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INVERSE RESPONSE IN CHEMICAL

PROCESSES

Reboiler level to the change in boilup rate
— If boilup rateisincrease, moreliquid will

vaporized and theinventoryinthereboiler will
bereduced and thelevel will be decreased.

However, at thebeginning of the boilup rate
Increase, morevapor isgenerated and thevapor
will flow upward tothe stageabove. I n that
stage, mor evapor will passthrough theliquid
and thedensity of liquid will decrease so that
themoreliquid will spill over theweir. This
resultsatemporary increasein thelevel of
reboiler.

Eventually, thedensity of liquid settlesdown
and over flow will reach at another steady state.
Thenthereboiler level will bedecr eased.
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e Qutlet Temp of the exothermic packed bed
reactor to feed temp change

— Anincrease in feed temp will speed up the reaction rate and
the reactor outlet temp will increase due to the increased
reaction heat generated.

— However, at the beginning of the feed temp increase, more
reaction occursin theinlet part of the reactor and more
reactants are consumed. This causes a decrease of reactant
concentration in the outlet part of the reactor, and the outlet
temp will decrease due to temporary drop in reactant
concentration.

— Eventually, increase in feed temp will enhance the reaction and
generate more reaction heat and the outlet temp will increase
dowly.

Feed - - Product
T;, C4 _ _ T,C,

Packed-bed reactor
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TIME DELAYS

 Fluid transportation through a pipe

— Also, called distance-velocity lag, transportation lag, dead time

_ length of pipe _ volume of pipe iRy ¢

fluid velocity ~ volumetric flowrate > >

« - >

 Transfer function
f(t
10 fort < as T/7=——
y(t) =i v b —Y(‘Q’):G(s)=eq

ix(t-q)fort3q X(s) g t

« Many high-order system can be approximated by

a first-order plus dead-time model (FOPDT)

Ke % But this transfer function cannot tell what the zeros are
ts+1 and what the poles are if it appears in denominator.

G(s) =
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« Polynomial approximations to € *°

— Taylor series approximation
2.2

33 4 4 5
a’s’_q’s’ q’s' g°s
2! 3! 4! 5!

— 1/1 Padeapproximation
q°s° q3§+ 1+ bs

e =1-qs+

e =1-qgs+ - N
2! 3! 1+ as
1+ (a- q)s+ (0.59%- a&)s° +---» 1+ bs
a-q=b, (0.59°- a)=0 1- (@ /2)s

P a=q/2, b=-q/2 ‘ Gl(S):1+(q/2)s

— 2/2 Padeapproximation
qQ°s® g°s’ +q4s4 o 1+bs +ds?

! 3! 4! 1+ as+cs?
1+(a-q)s+(0.50°- ag +c)s*+(aq°/2-q°/6- @) +---»1+bs+ds

a-q=b, (0.5g°- ag+c)=d, 2 2
- + S
(a0?12- 0% 16~ 0a) = 0, @* 124- aq® /6+cg? /2) =0 Y GZ(S):l @/2)s+(@"/12)

P a=q/2, b=-q/2, c=d=q%/12 1+(q /2)S+(q2/12)52
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 Taylor series approximation
— Increase the order of numerator (physical realizability)
— AR and phase angle are different from the exact
— Low accuracy

« Pade approximation
— Does not change the order of transfer function
— Only phase angle is different
— Higher accuracy
— Ogcillatory behavior (complex poles and zer os)
Pure delay FOPDT

1 =
\ G1(s) |
) 0 |

-1

ylt

- Time
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APPROXIMATION OF HIGHER-ORDER
SYSTEMS

o Approximation by FOPDT or SOPDT models

G(s) = K
(t 1S+1)(t 25+1)"' (t nS+1)

Ift,>({,,--t,) (t, isthe"dominant time constant")

Ke 9°

e8> (t,s+1)

whereq =t , +---+t

Ift t,>¢, - t,) t, andt aethe "dominant time constants")

Ke 9°

G(s) »
(t,;s+1)(t,s+1)

whereq =t ;+---+t
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nth-order system with equal time constants

K

Gn (S) — Lo -~

n

3
—S+1-=
&n. g
y(t)

xr 0% 3 /
25 52
— Step response 3 Q?.o;/
: XA
&,

[y

n-1 i
o=k & g § (O | /.
c

|
o !

o o
o
-

By deinition, e=lim(1 + x)** =2.7182818285...

