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ABSTRACT

Title of Dissertation:

MATHEMATICAL MODELING OF DISTILLATION OPERATION

FROM NON-EQUILIBRIUM APPROACH

Wen-Dow Pan

Doctor of Engineering Science, 1984
Dissertation directed by:

Dr. Ching-Rong Huang
Professor & Assistant Chairman

Department of Chemical Engineering & Chemistry

A new method for mathematical modeling of a distillation
operation from non-equilibrium approach has been studied.
The primary purpose of the study was to develop a model to
simulate the mechanism of mass transfer between a continuous
phase and the bubbles of a dispersed phase in a distillation
column. The second major purpose of this work was to utilize

and test the model of estimating the tray efficiency.

Distillation was considered to be purely a mass trans-
fer process, where the less volatile component 1s transferred

from vapor to liquid phase, and the more volatile component



from liquid to vapor phase. The theoretical analysis of
mass transfer consisted of (1) convective mass transfer
during bubble formation and (2) unsteady-state molecular
diffusion of bubbles to the continuous phase. In a plate
column, plug flow was assumed as the liquid flow pattern
across the plate, from the submerged inlet weir to the
overflow outlet weir. The material and energy balances
were modeled to a section perpendicular to the direction

of liquid flow on the plate.

The model was used in studying the following: (1) a
binary separation using a one-stage column having a single-
bubble cap; (2) a binary separation in a multi-stage column
with a single-bubble cap; (3) a binary separation in a
multi-stage column with a given multi-cap arrangement; and
(4) a ternary separation in a multi-stage column with two-
bubble caps. The comparisons of the model predictions,
with the data obtained from published literature, showed
that the model can successfully simulate distillation

operations.
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CHAPTER I

INTRODUCTION

The use of distillation as a separation and purifica-
tion process is very common in the petroleum and chemical
industries. Distillation is an operation which separates
the components of a mixture based on the differences in
their vapor pressures and volatilities. It is a typical
mass transfer process which consists of certain design of
trays or packings that bring the gas into intimate contact
with the liquid. Separation can be obtained by repeating the
vaporization and condensation steps. The ultimate application
of distillation is for the purpose of separating binary or
multi- components in a mixture to produce products which meet

certain specifications.

The energy and mass-transfer processes in an actual
distillation column are very complex. The difficulty of
the process is avoided by creating a hypothetical column
whose contact stages are ideal equilibrium stages as shown
in Figure 1. By deffinition, the vapor and ligquid phases,
leaving an equilibrium stage, are in complete equilibrium

with each other from a thermodynamic point of view. Thermo-



Vapor

Fig. 1 Sketch of a hypothetical ideal bubble-cap tray.



ic relationships can be used to relate the concentrations
ese two equilibrium phases. These concentrations of

8, leaving a hypothetical equilibrium stage, must be

cted by introducing the tray efficiency. The Murphree

iency is defined as:

p, - =1 N (1-1)
-1 " Ty

YN-1 : vapor concentration to tray

YN ¢ vapor concentration from tray

Yﬁ : vapor concentration in equilibrium with liguid.

sfficiency compares the separation actually reached in
. stage to the separation that can possibly be reached

ideal equilibrium stage.

‘igure 2 illustrates the location of a pseudo-equilib-
urve. This curve 1s used in place of the true equilib-
‘elationship by means of Murphree efficiency to deter-
he compositions of phases leaving a real stage. There-
it is important, that this mass transfer operation must
en into account in predicting stage efficiencies.
investigators focused on the effects of physical pro-

s and vapor-liquid equilibria on tray efficiencies.

st known correlations were proposed by Drickamer and

rd (10), where tray efficiency was related to average
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Fig. 2 Location of the pseudo-equilibrium curve showing
the Murphree plate efficiency and determination
of actual stages.



liquid viscosity; and 0'Connell(26), who examined the effects

of relative volatility on tray efficiency.

This study. considers the distillation operation which
involves mass transfer between a continuous phase and a dis-
persed pahse. These two phases are intimately mixed, which
can be achieved by using a bubble cap tray, a sieve tray, or
a perforated tray. The work combines the effects of physical
properties, vapor-liquid equilibria, and tray hydraulics in
a mass transfer model. The theoretical analysis of this model
consists of mass transfer by (1) convective mass transfer
during bubble formation, and (2) unsteady-state molecular
diffusion of bubbles to the ligquid phase. In a tray colunn,
plug flow is assumed as the liquid flow pattern across the
plate, from the submerged inlet welr to the overflow outlet
weir. The material and energy balances are modeled to a
section perpendicular to the direction of liquid flow on the
plate. The vapor-liquid equilibrium relationship assumes
that the vapor phase is ideal (Dalton's and Raoult's laws are
applicable) and that the liquid phase can be theoretically
represented by the UNIFAC (11) method. As for necessary phy-
sical properties, empirical correlations are used in estimat-

ing diffusivity, density, viscosity, enthalpy, etc.



Chapter Two deals with the mathematical analysis in the
separation of binary and multicomponent mixtures. The method
in predicting the stage efficiency is also discussed. Chapter
Three presents the results and conclusions of the study that
the model is applied in the following operations: (1) a binary
separation using a one-stage column having a single-bubble
cap; (2) a binary separation in a multi-stage column with a
single-bubble cap; (3) a binary separation in a multi-stage
column with a given multi-cap arrangement; and (4) a ternary
separation in a multi-stage column with two-bubble caps.

Some recommendations are made in Chapter Four. The objective
of this thesis is to develop a model that represents the dis-
tillation operation, and ultimately using this model to pre-

dict the stage efficiency.



CHAPTER II
THEORY

A large portion of chemical engineering design 1is con-
cerned with separation operations. Many of these are diffu-
sional operations of the phase-contacting type such as dis-
tillation, absorption and extraction. In distillation, the
less volatile component is transferred from the vapor to the
liquid phase. These two phases are intimately mixed and then
separated and led independently to the adjacent stages. The
intimate contact between phases can be achieved by using a
bubble-cap tray, a sieve tray, or a variable orifice tray.
Figure 3 schematically illustrates the vapor is issued from
the slots in a bubble-cap. The mass-transfer mechanism con-
sists of two parts: (1) mass-transfer during bubble formation,
and (2) mass-transfer during bubble rising. It is generally
assumed that the mass exchange rate during bubble formation
is significant. Therefore, 1t is most important to take
this into account. However, this transfer mechanism is very
complex, it is far beyond the knowledge to obtain an analy-
tical solution to represent this phenomenon. An empirical
correlation developed by Skelland (36) is used to calculate

the mass exchange rate during bubble formation which will be
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Fig. 3 Schematic illustration of gas issuing from
a slot in a bubble-cap.



discussed in Section C. The mass-transfer during bubble rising
can be split intc two parts, the transfer of a binary system
and the transfer of a multicomponent mixture. The subjects

are discussed in Sectlon A and Section B respectively.

A, Mathematical Modeling Of Unsteady-3tate Mass-Transfer
From A Spherical Gas Bubble To Liquid Media Of A Binary

System

During bubble rising, a less volatile component transfers
from liquid to vapor phase, and a more volatile component simul-
taneous transfers back into the vapor phase. The discontinuous
phase may be regarded as the spherical bubbles, in which mass-
transfer occurs by unsteady-state molecular diffusion as shown
in Figure 4. The following assumptions are made:

1. The concentration of solute (component A, which is
a heavier component or a less volatile component) is
uniform at GAO throughout the sphere at the start of
diffusion (t = 0).

2. Diffusion is radial, there is no variation in con-
centration with angular position, and physical pro-

perties are constant.

3. The resistance to transfer in the media surrounding
the sphere is considered, so that at the surface of

the sphere, there is a gas film resistance.

L. At the vapor-liquid interface, gas phase concentration
is in equilibrium with the concentration of bulk

liquid phase.



(a)

Interface
)

Liquid phase mixture

Gas phase mixture
of A and B

of A and B
F — — —— o— —
\.A _-—-\
CAg

Cag,1

(b)

Fig. 4 (a) Section of a sphere in which mass transfer is
occuring by unsteady-state molecular diffusion;
(b) concentration profile of A (heavier component)
in the neighborhood of a gas-liquid interface.
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By referring to Figure 4, the center of the sphere is the
origin of coordinates; the concentration at the surface of
radius r is GA, and at the surface r+dr is CA + dCA. A control
volume is defined as a region between these two surfaces at r

and r+dr. The rate of solute A flows into the control volume is

2C
_D<4wr2)§;ﬁ (2-1)

where D is the diffusivity coefficient. The rate of solute A

flows out the control volume is

)
-D (47 (r+dr)?) [5?— + ==(5s==)dr) (2-2)

The net flow rate of solute A into the control volume is
obtained by subtracting equation (2-2) from equation (2-1), the

result is

2
) 0 CA BGA
ZI,TI‘D(I‘ -é?z—' dr + Z2r 'a-‘f"" dl") (2—3)

The rate of accumulation of solute A in the control volume is

aC
(hrr2dr)—=t (2-4)

(o34

Combine equation (2-3) with equation (2-4) yields

2
3% = D(E—E% v 2 i—O-A) (2-5)
) or r or

11



The initial condition and boundary conditions follow from the

assumptions above are:

I.C. at t

1
(@]
(@}

i

C

A AO
B.C.(1) at r = 0, C, = finite
: BCA _
B.C.(2) at r = R, —D§¥—lr=R = KG(GA - CAgl)
The B.C.(2) can be rewritten as
R 2
at T - R, DA =K[OCAMrdr-c
’ or|r=R Gl (4/3)m R3 Agl
where R = the radius of the sphere
EA = average concentration of A inside the sphere
CAgl = the gas phase concentration which is in
equilibrium with the existing liquid phase
concentration
KG = overall gas phase mass transfer coefficient.

Introducing the dimensionless variables,

T t
0 = , N =%, and T = Sz
Cro = Cam B R

equation (2-5) becomes

30 _ 2%0 , 2 30
T = anT + = 3 (2-6)



with the initial condition and boundary conditions:

I.C. at t =0, @ =0

o
(@p}
—
—
~
o
o

3
It

(@]

[©]
1

finite

90 !

5 _ 30 _ _ 2
B.Cc.(2) atn =1, 3 n=1 Nsh(T BJ 0 n dn]

0]

where Ns is the Sherwood number defined by:

h

Equation (2-6) can be solved by taking Laplace Trans-

formation with respect to T, then

= — 320 2 20
—_ = + = = -
S0 0{(0,n) Iz noan (2-7)

and the boundary conditions become

B.C.(1) atn =0, 0 = finite
1 —
_ - 2 2
B.C.(2) atn =1, Tl n=1 Nsh{s BJO 0 n dn]

The second term on the left hand side of equation (2-7) is

zero as the initial condition stated.

13



Define a new variable, let

f = no (2-8)

Inserting equation (2-8) into equation (R-7), equation (2-7)

can be simplified as

Qs
N
HH

sf

I
O

(2-9)

!

There is a general solution for equation (2-9), which is

~ G4 o
0 = . Sinh(V/s n) + - Cosh(vs n) (2-10)

where C1 and 02 are arbitrary constants. With boundary
condition (1), C, has to be equal to zero; otherwise, 0 will
be undefined at n = 0. Equation (2-710) then becomes

0 = o Sinh(v/s n) (2-11)
Constant C,1 can be determined by applying boundary condition

(2). Inserting equation (2-11) into boundary condition (2),

the left hand side can be rewritten as

30

£, . = - C, Sinh/s + C. /s Cosh/s (2-12)
anin=1 1

,
and the right hand side of boundary condition (2) becomes

14



! N 3C.,N

Nsh(% - 3[ 3 n2 an) = :h - ; Sh (/5 Gosh/s - Sinh/s)  (2-13)
6]

By combining L.H.S. with R.H.S., C1 can be obtained. The

result is

Nsh

17 s+ 3 Nsh)(/s Cosh/s - Sinn/s) (2-14)

Therefore, the solution for © is

_ Ny, Sinh(vs n)

=173 K _,) (/5 Cost/s - Sinh/s)n (2-15)

Equation (R2-15) needs to employ the technigue of inverse
Laplace Transformation to obtain a final solution for 0. In
order to find all the residues, equation (2-15) can be re-
written as a polynomial expression by introducing the defini-
tions of the hyperbolic sine and hyperbolic cosine,

Pa) NSh s

@:
(s + 3 Nsh)

3 5 sn)’
(/5 el en)® )

S
7 T 5 3 5 (2-16)
t@m(g) ACOMN OISRV O L) =...>]n

with further simplifications, equation (2-16) becomes

15



n? nt o2 n® .3

5 Ny, 1 (1 + 378+ 378" + 578 +...) (2-17)
s+ 3N s (L4 =L s+ == 52 +...)
3 3@ 84_0 L

It is obvious that there is a simple pole at s = 0, a simple
pole at s + 3 N, = 0, and a simple pole at /s Cosh/s = Sinh/s.
The residue at pole s = 0 can be obtained by taking the limit

on equation (2-17) as s approachs zero,

n n n
. LI ] (1+§T stEy s? +oy st o
l_];TS S TS + 3 N h> —S- (_1_. + __1.. + 1 2 4 ) © (2—18)
S s 3 35 S 50 ° .
and the result is equal to 1. The residue at pole s + 3 Nsh =0

can be derived as following:

2 L 6
_ L (“%T s +-g-[— 52 +,ﬂ7—!— s° ta.a) o
Lim (s+30 e =T 7 7 T e
s+—3NSh sh s(§ t 35 8 + 570 ° teud)
=N o Mgy T sinl BNSh. n) (2-19)
sh (/BNSh Cos/BNSh - Sln/BNSh) M

The simple pole at /s Cosh/s - Sinh/s = 0 is an eigenfunction.
By introducing a new variable a , and letting s = —a;, this
function can be rewritten as

@ = Tan (an) (2-20)

16



Many eigenvalues are satisfied with this eigenfunction as
illustrated in Figure 5. A computer program in search of
these eigenvalues is given in Appendix A, and the first
fifteen eigenvalues are listed in Table I. The residue of
equation (R2-15) and its equivalent (2-17) at s = —a; can then

be obtained as

N, Sinh(/s n)

lim (s + a?) - e®t
oo n’ (s + BNSh)(/E Cosh/s - Sinh/s) n
n
. 2 Nop Sin(ann) e”a;T 5 21)
= 7 Py -
(BNSh - an) (Sin an) n

Once, all the residues are found, the final solution can be

written as

0 =1 + Nsh Siﬂ(/BNsh n) e-SNShT
(/BNSh Cos/BNSh - Sin/BNSh) n
o 2 N Sin(a_ n) 2
IR G et (2-22)
n=71 sh n n

By the definition of dimensionless variable ©, equation

(2-22) becomes

17
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Sketch of an eigenfunction ( X = TAN X ) and its eigenvalues.

5

Fig.



Table I

Eigenvalues of a_ = TAN a
w, = 4.4934095
0, = 7.7252518
oy = 10.9041217
a, = 14.0661939
ag = 17.2207553
ag = 20.3713030
Uy = 23.5194525
ag = 26.6660542
0y = 29.8115988
0 = 32.9563890
ayq = 36.1006222
Uysp = 39.2444323
Gqq = 4L2.3879136
0, = 45.5311340
0pp = 4B.6T41442

19



LI Sin(VBNSh n)

-3N .1
C, = C,n - (G, = C, )1+ : e 3 Nsn
A AO AO Agl (/BNSh COS/BNSh - Sln/BNsh) n
¥ f (3§ Ten ii?gg?n) ) 6~%n" (2-23)
n=" sh =~ "n n Gp
The rate of transfer at time t across the surface of the
sphere is
BCA
ATRZN, () = _AnRZD(g;—)lr:R (2-24)
BCA
37 can be evaluated at r = R from equation (2-23), then
N, e NanT
Npp(t) = -(Cypg = Cyyp) R
o 2 N (a. Cosa_ - Sin a_) 5
+ Z sh n - n n e—OtnT] (2_25)
n=1 (BNSh - an)(Sln an) R
1
The total mass-transfer up to time t is NA’ where
1 2 t
NA = 4TR Jo NAr(t) dt
_ 2 R -3N .1
= 4mR2(C,, - cAgl)[3 (1 - e“"sn")
o 2N . (o Cos a_ - Sin o ) R 2
] eyt (1 - )] (2-26)
n=1 3 sh =~ %n in G,/ Gy

20



The total transfer per unit surface up to time t 1is

N
A _ R -3N_, T
W = <CAO - CAg:L)[B (1 - e sh™)
o 2N (a. Cos a_ - Sin a_) R
. sh ‘"'n n D (4. e—uéT)] (2-27)
n:

2 . 2
1 (3 Nsh - &n)(Sln un) a2

A material balance on the transfer up to time t is

4rre = x| (2-28)

in which EA is the average concentration throughout the
sphere at t. The dimensionless average concentration @' is

defined as

or = AQ A
T C - C
AO Agl
o 6N . (a_ Cos a_ - Sin a_) 5
_ -3N . T sh' 'n n n -acT
= (1 - sh ) + Z— (3N — az)(sin a ) 0',2 (1 - & n ) (2-29)
n=7 sh n n n

A computer program for calculation 1-0!' with various T and
Sherwood number is given in Appendix B. The result is presented
in Figure 6. It is important to note that as time increases,
the 1-0' curve is levelled off, which indicates after a certain
amount of time, the mass-transfer rate reaches a limiting

value.
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Equation (2-27) can also be written in the form of mole

fraction of A, that is

A _ R -3N T
ez = C (Typ - YAgl)(B (1 - o7 eh?)
R e e U Py (2-30)
n=1 sh = %p/ PR 8y Gy
where C = OA + CB = molar density of gas mixture
CA = molar concentration of A
Y —_

A GA/C = mole fraction of A

A new variable, QL defined as overall mass-transfer up to

time t during bubble rising can be expressed as

off (2-31)

where Aeff is the effective contact area of all the bubbles

issued from the slots in a bubble-cap. For convenience,

equation (2-31) can be rewritten as

0 = (g = Ypp) FOToehepp) (2-32)
where
_ R -3N . T
F(Nsh,T,un,Aeff) = [3 (1 - e sh)
w 2N R (o Cos o - Sin a ) 2
sh n n n -0°T
b —— ; (1 - o n)]oA (2-33)
pzq BN = af)(Sin o ) af eff
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B. Mathematical Analysis Of Mass-Transfer During Bubble

Rising Of A Multicomponent System

Multicomponent diffusion is the transport process in
which the concentration gradient of one component affects
the flux of a second component. The study on the effects
of multicomponent diffusion are split into parallel efforts
of theoreticians and of ecperimentalists. The theoreticians

initiated their studies with the Maxwell equation(23),

—— (v, -y (2-34)

where dij in gases is a binary diffusion coefficient, and

the Vi's are component velocities. This equation suggested,
on the basis of kinetic theory, that multicomponent diffusion
in dilute gases can be described by a summation of binary-
like diffusion terms. At the same time, Onsager(27) proposed

an equation which is favored by experimentalists,

S z Dy VG, (2-35)

where ji is the flux relative to the volume-average velocity.
This form of the equation was preferred by experimentalists
because the Dij are easier to measure experimentally. The
scientific development of multicomponent diffusion becomes

faster after Onsager and Maxwell's initial efforts to establish
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the experimental nature and mathematical analysis of deter-
mining the diffusion coefficient. After many research
projects have been accomplished, it resulted to the following
conclusions as stated by Cussler(8): (1) it is generally be-
lieved that the multicomponent diffusion is often a small
effect. (2) All flux equations proposed by different investi-
gators are equivalent with each other. (Although, in some
cases, the form of equation is more complex than the others.)
(3) A binary solution to a mass-transfer problem without
chemical reaction is sufficient to allow the multicomponent

solution to be written down in an eqguivalent form.

This section presents the basic mathematical analysis
necessary for describing the phenomenon of mass-transfer
during bubble rising of a multicomponent system. A lineari-
zation method proposed by Toor(42) is introduced in order to
reduce the equations of diffusion in a multicomponent system
to a set of equivalent binary diffusion equations. Then,
solutions to the equations of multicomponent mass-transfer
may be written as matrix mass-transfer equations. The chief
mathematical results are that multicomponent diffusion coe-
fficients can be predicted from binary diffusion coefficients,
and solutions to the multicomponent mass-transfer problems
may be obtained in terms of solutions to equivalent binary

problems.
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As explained in Section A, equation (2-5) can be written
for a binary system. The governing equation for each of the
N-71 independent components in a N component mixture can also

be written in an equivalent form as

SCi N-1 32Ci 5 aoi
.é-t_ = j£1 Dij (-—-5-;1- + ;.‘ ’—Ta"i.‘) R 1, L S N"’I (2—36)

I.C. at t = 0, Ci = CiO i =1, ..., N-1
B.C.(1) at r = 0, Ci = finite i=1, ..., N-1
N-1 aGi
B.C.{2) at =z =R, - 321 1] _§?|r=R
N-1 o
= qu KG (Gi - Cigl> i=1, ..., N-1

where Ké is the overall gas-phase mass-transfer coefficient
which is a function of Dij'
If the Ci are written as the elements of a column vector
(C), the concentration vector; and the Dij as the elements of
a matrix (D), the diffusion coefficient matrix; then in matrix
notation, equation (2-36) and initial, boundary conditions

become
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Hln
QL
—~
Q

L (2-37)

I.C. at t = 0, (C) = (CO)
B.C.{(1) at r = 0, (C) = finite
a(c) !

B.C.(2) at r =

|
=]
H
—
I
fN—

7| r=r = (Kg) [(©) - (Cgl)]

!
where (KG} is an overall mass-transfer coefficient matrix

since it is a function of (D).

Equation (2-37) and boundary condition (2) are now parti-
ally linearized by assuming that the matrix (D) may be treated
as concentration independent. Toor(42) indicated that the
errors caused by this assumption are not seriuos even for the

moderate concentration changes.

The determination of concentration profiles has been
developed through the efforts of Toor(42). It begins with
continuity and flux equations for multicomponent mass-transfer
problems. Toor assumed that there exists a non-singular matrix

(t) which can diagonalize matrix (D):

()7 (D) (&) = (o) = 92 (2-38)
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where (t)7! is the inverse of (%), and (o) is the diagonal
matrix of the eigenvalues of the diffusion coefficient matrix

(D). Defining a new combined concentration (¥) as:

(c) = () () (2-39)

(6) A - ) (v [+ 2 )] (2-40)

with initial condition and boundary conditions:

I.C. at t

I}

0, (t) (v)
0, (t) (v)

(t) (w,)

finite

H

B.C.(1) at r

B.C.(2) at r =R, - (D) (1) ¥

il

- (1) (8) [@) - (u,y)]

Now, multiply both sides of equation (2-40) and its initial
condition and boundary conditions by [t}_l. A new set of

equations can be obtained.

alo) - (o) R 2 2, (2-41)
I.C at t =0, (V) = (¥)

I

B.C.(1) at r = 0, (v) finite



3.0.(2) avz -, - (o) B - ) () - ()]

"
where [KG] is a function of (o).

Introducing the dimensionless variables,

_ (o) = (W) _ (o) ¢
IR PR O I

equation (2-471) then becomes

901 _ 2%20; , 2 36,
311 an?Z n an (2-42)
with initial condition and boundary conditions:
I.C. at T, = 0, ©6; =0
B.C.{(1) at n =0, 0, = finite
1
- 001 _ _ 2
B.C.(2) atn =1, 5 = Nopy (1 3{0 01 n? dn)
where N_, , is the Sherwood number, and a function of (o).

Equation (2-42) and its initial, boundary conditions
have exactly the same mathematical form as equation (2-6) for
a binary system. As a result, the exact same solution
structure for a binary system can be expected for the multi-

component system:
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N Sin(vV/3W_ .. n)
0, = 1 + sh1 shi e"BNshTTl
(VBNSh1 Cos VBNSh1 - Sin /3N8h1) n

© 2 N Sin(a_ n)
: h1 n
) 2 - e n (2-43)
n21 BVgpq - o) (Sin e ) n

It is convenient to define a new function, F1(Oi’ n, Ti),

to represent the right hand side of equation (2-43). Equation

(2-43) becomes

(llJo) - (IU) = F
ﬁ)o) - (lng]_)

;o n, T4) (2-44)

1

Then, the final solution for (V) can be written as

() = o) = Filog, n, 1) (W) = (v )] (2-15)

1

This result 1s completely analogous to the binary result of
equation (2-23). There are only two real differences. First,
instead of the actual concentration Ci, we now have a new
combined concentration, wi. Second, instead of the binary
diffusion coefficient D, we now have the eigenvalues ;.
However, the concentrations in equation (2-45) are not those
actually measured. To convert equation (2-45) back into the
actual observed concentration, first rewrite equation (2-39)

as
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(V) = (L)' (o) (2-46)

by multiply both sides by (t) !. 1Insert equation (2-46)
into equation (2-45), and multiply both sides by (t) to

obtain a final solution as below

(0) = (0g) - (8) Bylog, ny 1) ()70 [(6g) - (6] (2-4M)

Thus, equation (2-47) is the concentration profiles in a
multicomponent system in terms of the binary solution to the
problem, where the binary diffusion coefficient 1s replaced

by each eigenvalue of the diffusion coefficient matrix.

