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ABSTRACT

A new simplified model for predicting mass transfer efficiency on a commercial soalé
sieve tray has bcen developed. The model is based on the analysis of tray
hydrodynamics on a cross flow sieve tray. It considers the froth as a combination of
small and large bubbles as well as gas jets. The small bubbles are considered to reach
saturation in froth and thus have the efficiency of 100%. The model estimates the
average efficiency of large bubbles as 40% and that of jets as 70%. The model requires
estimation of only two parameters, namely, fraction of small bubble (Fsg), fraction of
jetting (F), and is applicable to both froth and spray regime. The modcl has been
confirmed by a large and diverse databasc. The model is applicable within pressurc
range1.3-2758 kPa, liquid density range.380-949 kg/m’, gas density range 380-949
kg/m?, liquid viscosity range 0.05-1.56 mPa.s, gas viscosity range 0.007-0.013 mPa.s,
and surface tension range 01-55 mN/m. The prediction is found to be within + 25%.

According to the model tray efficiency (Eog) is calculated by following equation.

E, =(04(1- F)+1.0F, X1 - F,)+0.7F,

iv
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Distillation is a dominant separation technology in the chemical .process industries for
separating a mixture into two or more products that have different boiling points, by
preferentially Boiling the more volatile components out of the mixture. When a liquid
mixture of two volatile materials is bo'iléd, the vapor that emcrges has a highcr
concentration of the more volatile (i.c., lower boiling point) material than the liquid
from which it was evolved. Conversely, if a vapor is cooled, the less volatile material
with the higher boiling point) has a tendency to condense more fully than the more
volatile material. Stages are built in a vertical column to achieve desired separation.
Actual stages in a vertical column are referred to as plates or trays. Bubble cap, sieve,
valve trays cte. are used in distillation column. However, sieve trays are cheaper, more

convenient and widely used in industries.

Worldwide, about 95% of all separations are made by distillation process. Without
doubt distillation is the most important and most visible separation technology used in
the process industries and is by far the best-developed method, The petroleum industry
is the largest user of distillation téchnology and in 199! had an annual pﬁmary
distillation capacity of more than 3.36 billion tons (Darton, 1992). Today, this capacity

has risen to more than 4.5 billion (Garcia and Fair, 2000) tons per year.

1.2 SIEVE TRAY HYDRAULICS

The cross-flow sieve tray is the most popular phase contacting device for commercial
distillations. Its non-proprietary nature, simplicity of design, effectiveness of contacting
are some of the factors that make this device attractive. Figure 1.1 illustrates a cross-

flow sieve tray. Three parts can be distinguished: active (bubbling) area, entrance to the
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down comer that leads to the tray bt;low, and the seal area for liquid coming from the
tray above. The liquid enters the active area from the down comer after changing its
direction at the seal area. In the active zone liquid and ascending vapor mix, forming a
froth. The outlet weir, located on the downstream side of the bubbling area, maintains
liquid inventory on the tray. Froth from the tray flows over the Weir into the down
comer, where the entrapped vapor is disengaged and the clarified liquid then flows to |
the tray below. The purpose of the vapor-liquid contacting is to creale interfacial area

for interphase mass transfer.
1.2.1 CONTACTING CHARACT ERISTICS ON CROSS-FLOW SIEVE TRAYS

Different vapor and liquid flow rates through and across a sieve tray produce different
types of vapor-liquid dispersions. The satisfactory performance of a tray is bounded by
the limits of tray stability as shown in Flgure 1.2. Entrainment flooding creates the
~ upper capacity limit, where most of the liquid on the tray is in the form of drops and are
carried upward with the vapor instead of flowing to the tray below. Down comer
flooding occurs at high liquid loads where the frothy mixture cannot be transported to
the tray below and instead builds up on the tray. The lower limit, dumping, is reached
when the vapor rate is so low that essentially all of the liquid entering the tray passes

through the holes instead of over the exit weir and into the down comer.
1.2.2 FLOW REGIMES ON SIEVE TRAYS

Experiments conducted in air/water simulators and in distillation columns, using gamma
ray absorption techniques, have helped identify several flow regimes on sieve trays
(Hofhuis and Zuiderweg, 1979). The regimes are spray, free bubbling, emulsified flow,
and mixed froth. The two dominant regimes are froth and spray. The type of regime can
strongly influence the hydraulic and mass transfer performance of the tray, and it is
important for the tray designer to determine the type of regime which will predominate

in terms of tray loading, tray geometry and system physical properties.
1.3 TRAY EFFICIENCY

Tray efficiency is a crucial factor in the analysis of sieve tray distillation columns,
because in distillation tray efficiency is used to convert the number of theoretical plates
to actual plates. While much effort has gone into the prediction of theoretical stages for
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a given separation, relatively little attention has been given to the conversion to real
stéges, or plates. This problem has been termed the "last frontier" in the development of

distillation technology (IFair, 1991).

Empirical aﬁd semi-empirical methods have been proposed for the determination of
point efficiency. The first serious attempt to understand point efficiency was made in a
special research program sponsored By the American Institute of Chemical Engineers
(AIChE) and funded by contributions from industria_l companies. This work took place
in the late 1950s and is summarized two publications of the AIChE (1958a, 1958b). The
experimental work was done with small bubble-cap plate silllﬁlulurs using the basic air-
water system with transferring solutes. The AIChE work has served as a base for further

studies.

Bascd on the definition of spray and froth regimes Zuiderweg (1982) and Stichlmair
(1978) developed their efficiency model. They considered a sudden change in the nature
of two-phase mixture in the transition zone of these two regimes. The FRI efficiency
dai;a for commercial sieve trays, on the other hand, show smooth transition of tray
etficiency from the weeping to flooding point. This compelled many researchers to
resort to a single efficiency model for both spray and froth regimes .AIChE, 1958; Chan
and Fair, 1984; Chen and Chuang, 1993 are of this type. None of these modcls took into
account two-phase mixture that is generated on the ﬁay in different regimes. The single
major step that considers the dispersion structure in the froth regime was made by Prado
and Fair (1990) for air water system. Later, Garcia and Fair (2000) extended this model
to other systems. However, too many adjustable parameters introduced at different
stages of the model have made the model complicated and emphasized on its
mechanistic nature. Finally Syeda et al. (2000) developed a single model for both froth
and spray regimes that consider a simplified form of two phase mixturc generated on the
tray. This model used Zuiderweg’s spray regime model for jetting zone which is limited
for vapor density 1 to 80 kg/m3.All efficiency models based on tray hydrodynamics
used complicated calculations which discourage researchers as well as industry people

to adopt such models.



1.4 OBJECTIVES
The objectives of the project are:

i. To develop a new user friendly model for prediction of tray efficiency on cross
flow sicve trays in distillation, based on the analysis of tray hydrodynamics that

will be applicable to both froth and spray regimes.

ii. To validate the proposed model by a large bank of performance data on

commercial scale columns reported in litcrature



CHAPTER 2

LITERATURE REVIEW

2.1 SIEVE TRAY HYDRAULICS

The manner in which the liquid and the vapor contact each other on a tray determines
the intcrfacial areca for mass transfer. The contacting is don¢ in a vapor-liquid
dispersion, the character of which ce{n vary according to the relative flow rates of the
phases as well as the physical properties of the phases. It is convenient to describe these
dispersions in terms of two-phase regimes; The froth regime is the most common,
especially in distillatiori; and is the principal focus of the present work. Other regimes
include spray, free bubbling, and emulsified flow and will be described later. The froth
regime is characterized by a liquid-continuous mixture with a variety of bubbles sizes
that provide the interfacial area for mass transfer. The bubbles circulate rapidly and are

of a wide range of non- uniform shapes and sizes.

Knowledge of disintegration of the bubbles is essential to the eventual understa.nding of
the interfacial mechanisms. Breakup and coalescence rates are important factors in
determining bubble size distribution, and hence the effectiveness of the interfacial
transport of mass, momentum and energy. The bubble velocity determines the residence
and contact time. This velocity depends on bubble dimensions as well as vapor flow rate
and system physical propertics. At higher vapor rates, chain bubbling and jetting can
occur at the holes, the jets break up into bubbles, and in all cases the bubbles circulate
rapidly throughout the froth. ' |

The presence of the liquid may affect the way vapor flows through holes of the sicve
tray. Thus affect the discharge coefficient. Some of the holes may be partially blocked
by liquid, and variations in the local pressure head may cause local fluctuations in the

vapor flow.



2.1.1 REGIMES ON SIEVE TRAY

There are two types of rcgimes that can be described for sicve trays: operating and two-
phasc. The latter deals with the typc of dispersion on the tray. The former rclates to

operaling conditions and its corresponding regimes may be described as follows:

a) Flooding: This condition occurs at high vapor rates and which happens is
caused cither by excessive liquid entrainment or by exccssive backljp of

liquid in the down comcr

b) Blowing: This condition occurs when vapor rates are very high and liquid
rates very low, and prevents a stable liquid phase from forming ncar the

holes. It causes atomization of much of the liquid, leading to entrainment.

c) Weeping: This condition occurs when the vapor kinetic energy through the
" holes is low and the liquid potential energy above the holes is high. An

imbalance in energies causes some liquid to drain through the holes.

d) Dumping: This condition occurs when the vapor and liquid rates are both
low, and essentially all of the liquid entering the tray is lost through the

holes.

The two-phase regimes are of more importance in the present work and, as mentioned
previously, the froth regime usually predominates. A useful dimensionless group for

approximate prediction of the two-phase regimes is the flow parameter:

F}‘V _ [_I—J][&Jvl . .
GAP, @.1)

Where, L/G is the mass ratio of liquid to vapor. The parameter represents a ratio of
liquid-to-vapor kinetic energies, A more complete description of the two-phase regimes

(or "dispersions") follows.

a) Spray: Charactcrized by vapor as the continuous phasc and drops as

dispersed phase. Usually occurs at high vapor-to-liquid volumetric ratios, as



experienced in high vacuum distillations. For the spray flow parameter has a

value of 0,1 or less.

b) Free bubbling: Characterized by simple bubbling of vapor through a
continuous phase of liquid. It is represented by high values of the flow
parameter and occurs in distillation conducted at higher pressures (e.g., 0.2
or greater). The relatively low kinetic energy of the vapor disturbs the liquid

very little. Some investigators separate an emulsion regime for very low

bubbling rates.

¢) Froth: This regime is intermediate to the spray and the free bubbling
regimes, and sometimes is called the "mixed-froth" since it can contain some
spray, although liquid-continuous contacting predominates. Flow parameter
values are generally in the range of 0.01 to 0.2. This is the region that
includes most distillations, and is the froth regime the one of emphasis in the

present work.

Several investigators have attempted 1o generalize ncthods for predicting the flow
regime (e.g., Loon, et al., 1973; Hofhuis and Zuiderweg, 1979). Prado ct al. (1986)
studied transitions between the regimes and did not obscrve discontinuitics “in such

variables as pressure drop and liquid holdup.

2.1.2 FROTH TO SPRAY TRANSITION

In the late 1960s, papers began to appear with reports of attempts to study
systematically the transition from froth to spray and to model and correlate the results.
The transition from frolth to spray occurs when a substantial proportion of vapor
completely penetrates the dispersion as jets. The spray.regime is favored by low clear

liquid height and large hole diameters and vapor velocities.

2.1.3 BUBBLING ZONE

The hydraulics and rate processes, which govern bubble size in the froth regime, are
very complex. First it is of importance to make clear the effects of various factors on the
size and frequency of bubbles at their formation in the orifices. Usually, the size of the

bubbles formed is different from the average size in the froth owing to bubble



coalcscence and brecakup. Howcever, in some cascs (¢.g.. in columns opcrated at a low
hole velocities) the initial bubble size can determine the interfacial arca and gas hold-up.
For these cases, it is therefore of interest to determine the various paramcters that can

influence bubble formation s.ize and frequency.

The dispersion produccd by the agitation by the vapor is determincd by the breakup and
coalescence of bubbles. The equilibrium between these phenomena leads to a
characteristic bubble size distribution. Bubble size-distributions have been correlated
bascd on direct visual obscrvations using photographic devices. The shape of the

distributions was found to change with the physical properties of the system.

2.1.3.1 BUBBLE FORMATION AT THE ORIFICE

A considerable body of cxperimental and theorctical litcrature cxists relating to the
formation of gas or vapor bubbles issuing from orifices in quiescent liquids, taking into
account that many factors affecting bubble formation, c.g., orificc diamcter, gas flow
rate, chamber volume beneath the orifice, and physical properties (Kumar and Kuloor,
1969; Tsugc and Hibino, 1983; Marshali, 1990, Tsuge ct al., 1981a and Tsuge ct al.,
1992). The theory for singlc hole bubbling has been applicd, to a limited cxtent, to a
multi-orifice orifice system such as the sieve fray (Kupferberg and Jameson, 1969).
However, most of the theoretical models are based on a two-stage spherical bubble
growth model (Daviéon and Shuler, 1960; Wraith, 1971 and Tsuge et al., 1981b).

2.1.3.2 BUBBLE SIZE DISTRIBUTION

Several authors have reported bubble size distribution data for the air, water system,
based on photographic techniques. 1t is widely accepted that bubble sizes in sieve tray
froths for air-water can be represented by a bimodal distribution Hofer (1983) found that
bubbie distribution presented two peaks at bubble diameters of 5 and 25 mm at 100 kPa.
Ashley and Haselden (1972) reported that in the continuous phase there existed small
spherical bubbles with diamcters ranging betwecn 5 and 10 mm, and larger bubbles with
diameters from 40 to 80 mm. The larger bubbles were referred to as "vapor voids".
Kaltenbancher (1982), using small hole diameter sieve trays (2.5 and 1.5 mm, 8.76 and
5.14%, frece area respectively) reported a bidisperse bubble size distribution with small

bubble size close to 4 mm and large bubbles of 25 mm diameter. The volumetric portion
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of gas going through the (roth corresponding to small bubbles was found to be between

20-40% for the 1.5 mm holes and 0 to 20% for the 2.5 mm holes.

Bubblc sizes in cellular foams and froths in 3.2 mm hole diameter trays were measured
by Porter et al. (1967). The size of the bubbles formed at the hdle was approximately 20
mm diameter as calculated by the bubble formation frequency and an overall mass

balance. The reportcd'bubble diameter in the froth was 5 mm.

Lockett ct al. (1979), using a rcctangular sieve tray, obscrved large (25 mm) bubbles
that were continuously changing shape Measurements from the photographs indicated
that these large bubbles occupied about 65% of the froth volume. Smalt bubblcs of |
about 5 mm diameter tended to be trapped in the liquid circulation patterns. The hole

size of the tray appeared to have had no significant effect on the properties of the froth.

The concept of primary and secondary bubbles was introduced by Klugh and Vogelpohl
(1983). Primary bubbles, usually lai'ger than secondary bubbles, were produced at the
~ orifice. The sccondary bubbles were formed cither duc (o the disintegration of the
primary bubbles in the presence of a shear field or by the disihtegration of a continuous
jet in the jetting regime. They reported the existence of a unimodal sccondary bubblc
sizc distribution when operating in the bubbling regime, while a bimodal secondary
bubble size distribution was found in the jetting regime.Wilkinson and Dierendock
(1990) determined the impact of gas density in the bubble size. An increase in gas

density increased the gas hold-up as the result of the change in bubble size distribution.

2.2 TRAY EFFICIENCY

2.2.1 DEFINITIONS

Overall Column efficiency

The overall efficiency is the most commonly used for quick and rough calculations. It is

defined as the ratio of the number theoretical stages required for a specified separation,
at a specified reflux ratio, to the actual number of trays required for the separation at the

same reflux ratio:

in

N,
I oo (2.2)
Nll
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This efficiency does not have a fundamental basis. The point and Murphree eflicicncy
definitions below arc cxpressed in term of vapor concentrations for convenicnce, and

arc equivalcent to the altemnative of using liquid concentrations.
Point efficiency, £ y;

The point efficiency is the ratio of the change of vapor composition at a point to the

change that would occur if equilibrium werc rcached:

Ey; :(L}G_-l) - (2.3)
y" _y""l point

Expressed as a fraction, this cfficiency cannot exceed unity because the vapor

composition change across the tray cannot exceed the thermodynamic equilibrium limit.
Murphree tray efficiency, E,,,

The Murphree tray efficicney is the ratio of the change of composition across the tray to

the change that would occur on a theoretical stage.

EMV - ( yn*— yn—l ] (24)
D tray ’

By definition, the equilibrium vapor concentration y,* is based on the outlet liquid

concentration, not the average liquid concentration. This makes possible Emv valucs

greater than 1.0 (100%), depending on the liquid coﬁcentration gradient across the tray,

2.2.2 POINT EFFICIENCY FUNDAMENTALS

The point efficiency concept is based on the two-film theory, and is usually expressed in

terms of the molar rate of diffusion, -

N=ksa,py = y)=k,a,p,, (c-x,)

=K()(:'a.ipM,U(ov‘_yf) _ (2.5)
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Assuming phasc equilibrium at the interluce, the overall mass trunsfer coellicient can be
obtained by the sum of mass transfer resistanees represented by the following

relationship,

LI | (2.6)

1
Kog ke K,

Considering a mass balance across a diffcrential clement in the froth of a sicve tray, the

expressions for the vapor and liquid-phase mass transler units obtained arc

Ng =kgatg ' | (2.7)
and
N, =k at, ‘ (2.8)

Where the residence times tg and t, are given by

h h
s s
f.= —— 2.9
=0,/ U, @2
AA
where heis the height of the two-phase mixture above the tray floor.
h h .
/ /
[ = = : (2.10)
b QL QI.A
AA

The overall gas-phase mass transfer unit is obtained from the individual phase transfer

units:

-(2.1‘1)

A
+
N()G G N.L

1 1

The point efficiency is then expressed in terms of overall vapor-phase mass transfer
units by the following Equation, which ussumes that vapor moves across the clement in

plug flow and the liquid is perfectly mixed in the vertical direction.

Eqq =1-exp(-N,;) 2.12)
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2.3 MODELS FOR THE PREDICTION OF TRAY EFFICIENCY

Over the years many procedures have been proposed for estimating tray efficiencies,
using empirical methods. However, two main approaches have been used for the
development of methods to calculate the efficiency with some degree of rigor.
Theoretical prediction methods are based on the two-film theory. For convenicnce, thesc
two approaches will be termed empirical and fundamental. All models used the

important hydraulic paramcter, F-factor, for loading. This factor is defined as

Fy=U_\py | (2.12a)
U .,= Superficial gas velocity based on active area, m/s.

0, = vapor density, kg/m’

2.3.1 EMPIRICAL METHODS

Onc of the first attcmpts to corrclate cmpirically plant or semi-works overall column
efficiencies were made by Drickamer and Bradford (1943). They measurcd the column
c¢fficiency of 54 relinery columng and found the valucs 1o be related to the molar
average viscosity of the liquid feed to the column (If the feed contained vapor,
cquilibrium liquid composition was uscd). O’Conncll (1946) modified the
Drickamer/Bradford correlation to include nonhydrocarbon and high-relative-volatility
systems. Later, MacFarland et al. (1972) correlated these efficiency data in terms of

dimensionless groups of vapor and liquid properties.

2.3.1.1 O’CONNELL CORRELATION (1946)

The O’Connell correlation has been the standard of industry for several decades. In
addition, to the Drickamcr/Bradford data, O’Conncll addcd data from 32 commcrcial
and five laboratory columns to give a data base that included hydrocarbon, chlorinatcd
hydrocarbon and alcohol mixtures. O’Connell modified the correlating paramctcr of

Drickamer and Bradford to the product of the molar average viscosity and the relative

volatility of the key components, with both parameters evaluated at the arithmetic mean

14



of the top and bottom tcmpcraturcs. The agreement between test results and the fitted
curve fell within 16% of an “average” curve through the plotted data. The deviation
from thc curve was attributcd to errors in analyscs, inaccuracics in physical data,
limitations in thc mcthod of calculation, and differences in column design. Lockett

(1986) cxpressed the O’Conncil plot for bubblc cap trays in cquation form: .
E,. =9.06(p,0) : (2.13)

Where Eqc is the overall column efficiency in percent, 4y is the liquid viscosity in

(Pa.s), and a is the relative volatility.

This method has been considered a reasonable one for estimating distillation tray
cfficiency, particularly for conceptual process designs. Kister (1992) recommended it

for this purpose because of its reasonable accuracy, good reliability and simplicity.

23.1.2 MACFARLAND, SIGMUND, AND VAN WINKLE CORRELATION (1972)

The MacFarland et al. (1972) correlation for predicting Murphree tray cfficiency is
based on binary data systems for bubble-cap and sieve trays. The correlation expresses
cfficicney in terms of dimensionless groups which include liquid and vapor propertics.
Macl‘arland ¢t al (1972) ignored the vapour Schmidt nuinber and sclected the following

three dimensionless groups based on 42 cxisting modcls.

0.14 028 U 0.08
EM,,=7.0[ = J ["”-] ("" ""“] 2. 140)
U, ., H,,
or’
0.113 0.215 U ' 0.1 .
Eﬂyzs.s[ g J ( il J ["" ""“J (2.14b)
U pD,

Hy

2.3.2 THEORETICAL OR SEMI-EMPIRICAL MODELS

Theorctical prediction methods flor point tray efficiency are bascd on the two-resistance

theory and usc a sequence of stcps to convert phasc resistance into a tray cfficicncy.

15
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Almost all theorctical models have cvolved from the AIChE modcling of bubble-cap
trays developed in the late 1950s. Through the years, the AIChE approach has been
corrected and modified. Later versions improved several aspects and updated its

hydraulic and mass transfer fundamentals (Chan and Fair, 1984; Chen and Chuang,
1993).

2.3.2.1 AIChE MODEL

In 1952, the Rescarch Committee of the American Institutc of Chemical Engincers
initiated a fundamcntal rescarch project to study bubble-cap tray cificicncics in
distillation and absorption. Experimental work was carried out over a five-ycar period.
An additional year was needed to correlate the results, develop and test a general

method for predicting tray efﬁciéncy.

The objective of the program was to study the main factors that affect the cfficicney
under conditions where entrainment is negligible. The factors arc: rate of mass transfer
in the vapor phase, rate of mass transfer in the liquid phase, and degree of liquid and
vapor mixing on the tray. The variables affecting these factors were found to fall into
three main catcgorics:- opcrating, tray design, and system properties. Unfortunatcly, cach
of the main factors governing efficiency responded differently to a given change in the
operating, design and system variables, and it was not possible to relate tray efficiency
dircctly to these variables in a single corrclation. The AICKhE recoinmended procedure

for predicting efficiency follows:

1) Predict a value for the vapor-phase mass transfer units, Ng, by the following

relationship:

' 0.776+4.57h, ~0.238F,, +104.80,

= o) (2.15)

2) Calculate the liquid holdup on the tray hy, (expressed as inches of clear liquid):
h, =0.0419=0.0135F,, +2.450, (2.16)

3) Calculate the average liguid contacl time tg, on the tray (in scconds):

16



(= Iy Ly ‘ o _ (2.17)

Q.

4) Predict the valuc for liquid-phasc mass transfer units, Ny

N, =1.97x10"D,"* 1,(0.403F5,, +0.17) (2.18)

Calculate the overall vapor-phase transfer units, Nog, to predict point efficiency Egg,

using the equations 2.11, 2.12.

2.3.2.2 CHAN AND FAIR (1984)

This model is based on the two-resistance concept (as is the AIChE model). ‘The authors
used a distillation data bank obtained on commercial scale columns and for sieve trays
only. The model fitted the experimental data within an average absolute deviation of
6.27%, a good improvement over the AIChE model which, for the same database gave
an equivalent fit of 22.9%. Note that the AIChE model was really limited to trays with

small bubble-caps.

Based on penetration.theory (Higbie, 1935) equation 2.19 and distillation efficiency data
base, Chan and Fair derived a correlation, equation 2.20 for the vapor volumetric mass

transfer coefficient kga;, .

G

0.5
k, =2( ‘:)“) (Higbie, 1935) (2.19)

D,"*(1030f -867f7)

(1)

kia, = (2.20)

To use the method, the fractional approach to flood, f (=Uga/Uag) is defined as the ratio
of the vapor velocity through the active, or bubbling, areca Usa, to equivalent velodity
through the active, or bubbling, area Us,, to equivalent velocity at flood, Uag. The clear
liquid height (liquid holdup) hL is calculated by the method of Bennett et al. (1983),

0.67

B, =h,+ C(-——QL—-J | - 2.21a)

L,a

¢

a, is cffective relative froth density.
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0.5\ 9!
Where, a, =exp —I2.55[UA[——'05—-] } (2.21b)
P~ P

and, ¢ =0.5+0.438exp(—13.74,) (2.21c)

The average gas-phase residence time is obtained from

'tG —.(.l.:.qs.)_}.l_{‘. ‘ (2‘22)
a Uy,

The effective relative froth densitya, is caiculated by the method of Bennett ct al.,

1983. Hence, the gas-phasc number of transfer units Ng was calculated by cquation 2.7,

The volumetric mass transfer cocfficient for the liquid k a;, is taken from the

relationship of Foss and Gerster (1956):

' k,a,=1.97x10* D,%*1,(0.403F,,+0.17) (2.23)

The average liquid residence time, 7;, and N, the liquid-phase number of transfcr units
are calculated by equation 2.17, 2.8.

Finally, thc overall gas-phasc mass transfer and point cfficicncy arc calculated in a
fashion similar to that of thc AIChE modcl. According to Chen and Chuang (1993) the

Chan/Fair model over predicts the efﬁcicncy for liquid-phasc controlled systems.

2.3.2.3 CHEN AND CHUANG (1993)

These authors developed a new semi empirical model for determining the number of
mass-transfcr units, hence tray efficiency, for distillation. They estimated the interfacial
area of the sieve tray dispersion using Levich theory. Vapor and liquid mass-transfer
coefficients were determined by penetration theory. Two required constants were
calculated by fitting thc model to the tray cfficiency data of cyclohexanc/n-hcptane

mixtures, gathered in the facilities of the Fractionation Research, Inc. (FRI).

The authors considered the Hofhuis correlation (Hofhuis, 1980) to calculate the liquid
holdup on a sicve tray



The authors c0n51dered the Hofhuis correlation (Hofhuis, 1980) to calculate the liquid

holdup on a sieve tray
0.5 0.25
. AN
h, =0.6h," p°* [(ﬁ‘_] (.._:’_H , for 25 <hw (mm) < 100 (2.24)
P, w :

The following Equations show the vapor and liquid mass transfer coefficients multiplicd

by their vapor and liquid contacting time, respectively.
kots “(DG’GI)O‘S (2.25)

M.G s
k,t, o [ M(’ ; ](D,.t,.T (2.26)

L

‘The prediction of the interfacial arca was obtained from the following cquation, The
maximum bubble size was calculated with an equation proposed by Bhavaraju et al.

(1978) for stirred vessels that takes into account the effect of liquid viscosity. The

equation of Stichlmain (1978) was used to calculate the mean void fraction € in the

dispersion.
P (2.27)
d.u dmax
: P 2 1/3 .
o

0.14
w("4)

Combining the new equations for gas- and liquid-phase mass transfer, the overall gas-

phase mass transfer becomes
| F L
2| oY
‘“(A/ ) .

Cz D, p, MGG

Constants C1 and C2 were determined by fitting the number of overall vapor-phase

Ny =

(2.29)

mass-transfer units, Nog, to the experimental data (free of weeping and entrainment
conditions) as a function of the slope of the equilibrium line, m. The values obtained for
Cl und C2 were 11 and 14, respectively. Finally, the point efficiency is calculated by
equation 2.11, 2.12. |
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2.3.2.4 THE MECHANISTIC MODEL OF PRADO AND FAIR (1990)

These authors proposcd a model for the prediction of tray cfﬁcicncy bascd on
fundamcntal considcrations of sieve tray hydraulics (flow regime) combined with
diffusional mechanisms. The corrclation includes a term that accounts for weeping, but
nol a term for cntrainment. Experiments conducted in a rcctangular éicvc tray with
several tray geometries supported model development. For studies in which the liquid
phase offered the controlling resistance to mass transfer, oxygen was stripped from
water. For gas-phase resistance mass transfer, water was evaporated into a dry air

stream.

