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1. Additional So!ved E’xamplas

oy T JOREA : \ S
AL LN A Y ' Yo T L;",!: ' : [ oot ey st s it S e
.~" : 3 “‘: ’ ¢ n |T—..'~— g " 1 ’r" ' FOt ﬁme t - 6 sec
: sl
4 y(t.), = 30-
) Addiﬂonal Solved | 7 = %.
EXC] mi:BIes () = a8
‘ : For time t = 10 s¢
y{t) = 30-
h”ﬁﬁm %«ﬂu | EEN y() =%
. ...:.ample 1:A thermome.ter havmg first order dynamlcs with a; Hme constant of ¥() = 54
econdis placed in a temperature bath at 30°C. After the thermorneter reaches steaay state _ The temperature
it is suddenly placed in a hot fluid at 605G y () =418
Calculate the- temperature indicated by the thermometer at t = 3 sec, t = 6 sec and y (t) = 485
t =10 scc..- : : ¢ . v(t) =543
Solution : 'l'he thermometer is sub;ected to a step change of magnitude - , Exa.mple 2: At
= (60~ 30) = 30°C \ fle constant of § secon
: .~ magmtude 3°C.. The stea
I'he steady state temperature of the bath ' the tempe:ature indical
~30° C " second.
: . lut :The'
The steady state temperature of the the"'mometer : is wﬁgesxf a‘; . r
¥s -30°C v Y@ =2
The step response equation of tht*rmometer havmg fxrsf order dynamxcs can be T
written as IR Where, =
 ym- M"(l-_,—.e"h)' . | Aisthem
,'Nhere, "\\ s X(t) = yi
_ . : Y (t) = Tempera
£Y() = Y(t) 1Y o S DA y, = Steady stat
() = Temperature mdrcated brlhem?lfle_t?l‘ att= t : The' temperatur
7, = Steady state: temperature ; N "
‘The temperatu.re mdxcatcd by the hermqrneter can be obtained as’ y() = Ys
-t/ to e '
y®) =y +M(1 € .') y (B = 3
lorhmet-3sec : ’ |
y(t)-30+30(1 ) e
yior=
y(t) = 30+30X03934 g N
i e y(t) =
y(t) = 41.8_‘ C._. ol '
A [280]

i
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.\.Ad_ditlonal Solved Examples -—J

—.—--—m———n—”
|

I,  Portimet=6sec '
e y(t) = 30+30(t-¢”

o
s;/s)'
y(t) = 304189 7 '

o )

Ty = 49%C

" Fortime t =10 sec
y(t) = 30430 (1-e'%¢)
y(t) = 3042433 |

y(t) = 54.33°C |

The temperature indicated by the thermometer
y (t) = 41.8°C at t = 3 sec -
y (t) = 48.9°Catt = 6 sec

v(t)=5433°Catt= 1Q sec.
Example 2 : A thermometer is obszrved to exhibit the first order dymamics is having

;e constant of 6 second is placed in-a bath. The bath is spbje'cte& to the impulse change of
~“magnitude 3°C..The steady state temperature indicated by the thermometer is 30°C/ Calculate
_the temperature indicated by the thermometer at "t = 3 second, t = 6 second and t = 18

second. . y 1 .
Solution : The response equation for the.thermometer subjected to impulse change
is written as . - e _ '
A . | L c
Y(t)=-1-e s, : [\; b Cec
s PO S

|

Where,
A is the magnitude of
Y(t) = y(t) - ¥ l |

y (t) = Temperature indicated by thermometer at t = t

y, = Steady state temperaturd y
s the thermometer is expressed as

'ir'npuls‘e change which 5-3°C

The temperature indicated by

A wilx
)'(t)=)'ﬂ+';'e."/'

(t) = 30 W2 [e"/f
y M

For time t = 3 second i
y(t) #30+05¢ 2/
i .

y(t) = 3040303 = 30.’303°c:
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For time t = 6 second .
y(t) = 304056 . .|
y (t) = 30.18°C