Following the same derivation procedure as in Section A
for a binary system, the overall mass-transfer up to time t
in terms of mole fraction of component i during bubble rising

can be obtained as

(@) = (8] Fylog, ny 15, A pp) (8)7F ((YO) - <Yg1)] (2-48)

where
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1

Ci = molar density of gas mixture

1

molar concentration of component i

Ci/C = mole fraction of component i
K(oi) R
5 = Sherwood number
i
o. t
E = dimensionless time

overall mass-transfer coefficients

effective contact area of all bubbles

It is possible to obtain analytical solutions for con-

centration profiles in a ternary system. To illustrate how

this is done,

one starts with the estimation of the multi-

component diffusion coefficients. For dilute gases, the

ternary diffusion coefficients for the generalized Fick's

law diffusion coefficlents can be written down in terms of

the generalized Stefan-Maxwell(23) diffusion coefficients as

11

12

21

d13 (d12 (Y2 + YB) + d23 Y1]

T, dyg (dgg - dyp) (2-51)
- i

Yo dyg (dyy - dqp) (2-52)
- 3
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D,, = (2-53)

3 492 (2-54)

where d13, d23, d12 are binary diffusion coefficients, and

Y Y

"I!

various binary diffusion coefficients can be predicted from

o Y3 are the mole fractions of each component. The

the kinetic theory. Therefore, the multicomponent diffusion
coefficients, Dij (i=j), "main diffusion coefficients"; and
Dij (i#3), "cross diffusion coefficients"; can be obtained

from these binary diffusion coefficients.

For a ternary system, equation (2-39) can be rewritten as

2
C, = kzq b Yy i=1, 2 (2-55)
where
1 Do 1 Dyq - 04
RIS Doz = 9q| _ Doy (2-56)
D - 0 D -
b % 22 2 21
21 Toz - 1 . - 1
12 19 = 95
and equation (2-38) becomes
=1
EERTP) Dig Pral (P11 2] _ |9 (2-57)
tor Tonl Doq Donl |toq Top 9,
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where

- 1
01 = & (Dyq + Dy + V(D = Dy )® ¥ 4 Dy, D7) (2-58)
— 1
0y = 2 (Dyq + Doy = V(D = D)™ ¥ 4 Dy Dyy) (2-59)
e e -1 ; P12 ; °1 = P1a
L e P L T P) R B P21 | (2-60)
bt 2 = Doy 21
21 boo = 1 el 1
12 2 - Diq

Equation (2-47), the concentration profile, can be re-

written for a ternary system as

2
-1
j—1k£1 tij F1(G-’ n, tT.) t. (CiO - Gigl) (2-61)

which in terms of component A and B can be rearranged to give

[(D11 - 05) (Cyp - Cyq) + Dyp (Cpg - CBgl)] P (o)
110951, Ty

0'.1-02

F/}(Ozfﬂ”[z) (2"62)

(Dyq - 04) (Cyy - Cpoq) * Dyy (Cpg - Opq)
02—0,1
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and

) Doq (Cyp = Cppp) * (Dpy - 05) (Cgpy - Cp q)
Cg = Cpp -

F»](O—z’n”fz) (2‘63)

Doq (Cpg = Cppq) + (Dpy - 04) (Cgy - Cgq)
92 = 94

where F1(Oi,ﬂ,Ti) is expressed as in equation (2-44).

The overall mass-transfer up to time t during a bubble
rising in terms of mole fraction of component A and B for a

ternary system can be expressed as following:

. - (Dy4-0) (Y q-T) 904D 5 (Yp-Tp 1)
r,A T G, - O,

1 Folo,m,tysh pp)

(D, . -0 )(Y, =Y, V4D (Yor=Yo )
+[ 117717 7AD "Agl’ 12 7BO Bﬁll Fp(05,m,Tyh o) (2-64)

02—61

Do (¥, =Y, )4+ (Dpr=0,)(Yon=-Yo =)
21 A0" fApl 22792/ V13p7 el
[ F2(01’”’T1’Aeff)

%1 = 92

D1 (¥ g=¥y 1 )% (Dpp-04) (Ypq-Tp 1)
02—01

F2(02,H,T2,Aeff) (2_65)

where Fz(ai,n,Ti,Aeff) is expressed as in equation (2-49).
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C. Empirical Correlation Of Mass-Transfer During Bubble

Formation

The mechanism of mass-transfer of the distillation
operation in a stage consists of two parts. They are (1) the
mass-transfer during bubble formation, and (2) the mass trans-
fer during bubble rising. Sections A and B have presented
the analytical solutions of mass exchange rate for a binary
and a ternary system during bubble rising. However, due to
the complex phenomenon of the mass-transfer during bubble
formation, it is difficult to obtain an analytical solution
to represent this transport process. This section presents
an empirical correlation proposed by Skelland(36) to simu-

late the rate of mass transfer during bubble formation.

The rate of mass transfer during bubble formation in a

plate can be written as

U = Kgp Ay (Tpp - Ty (2-66)

where Qf = the rate of mass-transfer during bubble formation

de = overall coefficients of mass transfer during
bubble formation

Af = total interfacial area during bubble formation

YAI = mole fraction of component A in disperse_phase
enter to stage

Tpg1 = disperse-phase mole fraction of A that in equili-
brium with existing continuous-phase mole fraction
in stage
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If the bubble is assumed to grow as a sphere, Skelland(36)
suggested that the interfacial area, Af, can be related to
the bubble diameter and the number of perforations per plate.

In the equation

_ 3 2 -
he = SN ﬂdp (2-67)

dp is the bubble diameter and No is the number of perforations

per plate.

The overall coefficient of mass-transfer during bubble .

formation can be represented as

AL
W

(k' %)
Kee = %Cf d£ (2-68)
kcf + kdf o
where kgf = individual disperse-phase coefficient of mass
transfer during bubble formation
%
kcf = individual continuous-phase coefficient of mass

transfer during bubble formation

o = slope of the equilibrium curve
Skelland and Hemler(37) used least-squares statistical tech-
niques to correlate 23 experimental measurements to obtain

A
N

an empirical correlation for kd This equation,

£°
4 L 2 9.088 4 2 T0, 33k u ~0,601

* - 4

ko= 0.0432 22(8), (%) (—E-) (———) (2-69)

af tf M”Av dpg thd Ii;igagg

has an average absolute deviation of about 26 percent.
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A similar study was performed by Skelland and Minhas(38).

v}

They proposed an equation to estimate sz as
L
¢, = 0@, Qo' et T EETTT
cf tf M7Av tf Apgtfuc dp

This equation correlated 20 data points with an average abso-

lute deviation of 11 percent.

In equation (2-69) and equation (2-70), tf is the time

of formation of a single bubble, it can be expressed as

tf - % d 7 u (2-71)
o) o
and do = orifice or perforation diameter
u, = veloclty of disperse-phase through orifice
g = acceleration due to gravity
g, = conversion factor
M = mean molecular weight of phases under consideration
p = mean densities of phases under consideration
0 = surface tension
Moo My = viscosities of continuous and disperse phases
Dc’ Dd = diffusivi?y coefficients of solute in continu-
ous and disperse phases
PLr Pgo Ap = densities of continuous and disperse phases;

absolute values of Py = Pg-
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D. Mathematical Simulation Of The Distillation Operation
In A Stagewise Column

Stagewise columns are widely used in gas-liquid
contacting operations such as distillation, gas absorp-
tion, and stripping. These types of operation achieve
intimate contact between the vapor phase and liquid
phase in a discontinuous manner. The stage may take
the form of bubble-cap plate, sieve plate, or a variable
orifice plate. The plate contact device is designed to
contact the vapor and liquid in such a manner that area
and time of contact are maximized so as to approach the
equilibrium stage. This section presents a method that
uses plate-to-plate calculations involving material and
enthalpy balances, vapor-liquid equilibrium relationship,
physical properties, tray hydraulics, and rate of mass-
transfer to determine the guantities of liquid and wvapor,
the temperature of each plate, and the composition of

each stream from each plate.

D.17 Binary Separation

A schematic representation of a plate is shown in
Figure 7. The vapor Vn—1 rising to the plate n from plate

n-1 and the liquid Ln falling from plate n+1 to plate n,

+1
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(a) Top view of the layout of a bubble-cap tray;
(b) Side view of a bubble-cap tray as separated
into several regions. Material and energy balances

can be made on each reglon.
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the vapor and liquid phases are intimately contacted by
bubble-caps. In the plate, plug flow is assumed as the liquid
flow pattern across from the submerged inlet weir to the over-
flow outlet weir. The material and energy balances combined
with the rate of mass-transfer equations are modeled to a
section perpendicular to the direction of liquid flow on the
plate. The vapor-liquid equilibrium relationship assumed

that the vapor phase is ideal and that the liquid phase can

be represented by the UNIFAC equation{(11).

As illustrated in Figure 7, the plate can be separated
into several regions that perpendicular to the direction of
liquid flow. If there are N bubble-caps on the plate, the
flow rate of vapor passes through each bubble-cap is Vn-T/N‘
Now, assume that the mth region on the plate has Nm bubble-~
caps, then the flow rate of vapor enters the mth region,

v is Nm Vn-1/N' Take the mth region in consideration,

n-1,m’

the overall material balances around the mth region can be

written as

Vn—‘l,m ¥ Ln,m - Vn,m ¥ Ln,m—1 (2-72)

The component material balance is
Vn—1,m YA,n—1 * Ln,m XA,n,m - Vn,m YA,n,m * Ln,m—1 XA,n,m—1
(2-73)
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The energy balance 1is

Vocqm B (Y T .) + L h

A,n-1’ "n-1 n,m 1(

n,m V(YA,n,m’ Tn) * Ln,m—T hl(XA,n,m—1’ n

The rate of mass-transfer during bubble formation is

Qf - de,n,m Af,n,m (YA,n—1 B YAgl,n,m)
which can also be written as

Qf - Vn—1,m (YA,n-1 - YAO,n,m) (2-76)
The rate of mass-transfer during bubble rising is

Qr - (YAD,n,m - YAgl,n,m) F<Nsh’ Ts G Aeff> (2-77)

The overall rate of mass-transfer including bubble rising

and formation is

Qf T s Vn—1,m YA,n—1 - Vn,m YA,n,m
The overall material balance around the plate n is
Vo g ¥ Lpq =V, + 1L, (2-79)
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The component material balance around the plate n is

Voot Taynet T Paer Fainer T Vn Tan Pk Kan (2-80)
The energy balance around the plate n is
2 2
Vn-1 .Z HV(Yi,n—1’ Tn—ﬁ) + Ln+1 .Z hl(Xi,n+‘l’ Tn+1)
i=1 i=1
2 2
=V Z HV(Yl’n, Tn) + L Z hl(Xl’n, Tn) (2-81)
i=1 1=1
The restriction on fractional concentrations are
XA,n + XB,n = 1 and YA,n + YB,n = 1 (2-82)

where the variables used in equation (2-72) to equation

(2-82) are
Vn—1 = the flow rate of vapor entering the plate n
Vn = the flow rate of vapor leaving the plate n
Ln+1 = the flow rate of liquid entering the plate n
L, = the flow rate of liguid leaving the plate n
YA = the mole fraction of A in vapor phase entering
yn-1 :
the plate n
YA = the mole fraction of A in vapor phase leaving
’n
the plate n
X = the mole fraction of A in liquid phase entering
A,n+1
the plate n
XA n the mole fraction of A in liquid phase leaving
’

the plate n
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= the mole fraction of A in vapor phase which is

Agl,n,m 5 equilibrium with the existing liquid in
nth plate mth region
YAO aom - the initial mole fraction of A in vapor phase
7 after bubble formed in nth plate mth region
Hv = enthalpy of vapor
hy = enthalpy of liquid

F(Nsh, T, O, Aeff) = as defined in equation (2-33)

The procedure to achieve these plate-to-plate
calculations is as following:

1. YAgl,n,m is in equilibrium with XA,n,m—1 can be

calculated by using the UNIFAC method.
2. Y44, n can be solved by combining equation (2-75) with
equation (2-76), the result is

) K A
Tao,n,m T ta,n-1 7 df’@’m L.0.m

(¥ ) (2-83)

- Y
n-1,m A,n-1 Agl,n,m

3. There are insufficient equations to evaluate the composi-
tion and the quantity of Vn - However, one can initially
I}
assume that V =V (constant molar overflow is
n,m n-1,m

assumed) to proceed the calculations.

40 Y
(

can be obtained by combining equations (2-76),

A,n,m
2-77), and (2-78) as

v

¥ =7 __.1.:1:.1._’.2 - (Y - Y )
A,n,n AO,n,m Vn,m AO,n,mn Agl,n,m vn,m
(2-84)
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Ln , can De solved by using equation (2-72).
’

The mole fraction of A of liquid entering the mth region

can then be calculated by using the equation below

v Y + L
X _ ‘n,m “A,n,m n,

A,n,m

X

1 X n,m-1 7 Vnoq,m YA, n-1

I

(2-85)

m-
L
n

A new quantity of Vn n can be evaluated by using equation

(2-74), and a new composition Y, can be obtained by

s 0, T

inserting the new value of V_  into equation (2-84).

Convergence is checked by lYA,n,m,new - YA,n,m,oldl <
specified error. The speed of convergence depends on

how strong the molal latent heat varies with the temperature
and composition, and that the molal heat capacities varies
with temperature. Repeat step 4 to step 7 1f necessary,

and as soon as the absolute error falls below the speci-
fied maximum error, the calculation is stoped and proceed

to next region.

The local efficiency can be defined as

Y - Y
B _ TA,n,m A,n-1

= (2-86)
local,m YAgl,n,m - YA,n-1

The average composition of vapor leaving the plate n can
be obtained by

m
m§1 YA,n,m
YA,n,avg - m (2-87)
and the average plate efficiency can be defined as
m
m£1 Elocal,m
E = (2-88)

Avg m
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10. The quantity of vapor leaving the plate n is

m
V= J v (2-89)

and the quantity of liquid entering the plate n can
be solved by using equation (2-79).

11. The next plate temperature, Tn+1’ can be estimated by
using equation (2-81), the result is

2

p

i=1

2
E h, (X T , Tn) + L,

n+1) - (Vn HV(Yi,

i,n+1’ n

2 2
21 hl(Xi,n’ Tn) - Vn—1 Z Hv(Yi,n-1’ Tn—1)l/Ln+1 (2-90)

The procedure mentioned above when combined with the
specified operating conditions of a distillation column can
solve the binary separation by repeating the plate-to-plate

calculations from the bottom to the top of the column.
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D.2 Multicomponent Separation

The term multicomponent system can be used to describe
all systems containing more than two components. For a sys-
tem having N components to form the mixture, there are N-1
independent equations that can be written for the component
material and energy balances. The overall material balances,
component material balances, energy balances, and the rate
of mass-transfer equations apply to the multicomponent dis-
tillation operation are as following: By referring to
Figure 7, the overall material balances around the mth

region can be written as

(2-91)

n,m “i,n,m n,m-1 Xi,n,m—1 i=1, ..., N-1 (2-92)

The energy balances around the mth region is

N

N
.z Hv(Yi,n-1’ Tn—1) * Ln,m 151 h1<Xi,n,m n

Th)  (2-93)



The rate of mass-transfer during bubble formation for each

component is

Qf.=K A (Y.

. - Y
,1 df,i,n,m " f,n,m i,n-1

igl,n,m
which can also be written as

-y i =1, veu, N-1 (2-95)

i0,n,m

The rate of mass-transfer during bubble rising for each

component 1is

(Qr)n,m - (t}n,m FZ(Oi’n’Ti’Aeff)n,m [t]_l [(YO) - (Ygl)

l’l,m Il,m
(2-96)
The overall rate of mass-transfer including bubble rising
and formation is
Qf,l * Qr,l - Vn-1,m Yl,n-1 - Vn,m Y1,n,m i=1, ceey N-T
(2-97)
The overall material balance around the plate n is
Vot T Dpeq =Vt Iy (2-98)
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The component material balance around the plate n for each

component 1is

* Ln+'l Xi,n+1 = Vn Yi,n * Ln Xi,n (2-99)

The energy balance around the plate n is

N N
Vn—1 .Z Hv(Yl,n—1 n—T) * Ln+1 .Z hl(xi,n-ﬂ’ Tn+1)
i=1 i=1
N N
=V, g HV(Yi’n, Tn) + L Z hl(Xi’n, Tn) (2-100)
1=1 i=1
The restriction of fractional concentrations is
N N
121 Xy g =1 and i; Y, o, 0= (2-101)
where
(Qr) = the column vector of the rate of mass-transfer
during bubble rising
(YO) = the column vector of the initial mole fraction
after bubble formed
(Ygl) = the column vector of the mole fraction that

in equilibrium with the existing liquid

The plate-to-plate calculation can be achieved by using
numerical methods for a multicomponent separation. However,
it is possible to obtain analytical plate-to-plate calculation

for a ternary system. This will be further discussed below.
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For a ternary sysbtem, equation (2-64) and equation (2-65)
are used to substitute equation (2-96). The following pro-

cedure is used to solve s ternary separation.

1. YAgl,n,m and YBgl,n,m can be evaluated from the UNIFAC
method.
2. YAO,n,m and YBO,n,m can be obtained by the following

equations respectively.

K A

- df ,A,n,m "f,n,m
Yi0,n,m C TA,n-1 " ij Yy ne1 = Tagl,n,n
n-1,n
(2-102)
v -y _ de,B,n,m Af,n,m (Y -y )
BO,n,m B,n-1 V B,n-1 Bgl,n,m

n-1,m
(2-103)

3. There are insufficient equations to evaluate the composi-

tions and the quantity of Vn One can initially assume

,m’

v =V

to proceed the calculations.
n,m n-1,n

4. The exit concentrations of component A and B can be solved
by combining equations (2-95), (2-97), (2-64), and (2-65).
The results are

A,n,m AO,n,m V

Vi-1,m ((wa“gz)(YAO“YAg1)+D12(YBO’YBg1)]
n,m

¥ =¥ L-l.m
n,m 99 = 9y

FolopmsTishoen)y o ] ((D11_01>(YAO'YAgl)+D1Z(YBO—YBgl)]
n,m

v

n,m Oy = 94

Falogmto o) n,m (2-104)
7

n,m
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Vo-1,m (D21(YAO-YAgl)+(D22_02)(YBO_YBgl)]
n,m

BO,n,m Vn,m o1 - 02

Y =Y

B,n,nm

Polom b ere)nm (DZT(YAO'YAgl)+<D22_U1)(YBO'YBg1>}
n,m

Vv
n,m

O = Oy
Fz(cz,n,Tz,Aeff>n,m

i (2-105)
n,mn

5. L, , can be solved by using equation (2-91).

6. The mole fractions of liquid entering the mth region for

component A and B can be calculated by using equation (2-92).

7. The new quantity of Vn g can be evaluated by using equation
2

(2-93). Convergence is checked by lvn,m,new'vn,m,old|/

Vn,m,old < specified error. Repeatl step 4 to step 7
if necessary.

8. The local efficiency of component A and B are

Y - Y

A,n,m A,n-1
E = 2= 2- (2-106)
A,local,m YAgl,n,m - YA,n—1
Y - Y
B,n,m B,n-1
B = a— 2 (2-107)
B,local,m YBgl,n,m - YB,n—1
9. The average compositions of component A and B leaving
the plate n are
m
mz1 YA,n,m
A,n,avg - m (2-108)
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. . m
IB,n,avg - m (2-109)

and the average plate efficiencies of component A and B are

m
mz1 EA,looal,m

EA,avg - m (2-110)
m
mET EB,local,m

EB,avg = - (2-111)

10. The quantity of vapor leaving the plate n is

m
V.= Z v (2-112)

and the quantity of liquid entering the plate n can
can be solved by using the equation (2-98).

11. The next plate temperature, Tn+1’ can be estimated by

using the equation (2-100), the result is

(X T

I RSN ]
jny

i,n+1°? n+1> - n

i

3
1(Xi,n’ Tn) - Vn—1 z Hv(Yi,n—1’ Tn~1)}/Ln+1 (2-113)

I~
joy

i

The procedure described above can be combined with the
specific operating conditions of a ternary distillation
separation to accomplish the plate-to-plate calculations

from the bottom to the top of the column.
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CHAPTER III

RESULTS AND CONCLUSIONS

In conjunction with this study on the mathematical
modeling of the distillation operation from non-equilibrium
approach, the following distillation operations were used to
verify the method proposed by the author: (1) a binary separa-
tion using a one-stage column having a single-bubble cap;

(2) a binary separation in a multi-stage column with a single-
bubble cap; (3) a binary separation in a multi-stage colunmnn
with a given multi-cap arrangement; and (4) a ternary separa-
tion in a multi-stage column with two-bubble caps. The
results of the comparisons between the theoretical predictions
and the experimental data are presented in the catagories of

binary separation and ternary separation as following:

A. Binary Separation
A.1 Single-Stage, Single-Bubble Cap Column

The effect of liguid composition on plate
efficiency is studied. Equipment consists of a
one-stage column, 6-inch in diameter with one bubble

cap on the plate. There are 8 slots per cap, the
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width of each slot in the bubble cap is 0.25-inch
and the liquid level on the plate is 13/16-inch
high. Complete details of the equipment are given
by Carey(5). Experimental work and theoretical
simulation are made by feeding various liquid compo-
sitions of benzene-toluene mixture in a single-plate
column which operates at total reflux condition.

The results show a slight effect of liquid composi-
tion on plate efficiency as illustrated in Figure 8.
A very good agreement can be observed when the theo-
retical predictions are compared with the experimental

data obtained by Carey(5).

Multi-Stage Column With Single-Bubble Cap On Each
Plate

The plate-to-plate analysis of the liquid are
performed in various types of experimental equip-
ment from a ten-plate column to a seven-plate column.
Both of the ten-plate and seven-plate columns have
single-bubble cap on each plate. In a ten-plate
column, each bubble cap has 48 slots, with 3/16-
inch width of each slot and the liquid seal has 1.5-
inch high on the plate. 1In a seven plate colunn,
there are 36 slots per cap, with T1-inch high of

liquid level on the plate and each slot has 1/8-
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Fig. 8

Effect of composition on plate efficiency,
single plate column (Benzene-Toluene runs).

* Data from Carey(5).
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inch of width. The experimental runs are conducted
with total reflux, the complete details for each run

are given by Carey(5).

The mathematical model proposed in this work is
used to simulate the operations with various operating
conditions. The plate-to-plate calculations are performed
to estimate the compositions of entering liquid phase and
exiting gas phase on each plate. A pseudo-equilibrium
curve can be located on the McCabe-Thiele diagram as
shown in Figure 9 and Figure 10, for the typical runs
in a seven-plate column and a ten-plate column respectively.
This pseudo-equilibrium curve represents the real compo-

sitions of liquid and gad phases on the actual stages.

The theoretical predictions listed in Table II are
the mathematical simulation results of five experimental
runs in a seven-plate column. A maximum error of 12.5
percent can be observed when the experimental data are
compared with these theoretical predictions in a seven-
plate column. Four sets of experimental runs are studied
in a ten-plate column. The results are tabulated in Table
I11, a 19.1 percent of maximum error is found when the
comparisons are made between the theoretical predictions

and the experimental data.
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57



1.0

9

~
7~
~
~
. y’'condehser
equilibrium curve - refluk
14
e
s
/
pseudo-equilibriu -
curve 7/
/
s &
Ve perating line X = Y
// (total reflux)
/
7
/K
/
[/
g O experimental data*
4 . .
=== theoretical prediction
| | | 1 1 ! 1 1 1
'] ‘2 03 ll+ »a5 706 n? ,08 0.9 100
X

Fige. 10 McCabe and Thiele diagram for a 10-plate

column, showing theoretical predicted
pseudo~-equilibrium curve and actual stages.

»
¥*

Data from Carey(5).

58



64

Table

II

Rectification of Benzene-Toluene Mixtures

With Total Reflux,

In Seven-Plate Column

PW-1 PW-2 PW-3 PW-4 PW-7
Run Expt.*Calc. % |Expt.*Calc., % |Expt.*Calc. % |Expt.*Calc., % |Expt.*Calc.
Still .891 . 954 .927 122 911
Plate 1! .859 .828 -3.6| .905 .926 1.6] .861 .872 1.3 .64 .603 - 5.7 - .850
21 737 740 Al .857 866 1.1 .795 788 - 9| 462 474 2.6 .75 .76 1.3
31 624 731 1.1 L7775 J784 1.1 .678 671 -1.0| .385 .353 - 8.3| .637 .641 .6
Ll 524 .510 -2.6| .686 673 -1.91 .514 .529 2.9 .269 .251 - 6.6} .5 505 1.0
50 4 L3971 -2.2] J541 542 2| .383 .386 .81 187 173 - 7.5| .386 .372 -3.6
6 .302 .287 -4.9| 436 408 -6.4L| .263 .264 Al W134 116 =134 254 .258 1.5
71 .216 .205 -5.01 .305 .290 -4.9} .147 .152 3.4} .088 .077 -12.50 .149 .163 9.4
% = Percentage Error = Calculgzgirgmgizeriment x 100%

* Data from Carey(5).