X® 0
imG,(9=lim-~ =jim— K = K ke
"o ¥ L n "®¥éts 0 & Ux()
(—S+1) ~ _+1)n/ts, QI|m(]_+X) U
N n H ex®0 u
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FITTING DATA TO EMPIRICAL MODELS

o Fitting FOPDT model using step test
—  With a step response

1. Obtain gain K = Z’g; Zég)) o R . S
2. Edimated time delay by inspection

* Visualinspection
« Useof tangent lineat inflection point

3. Find time constant _L‘e l
— Graphicalmethod y{0) =KM /t T

— Rearrangedata: theslopeisthereciprocal of timeconstant
oo —KM-(y®)-y(©) e y¥)-y u_ t-g

KM &y(¥)- yOu t
— Sundaresan and Krishnaswamy (1977)
q =135 4, - 0.29; 4, t =0.67(tg5 30 - Lis306)

e
B
ER=1
~o

3

Yoo
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o Fitting SOPDT model using step test

— Harriot’s Method for overdamped systems
Calculatey, ,,s andreadt, /(t, +t,) from graph

t,+t —t3%/13 T
If graph isout of range, it is not ) - /
applicable and possibly higher- R O
order or underdamped.
— Smith's method i
* Uset,,, andtg,,.
« Read parameter sfrom graph \ |
10.0 \‘ ?:
* Nonlinear/Linear Regression 7 ol N\ L.
Use of optimization to minimize the error I \ .
between the data and calculated model value. N
N [
min a (y(t)- y)? wherey(t) = f(t,Kt,z,q)
9
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INTERACTING AND NONINTERACTING
PROCESSES

 Non interacting process

— Thefirst tank affects the second tank but second tank does not
affect the firg tank and so on. Thisis called “ noninteracting”.

— Each tank can be modded as

Cy () _ K; c q
CA(j-l)(S) t jS+1 AI—’I+/ Ca1r g
L
vV, L / C/-\2 q
— For the whole system v, L
Ca(9) _ O JEFET
Cu(s) S+1) "
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e Interacting process

— Many chemical processes exhibit | g

Interacting nature. l
d d h,| Ry h,
Aﬁh:q'ﬁh A?Ehz:ql'% Vli %vzi

q:

d;

_1 1
ql_ﬁ(hl hz) q2 R2h2

%: -i - %:i - _i
Ag =4 gh-n) ATE=Z (R oo,
ARsH,(s) +H,(s)- H,(9 =RQ(9)

AéRle S|:|2(S)+H2(S): Rz |:|1(S)|3 |:|2(S) — RZ/(R1+R2)

R +R, R +R, Hi(s) ARRI/(R+R)s+1
H,(s) _ R

Q(s) AARRS+(AR+AR+AR)s+1

H,(s) _ R

~

wheret =/AARR,, z _(AR+AR +AR)

Since arithmetic mean 3 geometric mean, z >1 (overdamped)
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STAGED SYSTEM

« Three-stage absorber L
— Assumptions | J’
e Constantliquid holdup (H)
» Perfect mixing on each stage
* Neglectingholdup of gas -
« Equilibrium: y =ax +b "J

dx
H ol =Gy, ¥)+L(X1- X)

dt xil | Tfl

Stage 3

Stage 2

H%:aG)g_l_ (L+aG)X|+L)ﬂ+1 Stage 1
— Definition: l Tyf "

 Thestageliquidresidencetime t =H/L
« Thestrippingfactor s =aG/L
 Thegasto-liquidratio K =G/L
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D oK (y, - b)- @+ )X +x, t ®okg - (1es)x 3,

dt dt

g N
tfzsxl-(us)xzm 72 =5 % - (14S)% + %

dx, _ . L
t —t—s X, - (1+S )X, + X, =S X,- (1+s )X, + X,

0=K(¥, - b)- (1+5)% +%, % =(X +sK (¥ - b)) (2+s )

0=sX- ([@+s)X, +X% >
0=sX,- 1+s)X,+X,

(7f+(1+s +s 2)K(Y; - b))/(@L+s +s?)