For time t = 18 second

y(t) = 30+ 05 e~8/6

y (t) = 30.024°C. ' i -
The temperature indicatad by the thermometer
y (t) = 30.303°C at t = 3 sec |
y (t) =30.18°C at t = 6 sec ‘
y (t) = 30.024°C at t = 18 sec.
Example 3 : A thermometer having first order dynamics with time constant of

§ second is placed in a temperature bath at 50°G_After the thermometer reaches steady state
temperature of 50°C with the bath, the bath temlperature is varied linearly with time at the

rate of 5°C/min. - .
Calculate the temperature indicated by the thermometer at t = 3 second, t = 6 second

and t = 19 second. i
Solution : The thermometer is subjected to linear change. The response equation of

first order system subjected to the linear change Is written as

-t/ ‘ °

Y(t) = A(t=%) + Ate

Where, ‘ |
‘A’ is the slope of the variation ' o

A= -6%‘°C/sec

A =0.0833° C/sec ' :
The steady state temperature of the thermometer is 50°C

4

ys = 50°C

and Y(t) = y(t) —Ys o -
The texnperamfe indicated by the therx{ndmeter. is writt e'zn s ‘
y(B) =yt A0+ Ate? |

y (@)= Temperature indicated by thfrmometer atimet=t
y, = Steady state temperature ‘ :

A = Slope of variation
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Cememresm o tune W W=y

gy,
———-—-—-—t.——-—- u 7 \

"~ For: timet==3 second
| y(t)=50+00833[(3 9)1- ¢
Cy(t) = 80+003.= 5005°G
For tinm t=6second oy
y(t) = so+oosss 1(6-9)
y () =50+0.1 = 50.19c :
For time t = 19 second K
Ly = 50+00833 1(19 ~g)+9e

. Q

e

—6/9J :

-r9/9J N

‘. y(t)=50+09=509°C Y

| The temperatu.re indicated by the rh_ermometerz N

Y (t) = 50. 03°Catt=3 sec '
y ()= 501°Cat—t-6sec o
y (t) =50 9°Catt=19sec.|.. .

Example 4:A thermometer havmg time constant 5 second is at steady state

temperature of 30°C and is suddenly umnersed in a bath of 60°C. Determine the bme to

"attain 55°C by the thermometer.

Solutlon t The response eqrxatiort of thermometer'for step change is expressed 23

Y(t) = M(l e""‘)

’I'he magmtude of step change is| ,. o

='(60-30) =. 3o°

Steady state A»temperature of tl_)emometer is 30°C-

Y(t) =y®)-y,

Cy() =y, + M(l e "')
poy s 30+30(1 e""s)
. For y(t) = 55°C
. 55 = 30 + 30 (1 e"”)

e  (55-30Y
(hesg 'é) o (_755—) :

. : .
; s L. R 3l Cm) =L
v . e ¢
, ' : i
. il o e > &
; ,
S ; . e . p
0 v i
.
. .
-t IR AL
e it

L LR

The temperatu.re ‘Indicated by the thermometer is expressed as.
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/ : (1‘fe ;3 = (.833 y , .,:
- ‘ L=t/5 l L - ‘-:." - ; ; J % ; %,
K{\() © ! 0.833 : C\jL.Q \ oa, aNM bO’f\'-Sirﬁéi N : ¢ ¢ J "-
~eTt5 = 0.1666 o o ia;cw o log 01664 s
> | e . Lo .
t=9 sec. Al = L1-TIZ = B9 6077

bath w

' 1\{lr‘./x‘;_ﬁple 5: A thermometer having time ¢
ich is at 50°C. After the thermometer reaches steady state temperature 0f 50°C with

bnstant of 6 second is placed in a temperature

the bath, the bath temperature is subjected to impulse change of magnitude 5°C.ff
Calculate the temperature indicated by the thermometer at t =5 second, t = 10 second

and t = 19 second.

expressed as
Y() = 2 ettt
. T :
Where,

. Y(® = V_g) = Ys
A = magnitude of impulse change

The temperature indicated by the therm

y® =yt % et

Magnitude of impulse change A = 5°C
For time.t = 5 second

5

S o516
6

y(t) = 50 +

y(t) = 50 + 0.36 = 5036°C
For time t = 10 second - '
5 g-10/6
6 ]
y(t) = 50+015 = 50.15°C
For time t = 19 second

y(t) = 50 + 2

-y (8 = 50 +

'-19/6.
& "
"y (t) = 50+0.035 = 50.035°C

Solution : The impulse response equation of thermometer for first order system is -

