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SCOPE 

The sieve tray distillation column is one of the mO~3t widely w,ed 

sepa:cation devices throughout tlw cbr:rnical and petTocLcmical indui,try. 

Al though an pnOYE10US PtlfJ(lllnt of ro;:oarch has been carried out in order to 

understand the behrLviour of the sieve trays, theTe are still Illany uncert-

ainties. One of these illlcertainties is concerned with the prediction of 

the tray efficiency for bin8.ry and mul t icomponent systerJs. It hrLS been 

shown tLat the methods available at present have df'fici"nc:ios for binary 

system rlJ'edictions and have hardly "been tested ;:"eaini3t large scale 

experimenb,l drLta for ternary distillation. There is no theoreticrLl method 

available to predict efficiencies of systems comprising more than three 

components. The prediction of tray efficiency can be divided into two 

parts. In the first part the 'point efficiency' is obtained by a theoretical 

or experimental method. In the second part this point efficiency is 

incorporated into a mixing model taking into account the hydraulics, which 

may include the uniformity of flow across the tray. 

In this thesis the point efficiencies for atmospheric operation in 

the mixed flow regime are presented based on measurements in two sieve 

tray distillation colurrms operatir~ under similar hydrodynamic condition 

as follows:-

A A small scale Oldershaw column modified to inhibit surface tension 

induced 'wall effects'. 

B A large rectangular tray distillation column with narrow width and 

about one meter flow path length. 

Three binaries, two ternaries and a quaternary alcohol-water systems have 

been studied experimentally using these two columns. 

The ternary point efficiencies for the system MeOH/n.PrOH/H20 are 



.predicted using the methods aVR-ilable and <'ornpared with actu!1.1 l:uge scaJe 

experimental efficiencies. The point efficiencies from the modified 

Oldersh?.w column ~re Cl.lso compared with act u8-l Jarge sea 1e eXIJerirnenta 1 

point efficiencies in the ternaries ;~.nd tlle quaterllCiry ;,YGtPIIls to ;3tudy 

the feasability of incorporating them into the design of larGe sc:ale 

columns. 

Fu.:::..'ther steps are a1 so desGribed to ilYJprOVe the g8.s and liquid contact 

on the ):lodified column to obt:=tin better l)oint efficiencie~. 

In ceder to improve the unifonnity of flow acrOGS a circular tr:=ty, 

an expanc;(-d CiluminiillIl illeL terial tray has been studied expel'iJ~lentally with 

differe:lt hydrc~u1ic coneli tions during d i.~3tillation. T11e c3m"l1l diamond 

shaped holes in this rrJitterial are C01Tl.<cated, thus allowing the vapour 

momentuJD 8.[;sist the liquid flow. 



Sln-1M.ARY 

The distilJation point efficiencies for the alcohol-water hinary, 

terrk'l:r'Y and quaternary SystPIDS were measured using a modified Oldershaw 

column. This column is expanded above the tray to ~,eparate the newly 

formed bubbles from the column wall, thus elimin.c=tting the surface tension 

induced wall effects for positive systems and discouraging wetted wall 

effects. The excessive and reCirculating foam and froth fmmd in the 

conventional Oldershaw column is due to these wall effects and does not 

represent conditions in large scale distillation. 

The point efficiencies measured using this column for the system 

methanol/water were lower than the point efficiencies deduced frOID the 

composition profiles across a large and narrow rectar~lar distillation 

column using an eddy diffusion model. 

The narrow rectangular column had a liquid flow path leI~h of about 

one meter, thus avoiding stagnant zones and flow non-uniformities. The 

lower efficiencies were due to the shorter contact time between the gas 

and the liquid. This contact time was increased markedly by fitting an 

outlet weir to the modified Oldershaw column, thus increasing the tray 

liquid hold-up and the point efficiencies. These point efficiencies were 

about 10 per cent lower than those on the large tray at a similar value of 

the F. Factor. The eddy diffusion model predicted rectangular tray 

efficiencies about 10 to 20 per cent lower than those measured, when using 

the improved modified column point efficiencies. Using a suitable model, 

the improved point efficiencies were scaled-up to the conditions existing 

on the rectangular tray. This resulted in the large tray values of 2 to 

4 per cent lower tray efficiencies than those measured. 

The surface tension effect on the point efficiencies of the binary 

systems MeOH/H
2
o, EtOH/H

2
0. The systems n.PrOH/H2o and MeO~n.PrOH were 



inrestigated Uf:~ing the original modiHed 01der:3haw colunffi in the C1b~,pnce 

of wall effects using the concept of the Marunconi ~trtbi1hdng index. (Phe 

surface tension of the::;e systems were m!:'Cl:3ured using a gl<1:"s ten~;j ometer. 

The system }TeOll/H20 had the hiehest J1l11'ar1C'oni index and ~3Lowcd tlJe l1igl18st 

point efficiencies throu.g}lOut the cornposi tion range, with the Etml/}tO 
~ 

system folJowing closely. However, the systems n.PrOH/H
2

0 and MeOH/ 

n.PrOH, with low values of the Marangoni index, showed comparable point 

efficiencies throut;;llout the composi tinn r:'lDG"e. These systeJ:Js dcmom;tr<'Lte 

all the possible tY'~es of surface tension behaviour. 

The effects of the outlet weir height and hole size on the point 

efficiencies in the rectangular column operating under simil<'Lr hydrodynamic 

conditions were also investigated using the system MeOB/H
2
0. There W<'LS an 

increase in point and tray efficiencies on increasing the outlet weir 

height from 2 rum to 12.1 rum. There was also small increase in point and 

tray efficiencies on decreasing the hole size from 6.4 rnm to 1 rum at the 

expense of higher pressure drops. The point efficiencies of these trays 

under different hydl~ulic conditions were in the range 85 to 95 per cent, 

with subsequent high tray efficiencies. This provides further evidence 

of the high tray efficiencies available to the design enginee~ if the 

detrimental effects of stagnant zones and flow non-uniformities were 

e limina ted. 

Two highly non-ideal ternary systems and quaternary system were also 

studied using the original modified Oldershaw and the rectangular columns. 

Considerable differences between the individual component point efficiencies 

were observed. These differences are probably caused by the interactive 

nature of the mass transfer in these systems. These systems also exhibited 

equal component point efficiencies in parts of the composition range, which 

illustrates the composition dependency of these systems. 



'rhe .:individual cOflllJOnent tray efficiencies for these systems were 

noticeably different, ew::n with equal component IJoint efficiencies operathlg 

acrO:"38 tl1e tray. The~3e diff(>Tcnc(?s were ~:irnu1ated w~ing tlw cddy diffl):3ion 

model, hiehliehting t1:e effects of ] imi ted liquid back r:1ixi ng on the tr'~lY. 

The COfllposition jJJ'ofi 1e for the ~3ys-:Ern ~eOH/.2tOH/H20 were IJrei3icted 

and cOllr;1red with the Li3' "urements acrO~:8 the rcct(1.ngul::-1.r col UJTD'1 using 

three methods derived frum the oriGin;",l I'\;,x'.-lc] land Ste 1-,htn rrn:3S tram:fer 

equation,c. 1'hes8 predict.ions vit?re in Good 9.,£1'cement with the me;'SUreI!lents. 

However, ;~S '~he conp;iTison is unly b;-::;ed on a one meter flow path longth, 

the actua2. design of dL]til1ation COlUIJLn using these methods would be 

conserv2-~ive. The prediction of the COLll(:~'dtion profiles using the point 

efficieu;ii"s from the original ver,3icJJ1 of the modified 01dershaw co1u1nn 

yielded Ci similar observation for both t.he terrklries and the quaternary 

system. 

An expanded aluminium tray (~\pamet 607A) was also subject to 

preliminarJ efficiency tests in the rectar~lar colQmn. This material has 

cOTILJ.gaied angled holes, thus encoura,ging the liquid flow across the tray 

by using the vapour rT.Ornentum. This material showed much lower pressure 

drops, due to its high open area compared with conventional sieve trays, 

and discourages weeping and entrai~~ent. 
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CHAPTER 1 

INTRODUCTION 



- 2 -

IN'fRODUC'l'ION 

Distillation is the most widely used sprtration process. Using 

About 3% of the world I s energy (Mix et. ale 1980), rmd so even small 

f~lllall improvements in the technology Clre significant. 

Sieve trays have been used in the chemical i1nd petrochemical 

industry for over 30 years replacing the bubble cap columns, and generi111y 

preferred to other contacting devices such as valve tr-CiyS and packed 

columns. This is because sieve trays are easy to fabricate and maintain, 

they can operate wlder different loading conditions and tolerA-te reason­

rtble turndown rrttios (Ea,gle and Lemieux, 1964). These trays generally 

have lower pressure drops, and con:3cquently have lower rUJming costs. 

An enormous amount of research has been carried out to establish the 

behaviour of these trays under various loading conditions. Extensive 

studies were carried in the early 1960's in the laboratories of 

Fractionation Research Incorporated (F.R.I.), where the behaviour of trays 

with hole sizes in the range 6.4 to 19.1 rnID was investigated. Design 

procedures have been formulated which are available in most chemical 

engineering design texts (Smith 1963, Lockett, 1986). However, since 

these early studies, some success has been achieved in understanding the 

behaviour of the biphase on sieve trays. The presence of stagnant zones 

and flow non-uniformities (Porter et. ale 1972, Lockett et. ale 1973 and 

Bell, 1972) has been found to reduce the efficiency of trays in large scale 

operation. Various attempts have also been made to use small laboratory 

scale sieve tray columns to study different distillation systems. 

Efficiency results from these studies have not agreed closely with those 

from large trays. This is due to the shorter vapour and liquid contact, 

and also surface tension induced wall effects. The biphase observed in 

small laboratory columns, for a surface tension positive system, is foamy 
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and deep, (Ha,selden and rrrlOrogood, 1964). These conditions are not 

usually found on large industrial sieve tl'dyS (Zuiderweg, 1979) operating 

under similar lorcding conditions, but instprld a biphase of Jiquid, fairly 

short-Jived "froth" and spray co-exist. 

Although separation processes in the chernjcal and petrochemical 

industr~es often involve multicomponent distillation, there is very 

limi ted j_nfonnation on the efficiencies of mul ticomponent systems as 

compared with binary systems, particularly for large colurrms. This lack 

of data has resulted in the usual assumlJtion that the component efficiencies 

are equal to each other. This is true for thermodynamically ideal systems, 

if complete liquid mixing is achieved on the tray. However, for thermo­

dynamically non-ideal systems, made up of components of different molecular 

size and nature, significant differences exist between these efficiencies. 

In the case of large trays with longer liquid flow paths, where partial 

liquid mixing exists, the components exhibit different tray efficiencies 

(Biddulph, 1975). 

In order to predict point efficiencies for a multicomponent system, 

there are models available based on the Maxwell-Stephan mass transfer 

equation, (Dienerand Gerster 1968). These models can only be used for 

ternary systems, and incorporate a large number of assumptions, and have 

hardly been tested against large tray data (Lockett, 1986). There is no 

method available to compute efficiencies in systems comprising four or 

more components where significant interactions between the components 

exist. 

The main purpose of the work reported in this thesis is to investigate 

the hydraulic effects on efficiency in the mixed froth regime on a large 

sieve tray in the absence of stagnant zones and flow non-uniformities. 

The variables studied are the hole size and the outlet weir height. 
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Point efficiencies, cornpo~li tion and temper'J.ture profiles, preSSUl'e drop 

and liquid hold-ups are reported. 

In order to eliminate "wall supported froth" cornmon in smCl,ll 

Oldershaw column, a new design of COllITm is described in which an 

expansion of the column above the tray separate the newly formed bubbles 

from the glass wall. The efficiencies measured in this column are 

compared with those from the strmdard Oldershaw co] umn, and are cOEJpared 

wi th large scale m0Clsure:rlent.'3. The possi bili ty of using improved form of 

this column to predict point efficiencies for the design of a large scale 

distillation colwnn is discussed. A new efLiciency classification of 

positive, negative and neutral SystelIlS as defined by Zuiderweg and 

Harmens (1958), is also suggested based on measurewents from this column. 

Studies of three non-ideal multicomponent systems are also described. 

The prediction methods are tested for a ternary systems using the large 

tray data. The point efficiencies measured using the modified column on 

these systems were also used to predict the composition profiles across 

the rectangular tray. These point efficiencies were incorporated into an 

eddy diffusion model simulating distillation runs on the large rectangular 

column, and the resulting tray efficiencies and composition profiles were 

compared with actual measurements. The point efficiencies predicted by 

the method of Diener and Gerster (1968), Krishna et. al. (1977) and 

Medina et. al. (1979), using rectangular tray bina,ry distillation data 

for the pairs comprising the system MeOH/n.PrO~n20 were also used as 

above to predict composition profiles and compared with actual measurements. 

Preliminary work on a expanded aluminium tray is also introduced. 

The holes on this tray are angled at about 450 to the direction of vapour 

flow. This means that the vapour momentum encourages the liquid on the 

tray to move forward faster than on the normal sieve tray. It is hoped 
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that, if correct hydraulic conditions can be found, this t:Crty will reduce 

flow non-uniformities, and may eliminate the staenant ~ones on circuLtr, 

chordal weir trays. 
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CHAPr:E:R. 2 

LITERATURE SURV~iY 
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L I TJi:J'/ A'11fJRE SURVEY 

2.1 The Effects of Outlet W<.;ir Heieht and Hole Size. on the Ope_~iJkm 

Clnd Efficiencies of Distill,qtion Sieve Travs __________ ·_. ___ ~ __ ."' ____ .... 4 ••• _.___ ._:M...:::.. 

The eff,;cts of hydraulic parameters, such as the outlet weir height 

and hole si7:e, h,qve been studied by many investigators. The outlet wpir 

is used to maintain an appropriate liquid depth on the tray, (Huang et. al., 

1958), and it has been found that an inerert[3e in its height increases the 

tray efficiency; (Umholtz and Van Wink]e, 1957; Hellums et. ale, 1958; 

Fi nch and Van Winkel, 1964; Brown and England, 1961; J e rOiQi n et. al., 1969; 

Sargent et. al., 1964; Haselden and Thorogood, 1964; and FR-ne and 

Sawistowski, 1964). Outlet weirs of the order of 25 to 50 rom are commonly 

used in large distillation columns. In the low ter,Jperature distill8.tion 

of air much lower outlet weir heights are used to facilitate small tray 

spacing. 

Hole size, another important hydraulic parameter, has attracted 

considerable attention in the past. Large perforations have been rec-

oTfUTJended on the grounds of ease of fabrication, lower cost, less suscept-

ibility to fouling and corrosion, (Patton and Pritchard, 1960), and low 

pressure drop. However, weeping and low turn-down ratios have been 

associated with such trays. Eagle and Lemieux (1964), demonstrated that 

columns with holes as small as 6.4 mID in diameter can operate in dirty 

services and tolerate larger turn-down ratios. Friend and Lemieux (1956) 

found that poor performance from small hole trays could occur because of 

rust and sediment Qeposits when operating with corrosive systems. They 

recommended trays with perforations larger than 6.4 mID for such services. 

