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INVERSE RESPONSE IN CHEMICAL
PROCESSES

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

vaporized and theinventory in thereboiler will
be reduced and the level will be decreased. Y

— However, at the beginning of the boilup rate T
INncrease, mor e vapor is generated and the vapor Downcl»mer
will flow upward to the stage above. In that Welr] A A A
stage, mor e vapor will pass through theliquid | |
and the density of liquid will decrease so that — pojlu
the more liquid will spill over the weir. This . Tf
resultsatemporary increasein the level of S—
reboiler. —~

— Eventually, the density of liquid settles down Y
and overflow will reach at another steady state. lTSteam —>
Then thereboiler level will be decr eased. Condensate o
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« Qutlet Temp of the exothermic packed bed
reactor to feed temp change

— Anincreasein feed temp will speed up thereaction rate and
the reactor outlet temp will increase dueto theincreased
reaction heat generated.

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

— Eventually, increasein feed temp will enhance the reaction and
generate morereaction heat and the outlet temp will increase
slowly.

Feed Product

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 iy >
fluidvelocity  volumetric flowrate ; > |
>

e Transfer function

f(t
i0 fort < T,"‘
v =] b Y9 oggmer | LT/

i X(t-q)fort3q X(9) [ 0

e Many high-order system can be approximated by
a first-order plus dead-time model (FOPDT)

Ke 9° But this transfer function cannot tell what the zeros are
ts+1 and what the poles are if it appears in denominator.
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« Polynomial approximations to € °

— Taylor seriesapproximation

2.2 3.3 4 4 55
49s 9s _9s _49s .
2! 3! 4! 5!
— 1/1 Pade approximation

e =1-qgs+

2~2 33
e'qs:1-qs+q G S +---»1+bs
2! 3! 1+as
1+ (a-q)s+(0.50° - ag)s® +--- »1+Dbs
a-q=b, (0.50°-aq)=0 _1-(q/2)s
P a=q/2 b=-q/2 ‘ Gl(S)_1+(q/2)s

— 2/2 Pade approximation
q°s® q°s’ +q“s4 s 1+bs+ds*

2! 3! 41 1+ as+cs®
1+(a-q)s+(0.5q0°- aq +c)s”+(aq°/2-9°%/6- aq) +---» 1+ bs+ds®

a-q=b, (05:°- ag+c)=d, ) )
(ag®/2-q°/6- oq) =0, (@*/24- ag°/6+m?*/2) =0 ‘ G,(s) = 1- (q/2)s+ (q2 /12)52
b a=q/2, b=-q/2, c=d=q?/12 1+(q/2)s+(Q“/12)s
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eries approximation

the order of numerator (physical realiz
d phase angle are different from the exact
ccuracy

proximation
ot changethe order of transfer function
hase angle is different
accuracy
tory behavior (complex poles and zeros)
Pure delay FOPDT
1 = '

Gyis)

ynamics and Control



OXIMATION OF HIGHER-O
SYSTEMS

Imation by FOPDT or SOPDT mo

K
t,s+1)t,s+1)---t, s+l

21" ',t n)’ (t 1 iS the "domi nant t| me Congant")

Ke 9°
»
t,s+1)

whereq =t , +.--+t

n

> (t,,--,t,), (t; andt arethe"dominant timec

Ke 9°

» whereq =t ;+---+t |
t,s+D)(,5+D)
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FITTING DATA TO EMPIRICAL MODELS

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

1. Obtain gain K = ZEQ Z’gg)) e , ———=
2. Estimated time delay by inspection

e Visual inspection E
« Useof tangent lineat inflection point oot |
3. Find time constant L j
— Graphical method y%0) =KM /t .
— Rearrangedata: the lopeisthereciprocal of time constant

o tat — KM - (y(t) - y(0)) b |n§ y(¥)- y, U_ t-q

KM &y(¥)- y(O)g
— Sundaresan and Krisnnaswamy (1977)
q :1'3t35.3% i 0'29t85.3% L= 0'67(t85.3% B t35.3%)
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e Fitting SOPDT model using step test

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

t,+t, =t /1.3 R
If graph isout of range, it is not , - /

applicable and possibly higher- 2 03
order or underdamped.

