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ABSTRACT
This thesis presents new equations for predicting degree of
separation on a distillation plate, recognizing non-constant molal flow effects.
A FORTRAN program is included for solving the new equations. Experimental

runs were made for comparison to theoretical predictions.

First an equation is derived for predicting separation at a point on
a distillation plate. The derivation is analogous to Murphree's point effi-
ciency equation except that the effects of flow between phases are included by
applying the Colburn-Drew theory. Finally, an overall plate separation equa-
tion is derived analogous to the A.I.Ch.E. eddy diffusion model for Murphree
plate efficiency, except that the rate of flow between phases is included in

the differential material balance .

Data were taken at varying degrees of condensation on a distillation
plate for the system water-toluene. Conclusive proof on the validity of the
equations could not be drawn from the data due to sample contamination and
analytical inaccuracy. The data do, however, exhibit a definite trend in the

direction predicted by the new equations.

The new equations are recommended for use on the basis of their
being derived on a more fundamental basis than the Murphree point and plate
efficiency equations. The same basic data are used as in predicting Murphree
efficiencies and thus the new technique offers the advantage of giving a more
fundamental prediction without needing any additional information about the

particular system involved.
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I, INTRODUCTION

Distillation separation is one of the most important unit opera-
tions employed in todays chemical and petroleum plants. The distillation
plate is the building block of a distillation column and fundamental separa-
tion predictions are made by plate-to-plate calculations. These calculations

can be done by assuming the tower consists of ideal, or theoretical, plates

or by dealing directly with the actual plates.

The majority of tower designs are presently made by dealing with
theoretical plates. Deviations from equilibrium are accounted for by use
of an (ideal plates/actual plates) efficiency (Eg). The value of Eg is
normally determined by first predicting the degree of separation achieved
between key components on actual plates in the distillation column. This
degree of separation, expressed as the Murphree vapor efficiency of approach
to equilibrium [Eyy = (y2-y1)/(mx2—yl)], is predicted from mass transfer and
tray mixing relationships. E, is then predicted from Eyy by an expression

derived for a tower section in which stream rates and component equilibrium

constants are fixed.

In certain types of distillation predictions the concept of equi-
librium stages does not offer a satisfactory basis for calculation. 1In
multicomponent systems, for example, a problem that often occurs is that
of predicting leaving stream compositions for non-key, low efficiency

components. For these components the number of theoretical plates required

(L
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are far less than for the key components and accurate predictions require
actual plate-to-plate calculations. At present, Murphree vapor efficiencies
(Eyy) are used in these calculations. This is not entirely satisfactory
because this efficiency is based on the assumption that no net condensation
or vaporization occurs on the distillation plates. 1In sections of some
towers large deviations from constant molal overflow occur, i.e., in petro-
leum refinery self-refluxed gasoline deethanizers, up to 70 percent of the

vapor entering the top tray is condensed on that tray.

Scope of Thesis

The intent of this thesis is to: (1) develop theoretical expres-
sions for the degree of separation between leaving streams on a distillation
plate, recognizing the effects of non-constant molal flow, and (2) compare
predictions from these expressions with experimental data. The distillation
system selected was the removal of water from toluene. A water stripping
experiment was chosen because water is one of the chief non-key, low effi-
ciency components in refinery distillations which must be traced by actual

plate-to-plate calculations.

Work by Previous Investigators

(1)

Murphree is credited with developing the first mathematical
models for determining the approach to equilibrium on an actual distillation

plate. Murphree did his work in the belief that "the concept of the theo-

retical plate does not offer a satisfactory basis of calculation for
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rectifying columns where the mixture being rectified contains more than

two components, and even for some calculations on binary mixtures its use
is not satisfactory." He based his equations on the assumption of constant
molal flow in order to simplify the plate-to-plate calculations which at
that time had to be done by hand. To compensate for the assumption of
constant molal flow in actual systems, Murphree recommended taking the
molal latent heat of vaporization for one of the components as a basis

and assigning artificial molecular weights to other components. In this
manner, the molal latent heats corresponding to these artificial "moles'

are equal to the molal latent heat of the base component.

Murphree assumed mass transfer occurs by diffusion as a vapor
bubble rises through the liquid on a plate. He devised two different models
to relate the equilibrium approach to the diffusional mass transfer proper-
ties. The Murphree vapor efficiency model assumes the vapor entering the
plate is homogeneous in composition and there are no concentration gradients
in the liquid on the plate. The Murphree liquid efficiency model is also
based on homogeneous vapor to the plate but the liquid is assumed to undergo
a progressive linear change in composition across the plate. Today, most
distillation plate separation prediction procedures assume that the Murphree
vapor efficiency is applicable to vertical slabs of differential length
along the plate. The efficiency of a differential slab is called the
Murphree vapor point efficiency (Epz). The effect of liquid mixing on the
plate is brought into account by predicting a Murphree vapor plate efficiency

(Emy) as a function of Egg and mixing parameters.



(4)

The heat transfer associated with condensation and vaporization on
a distillation plate affects the gas/liquid interface temperature and hence
the equilibrium constant at the interface. Nord(z) experimented with deter-
mining vapor and liquid temperature efficiencies analogous to Murphree vapor
and liquid composition efficiencies, and compared values with Murphree effi-
ciencies. No attempt was made, however, to bring in the effects of non-
constant molal flow on diffusional transfer. Determination of experimental
temperature efficiencies was difficult because of heat transfer through

surfaces other than the gas/liquid interface.

No further consideration of the effects of non-constant molal flow
on distillation plate separation appears in the literature; however, such
effects have been considered for other fractionation equipment. Treyba1<3)
considered a packed absorption column in which the quantity of solute in the
gas varies from one end of the tower to the other while the solvent gas
quantity does not. Treybal derived equations to relate composition change
to mass transfer resistance and degree of condensation for the limiting
cases of all diffusional resistance in the gas and all diffusional resistance
in the liquid. Condensation of the solute was accounted for by dealing with

the logarithmic average concentration of the non-diffusing solvent. This

approach is only applicable for the case of single component transfer.

Kent and Pigford(4)

considered a partial condenser fractionating
device where condensation of both components from a binary vapor mixture

occur simultaneously. Experimental studies of a condenser used to fractionate
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mixtures of ethylene dichloride and toluene showed that the observed mass
transfer effects were in agreement with the Colburn-Drew(5) modification
of Fick's Law. The Colburn-Drew theory reflects that the mass transfer
rate of a component relative to stationary coordinates is the resultant

of two effects: the transfer resulting from the bulk motion of the fluid
and that resulting from the diffusion superimposed on the bulk flow. The
authors apply this theory to Rayleigh's model, the material balance rela-
tionship for differential condensation, and derive new equations to relate
composition change to mass transfer resistance, surface area and degree of
condensation. Analytical equations are presented for the limiting cases
of liquid phase and gas phase resistance alone. Integration by finite
differences was required for the general case when both resistances are

present.
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II. THEORY

The usual technique for determining the degree of separa;ion on
an actual distillation plate involves predicting the Murphree vapor point
efficiency [Eqgg = (yé—yl)/mxw—yl)] from mass transfer units. The overall
degree of plate separation expressed as the Murphree vapor plate efficiency
[Epmy = (yp-y1)/(mxy-y;)] is then predicted as a function of Ey;, mix-
ing parameters which are based on plate geometry, rates and system physical
properties. The presently used relationships for predicting Egp; and EMV
have been derived on the assumption that there is no net condensation or
vaporization on a plate. 1In this section, equations are developed relat-
ing the degree of separation to degree of condensation, or vaporization,

in addition to mass transfer resistance and mixing parameters.

The procedure used in developing the new equations parallels the
derivation of the constant molal flow equations for determining Murphree
vapor efficiencies. An equation is derived for predicting separation at
a point on a distillation plate analogous to Murphree's(l) point efficiency
equation except that the effects of flow between phases are included by
applying the Colburn-Drew(S) theory. This theory reflects that the mass
transfer rate of a component relative to stationary coordinates is the
result .of two effects: the transfer resulting from the bulk motion of the
fluid and that resulting from the diffusion superimposed on the bulk flow.

Finally, an equation is derived to determine the overall tray separation
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using the point degree of separation equation, mixing parameters and the
degree of condensation or vaporization. This derivation 1is analogous to
the AIChE eddy diffusion derivation(7) with the exception that non-constant

molal flow was considered.

A FORTRAN program is presented in Appendix B for solving the

final equations.

Derivation of Point Degree of Separation Equation

The development of equations for interphase mass transfer in

(9)

distillation have generally been based on Whitman's two -film theory;
i.e., resistance to mass transfer lies in parallel laminar fluid films
between the phases. The assumptions inherent in this type of analysis are:
(a) the rate of diffusional mass transfer of a component within a phase is
proportional to the rate of change of concentration with distance at any
point between the bulk phase and the interface; (b) equilibrium exists
between phases at the interface; (c) the holdup of transferring components

in the boundary layers is negligible with respect to the amount transferred

in the process; and (d) the interface offers no resistance to mass transfer.