Hunt et. al., (1955) and Mayfield et. al., (1952) concluded that tray 

stability increases with decreasing hole size. 

The effect of hole size on tray efficiency has also been a subject 
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of interest in the past, and Table 2.1 ~'llJ1tlrJClrises some cO]UJitl1 features 

of these studies. 

Reference 

Year 

Finch and Van 
Winkle (1964) 

Hellums et. ale 
( 1958 ) 

Umholtz and 
Van Wink le 
(1957 ) 

Pruden et. ale 
(1974) 

TABLE 2.1 

Hole sizes 

mm 

1.6 to 8.0 

1.6 to 4.8 

1.6 to 4.8 

3.2 to 24.5 

Column Equipment 

si~e m 

0.15 x 0.73 
rect;=tngular 

0.153 dia. 
circular 

0.076 dia. 
circular 

0.153 dia. 
circular 

% Free A~'ea 

'---"'--' --

5.7 to 12·5 

12.5 to 16.5 

5.6 

Umholtz, (1957) used 1.6 to 4.8 mm hole size perforated trays with 

the system octane-toluene and found no effect of hole size on tray 

efficiency. Hellums et. al., (1958) used the same system and range of 

hole sizes. At the lower vapour rates, smaller holes exhibited higher 

efficiencies, but at high vapour rates they found no effect of hole size. 

It was suggested that smaller holes, at low vapour rates, prevent the 

liquid being dumped due to the capillary surface tension effects, thus 

increasing the tray liquid hold-up and the efficiencies. Finch and Van 

Winkle (1964) used the methanol-air-water system for their studies, and 

stagnant zones were absent during their experiments. They detected no 

significant effect of hole size on tray efficiency. They also computed 

point efficiencies, assuming plug flow in the liquid phase. Pruden et. al., 
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(1974) m;ed an ahsorption system, finding the effect of hole sise on tray 

efficiencies to be negligible. The range of hole size mood WrtS 3.2 to 

?4.5 mm, but W811 effects were pre~3pnt during their experiments. Zenz 

(19'12), in his COInl,)'ohensive ;:-,boOTl)tion Teview, ~:n.lgcested that higher 

efficiencies be u:"ed for 2r:]:1 ller perfOl'a ted tray design purl)Qses. 

Fryback and Hll.fnagel (1960), using data from some confidelltial reports, 

reported that 1al'ge perfocations of 12.7 to 24.5 mm to be as efficient 

and flexible as 2.4 ;lIld 6.4 mm ho]e size trays. Kreis and Raa.b (1979), 

using the ex,q,ml)les of six indul3trial air l3epar;'liion c.olumns and petrochemical 

plants, found no effect of hole size on tray effic.iency. Their columns 

employed trays wit~ a hole size ral1£'e of 1 mm to 25 rum. Patton and 

Pritchard (1960) .indicated trJat trays with smaller holes provide a greater 

degree of mixing and a wider range of flexibility. Fell and Pinczewski 

(1977), recommended small hole trays for distillation of surface tension 

positive systems as they have high capacity advantage (Lemieux and Scotti, 

1969). Burgess and Calderb::mk (1975), TlJeasured bubble properties and 

concluded that the hole size had a negligible effect on mass transfer. 

An examination of the bubbljng process on a tray may however suggest that 

the rate of mass transfer could markedly increase as the perforation size 

decreases. Lockett et. al., (1979) proposed that the mass transfer on a 

sieve tray takes place in two regions, the "formation" and the "bulk froth". 

In the formation region they sl~gested that the mass trdnsfer is highly 

sensitive to hole size. Smaller jets are issued by small holes which 

increase the mass transfer process. Their absorption experiments were 

carried out in small scale columns where froth heights of up to 20 em, 

presumably due to the wall effects, were reported. 
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2.2 Small-cohunn Efficiencies 

For many years worKers in the field of disti llaU on have tried to 

simulate the beh"lviour of large rli.stillation columns by w;ing la1xlJ-atory 

sCRle sturlies. Recent mRt!18J:laticRl sirnu] ation of tray behaviour lwing 

point efficiencies (BidduJph, 1T(5) and the short-C'oIJliYl[;s of prediction 

methods (Lockett and Allmed, 190); Dribika, 1986), to~ether with the 

scarcity of field data, necessitate an easy method of obtaining point 

efficiency data for the design of distillation columns. 8;;:811 colurrms 

have been used for yeiirs to study distillation systems. One of the most 

f~lJnous of these is the sieve tray Oldel':3h,tw colunm (1941), rtnd many 

systems and flow condition studies hc"ve been made over the years using 

this type of liiboratory arral~ement. Zuiderweg and Harmens (1958), 

Ellis and Legg (1962) and Medina et. al., (1978) studied surface tension 

effects using an Oldershaw column arrangement. Ellis and Bmmett (1960 ), 

Ellis and Coutrae;tor (1959), and Ellis and Catchpole (1964), used this type 

of arrangelfJ(~nt to study vapour velocity, performance at reduced pressure, 

composition effects and mass transfer effects. Meanwhile other laboratory 

scale studies with novel designs or Oldershaw columns were calTied out. 

Brown and England (1961) used a small sieve tray column to investigate 

the effect of vapour velocity, outlet weir height and mixture composition 

on the efficiencies of the nitrogen/oxYb~n system. Fane and Sawistowski 

(1969) and Bainbridge and 8awistowski (1964) studied surface tension and 

other effects at high vapour velocities. Haseldon and Thorogood (1964), 

and Hart and Haseldon (1969) tried to represent the behaviour of large 

sieve trays by installing a foam baffle at the outlet of their small 

tray, and hence study the liquid hold-up and composition effects on 

point efficiencies. However, the use of the efficiencies measured in 

small columns to design large tray columns has always been difficult. 

This is because the dispersion stability, its hold-Up and character are 
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sufficiently different to m~ke tr;lllslation of the results to in<lu~3trial 

;]cale colwnns difficult. One of the important rea,sons for thi s b the 

,lresence of "wall effeds" referTed to by Standart (1974), Ashley und 

H<1seldon (1972), ThomCls rind )1aq (19(6), Lockett ;lnu J.Jnned (19133), Y<Ylmg 

and Weber (1972), Zuiderweg (1969), S:{rcent et. al., (1964), The Bubble 

Tray Design Manual (19)8), P,'Uden et. rtl., (1974), }'inch rtnd Van Wi nkle 

(1964) and Dribika and Biddulph (1906). 

2.2.1 

Veatch et. al., (1960) reported that Oldershaw columns had been used 

successfully in scale-up studies for the acrylonitrile process. Martin 

(1964) showed that laboratory studies with a glass Oldershaw coluITffi were 

in good agreement with plant studies of a high-vacuum solvent-water 

fractionator. Similar conclusions were reached by Andrew, (1969). Finch 

and Van Winkle (1964) proposed a model b;lsed on residence times and 

efficiency coefficients for the gas and liquid phases to obtain scaled-up 

tray efficiencies. The more significant studies, however, have been 

published in recent years. Fair et. al., (1983) measured point efficiencies 

using an Oldershaw column and compared them with the Fractionation Research 

Inc. (F.R.I.) results (Sakata and Yanugi, 1979; and Yanugi and Sakata, 

1981 ). The efficiencies in both devices were comparable. They proposed 

a scale-up model based on mass transfer, tray spacing and the approRch­

to-flooding of the two columns. Dribika and Biddulph, (1986) measured 

point efficiencies of surface-tension-neutral systems in an Oldershaw 

column and compared them with measurements from a large rectangular 

column. They proposed a model based on the hydrodynctlllics of collunlls using 

penetration theory. The efficiencies of the Oldershaw column were some­

what lower than those in the larger column. 
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Early studies of mu'face tendon effects in distillfltion by 

Zuiderweg and Hacmens (19)8) r88ul ted in a clClssifica tion of ~'YstGms 

according to their surface tension characteristics. The systems are 

defined as positive if the surfCice tension of the reflux increases down 

the column, negative if it decreases and nc,utral if it rem:-lins unchanged. 

The latter occurs if the pure components have similar surface tensions, 

or if the mass transfer driving force is insufficient to cause a major 

surface tension change. Their work with supported area (i.e. packed 

cOlumns) or unsupported area (i.e. }Clboratory Oldershaw sieve tray) 

columns revealed higher efficiencies for the positive systems. This was 

explained in terms of Marangoni effects on the stabilisation of the 

1i~lid films or froth in the positive systems. Similar conclusions were 

also made by Ellis and Bennett, (1960); Hart and Hase1don,(1969), Medina 

et. a1., (1978); and Young and Weber.(1972). The reverse, however, was 

obse~ved by Bainbridge and Sawistowski,(1964). They operated their 

column in the spray regime, and their higher efficiencies for the negative 

systems were explained in terms of "Marangoni" effects on droplet form­

ation. Fane ruld Sawistowski (1969) corrected the above statement by 

defining the foam (liquid-phase continuous) and spray regime (vapour­

phase continuous). In the spray regime the negative systems obeyed the 

Bainbridge and Sawistowski (1964) rule but in the froth regime Zuilderweg 

and Harmens (1958), observations were repeated. Boyes and Ponter (1970 ) 

obtained photographs of the retarded re-coa1escence of ejected droplets 

in a negative system. This ~dve longer exposure times between liquid 

and gas. In some cases entrance of a droplet caused secondary ejection 

of more droplets from the liquid. Boyes and Ponter (1970 and 1971 ) also 
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succeeded in rn··asuring contact i"!':l€'les under the conditions obtaining 

in distillation ::md successfully correlated the column efficiency against 

the contact angle for positive systems in both supported and unsupported 

interfacial area equipment. For negative systems, however, the production 

of s.1.tellite droplets and sprays becomes important and hence weee not 

related to contact angles. 

Macroscopic applications of these surface tension systems are also 

considered. Fell and Pinczewski (1977), based on the above fi.ndings, 

provided the following design strategy:-

a) For surface tension positive systems, the tray should be deGigned to 

operate at low F.Factor. The tray spacing was rather moderate (300 to 

460 mm) as the entrainment for such systems is low. Small holes and low 

free area should be used as higher tray capacities are possible. Under 

these circumstances large tray efficiencies are obtained which lead to 

savings in cost. This also applies to low driving force, high surface 

tension systems. 

b) For surface tension negative systems the tray should be designed to 

operate at a high F.Factor, with large holes and free area to encourage 

spraying effects. Large tray spacing is hence required to accommodate 

higher entrainment. The saving in cost results from a reduction in the 

column diameter. This will also apply for surface tension neutral system. 

Surface Tension Renewal Effects 

Eiddulph (1966), photographed, and hence measured, eddies arriving 

at the surface for positive and negative systems in a glass-sided cell. 

The eddies were the dyed liquid of the system to be examined injected by 

hypodermic needle at the bottom of the cell. The spreading of the dye 
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on the surface was then meClsured by photographic techniques. The positive 

systems with the highest difference in individual component surface tension 

showed the maximum spreading effect. The surface tension negative systems 

showed no spreading but rather a repu]sion of the eddies. He then followed 

this work by experimenting using a constant area pool column. There was 

no abrupt change in terminal efficiencies of the positive and the negative 

systems. This was explained as the result of a constant interfacial area. 

For the negative systems, larger liquid phase-resistances to mass transfer 

due to the lack of interfacial turbulance were measured. Higher point 

efficiencies were obtained for the positive systems. Moens and Bos (197 2), 

accepting the above criteria, added that in macro-scale operation, the 

efficiency most probably changes as a result of interfacial flow generated 

by the surface tension gradient parallel to the liquid flow. They also 

used a surface tension stabilising index to explain their findings using 

a pool column. Similar conclusions to those of Biddulph (1966) and Ellis 

and Biddulph (1967), were reached. In general, the larger the stabilising 

index, the larger the efficiencies of the pool columns due to the surface 

tension turbulances. Moens (1972) also studied the effect of composition 

and driving force on the performance of packed distillation columns. 

Surface Tension Effects on Mass Transfer 

Both Ellis and Biddulph (1967) and Moens and Bas (1972) demonstrated 

how surface renewal effects can enhance efficiencies of the positive 

systems. Sawistowski (1973), in two reports, emphasised the importance 

of Marangoni-induced instability and renewal. In the first report it 

was stressed that these Marangoni effects affect both the mass transfer 

coefficient and the effective interfacial area. It was stated that these 
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surface t.ension effects increase the mass transfer coefficient several 

times, that is from similar predictions using fHm or penetration theory. 

In the second report he confirmed the IJrevious speculation (F;me and 

Sawistowski, 1969 )in terms of tLe effect of Marangoni instabiJ i ties on 

droplet sizes. Zuiderweg (1983) reported a large enhancement of 

point efficiency owing to the n'uangoni effect. Dribika (1936) compared 

the distiJ.lation of a surface tension neutral system, methanol/no proln,nol, 

with the highly surface tension positive system methanol/water. These 

two systems were very similar in physical properties, and their equilibrium 

relationship shows a similar form. Higher point and tray efficiencies 

were measured for the positive system. His measurement of mass transfer 

coefficient confirmed the conclusions reached by Sawistowski (1973). 

2.4 ~ltico~onent Distillation Efficiencies 

In designing a column for a multicomponent system, it is the normal 

procedure to calculate the number of theoretical stages from the equilibrium 

data for a required separation, a constant column efficiency is then used 

to estimate the required number of trays. Nord (1946) and Qureshi and 

Smith (1958) were among the first investigators to point out that, in 

multicomponent systems, individual components may operate with different 

efficiencies. Toor (1957) showed theoretically that, for thermodynamically 

non-ideal multicomponent systems, there are marked ~ifferences between 

binary and ternary mass transfer, arising out of interactions between the 

diffusing species. These interactions were designated as, firstly, 

"diffusion barrier" (no mass transfer occurs despite there being a driving 

force), secondly, "osmotic diffusion" (mass transfer when there is no 

driving force) and thirdly, "reverse diffusion" (mass transfer against 

the direction of the driving force). Toor and Buchard (1960) studied the 
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mass transfer behaviour of the non-ideal system methanol-isOIJrOp8.nol­

water to demonstrate these effects. They computed different component 

point efficiencies existing in this system. HrLflelden and Thoroeood (1964), 

using t}'e f3ystpm ni trogen-oxygen-argon, and Dri bika (1,)86), using the 

system methrmol-ethanol-n.}1ropanol, measured equal cOlllponent point effic­

iencies. This is the expected result since both these systems are 

thermodynamically ide8.l. Meanwhile, different component point efficiencies 

were mecl,sured for the thermodynamically non-ideal systems methanol-ace tone­

water, (Diener and Gerster 1968, Vogelpohl 1979), acetone-methanol-ethanol, 

(Free and Hutchinson 1960), rnethanol-isopropanol-water, (Vogelpohl 1979, 

Vogelpohl and Cerettor 1972), methanol-ethanol-n.propanol-butanol-water, 

(Gelbin 1965), ethanol-tetra -butanol-water, (Krislma et. al., 1977), 

cyclohexane-toluene-n.heptane, (Medina et. al., 1979), cyclohexane-toluene­

ethanol and hexane-methylcyclopentane-ethanol-benzene (Young and Weber 

1972) • 

Different individual component efficiencies were also reported by 

Miskin et. al., (1972), Cilianu et. al., (1974), Cermak (1970), and 

Konstantinov and Nikolae (1968) working on different ternary systems. 