0.2

— Smith’s method
e Uset,y, and tyy,.
« Read parametersfrom graph \l "
oo L
« Nonlinear/Linear Regression N DNENS
Use of optimization to minimizetheerror o < \ 0z
between the data and calculated model value. . N

0.3 0.4 0.5
20

min & ()~ y)? wherey(t) = 1(t,K.t ,2,0)
128
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ACTING AND NONINTERA
PROCESSES

eracting process

rst tank affectsthe second tank but second t
thefirst tank and so on. Thisiscalled “ noni

ank can be modeled as

(9 _ K L
=k
Vv, i/ Ca2: 0
b
ewhole system v, i

s _A K
S) _Q(tjsﬂ)
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* Interacting process
— Many chemical processes exhibit «,
Inter acting nature.

d d h,| R h,| R,
A%w-oﬂ Azah%ql-qz v | i ] Ears

_1 _1

a=p(-h) & h

B - M-l h-n)-
Aga-gh-h)  AE=Zhoh)oh
ARSH,(9) +Hy(9)- H, (9 =RQ(5)

AleRz H (S)+H~ (S) — Rz H (S)ID I:lz(s) - RZ/(R1+ Rz)
R+R,° " 7 R+R " H(9 ARRI/R+R)s+l
H,(S) _ R,

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

H,(s) _ R : _(AR+AR +AR)
Q(s) t2s?+2zts+1 wheret =ARREES 2JAARR,

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

tage absorber

ptions
stant liquid holdup (H)
fect mixing on each stage

Stage 3

lecting holdup of gas
ilibrium: 'y, =ax +b

Stage 2

(Yi-1' Yi) + L()ﬁ-l' Xi)

GXi-l- (L+ aG)X, + in+1 Stage 1

lon:;

stage liquid residencetime t =H/L
stripping factor s =aG/L
gasto-liquidratio K =G/L
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b)- (L+ )X +x, t Kok, - @rs)%+%,

dt
1+ )% + X d)f[2=s % - (L+5)% + %
1+ )%, + X, t dc)lis =S X, - (1+s)X, + X,
K, -b)- @rs)%+x,  B=(%+s K- D)iats )

(%, +(@+s +s )K(Y, - b))
(1- s)xf+(1+s)K(yf b)
ax +

Kol
1

SX - (1+s)X +% >
SX, - (1+s)X;+X;

< X
I

1(S) - X,(s) =KY,(9)
2(S)- s X,(s)- X5(9) =0
3(8) - s X,(s) =X, (9

s)
X(s)=0
2
& t o 2t(1+s) 19
1+s +s? §l+s +s 1+s +s? 4
1+s +s°+s’ x't oet? 2 2[(1+s)
—s+1 —
&1+s £1+s 1+s?
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9 Y9 _aX,(9 V(9 _ aXs(9)

(aK =s

S) Yi(s) Y (9)

creasein gasfeed composition

| / y1

Time (min)
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1.0

0.8

3rd order+two zeros
y, 0.6

1T T 1T

rd order
0.4

0.2 2nd order

Time (min)
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e Analysis using transfer function

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

— Linearization required when the system is nonlinear

» |f the effect of flow rate change, the previous example becomes
nonlinear.

« Duetolinearization, new model hasto be obtained when the
oper ating condition changes widely.
— For the nonlinear system analysis, numerical integration
should be consider ed

o Utilize differential equation solvers
— Non-stiff case: explicit method
— Stiff case: implicit methods
— ODE
— DAE
— PDE
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DISTRIBUTED PARAMETER SYSTEM S

e Lumped parameter system (ODE)

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

— Perfect mixing assumption eliminates the dependency on

— gpatial coordinates and the analysiswill be conducted in
aver aging sense

— All balancesarevalid around the boundary

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

— Perfect mixing isnot valid. (double pipe heat exchanger,
packed bed reactor
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DPSEXAMPLE

pipe heat exchanger

Steam
Ts

17

B v
;L(O' ) UTL(L, )
777777777777 57777777 b

| l I
T:
Conde

ptions
g flow (no radial or angular variationsin T,)
lect axial conduction

t transfer resistance of theinside tube metal is

jacket iswell mixed
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trol volume, from the energy balancefor the

dTLcE:’Z) =vr C ST (t,2)- T)- vr C S (T,(t,

+hLA_DZ(TW (t’ Z) - TL (t’ Z))