“A

meter is expressed ‘as
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‘  The ten}iﬁeratum indfcated By the thernldmeter i
y (t) = 50.36°C at t = 5 sec » o

y (t) =50.15°C at t = 10'séc |
L y (t) =50.035°C at t = 19 sec. o
. /Example 6 : A thermometer i$ observed to exhibit the first order dynamics.
The response of the thermometer was evaluated by applying a step change in the bath in
which the thermometer is placed. After 6 second the output value was 63.2 percent of the
total applied step change. The thermometer reading at temperature ‘of 55°C was put,into a
bath whose temperature was varied sintsoidally between 50°C and 60° with a 60 sec/cycle
period of oscillation. o .
Determine : B _
(i) Maximum and minimum tFmperatu.re indicated by the thermometer
(ii) Phaselag - ‘
(iii) Amplitude ratio.
Solution : The respoﬁse equation o

f the first order system subjected to sinusoidal
change at steady state is expressed as ‘

sin(wt + 6)

A
/1+(wr? 7| ,
| i ot _

X

Y(t) =

Where,
. o g
B = tan'l ("‘ W'I:) £
Input amplitude of variation A = 5¢C
Output amplitude of variation” |
|
A |
J1+(w) o
Where, ‘
w = radian frequency - |

w=2nf " ‘
I S

: Al 1
Period of oscillation T == J _
' f W= 2ng T
f = cyclical frequency -
on 2x314 0 D =20
W — = ——
< T 60. i T

w = 0.104 rad/sec
‘Radian frequency w = 0.104 rad/sec.

'

|
|
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The response of the fu-st order control system becomes 63.2 percen.t of the total

t :
applied magnitude of the step change for pia 1 or the time elapsed is .equal to one time

constant for the step change.

]
—

Therefore the time constant of the thermometer T = 6 second

-~

1
Amplitude ratio ~ m
- 1 =
J1+(0.104x6)?

=038

Output amplitude of variation"

A

J1+(w1)? -

S
J1+(0.104x6)?
- =424°C
The temperature is oscxllatmg about the average temperature of 55°C

The minimum temperature indicated by the thermometer

= (55 - 4.24) = 50.76°C
The maximum temperature indicated by the thermometer

= (55 + 4.24) = 59.24°C
The phase lag is expressed. as

0 = tan”' (-w 7).,

)

tan™"(-0.104x6) !
6 = tan™ (0.624)

91

-39 . - T

18T :
Phase lag = 360 R

P

= 3’12.’_‘.99‘ = 5.,31s8ec,
360 . i |
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‘Example 7#7A thermometer lgavlng first order 8ynamics is placed in a bath of

| temperatxiré 50°¢. After the thermometer reaches steady state temperature with the bath, 1
|

The bath is subjected to step change of magnitude 30°C. The time constant of thermometer is
6 second. Determine the temperature L'Edicatéd by the thermometer at t = 6 second. - '

Solution : The response equaﬁ n of first order control system is expressed as

Y =M A=)
Magnitude of step change M = § O°C.
YW =y®) -y, B
The temperature indicated by the thermometer is expressed as

\

y® =y, + M@ "34,1)1
() = 50+30(1-e) : .
y(H) = 6891°C. |

, : E;'}éﬂﬁeﬁ : A temperature alarm unit exhibit the first order dynamics having time -
constant'90 second is subjected to 90 K rise-because of fire. The increase of 30 K is needed to

- respond the alarm. .
Calculate the time needed for signalling the temperature change.
- Solution : A temperature alarm unit is subjected to step change o

The step response equation for fi\:rs‘t order system is expressed as

LY() = M(@-et \ | 4
The response of the alarm unit Y ?t) is 30 K ¥
|
|
|

¢ magnitude 90K

30 = 90 (1-e™/%)

e~t? = 0.666

t = 36.5 sec. E
o Example 9 : The hot junction of a thermocouple is at température of 30°C¢3§1

