Chemical Engineering Department
Subject: Process Control for undereducated students
Instructor: Dr. Karima Marogi

Typical Questions & Answers



Process Control Problems

Problem (1)

A thermocouple has the fotlowing characte ristics when
it is immersed in a stirred bath:

Mass of thermocouple = 1 g

Heat capacity of thermocouple = 0.25 cal/g °C
Heat transfer coefficient = 20 callem? h °C (for
thermocouple and bath)

Surface arca of thermocouple = 3 cm?

(a) Derive a transfer function model fm: the thermo-
couple relating the change in its indicated output
7 to the change in the temperature of its surrnun-:?~
ings 7 assuming uniform lemperature {no .grad‘l—
ents in the thermocouple bead), no conduction m
the leads, constant physical properties, and con-
version of the millivolt-level output directly to a
°C reading by a very fast meter.

{b) If the thermocouple is initially out of the bath anfi
at room temperature (23 °C), what is the maxi-
mum temperature that it will register if it is sud-
denly plunged into the bath (80°C) and held there
for 20 s?

Solution

a) Energy balance for the thermocouple,
dT
mC— = hA(T. - T)
dt
where m is mass of thermocouple
C is heat capacity of thermocouple
h is heat transfer coefficient

A is surface area of thermocouple
t is time in sec

Substituting numerical values in (1) and noting that



Taking Laplace transform,
(s 1
T!(s) 1bs+1

b) T4t) =23 + (80— 23) S(
T=T=23
From t=0to r= 20,

TO=5750) , T(s)=""

5

1 57
T'(s) = T'(s) = —21
&=t s(155+1)

Applying inverse Laplace Transform,
T'() =57(1-e'")

Then

TO) =T ()+T=23+5T7(1—¢""")



Since T{¢) increases monotonically with time, maximum 7" = T120).

Maximum T(3) = T(20) =23 + 57 (1-e?""%) =64.97 °C
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Problem (2)

A thermometer having a time constant of 0.2 min is placed in a temperature bath
and after the thermometer comes to equilibrium with the bath, the temperature of
the bath is increased linearly with time at the rate of | deg C / min what is the
difference between the indicated temperature and bath temperature

(@) 0.1 min

(b) 10. min

after the change in temperature begins.

(c) What is the maximum deviation between the indicated temperature and bath
temperature and when does it occurs.

(d) plot the forcing function and the response on the same graph. After the long
enough time buy how many minutes does the response lag the input?



Solution
Consider thermometer to be in equilibrium with temperature bath at temperature

X=X, +(1°/mit.r =0
as it 1s gven that the temperture varies linearly

X(H)-Xs = t

Let X(t) = X(1) -Xs =t

Y(s) = G(s).X(s)

. 1 1 A B C
7(s) = — == =
l+ms 1+m s s

Y(r)=r" "—1r+1
(a) the difference between the indicated temperature and bath temperature

at t= 0.1 min = X(0.1)_ Y(0.1)

= 0.1 - (02¢71%? - 0.2+0.1) since T = 0.2 given
= 0.0787 deg C

(b) t = 1.0 min

0.1986

X(1) - Y(1) = 1- (02772 - 0.2 +1)



(¢) Deviation D = -Y(t) +X(t)

= «eV+T =1 (="7+1)
For maximum value dD/dT = 1 [-E'tT—L'_-l T) =10

< =10
as t tend to nfinitive
D= 1t (- -1T) =1t =02 deg C

Problem (3)

Determine the transfer function H(s)/Q(s) for the liquid level shown in figure below
Resistance R1 and R2 are linear. The flow rate from tank 3 is maintained constant
at b by means of a pump; the flow rate from tank 3 is independent of head h. The
tanks are non-interacting.