These efficiencies were found to have values outside the (0, 1) internal, 

especially when a maximum in concentration occurred for one or the 

components. Medina et. al., (1979) have pointed out that the composition 

of the component exhibiting the maxima is independant of the precise 

values of its efficiency in this region. 

Mixing effects on the tray have an important influence on the ind­

ividual component tray efficiencies. In a series of papers Biddulph 

(1975, 1977) and Biddulph and Ashton (1977) used an eddy diffusion model 

to allow for the extent of the liquid back mixing on the tray and to 

simulate conditions corresponding to those in large industrial applications. 

They computed different component tray efficiencies despite equal component 
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point efficiencies operating across the tray. Drihika (1986) measured 

different component tray efficiencies across the tray despite the 

existence of equal component point efficiencies for the system methanol­

ehanol-n.propanol. 

?rediction Methods 

These methods lead to the calculation of individual component point 

efficiencies, taking into account diffusional interactions. The procedure 

involves using the Maxwell-Stefan diffusion equations. These equations 

were derived by Diener and Gerster (1968), Krishna et. ale (1977) and 

Medina et. ale (1979). They assumed equimoler mass-transfer, no influence 

of finite mass-transfer rate on mass transfer equations, neglected 

thermodynamic correction factors and, most important of all, no liquid­

phase resistance to mass transfer. The latter is still unknown and 

requires further research to take into account the interactions in the 

liquid phase. A method for the calculation of the liquid phase resistance 

is given by Krishna and Standart, (1979), but there are still complications. 

Krishna et. ale (1977) and Medina et. ale (1979) used these equations and 

their predictions were in agreement with experimental measurements. 

Aittama (1981) used this theory taking into account the liquid phase 

resistance satisfactorily. In a recent report, Lockett (1986) used this 

theo~ from first principles to calculate efficiencies for the system 

methanol-ethanol-water. These efficiencies were different for different 

components and similar to industrial data. The mass transfer process in 

this system was reported to be vapour phase controlled (Kutsarov and 

Tasev, 1986). 
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2.5 T1:e Effect of Li.1..uid Flow M3.1distribution on TraLEfficienc."l 

Kirschbaum (1934) was the first investigator to recognise that the 

liquid flow on a circular tray is far from uniform, and that maldistri­

bution causes a loss of efficiency. It was not, however, until 1972 tll.,tt 

Bell (F.R.I.) published some experimental results from a 2.4 m diameter 

tray which showed significant concentration chaJ~s at right angles to 

the direction of flow. Lines of constant concentration were U shaped. 

(i.e. composition at the sides of the tray was similar to th~t of the 

liquid leccdng.) Forter et. a1. (1972) and Lockett et. a1. (1973) Sll.ggested 

a model wbich not only predicted the above behaviour, but also predicted 

a loss of :ray efficiency on scaling up single pass sieve trays above about 

3 meter ir! diameter. This is because as the liquid flows onto a single-

pas s tray :~-~'om the downcomer, it tends to take the shorte s t route to the 

other dO~180mer by channelling down the centre of the tray. This leaves 

slower moving, stagnant or circulating liquid at the sides of the tray 

Lockett (1986). Since there is no bulk flow of liquid through these 

regions, they reach equilibrium with the vapour flowing through them. 

This obviously reduces the tray efficiency. There were other reports 

confirming the above criteria Lockett and Safekourdi (1976), Bell (1972a, b), 

Weiler et. ale (1973) and Neuburg and Chuang (1982). Smith and Delnicki 

(1975) and Weiler and Lockett (1985), of Union Carbide Co., used slotted 

trays to promote liquid movement at the sides of the tray. This was 

reported to increase the tray efficiencies. Porter and Davies (1986) are 

currently investigating the effect of changing the shape of the bottom of 

the inlet downcomer to encourage liquid flow round the curved walls, 

raising the outlet weir to allow some liquid to escape from underneath 

and using inclined trays in order to linearise the liquid flow on the tray. 

It is worth noting that all the above problems are associated with operation 

in the froth regime (Hofhuis and Zuiderweg, 1979). Porter et. ale (1974) 

reported no liquid channelling in the spray regime. 
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2.6 Conclusions 

a) Although the effect of variation of the outlet weir height and 

the hole size have been the subject of thorough studies in the past, there 

seems to be considerable experimental inconsistancies. The comparison 

made by Hellums eta ala (1958) and Umholtz and Van Winkle (1957) used 

trays with different free areas, although it can be assumed that the flow 

non-uniformities were non-existant on their small circular tray. Pruden 

eta ala (1974) used baffles on the test tray. It was reported that wall 

effects affected their experiments. The same can be said about the works 

of Lockett eta ala (1979). 

b) Various authors have reported the existance of "wall effects" 

in small Oldershaw co11unns. These small columns do not represent the 

distillation process on a large tray. No attempt has ever been made to 

tackle this problem. There is a large number of conclusions made about 

the effect of different factors using small Oldershaw distillation column 

data. Serious doubts may be cast on the validity of these conclusions, 

in the light of the "wall effects" and their influence on the mass transfer 

process. 

c) The Marangoni effects on mass transfer in the froth regime, where 

the liquid phase is dominant, was studied by Dribika (1986). A large 

number of columns operate in the spray regime, and there seems to be a 

lack of information about the nature of the mass transfer in these columns. 

This may involve studying the cumulative droplet distribution for different 

surface tension systems, and their effects on mass transfer. 

d) Surface renewal effects play an important role in the distillation 

of different positive systems, Biddulph (1966), Moen and Bas (1972), and 

these effects require further investigation under distillation conditions 

in order to obtain a clearer picture. 
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e) In recent years, there has been growing attention paid to the 

behaviour of mul ticomponent systems. Recent reports emphftSise that equnl 

indi vidual component tray efficiency is an uIll'ealistic aS81lDlption and 

better design methods are required to take into account:-

i) The effect of the interaction on individual component 

pOint/tray efficiencies. 

ii) The effect of liquid back mixing on individual component 

composition gradients and tray efficiencies. 

f) The multicomponent point efficiency prediction methods are limited 

to terna:ry systems. These methods require testing against large tray 

data (Lockett 1986). 

g) There is no method reported to predict point efficiencies for 

multicomponent systems comprising more than three components. 

h) The effect of flow non-uniformities and stagnant zones on tray 

efficiencies have been studied by Porter and co-workers (197 2, 19;';.). 

The Union Carbide Company have been using slotted sieve trays as one means 

of overcoming this problem. 

Further research is required to find other means and understand the 

effect of these flow non-uniformities under different hydrodynamic 

conditions, (Lockett, 1986). 



- 21 -

CHAPTER 3 

BOILING POINT SURFACE TENSION 

MEASUREMENTS ON THE AQUEOUS ALCOHOL 

SYSTEMS 
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3.1 Introduction 

The Marangoni effect has been attracting increased attention because 

of its influence on mass transfer in the field of distillation (Zuiderweg 

and Harmens 1958, Biddulph 1966, Boyes and Ponter 1971, Fane and 

Sawistowski 1969, Bainbridge and Sawistowski 1964, Zuiderweg 1983), 

hlUnidification, absorption of gases, and liquid-liquid extraction (Liddel, 

J. 1985). It has been shown to occur in many systems of commercial 

interest, affecting interfacial turbulence and droplet-droplet coalescence 

rates, froth formation and droplet size, thus altering the interfacial 

area available for mass transfer. Marangoni effects occur when large 

surface tension differences exist between the pure components, and is 

intensified by large mass transfer driving forces. Examples of such 

systems are alcohol-water combination, and considerable effort has been 

made in the past to develop suitable correlation to describe the surface 

tension behaviour of these systems (Winterfield et. ale 1978, Tamura, 

1955). Due to the highly non-linear nature of these systems, arising from 

the complexity of the structure of the hydrogen bonding of water, the 

correlations are not very successful. In the field of distillation the 

surface tension/composition relationship is required at the boiling point 

and most of the measurement technique, such as capillary rise, cannot 

be used. Sugden (1922-1924) gave details of a tensiometer which was 

reported by Adam (1941) to "combine the advantages of speed, simplicity 

and accuracy to a greater extent than any other method". Although the 

apparatus was originally designed for room temperature determinations, 

with some modification it was used successfully for measurements at the 

boiling point by Catchpole (1962) and Biddulph (1966 ). 

Using this equipment the surface tensions of the binary and ternary 
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alcohol-water mixtures were measured. In addition the surface tension 

of the system MeO~n.PrOH was also detennined. For the binary systems 

correlations are proposed which predict the surface tension at the 

boiling point. 

The overall equipment is shown in figure 3.1. Photographs in 

figures 3.3 and 3.4 illustrate a general view, the tensiometer in operation 

and a close up of the tensiometer. The glass tensiometer (G) com;Lo.ts of 

a vessel provided with a variable electrical heating element (H ), side 

condensers (F) and a drain line. Into the top of the vessel is fitted a 

B.40 general glass stopper through which are sealed two tubes and a 

thermometer pocket (Figure 3.2). One tube has a short length of precision 

bore capillary tube of 1.52 mm hole diameter, the other is drawn out until 

its diameter is about one-third of that of the capillary section. This 

diameter need not be known. The length of these tubes are identical, so 

their depth of immersion in the boiling liquid is the same. A two-way 

tap is used to divert the gas flow from one tube to the other. 

Nitrogen from the gas cylinder (A) is passed through a drying tower (B) 

containing calcium chloride, and then passes through a fine needle valve (C) 

and a manometer (D) immersed in a constant temperature water bath (E), 

to the tensiometer (G). 

3.3 Procedure 

A liquid mixture is introduced into the tensiometer vessel, and a 

small amount of mercury is introduced into the vessel to fill the drain 
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fum, thus avoiding "dead-space" liquId. The heating mantle (H) is then 

switched on and the current varied to maintain a non-vigorous boiling of 

the liquid. The gas flow rate is adjuded to maintain a bubbling rate 

of one bubble every five seconds. The manometer level fluctuates, 

registering a pressure difference corresponding the maximum pressure 

required for a bubble to break. The water bath temperature was kept at 

30°C. T he mixture boiling temperature was measured by a pre-calibrated 

thennocouple with an ~)rror of ± 0.1 oC. The manometer pressure difference 

was measUJ'r>d by using a travelling microscope. The equipment was 

carefully cleaned and free [.'.Jm c(,ntamination, and all the tensiometer 

joints were .·c"!Jd. with P.T.F.E. sleeving. The tensiometer fitted in the 

heating mantle was maintained upright by using a spirit level mounted in 

a circular, flat stainless steel disc. The pressure drops were taken as 

nitrogen bubbles break and leave the capillaries. The procedure was 

repeated up to five times to check for reproducibility_ 

3.4 Sugden Equation 

The emperical equation developed by Sugden (1922-1924), and reported 

by Catchpole (1962), has an accuracy of 0.1% for the surface tension is 

as follows:-

/) m [

1 + 0.69 r 2 Pmix ] 
A Pm g (,0,E, - ,0,H2) C6H ,0,H) 

g 1- 2 

When: A,: Constant of apparatus, detennined by calibration with dried 

distilled toluene. 

/) : surface tension of the mixture (mN/m)or (Dyne/em) 
m 

~ H1 : manometer difference through fine capillary((m) 



- ?5 -

---.t.- ._---- ----------....... 

c 

T 

F 

D 

A 

FICURE 3.1 Surface Tension Apparatus 

Two way valve ____ 

Thermometer Packett . [ Condenser 

Large Capillary ---- -
________ - Fine Capillary 

-----Mercury 

FICURE 3.2 The Tensiometer 





Figure 3. 3 A View of the Apparatus. 
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Figure 3.4.a A View of the Tensiometer in Operation. 
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Figure 3.4.b The Glass Tensiometer. 
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~H2: manometer difference through larger capillary (ern) 

r 2: radius of larger capill~ry 0.076 (em) 

Pmix : density of liquid (gr/ml), (see ::tppendix C for cCllculation) 

Pm: density of manometer liquid = 0.784 (g/rnl) (kerosine) 

g: 981 (cm/sec 2 ) 

incorporating the values of g , Pm and 1'2' equation 3.1, 

reduces to the following:-

3.5 Calibration 

The calibration of the tensiometer was carried out using dried 

distilled Toluene, supplied by Fisons Ltd., over a range of temperatures 

up to and including the boiling point. The pure component surface tension 

data for this system was reported by Jasper (1972) and the density data by 

Gallant (1970). Table 3.1 summarises all the measurements. The constant 

A was found to have a value of 0.03519, whieh produced a maximum error 

in surface tension evaluation of 3.4 Y,.Using this constant,the surface 

tensions at the boiling points of water, methanol and ethanol were 

determined and compared with the measurements reported by Jasper (197 2). 

This comparison is shown in Table 3.2, and the agreement is satisfactory 

The percentage error was calculated from this equation:-

% Error = 
* (0 - 0 )100 m 

0* 
3.3 

AR grade alcohol and~ionised water was used throughout this work. 



- 30 -

3.6 An~lysis of the Samples 

Details of the analysis of the srunples are given in appendix D. 

3.7 Results 

The surface tensions of the binary systems, MeOlvnaPrOH, MeOH/H20, 

EtO~H20 and the ternary system MeO~n.PrO~H20 were determined. These 

results are tabulated in tables 3.3, 3.4, 3.5, 3.6 and 3.7. The tables 

also include the bubble point temperatures of the test mixture, determined 

by the thermocouple. The results of the binary surface tension deter-

minations are plotted in figure 3.5 and for the ternary system in the 

trianguJar diagram 3.6. The bubble point temperature of the test mixture 

was also calculated, taking into account the non-idealities in the phases 

(see appendix B). These temperatUl'es are plotted against the measurements 

by the thermocouple in the figure 3.7. It can be seen that the agreement 

is good. 

3.8 BinaEY Surface Tension Correlations 

An attempt was made to correlate the surface tension behaviour of 

the binary systems studied here. The non-linear behaviour of the aqueous 

systems made it impossible to derive a relationship which covered the whole c 

the composition range adequately. However, since the surface tension of 

these aqueous systems decreases sharply at high water concentration as a 

result of an increase in alcohol composition, it was decided to use two 

forms of correlation to describe this behaviour. Using a Least Mean 

Square method the following relations were obtained:-
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a) Composition range 0 - 0.1 mole fraction more volati1e compclncnt. 

1 
X, + a + b 3·4 

b) Composition range 0.1 - 1.0 mole fraction more volatile component. 

The constants for equations 3.4 and 3.5 are tabulated in tablc'S.O. 

