
q
A

s w
WA

T T
W mc

τ
é ùæ ö÷çê ú- = -÷ç ÷÷çê úè øë û

 

2 6

6
5

3

5

2

(0.002) 4 10

(0.1)(4 10 )
1.413 10

(8890)(0.002) (398)

50 [exp(1.413 10 20) 1]
0.1

17,690 W/m

q
A

A

A

mc

q

A

−

− −

−

= = ×
×= = ×

= × × −

=
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5

2

100
(1.413 10 ) 0.01413

10.1

50 [exp(0.01413 20) 1]
100

15,310 W/m

q
A

A

mc

q

A

− ⎛ ⎞⎟⎜= × =⎟⎜ ⎟⎟⎜⎝ ⎠

= × −

=



 

 
9-43 

40 C,   20 C

Figure 9-20:  7500 Pa,  2400 Pa

2400 (101300 2400)(40 20)/(1537.8 20)

   1097 Pa

= =
= =

= − − − −
=

DB WB

g gw

v

T T

p p

p

° °

 

dew pointFigure 9-20   8 C=T °  

1097/7500 14.6 %φ = =  
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9-44 
4 260cSt 6.458 10  ft /s

0.6458 (0.00237 1.93/ )

275 s

v

t t

t

-= = ´
= -

=
 

 
9-45 

2 3

2 7

7 4

0.0015 m /s,  750 kg/m

600, 0.001

(600)(0.0015)/(0.001)(750) 1.2 m/s

Au π(1.2)(.001) /4 = 9.42 10

45,000 (9.42 10 )(8)(0.0015) / (0.0005)

  0.782 m

v

Re d

u

Q

L

L

ρ

π

−

−

= =
= =
= =
= = ×

= ×
=

 

 
9-46 

4 2

3 8 2

3

4

1 mol CH  produces 1 mol or 44 kg of CO

1 mol C H  produces 3 mol or 132 kg of CO

At 1 atm and 293 K:

1 mol at 1 atm and 293 K 

(8314)(293)/101,320 24.04 m /kg-mol

HHV(CH ) (24.04)(1000)(37.3) 897000 kJ

= =

= =
3 8

2

5
4

5
3 8

/kg-mol

HHV(C H ) 24.04(1000)(93.1) 2238120 kJ/kg-mol

kg CO /kJ HHV

CH 44/897000 4.905 10

C H 132/2238000 5.9 10

−

−

= =

= = ×
= = ×
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2

0.09 

/ 30/(0.09/12 0.09/65) 3377 W/m

x

q A

Δ =

= + =
 

 
9-48 

3

4 2 6 2

150 s, 0.8(999) 800

[0.00237(150) 1.93/150] 10

  3,43 10  ft /s 3.18 10  m /s

0.00254 kg/m-s

t

v

v

ρ

μ ρ

-

- -

= = =

= - ´

= ´ = ´
= =
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9-49 
2

2 3

2

8890,  398, (0.0025)

0.15  40,   15s

( / )[exp( / ) 1]

40 = [( / )/0.15]

{exp[(0.15)(0.025) (15)/(8890)(0.0025) (398)] 1}

/  = 23,590 W/m

s w

c A

U T T

Ts Tw q UA UA mc

q A

q A

ρ
τ

τ

= = =
= − = =
− = −

× −

 

 

9-50 

2

Repeating the calculation with 50 but all

other parameters the same yields

/ 22,600 W/m

U

q A

=

=
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Chapter 10 
10-1 

0.075
530

% indicated Error 100

530
0.1415

1
% indicated Error 0.01415

u

s

u

s

u s

s

a s u

s u a

u

u a

W W

W

ρ
ρ

ρ
ρ

ρ ρ ρ
ρ ρ ρ

ρ
ρ ρ

-
= ´

æ ö- ÷ç ÷= ç ÷ç ÷÷ç -è ø
æ ö- ÷ç ÷= ç ÷ç ÷÷ç -è ø
æ ö÷ç - ÷ç ÷ç ÷= ç ÷ç ÷ç ÷- ÷ç ÷çè ø

 

1 .0

0 .5

0
0 21

pu
ps

%  Error

 
 

u

s

ρ
ρ  % Error 

0 −100 
0.00189 8.09 
0.0189 0.755 
0.0944 0.136 
0.189 0.0608 
0.377 0.0234 
0.944 0.0006 
1.89 −0.00665 

↓ ↓ 
∞ −0.01415 

10-2 

5
8

5

1
1 10

1 10
0.25

436.0 rad / g
(180)(1 10 )

W
W g

W s

S

φΔ Δ

π

-

-

= = = ´
´

\ = =
´

 

 
10-3 

6

11 2

28.3 10 psi

1.95 10 N/m

AE
F y E

L
= = ×

= ×
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6
11 3

(100)(0.025 mm) 2.5 mm

1100
2.255 10

(1.95 10 )(2.5 10 )

y yF

F AE

y L

W WW F

F y F y

y

A F

L Ey
-

-

¶
=

¶

¶
= =

¶
= =

= = = ´
´ ´

 

Choose 0.1 mL =  then 
2

6(0.1)(2.255 10 )
d

A
π

4
−= = ×  

45.36 10 m 0.536 mmd -= ´ =  

 
10-4 

max

max

y F
W W

y F
=  

6 4
max

4 11 2

1
(100)(2.5 10 ) 2.5 10 m

3

7.5 10 m 1.95 10 N/m

0.3 Take 2.0

y t

t E

a

b
μ

− −

−

= × = × =

= × = ×
= =

 

2 4
4 2 2

11 4 3 2

2 5

3

(3)(4500)[1 (0.3) ] (166)
2.5 10 (36) (ln 2)

4 (1.95 10 )(7.5 10 ) (36)

4.808 10

6.934 10 m

0.01387 m

b

b

a

π
−

−

−

−

⎡ ⎤− ⎢ ⎥× = −⎢ ⎥× × ⎢ ⎥⎣ ⎦
= ×
= ×
=

 

 
10-5 

4 4
4

3
3 ( ) ( )

0.1039 in
64 64

EI od Id
F y I

L

π π= = − =  

Say we can read as closely as 1% maxy  

max

6
3

3 3

0.01 6.25 in.

3(28.3 10 )(0.1039)
(6.25)

150

368,000 in

71.6 in.

yW
y

y

L

L

L

=  =

´
=

=
=

 

 
10-6 

3
4

3
2

1
in

12 48
16

bh
I

EI
F y

dπ 4
π

= =

=
é ù-ê úë û
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( )
1/22

3
2

f f

1/22 2 2 2

16

157.0 1b 15,000 lb

For 0.01 in.

3 3

1.121%

F y y

F

y d b hF

F

F EI
W W W

y d

W F

y

W W W WW

F y d b h

W

F

π 4
π

⎧ ⎫⎪ ⎪⎡ ⎤⎪ ⎪∂⎪ ⎪⎢ ⎥= =⎨ ⎬⎢ ⎥⎪ ⎪∂ −⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭
= =
=
⎧ ⎫⎪ ⎪⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎪ ⎪⎪ ⎪⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= + + +⎨ ⎬⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎪ ⎪⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭

=

 

 
10-7 

( )

( )

4 4
0 3

f

1/22 22 2

0
0

1/2

f

0
45 4 4

0

8.85 10 in - lb
2

[87,200 216.0 831.0 3.14]

297.0 in-lb

0.164 10

i

i

m T
i

m

i

G r r
M

L

M M M M
W W W WT WL

r T L

W

Mr

G r r

φ

φ
φ

ε °

π

π

−
= = ×

⎡ ⎤⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂⎢ ⎥⎟ ⎟⎟ ⎜ ⎜⎜ ⎟⎜⎟ ⎟⎟= + + +⎜ ⎜ ⎟⎜⎢ ⎥⎜⎟ ⎟⎟ ⎟⎜ ⎜⎜ ⎟⎜⎟ ⎟⎟⎜ ⎜ ⎜ ⎝ ⎠⎢ ⎥∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
= + + +
=

= ± = ± ×
−

2 in./in.−

 

10-8 

1 2 4 1 3 4 1 2 3 2 3 4 1 4 2 3

6

( )( )

7.68 10

GC R R R R R R R R R R R R R R R R R

C

= + + + + + +

= ´
 

1

5.00 amp/in.

e
E

Ig R R F
C

Ig

εΔ

Δ μ

=

=
 

 
10-9 

1

1

1 4

1 1

1 1 2

1 1 4 2 3

2

2 3

1

1

D

R
RD

R R
R R

E R R R

E R R R R R

E R

E R R

Δ

Δ

Δ Δ
Δ

Δ

+
= -

+ + +

+
= -

++ +

 

6 61

6

(2.0)(400 10 ) 800 10
1

200 10

800 v

D

D

R
F

R
E

E
E

εΔ

Δ

Δ μ

- -

-

= = ´ = ´

= ´

=

 