Table TIIT

Rectification of Benzene-~-Toluene Mixtures

09

With Total Reflux, In Ten-Plate Column

Run G-8 G-9 G-10 G-11
Expt.¥ Calec. % Expt.* Calc. % Expt.* Calec. % Expt.* Cale. %

Still .988 .925 .969 .97

Plate 1 978 L9777 - 1 867  .868 - .1 946 .943 - .3 942,935 .3
2 .964 .958 - ,6 784 780 - .5 .898 .899 R .907 .,902 - .5
3 924 922 - .2 663,656 =1.1 .826  .825 - .1 842 .839 -1.4
4 .871 .862 -1.0 513 .506 -1.3 728  .716  -1.6 L7310 L7230 =11
5 L7186 765 -2.6 .357 .356 - .3 .58 572 =-1.3 .595 .581 -2.3
6 646,631 -2.3 .228 .230 .8 L4200 L4160 - .9 429 L4240 -1.2
7 LA88  LAT3 0 =31 L1400 147 .7 279 276 -1.1 .284  .282 - .7
8 341 L322 -5.5 .080 .083 3.7 77 17T =304 179 01760 21,6
9 214 202 -5.6 041 .048 14.5 .108 .101 -6.5 L1 104 -5.4
10 LA27 1200 =5.5 .021 .025 19.1 054 .058 7.4 065 060 -7.7

% = Percentage Error = Calculated - Experiment % 1009

* Data from Carey(5).

Experiment




A.3 Multi-Stage Column With A Given Multi-Cap Arrange-
ment On The Stage

A.3-17 Ten-Plate Column With Two Bubble Caps On
Each Plate

The separation of carbon tetrachloride-toluene
mixture is studied in a ten-plate column. The
column is 6-inch in diameter with two bubble caps
on each plate. The slots, twelve to a cap, are
0.5-inch high and 0.25-inch wide. The details of
the column design are given by Huffman(19). A
typical run at total reflux and one atmosphere
total pressure was conducted in this ten-plate
column by Huffman(19). The mathematical simula-
tion of this operation is done by a sample computer
program listed in Appendix E. The result is illus-
trated in Figure 171 as the concentration and temper-
ature profiles are plotted vs. plate number. Differ-
ences can be found in between the theoretical pre-
dictions and the experimental data on top four
plates. It is assumed that the differences are
due to a particularly high efficiency (161%) of the
top plate that was found in the experimental run
and the inherited errors of the plate-to-plate

calculations.
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A.3-2 Three-Plate Column With Ten Bubble Caps On
Fach Plate

Ethanol-water fractionation is used to study the
variation with liquid composition of local efficiency
at the center of a plate. The equipment contains
three plates, each plate carries ten 3-inch bubble
caps with a 3-4-3 arrangement. ZEach cap has 38 slots
with 1/8-inch of width. The liquid level on the
plate is 1z-inch. The details of the column design
are given by Shilling(35). Experimental runs were
made by Shilling at total reflux and 740 mmHg of total
pressure. The mathematical simulation on this study
shows the liquid composition has little effect on the
local efficiency. The result is shown in Figure 12.
It also shows that the theoretical predictions of
the local efficiencies are in good aggrement with

the experimental data.

Ternary Separation

The separation of benzene-toluene-m-xylene mixture
is studied. The reason to study the ternary separation
is because analytical plate-to-plate calculations can be
employed. Two sets of experimental runs are used to
compare with the theoretical predictions. The experi-

mental data are taken from the work done by Nord(2s).
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* Data from Shilling(35).
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The experimental equipment that used by Nord consists

of a ten-plate column, 6-inch in diameter with two bubble
caps per plate. The slots in the bubble caps are 0.5-
inch high and 0.25-inch wide and the liquid level on the
plate is about O0.5-inch above the center of the slots.
Complete details of the column design are given by
Huffman(qg). Experimental runs were made at total re-
flux. Thus, by material balance it is evident that the
composition of the liquid leaving the plate 1s the same
as the average-vapor composition entering the plate. The
mathematical simulation results are plotted as the liguid
composition vs. plate number as shown in Figure 13 and
Figure 14. Good aggreement can be observed when the
results are compared with the experimental data (run-11
and run-12 in Nord's work). A computer simulation pro-

gram for a ternary separation is attached in Appendix F.

Conclusions

The objectives of this work are (1) to develop a
mathematical model to simulate the mechanism of mass-
transfer in a distillation column, and (2) to develop a
method to achieve the plate-to-plate calculations to
quantitatively determine the compositions of phases and

the plate efficiencies. The theoretical simulation was
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Concentration profile plotted as liguid compo-
sition vs. plate number (benzene-toluene-m-
xylene separation, run - 11).

* Data from Nord(25).
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tested with various distillation operations. The results
show good agreement with the experimental data that was

obtained from the published literature.

This investigation is intended to eliminate the need for
experimental determination of stage efficiencies, since the
experimental work is usually require substantial cost in time,
money, and effort. Furthermore, the applicability of such
experimental data measured on small-pilot-plant to large-
scale equipment is always an uncertain matter. This work
consists of using the rate equation of mass-transfer during
the bubble formation and rising on each plate, and to define
the pseudo-equilibrium curve. This curve is used in place of
the true equilibrium relationship to determine real composi-
tions of phases leaving a plate. It is believed that the
method presented here provides a way to approach a successful

design of a distillation column.

Although, this work is successfully developed and it is
able to achieve the objectives that were set at the begining
of this project, it must not be thought that the design pro-
cedures outlined in this study for the stagewise column is
the final form of treatment. This study i1s considered to

be an initial effort.
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CHAPTER IV

RECOMMENDATTIONS

In this work, the discussion of plate-to-plate
calculations assumed that the pressure throughout the
column is essentially constant. Actually, the pressure
is not constant, or there would be no vapor flow from
the bottom to the top of the column. Thus, the pressure
does change from plate to plate. This pressure drop
affects the vapor-liquid equilibrium relationship, and
the vapor phase physical properties. Therefore, further
study is suggested with regard to the effect of changing

pressure.

The liquid flow pattern on the plate is assumed as
plug flow in the present work. The liquid flow pattern
is designed to give the best contact with the vapor, and
requires the minimum hydraulic gradient or buildup of
liquid across the plate. Various flow patterns such as
backmixing, reverse, and double-cross, etc. do exist.
In the future, the rate of mass-transfer equation combined

with various flow patterns should be investigated.
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APPENDIX A

COMPUTER PROGRAM IN SEARCH OF

EIGENVALUES OF FUNCTION X = TAN(X)
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(YRS IR A U U A

— e
R

B

1000

KRR K KoK SRR ROk SRR KRB KRR AR K KK K K Kok K K

MASES TRANSFER FROM & STNGLE BURBRLE
CONSIIDER ROTH LIQUID AND GAS FILM RESISTANCE

THIS FROGRAM 18 FOR FINDING EIGENVALUES OF
THE FUNCTION X-TAN(X)=0

AR OR K HOR K OROKR K CROIOR R ok sksokok sk ko aor ok S0k ok

COMMON/AREAL/BETACHO0)
DATA N3O/

0o 1000 I=lyN

CALL BTAFNCD)

CONTINUE

CALL DUTFUT (ND

STQF

ENTY

FUNCTION TESTX)
ITMFLICET REALXS(A-H 02
TEST=DTAN(X) ~X

RETURN

END
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SGURROUTINE RTAFN{I)
IMPLICIT REALYB(A-H 0=
COMMONAAREAL/BETAHCS00)
DATA TOLZ2»START8TEF /1.0~ 1. 0000,0100/
XO=8TART ’
K-
: IFOToNE LY XO=RETA (K +ETER

SO0 IFC(TEST(XO)/TEST(XOHETER) » LT 0.110) GO TO 1000
XKO=X0+5TEF
30 T0 500

1000 CONTINUE
CalLl RTFND(ROOTy X0« TOL2¢STEPD
BRETACTY=RO0T
RETURN
END

SUBROUTINE RTFMO(ROOT e X0 s TOL » STEF)
IMPLICEIT REALXS(A-Hy 02D
LOGICAL FSTTINM
FOTTIM=, TRUE.
XKi=XO+ETER
0o 1000 I=1+100
X2=(XOKTEST (XL =XIRTEST (X)) A(TEST (X1 ~TEST (X0
IF(FSTTIM) GO TO 200
IF(DARS (X2-X26TOR) (LE.TOLY GO TO 19500

P00 IFC(TEST(X2Y/TESTIX0Y)Y.GT.0.110) XO=X3
TFCCTEST(X2)/TESTOX1Y «GT. 0. 003 X1=X2 .
FSTTIM=,FALSE. :
X28TOR=X2

1000 CONTINUE
WRITE (68320

AB33 FORMAT (740X« "DEFAULT ON ROOGT )

1500 RODT=X2
RETURM
END

SUBROUTINE QUTFUT (N
IMPLICTIT REALAB(A-MHe Q-2
COMMON/AREAL/BETALSO0)
o G000 T=1sM
WRITEC(S&y2000) TRETACD
2000 FORMAT/ /7773 00Xs "BETA (7o L2¢ ) = 512,
G000 CONTINUE
RETURNMN
N
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APPENDIX B

COMPUTER PROGRAM IN CALCULATING
DIMENSIONLESS AVERAGE CONCENTRATION

WITH VARIOUS DIMENSIONLESS TIME AND SHERWOOD NUMBER
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oo ooOn

e
S 3 L

103

=

)
1000

3

A NIk ko ook kot sttolok $oRksiolksolokosokoloR okl soRoiorokey

MASHS TRANSFER FROM & STNGLE BURRLE
CONSIDER BOTH LIQUID AND GAS FILM RESISTANCE

CALDULATE DIMENSTOMNLESS CONCEMNTRATION WITH UVARTOUS
DIMENSTONLESS LENGTH» TIMEs AND SHERWOOD MUMBER

*$****$***ﬁ**%*********#*#******%**$*$*#**$*%*§$*

IMPLICIT REALXB{A-HyD-Z)

DIMENSTION BETACLOO)

DIMENSTON TAUCP) »2T(14)

ODATA (TAUCTL) » T=139) 7001000, 020020, 0400,0.06110

10.080050,. 100012000, 14000, 1400/

DATA (ZTCT) v I=1¢14)/0, 02000040040 06T10+0,08L10

101000, 200 03N 0. 4000 SGN0y 0,400 CL, 70040810
10.90051.000/

DATA (BETACI) v I=1+103/4,4934094007, 725251700

110.904121600¢ 14, 066193BN0» 17, 220754900y 20.,37130300
123519452500 26 . 666084201029, 8L15988L0 32, 95638900/

AT ERPS/L.0-14/

NAaTA SH/7.00/

WRITE (465103) SH
FORMAT (/¢ 5X s 'SHERWOOD NUMBER = “¢FéH.2)
Nno 50 J=1+9

TIME=TalU(J)

DO 60 K=1lvl4d

DLENTH=ZT (K)

SUM=0, 110

0o 1000 I=1s10 - N
TZ=—(BETACT k2

L=2 24T IME

2LL=0EXF(T)Y
YYL=0GINCBRETACLYRDLENTH) ATLENTH
Y1I=N8TN(BETACLY)

Y2u (X NOXSHI = (RETACT ) ¥ok2)
YY2=(2 . 00%5H)
SUsYY2RZZIRYYL/(Y2%Y 1)
SOUM=SUMTSL

TT=58UM~SUM

T=UARS(TT)

TF (T-EFS) 335

SUM=851M

CONTINUE

THUM=GLIM

GO 1O &

THUM=S5UM
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é TY1= (3, DOXSHIKKO . 5
TY 1153 DOKSHKT IME
TY2=DEXP (~TY11)
TYZ=DSINCTY LKOLENTH)
TY4=0SINCTY 1)
TYS=DCOS(TYL)
TY&=TYLRTYS~TY4
TY7=SHXTY2KTYZ/TY &
TYB=TY7/ULENTH
TTUM=1 « DOHT Y84 THUM
WRITE (6y100) TeTIMEsDLENTH TTUM
100 FORMAT(/ySXs ANSWER  WITH SUMMATION TERMS =/,
XIZ s /95X DIMENSTONLESS TIME = ‘»F7. 3¢/ v 53
X/ TIMENSTONLESS LENGTH = /vF7.3y /95Xy
X' IIMENSTONLESS CONCEMTRATION IN CAO-~CAG FORM = ‘yFl4.7)
TTTTM=1 DO~ TTUM
WRITE (6v102) TTTTH
102 FORMAT(/y10Xs ' DIMENSTONLESS CONCENTRATION IN
1CAG-CAGL FORM = <vFl&.7)
60 CONTTNUE
50 CONTINUE
STOF
END



APPENDIX C

PREDICTION OF VAPOR-LIQUID EQUILIBRIUM RELATICNSHIP

Effective design of a complex distillation operation
requires quantitative informations on phase equilibria in
binary and multicomponent mixtures. Experimental vapor-
liquid equilibria data are often available for binary mix-
tures. However, it is rather difficult to obtain the vapor-
liquid equilibrium relationships experimentally for multi-
component systems. Therefore, it is highly desirable to
predict the vapor-liquid equilibrium relationships for multi-

component systems from the available experimental data.

A very useful correlation, UNIFAC, was proposed to pre-
dict the liquid phase activity coefficient using molecular
structure. UNIFAC is an abbreviation for universal quasi-
chemical functional group activity coefficients. It is based
on the quasichemical theory of liquid solutions which was
proposed by Guggenheim(17), generalized by Abrams and
Prausnitz(1), applied to the functional groups within the
molecules (rather than the molecules themselves) by
Fredenslund(11), and later revised by Fredenslund(12) and
Skjold-Jorgensen(39) to extend its range of applicability.

This group contribution method assumes that the physical
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properties of the fluid can be calculated from the sum of
contributions made by various functional groups (e.g., _CH3;

-0H; —CHZ; -C0; etc.) that form the molecules in the fluid.

The activity coefficients are calculated from two terms
as in equation (C-1), a combinatorial part, essentially due
to differences in size and shape of the molecules; and a

residual part, due to energetic interactions between the

groups.

In v; = 1n YE + 1n Y? (C-1)

combinatorial residual

combinatorial part:

d. 0. ©
c i Z i i
In y: = 1ln = + 2 q, In ==+ 1. - = ] X. 1. (C-2)
i Xi 2 71 @i i Xi i !
1; = %— (r, = ay) - (ry = 1) (C-3)
q. X,
0, = Z = (C-4)
q. X.
i Jd )
r. X.
9, = —— (c-5)
) or. X,
i J J
r, =} vél) Ry (C-6)
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s = ] it o, (6-7)
Zz = 10 (C-8)

residual part:
1n v} = % véi) (In T, - 1n réi)> (C-9)

I m
QX
@m = m m (0—11)
) Qn Xy
n
(1)
% Vi Xi
Xm = 7 v(iy " (C-12)
- k i
ik
Yo = ©¥0 [~(a,/D)] (6-13)
where r, = molecular van der Waals volume
a; = molecular surface areas
v{l) = always an integer, number of groups of
: type k in molecule 1
Fk = group residual activity coefficient
rél) = residual activity coefficient of group k
in a reference solution containing only
molecules of type 1
L = fraction of group m in the mixture.
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The three types of group parameters needed are listed in
Table IV and Table V: group volume parameters (R,), group
surface area parameters (Qk), and group interaction parameters

(amn and anm)' The indicies k, m, and n represent different

groups.

Figure 15 to Figure 22, and Table VI and Table VII show
the comparisons made between experimental data and the pre-
dictions by UNIFAC method of various systems at different
temperatures. The results indicate that the UNIFAC nethod
can be used to predict activity coefficients in the absence

of experimental data.
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UNIFAC Group

Table IV

Volume and Surface-Area Parameters®

main
group sub group no. Ry Qr sample group assignment
1 CH, 1 0.9011 0.848 hexane: 2CH,, 4 CH,
“CH,” CH, 2 0.6744 0.540 2-methylpropane: 3CH,,1CH
CH 3 0.4469 0.228 2,2-dimethylpropane: 4CH,,1C
c 4 0.2195 0.000
2 CH,=CH 5 1.3454 1.176 Il-hexene: 1CH,, 3 CH,, 1 CH,=CH
“C=C" CH=CH 6 1.1167 0.867 2-hexene: 2 CH,, 2 CH,, 1 CH=CH
CH,=C 7 1.1173 0.988 2-methyl-1-butene: 2CH,, 1 CH,, 1 CH,=C
CH=C 8 0.8886 0.676 2-methyl-2-butene: 3 CH,, 1 CH=C
c=C 9 0.6605 0.485 2 3-dimethylbutene-2: 4CH,, 1 C=C
3 ACH 10 0.5313 0.400 benzene: 6 ACH
“ACH" AC 11 0.3652 0.120 styrene: 1 CH,=CH, 5 ACH, 1 AC
4 ACCH, 12 1.2663 0.968 toluene: 5 ACH, 1 ACCH,
“ACCH,” ACCH, 13 1.0396 0.660 ethylbenzene: 1 CH,, 5 ACH, 1 ACCH,
ACCH 14 0.8121 0.348 cumene: 2CH,, 5 ACH, 1 ACCH
“OEI" OH 15 1.000 1.200 2-propanol: 2CH,, 1 CH,10H
6 CH,0H 16 1.4311 1.432 methanol: 1 CH,OH
“CH,OH"
- 'Z)" H,0 17 0.92 1.40  water: 1H,0
2
8 ACOH 18 0.8952 0,680 phenol: 5 ACH, 1 ACOH
“ACOH" .
“CEI co» CH,CO 19 1.6724 1.488 ketone group is 2nd carbon; 2-butanone: 1CH,, 1 CH,,1CH,CO
2
CH,CO 20 1.4457 1.180 ketone group isany other carbon; 3-pentanone: 2 CH,, 1 CH,, 1 CH,CO
é}g CHO 21 0.9980 0.948 acetaldehyde: 1 CH,;, 1 CHO
“CHO™ \

11 CH,CO0 22 1.9031 1.728 butyl acetate: 1 CH,, 8 CH,,§ CH,C0O0
“CCcoo™ CH,COO 23 1.6764 1.420 butyl propanoate: 2CH,, 3 CH,, ? CH,COO
léo HCOO 24 1.2420 1,188 ethyl formate: 1 CH,, 1 CH,, 1 HCOO

“1ICo0"
13 CH,0 25 1.1450 1.088 dimethyl ether: 1CH,, 1 CH,0
“CH,0" CH.0 26 0.9183 0.780 diethyl ether 2CH,, 1 CH,, 1 CH,0
CH-O 27 0.6908 0.468 diisopropyl ether: 4 CH,, 1 CH, 1 CH-O
FCH.O 28 0.9183 1.1 tetrahydrofuran: 3 CH,, 1 FCH,0
14 CH,NH, 29 1.5959 1.544 methylamine: 1 CH,N
“CNH,” CH_NH, 30 1.3692 1.236 propylamine: 1CH,, 1 CH,, 1CH,NH,
CHNH, 31 1.1417 0.924 isopropylamine: 2 CH,, 1 CHNH,
15 CH,NH 32 1.4337 1.244 dimethylamine: 1 CH,, 1 CH,NH
“CNH" CH_NH 33 1.2070 0.936 diethylamine: 2CH,, 1 CH, 1 CH,NH
CHNH 34 0.9795 0.624 diisopropylamine: 4 CH,, 1 CH, 1 CHNH
16
“(C),N” CH,N 35 1.1865 0.940 trimethylamine: 2CH,, 1 CH,N
‘CH,N 36 0.9597 0.632 triethylamine: 3 CH,, 2 CH,, 1 CH,N
17
“ACNH,"” ACNH, 37 1.0600 0.816 aniline: 5 ACH, 1 ACNH,
18 C,H,N 38 2.9993 2113 pyridine: 1 C,HN
“pyridine” C,H,N 39 2.8332 1.833 3-methylpyridine: 1CH,,1 CHN
C,H,N 40 2.667 1.553 2,3-dimethylpyridine: 2CH,, 1 CH\N
19 CH,CN 41 1.8701 1.724 acetonitrile: 1CH,CN
“CCN" CH,CN 42 1.6434 1.416 propionitrile: 1 CH,, 1 CH,CN
20 COOH 43 1.3013 1.224 acetic acid: 1 CH,, 1 COOH
“COOH” HCOOH 44 1.5280 1.532 formic acid: 1 HCOOH

% Taken from Gmehling(T14).
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Table IV (continued)

main
group sub group no. Ry, Qx sample group assignment
21 CH,C1 45 14654 1.264 I-chlorobutane: 1 CH,, 2 CH,, 1 CH,Cl
“cer CHC1 46 1.2380 0.952 2-chloropropane: 2 CH,, 1 CHCl
ca 47 1.0060 0.724 2-chloro-2-methylpropane: 3CH,, 1 CCl
22 CH.Cl, 48 2.2564 1.988 dichloromethane: 1 CH,Cl,
“ccl,” CHCL, 49 20606 1.684 1,1l-dichloroethane: 1CH,, 1 CHCl,
cqL, 50 1.8016 1.448 2,2-dichloropropane: 2 CH,, 1 CCi,
23 CHCl, 51 2.8700 2.410 chloroform: 1 CHQCl,
*cey” ca, 52 2,6401 2.184 1,1,1-trichloroethane: 1CH,, 1 CCl,
"gél " CcCl, 53 3.3900 2.910 tetrachloromethane: 1 CCl,
. Az(sm Accl 54 11562 0.844 chlorobenzene: 5 ACH, 1 ACCI
26 CH,NO, 556 2.0086 1.868 nitromethane: 1 CH,NO,
“CNO," CH.NO, 56 1.7818 1.560 I-nitropropane: 1CH,, 1 CH,, 1 CH,NO,
CHNO, 57 1.5544 1.248 2-nitropropane: 2 CH,, 1 CHNO,
“AzgtNO Y ACNO, 58 1.4199 1.104 nitrobenzene: 5 ACH, 1 ACNO,
W2 ' cs, 59 2057 1.65 carbon disulfide: 108,
2
29 CH,SH 60 1.8770 1.676 methanethiol: 1 CH,SH
“CH,SH"  CH,SH 61 1.6510 1.368 ethanethiol: 1CH,, 1 CH,SH
30
“ftérfural" furfural 62 3.1680 2481 furfural: 1 furfural
“DOH” (CH,OH), 63 2.4088 2.248 1,2-ethanedioi: 1 (CH,0H),
“re 1 64 1.2640 0.992 1l-iodoethane: 1CH, 1CH,, 11
33 .
“Br” Br 65 0.9492 0.832 1-bromoethane: 1CH, 1CH, 18Br
34 CH=C 66 1.2920 1.088 1-hexyne: 1CH,,3 CH,, 1 CH=C
“c=cr c=C 67 1.0613 0.784 2-hexyne: 2CH,, 2 CH,,1C=C
\.'25 ° Me,SO 68 2.8266 2.472 dimethylsulfoxide: 1 Me, SO
“Me, 50"
36 ACRY 69 2.3144 2.052 acrylonitrile: 1 ACRY
“ACRY"
“cill':_': Cl(C=C) 70 0.7910 0.724 trichloroethylene: 1 CH=C, 3 C{C=C)
cn
38 ACF 71 0.6948 0.524 hexafluorobenzene: 6 ACF
“CACF"
39
“DMF” DMF-1 72 3.0856 2.736 dimethylformamide: 1 DMF-1
DMF-2 73 2.6322 2.120 diethylformamide: 2 CH,, 1 DMF-2
40 '
“CF," CF, 74 1.4060 1.380 perfluorchexane: , 2 CF,, 4 CF,
CF, 75 1.0105 0.920
CF 76 0.6150 0.460 perfluoromethylcyclohexane: 1CH,, 5CH,, 1CF
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Table V