The following diagram illustrates a two film concentration pro-

file for the case of mass transfer from vapor to liquid.
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To derive the point separation equation the two film theory was
applied to vertical slabs of differential length along the plate. As is
done in the two film Murphree point efficiency case, it was assumed that
the liquid concentration along vertical slabs is fixed and the composition
of the vapor to the plate is homogeneous. Murphree's assumption of constant
molal flow was replaced with the assumption that condensation or vaporiza-
tion occurs linearly; i.e., the rate of change of vapor rate (4A) in the
vertical direction is the same along all horizontal planes and the vapor
rate (G) is fixed along any given horizontal plane. Thus, one model repre-
sents all vertical slabs along the plate and, as in the Murphree point
efficiency case, the equation of point separation in a vertical slab is
equivalent to the equation obtained for the entire tray when the liquid

is completely mixed. This tray model is illustrated below:
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Point Separation Tray Model

Following are the derivations of the point separation equations

for a completely mixed tray in the non-constant molal flow case and, for

comparison,

A
Non-constant Molal Flow

the conventional constant molal flow case.

B
Constant Molal Flow

e Application of Colburn-Drew(®) modification of Fick's Law to Gas Phase

Mass Transfer

'DGPAidh dy (—dG
RG=<RTHf s/ Y Can/dh

-dG

dh ~ Hf

DGAi

RTt AH. = 6%
cirile

which, by definition, is the gas

Where: for linear con-

densation and

phase mass transfer coefficient.

Substituting in (lA) gives:

_ dy A
R, = <kGaATPtGdh> <d5>+y<Hf) dh

(1A)

(24)

-DgPAjdh) /gy
Re © < RT Hg <ds> + 0 (1B)
Wh et k.a which, b
ere: S o = a whic y
RTtAp He G ’

definition, is the gas phase mass

transfer coefficient. Substitut-

ing in (1B) gives:

R =

- dy
. (kGaATPtGdh)(dS (28)

(9
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e Integrating with respect to (S) at Steady State and Constant (h)

dR
At steady state i

N [_ <k ah Pt dh) _l> +y<_>dh] o d[_(kGaAgztGd@ (%)]

ds

Integrating gives:

4y AN g
R = kGaATPtGdh> +y () dh=c,
G
Integrating again:

o () e e

Where C1 and C2 are integration

=C

constants.

o Insertion of Boundary Conditions
BC(1) y=y, @ 8=§
BC(2) y=y, @ 5=5,
Where: S.-S
Solving for integration constants

by applying boundary conditions to

(4A) gives:

A \i7b- 7/
Re = <Hf>dh A
GN

Where N = k,aPA Hf/& = gas mass

transfer units by definition.

0 and therefore:

(4A) R

(54)

(6A)

4R = 0 and therefore:

A
t steady state 4s

=0 (3B)
Integrating gives:
= - (kGaATPtGdh) <% =0 (4B)
Integrating again:
(—kGaATPtGdh) y-cis=c, (58)

Where C! and ¢!

are integration
1 2 &

constants,

BC(1) Y= @ S=S0
BC(2) y=y, @ S=8,

Where: §51-S =t

G
Solving for integration constants
by applying boundary conditions to
(4B) gives:

NGGdh
c = H (yb-yi) = C; (6B)

el

Where N

gas mass
G

= k aPA Hf/é =

transfer units by definition.



By analogy to Equation 6A:

P
A Xb—xieLNL
= [ A W S A A
RL <H;>dh A (74
LNL
1-e

Where N = kLapLATHf/£ = liquid

mass transfer units by definition,

and x, = yi/m.

Overall Mass Transfer Equation

By material balance RO = RL = RG.

Now by definition:

y*-b,y
RO = <§;>dh 5 _i b (8A)
f 1 72
Where: y* = mx and bl and b2 are

arbitrary constants.
Now equating Equations 6A, 7A, and

8A, and solving for b1 and b2 gives:

AS
LNy,
b1 = mr(l-m)e (9A1)
A A
GN LN
G L
b, =\e e (9A2)

(11)

© Analogous Liquid Film Mass Transfer Equation

By analogy to Equation 6B:
LNL )
R, = ——Hf dh (xi-xb (7B)

Where NL = kLapLATHf/i = liquid

mass transfer units by definition,

and x, = yi/m.

By material balance RO =R, =R_.

Now by definition:

NOG Gdh
Ry = "-"——Hf (yb-y’f) (8B)
Where: y¥* = mx and NOG = overall

mass transfer units by definition.
Now equating Equations 6B, 7B, and
8B, and solving for NOG gives:

1 1 m
N SNt v (9B)
NOG NG N

Hio

[l



(12)

e Integration of Mass Transfer Equation With Respect To (h)

By material balance at height h
on the plate:
—Gy‘> dy)
24\ b/ o2 ghey (4G
RO =~ dn dh= G<dh dh yb(dg>dh (10A)

Equating 10A to 8A and substituting

dG A
" dh back for Hf

gives:

d
b dG

y*-byy = (b1-b2)G

Integrating from y =y, to yé and

G=G, to G, gives:

b, . g,
by7by G

g '
Lot 3

Sy = e (124)
171

o Final Point Separation Equation

Rearranging 12A gives:

L\ a2

oioy b,-b, G,
271

S = l-e

y*
-y
bl 1

'
Y4~ ¥
= —%——i—— by definition.

Al
-y
bl 1

By material balance at height h

dy)
b
G<dh dh

on the plate:

Calon),
0  dh B

R (10B)
Equating 10B to 8B gives:

d

*¥b - - =% gy (11B)
Y=Yy £

Integrating from y, =y; to yé and h = 0

to h = Hf gives:

y*—yé oG
x - =€ (12B)
y©TUy,

Rearranging 12B gives:

Yo~y -N
1 0G
E = l-e (13B)
y*-y,
Yoy
21 o
EOG = y*_yl by definition.



The new equation for the non-constant molal flow case expresses
the degree of separation at a point on a distillation tray as a function
of the mass transfer terms (NG.G and Ny,.L), the equilibrium constant (m),
and the entering and leaving vapor rates (G; and Gp). It seems reasonable
to assume that Ng;.G and N, L values predicted from conventional correla-
tions would be usable providing we use averages of the entering and leav-
ing vapor and liquid rates in the prediction. Predicted leaving vapor
and liquid compositions from the non-constant molal flow equations approach
those of the constant molal flow equation as rate of condensation (A)
approaches zero (see Appendix D). The final non-constant molal flow point

separation equation is summarized below:

b, . ¢
Yo7y by-by G,
E* = ——— = l-e (134)
= - y
bl 1
A
LNT,
Where: b1 =m+ (l-m) e
LN/ D
b, = GNg | (LI,

It should be noted that, unlike EOG’ E* is not an efficiency and can thus

be greater than 1 or negative in value.

(13)
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An interesting phenomena arising from having net condensation or
vaporization is that it is possible to have an equilibrium line cross on
a perfectly mixed tray. An equilibrium line cross in a tray composition
balance can be expressed analytically as a situation where y;,/x; is
> than the tray equilibrium constant (m) with yout/xOut <m or yin/xin <m
and yout/xout >m. In the constant molal flow situation it is not possible
to have an equilibrium line cross on a perfectly mixed tray, since this

would imply a Murphree vapor point efficiency greater than 100%.

The reascon it is possible to have an equilibrium line cross in
the non-constant molal flow case is that a change in stream rates produces
a corresponding change in stream compositions that is not dependent on
equilibrium. The following example illustrates an equilibrium cross-
situation on a perfectly mixed tray. The leaving compositions for this
example were calculated using Equation-13A with Ng = .5, Nj, = .5 and

m = 5. As can be seen [yin/xip = 10]>[m = 5] while [yout/Xout = 3.5] <

[m= 57.
G, = 30 Ly = 100
y, = 70 x, = .05
f
G1 = 100 L2 = 170
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Derivation of Plate Degree of Separation Equation

As mentioned previously, if the liquid on a distillation plate was
completely mixed the point degree of separation equation would express the
degree of separation for the total streams leaving the plate. Practically,
however, incomplete mixing is the norm and thus there is a need to be able
to calculate overall plate separation as a function of the point separation

equation and mixing parameters.

(6) (7) (8)

Anderson , Gerster et al , and Rukinshtein have all sepa-

rately derived a plate separation prediction equation using the concept of
continuous mixing on the plate. In their model,recommended by the AIChE(7),
the mixing streams are determined by the product of the concentration gradient
in the froth and the eddy diffusity, with constant molal flow being assumed.
This eddy diffusion model is rederived below on a non-constant molal flow
basis. The point separation equation derived above is used in this deriva-
tion along with its inherent assumption of linear condensation, or vaporiza-
tion; i.e., the rate of change of vapor rate in the vertical direction is

the same along all horizontal planes and the vapor rate is fixed along any

given horizontal plane. The analogous constant molal flow equations are

not included because they are too complex to be of comparative value.