(1- s)xf+(1+s)K(yf b))/(1+s ?)
ax +

(ts+l+s )X (s)- X,(s) =KY;(s)
(ts+l+s )X,(s)-s X, (s)- X,(s) =0
(ts+1+s)X;5(8)- 5 X,(S) = X ()

Y.(s) = aX(s)
— With X,(s)=0
® t° 2, A (1+s)
1+s +s? C1+s +52° 1+s +s 2 17
X,(s) = K B c 2 =Y (9
1+s +s“+s gt oaet . Z(1+s) +1
81+s g81+s 1+s? p
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1

X,(s) =K Y, (S
(9 l+s’e@t? , 2A(1+s) c‘jf()
C > S +—25+1+
el+S 1+s g
s’ 1
Xs(8) =K 1+s +s°+s° gzt Hoe t 2 2 (1+s) ﬁYf ©
& s+12Q -t + T T s+l
81+s gél+s 1+s a
YO _aX() V(9 _aX(9 V(9 _aXy(9 g o)

Yi(s) Yi(s) V(9 Yi(9 Y (9 Yi(9

— Step increase in gas feed composition

—/7 =4 1.0+
0.05 =
- 0.8 Y1
. I~ d
004 % g 3rd order+two zeros

3rd order
0.03+ 0.4

o2l 2nd order

0.02 | _ | 1 I 1 ]

Time (min) 0‘0 5

Time (min)
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* Analysis using transfer function

— Easy to develop
— Types of response can be recognized very conveniently
— Parameter effects can be analyzed through lumped parameter

— Linearization required when the system is nonlinear

» |ftheeffect of flow ratechange, the previousexample becomes
nonlinear.

 Dueto linearization, new model hasto beobtained when the
oper ating condition changeswidely.
— For the nonlinear system analysis, numerical integration
should be consdered

« Utilizedifferential equationsolvers
— Non-stiff case: explicit method
— Stiff case: implicit methods
— ODE
— DAE
— PDE
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DISTRIBUTED PARAMETER SYSTEMS

« Lumped parameter system (ODE)

— Dependent variables depend only on time, not on spatial
location

— Perfect mixing assumption eiminates the dependency on

— gpatial coordinates and the analysis will be conducted in
averaging sense

— All balances are valid around the boundary

* Distributed parameter system (PDE)
— Dependent variables depend on time and also spatial location

— Perfect mixing is not valid. (double pipe heat exchanger,
packed bed reactor
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DPS EXAMPLE

 Double pipe heat exchanger

Steam
T

Il’l

Ty Z v

v U — E
IJ *

| l I
Ts -
Condensate

— Assumptions
» Plugflow (noradial or angular variationsin T,)
* Neglect axial conduction
e Heat transfer resistance of theinsidetube metal isneglected
o Steam jacket iswell mixed
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e For acontrol volume, from the energy balance for the liquid

ar, (¢, 2) =vr C.S (T.(t,2)- Tie)- vr C S (T (t,z+D2)- T«)

+h A Dz(Ty, (t,2) - T (t,2))

r C. SDz

dT, (t, 2) _ V(T (t,z+ Dz)-TL('[,Z))+ h A (T (t,2) - T, (t,2)
dt Dz rCGsS o o

AsDz® 0O

ﬂz-v'”TL+ 1 (T, -T) WheretHL:rLCLSL

dt 1z t,, hA
(A isa heat transfer area per unit length)

e For a control volume, from the energy balance for the wall
dT, h
= s (Ts- Tw) A (Tw-To)

d ryGySy G

dTy
at
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e Discretization

T.