UNIFAC Interaction Parameters®

1 2 3 4 5 6 7 8
1 CH, 0.0 ~200.0 61.13 76.50 986.5 697.2 1318.0 1333.0
2 C=C 2520.0 0.0 340.7 4102.0 693.9 1509.0 634.2 547.4
3 ACH -11.12* -94.78 0.0 167.0¢ 636.1 6317.3 903.8 1329.0
4 ACCH, -69.70 ~269.7 -146.8 0.0 803.2 603.2 5695.0 884.9
5 OH 156.4 8694.0 89.60 25.82 0.0 -137.1 353.5 -259.7
6 CH,OH 16.51 -52.39 -50.00 —44.50 249.1 0.0 -181.0 -101.7
TH 300.0 692.7 362.3 377.6 -229.1 289.6 0.0 324.5
8 ACOH 275.8 1665.0 25.34 244.2 -451.6 -265.2 -601.8 0.0
9 CH,CO 26.76 -82.92 140.1 365.8 164.5 108.7 472.5 -133.1
10 CHO 505.7 n.a na. n.a. -404.8 -340.2 232.7 ..
11 CCOO 114.8 269.3 85.84 -170.0 245.4 249.6 10000.0 ~36.72
12 HCOO 90.49 91.65 na. .a. 191.2 155.7 n.a, n.a.
13 CH.O 83.36 = 76.44 52.13 65.69 237.7 339.7 ~314.7 n.a,
14 CNH, -30.48 79.40 -44.85 n.a. ~164.0 -481.7 ~330.4 n.a,
15 CNH 65.33 -41.32 -22.31 223.0 -150.0 -500.4 ~448.2 na.
16 (C),N -83.98 -188.0 -223.9 109.9 28.60 —-406.8 -598.8 n.a.
17 ACNH, 5339.0 n.a. 650.4 . 979.8 529.0 5.182 -339.5 n.a.
18 pyridine -101.6 n.a. 31.87 49.80 -132.3 ~378.2 -332.9 -341.6
19 CCN 24.82 34.78 -22.97 -138.4 185.4 157.8 242.8 n.a.
20 COOH 315.3 349.2 62.32 268.2 -151.0 1020.0 -66.17 n.a.
21 CCl 91.46 -24.36 4.680 122.9 562.2 529.0 698.2 n.a.
22 CCl, 34.01 ~52.71 121.3 n.a. 747.7 669.9 708.7 n.a.
23 CC1, 36.70 -185.1 288.5 33.81 742.1 649.1 826.7 n.a.
24 CCl, -78.45 -293.7 ~4.700 134.7 856.3 860.1 1201.0 10080,
25 ACCl -141.3 -203.2 -2317.7 375.5 246.9 661.6 920.4 n.a.
26 CNO, -32.69 -49.92 10.38 -97.05 341.7 252.6 417.9 n.a.
27 ACNO, 5541.0 n.a 1824.0 -127.8 561.6 n.a, 360.7 n.a.
28 Cs, -52.65 16.62 21.50 40.68 823.5 914.2 1081.0 n.a.
29 CH,SH -7.481 n.a. 28.41 n.a, 461.6 382.8 n.a. n.a.
30 furfural -25.31 n.a. 157.3 404.3 521.6 n.a. 23.48 na.
31 DOH 140.0 n.a 221.4 150.6 267.6 n.a. 0.0 838.4
321 128.0 n.a. 58.68 n.a. 501.3 n.a. n.a. n.a
33 Br -31.52 n.a. 155.6 291.1 721.9 n.a. n.a. n.a.
34 C=C ~72.88 -184.4 n.a. na, - n.a. n.a. n.a. : n.a,
35 Me, SO 50.49 n.a. -2.504 -143.2 ~25.87 695.0 -240.0 n.a,
36 ACRY -165.9 n.a. n.a. n.a. n.a. n.a. 386.6 n.a.
37 CICC 41.90 -3.167 -75.67 n.a. 640.9 726.7 n.a. n.a
38 ACF -5.132 n.a. ~237.2 -157.3 649.7 645.9 n.a. n.a
39 DMF -31.95 37.70 -133.9 -240.2 64.16 172.2 -287.1 n.a.
40CF, 147.3 n.a n.a. n.a. n.a. n.a. n.a. n.a

Taken from Gmehling( 14).
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Table V (continued)

9 10 11 12 13 14 15 16

1 CH, 476.4 671.0 232.1 741.4 251.5 391.5 255.7 206.6

2C=C 524.5 n.a. 71.23 468.7 289.3 396.0 273.6 658.8

3 ACH 25.77 n.a. 5.994 n.a. 32,14 161.7 122.8 90.49

4 ACCH, ~52.10 n.a. 5688.0 n.a, 213.1 n.a. -49.29 23.50

5 OH 84.00 441.8 101.1 193.1 28.06 83.02 42.70 -323.0

6 CH,OH 23.39 306.4 -10.72 193.4 -180.6 359.3 266.0 53.90

TH,0 -195.4 -257.3 14.42 n.a. 540.5 48.89 168.0 304.0

8 ACOH -356.1 n.a. -449.4 n.a. n.a. n.a. n.a. n.a.

9 CH,CO 0.0 ~37.36 ~213.7 n.a. 5.202 n.a n.a. n.a.
10 CHO 128.0 0.0 n.a. n.a. 304.1 na n.a. n.a.
11 CCOO 372.2 n.a 0.0 372.9 -235.7 na -78.50 n.a.
12 HCOO n.a. n.a. ~-261.1 0.0 n.a. n.a n.a. n.a.
13 CH.O 52.38 -1.838 461.3 n.a. 0.0 n.a 141.7 n.a.
14 CNH, n.a n.a. n.a. n.a n.a. 0.0 63.72 -41.11
15 CNH n.a, n.a 136.0 n.a, -49.30 108.8 0.0 -189.2
16 (C),N n.a. na n.a. n.a. n.a. 38.89 865.9 0.0
17 ACNH, -399.1 n.a na. n.a. n.a. na. n.a, n.a.
18 pyridine -51.54 na n.a. n.a. n.a. n.a. n.a. n.a.
19 CCN ~287.5 n.a. —-266.6 n.a. n.a. n.a. n.a. n.a.
20 COOH -297.8 n.a. -256.3 312.5 -338.5 n.a. n.a. n.a.
21 CCl 286.3 -47.51 n.a. n.a. 225.4 n.a. n.a. n.a.
22CCl, 423.2 n.a -132.9 n.a. ~197.7 n.a. n.a. -141.4
23 CCl, 552.1 n.a 176.5 488.9 -20.93 n.a. n.a. ~293.7
24 CCl, 372.0 n.a, 129.5 n.a. 113.9 261.1 91.13 -126.0
25 ACCl 128.1 n.a. ~246.3 n.a. n.a. 203.5 -108.4 1088.0
26 CNO, -142.6 n.a. n.a. n.a. ~-94.49 n.a. n.a. n.a.
27 ACNO, n.a. n.a n.a. n.a. n.a. n.a. n.a n.a,
28 CS, 303.7 n.a 243.8 n.a. 1124 n.a. n.a n.a
29 CH,SH 160.6 n.a n.a. 239.8 63.71 106.7 na n.a
30 furfural 317.5 n.a -146.3 n.a. n.a. n.a. n.a. n.a
31 DOH n.a. n.a 152.0 n.a 9.207 n.a n.a. n.a
321 138.0 n.a 21.92 n.a 476.6 n.a n.a. n.a
33 Br -142.6 n.a n.a. n.a 736.4 n.a n.a. n.a
34 C=C 443.6 n.a n.a, n.a n.a. n.a n.a. n.a
35 Me, SO 110.4 n.a 41.57 n.a ~122.1 n.a n.a. n.a
36 ACRY n.a. n.a, n.a. n.a n.a. n.a n.a. n.a
37 CIcC -8.671 n.a. -~18.87 n.a -209.3 n.a n.a. n.a
38 ACF n.a n.a n.a. n.a n.a. n.a n.a. n.a
39 DMF 97.04 n.a n.a. n.a -158.2 .na n.a. n.a
40CF, n.a. n.a. n.a. n.a, n.a. n.a n.a n.a

17 18 19 20 21 22 23 24
1CH, 1245.0 287.7 597.0 663.5 35.93 53.76 24.90 104.3
2C=C n.a. n.a. 405.9 730.4 99.61 337.1 4584.0 5831.0
3 ACH 668.2 —4.449 212.5 537.4 -18.81 -144.4 -231.9 3.000
4 ACCH, 764.7 52.80 6096.0 603.8 -114.1 n.a. -12.14 ~141.3
50H -348.2 170.0 6.712 199.0 75.62 -1121 -98.12 143.1
6 CH,OH 335.5 580.5 36.23 -289.5 -38.32 -102.5 -139.4 -67.80
7TH,0 213.0 459.0 112.6 -14.09 325.4 370.4 353.7 497.5
8 ACOH n.a. -305.5 n.a. n.a. n.a. n.a. n.a. 1827.0
9 CH,CO 937.9 165.1 481.7 669.4 -191.7 -284.0 -354.6 ~39.20
10CHO n.a. n.a. n.a. n.a. 751.9 n.a. n.a. n.a.
11 CCOO0 n.a, n.a, 494.6 660.2 n.a. 108.9 -209.7 5447
12 HCOO n.a. n.a. n.a. ~356.3 na. n.a. ~287.2 n.a.
13 CH.0 n.a, n.a. n.a. 664.6 301.1 137.8 ~-154.3 47.67
14 CNH, n.a. n.a n.a. n.a. n.a. n.a. n.a. -99.81
15 CNH n.a. n.a n.a. n.a. n.a. n.a. n.a. 71.23
16 (C),N n.a. n.a. n.a. n.a. n.a. -73.85 -352.9 ~-8.283
17 ACNH, 0.0 n.a -216.8 n.a. n.a. n.a. n.a. 8455.0
18 pyridine n.a 0.0 -169.7 -1563.7 n.a. ~351.6 -114.7 -165.1
19 CCN 617.1 134.3 0.0 n.a. n.a. na. -15.62 -54.86
20 COOH n.a. -313.5 n.a. 0.0 44.42 -183.4 76.75 212.7
21 CCl n.a. n.a. n.a. 326.4 0.0 108.3 249.2 62.42
22CQ, n.a. 587.3 n.a. 1821.0 -84.53 0.0 0.0 56.33
23 CCl, n.a. 18.98 74.04 1346.0 -157.1 0.0 0.0 -30.10
24 CCl, 1301.0 309.2 492.0 689.0 11.80 17.97 51,90 0.0
25 ACCt 323.3 n.a. 356.9 n.a. -314.9 n.a. n.a. ~255.4
26 CNO, n.a. n.a n.a. n.a. n.a. n.a. n.a. -34.68
27 ACNO, 5250.0 n.a. n.a, n.a. n.a. n.a. n.a, 514.6
28 CS, n.a. n.a. 335.7 n.a. -73.09 n.a. ~26.06 -60.71
29 CH,SH n.a, n.a. 125.7 n.a. -27.94 n.a, n.a. n.a.
30 furfural n.a. n.a. n.a. n.a. n.a. n.a. 48,48 -133.1
31 DOH 164.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
321 n.a. n.a n.a. n.a. n.a. -40.82 21.76 48,49
33 Br n.a. n.a n.a. n.a. 1169.0 n.a. n.a. 225.8
34C=C n.a. n.a 329.1 na. n.a. n.a. n.a. n.a.
35 Me,SO n.a. n.a n.a. n.a. n.a. -215.0 -343.6 -58.43
36 ACRY n.a. n.a -42.31 n.a. n.a. na. n.a. n.a,
37 Cicc n.a, n.a 298.4 2344.0 201.7 n.a. 85.32 143.2
38 ACF n.a, n.a n.a. n.a. n.a. na. n.a. ~-124.6
39 DMF 335.6 a.a n.a. na. n.a n.a. n.a. ~186.7
40CF, n.a, n.a n.a. n.a. n.a n.a. n.a n.a.



Table V (continued)

25 26 27 28 29 30 31 32
1 CH, 321.5 661.5 543.0 153.6 184.4 54.5 5
2C=C 959.7 5421 n.a. 76.30 na. S o e
3 ACH 538.2 168.0 194.9 52.07 -10.43 -64.69 210.4 115 3
4 ACCH, -126.9  3620.0  4448.0  -9.451 na. -20.36  4975.0 na.
5 OH 287.8 61.11 157.1 477.0 147.5 -120.5  -318.9 313.5
6 CH,OH 17.12 75.14 n.a. ~31.09  37.84 na. na. na.
7HQO 678.2 220.6 399.5 887.1 n.a. 188.0 0.0 na,
8 ACOH n.a, n.a. n.a. na. n.a. n.a. -687.1 n:a:
9 CH,CO 174.5 137.5 n.a. 216.1 -46.28 -163.7 n.a. 53.59
10 CHO n.a. na n.a, na. n.a. n.a. n.a. n.a.
11 CCO0 629.0 n.a. n.a. 183.0 n.a. 202.3 -101.7 148.3
12 HCOO n.a, n.a. na. n.a. 4.339 n.a. n.a. n.a.
13CH.O n.a. 95.18 n.a, 140.9 -8.538 n.a. -20.11 -149.5
14 CNH 68.81 n.a. na. na. =70.14 na. n.a n.a
15 CNH 4350.0 na n.a. n.a. n.a. n.a n'a. n~a.
16 (C),N -86.36 na n.a. n.a. n.a. na. n.a. n.a.
17 ACNH, 699.1 na -62.73  na na. na. 125.3 na
18 pyridine n.a. n.a n.a, na. n.a. n:az n.a ) n.a.
19 CCN 52.31 n.a n.a. 230.9 21.37 n.a. n.a. n~a.
20 COOH n.a, n.a n.a. n.a. n.a. n.a. na. na.
gé gg} 464.4 n.a. n.a. 450.1 59.02 n.a. na. na.
e omoomoom oo, omom,on
24 CCl, 475.8 490.9 534.7 1322 n.a. 546.7 na 2478
25 ACCI 0.0 -154.5 n.a, na. n.a. n.a. n.a na.
26 CNO, 794.4 0.0 533.2 na na. na 139.8 304.3
27 ACNO - - ) .
2 n.a 85.12 0.0 n.a. na n.a. n.a. n.a
28 CS, n.a. n.a. n.a. 0.0 na. n.a. na na.
29 CH,SH na n.a. n.a, n.a, 0.0 n.a. nia na’
30 furfural n.a, n.a. n.a. na. n.a, 0.0 n.a n.a.
31 DOH n.a. 481.3 n.a, na, n.a. n.a. 0.0 n.a.
321 n.a. 64.28 n.a. n.a. n.a. n.a. n.a. 0.0
33 Br 224.0 125.3 n.a. na. n.a. n.a. n.a. n.a.
34 C=C n.a, 174.4 n.a. na. n.a, n.a. n.a. n.a.
35 Me SO n.a, n.a. n.a. n.a, 85.70 n.a. 535.8 n.a
36 ACRY n.a n.a. n.a n.a. n.a. na. n.a. n.a.
37 CicC n.a. 313.8 n.a. 167.9 n.a. n.a. n.a. n.a
38 ACF n.a n.a n.a. n.a. n.a. n.a. n.a. n.a.
39 DMF n.a. n.a. na, n.a, -71.00 n.a. -191.7 na.
40 CF, n.a. n.a, n.a, n.a. n.a. n.a, n.a. n.a.
33 34 35 36 317 38 33 40
1 CH, 479.5 298.9 526.5 689.0 -0.505 125.8 485.3 -2.859
2C=C n.a. 523.6 n.a. n.a. 237.3 wa. 320.4 n.a.
3 ACH -13.59 n.a. 169.9 n.a 69.11 389.3 245.6 n.a
4 ACCH, -171.3 n.a 4284.0 n.a n.a. 101.4 5629.0 n.a.
5 OH 133.4 n.a. -202.1 n.a. 253.9 44.78 -143.9 na
6 CH,OH n.a. n.a. -399.3 n.a. -21.22 -48.25 -172.4 n.a
7TH.0 n.a. n.a -132.0 160.8 n.a. n.a. 319.0 na
8 ACOH n.a. n.a n.a. n.a. na. n.a, n.a. na
9 CH,CO 245.2 -246.6 —-44.58 n.a. ~44.42 n.a. -61.70 n.a
10 CHO n.a. n.a. na. n.a. .a. n.a, na. n.a.
11 CCOO n.a. n.a 52.08 na -23.30 n.a. na, na.
12 HCOO n.a. n.a. n.a. na n.a. n.a. n.a. n.a.
13CHO -202.3 n.a. 172.1 n.a. 145.6 n.a. 254.8 n.a.
14 CNH, n.a. n.a n.a. n.a. n.a. n.a. n.a. n.a.
15 CNH n.a. n.a. n.a. n.a. n.a. n.a. na. n.a.
16 (C),N n.a. n.a n.a. n.a. n.a. n.a. n.a. n.a.
17 ACNH, n.a. n.a n.a. n.a. na. n.a. -293.1 n.a.
18 pyridine n.a. n.a. n.a. n.a. n.a, n.a. na. n.a.
19 CCN n.a. -203.0 n.a. 81.57 -19.14 n.a. n.a. n.a.
20 COOH n.a. n.a. n.a. na.’ -90.87 n.a, n.a. n.a.
21 CCl -125.9 n.a. n.a. n.a. -58.77 n.a. na. n.a.
22 CCl, n.a. n.a 215.0 n.a, n.a. n.a. na. na.
23 CQl, n.a. n.a. 363.7 n.a. ~79.54 n.a. n.a. n.a.
24 CCl, 41.94 na 337.7 n.a. -86.85 215.2 498.6 n.a.
25 ACCl -80.70 n.a. n.a. n.a. n.a. n.a. na. n.a.
26 CNO, 10.17 -27.70 n.a. n.a. 48.40 na. n.a. n.a.
27 ACNO n.a n.a. n.a. n.a. n.a. na. n.a. n.a.
28 Cs, n.a. n.a. n.a. n.a. -417.37 na. n.a. n.a,
29 CH SH n.a. n.a. 31.66 n.a. n.a n.a, 78.92 na.
30 furtural n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a.
31 DOH n.a n.a. -417.2 n.a. n.a n.a. 302.2 n.a.
321 n.a. n.a n.a. n.a. n.a n.a. n.a. n.a.
33 Br 0.0 n.a n.a. n.a. n.a n.a. n.a. n.a.
34 C=C n.a. 0.0 n.a. n.a. n.a n.a. -119.8 n.a.
35 Me.SO n.a. n.a. 0.0 n.a. n.a n.a. ~97.71 n.a.
36 ACRY n.a. n.a. n.a. 0.0 n.a n.a. n.a, n.a.
37 CicC n.a n.a. n.a n.a. 0.0 n.a. n.a. n.a.
38 ACF n.a. n.a. n.a. n.a. n.a 0.0 n.a. n.a.
39 DMF n.a 6.699 136.6 na n.a n.a. 0.0 n.a.
40CF, n.a. n.a. n.a n.a n.a n.a. n.a. 0.0



O experimental data¥

— theoretical prediction
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Fig.15 X-Y diagram for Benzene-Toluene system at 20°C.

Data from Schmidt(34 ).

85



9L
08 -
7L
6L
S L
A
s
2 I e experimental data™
—— theoretical prediction
.1
0 L | 1 ] ! l |
0 ol .2 . 3 D . D . 6 ./ .8 . 9 T.0
X

Fig. 16 X-Y diagram for Benzene-toluene system at 60 ‘.

Data from Schmidt(34).
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— theoretical prediction

experimental data*®

Fig. 17 X-Y diagram for Ethanol-Water system at 50°c.

Data from Chaudhry(7).
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0 experimental data®*

—~ theoretical prediction

[}
Fig. 18 X-Y diagram for Ethanol-Water system at 70 C.

Data from Pemberton(28).
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experimental data®

— theoretical prediction

Fig.l9 X-Y diagram for Ethanol-Toluene system at 55°C.

Data from Kretschmer(22).
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experimental data*

theoretical prediction

b

Fig. 20 X-Y diagram for Ethanol-N-Octane system at 45 °C.

Data from Boublikova(3).
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2L 0 experimental data*

theoretical prediction

Fig. 21 X-Y diagram for tetrachloromethane-toluene
system at 40 C.

Data from XKind(21).
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o experimental data*®

—- theoretical prediction

Fig. 22 X-Y diagram for tetrachloromethane-toluene
system at 80 C.

Data from Kind(21).
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Table VI
Comparisons Between Experimental Data And UNIFAC
Predicted Results For Acetone-Methanol-Water System

(1) Acetone (2) Methanol (3) Water
Temperature = 100 degree C

Experimental Data*® UNIFAC

1 X2 pALE Xz n 12
0.270 0.670 0.323 0.648 0.345 0.633
0.916 0.050 0.910 0.069 0.895  0.066
0.607 0.330 0.621 0.339 0.621 0.343
0.381 0.549 0.430 0.525 0.444  0.524
0.257 0.640 0.324 0.621 0.342 0.612
0.231 0.639 0.311 0.624 0.322  0.620
0.177 0.654 0.259 0.657 0.270  0.654
0.182 0.616 0.272 0.629 0.283  0.626
0.494 0.294  0.593 0.295 0.598 0.292
0.201 0.549 0.320 0.558 0.319  0.569
0.220 0.478 0.368 0.489 0.359  0.505
0.672 0.082 0.763 0.077 0.769  0.073
0.379 0.299 0.541 0.296 0.544  0.301
0.460 0.177 0.661 C.145 0.653 0.161
0.144 0.440 0.308 0.495 0.297  0.517
0.075 0.470 0.187 0.593 0.186  0.608
0.091 0.269 0.275 0.442 0.269  0.476
0.215 0.033 0.658 0.041 0.678 0.039
0.119 0.119 0.503 0.156 0.503 0.184
0.069 0.198 0.325 0.317 0.325 0.349
0.033 0.204 0.208 0.411 0.202 0.432
0.028 0.182 0.197 0.396 0.196  0.416
0.024% 0.107  0.248 0.271 0.244  0.303
0.0179 0.044  0.287 0.148 0.295 0.162
0.015 0.034 0.256 0.126 0.271 0.740

*Data from Griswold(16).
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Table VII

Comparisons Between Experimental Data And UNIFAC
Predicted Results For Acetone-Chloroform-Methanol Systenm

(1) Acetone (2) Chloroform (3) Methanol
Temperature = 25 degree C
Experimental Data® UNIFAC

X1 %2 1 2 1 2
0.404 0.521 0.384 0.549 0.375 0.481
0.200 0.099 0.348 0.146 0.318 0.148
0.531 0.390 0.591 0.323 0.559 0.308
0.264 0.098 0.419 0.121 0.390 0.124
0.441 0.436 0.446 0.395 0.426 0.379
0.412 0.446 0.370 0.380 0.385 0.398
0.402 0.197 0.396 0.400 0.379 0.361
0.354 0.466 0.455 0.194 0.424  0.182
0.660 0.309 0.710 0.210 0.741 0.207
0.300 0.507 0.239 0.484 0.236 0.498
0.302 0.297 0.320 0.361 0.308 0.317
0.487 0.237 0.526 0.186 0.524 0.188
0.196 0.725 0.104 0,742 0.113 0.720
0.191 0.593 0.105 0.667 0.113 0.611
0.615 0.184 0.649 0.121 0.664 0.119
0.487 0.095 0.583 0.091 0.586 0.074
0.723 0.204 0.778 0.123 0.786 0.118
0.586 0.089 0.675 0.074 0.663 0.058
0.713 0.104 0.804 0.086 0.762 0.057
0.093 0.853 0.041 0.849 0.040 0.821

* Data from Tamir (41),
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APPENDIX D

ESTIMATIONS OF PHYSICAL PROPERTIES

Surface Tension

The surface tension of pure liquid is calculated by

using the equations proposed by Miller(24):

2 1 Ll
o =P T3 Q (1-7T)0 (D-1)
Tbr 1n PC
Q = 00,1207 (1 + ——,]'—:—T-———) - 0.281 (D—Z)
br

Equations (D-1) and (D-2) are basically for nonpolar
liquids, they are not applicable to compounds exhibiting

strong hydrogen bonding (alcohols, acids) and quantum

liquids (H2, He, Ne).

Sprow-Prausnitz correlation(40) is used to calculate

the surface tension for mixtures. For a binary systenm

. A 2
p T Xg og - =pg (o) - 0p)* X, X (D-3)

and for a ternary system

-

2
m = Xy 0yt Xgop + Xy 0q - ggglo, - 9g)? X, Xy

C

A 2 A - 2 B
77 (04 - 05)? X, X - 357 (0p - 0g)® Ay Xy (D-4)

W
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where A is a partial molar surface area, which can be

obtained by

A = ? (vif% (6.023X1023)% (D-5)

and Vi is liquid molal volume, it can be related to

critical volume as

v, = 0.285 VCI-O“B (D-6)

The accuracy is normally within 5 percent range of using

this method to estimate the surface tension.

Liquid Density

Goyal(15) proposed a correlation to estimate liquid
density with the knowledge of critical properties, which
1s expressed as

P M 0.0653
Py = T (Z e 0.09 Tr) (D-7)
[¢]

For mixtures of liquids, the mixing rule is applied,

the density of liquid mixtures can be obtained by

o, = § X Pqy (D-8)

This correlation for pure ligquid density do not exceed

5 percent error.
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Gas Density

The average molecular welght of the gas 1is calcu-
lated from the compositions of the components existed in

the mixture

M =) Y. M. (D-9)
i

The average density of the gas can be calculated according
to the Redlich-Kwong equation of state(30). As it is

originally proposed,

a
P = Vﬁf i — (D-10)
m Tz VvV (V + bm)
The empirical mixing rules have found that
2y = 1D (1) ¥y ay) (D-11)
1]
b =1 ¥; b; (D-12)
i
where
2,5
0.4278 R? Tci‘
a,, = d (D-13)
+d Pcij
0.0867 R TCi ( )
b.. = D-14
+ Pci
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The mixing rules for the calculation of T

ci]
and P .. are:
cij
1
_ z
Tcij = (Tci ch) (D-15)
and 7 R T
P . o= CLl ci] D-16
cij Vcij ( )
where b7
_ Tci ¢ i
1 1
Vs, t VR
Vorg = (o (D-18)

For a binary system, a in equation (D-11) can be
expressed as

2

a_ =Y + 2 Y, Y

2
n 1 819 g Yy aq t ¥y an, (D-19)

and for a ternary system, 1t can be expressed as

2 2 2
am = Y1 a11 + Y2 a22 + Y3 a33 + 2 Y1 Y2 a12
2, YB ayq 21, Ty 855 (D-20)

Once a. and bm for the mixtures are determined, then the

average volume can be calculated as

V =
avg

o

ZRT
= (D-21)
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where

am h (
7 = - < ( ) D-22)
T-R . g T+E
m
bm
h = 757 (D-23)

Combining equation (D-22) with equation (D-23), Z can be
solved with iteration method. By inserting Z, systen
pressure, and temperature into equation (D-21), the
average volume V can be obtained. Therefore, the

average density of the gas mixture can be determined as

p = b (D-24)

Gas Viscosity

The gas viscosity is computed by Bromley and Wilke

method(4). In the equation
1
0 C
S A

vy 3
c

£(1.33 7)) (p-25)

. . . . .. O .
u® is expressed in micropoise, TC in "X, and VC in cc./gmole.