Consider the finite element of liquid shown on the plate segment
below. The width of the element is equal to the width of the plate, the
height is equal to the plate liquid froth height (Hf) and the element length

is the differential length along the tray (dZ).
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T(Gl-mz 7,
1 ) I
Hood ' ' a a?
DA Py < xw><___: DAy i Wy e dz
H. dz ) I H. \dz dz2
£ | . £
& dZ—=m
Lx  —— = (L+dL)(x  + dx )
w I i w w
dz
T 61z N1
t

e Setup of Differential Equation

At steady state, a material balance around the differential liquid

element gives:

H 2
L DA P =< G§&+-Q~EWd%
w

161 2 L I, \dz = dz2
t £
dz ng H )
= - =& A
y, (61-8) F& + (L+dL) <§N+ o d%) + DA o Mo dx (14)
t H. dZ
£
Now substituting in the following relationships:
A A
Sm=w (By Definition)
t
A Z . .
dL, = 7 dZz and L = Ll + 7 D (For Linear Condensation)
t t
Yo7V
7 = E* (Point Separation Equation)
-y
b1 1

Solving with the dL.dx cross-product neglected, gives the following

final differential equation:
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mE7* (

— (c -A) +A Xy [ . ]z
a’x 2 (L) dx) _ Zt[bl L RS R .
dw? H dw (15)
Dp o,

C

H H
< Ao — B A e

o Integration of Differential Equation

Integrating by the Taylor series technique gives:

1 2 Clczw3 Céwz 022+c1+c3>w3
Lt vl —i— ey (w5 e R ..

% 3!
3 4
2 C (¢22+203+c )W
-y | 4t , +...
1 74\2 3! 4 (16)
Z >
Where: C; = —“E—? ‘:'EL (Gy) + A]
He
Deh L o L
£
. - 2l
2 H.
DEACOL H,
£
¢ - ZtA
3 D_A © e
Ec Ly
He
Ly
C, = —— [F* G, + (1-E%) AJ
C
DphcPr, H;
ag and a; = integration constants

o Insertion of Boundary Conditions:

H
DAp,. £
B.C.1 XO=X1+ M=L _d.év.b
- w= _
@ w=0 ZtLl C2 dw / w=0
B.C.2 dx._
@ w=1 dw



Solving for a and ay at boundary limits gives:

c, c22+203+cl C22+C1+C3
y16, |Mr 5t T | 50, |10, e

_ 2! 3t 172 L2 2t
o} 2 2 2
C.C C.C.+2C.C_+C C_“4+C
172 172 173 71 2 1 3.
+ e + — .
[‘31 ot 37 + ] + ¢ [“Cz 2 + }

al = (ao—xl) C2

Final integrated equation:
Inserting a, and ay functions into the integrated equation and rearrang-

ing gives the following final equation for Xw:

- _ _ Cy
xw = (T1+1) Ts + (Tg Xl) CypTy T EI Y1

Where: C,, Cy, Cq, C, are the groups defined in Equation-16 and the T
1 2 35 Yy p

terms are series expressions defined below: -

i=1  i=2 i=3 i=1
C 2 C.C 3 o wi
1w 172 w i
= — +
T, =0+ 77+ 737 1
2 2 i
I C,v . C 40 *C, 5 3 . oW
2 2! 3! i!
T, =0+ 4+ Y% L
2! (i-1)!
C.+c_+C 2 o
T,=1+ C, + 1372 N i
' 2! (i-1)°¢

(18)

(17)

(18)



(19)

The non-constant molal flow Equation-18 expresses the liquid
composition (xw) at any point along the flow path length of a distillation
plate as a function of inlet stream compositions (yl and xl), the point
separation Equation-13A, mixing parameters based on plate geometry, and the
plate overall stream material balance. To determine a plate's leaving liquid
composition, solve the equation at w = 1.0. The average leaving vapor composition
is, of course, determinable by material balance. Composition predictions from
this equation approach the point separation Equation-13A predictions as eddy
diffusivity approaches infinity. The authors have written and debugged a
FORTRAN program for solving the new equations and this program is presented in
Appendix B. At constant molal flow, predictions are in agreement, +0.3% with

the conventional constant molal flow Equation-Ap9 (see comparison in Appendix B).
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I1I. EXPERIMENTAL PROCEDURE

Description of Apparatus

The apparatus used in this investigation was constructed by the
authors. It consisted of a six inch I.D. bubble cap plate distillation
column (see Figures 1 and 2) with a reboiler and condenser. The column
was constructed of twc single cap, cast glass, plates flanged between
twelve inch '"Pyrex'" sections. The reboiler was a large "Pyrex" flask that
was flanged to the column. The charge capacity of the reboiler was approxi-
mately seven gallons. The condenser was a double pipe exchanger fabricated
from galvanized iron pipe. Steam tracing and insulation were used to mini-
mize system heat losses. Heat was supplied by an electric resistance heater
and removed by cooling water. The system was vented to the atmosphere. To
prevent combustible vapors from contacting the heater elements, continuous
purging by air was used. Pressure protection was assured by a 1 atmosphere

gauge rupture disc.

Thermometers were located at the following points:
(1) Vapor space between the reboiler and bottom plate
(2) Bottom plate
(3) Vapor space between the bottom and top plates
(4) Top plate
(5) Vapor stream entering the condenser
(6) Reflux to the top plate

(7) Cooling water leaving the condenser
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Samples were taken at the points indicated on Figure 1. They
were as follows:
(1) Reflux line to the top plate
(2) Mid-point on the top plate
(3) Mid-point on the bottom plate

A pressure gauge was located at the top of the tower.

Reflux rates were measured by means of a rotameter placed in the
reflux return line. The system was designed such that gravity return re-

flux could be maintained.

Experimental Procedure

The experimental procedure consisted primarily of observing top
plate compositions at varying reflux composition and temperature. Measure-
ments were recorded for reflux rate; tower temperatures; top pressure; re-
flux, top plate and bottom plate compositions. Before the runs were initiated,
the system was tested with methanol. This served two purposes; first to lo-
cate leaks and second to clean the system. The system was thoroughly air
dried before admitting the toluene charge. It was found that the reagent
grade toluene contained sufficient water to bring the reflux close to satura-
tion for the low temperature runs of the investigation. For the high tem-

perature runs, which were executed last, water was added to the system.
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In executing a run the cooling water to the condenser, the re-
boiler heating coils and the insulation steam tracing were turned on and
the tower allowed to heat up. Throughout the procedure, the column was run
at total reflux. Flow in the system started approximately after ope-half
hour. Lining out of the cold reflux runs took approximately an additional
hour. The hot reflux runs took approximately an additional two hours.
During this time, temperatures and flow rates were observed to find out if
the system was approaching steady state. In addition, the sampling lines
were periodically purged to minimize contamination from previous sampling
and/or free water depositing from cooling in stagnant areas. Samples,
approximately equal to 50 ml in volume, were taken and the temperatures,
reflux rate and pressure noted. Samples were withdrawn slowly to be sure
"point" samples were obtained.

Analysis

The weight of water in the samples was determined by titration

using the Karl Fischer Reagent technique. The method is based on the follow-

ing reaction(10),

12 + SO2 + HZO —+ 3CSH5N + CH3OH - ZCSHSNOHI =+ CSHSNOHSO4CH3

Precautions were taken to prevent contamination by absorbed and/or
adsorbed water in the samples, Karl Fischer reagent and analytical equipment.
Flasks and pipettes were oven dried until use was required. The burette
assembly contained a drying tube. Care was taken in admitting samples so
that eddying of air into the titration flash was kept at a minimum. Samples
containing high concentrations of water that hazed when cooled down to room

temperature were carefully reheated to redissolve precipitated water.
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The concentration of water in the toluene samples was found in
the following manner. The samples were drained from the column into oven
dried 75 m! flasks. The sample flasks were covered with plastic stoppers
while transporting from the laboratory to the analysis room to prevent
contamination from atmospheric water vapor. The samples were then trans-
ferred from the sample flasks to the titrating flasks by means of oven

dried 50 ml pipettes,

Standard Karl Fischer reagent was used for the analysis. The
reagent was standardized before use against an accurately measured quantity
of a standard water in methanol solution. One milliliter of the standard
contained one milligram of water. The end points achieved in titration of
the standard were within +0.05 ml. The end points attained in the titra-

tion of the samples were felt to be within the same range.
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IV. EXPERIMENTAL DATA

The attached tables present the measurements data taken during

the course of this experiment. The symbols referred to in the tables are

defined below:

T-2

T-3

T-4

T-5

T-6

HE

wppm of water in liquid to top tray

wppm of water in liquid at middle of top tray

wppm of water in liquid at middle of bottom tray

OF’
OF,

OF’

temperature
temperature
temperature
temperature
temperature

temperature

of liquid to top tray
of vapor off top tray

of top tray

of vapor off bottom tray
of bottom tray

of vapor from reboiler

%, reading on reflux rotameter

psig, tower top

pressure

inches, froth height on top plate

Figure 1, Page 21 shows the exact location of these various

measurement points.

