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INVERSE RESPONSE IN CHEMICAL
PROCESSES

* Reboilerlevel to the change in boilup rate

— If boilup rateisincrease, more liquid will
vaporized and the inventory in thereboiler will
be reduced and the level will be decreased.

— However, at the beginning of the boilup rate %‘_l
Increase, mor e vapor is generated and the vapor Downcpmer
will flow upward to the stage above. In that wed
stage, more vapor will passthrough the liquid

and the density of liquid will decrease so that L | o
the more liquid will spill over the weir. This seel g TT
resultsatemporary increase in the level of A
reboiler.

— Eventually, the density of liquid settles down
and overflow will reach at another steady state. lTSteam
Then thereboiler level will be decreased. Condensate

>
Bottom
Product
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e QOutlet Temp of the exothermic packed bed
reactor to feed temp change

— Anincreasein feed temp will speed up the reaction rate and
thereactor outlet temp will increase dueto the increased
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 the reactor, and the outlet
temp will decrease duetotemporary drop in reactant
concentration.

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

Feed Product
Tf' CAf T’ CA

Packed-bed reactor

CHE302 Process Dynamics and Control Korea University — 7-3

TIMEDELAYS

 Fluid transportation through apipe
— Also, called distance-velocity lag, transportation lag, dead time

_ lengthof pipe _ volumeof pipe 3 3>
> >

~ fluidvelocity  volumetric flowrate

<
- ”|

ft
=G(s)=€" T//

« Manyhigh-order system can be approximated by
a first-order plus dead-timemodel (FOPDT)

G _ Ke 9 But this transfer function cannot tell what the zeros are
(S) - ts+1 and what the poles are if it appears in denominator.

e Transferfunction

10 fort< Y
y(t) = 1 p X8
TX(t-q)fortsq X(s)

v
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« Polynomialapproximationsto € *

— Taylor seriesapproximation

qZSZ- q333+q4s4_ q535+-”
2! 3! 4! 5!
— 1/1 Padeapproximation
9°s® q’s’ . 1+bs
2! 3 1+as
1+(a-q)s+(0.99%- ag)s®+---»1+bs

e =1-gs+

e =1- gs+

a-q=b, (0.59°- aq)=0 1- (q/2)s
P a=q/2, b=-q/2 > Gl(s):%
— 2/2 Padeapproximation
g =1 qs+ 05 A5 A" L+bs+ds
2! 3! 4! 1+ as+cs?
1+ (a- q)s+(0.59°- agq +c)s* +(aq?/2- q°/ 6- cq) +---» 1 +bs+ds’
(aaq?/zt-)’q3(/(25-ch) iqo, 21‘/34- aq’/6 +¢q°/2) =0 - Gz(s) = 1-@/2)s*(@ 2/12) Si
ba=q/2, b=-q/2 c=d=q2/12 1+(q/2)s+(@°/12)s
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 Taylor series approximation
— Increasethe order of numerator (physical realizability)
— AR and phase angle are different from the exact
— Lowaccuracy
 Pade approximation
— Doesnot change the order of transfer function
— Only phase angleis different
— Higher accuracy
— Oscillatory behavior (complex polesand zer os)
Pure1 ?elay — 04 FOPDT
7
¥ o }
Gals) Time
-1
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APPROXIMATION OF HIGHER-ORDER
SYSTEMS

e Approximation by FOPDT or SOPDT models

G(s) = K
(t 1S+1)(t 2S+:D ) "(t nS+l)

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

Ke
C> s

Ift t,>t, -t ), (t, ardt, arethe "dominant timeconstants')

whereq =t ,+---+t |

4
G(s) » Ke whereq =t ;+ .-+t |
t,s+)t,s+1)
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 nth-order system with equal time constants
K
Gn (S) = —n 1.0~ e ™
2 g1t
gn a "
— Step response =
n-1 U
y(t) KM é- nt/t é (nt /t) u . o
i=0 u ° Ti:ne
By deinition, e =i (g(])(l +X)¥* = 2.7182818285...
limG, (s)—llm K | - K = K tS:Ke-ts
" (— +1)" g(_s n/tsU eI|m(1+x) H
n
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FITTINGDATATO EMPIRICAL MODELS

 Fitting FOPDT model using step test
- Withagepresponse |
1. Obtain gain % | ]
2. Estimated time delay by inspection
* Visual inspection

Step r'espnnse

|

|

|

» Useof tangent line at inflection point s {l

3. Find time constant R |
— Graphical method y{0)=KM /t e

— Rearrange data: the slopeisthereciprocal of time constant
ot - KM- (y(®)- y(0) Ing y(¥)-y Uu_ t-g
KM ey(¥)- y(0)q t
— Sundaresan and Krishnaswamy (1977)
0 =1.3tg535 - 0.29%g5 5y, t =0.67(tgsa - a5 z00)
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e Fitting SOPDT model using step test

