CHAPTER 2
DYNAMIC MODEL OF A DISTILLATION COLUMN

2.1 Theory

To study a dynamic model, a/{ﬁﬁ?ﬂtly rigorous tray-by-tray model with
nonideal vapor-liquid and stage equilibrium Will be developed. Such dynamic model of

a disitllation colu{m@n de continuity equations of mass and energy. Several
methods of thermodynamic physical property data used for calculation are also studied,
gted. Tbe following topics are focused in this chapter:

dis&i__llazen,

opexiy ta base

The developm "4 dynamxgj&stlllatton model can be simple if the designer
e e
wisely use the process o“lﬁ‘c_igq and el ering judgement. It can also be difficult if

he /she try to model detalls thmre DOF‘HPQded to solve the problem at hand. One may

&_._

find it interesting, that to s1mulate 'the dlstlllatlon column at dynamics state may be
T )

easier than at stcyly state. For steady—state model al(ﬂe algebraic equations for mass

and energy simulati ﬂ_gbn must be solved. While the dynamlc simulation model the change

in mass and energy will.be computed A dynamic simulation is more intuitive with the

way in which is about dnstlllat&an opuatlon than-a steady-state simulation.

2.2 Dytigmi¢ Model wf‘mstﬂlatwn QR \ Y1817 1“‘

4 This section wnll dISCUSS about the method to develo;; ‘ the dynamlc distillation
model. To develop a distillation model it is begun by writing dynamic continuity
equations of mass and energy for each unit operation in which mass or energy can
accumulate. For the distillation column the continuity equations for the stages,
condenser, reflux accumulator, bottom sump, and reboiler will be developed. The

dynamic continuity equations state that the rate of accumulation of mass and energy in



a system is equal to the amount of material entering and generated, less the amount

leaving and consumed within the system:
[rate of accumulation of mass (energy)] = [mass (energy) flow into the system]
- [mass (energy) flow out of the system]

+ [mass (energy) generated within the system]

\\ ' //gass (energy) consumed within the system]

The accumulatio % a fir e derivative of the total mass or
h—_

energy. The flow terms bra* in a first order ordinary differential
equation that is usua iflear, 't{eqa\FMr each component (or the total
flow combined wit )\ Mnd one energy balance. The

2 M @2.1)

component balances

where

M?*"= rate of ugeneratlon of component iin system (Ibmol/hr)

ﬁ UHUINHN %pWr%Jﬂ»ﬂ@bmon
W|lI not consider reactive distillatiofssystems in the‘miodel, so there are no
chemzzi 0

bt dederst ommed inlan) paf o th @clation column. The

matenal generatlon or consumptlon terms are zero.

A general energy balance is represented as

dE“M,) _ ey (B Q- W . 22)

dt

E = U+PE+KE 2.3)



U=H-PV 2.4)

where M = material in system (Ilbmole)

F = material flow in/out of the system (Ibmol/hr)
= specific total energy (Btu/Ilbmol)
heat added to system (Btu/hr)

work prod q y (Btu/hr)

specn energy

balance can be written as

ﬂUﬂ%ﬂﬂniﬁﬂﬂﬂi =
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by m1egratmg forward in time. First a set of initial conditions for the state variables at
the starting time is specified. Next all differentials are calculated from the material and
energy flows at the current time. Each equation is integrated to the next time step.
The current time is increased by the time step, and the integration process continues.

Figure 2.1 contains a representation of steps in this process.




Initial

Condition

@i‘&fﬁ hand sides
— & ~

“alculate Derivativ

each state variableﬁrﬁ 3 ay not correspond to a steady-state

solution. Ifa steady-g}ate solution is not available for the first run, a set of consistent
F=S

L7
values mayﬁ ﬁ ?%IW?WI o‘ﬁTﬂﬁynamically, to a bonafide
i i0 5. This ‘

steady state as the integration prb;eeds. method of initialization is useful to get a
gk URES ) o L (13
coﬂg to't m M 1 l’lj a sol the steady state
algebraically.

The liquid on the tray are perfectly mixed and incompresssible. Vapor and

liquid are in thermal equilibrium but not in phase equilibrium (nonideal). The dynamic

of the condenser and the reboiler will be neglected.