(26)



Date X-A X-B

Run 1965 wppm wppm
1 6/12 13.3 133
2 6/17 24.4 295
3 6/20 25.5 308
4 6/27 23.0 289
5 6/27 13.3 146
6 7/2 47.8 694
7 7/7  41.0 497
8 7/7  49.0 523
9 7/8 40.0 493
10 7/8 72.0 953
11 7/9 64.5 1065
12 7/14  47.5 650
13 7/15 49.0 700
14 7/28 56.5 705
15 7/29 33.4 500
16 7/31 45.5 866
17 7/31 38.0 522
18 7/31 32.0 510
19 7/31 30.0 482
20 7/31 35.5 460
21 8/11 30.0 278
22 8/14 53.4 605
23 8/14 86.0 1830
24 8/14 72.0 1110
25 8/14 53.0 1110
Note (1) -

EXPERIMENTAL RUNS DATA

TABLE 1

85
165
163
172
165
159
166
121
119
118
178
189
107
108
109
100
206
193
176
185
185

231

Top tray froth height was
No visual change in froth

T-4 T-5

233 225

measured at 1.10 inches for T-1

241

R, %
12.5
12.5
12.5
12.5
13.0
16.0
19.0
17.0
17.5
16.0
16.5
14.5
14.5
14.5
16.5
17.0
13.0
13.0
13.0
13.0
18.0
17.5
17.0
17.0
17.0

P, Top Tray
inches

psig Hf,

© O O © O O O O O O O O O O O O O O O o o o o o o

(1)
(1
(L)
(1)
(1)
(1)
(1
(1)
(1
(1)
(1)
(1)
(1)
(1
(1
(1)
(1)
(1)
(1
(1)
(1
(1)
(1
(1)
(1

110°F.

height could be seen from run-to-run.

(27)



(28)

TABLE II
BOTTOM PLATE ANALYSES (X-C)

Date X-C

1965 wppm
6/3 7.1
6/5 14 .0
6/12 15.5

6/27 25.0
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V. DISCUSSION OF EXPERIMENTAL RESULTS

Development of Predictions for Comparison to Data

The plate separation Equation-18 presented on Page 18 isra
general expression for liquid composition, %y, at any point along a
distillation plate as a function of: inlet stream compositions (y] and x7i),
the point separation Equation-13A, mixing parameters and the entering and
leaving stream rates. In this experiment a two plate tower was run at total
reflux and because of this Equation~18 can be simplified. Starting with
Equation-18 at w = 1 and substituting the total reflux conditions of y] = x2

and yo = %y the following is obtained:

LS . C '
T. 4 4 !
. 1 C + 1 T3+C2T4 - T3 c Tl+l+C2T2
72 _ L L =T (19)
- [ - ' =
%, c, [(Tl+1) T, - T, T3:| 6
where Ti and Té are the values of T1 and T2 at w =1

Thus an expression (T6) for y2/x2, the ratio of leaving vapor and liquid

compositions, is obtained as a function of the T and C terms.

As mentioned in the Experimental Procedure Section III, this work
consisted primarily of measuring top plate compositions at varying reflux
composition and temperature. As mentioned above, since the tower was at
total reflux, the reflux composition X, was equal to the top plate leaving
vapor composition Yoo The top plate liquid composition measured, however,

was taken from a tap located in the middle of the plate and thus was not
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equal to Xy (The plate was not modified to permit taking outlet samples,
since it became evident early in the experiment that outlet compositions,
X,, were below the practical limits of analysis, e.g., less than 5 wppm.)

Therefore, Equation-19 cannot be used directly. However, substituting
Y2 _ X1, . . ) .
Ty = = ;—, into Equation-18 the following relationship between Yy and
2 1

X 1s obtained:
A\

Yy 1
x - C T T.C T (.40 + c.T.r c. 20
x Cy 3 1% 1 , (T t)+ C,T,T, G,
) \c Wemer ) < |t |%2 -
1/\}3™2t, 1] e T+C,T,

The T terms in Equation-20 are all related to C terms, see Page 18,
and the C's are groupings of predictable system values, see Page 17. These
system values are all composition independent and thus yz/xw=_5 is composi-
tion independent. The only parameter intentionally varied from run to run,
besides concentration, was the temperature of the liquid to the top plate,
i.e., the reflux temperature. Thus, composition data from the system should

be plotted as y9/xXy=,5, i.e., yout/x versus reflux temperature. In

mid?
order to compare these data with the new theoretical model, Yout/xmid as
a function of reflux temperature was predicted using Equation-20. This
equation along with Equations 18 and 19 was solved by the FORTRAN program

of Appendix B. The estimation of the system values, at each reflux tempera-

ture, required as input for the program will now be considered.



In predicting system values the vapor rate to the top plate was
assumed constant in all runs. This vapor rate was determined by making
heat balances around the top plate for each run using the recorded reflux
temperature and the rotameter reading converted into reflux rate as per
Appendix E. An average vapor rate of 0.783 1b moles/hr was calculated
with values ranging from .737 to 0.847 1b moles/hr. Most of this devia-
tion appeared to be due to inaccuracies in reading the reflux rotameter

since tower heat input was held constant.

Another assumption made was that the liquid on the top plate was
at the temperature of the vapor leaving the plate, i.e., 231°F. (The vapor
temperature approximates the boiling point of toluene, 231.2°F, since the
water concentrations in the system are far too low to have an effect on
temperatures.) Although the thermometer reading for the top plate read
222-224°F, this was corrected up to 231°F since the same thermometer read
225°F for the bottom plate where the temperature was obviously 231°F. The
low reading is explained by the thermometer being in the plate, not in the

liquid, and thus measuring plate instead of liquid temperature.

The sample calculation, presented in Appendix C, outlines stepwise

how the system values were calculated for a specific reflux temperature.
The relationships used in these calculations, and the reasons for their
use, are outlined below:

(1) Gas Diffusivity - The Slattery—Bird(ll)

equation was used for gas
diffusivity on the basis of its being specifically applicable for

the binary system of water in a non-polar gas at low pressure.

(31)
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(3)

(4)

(5)

(32)

Liquid Diffusivity - The Wilke(lz) equation was used for liquid dif-
fusivity, since it is usually good within +10% for dilute solutions

of non-dissociating solutes.

Equilibrium Constant - Calculated from Henry's Law using water vapor

pressure, and solubility in toluene data.

Gas and liquid mass transfer units - The relationships for gas (NG)

and liquid (Ny) mass transfer units given in the AIChE University
Lo (13) - . . R .

of Michigan report on tray efficiencies in distillation columns

were used. These relationships were selected on the basis that the

report included more data on small column operations than other

available sources. A spot-check of the Michigan predictions against

(7)

the AIChE design manual method gave consistent results.

Froth and Clear Liquid Heights - The following equation for clear
liquid height (HC) was derived herein by assuming Gester's<7) equa-
tion (Hg, inches = 0.19 W + 1.65 - .65F + .02 Lgpm) could be applied
in the form (K - .65F + .02 Lgpm). To de£ermine K, the measured froth

height of 1.10 inches at a reflux temperature = 110°F and

Hc/Hf = .58 from the AIChE Michigan report(13) Figures 4-27, Page 19,

were used. The equation derived for this experiment is:

Ho = .825 - .65F + .0226 Lmph (21)

C

where L is the average of entering and leaving liquid rates.
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This equation in conjunction with the Michigan Hc/Hf correlation
Figure 4-27 were used for predicting H. and Hf values at varying

reflux temperatures.

(6) Eddy Diffusivity - An absolute value of the eddy diffusivity (Dg)
could not be reliably predicted since there are no data available
in the low range of vapor and liquid rates of this experiment.

(7) (14)

Referring to the AIChE Delaware report, Gilbert's work and

(15)

the correlations developed by Barker and Self , predicted DE'S

range from negative values up to a maximum of 26. The absolute value of DE
is not critical in this experiment since the interest is primarily in the

change in separation rather than in the absolute magnitude of the separation.

A middle of predictions D_ was selected, D

E E = 12, and this gave y/x's in the

data range. This value was taken as constant with varying reflux tempera-
ture since plate froth height, the correlating parameter for DE’ was observed
and calculated to be essentially constant across the experimental reflux

temperature range.

Curve I Figure 3 is the plot of yout/x versus reflux tempera-

mid
ture predicted by running the computer program (Appendix B) with system

values predicted as outlined above. For comparison, Curve II presents a
constant molai flow approximation prediction. Curve II was obtained by

taking the same system values as for Curve I but using the conventional

Murphree point efficiency Equation-13A for point separation and the

Appendix B program with rate of condensation = 0, and average vapor and

liquid rates to get overall plate separation. Curve I shows an increase



(34)

of 18% in y t/x when decreasing temperature across the experimental
ou

mid
reflux temperature range of 205 to 80°F, as compared to a 10% increase
for Curve IL. These curves would be even further apart except for the
compensating effects of the point separation Equation-13A and the new mix-

ing Equation-18. This compensation is discussed in detail in the '"Discussion

of Theory Section."

Correction to Basic Data
To Account for Contamination

Due to the low concentrations of water present in the plate
samples, especially the low reflux temperature runs, it was evident that
contamination would have a significant effect on the data. The presence
of contamination is clearly indicated by comparison of the middle of top
plate water concentrations (Table 1, Page 27) to that of the bottom plate
(Table 2, Page 28). As indicated, these concentrations are close in value.
One would have expected the bottom concentrations to be less than 1 wppm
on the basis of theoretical predictions. On occasion, bottom plate com-
positions were so high (on days of high humidity) that operation of the
distillation column was terminated with no runs being made. Because of
this source of error, the following technique was used to correct the

basic data to account for contamination.