— Harriot'sMethod for overdamped systems
Calculatey, ., andreadt,/(t,+t ) from graph

t +t2—t73%/13 o T T T
If graph isout of range, it isnot ) - /
applicableandpossiblyhigher- mat °~3/
orderor underdamped. i

— Smith’smethod .
e Usetyy,, andtyy,.
* Read parameters from graph \

5.0

2.0

« Nonlinear/Linear Regression e L,
Use of optimization to minimizetheerror <
between the data and calculated model value. T

1.0 0.1
0.3 0.4 0.5

t20

mlna(y(t) y)? wherey(t) = f(t, Kt ,z,q)

Kt.,z
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INTERACTING ANDNONINTERACTING
PROCESSES

 Non interacting process

— Thefirst tank affectsthe second tank but second tank does not
affect thefirst tank and so on. Thisiscalled “ noninteracting’.

— Each tank can be modded as

Cy(s) _ K,
= Cair Qi

CA(j-l)(S) t JS+1 ;/ CAl’ q

i

v, /| 1%a2 @

<
— For thewhole system R
Cam G
Cu(d & K P
AN — v
Ca(s) = (t;s+))
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e Interacting process
— Many chemical processesexhibit | 4
interacting nature.

R
Af-q-q ATe=g.q, Vi gl Ve o2} 58,
dt dt a, a,

1 1
:E(hl_ h,) Oz —Ezhz

d—hl: - i - %:i - _i
Ag=a-ghon  Af=2aen)-n
ARsH (s)+H,(9)- A,(9 =RQ(9

A9 _  RIR+*R)
(9 ARRIR+R)s+

ARR ¢ e+hi(9=_R (g 1
SRS MECR L

Hy(s) R

Q(s) AARRs +(AR+AR+AR)s+1

H,(s) _ R, _ [AARR -, —(AR+AR +AR)
Q(s) t>s*+2zts+l wheret =JAARR 2 2,/AARR,
Since arithmetic mean 3 geometric mean, z >1 (overdamped)
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STAGED SYSTEM

 Three-stage absorber
— Assumptions | l

» Constant liquid holdup (H)
» Perfect mixing on each stage

Stage 3

* Neglecting holdup of gas - 1 -
« Equilibrium: Yy, =ax +b 2 72
d Stage 2
HE =603 W) +L0¢a- X) |
t x2 1;51
(?j_XI aGXi-l - (L+ aG)X + LX{[ Stage 1
— Definition: l Ty’ Fi

* The stage liquid residencetime t =H /L
« Thestripping factor s =aG/L
e Thegas-to-liquid ratio K =G/L
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dx _ dX _ .o G
tE_K(yf -b) - (1+s)x, X, tE—Kyf'(l+S)X1+X2
dx dx
dt d
ddX3 =S X,- (1+S)X, X td—xt3—s %, - (1+s )X+ X,
0=K(, -B- Q)% +%, %= (% *SK(T - D)A+s?)

0=sX - (L+5)X, +% P %= (X +A+s +s HK(Y, - 0))/(1+s +s7)
0=sX,- (1+s)X; +X; =(@- )%, +(@+s )K(Y; - b))/(1+s?)

<
1]
8
+
O

(t S+1+5)X,(5)- X, ()= KY, (9)
(t s+1+s)X,(s)-s X, (9- X(9=0
t s+1+s)X;(9- s X,(s)= X;(9)

Yi(s) =aX(s)
& t? ., 2 (1+s )
C 7S 1+
X () = 1+s +s? gl+s +s 1+S +s ? ] Y.(9
! 1+s+s +s 3 pt et 2 (1+s)
——S+1: s+ 17
1+s pgl+s’? 1+s? p
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S 1
2 Y
l+s“at? 2 (1+s) 0
c s+ s
e1+S 2 1+s 2 g

X,(s)=K

s? 1 v
1+s +s?+s? 5ae t 2 + o
et S (? t 232+Z(l i)s 2°

&1+s gél+s 1+s a

X5(s) =K

Yi(9 _aX(9  Yfs) _aX,(9 (9 _aX,(9
Yi(e) Y9  Yi(® Y5 Yi(9 Yi(9)

(@K =s)

— Step increasein gasfeed composition

Y1

— 0.8

I~ d
004k - 3rd order+two zeros

T T 1T 7

Yi 0.6

3rd order
0.03+ 0.4

0.2 2ndorder

0.02 1 | 1 1 i 1

Time (min) % 5 10 15

Time (min)
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« Analysis using transfer function
— Easy todevelop
— Typesof response can berecognized 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.

e Dueto linearization, new model hasto be obtained when the
operating condition changes widely.
— For thenonlinear system analysis, numerical integration
should be considered

» Utilize differential equation solvers
— Non-stiff case: explicit method
— Stiff case: implicit methods
— ODE