 
10-10 

2 2 1/21 3
max min 1 2 2 3

1
, [( ) ( ) ]

2 2

ε εε ε ε ε ε ε+= ± − + −  
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1 3
2

1/22 2
1 3 1 3 1 3

max 1 3

1 3 1 3

max 1

1/22
1 3 1 3

min

1 3 1 3

min 3

1 3
max min

For 0; tan 0

2

1

2 2 22

2 2

( )1

2 22

2 2

( )
,

2(1 ) 2(1

E E

θ θ
ε εε

ε ε ε ε ε εε ε ε

ε ε ε ε

ε ε

ε ε ε εε

ε ε ε ε

ε ε
ε εσ σ

μ

= =
+=

⎡ ⎤⎛ ⎞ ⎛ ⎞+ + +⎢ ⎥⎟ ⎟⎜ ⎜= + − + −⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
+ −= +

=
⎡ ⎤+ −⎢ ⎥= − ⎢ ⎥⎢ ⎥⎣ ⎦

+ −= −
=

+= ±− +
2 2 1/2

1 2 2 3[( ) ( ) ]
)

ε ε ε ε
μ

− + −

 

max min
max 2

min max
min 2

2 2 1/ 2
max 1 2 2 3

max min
max

[ ]

(1 )

[ ]

(1 )

[( ) ( ) ]
2(1 )

( )

2(1 )

E

E

E

E

ε μεσ
μ

ε μεσ
μ

τ ε ε ε ε
μ

ε ετ
μ

+
=

-
+

=
-

= - + -
+

-
=

+

 

 
10-11 

2 2 2 1/2
max

max

min

6 6 6
6

max

max

mi

400 84 250 2
[(400 84) (84 250) ( 250 400) ]

3 3
78 375.3

453.3 in. / in.

78 375.3 297.3 in. / in.

(29 10 )(234 10 ) 1.412(29 10 )
[795 10 ]

3(1 0.3) 3(1 0.3)

3230 8347

11,580 psi

ε

ε μ
ε μ

σ

σ
σ

− −

+ −= + − + + + − −
= +
=
= − = −

× × ×= + ×− +
= +
=

n

max

3 2

1 2 3

5120 psi

8350 psi

3( ) 1.73( 250 84) 577
tan 2

2 2(400) 84 250 966

tan 2 0.598

164.55

τ

ε εθ
ε ε ε

θ
θ °

= −
=

− − −= = = −− − − +
= −
=
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10-12 

1 maxIf 0ε ε θ= =  

Similar to problem 10-10 

max 1

2 1
min

4

3

ε ε
ε εε

=

-
=

 

 
10-13 

2 1 3

1 3

2 1 3

1 rect 1 delta

2
tan 2 0.598

0.201 0.799

400 in./in.

ε ε εθ
ε ε

ε ε ε
ε ε μ

− −= − = −
= +
= =

 

2 2 1/2
max 1 2 2 3

6
6 2 6 2 1/2

3 3

[( ) ( ) ]
2(1 )

29 10
8350 [(319.5 10 0.799 ) (80.5 10 0.201 ) ]

(1.412)(1.3)

Eτ ε ε ε ε
μ

ε ε− −

= − + −+
×= × − + × −

 

2 6 12
3 3

3

2

797 10 252,000 10 0

241.5 in./in.

112.5 in./in.

ε ε
ε μ

ε μ

− −− × − × =
= −

= −
 

 
10-16 

2 2 1/ 2
max

max

min

563 480 1
, [(563 155) ( 155 480) ]

2 1.412
41.5 560

601.5 in./ in.

518.5 in./ in.

ε ε

ε μ
ε μ

-
=  + + - +

= 
=

= -

 

6 6 6 6

max min

max

min

max

(29 10 )(41.5 10 ) (29 10 )(560 10 )
,

0.7 1.3
14,220 psi

10,780 psi

12,500 psi 169.7

σ σ

σ
σ
τ θ °

- -´ ´ ´ ´
= 

=

= -

= =

 

 
10-17 

11 2

1.90 1
1.90 0.45

2

1.95 10 N / m
F
A

F

E
E

μ

ε

-
= = =

= = ´

 

6 11 6
max (2000 10 )(1.95 10 )(1.6)(50)(10 )

31, 200 N

F - -= ´ ´

=
 

Lower limit depends on accuracy desired. 
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10-18 

1 2 3

3 1

1 2 4 1 3 4 1 2 3 2 3 4 1 4 2 3

61 3
4

2

110 ohms, 100 ohms, 750 ohms

2.0, 300 in./ in. 6 volts

( )( )

110 ohms 4.95 10 ohms

8.0 amps

g

g

R R R R

F E

E
Ig R R F

C
C R R R R R R R R R R R R R R R R R

R R
R C

R

Ig

ε μ

ε

μ

Δ

Δ

= = = =

= = =

=

= + + + + + +

= = = ´

=

 

1

1

1 4

1 1

1 1 2 2

1 1 4 2 3 2 3

6 41

1

4

1

1

(2.0)(300 10 ) 6.0 10

(1.5 10 ) 900 volts

R
RD

R R
R R

D D

AE R R R R

E R R R R R R R

R
F

R

E E E

ε

μ

Δ
Δ Δ

Δ

Δ

Δ Δ

- -

-

++
= - = -

+ + + ++ +

= = ´ = ´

= ´  =

 

 
10-19 

6

6 6 4

400 in./in.; 29 10 psi, axial stress

(29 10 )(400 10 ) 1.16 10 psi

a

a a

E

E

ε μ σ

σ ε σ-

= = ´ =

= = ´ ´  = ´
 

 
10-20 

6 10 211.5 10 psi 7.93 10 N/mG = × = ×  

a. ( ) 10 4 44 4
0

5

2 (2)(0.15)(22.6)

(7.93 10 )(0.032 0.025 )

4.136 10 rad

i

LM

G r r
φ

ππ

−

= =
× −−

= ×

 

 b. ( )
0

45 4 4
0

4.412 m/m
i

Mr
E

G r r
μ

π
° = ± =

−
 

 
10-21 

540 N-m 3000 rpmT N= =  

7

2 (2 )(540)(3000)

1.0179 10 Nm/min

169,649 N m/s Watts

227.4 HP

P TNπ π= =
= ×
= ⋅ =
=

 

 
10-24 

2 3

1

6

3

110 70

1.8 350 m/m 4.0V

120

9.768 10

(4.0)(110)(120)(1.8)
9.73 10 A/in.

9.768 10

g

x

c

R R R

F E

R R

c

Ig

μ

ε

Ω Ω

μ
Ω

Δ −

= = =
= = =
= =
= ×
= = ×

×
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3 6 6

6 41

1

(9.73 10 )(350 10 ) 3.41 10 A

(1.8)(350 10 ) 6.3 10

Ig

R
F

R
ε

Δ
Δ

- - -

- -

= ´ ´ = ´

= = ´ = ´
 

( )
1

1

1

1

4

4

6 6

1.575 10
4 2

6.298 10 V

(350 10 )(30 10 ) 10,500 psi

R
RD

R
R

D

E

E

E

σ

Δ

Δ
Δ

Δ

-

-

-

= = ´
+

= ´

= ´ ´ =

 

 
10-25 

6

6
7

5000 rpm 5hp 28.6 10

28.3 10
0.3 10 1.088 10

2(1.3)

N P E

d Gμ °

= = = ´

´
= = = = ´

 

( )
f f

10
360

5

2 (5000)
5 hp ; 5.25 ft - lb 63.03 in lb

33,000

(2 )
63.03

2.11 10

T
T

r

L

r

L

π

π 7 4
0

4
0

(1.08 10 ) π

2

−

= = =

×
=

= ×

 

For 0

0

1 in. 0.0678 in.

3 in. 0.0892 in.

L r

L r

= =

= =

 

 
10-26 

0

0

6.25 mm 0.246 in.

0.8 mm 0.0315 in.

0.2145 in.
i

i

r

r r

r

= =

- = =

=

 

( )7 4 4 10
360

π(1.088 10 )(0.246 0.2145 ) (2π)
63.03

2
73.1 in.

L
L

´ -
=

=

 

 
10-27 

150 8490 100 1.17

(1.17)(8490 100)
1 1.01562

(8490)(100) 1.17

1.562% high

s u am g ρ ρ ρ= = = =

-
+ =

-
 

 
10-28 

120 2.0

75 3.7g

R F

R E V

Ω
Ω

= =
= =

 

2

3 2

3

(3.7)(120) (2.0)

(4)(120) (75)(120)

0.133 10 μA/μin.

gI

ε
Δ

−

=
+

= ×
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10-29 
2.0 μin./in.ε =  

( )
1

1

1

1

6 61

1

6
6

6

6

4 2

(2.0)(2.0 10 ) 4.0 10

4 10
1 10

4 8 10

(3.7)(1 10 ) 3.7 μV

R
RD

R
R

D

E

E

R
F

R

ED

E

E

ε

Δ

Δ
Δ

Δ

Δ

Δ

- -

-
-

-

-

=
+

= = ´ = ´

´
= = ´

+ ´

= ´ =

 

 
10-30 

6

1.6 mm 0.8 mm 0.0315 in.