Table 3.8 Constants of the Equations 3 ·4 and 3.5 

System a b c d 

MeOH/H2O 0.0394 33·81 2·990 0.3238 

EtOH/H20 0.0270 22.35 2.850 0.2133 

n.PrOH/H2O 0.0214 12.481 2.943 0.0968 

The boiling point surface tensions calculated from these equations 

are in a good agreement with the measurements, as illustrated in figure 

3.5. The following equation was used for the MeOH/n.PrOH system:-

2 o == 1 7 .44 + 7. 7 ) 9 x 1 - 11. 96 x' 

3.9 Discussion 

Boiling point surface tensions of the ilqueOUG :;y[~temG of interest 

were measured using the tensiometer described. The use of this equipment 

is quick, easy and precise. There have been a few attempts to measure 
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the surface tension of the systems at boiling point under man transfer 

conditions in the past. Ling and Van Winkle (1958) developed a method 

der3ib'"ned to bring the liquid and the vapo1ll' into equilibrium contact while 

measuring the surface tension. This equipment was rather complicated. 

Aquiler et. al. (1983) measured the surface tension of their mixtures 

at lower temperatures and extrapolated them to the boiling point. They 

used the ring method. Both authors measured the boiling point surface 

tension of the system n.PrOH/H
2
0 and a comparison of their measurements is 

made in figure 3.8, and compared with the measurements reported here. 

The2~ is good aG~eement between these measurements, but a very important 

feature of the measurements using the tensiometer described here is the 

ease of use under boiling conditions. 
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Table 3.1 SummaEY of Tensiometer Caliberation 

with Dried Distilled Toluene 

T °c 0* Om % Error 

mN/m mN/m 

26.1 27.80 27.76 0.14 
28.6 27.50 27.70 0.69 
35·3 26.70 26.75 0.19 
37.6 26.43 26.56 0.49 
41.7 25·94 25·32 2.40 
47.9 25·21 25.89 2.71 
50.3 24.92 24.64 1 .11 
53.4 24.55 24.59 0.15 
56.2 24.22 24.28 0.26 
59.0 23.88 23.88 0.00 
63.1 23·39 23·53 0.67 
69.4 22.65 22.86 0.95 
74.4 22.05 22.27 0.99 
80.3 21. 35 21.69 1.59 
84.6 20.84 21.55 3.41 
89.3 20.28 20.01 1.33 

110.00** 17.70 17.21 2.74 

A average = 0.03519 

Deviation of the measured 
Surface Tension = + 0.26 

* Jasper 1972 

** Boiling Point 

A 

0.03524 
0.03495 
0.03512 
0.03502 
0.03605 
0.03564 
0.03559 
0.03514 
0.03510 
0.03519 
0.03500 
0.03485 
0.03485 
0.03464 
0.03404 
0.03566 
0.03618 
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Table 3.2 Deviation of Measured Surface Tension 

from Published Works 

** Liquid T 0 Om 10*- Om I 
°c mN/m rnN/m InN/m 

Ethanol 78.0* 17.56 17.69 0.13 

Methanol 65.0* 18.98 19.47 0·50 

" 47.0 20.31 20.11 0.34 

Water 100.0* 58.85 59.21 0.3 

* Boiling Point 

** Jasper (1972) 
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Table 3.3 Methanol/n.propanol Surface Tension at 

Boiling Point 

Test No. X1 8 T m 
(mN/m) 1°C 

68 0.0428 19.72 66.0 
69 0.1594 19.35 68.6 
70 0.2971 19.82 72·5 
71 0.5276 18.63 77.8 
72 0.6579 18.85 82.0 
73 0.7825 18.82 86.6 
74 0.8640 18.15 90.5 
75 0.935 18.18 93.1 
16 0.9659 11.38 95.0 
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Table 3.4 Methanol/Water Boiling Point Surface Tension 

Test No. X1 Om T 

(mN/m) °c 

1 0.0218 49.23 96.6 
2 0.04345 45.69 92.6 
3 0.0384 49.69 92.2 
4 0.0760 42.43 88.0 
5 0.1696 37.14 82.6 
6 0.1980 34.03 82.8 
7 0.2667 32.53 79.1 
8 0.2974 30.06 78.0 
9 0.3630 27.85 76.0 

10 0.6004 23.20 70.8 
11 0.5026 24.40 73.0 
12 0.7293 21.63 68.6 
13 0.8162 20.40 67.8 
14 0.8959 20.52 66.8 
15 0.9480 20.31 66.0 
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Table 3.5 _Ethanol/Water Surface Tension 

at the Boiling Point 

Test X1 8 m T 

(mN/m) °c 

34 0.0143 46.95 96.2 
35 0.0206 45. 17 94.8 
36 0.0423 38.26 91.0 
37 0.0576 34. 15 88.7 
38 0.1076 28.44 85.4 
39 0.1347 28·58 84.4 
40 0.17505 25.88 83.2 
41 0.1830 24.96 82.0 
42 0·3027 21.59 81.1 
43 0.5269 20.58 79.3 
44 0.7029 18.19 78.5 
45 0.8982 18.10 78.0 
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Table 3.6 n~~lLWater Surface Tension at the Boiling Point 

Test X1 om T 

(mN/m) 

16 0.00 59.21 99.8 
17 0.0088 54.75 96.4 
18 0.0194 38.32 90.7 
19 0.0300 30.05 89.4 
20 0.0495 26.66 88.0 
21 0.0663 24.35 " 
22 0.0830 23·84 " 
23 0.0874 24.23 " 
24 0.1136 26.30 87.7 
25 0.1351 22·77 87·4 
26 0.2306 22·55 87·3 
27 0.4990 21.12 87.4 
28 0.6621 21.08 88.6 
29 0.8125 19.18 90.2 
30 0.9033 19.10 92.4 
31 0.2306 20.985 87.7 
32 0.0851 22.66 88.3 
33 0.078 28.39 88·7 
33a 1.000 17.53 99.0 
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Table 3.7 Surface Tension of the TernaEl 

Test X1 X2 " T "ill 

(mN/m) °c 

46 0.8458 0.0053 19.77 68.00 
47 0.7880 0.0720 19.50 69.00 
48 0.7044 0.1272 19.06 72.0 
49 0.1780 0.8015 17.40 89·0 
50 0.1110 0.5433 19.07 87.7 
52 0.3972 0.3445 19.99 77.9 
53 0.4689 0.3023 18.57 76.8 
54 0.5544 0.2522 19.61 74.3 
55 0.4132 0.1979 21. 31 77.5 
56 0.2177 0.1116 26.18 81.0 
57 0.1805 0.0979 24.45 82.0 
58 0.1317 0.0718 24.08 83.2 
59 0.0830 0.0458 28.08 85.0 
60 0.0528 0.0293 31.16 88.0 
61 0.0298 0.0152 37·32 90.5 
63 0.3690 0.0184 34·55 89.0 
64 0.1395 0.0129 34.50 84.00 
65 0.2691 0.0100 30.56 78.4 
66 0.3727 0.0079 28.45 73.2 
67 0.4339 0.1155 23.23 76.2 
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A MODIFIED OLDEHSHAW COLUMN }'OR DISTILLATION E}'}i'ICUlNCY MEASUI{EMRN'rS 

4.1 Introduction 

A considerable amount of research has been carried out into efficiency 

measurements using small sieve tray columns during PA,st 30 years to study 

the characters of different systems under closely controlled conditions. 

~se of fabrication and lower costs have been the main attraction of this 

sort of arrangement. The literature survey in Chapter 2 covers a m~ber 

of published works concerning the use of such equipment. One of the 

disadvantages of small sieve tray distillation columns, distil1ing "high" 

surface tension positive and neutral systems, Zuiderweg and Harmens (1958 ), 

is the phenomenon of wall-supported froth. The froth height in a large 

sieve tray distillation column is partly a function by the liquid-hold up 

on the tray. The liquid hold-up is a direct function of the outlet weir 

height, as shown by the recent correlations of the Bennett et. ale (1983) 

and Zuiderweg (1982). Therefore much lower froth heights should be 

expected in a small laboratory size distillation column, usually having 

no outlet weir and having a short flow path length. 

4.2 Systems Investigated 

The methanol/water, ethanol/water, n.propanol/water, and methanol/ 

n.propanol systems were investigated. The aqueous systems are defined as 

highly positive according to the Zuiderweg and Harmens, (195~ classification. 

The system n.propanol-water is especially interesting since it is positive 

up to the azeotropic composition, neutral at the azeotrope and negative 

at high n.propanol concentrations. The system methanol-n.propanol is 

surface tension neutral since both the constituents possess similar and 

low pure component surface tensions. 
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4.3 The Properties of the Systems 

The physical properties of methanol, ethanol, n.propanol and water 

are given in appendix C. In addition, the surface tension of these 

systems was measured at the boiling point using a glass tensiometer. 

The surface tension measurement detials are given in Cllapter 3, and the 

change of surface tension with composition is shown in figure 3.5. 

4.4 Vapour/Liquid Equilibrium Data 

The equilibrium data for the systems methanol/water, ethanol/water 

and n.propanol/water were provided by Maripuri and Ratcliff (1972), 

Stabinkov et. ale (1972) and Smirnov et. ale (1955) respectively. These 

data, in form of the Wilson parameters, according to the recent compilation 

of equilibrium data by Gemhling and Onken (1977) are thermodynamically 

consistant. The VLE data of Dribika and Biddulph (1986) were used for 

the system MeOH/n.PrOH. These parameters are given in table 4.1 and will 

be used in subsequent multicomponent work (see later). 

TABLE 4.1 BINARY WILSON P~~ERS 

System Wilson Parameter Reference 

Methanol-n.propanol 421.821, -245.905 Dribika and 
Biddulph 1986 

Methanol-water 216.851, 468.601 Gemhl ing and Onken 
1917 Part 2a 

Ethanol-water 216.756, 975.488 Gemhling and Onken 
1977 Part 2a 

n.propanol-water 906.526, 13969.639 Gemhling and Onken 
1977 Part 2a 
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4.5 Computation of the ~9.uilibrium Vapour Comp()sitio.,!! 

A computer model taking into account the non-idealities in both 

phases (Prausnitz et. ale 196 i) was used to carry out the required 

computation of the activity coefficient using the Wilson model. The 

keyeq.ations involved in such computation, and the data required, are 

given in appendix B. 

4.6 The Modified Oldershaw Colunm 

The idea that a modification is desirable grew after calculating the 

point efficiencies of highly positive aqueous systems using a standard 

Oldershaw colunm (Figure 4.1a) and studying the mechanism of froth form­

ation in small colunms. One of the systems of interest, methanol/water, 

had been studied before and point efficiencies had been measured in 

larger scale columns (Lockett and Ahmed 1983, Biddulph and Dribika 1986). 

Clearly the point efficiencies measured from small colunm experiments 

(see later) we~e excessive. 

Based on our observations, it was decided to design a column with a 

similar form to that of the standard Oldershaw colunm used during our 

earlier experiments but with an expansion above the tray to try to avoid 

the wall supporting the froth. Figure 4.1.b shows the neW column and 

compares it with the previous arrangement. The two columns are compared 

in Table 4.2. 

The experiments with the modified column appeared to give a much 

more representative froth for the outlet weir height used. A froth 

height of 1.5 to 2.5 cm was obtained as compared with 12 to 15.5 cm with 

the unmodified colunm, see Figure 4.2. 
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Fi~ure 4.1 Standard and Modified Oldershaw columns 





System:Methanol/Water 

Run: li2a 
Froth Height:2 em 
Point Efficiency: 0.77 
Vapour Velocity:0.41 m/s 
X:0.8356 

Run: 112b 
Froth Height:15 cm 
Point Efficiency: 1.01 
Vapour Velocity:O.45 m/s 
X:0.8268 

Figure 4.2 Operation of the Standard and the Modified 
Oldershaw Columns. 
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Figure 4. 2 OperaLion of the SLandard a nd the Modified 
Oldershaw Column s . 
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TABLE 4.2 A COMPARISON OF THE STANDARD AND MOFH'IED OLm~HAW COLUMNS 

Oldershaw Modified 

Tray Diameter (em) 3.8 3.8 

Column Dia. (em) 3.8 6.4 
above the tray 

No. of holes 46 46 
Hole Diameter (mm) 1 .1 1.1 

Weir Height (mm) 2·5 2.0 

% Free Area SOlo 8% 

Hole Pitch (mm) 3·8 3.8 

Biddulph and Dribika (1986), and Lockett and Ahmed (1983), reported froth 

heights of the order 8 to 9 cm on their large distillation COllllUnS with 

high outlet weirs. 

4.7 The Apparatus 

The apparatus is shown diagramatically in figure 4.3. A 10 litre 

reboiler (R) was provided with a heating mantle and covered with a heating 

jacket, together generating a heat input of 1300 watts, controlled by a 

variac. The vapour from the reboiler passed through a calming section (CS) 

and then through the test tray. The vapour then passed through the space 

above the tray (S), and an elbow (E) before being totally condensed above 

(CO). The condensed liquid then passed through a flowmeter (F) before 

returning to the column at the top sample point (ST). Here a chimney 

keeps liquid and vapour apart. The reflux then returned to the test tray 

after passing through the external downcomer made in a U-shape at the 

bottom to seal the downcomer. A similar arrangement was made for the 

liquid leaving the test tray to the bottom sample point (SB). The reflux 
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then returned to the reboiler by overflowing the top of the chimney. The 

colwnn section was enclosed in an air heated cabinet to minimise heat 

losses. The electrical heater (H) was controlled manually, the temperature 

gradient across the cabinet being monitored by thermocouples installed at 

T1 and T2. Two additional thermocouples T3 and T4 measured the reboiler 

and the vapour temperatures. 

4.8 The Materials 

For the aqueous system experiments, Fisons SLR grade alcohol was 

used, with water being the major impurity. De-ionised water was provided 

by the water treatment plant in the laboratory. Similar materials were 

used for the large scale binary and multicomponent experiments (see later 

chapters). For the experiments on the system methanol/n.propanol and 

analysis Fisons AR grade alcohols were used with purities of up to 

99.8% W/W. 

4.9 The Experimental Procedure 

About 6 litres of the test mixture was placed in the reboiler and 

brought to boiling. Each experiment was of 4 hours duration to achieve 

steady-state conditions, the cabinet and the reboiler temperatures 

providing a guide to steady-state condition, these being monitored 

regularly and adjustments made if necessary. The experiments were carried 

out at atmospheric pressure and total reflux. The froth height was 

measured using a scale placed behind the column. The samples were 

collected in precooled bottles. Prior to sampling a small amount of 

liquid was withdrawn from each sample point to ensure representative 
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sampling. The boil up rate was measured by direct collection of the 

reflux. There were the usual meastlTement errors involved in measuring 

the reflux rate, and the froth height. 

4.10 The Analysis 

The analysis of the samples was carried out by gas liquid chromato-

graphy. The average error in mole fraction calculations are tabulated 

in Table 4.3. 

TABLE 4.3 ACCURACY OF THE ANALYSIS 

System ACC 

MeOH/n.PrOH 

MeOH/H20 

EtOH/H
2

0 

n.PrOH/H20 

(mole fraction) 

+ 0.0020 

+ 0.0028 

± 0.0043 

Details of the gas-liquid-chromatography and the analysis techniques 

are given in appendix D. 