Hole activity (jet and bubble formation), bubble sizes and rise velocitics, and average
void fraction were the hydraulic factors considered in the model. The range of variables

covered was representative for commercial tray design.

The dispersion above the tray is divided vertically into three zones. The zone at the
bottom and closest to the tray (holc activity zonc) corresponds to the activity at the holes
(jetting or bubbling), the middle section (bulk froth zone) is composed of gas bubblcs
dispersed in the liquid, whilc the top zone (spray zonc) is gas continuous, with liquid
drOp;s and ligamcnts dispersed i.hroughout. Tray hole activity is classificd as: jetting,

large bubbling, and small bubbling.

2.3.2.5 THE MECHANISTIC MODEL OF GARCI1A AND FAIR (2000)

Garcia and Fair extended Prado and Fair (1990) to othcr systems. However, too many
adjustable parameters introduced at different stages of the model have made the model

complicated and emphasized on its mechanistic nature.

2.3.2.6 SYEDA ET AL MODEL (2007)

A' phcnomenological model for froth structurc is proposcd bascd on the analysis of froth
images of an active sieve tray taken from a 0.153 m distillation column. Froth is defincd
as a combination of bubbles and continuous jets that break thc surface of froth
brojccting liquid splashcs and drops above the surface. To cstimate the fraction of small

bubbles in froth, a fundamentally sound theoretical expression is derived from turbulent
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break-up theory. A new model for predicting point efficiency of cross-flow sieve trays
has been developed based on the hydrodynamics of an operating sieve tray represented
by the proposed froth structurc model. This cfficiency modcl is applicable for both froth
and-spray regime. Fraction of by-passed or uninterrupted gas jet is considered as the
determining factor for froth to spray transition. The net efﬁciericy is cstimated by

adding up the contributions or both bubbles and jcts present in the dispersion.

Eys =(1-F,)E, +F,E, (2.30)
Ey=(1-Fy)Ey + FoyEq (2.31)

Where Eog, F), Fsn B, Ep Erp, Esp arc the overall tray cfficicney, volume fraction of
gas that penetrates the froth as continuous jet, fraction of small bubbles, cfficiency of
the jetting zone, efficiency of the large bubble, and tray efficiency of the smal! bubble,
respectively. The model is tested against the efficiency data of cyclo-hexane/n-heptane
and I-butanc/n-butane mixtures.

" Bubbling zone is considercd to have bimodal size distribution of bubbles. The smali
bubblcs arc thc sccondary bubbles formed by the turbulent break-up of the primary
bubbles originated from the orifice. The large bubbles are the unbroken primary bubbles

that remain in the froth due to incomplete break-up.

The specific interfacial area, a;, and residence time, /g, for the large bubbles in froth

can be estimated from the following equations, respectively:

6

Qy; = d_ (2.32) |
J21
hf

ton = "(}‘; : . (2.33)

The following equations are used to estimate the Sauter mean diameter, ds;;, and rise

velocity, Uyg of the large bubbles formed at the orifice.

d,, =0887DMM6,0 ST 2.34)

32L
Here Dy;and uy; are hole diameter and hole velocity, respectively.

Uy =U, x10™ ‘*'% (2.35)
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U, =251"" ' (2.36)
In this empirical equation the volume of the bubble, ¥, is cxpressed in cm’/s and the
bubble velocity, U}, in cm/s.

'The mass transfer coeflicient for the liquid phase, &, is modelled with Higbic

penetration thcory2 h

D,

k= 1.13[

!(;I.M‘

) " ‘ 2.37)

The mass transfer cocfficient for gas phase, kg, of the large bubbles is estimated from

the numerical solution presented by Zaritzky and Calvelo.

Sh,, =-11.878+25.879(log Pe,,) - 5.64(log Pe,, )’ (2.38)
For the range Peg > 200,
Sh, =179 : (2.39)
Here Sh . kGLBdJJL a.nd Pe. . = d32LULB
L] o« fe
G G

Froth height, 4y is estimated from Hofhius™ equation of liquid height, A, (equation 2.24)

~and Zuiderweg’s' modecl of froth density, «, , for mixed and emulsion flow rcgime.

The effective froth density «, is estimated as follows:

] " (FP)M 0.8
A gl B\ 2.
- 40[ e )" } +17 (2.40)

[

Using the ubovcl information, N, uﬁd Nu.s can be calculated from cquations (2.7) and
(2.8). Equation (2.11) is then used to get the overall mass transfer unit, Ny , from
~which the contribution of the large bubbles, E,,, to the net efficiency is obtained by
using the equation (2.17). |

In order (o cstimate the contribution of small bubbles to the total cfficiency, it is needed
to determine the fraction of small bubbles, Fsp, in froth. Due to lack of experimental

data and rcliablc method to cstimate this parameter, Syeda ct al. derived the oxpression

2



of Fyy in term of flow field and fluid physical properties from turbulent break-up theory

of bubbles. The expression is given by the following cquation

2(1 -e-"i)

o —e‘*a)ar(%)a e
32s

Fy, = (2.41)

The }-atio of large bubble diameter to small bubble diameter, dyz1/d325 was considered to

be 5 based on the existing literature.

The breakage rate constant k is a function of the turbulent flow field and the fluid
physical; properties. Hesketh et al. (1991) showed that the measured deformation times
and breakage time of bubblcs can be characterized by the natural mode of oscillation of

a sphere given by Lamb (1932) and proposed the following functionality of the rate

constant k,
01 03 06 .
i =( 38 ) P P @ | (2.42)
We,, c

In distillation, ® = ugg (Kawase and Moo-Young, 1990); thus the rate constant becomes,

38 0.1 403 T
k=[ Jp; LA T | @2.43)

W@O.')
The breakage time Ar can be expressed as
At=ni,, (0<n<1) | (2.44)

The final expression for kAt was obtained as

_ 0.1 .03 '
kAt=0.16(§'—8—g_Lﬁ](usg)°“'tGw | | (245

The small bubbles are considered to be completely saturated, i.c. Esp = /

Fraction of jetting is cstimated from the cxperimental data of Raper ct al.(1982) and
Zuiderweg’s (1983) spray regime model is used to estimate the contribution of jetting
zone to the total mass transfer efficiency. The following equations are found from

Zuiderweg’s (1983) spray regime model,
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Fraction of jetting is cstimated from the experimental data of Raper ct al.(1982) and
Zuiderweg’s (1983) spray regime model is used o estimale the contribution of jetling
zone to the total mass transfer efliciency. The following cquations arc found from

Zuiderweg’s (1983) spray regime model.

kyy =—————— (1 < pg < 80kg/m?) . (2.46)

£ Pe

2.6x107°

ky=—%% (247

Hi

. - (2.48)
K()(;' k() k: .
h K.
£,=1 ~cxp[—“—£—”"f—J | (2.49)
u.i'
037

40 ( F2 h FP .

ah, :F?[—ﬁj_J (2.50a)
028
Here, b, =0.6hw(§FPJ - (2.50b)
o3

and at total reflux FP:[&-L] ' (2.50¢)

2,

AIChE, 1958; Chan and Fair, 1984; Chen and Chuang, 1993 did not consider two-phase
mixture that is generated on the tray in different regimes. At first Prado and Fair (1990)
consiéered the dispersion structure in the froth regime for air water system. Later,
Garcia and Fair (2000) extended this model to other systems. Finally Sycda ct al. (2000)

developed a single model for both froth and spray regimes that consider a simplified
form of two phase mixture generated.on the tray. All efficiency models based on tray

hydrodynamics used complicated calculations which discourage researchers as well as
industry people to adopt such models. So a new user fricndly model for prediction of
tray efficiency on cross flow sieve trays in distillation, based on the analysis of tray

hydrodynamics has been developed in this study.
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CHAPTER 3 '

DATA BASE SELECTION

3.1 INTRODUCTION

Before developing an efficiency model it is necessary to search for availablc large-scale
data in the open literature. Carefully-measured, reliable efficiency data taken at the
pilot-plant or semi-industrial level are very scarce. Such data must include hydrautic
parameters, mass transfer rates under distillation conditions, and a most important
consideration, authenticity. Sourccs of such data arc described briefly in chronological
order, and arc summarized by fluid flow field and physical propertics in tables 3.1 and
3.2. Most of the efficiencies reportéd are cither overall column efficiency or Murphree
tray efficiency, it being very difficult to sample locations within a tray to obtain point
efficiencies. By far the simplest and most straightforward experimental approach is to

use samples taken from clear liquid at the bottoms of downcomers.

The procedure normally followed is: a) obtain tray samples; b) calculate the Murphree
efficicney for the cntire tray; and ¢) use a model to convert Murphrec efficicncics to
local, or point, cfficicncics. As discussed carlicr, the point cfficiency is the fundamental
parameler for corrclating mass transfer rates. In this chapter, the development of an
efficiency data base, using literature values, is described. The complete data base may
be found in Appendix B. Finally, a new model for predicting or analyzing sicve tray
efficiency will be described in Chapter 4, and will be validated with the data base from
Chapters 3.

3.2 TRAY EFFICIENCY SOURCES

All the cfficiency data arc for binary mixturcs operated at total reflux. The sicve trays

represented in the data base are all designed for single cross flow of liquid.
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Table 3.1 Summary of tray efficiency data bank.

No Sources Data System Pressure | Clm dia Tray Hole area Hole Weir height
Points (kPa) Dc(m) Spacing (%) diameter (mm)
) ) . (mm) (mm) e
1 Jones and Pyle, 1955 1 Acetic Acid/Water 101.4 0.457 305 8.35 3.18 38.1
2 FRI, 19668 08 Isopropanol/Water 13.3 1213 610 127 4.76 25.4
3 FRI, 1966a 06 ortho/para xylenes 2.13 1213 610 12.7 4.76 254
4 FRI. 1966b 06 ortho/para xylenes 213 1213 610 13 12.7 25.4
5 . FRI. 1966b 06 n-octanol/n-decanol 1.3 1.22 610 i3 12.7 25.4
6 ~ FRI, 1966b 06 - n-octanol/n-decanol 8.0 122 610 13 12.7 254
7 Kastanek & Standart, 1967 13 methanol/water 101.4 0.976 400 4.8 4.00 40.0
8 Billet et al., 1969 12 _ethyibenzene/styrene 13.3 0.788 500 13.6 12.5 19.0
10 ethyibenzene/styrene 13.3 0.788 500 13.6 12.5 33.0
9 Sakata and Yanagi, 1979 08 cyclohexane/n-heptane 2716 - 1.22 610 8.3 12.7 50.8
10 Sakata and Yanagi, 1979 08 cyclohexane/n-heptan 165 1,22 610 8.3 12.7 50.8
11 Sakata and Yanagi, 1979 08 iso-butane/n-butanc 1133 1.22 610 8.3 12.7 50.8
12 Sakata and Yanagi, 1979 13 iso-butane/n-butane 2068 1,22 610 8.3 12.7 50.8
13 Sakata and Yanagi, 1979 12 iso-butane/n-butane 2758 1.22 610 8.3 12.7 50.8
14 Yanagi and sakata, 1982 03 cyclohexane/n-heptane 34 T1.22 610 14 12.7 50.8
15 Yanagi and Sakata, 1982 08 cyclohexane/n-heptane 165 1.22 610 14 12.7 50.8
16 Yanagi and Sakata, 1982 07 _iso-butane/n-butane 1138 1.22 610 14 12.7 50.8
17 Korchinsky et al., 1994 06 methanol/water 101.4 0.6 340 12.7 4.3 50.0
18 Korchinsky et al., 1994 06 1-propancl/water 101.4 0.6 340 12.7 4.8 ~50.0
19 Korchinsky et al., 1994 06 methylcyclohexane/toluene 101.4 0.6 340 12,7 4.8 50.0
20 Nutter and Perry, 1995. 07 cyclohexane/n-heptanc 101.4 0.5 610 14 12.7 - 508




LT

Table 3.2 Summary of physical properties and operating conditions of tray efficiency data bank.

Range of

Liquid | Gas | Liquid | Gas | Surface | pyiof é;ﬁf‘i&
Source System densi densi?' viscosity | viscosity | temsion rate (Ly) rate (G
(kg/m (kg/m”) | (mPas) | (mPa.s) | (mN/m) Kg/m® Kg/m’
Jones and Pyle, 1955 Acetic Acid/Water 949 0.63 0.289 0.013 55 231-1050 231-1050
FRI, 1966a Isopropanol/Water 802 0.27 1.562 0.009 21 1674-4175 1669-4178
FRI, 1966b ortho/para xylenes 845 0.12 0.515 0.007 26 830-3966 747-4486
FRI, 1966b ortho/para xylenes 847 0.11 0.532 0.007 27 714-2800 69129613
FRI, 1966b n-octanol/n-decanol 775 0.07 1.170 0.007 19 529-2518 526-2518
FRI, 1966b. n-octanol/n-decanol 750 0.34 0.655 0.008 17 1097-5171 1094-5173
Kastanek & Standart 1967 methanol/water 940 0.83 0.380 0.011 39 791-2096 100-266
Billet et al., 1969 ethyibenzene/styrene 850 (.48 0.377 0.008 .25 715-3638 708-3258
, ethyibenzene/styrene 847 0.48 0.377 0.008 25 736-3567 728-3238
Sakata and Yanagi. 1979 cyclohexane/n-heptane 715 0.94 0.370 0.007 20 1987-9953 1900-7675
Sakata and Yanagi. 1979 cyclohexane/n-heptan 658 5.05 0.271 0.009 14 4767-22343 4905-22867
Sakata and Yanagi. 1979 iso-butane/n-butanc 493 28.0 0.090 0.010 05 6424-35028 6440-35256
Sakata and Yanagi. 1979 iso-butane/n-butane 428 56.0 0.065 0.010 03 7446-25122 7388-25224
Sakata and Yanagi. 1979 iso-butane/n-butane 380 85.0 0.050 0.011 01 5163 -19104 5039-19230
Yanapi and sakata, 1982 cyclohexane/n-heptane 714 1.14 0.340 0.007 19 4022-10171 4852-10433
Yanagi and Sakata, 1982 cyclohexane/n-heptane 649 5.09 0.264 0.008 14 | 2433-23763 2490-26250
Yanagi and Sakata, 1982 iso-butane/n-butane 490 28.93 . 0.090 0.009 05 6290-35311 6468-35284
Korchinsky et al., 1994 methanol/water 895 0.96 0.455 0.011 30 §79-1131 1077-1198
- Korchinsky et al.. 1994 1-propancl/water 875 1.06 0.300 0.012 27 343-730 870-941
Korchinsky et al., 1994 methylcyclohexane/toluene | 760 3.01 0.257 0.009 18 1628-1826 1632-1835
Nutter and Perry, 1995 cyclohexane/n-hcptanc 666 3.05 0.302 0.009 15 571-2599 570-2601




Graphical presentations of the data points will be made in connection with the new

model development and validation (Chapter 5).

3.2.1 JONES AND PYLE (1955)

These researchers published performance data for sieve and bubble-cap trays used to
scparate water and acctic acid at atmospheric pressurc. The work was conducted at the
Experimental Station of the DuPont Company. The column diamcter was 0.457 m (18

inches).

3.2.2 KASTANCK AND STANDART (1967)

This work was carricd out in Czcchoslovakia at the Institute for Chemical Proccss
Fundamentals, Prague. As part of a general research program, Kastanck and Standart
measurcd the cflicicncics of several common tray devices, including sicve trays. An
industrial-scalc test column of 0.976 m inside diameter (3.20 ft) was operated with the

mcthanol/water test mixturc at atmospheric pressure.

3.2.3 BILLET, CONRAD AND GRUBB (1969)

Results for vacuum distillation were published by Billict ct al. for the
cthylbcnzene/styrene systemn in a column with a 0.788 m. (31 inch) inside diamcter,
Sicve tray cfficiencics were reported for two weir heights, 19 and 38 mm, and total

reflux, and an operating prcssﬁrc of 13.3 kPa.

3.2.4 SAKATA AND YANAGI (1979); YANAGI AND SAKATA (1982)

Onc of the most valuable sources of sicve tray data arc the laboratorics of Fractionation
Rescarch Inc. (FRI). Two journal publications containing performance data have been
presented by Sakata and Yanagi and by Yanagi and Sakata. The tcsts were conducted in
an industrial-scale column with 1.22 m inside diameter (48 inches) using two test
mixtures; cyclohexane/n-heptane and i-butane/n-butane. The tray geometries were
diffcrent for cach.publicali-on. The first paper reported overall efficiency data for both
test mixtures, using five different pressures, and thus five different sets of property and
hydraulic conditions. In general, total reflux conditions were maintained, but with

different original charge concentrations. The second paper covered only three scts of |
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opcrating conditions for the two test mixtures. Many hydraulic and cflicicncy models

have been developed on the basis of the data published by these authors.

3.2.5 KORCHINSKY, EASHANI AND PLAKA (1994)

Tray point efficiency data were published by Korchinsky et al. based on tests at the‘
University of Manchester institute of Scicnce and Technology (UMIST), Manchester,
UK. Experiments werc conducted in a 0.61 m. L.D. (24 inches) column at atmosphcric
pressure using three different systems; methanol/water, isopropanol/water and
toluene/methylcyclohexane, Korchinsky et al. reported point efficiencies based on
average conditions on the trays. They use their experimental- results to make

comparisons between several published models for predicting efficiency.

3.2.6 NUTTER AND PERRY (1995)

Overall efficiency data were presented for a sieve tray as well as for a fixed valve tray
using the cyclohexane/n-heplane mixture at atmospheric pressurce and total reflux. The
test unit had an inside diameter of 0.50 m (19.7 inches). Weeping and entrainment data

were gathered along with the efficicney data.

3.2.7 EARLY FRI DATA

‘Fractionation Rescarch, Inc. (FRI) elected to release older éxpcrinwnlul data, and these
included sicve tray efficiency data’ for three systems, n-octanol/n-decanol at 10 and 60
mm Hg. (1.33 and 8.0 kPa), otho/para xylenes at 16 mm Hg abs (2.13 kPa abs), and
isopropanol/water at 100 mm Hg abs (13.3 kPa abs). All data were taken in the 1.22 m
(48-inch) column described by Sakata/Yanagi and Yasnagi/Sakata, at total reflux. The

sources are cited here under Fractionation Research, Inch.

3.3 CONVERSION OF OVERALL AND MURPHREE EFFICIENCIES TO POINT
EFFICIENCIES

For all the data reportcd as overall column cfficiency (Eoc). conversion 1o Murphree

tray cfficicncy of tray n, requircs the usc of the Lewis relationship (Lewis, 1936):
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E,. 3.1

w =" (3.1

l:mG—M ' (3.2)
L, :

Where m is the slope of the equilibrium curve. For many cases, the average slope of the
curve is about unity, and since for total refluxes Ly = Gy, the value of Ege was not

greatly different from Eyy.

When converting from Murphree efﬁciency to point efficiency a model for the mixing
of vapor and liquid is needed. The AIChE (1958) and Chan-Fair (1984) models use a
variation of the “Case I of Lewis (1936). This case is for the special situation of
complete vapor mixing between trays-and no horizontal liquid mixing on the tray (i.c.,
plug flow). For the present work, plug flow was not assumed, and a conversion model
was employed together with the eddy diffusion modecl of Bennett and Grimm (1991).
On the basis of the AIChE model, the Murphree and point efficiencies are related as

follows:

By |1=e’)] N fer 1] (3.3)

e B el

" Pe 42E. \'*?
=1+ LG -1 3.4
n 2[( Pe J J (3.4)

The dimensionless Peclet number is defined as:

I’r

Pe=
Det,

(3.5)

and the liquid path length of the tray, Ly, is the distance between the inlet and outlet
weirs. Very low values of Pe represent small trays or high diffusive backmixing; thus,

as Pec = 0, Equation 3.3 reduces to the completely mixed form

ey
X
=
]
—

(3.6)

5

(Xi
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High values of Pe(Pe -» o0) indicate very little backmixing (essentially plug flow) and

Equation 3.3 becomes:

_In[AE,,, +1]

Ey= 3.7
o= (3.7)

The correlation of Bennett and Grimm (1991) was chosen as appropriate for

determining De because it offers two main improvements over earlier correlations: a) it

is a phenomenological-based model, not limited to air/water, and b) the correlation
gives significantly lower average actual and relative errors, and a lower standard
deviation of the actual error, than other available correlation do. The eddy diffusion

coefTicient is a function of the height of the two-phase layer:
De =0.02366{h,, [ : | (3.8)

The value of hyy is determined from individual heights of vapor continuous and liquid

continuous region:

794K 2
b, 4| OT4KE 69)
(AH / AA Me
with hy, from Bennett et al. (1983):
2/3 : .
b, =h, +C [——Q”’ } (3.10)
¢e ’ .
where
C=0.501 + 0.439 exp[- 137.8 hy] : (3.11)

The average residence time of the liquid on the tray t;. in Equation 3.5 is bascd on liquid

holdup in the tray froth (clear liquid height) and given in equation 2.17

For calculating liquid holdup on a tray, the model of Bennett et al. (1983) is judged to
be the most reliable availablc, and is supported by a very large data base. It was sclected

for use in the present work. The model is as follows:
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h:,=¢e[hw +C[-Qi} } (3.12)

where

¢, =cxp|-12.55k27 | (3.13)

Ks:U‘u(p ’f_”p ) | (3.14)
f. ¥V

Constant C is obtained from equation, 3.11.

The complete data base is given in Appendix B. Finally, a new model for predicting or
analyzing sieve tray efficiency will be described in Chapter 4, and will be validated with

the data base from Chapters 3.
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CHAPTER 4

MODEL DEVELOPMENT

4.1 MODEL STRUCTURE

In order to develop user-friendly tray efficiency model a simple dispersion structure
needs to be selected. For this purpose a close examination of the existing hydrodynamic
model for gas/liquid dispersion on sieve trays is done. Prado and Fair (1990) proposed

their mechanistic hydrodynamic model for air/water system based on gas hold-up data.

DROPLETS SPRAY
ZONE
| |
! | Smal
> LARGE I Larce | Bubb BULK
2 BUBBLES | BuBBLES I les | CeorH
! SMALL SMALL ZONE
; BUBBLES I BUBBLES i
<
4] | |
| |
HOLE
JET i LARGE | ACTIVITY
BUBBLES ZONE

SMAL

1 BUBBLING
ZONE

I« >
JETTING ZONE LARGE BUBBLING ZONE

Figure 4.1 Schematic of the hydrodynamic model used by Prado and Fair (1990).
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Their hydrodynamic model was later adopted by Garcia and Fair (2000) and extended
for other binary systems. As shown in Figurc 4.1 dispersion above the tray is divided
into six zones. The zone at the bottom and closest to the tray (hole activity zone)
corresponds to the activity at the holes (jetting or bubbling), the middle section (bulk
froth zone) is composed of gas bubbles dispérsed in the liquid, while the top zone (spray

zone) is gas continuous, with liquid drops and ligaments dispersed throughout,

Bennett et al. (1997) proposed a two zone froth structurc model consists of a liquid
continuous region at the tray deck and a vapor continuous region on top of the liquid

continuous region. Figure 4.2 shows the schematic of Bennett et al. (1997) model.

Vapour
conlinuous
region

Liquid
continuous

re%i'on

Figure 4.2 Schematic of the two-zone model adopted by Benneit et al. (1997)

In a very recent study Syeda et al. (2007) proposed another two-zone froth structure
model based on froth images on a distillation tray. According to this modcl gas/liquid
dispersion on a sieve tray is treated as a mixture of jets and bubbics. They divided the
froth into jetting and bubbling zones. The jetting zone formed at the sieve tray holes,
crosses the froth unintcrrupted and throw liquid splashes above by tcaring down the
liquid surface. Bubbling zone is considered to have bimodal size distribution of bubbles
due to iurbulent break-up. The large bubbles are the unbroken formation bubbles
originated from tray holes that remain in the froth due to incompléte break-up. The
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small bubbles are the seccondary bubbles formed by the turbulent break-up of formation
bubblcs. Both zones remain intimately mixced with each other in real froth. Figure 4.3

gives the details of Syeda et al. (2007) model.

O Drops

;0
X N\ B P 0 @.Drops

- — Sieve tray

[‘— | Jetting zone ’|‘ Bubbling zone——’r

Figure 4.3 Schematic of the froth structure model proposed by Syeda et al. (2007)

It is evident from the schematics that Prado and Fair (1990) model is far more
complicated than both Bennett et al (1997) and Syeda et al (2007) model. Both Bennett
et al (1997) and Syeda et al (2007) used their froth structure model towards developing
tray efficiency models. Bennett et al .( 1997) validated their efficiency model in froth
regime and ignored spray regime. Thus their model has limited application. On the other
hand, both froth structure model and tray -efflciency model proposed by Syeda et al are
validated for froth and spray regime which made their model somewhat more attractive
than Bennet et al’s one, For present study we base our tray efficiency model on the
froth structure proposed by Syeda et al (2007). We, however, take different approach
from Syeda et al. while developing the tray efliciency model in order to minimizc and
simplify the calculation steps as well as to broaden the applicability of the model for

systems with range of physical propcrties,
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For the froth structurc proposcd by Syeda ct al (2007) and shown in figurce 4.3 the tray
efficiency is estimated by combining the contribution of both bubbling and jetting zones

that cxist on the tray. Cquation 2,31 and 2.32 are given below
Ey =(~F)E, +F,E, (2.31)

Eg = (1 - F:S‘B )E!.H + FSBESH (2-32)

Where Coi, Fi, Fsp, By, By, Cug, By are the overall tray efficiency, volume fraction of
gas that penetrates the froth as continuous jet, fraction of small bubbles, efficicncy of
the jetting zone, efficiency of the large bubble, and tray efficiency of the small bubble,

respectively.

Among the five paramcters Iy, Fgy, By, Eip, Esp uscd in cquations 2.3] and 2.32 there
are morc than one correlations for Fsg (fraction of small bubbles) and F; (fraction of
jetting) in litcraturc. Furthermore, since the small bubbles in froth can be assumcd to
rcach equilibrium when mass transfer rate is high the efficiency of small bubblcs can be

considered as unity, i.e.
ESB =]

Thercfore the main challenge of develoj)ing a new modcl expressed by the equations
2.31 and 2.32 is to find suitable ways to estimate the terms E; and E; 3. Previous studics
simulatc mass transfer processes in single bubble and single jct and employ five to ten
stcp calculations to get the valuc of E; and Eiy. The accuracy in predicting tray
cfficicncy achicved by employing such rigorous calculation is not more that + 25%. In
present study our target is to achieve same or higher level of accuracy without adopting
the complicated calculation steps for E; and E g. With this purpose in mind we first

select the correlations for Fy and Fgp from existing literature.

4.2 DETERMINATION OF FRACTION OF JETTING, F;

Raper et al. (1982) studied the fraction of jetting with respect F-factor on sicve trays.
Equation 4.3 gives an excellent fit of the experimentally measurcd data of Raper et al.

(1982) for thc avcrage valuc of fraction of jetting, F, as a function of F-factor, Fga

F,=—0.1786+0.9857(1—¢ ) . @.1)
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4.3 DETERMINATION OF FRACTION OF SMALL BUBBLES, Fsg

Garcia and Fair (2000) and Syeda et al (2007) proposed two different correlations for
cstimating Fgp. As mentioned carlier, Garcia and Fair (2000) correlation for Fgp is
arbitrary and lacks in theoretical base. Therefore, we adopt the Fgp correlation of Syeda
et al. (2007), which is based on the theory of bubble break-up in turbulent flow ficld.