28.3 10

1.0 cm 0.394 in.

1%F

d r

E

y

W

= = =

= ´
= =
=

 

4 4
7(0.0315)

7.73 10
4 4

r
I

π π −= = = ×  

3 6 7

3
f

(3)(28.3 10 )(7.73 10 )(0.394)

25.85 lb -in

FL −= × ×
=

 

For    f

f

f

1 in. 25.8 lb

2 in. 2.35 lb

5 in. 1.73 lb

L F

L F

L F

= =
= =
= =

 

 
10-31 

f200 lb 70 cm 27.56 in.

1
in.

16

F L

d

= = =

=
 

( )2 61
16

(28.3 10 )
200

(4)(27.66)

0.0635 in.

y

y

π ×
=

=
 

 
10-32 

6

0.47 120

2 10

F R

ε

Ω
-

= =

= ´
 

6 61

1

6
7

6

7

(0.47)(2 10 ) 0.94 10

0.94 10
2.34 10

4 2(0.94 10 )

(3.7)(2.34 10 ) 0.869 μV

D

D

R

R

E

E

E

Δ

Δ

Δ

- -

-
-

-

-

= ´ = ´

´
= = ´

+ ´

= ´ =
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10-33 

6 6

300 μm/m 300μ in./in.

(300 10 )(28.3 10 )

8490 psi

E

ε

σ ε − −
= =
= = × ×

=
 

 
10-34 

f

f

2 (10,000)
1 0.525 lb -ft

33,000

6.303E lb -in.

T
T

π= =

=
 

For f15 cm 5.91 in., 1.067 lbL F= = =  

 
10-36 

1 2 3 4 120 1.9

4.5V 350D

R R R R F

E R

Ω
Ω

= = = = =

= =
 

Denominator of Equation (10.36) 
3 2 7

2
3 3

1 3 7

(4)(120) (350)(240) 2.707 10

(4.5)(120) (29)
4.548 10 4.548 10 / in.

2.707 10
D

c

I E
R R F A

c
μ μ

ε
Δ − −

= + = ×

= = = × = ×
×

 

 
10-37 

( )
1

1

1

1

1 2 3 4

6 61

1

6
6

6 2

6

120

4 2

(1.9)(3.1 10 ) 5.89 10

5.89 10
1.472 10

4 (2)(5.89 10 )

(4.5)(1.472 10 ) 5.89 μV

R
RD

R
R

D

D

R R R R

E

E

R
F

R

E

E

E

ε

Δ

Δ

Ω

Δ

Δ

Δ

Δ

- -

-
-

-

-

= = = =

=
+

= = ´ = ´

´
= = ´

+ ´

= ´ =

 

 
10-38 

6 6

2

f

6 5

5
6

5

6

10 m 50 cm 2 cm

10 m
20 m/m 20 in./in.

0.5

(20 10 )(28.3 10 ) 566 psi

2
(566) 276 lb 1228 N

4 2.54

(1.9)(20 10 ) 3.8 10

3.8 10
9.5 10

4 (2)(3.8 10 )

(4.5)(9.5 10 ) 4

D

D

L L d

E

T

R

R

E

E

E

μ
με μ μ

σ ε

π

Δ

Δ

Δ

Δ

−

− −

− −
−

−

= = =
= = =

= = × × =
⎛ ⎞⎟⎜= = =⎟⎜ ⎟⎟⎜⎝ ⎠

= × = ×

×= = ×
+ ×

= × = 5.27 10 V−×
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10-39 

( )
0

4 4
0

5

0.005 m 0.0065 m 0.05 m

10° 0.1745 rad

π

2

9.46 10

i

i

r r L

G r r
M

L
M

G

φ

φ

−

= = =
= =

−
=

= ×

 

 
10-40 

3 3

3
5

1.205 kg/m 21,380 kg/m

5490 kg/m

a uρ ρ

ρ

= =
=

 

(1.205)(8490 21,380)
Error (troy oz) (15)

(8490)(21,380 1.205)

0.00128 oz

é ù-ê ú= ê ú-ë û
=

 

Dollar value (0.00128)(400)

$0.51

=
=

 

 
10-41 

2

9 4 4

4

0.18,  30,  0.026

0.028   79 GN/m

Eq. (10.l8):

30 (79 10 )(0.028 0.026 ) /(2)(0.18)

2.76 10  rad

i

o

L M r

r G

π φ

φ −

= = =
= =

= × −
= ×

 

 
10-42 
375 2 (4000)/33,000

492 ft-lb

T

T

π=
=

 

 
10-43 

3

4

6 2

9 4 3

3 I /

/4

28.3 10 psi 195 GN/m

0.059 m

0.01

(3)(195 10 ) (0.01)(0.001) /(4)(0.059)

   22.4 N

F E y L

I r

E

L

y

F

π

π

=

=

= ´ =
=
=

= ´
=

 

 
10-44 

2 9

/

800 (0.0004) (195 10 )/1.0

0.00816 m 8.16 mm

F AEy L

y

y

π

=

= ´
= =
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10-45 
3 3

3

3

ind true

6
true

1.5 lbm/ft 24.03 kg/m

8490 kg/m  

1.205 kg/m

/ 1 (1.205)(8490 24)/(8490)(24 1.205)

                1.0527 5.27 % error

(24.03)(200 10 ) 0.0048 kg

u

s

a

W W

W

ρ

ρ

ρ

−

= =
=
=

= + − −
= =

= × =

 

 
10-46 

3

ind true

2675 kg/m

/ 1 (1.205)(2675 24)/(2675)(24 1.205)

                 1.0524 5.24 % error 

s

W W

ρ =

= + - -

= =
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Chapter 11 
11-1 

15 cm 0.5 mm 5.6 cm 1.3 mm

2.5 cm 0.2 mm

L x

t

=  = 
= 

 

1 1 1.25
tan tan 5.6 tan tan

2 15

0.4667 cm

t
a x

L

a

- -é ù é ùæ ö æ ö÷ ÷ç çê ú ê ú= =÷ ÷ç ç÷ ÷÷ ÷ç çê ú ê úè ø è øë û ë û
=

 

1/22 2

0.0117 cm

2.5%

a x t L
a a a

W W W W
x t L

ì üï ïé ù é ù é ù¶ ¶ ¶ï ïï ïê ú ê ú ê ú= + +í ýê ú ê ú ê úï ï¶ ¶ ¶ë û ë û ë ûï ïï ïî þ
=
=

 

 
11-2 

4
11.0 Hz 300 2n

EI

mL
ω = =   

at 0.056 m 0.2 mmL =   

2
4 3 4300

(0.056) 7.315 10 m
11

EI

m
-æ ö÷ç= = ´÷ç ÷÷çè ø

 

at 0.10 m 0.5 mmL =   

1/23

4
7.315 10

11.0 94.08 Hz
(0.1)

nω
-é ù´ê ú= =ê ú

ê úë û
 

1/22 2

/

1/22 24 3 2

2 2

24 3 2

2 2

2 4

11 11

(2)(300)(0.056) (4)(0.056) (300)
(2) (0.0002)

11 11

n

n

EI m L
n

n n
L

C c
W W W

L

L L
W W

ω

ω

ω

ω ω

é ùæ ö æ ö¶ ¶ê ú÷ç ÷ç÷= +ç ÷ê úç÷ ÷ç ÷ç÷÷ç è øê ú¶ ¶è øê úë û

é ùæ ö æ öê ú÷ ÷ç ç÷ ÷ç çê ú= +÷ ÷ç ç÷ ÷ê úç ç÷ ÷÷ ÷ç çè ø è øê úë û

é ù é
ê ú ê= +ê ú ê
ê úë û ë

1/22

41.429 10-

ì üï ïùï ïï ïï ïúí ýúï ïê úï ïûï ïï ïî þ

= ´

 

at 10 cmL =
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( )

( )

1/22 2

1/221/21
2 3 1/2 2
2

41
2

2 3 1/2

(11.0)
(11.0( 2) )

(11.0) (1.429 10 ) (11.0)( 2)(7.
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n

m n
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c L

W W W
c L

c
W L c W

L

ω
ω ω

-
-

-

-

é ùæ ö æ ö¶ ¶ê ú÷ ÷ç ç= +÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è ø¶ ¶ê úë û

é ùæ öê ú÷ç ÷çê ú÷= + -ç ÷ê úç ÷ç ÷ê ú÷çç ÷è øê úë û

é ù´ -ê ú
= +ê ú

ê ú´ê úë û

1/223 1/2

3
315 10 ) (0.0005)

(0.1)

1.315 Hz

=1.4%

-ì üï ïé ùï ï´ï ïï ïê úí ýê úï ïê úï ïë ûï ïï ïî þ
=
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2

1/222 2 2

11 0
For 1.0

π

48.10 Hz or 2.80%

n

n

n

n n n n
E r L

n

EI
L

rL

W W
W W W W

E r L

W

ω
ρ

ω

ω
ρ

ω ω ω
ω ρ

⋅= = →

⎡ ⎤⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂⎢ ⎥⎟⎜⎟ ⎟ ⎟⎜ ⎜ ⎜⎟= + + +⎟ ⎟ ⎟⎜⎢ ⎥⎜ ⎜ ⎜⎟⎟ ⎟ ⎟⎜⎟ ⎟ ⎟⎜ ⎜ ⎜⎟⎜⎝ ⎠ ⎝ ⎠ ⎝ ⎠∂ ∂ ∂ ∂⎢ ⎥⎝ ⎠⎢ ⎥⎣ ⎦
=

 

 
For 4.0L =  

2.17 Hz or 2.01%
n

Wω =  
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22

4

1/2
2 2

1 2 1 1
22

2 21

2
11.0

4 11.0

0.0143 in. 0.0286 in.