4.11 Results 

All the experiments were carried out at a F.Factor of about 0.4 

m/s (Kg/m3 )0.5 except for n.propanol-water when a lower F.Factor of about 

0.25 m/s (Kg/m3)0.5 was also investigated. Figures 4.4, 4.5 and 4.6 

show comparisons of the point efficiencies and froth heights for the 
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aqueous systems using two columns, the standard Oldershaw COlWIU1 and the 

modified column. 

It is apparent that the "wall supported" froth gives rise to high 

efficiencies by providing extra interfacial area. Figure 4.7 shows a 

comparison of the point efficiencies for the system meth~no~water measured 

by the modified column with those of Biddulph and Dribika (1986), inferred 

from measurements in a one meter long rectangular sieve tray simulator 

column with 2.5 cm high outlet weir, and rJockett and Ahmed (1983), where 

point efficiencies were deduced from measurements in a 59 cm diameter 

sieve tray colunm with 5 cm high outlet weir providing a much E "('citer 

liquid hold-up. A comparison is shown in Figure 4.8 for the SU.L 'e 

tension neutral system of methano~n.propanol based on experiments with 

an Oldershaw column similar to Figure 4.1.a by Dribika (1986) and our 

modified column. This illustrates that the expansion above the plate in 

the modified column has no effect On the point efficiency measurements 

where non-frothing neutral or slightly positive and negative systems of 

low pure component surface tension are concerned. Finally the results 

on the n.propanol/water system, using the modified column, confirm that 

in the "froth regime", (Hofhuis and Zuiderweg 1979), the column superficial 

F-Factor appears to have no significant effect on the point efficiency. 

This is in agreement with the experimental observations of Lockett and 

Uddin (1980), Biddulph and Dribika (1986) and Dribika and Biddulph (1986). 

It is also worth noting that in the positive and negative composition 

ranges on either side of the azeotrope (Figure 4.6), the efficiencies are 

comparable. 
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The behaviour of the biphase on the test tray is shown and compared 

by the photographs in Figure 4.2. The biphase in the standard Oldershaw 

column consists of the supported froth and some recirculation, whereas 

the modified column biphase consists of froth and droplets. These 

droplets seemed to form as a direct atomisation of the liqujd on the tray 

by the high speed vapour, or as a result of froth breakage. Smaller 

droplets were related to the latter. Figure 4.9 clearly demonstrates the 

foamy nature of the froth. Figures 4.10 compares the positive and negative 

surface tension system n.propanol/water during distillation. The biphase, 

in contradiction of previous reports (Zuiderweg and Harmens 1958), seems 

very similar in nature and casts serious doubts in the efficiency 

definition of these systems (Zuiderweg and Harmens, 1958). They referred 

to the positive systems on "foaming" and negative systems as "non-foaming", 

and reported lower efficiencies for the negative system. All the 

efficiency measurements concerning these two columns are tabulated in 

appendix A, Tables A.1.1, A.1.2, A.1.3, A.2.1, A.2.2, A.2.3 and A.2.4. 

4.12 Discussion 

4.12.1 Wall Effects 

The measurements reported here clearly demonstrate the contribution 

of the "wall supported" froth to the high efficiencies evaluated. Further­

more, the modification encourages steady operating conditions. It seems 

likely that with the conventional column, the wetted wall effects due to 

returning small droplets colliding with the wall, some being carried over 

to the top sampling point, contributed to fluctuating point efficiencies. 

However, with the expansion above the plate reducing the vapour velocity, 

these effects have been markedly reduced. 
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Other studies have indicated that the size of the pilot test column 

has a direct influence on wall effects, and consequently on the me~sured 

point efficiency. Studies of the surface tension positive system 

n.heptane-toluene were c~rried out by Medina et. ale (1978), Z11idel~eg 

and Rarmens (1958) and Fane and Sawistowski (1969). Figure 4.11 

illustrates the measured efficiencies which resulted from these studies. 

Medina et. ale (1978) and Zuiderweg and Harmens (1958) used columns very 

similar to the llnmodified column described here and reported efficiencies 

of the order of 80 to 9~/o whereas Fane and Sawistowski (1969), despite a 

large liquid hold up on their tray, reported lower efficiencies from their 

larger tray. Another surface tension positive system, N
2
/02, had been 

studied extensively in the past by Brown and England (1961), Ellis and 

Catchpole (1964) and Haselden and Thorogood (1964). A comparison of those 

results in terms of point efficiencies and froth heights is shown on 

Figure 4.12. The same trend is observed, the larger tray with the greater 

liquid hold-up but lower froth heights exhibits the lowest point efficiencies. 

Haselden and Thorogood (1964) used a foam supporting baffle in an attempt 

to represent the behaviour of an industrial air separation distillation 

column, and obtained efficiencies of about 9~/o. Hart and Haselden (1969) 

used the same arrangement for their efficiency studies. One of the surface 

tension positive systems used in their study, benzene-n.hexane, showed 

efficiencies above 10~/o at mid composition range. These efficiencies were 

discarded from their studies due to the probability of inaccurate phase 

data. However, Zuiderweg (1969) discussed Hart and Haselden's work (1969) 

and concluded that the foam conditions produced on their plate did not 

resemble those of large industrial sieve plates since the drainage patterns 

and foam heights were different. It seems very likely that the foam 

supporting gauze baffle compensated for the lack of liquid hold-up in 

simulating point efficiencies measured on the larger trays (Biddulph 1975). 
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It also seems likely that the column wall can help to support bubbles due 

to surface tension forces and reduced vapour velocities near the wan. 

These supported bubbles assist the bubbles nearer the centre of the plate 

to stabilize. However, in the case of larger diameter plates the 

supporting effect is quickly lost and the froth height is determined by 

the rate of build-up and break-down of froth on the main part of the plate. 

The modified colurrm described here appears to provide more reliable point 

efficiency values, within its definition (Standart 1974), representative 

of the conditions found in the centre of a large plate. Several studies 

have reported increased tray efficiencies as a result of increased froth 

heights due to increased outlet weir heights or increased vapour velocities. 

The amount of froth is also expected to be a function of the liquid hold 

up on the tray and the vapour velocity (Haselden and Thorogood, 1964; 

Fane and Sawistowski, 1969; Brown and England, 1961; Finch and Van Winkle, 

1964; Umholtz and Van Winkle, 1957; Jeromin et. al., 1969; Sargent et. al., 

1964). To explain the above phenomena we refer to the results of Lockett 

and Ahmed (1983) and Biddulph and Dribika (1986). Using the system 

methanol/water a comparison is made between their results and our measured 

point efficiencies, in Figure 4.7, using the modified Oldershaw column. 

It is likely that the lower point efficiencies measured here are due to 

the much shorter gas and liquid contact on the tray due to lower froth 

height and smaller liquid hold-up present. The point efficiencies measured 

in the modified column can be used for the conservative design of a 

distillation column or be scaled-up by the recent method of Dribika and 

Biddulph (1986) for more accurate design. It is evident that such a column 

can actually measure point efficiencies very close to the ones operating 

on an industrial tray for any system, including those of extractive 

distillation. 

In Chapter 8 this work has been taken further by increasing the height 

of the outlet weir on the modified column tray. 
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4.12.2 Surface Tension Effects 

}'igures 4.13 and 4.14 illustrate the change in surface tension and 

the M.:'lrangoni stabilising index (M), at boiling point, for the systems 

studied. The surface tension measurements were carried out in a tensio-

meter as reported in Chapter 3. The Marangoni stabilisJng Jndex, def1ned 

as the change in the mixture surface tension with tJme (Hart and Haselden, 

1969), is a measure of the surface behaviour of a system, as a result of 

the local change in surface tension due to mass transfer. 

d 6 

M 
dx 

* (y - y ) 

Y Mole fraction of the more volatile component in the vapour 

phase. 

Y* Mole fraction of the more volatile component in the vapour 

phase in equilibrium with the liquid. 

5 - Surface tension at the boiling point (ruN/m). 

x Mole fraction of the more volatile component in the liquid 

phase. 

M - Marangoni stabilising index (mN/m). 

Systems were defined by Zuiderweg and Harmens (1958) as positive if 

the surface tension of the reflux increases in the column, negative for 

the reverse and neutral either if the constituent of the mixture are of 

the same order of surface tension or if the driving force tends to zero. 

The azeotropic system n-propanol/water exhibits all the behaviour described 

here, being positive at low and negative at high n-propanol concentrations, 

it is neutral at the azeotropic point. The system ethanol/water also 

exhibits the same behaviour but only measurements on the positive side 

were feasible. The system methanol/water and methanol/n-propanol are 
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"highly positive" and "neutral" respectively. 

Note that with the conventional column high froths were formed for 

the positive and neutral aqueous system whereas the "surface tension 

neutral" system of rnethanol/n-propanol was reported (Dribika and BidduJph 

1986) to form no froths. This confinns tl~t the froth supported by the 

column wall is partly a surface tension phenomena and its extent a function 

of pure component surface tension difference between the constituents of 

the mixture studied. The comparison of the point efficiencies of the 

neutral system methanol/n.propanol with the highly positive systems of 

methanol/water and ethanol/water (Figure 4.15) suggests that the positive 

systems exhibit higher point efficiencies due to the Marangoni surface 

renewal effects (Ellis and Biddulph, 1967). The comparison of the positive 

and the negative composition range point efficiencies of the n.propanol/ 

water system indicates that since the system properties are unchanged and 

the variation in the mixture surface tension, and consequently the 

stabilising index, is low in the composition range studied, similar point 

efficiencies result. 
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Run:12 System: n.Propanol/Water 
Vapour Velocity:O.37 m/s 
X=O.2044 
Eog=O.97 

Figure 4.9 Operation of Standard Oldershaw Column. 



Run:12 
System: n.P ro pa nol /W ater 
Va pour Ve lo ity:O.J7 m/ s 
X=O. 2044 
Eog=O. 97 

Figure 4 . 9 Opera tion of Standard Oldershaw Column . 
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Figure 4.1O.a Run: 131 
System:n.Propanol/Water(positive) 
Vapour Velocity:O.49 m/s 
X:O.3887 
Eog:O.44 



Figure 4.1().a Run: 131 
System:n.Propanol/Waler(pos itive) 
Va po ur Velocity:O .49 m/ s 
X:O.3887 
Eog :O.44 





Figure 4.10.b Run:155 
System:n.Propanol/Water (negative) 
Vapour Velocity: 0.48 m/s 
X: 0.5424 
Eog: 0.32 



Fi gure 4 .10.b Run: 1 55 
System:n.Prop a no l/Water (ne ga tive) 
Vapour Ve l o ity: 0.48 m/ s 
X: 0 . 5424 
Eog : 0 . 32 
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Figure 4.10. c Run: 156 
System:n.Propanol/Water (negative) 
Vapour Velocity:0.26 m/s 
X: 0.5448 
Eog:0.36 



Run: 150 
sysLem : n.propano1/Wa Le r (ne ga Live ) 
Vapo ur Ve 1oc iLy:O. 20 m/s 

Figure 4 .10. c 

X: 0 . 5448 
Eo g :O. 3u 
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CHAPI'ER 5 

RE::TANGULAR DISTILLATION COLUMN 
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RECTANGULAR DISTILLATION COLUMN 

5.1 Introduction 

The distillation equipment used here has been described previously 

by Biddulph and Dribika (1986), and Dribika (1986). A general flow sheet 

of the arrangement is given in Figure 5.1 and a photograph of the equipment 

is shown in Figure 5.2. Briefly it consists of the following sections:-

1. Reboiler 

2. Rectangular Distillation Column 

3. Condensers 

The vapour from the reboiler (R), passed through the rectangular 

distillation column (D) containing three trays and then to the condensers 

(C) where it was totally condensed. The resulting condensate formed the 

reflux and returned to the column via a calibrated rotameter. 

5.2 The Reboiler 

This vessel was constructed of stainless steel and was cylindrical 

in shape, having equal length and diameter of 0.76 metre. It had a 

capacity of 450 litres and could withstand working pressures of up to 

100 p.s.i. The outside of the reboiler was insulated with 50 rom thick 

fibre-glass enclosed in aluminium cladding. The reboiler was steam 

jacketted with an automatic air vent for high efficiency operation. It 

was equipped with a pressure gauge, a sight glass, filling and drainage 

valves, a safety valve on the boiler mixture side, locations for the steam 

inlet and outlet condensate, a thermocouple pocket, and a steam pressure 

safety valve. 
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D DISTILATION COLUMN 

F FLOWMETER 

R REBOILER 

WWINDOWS 

s 

D 
WO 000 

S2 

810 

R 

811 ..... -+-------" 

WATER OUT 

c 
WATER IN 

S9 

81 

CONDENSATE 

Figure 5.1 General view of the rectangular column 





Figure 5.2 General View of the Rectangular Column. 



Figure 5.2 General View of the Rectangular Column. 





Figure 5.3 Front view of the Rectangular Column. 



Figure 5.3 Front view of the Reclan gular Column. 
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5.3 The Column Section 

The rectangular distillation column, of dimensions 1.067 x 0.089 

metre, had three trays, the middle being the test tray. The bottom tray 

acted as a vapour straightener, the top tray duty is to calm the liquid 

prior to entering to the test tray for stable hydrodYTh~mic operation. 

The column itself was made up of three sections, in order to allow easy 

access to the internals. It had removable sides between the trays, each 

bolted to the main body frame and sealed with a silicon rubber gasket. 

This allowed minor changes/checks, such as moving the outlet weir to a 

new height or inspecting the sample lines or the thermocouples. If a 

major change, such as changing the tray, was required, the column could 

be dismantled easily. The modifications to the column could then be made 

by raising the section. Afterwards, these sections were bolted back 

together, including a neoprene rubber gasket. 

The tetrahedral shaped upper and lower parts of the column had a 

height of 0.5 metre with rectangular base and circular top 0.15 metre 

in diameter, and were insulated with 50 mm thick fibre glass and aluminium 

cladding. The rectangular body of the column was also insulated with 

removable fibre glass, (Figure 5.3). 

Observation of the biphase on the test tray was possible through five 

double-glazed windows made from borosilicate glass discs. Four of these 

windows were placed at equal distances of 50 mm apart on the front (Figure 

5.3), and there was one at the end. Froth height measurements, observation 

of weeping and entrainment, and a close study of the froth and spray 

formation was then possible. A light beam could be directed through the 

end window to illuminate the biphase 

The top of the column was connected to the condensers via a comb-

o ination of a 90 glass bend and a tee. The lower part of the tee was 

connected to a reducer and then a stainless steel reflux line of 25 mm 
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in diameter. The rotameter was fitted to this line. The line delivered 

the liquid to the inlet downcomer of the top tray. The return liquid to 

the reboiler left the outlet bottom downcomer also via a 25 mm in diameter 

stainless steel line. 

The test tray (Figure 5.4) was fitted with an inlet weir of 4.8 mm 

height. This reduced velocity of the entering liquid across the tray and 

encouraged uniform bubbling. 

The liquid s2~ples were withdrawn from the test tray, inlet and outlet 

downcomer, the reflux line and the liquid returning to the reboiler after 

achieving steady state conditions. These samples were collected in pre­

chilled sample bottles. Six equally spaced sample tubes were fitted 

along the centre line of the tray, the liquid samples flowing by gravity. 