The function (f(1.33 Tr)] is represented analytically

by Scheibel(33) as shown in the equation (D-26)

i 0,645 0.261
£(1.33 7)) = 1.058 T - 0.9 1og(1.9 T)

(D-26)
(1.9 Tr)
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The viscosities of gas mixtures can be obtained

with Herning's correlation(18)

0

1
) ) T.owy ()2
LlIH

) T, (Mi)

(D-27)

N[

The method used for computing the viscosities of pure
gases give 3 and 13 percent average and maximum errors.
The correlation used to calculate the viscosities of
gas mixtures represents the data with the average and

maximum deviations of 1.5 and 5 percent.

Liquid Viscosity

The liquid viscosity is calculated by van Velzen

equation(43)

==

logny = B (5 - %~) (D-28)
o]

where Ny = liquid viscosity, cp

T

i

temperature, °x
and B and TO are related to structure. The B and TO
values for common compounds are tabulated in the data

bank of the book written by Reid(31).

For liquid mixtures, the Kendall-Monroe equation(20)

is used
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1 1

L L
g o= Xyoud ot Xy ud (D-29)

This equation relates the viscosities of miscible liquid

mixtures to the pure-component viscosities.

Gas~-Phase Diffusivity

The empirical correlation suggested by Fuller(13)
is used to calculate the gas-phase diffusivities. The

equation is

N

-3 ml,75
10T UMA +Mg) /M, MB] :
Dyp = > T D-30)

P (), + (03 ]

where T is in kelvin and P in atmospheres. The values
of the atomic diffusion volumes, ZV, were determined by
a regression analysis of 340 experimental diffusion coe-
fficient values of 153 binary systems. TFor simple, non-
polar systems at moderate temperatures, this correlation

gives less than 5 to 10 percent errors.

Ligquid-Phase Diffusivity

Wilke-Chang technique(44) is a widely used corre-
lation for liquid-phase diffusivity. It is shown in

the following equation
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L
2

(o M)
DL = 7.4x107 8 —..B_ (D-31)
AB n Vo-.-s
B A
where DKB = mutual diffusion coefficient of solute A
in solvent B, cm?/sec
MB = molecular weight of solvent B
Ny = viscosity of solvent B, cp
VA = polal volume of solute A at its normal

boiling temperature, cm®/g mole

©-
1l

association factor of solvent B, dimensionless
The value of VA can be estimated by equation (D-6). Wilke
and Chang recommend that ¢ be chosen as 2.6 if the solvent
is water, 1.9 for methanol, 1.5 for ethanol, and 1.0 for
unassociated solvents. This correlation gives an average

error about 10 percent.

Vapor Pressure

Antoine's equation(2) is used to calculate the vapor

pressure. It is a widely used equation

ln P = A - 57513 (D-32)

The values A, B, and C are tabulated in the data bank
of the book written by Reid(31). The temperature used
in equation (D-32) is in kelvin and pressure is in

millimeters of mercury.
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10.

Enthalpy

The enthalpy depends strongly on temperature. It can be
calculated by integrating heat capacity at constant pressure,
C_, from a reference temperature (Tr) to the system temperature

(TS). The liquid enthalpy can be expressed as
Ts
hy = J ¢ _,(T) ar (D-33)
where Gpl(T) is in polynomial form as

C -(T) = A+ BT + CT? + DT?® (D-34)

pl

The polynomial coefficients for heat capacity at constant
pressure can be obtained from the data bank in the book written
by Reid(31). For liquid mixture, the enthalpy hlm can be cal-

culated in the form as shown below
hy, = g Xy by (D-35)
The vapor mixture enthalpy may be estimated by

H,, = § Y, by, * § T,y (D-36)

where A. 1s the heat of vaporization of individual component.
The method of estimating the heat of vaporization is discussed
in the following section.

Heat of Vaporization

The heat of vaporization is estimated by Carruth corre-

lation(6)
ﬁ%. = 7.08 (1 - T )%%% + 90,95 w (1 - T )0.%5¢ (D-37)

c
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where w 1s acentric factor, and Tr is reduced temperature.
This correlation is one of the most accurate and con-

venient methods to estimate the heat of vaporization.

11. Overall Gas-Phase Mass-Transfer Coefficient

The overall mass-transfer coefficient 1s calcu-
lated by using Rowe's correlation(32). Rowe and his
coworkers suggested that the overall mass-transfer
coefficient can be estimated via Sherwood number. The

equation is

L L
Ny = 2.0 + 0.76 (Re)? (Sc)? (D-38)
KG R
where W_, = Sherwood number = 5

Re = Reynolds number = §~§~l

Sc = gas phase Schmidt number = ﬁEB

d = diameter of bubbles

v = velocity of bubbles

© = gas phase density

U = gas phase viscosity

D = diffusivity coefficient

12. Bubble diameter, contact area and tinme

Many investigations have been done on bubbles
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rising in the liquids. Davidson and Amick(9) found =a
relation between the bubble frequency and the orifice

diameter. The relation is

N.o=9.1 g% e (D-39)

where Nm frequency, bubbles per second

q = gas flow rate, cc./sec

r = orifice radius, cm
Quigley(29) and his coworkers suggeéted that the bubble
diameters were unaffected by the liquid seal and by the

density and surface tension of the liquid. In the

equation

D, = 0.222 DO°-33 Q

. 00 2 et 4 3.02x107" Q10 (D-40)

DB is the bubble diameter (diameter of a sphere of equal

volume), Q. is gas flow rate per orifice, DO is orifice

G
diameter, u is liquid viscosity. Quigley also presented

the following equations

Vp = 4.1x10% Q,0*° (D41 )

A= 1.46x707° Q,°-2%/Dy (D42 )

b= 2/ (D43 )
where VR = rising velocity

=g
H

area of bubbles (assumed spherical)
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C*-
I

contact area

[NN]
i

liquid seal

A1l the physical properties that were discussed in
this appendix are necessary to proceed the calculations
in this work. Some of the calculated physical proper-
ties are listed in Table VIII, which are compared with
the available experimental data. The result shows good

agreement with the data.
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Teble VIII

Comparisons of Celculated Physical
Properties With Experimental Dsta

Surface Tension (dyne/cm)

Temperature (°C) Data' Calculated

Eenzene 25 28,23 27.42
Diethyl Ether 25 1647 16.42
42.3% Diethyl Ether & 25 21.81 21.68

57.7% Benzene

Gas Viscosity (micropoise)

Temperature (°C) Data® Calculated
40 182 178.6
Nitrogen 60 190 186.57
L0 101 98.7
water . 60 111 105.34
. L0 105 103.3
Azmonia , 60 111 107.92

Liquid Viscosity (centipoise)

-t

Terperature (°C) Data' Celculated

N 20 1.005 0.989
Water 40 0.656 0.638
, . 20 3.98 4.009
Isobutyl Alcohol ] 40 2.30 2,197

Liquid Density (g/cc)
Temperature (°c) Data1 Celculated

30 0.995 0.981
Water 40 0.992 0.972
Cyclohexanol 28 g:gég 8'283

Gas Phase Diffusivity (ftz/hr)

Temperature (®c) Dat32 Calculated
o = opE
Alr - H,0 2 }:81 134
- 5 ooy o
He - Isobutyl Alcohol 28 1:%1 ::i;
N, - Isobutyl Alcohol zg 8:23 8:2?

Data! - Data from Reid(31).

Data® - Data from Williams(45).
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APPENDIX E

COMPUTER PROGRAM FOR A BINARY

SEPARATION IN A DISTILLATION COLUMN
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oo

&6700

IMPLLICET REALKXBA-H»0~Z)
REaAL LRIM LROUT
DIMENSTON HYCLE) o HLCLS)
0ATHE NTOLZ10/
DATA NREGIMN/2/
DATA NEBURLE/2/
DATa PCLMN/740.00/
DATA QUAR/104. 4600/
QAVAF = AIR FLOW RATE IN FTHFTYFET/HR
PFERINCH WIDTH OF ORIFICE
NTOAL = TOTal. NUMBER OF TRaYS
NREGIM THE REGTON THAT CAMN BE DIVIDED ON EACH TRAY
NEURLE NUMBER OF RBURRBRLE CAFS ON EACH TRAY
QAGIN=QVAPF/MEURLE
DATA TRLATE y XAQUT »YADUT /77, 59N0:0.8790050.87900/
XATN=XAQUT
YAIN=YAOUT
CALL UNIFAC(XAINs TRLATEy YAER,VOLTY)
YAGL=YAEQ
RELATE=VOLTY
CALL PROPERCAIM YATNs TRLATE y RELATE » QGINy HRIN» G QMOLEY)
FLOW=QMOL.EY
YRIN=FLOW
KA=XAHTIN
YA=YAIN
CALL ENTHPY CTRLATE » XAy YAy ENTHUM » ENTHLM)
HUINI=ENTHUM
HLIMT=EMNTHLM
00 5500 MP=1,8MTOL
XATN=XA0UT
YALM=YAQUT
YASUMO=0, 10
EFSUMO=0, 00
N0 A700 MR=LeMEEGTM
CALL UNIFADIAAINy TPLATE  YAEQR VOLTY)
YaGL=YAlQ
RELATE=VOLTY
CALL FROPERCXATM YAIM TRLATE s RELATE » QGIN g HRINy Gy QMOLEN)
FORM=G
RISMN=HRIMKURTM
LREN=URITMAR, DO
YAL=YATN-FORMECYATIN-YAGEL)
VROUT=VRIN
YAOUT= (URIN/VREOUTYRY AT~ CYAL-YAGL ) ¥ (RIGN/VROUT)
LROUT=LRIN- (VR IN-YROLT)
XAOUT= (YROUTAY AQUTHLE TNRXATM-VRINEYATLN) ZLROUT
XA=XA0UT
Y=Y ADLT
EFFICH= CYAQUT-YaTM) Z CYAGL-YATN)
WHRITE (46288772 EFFLCN
YASUMO=YASUMD4LYA
EFSURMD=EFSUMOHEFFICN
XA T =R
COMNTIMNUE

it i
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YAOUT=YASLMO/NREGIN
EFAVG=EFSUMD/NREG N
WRITE (479919)
99LY  FORMAT(/»y 10Xy 50C %))
WRITE (4,9919)
WRITE (&r9919)
WRITE (&6y6564) NP
4564 FORMAT (/v 10Xy 00k THE PLATE NUMBER = 7y I8s 23Xy gokiokk 7 )
WRITE (&y7655) TRLATE:YAOUT)XAOUTy VROUT
WRITE (4y8898) YADUT» YAIN:YAGL
WRITE (4,8897) EFAVG
8897 FORMAT(/»10X»’ THE AVERAGE FLATE EFFICIENCY = ‘yF1l.6)
WRITE (&y9919)
WRITE (6¢9919)
WRITE (629919) .
o THIS SECTION ESTIMATE NEXT FLATE TEMPERATURE
XA=XA0UT
YA=YAQUT
CALL ENTHFY CTFLATE XAy YA ENTHUMy ENTHLM)
HY CNF ) =ENTHYM
E= CURDUTHHY ONF ) LR TRAHL TN -VRINKHVIND /LROUT
TNXT=TFLATE
CALL TEME (XA E» TNXT)
TELATE=THXT
HY LN =HY CME )
CALL ENTHFY CTRPLATE XA » YAy ENTHYMy ENTHLH)
HL INT=ENTHLH
5500 COMTINUE
7655 FORMAT (/v 10Xy *THE FLATE TEMPERATURE I8 ‘yF1é.6&y/+10X
Lo/ THE OUTLET GAS COMFOSITION AFTER ALJUBT TEMFERATURE 1%
L/ yFll.by/y 0% THE INLET LIOUID COMPOSTITION IS
1
1

£
L

FeF L Ee A LO¥ e CTHE QUTLET GAS FLOW RATE IM G HMOLE/HE I
RO W
8898 FORMAT/ ¢ 10Xy /YAOUT =/ o FLLl.6e " YAIN = +sF1llsby’ YAGL =7
IFLL 4D
BRZ7  FORMAT(/« 1OX» 2THE PLATE LODAL EFFTICIENCY I8 7«F1l.4)
STARF
[ERERN
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SUBEROUTINE U‘TFHV(YhTHvTF|ATEyYﬁEQsUULTY)
IHMPLEICTT RESLEAS CA-H e O-Z
1*%**$*W”“R#*#*%4*”*#k*#*“k%“*#*k***#*****k*?*ﬁ%Yk*K?*W*$%*»¥

C: THIS SECTION IS WRITTVEN FOR PREDICTING
TOLUEME-CCLA BIMNARY SYSTEM RY
C USTHG UNTFAC METHODR

C THE SYSTEM I8 HEAVIER 1) = TOLUENE
G THE SYSTEM I8 LUGHTER (2) = CCL4
.

DEMENSTON R1LC4) s R2C4Y v Q1L 4y R204)
OUIMENSTON NULA) o NURCA)  AMNIB 8y FET (B 8)
DIMEMSTON EO8) » THEMX (S » GROMX ()

(™
e stk skl ook totok olokostokokolokasolok seiokeskotokseieiolok sk skokoRkokolokokosk SOk AR

UAaTa FILE A% FOLLOWING FORM

COMPOMENT MAalr GROWES R Q MU

bee er hea bows ses tars best wmes seed saes bery Gems ses sase Saes oue ss 4ten mims sens Stee (ass St E04s Gbs 1004 beer Sase Smew Ees Seme bern beme Sams aus vee cewr Sewe S04D meer e4ts ere vese

ﬁ 1 XX Yy ZZ
2 XX YY L7
3 XX YY 22
4 XX Yy Lz
I o] XX YY ZZ
& XX Yy 77
7 XX YY V74
8 XX Yy Lz

TYFES OF FUNCTIONAL GROUP

- $ONATA FROM TARLE
& omaTAa FROM TARLE .
NU 3 MUMRBER DF FUNCTIOMAL GROUPS IN COMPOMENT

—
(49

IHTERACTION FARAMETERS AMNCT )

1 2 3 4 9 b 7 8

o sena mien nime suon v er baan wsan eme bass ae etx a4iu amms Bo4s 2ebt 4esd Sass Sose povs buse Seas FbFS Brer BeRs Hers svee SEve beve Sees wuss TO¥ SRCE Sesh dems ees SHAL sese Sbes S85 BILE Sie abse barve Sere SR04 480R WGen dmn eves wite

ﬁllvi\ ﬁ(lv’) ﬁ‘lyﬁ) Alleyd) ACLsE)Y ACLeshY ACL:7)Y ACL«B)
L A R A28

(\1(55’]) LA N IR N R I N 25 R B A IJ\\(\"B)

PRI S S N S SN SEP S S S S N 20 R N R R B S B T R -

wBeEeivEeEesRwEe]
L2 PARSIE I S S A A R N

L4

‘."0'.‘09#?(‘0&(‘{*66&0@0‘}?0404&0#4&0{'6?*0‘.‘¢§é°¢

—
[
§.8

:-\§:

el AR ACE3) AlBy4Y AMELD) AlByE) A7) ﬁ(H )

hee sore seen bore wet ats bese 44 watn ole S6el 4098 H4IL oun sess veas Puie Tabe asas sede Tems beee dens T4be bics b

T YT Y My
413 2

88 SRSk K SRR RO O HOK KO AR OR SR SO R R OR OR SR KR Rl R oK K
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™ CHECK (L) TOLUEME. (23 DULY

DATA (RLIK) pR=1y4) 7L, 2683000, 831300 0. 00000/

DATA (RZD v K=l 4) /7339000500000, 11090, 00/

DATA (LKD) pR=1Ls 43 /0. 968005 0,40000, 0,000,007

DATH (Q2K) y K=l 42 /2.9100:0, OI"IOH) o000/

DATA (HULIRY v K=1e ) /L ele 0O/

DATA (HU2EDY y =L v 83 /1909000

DATE (AMMOLy Y e =l B) A0, N0~ 146,800 0,00:0., UGy
KA1 ZNC D000, 0, N0y G0N0/
o DATA (AMMIR2e ) e =l e 8714700000, 00s 0.0 0,00y
¥Z, 0000, 00D 0 DOD N0/

DATA (AMMIZe D v =l B270, 0050000, 00010y
KOLDOv 0, 00D N0 0. 00/

DATA (AMNIAs ) v d=le B0, 0050.0100, 0050 .00
KOLD0v 0L TOy Q. 00y 0.0/

OATA (AMMISE ) 2 =l e BY L34 7009 -4, 7003 0,010 0. 10y
KOLVO» 0, ONG D00 QN0

OATA (AMNIAy ) e d=ly B 0,0N050,0005G,00v0,100y
KO ONOe QTG0 U000 D0/

DATA CAMMIZ» D)=l 82700060000, 000,110y
HOLLG» QD0 G NOeH D0/

DATA (AMMCRy e =182 /70,0000, 00¢0.0050.00y
KO VGO N0 QNGO 00/

" AMTOINE COMBTANTS FOR VAPDR PRESHURE
G

TAaTa ANTAL»ANTRL ;ﬁNII LA16, 0037003096, 52N0»~5X,. 67100/
DATE ANTAZ » ANTEZ2yANTE2/15, 874200, 2808, 1900y -45 . 9900/
TaTRLATE

CANTEL-CANTRLZ CTHANTEL ) ) N
SEFCANTAR- (CANTE2/CTHANTI2) 1)
- L (A 212 PLEyPES
212 I[Wum\T Ao 10Xy CUARDER PRESSURE FOR COMPONMENT L I8 7yFLl.&y
K/ v LOX s PFOR COMPONENT 2 18 /sF11.48)
G
DETA 210,007
Xi=¥ATH
X2=1.,00-X1

3 ‘Ul\l)*Ul(l‘%NU!(‘)*Ul(’)%ﬂ“lfﬁ)#ﬂlfK)iNU|(4)*UI(4\
QOA=MLIZ CLYNR2 CLYAMUZ CRYR02 (20 +MUR CEIRA2 CE)Y HNUR2 (A RQE(2)

Tl (PR Y CPRZERXED
HHLISTL
pe ] PR2HND2Y /T
AL AL Y 4 L QAR )

= (22 /T2

(QQl*Xl)/T”

LU0 M CP R Q0 ) - - OT10)
DOYk(FR “3 JATNS ’) l N IS
o l—u~!l1 QGCPHTL/XL)
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—
L/

0303 = =
N

EmlLOGCTHETALZFHI L)
‘W(XlﬁlLlJﬂéiﬁ*]Lm,
AL =TLOG OPHT 2/ %2)
= L0 CTHET =/ P
A=A/ HEAQ LA + ~(PHILAKL Y RTE

d &RL1L§(Z/’ UOENUU’$LQEL1LQ APHIE/X2YRCE

DOdl I=1.8

00 12 J=1+8

FETCTy Sy =0EXP C-AMNI Ty J) /T
COMNTINUE

CONTINUE

FOR PURE TOLUEMNE ALl=ACCHZ=1, AR=ACH=5y AX=0y A4=0

FOL=NULCLY ML CR) MU G N C4)
FOXL=NUL L /FG1
FEX2=N(2) /FG 1
FOXZ=NUL (3 /F 61
FOXA=NUL (4) /F 1
Fls0l (LRFEXLHRL (2 RFEX2401 (I RFEXIHRL (4) KkFEX4
THETLL=0Q1 (1) FEXL/F
THET12=01 (2) %
THET13=01 (5)#F G
THET14=01 (1) KF G4 /F |
BL=THETIARFSET CLy 1) THETL2RPST (2 1) THETIZRPST (Fr 1)+
KTHETLARFET (4 1)
BR=THETLARFGT (1y 2) 4 THETL2XPST (2v 2)HTHETLIRFSI (Fy2) 4
ST (4y2)
BE=THETLUAPST (1,30 4 THETLRAFST (20 3) +THETIZHFST (5,30 4
RTHET 143
BASTHET11XFST 1y 4) +THETL ZKPST (25 4) +THETL34FST (5 4) 4
KTHETLAKEET Cava)
DL=THET LIRS (1 1) /B THETIZXRFST (1»2) /B24THETIZHRFST (1,3)
R4 [ (1y4) /B4
1Y /BLETHETI2KFS T (20 2) ZB2HTHETLERES T (243)
:ﬁp’})/f{ﬂ
2 LY /RLETHETI2RPST (3 2) /B2 THETL3HF ST (34 3)

BIFTHET L a%
DE=THETL L sPrsy
RARIS THFT14W T(EeAY/R4
OaA=THET LIPS T (4 1) /ZBRLATHETLI2KPGL Ay 2) /7BRETHETLAXRFSET (46 3)
RABIFTHETLARPEL (4243 /R4
lbhﬁImml(1)#(14H0wﬂkﬂﬁ(ﬁl)wnl)
AR ORI L DO TLOG CB2Yy 1120
Iukn L CEY O] D)-DLDG (B -03F)
PR A= (4 RO o000 (A ~14a)

FOR PURE 00L4 BS=CCL4sLyBA=0 s B7 =0y B0

FEE=rU2 CLYAMU2 G20 4NU2 (R ANUR )
FOXG=MUR0L) /FG;
FOXE=NU2(2) /FE2
FEA7=MU2(3) /FG2
FEXB=HLR2(4) /FG2
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g,
L4

iR

o]
LA

S0 00 0

L5 b Y S THE I"’f’w‘kl'*ﬂ((‘w("))HHFT”/‘H‘ INOATIES
(R
AETRERPST (S P34 THET26XFST Ay 7Y FTHET27%FS T (7073 4
REKFSL (BT

PET S8 THETREHFGT (6y 8)HTHETR7XFSI (78 +

HTHET28%]
DG =THET:
BT TH
Da=THE :
WAV HTHET 24
07=THE
KAVZHTH
DE=THET:
HKABRZHTH

\..I(Mv rJ/I*' ‘HHI“T DHKFET CHy &Y/ REFTHETR27 KIS BI(&s7)
>H ‘aii./fw }/18

AR ("7 v 83 /58

FET RS /RS THET2EKPST (8 &)/ BAETTHET27XFEST (872
RPET OB, 8 /788

2CL YL DO-DLOG CRE -1

202 1%“ 11 ()"-- DL0GC If‘- &) ~~-Iflc'>)

FOR THE MIXTURE XL = MEAVIER

THERE @RE TWO CasEs 2
CLy WITHOUT aNY SAME FUNDTIONAL OROUFS TN THESE
TWO COMPOUNDS e THEN AMN(I.J) = SaME STZE
XMoom o MUM L)AL ZSUM CMUML CROEXCHENUMEZ OO XKD
C2) WITH SaME FUMCTIONAL GROUFS IN THESE TWO
COMPOUMDEy THEN RECALCULATE NUM
ALED AMNOT. ) WILL BE SMalLER STZED
UM NUML R R FMUM O (X2 78U CNUM T CRDY 3GCHENLIM 2 OO 3002

FOLLOWING FORMULAS ARE FOR THE CaSE 1)

FR=CLRFOGLY S (G2
X:Hl =CCLRNUL CLY Y AF SR
LN (2 R
CHLRNUL CEy /173
LML CAY Y /T3
R CLYY/FE
.JUfZ(Z’.))/F'ﬁ

: ( .\’..-.?. * N 1...1 204/
GLCLYHXAL Y4 (L (2 RXA2Y + (AL CEI AT+ (AL (4 RXA4)
Fb GO CLYRBEE Y4 (02 CRYAXRA) H AR TENEXBT I+ Q2 A RXER)
HCLD tl)] (ly&Xaly /e
THEMX C20 = (0L (2 %Xa2) /F4
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L1100

1200

COWRITE

THEVf(&)mrulf&\k\n')/l4
YHPM/(Q) ‘ 4)/F4

”H\’U(f‘))‘"([ ;
THEMAC? y=(032 1
THEMY (8)y=(Q2(4
a0 1100 M=1.8
FOMy=THEMYCLYRPSTCL e MY ATHEMX C2YRPEL (2 M) 4
HTHEMK CEYRPST (B e My THEMA (A EPEL (4o MY+
ETHE MY S REST (N M P THEMX (A RPET (A M) +
HTHEMX C7 YRS L 7y M+ THEME (B RPFST (B M)
CONT MU
O 1200 =10
GROME ONY =L 00D 0G CFEONY Y = CCTHEMX CIDYRPST (M 130 /ECLD 4+
HOTHE MY (2 3% (MY ) AEC2YHCTHEMKX LR RPETIN e 2 Y AE (X4
FOTHEMX ¢4 3k (MY Y /B AV CTHEMX (S kPS8 T Ny S (E Y 4
KOTHEMX & 3kl (eI ZECAYFCTHEMECZIKFESI (NI (704
HCTHEMM OB YRPST (Mo 83Y XA (8 )
f:flJIJ T 1 ||

A
GRS

i

03 (G
‘(1)#ﬂumman)
)Y RGROMK (4)
»rx)qrpmmyt?>

AU (L) CBR1A-FBRALYHNLIL (2) % CGR2A-FERAR) HHUL (F) %
~FERAT) FNUL (4) % CORAA-FERAS)
?“ﬂURi1)#iGPWBMPGRBF)+NUE(B)$(BﬁéﬂwPGRBé)+NUQ(3)$
=PRI ) FNUZ 04 % CRBR-PHRES)