1.58 in.

n
n E

LEr
r

L

r d

W L L W
L

W WL

ρ

ωω
ρ

=  =

=  =

é ùæ ö÷çê ú÷ç=  = =÷ê úç ÷ç ÷÷çê úè øë û

 

1/222 2 2
2

2 2
n E r L

n

W WW W W

E r L
ω ρ

ω ρ

é ùæ öæ ö æ ö æ öê ú÷ç÷ ÷ ÷ç ç ç÷= + + +ç÷ ÷ ÷ê úç ç ç÷÷ ÷ ÷ç÷ ÷ ÷ç ç ç÷÷çè ø è ø è øê úè øê úë û

 

For 100 Hz

23.2 Hz or 3.69%

For 1000 Hz

424.0 Hz or 6.75%

n

n

n

n

W

W

ω

ω

ω

ω

=

=

=

=
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2
2 1 0

0

0
0 2 1 0 2

( )
0.95

0.95
( )

n

n

x x

a

a
x x x

ω

ω
Δ

⎡ ⎤−⎢ ⎥⎣ ⎦ =

= − =
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0

1/22
0 0

3

5
3

1.90

(1.9)(30)
(2) 1.425 10 m

(200)

x n n
n n

x a
W Wω ωω

ω ωΔ
Δ

-

ì üï ïæ öï ï¶ ÷çï ï÷= =çí ý÷ç ÷ï ï÷ç ¶è øï ïï ïî þ

= = ´

 

 
11-6 
Assume 1 0 1sinx x tω=  

0 0 1
0

dx
v x

dt
ω

⎛ ⎞⎟⎜= =⎟⎜ ⎟⎟⎜⎝ ⎠  

Solution to D.E. 
2

0 1 1
2 1 2 2 2 2 1/2

1 1

cos( )
( cos sin )

2 [( ) ]

Transient term dies out steady state term

t
mx tc

x x e A t B t
m K m c

ω ω φω ω
ω ω

↓ ↓

⎛ ⎞ −⎟⎜= = − + +⎟⎜ ⎟⎟⎜⎝ ⎠ − +  

( ) ( )( )
( )

( ) ( )( )

1 1

1

1 1

2
1

0 1

2 1 1/22 22

0

2 1 0 1/22 22

cos( )

1 2

( )

1 2

n e n

n

n c n

n

c
c

c
n c

x t

x x

v
x x

ω ω
ω ω

ω
ω

ω ω
ω ω

ω ω φ
ω

ω

⎛ ⎞⎟⎜ ⎟ −⎜ ⎟⎜ ⎟⎜⎝ ⎠− =
⎧ ⎫⎪ ⎪⎡ ⎤⎪ ⎪⎡ ⎤⎪ ⎪⎢ ⎥− + ⎢ ⎥⎨ ⎬⎢ ⎥⎪ ⎪⎢ ⎥⎣ ⎦⎢ ⎥⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭

− =
⎧ ⎫⎪ ⎪⎡ ⎤⎪ ⎪⎡ ⎤⎪ ⎪⎢ ⎥− + ⎢ ⎥⎨ ⎬⎢ ⎥⎪ ⎪⎢ ⎥⎣ ⎦⎢ ⎥⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭
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( )
1

0.001225 sec

c

c
c

T
ω

= =  

 
11-8 

 



SM: Experimental Methods for Engineers  Chapter 11 

155 

11-9 

( ) ( )( )1 1

0
2 1 0 1/22 22

2

( )

1 2
n c n

c
n c

a
x x

ω ω
ω ωω

− =
⎧ ⎫⎪ ⎪⎡ ⎤⎪ ⎪⎡ ⎤⎪ ⎪⎢ ⎥− + ⎢ ⎥⎨ ⎬⎢ ⎥⎪ ⎪⎢ ⎥⎣ ⎦⎢ ⎥⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭

 

For 2 1 0

0

( )
0.99, 0.707

c

x x c

x c

− = =  

1 3.16 2.9 kN/m 45 kg
n

k m
ω
ω

= = =  

1/2
2900

8.028 rad/sec
45n

k

m
ω

⎛ ⎞⎟⎜= = =⎟⎜ ⎟⎟⎜⎝ ⎠  

3 2 2 2 2 1/2
0

2

(2.5 10 )(8.028) {[1 3.16 ] [2(0.707)(3.16)] }

1.617 m/sec

a −= × − +
=
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( )
2

2 1 0
1 1

0

( )1
since for 0.99

c

n

c
n C

x x
T T

a

ωω ω
ω

−= = = =  

( ) ( )( )
( ) ( )

1 1

1/22 22

22 2

2
1

1
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1 2

2 2 1 4 2 1 0.08

2

n c n

c c

c
c

c c
c c

n

ω ω
ω ω

ω
ω

=
⎧ ⎫⎪ ⎪⎡ ⎤⎪ ⎪⎡ ⎤⎪ ⎪⎢ ⎥− + ⎢ ⎥⎨ ⎬⎢ ⎥⎪ ⎪⎢ ⎥⎣ ⎦⎢ ⎥⎪ ⎪⎣ ⎦⎪ ⎪⎩ ⎭

⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥− − ± − +⎢ ⎥ ⎢ ⎥⎛ ⎞ ⎢ ⎥ ⎢ ⎥⎟ ⎣ ⎦ ⎣ ⎦⎜ ⎟ =⎜ ⎟⎜ ⎟⎜⎝ ⎠

 

( ) ( ) ( ) ( )

1/4

2 2 4 2

1

1 2 2 0.255
c c c c

n

c c c c
c c c c

ω
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1
4

1
2

3
4

1
8

5
4

0

1 3.16

2 imaginary

1.739

1.407

2.29

2.39

c

c nc
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∞
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( )( )
( )

1

1

1

1
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2
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1
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c
c

ω
ω

ω
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φ
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−

−

=
−

=
−
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For maximum acceleration 1 0
n

ω
ω

=  

( )( )
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1

1

1
2
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2
tan

1

tan 0

0
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ω
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−

−

=
−
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For 100 db 

10 16

6 2

100 10log
10

10 watt /cm

I

I

−
−

=

=
 

10 9

4

100 20log
2.9 10

2.9 10 psi

p

p

-

-

=
´

= ´

 

 
11-14 

/10
10 016

/10
0

10log 10
10

(10 )(0.1)

% 10(ln10) %

Idb
db

Idb
I Idb Idb
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I Idb

I
I I I

I
W W I W

I

W W

−= → =

∂= =∂
=
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IdbW


 dbI   50  80 120 % IW  

1   122.3 10-´  92.3 10-´  52.3 10-´  23.0%  

2   124.6 10-´  94.6 10-´  54.6 10-´  46.0%  

3   126.9 10-´  96.9 10-´  56.9 10-´  69.0%  
 
11-16 
From Figure 11-10: 
     a. Two 50 db levels 

Difference = 0 db 
Amount added = 3 db 
Total sound level = 53 db 
 

     b. Three 50 db sources 
 53 and 50 db combination 
 Difference = 3 db 
 Amount added = 1.8 db 
 Total sound level = 54.8 db 
 
     c. Four 50 db sources, 54.8 and 50 db combination 
 Difference = 4.8 db 
 Amount added = 1.3 db 
 Total sound level = 56.1 db 
 
11-17 
From Figure 11-10: 
63 db an d73 db combination 
Difference = 10 db 
Amount added = 0.4 db 
Total sound intensity = 73.4 db 
 