These stainless steel lines had 3 mm inside diameter. In addition two 

more sample points were also available in the inlet and outlet downcomers 

of the test tray. This allowed the measurement of the tray efficiency 

directly and a study of the concentration profiles across the tray. These 

sample lines where insulated with polymer sleeving below the test tray to 

avoid evaporation in the sample line and they were fitted with P.T.F.E. 

stainless steel valves. 

5.4 Condensers 

Three shell and spiral-wound tube glass condensers were connected in 

series, and provided a cooling area 5.3 square metres. The first two 

Quickfit condensers provided 2.5 m2 of cooling area each, and the third, 

2 
connected to the middle condenser by a reducer, provided the extra 0.3 m 

surface area. These condensers were reported (Dribika, 1986) to be 

satisfactory even when operating at high boil-up rates. The cooling water 

supplied to these condensers was continuously recycled to a cooling tower 
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Figure 5.4 Sampling across the tray 



- 77 -

to maintain a constant low temperature. 

Chrome-aluminium thermocouples were available to measure the simult-

aneous temperature profiles in the test tray, the temperature of the 

liquid inlet and outlet to the test tray downcomers, and the reboiler 

temperature. Each thermocouple on the test tray was placed in the nearest 

perforation available to a sample point, and 3 mm above the test tray. 

The thennocouples were pre-calibrated against boiling distilled water to 

o an accQracy of 0.1 C. 

Two vapour connection points, one above the test tray and the other 

below it, were also available for pressure drop measurements. In addition 

two perforated t~acer injection probes were available for liquid mixing 

studies on the tray. These lines were all fitted with P.T.F.E. valves. 

5.5 Operation of the Column 

The distillation experiments were carried out at total reflux and 

atmospheric pressure. About 180 litres of the test mixture was used, and 

the steam pressure was adjusted to give the required boil-up rate, which 

was measured by using a calibrated rotameter placed in the reflux line. 

The column was run for about four hours during which the boil up rate, 

temperatures, froth heights and manometric readings, if required, were 

noted at regular intervals. Steady-state conditions were achieved during 

this period. The operation of the column was carried out at a vapour 

F.Factor of about 0.5 (m/s) (kg/m3)O.5, which was found to produce a 

hydrodynamically stable biphase of decreasing height from the inlet to 

the outlet. The mixed froth biphase (Hofhuis and Zuiderweg, 1979) consisted 

of froth and spray. The samples were collected into pre-chilled bottles 

at the end of each run to be analysed by G.L.C. methods. The sample 
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probes were regularly inspected to ensure proper insulation, and the 

thermocouples were also recalibrated after a major change involving 

removal and replacement of the test tray. 

5.6 Safety of the Column 

The reboiler was treated as a pressure vessel fitted with a steam 

safety valve and a mixture bursting disk safety valve connected to the 

top condenser and open to the atmosphere outside the laboratory through 

a pipe. This pipe also provided a safety measure against cooling water 

failure to release the volatile vapour to the atmosphere. The cooling 

water was also fitted with an automatic valve connected to the mains 

water supply in case of cooling water failure. 
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CHAPFER 6 

DISTILLATION OF h~HANOL-WATER AND n.PROPANOL-WATER 

IN THE LARGE RECTANGULAR COLUMN 
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D[STIliliATION OF ETliANOL/WATER AND n.PROPANOL/WATER IN TJlli LARGE 

RECTANGUI~ COLUMN 
~~-----------------------------------------

6.1 Introduction 

Following the satisfactory development of the modified Oldershaw 

column to eliminate wall effects (see Chapter 4), and in order to study 

the relationship between the efficiencies of different columns for these 

highly surface tension affected systems, a series of experiments was 

conducted in the large distillation column (see Chapter 5). The components 

comprising these two systems also constitute the multicomponent systems 

studied (see Chapters 9 and 10). The distillation experiments were carried 

out similar F-Factors to those used in the small column and rectangular 

column experiments on the multicomponent systems. In addition the same 

tray percentage free area was used. The rectangular tray had a flow path 

length of about one metre and was narrow to avoid stagnant zones and flow 

non uniformities which are known to affect the performance of large 

circular trays (Lockett et. ale 1973). Mixing studies carried out on 

this tray by Biddulph and Dribika (1986) indicated that the conditions 

were approaching plug flow, so the AICHE partially-mixed flow model was 

used to deduce component point efficiencies from the measured tray 

efficiencies. It was originally intended to use the rigorous eddy diffusion 

model (Biddulph, 1975) as described in Chapter 7, but due to the non-linear 

behaviour of the wK' values in these systems the less satisfactory AIChE 

model was used. The rigorous eddy diffusion model required a linear 

relationship between the temperature and K-value in order to make the 

predictor-corrector method stable. 
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6.2 Systems Used 

Two systems, ethanoJ/-water and methano1jwater were used here. The 

equilibrium data for thcoe systems are quoted in Chapter 4. The surface 

tension of these systems at the boiling points measured by a glass 

tensiometer (Chapter 3) are given in Figure 3.5. 

6.3 Equipment 

The rectangular sieve tray column has been described in detail in 

Chapter 5. The test tray (Table 6.1) material is typical of that commonly 

used in low temperature air d1stillation. 

Table 6.1 Tray Details of the Rectangular Column 

Weir Length 83 mm 

Liquid flow-path length 991 mm 

Tray Spacing 154 mm 

Hole Diameter 1.8 mm 

% Free area 8 % 
Outlet weir height 25 mm 

Inlet weir height 4.8 mm 

6.4 Experimental 

The experiments were carried out at an F-Factor of about 0.5 m/s 

(kg/m3 )o.s. This provided stable hydrodynamic conditions on the tray. 

The experiments were conducted at total reflux and atmospheric pressure. 
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The flow of the reflux, temperatures along the tray and the froth heights 

were monitored regularly as a guide to steady-state operation. The 

reflux rate was measured using a rotameter placed in the reflux line 

and the froth height was observed through the windows of the test tray. 

These meaSUTEIDPnts were subject to the usual judgment errors. The samples 

at the end of each run were collected in pre-chilled bottles after a small 

quantity of the liquid was discarded from each sample point to ensure a 

representative sample. These samples were analyt:3ed by G.L.C., the 

accuracy of the mole fraction measurements being + 0.0028 and ± 0.0034 

for the EtOH and n.PrOH systems respectively. The details of the analysis 

and calibrations are given in appendix D. 

6.5 The Tray Model 

Assuming complete vapour stream mixing, the Murphree tray efficiency 

(Ernv) is defined as the ratio of actual change in vapour composition through 

the tray to the change which would have occurred if the vapour had actually 

reached a state of equilibrium with the liquid leaving the tray. 

Emv = 6.1a 

Where the subscripts nand n-1 refer to the outlet and inlet vapour 

streams (seethe rext p9ge). * Y is the concentration of the vapour in 
n 

equilibrium with the liquid of composition Y , which at total reflux, is 
n 

equal to Y. Thus at total reflux the equation 6.1a can be written as:­
n 

Emv :z 

x - x n+1 n 

* 
6.1b 

Y - x n n 
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y 
n 

y 
n-1 

T 

1 

A Typical stage 

Tray n + 1 

Tray n 

Tray n - 1 

If complete mixing were achieved on the tray, equations 6.1a and 6.1b 

could be rewritten as:-

Emv = Eog = 

Emv Eog 

x - x n+1 n 

- x 
n 

6.2a 

6.2b 

As complete mixing is never achieved on a long flowpath tray, equation 

6.2b can only describe a point on a test tray where complete mixing of 

the liquid can be assumed. Thus Eog is referred to as the point efficiency. 

As stagnant zones and flow non-uniformities were absent, a knowledge of 
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the extent of liquid mixing on the tray is required to predict the 

relationship between the tray and point efficiencies. 

Partially Mixed Model 

The final report of the University of Delaware (1958) research team, 

incorporating the extent of liquid back-mixing in terms of a Peclet number 

(pe) suggests: 

where 

Emv 
Eog 

total reflux 

Pe 

( 'i _ Pe) (1 + n, + Pe ) ( 1 n ) . n + n+ Pe 
11 

Pe 
(2' ) 

m 

( 0 + 4 A Eog -1 ) 
Pe 

Z 2 
1 

DE is the ed~ diffusion coefficient, which is a measure of the amount 

of back-mixing. 

6.3 



- 85 -

6.6 The Relationship Between the Point Efficiency (Eog) and Overall 

Number of Transfer Units (NOG) 

The overall number of transfer units is given by: 

NOG f d 
l. 

* y - y 

6.6 

Assuming that the liquid concentration is constant in the vertical 

direction (ke. completely mixed), the vapour enters the tray completely 

mixed and the vapour passing upwards through the liquid along any vertical 

section is in plug flow (i.e. no vertical mixing of the vapour), equation 

6.6 can be integrated along any vertical line on the tray from the tray 

deck (Z = 0, y = Y l' x = x) to the top of the froth (Z =Z, Y = y, x = x). 
n-

* Since x is constant y is a constant and: 

NOG 

or N()G. 

- 1n 
- y n 

- 1n (1 - Eog) 

Two film theory suggests that 

1 
NOG 

1 
NG + 

6.8 

G 
where1/

NG 
and m m are the vapour and the liquid phase resistances to mass 

Lm NL 

transfer respectively. A knowledge of m and Eog enables the evaluation 

of NG and NL by the slope and intercept method. This facilitates the study 
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of binary systems and permits the identification of the elements of 

equation 6.9. 

6.7 Mixing Studz 

The mixing studies on the 1.8 mm hole diameter tray was carried out 

by Biddulph and Dribika (1986). They used the system water/steam with 

sodium nitrate tracer injection. Using the well-established method of 

Barker and Self (1962), a Peclet number of about 39 was evaluated for 

the loadings used here from eddy diffusivity measurements. This result 

indicates that conditions are approaching plug flow on this tray, and a 

small variation in Peclet number, perhaps due to slightly different vapour 

velocities in different runs, will not greatly affect the predicted 

composition profiles. 

6.8 Results 

In order to cover a wide range of composition, a large number of runs 

was carried out at total reflux and atmospheric pressure. The F-Factor 

was approximately 0.5 m/s (kg/m3)0.5 in all cases, except for the n. 

propanol-water runs at high alcohol concentration where a slightly lower 

F-Factor was required to stop excessive foaming. However the results 

from the small column (Chapter 4) indicated that this would have a 

negligible effect on the point efficiencies. All the results are tabulated 

in Tables 6.2 and 6.3. 

6.8.1 Observation of the Biphase 

The froth heights were measured by using a metre rule and using the 

four observation windows available. These measurements were for each 
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individual run averaged as shown in Figure 6.1. The system ethanol/water 

exhibited large froth heights, especially in the higher ethanol composition 

range, whereas lower froth heights were obtained for the n.propanol/ 

water system. The system n.propanol/water, as discussed in Chapter 4, 

exhibits all surface tension characteristics. 

It is positive at low n.propanol concentration, neutral at the azeo­

tropic point and slightly negative in the higher alcohol composition 

range. The froth heights measured for this system indicated lower heights 

in the negative surface tension composition range presumably due to 

slightly lower F-Factor used. Further discussion of the surface tension 

characteristics of these systems appears in Chapter 4. The biphase itself 

consists of mixed flow of the froth and droplets. The froth had different 

bubble sizes and the droplets, some of them fairly large, were thought to 

be produced either as a result of the atomisation of the liquid by high 

speed vapour in the perforations or as a result of the bubbles bursting. 

Smaller droplets were associated with the latter phenomenon. As expected, 

the biphase declined in height from the inlet to outlet due to the 

hydraulic gradient. 

6.8.2 Composition and Temperature Profiles Across the Tray 

The temperature profiles across the tray were measured directly using 

the thermocouples installed on the test tray next to the sample points. 

These are plotted on Figure 6.2. A comparison between these measured 

temperatures and the calculated bubble-point temperatures (see Appendix B) 

are presented in Figure 6.3. They compare very well and indicate that 

heat losses from the column are minimal. The concentration profiles for 

the runs are presented in Figures 6.4 and 6.5. They indicate that the 

sampling technique was satisfactory. 



- 88 -

Tray Efficiency Measurements 

Equation 6.1b was used to calculate Murphree tray efficiencies, by 

incorporating the inlet and outlet compositions measured experimentally. 

The equilibrium value of the vapour leaving the tray, or the liquid 

entering the tray since operation was at total reflux, was calculated by 

using a Eeries of computations outlined in AppendixB' These tray 

efficiencies are presented in Figures 6.6 and 6.7. The average liquid 

composition on the test tray was calculated by the following relationship 

(Lockett and Ahmed 1983):-

x. == 
1 

r 

1 

o 
x . dw 

Wl 

where w, is the relative position in the tray. 

6.8.4 f.oID.E.?nent Point Efficiencies 

6.10 

The partially mixed flow model was used to evaluate component point 

efficiencies. The slope of the equilibrium line was directly calculated 

using x, y data, (see Figure 6.8) using the following equation:-

m 6.11 

SIIlf'.1l changes in x were used in the above evaluation. To calculate 

each point efficiency, the average composition on the tray was calculated 

by incorporating the measured profiles into equation 6.10 and corresponding 

m from Figure 6.8. These point efficiencies are plotted on the Figures 

6.9 and 6.10. These point efficiencies follow the same trend observed 
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Table 6.2 Results of EtOH!H20 Runs 

- Eog(AIChE) RUN x m Emv 1 H 
/NOG f 

(em) 

EA 0.4570 0.42 1.05 0.87 0.49 5.5 
EB 0.3052 0.49 1.01 0.82 0.58 5.5 
EC 0.2)27 0·55 1.01 0.74 0·74 5.5 
ED 0.4149 0.41 1.02 0.85 0.52 7.0 
EE 0.4750 0.43 1.02 0.85 0.53 8.5 
E,"'F 0.5132 0.44 1.03 0.85 0.53 9.0 
:E!G 0.5235 0.45 1.02 0.84 0.55 8.5 
EH 0.5324 0.46 1.04 0.85 0.55 9.0 
EI 0.5450 0.46 1.02 0.84 0.55 9.0 
EJ 0.5670 0.47 1.05 0.85 0.54 9·0 
EK 0.5880 0.49 1.09 0.87 0.50 9.5 
EL 0.6243 0.52 1 .16 0.91 0.42 10.0 
EM 0.5510 0.47 1.08 0.88 0.48 10.0 
EN 0.6229 0.52 1.19 0.93 0.38 10.0 
EO 0.6792 0.56 1.25 0.95 0.33 10.0 
EP 0.2193 0.66 1.11 0.83 0.86 5.5 
EQ 0.1701 1 .1 1.21 0.77 0.68 5.5 
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Table 6.3 Results of n.propanol/H
2
0 Runs 

RUN x ill Ernv Eog(AIChE) 1 H f 
/NOG (em) 

PA 0.8515 1.26 1.24 0.75 0.73 4.0 
PB 0.8172 1 • 12 1.17 0.75 0.73 4.0 
PC 0.7943 0.935 1.16 0.79 0.65 4.0 
PD 0.6682 0.485 1.09 0.88 0.48 4.0 
PE 0.3970 0.242 0.85 0.77 0.68 7.0 
PF 0.3490 0.232 0.84 0.77 0.68 7.0 
PG 0.2435 0.228 0.89 0.82 0.58 6.5 
PK 0.110 1.62 1.86 0.86 0.51 5.5 
PL 0.1523 0.554 1.06 0.84 0.55 5.5 
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in the small column measurements (Chapter 4). The point efficiencies 

of the system ethanol/water shows the expected composition dependency, 

but the system n.prol':mol/water does not show any specific trend, and 

both positive a.nd neGative surface tension regions exhibit fairly similar 

efficiencies. 