MTEZ+D)-T (D), MA o o
Dz rGS

: +i(TW - T.) wheret =163
VA tHL hLA_

a heat transfer area per unit length)

trol volume, from the energy balance for the

SAS -T.)- hLA_ -T
QNSN (TS W) rLCLS_ (TW L)

(Ts' TW)' ti(Tw - TL)

WL
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Ts

e Discretization C < a2
_ PDE => ODE R |

107 TV T 7 Tuld = DV, T D L Tl 7,
! | 1 ] ] |

— Eliminate z-dependency o nw  nun mo T

T 7777 7 7
— Replace o L |

TL(t,Zj):TLj(t) forj=0,---,N

T, (t z)=T, (t) wherez(0)=0,---,z(N)=L
 Number of point N will decide the accuracy of solution
— Finite difference approximation (FDM)
T, T (t,z+D2)- T (t,2)

= = (forward difference approximation)
ﬂ;; B (.2) - -IIZ-)Lz(t’ i) (backward difference approximation)
ﬂ; SI(L, 2 DZ)ZI-)} (t,2- D7) (central difference approximation)

— Other methods: method of characteristics, FEM, OC, etc.
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CHES302 Process Dynamics and Control

Using FDM with centered difference approx.

BN - T° 1, dT,' _ 1 1,1

=-v +— (T, - T 0~ - T,)- —— (.

o By 1:HL(W ) i tSL(Ts w) tHL(FW )

dT,” e 1 dT,° 1 o 1
=-V + - T LU To-T = I - T

dt 2Dz tHL(TW L) dt t&(s W) tHL(TW L)

dTLN TLN i TLN_l 1 N N dT, i 1 N 1 N N
= + - T W= = (T.- Ty, )=

p 3 tHL(FW L) it tSL(S w ) tHL(w L)

Initial conditions and boundary conditions
T.(02=T,, (2P T.°0) =T, (0, T"0) =T, (z) (I.C.forT,)
(0.2 =T, (2P T,°(0=T,, (0, T, (0) =Ty, (z,) (.C.forT,)
T (0 =T-(t)p T°@t)=T-(t) (B.C.forT)

T, (t,0) =T, ()P T, (1) =T,(t) (B.C.forT,)

Inputs: Steam T (T4t)) and Feed T (Tg(t))
Outputs: T,(t) and T,(t) at each location in z

2 PDE’s become 2N ODE'’s
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e Transfer function

Tri-diagonal matrix

§L13+1 b, o .- 0 l\iléTll:I

e t,s+1 b, : Uat

a & L1 uéTzl]

=N . 5 U : ~

= M . . b € U

e N-1 ugl_ NEI

8 0 0 Cn-1 tL15+1H

§W1S+1 0 0 L\,‘IéTwlg

€ ue_Lu

é 0 ty,St+1 : ueTW U_
e 0 ue u- "L
? | U? U

g8 O w0 ty,s+1 HET,H

— FDM usually generatestrl-dlagonal matrix.
— Quitehigh order system if N ishig.
— May not be convenient to analyze.
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eTiu &, 0
@.@@zgp(t)
e u e " u
X .
gl H 80 H
10 &, 0
e 0 @ %
&T.“u K. U
é; l:|+é; l,JTS(t)
e " u é - " u
~ N -
8T, H 8K
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MIMO systems

ut Multi-Output System
éGll(S) GlZ(S) Glm(s)géul(s)g
(9 Gu(9  Gon(950-09)
: . : l:I§ : l;I
86.(9 Gn(d - Gn(9G)n(9g

Transfer function matri

(n=1) and SIMO (m=1) are possible.
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e From SS model to TF model for MIMO system
— With deviation variables after linearization

éxu_, éxu _éuu
é),(lL;,:AéXleAlQ P x=Ax+Bu
elu  eXd ngu
éy,u0 _éxu _éyu
éylL'J:CéXlQ+DAu1Q P y=Cx+Du
eYu ekl g“zu

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)

\ G(s) = &C(Sl - A)'lB+DE|

— 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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