11-18 
     I. 58 db and 62 db levels 

Difference = 4 db 
Amount added = 1.5 db 
Equivalent level = 63.5 db 
 
63.5 db and 65 db combination 
Difference = 1.5 db 
Amount added = 2.3 db 
Equivalent level = 67.3 db 
 
67.3 db and 70 db combination 
Difference = 2.7 db 
Amount added = 1.9 db 
Total sound intensity = 71.9 db 
 

     II. 58 db and 65 db levels 
Difference = 7 db 
Amount added = 0.8 db 
Equivalent level = 65.8 db 
 
62 db and 65.8 db combination 
Difference = 3.8 db 
Amount added = 1.5 db 
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Equivalent level = 67.3 db 
 
67.3 and 70 db combination 
Difference = 2.7 db 
Amount added = 1.9 db 
Total sound intensity = 71.9 db 
 

11-19 

     a. 2
4

3

3 4

output

60 20log 0.20 dyne/cm
2.0 10

55 20log 1.775 10
1

(0.20)(1.775 10 ) 3.55 10 volts

0.355 mv

P
P

E
E

E

E

−

−

− −

= → =
×

− = → = ×

= × = ×
=

 

     b. 2
4

3

output

80 20log 2.0 dyne/cm
2.0 10

55 20log 1.775 10
1

3.55 mv

P
P

E
E

E

−

−

= → =
×

− = → = ×
=
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55 db ( 70 db) 15 db

amplification factor 15 db

- - - =
=

 

 
11-21 
     a. Figure 11-16: 

 
(28 59 80 78)

1-in. material 61.25
4

(50 87 92 87)
2-in. material 79.00

4

NRC

NRCl

+ + +→ = =

+ + +→ = =

 

 
     b. Figure 11-17: 

 
(28 57 80 79)

Material A 61.00
4

(29 25 22 19)
Material B 23.75

4
(18 12 9 8)

Material C 11.75
4

NRC

NRC

NRC

+ + +→ = =
+ + +→ = =
+ + +→ = =

 

 
11-23 
Figure 11-12:          {1000 Hz Intensity 70 db} at 70 phon =   

     a. {at 70 phon and 50 Hz} intensity 86 db =  

     b. {at 70 phon and 100 Hz} intensity 76 db =  

     c. {at 70 phon and 10,000 Hz} intensity 74 db =  

 



SM: Experimental Methods for Engineers  Chapter 11 

159 

11-24 
Figure 11-12: 

80 db and 1000 Hz 80 phon

45 db and 1000 Hz 45 phon




 

 
     a. at 60 Hz and 45 phon 65 db

at 60 Hz and 80 phon 91 db

[(65 45) (91 80)] db 9 db over what it was at 80.

→
→

− − − = +

 

     b. at 100 Hz and 45 phon 55 db

at 100 Hz and 80 phon 85 db

[(55 45) (85 80)] db 5 db over what it was at 80.

→
→

− − − = +

 

 
11-27 
63, 78, 89, 92 dB

63 78 78 0.1 78.1

89 92 92 1.8 93.8

78.1 93.8 93.8 0.1 93.9 dB

+ = + =
+ = + =
+ = + =

 

 
63 89 89

78 92 92 0.2 92.2

89 92.2 92.2 1.7 93.9

+ =
+ = + =
+ = + =
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2
4

2
4

2

100 20log 20 dyn/cm
2 10

120 20log 200 dyn/cm
2 10

40 db 20log 10 V
1.0

p
p

p
p

E
E

−

−

−

= =
×

= =
×

− = =

 

2

2

at 100 dB SPL (10 )(20) 0.2 V

at 120 dB SPL (10 )(200) 2.0 V

E

E

-

-

= =

= =
 

 
11-30 

0
dB atten 10log 10log(1 )

I

I
α= = -  

Hz  α, % dB 
75–150 0.35 −1.87 

150–300 0.32 −1.61 
300–600 0.25 −1.25 

600–1200 0.21 −1.02 
1200–2400 0.19 −0.92 
2400–4800 0.18 −0.86 

>48000 0.18 −0.86 
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11-31 
75 89 dB

Diff 14 dB

Amount added larger 0.2

Total 89.2 dB

89.2 100 dB

Diff 10.8

Amount added 0.4

Total 100.4 dB

+
=

+ =
=
+
=

=
=
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5

5

5

100 dB 20log
2 10

2.0 Pa

110 dB 20log
2 10

6.32 Pa

130 dB 20log
2 10

63.2 Pa

p

p

p

p

p

p

-

-

-

=
´

=

=
´

=

=
´

=
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One de-emphasizes low frequencies 
 
11-35 

2 2

2

1.0 m 1 W

1
(4 ) 6.283 m

2
1 W

0.159 W/m
6.283

r P

A r

I

π

= =
= =

= =

 

12

12

dB 10log
10

0.159
10log

10
112 dB

I
-

-

æ ö÷ç= ÷ç ÷ç ÷çè ø
æ ö÷ç= ÷ç ÷ç ÷çè ø

=
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40.84
25.4 7

500 Hz 0.8 mm

9.08 10
4 4

n d

r
I

ω

ππ −

= =
⎡ ⎤⎢ ⎥⎣ ⎦= = = ×

 

( )20.8
25.42

4

(489) 1

144 12

8.82 10

m r
π

ρπ

−

⎛ ⎞⎟⎜= = ⎟⎜ ⎟⎟⎜⎝ ⎠
= ×
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1/26 7

4 4 2
(28.3 10 )(9.08 10 ) 170.7

500
(8.82 10 )

0.584 in. 1.48 cm

L L

L

-

-

é ù´ ´ê ú= =ê ú´ê úë û
= =
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2
12

2 2

dB 90 1 W

90 10log 0.00 W/m
10

1
(4 ) 6.283 m

2

P

I
I

A rπ

−

= =
⎛ ⎞⎟⎜= =⎟⎜ ⎟⎜ ⎟⎝ ⎠

= =

 

(sound) (6.283)(0.001) 0.00628 W

sound power 0.00628
0.00628

elec power 1

P = =

= =
 

 
11-38 
Measure at 90 dB 
Sens. 60 dV ref 1 V= -  

4

2

90 20log
2 10

6.234 dyn / cm

P

P

-=
´

=

 

60 dB 20log
1 V

0.001 V 1 mV

E

E

- =

= =
 

 
11-40 
90 dB  

2 21

2 mI acρ ω ξ=  

12

8 2

90 20log
10

3.16 10 W / m

I

I

-

-

=

= ´

 

31.204 kg/m 20 293 342 m/s

at 100 Hz 628 rad/s
a cρ
ω
= = =
= =

 

8 2 2

8

3.16 10 (0.5)(1.204)(342)(628)

1.97 10

m

m m

ξ

ξ

−

−
× =

= ×
 

9

10

At 1000 Hz 1.972 10 m

At 10,000 Hz 1.97 10 m

m

m

ξ

ξ

−

−
= ×
= ×
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8 2

5

3.16 10 0.5(1.204)(342)

1.24 10 m/s

m

m

ξ

ξ

−

−
× =

= ×
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11-44 
90 100 dB

dB(tot) 90 10.3

dB(tot) 10.3 90 100.3 dB

+
- =
= + =
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4 2
12

3

160 dB 300 and 1000 Hz

160 10log 10 W/m
10

1.204 kg/m 342 m/sa

I
I

c

ω

ρ

−

=
= =

= =

 

At 300 Hz 1884 rad / sω = =  

4 2
rms rm

2
4 rms

rms

4 2 2

3

4 2

10 (1.204)(342) 4.93 m/s

10 2029 Pa
(1.204)(342)

10 (0.5)(1.204)(342)(1884)

3.7 10 m

10 (0.5)(1.204)(342) 6.97 m/s

m

m

m m

p
p

ξ ξ

ξ

ξ

ξ ξ

−

= =

= =

=
= ×
= =

 

rms

3

At 1000 Hz

2029 Pa

1.11 10 m

6.97 m/s
m

m

p

ξ
ξ

−
=

= ×
=

 

 
11-47 
1000 Hz 100 dB reduce to 90 dB 

2

3

3

2

sound absorbed

incident sound

At 100dB 10

90 dB 10

10
1 0.9

10
Thickness ~1.8 in.

I

I

α

α

−

−

−
−

=

=
=

= − =
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3 2

80% 22% 9%

dB incident 90 dB 10 W/m

A B c

I

α α α
−

= = =
= =

 

(A) 42
23

0.8 1 ; 2 10 83.01 dB
10

Atten 90 83.01 6.99 dBA

I
I -

-= - = ´ =

= - =

 

(B) 2 88.921 dB Atten 90 88.921 1.079 dBI = = - =  

(C) 2 89.59 dB Atten 0.41 dBI = =  

 
 
 