In theory, at a single reflux temperature, if the vapor composi-
tions (ygout+) from the top plate are plotted against the middle of the top
plate liquid compositions (xyigq) and extrapolated, the intersection of this
extrapolation with the y,,t = %x,iq line defines the contamiﬁation level (k¥*).
The assumption of constant level of contamination is made here. Tris is

shown by the following illustration, where the measured compositions yield line Ly
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Similarly, compositions taken at increasingly higher temperatures
should yield characteristic lines (Lp, L3 and I4) intersecting at the same

/x

point. The slopes of these lines are theoretically equal to the Youtr! Fmid

values shown in Curve I Figure 3. As can be seen from Curve I,

the higher the reflux temperature, the lower the value of y /x ., and
out’ "mid

therefore the flatter the slope of the y vs. x line. Since none of the

groups of points corresponding to the various reflux temperatures were

sufficient to draw separate y vs. x lines, all the points were used in

drawing a single line; i.e., line L7,tg3 on the above sketch.

The points taken were usually higher in concentration at higher
temperatures, essentially patterning as shown on the sketch. Since the

grouping of points were connected along lines of descending slope, as is

(35)
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shown qualitatively the level predicted (kmin) is less than the actual
value (k*). The quantitative evaluation of (kpjipn) is shown on Figure 4.

A value of 12 wppm Hp0O was estimated for (kpip) by regression analysis.

Verification of the estimated value for the contamination level
was obtained by comparison with measured bottom plate compositions. The
average of bottom plate concentrations was 15 wppm Hp0. Since the true
contamination level should be higher than the 12 wppm estimated level,
and since the true bottom plate concentration should be less than 1 wppm
H70, a contamination level of 15 wppm H20 was subtracted from the data.
Because of this subtraction, two of runs (Nos. 1 and 5) were deleted from

the basic data workup (measured concentrations less than 15 wppm Hy0).

As mentioned earlier, moisture in the air was expected to be the
ma jor source of sample contamination. Since the sample containers were
carefully dried by heating in an oven before use, the most obvious source
of error appeared to be in the transference of the sample to the titration
flask. The net volume of the flask before admitting the sample was 150 CC;
after adding the sample it was 100 CC. A considerable amount of air might
have been circulated into the flask while the sample was being added,
perhaps more than 50 CC. A calculation was made to determine the extent

to which the sample could be contaminated from this source. The following

conditions were assumed as the basis for this calculation: Air admitted

50 CC; temp. = 80°F; relative humidity = 70%, sample size being titrated
50 €CC. On the basis of this data, it was estimated that the contamination level

from this source could be as high as 20 wppm HZO' Since the contamination
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level calculated was greater than those estimated and measured it would
appear that reasonable care was taken to minimize eddying of air into the
titration flask and the 15 wppm assumed as the average contamination level

is not unreasonably high.

It is interesting to note that previous investigations on water-
- . v (17) . .
hydrocarbon efficiency, Pickle's M. S. thesis on water in benzene and
. (18) . .
toluene and Gester's commercial data on water in hexane, reported lower
efficiencies than would be predicted. The data used in these investiga-

tions do not appear to be corrected for contamination and this may be the

reason for the lower than expected efficiencies.

Comparison of Data and Predictions

The corrected composition data, plotted as y,ut/Xpid versus re-
flux temperature, are shown on Figure 5. Regression of these data with
all points equally weighted yielded Curve A. As can be seen there is con-
siderable scatter of the data around Curve A. This scatter is a result
of the extreme sensitivity of yout/xmid to composition errors. The error
in doing a titration could easily be +.05 CC of reagent, the equivalent
of & 45 wppm. A variation of 45 wppm in yout with ~ 5 wppm in xpiq for
points below the line, or -5 wppm in y,,¢ with +5 wppm in xgi4 for points
above the line, is more than sufficient to return most of the points to
the line. Because of this extreme sensitivity the data were regressed on
a weighted basis giving more credit to those data points which

were made at higher y and x values and thus are less sensitive to error.



X id,wppm -5
As a weighting factor L was used. Curve B, Figure 5, is the
*nid> PP

result of this weighted regression analysis.

Curve A, with the points equally weighted show a 42% increase
of yout/xmid’ when decreasing temperature across the experiment tempera-
ture range of 205 to 80°F, while Curve B shows a 22% increase. This
range of 427 to 22% should now be compared to the 18% increase predicted
by the non-constant molal flow model, Curve I, Figure 3, and the 10% in-
crease predicted by the constant molal flow approximation case, Curve II,
Figure 3. Because of the closeness of the two predictions,
the data plots cannot be used to show up the difference between the two
types of models. What can be said is that the data exhibit a definite
trend in the direction predicted by the new model, i.e., increasing Yout/
Xi4 with decreasing reflux temperature. The magnitude of this trend
is reasonably close to the new model prediction when considered in the

light of possible experimental error.

(38)
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Figure 4
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VI. DISCUSSION OF THEORY

The equations developed in Section II relate the degree of separa-
tion on a distillation plate to degree of condensation, or vaporization, in
addition to mass transfer resistances and mixing parameters. Condensation
and evaporation were brought in by assuming these effects occur linearly;
i.e., the rate of change of vapor rate with vertical distance is the same
along all horizontal planes and the vapor rate is fixed along any given
horizontal plane. To bring into account the actual fashion in which vapor
rate varies horizontally and vertically would require bringing into account
the energy transfer, in addition to mass transfer, relationships. To do this
one would need heat transfer coefficient data of which there are very little
available. 1In addition, the relationships involved would be of an order of

magnitude more complicated than the relationships presented here.

Another simplification which will normally have to be made in
applying the theoretical equations of Section II is that the temperatures
of the vapor and liquid leaving the tray are equal. Accounting for leav-
ing stream temperature differences would require having heat transfer coeffi-

cient data.

What remains to be considered is how the predictions by the new
relationships compare with using the present constant molal flow relation-
ships for the non-constant molal flow case. As described in Section II,

the effects of condensation and vaporization were brought into account by

(42)



first rederiving Murphree's point separation equation and then rederiving

the AIChE eddy diffusivity model for overall plate separation. The effects

of these corrections are illustrated for this thesis experiment by Figure 6.
Curve 1 is the predicted plot of yout/xout versus reflux temperatures ob-
tained by using the new point separation equation and new eddy diffusivity
model, gnd Curve 2 is the predicted plot obtained by using the average of inlet
and outlet rates in the constant molal flow relaticnships. The curves are
fairly close together and yout/xOut is higher in the constant molal flow
approximation case. The closeness of the two curves is, however, a result

of the compensating effects of the point separation correction and the eddy
diffusivity model correction. This is illustrated by Curve 3 which is a

plot obtained using the new point separation equation but with the constant
molal flow approximation for the eddy diffusivity model. Curve 3 yout/xout

values are much higher than those of Curve 2. Thus, for this thesis experiment

it was important to take into account both corrections.

The compensating nature of the point separation equation and the
eddy diffusivity model corrections cannot be considered typical of what
would happen in other systems. More often, one can expect the point separa-
tion equation correction to be more important. The correction to the eddy
diffusivity model was comparable to the point separation correction for
this experiment due to the importance of non-mixing effects at the unusually

. c mG . mG .
high stripping factor I ratio , T = 43.5. The unmixed, plug flow,

~

y /x for me - 43.5 would be 4700 as compared to y /x ~ 10 for
out’ out

out’ ~out L

the perfectly mixed case.

(43)



Figure 6
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VII. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be drawn:
The new point and plate degree of separation equations that héve been
developed offer a means for determining the effect of non-constant
molal flow upon the actual separation achieved on a distillation
plate. Thus, they go one step further than the existing AIChE(/)

equations which were derived assuming constant molal flow. That

(45)

the new equations are theoretically sound is demonstrated by the excellenf

agreement with the AIChE equations when solved for the condition of

constant molal flow.

Conclusive proof on the validity of the new equations could not be
drawn from the data taken on the system water-toluene. However, the
data did exhibit a definite trend in the direction predicted by the

new equations.

Study of partially miscible systems dealing with analysis of low
concentrations of water requires sophisticated sampling and analytical
techniques to minimize effects of sample contamination. This was
evident in this work in that a contamination level of about 15 wppm
water was exhibited by the data. Also, the Karl Fischer method is

not an adequate technique for the determination of water at the con-
centration levels used in this work. This was substantiated by the
effect that the #5 wppm titration accuracy had on the least squares

regression of the data.
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It is recommended that the following investigations be considered

for future work:

1.

Study additional systems that exhibit low efficiency to verify the
model proposed in this work. Systems such as acetone-water and
isopropanol-water exhibit point efficiencies in the range of 50 to
70%. These systems are also completely miscible over all concentra-
tion levels, thus permitting experiments that would minimize the

effects of contamination and analytical inaccuracy.

Use the new separation equations to prepare mixing curves similar to

those prepared by the ATchE(7) for EMV/EOG as a function of

NPe’ EOG’ and mG/L. It is envisioned that the proposed mixing curves
x * i X

would relate E Plate/E Point 25 @ function of NPe’ A/L1 E?Point and

Gavg/Lavg'

Investigate and apply the new separation equations by physically in-
corporating them into a plate-to-plate calculation procedure. 1In

this manner, the sensitivity of fractionation to variations in separa-
tion efficiency due to deviations in molal overflow can be investigated.
The Theile-Geddes procedure using the ''vaporization efficiency'" con-

(21)

cept as explained by Holland can be readily adapted to utilize

the new separation equations.
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APPENDIX SECTION A
NOMENCLATURE

interfacial area, sq. ft./cu. ft. of tray holdup.
interfacial area on tray, sq. ft.

active cross-sectional area of tray perpendicular to gas,
sq. ft.

cross-sectional area of liquid flow on tray, sq. ft.

constants defined in point separation Equation-13A.