6.8.5 In~ividual Number of Transfer Units and Percentage of Liquid 

P}-';lse Resistance _ .. _- ~~:.:..::..--------------------

The c;~,rall number of transfer units (NOG) was calculated using the 

point effidendes for these two systems. The reciprocal of these NOGIS 

were plotted a~ainst the slope of the equilibrium line m, (Figure 6.11). 

Using the slope and intercept method, the individual number of the transfer 

units NL and NG were calculated and tabulated in Table 6.4. 

Table 6.4 NL and NG Values 

System NL NG 
.·_r _____ 

EtOH~O 4.83 2·3 

n.PrOH/H2O 7.05 1.88 

The perce" 1ge of the liquid phase resistance is calculated from:-

6.13 
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6.9 Discussion 

a) The component point efficiencies obtained here are in very good 

agreement with the ones calculated in a small Oldershaw column described 

in Chapter 4. This indicates that a modified column can be used to obtain 

direct design data for a large distillation column, or be scaled-up using 

the proposed method of I Dribika and Biddulph, (1986,Chapter 8). 

b) The measured component point efficiencies for the system ethanol/ 

water are composition dependent (Hart and Haselden, 1969). The variations 

observed here can be explained in terms of the extent of phase resistance. 

At the lower ethanol end of the composition range there is a greater 

resistance to mass transfer from the liquid phase. The system n.propanol/ 

water does not show much variation and there is of course a much lower 

liquid phase resistance to mass transfer throughout the composition range. 

These findings are in agreement with the works of Biddulph (1966), Dribika 

(1986) and Mostafa (1979). 

c) The influence of the slope of the equilibrium line on tray efficiency 

is noticeable (Mostafa 1979). Which is in agreement with the theoretical 

equation used here. 

d) In the absence of stagnant zones and flow non-uniformities which are 

known to decrease the tray efficiency (Porter et. ale 1972, Lockett et. ale 

1973) better efficiencies are to be expected from circular sie~e trays, 

operating in the mixed flow regime, if these detrimental effects are 

eliminated. 
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DISTILLATION SIEVE TRAY EFFICIENCIES IN THE ABSENCE OF THE STAGNANT ZONES 

7.1 Introduction 

Although the effect of the outlet weir height and hole size have 

been the subjects of studies by many investigators, due to experimental 

inconsistancies observed in most of these works it was decided to invest­

igate these effects further. The sources of previous inconsistency were 

as follows:-

a) Percentage Free Area 

In comparing the effects of hydraulics a constant free area is 

desirable as the initial interfacial contact between the liquid and the 

vapour is directly related to this. Hellums et. ale (1958) and Umholtz 

et. ale (1958) used trays with different free area to study hole size 

and the outlet weir height effects. 

b) Wall Effects 

In Chapter 4 the importance of removing the wall supported froth was 

discussed. It is very important to ensure that the hydrodynamics of the 

biphase in the small column is similar to that in the larger column. In 

the studies reported by Lockett et. al., (1979) and Pruden et. al., 

(1974), experiments were carried out in the presence of large froth 

heights dissimilar to the hydrodynamics of the larger trays, presumably 

due to wall effects. 

c) Stagnant Zones and Flow Non-uniformities 

These detrimental effects reduce the efficiency of large circular 

sieve trays (Porter et. ale 1972, Lockett et. ale 1973). The distillation 

tray used in this investigation therefore must be rectangular. 
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d) Liquid Mixing on the Tray 

If point efficiency is to be deduced from l8.rge tray measurements, 

a JrJ10wledge of the extent of the liquid mixing on the tray is required. 

Finch 2nd Van Winkle (1964) assumed plug flow of the liquid on their 

rectangular tray to infer point efficiencies. 

e) F-Factor ---
The F-Factor preferably should be kept constant throughout the 

experiments. The liquid and the vapour may experience different contact 

at different boil-up rates. Hofhuis and Zuiderweg (1979) identified 

four different regimes in a distillation column:-

The spray regime 

- The mixed froth regime 

- The free bubbling regime 

- The emulsified flow regime. 

The investigation into hydraulic effects on the tray efficiency must 

lie within one of the above regimes. For atmospheric distillation the 

mixed froth regime is the most common. 

Using the system methanol/water, an investigation into the effects 

of the outlet weir height and the hole size were carried out in a narrow 

rectangular distillation column (see Chapter 5). This avoids the problems 

associated with stagnant zones and flow non-uniformities in the mixed 

froth regime. Wall effects were absent during our experiments and the 

percentage free area was kept constant at 8 per cent. An eddy diffusion 

model (Biddulph, 1975) was used to match the composition profiles measured 

by experiment, and hence point efficiencies were inferred. The model 

took into account the extent of the liquid mixing on the tray. Tray 

pressure drops and liquid hold ups were also measured and compared with 

the recent predictions of Bennett .et.al.(1983). 
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7.2 Ex~erimental 

Full details of the rectangular column and the methods used to carry 

out the investigation are given in Chapter 5. The only addition to the 

colunm being the use of different perforation size trays, different outlet 

weir heights 2nd preSSUT€ drop mear311rewents. Teays with hole sizes 1.0, 

1.8, 3.2 and 6.4 mm at an outlet weir of 12.7 mill were used to investigate 

the hole sLe effects. In addition the effect of outlet weir heights of 

2 and 12.7 ,.~ on tray/point efficiencies were also investigated using the 

1.8 rum hole size tray. The details of tray are given in Table 7.1. 

Tray thic101ess 

Weir leT1.gth 

Liquid flow.pa ti: 

Tray spacing 

Hole diamete~ 

Outlet weir height 

% free area 

Inlet weir height 

2mm 

83 rnm 

991 rum 

154 rum 

1, 1.8, 3.2 and 6.4 rum 

12.7 and 2 mm 

8 

4.8 mm 

The sieve tray material is typical of that commonly used in low 

temperature air distillation (i.e. aluminium). The tray pressure drop 

was measured by a water manometer connected to vapour sample points above 

and below the test tray. To measure the clear liquid head the manometer 

was connected between a liquid sample point withdrawing liquid from the 

surface of the tray and the upper vapour sample point as shown in Figures 

7.1 and 7.2. Figure 7.3 shows a photograph of the manometer as connected 

during a typical run to measure pressure drops. All the runs were carried 

out at total reflux and atmospheric pressure at a vapour F-Factor of about 
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Figure 7.1 Liquid head measurement 

Figure 7.2 PIessure drop measurement 





Figure 7.3 A View of the r-la nome te r in Ope ra tion • 



Fi g ure 7 . ) A Vie w of the ,\I dl lome t c r in Operation . 
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0.5 m/s (kg/m3)0.5, which was found to produce a nearly unifol~ biphase, 

decreasing in height from the inlet to outlet weir. 

All the samples were analysed by chromatography, as described in 

appendix D, with an average error of 0.003% in mole fraction. The rneasure-

ment of the froth height, pressure drop and liquid hold-up were R180 

subject to the usual measurement errors. 

7·3 Re.si£22 of the Sieve Trays 

All the trays employed had a free area of eight per cent. The 1 mm 

hole size tray was provided by B.O.C./Cryoplant Ltd., London. The 1.8, 

3·2 and 6.4 mm trays were made in the Department workshop by drilling. 

A comparison of these trays is shown in the Figure 7.4. 

A correlation between the percentage free area and the ratio hole 

pitch/hole diameter for equilateral triangular pitch was provided by 

Backhurst and Harker (1973). 

For 8% Free Area, Hole Pitch 
Hole Diameter 3.4 

The calculated values of the hole pitch and numbers holes on each tray 

are tabulated in the table 7.2. 

Table 7.2 Hole Pitch and the Number of the Holes on Each Tray 

Hole Size Hole Pitch Number of Holes 
mm mm 

1.8 6.1 2586 

3.2 11.0 818 

6.4 21.0 208 
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Figure 7.4 Comparison of Different Sieve Trays. 
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7.4 Determination of the Flow Regimes 

Hofhuis and Zuiderweg (1979) have defined four flow regimes; 

the spray regime dominant in vaCCUl~ distillation 

mixed froth regime : domina.nt in atmospht'ric distillation 

(or mixed floW) 

emulsified flow regime dominant for high liquid/vapour ratios 

free bubbling : dominant for operation close to weeping point. 

They proposed the following relationship to identify these regimes:-

'i '" 
( r'L - P v )~ 

Pv 

Where 'f is the flow ratio parameter, q, the liquid volumetric 

flowrate, and bathe length of the outlet weir. Note that the mixed 

froth regime is a transition state between the spray regime, free bubbling 

and the emulsified regime. The flow ratio parameter representing this 

regime is:-

0.2 > > 0.1 

Hofhuis and Zuiderweg (1979) concluded that most trays operate in the 

mixed flow regime. The application of the equation 7.1 to the work 

carried out here re~~ulted in a flow ratio parameter of about 0.12 which is 

in agreement with their mixed flow conditions. Observation of the biphase 

further supported that the operation is in the mixed flow condition, with 

the sprays, froth and emulsified liquid coexistence. 

7.5 Theoretical Model 

A number of models have been proposed in order to represent the 

behaviour of the biphase on an operating tray to establish the relationship 
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between point and tray efficiencies. The concept of eddy diffusion has 

been used in this study to model the observed profiles of each component 

across the tray, and hence infer component point efficiencies. This 

model has been developed and used previously in an analysis of low 

temperature air distillation column by Biddulph (1975). In addition it 

has been applied in a study of an industrial distillation column (Biddulph 

(1977); Biddulph and Ashton (1977)), and was recently used in binary and 

multicomponent studies. (Biddulph and Dribika (1986); Dribika and Biddulph 

(1986 )). Briefly a mass and enthalpy balance is carried out over a slice 

through the biphase on the tray (Figure 7.5). The eddy diffusion model 

is used to introduce back mixing in the liquid phase and a simple partial 

average model is used to account for the relatively less important influence 

of mixing in the vapour phase, (Diener, 1967). Liquid mixing was considered 

to be complete in the vertical direction. The resulting differential 

equations are solved numerically using a predictor/corrector method, 

stepping across the tray from the outlet weir to the inlet weir against 

the direction of the liquid flow. This is a stable iterative method and 

provides predicted component composition profiles of vapour and liquid 

phases across the tray for given values of component point efficiencies. 

The solution uses 50 steps across the tray making the solution stable up 

to values of Peclet number greater than 60. The three basic equations 

used were as follows:-

dZ. 
l. 

P dw 
e 

= dx./dw 
l. 

7.3 
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dw 

when; 
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o 

- 110 -

H 
Ln,i z. )/ J. eli -H )-·Vn Ln 

M 0 = H V . - z:: HL · . (y . - Y 1 .) 
nl. i~1 n,J. n,J. n-,J. - H·V,n-l 

7·4 

7.5 

The model uses equilibrium (K)-values, and these were available from the 

equilibrium data, Vapour and liquid enthalpies were available from 

standard steam tables for water and from the heat of vapourisation data 

for the alcohols. The procedure for the calculation of the heats of 

vaporisation and hence the deduction of the liquid and vapour enthalpies 

for the alcohols, together with enthalpy data on water, are given in 

appendix C. A peclet no of about 39 represented the extent of liquid 

mixing on the tray, as discussed in section 6.7. 

7.6 Results 

The measured experimental composition and temperature profiles are 

presented in Figures 7.6 and 7.7 for operation in the mixed flow regime. 

Observation of the biphase behaviour on the tray indicated steady operation, 

with negligible entrainment and weeping. 

These composition profiles were matched against the profiles predicted 

by the model across the middle tray. A series of trials inferring component 

point efficiencies was carried out. The trials involved computing the 
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vapour composition in equilibril~ with the composition of the reboiler 

mixture, to predict the liquid composition leaving the colwnn at total 

reflux. The next step involved predicting the liquid composition leaving 

the test tray by adjusting the bottom tray point efficiency. Finally 

the composition profile across the test tray was predicted by a series of 

trials inferring point efficiencies until a good match with the experimental 

component liquid composition profiles was achieved. The final liquid 

component composition profiles, point efficiencies and tray efficiencies 

were then obtained. The comparison between the experimental points and 

model lines were mostly quite good (Figure 7.6). At very low methanol 

compositions these lines do not match well with our inlet conditions. 

This may be due to the known high dependency of point efficiency on 

composition in the lower methanol range, and it is possible that different 

point efficiencies are operating at different points on the tray. Measure-

ments of the point efficiency for this system, using a modified Oldershaw 

column avoiding surface tension wall effects, yielded lower point 

efficiencies in these composition ranges (Figure 4.4). The experimental 

liquid temperature profiles across the tray are shown in Figure 7.7, these 

measured temperatures being then compared with the bubble point temperatures 

(Figure 7.8). The bubble point temperatures were calculated taking into 

account the non-idealities in the phases, (Appendix B). Using the above 

calculations the tray efficiencies were also evaluated using the measured 

inlet and outlet conditions. 

The effect of the outlet weir height on tray/point efficiencies 

using 1.8 mm tray are presented in Figures 7.9 and 7.10. The mean liquid 

composition was calculated using the composition profiles by: 

-x. 
~ 

1 
J xwi dw 

o 

where w is the relative position on the tray. 



- 113 -

In reducing the weir height from 12.7 to 2 mm, lower efficiencies 

were obtained. The observed froth height (Mgure 7.11) also exhibited the 

same trend. Figure 7.12 shows the effect of hole size on froth hei~ht. 

The study of the effect of hole size on point and tray efficiencies 

(Figu:res 7.13 and 7.14) oemonstrated the tendency of the smaller holes 

to exhibit higher efficiencies. 

The behaviour of the biphase on the tray was observed closely. The 

3.2 and 6.4 mm perforated trays produced Dluch more spray, and larger 

bubbles, whereas the 1 and 1.8 mm hole size trays tended to atomise fewer 

and smaller droplets. The biphase on the 1 mrn tray was highly mobile 

with SOme back and forth motion lengthwise. 

Porter and Je~kins (1979), in their comprehensive review of flow 

regimes, suggested that in decreasing the perforation size the capacity 

of the tray increases as a result of partial transition from spray to 

mixed flow conditions. The observations of the biphase and increase in 

measured clear liquid head (see later) as a result of decrease in the 

perforation size may support the above proposal. 

The results of the tray pressure drop and liquid head measurements 

for different outlet weir heights are shown on figures 7.15 and 7.16 

respectively. The tray pressure drop and liquid head appear to be largely 

unaffected by the decrease in the weir height from 25.4 to 12.6 mm, 

analagous to the froth height and efficiency measurements. However, the 

2mrn outlet weir height demonstrated lower pressure drops and liquid head. 