DL HCOMBTL

(Tl T I }

i) CTOTE)

s A AHACT LR LE Y CX2RADT2RP25)
Yd= CXhaOT LR L) 7R
VOLTY=Y1/X1

WRITE (H»4433) XleYLoACTL

3 [3'(ﬁ]!"~ii"i€\1\//v':s)(p X1 = e FRAvEXy YL = Ty FBedy

18Xy 7ACTL = 7o F8.4)
WIRITE (4y 2784 ) =T
FORMAT(/ .f. OXe . DALCULATED I = ‘pF1LO.4)
WRIEITE | G vy ARA4 Y VIOLTY
FORMAT (/0 LOXy "EQUTLIBRIUM COMSTANT T8 7»F11.63
Km0,
Y2=1 . 00-~Y 1
(&Hy ZRHEY X2e¥Y2
FORMAT (/v 1 0Xe 7%2 = 2y FE Ay LOX e /Y2 = e M. 4)
YAEQ=Y
FET LR
EN
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SUBRDUTINE PROFERCEZATM YETNy TRPLATE s RELATE « QBINy HRIM 2 G ¢
LQOMOLEY)
TMPLICIT RE&GLIEB(A-MHe 0-Z)

oo ool sk kool seolok eiok ok dololoiieisoloksoloR ol kook:iolkoololok ol sololok dokoiok
(s
i
¢ THIS FROGRAM TE TO CALCULATE ALL THE PROPERTIES
G NECESSARY TO PROCED THE CALCULATIONS FOR DISTILLATION
G
C
£k Ao sk sfofoR sttt ook ook soloR ROk okoloR ok slokok sk sokoRskolokolok solok skl R
[
C
e THE FLATE TEMPERATURE  AND COMPOSTITEOM HAVE TO RBE
™ INTRODLICED TRTO THIE PROGEAM
G THE TEMFERATURE T DEGREE K

DEMENSTON BETS 20

TLME M TECE) e WM Oy VCCAY e TROE) y PO

CREME NS L LRI MRy ROHL (B2 » DACE Y »y DB C3)

DEMEM ORI TROZEY YRR v ACE) BTG

DIMEN MFPRCED

DIMEMETON ETARCE) o FETACI) yFEP () y ETARURCE)

310 VLA Ry s ETAL (D VISR VIETOCE)

O
LR

TCeFCy VG ARE THE CRITICAL PROFERTIES FOR TEM. PRESSURE
AN VIO URE

W T8 MﬁhEéULQH WETEHTy TR IS BOLLING POINT

e e ke
LiRAEG

DATA TCCL wFECLY s UE LY /591, 70040 0 ATy 31600/
TATE TOORY y PG
DATA THCLY vWMOL) /383,800,922, 14100/
DATA THC2Y v WM R /349, 700 153, 82300/
DETA Z0CLY s ZEIRY /70, 2640010 27200/
DATH VISECLY pVISTO(L) /467 (F3N0 ¢ 255 . 2400/
DATA VISE ) yVISTO (D) /540, LED0 290, 8400/
DETE SUMUA SUMUE/ 111, 1400 94,500/
e SUMVALBLIMUE ARE FOR GAS PHASE DaRy FAGE 954 IN REID
WRITE €6y 7755)
T7ES  FORMATC// /v 10X “ 84k THIS SECTION REFDRTS FPROFERTIES ##4)
W COLUMN FRESSURE 18 CONSTANT
NATH FOLMN/ 760,100/
FafCLMN 760, 10
T=TRLATE
X=X A TH
Y A=Y A TN
(560 TN

0010 f=l,2
TEHROD»=TRCD)ZATCOD
TROLY=T/TCCL)

FRAOT y=R/RCODD
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C
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R
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- g
¢

LRI S I O

L

L
~

=

THIS SECTION CALCULATE SURFATE TENSTOM
FaliE 404 IM RELD

QBT =0, 1207008 0L e DO COTRRECIVRDLDG CPECEI Y Y AL DO-TRRCTY)
LYY=, 28100
A=, N0/ 3,00
L2 DO /R T
AL Ll L DGP L D0

ST L= Q0 CTRAA YK CTR CLORRED RO CT VK CCLL 00T D) ) %Rne)
WRITE 4,223 Te8IGCT)

FORMAT (/v 10%y “BURFACE TENSION FOR PURE COMPOMENT (7
KIZv 7 ) I8 “wFilade’ DYNE/CM?)

THE ABROVE EQUATION FOR STG I8 FOR NON-HYDROGEN RONDED
VT a0 2REDOE CVECT Y %]« 04800)

VO FAGE 59 IN RELID
ACT Y= (VI RRAAYRC (A ORANRX)Y HARR)

LITAUID DENSTTY

o

SOTION CalCULATE
YEO LM FERR

THITS
Falbe o

ROML CT) s ORI O SMM L ZTO I YO, 08E3NO/ {20 LI YRRO 7 7F) )
KO OPNOKTR L))
WRETTE (&»222) TyROHL T

FORMATC /e ROKy PDEMELTY OF PURE LIQUIN 7 T2¢7 I8 “yFL1.&)

TEOM EQLGULATK CONGTE
277 T TLTHEVAN NESS
MG EOUATION DF S8TATE 1§ USED

THIS SEC
FAGE

2 QENORTC LY /PO
AR LOB00RCTOC AR50 /P 0L

TR 2= (0, 0RA7IN
DAECT ) =00, 4278]

THIS SECTYTON CALDULATES GAS PHASE VISCOSITY
FacE BOOH

247 I PERRY S HAMD

ETAGCT )= (R AD0ROSART (WM CIYRTC I ) /A (WD O ) kkdaa)

FEF D =0, 9100 0L0GLO (L PNORTROL)

FETACT =1, 08800KCTRODIEYG . 645) -0 26100/ COLPTORTR ) > kok
LFEFCT )

ETAPURCT Y =ETab Dy FETA T kL -4
WRTTE CA¢330) LyETAFURCD
FORMATO/» LOXy "VISCOSTTY y FURE GAS  COMPOMNENT 73127 18 7y

KFLL e ” CENTIFOLSES

THIS SECTION DALCULATES LIAUID vISCOsITY

FAGE &29 TN RETD

VLA Y=V TSRO CCL DO/ Ty = (L DOAVTETO T Y )

ETAL D =10, D0k (ULATTY)
WHRITE (42335) TyETAL 1)

FORMAT O/ 10Xy "VIHCOSTTY FOR PURE LIQUID COMPONENT s 12,
X200 m el by CENTIROSE )
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1O COMTINLE
A= ALY AR (2272 00
Br=am/ (2. 0K, 31 AN 7HT
STOM=YaS IO L) BRSOy ~BMm C (STH L X ~8TH (2 ka2 ) s kxR
WRITE (41100 S1GH
110 FORMAT (/e LOX SURFACE TENSTON FOR THE MIXTURE I8 7y
Ll 6y 7 DYNEADM D
OO TG=NARS(STIGHCLy-STG2)
WRITE (H5088) DBIG
SO88 FORMAT(/» 10X 7 THE INTERFADIAL TENSION I5 ‘vFlLL.4)
0
L THIS SECTION CALUULATE DENSITY FOR GA% MIXTURE
G FaiEl 270277 T SMITHRUAM NESSHS
(™
TCL2=DN8RRTCTOCLYRTOR2)
VL 2= (UCTEIWERBIVOC2IHRBR) /72, 00 Y Hk3
ZULR=CZ0 LY PEQCR22Y /2,100
FOL2=CZ0 1282, 0800%TC L2 /V012
Mﬁiﬁﬂ(Oom”J8U0$8£¢OUHO*%Q~05D0$(T012%¥2¢5))/P013
VEMa=Y AR TR L) Y RAETIR D)
Tiat= “n BYARETA CL Y2, DO ARYRADA L 2HYEEYERNA (D)

iNlbn|@H”
no 100 Jwle 100
ZOLI=ZNEW
B IEMKE ) 7 CZOLIERE . OB DORT )
ZNEWE (1L 00/ (L, D0=H) Y (HAM/ CIEMES2 . OSD0K CTREL 5 IR (H/ ¢
11 TOHHY )
WRITE (6220222 Jy ZNEW
2RRD FORMAT (/10X COMPRESEILITY FACTOR I8 ON TERMS < s I3y
KOOTE W FLL. 7 - '
TFCDARS CCZNEW-Z0LIN ZZ0LIY JLT, 1.0-4) G0 TO 101
100 COMTINUE
o
100 UGM=ZNEWRER . O5D0KT /F
WHAYG= (Y ARWM LY Y BN (2))
WHMAYL= CXAKWM (LY X ERWH (2D )
RO G M= WM AU 7 VG
ROMHLM=%ARROHL (L) XERROHL (2)
WRTTE (6o lhl) ROHGH ROHLM
111 FORMAT (/s 10Xy 'TENSTTY OF MIXTURE FOR GAS I8 “vFll.és
K0 LONy ! FOR LIOUTD 1S /sFLl.be’ GF CHAKI’)

£ THIS SECTION CaLDULATES VISCOSIYY FOR GAS MIXTURE
™ PAGE ALl I RETD

T M =Y ook AR T CWM L2

l]i”*'zf T (W2 )

T S M (ll\lUl(ljiLTﬂl%r'ﬂlU!( IKETH2Y Z CETHMLHETM)?

: Ly A%y ETaM

KA FORMATO /v LOY e 7 UISEOSITY FOR A% MIAXTURE 18 “»FLL.460
CENTIFOLSE o
r THIS ITTDU Pﬁlﬁ”lﬁTE VISCORTTY FOR LIGUTD MIXTURE
. 7 TRy HAMDEODIE
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HOETAL (2 el ) ok

ARG IHIMHI( sloxf’“lhlﬁﬂllw FOR LIQUIND MIXTURE 187 ¢F1i.60

¥ DENTIFOSE-

DIFFUSTVITY COEFFICIENT

SAm LR T . FE KOG
R CCHEUMUARERDESUMURRCREE ) kk2)
DAR=N02/D0E
WRITE (& 3238) DAR
338 FORMAT (/v LOX e "DIFFUSTVITY COEFFICTENT IN 648 PHASE I8 7y
HELL o & TUMRCHASED ")

™
L

L :

THIS SECTION Cal.CULATE LIGUID PFHASE OIFFUSTVITY
COEFFTCTEMNT
FAGE SE57 IW REID

—
L7

e ]
E I

UaTa HIPAZ2,A00/
i FEOF VEPEMDS ON THE SYSTEMy FAGE S8 1IN REILD

OARLO= 07, 4080 CONSRRT CHIFRWM 2y 08T ZCETAL (23R (YU (2 %K
LO.86) ) .

DB O (7 4080 COSRRT CHTPRUM L) YT AETAL CLIR (U CLY ¥k
10,61

DA CUaRLOMEY TR CURALO%R M

WERTTE (&0 348) DLAR

348 FORMAT (/9 10X PDTFFUSIVITY COEFFICTENT, LIOUID PHASE TS <

KELL 6y “UMMOHMASED )

THIS SECTION CALTULATE THE BRUBBRLE DTAMETER, RIGING
VELDCTTY
ANTE THE COMNTACT AREd: CONMTACT TIME

Ql=0a% FLOW RATE IM FTaEAHR PER THNCH WIDTH OF $1L.07

WIDTH OF @07 I8 174 » 12 SLOTS PER CAFy TOTAL 3 INCHES
PHOHES
QFLOWGE T8 THE VOLUMETRIC FLOW RATE OF VaROR FLOW

e
LA oL

A4

I w]
R

T iy N“l”]"j/
RIETeR HALNODALA DO
L OB =0 .L KX, Ol

ETat = GAaS MIATURE VISCOSTITY IN CENTIFOISE
DETAM = UISCOSTTY I LBAFT HRy L OF = 2,42 LBRAFT HR

T el s T e
[T R N I 4

DETAM=ETAMKZ, 4200

: OIradMETER QOF SL0T I FT = L7494 [NOHES
{ DEPTH OF LITAUID SEal 18 1 INCHES. TN FT
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PGLOT= (4, 0004 D0 CL00/12,00)
L=l L OO RO DO 12,000
R =0, 22200% (0 ITHRO FRYHCBEABRRO - L2E ) H (UETAME R0, 020 4
XL 02N 2R COGEASEL 0%
™ DRURL IN FT
DOMRBL=NRURLAERO . 4800
Ttd O
LTE CA»BH0L0) DEMEL
GOL0 FORMAT (/v 10Xy “THE BUBRBLE DIAMETER I8 ‘vFll.&y
7 M7
VEUR L =04 L0302 000A50R0 . 16)
o URLIRL TN FTAHR
VEMBL=URURBLACIO . 480073400 ,0100)
[ VEMEBL T DM
WRTTE (A«501:
GOLL FORMATOZ 10 -'RTﬂTNﬁ UFLUCITY IS 79F1ll.67 CMABECT )
AUNTAT= (1 4 HCAGEASKER0, 84 ADEURL
oo Al |\'1 ra T CONT 1f T AREA OF BUBBLES TN FTHFT PER FT OF

ViMEL

ﬁlhl%ﬁPNY THMEEALAZ0 . 48000 4800
G ATAT CONTACT ¢ b T CMEGM
WRTTE (ﬁuUOi’ilﬂrH
S5012 lUiWH (/0 LOXy “COMYTALT ARES T8 7»FLl.607 CH¥CM )
FOHTAT=HEEAL ZVRLIEL
M TCNTH] CONTAOT TIME THROUGH THE LIQUID SEAL IN HOUR
TCAT=TONTATEZAO0 . DO
C TCAT COMTADLT TIME T SECOND
WRITE (4250103 TOAT
SOLE O FORMAT O/ LOYe “THE CONTACT TIME I8 “sFll.6s NGECOND )
R ﬁle*LH MBLA2. 00
DITCAT=TCATRIEE/ (REOMBLARCHEL)
WRITE (& S025) DITCAT
SORE 0 FORMAT O/ » 10Xy 7THE DIMENSTONLESS TIME = “yF11.4)

» THIS SECTION CALCULATE SHERWQOOD NUMBRBER

L CDCHBLKY CMBLKROMHGM ) 7T AM

¢ ETaMZ COaBKROHGMY
\HNNUU 2L, TIOH0 . 7EDOR DS ORT CORE ) & (IS CHRRT)
WRTTE (A S03EE SHRWOD

S0EE FUHH&I(/?lOXy THE SHERWODD NUMBER IS “eFLL.&6)

" THIS E"’"ION CalLtULATE PaRT OF MASSHS TRANSBFER DURITNG
TETNG

H
—
—
“-'

MAGE TRANSFER FROM A STHGLE BUBRRLE :
: COMSIDER BOTH LIQUED AMD Gas FILM RESISTAMCE

'tm"f’."\ CHETACE) v L=ty 100 74, 4934094007, 725251700
20ﬂ1‘1%U0uI1 Q&G PEBN0 L7 220754900y 20, F71 30300
-HU’?ﬂouuthﬂQUu 29,01 1598800, 32, 289438900/
g =0 A

5HWSHHMUW
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1000

TIHME=0LT AT
GUH=0 L 10

00 4000 T=1s10
2= CRETACT YAk
Z=ZZKTIHE

Y2 ( Y - CBETACL YR
YYQ*iﬁf. CGHAROMEBELY
SU“(YYMk(YYlel)%(l¢U0w221))/(YQ*Yl*EETﬁ(I)*BETﬁ(I})
SSUM=S1IM- G
TT=88UM~SUM
TOL=DARSCTY )

IF (TOL~ErRS) X239
SUM=8G1M
{HN1TNHI

TOU RS
GO0

: 4W(I¢UQ T2
TTUM=TY &4 THUM

THIS SECTION CUNUERT'THH UL UMETRTC FLOW RaATE QF YaROR
TO MOLak FLOW RATE IN G MOLE /7 HR :

QMHLFG:NFlFMG$(30 ABTOKKE)
PO EGRROMOM A WHAVE
S E099y QFMOLEY
FORMAT O/ LO¥» - THE MOLAR FLOW RATE FDOR GAS IS 7y
1F115m?f G MOLE /M)
AL T A TR T LM
MRITE CASH075Yy HMRIH
FORMAOT Ao L0X e S THE MO FUNSTION DURING BUBRLE RISTNG T8
TF16 67 G MOLE / MR

THIE SECTION CALCULATE THE PFART OF MASSE TRAMNSFER DURING
RBULRLE FORMaATTOM

»IHI“& I4LLVﬁ.MU$DL1PL*DLHLL

LMY 72 D00 AWiAYE

LRVDMEBL )/ COCMBLEPBO . &40 )

TOMBL A CTFHIAR)
SRET CROMHEMRE O MEBLES L0
Gy 1 DORCEFORCIKF LR CORF240k0 , 0892 YR (ORF AR (-0, 334) )%
1L b =0 &1 )
HlHH’ll
CROMLAXSTEM) /0 CDARS CROMGM-~ROHLM ) Y HPR0 , SATONTFK
S0
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- COROHGMEROMLMY /2
CROF =0, 38A00HCRFORE
101 48)
RERERL L=RELATE
CREF= (CREOFRCKDF )Y £ CORDFS R R L ORI )
G=CRRFEAFKZAQ0 . N0
WRITE (A«5%09%) 0
SAOPE 0 FORMATO/« 10Xy 7 FUNCTION 6 DURIMG BUBRLE FORMATION I8 7.
LFLL. &y G MOLE /7 HR7)
WREITE (496460
HaSh FIMMAT (A DOy bt END OF PROFPERTIES REFDRTING ddfbdkd )
FRETURN
E T

RO AUMAVL
SR CORF S0 Sk (ORF &880 . 407 )Y K (DRF 740k
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i

R

gy g gy g g

LA LS A7

e

303

1

1o

BUBRDLITIME EM”HFY’WFlﬁTF"ZﬁyYﬁyENTHUMvEN
THPLICIT REALADZ(A-MHe D2

THLM)

THIS SECTION CalOULaTE THE ENTH&LPIF‘ IUh IIUHEU FHAGE

ANTE GaS PHASE» ALBD LATENT HEAT I8 ESTI
CRODaTa FROM RETD. FAGE 629
LATENT HEAT FROM PAGE 2001 TN REID

DEMENSTON CPOACE) yCPORCEY » CPEECRY » CREDCERD

DIMENSTON EMTHLYCEY o EMT

DIMENGTON OMEGACE)

DIMENSTON TCCE)

DaTe uﬁflxyPthfl;ulihl(E)vlih“(1)/ -5

e HORN-S L L7 R

T 6 lluhf‘kwﬂw
;oﬂ’lﬂw L1l

TIEATH Mihnki\\lli -

TATH Th(l)& FC2ys

Te=TRLATE

R SR N NI R 4]

YR, D0-Yi

HLL O3

.CE)/0¢QS7DOv00194HO/
SELL N0 BEA, AD0

5oL 1?”

CROS P Y3 (T-298.100)

J UIHH(N!*/ SOOI CCTHHD) - (298, DOXEK2) )
‘éx CRECOML Y AZZ D0 COTRSE) - (298 TOXKZ ) )
A= COPGIONL Y A4, D03 C 0Tk )~ (298, DOXK4) )
NTHlUtNI L N I S G e C N S T

NTHLY T8 TN CALDRTES/G MOLE

g

A1
i
fie
FF
P
£
£

ThR=T/TC NI

CH=7 . QUN0HR (O
Ch=1 0. QEDED
Clambas=1, 9f
ERTHLL f =
COMTINLUE

THYM=Y ARENTHLY CL ) Y BYE

UﬁmTl)**thH4)
BORLYAHCCL L DO-TR I dd0 . 454)
DORTC ML Y HCOHACE)

ETHLY CHLY ~CLaMDa

NTHLUL2)

EMTHL M AKENTHLL O FXBEENTHLL (2)
FOE T U
T
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SUBRRQUTTNE
LML LTy

TVMFfXﬁvEyTNXTD
REALARE (b 070

e
[ THES ROUTINE USE NEWTON-RAPHSOHSS METHOD
(» TO ESTIMATE THE MEXT FLATE TEMPERATURE

FLHENE UH ~
ﬂlmiN”IDN YI(*)
DATa CRGACLY»CPOR LY yCPGE CLY y DPODCL Y /=5 8170000 |, 22471
L& o A0ED-5 e 1 173D ’
LT i llhﬁ(')””FUPKB)?EPGC(R)PCPGU(R)/”{:?S“”"4 BPIN -~
1- \.lo‘(‘})l
DATA OMEGACL) EGACAY/ 02570040, 19400/
DATA IPll)vT[f"/H).OYHU: S, AT

T TrHT

KEram ] O3

0o 404
oy o
ol

A L =298 2 T10)

2 CRHECNL ) A2 0038 ( CTHER) = (298, OKKD) )
B i CORFGO CHML ) 73 D0 Y% CTRER )~ (298, k) )
B CORPGTONL ) 74, D0 % (TR A - (298 110%%4) )
ENTHLY (ML Y = FE LR 2 4P R 4

o ENTHLY 15 IN CALORTES/G MOLE

TR=T/T0ONL)
CH=7,0800% (1L 00-TR ) 3080  354)

CG=10, PS00R0MEGA (ML YR CCL00-TRIXEO . 4547
CloadDAs=] . @B7N0RTE (LR ODHHCE)
ENTHLL CML Y s=ENTHLY CMLD) ~CLAMDA

LR L==0Pns (ML)

DFP2=CPER CHL YT

F=OPGE0 ONL R CTHR2)

POTHOML Y M CTHR)

FL08N0RD, BEAN0R CCL L DO-TRYME (-0, 6467

L O PEDORDMEGA CHNLYKO . AEADOCL, DO~-TRYAK (-0, 544) )
PHL CHL Y =0E R L4 DR P24 TP E S0 P4 -1 B 7N0XK (DCHADCE

Zin3 SR LMUE
EMTHLL CL Y X B ENTHLL (20 ~§

DR THL O R BRDEMTHL C2)

CFL /70 L)

.lnlf“st'l"i\!lﬁﬁhl'-""l“)./”T') LB LeT-E0 G TO 40

1-0 T [] ‘::(,}
THHET
ULLIH kf g SEEY T

FORMOT O LOXy S THE MEXT FLATE TEMPERATURE = “9F11.%)
RETURM

RARNA
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APPENDIX F

COMPUTER PROGRAM FOR A TERNARY

SEPARATION IN A DISTILLATION COLUMN
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IMPLICIT REALX8(A-Hy0-Z)

REAL. LRINyLLROUT

DIMENSION HV(15) sHL(135)

DATA NTOL/10/

DATA NREGIN/Z2/

LDATA NRUBLE/Z/

LOATA FCLMN/7460.00/

DATA QVAF/141.,4600/

QVAF = AIR FLOW RATE IN FTXFTXFT/HR

FER INCH WIDTH OF ORIFICE

NTOAL = TOTAL NUMRER OF TRAYS

NREGIN THE REGION THAT CAN RE DIVIDED ON EACH TRAY

NEUELE NUMBER OF BURRLE CAFS ON EACH TRAY

QRGIN=QVAF/NRURLE

DATA TRLATE »XAOQUT:YAOUT/377.5900:0.,616D0y0.618600/

DATA XEOUT» YROUT/0,1320050,132007

XAIN=XA0UT

YAIMN=YADUT

XBIN=XROUT

YRIMN=YROUT

CALL UNIFAC(XAINsXEINs TFLATEyYAEQ, YREQsVOLTY1s
1VOLTY2,VOLTY3)

YAGL=YAEQ

YRGL=YREQ

RELATA=VOLTY1

RELATE=VOLTYZ2

RELATC=VOLTY3 .