21 -e%)

Fu= 3 I ‘ (2.41)
2(1 _e-kz )+[d3l2f. J e—tE
dJJ.:
Where,
. 0.1 .03
km=0-16[3'8—g"0.43“—J(usg)°"’ taus 3 (2.45)

hy is calculated by the method of Bennett et al. (1983), Given in cquations (2.21a),
(2.21b) and (2.21c).

. 4.4 DETERMINATION OF EFFICIENCIES, E, ; ANDE,

Semi-empirical model:

All semi-empirical models employ basic mass transfer theory in cstimating cfficicncics.
Bascd on the Higbic pcnetration (Higbie, 1935) the following cquations for mass

transfer co-cfficient are postulated

05 . V
k, =C{&J | .2)
[F] .
I) 05
k, =C, [—’—] o | @.3)
. l’. .

Substituting equations (4.2) and (4.3) into equations (2.7) and (2.8) respectively, we get
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N, =Ca{Dyt, )" (4.4)

s MG
N, =Cal(D,1; ) [F‘!EJ (4.5)
Here, the vapor residence time in the two-phase dispersion ix expressed as

h
=8 (4.6)

H
iy

Similarly, the liquid residence time is

M. .G .
(=t —"— 4.7
L :{ M, LJ (4.7)
Where
A | 4.8)
2 :

Finally, by combining cquations (2.11), (4.4) and (4.5), we get thc cxpression for the

overall mass transfer unit.

N,

[f]

N, .=
* 1AW /N,)

— Cla(D G’G )0‘5
= v (4.9)
1+ 2(C,/C, XM, LM ,GXD;; p;/ D,p,)

Equation 4.9 can bc applicd to determine both Ep and E;. The unknowns in this
cquation are interfacial arca a and two constants C; and C». Previous studics adopted
different approaches in detcrmining interfacial arca a for bubble dominated regimes. For
jets such cffort is scarce. In our modcl to keep the cxpression simple we assume that
interfacial area per unit volume for large bubbles is constant and is denoted by ays.

Similarly, for jets interfacial arca per unit volume is considered constant and is denoted

by a;. Earlier semi-empirical studies showed that the constants C; and C; employed in

équations arc of samc order and closc 1o cach other. In this model we assume that C; =

C'> 50 that the ration C/C; becomes 1. Thus the final form of £y and E; become as

follow
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ns '
E, =1-exp| - B(‘Dt;t(;) - (4.92)
1+ A(MI.L/MGGXDGPG /Dr,P:,) '

A(Dg1;)" ] (4.9b)

E,,=1-exp|—
m [ I+ A(MLL/MGGXDGpG /D, p, )a‘5

Where the constant A=Ca; g and the constant B=Cza;.

The overall point cfficiency is obtained by replacing cquation, 231 and 2.32.by
cquations (4.9a) and (4.9b).

The constants A and B are determined by comparing the model with the data base. The

best fit with minimum crror is found for A=11 and B=14 with crror £ 35%.
Empirical model:

The semi-empirical model gives prediction within £ 35% error band. In order to get

better prediction empirical method is adopted to determine Eig and E;. One way to
develop empirical corrclation is to do dimensional analysis and cxpress the unknown

paramecters in terms of dimensionless groups.

Tray cfficiency is a function of flow propertics i.c. liquid and vapor load, physical
propertics of the system and tray' geometry. Consideration of all parametcrs cventually

leads to the following four dimensionless groups

[ o J,( H J{ Hi; ]and [hwUHPGJ
U p.D, pu Dy M,

Since the efficiency of large trays is considered only, the cffect of diamcter is not

considered in these dimensionless groups. The first group is denoted as surface tension
number and gives an estimation of the stability of gas dispersion in liquid. The second
and third dimensionless groups are liquid and vapour Schmidt numbers and
approéiimate the mass transfer process in liquid and vapour phases. The last term is the
modified Reynolds number and approximates the nature of the gas liquid dispersion.
The cffeet of vapour Schmidt number on tray efficiency is open Lo doubt and almost ali
cxisting models and correlations do not consider vapour Schmidt number in their

modcls. MacFarland ct al (1972) ignored the vapour Schmidt number and sclected the
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three dimensionless groups among the abovementioned four groups based on 42
existing models. For present study the dimension less groups used by MacFarland et al
(1972) are adopted to express the extent of large bubbles saturation, E;5 and the extent

of jet saturation, 7.

0115 0.215 U 0.1
E;,3=C3( Z J ( a J (h" ”p""J (4.10a)
mUy, P, My,
0115 0215 U 0.1 .
E_,=C.,( 7 J ( 2 J ("W "”G] (Proposed model-1) (4.10b)
wUg, D, Hy

Whcre, A~ Sehmidt Numbcr, and byUnbo . Reynolds Number
. p.D, .

Constant C; and C; are two proportionality constants that include eftects of other
parameters that have been ignored while deriving the dimensionless groups. In present
model stability of large bubbles is considered in the term fraction of small bubbics, Fgus
(equation 2.41) where the effect of surface tension has been included. Furthermore, the
cffect of vapor load that determinics the nature of dispersion is incorporated in the modc]
by thé term fraction of jetting F) (equation 4.1). These two considerations make the
surface tension number and Reynolds number less significant in the model. Thus the
saturation of large bubbles and jets becomes the function of liquid Schmidt number
only. The equations 4.10a and 4.10b can be further simplificd and cxpressed in terms of

liquid Schmidt number as foliows

‘ 0215 '
E, :C,( £ ) (4.11a)
oD, , '
and
0.215 '
E,=C, (—’”’—-J : (4.11b)
e,

Analysis of Schmidt number in equations 4.11a and 4.11b shows that the valuc of 1/D;,
dominates ovcr[f’—'J and the saturation of large bubbles and jets can be expressed in
A,

terms of liquid diffusivitics only.
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E,, =C,D; " | (4.12a)
E, =C,D." (Proposed Model-2) (4.12b)

The values of the constants C;, Cy, C7 and Cy are obtained by comparing equations 2.31
and 2.32 with the database using the respective expressions of ELp and E,. The values of
the constant that give the minimum average absolute crror [or respective cxpressions arc

adopted. The average absolute error was calculated by the following equation,

Z Estimated— Experimentl
Experimentil

N
Table 4.1 gives the values and respective error percentage for the four constants.

Error%e=

Table 4.1 Determination of constants Cs, C4, Cyand Cy

Constants Values %Error
C3 | 4.8 12.88
4 , 7.2
C7 0.7 13.07
C8 1.0

In order to furthef simplify the model an attempt to express ELB and E; by two fractional
numbers was madc. These two fractional numbers give the average saturation 6f_largc
bubbles and jets for the range of data used in present study. _

Eg=04 (4.13a)

loy= 0.7 (Proposed model-3) (4.13b)

The average absolute crror of predicted point efficiency with cquations 4.13a and 4.13b

is 8.43 %, which is less than any value mentioned in Table 4.1.
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‘Thus the final expression for the proposed model becomes
E, =(0.4(1- F,,)+1.0F, I - F,)+0.7F,

The gradual steps and equations used in final proposed model (proposed model-3) are

given in table 4.2,

Table 4.2 Steps and Eqﬁations Used in Proposed Model-3

Froth structure Given in Fig 4.1
Efficiency cquations E,, =(1-F)E, +F,E,

E; :(l _FSB)ELB +FopEp
Eis 0.4
E; 0.7
Esp 1
B F,==0.1786+0.9857{1— ¢ """ )
Fs ofi-e*)

Fyp= )

2(! —e"EL[ﬁi‘-J e
d:‘i!.v

Finalli:,r the following Assumptions and range of applicability are taken into

consideration for model development.

(1) Weeping and flooding are not considered in the froth structure.

(2) Effect of liquid height is considered in determining contact time of large bubblcs.
(3) For jets, effect of liquid hgight hy, is ighored.

(4) Chen & Chuang (1993), Garcia and Fair (2000) and Syeda et al. (2007) assumed
turbulent flow field on sieve trays within froth to spray regime. In present modcl

similar assumption is madc.

(5) In present model it is also assumed that bubbles formed in tray holes go through
turbulent break up but could not reach cquilibrium duc to short contact time. Thus

the froth 'has bimodal bubble size distribution. The large bubbles represent the

42




(6)

Q)

@®

9)

unbroken initia! bubbles, the small bubble arc the sccondary bubbles formed by

incomplete break-up.

Based on literature the diameter ratio of large to small bubbles is considcred to be
5:1.

The rate of bubble break-up is assumed to be of first order. The rate constant is
determined based on the turbulent breakup theory and by using the physical
properties of both gas and liquid phases of the dispersion.

The model estimates point efficiency Eog and uses Bennett and Grimm’s liquid
mixing model to convert £oq to tray efficiency Eyy. Bennett and Grimm’s model
considers the cffect of liquid gradient and liquid mixing on tray.efficicncy. The

present model needs to be applied together with Bennett and Grimm’s model to

© get £y from the predicted Egg.

The model is generally applicable to all binary mixtures except those with
foaming tendency. In such cases correction based on foaming factor will be

ncecessary.
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CHAPTER 5

RESULT & DISCUSSION

The semi-empirical approach based on basic mass transfer theory was not successful as
the model gives higher error. Thus although the semi-empirical model gives morc detail
of the mass transfer process in large bubbles and jets this model was not adopted. All
three forms of the empirical model give better prediction than the semi-empirical model.
The error band of the empirical models is also comparable with that of the latest models.

Thercfore, the empirical models are considered to be the proposcd models of present |

study.

In order to validate the proposed models, implementation and testing of the proposed
models arc covered in this chapter. Twenty scts of experimental data (153points), which
are given in Apﬁehdix B, are used to predict point cfficicncies by present models. In
literature efficiencies are given in the form of overall column efficiency or Murphrce
vapor efficiency. The conversion procedure of overall column efficiency or Murphrce
vapo'r efficiency to point efficiency has been given in Chapter 3. Figures 5.1-5.16 show
the predicted values using the final proposcd model (Model-3) against cxperimental
data. Predictions by other two proposed models (Model-1, Model-2) are also shown in
Figures. The important hydraulic parameter, F-factor, used to account for loading,.is

defincd as
Fu =Ug NPy
U .= Superficial gas velocity bascd on active area, m/s.

P, = vapor density, kg/m’
Finally parity plots, Figures 5.17—5.1.-9 show the prediction by the limits + 25% for 153
data points. The models fit these diversified data satisfactory. Table 5.1 shows the used

range of operating pressurc and physical properties for model validation.
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Table 5.1 Range of operating pressure and physical properties used in model

validation _
Liquid Gas Liquid Gas Surface
Pressure . . Lo “ .
| Range (kPa) densi densi viscosity | viscosity | tension
(kg/m (kg/m (mPa.s) | (mPas) | (mN/m)
Max 2758 949 85.0 1.56 0.013 35
Min I.3 380 - 0.07 0.05 0.007 7 01

Figurcs 5.1-5.5 include test results for aqucous mixtures of acetic acid, isopropanol and
methanol respectively. All sysiems, except one set of isopropanol/water, were distilled
at atmospheric pressure. Isopropsnol/water system was run at 13.3 kPa. Table 5.2 shows
pressures, avcrage Schmidt numbers and characteristics of thesc syslcms. At
atmospheric pressure average Schmidt number for these systems are closc to cach other.

For vacuum system (i.c. iso-propanol/water system), however, the Schmidt number

obtained was very high.

Table 5.2 Pressure, average Schmidt number, characteristics of aqueous systems

System Pressure Average Characteristics
(kPa) Schmidt
number
Acctic Acid/Waler 101.4 56 -
{sopropanol/Water 13.3 .3342 -
isopropanol/waler 101.4 67 -
methanol/water 101.4 60 anmin g
methanoUwatér 101.4 63 Foaming

Tables B.1.1, B.2.1, B.18.1, B.7.1, B.17.1, give flow field properties, physical
propertics and cificicncies (cxpcrimchtal and calculhtcd) of these systems respectively.
Calculation steps of fraction of jetting and fraction of small bubbles are given in tables
B.1.2,B.2.2, B.182, B.7.2, B.17.2, respectively and Tables B.1.3, B.2.3, B.18.3, B.7.3,
B.17.3, gives effieiencies of bubbles and jetting of respective systems. Acetic
acid/water, and isopropanol/water (Systems) show good agrccrﬁents (Figures 5.1-5.3),

although Schmidt numbers are widely varied. For methanol/water system, Figures 5.4
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and 5.5 the measured cfficicncies are much higher than other systems although they
have comparable Schmidt numbers to that of acetic acid system. The proposed model
predicts lower than thc mcasurcd cfficicncy. Thus this higher 'cfﬁcicncy of
methanol/water can not be explained by Schmidt number only. This is in fact duc to the
foaming tendency of methanol water system. Syeda et al. (2004) and Zuiderweg (1982)
reported that methanol/water system has foaming tendency and give higher cfficiency
than non foaming systems. The pr;)posed froth structurc docs not consider foaming in

- the dispersion; thus under predicts efficiency of foaming systems.

Figures 5.6-5.16 give test results for hydrocarbon systems. Table 5.3 shows pressures,,
average Schmidt numbers and characteristics of thesc systems . Tables B.3.1, B4.1,
B.8.1, B.9.1, B.iO.l, B.i14.1, B.15.1, B20.1, B.12.1, B.13.1, B.16.1 give flow ficld
properties, physical properties and efficiencies (experimental and calculated) of thcse
systems respectively. Caleulation steps for fraction of jetting and fraction of small
bubbles arc given in tables B.3.2, B.4.2, B.8.2, B.9.2, B.10.2, B.14.2, B.15.2, B.20.2,
B.12.2, B.13.2, B.16.2 respectively and tables B.3.3, B.4.3, B.8.3, B.9.3, B.10.3, B.14.3,
B.15.3, B'.20.3, B.12.3, B.13.3, B.16.3 gives efficiencies of bubbles and jetting of

respective system.

Table 5.3 Pressure, average Schmidt number and characteristics of hydrocarbon

systems
System Pressure Average Characteristics
Schmidt
(kPa) number
ortho/para xylcenes 2.13 240 -
ortho/para xylenes 2.13 240 . -
¢thyibenzene/styrene 13.3 138
cyclohexane/n-heptane 27.6 | 118 -
cyclohexane/n-heptane 165 54 -
cyclohexane/n-heptane 34 . 110 -
cyclohexane/n-heptane 165 52 -
cyclohexane/n-heptane 101.4 68 -
iso-butane/n-butane 2068 9 Entrainment
iso-butane/n-butanc 2758 7 Entrainment
iso-butane/n-butane 1138 8 Entrainment
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Ortho/para xylenes und cthyibenzene/styrene systems (Figures5.6-5.9) show a close [t
(+5%) to the experimental data. For this system average Schmidt numbers are close to
each other. From Figures 5.10-5.13 it is found that for cyclohexane/n-heptane systems
the proposed model shows very good agreement with experimental data. At high
pressure (Figures 14-16) the vapor rate is high, and due to excessive liquid entrainment
or excessive backup of liguid in the down comer the true point efficiency is somcwhat
highcr than the measured cfficiency, Figures 14-16. In all cases prediction is higher thu'n

experimental data which ensures the applicability in high pressure systems.

Table 5.4 Comparison of Proposed Model-3 with Garcia-Fair and Chan-Fair Model

Parameters Proposed Garcia-Fair Chan-Fair
model-3 Model Model
Average deviation, ali points (%) 4.80 -10.8 28.7
Mean Absolute Deviation (%) 10.8 214 44.1

% Decviation = 100.0 (Cog Calculated — Eq Experimental)/ B Experimental
Average Deviation = (£ % deviation)/ number of data points

Mean Absolute Deviation = (ZABS (% deviation))/ number of data points

Finally, a master parity plots arc shown in Figures 5.17-5.19 for all of the data points
Limits of + 25% arc shown; these limits are considered to be reasonable for fitting such
a diversc sct of systems, geomeltrics, experimentalists, analytical procedures, degrees of
thermodynamic non-ideality, and so on. An analysis of the fit of proposed Model-3 is
shown in Table 5.4, and comparisons with the fit of Garcia and Fair model (2000) and
Chan and Fair model (1984) are also included. The standard deﬁiation of final proposed
Model is 8. It is evident from Table 5.4 that the predictions of the proposed model are

better than the two major existing models.
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Figure 5.1 Comparison of predicted and experimental point efficiencies

acetic acid/water system at 101.4 kPa operating pressure.
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Figure 5.2 Comparison of predicted and experimental point efficiencies for the

isopropanol/water system at 13.3 kPa operating pressure.
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Figure 5.3 Comparison of predicted and experimental point efficiencies for the

isopropanol/water system at 101.4 kPa operating pressure.
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Figure 5.4 Comparison of predicted and experimental point efficiencies for the
methanol/water system at 101.4 kPa operating pressure.
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Figure 5.5 Comparison of predicted and experimental point efficiencies for the

methanol/Water system at 101.4 kPa operating pressure
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Figure 5.6 Comparison of predicted and experimental point efficiencies for the

ortho/para xylenes system at 2.13 kPa operating pressure.
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Figure 5.7 Comparison of predicted and experimental point efficiencies for the

ortho/para xylenes system at 2.13 kPa operating pressure.
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Figure 5.8.1 Comparison of predicted and experimental point efficiencies for the

ethylbenzene/styrene system at 13.3 kPa operating pressure, hy, =19mm.
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Figure 5.8.2 Comparison of predicted and experimental point efficiencies for the

ethylbenzene/styrene system at 13.3 kPa operating pressure, hy,=38 mm.
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Figure 5.9 Comparison of predicted and experimental point efficiencies for the

cyclohexane/n-heptane system at 27.6 kPa operating pressure.
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Figure 5.10 Comparison of predicted and experimental point efficiencies for the

cyclohexane/n-heptane system at 165 kPa operating pressure.
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Figure 5.11 Comparison of predicted and experimental point efficiencies for the

cyclohexane/n-heptane system at 34 kPa operating pressure
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Figure 5.12 Comparison of predicted and experimental point efficiencies for the

cyclohexane/n-heptane system at 165 kPa operating pressure
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Figure 5.13 Comparison of predicted and experimental point efficiencies for the

cyclohexane/n-heptane system at 101.4 kPa operating pressure
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Figure 5.14.1 Comparison of predicted and experimental point efficiencies for the
iso-butane/n-butane system at 2068 kPa operating pressure and 95%
mole of iso-butane mixture.
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Figure 5.14.2 Comparison of predicted and experimental point efficiencies for the
iso-butane/n-butane system at 2068 kPa operating pressure and 50%
mole of iso-butane mixture.
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Figure 5.15.1 Comparison of predicted and experimental point efficiencies for the

iso-butane/n-butane system at 2758 kPa operating pressure and 95%
mole of iso-butane mixture.
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Figure 5.15.2 Comparison of predicted and experimental point efficiencies for the
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Figure 5.16 Comparison of predicted and experimental point efficiencies for the

iso-butane/n-butane system at 1138 kPa operating pressure
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Literature shows that the latest trend of tray efficiency modeling (Bennett et al., 1997,
Garcia and Fair, 2000; Syeda et al., 2007) is to consider the hydrodynamics as the
controlling factor in determining efficiencies. Consideration of tray hydrodynamics
incorporated with mass transfer theory, however, has made the efficiency calculation
ever more complicated. The unique feature of the proposed model is that it correlates
tray hydrodynamics with efficiency at the same time it avoids complicated calculation
sleps.

The simple form of the proposed models is only comparable with the early empirical
models (O’Connell, 1946; McFarland et al., 1972) where only one or two-step
calculations were required. The empirical models, however, are generally applibable for
estimating Ep,, and for the data base used the prediction was found to be within + 40-

50% error band.

The semi-empirical models without hydrodynamic considerations, on the other hand,
give more insight of the mass transfer process; predict both point efﬁciéncy Eoc and
tray cfficicncy £yy. The parameters used in these modcls arc often arbitrary. Like
empirical models the semi-empirical models use adjustable constants to fit the
experimental data. These models are reported to predict somewhat better (+ 30%) than

the empirical models.

The semi-empirical models based on hydrodynamics are reported to perform even better
(+25%) at the expense of complicated calculations and several adjustable constants.
Generaily at least five steps are required to estimate the efficiency of large bubbles, Eip
by these models. Furthermore, no definitive information i's available for determining the
efficiency of jets, E,. Decades ago Raper et al. (1982) failed to find an appropriate
expression for E;. Garcia and Fair (2000) ignored the contribution of spray. Syeda et al
(2007) in their recent study treated jetting zonc as spray regime and used Zuiderwey’s

(1983) four steps spray regime model to estimate E, .

In order to overcome the constraints the initial form of the proposed model adopts the
three dimensionless groups of MacFarland et al, (1972) empirical model to express Ty
and E;. |
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The final simple form of the present model contains two adjustable parameters (that have
important implications. The first constant 0.4 gives the average efficiency or saturation
of large bubbles, E; g, the second constant 0.7 gives the average efﬁciency of jets E;. For
small bubbles the efficiency or saturation is assumed to be 1. The present model does
not use diffusivities which are often a nigﬁtmare to obtain with reasonable accuracy.
The effect of vapor load on efficiency is realized by fraction of jetting FJ and fraction of
small bubbles Fsa. The physical properties are included in the term k in FSB, which
makcs the model applicable for systems with a range of physical propertics at a range of
pressure levels. The effect of column diameter is neglected since the data of only

columns with large diameters are used.

The weir height of tray does not affect the efficiency of jets or spray, which juslifies a
~ constant value of E, independent of weir height. However, the saturation of bubbles is
affected by tray liquid height, i.c. the weir height, which is incorporated in the term At
of Fyn. |

The model is applicable to both froth and spray regime. It does not require prior
knowledge of the flow fegimes or the incipience of spray regime, which could create a
dcgree of uncertainty since transition of flow regime is not a distinct phenomenon and
theories related to transition are still very vague. The proposed mode] overcomes the
problem by introducing the term fraction of jetting, F. In froth regime the model
considers Fj to be within zero to one i.e. 0< F; <1. As F; increases with a higher gas
load, transition to spray regime occurs gradually and F) becomes unity as spfay regime
is reached. No drastic change in dispersion structure occurs during this transition. This
approach is justified by the smooth transition of experimental efficiency data from froth
to spray regime. This approach is inhcrited from Syeda et al (2007) model and is
somewhat different from the two previous approaches of earlier models where either
same efficiency model is used for both froth and spray regimes without taking into
account change of dispersion structure (AIChE, 1958; Chan and Fair, 1984; Chen and
Chuang, 1993) or two completely diffcrent models arc used for froth and spray regime
(Zuiderweg, 1983). Since the dispersion structure in froth regime is just inverse to that
of spray rcgime, using the same efficiency model for both regimes without considering
the change in the dispersion structure is the incorrect way to estimate the tray cfficicncy.

On the other hand, when two separate models are used for the two regimes difficulties
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arise in identifying the exact transition point. By including the fraction of jetting, the
new modecl takes into account the diffcrence in dispersion structurc that exists between
froth and sprays regimes and provides a logical solution to the dilemma of whether to

use the same or separate models for both froth and spray regimes.

The final form of the model is kept very simple and user friendly. However, the model
is empirical in nature and does not adopt any basic mass transfer theory. Therefore the
detail of the mass transfer process, for example values of Ng, N, liquid and gas phase
resistance etc can not be obtained from the model. Such information is readily available
from existing semi- empirical models, although some of them are not user friendly and

some of them give higher error.

While the model has been confirmed for binary systems in columns of diameter up to
1.2 meters, the extcnsion to multicomponent systems and larger columns should not be
difficult or unsafe, so long as proper fundamental considerations are 1aken into account.
This would involve, among other things the use of diffusion coefficients corrected for

composition, and straightforward averages for other physical properties.
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CHAPTER 6

CONCLUSION

Based on the hydrodynamics of an operating sieve tray a user-friendly model to predict
point efficiency has been developed by considering froth as a mixture of bubbles and
continuous gas jcts with liquid drops and splashes. The contributions of both bubbles
and jets are included to the total point efficiency. The proposed models predict point
efficiency for twenty sets of data (153 points) with an approximate accuracy * 25%.
The model is equally applicable for froth and spray regimes. Finally, the model have

been validated for binary systems in columns of diameter up to 1.2 meters.
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CHAPTER 7

SUGGESTIONS FOR FUTURE WORK

Although the proposed model successfully predicted a wide range of data within + 25%,
the data points in parity plots (Figures 17, 18 and 19) is distributed arbitrarily within the

error band. Thus this model only gives an approximate prediction.

Analysis of the model based on narrow range of physical properties is recommended for

developing more accurate for future studies.

The model is largely dependent on the considered froth structure as well as on the
accuracy of fraction of small bubble, Fsn and fraction of jetting F,. The fraction of
jetting [ is calculated from a data fit cquation' bascd on air water system. Fraction of
small bubbles, Fsg, is calculated from turbulent break-up theory since no measured data
is available. In both cases, future studies to achieve more accurate estimation are

recommended.

The models applicability for multicomponcnt systems and larger column nceds to be

investigated.
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APPENDIX A

NOMENCLATURE

active (bubbling) arca on the tray, m?
Active arca, m”

hole arca on the tray, m?

fractional open area on tray

fractional open area on tray

net area on tray, m?

Interfacial surface area, m?

cquivalcnrl bubblc diamcter, m

maximum stable bubble size-diameter, m
constant defined by Bennett et al., 1983
Sauter mean bubble diameter, m

bubble¢ diameter, m

maximum bubblc diamcter, m

Column diameter, m

liquid-phase eddy diffusivity in the gas phase, m¥/s
diffusivity in thc gas phase, m*/s

orifice diameter, m

Hole diameter, mm

diffusivity in the liquid phase, m%/s
diffusivity in the vapor phase, m%/s
Murphree tray efficiency in vapor terms
Overall column efficiency, fractional
Point cfficicncy in gas terms, fractional
Overall tray efficiency for jetting zone.
Fraction of jetting.

Flow parameter = (!.J-/(;pr,,./p,_)“" , dimensionless

Fraction of active holes that are issuing small bubbles

30
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Fsa Superficial F-factor based on active area, (Uapg™2), (m/s)(kg/m’)'?
g Gravitational constant, 9.8 m/s’

Gror G Vapor mass flow rate, kg/h

Gm gas molar flow rate, mole/s
HA Hole area, m?