- constants defined in plate separation Equation-18.

eddy diffusivity, sq. ft/hr.
gas diffusivity, sq. ft./hr.
liquid diffusivity, sq. ft./hr.
Murphree vapor plate efficiency.

Murphree vapor point efficiency.

(48)

composition change term defined in point separation Equation-13A,

unitless.

vapor rate passing up through tray, 1lb. moles/hr.

vapor rate to and from tray, respectively, 1b. moles/hr.
vertical height off base of tray, feet.

clear liquid height on tray, cu. ft./sq. ft.

froth height on tray, feet.

. gas phase mass transfer coefficient, 1b. moles/sq. ft-hr-atm.

gas phase mass transfer coefficient, 1b. moles/cu. ft-hr-atm.
liquid phase mass transfer coefficient, ft./hr.

liquid phase mass transfer coefficient, hrl.
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overall gas phase mass transfer coefficient, lb. moles/sq.
ft-hr-atm.

overall gas phase mass transfer coefficient, 1b. moles/ft.3-hr—atm.
liquid rate along flow path length of tray, 1b. moles/hr.

liquid rate to and from tray, respectively, 1lb. moles/hr.

slope of the vapor-liquid y vs. x equilibrium curve.

number of gas phase mass transfer units, unitless.

number of liquid phase mass transfer units, unitless.

number of overall gas phase mass transfer units, unitless.

total pressure above tray, atmospheres.

stream enthalpy, Btu's/lb. mole.

universal gas constant, cu. ft.-atm./°R-1b. moles.

overall mass transfer of component between bulk vapor and bulk
liquid at height h, 1b. moles/hr.

mass transfer of component out of bulk vapor at height h, 1b.
moles/hr.

mass transfer of component into bulk liquid at height h, 1b.
moles/hr.

distance along films between bulk vapor and bulk liquid, feet.
thickness of pseudo-laminar gas and liquid films, feet.
temperature, degree scale specified where used.

superficial velocity of vapor to plate, ft./sec.

fractional length along tray liquid flow path, unitless.

width of liquid flow path, feet.

bulk liquid concentration in tray segment, mole fraction.

liquid concentration at gas/liquid interface in tray segment
at height h, mole fraction.



Greek Symbols

A -

(50)

liquid concentration at point w along flow path length of tray,
mole fraction.

liquid concentration on tray at w = 0, mole fraction.
concentration of liquid to tray, mole fraction.
concentration of liquid from tray, mole fraction.

bulk vapor concentration in tray segment at height h, mole
fraction.

vapor concentration at gas-liquid interface in tray segment at
height h, mole fraction.

equilibrium vapor concentration = m Xy mole fraction.
concentration of vapor to tray, mole fraction.

local concentration of vapor leaving tray at point w, mole
fraction.

average concentration of vapor leaving tray, mole fraction.
distance along flow path length of tray, feet.

total flow path length of tray, feet.

(G1-Gp) = rate of condensation on tray (negative for vaporiza-
tion), 1b. moles/hr.

vapor density, lbs./cu. ft.

liquid density, lbs./cu. ft.

liquid molal density, lb. moles/cu. ft.
liquid viscosity, lb.-mass/ft.-hr.

liquid residence time, seconds.
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APPENDIX SECTION B
FORTRAN PROGRAM

Solution of the new plate degree of separation equation was
achieved by means of a series technique. As applied to our system, a
high degree series expansion is required. The authors have written and
debugged an IBM FORTRAN II program for solving the new point and plate
degree of separation equations utilizing double precision arithmetic for

accuracy.

In this section are:

(1) A simplified logic diagram
(2) Nomenclature defining the variables used in the program

(3) A detailed program listing



LOGIC DIAGRAM FOR EFFICIENCY PROGRAM

100* Read
Input
v
120 Ptint
Input
200 Y
N
210 Caltél:!ate
Y

A

Define Series

300 Constants
\
Initiate Series
400 Expansion

*Fortran Statement Numbers

1

(52)

Separation
Equation Terms 470
By Seties
Expansion
Print
Constants ? 872
Print Constants 874
Total Reflux? 880
Calculate Xy 890
Calculate
Yo/X 920
and Yq ?Xw
A
Print Results 874 & 940
2000
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MAIN PROGRAM NOMENCLATURE

A - AC, cross-sectional area of liquid flow on tray, sq. ft.

ANy

C
Al - e NG

AS
A2 LI
ALPHA - Taylor series expansion terms
Bl -

Constants used in evaluating E
0G
B2 -
CASE - Case number
Ccl -
Cc2 -
Expansion constants as defined by Equation-18 in Theory Section

C3 -
c4 -
DE - DE’ eddy diffusivity
DELTAL - A, rate of condensation
DIVIDE - Programming constant

0.5
BLAVG - | 1y (L) |

EL1 - Ll

EM - m, slope of equilibrium curve

ENG - NG, gas mass transfer units

ENL - NL, liquid mass transfer units

EOG - E*, composition change term, defined in Equation 13A in Theory
Section

FACT - Programming constant



Gl

G2
GAVG
TADD
NIXIT

RHOL

RHOF

R1
R2
R3
SIGMA
T1
T2
T3
T4

TOL

X1

XW

Y1
YOTX@T
YOTXW

z1

Gy, vapor rate to tray
Constant used in evaluating y2/x2 and yz/xW
[ ] 0.5 . .
Gq (G1-A) , geometric average of inlet and outlet vapor rates
Programming constant
Path control

P liquid density

L)

, froth density

ml fu
)

C C, and C

27 73 4

Constants used in setting up Cl’

Summation of Taylor series expansion

Expansion terms as defined by Equation-18 in Theory Section IT

Termination tolerance for Taylor series expansion
w, fractional distance along tray

X inlet liquid concentration

1°
X liquid composition at point w on tray

¥i> inlet vapor composition

yZ/XZ’ outlet vapor composition/outlet liquid composition

y2/xw, outlet vapor composition/liquid composition at point w

Zt, total flow path length

(54)
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SUBROUTINE EXPAND NOMENCLATURE

A - Used to test series expansion convergence
AT - An indexing variable

TERM - A term in the series expansion

Other constants defined the same as used in the Main Program.
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EFFECT gF DEVIATION FRBM CANSTANT MALAL BVERFLEW 2N PLATE EFF,

BY — NIEDZWIECKI AND WEISSMAN

DIMENSIZN ALPHA(200)
C2MMBN ALPHA,C1,L2,C3,FACT,DIVIDE,IADD,SIGMA,W,T@L

INPUT

100 READ 1000, CASE,Y1,X1yDEoRHBL,RHAF,Z1,A46G1,ELL

110 READ 1000, DELTAL W EBG,EM,ENL,ENG,B1l,T2L,PRINT

115 PRINT 1115

120 PRINT 1200, CASE,Yl4X1yDEyRHBLRHEF,Z13AsGLoELLyDELTAL,W,EBGHEM,
1 ENL+ENGyB1,T4L

PBINT EFFICIENCY FRZM NL AND NG
200 IF (E26) 300,210,300

210 GAVG = SQRTF{Gl#(Gl — DELTAL))
220 ELAVG = SQRTF(ELL=(EL1 + DELTAL))

230 Al = EXPF(DELTAL/(ENG*GAVG))
240 A2 = EXPF(DELTAL/(ENL=ELAVG))
250 Bl = €M - A2=EM + A2

260 B2 = Al=A2

270 EZG = 1.0 - EXPF((B1/(B1l - B2))*LAGF(GL/{(Gl - DELTAL)))
280 PRINT 1280, EOG,B1

DEFINITIEN &F CEZNSTANTS

300 R1 = Z1/(DE#A»RHZL=RHZF)

310 R2 = EM#EJG#(G1l — DELTAL)/81 + DELTAL
320 R3 = (E2G=G1l) + (1.0 - EGG)=DELTAL
330 C1 = R1=R2

340 C2 = Rl=£L]

350 C3 = R1*DELTAL

360 C4 = R1#R3

START @gF CALCULATI®N

400 NIXIT = O

410 IF (Y1) 420,420,470
420 WSET = W

430 W = 1.0

440 G# T¥ 470

450 W = WSET

460 NIXIT =1

Tl DETERMINATION

470 ALPHA(L) 0.0

430 ALPHA(2} Cl

490 SIGMA = 1.0 + D.5#Cl={W==%2)
500 FACT 240

510 TADD 1

W
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laNeNeNw
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520
530
540

550
560
570
580
590
600
610
620
630
640
650
660

730
740
750
760
765
770
780
790

800
810
820
830
840
850

872
874
876

880

890
892
900
910

DIVIDE = 1.0
CALL EXPAND
Tl = SIGMA

T2 DETERMINATISN

ALPHA(Ll) = 1.0
ALPHA(2) = C2
SIGMA = W + 0.5%C2%(Wnn2)