Solution

A balance on tank 1 gives

dh,
q—q =4 F

where hl = height of the liquid level in tank 1

similarly balance on the tank 2

2 gives
dh,
q, —¢g, = 4, —
T, — 4, )
and balance on tank 3 gives
; dh
q, —q, = 4, —
.I!r_ Q':l £ ﬂrr
h h,
here ¢, = EILT;: R_ g, = b

So we get

Iy dhy

R odr
B by dhy
R, R, =~ ar
h dh



writing the steady state equation

h dh, .
——= =4 =0

ds R, LT
”L_L = A, _dﬁfi
R, R, Toodr
h,
s _p-p
R]

Subtracting and writing in terms of deviation

o H _, dH
R, Lot
H _H, _ , dH,
R, R, ar

H _, dH

R, 7 dt

where Q = q-qs

H1= }.11-}.11-'}
H;= hy-hg
H= h - hs

Taking Laplace transforms



O(s) _EG) 45 H,(5) -=--mm-- (1)
R
H;éf?' _ H;S} = 4,5 H,(5) weeeemr(2)
H}:{Eﬂ SUVRRY: (¢ p—y

We have three equations and 4 unknowns (Q(s),H(s),H1(s) and H2(s). So we can express
one in terms of other.

From (3)
Hys) ,
Hy(s) = 2 @)
RoH\(s) o o e
H,(s) = R (s ] where 7=R 4 (3)
From (1)
H.(s) = ROk = R, A =mmmmmnen (6)
(r,s+1)

Combining equation 4,5,6

C(As) (s +D(ras + 1)

H(s) _ 1
O(s) (4,5)(r,s+1)(7,5+1)




Problem (4)

Determine Y (4) for the system response expressed by

2 2
r(s) = 2 2s+4)
s (45 +08s+1)
i -"] b1
V(s)=41+2|—
. 5/)(45°+0.85+1)
¥(s) = 8 N 4+

5(4s° +0.85+1) (45" +0.85+1)
= (step response) + (impulse response)

Now,7=+4=2:257=0.8

impulse response tY(t)= 4%0.63 = 2.52 (from figure)
step response = 8%1.15 = 9.2 (from figure)
Y(4) = 1.26+9.2

Y(4) =10.46



Problem (5)

Heat transfer equipment shown in fig. consists of tow tanks, one nested inside the

other. Heat is transferred by convection through the wall of inner tank.

1. Hold up volume of each tank is 1 ft3

2. The cross sectional area for heat transfer is 1 ft2

3. The overall heat transfer coefficient for the flow of heat between the tanks is 10
Btu/(hr)(ft2)(oF)

4. Heat capacity of fluid in each tank is 2 Btu/(Ib)(oF)

5. Density of each fluid is 50 Ib/ft3

Initially the temp of feed stream to the outer tank and the contents of the outer tank

are equal to 100 oF. Contents of inner tank are initially at 100 oF. the flow of heat to

the inner tank (Q) changed according to a step change from 0 to 500 Btu/hr.

(a) Obtain an expression for the laplace transform of the temperature of inner tank

T(s).
(b) Invert T(s) and obtain T for t=0,5,10, U

10 Ib/hr )
Q
Y ¥ >
Ty
Solution
(a)For outer tank
T - - il
WC(Ti—-T,) +hA (T - T2)- WC(T: - T,)=pC V> T s (1)
t
At steady state
‘;EIFC‘[T]‘S - T'J,] a ]:LA‘ [Tls - T:-;.J' -‘DV(:{T:‘ — Tl’_‘,] = {:} _____________ —— {l)

(1)—(2) gives

dT,’

WCTY +hA (T -T")-WCT =pC V> .
¢




Substituting numerical values

. . dT.’
10T+ 10(Ty-T) - 10Ty =50——
dt

Taking L.T.

Ti(s) + Ti(s) — 2Ta(s) = 5 s Tas)
Now Ti(s) = 0, since there is no change in temp of feed stream to outer tank. Which gives

T,(s) 1

T.(s) 2+5s

For inner tank

Q-hA(Ti-Th)=pCV; dj ----- (3)
r
Qs - hA (T1s — T2g) = 0 - e oo (4)
(3)—(4) gives
Q -hA(T,-T")=pCVy djrrl
t

Taking L.T and putting numerical values
Q(s) = 10 Ty(s) + 10 Ta(s) = 50 s Ty(s)
Q(s)=3500/s and Ta(s)=Ti(s)/ (2+ 5s)