Distillation column dynamic for this thesis has the additional assumptions as
following:
1. Negligible Vapor Holdup.
2. Negligible Specific Enthalpy Change.

3. Constant Pressure Drop or Constant Tray Pressure Drop.

The general dynamic dlstlllatlon model includes of many continuity equations
for the distillation stage model, the couéeﬂ;ar and reflux accumulator model, and the
reboiler and colun base'model.

2.2.1 Distilation traysmodel ﬂ

& U..L\

J
del

o

Fig.2.2 Distillation tray im

From figure 2.2, la'general ‘dynamic model for astage is developed. There is
counter-current flow of liquid and vapor. Liquid flows over the outlet weir into the
downcofiter ‘and\the stagesbeow. (Vapar €nters the tray from, the|stage below. The

stage; will contain a feed stream. A dynamic model for the stage will contain N_
differntial matrial balances, where N_ is the number of components in the system, and
one overall energy balance. In this thesis the system will be modelled as N -1
differntial matrial balances and one overall material balance.

If the column pressure is high (greater than 150 psti), the vapor can represent a

significant fraction of the total stage mass. the liquid mass should be increased to
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account for the vapor if it is up to 30% of the total material. If the vapor mass is more

than 30 or 40% of the total stage material and variable, the vapor phase must be
modelled independently.

The change in specific liquid enthalpy is usually very small compared to the
total stage enthalpy. Therefore, the enthalpy balance may often be reduced to an
algebraic relation that can be used to calculate the vapor rate leaving the stage. The
following procedure can be used to S;fy)hg stage model. The procedure is started

from the bottom and proceeds up through+t lumn.
: ) ,
1. Calculate the equilibsium composition and-temperature from pressure and liquid

composition by a l?(mt calgulation.
2. Calculate the a€tualfv ’grﬁ.qom[i_o.f,ition from the Murphree vapor phase stage

efficiency.

3. Calculate the

temperature.

o Ak
Pt
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4. Calculate the clear li ida;d_éijsity frof;{@;@position and temperature.

5. Calculate the liquid froth-dénsity at fhé%tdge vapor jrrate.

A A
"v-e_a - = — e A ”. . .
. Calculate the liquid rate Teaving the stage from ¢ -_lf’_r}nms weir formula.

=)}

. Calculate the vapor flow leaving the stage from the energy balance.

|

8. Calculate.the component, and.total.mass deriyatives.

The stage model is the keystone of the dyhamic distillation column model. For
each-stage in, the, column,.it will be, repeated in, asleop.; The-stage model that wil be
preéepted here “can ‘be modifted ezfsily' to mebt the specific’ modelling needs. For
example, if precise froth density is not important for your needs, the correlation can be
replaced easily with a constant frothing factor.

The dynamic behavior is determined by the accumulative rate of material and

energy. Each stage has three sets of differential équations which must be developed to

describe the dynamic responses of distillation:




Total material balance:

ﬂ% =L +V -L-V +F, [iffeed stage] (2.6)
where M _ = liquid hold up on stage n
L = Liquid flow rate from stage n

V= vapor flow rate from stage n

2.7

(2.8)

AULINENITNYINT
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Fig.2.3 Column base model
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The model of the reboiler and column base is similar to that of the column
stage. This part of the disitllation column is modelled as an equilibrium stage. There is
heat input from the reboiler. Material holdup is large and variable. Changes in specific
enthalpy will not be neglected. The time derivative of the specific enthalpy can be
approximated numerically by backward difference. The specific enthalpy is saved at
each time step. The current value is subtracted from the previous valusand the result is
divided by the time step. It is necéssi!’;vf')b ompute the specific enthalpy derivative so
that the vapor rate leaving the sump cz;hﬁg/,adiulated from the energy balance. The

R

dynamic model is presented as below.