— DAE
— PDE

CHE302 Process Dynamics and Control Korea University 7-16




DISTRIBUTED PARAMETER SYSTEMS

 Lumped parameter system (ODE)

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

— Perfect mixing assumption eliminatesthe dependency on

— gpatial coordinates and the analysis will be conducted in
aver aging sense

— All balances are valid around the boundary

e 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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DPS EXAMPLE

 Double pipe heat exchanger

Steam

% s % 2 v -
;‘L(O, 3] ;'L(L, ?) :
77 T % 0
L -
T
Condensate
— Assumptions

* Plug flow (noradial or angular variationsin T,)

* Neglect axial conduction

» Heat transfer resistance of the inside tube metal is neglected
o Steam jacket iswell mixed
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» For acontrol volume, from the energy balance for theliquid

dTLCEI 2 — G S(T(t,2)- Tg)- vr G S(T.(t,2+D2) - Tg)

+h|_AL[z(TW (t ’Z) B TL(t’ Z))
dT, (t,z) _ MT.(t,z+Dz)- T, (t,2) N

r G §Dz

A1 t2)-T.(t2)

dt Dz r.CS
AsDz® O
dT, 1m, 1 r G
—L=.y=L+ = (T,-T.) wheret, =213
dt ﬂz tHL( w L) HL hL/AL

(A isaheat transfer area per unit length)

» For acontrol volume, from the energy balance for the wall

dTW: A (Ts- Tw)- A (Tw-To)

at  ryGySy rGs
dT, 1 1
— :—(Ts - TW) - _(TW - TL)
dt t SW WL
CHE302 Process Dynamics and Control Korea University 7-19
 Discretization o
- PDE :> ODE Tw(0) T“;(l) TWI(Z) TWQ%AI)/TW:U) Tw'(N)/
— Eliminate z-dependency S W |/"’ il
— Replace o L

T (t,z) =T (t) forj=0,-,N

T t.2)=T,'(t) wherez0)=0,--,z(N)=L

* Number of point N will decide the accuracy of solution
— Finite difference approximation (FDM)

LN = T (t.z+D2)- T, (t. 2) (forward difference approximation)

|4 Dz

ﬂ.[-II_L _N(t2)- -[r)L (t,z- D7) (backward difference approximation)
z 74

TTFL = T(tz+ DZ)ZI-DTL (t.z- &) (central difference approximation)
z Z

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

L R PR T, _ 1
d —=-V— —+ (Twl' TLl) d
dt 2Dz L at t&
2 3 1
ar”_ -1, 1 T.2- T2 dat,’
dt 2Dzt at
dTLN:_VTLN—TLNl 1 TN T at," _(
w L s~
dt Dz th, dt  tg

approx.

1 1 1 1
)'t_(TW 'TL)

H

W) —(TW T°)

HL

1
W )' t_(TWN - TLN)

 Initial conditions and boundary conditions

T,(0,2) =
T,(0,2) =

T (2P T°0)=
Ty, (2P T,°(0)

TL,tO(O)’”"TLN(O) =
:wao(o)""
T (t,0)=T-(t)p T°@t)=T-(t) (B.C.forT)
T, (t0) =T, (t)p T,” () =T,(t) (B.C.forT,)
e Inputs: Steam T (Tt)) and Feed T (T

TL,tO(;q) (1.C.for 1))
.00 =T,,(3) (.CforT,)

)

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

2 PDE's become 2N ODE's

CHE302 Process Dynamics and Control
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Transfer function

Tri-diagonal matrix

— FDM usually generatestri-diagonal matrix.
— Quitehigh order system if N ishig.
— May not be convenient to analyze.
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s+1 0 « /0 Ueoys R
du b 9 Usrin eriu &0
~ ¢ tyustl b . e R e _u é u
e . o UaT, 2 aT,’ 0 &0 G
s 0 C, - 0 de g=Kwe gre ()
e . : b, Ye’d  é‘uéa
? B l;"‘ N ] A~ N [] "O f
8 0 0 c., t,s+en d & H 80 H
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MIMOQO systems

o Multi-InputMulti-OutputSystem

) (S)U eGll(S) Glz(s) (S) UeUl(S)U
ev(s)u 2621(s> G, () GZm<s) 9,91
é : u e ; ; ue ; L

eY(s) £6.(9 G,  G,(98. (9§

Transfer function matrix

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

— 2X2system

U,(s) » Gy

—»
> G21

U,(S) » Gy,

R
> G22
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e From SSmodelto TF model for MIMO system
— With deviation variables after linearization

exu eX; U éu, u

' AélL’J+BA1u b Xx=Ax+Bu
exz 'équ SJzu

eY1

eulu
—C a 3 P y=Cx+Du
g)’zH S(z 54'23

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

\ G(s)=§C(sl - A)'B+Dj

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

CHE302 Process Dynamics and Control Korea University 7-24