5 10T,
390 107, (5)+ 295) _ 5057 ()
5 2+ 55 )
50 [ 1 ]
T (s) 55— L1

5 I{Sjl_s 2+ 55 _'

| 50(2+ 55
T,(s) = . )

5(2557 +155+1)



2(2+55)

T,(s) = sls+3:83/ Js+26.18/ )
(=100 9471 529

s [s+382 ) [s+2618] |
T, ()=100-94.71¢" 7 .50 7
and

_16.18s

T,(1)=200-94.71¢" /05207 /o
For t=0.5.10 and ==

T(0) = 100 °F

T(5) = 134.975°F

T(10) = 155.856 °F

T(e) = 200°F

Problem (6)

The input (e) to a PI controller is shown in the fig. Plot the output of the controller if
KC=2and XI =0.5min

J
L8]

t, min




Solution

e(t) = 0.5 (u(t) - u(t-1) - u(t-2) + ut-3) )
e(s) = (0.5/s) (1—e® - = +e™)
P(s)e(s)=Kc(1+(1/ms))= 2(1+2/s)
P(s)=(1 ‘:‘_2‘3‘1}{1—:'5-&':"+¢5‘5]

~ 1<t<2

—o-a 2<t<3

=0 J<t<w
Problem (7

The thermal system shown in fig P 13.6 is controlled by PD controller.
Data; w = 250 Ib/min; p= 62.5 Ib/ft3;

V1 =4 ft3, V2=5 ft3; V3=6ft3;

C =1 Btu/(Ib)(°F)
Change of 1 psi from the controller changes the flow rate of heat of by 500 Btu/min.
the temperature of the inlet stream may vary. There is no lag in the measuring
element.
(a) Draw a block diagram of the control system with the appropriate transfer
function in each block. Each transfer function should contain a numerical values of
the parameters.
(b) From the block diagram, determine the overall transfer function relating the
temperature in tank 3 to a change in set point.
(c ) Find the offset for a unit steo change in inlet temperature if the controller gain
KC is 3psi/°F of temperature error and the derivative time is 0.5 min.

PD controller
Final vd
confrol
element
_psi
T
¥




WI,C+q=pCV (I, -T,)+WIL,C
WT,C= pCV,(T,—T,) +WI,C
WT,C= pCV,(T, -T,)+WI,C
IL,(WC+pCV)+q=T,(WC+ pCT))

q
1= de T ———
WC + oCT,

L=T,+—1 —=T()- 40)
WC + pCT, (

5T

WC + pCV,)s

l
e ':J-'/
l.é_'\c( - {0

et ot

} ,

(b)
2
T.(s) _ Ke(+75) (s +1)(1.255 +1)(1.55 + 1)
R(s) l+k . (1+7,5) -
(s+1)(1.255 = 1)(1.55 +1)
_ T.(s) B 2k.(1+71,5)
R(s) (s+1)(1.875s7 +2.75s+1)+ 2k, (1+7,5)

I,(s) _ 2k.(1+7,5)

R(s) 1875s° +4.6255> +(3.75+ 2k 1, )s + 2k_+1

2

r »
—‘X;’-E
-}

T

35 ¢4




¢) ke=3:7, = 0.5.0ffser=".7,(s) =%

L), 1
T (s) ~°1.875s° +4.6255" + (3.75+ 2k, 7 )s + 2k, +1

- 1 g3
2k, +1 7

Offset =0.143

Problem (8)

for the control shown, the characteristics equation is

st +4s* +6s2+4s+(1+ k) =0

(a) Determine value of k above which the system is unstable.

(b) Determine the value of k for which the two of the roots are on the imaginary
axis.

Solution
s*+45°+6s2+4 5 +(1 +K) =0
st 1 6(1+k)
54 4
s* 5 1+k
4
4——(1+k
s 4-2(+h)
1 1+k



For the system to be unstable

4( 1- \ﬂ \'| \ <0
U5 ))

1+k
5

1<

k=>4

l+k<0
k< -1
k=-1

The system 1s stable at -1<k=4
(b) For two imaginary roots

4=+ bk =4