| L I-eAz->t |
— PDE => ODE ATWI(O)//TW"(D /Twl(Z) /ATWQ,:—U/T\,,IU)////////ITW'(N)’/
— Eliminate z-dependency R W W il
Reol /WWWW
— Replace

T.(t.z)=T/'(t) forj=0,---,N

T (tz)=T,'(t) wherez(0)=0,---,z(N) =L

 Number of point N will decidetheaccuracy of solution
— Finite difference approximation (FDM)

M _ T.(t,z+D2)- T, (t,2)

o 5, (forward difference approximation)
N = T.(t.2)-T, (t,2- D7) (backward difference approximation)
9z Dz

ﬂ'l;;L — T(t,z+ DZ)2£):L (t,z- D) (central differenceapproximation)

— Other methods: method of characteristics, FEM, OC, etc.
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 Using FDM with centered difference approx.

art  TA-T° 1 . ar,’ _ 1 w11
=-v +—(T,'- T, W = -T,)- — (T, - T,
a D tHL(W L) & tSL(Ts w ) tHL(TW L)
dT,? T°-T' 1 . . dar,? 1 U

=-v + - T W= =~ (T,- T, )- — (T, - T
it o tHL(FW ) o tSL(S W) tHL(TW L)
ar.” _ T -T" 1 dT," _

1 1
—_vy + N _ TN TNy NN

 Initial conditions and boundary conditions
T(0,2=T, (2P T°0 =T, (0),---,T,"(0) =T, (z,) (.C.forT)
1,0,2=T, (9P T,/(0)=T,, (0),--T," (0 =T, (z,) (.C.forT,)
T.(t,0)=T-t)p T@)=T- () (B.C.forT,)
T,t,0=T,t)P T, () =T,(t) (B.C.forT,)

e Inputs: Steam T (T4t)) and Feed T (TL(t))

e Outputs: T,(t) and T,(t) at each location in z

e 2PDE’'s become2N ODE’s
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e Transfer function

Tri-diagonal matrix

§L13+1 b, 0 0 géTll\J

< t s+l Db, . Yat g

a G L1 : UéTzu

§ 0) C, . 0) l:Jé L u: KW
e . . ux : -~

< b.. - U
w cr1gf

8 O O CNl tLls+1H

QS+l 0 0 UéT,U

: Gé -,

é O ty,s+1 ; Uérl,, 0_
e : y 0 ue u 'L
e ue u

2 "

g 0 wS+1 HEL"H

— FDM usually generates trl-dlagonal matrix.
— Quite high order system if N is big.
— May not be convenient to analyze.
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e " u é- " u
> G0 s
& 0 80 H
éTLlu éK . U
e L0 e
er"a, &K
a.ate . gls(M)
&0 6" 0
e U et
gl H &K i
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MIMOQO systems

e Multi-Input Multi-Output System
eYi(S)U €Gy(s) G(s) -+ Gy (s)uéU,(s)u
ev(s> ec321(s> Go(9)  Gam(95aY:(9)

u E ;. Ué : u

e . :
eY(S)I Gu(® Gul9 - Gn(995. (O
Transfer function matrix

— MISO (n=1) and SIMO (m=1) are possible.

— 2X2 system
U(s) [ * Cu + Y4(S)
—>
G,
Uss) [ * Gw
—— G, —
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e From SS model to TF model for MIMO system
— With deviation variables after linearization

& G=A
eXou ex
ey,u _éxu _euu

éylL'J:CéXlQ+DéU1Q P y=Cx+Du
ey ekl ekl

sX(s)=AX(s)+BU(s) b (sl- A)X(s)=BU(s)
Y(s)=CX(s)+DU(s) b Y(s)=gC(sl - A) B +Dgu(s)

M-~
c
=<

-

M-~
=

/+B

D> (D~

P x=Ax+Bu

-
O
OO

D>
=

\ G(s)=gC(sl - A) 'B+D§Y

— Generally for (pxm) system, A is (nxn), B is(nxm), C is(pxn)
and D is (pxm) matrices, respectively.
— Then, G(9) is (pxm) transfer function matrix.
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