Hag two-phase layer height on tray (sum of liquid continuous region + vapor

continuous region), m

he Froth height, m

e ellective [roth height, m

h;. clear liquid height, m

hy Weir height, mm

kg (Gas-phase mass transfer coeflicient, m/s

ki Liquid-phasc mass transfer coeflicient, m/s

Kog Overall gas-phase mass transfer coefficient, mole/(s m’ Pa)
KoL Overall liquid-phase mass transfer coefficient, mole/(s m’ Pa)
Ks Density corrected superficial vapor velocity over active tray
L liquid molar flow rate, mole/s

Lr liquid path length on tray, m

LrorL Liquid mass flow rate, kg/h

Ly Liquid path length on tray, mm

Lw Weir length, mm

m Slope of equilibrium curve, dy/dx

Ng * Number of gas-phase mass transfer units

NL Number of liquid-phase mass transfer units

NoL Number of overall liquid-phase mass transfer units

Noa Number of overall vapor-phase mass transfer units

Ny Number of uctual trays '

N; Number of theoretical trays

Ny - Number of vapor-phase mass transfer units

p hole distance (triangular pitch), m

Pegy Peelet number, Dyui/Dg, dimensionless

Pc, Peclet number, Dyug/D,, dimenstonless

Qgor Qv Gas flow rate per orifice, m>/s

Q. Liquid flow rate, m’/s
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*m’-s = m/s

Qia Liquid flow rate per active area, m

Q 1 flow rate of liquid per unit weir length (liquid loading), m*/m weir-s
Quw flow rate of liquid per unit weir length (liquid loading), m*/m weir-s
Scq Gas-phasc Schmidt number, v¢/Dg dimensionlcss

Scpg Effective gas-phase Schmidt number, vg/k Di; dimensionless

Shg Gas-phase Sherwood number, kg Dg/Dg dimensionless

Shy Liquid-phase Sherwood number, kg Dg/Dg dimensionless

TS Tray spacing, mm

t mean residence time of gas in dispersion, s

tL mean residence time of liquid in dispersion, s

Usa Superficial gas vell0city, based on active area, G¢(pg*Aa), Qv/AA , m/s
un bubble velocity, m/s |

uLg Rise velocity of large bubbles, m/s

ug Superficial gas velocity, based on net area, m/s

We Weber numbecr, dimensionless

We, Critical Weber number, dimensionless

y Local gas-phasc concentration mole fraction, fractioﬂul

Yi Interfacial gas-phase concentration mole fraction, fractional

¥n Outlet gas-phase concentration mole fraction, fractional

Ya-1 Inlet gas-phasc concentration mole fraction, fractional

Ynel Inlet gas-phase concentration mole fraction, fractional

Yo Gas-phase concentration mole fraction in equilibrium with exit liquid
Greek Symbol:

g Gas volume fraction in the tWo-phasc mixture

0 Froth density, h/he - | |

dcor e effective froth density as defined by Bennett et al., 1983

n Froth density parameter, Colwell, 1981

A mM(Gm/Lim)

v Kinematic viscosity of the vapor, m*/s

PG Gas or vapor density, kg/m®
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pL Liquid density, kg/m?

pLPV Liquid and vapor densities, kg/m’
Ripv Liquid and vapor viscosities, mPa s
c Surface tension, N/m

Subscripts:

G Gas phase

L Liquid-phase

MAX Maximal

v Vapor phasc

PM-1 proposed model -1
PM-2 proposed model -2
PM-3 proposed model -3
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APPENDIX B

DATA BANK FOR SIEVE TRAY EFFICIENCIES
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Table B.1.1. Sieve tray efficlencies (experimental & calculated by present models).
For acetic acld/water at atmospheric pressure. Source:Jones and Pyle, 1955.

De D. | TS hw Lw Lr A, Ay | HAJAA

M mm | mm | mm mm | mm | m m?* -

0.457 3.175 305 38.1 305 253 0.1318 | 0148 | B8.35
Code o | P | m | po D0 D] o | L | G | m | Bo | Bl Bl B
‘kg/m® | kg/m® { mPa.s | mPa.s | ms m's | mNm| kghr | kghr - - PM-1 | PM-2 | PM-3
AC/WA-1ATM-1 | 9488 | 0.640 | 0.2800 | 0.0127 5.43 1.66 | 55.00 | 231.40 | 231.40 | 0.7250 | 69.00 | 50.40 | 49.27 | 52.15
ACWA-1ATM-2 {| 9487 | 0.630 | 0.2800 | 0.0127 | 5.43 1.58 55.00 | 349.30 | 345.40 | 0.7250 | B88.29 | 52.98 | 51.84 | 58.52
AC/WA-1ATM.3 | 9487 | 0.490 | 0.289C | 0.0127 | 543 1.66 65.00 | 396.80 ) 397.00 [ 0.7250 | 66.60 | 52.99 | 53.26 | 58.95
AC/WA-1ATM-4 | 9488 | 0.830 | 0.289C | 0.0127 | 5.43 1.58 55.00 | 596.50 | 598.80 | 0.7250 | 64.38 | 55.75 | 54.80 | 81.20
AC/WA-1ATM-5 | 9488 | 0.640 | 0.2890 | 0.0127 543 1.58 55.00 | 689.50 | 688.60 | 0.7250 | 62.85 | 58.31 | §5.11 | 62.06
ACWA-1ATM-8 | 9489 | 0.830 | 0.2890 | 0.0127 5.43 1.56 55.00 | 877.80 | 877.80 |.0.7250 | 59.25 | 66.77 | 55.78 | 63.19
ACWA-1ATM-7 | 8489 | 0.830 | 0.2890 | 0.0127 5.43 1.56 55.00 | 841.30 | 941.50 | 0.7250 | 58.27 | 56.86 | 5§5.91 | 63.41
ACWA-AATM-8 | 8480 | 0.640 | 0.2890 | 0.0127 | 543 | 1.66 | 55.00 | 988.00 | 988.10 | 0.7250 | 62.74 | 57.00 | 55.98 | 63.52
ACWA-1ATM-9 1| 9469 | 0.830 | 0.2890 | 0.0127 5.43 1.56 55.00 | 998.00 | 898.20 | 0.7250 | 61.38 | 58.92 | 58.00 | 63.57
AC/WA-1ATM-10 | 6489 | 0.630 | 0.2890 | 0.0127 | 543 | 1.58 | 55.00 | 1016.10 | 1016.30 | 0.7250 | 6329 | 56.93 | 56.03 | 63.61
AC/WA-1ATM-14 | 6490 | 0.830 | 0.2880 | 0.0127 | 543 1.56 | 5500 | 1050.20 { 1050.30 1 0.7250 | 72.38 | 56.95 | 58.07 | 83.69
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Table B.1.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).

For acetic acid/water at atmospheric pressure. Source:Jones and Pyle, 1955.

Code Usa| Us |Fsa |Fy [1-Fs|C o |[Q |h  |Tae |kat |k g | Fee | 1-Fsa

mis | mis - - . - . m/s m - - - - - -
_ACWA-1ATM-1 | 0.762 | 9.126 | 0.810 | 0.395 | 0.606 | 0.5023 | 0.7021 | 0.0001 | 0.0404 | 0.0372 [ 0.4188 [ 11.2580 | 0.6578 | 0.0083 | 0.9917
AC/WA.1ATM-2 | 1.169 | 13.998 | 0.928 | 0.546 | 0.454 | 0.5023 | 0.5956 | 0.0001 | 0.0414 | 0.0211 [ 0.3059 | 14.4855 | 0.7365 | 0.0057 | 0.9943
AC/WA-1ATM-3 | 1.708 | 20.450 | 1.195 | 0.629 | 0.371 | 0.5023 | 0.5207 | 0.0001 | 0.0421 | 0.0128 [ 0.2164 | 16.8639 | 0.8054 | 0.0039 | 0.9984
AC/WA-1ATM4 | 1.996 | 23.902 | 1.584 | 0.705 | 0.295 | 0.5023 | 0.4303 | 0.0002 | 0.0440 | 0.0095 | 0.1898 [ 10.9689 | 0.8273 | 0.0033 | 0.9987
ACWA-1ATM-5 |2.271 | 27.198 [ 1.817 | 0.734 | 0.266 | 0.5023 | 0.3847 | 0.0002 | 0.0452 { 0.0077 | 0.1659 | 21.8796 | 0.8472 | 0.0029 | 0.9971°
ACWA-1ATM-8 | 2.937 | 35.172 [ 2.331 | 0.772 | 0.228 | 0.5023 | 0.3017 | 0.0003 | 0.0479 | 0.0048 | 0.1238 [ 25.1777 | 0.8836 | 0.0021 | 0.997¢
_ AC/WA-1ATM-7 | 3.150 | 37.720 | 2.500 | 0.779 | 0.221 | 0.5023 | 0.2788 | 0.0003 | 0.0489 | 0.0043 { 0.1436 | 26.2568 | 0.8926 | 0.0019 | 0.9981
AC/WA-1ATM-8 [ 3.257 | 39.008 | 2.608 | 0.783 | 0.217 | 0.5023 | 0.2655 | 0.0003 | 0.0486 | 0.0040 | 0.1089 | 26.9179 | 0.8988 | 0.0018 | 0.9982
AC/WA-1ATM-9 ! 3.339|30.992 [ 2851 | 0.785 | 0.215 | 0.5023 | 0.2600 | 0.0003 | 0.0489 | 0.0039 | 0.1056 | 27.1944 | 0.8998 | 0.0018 | 0.9982
AC/WA-1ATM-10 | 3.400 | 40.717 | 2.699 | 0.786 | 0.214 | 0.5023 | 0.2543 | 0.0003 | 0.0502 | 0.0038.[ 0.1032 | 27.4892 | 0.9020 | 0.0017 | 0.9983
AC/WA-1ATM-11 | 3.514 | 42.079 | 2.789 | 0.7689 | 0.211 | 0.5023 | 0.2440 | 0.0003 | 0.0508 | 0.0035 | 0.0989 | 28.0377 | 0.9058 | 0.0017 | 0.9983
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Table B.1.3. Efficlencies for large bubble & jetting by present models.

For acetic acid/water at atmospheric pressure. Source:Jones and Pyle, 1955.

PM-1 PM.2 PM.3
Code Ew | Es |[E. |5 B |E |E [Bx g, | |E |Ew
. - ieM4| | PM1| PM41 | PM22 PM-2 | PM-2 | PM3 | PM-3 | PM-3
AC/WA-1ATM-1 41.84 | 4232 | 62.77 50.40 41.89 42,37 | 59.84 49 27 40.00 40.50 70.00 52.15
ACWA-1ATM-2 41.51 | 41.84 | §2.27 52.98 41.89 42 22 | 50.84 51.84 40.00 40.324 70.00 56.52
ACMWA-1ATM-3 40.25 | 40.48 | 80.38 52.99 41.89 42.11 1 59.84 53.28 40.00 4023 70.00 58.95
 ACWA-1ATM4 41.18 | 4137 | 61.77 5575 41.89 42.08 | 59.84 5460 | 4000 40.20 70.00 61.20
ACMWA-1ATM.S 41.18 | 41.33 | 81.74 568.31 41.89 42.06 | 59.84 55.11 40.00 4017 | 70.00 62.08
ACWA-1ATM-8 4094 | 41.08 | 81.41 58.77 41.89 42.01 | 59.84 55.78 40.00 40.13 70.00 63.19
ACWA-1ATM-7 4080 | 41.01 | 61.34 58.88 41.89 42.00 | 50.84 55,91 40.00 40.12 70.00 83.41
ACWA-1ATM-8 40.94 | 41.05 | 61.41 57.00 41,89 42.00 | 59.84 55,98 40.d0 4011 70.00 83.52
AC/WA-1ATM-9 40.86 | 40.97 | 61.29 56.92 41.89 41.99 { 59.84 56.00 40.00 40.11 70.00 63.57
ACMA-1ATM-10 40.85 | 40.95 | 81.27 £6.93 41,89 41.99 | 59.84 58.03 40.00 40.10 70.00 83.81
ACWA-1ATM-11 | 40.83 | 40.93 | 61.24 41.89 41,99 | 59.84 58.07 40.00 40.10 | 70.00 ,63.-697

56.95




88

Table B.2.1.

Sieve tray efficiencies (experimental & calculated by present models).
For isopropanol/water at 13.3 kPa operating pressure. Source: FRI, 1966a.

Dc D | TS hw Lw Ly A, A, | HAJAA
M mm | mm | mm { mm mm m* m’ -
“1.213 4763 | 810 | 254 | 762 | 965 | 1.04062 | 1.098 | 127
Code e PL PG 170 [1¥¢] DL"‘O’ Do"‘ol G L, Gfﬁ m 7 Exo; ng , E:f E:?
kg/m’ | kg/m® [ mPa.s | mPas | m%s m*s | mNim | kg/hr | kgihr - | PM-1 | PM-2 | PM-3
IPWA-13.31 | 802.8 | 0.270 | 1.5280 | 0.0087 | 5.70 6.89 20.70 | 4174.50 | 4177.60 | 0.8900 | 60.45 | 71.58 | 80.22 | 62.87
IPWA-13.3-2 | 802.8 | 0.280 | 1.5880 | 0.0087 | 5.50 7.268 20.80 | 3737.00 | 3742.20 | 0.8900 | 58.95 | 71.62 | 90.50 | 82.45
IP/WA-13.3-3 | 801.0 | 0.260 | 1.5840 | 0.0087 5.60 7.27 20.80 | 3347.50 | 3347.60 | 0.8059 | 5§7.00 | 70.96 | 89.55 | 61.84
IPWA-13.3-4 | 802.8 | 0.270 | 1.5570 | 0.0087 5.80 7.07 20.80 | 2497.40 | 2454.80 | 0.8900 | 57.39 | 89.55 | 87.31 | 55.54
IPAWWA-13.3-5 | 801.0 | 0.270 | 1.5540 | 0.0087 | 5.80 7.10 20.70 | 1873.70 | 1869.20 | 0.8221 | 41.18 | 66.03 | B2.88 | 55.66
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Table B.2.2.

Calculations for fraction of Jetting (FJ} & fraction of smali bubble (FSB).
For Isopropanoliwater at 13.3 kPa operating pressure. Source: FRI, 1966a.

Code

Usa

U,

Fsa

F,

1-F,

C

O

Q

hy

) _TGLB

kAt

k

exp
(-kAt)

Fss

1-Fgp

m/s

m/s

ms

m

-

IPIWA-13.31

4134

32.524

2146

0.761

0.239

0.8132

0.3013

0.0014

0.0426

0.0031

0.1082

34,8324

_0.8974

0.0018

0.9982

IP/WA-13.3-2

3.842

30.255

1.959

0.747

0.253

0.5132

0.3315

0.0013

0.0404

0.0035

0.1147

32.8142

0.8917

0.0018

_0.9981

IP/WA-13.3-3

3.437

27.064

1.753

0.727

0.273

0.5132

0.3885

0.0012

0.0384

0.0041

.0.1268

30.778%

0.8810

0.0022

0.6978

IP/WA-13.3-4

2.467

19.423

1.282

0.848

0.351

05132

0.4722

0.0009

0.0344

0.0068

0.1681

25.5159

0.8452

0.0029

0.9971

IP/WA-13.3-5

4,650

12.995

0.858

0.518

0.482

0.5132

0.5839

0.0006

0.0313

0.0113

£.2264

20.0838

0.7974

0.0040

0.9260
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Table B.2.3. Efficiencies for large bubble & Jetting by present models.
For isopropanol/water at 13.3 kPa operating pressure. Source: FRI, 1966a.

PM-1 PM-2 PM-3
Code ELg Eg EJ EOG ELg Eg EJ EOG Em Eg EJ EOG
calc cale | calc

PM-1 .- PM-1 | PM-1 PM-2 | PM-2 PM-2 PM-3 PM-3 PM.]

IP/WA-13.31 | 5183 | 51.92 | 77.756 | 71.58 68.01 88.07 { 97.18 £0.22 40.00 40.11 70.00 62.87

IP/WA-13.3-2 52,12 | 52.21 | 78.18 | 71.62 68.54 68.60 { 97.91 90.50 40.00 40.12 70.00 62.45

IPWA-13.3-3 | 5203 | 52.13 | 78.04 | 70.96 68.27 68.34 | 87.53 B89.55 [ 4000 | 40.13 70.00 61.84

iPAWA-13.3-4 5248 | 5260 | 78.68 | 89.55 88.27 68.38 | 97.53 87.31 40.00 40.18 70.00 59.54

IPIWA-13.3-5 | 52,38 | 5257 | 78.56 | 66.03 67.76 67.89 | 96.80 82.86 40.00 40.24 70.00 55.68
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For ortho/para xylenes at 2.13 kPa operating pressure. Source: FRI, 1966a.

0.8817

- 40.83

. m* m*
1.213 47 610 254 762 965 1.04052 | 1.096 12.7
Code | p | ps | m | e D0 |[Do10'| o | L | G | m | oo} Foo oo} Eoc

kg/m® | kg/m® | mPa.s | mPa.s | m¥%s m“s | mN/m| kg/hr kg/hr - PM-1 | PM-2 | PM-3

- O/IPX-2.13-1 | 839.4 | 0.150 | 0.4830 | 0.0067 | 2.868 595 25.70 | 3965.70 | 4485.50 | 0.8673 | 62.31 | 49.24 | 65.38 | 63.87
O/PX-2.13-2 | 8411 | 0.140 | 0.4930 | 0.0067 2.61 6.41 26.00 { 3572.10 | 3827.00 | 0.8743 | 57.75 | 49.15 | 65.50 | 63.63
O/PX-213-3 | 844.3 | 0.120 | 0.5100 | 0.0066 2.50 7.26 26.40 | 3221.40 | 3250.60 | 0.8766 | 56.53 | 48.77 | 65.93 | 63.40
O/PX-2.134 | 8459 | 0.110 | 0.5270 | 0.0066 2.41 8.23 25.70 | 2439.90 | 2328.70 { 0.8747 | 52.29 | 48.26 | 65.50 | 62.20
O/PX-2.13-5 | 847.5 | 0.100 | 0.5330 | 0.0066 2.37 8.65 26.80 | 1674.60 | 154520 | 0.8698 | 54.07 | 46.72 | 63.81 | 59.66
8491 0.5430 | 0.0065 | . 2.32 829.20 747.40. 58.75 | 52.31

QO/PX-2.13-6

0.100

9.18

43.11
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Table B.3.2. Calculations for fraction of Jetting (FJ) & fraction of small bubble (FSB).

For ortho/para xylenes at 2.13 kPa operating pressure. Source: FRI, 1966a.

Code

Usa

Uy

Fsa

F,

1-F,

c

a,

Q.

h

TaLe

kAt

k

exp
{-kAt)

Fsp

1-Fsg

mis

mis_

m's

m

Q/PX-2131

7.883

62.859

3,002

0.795

0.205

0.5132

0.1943

0.0013

0.0470

0.00114

0.0457

39.9445

0.9553

_0.0007

0.9993

0/PX-2.13-2

7.298

57.481

2.731

0.787

0.213

0.5132

0.2318

0.0012

0.0433

0.0014

0.0508

36.9102

0.8505

0.0008

0.6992

Q/PX-2,13-3

7.232

56.941

2.505

0.780

0.220

0.5132

0.2585

0.0011

0.0408

0.0015

0.0511

34.8503

0.9502

0.0008

0.9992

O/PX-2.134

5652

44.501

1.874

0.740

0.260

0.5132

0.3551

0.0008

0.0358

0.0022

0.0858

20.1578

0.9385

0.0011

0.9889

O/PX-2.13-5

4.125

32.481

1.304

0.854

0.348

0.5132

0.4753

0.0005

0.0320

0.0037

0.0885

23.4275

0.9172

0.0014

0.9988

O/PX-2.13-8

1.895

18.711

0.831

0.407

0.593

0.5132

0.8813

0.0003

0.0286

0.0098

0.1478

15.1097

0.8828

0.0025

0.9975

oy
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Table B.3.3. Efficiencies for large bubble & jetting by present models.
For ortho/para xylenes at 2.13 kPa operating pressure. Source: FRI, 1966a.

PM-1 PM-2 PM-3
Code EBe | Es | E, | Eo | By | B, | E | B | By | B | E, | Eoo
) calc calc calc
_ _PM-1 - PM-1 | PM1 | PM-2 PM-2 PM-2 PM-3 PM-3 PM-3
O/PX-2.13-1 36.23 | 3527 | 52.84 | 49.24 4878 | 48.80 | €9.85 65.38 40.00 40.04 70.00 63.87
O/PX-2.13-2 35.26 | 3532 | 52.89 | 49.15 49.04 | 49.08 1 70.05 85.59 40.00 40.05 70.00 63.83
O/PX-2.13-3 35.08 | 35.14 | 5283 | 48.77 4949 149531 70.70 | 66.04 40.00 40.05 70.00 63.40
O/PX-2.134 3522 13520 | 5282 | 48.28 4988 | 4994 | 71.28 85.71 40.00 40.06 70.00 62.20
Q/PX-2.13-5 3517 1 3527 | 5276 | 48.72 50.08 | 5014 | 71.82 €4.13 40.00 40.09 70.00 59.68
O/PX-2.13-8 35.74 { 35.90 | 5361 | 43.11 5029 | 5042 7185 §8.16 40.00 40.15 | -70.00 52.31
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Table B.4.1. Sieve tray efficiencies (experimenta! & calculated by present models).

For ortho/para xylenes at 2.13 kPa operating pressure. Source: FRI, 1966b.

Dc Du | TS hw Lw L; A, A, | HAJAA
' ' m m* '
122 127 | 610 | 254 | 762 | 965 | 104052 | 1.008 | 13

Code PL P,G, ML P-G | DL"ID' Dc;'10s o N ”Lf G, m Em E:? anf E:?
kg/m® | kg/m® | mPa.s | mPa.s | ms m's | mN/m | kg/hr | kg/hr PM-1 | PM-2 | PM-3
Q/PX-2.13-1 | 8443 | 0.120 | 0.5180 | 0.0086 2.47 7.81 26.50 | 2799.60 | 2081.30 | 0.8717 | 54.00 48.70 | 85.99 | 63.09
O/PX-2.13-2 | 8459 | 0.110 | 0.5220 } 0.0088 2,43 8.00 26.80 | 2535.90 | 2821.00 | 0.8710 | 55.00 4829 | 8583 | 62.78
O/PX-2.13-3 | 8459 | 0.110 | 0.5270 | 0.0068 241 823 26.70 | 2055.80 { 2057.40 | 0.8747 | 54.00 4780 | 84.93 | 61.46
O/PX-2.13-4 | 8475 | 0.100 | ©.5400 | 0.0085 | 2.33 .11 26.90 | 1893.80 | 1832.50 { 0.8691 | 51.00 4703 {6438 | 60.12
Q/PX-2.13-5 | 848.1 | 0.100 | 0.5410 | 0.0085 2.33 9.13 27.00 | 119580 | 1133.10 | 0.8733 | 52.00 4530 | 6188 | 68.73
O/PX-2.13-6 | 8481 | 0.100 | 0.5430 | 0.0085 232 9.185 27.00 | 713.50 | 891.30 | 0.8817 | 23.00 4257 | 5816 | 51.48
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Table B.4.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).

For ortho/para xylenes at 2,13 kPa operating pressure. Source: FRI, 1966b.

Code Usa Uy Fsa Fs | 1-F, C Ol Q h, Taws | kAt k (iﬁ) Fes | 1-Fss
m/s m/s - == == - - m’/s m - .- - - - =

O/PX-2.13-1 | 6.688 | 50.677 | 2.282 | 0.769 | 0.231 | 0.5132 | 0.2896 | 0.0009 | 0.0385 | 0.0017 | 0.0556 | 32.5040 | (0.9459 | 0.0009 | 0.9991
O/PX-2,13-2 | 6.361 | 48.931 | 2.110 | 0.759 | 0.241 | 0.5132 | 0.3157 | 0.0008 | 0.0369 | 0.0018 | 0.0575 | 31.3485 | 0.9442 | 0.0009 0.9891
O/PX-2.13-3 | 4.993 | 38.409 | 1.666 | 0.715 j 0.285 | 0.5132 | 0.3966 | 0.0007 [ 0.0340 | 0.0027 | 0.0731 | 27.0802 { 0.9295 | 0.0012 | 0.9988
O/PX-2.13-4 | 4.368 | 33.524 | 1.378 | 0.670 | 0.330 | 0.5132 | 0.4576 | 0.0006 | 0.0322 { 0.0034 | 0.0819 | 24.1768 | 0.8214 | 0.0014 | 0.0986
O/PX-2.13-5 | 3.025 | 23,269 | 0.957 | 0.556 | 0.444 | 0.5132 | 0.5710 | 0.0004 | 0.0301 | 0.0057 | 0.1101 | 19.3948 | 0.8958 | 0.0018 | 0.9981
O/PX-2.13-8 | 1.848 | 14.196 | 0.584 | 0.379 | 0.821 | 0.5132 | 0.6995 | 0.0002 0.0283 | 0.0107 | 0.1548 | 14.4187 | 0.8568 { 0.0027 | 0.9973
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Table B.4.3. Efficiencies for large bubble & jetting by present models.
For ortho/para xylenes at 2.13 kPa operating pressure. Source: FRI, 1966b.

PM-1 PM-2 PM-3

Code Ee | Ea E, cale Eie Es _ E, cale o Es E, calc
PM-1 - PM-1 PM-1 PM-2 PM-2 PM-2 PM-3 PM.3 PM-3

Q/PX-2.131 35.18 : 35.22 | 52.74 | 48.70 49,62 4967 | 70.89 685,99 40.00 40.05 70.00 63.09
O/PX-2.13.2 3499 ! 35.068 | 52.49 48.29 49 80 40.84 | 71.14 £6.00 40.00 40.06 70.00 82.78
O/PX-2,13-3 35.20 ; 35.28 | 52.80 47.80 49,88 4985 | 71261 B65.18 40.00 40.07 | 70.00 81.46
OPx-213-4 35.21 1 35.30 | 52.81 47.03 50,25 5032 | 71.78 64.69 40.00 40.08 70.00 60.12
Q/PX-2.13-5 3540 i 35.52 | 53.10 45.30 50.25 50.34 | 71.78 62.28 40.00 40.11 70.00 56.73
O/PX-2.13-6 35.70 § 35.87 | 53,55 | 42.57 50.28 50.43 | 71.85 58.65 40.00 40.16 70.00 51.48
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Table B.5.1..

Sieve tray efficiencies (experimental & calculated by present models).

For n-octanol/n-decanol at 1.3 kPa operating pressure. Source: FRI, 1966b.

_DH

De TS hw Lw L, A, A, | HAJAA
m? m*
122 127 | 610 | 254 | 762 | 985 | 1041 | 4.09 13
Code pL" - PG l_'ll._ H'G DL"'U' Dq,"lo5 0' ) Lf G[ m Exos E:lo E:]G E:le
kg/m® | kg/m® | mPa.s | mPas | m’s m’s | mNim| kgihr | kg/hr - | PM-1 | PM-2 | PM-3
NO/ND-1.3-1 | 7754 | 0.080 | 1.1000 | 0.0072 1.03 1.48 18.80 | 2518.30 [ 2518.30 [ 0.2121 | 51.96 | 55.79 | 79.58 | 63.02
NOIND-1.3-2 | 773.8 | 0.080 | 1.1130 | 0.0071 9.95 1.47 19.00 { 2267.10 | 2288.70 | 0.2121 | 52.86 | 55.47 | 68.59 | 62.84
NO/ND-1.3-3 | 773.8 | 0.080 | 1.1180 | 0.0071 9.86 1.48 19.10 | 2003.50 | 2005.60 | 0.2121 | 51.56 | 55.56 | 68.93 | 62.25
NOIND-1.34 | 775.4 | 0.070 | 1.1950 | 0.0071 | 9.0 145 | 19.20 | 1549.70 | 1551.80 | 0.2121 | 48.55 | 54.60 | 67.87 | 61.08
NO/ND-1.3-5 | 775.4 | 0.080 | 1.2250 | 0.0071 8.04 1.44 18.30 | 1003.80 | 1007.30 | 0.2121 | 49.22 | 52.35 | 85.57 { 58.09
NOIND-1.3-8 | 777.0 | 0.050 | 1.2700 | 0.0070 8.68 143 18.40 | 528.40 | 526.30 | 0.2121 ] 22.37 | 48.33 | 62.81 | 52.24
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Table B.5.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For n-octanol/n-decanol at 1.3 kPa operating pressure. Source: FRI, 1966b.