SM: Experimental Methods for Engineers  Chapter 11 

163 

11-49 

From Figure 11.6, max overshoot at 0.2
c

c

c
=  is 155% at 1

11.0 or 60 Hz.
n

ω ω
ω

= =  

At 0.3,
c

c

c
=  overshoot is 75% at 1 0.93

n

ω
ω

=  or 1 55 Hz.ω =  

 
11-50 

From Figure 11.6 at 0.707
c

c

c
=  attenuation at 1 1.0

n

ω
ω

=  is 0.875 

dB 10 log (0.875) 0.58 dB= = -  

 
11-51 

1 dB 10log (ratio) =  

Acceleration ratio 0.794 to 1.259

from 0.2 to 0.3
c

c

c

=
 

 
11-52 

from 0.47 to 0.7
c

c

c
 

 
11-53 

1

0

2

0

3

0

4

0

82
log 8.2

10

log 7.6

log 9.5

log 11.1

I

I

I

I

I

I

I

I

æ ö÷ç ÷ = =ç ÷ç ÷÷çè ø
æ ö÷ç ÷ =ç ÷ç ÷÷çè ø
æ ö÷ç ÷ =ç ÷ç ÷÷çè ø
æ ö÷ç ÷ =ç ÷ç ÷÷çè ø

 

11
1 2 3 4 0(1.2926 10 )I I I I I I= + + + = ´  

0

0

log 11.1114

dB 10 log 111.14

I

I

I

I

æ ö÷ç ÷ =ç ÷ç ÷÷çè ø
æ ö÷ç ÷= =ç ÷ç ÷÷çè ø
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16 2 12 2
0

12 8 4 2

12 7 5 2

10 W/cm 10 W/m

At 80 dB (10 )(10 ) 10 W/m

At 77 dB (10 )(5.01 10 ) 5.01 10 W/m

I

I

I

− −

− −

− −

= = =
= =
= × = ×

 

Intensity differs by factor of two. 
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11-55 

12 2
0

0

2
2 rms

rms rms

3

SPL 110 dB at 16 Hz

110 10log 10 W/m

0.1 W/m

345 m/s 1.2 kg/m

a

a

I
I

I

p
I p

c

c

ξ ω
ρ

ρ

−

=
⎛ ⎞⎟⎜ ⎟= =⎜ ⎟⎜ ⎟⎜⎝ ⎠

= = =

= =

 

2
rms

rms

4
rms

0.1
(1.2)(345)

6.43 Pa

0.1
9.72 10 m

(6.43)(16)

p

p

ξ −

=

=

= = ×
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9.5 9
1 0 0

9 9
2 0 0

7.8 7
3 0 0

7.5 7
5 4 0 0

9
0

10 3.162 10 73.7%

10 1 10 23.3%

10 6.31 10 1.5%

10 3.16 10 1.5%

Total 4.288 10 96.3 dB

I I I

I I I

I I I

I I I I

I

= ´ = ´ =

= ´ = ´ =

= ´ = ´ =

= = ´ = ´ =

= ´ =

 

 
11-57 
Output voltage at SPL 25 dB=  

4

4 2

25 dB 20log
2 10

3.557 10 dyn/cm

p

p

−
−

⎛ ⎞⎟⎜= ⎟⎜ ⎟⎜ ⎟⎝ ⎠×
= ×

 

4 4 8(3.557 10 )(10 ) 3.557 10 VE - - -= ´ = ´  

8 9

4

9
8

8

30 dB 20log

(3.557 10 )(0.03162) 1.12 10 V

At SPL 100 dB, 20 10 V from microphone

0.1 V from amplifier

1.12 10
1.12 10

0.1

1
dB 20log 159 dB

1.12 10

N

N

N

ES

N E

E

E

E

E

E

S

N

- -

-

-
-

-

æ ö÷ç= - = ÷ç ÷÷çè ø

= ´ = ´

= = ´
=

´
= = ´

æ ö÷ç= =÷ç ÷ç ÷çè ø´

 

11-58 

From Exercise 11.2, 1 2.47
n

ω
ω

>  for 1%  condition. Therefore, for 

1 100 Hz, nω ω>  must be 1 40.5 Hz.
2.47

ω< =  
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11-59 
37 20log(( /1.0)

0.0141 V

At SPL 70 20log ( /0.0002)

0.632

(0.0141)(0.632) 0.0089 V

At SPL 90 20log ( /0.0002)

6.32 

0.089 V

E

E

p

p

E

p

p

E

- =
=

= =
=
= =

= =
=
=

 

 
11-60 
Loudness of 100 Hz tone at SPL 80 dB is 75 phon

At Loudness 75 phon, and 10 kHz, SPL 79 dB

=
= =

 

 
11-61 
60 and 70 dB diff 10

amt add to larger level 0.43

combination 70.43

combination of 80 and 90 90.43

combination of 70.43 and 90.43 diff 20

amt added to lager 0.1

total 90.53 db

=
=

=
=

=
=

=

 

 
11-62 

noise

60 20log ( /1.0)

0.001 V

85 20log ( /0.0002)

3.56

0.00356

30 20log ( /0.0002)

0.00632

E

E

p

p

E

p

p

- =
=
=
=
=
=

=

 

At 85 dB referred to noise level

dB 20log (3.56/0.00632) 55 dB= =
 

 
11-63 

6 4

3

2

4 7 4

28.3 10 psi, /4

489 lb/ft      0.5 mm 0.0197 in

(489) (0.0197) /12 0.0497 lbm/in

(0.0197) /4 1.18 10 in

E I r

r

m

I

π

ρ

π

π −

= × =
= = =
= =
= = ×

 

6 7 4 1/2

Eq. (11.2)

600 (11)[28.3 10 )(1.18 10 )/(0.0497)L ]

0.387 inL

-= ´ ´
=
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11-64 
Mat  at 500 Hz 57%

Mat 25%

Mat 12%

A

B

C

α
α
α

=
=
=

 

C

dB 10log (1 0.8) 6.99

dB 10log (1 0.25) 1.25

dB 10log (1 0.12) 0.56

A

B

= − = −
= − = −
= − = −

 

 
11-65 

2 2 2 2 1/2

2

0.98 /[(1 ) ((2)(0.7) ) ]

4.463464 ( / )

/ 2.112

120/2.112 56.8 Hz

n

n

n

R R R

R ω ω
ω ω
ω

= - +

= =

=

= =
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Chapter 12 
12-1 

( )
( )( )2 4

2
4 4

6 2BTU
hr4 4

8 2BTU
hr-ft -°R

1/4

8 8
2

6.826 10 (36 )

0.1714 10

1
780 10 (2.370 10 )

s d

s d

d

S
d

gs
T T

A

T T
r

T
r

σ

π

−

−

− =

×
− =

×

⎡ ⎤⎛ ⎞⎟⎜⎢ ⎥⎟⎜= × + × ⎟⎢ ⎥⎜ ⎟⎜ ⎟⎜⎢ ⎥⎝ ⎠⎣ ⎦

 

 

 
 
12-2 
For 6 ftS =  

1/4

8 8
2

1
780 10 (9.480 10 )S

d

T
r

é ùæ ö÷çê ú÷ç= ´ + ´ ÷ê úç ÷ç ÷÷çê úè øë û
 

For 12 ftS =  

1/4

8 8
2

1
780 10 (37.95 10 )S

d

T
r

é ùæ ö÷çê ú÷ç= ´ + ´ ÷ê úç ÷ç ÷÷çê úè øë û
 

 
Plot looks like the one in Problem 12-1 
 
 
 

For 6 ftS =  For 12 ftS =  

(in.)dT  (°R)ST  (in.)dT  (°R)ST  

0 ∞ 0 ∞ 
0.05 820 0.05 1120 
01 648 0.1 820 
0.2 565 0.2 648 
0.3 545 0.3 590 
↓ ↓ ↓ ↓ 
∞ 530 ∞ 530 
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12-4 

( )
{ }

4 4

1/220 6 16
4 4

7.84

100
% 1.082 10 16 25 10

530s

S
ts S R

E S
s

E

F T T

W T
T

ε
σ

=
−

= × + + ×
−

 

 

1 5

1 0

5

0
0 1 0 0 05 0 0

Ts

%WEs

 
 

For 0.2sε =  For 0.8sε =  

ST  % esW  ST  % esW  

600 14.45 600 3.86 
700 5.76 700 1.64 
800 3.0 800 0.95 
900 1.79 900 0.65 

 
12-5 
For 100 and 22T br r= =  

2 2
s

1/2 1/2

1/2

6

100 22 78 counts/min [(0.02)(78) ] 2.45

1
[(22) (100) 100] 59.9 min

2.45

22
59.9 28 min

100

s

T

T

t

t

σ= − = = =

= + =

⎛ ⎞⎟⎜= =⎟⎜ ⎟⎟⎜⎝ ⎠

 

Total 87.9 mint =  

For 500Tr =  and 0 100r =  

2 2

1/2 1/2

1/2

Total

500 100 400

[(0.02)(400)] 64.0

1
[(100) (500) 500] 11.3 min

64

1
11.3 5.07

5

16.37 min

s

S

T

b

r

t

t

t

σ

= - =

= =

= + =

æ ö÷ç= =÷ç ÷÷çè ø

=
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12-6 
by Chauvenet’s criterion we find that no points may be eliminated. 

