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Abstract Co N

The fundamental equations describing distillation columns are well understood. The mo-
tivation for this work is to examine the effect of certain simplifications that are often made
when studying distillation columns. Surprisingly, in spite of the fact that such assumptions
are commonly used (e.g. to reduce computer time and the need for data) the understanding of
their effect on the overall dynamic response seems to be poor (see review paper by Skogestad
presented at DYCORD’92, Maryland, April 1992).

We study the following assumptions: ‘

1. a) No liquid flow dynamics, that is, assume immediate responses for liquid.

b) Alternatively, use simplified expressions for tray behavior.

2. Constant molar {lows, that is, use a simplified energy balance.
3. Constant pressure and/or neglected vapor holdup.

Assumption la) above should not be used if the model is intended for control purposes,
and examples that demonstrate this are presented.

Rigorous models of the actual tray hydraulics are very complicaled (including downcomer
dynamics etc.) and we propose to use simplified relationships, and discuss ways of estimating
the key parameters, namely the effect of liquid and vapor flow on the liquid holdup on the tray
(represented by hydraulic time constant, 7z, and effect of vapor flow on liquid flow, K3).

Assumption 2 holds for many relatively ideal mixtures, but it appears that for "nonideal”
mixtures with even rather small deviations from the constant molar flows assumption, the
static and dynamic behavior may be quite different. For example, it may cause the methanol-
propanol mixture to yield multiple steady states. We study the deviation from constant molar
flows caused by the components having different heats of vaporization as well as different heat
capacities. :

Assumption 3 of constant pressure often does not hold. In the paper open-loop pressure
dynamics is studied, including the self-regulation caused by the heating of the colurnn that
may change the heat transferred in the reboiler and condenser. The possibility for open-loop
inverse responses for the compositions to changes in condenser duty is also studied.
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Model

e Component ba.la.ncé\s:\%fﬁ =..

v g = 3"”
J=12 }*IB stades
* Energy balance: 4 =

M;;, U; (states)
Fixed volume
VLE i

= UV - flash

o Detailed tray hydraulics —= L_
(Francis weir for froth flow, Bennett et al. 1983)

o Pressure drop correlation —> \/
(Liebson et al. 1957) . -

A Mev

Motivati

Common distillation model assumptions:
s Neglected vapor holdup
¢ Neglected liquid flow dynamics

e Constant pressure on all trays

Purpose:
Study effects of modelling assumptions.

Derive 5 x 5 dynamic distillation model for control
studies.

Column overview
Binary mixture, one feed., two products
(Colunmn A, Skogestad & Morari 1988) A Cluosd)
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Open-loop responses overview
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Steady State Relative Gain Array:

36.76 —64.65 28.88 0.0 0.0
—35.72 63.49 —26.76 0.0 0.0
—-0.04 2.16 0.0 0.0

0.0 0.0 0.0 1000
0.0 0.0 0.0 0010
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Including vapor holdup (UV)

Assumptions applied to each control volume:
A1 Perfect mixing,.
A2 Two phase system in thermal and vapor-liquid

equilibrium.
dM; ;
i 2 = Viayiorg + LinZisj — Vigej — Liz:; + Fizi j
aUu;
T Vieihviici + Liyihp iy — Viky — Lihp; + Q;
M;;
U; UV — flash =
Vol; | cwer reroeren
BLFOLE )

Neglecting vapor holdup (hx)

A3 My =0, ur = hy.

Bubbl Yij
M;; — hv, T;
U, = H; ] h— flash = P

ete
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/]

Will consider:

@Including/neglecting vapor holdup (VV-flas,
@Open loop pressure response : estimate
@Understanding: Negative RGA /Inverse responge
(4)Tray hydraulics

Neglecting vapor holdup

¢ Does not affect the number of states.
¢ Does not imply constant pressure.
® Does not imply immediate vapor response.

* Does not reduce stiffness (opposite).

8uT: e Simplifies the algebraic equation set Sﬂash)

(Bubble-h rather thon UV

eWhy has nol UV-flash been used before ?

o Probably because il is not needd in static simulabion
whert pretsuce Ls a‘muLFuA



Estirnation ©OF
Pressure dynamics

) Fixed Oa ¢ Qc (No setd -regulation (n cebodec [ordsnser)

. r ‘ cansl .
Ft—:_Fh,}:'—DhD—Bth"'QR-*_QC
Assume:

e “One component mixture

® AT ~ ATD ~ ATB

Neglected vapor holdup (hx)

U = ©(Myhr;) = Mpjacpr AT

%tg = —DAhp — BAhg * -
- dAT
ML,to%’LT ~ _DyKLATD - B}‘/{LATB 4o
M ot K
Tp =~ T .