The thermocouple is placedina bath at 80°C. Calculate the time needed to attain 63.2 pemm?}gq
of the total applled magnitude of step change. The time constant of thermocouple is 6 sec-‘:; '

Solution : The response equation of the first order control system is expressed “5

Y(t) =M (1-e") . R

Magnitude of step change
M = (80 - 30) = 50°C -

The response of thermocouple is o*presaad as
Y (t) = 0.632 x 50
Y (8 = 31.6°C -

R
B
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t=0.999 x 6 = 5,99 sec

Example 10 : A thermometer having first order dynamxcs is placed: in'a- bath,

The time constant of thermometer is 9 second.|The bath is sub;ected to step change of
magnitude 30°C.

‘ _( , Calculate the time needed to reach 63 2 percent of the total applied magmtude of
step change.

_ Solution : The response equation of the erst order control system is expreSSed as
CY() = M (1-et7) | '
Magnitude of step change M = .?;0°C ,
Y(t) = 0.632 x 30=18.9°C

MRy L

Lo o

18.9 = 30(1~e""/%)
o
T

t-9sec

Example 11: A tank havmg a cross sectional area of 0.3 m2 'I'he steady state ﬂowrate
| of water in the tank is 0.5-m3/min is suddenly incredsed to 0.55 m3/min, The level in the tank
~ |is 0.6 m for 0.06 m3/min flawrate and 0.5 m for 0. 03 m3/min flowrate, Determme the outlet
~ |flowrate at t = 0.5 min, t = 1'min and t = 1.5 min, -

Solution : The transfer function of liquid level tank 'is_expressed as
Qo (5) I '

Qi(s) 7ts+1
- The resistance R is expressed as

! AH .l :
¢ . . R = —— , : ‘
} TRy e | .
0-6"05 3 ~l s ' , ‘ - }
= e = 3,33 ,

i 0.06 - 0.03 : .
The time constant for the tank is'exp_resséd %s . ex

T= AR ' | - Sy
7 = 0.3%3.33 = : '

1min
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'ﬂ“le response equation for first order control system fo

Qo = M(1-e"t§ L
Where,

Qo (t) = g0 (t) =0,
The output flowrate is expressed as

9o (t) = qos + M(1~e'")
qps = Steady state flowrate
M = Magnitude of step change
qp(t) = Flowrate of water at time t = t
v 7 = Time constant for tank
‘Magnitude of step change
M = (0.55 - 0.5) = 0.05 m?/min
The output flowrate is expressed as

Qo (t) = 0.5 + 0,05 (1-e~!)
For time t = 0.5 min '

qo (t)=0.5+0.05(1-¢"%%)

Qo (t) = 0.51m® /min
.. For ime t = 1 min

Qo (t)=05+0.05(1-¢"")

qo (t)=0.53m? /min
For time t=1.5 min

Qo (t)=0.5+0.05(1-e" %)
Qo (t) =0.538m3/min.

r step change s expressed as

» .kll

" Example 12 : A tank having cross sectional area of 0.6 m2, The steady state flowrate
of water is 0.5'm’/min. The flowrate is subjected to step change of magnitude 0.06 m?/min,
The time constant for the tank is 1.5 min. Determine the outlet flowrate of water at t = 1 min,

t=15min, t =5 min and t = 9 min.

expressed as

Q@ =M=t |
- |
|

Solution : The response equation for the tank subjected to step change is
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¢ = 0.5 min, t =1 min, t=

Whére,

" Qo(ty=qo(t)~qp; | -
qp (t) = output flowrate of water at tlime b=t
Gps = output flowrate of water at ste[ady state
M = magnitude of step change
T = time constant
The outlet flowrate of water in the tank is expressed as
Qo (t) = Qo + M(1=e*/%)
For time t = 1 min

Qo (1) = 05 + 0.06 (1-e-1/15)

qo (t) = 053m>/min |4
For time t = 1.5 min

Qo (t) = 0.5+ 0.06 (1 ~e™1%/15)

Qo (t) = 0538 m® /min

For time t = 5 min
Qo (t) = 0.5 + 0.06 (1-e~%/1%) |
Qo (t) = 0.55 m?/min
For time t = 9 min_ ’ |
qo (=05+0.06(1=e"/*%) ~ -
qo (t)=0.559 m® /1ain |
The outlet flowrate of water is
| qo (t) = 0.53m?® /min for t=1min |