( )1/22 2 1/2

1/2

503.75 23 480.75 counts/min

(480.75) 22.1 counts/min

s T b

s T b S s

S

r r r

W W W

W

σ η

= − = − =

= + = =

= =

 

 
 
12-8 

2 2 ; const.S T
S S b S b T

b T

r r
W r r t t

t t
σ = = + = + =  

Optimize SW  by setting 

2 2

1/2

2 2

2
1/2

0; 2 0

1

S S S T T
s

b b bb T

S ST T
b T

b Tb T

S T
S

TS
T

T

dW dW r r dt
W

dt dt dtt t

r rdt r
t t

dt rt t

r r

tr
t

r

σ

−= = − − =

⎛ ⎞⎟⎜ ⎟= − ∴ = − = ⎜ ⎟⎜ ⎟⎜⎝ ⎠

= +
⎛ ⎞⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜⎝ ⎠

 

( )1/2 1/2
2

2

1

3.414
2

T S T T
S

S
T S T

S

t r r r

r
r r t

σ

σ

= +

= ∴ =
 

 
12-11 

300°C 573 K 1°C

231°C 504 K 3°Ca

T

T

= = 
= = 

 

4 4
504

0.599
573

a
a

T

T
ε

æ ö æ ö÷ ÷ç ç= = =÷ ÷ç ç÷ ÷÷÷ çç è øè ø
 

1/22 2

1/22 2

16 16

3 1
4

504 573

0.0248

aT T

a

WW W

T T
ε

ε

é ùæ ö æ öê ú÷ç ÷ç÷ç= +ê ú÷ç÷ç ÷÷ç÷÷ê úè øççè øê úë û

é ùæ ö æ öê ú÷ ÷ç ç= +÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è øê úë û
=

 

(0.0248)(0.599) 0.015Wε = =   

 
12-12 

1/4 1/4

0.599

573(0.599) 504 KST T

ε

ε

=

= = =
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12-13 

4

151°C 424 K

424
3

573

a

a

T

ε

= =

æ ö÷ç =÷ç ÷÷çè ø

 

1/22 2
3 1

4
424 573

0.0291

(0.0291)(0.3) 0.0087

tW

Wε

ε

é ùæ ö æ öê ú÷ ÷ç ç= +÷ ÷ç çê ú÷ ÷÷ ÷ç çè ø è øê úë û
=
= =

 

 
12-17 

2 2

1/2

600;   100

600 100 500 counts/min

[(0.03)(500)] 225

    /  + /

/ ( / )

T b

s

s

b b T T

b T b T

r r

r

r t r t

t t r r

σ

= =
= − =
= =
=
=

 

2 1/2

1/2

1/2

(1/ )[( ) ]

   (60,000 600)/225

   3.76 min

  (3.76)(100/600) 1.54 min

T s b T Tt r r rσ= +
= +
=
= =

 

total 3.76 1.54 5.3 mint = + =  

 
12-18 

4

2 2 1/2

300 C 573 K 1 C

200 C 473 K 3 C

(473/573) 0.464

/ 4[(3/473)  + (1/573) ]

       0.0263

0.0263(0.464) 0.0122

a

a

T

T

w

w

ε

ε

ε

ε

° °
° °

= = ±
= = ±
= =
=
=

= =

 

 
12-19 

1/4

1/4

(573)  

(573)(0.464)  

 473 K

T ε=

=
=
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Chapter 13 
13-1 
      a. CO 

 

6

5
6

6 3

3

at 0°C ( ) 10

(1)(28)(1.0132 10 )
(10 )

(8315)(273)

1.25 10 kg/m

1250 μg/m

p pm M p
ppm

V RT
−

−

−

= ×

×=

= ×
=

 

 3273
at 25°C 1250 1145 μg/m

298
pm

V

⎛ ⎞⎟⎜= =⎟⎜ ⎟⎟⎜⎝ ⎠  

 
      b. 2SO  

 

3

3

64
at 0°C (1250) 2857 μg/m

28

273
at 25°C 2857 2617 μg/m

298

p

p

m

V
m

V

= = =
⎛ ⎞⎟⎜= = =⎟⎜ ⎟⎟⎜⎝ ⎠

 

 
13-2 

3

3 /

100 cm 90% purge

125 cm /min 1

0.9 1 2.3026

Q V

i

Q V

V

C
Q e

C

Q
e

V

τ

τ τ

−

−

=
= = −

= − =

 

(2.3026)(100)
1.842 min

125
τ = =  

 
13-3 

310 ft / min 1 hr 1.4 in.Q dτ= = =  

80% to 40% reduction in transmission 
2

2

frac

(1.4)
0.01069 ft

4(144)

0.4
0.5

0.8
10

935.44 ft /min 15.591 ft /sec
0.01069g

A

T

U

π= =

= =

= = =

 

5
1oh

10 frac

5

10

10
log [( ) ]

1000 ft

(10) (0.01069) 1
log

(10)(60) 0.5

0.536

C A
T

V
-=

æ ö÷ç= ÷ç ÷÷çè ø

=
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13-4 

4 2 2 2 2 2 2CH O 3.76 N 10 CO 0.7 CO 2 O 6 H O 3.76 N

10 0.7 10.7

a x x

a

+ + ´  + + + +

= + =
 

4(10.7) 2 21.4

2 (2)(10) 0.7 (2)(2) 21.4 23.05

23.05[32 (3.76)(28)] 3164

3164
(10.7)(16) 171.2 18.48

171.2

a

a
f

f

b b

x x

m

m
m

m

= =
+ + + =

= + =

= = = =

 

For stoichiometric 
4(10.7) 2 21.4

2 (2)(10.7) 21.4 21.4

23.05 20.04
% excess air 100 7.71%

21.4

b b

x x

= =
= + =

-
= ´ =

 

 
13-5 

4 10 2 2 2 2 2C H O 3.70 N CO H O 3.26 N

4, 2 10, 5

2 8 5 6.5

x x a b x

a b b

x x

+ + → + +
= = =
= + =

 

25% excess: 6.5 1.625 8.125x = + =  
Dry products: 2 2 24 CO 1.625 O 30.55 N+ +  

tot 36.175n =  

2

2

2

4
%CO 11.06%

36.175
1.625

%O 4.49%
36.175
30.55

%N 84.45%
36.175

= =

= =

= =

 

 
13-6 

6

5
6

6 3

3

3

( ) 10

(1)(58)(1.013 10 )
10

(8314)(293)

2.412 10 kg/m

2412 μg/m

44

(44)
(2412) 1830 μg/m

58

p p

p

m M p
ppm

V RT
butane

propane

M

m

V

−

−

−

= ×

×= ×

= ×
=

=

= =

 

 
13-7 

sat

At 80°F 26.7°C 299.7 K

0.5073 psia

(0.5)(0.5073) 0.2537 psia 1749 Pav

p

p

= =
=

= = =
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3 7 3(1749)(18)
0.0126 kg/m 1.26 10 μg/m

(8314)(299.7)
v v

v

m p

V R T
= = = = ×  

5
6( )(1.013 10 )(18)

0.0126 10
(8314)(299.7)

17,214

ppm

ppm

-´
= ´

=

 

 
13-9 

8 18 2 2 2 2 2C H O 3.76 N CO H O 3.76 N

8, 18 2 , 9

2 16 9 12.5

x x a b x

a b b

x x

+ +  + +

= = =
= + =

 

 

2 2 2

tot

2

2

2

30% excess: 12.5 3.75 16.25

Dry products 8 CO 3.75 O 61.1 N

72.85

%CO 8172.85 10.98%

3.75
%O 5.15%

72.85
61.1

%N 83.87%
72.85

x

n

= + =
= + +

=

= =

= =

= =

 

 

2 2 2

tot

2

2

2

100% excess: 12.5 12.5 25

Dry products 8 CO 12.5 O 94 N

114.5

%CO 6.99%

%O 10.92%

%N 82.09%

x

n

= + =
= + +

=

=

=

=

 

 
13-10 

3

3

1

0.8

125 cm

100 cm / min

0.8 m

1
i

V

Q

Q

V
C

e
C

τ

−

−

=
=
=

= −

 

i

C
C

 , minτ  

0.8 2.012 

0.9 2.878 

0.95 3.745 

0.99 5.756 

 