FACT = 2.0

CALL EXPAND

T2 = SIGMA

IF (Y1) 620,620,660
IFINIXIT) 630,630,660
TiP = T1

T2P = T2

G2 TZ 450

CENTINUE

T3 DETERMINATISZN

ALPHA(1l) = 0.0
ALPHA (2) = C1
SIGMA = (1
FACT = 1.0
DIVIDE = W
IADD = O

CALL EXPAND

T3 = SIGMA

T4 DETERMINATISGN

ALPHA(1) = 1.0
ALPHA(2) = C2
SIGMA = 1.0 + C2
FACT = 1.0

CALL EXPAND

T4 = SIGMA

EQUATIZN CBNSTANTS PRINTAUT

IF (PRINT) 880,880,874
PRINY 1874y R1yR2,R3,C1,C2,C3,C4
PRINT 1876y T1,T72,T1P,T2P,T73,T4

IF (Y1) 920,920,890

EQUATION FAR NZN-T@TAL REFLUX
G1
Xw

PRINT 1900, XW
G@ T2 2000

(1|

(Y1«T3#(C4/C1) + C2=T4=2X1)/(T3 + C2#T4)
Gl*T1 + {Gl — X1}=C2=T2 - Y1#(T1 - 1.0)={C4/C1)

(57)
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c EQUATISN FPR T@TAL REFLUX

D 920 G2 = T3 + (C2=T74
D 934 Y2TXRT = (((T1P — 1.0)#{(C4/C1) + 1.0)%G2 - T3=(C4/Cl)=

b 1 {(T1P + C2=T2P})/7(C2%(Ta=T1P ~ T3#T2P))
D 935 YOTXW = 1.0/0((T1 + C2#T2)#(C4/C1)=(T3/G2) - (T1 - 1.0}*(C&4/C1l})=»
D 1 {(1.0/YBTXBT) — (T2 — (T4=T1l + (C2%T22T4)/G2)1=C2)
940 PRINKT 1940, YITXBT,YZTXW
C
C FURMATS
C

1000 FORMAT (10F7.2)
P115 FORMAT{1HI1)

1200 FZRMAT

CASE NUMBER = aF0
SPACE 2
INPUT
SPACE 1
Y1l = dE>
X1 = aES
DE = AES5
- RHBL = ?ES5
RHZF = IES
Z1 = akE>sS
A = AES
Gl = aE5
EL] = aE>5
DELTAL = aE>
W = aE>S
E£G = ?ES
EM = aE>5
ENL = 2ES
ENG = aE5
B1 = 2ES
ToL = aE5
SPACE 2
RESULTS
SPACE 1
END 2F FORMAT
C
1280 FPRMAT
EZ2G = dE>5
Bl = aES
SPACE 1
END ZF FBRMAT
C
1874 FEZRMAT
R] R2 R3 C1 c2 c3
X Ca
dE> aES ?ES 2t5 BES ) ]
X AES

SPACE 1
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END #F FZRMAT
C
1876 FZRMAT
T1 T2 T1ip T2P T3 T4
dES adES 2E>5 aE>5 dED aES
SPACE 1
END ZF FZRMAT
-
1900 FORMAT
Xk = 2E5
SPACE 1
END ZF FZRMAT

1940 FERMAT
YPTXBT
YZTXW
END BF FBRMAT

?ES
aE>S

[T}

2000 CALL RETURN
END
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100
110
120
130
140
150
160
170
171
172
174
176
178
180
190
210
220

2100

EVALUATIZN @2F PZWER SERIES
SUBRGUTINE EXPAND

DIMENSIZN ALPHA(200)

C2MMON ALPHA,C1,C2,C3,FACT,DIVIDE,IADD,SIGMA, W, TAL

DZ 190 1
Al =1
ALPHA(I)
Al = 1 -1 + IADD

FACT FACT=AL

TERM ALPHATI) #((W/DIVIDE) =#Al)/FACT
SIGMA = SIGMA + TERM

A = TERM/SIGMA

IF (ALPHA{I) - 1.0E+30) 180,180,172
ALPHA(I) = ALPHA(I)*1.0E~-20
ALPHA(I-1) = ALPHA(I-1)#1.0E-20

FACT = FACT#1.0E-20

Ge T2 190

IF (A - TOL) 220,4220,190

CONTINUE

PRINT 2100, I, ALPHA({I},SIGMA,A

RETURN

3,200

1

H

wo

FZRMATS

FZRMAT (10X,4HI = I3/10X11HALPHA(I} =
l4HA = E12.5)

END

€E12.5/10XBHSIGMA

(60)

ALPHA{I-2)=(C1l *+ (Al - 2.0)=C3) + C2=ALPHA{I-1)

= E12.5/710X
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APPENDIX SECTION C
SAMPLE CALCULATION

Statement of the Problem

Predict y2/x2 ratio at total reflux for the following plate condi-
tions. These are the conditions for one of the experimental runs of this

thesis.

Plate conditions:
System - Water Dissolved in Toluene
Vapor Rate to Tray - 0.783 1b. moles/hour
Temperature of Vapor to Plate - 231°F
Temperature of Liquid to Plate - 80°F
Temperature of Liquid and Vapor Off Plate - 231°F
Total Pressure Above Plate - One Atm.
Active Cross~-sectional Area of Plate (AT) - 18.6 sq. inches
Width of Liquid Flow Path (Wt) - 2.5 inches

Liquid Flow Path Length (Zt) - 7.45 inches

Solution of Problem

Step 1) Predict Physical Properties
a) Gas Diffusivity (Dg)
D~ is calculated vi he S1 irq i i
ol via the attery-Bird equation for HZO in a

non-polar gas at low pressure:

P D e A\ D
a [ —— (21)

1/3 o . o\5/12 [1 1 \1/2 ~ >
<PCA PCB) <TCA lCB> <m + @) "TCA Tcy
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fsi)
I

3.64 x 107, b = 2.334, M, = 18, My = 92.13, P = 1 atm, T = 383.8°K,

PcA = 218.4 atm, PCB = 41.6 atm, TcA = 647.20K, TCB = 593.6°K
0.5 0.5
l‘__ + 1_. = -:-I‘_ + 1 = 0.256
M, My 18 7 92.13
S— - = 620
lth.TCB = VR’47.2).(593.6)
5/12 5/12
- N = 210
<? T g) B647.2)(5,3.6{
1/3 [ ] 1/3 - 20.8
<?CA PCB> = |(218.4)(41.6)
2.334
0.327

1}
N
W
Moo
BN [

O
oo
~—

It

< CA CB

D = 3-64(1074)(0.327)(0.256)(210) (20.8) = 0.133 em? /sec
2, .133(3600) _ 2
DG ft“/hr = 6.45(144) = 0.515 ft /hr

b) Liquid Diffusivity (Dr)
(12)

D is calculated via the Wilke-Chang equation for dilute solu-

tions of non-dissociating solutes:

1
_7.410°8)(¥p Mp)° T

D

v, = 18.8 cm>/g-mole, y = 0.25 centipoises, ¥, = 1.0,
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MB = 92,13, T = 383.8 K

(WBM3>% - (92.13)% = 9.6

v 0.6 = (15,8)0:6 = 5,78

A
_ 7.4(1078)(9.6)(383.8) _ -4 2
DL = (0.25)(5.78) = 1.88 x 10 cm /sec
2 _ -4 _(3600)  _ -4 2
D (Fe7/hr) = 1.88 x 10" gos s = 7.29 x 107 f£t"/hr

¢) Equilibrium Constant

_ Vapor pressure
Total pressure x mole fraction solubility

Vapor pressure = 21.2 psia, Total pressure = 14.7 psia

Mole fraction solubility = 0.0332 - per Hibbard and Schalla(lg)
at T = 231°F

“.m = 43.5

d) Bulk Stream Properties

The quantity of water dissolved in toluene at the conditions of
this experiment is so minute, i.e. less than 0.10% wt percent, that
the properties of toluene can be used to represent the entire stream.

(20)

Maxwell's Data Book on Hydrocarbons was used as a source of

information for these properties.

M
0 - M 520 P, atm _ 92.13 = 520 1 _ 3
G231°F 379 X T, °r © 1 379 X goy X1 = 0.184 lbs/ft
o - 3
L231°F = 48.6 le/ft

I‘1L2310F = .25 centipoises



Step 2) Calculate Stream Rates by Heat Balance

G, Q
176,

H
o
=]
|
It

o
o
R
(9}
]

Step 3) Predict Mass
a) Gas Mass tran
NG is calcu

N
G

+ Ll QL1= G2 QG2 + L2 Q

Ly

L. and G, = L. since tower at total reflux

2 2 1
Q _Q

G 7 Iy

QG2 - QLl
= 29,400 Btu /1b mole at T = 231°F
= 8,750 Btu /1b mole at T = 80°F
= 15,050 Btu /1b mole at T = 231°F
_ 29,400 - 15,050 _ o

29,400 - 8,750 '

.783 mph then:

.548 mph
.548 mph
. 783 mph
= LAVg = /(.783)(.548) = .655 mph

Transfer Units:
sfer units (Ng)

lated using the AIChE University of Michigan

0.72
1 -

= 525 DgU-93 og% pn-l (Hf—H )

0 0.83

(13

)

(64)

equation:



Where n

VS(Average) =

il

It

Il

0.85

.515

.184

.605

48.6

0.655

0.24
M,
o
L
ftz/hr
1bs/ft3
ibs/ft hr
lbs/ft3

moles/hr

1 atm

691°F

2

0.129 ft

GAvg

(379) (144) _ T

1_.655(379)(691)(144)

(65)

3600(18.6) 520 ° P 3600(18.6)(520)

X

= ,710 ft/sec

is based on A, since this is also area of annuluar space
agove the liquid on the tray.