Qo (t) = 0.533m’ /min fort=15 min

go(t)=055m® /min for t=5min |

qo (£)=0559 m? /min for t =9 min 3

: : ; l:, of 0.5 m2, The steady state flowrate
'13 ; A tank having cross sectional area of U.o m% _

b I%péexii*/mfin. The flowrate is subjected to the impulse change of magnitude
u;c}t;sm ‘The time constant for the tank is 1 mln; De‘termin_e thg out!et ﬂowrate_ at :

5 min.

|
|
|
!
|
1
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Solution : Lhe impulse response equation [0t talm"b‘ EAPIEDD
. \ . .

U as

Q=T e
T
Where,

Q®=q® -9 !
q, () = outlet ﬂowrate of liquxd at time t =t
qq, = Steady state outlet flowrate
A = magnitude of impulse change
1 = time constant for tank

Magnitude of impulse change |

v A=005m%/min ° o
The outlet flowrate of liquid is expressed as

A -~
-qo (t) = dos’ +-—e e

qo (t) = 0.6+(94g§-)e" P

-qp (t) = 0.6+0.05¢™
For time t=0.5min
go (t) = 0.6+0.05 e 0
go (t) = 0.63m® /rnin -
Fortime t=1min = " '
gy (t) = 0.6+005 ™"
gy (H)=0618 m® /min
Fortimet=5min’
qo (8) = 0.6+005¢
'qo () = 0.6 m /min
*The outlet flowrate of liquid is |

qo(t) = 0.63 m /min fort=0.5min .

Qo (8) = 0618 m? /min f?rt:.—.].min IR
qo (t) = 0.6® /min for,tias min. | | )
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and te S, ] étenmne the outlet ﬂc?vgra.tg‘of liqitid at'¥ =1 DN, t = 3 min
F expressad oy T ¢ The TesPonse equation for first order system subjectedato linkd chanige i
\ : Qo (t) = A(t~1) + Age-t/r '
«,!.7 Where, | |
| Qo (1) = qp (t) ~. q,
*‘{ Qs (t) = outlet flowrate of liquid at time t = ¢ _
Qs = steady state outlet flowrate of liquid

A = slope of variation of I‘ine'ar cha‘nge
The outlet flowrate of liquid is expx,‘essel:l as

I

90 (t) = (ps t+ A‘(t—t).'.ATe—!/r;
For time t = 1 min _ |

Qo (t) = 0.8+0.06 | (1-1)+e"!|

Qo (t) = 0.81 m® /min
For time t = 3 min
qo (t)=0.8+0.06 [(3-1)+e"3]
Qo (t) = 0.9 n_f‘/ﬁﬁn f -
For t = 5 min o s
Qo (t) = 0.8+0.06 ((5-1)+e~5) '
Qo(t) = 1.041 m®/min . i
The outlet flowrate of liquid is
© Qo (t)=0.81 m? /min for t =1 miny

qo (t) = 0.9 m3 /min fort =3 min| -

H

" qo(t) = 1.041 m®/min for t =5 min. 4’
i ional 2, The steady state flowrate
Example 15 : A tank-having cross sectional area of 0.3 m? 1] y stat 5
| of water is 0.6 m3/min is subjected to a step change of magnitude 0.05 m?/min. The time
| constant for the tank is 1 min. Determine the liqt}id Jevel in the tank at t = 1 min.

Solution : The resporise equation for first order control system subjected to step
change is expressed as . !

.