Vb ; (2.9)

LAY

ratc*froni‘stage 1 to column base

i -:-:::fa

B = bottom prodw_ct ﬂowﬁe N
Component matbr&l balance , ;_‘,,f j
d(x,‘;tMﬁ‘)/’ - L/ - Yo Vst .,} (2.10)
where x, . = molefraction of comporient i in liquid.on column base.
x,, 4= mole fraction of com.ponent i in liquid on tray 1.
Vy» = mole fraction of component i on the column base
Energy balance:
&i"-@ =hiL, -h'V, - h'B+Q, (2.11)
where hy = molar enthalpy of liquid on column
h; = molar enthalpy of liquid on stage 1
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hy’ = molar enthalpy of vapor on the column base

Or

2.2.3 Condenser and Reflux accumulator Model

1

molar enthalpy of reboiler

bt B

T
et o T
accumulator thfﬂugh the condenser,

condenser. The dt e

7

The dynamic6f-condenser is small relative to the reflux accumulator dynamics.

It will be ﬂ .ud&l '} 1@“&&%@ wgﬂﬂq@ leaving the condenser to

allow equllynum (the same as the reflux gcumulator) reﬂux accumulator

o S 5 A T e

the a€cumulator and there is no vapor leaving from the accumulator.

the stage nt.

Total mass balance:

S v .Rr- D (2.12)
dt nt
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Compenent material balance:
d(x,,M,)
—‘-1‘—"—"— =y, =2 (R:D) (2.13)
2.2.4 Liquid hydraulics
Liquid flow rate from any tray can be calculated by Francis weir equation:
(2.14)

principles and o "”
i

variables. y ‘

2.3.1. Vapor-Liqui Equnllbnum

It .ﬁ %ﬂté} ‘ié] ﬂa%r%weﬂ Sa ﬂr‘ﬁmon for the vapor-liquid

equilibrium (VLE) and physical pl})pemes of the components m the distillation column.

AR Wﬂﬂm‘ﬂﬁﬂ“ﬁ'wgﬁﬂ‘ﬂ”

= x P, (2.15)
represents ideal systems. Other may have constant relative volatility:
Ji
)
a, SliucH (2.16)
K, (_).'L
: 5 -
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Some can be correlated simply as a polynomial in temperature:

K =2=4+BT+CT+.. @.17)

i x.

where A4, , B,, C, = correlation constants for component i

x = mole fraction of component i in liquid

: ‘Weomponent i in vapor
: \

preasur onent i

(2.18)

(2.19)

(2.20)

i F}%EJ ARBUSHYNS
] ‘W’T a%ﬂ'ﬁ"m‘ﬁﬁﬂ’m PIa Y

= activity coefficient of component i

If an equation of state is available that acculately represents both the vapor and
liquid phases, use equation (2.19). If the liquid phase can not be modelled by an
equation of staté, which is usually the case, use equation (2.20), which models the
idealities of the liquid phase by a correlation of the liquid phase activity coefficient.

The exponential term corrects the liquid fugacity for high pressure (greater than 150
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psia). Most of the nonideal effects for low pressure (less than 150 psia) chemical

systems can be represented by a simplified form of equation (2.20), given as
y,P=yx P, (2:21)
Where  y; , x, = mole fraction of component i in vapor and liquid, respectively.

P = total pressure

P’ = vapor pressur 'f/| onent i
The liquid actig et &modelled for binary mixtures by a

correlating equation s amlaarw

(2.22)

(2.23)

At best thesé: psro' m: : plicalﬁ} only to binary mixtures

showing no chemical interaction effects.

22z vefiki] ) 11819 W71 T

A wndc})I/ used vapor pressure correlation,is the Antoine equation:

NPINIUUMINDINY

where P'l ‘is the vapor pressure and T 'is temperature. The constant parameters 4, B,,
and €, must be obtained by regressing experimental data, however, these parameters

bave been tabulated for many substances. The applicable temperature range is not
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large and in most cases corresponds to a pres§ure interval of 0.19 to 29.4 psi (0.0133

to 2 bar). This equation should not be used outside the stated temperature limits.