Code

Usa

U

Fsa

F,

1-F,

c

e

Q

hy

TaLe

kAt

k

exp
{-kat)

Fss

1-Fgp

m/s

mi/s

m’/s

m

NO/ND-1.3-1

7.466

57.434

2.240

0.767

0.233

0.5132

0.2818

0.0009

0.0385

0.0015

0.0637

36.9328

0.9477

0.0008

0.9981

NO/ND-1.3-2

7.567

58.209

2.140

0.761

0.239

0.5132

0.2983

0.0008

0.0372

0.0015

0.0523

35.8553

0.9491

0.0009

0.9991

NO/ND-1.3-2

6.680

51.459

1.892

0.741

0.259

0.5132

0.3371

0.0007

0.0354

0.0018

0.0593

33,2284

0.9424

_0.0010

0.9990

NO/ND-1,3-4

5915

45.503

1.585

0.702

0.208

0.5132

0.4009

0.0006

0.0329

0.0022

0.0660

29.5978

0.9382

0.0011

0.9989

NO/ND-1.3-5

4480

34.460

1.087

0.602

0.398

0.5132,

0.5180

0.0004

0.0301

0.0035

0.0828

23.8689

0.9205

0.0014

0.9988

NO/ND-1.3-6

2.808

21.608

0.628

0.408

0.594

0.5132

0.6718

0.0002

0.0280

0.0067

17.0480

0.8922

0.0019

0.9581

0.1144
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Table B.5.3. Efficiencies for large bubble & jetting by present models.
For n-octanol/n-decanol at 1.3 kPa operating pressure. Source: FRI, 1966b.

PMA PM-2 PM-3

E E E
Code E EJ c;:g ELB Eg EJ caﬁg ELB Eg EJ ca‘;z
‘ - PM-1 PM-1 PM-2 PM-2 PM-2 PM-3 PM-3 PM-3
NO/ND-1.31 40.37 | 6047 | 55.79 59.89 59.92 | 85565 79.58 40.00 40.05 70.00 63.02
NO/ND-1.3.2 | 40.22 | 80.26 | 55.47 80.33 80.37 | 88.1¢ 80.02 40.00 40.05 70.00 62.84
NO/ND-1.3-3 | 4059 1 60.79 | 5566 | 60.72 60.76 | 86.74 | 80.02 40.00 40.06 70.00 §2.25
- NQ/ND-1.3-4 | 40.48 | 60.60 | 54.60 §1.22 61.28 | 87.45 79.85 40.00 40.07 70.00 61.08
NO/ND-1.3-5 40.30 |1 80.32 | 62,35 61.59 61.84 87.89 77.50 40.00 | 40.08 70.00 58.09
NOIND-1.3-6 | 40.24 | 60.18 | 48.33 62.13 62.21 88.76 72.88 40.00 40.12 70.00° | 52.24
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Table B.6.1.

Sieve tray efficiencies (experimental & calculated by present models).

For n-octanol/n-decanol at 8.0 kPa operating pressure. Source: FRI, 1966b.

Dc DH TS hw Lw LT AA AN HAJ/AA
m* mé
1.22 127 | 610 25.4 762 865 1.041 1.09 13
Code | p | ps | m | Mo | D0 |Dewe’| o | L | G | m B ge | S ) S| Gy
kg/m® | kg/m® | mPa.s { mPass | ms ms | mN/im | kg/hr kg/hr | -~ | PM-1 [ PM-2 | PM.3
NOIND-8-1 | 751.3 | 0,320 | 0.6500 | 0.0077 1.93 2.85 16.80 | 5170.60 | 5172.70 | 0.2744 | 61,00 | 56,61 | 55.863 | 80.77 | 63.34
NO/ND-8-2 | 752.9 | 0.310 | 06800 | 0.0077 | 1.88 2.84 16,80 | 4548.90 | 4537.50 | 0.2744 | 58.00 | 53.83 | 55.48 | 69.77 | 82.92
NO/ND-B-3 | 751.3 | 0.320 | 0.6500 | 0.0077 1.93 2.85 18.80 | 4183.80 | 4160.90 | 0.2744 | 54.00 | 50.41 | 55.23 | 69.12 | 62.46
NO/ND-84 | 751.3 | 0.320 | 0.8600 | 0.0077 | 1.93 | 2.85 | 16.80 | 3157.00 | 3153.50 | 0.2744 | 51.00 | 47.63 | 54.31 | 67.83 | 60.75
NO/ND-8-§ | 751.3 | 0.310 | 0.8800 | 0.0077 1.83 2.85 18.80 | 2099.00 | 2096.30 | 0.2744 | 49.00 | 45.78 | 52.13 | 85.25 | 57.29
NOI/ND-88 | 743.3 | 0.480 | 0.8500 | 0.0077 1.83 2.85 16.80 | 1097.40 | 1093.50 | 0.2744 | 49.00 | 46.93 | 40.30 | 58.83 | 48.40
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Table B.6.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For n-octanol/n-decanol at 8.0 kPa operating pressure. Source: FRI, 1966b.

Code

Usa

Uy

Fsa

F.

1-F,

C

oy

Q

hy

T_m.a

kAt

k

exp
(-kat)

Fse

1-Fgg

m/s

mis

ms

m

NO/ND-8-1

4.313

33.180

2.440

0.777

0.223

0.5132

0.2493

0.0019

0.0490

0.0028

0.1150

40.8253

0.8914

0.0018

0.9981

NO/ND-8-2

3.906

30.044

2176

0.783

0.237

0.5132

0.2866

0.0017

0.0451

0.0033

0.1254

37.9214

0.8822

0.0021

0.9979

NO/ND-8-3

3.470

28.890

1.983

0.748

0.252

0.5132

0.3200

0.0015

0.0428

0.0038

0.1402

35.8515

0.8692

0.0024

0.9976

NO/ND-8-4

2.630

20,228

1,488

0.690

0.310

0.5132

0.4125

0.0012

0.0375

0.0058

0.1775

30.1885

0.8374

0.0031

0.996€9

NO/ND-8-5

1.804

13,880

1.006

0.573

0427

0.5132

0.5382

0.0008

0.0331

0.0098

0.2354

23.8547

0.7502

0.0042

0.9958

NO/ND-8-8

0.595

4.581

0.417

0.264

0.738

0.5132

0.7561

0.0004

0.0294

0.0373

0.5248

14.0565

0.5918

0.0109

0.9881
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Table B.6.3. Efficiencies for large bubble & jetting by present models.
For n-octanol/n-decanol at 8.0 kPa operating pressure. Source: FRI, 1966b.

PM-1 PM-2 PM-3
Code Es Es E, ':Ea?g Ews Ea _ E, cE :[g ELp Es E, 5:!2
PM-1 - PM-1 PM-1 PM-2 PM-2 PM-2 PM-3 ~PM-3 PM-3
NO/ND-8-1 40.04 | 40.18 60.07 .| 5563 52.32 | 52.42 | 74.75 69.77 40.00 40.12 70.00 63.34
NO/ND-8-2 40.14 | 40.27 60.21 55.48 52.56 | 5266 | 75.00 89.77 40.00 40.13 70.00 62,82
NO/ND-8-3 4018 | 4032 | 80.26 55.23 52,32 | 5244 | 74.75 89.12 4000 | 4014 70.00 62.46
NO/ND-8-4 | 40.34 | 40.53 | 60.51 54.31% 5232 | 5247 | 74.75 §7.83 40.00 40.1¢ 70.00 60.75
- NQIND-8-5 4044 | 4089 | 80.68 52.13 5§2.32 | 52,53 | 74.75 85.25 40.00 40.25 70.00 567.29
NO/ND-8-8 43.16 | 43.77 64.72 | 49.30 52.32 | 52.84 | 74.75 58.63 40.00 40.85 70.00 48.40




£0t

Table B.7.1. Sieve tray efficiencies (experimental & calculated by present models).

For methanol/water at 101.4 kPa. Source: Kastanek and Standart, 1967.

D¢ Dy | TS hy Ly Ly Ay Ay | HAJAA

m mm mm | mm | mm Mm m' | om | .

0.978 4 400 40 812 759 0.066 1 4.8
Code ,pl‘ PG I ST 7 [J.G:mz D|.'10’ Dg'10‘ c L, G, i m E:g cEa‘?g cEaT(: cEacf:
, kg/m® | kg/m’ | mPa.s | mPa.s | m%s m's | mN/m { kg/hr | kghr| - - PM-1 PM-2 | PM-3
MW-101.4-1 940 10.830 | 0.380 | 1.10 | 1.00 1.70 39 | 7809 [ 1003 (4177 7833 | 4524 | 4216 | 49.64
MW-101.4-2 940 . | 0.830 | 0.380 1.10 1.00 1.70 39 9886 | 1254|177 | 8333 46.42 43.19 51.80
MW-1014-3 | 940 | 0.830 | 0.380 | 1.10 1.00 | 170 39 | 1067.8 | 1354 [ 1.77 | 75.55 | 46.84 | 4357 | 52.57
MW-101.4-4 940 0.830 | 0.380 1.10 1.00 1.70 39 1148.8 | 1455 | 177 | 81.11 47.25 43.93 §3.31
MW-101.4-5 840 0.830 | 0.380 1.10 1.00 1.70 39 12269 | 15655 | 1.77 | 78.88 47.63 44.27 53.89
MW-101.4-8 840 0.830 | 0.380 1.10 1.00 1.70 ag 12853 | 163.0 | 1.77 | 86.11 47.89 44 51 54.48
MW-101.4-7 240 0.830 | 0.380 1.10 1.00 1.70 39 1384.1 | 1755 | 1.77 | 8686 48.31 43.66 55.24
MW-101.4-8 840 0.830 | 0.380 1.10 1.00 170 as 15423 | 1866 | 1.77 | 80.55 48.92 44 29 58.34
‘M/W-101.4-9 940 0.830 | 0.380 1.10 1.00 1.70 39 1562.1 | 1581 | 1.77 | 83.88 48.89 44.37 58.47
MW-101.4-10 940 0.830 | 0.380 1.10 100 1 170 3g 1681.8 [ 2008 | 1.77 | 7277 | 49.08 | 4444 58.60
MW-101.4-11 840 0.830 | 0.380 1.10 1.00 1.70 a5 17005 | 2167 | 1.77 | 76.68 49.48 4488 | 57.1
MW-101.4-12 940 0830 10380 | 110 | 1.00 1.70 ag 18785 | 2382 | 1.77 | 80.00 | 49.98 45.51 58.28
M/W-101.4-13 940 0.830 | 0.380 1.10 1.00 1.70 | 39 2008.0 | 2858 (177 8277 50.51 4818 | 80.25
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Table B.7.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).

For methanol/water at 101.4 kPa. Source: Kastanek and Standart, 1967.

oxp

Code Usa| Ui | Fsa | Fu {1-F;| C a, Q. hy | Tas | kAt k (-kAY) Fse | 1-Fsp
' mis | mis - - .- - . m’/s m - - - - .- .-

M/W-101.4-1 0.509 | 10.596 | 0.463 } 0.299 | 0.701 | 0.5018 | 0.7583 | 0.0002 | 0.0431 | 0.0643 | 0.7035 { 10.948 | 0.495 | 0.016 | 0.084
M/W-101.4-2 0.636 | 13.247 ] 0.579 ) 0.377 ] 0.823 ] 0.5018 | 0.7124 | 0.0003 | 0.0437 | 0.0480 | 08136 | 12.518 | 0.541 | 0.013 i 0.987
M/W-101.4-3 0.687 | 14.304 | 0.626 | 0.404 | 0.596 | 0.5018 { 0.6952 | 0.0003 | 0.0440 | 0.0446 | 0.5841 | 13.108 | 0.558 | 0.013 | 0.687
M/W-101.4-4 0.738 1 15.371 | 0.672 1 0.430 1 0.570 | 0.5018 | 0.8783 | 0.0003 | 0.0443 | 0.0407 | 0.5571 | 13.688 | 0.573 | 0.012 | 0.688
M/W-101.4-8 0.789 ) 18.427 | 0.718 | 0.454 | 0.548 | 0.5018 | 0.6621 | 0.0004 | 0.0445 | 0.0374 | 0.5328 | 14.243 | 0.587 1 0.011 | 0.e88
M/W-101.4-8 0.827 117.220 | 0.753 | 0.471 ] 0.529 | 0.5018 | 0.8502 | 0.0004 | 0.0448 | 0.0352 | 0.5158 { 14.851 { 0.597 | 0.011 | 0.989
M/W-101.4-7 0.890 | 18.540 ] 0.811 | 0.488 | 0.502 ]| 0.5018 | 0.8310 | 0.0004 | 0.0451 | 0.0320 | 0.4897 { 15.315 | 0.613 | 0.010 | 0.990
MAW-101.4-8 0.992 | 20.863 | 0.904 | 0.536 | 0.484 | 0.5018 | 0.8016 | 0.0005 | 0.0457 | 0.0277 | 0.4526 | 18.345 | 0.838 | 0.009 | 0.991
MW-101.4-8 1.005 120928 | 0.915 { 0.541 | 0.459 | 0.5018 | 0.5981 | 0.0005 | 0.0457 | 0.0272 | 0.4484 | 16.470 | 0.6839 | 0.009 | 0.991
M/W-401.4-10 1.017 1 21192 1 0.827 } 0.545 | 0.455 | 0.5018 | 0.5945 | 0.0005 | 0.0458 | 0.0288.| 0.4442 | 16.594 | 0.6841 | 0.000 | 0.991
M/W-101.4-11 1.084 | 22.787 | 0.988 | 0.570 | 0.430 | 0.5018 | 0.5738 | 0.0005 | 0.0462 | 0.0243 | 0.4204 | 17.333 | 0.657 | 0.008 | 0.692
M/W-101.4-12 1.208 | 25.164 | 1.100 ] 0.803 [ 0.387 | 0.5018 | 0.5445 | 0.0008 | 0.0489 | 0.0211 | 0.3889 | 18.368 | 0.878 | 0.008 | 0.992
M/W-101.4-13 1,348 | 28.079 | 1.228 | 0.637 | 0.363 { 0.5018 | 0.5108 { 0.0006 | 0.0478 | 0.0181 | 0.3558 | 19.847 | 0.701 | 0.007 | 0.893
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Table B.7.3. Efficiencies for large bubble & jetting by present models.

For methanoliwater at 101.4 kPa. Source: Kastanek and Standart, 1967.

PM-1 PM-2 PM-3

Eos Eoo Eco

COdB ELg Eg EJ talc EL Eg EJ B calc ELB EB EJ calc
M/W-101.4-1 38.78 | 39.74 | 58.14 45.24 38.74 37.75 52.48 4216 | 40.00 | 40.9¢ 70.00. | 4964
M/W-101.4-2 3863 | 39.45 | 57.95 45.42 38.74 37.58 52.48 43.18 | 40.00 | 40.80 70.00 | 51.80
M/W-101.4-3 38.59 | 39.368 | 57.88 46.84 | 3674 | 37.53 5248 | 4357 | 40.00 | 40.75 70.00 §2.57
M/W-101.44 38.54 | 3927 | 6782 | 47.25 36.74 37.48 52.48 4393 | 4000 | 40.71 70.00 | 53.31
MW-101.4-5 38.51 | 39.19 | 57.76 47.63 36.74 37.44 52.48 4427 | 40.00 | 4067 70.00 53.99
MW-101.4-6 38.48 | 36.14 | 57.72 47.89 36.74 37.41 5248 |- 44561 | 40.00 | 40.84 70.00 54.48
M/W-101.4-7 38.44 | 39.05 | 57.85 48.31 38.74 37.37 52.48 44.89 | 40.00 | 40.60 70.00 55.24
M/W-101.4-8 38.37 | 38.93 | 57.56 48.92 38.74 7.3 52.48 4545 | 40.00 | 40.54 70.00 56.34
MW-101.4-9 38.37 | 38,92 | 57.55 | 4899 38.74 37.30 £2.48 4551 | 4000 | 40.54 70.00 56.47
M/W-101.4-10 38.38 | 38.91 | 57.54 48.08 3874 | 37.30 52.48 4557 | 40.00 | 40.53 70.00 56.60
M/W-101.4-11 38.32 | 38.83 | 57.48 48.48 36.74 37.28 52.48 4594 | 40.00 | 40.50 70.00 57.31
M/W-101.4-12 3828 | 38.73 | 57.39 45.98 3674 | 3721 52.48 4642 | 40.00 | 40.45 70.00 58.26
M/W-101.4-13 38.20 | 3882 | 57.30 50.51 38.74 717 52.48 48.92 | 41.00 | 41.40 71.00 60.25
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Table B.8.1. Sieve tray efficiencies (experimental & calculated by present models).

For ethylbenzenc/styrcne at 13.3 kPa operating pressure. Source: Billet et al., 1969.
De Dy | TS | hy Lw L, A, Ay HAJAA
m mm | mm | Mm mm mm m? m? -
0.788 12.5 | 500 19 480 €40 0.439 0.483 13.6 e

Code | p |ps| m| Hs | D Do o L G I AR P

. | kgim® | kg/m’ | mPa.s | mPa.s m’/s m?/s mN/m__ |  kghr kgrhr 1 -~ | PM4 | PM-2 | PM-3
EB/S-13.3-1 |863.00( 0.480 | 0.378 | 8.00E-03 | 3.23E-09 | 2.11E-05 25.00 715.40 708.40 0.14E-01 | 38.85 [ 4552 | 55.35 | 52,68
EB/S-13.3-2 |857.00 | 0.490 | 0.377 | 8.00E-03 | 3.21E-09 | 2.11E-05 25.00 901.10 898.70 $.14E-01 [47.16 | 47.08 | 57.02 | 55.08
EB/S-13.3-3 [855.00 | 0.490 | 0.377 | 8.00E-03 | 3.21E-08 | 2.11E-05 25.00 1169.90 | 1167.00 | 9.14E-01 [ 51.39 ; 48.50 | 58.82 | 57.76
ER/S-13.34 |857.00| 0490 | 0.377 | B.00E-03 | 3.21E-09 | 2.11E-05 25.00 1264.40 | 1259.30 9.14E-01 [ 63.48 | 48.98 | 59.30 58.48
ER/S-13.3-5 [851.00| 0490 0.377 | 8.00E-03 | 3.21E.09 | 2.11E-05 25.00 1476.00 | 1463.70 9.14E-01 | 5552 | 49.74 | 60.19 | 59.81
EB/8-13.3-8 [849.00 | 0.490 | 0.377 | 8.00E-03 | 3.21E-08 | 2.11E-05 25.00 1879.80 | 1591.80 9.14E-01 | 56.45 | 50.12 | 60.64 | 60.49
EB/8-13.3-7 [851.00) 0.480 | 0.377 | 8.00E-03 | 3.21E-09 | 2.11E-05 25.00 1750.20 | 1709.70 9.14E-01_ | 57.72 | 50.37 [ 80.98 { 81.02
EB/S-13.3-8 [847.00 ) 0.490 | 0.377 | 8.00E-03 | 3.21E-08 | 2.11E-05 25.00 2140.60 | 2084.50 9.14E-01 | 58.52 | 51.00 | 61.78 | 82.20
EB/8-13.3-¢ [844.00) 04901 0.377 | 8.00E-03 | 3.21E-09 | 2.11E-05 25.00 2320.20 { 2228.80 9.14E-01 | 58.72 | 51.22 | 62.04 | 62.59
EB/S-13.3-10 |844.00 | 04801 0.377 | 8.00E-03 | 3.21E-09 | 2.11E-05 25.00 2640.00 | 2580.10 9.14E-01 15892 | 51.48 | 62.44 | 83.19
EB/8-13.3-11 | 844.00 | 0.490 | 0.377 | 8.00E-03 | 3.21E-09 | 2.11E-05 25.00 2970.20 | 2811.00 8.14E-01 | 57.74 | 51.58 | 62.62 | 83.45
EB/S-13.3-12 |838.00 | 0.480 | 0.376 | 8.00E-03 | 3.23E-09 | 2.11E-05 25.00 3637.80 | 3267.70 8.14E-01 | 52.68 | 51.56 | 82.78 | 63.81
EB/S-13.3-13 |863.00 | 0.480 | 0.376 { 8.00E-03 | 3.23E-09 | 2.11E-05 25.00 735.80 727.680 9.14E-01 | 40.51 | 4588 | 55.54 | 52.94
EB/S-13.3-14 |855.00 | 0.490 | 0.377 { 8.00E-03 | 3.21E-09 | 2.11E-05 25.00 1123.80 | 1119.30 9.14E-01 | 57.00 | 48.36 | 58.55 | 57.35
EB/S-13.3-15 |849.00 | 0.490 | 0.377 | 8.00E-03 | 3.21E-09 | 2.11E-05 25.00 144040 ;| 1439.10 0.14E-01 | 60.44 | 48.89 | 60.10 | 59.87
EB/S-13.3-16 |849.00 | 0.490 ] 0.377 ! 8.00E-03 | 3.21E-08 | 2.11E-05 25.00 1509.60 | 1569.00 9.14E-01 | 58.43 | 50.08 | 80.57 | 680.38
EB/S-13.3-17 |845.00 | 0.480 | 0.377 | 8.00E-03 | 3.21E-08 | 2.11E-05 25.00 1849.50 | 1823.10 9.14E-01 | 62.07 | 50.88 | 81.29 | 81.45
EB/S-13.3-18 | 845.00 | 0.480 | 0.377 | 8.00E-03 | 3.21E-08 | 2.11E-05 25.00 1864.30 | 1838.10 9.14E-01 | 61.48 | 50.89 | 81.32 | 61.51
EB/S-13.3-19 |845.00 | 0.430 | 0.377 | 8.00E-03 | 3.21E-08 | 2.11E-05 25.00 2263.00 | 2218.80 §.14E-01 | 82.06 ;| 51.20 | 82.03 | 62.56
EB/S-13.3-20 |844.00 | 0.450 | 0.377 | 8.00E-03 | 3.21E-08 | 2.11E-05 25.00 2849.50 | 2586.00 9.14E-01 | 60.98 | 51.49 | 82.468 | 63.21
EB/S-13.3-21 |840.00 | 0.490 | 0.377 | B.00E-03 | 3.21E-09 | 2.11E-05 25.00 2908.70 | 2823.20 9.14E-01_ | 80.00 | 5163 | 62.63 | 83.47
EB/S-13.3-22 |836.00 | 0.480} 0.378 | 8.00E-03 | 3.23E-08 | 2.11E-05 25.00 3567.20 | 3238.10 9.14E-01 |} 5687 | 51.60 | 62.77 | 83.80
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Table B.8.2.

Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For ethylbenzenc/styrcne at 13.3 kPa operating pressure. Source: Billet et al., 1969, .

exp

Code Usa Uy Fsa Fy 1-F, c (s Q, by Tas | kAt k (-kat) Fsa | 1-Fsp
m/s mis - .- - - - m’ls m - - - - - -

EB/S-13.3-1 | D.934 | 6.866 0.647 | 0.416 0.584 0.5318 | 0.6772 | 0.0002 | 0.0232 | 0.0169 [ 0.2671 | 15.8440 | 0.7656 | 0.0049 | 0.9951
EB/S-13.3-2 | 1.158 | B8.514 | 0.811 | 0.498 0.502 0.5319 | 06188 | 0.0003 | 0.0243 | 0.0130 [ 0.2353 | 18.12568 | 0.7804 | 0.0042 | 0.9958
EB/S-13.3-3 | 1.507 | 11.081 | 1.055 | 0.589 0.411 0.5319 | 0.5430 { 0.0004 | 0.025¢ | 0.0093 | 0.1980 | 21.2251 0.8204 | 0.0035 [ 0.9985
EB/S-13.34 | 1826 | 11.857 | 1.138 | 0.614 0.388 0.5319 | 0.5201 | 0.0004 | 0.0285 | 0.0085 | 0.1880 { 22.2221 0.8286 | 0.0033 | 0.9987
EB/S-13.3-5 | 1.890 | 13.898 | 1.323 | 0.658 0.342 0.5318 | 0.4714 | 0.0005 | 0.0279 | 0.0070 | 0.1689 | 24.3038 | 0.8448 | 0.0029 | 0.9971
EB/S-13.3-86 | 2,055 | 15.112 | 1.439 | 0.881 0.319 0.5319 | 0.4437 | 0.0005 | 0.0291 | 0.0063 | 0.1605 | 25,5506 | 0.8517 | 0.0028 | 0.9972
EB/S-13.3-7 | 2.208 | 18.234 | 1.5645 | 0.899 0.301° | 0.5318 ] 0.4205 | 0.0008 | 0.0297 | 0.0057 | 0.1511 | 26.6781 | 0.8598 | 0.0028 | 0.9974
EB/S-13.38 | 2868 | 19603 | 1.868 | 0.739 0.261 0.5318 | 0.3568 | 0.0007 | 0.0328 | 0.0044 | 0.130% | 29.8588 | 0.8773 | 0.0022 | 0.9978
EB/S-13.3-9 [ 2.878 | 21.183 | 2.015 | 0.752 0.248 0.5318 | 0.3308 | 0.0008 | 0.0343 | 0.0038 10,1232 | 31.2526 | 0.8841 | 0.0021 [ 0.9879
EB/8-13.3-10 [ 3.332 | 24498 | 2,332 | 0.772 | - 0.228 0.5319 | 0.2824 | 0.0009 | 0.0376 | 0.0032 | 0.1087 | 34.1213 | 0.8970 | 0.0018 | 0.9982
EB/S-13.3-11 | 3.630 | 28.801 | 2.541 | 0.781 0.219 0.5319 | 0.2548 | 0.0010 | 0.0405 | 0.0028 { 0,1022 | 35.9220 | 0.9028 | 0.0017 | 0.9883
EB/S-13.3-12 | 4.294 | 31578 | 2875 | 0.793 0.207 0.5319 | 0.2055 { 0.0012 § 0.0476 | 0.0023 | 0.089¢% | 39.4656 | 0.9140 | 0.0015 | 0.9985
EB/S-13.3-13 | 0959 | 7.053 | 0685 0.428 0.574 0.5319 |1 08708 { 0.0002 | 0.0234 | 0.0183 [ 0.262¢ | 16.1003 | 0.7888 | 0.0048 | 0.9952
EB/8-13.3-14 | 1.445 | 10.828 | 1.012 | 0.575 0.425 0.5319 1 0.5555 | 0.0004 | 0.0258 | 0.0098 | 0.2037 | 20.7002 | 0.8157 [ 0.0038 | 0.9984
EB/8-13.3-15 | 1.858 | 13.684 | 1.301 | 0.854 0.348 0.5319 { 0.4764 | 0.0005 | 0.0277 | 0.0071} 0.1707 | 24.0522 | 0.8431 | 0.0030 [ 0.9970
EB/S-13.3-18 | 2,026 | 14.898 | 1418 | 0.877 0.323 0.5319 | 0.4484 | 0.0005 | 0.0283 | 0.0083 ] 0.1588 | 25.3323 | 0.853%1 | 0.0027 | 0.9973
EB/S-13.3-17 | 2.354 | 17.310 | 1848 ] 0.714 0.286 0.5319 ] 0.3880 | 0.0008 | 0.0306 | 0.0052 | 0.1434 | 27.7085 | 0.8884 | 0.0025 | 0.9975
EB/8-13.318 | 2.374 | 17.453 | 18682 | 0.718 0.284 0.5319 1 0.3952 | 0.0008 | 0.0307 | 0.0051 ] 0.1425 | 27.8431 | 0.8872 | 0.0024 | 0.9978
EB/8-13.3-19 | 2,885 | 21.088 | 2.008 | 0.751 0.249 0.5318 [ 0.3323 | 0.0007 | 0.0340 | 0.0039 1 0.1228 | 31.4721 0.8843 | 0.0021 | 0.9979
EB/8-13.3-20 | 3.352 | 24849 | 2.347 | 0.773 0.227 0.5319 | 0.2804 | 0.0009 | 0.0377 | 0.0032 ! 0.1080 | 34.2474 | 0.8976 | 0.0018 | 0.9982
EB/S-13.3-21 | 3.846 | 26.808 | 2.552 | 0.781 0.219 0.5319 [ 0.2527 | 0.0010 | 0.0404 | 0.0028 | 0.1009 | 35.9984 | 0.9041 | 0.0017 | 0.9983
EB/S-13.3-22 | 4.269 | 31.387 | 2.957 | 0.783 0.207 0.5319 ] 0.2087 | 0.0012 | 0.0472 | 0.0023 | 0.0898 | 39.3089 | 0.9141 | 0.0015 | 0.9985
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Table B.8.3. Efficiencies for large bubble & jetting by present models.
For ethylbenzenc/styrcne at 13.3 kPa operating pressure. Source: Billet et al., 1969.