VS /QG = .710 .184 = .304

(s

.825

= .644 inches

£(F)

=644
.583

<459

.24 .24

H1, .605
DL> =8 <48.6) -

.35

- .65 (F) + .0226 Ly, = .825 -

.583 (From Michigan report

1.103 inches

inches

(See thesis Page 32,

(1

.65 (.304) + .0226 (.655)

Equation-21.)

3)

Figures 4-27)



Terms for

53
e

.50

e

1]

_ 525(.703)(.429)(2.17)(.0952) _ ,

equation are:

.703

429

.0952

25

b) Liquid Mass Transfer Units

NL is calculated using the AIChE University of Michigan 13

Terms for

48
Py

F.58

42 D

L

7.29¢(
.304
18.6
.644
.655

48.6

0.48 .0.58
F o,

10-4)ft2/hr

sq. inches
inches
mph

1bs/ft

N. equation are:

L

= 42(3600)(48.6) (.0312)(.50) (.644)(18.6) x

.0312

.50

92.13

.31

1

12

144

.655

(66)

equation:

13.20
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Step 4) Predict Eddy Diffusivity

DE = 12 (See Discussion of Results Thesis Page 33)

Step 5) Determine /%, By Running Program
Y27 %

Input to Program:

Symbol Definition Value
DE Eddy Diffusivity 12.0
RHOL Molal Density of Liquid on Tray 0.528
RHOF  Ro/Mp Ghire feor of Froch 0.615
Z1 Z,, Tray Flow Path Length, feet 0.620
A A_., Cross-Section of Liquid Flow Path

W.He, sq. ft. 0.0192
Gl Gl’ Inlet Vapor Rate, 1b moles/hr 0.783
EL1 Li, Inlet Liquid Rate, 1b moles/hr 0.548
Delta L /A, Condensation Rate, 1b moles/hr 0.235
W w, Fractional Flow Path Length for x 1.0
EM m, Equilibrium Constant 43.5
ENL NL’ Liquid Mass Transfer Units 13.20
ENG NG’ Gas Mass Transfer Units 1.31

Predicted y2/x2 = 167
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APPENDIX SECTION D
COMPARISON OF NEW EQUATIONS TO
CONVENTIONAL EQUATIONS AT CONSTANT MOLAL FLOW

Point Separation

The new point degree of separation Equation-13A is evaluated at
constant molal flow by taking the lim;t of the equation as the rate of
condensation (A) approaches zero. As is shown below, the result is that
Jim (Equation-13A) = Equation-13B; 13B being the conventional constant

N0
molal Murphree point efficiency equation.

First considering the left hand side of 13A:

1 1
Y291 V2.9

fim _ _
AN~0 L?':‘ _ - X?‘c _ (Ap l)
by 71 fim by 1
-0
Where:
VAN
. . L.Nj,
£im b1 = fim  {m+(l-m) e =1+ h-nh=1 (Ap-2)
-0 A0
] 1
. Yo ¥ Yo ¥
pim Z2-71 227" _ o6t hand side of 13B (Ap-3)
20 vk o yReyy
b 1
1
Considering the right hand side of 13A:
by ﬁnGl—A gim P1 ’ C1-a
by-by G, 220 by-b, " g,
fim [l-e ] = l-e (Ap-4)

20
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Where:
[ L ZI\?L} G].-'A
i bl , Gl-A _ Jim m+(l-m) e | In T
b.-b. *" A A A A
A0 2 1 -0 L.N L.N G.N
mt+(1l-m) e’ L o™ L g% %6
_ (m-mt1)(0) _ 0 )
= Themtl-1 0 (Ap-5)

i 0
Now according to L'Hospital's rule when ﬁiz g%i% =0’ which is indeterminate,

the true value of this limit is given by:

Lim df(x)
fim £(x) = x~¢ dx . . e
ko g(x) ~ fim de(x) Applying this rule to Ap-5:
x-»c dx

G
1-A £im dib. 4n g
pim P10 T a0 < >/

A0 b b, mmd(bz 1)/d/< (Ap-6)

2

First evaluating the numerator of Ap-6:

A
Gl—A> . -m (1-m) (1-m)< L. NL> ( 1- AD
fim d b1 In G = fim G AT TG + L.N
A0 1 -0 1 1 L
@mi\e" M) g0 C1f _om 1w, Aeme®l | (em) g1
LN, G, G L.Np, L.N
-1 -1

Gy G (Ap-7)
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For the denominator of AP-6:

A A A A A
fim d(by-bp) = gim  |etNL G-V , elNL oC-Ng () oML
A0 A0 L.Np, G.Ng L.N_
1 1 (1-m) 1 m
= + - = + (Ap-8)
L.N, © G.N, L.N © G.N, LN

Substituting AP-7 and Ap-8 in Ap-6 gives:

N )
fim 21 MG -1 -1
/o0 byoby l%]__'_IIZIGN Nl
G "L oc

= —NOG (Ap-7)

Substituting Ap-7 in Ap-4:

(bl In Gl’A>
b,-b G
E-e 2 1 ! ] = 1—e—NOG =

£im = right hand side of 13B (Ap-8)

10

Ap-8 in conjunction with Ap-3 prove that fim (Eqn-13A) = Equation-13B.
550

Plate Separation

The new plate degree of separation Equation-18 is shown below to be

numerically in agreement (+0.3%) to the AIChE(7)

eddy diffusion equation. An
analytical comparison is not practical since Equation-18 was integrated by

a series technique while the AIChE was not. The AIChE equation is given

below:
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(-n-Npe)

n
Y2_y1 - l-e + e -1 (Ap_g)
X - N v
ye -y, OG (n+NPe> 1@1.23) 0 1y —2
n n+Npg
Where:
NPe 4mG1EOG
n = - 1+ T /N -1
1( Pej
Z L
and N = £l

Pe DA oo Ho / He
At constant molal flow the "C" terms in Equation-18 reduce to ¢, = (NPe)

G . = = - G .
(M51) (Ege) s C, = Npg» ¢, = 0, C, = Npg 2l Egg. Thus, in both cases the
i L

degree of separation is a function only of the terms: Np,, m, E%, and Ep;.
For the purpose of comparison, the following constant molal flow examples

have been worked using the AIChE Equation Ap-9 by hand calculation and

Equation-18 via FORTRAN program in Appendix B.

Case Pe m 61 /Ly Eoe  AIChE  Eqn. 18
1 .10 10 1.0 .10 1.900 1.900
2 1.0 10 1.0 .10 2.030 2.025
3 10.0 10 1.0 .10 2.359 2.366
4 6.8 43.5 1.0 .197 169.2 168.9
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All these cases are at total reflux, i.e., EI = 1.0, and thus
y2/x2 can be calculated independent of composition. As can be seen, the
agreement of y2/x2 predictions in the arbitrarily selected Cases 1-3, is
quite good, i.e., <0.3% deviations. Case 4, a spot-check of the canstant
molal flow case of this thesis experiment, shows less than a 0.20% devia-

tion. These minor deviations appear to be due mostly to the inaccuracy of hand

calculating the AIChE equation.

The lower the Peclet number (NPe), the greater the degree of mix-
ing on a plate. 1In Case 1, the Npo value is sufficiently low such that the
y2/x2 value predicted by Equation-18, and the AIChE equation, is what is
obtained by just using the Eoc Equation-13B directly. Thus Equation-18,

like the AIChE model, appears to reduce to the E equation at total mixing.

0G
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APPENDIX SECTION E
ROTAMETER CALIBRATION

Reflux flows were measured by means of a rotameter. At 100%
flow the rotameter was rated to be able to pass 0.81 GPM of a 1.0 specific
gravity liquid. Since toluene was used at various temperatures (specific

gravities not equal to 1.0) it was necessary to calibrate the rotameter.

(16)

Referring to Brown , the following equation was used as the

basis for calibration:

2g0 (pf-p) V
W= CRAO'q/ . p, £ (Ap-10)

Where: W = Weight flow/unit time
Cp = Coefficient of discharge
A = Area of the annular opening between the largest cross-section
of the float and the wail of the tube at any point.
g = Gravitational constant
p = Fluid density
Py = Density of the float
Vi = Volume of the float

Af = Maximum cross-sectional area of the float

Setting up two relationships, one for water and one for toluene,
assuming Cp is essentially constant, and equating, yields the following

expression:

2
W Dl Df-o .

4. b__<_1_z (hp-11)
W 2 (Pe-P2)



Where: W, = 6.75#/minute (Water)
P17 = 1.00 (Sp.G of Water)
of = 8.02 (Sp.G of Stainless Steel Float)
W, = Toluene Weight Flow, #/Minute
pz = Toluene Sp.G .

Substituting fixed values in Ap-11 yields:

Wy = 2,55 [Py (8.02-9p)

Solving for 100% toluene flow at various temperatures:

T, °F P2 Wo, #/Min
80 0.862 6.35
100 0.852 6.30
150 0.825 6.22
180 0.809 6.16
200 0.798 6.12
231 0.780 6.06

(Ap-12)
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