Addlfional 8

L o

s Whi

Mag

The
Wher

The ti

-Where

: \{%e liqu
- %mpl

0 - 160°C for th:
105°C. Calculats
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Qo (1) = M (1~-e7") : " B
% Where, . | . ' N ' _
Q) =qM®=-q - . PR
qq (1) = the flowrate at'outlet at time t = ¢ ‘ o L
qq, = Steady state outlet flowrate
M = magnitude of step.change
T = time constant |
Magnitude of step change
M = 0.05 m®/min
The liquid level in the tank is expressed as
T -_h '

"R
Where, C
h = liquid level in the tank

R = resistance to flow of vs{ate:

The time constant is expre$sed as -
. re

|«

1=AR
‘Where, : |
A = cross - sectional area éf tank . .
< L |
A
1
R = -0.—3 ‘--"33

The outlet flowrate of water at € =1 min "
qo(t) = qos + M(1-e™*%)

| i
qo(t)=06+0.05(1=¢"") |

qo(t)=0.63 m®/min

The liquid level in the tarik is expressed as
h=qR ] '
h=063x33=19m

i { The liquid level in the tank at time t = 1 min is 1.9 m
ZZ= %ample 16 : A pneumatic controller is used to control temperature range of
+ 0 -160°C for the output change from 30 to 90 kN/m? as the temperature changes from 90 to
105°C. Calculate the proportional band an sensitivity’ of the controller.
: - !
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Solution : The proportional band of the controller is the error expressed as a
percentage of the range of measured variable , ' :

-

105 -90 |
Proportional band = ( 1000 ) X 10'0
]
|

=15%
The sensitivity of controller

K difference in pressure
c

i
|
l
1

error . C/
= | 2230 ) 4eny/me o _§__?_:
€ 105-98) | A5,

Proportional band is 15%
Sensitivity of controller is 4 kN/m? °C

/ Example 17 : A thermometer having first order dyhamicéﬂwith time constant,of
6 second. The thermometer is placed in a bath of temperature 30°C. The temperature of the
bath is suddenly increased to 80°C. After 6 second the thermometer is subjected to 30°C.

Calculate the temperature indicated by the thermometer at t = 3 second, t = 6 second and
t = 10 second. L .

Solution : The response equation for first order coritrol system subjected to step
change is written as ‘ : ;

Y(t) =M (1-e"¥%)
Where, {~
Y@ =yM-y, ‘ :
y (t) = the temperature indicated By the thermometer at timeg t =t
¥s = the temperature indicated by'the thermometer at steady state
M= magnitude of step change
The temperature indicated by the thermometer at t = 3 second is written as
y(O =y, +M(1-e™'") " -

y(t) =30+50 (1-e~3/6)

y (t)=49.673°C
For time t = 6 second

y (t) =30+ 50 (1 -e~%/¢)

¢ o

y(t) = 61.6°C
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Agter 6 second the thermometér,!s subjected to terfiperature of 30°C
Magnitude of step chmge E

M =(30 - 61.6) P-—31.6°C1'
For time t = 10 second S

y(t)=61.6 =316 (1-—e“‘+\")

y@ = 359°C: |
The temperature indicated by ‘}ﬁe thermometer

y(t) = 49.673°C at time lt =3sec

i .

© y()=616"C attimet= 6 sec

y(t) = 35.9°C at tin’mt-—l:m sec

rmomete} having first order dynamics is at steady state

ted to impulse change of magnitude 50°C. The time constant|
ture indicated by the thermometer at

Example 18 : A the

for thermometer is 6 second. Calculate the tempera
t =3 second, t=6 second and t =18 secong..

Solution.: The response equation for first 0
change is written as o

der control system subjected to impulse!

Y(t) - % e."C/T

‘Where, *, oo _
i . b

YO =y® -y |
 y (t) =the temperature indica /
.y, = steady state temperature of the thermometer

. A = magnitude of impulse change -

"1 = time constant of thermometer-

. The temperature indicated by the. thermometer -

. | | ‘,
Cy® =7 +-‘:=e"f‘ N
Magnitude of 'impul.se change .' ’ '
. A=50C -
For time t =3 second .

70! -=30+-5—69- e/

ted by the thermometer att=t

y(y) =35°C

the ler
is 300

| the'ste
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- For time t = 18 second

For lime t = 6 second.

y(t) 30+5° ~é6 o
6 .
y(t)=33°c e

v =30 £ '-569 o186

=3041°C

The temperature indicated by the thermpmeter
y (t) =35°C at t = 3 second *

y (t) = 33°C at t = 6 second '

y (t) = 30.41°C at t = 18 second

Example 19 : A thermometer i‘taving first order dyna

u——.—-—-—--—a—--—-—l-n—.—ﬂ

‘ v e

4

Process., ginrml & Instﬂnanrat/on
'; a ‘I '.