PM-1 PM-2 PM-3
Code Es | Es | E, f;;g Es | E | E | B | E, Es E, | Eeo
PM-1 - PM-1 PM-1 PM.2 PM-2 PM-2 PM-3 ] PM.3 PM.3
EB/S-13.3-1 37.53 | 37.83 | 5629 | 4552 46.84 47.10 | 66.91 5535 40.00 40.29 70.00 52.66
EB/S-11.3-2 3759 | 3788 | 56.39 | 47.08 46.90 47.13 | 87.00 57.02 40.00 40.25 70.00 - 55.06
EB/S-13.3-3 | 3748 | 3768 | 56.19 | 4859 46.80 47.09 | 87.00 | 58.82 40.00 | 40.21 70.00 57.78
EB/S-13.34 37.40 | 3781 | 56.10 | 48.96 48.90 47.08 | 67.00 59.20 40.00 40.20 70.00 58.48
EB/S.13.3-5 37.37 { 37.58 | 58.08 | 49,74 48.90 47,08 | 87.00 60.19 40.00 40.18 70.00 59.81
EB/S-13.3-8 A7.35 | 37.62 | 58.02 | 50.12 48.80 47.05 | 87.00 60.84 40.00 40.17 70.00 60.49
EB/S-13.2.7 37.29 | 3745 | 55.93 | 50.37 48.90 47.04 | 67.00 80.69 40.00 40.18 70.00 61.02 |
EB/S-13.3-8 37.22 1 37.38 | 55.83 | 51.00 48.90 47.02 | 87.00 81.78 40.00 40.13 70.00 62.20
EB/S-13.3.9 3720 | 37.34 | 5581 | 51.22 48.90 47.01 | 67.00 82.04 40.00 - 40.13 70.00 82.59
EB/S-13.3-10 3712 |1 37.24 | 5588 | 51.48 48.80 47.00 | 67.00 B82.44 © 40.00 40.11 70.00 63.19
EB/$-13.3-11 37.08 1 37.18 | 56581 | 51.58 48.80 48.69 | 87.00 82.62 40.00 40.10 70.00 63.45
EB/S-13.3-12 36.80 | 37.00 | 55.38 | 51.58 48.84 48.92 | 66.91 62.78 40.00 40.09 70.00 63.81
EB/S-13.3-13 | 3751 13781 ] 5827 | 4568 48.84 47.09 | 68.91 55.54 40.00 4029 | 70.00 52.94
EB/S-13.3-14 A7.49 | 3771 | 56.23 | 48.36 48.80 47.09 | 87.00 | 58.55 40.00 40.22 70.00 57.35
EB/S-131.2-15 37.40 | 37.50 | 56.10 | 49.689 48.90 47.06 | 87.00 60.10 40.00 40.18 70.00 5987
- EB/S-13.3-16 37.35 | 3753 | 56.03 | 50.06 48.80 47.05 | 67.00 80.57 40.00 40.18 70.00 80.38
EB/S-13.3-17 37.31 | 37.48 | 5598 | 50.68 46.90 47.03 | 67.00 61.29 40.00 40,15 70.00 61.45
EB/S-13.3-18 | 37.30 | 37.46 | 55.95 | 50.89 48.90 47.03 | 87.00 61.32 40.00 40.15 70.00 | 81.51
EB/S-13.3-19 37.20 | 37.33 | 5580 | 51.20 48.90 47011 87.00 82.03 40.00 40,13 70.00 62.56
EB/S-13.3-20 | 3712 | 37.23 | 5568 | 51.49 48.90 4700 | 67.00 82.48 40.00 40.11 70.00 63.21
EB/S-13.3-21 3741 | 3722 1 5587 | 51.83 48,90 48.99 | 67.00 8263 40.00 40.10 70.00 83.47
EB/S-13.3-22 36.94 | 37.03 | 5540 | 51.60 46.84 46,92 | 66.91 62.77 40.00 40.09 70.00 63.80
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Table B.9.1. Sieve tray efficiencies (experimental & calculated by present models).

For cyclohexane/n-heptane at 27.6 kPa operating pressure. Source: Sakata and Yanagi,1979.

D¢ DH TS hw Lw LT AA AN HAJ/AA
M mm | mm | mm [ mm mm m’ m | -
1.22 127 | 610 | 50.8 | @40 762 0.859 | 0.991 8.3
Code p | po | m | pe [D10 D10 | o | L | 6 | m | E | g | B | B | B
kg/m® | kg/m® | mPa.s [ mPa.s | ms m’/s | mN/m | kgihr | kghr - PM-1 | PM-2 | PM-3
CH/NH-27.6-1 | 717.6 | 0.940 | 0.3700 | 0.0073 | 4.29 1.69 | 19.90 | 1987.00 | 1900.00 | 0.8493 | 44.10 | 39.55 | 54.54 | 52.62 | 53.15
CH/NH-27.8-2 | 716.0 | 0.940 { 0.3700 | 0.0072 | 4.24 1.68 | 19.80 | 2907.00 | 2770.00 | 0.8785 | 87.80 | 55.25 | 56.98 | 54.09 | 56.78
CH/NH-27.8-3 | 715.7 | 0.940 [ 0.3700 | 0.0072 | 4.24 1.68 | 19.80 | 4205.00 | 4104.00 | 0.8760 | 71.30 | 57.58 | 59.16 | 56.31 | 60.25
CH/NH-27.8-4 | 716.9 | 0.940 | 0.3700 | 0.0072 | 4.25 189 | 19.80 | §936.00 | 5504.00 | 0.8748 | 80.90 | 84.52 | 60.26 | 57.67 | 62.19
CH/NH-27.8-5 | 716.5 | 0.940 | 0.3700 | 0.0072 | 4.29 170 | 19.80 | 7968.00 | 6890.00 | 0.8720 | 77.20 | 64.52 | 60.66 | 58.33 | 63.19
CH/NH-27.6-8 {7157 | 0.940 | 0.3700 | 0.0072 | 4.35 1.71 | 16.80 | 8740.00 | 7288.00 | 0.8780 | 72.40 | 62,03 | 80.58 | 58.31 | 63.37
CH/NH-27.8-7 | 709.8 | 0.950 | 0.3700 | 0.0072 | 4.57 | 1.75 | 19.80 | 8946.00 | 7675.00 | 0.8024 | 51.50 | 48.94 | 60.10 | 57.82 | 83.51
CH/NH-27.6-8 | 714.0 | 0.940 | 0.3700 | 0.0072 | 4.44 1.72 | 16.70 | §353.00 | 7668.00 | 0.8823 | 65.20 | 57.30 | 60.38 | 58.18 | 63.52
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Table B.9.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).

For cyclohexane/n-heptane at 27.6 kPa operating pressure. Source: Sakata and Yanagi,1979.

Code

Ua

Uy

- Fy

1,

o2

O

Q.

hy

ToLs

KAt

k

exp
{-kAt)

Fse

1-Fgs

mis

mis

m’/s

m

CH/NH-27.6-1

0.654

7.875

0.408

0.591

| 0.5004

0.6596

0.0008

0.0564

0.0570

0.9588

16.8302

0.3834

0.0251

0.9749

CHINH-27.6-2

0.853

11.481

0.544

0.456

0.5004

0.5560

0.0011

0.0590

0.0344

0.7276

21.1399 |

0.4831

0.0168

0.9832

{ CH/NH-27.6-3

1412

17.010

0.668

0.332

0.5004

0.4318

0.0017

0.0834

0.0194

0.5190

26.7621

0.5951

0.0108

0.9892

CHINH-27.64

1.893

22.813

0.736

0.264

0.5004

0.3343

0.0023

0.0894

0.0122

0.3908

31.8210

0.6765

0.0078

0.9924

CHINH-27.6-5

2.370

28 557

0.770

0.230

0.5004

0.2608

0.0031

0.0775

0.0085

0.3113

36.5238

0.7325

0.0058

0.9942

CHI/NH-27.6-8

2.506

30.189

0.777

0.223

0.5004

0.2428

0.0034

0.0806

0.0078

0.2950

37.7650

0.7448

0.0055

0.9945

CH/NH-27.6-7

2813

31.478

0.781

0.219

0.5004

0.2271

0.0039

0.0850

0.0074

0.2879

38.9850

0.7499

0.0053

0.9947

CHINM-27.6-8

2638

31.782

0.782

0218

0.5004

0.2286

0.0036

0.0835

0.0072

0.2800

39.0105

0.7558

_0.0051

0.9949
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Table B.9.3. Efficiencies for large bubble & jetting by present models.
For cyclohexane/n-heptane at 27.6 kPa operating pressure. Source: Sakata and

Yanagi,1979.
PM-1 PM-2 PM-3

Code E|_g EB EJ Eac:g Ews Es E, (:Eac:?: Es Eg EJ, cE;;g
PM-1 - PM-1 PM-1 PM-2 PM-2 PM-2 PM-3 PM-3 PM-3

CH/NH-27.86-1 | 4460 | 45.99 | 66.91 | 54.54 4407 | 4547 | 8295 52.62 40.00 41.51 70.00 53.15
CHINH-27.6-2 | 44,46 | 45.40 | 66.69 56.98 44,18 | 45.12 83.11 54.91 40.00 41.1 70.00 56.78
CH/NH-27.8-3 | 44.20 | 44.80 | 66.30 | 59.18 44,18 | 4478 | B83.11 57.02 40.00 40.85 70.00 80.25
CHINH-27.6-4 ;4397 | 4440 | 65.96 | 60.28 44.16 | 4458 | 63.08 58.19 40.00 4046 | 70.00 82.18
CH/NH-27.8-5 | 43.74 | 4407 | 6561 | 60.66 4407 | 4438 | 6285 58.69 40.00 40.35 70.00 83.18
CH/NH-27.8-6 | 43.58 | 43.80 | 6538 | 60.68 43.94 | 4424 | 8277 58.63 40.00 | 40.33 70.00 | 63.37
CH/NH-27.6-7 | 43.17 | 43.47 1 84.75 | 80.10 43.47 | 4377 | 6210 58.09 40.00 40.32 70.00 83.51
CH/NH-27.6-8 | 43.36 | 43.65 | 85.03 | 80.38 43.74 (4403 | 6249 58.46 | 40.00 [ 4031 | 70.00 83.52
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Table B.10.1. Sieve tray efficiencies (experimental & caiculated by present models).
For cyclohexane/n-heptan at 165 KPa pressure. Source: Sakata and Yanagi, 1979.

De D, TS hw Lw LT A, AN HNA.A

m mm | mm | mm mm mm m’ m* -

122 | 127 1 610 | 508 | ©40 | 782 | 0.859 | 0.991 | 8.3
Code |plpo| m | Mo |Dew|Dew] o | L | G | m B |2 |CH |
kg/m® | kg/m’ | mPa.s | mPa.s | ms mis | mNim| kg/hr kgfhr ~ | PM1 | PM-2 | PM-2
CH/NH-165-1 | 662.0 | 5.020 | 0.2720 | 0.0085 7.681 2.28 1410 | 4767.00 | 4905.00 | 0.8813 [ 74.00 | 58.83 { 60.91 | 51.51 | 58.43
CH/NH-185-2 | 657.7 | 5.050 | 0.2720 | 0.0085 | 7.61 2.28 13.90 | 8649.00 | 6918.00 | 0.9208 | 78.30 | 80.36 | 61.05 | 60.84 | 59.42
CH/NH-165-3 | 858.0 | 5.050 { 0.2720 | 0.0085 7.61 2.28 14.00- | 9087.00 | 9671.00 | 0.6306 | 83.10 | 63.20 | 61.95 | 51.25 | 61.21
CHINH-1854 | 6586 | 5.040 | 0.2720 [ 0.0085 | 7.61 228 13.90 | 13555.00 | 14369.00 | 0.6334 | 93.10 | 89.77 | 62.89 | 52.02 | 63.11
CHINH-185-5 | 858.0 | 5.050 | 0.2720 | 0.0085 7.61 2.28 13.80 | 17786.00 | 18361.00 | 0.9409 | 94.80 | 72,77 | €3.19 | 52.33 | 63.81
CH/NH-165-8 | 858.0 | 5.050 | 0.2720 | 0.0085 7.81 2.28 13.80 | 20024.00 | 20862.00 { 0.9409 | ©1.40 | 72.21 | 63.22 | 52.43 | 84.02
CH/NH-165-7 | 657.1 | 5.050 | 0.2720 | 0.0085 7.61 2.28 13,90 | 21038.00 | 21843.00 | 0.9465 | 89.40 | 71,59 | 83.24 | 5245 | 84.08
CH/NH-165-8 | 8514 | 5.090 | 0.2720 | 0.0085 7.61 2.28 13.70 | 22343,00 | 22887.00 | 0.96803 [ 84.10 | 54.88 | 63.30 | 52.48 | 84.13
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Table B.10.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For cyclohexane/n-heptan at 165 KPa pressure. Source: Sakata and Yanagi, 1979.

Code

Usa

U

Fsa

Fy

1-F,

c

o

Q.

he

ToLe

kat

k

exp
(-kat)

Fsa

1'FSB

_mis

mis

-

m’/s

m

CH/NH-165-1

0.316

3.807

0.708

0.449

0.651

- 0.5004

0.6195

0.0020

0.0620

0.1215

2.4886

20.4785

0.0830

0.1502

0.8498

CH/NH-165-2

0.443

5.337

0.995

0.570

0.430

0.5004

0.5195

0.0028

0.066€

0.0781

1.9720

25.25637

0.1392

0.0800

0.9100

CH/NH-165-3

0.819

7.481

1.392

0.672

0.328

0.5004

0.4114

0.0038

0.0735

0.0489

1.5044

30.7889

0.2221

0.0531

0.9469

CH/NH-185-4

0.922

11.108

2.070

0.758

0.244

0.5004

0.2797

0.0057

0.0893

0.0271

1.0815

39.1842

0.3459

0.0294

0.9708

CH/NH-185-5

1.176

14.165

2.842

0.785

0.215

0.5004

0.2036

0.0075

0.1080

0.0187

0.8480

453823

0.4283

0.0208

0.9791

CH/NH-185-8

1.336

16.095

3.002

0.794

0.208

0.5004

0.1673

0.0085

0.1214

0.0152

0.7445

48.9745

0.4750

0.0174

0.9826

[ CHINH-185-7

1.399

16.852

3.143

0.798

0.204

0.5004

0.1548

0.0089

0.1277

0.0141

0.7117

50.3387

0.4808

0.0183

0.8837

‘CH/INH-185-8

1.453

17.503

3.278

0.798

0.202

0.5004

0.1426

0.0085

0.1358

0.0134

0.6929

51.8722

0.5001

0.0187

0.9843
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Table B.10.3. Efficiencies for large bubble & jetting by present models.
For cyclohexane/n-heptan at 165 KPa pressure. Source: Sakata and Yanagi, 1979.

PM-1 PM-2 PM-3

Code ELg Eg EJ 7 canlg ELB EB EJ CanlcC; ELB Eg EJ 7 (:Ea?g
PM.1 " PM-1 PN-1 PM-2 PM-2 PM-2 PM-3 PM-3 PM-3

CH/NH-185-1 46.10 | 54,19 | 69.15 | 60.91 38.85 48.13 5585 51.51 40.00 43,01 | 70.00 58.43
CH/NH-185-2 4588 | 50.75 | 68.82 81.05 38.96 44 .48 5585 50.84 40.00 45.40 70.00 59.42
CH/NH-1856-3 4568 | 48.57 | 6853 | 6199 38.96 4220 5585 | 51.25 40.00 43.18 7000 | 61.21
CH/NH-185-4 4538 | 48.98 | 68.03 §2.89 38.98 4075 | 5585 52.02 40.00 41.78 70.00 63.11
CHINH-165-5 | 4521 | 48.35 | 87.81 63.19 3886 | 40.23 | 5585 52.33 40.00 41,25 70.00 63.81
CH/NH-185-8 4512 | 46.08 | 67.68 63.22 38.96 | 4002 5585 52.43 40.00 41.04 70.00 64.02
CH/NH-185-T 14510 | 48.00 | 6788 | 68324 3868 139951 5565 52.45 40.00 40.98 70.00 84.08
CH/NH-165-8 4512 | 45.68 | 87.89 83.30 38.98 30.92 55.85 £2.48 40.00 40.94 70.00 684.13
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Table B.11.1. Sieve tray efficiencies (experimental & calculated by present models).

For iso-butanc/n-butanc at 1138 kPa operating pressure. Source: Sakata and Yanagi, 1979.

Dc | Dy TS hy | Lu L; A, Ay | HAJAA

m mm | mm mm mm mm m* m?

1.22 12.7 810 50.8 840 782 0.859 0.991 8.3
Code P | P | ML | Mo |Dut0°|Dg0* | o L G, m | Ew Ef;’ R
kg/m’ | kg/m’ | mPa.s [ mPas | m'/s Mis | mN/m | kghhr kg/hr - PM-1 | PM-2 | PM-3
IO/NB-1138-1 | 493.0 | 28.000 | 0.0900 | 0.0095 1.03 5.82 5.00 6424.00 | 68440.00 | 1.0562 | 75.10 | 55.80 | 93.70 | 88.24 | 92,83
IO/NB-1138-2 | 484.0 | 27,700 | 0.0900 | 0.0085 | 1.03 5.81 500 | 10428.00 | 10359.00 | 1.0562 | 108,20 | 73.42 | 89.15 | 80,29 | 87.82
IO/NB-1138-3 | 493.0 | 28.000 | 0.0800 | 0.0085 1.03 5.62 5.00 | 14100.00 | 14139.00 | 1.0662 | 119.20 | 78.88 | B5.97 | 74.80 | 84.11
IO/NB-1138-4 | 493.0 | 27.800 § 0.0900 { 0.0085 | 1.03 562 5.00 | 21378.00 ; 21270.00 | 1.0662 | 123.70 | 81.77 | 81.15 | 67.24 | 79.01
[O/NB-1138-5 | 493.0 | 28,300 { 0.0800 | 0.0095 1.04 563 5.00 | 28200.00 | 28377.00 | 1.0562 | 12160 | 82,29 | 77.71 { 62.21 | 75.38
“IO/NB-1138-8 | 493.0 | 28.200 | 0.0900 | 0.0095 | 1.03 | 562 | 5.00 | 31670.00 | 31828.00 | 1.0562 | 121.20 | 83.22 | 76.32 | 80.27 | 73.80
IO/NB-1138-7 | 483.0 | 28.200 | 0.0900 | 0.0085 1.04 5683 500 |33351.00 | 33452.00 | 1.0562 | 119.00 | 82.22 | 75.80 | 59.39 | 73.17
IO/NB-1138-8 | 493.0 | 28.200 | 0.0900 | 0.0095 1.05 569 5.00 | 35028.00 | 35258.00 | 1.0562 | 116.40 | 82,13 | 74.83 | 6845 | 72.49
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Table B.11.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).

For iso-butanc/n-butanc at 1138 kPa operating pressure. Source: Sakata and Yanagi, 1979.

Code

Usa

Uy

Fsa

Fu

1-F,

c

o,

Q

he

Taws

kat

Kk

exp
(-kat)

Fsg

1-Fss

mls

m/s

m’ls

10/NB-1138-1

0.074

0.898

0.394

0.248

0.754

0.5004

0.7201

0.0038

0.0658

0.6374

13.4904

21.1645

0.0000

0.9999

0.0001

IO/NB-1438-2

0.121

1.457

0.836

0.410

0.590

0.5004

0.6017

0.0059

0.0742

0.3893

10.4327

28.2461

0.0000

0.5982

0.0018

IO/NB-1138-3

0.183

1.967

0.864

0.521

0.479

0.5004

0.5108

0.0078

0.0829

0.2592

8.7928

33.9256

0.0002

0.8908

0.0084

10/NB-1138-4 -

0.247

2.981

1.305

0.854

0.348

0.5004

0.3764

0.0120

0.1028

0.1564

8.7818

43.4382

0.0011

0.8344

0.0656

IO/NB-1138-§

0.324

3.907

1.725

0.723

0.277

0.5004

0.2835

0.0159

0.1265

0.1108

5.6792

51.3651

0.0034

0.8240

0.1760

IO/NB-1138-8

0.385

4.397

1.938

0.745

0.255

0.5004

0.2483

0.0178

0.1407

0.0949

5.2281

55.0852

0.0054

0.7489

0.2511

IOINB-1138-7

0.384

4622

2.037

0.754

0.248

0.5004

0.2208

0.0188

0.1480

0.0890

5.0523

58.7548

0.0064

0.7145

0.2855

IO/NB-1138-8

0.404

4.871

2.147

0.761

0.239

0.8004

0.2148

0.0187

0.1562

0.0830

4.8596

58.5718

0.0078

0.8736

0.3264
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Table B.11.3. Efficiencies for large bubble & jetting by present models.
For iso-butanc/n-butanc at 1138 kPa operating pressure. Source: Sakata and Yanagi, 1979.

PM-1 PM-2 PM-3
Code o | B | E | Bo | By | B | E Eoo | B0 | E E, E‘ic'c
) PM-1 - PM-1 PM-1 PM-2 PM-2 PM-2 PM-3 PM-3 PM-3

I0/NB-1138-% 4957 | 10000 | 74.38 § 93.70 36.50 99.89 | 52.15 88.24 40.00 99.99 70.00 92,63
1O/NB-1438-2 4914 | 98.91 7370 | 89.15 38.50 99,88 h2.15 80.29 40.00 99 .85 70.00 87.62
IO/NB-1138-3 | 4899 | 9952 |73.48 1 85.97 36.50 9940 [ 52.15 | 74.80 40.00 a9 44 70.00 84.11
IO/INB-1138-4 4865 1{ 68663 {7297 | 81.15 36.50 8583 §2.15 67.24 40.00 96.06 70.00 79.01
IO/NB-1138-5 4844 | 9093 | 7266 | 77.71 36.43 88.81 5204 | 8221 | 4000 89.44 70.00 75.38
IO/NB-1138-8 4844 | B7.05 | 72685 | 78.32 38.50 84.08 52.15 60.27 40.00 84 .94 70.00 73.80.
{O/NB-1138-7 48,30 | 8524 | 7245 | 75.60 36.43 81.85 52.04 £9,39 | 40.00 B82.87 70.00 73.17
IO/NB-1138-8 | 4816 | 83.08 | 72.24 | 74.83 36.35 79221 5193 | &8.45 40.00 80.41 70.00 72.49
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Table B.12.1. Sieve tray efficiencies (experimental & calculated by present models).

For iso-butane/n-butane at 2068 kPa operating pressure. Source: Sakata and Yanagi, 19

De DH TS hw Lw LT AA AN HA/AA
m mm | mm | mm mm mm | M m* -
1.22 12.7 810 50.8 940 762 0859 {10891 | 83
COdﬂ pL pG IJ'L va DL"10' DQ'10‘ a L{ Gf— m Eo@ EOG EOG Eog cal
) . S P I A ) 8xp cal cal
_ kg/m* | kg/m® | mPa.s | mPa.s | ms m*s | mN/m | kgihr kg/hr - PM-1 | PM-2 | PM-3
IB/NB-2068-1 | 4268.0 | 56.500 | 0.0850 | 0.0101 | 2.01 3.81 250 | 7448.00 | 7388.00 | 0.8729 | 71.86 80.05 | 94.56
IB/NB-2068-2 | 424.0 | 57.800 { 0.0850 | 0.0101 [ 1.77 3.75 2.50 | 10108.00 | 10086.00 | 0.8729 | 79,91 | ©1.27 [ 87.78 | 91.78
IB/NB-2088-3 | 424.0 | 57.900 { 0.0850 | 0.0101 [ 1.68 3.72 2.50 | 14823.00 | 14825.00 | 0.8729 | 76.96 ;| 87.13 | 81.00| 87.73
IB/NB-2088-4 | 424.0 | 57.600 | 0.0850 | 0.0101 [ 1.74 .74 2.50 | 20021.00 | 20100.00 | 0.8725 | 78.02 | 83.27 | 75.10 | 84.48
iB/NB-2068-6 | 425.0 | 57.300 | 0.0850 | 0.0101 { 1.69 3.71 2,60 | 22576.00 | 22483.00 | 08720 | 7788 | 8211 | 73.05| 83.28
IB/NB-2088-8 | 423.0 | 58.200 | 0.0850 | 0.0101 | 1.69 3.72 2.50 | 23815.00 | 24069.00 { 0.8726 | 78.73 | 8152 | 71.91 | 82.68
iB/NB-2088-7 | 424.0 | 57.800 | 0.0850 { 0.0101 | 1.60 3.68 2.80 | 25122.00 | 25224.00 | 0.8728 | 5851 | 8141 | 71.30 | 82.17
IB/INB-2068-8 | 432.0 | 54.400 | 0.0850 | 0.0102 | 1.33 3.81 250 | 7258.00 | 7216.00 | 0.6718 | 66.49 | 984,968 | 92.85| 94.60
IB/NB-2068-8 | 430.0 | 54.700 | 0.0850 | 0.0102 | 1.31 3.60 2.50 | 9882.00 | 970300 {09718} 75.18 | 8247 | 8867 | 91.91
IB/NB-2088-10 | 430.0 | 55.200 { 0.0850 ] 0.0102 | 1.30 3.60 2.50 | 14448.00 | 14555.00 | 0.5718 ; 76.18 | B8.49 | 81.98 | B87.74
IB/NB-2068-11 | 430.0 | 55.200 | 0.0850 | 0.0102 | 1.31 3.60 2.50 [19320.00 | 19487.00 | 0.9718 | 73.91 | 8531 | 7687 84569
IB/NB-2068-12 | 430.0 | 55.200 j 0.0850 | 0.0102 | 1.28 3.59 2.50 |[21866.00 | 21958.00 | 0.8718 | 73.95 | B84.23 | 74.57 | 83.33
. IB/INB-2068-13 | 430.0 | 55.000 | 0.0850 | 0.0102 | 1.31 3.81 2.50 | 23035.00 | 23112.00 } 0.9718 | 7362 | 8347 | 7353 | 8279
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Table B.12.2.

Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For iso-butane/n-butane at 2068 kPa operating pressure. Source: Sakata and Yanagi, 1979.