CALL FROFER(XAINsXEINsYAIN'YRBINyTPLATE y RELATAY
IRELATESRELATCQGINsHRINAsHRINEYGAGEy QMOLEV Y
1011012, 022,021,86G1 »862)

FLOW=QMOLEWV

URIN=FLOUW

XA=XAIN

YA=YAIN

XE=XEIN

YE=YEIN

CALL ENTHFY(TFLATE»XAsXEr YAy YEyENTHUM» ENTHLM)

HVINI=ENTHUVM

HLINI=ENTHLM

[0 5500 NP=1,NTOL

XAIN=XA0UT

YAIN=YAQUT

XBIN=XROUT

YRIN=YROUT

YASUMO=0.00

YESUMO=0.,D0

EFSUMO=0,00

EFBSUM=0.00

[0 6700 NR=1yNREGIN

CALL UNIFAC(XAINyXBIN» TFLATE:YAEQ»YREQVOLTY1:
IVOLTY2,VOLTY3)

YAGL=YAER

YRGL=YREQ

RELATA=VOLTY1

il

it
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RELATE=VOLTYZ2
RELATC=VOLTY3
CALL FROPER(XAIN:XBINsYAINyYRIN: TPFLATEsRELATAY
IRELATEsRELATCsQGINsHRINAYHRINE» GA»GRQAMOLEV D11,
1012,022y021 861 ,862)
FORMA=GA
FORMR=GER
RISNA=HRINAXVRIN
RISNER=HRINEBXVURIN
LRIN=VRIN¥Z.D0
YAI=YAIN~-FORMAX(YAIN-YAGL)
YRI=YRIN~-FORMBX(YRIN-YERGL)
VROUT=VRIN
TRR1=(011-SG2)X(YAI-YAGL)+D12X (YRI~YRGL)
TOORL=TRR1/(SG1~-8G2)
TRR11=(0O11-SG1 )X (YAL-YAGL) +D1 2% (YRI~-YRGL)
TOOR2=TRR11L/(8G2-8G1)
TRNEWA=TOOR1LXRISNA+TOOR2XRISNE
TRR2=021%(YAL-YAGLY+(D22-861 )% (YRI-YRGL.)
TOOR3=TRR2/(SG1-5G2)
TRR22=D21X(YAI-YAGL)Y+(D22-8G1 ) X(YBI-YRGL)
TOORA=TRR22/(86G2~5G1)
TRNEWR=TOORZIXRISNA+TOORAXRISNE
YAOUT=(VRIN/VROUT)IXYAI-(TRNEWA/VROUT)
YEOUT=(VRIN/VROUT»XYRI- (TRNEWE/VROUT)
LROUT=LRIN-(VRIMN-~-VROUT)
XAOUT=(VROUTXYAQUTHLRINKXAIN-VRINXYAIN) /LROUT
XEQUT=(VUROUTXYROUTHLRINKXBIN-VRINXYRIN) /LROUT
XA=XA0UT
Ya=YAQUT
XE=XROUT
YB=YROUT
EFFICN=(YAQUT-YAIN)/(YAGL-YAIN?
EFFBCM=(YBOUT~YRIN) / (YEGL-YEIN)
WRITE (6+8877) EFFICN
YASUMO=YASUMO+YA
YESUMO=YRSUMO+YE
EFBSUM=EFRSUM+EFFBCN
EFSUMO=EFSUMO+EFFICN
KATN=XA
ABIN=XR

6700  CONTINUE
YADUT=YASUMO/NREGIN
YROUT=YRGUMO /NREGIN
EFAVG=EFSUMO/NREGIN
EFBVG=EFRSUM/NREGIN
WRITE (6+9919)

2219 FORMAT(/s10Xs50(7%7))
WRITE (6+9919)
WRITE (6y92919)
WRITE (6:6564) NF

6564 FORMAT(/y10Xy “k¥kkk THE FLATE NUMBER = 7 »I3s2Xs XXKEX’)
WRITE (6:7655) TFLATE,YAOUT»XAQUTVROUT
WRITE (4:8898) YAOUT:YAIN»YAGL
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G500

7655

8898

8877

WRITE (46:99298) YROUTYERINyYERGL » XBOUT
FORMAT (/10X “OUTLET COMFOSITION FOR TOLUENE IS “+Fll.6»
1/210Xs “INLET COMFOSITION AND EQUILIBRIUM COMFOSITION ARE
179sF114695XsF11.69/+10Xy 7INLET LIQUID COMFOSITION OF
ITOLUENE I8 “»F11.6)
WRITE (6+8897) EFAVG
FORMAT(/»10X+/ THE AVERAGE FPLATE EFFICIENCY = ‘sF11.68)
XCOUT=1.00-XADUT-XROUT

YCOUT=1.00-YAOQUT-YROUT

WRITE (6,1171)

FORMAT(/»10Xs30(7 7))

WRITE (625551) XAOQUT»YADUT

FORMAT (/910X ' X-XYLENE ="yF11.6s8Xy/Y-XYLENE =7yF11.4)
WRITE (46:5552) XROUT»YROUT
FORMAT (/¢ 10Xy ‘X-TOLUENE =’»F11.6+8Xs Y-TOLUENE =’»F11.,6)
WRITE (6-,5553) XCAQUT»YCOUT
FORMAT (/210X ‘X-BENZENE =’yF11.6y8XyY-RENZENE =’sF11.,6)
WRITE (6:9219)
WRITE (4699192
WRITE (6:9919)

THIS SECTION ESTIMATE NEXT FLATE TEMPERATURE

XA=XA0UT

YA=YAOUT

XB=XROUT

YE=YROUT

CALL ENTHRPY(TFLATEXArXBy YAy YRyENTHUMs ENTHLM)
HUCNF ) =ENTHUM )
E=(VROUTXHV (NFY+LRINXHLINI~-VRINSHVINI ) Z/LROUT
TNXT=TFLATE
CALL TEMF(XA»XRByEsTNXT)
TRLATE=TNXT
HUINI=HV(NF)
CALL ENTHPY(TFLATEsXArXRsYArYEByENTHUMs ENTHLM)
HLINI=ENTHLM
CONTINUE
FORMAT (/210X THE FLATE TEMPERATURE I8 ‘»Flé.6y/+10X
1»“THE OUTLET GAS COMFOSITION AFTER ADJUST TEMFERATURE IS
1 “9F11.6y/910%s/THE IMLET LIQUID COMFOSITION IS
1 “yF11.6y/510Xs“THE DUTLET GAS FLOW RATE IN G MOLE/HR IS
1 “sFl1l6.6)
FORMATC(/910Xy /YADUT =’sFll.6+s7 YAIN ='¢Fll.4y7 YAGL ="y
1F11.63
FORMAT(/»10Xy THE FLATE LOCAL EFFICIENCY IS 7sF11.6)
STOF
END
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SUBRDUTINE UNMIFAC(XAINsXBINs TPFLATE,YAEG,YEEQsVOLTY1,
XVOLTYZ2»VOLTY3)
IMPLICIT REALX8(A-HQ0-Z) ‘ ,
3k AoRoRoRoROK OR R sk sk oK ROR koK koK sk ok sk sk sk okok ok kool Rk siokkekokoskorokokock R Rk kokk Kok

THIS SECTION IS WRITTEN FOR PREDICTING
M—-XYLENE — TOLUENE - EBENZENE TERNARY SYSTEM
BY USING UNIFAC METHOD

ROK sk ok ook ok sokosiote sk sk ok sokoskoskok skokok ok sk ok kokok skesiolor sotok ok ok ko okek ook okskokok¥ok
THE SYSTEM IS5 HEAVIEST (1) = M-XYLENE

THE SYSTEM IS HEAVIER (2) = TOLUENE
THE SYSTEM IS LIGHTEST (3) = RENZENE

OOoOOoOOoOOaQOoaon

DIMENSION A(Ls6) +FEI (96D

DIMENSION RIC2)sRZ(23 Q12 y Q22+ NUL(2)yNUZC2)
DIMENSTON R3(2)03(20NU32)

DIMENSION THE1A (&)

DIMENSION E(&) s GROLACS)

AR KK AR KK AR RO OK KRR AR KK KK KKK KKK KRR KKK KK

DATA FILE AS FOLLOWING FORM

COMFONENT MAIN GROUFS R @  NU
A 1 XX YY 77
2 XX Yy 77
L R N I I IR AR S A 2R IR A IS N R N 2R K BE NN N R R K N LR B B 2 A 4
B 3 XX Yy 2z
4 XX oYY 2z
IR I I A I I I I I A I AP A S AR A I AR I IR A A R 2 O O B O A 2N ]
c 5 XX Yy 2z
6 XX YY 2z
1-4 ¢ TYFES OF FUNCTIONAL GROUF
Rt DATA FROM TABLE
@ ¢ DATA FROM TABLE
NU 1 NUMEER OF FUNCTIONAL GROUFS IN COMFONENT

INTERACTION FARAMETERS AMNC(IeD)

Bt B et e s e ke 0t et s s o S v Ape e ot etd Ses et veme beve Svay feew v beve Seme Peed ems BU40 Bean Ml Sl Geed buod STSF SN Sess Tmbe S0ew T4 et bmt sesy

ACLy1) ACLY2) ACL3) A(Llr4) AlLLS) A(LrH)

9(2?1) (SR NN SR IR B AR AR SR N 2 IR KK 2R 2R Ok BN O 2K 2

[ 2R IR B I IR 2R 2R SR SR R IE SR 2R IR 2R 2R 20 2R 2R 2R BE 2N 2% S B BN 2 2N BK AN J

LR SRR R IR B 2R 2E 2X B 2 2 BE N B BE K R B N NE BE BE R X 2 2k 2R IR IR A A 2

ACEYL) ACLEY2) ACL3) ACLr4) ACLHYTD) AlHrE)

S her Foea 4vn Bae 40s H00e H4%4 ree ey ke webe S Taan ase Sees tem ceet beve Sphe St e St A4S St sent Sewt et Semn Tae Sete Seit svas Seee Shbe IS S04 are bonb sbse S sed bt Smne

I
I
I ﬁ(3?1) LR A SRR I AR IR IR IR B B A 2R IR R R B N
I
I
I

oo oOoOoooOoODOoOoOoOOoOoooOoOoOooooOooOaoOOooOooOoo o
o T O e
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kR o4OR R 30K OK K 0k AR KK KK 3K K 0K SOR KK KOk SOK S0K ok kok sk kRO OR KK KKK Kok Kok Kk KK

CHECK (1) M-XYLENE: (2) TOLUENE, (3) BENZENE
M-XYLENE = 2 ACCHZ» 4 ACH

TOLUENE = 1 ACCH3, § ACH
BENZENE = 6 ACH

[l e iy

DATA (RICK)yK=12) /0.531300s1.266300/
DATA (R2(K)yK=12) /0.33130051.266300/
DATA (RI(K)yK=1+2) /0.531300,0.,0D0/
DATA (QL(K)sK=142) /0.40000,0,9481100/
ODATA (Q2(K) yK=1y2) /0.40000,0.,968100/
DATA (Q3(K)yK=1y2) /0.4000050.000/
DATA (NUL(K) »K=1+2) 7492/

DATA (NU2(K) ¢K=1s2) /S91/

DATA (NUZ(K) yK=1+2) /6207

C ANTOINE CONSTANTS FOR VAFOR FRESSURE

aw]

DATA ANTALyANTELsANTC1/16.139001053366.,99005-58.,04L0/
UDATA ANTAZ»ANTER2sANTC2/16,0137010+3096 5200y ~33. 6710/
DATA ANTAZyANTR3sANTL3/15.900800,2788.5100,~52,3600/
DATA (ACLyJ)» J=156)/0.0005147.0000.,0005167,000y
0,000y 0. 000/

DATA (A(2y D)y J=1v8)/-146,80050,000y-146.80050,000¢
*X-~1446.8005y0.000/

DATA (A(3yd)yd=1s4) /70.00051467,00050.0005167.0000
XrO0.0L0» 0,000/ ‘

DATA (A4 ) s Jd=1y6) /~1446,80050.000y-146.80050.000;
¥-144.8L05,0.000/

DATA (A(Ssyd)sd=lsé) /0,0005167,000y0,.0005167,000
Xr0.000>0.000/

DATA (A6 Y sd=1y4) /0.00050.00050,00050,000y0,0D0,0,000/
DATA Z/10.000/

T=TFLATE

F18=DEXF (ANTAL-(ANTRL/(TH+ANTCL) )
F28=DEXF (ANTAZ~ (ANTR2/ (THANTC2Y))
F38=NEXF (ANTA3Z~(ANTR3/ (TH+ANTC3) )

FRLI=NULC(1)XR1 (L) HNUL(2)2RRT (2D
FR2=NU2 (1Y XR2CLIFNU2(2IXR2(2)
FRI=NUZ (LI RRICLYHNUB(2IXRI(2)
QA1=NUL(1)%Q1CL)YHNUL(2)XQ1 2D
QA2=NUZ (1YXQ2 CLHY+NUR2 (2 XQ2(2)
QAZI=NUI(1IKQICLIFNUI(2IXQ3 D)
X1=XAIN

X2=XRIN

X3=1 . 00-X1L~-X2
Fl=(FRIXX1)+(FR2XX2)+(FR3%X3)
FHI1=(FR1%X1)/F1
FHIZ=(PFR2%¥X2)/F1
FHI3=(FR3%X3)/F1
T1=(QQLXXL1)+(AR2%XkX2>+(QA3%X3)
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12

11

THETA1=(QRA1%X1)/T1

THETAZ=(QQ2%X2)/T1

THETA3=(QR3IXX3)/T1
TLI=((Z/2,000) % (FR1-QQR1LII-(FR1-1.0010)
TL2=((Z/2.000) ¥ (FPR2-QQ2) )~ (FR2-1.,000)
TL3=((Z/2, 000X (FR3-QQ3))~(FR3~1.000)
C1=0LOG(FHI1/X1)

C2=NLOG(THETAL/FHI1)
C3=(X1RTLL) + (X2RTL2Y+{(X3XTL3)
Cli=DLOG(FHIZ2/X2)

C22=DLOG(THETAR/FHIZ)

Cl1i=0LOG(FHI3/X3)

C222=DLOG(THETA3/FHI3)
COMRBI1=C1+4+(Z/2.,000)%QQ1XC2+TL1-(FHI1/X1)*¥C3
COMBIR=CL11+(Z/2,000)XQA2%C22+TL2~-(FHIR/X2)%X(C3
COMBI3Z=C1114(Z/2,000)XQA3KCR224TL3~(FHI3/X3)XC3

D0 11 I1=1,+6

00 12 Jd=1+6

FEI(I» D=NHEXF(-A(Ly J)/T)
CONTINUE

CONTINUE

FOR FURE M—-XYLENE XACH=4/6s XACCH3=2/64
FOR PURE TOLUENE XACH=%5/6y XACCH3=1/6
FOR FURE RENZENE XACH=6/6

F=R1I(1)%4,00/46,D04+Q1(2)%2.00/46.,100
THET11=(QL(1)%(4.00/6.D0))/F
H11=(R1(2)%(2.00/6.00))/F
B=THET11%FSI(1s 1) +HILIXFEI(2, 1)
BC=THET11¥FSI(1 sy 2)+HLIIXFSTI(2+2)

FGR1A=Q1(1)% (1, 00-DLOG(B)~(THET11/B+(HL1XFEI(1,2))/RC))
FGRIB=0Q1(2)% (1, DO-DLOG(RCY — ((THET11XFSI (2, 1)) /B+H11/RE))

AL=QR2 1)K (5.110/6,D0)+A2 (2K (1. 10/6.,110)
THET21=(Q2 (1Y% (5,00/6.10)) /Al
H22=(Q2(2)%(1,00/6.00))/A1

B1=THET21XFSI(3s3) +HR2XFSI(4r3)
BCL=THET21XFSI (354) +tH22XFSI(454)

FGR2A=02(1)% (1, 00-DLOG(EL)~ ((THET21XFSI(3y3)) /B14
1CH22XFST(3,4)) /BC1))

FOR2ZE=Q2(2)% (1 D0-ILOG(ECL) ~( (THETR1XFSI(453)) /Bl
1(H22%FSI(454)) /RC1Y)

AZ=A3 (1) X (L. NI0/6, D0 +RI(2IX(0. N0/ 6. 110)
THET31=(Q3(1)%(6.00/6.110)) /A2
H33=(Q3I(2Y% (0. N0/ 4. 10 /A2

Bli=THETI1XFSI(5,5) +tHI3KFSI(6+5)
BCLI=THETI1XFSI(5y&)+HIABKFSI (b 6D

FGRIA=Q3 (1)K (1, D0~-DL0G(EL1)Y~C( (THET31¥%FS8I(5y5))/R11
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F+(HIBKFEST(528))/RC1LY)

PORIB=QAZI (224 (1, BO-DLOG(RCLI) -~ ((THETILXFSI(4r5))/B1L
¥+ (HIZKFSI (46260 /RC1LY)

FOR THE MIXTURE OF A TERNARY SYSTEM
FOR X1- M-XYLENE (4ACH-1A:2ACCH3-24A)
FOR X2- TOLUENE (SACH-3Ay 1ACCHZ—-4A)
FOR X3~ BENZENE (6ACH-5A)

1A-,3A4y5A ARE THE SAME GROUF OF ACH
248 ARE THE SAME GROUF OF ACCH3

THERE ARE TWO CASES ¢
(1) WITHOUT ANY SAME FUNCTIONAL GROUFS IN THESE
THREE COMFOUNDSy THEN AMN(I»J) = SAME SIZE
XM = NUMCLEX1/8UMONUML (K RXTHNUM2 (K) XX2)
(2) WITH SAME FUNCTIOMAL GROUFS IN THESE THREE
COMFOUNDSy THEN RECALCULATE NUMKD
ALSD AMN(Is.) WILL ERE SMALLER SIZE
XM = NUMLCOKYRXLIHENUM ORI RX2/SUM ONUML (RO XX HNUMR2 (R) % X2

THERE ARE ONLY TW0 GROUFS IN THIS TERNARY SYSTEM
WHICH ARE ACH ANDI ACCH3 GROUFS

A1=ACH AZ=ACCH3
Al 0.0 16740
A2 ~-146.8 0.0

U=(X1X& . D0+ (X2%6,. D0+ (XI%kE.110D
XACH=(4,000%X 145, QLOKX2+6,000%X3) /U
XACCH3=(2,000%X1+1.,000%X2+0, 0L0%X3) /U

0=Q1 (1 YXXACHAR1 (2)%XACCH3
THEACH=Q1 (1) XXACH/D

THACH3=Q1 (2)%XXACCH3/D

EACH=THEACHXFSI (1s1)+THACH3XFSI(2r1)
EAC3=THEACHXFSI (1s2)+THACH3XFSI (2+2)
GROACH=1,00~0LOG(EACHY~ ( ({THEACH¥FSI(1-1))/EACH)+
XC(THACHIXFSI (1+2))/EAC3) )
GRACH3=1,00-DLOG(EAC3)~ ( ( (THEACH¥FSI(2,1)) /EACH) +
X CCTHACH3XPSTI (2, 2)) /EAC3 YD

FACH=Q1 (1)%GROACH

FACH3=Q1 (2)%GRACH3

GR1A=FACH

GRZA=FACH3

GRZA=GR1A

GROA=GR1A

GR4A=0GR24

GR&EA=GR2A

REST1=NULC(1)%(GRL1A-FGR1AY+NUL (2YX(GR2ZA-FGRIED
REST2=NU2(1)%(GRIA-FOR2AY tNUZ (2) X (GRAA-FGRZE)
REST3=NUI (1) % (GRSA-FER3AY TNUZ(2Y XK (GROA-FGRIR)
TOT1=REST1+COMEI1
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3320
4434

4433

3344

TOT2=REST24+COMRI2

TOT3=REST34+COMBIE

ACTL=NEXF(TOT1)

ACT2=DEXF(TOT2)

ACT3=NEXF(TOT3)
F=(X1XACTIXFLS) + (ACT2XX2XF28)+ (ACTIXX3%F3S)
Y1i=(X1XF1S¥ACT1)/F

Y 2= (X2AF2SRACT2) /F

Y3=1.00-Y1-Y2

VOLTY1l=Y1/X1

VOLTY2=Y2/X2

VOLTY3=Y3/X3

WRITE (&6y3322)

FORMAT(//» 10Xy ' Z%% REFORT EQUILIBRIUM RELATIONSHIF %XZ’)
WRITE (6,4434) T

FORMAT(/» 10Xy ' CURRENT TEMFERATURE OF FLATE I8 “sFl16.6)
WRITE (6+4433) X1:Y1:ACTL

FORMAT(//+10Xy “INLET HEAVIEST LIQUID COMFOSITION = ‘¥

1F8+45 /10Xy 'EQUILIEBRIUM GAS COMFOSITION = “sF8.4y
153X 7ACTIVITY COEFFICIENT = ‘sF8.4)

WRITE (6s3344) VOLTY1»VOLTYZ2yVOLTY3
FORMAT (/10X EQUILTERIUM CONSTANTS ARE ‘¥

¥C1) = “yF114693Xy7(2) = “3F11.693Xs’(3) = ‘yF1l.6)

YAEQ=Y1
YREQ=Y2

144 WRITE (62143) X2:Y2yACT2
143 FORMAT(/55Xy X2 = “yF7.455Xy Y2 = "sF7.4>y

LBXy "ACT2 = " sF7.4)

244 WRITE (6:243) X3yY3sACT3

243 FORMAT(/»S5Xs X3 = “9yF7.4:5Xs Y3
153Xy "ACT3E = 3F7.4)

4435

#

‘yF7.4y

WRITE (6r4435)

FORMAT(//» 10Xy " %%%% END OF REFORTING EQUILIBRIUM ZXZXZ7)
RETURHN
END
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SUBROUTINE FROPER(XAINsXRINs YAIN:sYRINYTFLATEsRELATAY
IRELATRyRELATC»AGINyHRINASHRINE, GAsGRsAMOLEV D111y
102,022,021 ,561,56G2)

IMFLICIT REALX8{(A-H»0-2)
GOk oKk kR ok kok sk Kok koK Kok sk Kok sk tokkcRoR SOk sokoskerokekok Rk SOk Rk kK

THIS FROGRAM IS TO CALCULATE ALL THE FROFERTIES
NECESSARY TO FROCED THE CALCULATIONS FOR DISTILLATION

koK Kok sk ok skt toROR KK KKK SORok K koK kKo sk sk oKk ok ok kokok sk seokork ook kR ok koK

THE FLATE TEMFERATUREsAND COMFOSITION HAVE TO RE
INTRODUCED INTO THIS FROGRAM

THE TEMFERATURE IN DEGREE K
ODIMENMSION BETACZ20)

DIMENSION TC(3)yWM(3IsVC(3)yTR(I) yFC(3)
DIMENSION ZC(3)yV(3)ROHL(3) s DAC3) DB (3D
DIMENSION TBR(3)»TR(3)7Q(3)»A(3)»GIG(3)
DIMENSION FR(3)
DIMENSION ETAG(3) s FETA(3) fFEF(3)yETAFUR(3)
DIMENSION VLA(I)yETAL(3) »VISR(3)sVISTO(3)
DIMENSION GUMV (3D sLCO(3y3) D033y ILOC353)
DIMENSION CAFSG(2)»TTUM2)
DIMENSION CLASG(2) sEQLAC2) yCRRF(2)

oOOoOOOaCOoOOoOOmn

TC»FC»VC ARE THE CRITICAL FROFERTIES FOR TEM. PRESSURE:
ANDY VOLUME ' '
WM IS MOLECULAR WEIGHT» TR IS RBOILING FOINT

oooao

DATA TC(1)»FC(L) yUC(1)/617.000535,00105 376,110/
DATA TC(2),FC(2) yUC(2) /591700540, 6105 316,110/
DATA TC(3),FC(3),UC(3) /562,100y 48,300y 259,110/
DATA TEC(1) s WM(1)/412,3005106. 16810/

DATA TE(2)WM(2)/383,800592,14100/

DATA TEC(3) »WM(3) /353,300578,11400/

DATA ZC(1)»ZC(2) »ZC(3) /0, 2600050426405 0, 27110/

DATA VISE(L) yUISTO(1)/453,42005 257, 1800/

DATA VISE(2),VISTO(2)/467.3300y255. 2400/

DATA VISE(3)yUISTO(3)/545.64005265,3400/

IATA SUMVAY SUNVE s SUMVC /1316009111, 1400590, 6800/
SUMVA s SUMUE» SUMVUC ARE FOR GAS FHASE DAKsFAGE 554 IN REID
WRITE (6s7755)

755 FORMAT(///y10%s/ %%% THIS SECTION REFORTS FROFERTIES ###)

COLUMN FRESSURE IS CONSTANT

DATA FCLMN/760.10/

F=FCLMN/760, 110

T=TFLATE

XA=XAIN

Ya=YAIN

XE=XEIN

YE=YEIN

2

[p N}
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Q1=QGIN
YO=1.,00-YA~YR
AC=1.N0-XA-XR

no 10 I=1,3
TER(ID)=TR(I)/TC(I)
TRCI)=T/TC(I)
FROIY=F/FCCT)

THIS SECTION CALCULATE SURFACE TENSION
FAGE 604 IN REID

QCIY=0,120700% (1. DO+ (TEBR(IIXDLOG(FC(II I/ (L. DO~-TER(ID)
1))-0.28100

AA=2,.00/3,110

BE=1.00/3.D0

CC=11.D00/9.00

SIGCII=(PCCIYXKAAIK(TCCIIRXBRIRQCLIKR((L L OO-TR(I) IXXCC)
WRITE (6+22) I,5IG(I)

FORMAT(/y 10Xy “SURFACE TENSION FOR FPURE COMFONENT (7
XI2y7 ) I8 “H»F11l.6y7 DYNE/ZCM?)