»
3

s d T R D TR Y 7 O T Vi

mics with 1 mm diameter bulb

the length of bulb is 6 mm. Specific heat of mercury is 1.38 k] /kg°C. The heat transfer coefficient
is 300 W /m?°C. Calculate the time needed to attam 90 percent of the applied magnitude of
_the’ step change in temperature ,

oA

Where,

Density of mercury = 13500 kg/m?, }

Solution : The surface area of bulb of thennometer A=nd l

! = length of bulb

A=ndl
LA=314x1x103%6x10°3 ~ "l

A =188 x 10-¢ m? '

- B

d = diameter of bulb - . . |
|

I

I

Mass of mercury in the bulb | :

Where, |

. nd? Ip )
— 4 ..' f'

p = density of mercury

x6x 102 x 13500

- 3.14x(107%)?
4

m = 6.35 x 10-5 kg
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! The time constant of thermometet . S '
\ . i £
) .
T ™ ﬂgr. . !
R hA, : '
JEL - 635%107° x1.38x10% -~ o
_— ! :

300%18.8%107¢

7= 15.5 sec . : ;
The response equation for first order control system subjected to step change is
expressed as : '

Y() =M (1-e7'%)

The time needed to attain 90 percent of the magnitude of step change
Y(©=09M | SR

Magnitude of step change = M

09M =M (1-e /1)

e"t/*% =(1-09)=0.1

t = 35.6 sec. !

-~ Example 20 : A tank having time constant of 1 min and area of tank is 10 mZ.
The steady state inlet flowraté is 5 m?/min. The flowrate is suddenly increased to 60 m?/min
for 0:1 min by adding 5.5 m® of water. Calculate the liquid level at t = 0.5 min.

' Solution : The transfer function for the tank is expressed as
HG) R
Q) (rs+1l)
The time constant for the tank
t=AR _ .
A = cross sectional area of tank
.R = resistance to flowrate

.

T 1
o S = 001
: o A 10
Magnitude of step change .

M = (60-5) = 55m® /min
, Q () = 55 [u(t) - u(t-—O.l)]

Q=2 (1-e7015)
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. M(s) R 1

Qi(s) ts+1 o -

“}j“(s_)‘ = ..E_ l !

Qi(s) [s+1) |

H (s) ___(SSXO.IJ(l_e—OJSJ .
3 s+1

_ 1 _ e-O.lS
H(s) = 55 [s(s+l) S(S+1)]‘ _

H (t) =55 l(l - e") - (1 _e'(!-o..l))J
The liquid level in the tank for time t = 0.5 min

H(t) =55 [(1 - ¢-052 -(1- e-(o.s-o.x)) t

H (1) = 0.35 m. ,
Example 21 : An aqueous solution in a tank is heated by a coil. The density and the

specific heat of solution are 1000 kg/m? and 4 k Jng"C respectively. The steady state
temperature of the tank content is 30°C. the feed rate is 1.5 m?/min and the volume in of the
tank is 1.5 m3. The heating coil is subjected to a step ¢hange of 500 kW. Calculate the outlet
temperature of the solution for t = 0.5 min, t = 1 min, ‘lt = 3.5 min, t = 5 min and t.= 6 min.

Solution : The transfer function for the tank lI"l which fluid'is _heated is expressed-as

Y(s) 1

|
"y l
X(s) tTs+1 : i '
Where, A \ ‘.
' _ m Cp
T TUaA | .
The heat load to the tank is expressed as o
.. dT
Q= UAAT_-- me\H
Where,

Q = heat load to the tank in kW .
C,, = specific heat of solution k J/kg°C

U = overall heat transfer coefficient KW/m? °C
|

m = mass of solution kg, !
i Q=UAAT=m; CpdT
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AT .

. kg,
m, = mass flowrate of solution -5

The time constant of tank i$ expressed as
- mGCp __mGCp |
UA = (Q/AT)

Mass of liquid in the tank

m = density of solution x volume of solution -
m = 1000 x 1.5 = 1500 kg
The time constant is expressed as

me

Heat load per unit change in tempera'ture is

1= mCp = mCp =
(Q/AT) mCp . m,|

- " Mass of solution
- Mass flowrate of solution

_ Volume of solution .
"+ . . Volumetric flowrate of solﬁ'xtlon.