-Code

Uga

Uy

Fsa

FJ

1-Fy

C

O

Q.

h

Tewe

Kat

k

oxp

(-kat)

Fse

1-Fsp

m/s

m/s

m/s

IB/NB-2088-1

0.042°

0.358

0.318

0.181

0.819

0.744

0.7407

0.0049

0.0775

1.3577

32.8698

24.2100

0.0000

1.0000

0.0000

IB/NB-2088-2

0.057

0.e82

0.430

0.274

0.726

0.5004

0.8727

0.0068

0.0744

0.8837

25.6278

28.9987

0.0000

1.0000

0.0000

IB/NB-2068-3

0.083

1.004

0.634

0.409

0.591

0.5004

0.5682

0.0087

0.0849

0.5790

21.2082

38.6297

0.0000

1.0000

0.0000

IB/NB-2088-4

0.113

1.360

0.856

0.517

0.483

0.5004

0.4758

0.0131

0.0978

0.4126

18.0938

43.8811

0.0000

1.0000

0.0000

IB/NB-2068-5

0.127

1.528

0.960

0.557

0.443

0.5004

0.4391

0.0148

0.1045

0.3817

16.9963

46.8955

0.0000

1.0000

0.0000

IB/NB-2088-8

0.134

1.611

1.020

0.578

0.422

0.5004

0.4179

0.0158

0.1085

0.3391

18.5158

48.7081

0.0000

1.0000

0.0000

IB/NB-2068-7

0.141

1.697

1.072

0.594

0.406

0.5004

0.4020

0.0185

0.1121

0.3199

16.0534

50.1849

0.0000

1.0000

0.0000

|B/NB-2088-8

0.043

0.517

0.318

0.180

0.820

0.5004

0.7438

0.0047

0.0682

1.1834

28.6108

24.1788

0.0000

1.0000

0.0000

IB/NB-2088-9

0.057

0.691

0.424

£.270

0.730

0.5004

0.6787

0.0082

0.0733

0.8677

25.0044

28.8168

0.0000

1.0000

0.0000

IB/NB-2068-10

0.085

1.027

0.634

0.409

0.591

0.5004

0.5720

0.0083

0.0839

0.5628

20.8287

36.8542

0.0000

1.0000

0.0000

IB/NB-2088-11

0.114

1.374

0.847

0.514

0.486

0.500

0.4829

0.0125

0.0958

0.4059

17.7141

43.6411

0.0000

1.0000

0.0000

IB/NB-2068-12

0.128

1.5580

0.956

0.556

0.444

0.5004

0.4439

0.0141

0.1028

0.3540

16.8050

48.9107

0.0000

1.0000

0.0000

IB/NB-2088-13 .

1.637

1.008

0.574

0.428

0.5004

0.4265

0.0149

0.1059

0.3323

16.0920

48.4275

0.0000

1.0000

0.0000

0.136




Table B.12.3. Efficiencies for large bubble & jetting by present models.
For iso-butane/n-butane at 2068 kPa operating pressure. Source: Sakata and Yanagi, 1979.

PM-1 PM-2 PM-3
‘ Eoo Eoo Eoa
Code ) E.a Eg EJ cale ELB Ea EJ calc - ELg Eg EJ cale
PM-1 - PM-1 PM-1 | PM-2 PM-2 PM-2 | PM-3 PM-3 PM-3

1B/NB-2088-1 4272110000 | €4.08 9348 | 3162 | 10000 [ 45.17 90.05 | 40.00 | 100.00 | 70.00 94.56

1B/INB-2068-2 45.42 | 100.00 68.13 91.27 | 32.49 | 100.00 468.42 8532 | 40.00 | 100.00 [ 70.00 91.78

1B/NB-2068-3 | 4569 | 10000 | 68.53 87,13 13288 | 100.00 | 46.94 78.28 | 4000 | 100.00 | 70.00 87.73

IB/INB-2088-4 45.12 | 100.00 87.87 83.27 | 3281} 100.00 46.59 72.36 | 40.00 | 10000 | 70.00 84.48

IB/NB-2068-5 | 45.27 | 100.00 87.91 82.11 | 32.82 | 100.00 | 46.88 70.39 | 4000 | 100.00 | 70.00 | 8328

IB/INB-2088-8 45.351 100.00 68.03 81.62 | 32.82 | 100.00 | 48.88 89.30 | 40.00 | 100.00 { 70.00 82.88

S IBINB-2088-7 45.81 { 100.00 68.71 81.41 | 33.21 | 100.00 47.44 88.76 | 40.00 100.00 | 70.00 82,17
IB/NB-2088-8 48.03 | 100.00 72.04 9496 | 3455 | 100.00 49.38 90.88 | 40.00 | 100.00 | 70.00 84.80
IB/INB-2088-9 48.05] 100.00.{ 72.07 92.47 | 3468 | 100.00 49,52 £6.38 | 40.00 100.00 | "70.00 91.91
IB/NB-2088-10 | 47.89 [ 100.00 71.83 88.48 | 34,72 1 100.00 49.80 78.40 | 40.00 | 100.00 | 70.00 87.74
IB/NB-2068-11 47.60 § 100.00 71.40 85.31 { 34.86 | 100.00 49.62 74.07 | 40.00 100.00 70.00 84.59
IB/NB-2088-12 | 47.75 | 100.00 7163 £4.23 | 34.84 | 100.00 49.77 7208 | 40.00 | 100.00 | 70.00 83.33
iB/INB-2068-13 | 47.48 | 100.00 71.19 83.47 | 34.88 | 100.00 49.52 71.03 { 40.00 100.00 70.00 82.79
. |
(-
&
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Table B.13.1. Sieve tray efficiencies (experimental & calculated by present models).
For iso-butanefn-butane at 2758 kPa operating pressure. Source: Sa_kata and Yanagi, 1979.

Dc Dy T8 hw Lw Ly A, Ay | HAJAA
m mm | mm | mm mm mm m* m* -

122 127 | 610 | 50.8 | 940 762 | 0.859 | 0991 | 83
Code PL PG ) lJ.L llG DL'1°' Do'1 0l Q Lf Gg m _ E,.w 1B Exo; E:? E:IG an?
kg/m® | kg/m® | mPa.s | mPa.s | m's m's | mN/m | kgihr kg/hr | - PM-1 | PM-2 | PM-3
IB/NB-2758-1 | 378.0 | 86.200 | 0.0500 | 0.0105 2.30 3.08 1.10 | 7560.00 | 7408.00 | 0.8110 | 80.90 | 67.30 | 95.38 | 92.95 | 96.23
IB/NB-2758-2 | 374.0 | 88.500 | ©.0500 | 0.0105 2.056 3.05 1.10 | 11377.00 | 11486.00 | 0.2110 | 9580 | 69.71 | 91.29 | 88.84 | 92.60
IB/NB-2758-3 | 373.0 | 89.100 [ 0.0500 | 0.0105 -1 207 3.08 1.10 | 15241.00 | 15451.00 | 0.9110 | 99.50 | 71.67 { 87.72 | 83.70 | 88.66
IB/NB-2758-4 | 373.0 | 88.800 | 0.0500 | 0.0105 | 2.02 | 3.05 | 1.10 | 17274.00 | 17446.00 | 0.9110 | §7.60 | 70.73 | 86.24 | 81.46 | 88.35
IBANB-2758-5 | 374.0 | 87,700 | 0.0500 ; 0.0105 2.12 3.08 1.10 | 18169.00 | 18133.00 | 0.9110 | 84.00 | 68.86 | 85.33 | 80.43 | 87.87
IB/NB-2758-6 | 374.0 | 88.300 | 0.0500 | 0.0105 2.01 3.04 1.10 | 19104.00 | 16230.00 { 0.8110 82.90 | 87.75 | 84.91 | 79.64 | 87.27
IB/NB-2758-7 | 3920 | 78.700 | 0.0500 | 0.0107 1.55 298 1.10 | 5183.00 | 5039.00 | 0.9904 | 91.20 | 65.99 | 88.43 | 98.85 | 98.53
IB/NB-2758-8 | 385.0 | 80.500 | 0.0500 | 0.0106 1.49 2.84 1.10 | 6987.00 | 6917.00 | 0.8904 | 100.90 | 75.99 | ©6.31 | 95.68 | 86.49
IB/NB-2758-9 | 388.0 | 82.600 | 0.0500 | 0.0107 1.48 2.94 1,10 | 10688.00 | 10815.00 | 0.8804 | 99.60 | 74.28 | 82.47 | 89.89 | 8284
iB/NB-2758-10 | 387.0 § 82.200 [ 0.0500 | 0.0107 1.48 2.94 1.10 | 14230.00 | 14360.00 | 0.8804 | 101.00 | 73.98 | 89.36 | 85.27 | £0.00
IB/NB-2758-11 | 386.0 | 82.200 | 0.0500 | 0.0107 149 2.85 1.10 | 15948.00 | 16184.00 | 0.9904 | 9530 | 71.94 | 87.97 | 83.17 | 88,75
IB/NiB-2758-12 | 388.0 | 82.200 | 0.0500 | 0.0107 1.49 2.95 1.10 | 16559.00 | 17238.00 | 0.9904 | 84.70 | €9.19 | 87.20 | 82.03 | 88.06
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Table B.13.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For iso-butane/n-butane at 2758 kPa operating pressure. Source: Sakata and Yanagi, 1979.

Code Usa | Uy | Fsa | Fy |1-Fy| € O, Q. he | Tos | KAt k (-ek):spt) Fsa | 1-Fss
m/s mis s - - - - M’/s M - -- - - - -

IB/NB-2758-1 | 0.028 | 0.335 } 0.258 [ 0.126 { 0.874 | 0.5004 | 0.7585 1 0.0058 | 0.0702 ; 1.9146 | 56.1263 | 29.3149 | 0.0000 | 1.0000 | 0.0000
IB/NB-2758-2 | 0,042 | 0.508 | 0.395 | 0.247 | 0.753 | 0.5004 | 0.6828 | 0.0084 | 0.0789 | 1.2454 | 47.0730 1 37.7986 | 0.0000 | 1.0000 | 0.0000
IB/NB-2758-3 | 0.056 [ 0.876 | 0.529 | 0.345 | 0.655 ] 0.5004 | 0.5837 | 0.0114 | 0.0880 | 0.9183 | 41.2834 | 45.0559 | 0.06000 | 1.0000 | 0.0000
IB/NB-2758-4 | 0.084 | 0.765 ] 0.599 { 0.388 | 0.812 | 0.5004 | 0.5478 | 0.0125 | 0.0930 | 0.8022 | 38.9170 | 48.5104 | 0.0000 | 1.0000 | 0.0000
IB/NB-2758-5 | 0.067 | 0.808 | 0.626 | 0.404 | 0.586 | 0.5004 | 0.5354 | 0.0135 | 0.0951 | 0.7614 | 37.9537 | 49.8471 | 0.0000 | 1.0000 | 0.0000
IB/NB-2758-6 | 0.070 | 0.848 | 0.882 | 0.424 | 0.5768 | 0.5004 | 0.5180 | 0.0142 | 0.0976 | 0.7181 | 37.0054 | 51.5298 | 0.0000 ]| 1.0000 | 0.0000
IB/NB-2758-7 | 0.021 | 0.249 | 0.184 | 0.049 | 0.951 | 0.5004 | 0.8216 | 0.0037 | 0.0847 | 2.5661 | 61.5721 | 23.9948 | 0.0000 | 1.0000 | 0.0000
IB/NB-2758-8 | 0.028 | 0.335 | 0.249 [ 0.117 | 0.883 { 0.5004 | 0.7701 | 0.0050 | 0.0886 | 1.9010 | 54.7486 | 28.7990 | 0.0000 | 1.0000 | 0.0000
iB/NB-2758-8 | 0.042 § 0.510 1 0.385 | 0.238 | 0.7681 ] 0.5004 | 0.8768 | 0.0077 | 0.0768 | 1.2289 | 45.8080 | 37.3380 | 0.0000 | 1.0000 | 0.0000
IB/NB-2758-10 | 0.056 | 0.681 | 0.512 | 0.333 | 0.6687 | 0.5004 | 0.6030 | 0.0102 | 0.0847 | 0.9045 | 40.1034 | 44.3377 | 0.0000 | 1.0000 { 0.0000
IB/NB-2758-11 | 0.084 | 0.7688 | 0.577 {0.375 | 0.625 | 0.5004 | 0.5688 | 0.0115 | 0.0890 | 0.7957 | 37.8667 | 47.5880 | 0.0000 | 1.0000 | 0.0000
IB/NB-2758-12 | 0.088 | 0.847 | 0.615 { 0.398 1 0.802 | 0.5004 ; 0.5498 | 0.0119 | 0.0908 | 0.7384 | 38.4239 [ 49.4607 | 0.0000 | 1.0000 | 0.0000
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Table B.13.3. Efficiencies for large bubble & jetting by present models.
For iso-butane/n-butane at 2758 kPa operating pressure. Source: Sakata and Yanagi, 1979.

PM-1 PM-2 PM-3
Code Eo | Es | E, f;;g Ew | Es | E, g?ﬁ Es | Eo E, fgg
PM-1 . PM-1 PM-4 PM-2 ) PM-2 PM-2 PM-3 ] PM-3 PM-3
{B/NB-2758-1 4213 | 100.00 | 83,20 | 95.38 30.71 100.00 | 43.88 82,95 40.00 100.00 70.00 86.23
IB/NB-2758-2 4314 | 100.00 | 84.70 | 81.29 31.48 100.00 | 44.98 86.43 40.00 100.00 70.00 §2.60
IB/NB-2758-3 | 4291 | 100.00 | 64,37 | 87.72 31.42 100.00 | 44.88 81.00 40.00 100.00 70.00 89.66
IB/NB-2758-4 43.04 | 100.00 | 64 57 | 88.24 31.58 100.00 | 45.12 7869 | 4000 100.00 70.00 88.35
IB/NB-2758-5 4249 1 10000 | 83.73 | 85.33 31.26 100.00 | 4485 77.61 40.00 100.00 70.00 87.87
IB/NB-2758-6 4297 | 10000 | 64.48 | 84.91 31.82 100.00 | 4517 76.72 40,00 100.00 70.00 87.27
IB/NB-2758-7 45.30 | 100.00 | 67.84 | 98.43 33.43 100.00 | 47.78 Q7 .44 40.00 100.00 70.00 98.53
IB/NB-2758-8 4568 1 10000 | 68.49 | 98.31 33,72 100.00 | 48.17 93.94 40.00 100.00 70.00 96.48
IB/NB-2758-9 45863 | 10000 | 68.45 | 92.47 33.77 100.00 | 48.24 87.85 40.00 100.00 70.00 G2.84
IB/NB-2758-10- | 4539 | 100.00 | 68.08 | 89.28 33.77 10000 { 48.24 82.75 40.00 100.00 70.00 60.00
IB/NB-2T758-11 4527 1 100.00 | 67.00 | 87.97 33.72 100.00 | 48.17 80.57 40.00 100.00 70.00 88.75
IB/NB-2758-12 4522 1 10000 | 67.83 | B7.20 3372 | 100.00 | 48.17 79.38 40.00 100.00 70.00 88.08
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Table B.14. 1.

Sieve tray efficiencies (experimental & calculated by present models).

For cyclohexane/N-heptane 34 KPA pressure. Source:Yanagl and sakata, 1982.

Dec Du TS hw Lw ) LT AA A.N HAJAA

m mm | mm | mm mm mm m? m? -

1.22 7327 | 810 | 508 | 940 762 0.859 | 0.991 14
Code PL A PG KL Ha DL"I o* Dc;'105 (s} L1 G[ M E:; E:f E:? E:f
7 | kg/m* | kg/m® | mPa.s | mPa.s | m's m’s | mN/m | kg/hr kg/hr - PM-1 | PM-2 | PM-3
CH/NH-34-1 | 714.3 | 1.140 | 0.3400 | 0.0074 4,12 8.06 19.40 | 402200 | 4852.00 | 0.8044 | 5242 §{ 57.91 | 57.72 | 80.80
CH/NH-34-2 | 7104 { 1,140 | 0.3400 | 0.0073 4.26 8.19 18.10 | 601700 | 6759.00 | 09134 | 56864 | 58.53 | 58.50 | 62.74
CH/NH-34-3 | 7104 | 1.140 | 0.3400 | 0.0073 4.28 8.29 18.10 | 7792.00 | 8239.00 | 0.9134 | 59.51 | 58.79 | 58.89 | 83.45
CH/INR-34-4 | 708.7 | 1150 | 0.3400 | 0.0073 | 4.38 8.29 .| 19.00 | 8851.00 | 9085.00 | 0.9271 | 55.09 | 58.89 | 58.80 | 63.69
CH/NH-34-5 | 7039 | 1.4150 | 0.3400 { 0.0073 4.49 8.41 | 19.00 1 10171.00 | 10433.00 | 0.9187 | 36.95 | 5845 | 58.58 | 63.94




¢l

Table B.14.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For cyclohexane/N-heptane 34 KPA pressure. Source:Yanagi and sakata, 1982.

Code

Usa

Uy

"Fsa

Fo

1-F,

c

o,

Q.

hy

Tas

kAt

k

exp
(-kAt)

Fse

1-Fgp

m/s

m/s

-

m’/s

3

CH/NH-34-1_

1.376

9.831

1.470

0.887

0.313

0.5004

0.4080

0.0018

0.0633

0.0188

0.5285

28.1498

0.5895

0.0110

0.9890

CH/INH-34-2

1.817

13.695

2.047

0.754

0.246

0.5004

0.2966

0.0024

0.0712

0.0110

0.3808

34.5400

0.6835

0.0074

0.9926

CH/INH-34-3

2337

16.6893

2.495

0.779

0.221

0.5004

0.2334

0.0030

0.0793

0.0078

0.3080

38.8971

0.7348

0.00867

0.5943

CH/INH-34-4

2.585

18.248

2.740

0.787

0.213

0.5004

0.2048

0.0035

0.0847

0.0068

0.2799

41.21583

0.7558

0.0051

0.5849

CH/NH-34-5

2.934

20.955

3.146

0.798

0.204

0.5004

0.1646

0.0040

0.0041

0.0053

0.2363

44,7521

0.7885

0.0042

0.9958




Table B.14.3. Efficiencies for large bubble & jetting by present models.
For cyclohexane/N-heptane 34 KPA pressure. Source:Yanagi and sakata, 1982.

PM-1 PM-2 PM-3
. EOG EOG EOG
Code Eo | Ba | E | e | Ee| Eo | E 5 | cale En Es E, cale
PM1 | - PM-1 | PM-1_| PM-2 PM-2 | _PM-2 PM-3. PM-3 | PM-3

CHINH-34-1 | 42.97 | 4360 | €445 5791 | 4445 | 4506 | 63.50 | 57.72 40.00 40.66 70.00 60.80

CH/NH-34-2 | 4242 | 4285 | 63.63 58,53 | 4413|4455 | 63.05 | 58.50 40.00 40.44 70.00 62.74

CHINH-34-3 14225 {4258 | 63.38 58.79 | 44.00 | 4441 | 6299 | 58.89 | 40.00 40.34 70.00 63.45

CH/NH-34-4 | 4206 | 42.36 | 83.09 58,69 | 4391|4420 8274 | 58.80 40.00 40.31 70.00 63.69

9Tl

CH/NH-34-5 | 4177 | 4202 | 62.68 5845 | 43.64 | 4388 | 82.34 | 58.58 4000 | 4025 | 70.00 | 6334
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Table B.15.1.

Sieve tray efficiencies (experimental & calculated by present models).
For cyclohexane/n-heptane at 165 kPa operating pressure. Source: Yanagi and Sakata, 1982.

Dc DH T8 hw Lw LT AA AN HA/AA

m mm | mm | mm mm mm m* m* -

1.22 12.7 610 50.8 940 762 0.858 0.991 14
Code o | pe | m | e D0 |Dete'| o | L | G | m |Ew| _E;; Boo | Bea | Eoo
kg/m® | kg/m® | mPa.s | mPa.s | ms m’ls | mN/m | kg/hr kg/hr - PM-1 | PM-2 | PM-3
CH/NH-165-1 | 8455 | 5.110 { 0.2500 | 0.0084 7.95 2.33 13.60 | 2433.00 2490.00 | 0.9299 | 29.00 | 40.00 | 67.14 | 62.40 | 686.23
CH/NH-165-2 | 6455 | 5110 { 0.2620 | 0.0084 | . 7.65 2.27 13.60 | 5022.00 | 5124.00 | 0.9309 | 50.80 | 4287 | 58.59 { 52.85 | 58.67
CH/NH-185-3 | 650.0 | 5.080 | 0.26890 | 0.0084 7.62 2.28 13.80 | 7308.00 | B152.00 | 09120 | 7240 | 58.80 | 58,70 | 51.04 | 80.23
CH/NH-185-4 | 851.0 1 5.080 { 0.2700 | 0.0084 7.51 2.28 13.80 | 9536.00 | 10391.00 | 0.9140 | 82.00 | 62.43 | 59.34 | 51.32 | 61.680
CH/NH-165-5 | 8499 | 5.000 | 0.2600 | 0.0084 7.73 2.30 13.70 | 14305.00 | 14555.00 | 0.9312 | 83.80 | 66.3¢ | 59.70 | 51.67 | 83.15
CH/NH-165-6 | 852.7 | 5.070 { 0.2740 | 0.0084 } 7.44 2.25 43.90 | 18800.00 | 21196.00 | O:WI0 | 84.60 | 68.82 | 80.43 | 52.59 | 84.03
CH/NH-185-7 | 650.1 | 5.080 | 0.2640 | 0.0084 7.84 2.28 13.80 { 21590.00 | 22867.00 | 0.6131 | 74.10 | 60.08 | B80.10 | 52.37 | 64.13
CH/NH-165-8 | 847.5 | 5.100 | 0.2640 | 0.0084 7.56 227 13.70 | 23783.00 | 26250.00 | 0.6219 | 57.60 | 49.50 | 80.20 | 52.56 | 84.22
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Table B.15.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For cyclohexane/n-heptane at 165 kPa operating pressure. Source: Yanagi and Sakata, 1982.

" Code

Usa

U

Faa

F,

1-F,

Cc

a,

Q.

hy

Tawe

kAt

k

exp
(-kat)

Fss

1-Fss

mis

m/s

-

m’/s

m

-

CHINH-185-1

0.158

1.126

0.356

0.215

0.78%

0.5004

0.7718

0.0010

0.0571

0.2794

3.8344

13.7245

0.0216

0.4200

0.5800

CH/NH-165-2

0.324

2.318

0.733

0.482

0.538

0.5004

0.6085

0.0022

0.0827

0.1174

2.4835

21.1812

0.0838

0.1495

0.8505

CH/NH-165-3

0.519

3.707

1.170

0.822

0.378

0.5004

0.4665

0.0031

0.0890

0.0620

1.7288

27.8655

0.1775

0.06%0

0.9310

CH/NH-166-4

0.661

4.725

1.491

0.890

0.310

0.5004

0.3866

0.0041

0.0755

0.0441

1.4222

32.2381

0.2412

0.0479

0.9521

CH/NH-185-5

0.925

6.605

2.088

0.757

0.243

0.5004

0.2748

0.0081

0.0818

0.0272

1.0760

39.5424

0.3410

0.0300

0.9700

CH/NH-185-8

1.352

9.657

3.044

0.794

0.206

0.5004

0.1625

0.0080

0.1204

0.0145

0.7141

49.3450

0.4896

0.0164

0.9838 |

CH/NH-185-7

1.456

10.397

3.281

0.798

0.202

0.5004

0.1424

0.0092

0.1342

0.01314

0.6791

51.7417

0.5071

0.0153

0.9847

CH/NH-165-8

1.664

11.888

3.759

0.803

0.187

0.5004

0.1097

0.0102

0.1570

0.0103

0.5823

56.2820

0.5588

0.0125

0.9875
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Table B.15.3. Efficiencies for large bubble & jetting by present models.
For cyclohexane/n-heptane at 165 kPa operating pressure. Source: Yanagi and Sakata, 1982.

PM-1 PM-2 PM-3

Code Ee | Es | E, f;;g | Ee | B | B ggg Es | Es E, f;;g
PM-1 - PM-1 PM-1 PM-2 PM-2 PM.2 PM-3 | PM-3 PM-3

CH/NH-165-1 4393 | 6748 | 6589 67.14 38.59 | 84.39 55.13 62.40 40.00 6520 70.00 66.23
CH/NH-165.2 4394 | 5232 65.91 58.59 3002 | 48.14 556.75 5165 40.00 48 97 70.00 58.687
- CH/NH-165-3 | 4385 | 47.54 6548 58.70 39,06 | 43.27 55.80 51.06 40.00 44 14 70.00 60.23
CH/INH-185-4 4349 | 48.20 | B65.24 5934 | 3907 | 41.99 55.81 51.53 40.00 42.88 70.00 61.60-
CH/INH-165-5 43.00 | 44.71 684 51 58.70 38.83 | 40.88 5547 51.87 40,00 41.80 70.00 83.15
CH/NH-165-8 | 43.12 | 44056 1 64.88 60.43 38.15 | 40.15 55,93 52.68 40.00 40.98 70.00 84.03
CHINH-165-7 4283 | 43.71 64.25 60.10 38.83 | 39.88 55.61 52 43 40,00 40.82 70.00 64.13
CH/NH-185-8 4286 | 43.58 | 6429 80.20 38.01 | 38.77 5573 52.58 40.00 | 4075 70,00 64.22
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Table B.16.1. Sieve tray efficlencies (experimental & calculated by present models).
For iso-butane/n-butane at 1138 kPa operating pressure.Source: Yanagl and Sakata, 1982.

Dc

Dy TS hw Lw Ly A, Ay | HA/JAA

m mm-| mm | mm | mm mm | m° | m -

1.22 12.7 810 50.8 540 762 0.859 | 0.891 14
Code PL PG HL Ha DL.“O' Dg.“u5 a L{ Gg m EMV EXO_; E:f E:? , E:?
kg/m’ | kg/m’ | mPa.s | mPas | m¥s m‘/s | mN/m | kghr | kglhr - | PM-1 | PM-2 | PM-3
IB/NB-1138-1 | 485.0 | 30.200 | 0.0900 | 0.0084 1.08 562 500 | 6290.00 | 6468.00 | 0.9894 | 61.70 | 49.21 | 93.18 | 88.67 | 92084
IB/NB-1138-2 | 489.0 | 28.800 | 0.0090 | 0.0084 1.08 563 5.00 | 10254.00 | 10258.00 | 0.6884 | 84.70 | 87.83 | 87.96 | 83.17 | 87.98 .
IB/NB-1138-3 | 490.0 | 28.800 | 0.0090 | 0.0084 1.02 5.57 5.00 | 14470.00.| 1450500 | 0.9894 | 106,10 | 73.63 | 84,14 | 77.30 | 84.02
IB/NB-1138~4 | 492.0 | 28.500 | 0.0090 | 0.0084 | 1.02 5.56 5.00 | 21456.00 [ 21332.00 | 0.9894 | 109.60 | 7565 | 79.15 | 70.42 | 79.28
IB/NB-1138-5 | 4020 | 28.700 | 0.0090 | 0.0094 | 102 | 556 | 5.00 | 27823.00 | 27785.00 | 0.9894 | 108.50 | 76.32 | 75.75 | 66.05 | 75.91
§{B/NB-1138-8 | 4920 | 28,700 | 0.0080 | 0.0095 1.02 5.57 5.00 | 32408.00 | 32380.00 |.0.9884 | 108.30 | 7598 | 73.72 | 83.58 | 73.90
IB/NB-1138-7 | 452.0 | 28.800 § 0.0090 | 0.0095 | 1.04 5.83 5.00 | 3531100 | 35284.00 | 09894 | 93.00 | 6890 | 7245 | 82.12 | 72.86




Table B.16.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For iso-butane/n-butane at 1138 kPa operating pressure.Source: Yanagi and Sakata, 1982.