THE ABROVE EQUATION FOR SIG IS FOR NON-HYLROGEN BONDED

V(I)=0.28500X(VCI k1. 048110)
V(I) PAGE 359 IN REID
ACTI=C(VCIYRRAAI K ( (6, 023023 ) RKER)

THIS SECTION CALCULATE LIQUID DENSITY
FAGE 3-230 IN PERRY HANDEROOK

ROHLCI) =(PCCI)RWM(I) /TC (I IR (0, 065300/ (ZCCII¥%0,773) )~
X0, 0PD0XTR(I))

WRITE (45222) IyROHL(I)

FORMAT(/y10Xs ‘DENSITY OF FURE LIQUID “»XI2y° IS “»F11.6)

THIS SECTION CALCULATE CONSTANTS FOR GAS DENSITY
FAGE 270-277 IN SMITHZUAN NESSHS
REDLICH-KWONG EQUATION OF STATE IS USED

DB(I)=(O¢0867UO*82o05B0*TC(I)/ﬁC(I))
DACTI)=(0,427800%82, 0500 (TC(IY%XX2,5))/FC(I)

THIS SECTION CALCULATES GAS FHASE VISCOSITY
FAGE 3-247 IN FERRY HANDEOOK

ETAGC(I)=(33, IND0XNSART (WMCID)XTC (I ) ) /(UL LY XkKAA)
FEF(I)=0,9100%0L0G10(1.PNOXTR(L))

FETACI)=1.,05800%(TR(IYKK0,645)-0,26100/C (1. PLOXTR(I) I XX
IFEFC(TI )

ETAFURCI)Y=ETAG(I)XFETACI) %1 .04
WRITE (6+330) IsETAFURCI)
FORMATC(/y 10Xy "VISCOSITY »FURE GAS COMFOMENT ‘9I2s7 I8 'y
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THIS SECTION CALCULATES LIQUID VISCOSITY
FAGE 629 IN REID

VLA =VISECIIH( (1. D0/T)- (1. DO/VISTOCI)))

ETAL(I)=10,.00X%(VLA(I))

WRITE (6,335) IyETALCI)

FORMAT(/+ 10Xy “VISCOSITY FOR PURE LIQUID COMFONENT»IZy
X7 I8 “sF1ll.6¢¢ CENTIFOSE”)

CONTINUE

AM=(A(LI+AC(2)+AC3) X /3. 100

EM=AM/(3.00%8.31407%T)

SIGM=XA%XSTIG (1) +XBXSIG(2)+XCHSIG(3) ~RMX ((SIG(1)~-8IG(2) ) %kX
123k XAXXE~BMA((SIGC1I~SIG(3) I RX2IAXAXKXC-BMX ((SIG(R2)-8IG(3
1)) K2)¥XB¥XC

WRITE (6+110) SIGM

FORMAT(/»10Xy ‘SURFACE TENSION FOR THE MIXTURE IS ‘»
¥F11l.6y7 DYNE/CM’ )

THIS SECTION CALCULATE DENSITY FOR GAS MIXTURE
FAGE 270-277 IN SMITH&UVAN NESS

TCL2=DSRRT(TC (LI RTC(2))

TC13=DSART(TCCLIXTC(3))

TC23=DSART(TC(2YXTC(3))

VE12= ((YC (L YKKBEFVC (2)KKEER) /2 .10 ) KX3

VE13=( (UC (1) KKBRIUC (Z)KKEE) /2, 00) %3

VG23= ((UC(2YKRKEBHYC (3)KKEE) /2, D0 %3
ZC12=(ZC(1)4ZC(2Y) /2. 110

ZC13=(ZC(1)XZC(3)) /2. 110

ZC23=(ZC(2YXZ0(3) ) /2,110
FC12=(ZC12%82,0500%TC12)/VC12
FC13=(ZC13%82,0500KTC13) /U013

FC23=(ZC23%82, 0SNOKTCR3) /VC23

DAL2=(0, 427811082, 0S00XE2 ., 0SHOK(TCL12KX2,5) ) /FC1L2
DAL3=(0.4278T0%82, 050H0X82, 0SHOK(TC13%¥2.,5) ) /FC13
DAR3=(0,427810%82, 0SH0KE2, 0GH0K (TC23%%2,5) ) /PCR3
DEM=YAXOR (L) +YEXOR(2) +YOKDE(3)
DAM=YAXYAXTIAC L) +2, DOXYAKYEXDAL 2+ YRXYEXDA(2) +
LYCKYCHDACZ)I+2, HOXYAXYCKDIALZ+2 . DOKYEXYCKDARS

ZNEW=1 .00

no 100 J=15100

ZOLD=ZNEW

H= CUBRMXF) / (ZOLDXB2 ., 0500%T)

ZNEW=(1.,00/ (1 . 0D0-H) )~ (DAM/ (DEMXB2, 0500 (TXX1,.5) ) Ik(H/ (L,
IDO+HY D

WRITE (4-2222) JyZNEW

FORMAT(/» 10Xy ' COMPRESRILITY FACTOR IS ON TERMS ‘»I3y
¥ I8 “yFL1.7)

IF (DARS((ZNEW-ZOLIN/ZOLD) .LT. 1.0-4) 6O TO 101
CONTINUE
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VGM=ZNEWX82 ., 0500%T/F
WHAVG=(YAXWM (LY HYRRWM (22 +YORWM (3D )
WMAVL=(XAXWM (L) +XBRUM (2D +XCRUWM(3) )

ROHGM=WMAVG/VGM
ROHLM=XAXROHL (1 +XRBXROHL (2) +XCKROHL(3)

WRITE (46y111) ROHGM»RROHLM

FORMAT (/5 10Xy “HENSITY OF MIXTURE FOR GAS I8 ‘sFll.6»
X/ y10Xy’ FOR LIQUID IS ‘»F11l.46r’ G/ CM%X¥37)

THIS SECTION CALCULATES VISCOSITY FOR GAS MIXTURE
FAGE 411 IN REID

ETHI=YAXDSART (WM{12)

ETM2=YRXDSART (WM(2))

ETM3=YCXDSQART (WM (3))

ETAM=(ETAFUR (1) XETML+ETAFPUR (2 RKETH2HETAFUR (I XETM3) /
ICETH1IHETM2HETM3)

WRITE (6»331) ETAM

FORMAT(/» 10Xy’ VISCOSITY FOR GAS MIXTURE IS8 ‘yFll.6»
X CENTIFOISE’)

THIS SECTION CALCULATE VISCOSITY FOR LIQUID MIXTURE
FAGE 3-247 IN FERRY HANDROOK

VISCOL=(XAX (ETAL (1)KKBE)+XEXC(ETAL (2)%XRE)+XCR (ETAL (32 %X
1RBR) ) XX3Z

WRITE (6+336) VISCOL

FORMAT(/»10Xy ‘VISCOSITY FOR LIGUID MIXTURE IS’ sFil.éb»
X7 CENTIFOSE’)

THIS SECTION CALCULATE DIFFUSIVITY COEFFICIENT IN
GAS PHASE, FAGE 554 IN REID

GUMV (1) =8UMVA

GUMV (2)=5UMVR

GUMV (3) =8UMVC

00 3530 INOF=1+3

D0 33540 JOF=1,3

DCOCIDF » JOF ) =NSART ( (WM CIDF Y FWM CJDF)) / (WM CTDF Y RKWM CJTF) )
OCO22=(1,0~3)%(Tkx1.79)¥DCOCILF» JIF)
DCD33=FX ( (GUMY ( TDF ) kXBR+GUMV CJUF ) kXBE I HOKZ)
LDCCIDF y JOF)=0NC022/0C033

CONT INUE

CONTINUE

O11=0CcCcls1)

D12=0C012)

D13=DCCLy3)

D22=NCC2y2)

ORI=DC(2y3)

D21=0CC2s 1)

D33=NC(3+3)

L32=NC(3s2)

D31=0C¢(3s1)

WRITE (4+338) D11,012,013,022,021,023y033,031, 032
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FORMAT (/10X 7GAS FHASE DIFFUSIVITY COEFFICIENTS ARE $7/y
1/7910Xs “I1L = “yF11.6v3Xs"I12 = ‘yF11.6s5Xy 013 ‘¢sFll.6
L/7210X5s /022 = “yF11.6+8Xy "I21 = ‘pF11.6s5Xs 023 ‘yF1ll1.6
1 /210Xy "33 = “sF11.6s5Xe ‘031 = “HF11,625Xy 7032 = 7y '
1F11.6)

o

THIS SECTION CALCULATE LIQUIDN PHASE DIFFUSIVITY
COEFFICIENT,FAGE S37 IN REID

DATA HIF/2.,600/
HIF DEFENDS ON THE SYSTEM» FPAGE 5468 IN REID

00 1112 ILLl=1+3

DO 1113 JLlL=1+3

DLOCILLy JLLY=(7,40-8) X ((OSART (HIFXWM CILL) 2 XT) /
XKCETAL CULLY X (U CILL )Y %%0. 60 ) )

CONTINUE

CONTINUE

DLI1=CDL0 Ly L2 RkXAIK(DLOCL y 1Y XXXA)

DL12=(DLO (1 22%KXEIX(DLOC2y 1) XXXA)

DLI3=C(DLO Ly 3> RERXCIR(DLOC3y 1) XKXAD

DL22=(NL0{(2» 22 %¥XEI & (DLOC2 5 2)KEKXED

DL21=(DL0O(2s 1 DR%XAIK(DLO (1 » 2D %%KXE)

DL23=(DLO(2y 33 REXCIR(DIO (T 2)XKXE)D

DLIZ=C(DL0O (3 32 kAXCIR(DLO(E» 3) %%KXC)

DL32=(DLO(3y 2)X%kXBIKCDLO (2 32 %XKXE)

DL31=(DLO¢3y LYRKXAIK(DLOC Ly 3)%KXC)

WRITE (6:348) DL11,DL12,DL13,DL22yDL21yDL23,
XDL33,DL31,0L32

FORMAT (/10X /LLIQUID FHASE DIFFUSIVITY COEFFICIENTS AREL’
Ky /210Xs’DL11 = “pF11.,65Xs/DL12 = /HF11.65X,"DL13 = 7y
KF11.6¢5Xs /510X 70L22 = “yF11.,625Xy/0L21 = “9F11:673Xy
XDL23 = “sF11.65/710Xs'0L33 = “yF11.65Xy"0L3L = ‘v
XKF11.6y3Xy ‘DL3I2 = 7yF11.6)

THIS SECTION CALCULATE THE BURELE DIAMETERSy
RISING VELOCITYy CONTACT AREAy CONTACT TIME

Ri=6GAS FLOW RATE IN FT¥%3/HR FER INCH WIDTH OF SLOT

WIDTH OF SLOT IS 1/4 INCHESy 12 SLOTS FER CAFy TOTAL
3 INCHES
QFLOWG IS THE VOLUMETRIC FLOW RATE OF VAFOR FLOW

DATA NSLOT/12/
QAGAS=R1%4.00/16.,110
QFLOWG=Q1%3.000

ETAM = GAS MIXTURE VISCOSITY IN CENTIFOISE
UETAM = VISCOSITY IN LE/FT HRy 1 CF = 2,42 LE/FT HR

UETAM=ETAMX2,4200
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DIAMETER OF SLOT IN FT = 1/4 INCHES
DEFTH OF LIQUID SEAL IS 1 INCHESs IN FT

DSLOT=C(4.,.00/16.00)%(1.,00/12.10)
HSEAL=(1.,000)%(1L.00/12.00)

DRUBL=0 . 22200 (OSLOTXXO « 33) X (QGASKX0 . 125) X (UETAMXX0.02) +
*¥(3,020~4) X (QGASXX1.09)

DBUEL IN FT

DEMBL=DRUBLX30., 4800

DCMEL IN CM

WRITE (46:5010) DNCHMRL

FORMAT (/v 10Xy /' THE BUBREBLE DIAMETER IS ‘vFll.6»
k. CM

VRUERL=(4., 103)%(QGASKX0.14)

VEUEL IN FT/HR

VOMEL.=VRBURLX (30.4800/3600.010)

VCMEL IN CM/SEC

WRITE (46,5011) VCOMEL

FORMAT(/» 10Xy 'RISING VELOCITY IS ‘yFll.by’ CM/SEC”)
ACNTAT=(1 ,460~-3) % (QGASXX0 . 84) /IEBURL

ACNTAT IS5 CONTACT AREA OF RUBRLES IN FTXFT FER FT OF
LIGUID SEAL

ATAT=ACNTATXHSEALX30,48010%30 ., 4810

ATAT CONTACT AREA IN CMXCM

WRITE (&55012) ATAT

FORMAT(/» 10Xy ' THE CONTACT AREA IS ‘»F11.6+’ CHXCM )
TCNTAT=HSEAL /VERUEL ;

TCNTAT CONTACT TIME THROUGH THE I.IQUID SEAL IN HOUR
TCAT=TCNYAT*34600.110

TCAT CONTACT TIME IN SECOND

WRITE (&6»%5013) TCAT N
FORMAT(/» 10Xy ' THE CONTACT TIME IS ‘»F1ll.6+7 SECOND)
RCMEL=DCHMEL /2,00

THIS SECTION CALCULATE TERNARY RISING FUNCTION
BY USING TOOR‘S METHOD

DOS5=YAXD23+YEXD13+YCKDL2
CAPDLI=(D13X(023%kYAY+ (DL CYREYCY ) )) /055
CAFD12=(YAXDLIK(D23-D12)) /055
CAPDR21=(YRXD1IKk(D23~-012)) /055

CAPDZ22=(D23K ((DL1IXYEI+(D2LX(YA+YC) ) /DES

CAFSG(1)=0,500% (CAFDL1+CAFD2240SART (((CAFDL1-CAFD22) XX
12)+ (4, DOXCAPDLI2%CAFDRLY D)

CAFSG(2)=0,500%(CAFPDL1+CAFN22-ISART ( ((CAFD11-CAFDIZ2) XX
12+ (4. DOKCAFPIL2XCAFD21) ))

DATA (BETA(I)»yI=1s10)/4.493409400s7.720251710>
110.9041216010514,066193800y17.220754900520,37130300
123.5194525005 26, 646054200,29,811598800,32, 95638900/

LDATA EFS/1.D-10/

THIS SECTION CALCULATE SHERWOOD NUMEBER

L0 7765 IMA=1,2
LDITCAT=TCATXCAFSG(IMA) / (RCMBLXRCMEL)
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WRITE (6:3025) DITCAT

FORMAT (/2 10Xy THE DIMENSIONLESS TIME = ‘»Fl11.6)
DRE=(DCMELXVOCMELXROHGM ) ZETANM
D8C=(ETAM/ (CAFSG (IMA)XROHGM?)
SHRWOD=2.00+0.74600X0SART (DRE) X (USCHXRR)

WRITE (46+5035) IMAsSHRWOD

FORMAT (/10X ’SHERWOOD NUMBER FOR ‘sI2s7 IS “sF1l1.6)

THIS SECTION CALCULATE FPART OF MASS TRANSFER
DURING BUBEBLE RISING

MASS TRANSFER FROM A SINGLE RURBELE
CONSIDER BOTH LIQUID AND GAS FILM RESISTANCE

SH=SHRWOD

TIME=DITCAT

SUM=0.110

0o 1000 I=1-10
LZ=-(BETACI)%X%X2)
Z=ZZXTIME

ZZ1=NEXF(Z)
YYL=BETAC(I)XDCOS(RETACIL))

Y1=08IN(RETA(I))
Y2=(3 . DOXSH) - (RETA(I ) X%2)
YY2=(2,DOXSHXRCMEL)

SU=(YY2K(YYL-Y1)X(1,00~ZZ1) )/ (Y2XYIXRETAC(I)KRETACTI )

S5UM=8UM+8U
TT=58UM~-SUNM
TOL=DARS(TT)

IF (TO1-EFS) 3+3+5
SUM=55UM

CONTINUE

TSUM=8UM

GO TO 6

TSUM=88UM
TY4=RCHMBL/3.110
TY11=3 . DOXSHXTIME
TY2=DEXF(~TY11)
TY&=TYA% (1. 00-TY2)
TTUMCIMA)=TY&+TSUM
CONTINUE

THIS SECTION CONVERT THE VOLUMETRIC FLOW RATE OF
TO MOLAR FLOW RATE IN G MOLE / HR

QMOLEG=QFLOWGX (30,48D0%%3)

QMOLEV=0MOLEGXROHGM/WMAVG
WRITE (6+5099) QMOLEV

FORMAT(/+ 10Xy ' THE MOLAR FLOW RATE FOR GAS IS5 ‘¥
1F11.6»7 G MOLE/HR’)

HRINA=ATATRTTUM(1)

HRINE=ATATXTTUM(2)

THIS SECTION CALCULATE THE PART OF MAS8S TRANSFER
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DURING RURELE FORMATION

DLRSS=XAXDL23+XB¥DL13+XCxk0L12
CADL11=(DL13%((DL23%XAX+(DL12%X (XB+XC)) ) /DLASS
CADL12=(XAXDLI3X(DL23~-DL12) ) /DLASS
CADL21=(XRXDL13%(DL23-DL12))/DLA%SS

CADLZ2=(DL23% ((DL13XkXRI)+(DL21%(XA+XC))I ) HI/DLASS
CLASG(1)=0,500k(CAUL11+CADL22+DSRART{ ( CCADL11-CADL.22)

LXX2)+ (4. DOXCADLI2XCADL2L)))

CLASG(2)=0,300k (CADNL.LL1+CADL22-DISART ( ((CADL11-CADL22)

LXX2)+ (4. DOXCADLI2XCADL21)))

EQLQ(1)=RELATA

EQLA(2)>=RELATE

o 8842 ILQ=1,2
TF=(2,00/3,D0)YX ( (DCMELXX3) / ((DSLOTX30,4800) %%2) XkVCMEL )
AF=(3,00/5,D0)XNSLOT%3.141596800XDCHELXDCHEL
CRKFO=NCMRL/TF

CKF1=( {ROHGM+ROHLM) /2.D0) /UMAVG

CRKF2=(VCMRLXVCMEL) /(DCMBLX980.466110)

CRF3=DCMEBLXDCMRL/(TFXCAFSG(ILA))
CERKF4=ETAM/DSART (ROHGMXDCMELXSIGM)
CROF=0,0432N0XCKFOXCRF LX (CKF2%%0 . 089 )X (CKF3%x%(-0.334) )X

1(CKF4%%(-0.,601))

CRKFS=CLASG(ILQ)/TF
CRF&=(ROHLM*SIGM) / ( (DABS (ROHGM~ROHLM) ) %980, 64D0OXTEX

1VIsSCOoL)>

CRF7=980.466N0kTFXTF/LCMEL
CKF8=( (RDHGM+ROHLM) /2.110) /WMAVL )
CKCF =0« 386N0XCKFOXCKF 8% (CKFSXX0 . 5)X (CKF 6%%0,407) % (CKF7%X

10.148)

CKKF (ILQ)=(CKCFXCKDF)/(CKCF+EQLR(ILQ)IXCKLF?} o
CONTINUE

GA=CKKF (1)XAF¥3400.110

GR=CKKF (2)X¥AFX3600.00

WRITE (&v4646)

FORMAT (/v 10Xy “#4%4% END OF PROPERTIES REFORTING #3%¥+%7)
Oil=CAFDil

N12=CAFDL2

L22=CAFD22

N21=CAFD21

SG1=CAFSG(1)

SG62=CAFrSG(2)

RETURRN

ENTI
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SUBROUTINE ENTHRFY(TFLATE»XArXBsYAr YEYENTHUM» ENTHLM)
IMFLICIT REAL¥B(A~-Hs0~Z)

THIS SECTION CALCULATE THE ENTHALFIES FOR LIQUID FPHASE
AND GAS FHASEs ALS0O LATENT HEAT IS ESTIMATED

CF DATA FROM REIDs FAGE 629

LATENT HEAT FROM FAGE 201 IN REID

DIMENSION CPGA(3)»CFGR(3) yCPGC(3) »CPGD(3)
DIMENSION ENTHLV(3) yENTHLL(3)
DIMENSTON OMEGA(3)

DIMENSION TC(3)
UDATA CFGACL) yCFBE(1) yCPGC(1) yCPGI(1)/~6,266010y1.504D-1 »

1-8,2500-5,2,0250-8/

DATA CFGA(2) yCPGR(2) yCPGC(2) yCPGD(R)/-5,81700y1,2240~1»
1-6.6050-5,1,.1730-8/

DATA CFGA(3) »CRGR(3) yCPGU(3) yCRGIN(3) /-8, 101110, 1,1330~1 »
1-7.,2060-5y1.7030-8/

DATA OMEGA (1) OMEGA(2) » OMEGA(3)/0.33100,0,25700,0,21200/
DATA TCCL) »TC(2) s TC(3)/617.000+521.700y3562.,1110/

T=TFLATE

XC=1,D0-XA-XE

YC=1,00-YA-YR

D0 303 NL=1,3 ,
FFL=CFBA(NL)¥(T~298.10)
FP2=(CPFGE(NL) /2, 00) X (THK2) - (298, OKK2))
FF3=(CPGC(NL) /3, 00> ¥ ( (THX3) -~ (298, D0%%3))
FF4=(CPBIN(NL) /4, 00) X ((TH%k4) - (298, 00%%k4))
ENTHLU (NL) =FF1+FF2+FF34+FF4

ENTHLY IS IN CALORIES/G MOLE

TR=T/TC(NL)

CH=7.08D0%((1.00~-TR)*X0.33534)
CG=10,95N0OXOMEGA(NLY ¥ ( (1,D0-TR)%X0,456)
CLAMINA=1.2870O0XTC(NL)X(CH+CG)

ENTHLL (NLY=ENTHLV (NL>-CLAMDA

CONTINUE
ENTHUM=YAXENTHLY (1) +YBXENTHLV (2)+YCXENTHLY (3)
ENTHLM=XAXKENTHLL (1) +XBXENTHLL (2) +XCKENTHLL (3)

RETURN
END
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SUBROUTINE TEMF(XAsXEsEs»TNXT)
IMFLICIT REALX8(A-H,0-2)

THIS ROUTINE USE NEWTON-RAFHSON’'S METHOD
TO ESTIMATE THE NEXT FLATE TEMFERATURE

DIMENSION CFGA(3) yCRGR(3) »CFGLC(3) »CRGR(3)

ODIMENSION ENTHLL(Z) yENTHLV(3) s DENTHL (32

UIMENSION OMEGA(3)

DIMENSION TC(3)

DATA CPGACL)Y yCFGE(L) yCPGC(L) yCPGII(L1) /-6 .,926600y 1, 50401
1-8.9500-5,2.0250-8/

DATA CRGA(2)sCPGR(2) yCPGC(2) »CFBN(R) /-5,8170051,22411-1 »
1-6.,6050~-5,1,1730-8/

DATA CFGA(3)yCFGE(3)sCFGC(3)»CPGR(3)/-8,10110,1,1330-1»
1-7.2060~5+1,7030~-8/

IATA OMEGA (L) yOMEGA(2) yOMEGA(3)/70.3310050.25700,0,21200/
DATA TC(L1)»TC(2),TC(3)/617.000:591,700,562,1110/

T=TNXT

XC=1.00-XA~XE

00 404 I1=15100

[0 303 NL=1,3

FPL=CFGA(NL)YX(T-298.D0)
FR2=(CFGR(NL) /2. 00X ((TXX2) - (298, DOXXZ))
FP3=(CFGC(NL)Y /3, 00X (TXX3) - (298.10%%33 )
FFR4=(CFGO(NLY /74, D0 X ( (TXX4) - (298, 110%%k4))
ENTHLV(NL)=FF1+FF2+FPF3+FF4

ENTHLY IS IN CALORIES/G MOLE

TR=T/TC(NL)

CH=7,0800% (1, 00~-TR) %X0,354)
CG=10.25N0X0OMEGA(NLY X ( (1. D0-TR)X%X0,456)
CLAMDA=1,98700XTC(NL )X (CH+CG)

ENTHLL (NL)Y=ENTHLV (NL)-CLAMDA

DFF1=CFGA(NL)

DFF2=CFGE (NL)YXT

IFF3=CFGC(NLY X (Tx%X2)

DFF4=CPGI(NL )X (T*%X3)
HCH=~7,0800%0.35400% ( (1. D0~-TR)XX(~0,646))
DCG=-10,95D0X0OMEGA(NL Y ¥0 . 45600% ( (1, DO-TRIXX(-0,544))
DENTHL (NL)=DFFL+0PF2+0FFP3+0FF4A-1, 987D0% (DCHYDICG)
CONTINUE
Fl=XAXENTHLL (1) +XEBXENTHLL (2) +XCKENTHLL (3 -E
OF1=XAXDENTHL (1) +XERKDENTHL (2)+XCXDENTHL (3)
TNEW=T-(F1/0F1)

IFCDARS(TNEW-TY/T) LLE. 1.0-5) GO TO 40

T=TNEW

CONTINUE

TNXT=T

GO TO 50

TNXT=TNEW

WRITE (&4s555) TNXT

FORMAT(/y 10Xy *THE NEXT FLATE TEMPERATURE = ‘sF11.9)
RETURM

END
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Aeff

=

AN

AN

[

AN-1

NOMENCLATURE

effective contact area of all the bubbles
the concentration vector
average concentration of A inside the sphere

the gas phase concentration which is in equili-
brium with the existing liquid phase concentration

diffusivity coefficient

diffusion coefficient matrix

gas phase Murphree efficiency

local efficiency on the plate

overall gas phase mass transfer coefficient
overall mass transfer coefficient matrix
Sherwood number =KGR/D

overall mass-transfer up to time t during bubble
rising

overall mass transfer rate during bubble formation
the radius of the bubble

a non-singular matrix which can diagonalize (D)

vapor concentration from the plate N

vapor concentration in equilibrium with liquid

vapor concentration to the plate N

eigenvalues of function X = TAN X

dimensionless concentration = (CAO—CA)/(GAO—CAgl)
(Wg)- () ()]
[(00)- )]/ [(vg)- (v )

I

dimensionless concentration

V144



dimensionless radius = r/R

i

Dt/R2
(o) t/R%

the diagonal matrix of the eigenvalues of (D)

dimensionless time

dimensionless time

as defined in equation (R2-38)
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