SIMULATION : Tp * 7H min
ESTIMATE MYE = 7[{min

Pressure dynamics

B) With ‘self-regulation’ in condenser

Pressure dynamics

Including vapor holdup (UV)

" (T funchion of pressure “‘ly) ‘

Qc deperds on

colown fme.)

. . e cohwnn Lemp-
Qc = (UA)c(Teom — Tp)
M} ot M3}
TP ~ 3 20 << E,tot
F+ (s%zz)rm [epL F
v

BUT: Effect of neglecting My as above.

SIMULATION (Fired Toot 8 Qp)+ Tp = 2.3min

ESTIMATE @ UL3min

TP R Mi,tot

heak Ewgorzation V- work

A
4 R
AR VCPV+MVR(K2_K)_MK+EIL)__

¥ _ el Acid
ML - ML(1 * My cpL MpepL My wy'cp

Typical values:

~

cpL RT CPL
which gives
me _ UV oy Moo
ML - Tp(hm) Mg

— 1,04 for our exaople
=5 for MM (?'OW)

@ Understoanrding:
¢ INVERSE KES(’ONSE
o NEGATNE &6A-EL€MENT
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Relative Gain Array Analysis

RGA(w = 0):

_ |l Zr Qe @ D B
zp | 36.76 —64.65 28.88 0.00 0.00
Tp |~35.72  63.49 —26.76 0.00 0.00
Pp| —0.04 2.6 (1.120.00 0.00
Mp| 0.00 000 0.00 1.00 0.00
Mp| 000 000 0.00 0.00 1.00

UCATION OF NEGATIVE R4A :

Pairing Qo — Pp (negative RGA):

1: Overall system unstable, or

2: Pressure loop unstable, or

3: Remaining system unstable if pressure loop fails.

(eapt)

APp,@c(0) and Ap, o.(joo) have different signs:
1: Overall system has a RHP transmission zero, or
2: 9Pp,9.(9) has a RHP zero, or

3: Remaining system has a RHP transmission zero.
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RGA(w = 0):

Lr  _Qr  Q D B
zp| 36.76 —64.65 28.88 0.00 0.0
zp |-85.72  63.49 —26.76 0.00 0.00
Pp| —0.04 216 1.120.00 0.00
Mp| 000 0.00 0.00 1.00 0.00
Mg| 000 000 0.00 0.00 1.00

LICATION OF NEGATIVE R4A :
Pairing Q¢ — Pp (negative RGA):

1: Overall system unstable, or

2: Pressure loop unstable, or

3: Remaining system unstable if pressure loop fails. :

(sapt)

Arp,9c(0) and Ap, . (joo) have different signs:

1: Overall system has a RHP transmission zero, or
2: 9pp,g¢(3) has a RHP zero, or

3: Remaining system has a RHP transmission zero.
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O Tray hydraulics
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Liessong: V=4 (o %

AP; = APyeti+ APuys = (hrgi + hary,i)pr,ig
hrriAr | hipiAp

My = VL + VL,

hLD,i = 2hLT'|' + hdry,l'

AR, & Mp; = APy & hpr;
Vi1 : (Liebson et al. 1957)

1 Vi1vv,)?
AP, dry,i = ‘i‘PV,:{dry (TH_)
L; : (Francis weir for froth flow, Bennett et al.1983)

| (Lawg@®
Rz = Puwi + howi = Bihy + 2ify ( t:,@.“)

=]
Vicivy, PV,

'—v: .’.-; "PI' — ei’p(CI. ( AT .0[,..’ - pvi




~ Rijnsdorp (1961)

dl; = ldM,' + K2dV;_
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Conclusions

e Simulation with rigorous energy balance (UV-flash)
is feasible,

e Control with condenser and reboiler duty as ma-
nipulated inputs is sensitive to pressure control
failure, due to Ah,,, = f(T(P)).

* The effect on pressure dynamics (7p) of neglected
vapor holdup may be estimated from M} /M.

¢ Large downcomer and ‘high tray pressure drop
. brohibits inverse responses for boilup changes
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Calculated hydraulic data

T, = 2.4 sec.

S1r = 93 sec.
Ky(rop)y = 0.5
Koy = 0.8