Code |Usa| Uy | Faa | Fy |1-F| C | o, | Q| h [Tos | kat | k | S | Fes |1-Fss

mis | mis - - - - - | M| m - - - - - -

“IB/NB-1138-1 | 0.069 | 0495 | 0.381 | 0.235 | 0.765 | 0.5004 | 0.7249 | 0.0036 | 0.0657 | 0.6879 | 14.2456 | 20.7097 | 0.0000 | 1.0000 | 0.0000

IB/INB-1138-2 [ 0.115 | 0.823 0.618_| 0.400 | 0.600 | 0.5004 | 0.8080 | 0.0058 | 0.0740 | 0.3804 | 10.8254 27.7262 | 0.0000 | 0.9988 | 0.0012

. IB/INB-1138-3 | 0.183 | 1.163 0.874 | 0.525 | 0.475 | 0.5004 | 0.5059 | 0.0082 | 0.0838 | 0.2602 | B8.8825 | 34.1391 | 0.0001 [ 0.9814 | 0.0086

IB/INB-11384 (0242 | 1.729 1.292 | 0.652 | 0.348 | 0.5004 | 0.3780 | 0.0121 | 0.1027 | 0.1608 | 69481 | 43.1819 | 0.0010 | 0.9432 | 0.0568

IB/NB-1138-5 | 0.313 | 2.236 1.677 | 0.718 | 0.282 | 0.5004 | 0.2922 | 0.0157 | 0.1244 | 0.1161 | 68817 | 50.4861 | 0.0028 | 0.8486 | 0.1514

IB/NB-1138-6 | 0.365 | 2.606 1.9566 | 0747 | 0.253 | 0.5004 [ 0.2431 | 0.0183 | 0.1430 | 0.0853 | 5.2737 | 55.3525 | 0.0051 | 0.7565 | 0.2435

IB/NB-1138-7 | 0.398 | - 2.830 2.128 | 0.760 | 0.240 : 0.5004 | 0.2172 | 0.0199 | 0.1561 | 0.0856 | 4.9821 | 56.2190 | 0.0069 | 0.6985 | 0.3015

1€l
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Table B.16.3. Efficiencies for large bubble & jetting by present models.

For iso-butane/n-butane at 1138 kPa operating pressure. Source: Yanagi and Sakata, 1982.

PM-1 PM-2 PM-3

Code E. E, E Sﬁﬁ Es | E E | f;;g En | Es E, | Eeo

) PM-1 - PM-1 PM-1 PM-2 PM-2 PM-2 | PM3 PM-3 PM-3

iB/NB-1138-1 47.33 4100.00 70.99 93.18 36.28 100.00 51.83 88.67 40.00 100.00 70.00 92.94
IB/NB-1138-2 45 88 99.93 69 99 87.96 38,28 | 989.92 51.83 80.69 40.00 99.93 70.00 87.96
IB/NB-1138-3 46.79 09.54 70.18 84.14 36.58 99 .45 52.26 74.69 40.00 99.48 70.00 84.02
IB/NB-1138-4 46 42 96.96 69.63 79.15 36.58 868.40 52.268 67.63 40.00 96.59 70.00 79.26
iB/NB-1138-5 48 27 91.87 69.41 756.75 36.58 80 40 52.26 63.03 40.00 90.92 70.00 75.91
1B/INB-1138-6 46.17 86.89 698.25 73,72 368.58 84.55 52.28 80.43 | 40.00 85.39 | 70.00 73,90
IB/NB-1138-7 4593 83.70 68,90 72.45 36.43 80.83 52.04 58.95 40.00 81.91 70.00 72.86
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Table B.17.1 Sieve tray efficiencies {experimental & calculated by present models).
For methanolfwater at 101.4 kPa operating pressure. Source: Korchinsky et al., 1994,

Dc DH T8 hw Lw Lt AA AN | HA/AA
m mm | mm mm mm mm m2 m2 .-
0.6 4.8 340 50 480 240 0.14 0.25 12.7
E E E E
Code PL PG Ri Ko DL Dg c Lf G, m 0:; ca?g cac;?: ca?g
kg/m® | kg/m’ | mPa.s | mPas m*/s m’/s | mN/m | kg/hr | kg/hr - PM-1 | PM-2 | PM-3
M/w-101.4-1 | 880.00 | 1.000 | 0.550 | 1.10E-02 | 1.00E-08 | 1.70E-05 { 25.00 | 940.6 | 1084.6 | 0.50 73.20 | 47.79 | 48.81 | 62.92
M/W-101.4-2 | 800.00 | 1.100 | 0.460 | 1.10E-02 | 1.00E-08 { 1.70E-05 | 21.00 | 1130.8 | 1198.2 | 0.41 7370 4838 | 4891 | 63.12
M/W-101.4-3 | 900.00 ; 0.970 | 0.510 | 1.10E-02 | 1.00E-08 | 1.70E-05 | 28.00 | 886.6 | 1078.5 | 0.63 7180 ] 4803 | 48.82 | 62.95
M/W-101.4-4 | 620.00 | 0.940 | 0.450 | 1.10E-02 | 1.00E-08 | 1.70E-05 | 31.00 | 879.1 | 1094.0 | 0.76 73.40 | 4825 | 48.87 | 63.07
M/W-101.4-8 | 840.00 | 0.840 | 0.340 | 1.10E-02 | 1.00E-08 | 1.70E-05 | 39.00 | 881.2 | 1099.3 1.1.77 62.80 | 4578 | 48.98 | 63.27
M/W-101.4-8 | 930.00 | 0.900 | 0.420 | 1.10E-02 | 1.00E-08 | 1.70E-05 | 34.00 | 954.1 | 1198.4 { 1.14 88.10 | 4855 | 49.06 | 683.44
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Table B.17.2 Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For methanol/water at 101.4 kPa operating pressure. Source: Korchinsky et al., 1994.

Code |Us| Ui |Fen | Fy [1Fi| © | o | Q | h |Tas | Kat | k | 5B 1 Fss| o
. : . . 5 SB

. m!s m!s i - - - - mals m — e S~ - = . —
M/W-101.4-1 | 2.152 | 16.945 1 2.152 | 0.782 | 0.238 | 0.5004 | 0.3155 | 0.0003 | 0.0579 | 0.0085 [ 0.2772 | 32.65| 0.758 10.005 | 0.995
M/W-101.4-2 | 2.158 | 16.989 | 2.283 | 0.768 | 0.232 | 0.5004 | 0.2833 | 0.0004 | 0.0602 | 0.0079 | 0.2827 | 35.74 | 0.754 | 0.005 | 0.895
M/MW-101.4-3 | 2.202117.338 | 2.169 | 0.763 | 0.237 | 0.5004 | 0.3167 | 0.0003 | 0.0575 | 0.0083 | 0.2597 [ 31.42| 0.771 | 0.005 | 0.995
M/W-101,4-4 {2309 18.183 | 2.239 { 0.767 { 0.233 | 0.5004 | 0.3098 | 0.0003 | 0.0574 | 0.0077 | 0.2374 | 30.81{ 0.789 10.004 | 0.996
M/W-101.4-5 | 2.597 | 20,448 | 2.380 | 0.774 | 0.226 | 0.5004 | 0.2933 | 0.0003 | 0.0576 | 0.0065 | 0.1801 | 26.22 | 0.827 10.003 | 0.897
M/W-101.4-6 | 2.642 | 20.803 | 2.506 | 0.780 | 0.220 | 0.5004 | 0.2747 | 0.0003 | 0.0584 | 0.0061 | 0.1933 | 31.81 | 0.824 10.003 | 0.987
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Table B.17.3. Efficiencies for large bubble & jetting by present niodels.
For methanol/water at 101.4 kPa operating pressure. Source: Korchinsky et al., 1984,

L PM-1 PM-2 PM-3
Code En Es E, Eca Ee Es E, Eoa Ers Es E, Eoa
, cale ) calc . cale
_ | PM-1 - PM-1 PM-1 PM-2 PM-2 PM-2 | PM-3 1 PM3 PM-3
M/W-101.4-1 | 3455 | 3488 | 51.83 47.79 36.74 37.06 | 52.48 _ 48.81 40.00 4031 | 70.00 82.92
M/W-101.4-2 | 3490 | 3523 | 52.34 | 48.38 36.74 37.07 | 52.48 48.91 40.00 40.31 70.00 63.12
M/W-101.4-3 3472 | 3503 | 52.08 48.03 36.74 37.04 | 5248 48.82 40.00 40.28 7000 1 8295
_M/W-101.44 3483 | 3510 | 52.24 | 48.25 36.74 37.01 | 52.48 48.87 40.00 4026 | 70.00 | 63.07
M/W-101.4-5 3513 | 3636 | 52.70 4878 | 36.74 36.95 | 52.48 48.98 40.00 40.20 70.00 83.27
M/W-101.4-8 3489 | 3512 | 52.34 48.55 36.74 38.95 | 5248 49.08 40.00 4020 | 70.00 83.44
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Table B.18.1. Sieve tray efficiencies (experimental & calculated by present models).

For 1-propanolfwater at 101.4 kPa operating pressure. Source: Korchinsky et al., 1994.

Dc D, | TS hw Ly Ly Ay Ay | HAJAA

M mm | mm | mm | mm mm m* m’ -

0.6 438 | 340 50 460 240 014 | 025 12,7
Code | p|ps | m | pe [ D0 | Detet | o | L | G | om | g T ) S| T
_ kg/m® | kg/m® | mPa.s | mPa.s | ms més |[mN/m | kghr | kg/hr -- | PM1 | PM-2 | PM-3
IP/W-101.4-1 | 840.0 | 1.160 | 0.3000 | 0.0120 [ 5.30 1.50 [ 22.00 | 837.80 | 900.30 | 0.2300 [ 61.80 | 54.73 | 55.15 | 61.59
| 1PIW-101.4-2 { 890.0 | 1.090 | 0.3000 [ 0.0120 | 5.30 150 | 26.00 | 543.30 [869.70 | 2.9000 [ 65.80 ! 54.71 | 52.35 | 61.56
IP/W-101.4-3 | 870.0 | 1.150 | 0.3000 [ 0.0120 | 5.30 1.50 | 24.00 | 588.50 [923.30 [ 0.7500 [ 63.90 | 54.90 | 52.56 | 61.77
IPPW-101.4-4 | 840.0 | 1.160 | 0.3000 | 0.0420 | 5.30 1.50 | 22.00 | 696.50 | 940.50 | 0.2300 | €4.00 | 54.86 | 52.66 | 61.86
IPW-101.4-5 | 960.0 [ 1.000 | 0.2000 | 0.0120 | 5.30 150 [ 3500 ] 576.20 | 869.80 | 4.9000 | 59.00 | 56.07 | 52.52 | 81.80
IP/W-101.4-8 | 910.0 [ 0.790 | 0.2000 { 0.0120 ] 6.30 150 [ 3500 | 730.00 [ 924.30 [ 8.6000 | 55.30 | 55.00 [ 53.46 | 62.73
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Table B.18.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).
For 1-propanol/water at 101.4 kPa operating pressure. Source: Korchinsky et al., 1994,

Code

Usa

Uy

Fsa

FJ

1-F,

C

O,

Q

hy

ToLe

kAt

k

oxp
(-kAt)

Fan

1-Fgs

m/s

m/s

-

m’ls

IPIW-101.4-1_

1.540

12.125

1.659

0.715

0.285

10,5004

0.3547

0.0002

0.0554

0.0142

0.4155

29.2550

0.6600

0.0082

0.6818

IPAN-101.4-2

1.583

12.465

1.653

0.714

0.286

0.5004

0.4055 | 0.0002

0.0548

0.0140

0.3840

27.4857

0.6811

0.0074

0.8928

IPAWV-101.4-3

1.583

12.543

1.708

0.721

0.279

0.5004

0.3907 | 0.0002

0.05850

0.0135

0.3898

28,8608

0.6773

0.0078

0.9924

IPIW-101.4-4

1,809

12.667

1.733

0.724

0.276

0.5004

0.3801

0.0002

0.0559

0.0132

0.3965

30.0319

0.6727

0.0077

0.6923

IP/W-101.4-5

1.728

13.589

1.726

0.724

0.278

0.5004

0.3830

0.0002

0.0548

0.0125

. 0.3129

25,0551

0.7313

0.0058

0.9942

IPIW-101.4-6

2321

18.279

2.083

0.758

0,244

0.5004

0.3351

0.0002

0.0563

0.0081

0.2268

27.9205

0.7971

0.0041

0.8959




Table B.18.3. Efficiencies for large bubble & jetting by present models.
For 1-propanoliwater at 101.4 kPa operating pressure. Source: Korchinsky et al., 1994.

PM-1 PM-2 PM-3
Code E(t_n Es E-J (:anlg E.s Es E, cEaC:Gc _ Eie Es E, _ canlg
PM-1 - PM-1 | PM-1 PM-2 PM-2 | PM-2 PM-3 ' PM-3 PM-3

IPW-101.4-1 40.21 | 40.70 | 60.31 | 54.73 42.11 42.58 | 80.16 | 85.15 40.00 40.49 70.00 61.59

IPIW-101.4-2 40.22 | 40.66 | 60.32 | 54.71 42.11 42,54 | 80.18 | 55.12 40.00 40.45 70.00 61.58

IP/W-101.4-3 | 40.25 | 40.71 | 60.38 | 54.90 42,11 | 42.55 | 60.16 | 5525 40.00 40.45 70.00 81.77

IPIW-101.4-4 40.18 1 4065 | 80.27 | 64.88 42.11 42.56 | £0.16 | 55.31 40.00 40.46 70.00 g1.66

IPIW-101.4-5 4110 14145 | 61688 | 56.07 42.11 4245 1 60.18 | 55.26 40.00 40.38 70.00 61.80

IPIW-101.4-6 39.87 1 4012 | 59.81 | 5500 42.11 42.34 | 680.16 | 55.80 40.00 40.24 70.00 82.73

8¢l
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Table B.19.1. Sieve tray efficiencies (experimental & calculated by present models).

For methylcyclohexane/toluene at 101.4 kPa operating pressure. Source: Korchinsky et al., 1994.

Dc DH { TS | hw Lw Lt AA AN | HAJAA
m mm mm | mm mm mm m2 | M2 -
0.6 4.8 340 50 460 240 0.14 0.25 12.7
Code | p |po| m| Be | D | Do | o | L | G |m| 2| Zo | | o
kg/m’ | kg/m’ | mPa.s | mPa.s m'ls m/s MN/m | kg/hr | kghr - PM-1 | PM-2 | PM-3
MCH/T-101.4-1 | 770.0 | 2.970 | 0.250 | B8.70E-03 | 5.10E-09 | 3.70£-08 | 18.00 | 1628.00 | 1832.20 | 1.34 | 70.80 | 61.28 | 50.24 | 62.43
MCH/T-101.4-2 7686.0 | 2090 ] 0.250 | B.70E-03 | 5.10E-09 | 3.70E-06 | 18.00 | 1709.80 | 171540 | 1.24 | 74.40 81.51 50490 | 8264
MCH/T-101.4-3 739.0 | 3.080 | 0.270 | 8.40E-03 | 5.10E-09 | 3.70E-06 | 17.00 | 1769.80 | 1778.80 | 0.89 | 80.10 61.83 51.70 | 82.75
MCH/T-101.4-4 763.0 | 3.010 | 0.260 | 8.60E-03 | 5.10E-09 | 3.70E-06 | 18.00 | 1791.80 | 1800.50 | 1.15| 77.00 81.70 53.44 | 62.84
MCH/T-101.4-5 768.0 { 2.080 | 0.250 | 8.70E-03 | 5.10E-08 | 3.70E-068 | 18.00 | 1786.80 | 1793.80 | 1.28 | 73.70 81.55 5346 | €62.85
MCH/T-101.4-8 753.0 | 3.040 | 0.260 | 8.50E-03 | 5.10E-09 | 3.70E-08 | 17.00 | 1825.80 | 183530 | 1.01 | 79.00 81.58 53.52 | 62.91
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Table B.19.2. Calculations for fraction of jetting (FJ) & fraction of smail bubble (FSB).

For methylcyclohexane/toluene at 101.4 kPa operating pressure. Source: Korchinsky et al., 1994.

Code Usa | Uy | Fea | Fs |[1-Fy| € | @, | Q. | h | Tas | Kat | k | S6 | Fsa | 1-Fss
ms | mis - - - - - m’ls m - - - - .- -

MCH/T-101.4-1 |1.090 | 8.586 | 1.879 | 0.740 | 0.260 | 0.5004 | 0.3380 | 0.0006 | 0.0819 | 0.0192 | 0.6500  33.87 | 0.522 | 0.014 | 0.986
MCH/T-101.4-2 |1.138 | 8.963 | 1.968 | 0.748 | 0.252 | 0.5004 | 0.3217 | 0.0006 | 0.0828 | 0.0177 1 0.6174 { 3481 | 0539 | 0.013 | 0.987
MCH/T-101.4-3 |1.148 | 8.023 | 2,011 | 0.752 | 0.248 | 0.5004 | 0.3086 | 0.0007 [ 0.0638 | 0.0172 | 0.6172 { 35.95 | 0.538 | 0.013 | 0.987
MCH/T-101.4-4 | 1.187 | 9.345 | 2.059 | 0.755 | 0.245 | 0.5004 | 0.3081 | 0.0007 | 0.0637 | 0.0164 | 0.5869 | 35.75 | 0.556 0.013 | 0.987
MCH/T-101.4-5 {1.194 | 9.404 | 2.082 | 0.755 | 0.245 | 0.5004 | 0.3067 | 0.0006 | 0.0636 | 0.0163 | 0.5844 1 3580 | 0.557 | 0.013 | 0.987
MCH/T-101.4-8 {1.188 | 6.432 | 2.089 | 0.757 0.5004 | 0.2992 | 0.0007 0.0180 { 0.5905 13684 0.554 | 0.013 | 0.987

0.243

0.0642
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Table B.19.3 Efficiencies for large bubble & jetting by present models.
For methylcyclohexane/toluene at 101.4 kPa operating pressure. Source: Korchinsky et al., 1994.

o PM-1 PM-2 PM-3

Code Ew Ea E. Eoo ELB Eg EJ EOG ELa Es EJ EOG

_ _ ~ cale calc o calc

PM-1 - PM-1 | PM-1 PM-2 PM-2 | PM-2 PM-3 PM-3 PM-3

MCH/T-101.4-1 4458 | 45.38 | 66.86 | 61.28 42.48 43.29 | 60.68 | 56.14 40.00 40.87 | 70.00 82.43
MCH/T-109.4-2 44.863 | 45.37 | 66.94 | 61.51 4248 | 43.23 | 80.66 | 56.27 40.00 40.81 70.00 8284

MCH/T-101.4-3 4481 | 4555 | 67.21 | 61.83 42.48 4323 |1 60.66 | 56.33 40.00 40.81 70.00 62.75

MCH/T-101.4-4 4467 | 45.36 | 67.00 | 61.70 4248 | 4318 | 60.66 | 58.38 40.00 4076 | 7000 | 62.84

MCH/T-101.4-5 4456 | 45.25 | 66.83 | 61.55 42.48 43.18 | 60.68 | 56.38 40.00 40.75 | 70.00 82.85

MCH/T-101.4-6 4454 | 4524 | 668.81 | 61.58 -42.48 43.19 | 60,68 | 5842 40.00 40,76 { 70.00 82.91
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Table B.20.1.

Sieve tray efficiencies (experimental & calculated by present models).
For cyciohexane/n-hcptanc at 101.4 kPa operating pressure. Source: Nutter and Perry, 1995,

Dc De | TS | hy Lw L As Ay | HAJAA
M mm | mm | mm | mm Mm m* m* -
05 127 | 640 | 508 | 260 | 273 | 0.3 | 0163 ] 14
Code | p | ps | m | so |D10 |00 o | L | G | m |Ew|Eo|Bn | Fe ) Fa
| kg/im® | kg/m® | mPa.s | mPas | m'/s m's | mN/m | kg/hr | kgihr | | - | PM4 | PM-2 | PM-3
CH/NH-101.4-1 | 866.0 | 3.040 | 0.3010 { 0.0089 | 6.58 3.43 15.00 | 571.00 | 570.00 1 0.9124 | 45.00 | 4162 | 54.88 | 60.24 | 65.72
CHINH-101.4-2 | 869.0 | 3.030 | 0.3100 [ 0.0089 | 653 3.42 15,00 | 770.00 | 760.00 | 0.9124 | 72.00 | 61.17 | 55.81 | 5049 | §7.71
CHINH-101.4-3 | 667.0 | 3.040 [ 0.3030 | 0.0089 | B.58 3.43 15.00 | 1191.00 | 1178.00 | 0.9124 | 72.00 | 6142 | 57.68 | 51.70 | 60.84.
CHINH-101.44 | 667.0 | 3.040 | 0.3040 | 0.0089 | 6.56 | 23.43 | 15.00 | 1751.00 | 2086.00 | 0.9124 | 70.00 | 63.55 | 56.84 | 53.44 | 63.58
CH/NH-101.4-5 | 886.0 | 3.050 } 0.3030 | 0.00890 | 8.56 3.43 15.00 | 2115.00 | 2092.00 | 0.9124 | 72.00 | 67.33 | 58.89 | 63.46 | 63.59
CH/NH-101.4-6 | €84.0 | 3.070 | 0.2860 | 0.0089 | 6.84 3.45 16.00 | 2368.00 | 2330.00 | 0.9124 | 78.00 | 74.93 | 58.87 | 63.52 | 63.82
CH/NH-101.4-7 | 662.0 | 3.090 | 0.2940 | 0.0089 | B.80 3.44 15.00 | 2599.00 | 2601.00 | 0.8124 | 64.00 | 65.91 | 59.05 | 53.78 | 63.99
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Table B.20.2. Calculations for fraction of jetting (FJ) & fraction of small bubble (FSB).

For cyclohexane/n-hcptanc at 101.4 kPa operating pressure. Source: Nutter and Perry, 1995.

Un

exp

7 1-Fsp

Code Usa Faa | Fu |1-Fs| C o, Q h; | Tas | Kat k {-kAt) Fss
ms | mis | - - - - | e« T m | - | - - - | . .
CH/NH-101.4-1 10401 | 2,862 | 0.8%9 | 0.444 | 0.556 | 0.5004 | 0.6243 | 0.0002 | 0.0571 1 0.0890 | 1.7652 | 19.8304 | 0.1712 { 0.0719 | 0.9281
CH/NH-101.4-2 | 0536 | 3.828 | 0.933 | 0.547 [ 0.453 | 0.5004 | 0.5424 | 0.0003 | 0.0593 | 0.0800 | 1.4155 | 23.6004 | 0.2428 | 0.0475 | 0.8525
CHINH-101.4-3 10828 | 5914 { 1.444 | 0.682 | 0.318 | 0.5004 | 0.4020 | 0.0005 | 0.0647 | 0.0314 | 0.9828 | 30.8590 | 0.3818 | 0.0252 | 0.9748
CHINH-101.4-4 | 1466 | 10.473 1 2.656 | 0.782 | 0.218 | 0.5004 | 0.2159 | 0.0007 | 0.0781 | 0.0115 | 0.4865 | 43.1976 | 0.6086 | 0.0102 { 0.8898
CH/NH-101.4-56 | 1.466 | 10.469 | 2.560 | 0.782 | 0.218 | 0.5004 | 0.2153 | 0.0009 [ 0.0818 | 0.0120 | 0.5195 | 43.2231 | 0.5548 | 0.0108 | 0.9892
CH/INH-101.4-8 | 1622 | 11.584 | 2.841 | 0,790 | 0.210 | 0.5004 | 0.1843 ! 0.0010 | 0.0880 | 0.0100 | 0.4800 ; 46.0055 | 0.6313 | 0.0083 | 0.9907
CH/NH-101.4-7 | 1799 (12,847 | 3.182 { 0.796 | 0.204 | 0.5004 | 0.1547 | 0.0011 | 0.0954 | 0.0082 { 0.4024 | 48.0347 | 06687 | 0.0078 | 0.9921
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Table B.20.3 Efficiencies for large bubble & Jetting by present models.
For cyclohexane/n-heptanc at 101.4 kPa operating pressure. Source: Nutter and Perry, 1995.

PM-1 PM-2 PM-3
Code ELg Eg EJ EOG ELB Ea E.I EOG ELB Es E.l EOG
cale calc calc
PM-1 - PM-1 | PM-1 PM-2 PM-2 | PM-2 PM-3 PM-3 PM-3
" CHINH-101.4-1  143.03147.12 | 6454 | 5486 | 4020 |4450 | 5742 | 50.24 40.00 44.31 70.00 55.72
CH/NH-101.4-2 42.85 | 45.57 1 64.28 | 55.81 40.28 43.10 | 57.52 | 50.99 40.00  42.85 70.00 57.71
CHINH-101.4-3 4258 | 4403 1 63.86 | 57.56 40.22 4173 | 5748 | 52.48 40.00 41.51 7000 | 6094
CH/NH-101.4-4 422114280 | 83.32 | 5884 40.22 40.83 | 57.48 | 53.83 40.00 40.81 70.00 63.58
CH/NH-101.4-5 4224 | 4286 | 63.38 | 58.89 40.22 40.87 | 57.48 | 53.84 40.00 40.85 70.00 | 6359
CH/NH-101.4-6 | 4212 | 4266 | 63.18 | 58.87 40.12 | 40.87 | 57.31 | 53.82 40.00 40.56 70.00 83.82
CHINH-101.4-7 42.16 | 4282 | 8325 | 59.05 40.17 40.84 | 57.38 | 53.88 40.00 40.47 70.00 83.99




APPENDIX C

SAMPLE CALCULATION

SAMPLE CALCULATION FOR FIRST DATA POINT OF TABLES B.1.1, B.1.2, B.1.3.

Table C.1 Flow field and physical properties of the system

Dy TS [bw [ Lw | Ly | Aa Ax HAIAA | p; | P | Dyn10° a Lt Gy
mm |[mm|mm|mo|mom | o m’ - kg/m® | kg/m® | mPas mN/m | kg/hr | kg/hr
3.175 ) 305 | 381 | 305 | 253 0.1318 { 0.148 | 8.35 948.6 | 0.640 | 0.0127 5500 | 231.40 | 231.40

Fraction of jetting, F;

U S;, = G7(pc*A44)=231.40/(0.640x0.1318x3600)=0.764 m/s

Fyy =U , Jpe =0.764x0.640° = 0.610(m/ s)(kg I m*)"*

F, ==0.1786+0.9857(1— £ ) = 0.395

Fraction of small bubblcs, Fsz

¢=0.5+0.438exp(-13.7h, ) = 0.5+ 0.438exp(~13.7 x 0.0381) = 0.5023

0.5 \091 '
' : .64
a, =exp| —12.55 Uy, P = exp| —12.55 0.762(L
: P —Pg 1 1,948.6-0.64
=0.7021 |
0.67 A - . 067
hy=h,+d 2| =00381+ 05023(ﬂJ =0.0404m
L,a, - 0.305x 07021
h h .
L =00 = 0.03725

lop = z = =
(QV/AA) Uy -
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3.8
3.8x948.6> x0.64%*

— 3.8p? oo n,sl 0.6
k=016 == Uue) T = 0.16 055" (0.762x9.81)*° x 0.0372
=0.4188
e A=) A -e) ) oogs

s = ~0.4188 -0.4188 )

— — 2 1-e 5
TRV O e Ea
s
Proposed model-1)
0.115 . R
E =4 8[ o J [ M, Jom[hwunpr: ]OI
17 B '
mUg p.D, Hy
' 0.115 3 0.215 0.1
_ s( 0.055 J 0.2890x10 (0.0381 x9.126 x 0.640]
0.2890x 10 x 0.762 948.6x 5.43x10” 0.2890x 10
= 41.84
o - 2[ 0.055 )"'”5 02890x10° " (0.0381 x9.126 x 0.640)0'1

! 0.2890x107 x 0.762 948.6x5.43x10° 0.2890x10

=62.77

Ey =(1~Fg)E,; + FyEg =0.9917x41.84+0.0083x 100 = 42.32

Ep, =(1=F,)E, + F,E, = 0.605x42.32+0.395x 62.77 = 50.40

(Proposed model-2)
E,, = 07D, = 0.7(5.43x107) "2 = 41.89
E, _DL‘°?‘5_ (5.43x107°) 9?5 =59.84

E, (1 Fy)E,, + FyEg =0.9917x 41, 89.+0.0083x100 = 42.37
E,, =(1-F, )E,, +F,E, =0,605%42.37 +0.395x 62.77 = 49.27
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Proposcd modcel-3

E,=(—-Fy)E,, +Fy,Eg =0.9917x40+0.0083 %100 = 40.50

E, =(t~F)E, + F,E, =0.605x40.50+0.395x 70 = 52.15
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