Q _ 15%1000x4- " . R
= G = 100kW/

.. mCp  _ 1500x4 |
&, = = ‘

SR Y75 T R

. . 1 3 1‘ min 1
The transfer function of the heating tank-is expressed as
¥ . _1 . ‘-

-

X() ~ T8+l
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The heating coil is subjected to step change of 500 kW -

Q (t) = 500 kW

Q(}-§-99.'

Y(s) = 500 Y1y 1) |-
" | m;Cp \s/{ts+1 _

500 a-t/t
¥ =(35) a-e

{
Where, o Il ;
I

YY) =yt)-y,

y (t) = the temperatu:e of soluncn at outlet at t'=t B
¥, = steady state temperature of soluhon at outlet
The temperature of solution at the ouﬂef is expmsed as

y(6) =y, + 5(1=e"¥7)
For t=1 min, ¥y, =30°C

(t)-30+5(1 —ety
For time t = 0.5 min '

y(t) = 30+5(1-e7%) = 31.9°C
For timet = 1 min '

y(t)=30+5(1=e"l) = a1, 16°C
For time t = 3.5 min

Y(t) = 30+5(1-e"3%) = 34849°C]"

Fortime't=5min
y(t) = 30 + 5 (1~e~%) = 34.9°C |
For hmet—ﬁrmn , |

y(t) =30 + 5 (1 ~e"6) = 3498°C

- — —— e

-—-a—-———
A b
hJ

hﬂl—--—n

A "o e
Ly &
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- X(s} i?_(‘L
- _ Y(s)
S Qe T me ][rs+1]

The heating coil is subjected to step chnnge of 500 kW -
[

Q(f)tsmkw
Qe -2 |

[ & Y(e = [m,c,](}[‘s”]

ﬂ (I—e"/') i

—

Y(t) =

Where,
Y = ym)-y, o

Y (t) = the temperature of squuon atoutletatt='t

Y, = steady state temperature pf soluhon at outlet
The temperature of solution at the outlef is expressed as
A YO =y, + 5(1=e"7) . /
‘ For't= 1mm.,y-—30°C '
y() =30 +5(1- ety /
For time t = 0.5 min &
y(t) = 30+5(1-e7%) = 31, 9°c
For time t = 1 min
y()=30+5(1=e"") = 3116°C |
For time t = 35 min o
Y = 30+5(1-e"%5) .= 34.849°C]”

" For time t = 5 min
‘ y(t) =30 + 5 (1-e~%) = 34.9°C |

Forhmct—émm /
oy = 30+5(1~e"6) = 3498°C |
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Addlllannl Solved Examples J‘ .
" The temperature of the wluﬂan at outlet ls——"
y(t) = 31.9°C ltt-O.Smk\ 5

y(t) = 3116°C att-lmk\
y(t) = 34849°C att-3,5m1n
y(t) = 349°C att=5min’

y(t) = 34.98°C at t = 6 min.
Example 22 : An aqueous solution in a tank is heated by a coil. The density and the
specific heat of solution are 1000 kg/m? and 4’k J/kg °C respectively. The steady state

) temperature of the tank content is 30°C. The feed rate is 1.5 m®/min and the volume of the
tank is 1.5 m3, The power supplied to the coil is suddenly increased by 800 kW. After 1 min

the power supplied is decreased to 500 kW. Calculate the outlet temperature of the solution
for, t = 1.8 min, t = 3.5 min and t = 6.5 min.
Solution : The transfer funchon for the heating tank is expressed as

Y@ 1
X (s) TS+1

The heat load to the tank is expressed as
Q=UAAT=mCdT

The time constant is expressed as

= BCe
. UA
Where, |

Q = heat load to the tank in kW
Cp = specific heat of the solution k J/kg °C
U = overall heat transfer coefficient kW/m? °C

m = mass of solution kg

me_m

m;Cp my

_ Mass of solution
"~ Mass flowrate of solution .
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