Chapter 13  SM: Experimental Methods for Engineers 

174 

13-11 

0 0

0

0

ln

C

C i

i

i

Q Ni

i

dC Q
d

C C C

C C Q

C C V

C C
e

C C

τ

τ

τ

τ

-

=
-

æ ö- ÷ç ÷- =ç ÷ç ÷÷ç -è ø

-
=

-

ò ò
 

 
13-12 

3 3
0 0.1 0.5 125 cm 100 cm / min

0.5 0.2 100
for 0.2 exp ; 0.36 s

0.5 0.1 125

0.5 0.4 100
for 0.4 exp ; 0.866 s

0.5 0.1 125

0.5 0.49 100
for 0.49 exp ; 4.61 s

0.5 0.4 125

iC C V Q

C

C

C

τ τ

τ τ

τ τ

= = = =
⎛ ⎞− − − ⎟⎜= = =⎟⎜ ⎟⎟⎜⎝ ⎠−

⎛ ⎞− − ⎟⎜= = =⎟⎜ ⎟⎟⎜⎝ ⎠−
⎛ ⎞− ⎟⎜= = − =⎟⎜ ⎟⎟⎜⎝ ⎠−

 

 
13-13 

0 0.5 1.0 0.99iC C C= = =  

1.0 0.99 100
exp

1.0 0.5 125

4.89 s

τ

τ

æ ö- ÷ç= - ÷ç ÷÷çè ø-
=

 

 
13-14 

4 2 2

2 2 2 2

CH O 3.76 N

12CO 0.5CO 3O bH O 3.76 N

a x x

x

+ + >

+ + + +
 

12.5

25

(24 0.5 25 6) / 2 27.75

27.75[32 (3.76)(28)] 3810

(12.5)(16) 200

 ratio 3810/200 19.05

a

f

a

b

x

m

m

AF

=
=
= + + + =
= + =

= =

= =

 

 
For theoretical air  
 

12.5,  25, (25 25)/2 25

Excess air 27.75/25 1 0.11 11%

a b x= = = + =
= − =  
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13-15 
Eq. (6-14)  

5 5.26

6

3

(1.0132 10 )(1 0.003566(5000)/518.69)

    84, 290 

/ (ppm) 10 / (298)

Butane 58

/ (1.5)(58)(0.08429)/(8314)(298)

          2960  /

p

p

p

Pa

mp V M p

M

m V

g mμ

−

= × −
=

= × ℜ
=

=
=

 

3

Propane 44

/ (2690)(44/58) 2246 /p

M

m V g mμ

=
= =  

 
13-16 
Assume no CO  

2

2

theo

(CO ) 3

(H O) 4

5

n

n

x

=

=

=

 

2

2

2

2

2

 (30% excess) 6.5

(O  products) 1.5

(N  products) (3.76)(6.5)

                       24.44

(total dry products) 24.44 + 1.5 + 3 28.94

% CO 3/28.94 10.37

% O 1.5/28.94 5.18

% N 24.44/29.94 84.45

x

n

n

n

=
=

=

=

= =
= =

= =

= =

 

 
13-16 

0

i

3

3

0.1

1.0

C 0.95

100 cm /min

125 cm

/ 0.8

C

C

Q

V

Q V

=

=

=

=

=
=

 

(1 0.95)/(1 0.1) EXP( 0.8  )

  3.61 min

τ
τ
− − = −
=  

 
13-18 

0

0

27 C 300 K

0.016 mm

0.9 m/s

0.75 m/s

/ 0.833

T

d

U

U

U U

= ° =
=
=
=

=

 

From Fig. 13.4  

0C/C 0.92=  
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14-4 

10

10

10

10

932 1110100100

10721 10100111100001

36 100100

9 1001

=

=

=

=

 

 
14-5 

10

10

10

10

BCD

932 1001 0011 0010

10721 0001 0000 0111 0010 0001

36 0011 0110

9 1001

=

=

=

=

 

 
14-6 

3

32°F 250°F At 250°F, 6.425 mV

10
gain 1556

6.425 10
10

Resolution 0.0391 V
2 28

FS

T T E

E

M

-

< < = =

= =
´

= = =

 

5Reduce to therm voltage 2.51 10 V

0.0251 mV

-= ´
=

 

6.425 mV
Over temp range 1°F 0.0295

250 32 °F
0.0251

Resolution in temp 0.85°F
0.0295

= =
-

= =
 

 
14-7 

Resolution
2

1
dB 20log 20log

2

8 bit dB 48.2

12 bit dB 72.2

16 bit dB 96.3

FS

FS

E

M
E

E M

=

æ ö÷ç= = ÷ç ÷÷çè ø

= -
= -
= -

 

 
14-8 

1
0.001% 0.00001

2
16.6 ~ 17 bits

M
M

= =

=
 

 
14-9 

152 10

15
49.8 ~ 50 bits

log 2

M

M

=

= =
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14-10 
Table 8.3(a) 

1000

25

26.046 mV

0.402 mV

E

E

=

=
 

0.402 mV
Sensitivity 0.01605

25 °C
Resolution of 0.5°C 0.00802 mV

0.00802
2

11.67 12 bits

FSE

M
M

= =

=

=

= =

 

 
14-11 

1000

25

Type S 9.587 mV

0.143 mV

E

E

=

=
 

0.143
Sensitivity at 25°C 0.00572 mV / °C

25
0.00802

Resolution 1.402°C
0.00572

= =

= =
 

 
14-12 

1000

25

Type E 76.373 mV

1.495 mV
FSE E

E

= =

=
 

16

76.373
Resolution 0.001165 mV

2 2
FSE

M
= = =  

Type E sensitivity at 
1.495

25°C 0.0598 mV / °C
25

= =  

Temperature resolution at 25°C  
0.001165

Type N 0.072°C
0.01608

0.001165
Type S 0.204°C

0.00572

0.001165
Type E 0.021°C

0.0558

=

=

=

 

 
14-13 
0.05°C resolution (0.05)(0.01605)

0.000802 mV

26.046

2M

=
=

=

 

14.98 15 bitsM = =  

 
14-14 

0
0

0

100
50 20log 0.316228 mV

0.1 20log

E
E

E

E

æ ö÷ç ÷= =ç ÷ç ÷÷çè ø
æ ö÷ç ÷= ç ÷ç ÷÷çè ø
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0
100

Resolution 0.00366 mV
2

14.73 15 bits

E E
M

M

= - = =

= =
 

 
14-15 

0
0

0

100
80 20log 0.01 mV

0.1 dB 20log

E
E

E

E

æ ö÷ç ÷= =ç ÷ç ÷÷çè ø
æ ö÷ç ÷= ç ÷ç ÷÷çè ø

 

4
0 resolution

100
1.158 10 mV

2 2
19.7 20 bits

FS
M M

E
E E E

M

-- = ´ = = =

= =
 

 
14-16 
At 20 phon, minimum SPL 12 dB=  

at SPL 80 dB 1.0VE= =  

12

4
12

13 12 12

1.0
80 12 20log

3.981 10 V

1 dB 1.122 0.122

E

E

E E E

-

æ ö÷ç ÷- = ç ÷ç ÷÷çè ø

= ´

+ = = =

 

5
resolution

1
4.858 10

2 2
14.33 15 bits

FS
M M

E
E

M

-= ´ = =

= =
 

 
14-17 
A curve 

30

30

At 30 Hz, SPL 42 dB

at maximum point, SPL 2 dB

Range 2 ( 42) 44 dB

1
44 20log

0.0063096 V

E

E

= −
= +

= − − =
⎛ ⎞⎟⎜ ⎟= ⎜ ⎟⎜ ⎟⎜⎝ ⎠

=

 

For resolution of 0.5 dB 

0
0.5 20log

E

E

æ ö÷ç ÷= ç ÷ç ÷÷çè ø
 

4
0

resolution

3.739 10 V

1.0

2M

E E

E

-- = ´

=

=

 

11.39 12 bitsM = =  

 



SM: Experimental Methods for Engineers  Chapter 14 

179 

14-18 
45 20log ( /90)

0.506 mV

0.2 dB 20log ( ./0.506)

0.0517 mV

  /2

  90/2

10.77 11 bits

M
FS

M

E

E

E

E

E

M

− =
=

± =
=
=
=
= =

 

 
14-19 
From Table 8.3a  @ 800 C 20.094 mVE ° =  

20 5
resolution

5

20.094/2 1.92 10 mV

@ 25 C  S 0.402/25 0.016 mV/ C

resolution 1.92 10 /0.016 0.012 C

E

°

°

−

−

= = ×
= = °
= × =

 

 
14-20 
At 40 phon min SPL 12 dB

At SPL 80 dB, 0.4V

80 12 20log (0.4/ )

0.000159 V

1 dB 1.122E 0.000179

0.4/2

11.12 12 bits

M

E

E

E

M

=
= =

− =
=

± = =
=
= =

 

 
14-21 

1000 26.046

Sensitivity 0.406/25 0.01605 mV/ C

Resolution of 0.1 C 0.001605 mV

0.001605 26.046/2

14 bits

M

E

M

°
°

=

= =
=

=
=
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