To extend the correlation interval, a more complicated expression such as the

Riedel equation. The vapor pressure of pure component can defined by the Reidel’s

equation:
@) = ,/'/n (T.)+D, TS (2.25)
where A4 ,B, ,C  s c@r component i
3 of component i
When the ] y regressing experimental data,
the range of this equati : the critica A better fit of the data is often
obtained when the expt 5 vary to other integer values
If the critical perature 7 are known along with
one other vapor-pressur I boiling point), then a reduced form

of the Reidel equation may be s

_,.—:.J"c #

_ b /. (2.26)

| o s 7 ﬂ ' (2.27)

= 422 F o (2.28)
@ua’mamwmm @29)
where 00838 3‘z;sl§£_ﬁ5u w,_]’g qﬂ qu a EJ ::):

v =-35+ 376 +42inT,-T,° - (2.32)

r
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2.3.3 Murphree Vapor Phase Stage Efficiency

Stage vapor composition can be calculated from the relationships developed in
the previous section. Mass transfer limitations prevent the vapor leaving a stage from
being in precise equilibrium with the liquid on the stage. This limitation can be

modelled as a deviation from equilibrium. Three types of stage efficiencies are

commonly used:

1. Overall efficiency \\\'////

2. Murphree efﬁcxenc "——-.L

3. Local efficiency / /)

actual to ideal stage. ' rtnms to the efficiency at a specxﬁc stage

umn relating the total number of
-

,Murphree efficien \is the fractional method to an

equilibrium stage wi age. This thesis uses Murphree

The Murphree efficiency is the ratio

between the real difference i mvapgr cg on between two stage and the difference

L/ 10 (2.33)

ﬁ‘usﬂwsmiwmm

where %" = Murphree ef?cnency of the stage n

REe IR T HIV N IR} oo

respectively.

y‘," = mole fraction of component i in vapor on stage n. (at equilibrium)
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Lt Basr - Vaski Yn+1

| ]

Stage n

Assume the fi ¢ in thermalequilibrium, but not in phase

equilibrium

“

/m@ =
e 2 ’p; '\“\ ‘

ANg gy 'NEJ ..,
AN TUNNINGIAD

2.3.49 Enthalpy

The energy can be expressed in term of enthalpy in the distillation model. The
enthalpy of liquid and vapor must be calculated. The general enthalpy equation is the

function of temperature, pressure, and compositions.

h = AT, P, x) (2.39)
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Liquid enthalpy is not the function of pressure because liquids are
incompressible. Pressure effects on vapor enthalpy are negligible for low to moderate

pressure systems. Selecting 0 °F as the reference temperature results in the

correlations.

b =a'T+btT? (2.35)
h,," ~a’ T+l 1} + Vi (2.36)
where h, ,h;j = Liquid and vapa{é/ )y of pure component i

B, : a—“spet:nf' ic heat-’capacnty eﬁeﬂicnent of component i in liquid phase

enthalpies. The liquid rate ban cUntam?s,lgmf' icant nonidealities (heat of mixing) unless

LR -4 L]

the liquid activity coefficient |s umty Hﬁat of mixing can be modelled with

m— i
B = ’R“ﬂ X (%’;‘) (2.37)
i
*‘s-"'-‘-.':- et o~
The liquid. abtwnty coefﬁcnent in equatlon (222 )ia‘pd (2.23) is modelled with the

=

same correlatlonafhat is used for vapor- llqmﬂ, equﬂrénum in equation (2.20) and
(2.21). Good results can be obtained often, even with significant liquid nonidealities,

neglecting the heat of mixing or substitufing a constant value.

Vapor and liquid énthalpy for miktufes darl be represented as

’l =2x h J-o hml.: ] | Y1 4 (238)
Pt Ey h L (2.39)
where hL, n = Liquid and vapor enthalpy for mixtures,respectively.

2.3.5 Liquid Density

The liquid dehsity for a mixture can be calculated from the pure component

liquid density and their mole fractions.
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L L '
p=Zxp (2.40)
where p = mixture liquid density

pure component i liquid density

X
I

x. = mole fraction of component i in the mixture

Vapor passing through a distillation column tray aerates the liquid, creating a
froth. The clear liquid density, | rected for frothing by correlations, usually
obtained from the tray de : 7 %i ed correlations. Computing the froth
density as a function vap ale | éu want to study flow hydraulics.

sntinuously if you are not interested in

There is no need to

froth dynzimics. » will improve the speed of the

simulation.

AU INENTNEYINS
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