These measurements were compared with the recent prediction method of 

Bennett et. ale (1983) based on experimental work with low weirs and small 

perforation size trays. Bennett proposed the following relationship based 

on all the available data: 

= 7.7 
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h 6 8 7.11 
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L 
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1 
"3 

DH c5 

) DBMAX 1.27( 7.12 
g ( rt - P V) 

0.499 P V VH 
2 

where ~ 7.13 
2 

Cv P L g 

where ~ is the total tray pressure drop, hL height of the liquid 

inventory on the tray, ~ dry pressure drop and ho pressure drop due to 

the surface tension. Cv was obtained from the correlation of Prince 

et. ale (1960). The mixture surface tension at the boiling point was 

measured by a tensiometer (Chapter 3). Our experimental pressure drops, 

using 2 and 12.6 mm outlet weir heights are in a close agreement with the 

Bennett correlation, but the correlations appear to overpredict the 

pressure drop at 25.4 mm outlet weir heights. This is partly because 

of the extra emphasis given to the liquid head element in their corre-

lation (see Figure 7.16). 

The effects of the hole size on pressure drop and liquid head on 
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the tray are presented in Figures 7.17 and 7.18. Although there is some 

scatter in the measured pOints, there is evidently a slight increase in 

pressure drop with a decrease in perforation size. The liquid head 

follows the same trend. These measurements are in a close agreement with 

the correlation presented by Bennett (1983). Note that there is a slight 

increase in the measured pressure drop here at low methanol concentrations 

due to an increase in vapour velocity to maintain stable biphase conditions 

on the tray. The increase in pressure drop as a result of decrease in 

hole size is due to surface tension effects. The dry pressure drop is 

unchanged since a constant tray free area was used. 

Further particulars of the computed results are tabulated in the 

appendix A ,Tables A.3.1 to A.3.11. 

7.7 Discussion 

a) The Effect of the Outlet Weir Height 

There appears to be a decrease in the tray efficiencies at 2 mm 

outlet weir conditions compared with the higher weir. This decrease in 

tray efficiency at virtually no outlet weir is due to the decrease in 

liquid hold up and consequently the froth height on the tray (see Figures 

7.18 and 7.11). The decrease in tray/point efficiency is probably due to 

a reduction in the interfacial area. This sudden drop in tray efficiency 

from an outlet weir condition to no outlet weir conditions has also been 

reported by Finch and Van Winkle (1964) and Brown and England (1961 ). 

b) Effect of the Hole Size 

Umholtz (1957), Hellums et. ale (1958), Finch and Van Winkle (1964), 

Pruden et. ale (1974), Fryback and Hufnagel (1960) and Burgess and 

Calderbank (1975) reported no significant effect of hole size on mass 
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transfer efficiency. However, the smallest hole size used was 1.6 wn as 

compared with 1 mID used here. There have been reports that smaller holes 

may significantly increase the tray efficiency, (Zenz, 1972). In view 

of the mass transfer characteristics associated with smaller holes there 

have been suggestions that they provide higher efficiencies due to 

increased mixing and mass transfer interfacial area (Patton and Pritchard 

(1960); Lockett et. ale (1979)). Fell and Pinczewski (1977) suggested 

that small holes should be used for surface tension positive systems to 

achieve maximum tray efficiency. 

The measurements reported here reveal that there is a fairly small 

increase in tray/point efficiencies with decreasing hole size (see Figures 

7.13 and 7. 14). The increase is not as great as might be expected, 

considering the apparent increase in interfacial area. These differences 

in tray/paint efficiency are minimised at high methanol concentrations, 

which may be due to a decrease in the surface tension of mixture (Figure 

7.19). Hellums et. ale (1958) suggested that at low vapour rates the 

tray liquid hold up is increased, because of the capillary surface tension 

effects. An increase in the liquid hold up on the tray would result in 

higher efficiencies. The measured liquid hold-ups presented on Figure 7. 18 

suggest that the surface tension effects may have caused slightly higher 

liquid hold-ups for smaller perforated trays and consequently increased 

the froth heights (see Figure 7.12). From the observation of the biphase 

it is also evident that the 3.2 and 6.35 mm hole size trays caused more 

spraying, which reduces the liquid capacity on the tray. It is suggested 

that the increase in tray/pOint efficiencies with decrease in perforation 

size is due to:-

1. A slight increase in the tray liquid hold up and froth height. 

2. An increased rate of bubble formation, which provides larger mass 

transfer interfacial area. 



- 117 -

These effects may be further enhanced by the following effects: 

3. Marangoni surface renewal effects at low methanol composition 

range, Ellis and Biddulph (1964). 

4. The magnifying effect of the slope of equilibrium line at low 

methanol concentration. (See Figure 7.19) 

The Marangoni stabilising index M, a measure of surface renewal 

effects stated above, is calculated from equation 4.1, Chapter 4. 

It l~s been reported that these Marangoni surface renewal effects 

enhance the mass transfer, Sawistowski (1973), and they are at their 

highest in the lower methanol concentration range. 

The perforation sizes 1, 1.8 and 3.2 rom are recommended for clean 

and non-corrosive services such as low-temperature distillation of air, 

and services where low liquid rates are expected, Smith et. ale (1981). 

These trays provide a large degree of flexibility and increased capacity, 

(Patton and Pritchard, 1960; Lemieux and Scotti, 1969 and Fell and 

Pinczewski, 1977). The pressure drops associated with these trays under 

the conditions experienced here are comparable with larger perforated 

tray. 

c) Pressure Drop, Liquid Head 

The small hole size trays used for the experiments exhibit slightly 

increased pressure drops compared with larger hole size trays. The 

increase in pressure drop with decreasing hole size is mainly due to the 

higher surface tension pressure drops. The measured clear liquid heads 

show a slight increase with decreasing hole size. An increase in outlet 

weir height from 2 to 12.6 mm caused a jump in pressure drop, and clear 

liquid head, while further increase in the outlet weir height had a 

negligible effect. 
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The Bennett et. ale (1983) pressure drop correlation predicted reasonably 

well the dependence on hole size at 12.6 mm outlet weir height, but it 

overpredicted the clear liquid head and pressure drop at an outlet weir 

height of 24.5 mm. 
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SCAJ~UP STUDIES 

8.1 Introduction 

The development of the modified Oldershaw column (Chapter 4), 

providing a biphase similar to the biphase on a larger tray (see Chapters 

6 and 7), was very encouraging. The point efficiencies for the systems 

MeO~H20, EtO~H20 and n.PrO~H20 measured in this column followed the 

same trend as those deduced from large tray measurements. They were 

somewhat lower in magnitude due to the shorter contact time of the liquid 

and vapour in the small column. In Chapter 7, it was demonstrated that 

large tray with 1.8 mm perforation size and an outlet weir height of 

2 mm, exactly the same as the modified column, would support a biphase 

almost double in height. Subsequently high point efficiencies were 

deduced. This observation confirmed that in order to measure point 

efficiencies close to those operating on a large tray, an improvement and 

an increase in the contact time of the gas and liquid is required, without 

encouraging wall effects to occur. In this chapter it is demonstrated 

how an increase in the outlet weir height in the modified column has 

improved this contact on the tray. The point efficiencies measured here 

are compared with those from the 1 rom perforation-size rectangular tray, 

reported in Chapter 7. These point efficiencies were then used directly 

or scaled using the Dribika and Biddulph (1986) model, and incorporated 

into the eddy diffusion model described in Chapter 7 simulating distillation 

runs on the 1 mm hole size tray as given in the same Chapter ,thus 

deducing tray efficiencies. 
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8.2 Equipment 

The same apparatus as described in Chapter 4 was used here. The only 

difference was the further modification to the modified column to accomm-

odate outlet weir heights of 6.4 mID and 12.7 mID. Figure 8.1 shows a view 

of this column. The new modification was achieved by cutting the modified 

column in half above the tray and fitting it with a ground glass socket. 

The stainless steel outlet weir was then fixed by using silicon rubber 

near the outlet of the tray. No holes were lost from the tray. 

8.3 Experimental 

The experiments were carried out using the system methanol/water at 

a column F.Factor of about 0.4 m/s (kg/m3)0.5. The analysis of the 

samples etc., was exactly the same as described in Chapter 4. 

8.4 Observation of the Biphase 

On increasing the outlet weir the biphase height was increased as 

shown in Figure 8.2. The biphase also appeared to be holding the bubbles 

for a longer time prior to bursting. Satellite droplets of different 

sizes were produced as a result vapour jetting through the biphase or the 

the bubbles collapsing. 

8.5 Results 

As expected, there was an increase in the measured point efficiencies 

throughout the composition range as a result of increasing the outlet 

weir height from 2 mm to 6.4 mm (see Figure 8.3). This increase was 



Figure 8.1 A View of the Improved Modified Oldershaw Column. 





Figure 8 .1 A View of the Improved Modified Oldershaw Column . 
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especially marked in the low methanol composition range. This is 

because there is a reduction in liquid load due to the increase in the 

liquid density to maintain the F.Factor constant in this range. When 

there was no outlet weir poor contact between the gas and the liquid was 

achieved on the plate. On increasing the outlet weir this problem is 

reduced. Further increase of the outlet weir height from 6.4 mm to 

12.7 rom resulted in a further jump in point efficiency due to an increase 

in the biphase height (see Figures 8.2 and 8.3). 

Further increases in outlet weir were not studied as the biphase 

could have reached the top of the column expansion above the tray and 

wall effects could have reappeared. These point efficiencies are compared 

with 1 mm perforation size rectangular tray results (see Chapter 7) in 

Figure 8.3. All the results obtained are tabulated in appendix A. 

8.6 Tray Efficiencies Using Modified Column Point Efficiencies 

The point efficiencies measured at an outlet weir height of 12.7 mm 

in the modified column were used to develop a correlation using a least 

mean square polynomial fitting method. The following equation was obtained:-

Eog = 0.902 - 0.359 x + 0.376 x
2 

8.1 

The point efficiencies calculated from this equation are shown on Figure 

8.3, represented by a dotted line. 

These efficiencies were then incorporated into the eddy diffusion 

model described in Chapter 7, simulating conditions under which the 1 mm 

perforation tray distillation was carried out in order to evaluate tray 

efficiencies. These tray efficiencies are compared with the model 

prediction of actual 1 mm hole size rectangular tray measurements in 
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Figure 8.4. 

There is a 10 to 20 per cent difference between the tray efficiencies, 

which would provide a fairly accurate, safe design of a distillation 

column. 

8.7 Scale-up Work 

Dribika and Biddulph (1986), using the application of the penetration 

theory, developed a scale-up equation for translating efficiencies from 

one column to another. The equation is as fol1ow8:-

NOG1 
NOG2 8.2 

When 1 and 2 referred to the modified Oldershaw column and rectangular 

columns respectively. 

The measured froth heights are tabulated in appendix A, Tables A.4.1 

and A.4.2 were used to develop the following equations by a least mean 

square method:-

= 1.884 + 4.022 x1 - 2.477 x2 

= 3.458 + 4.15 x 

The tray liquid hold-up was calculated by the Bennett et. ale (1983), 

correlation, Chapter 7 equation 7.8. 

The overall number of transfer units or the point efficiencies, were 

then calculated using the equation 6.8, Chapter 6. 

The resulting point efficiencies are plotted in Figure 8.3. These 

point efficiencies compare very well with the large tray point efficiencies. 

The eddy diffusion model was then used as in 8.6, to predict tray 
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efficiencies for the 1 mm perforation size large tray. These predicted 

efficiencies are only 2-4 per cent lower than actual large tray effic­

ienCies, (see Figure 8.4). 

8.8 Discussion 

The increase in the outlet weir height in the modified Oldershaw 

column, as expected, caused a marked increase in the measured point 

efficiencies. These point efficiencies are now compatible with the ones 

operating on a larger distillation tray. For a more accurate design the 

scale-up equation 8.2 can be used. The only difficulty in using the 

equation is a lack of information about the biphase height on the large 

tray, and the way the liquid flows across a circular tray. This equation 

was developed using experimental results from the rectangular tray column 

where detrimental flow non-uniformities and stagnant zones characteristic 

of large circular trays do not exist. In Chapter 7, it was concluded that 

the hole size had a relatively small influence on tray efficiencies. This 

means that the modified column could be used for the design of larger 

perforation size trays. Fair et. ale (1983), quoted that higher mass 

transfer efficiencies obtained in an Oldershaw column are due to the small 

perforation size. They derived the following scale-up relationship, 

comparing the mass transfer of such a column with larger columns, on the 

basis of the same approach to flooding:-

(Kog)1 a1 

(Kog)2 a2 
= 8 

As our study of the effect of the hole size in Chapter 7 indicated 

this relationship, although correct, may have been miS-interpreted. As 
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the hole size has a relatively small effect on mass transfer efficiencies, 

(Kog)1 should have the same value as (Kog)2. The remaining terms a1 

and a2 should therefore be responsibl~ if we assume the same flow 

conditions were achieved in their Oldershaw and large tray column. The 

interfacial contact between the liquid and gas is directly related to 

liquid hold up and the biphase height, and this is the only major 

difference between the mass transferred on a larger tray column compared 

with the small laboratory Oldershaw column. 
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CHAPrER 9 

STUDY OF }K'N-IDEAL TERNARY 

DISTILLATION EFFICIENCIES 
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STUDY OF NON-IDEAL TERNARY DISTILLATION EFFICIENCIES 

9.1 Introduction 

Multicomponent systems are divided into two catagories. Firstly, 

thermodynamically ideal where the system is constituted from molecules 

of a similar nature and structure. Close members of a homolegous series 

or components with the same order of polarity would fall into this category. 

Secondly, thermodynamically non-ideal systems, where components of different 

molecular structure and polarity constitute the system. Toor (1957) 

showed theoretically that for thermodynamically non-ideal ternary systems, 

there are marked differences between the binary and ternary mass transfer 

arising from interactions between the diffusing species. This was partly 

explained, in the earlier investigations into multicomponent efficiencies 

by Nord (1948) and Qureshi and Smith (1958) where different component 

efficiencies were reported. This was because, in a non-ideal system 

individual components have different diffusion coefficients and in addition 

diffusional interactions play an important role. Figure 9.1 shows a 

comparison of diffusivities of binary alcohol-alcohol and alcohol-water 

pairs of interest in this investigation (see appendix C for calculations). 

As there are large differences between the diffusivities of these pairs, 

according to Toor (1957) significant interaction effects can be expected 

in a multicomponent mixture of alcohol-water which may result in individual 

components showing different point efficiencies. 

In multicomponent systems, independently of the thermodynamic behaviour, 

individual components operate with different effective equilibrium line 

slopes which can result in different individual component tray efficiencies 

(Biddulph 1975). Dribika (1986) confirmed this expectation experimentally 

by distilling an ideal ternary system MeOH/EtO~n.PrOH. 

In this chapter, the results from two ternary non-ideal systems of 
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MeOH/n.prOH/H20 and MeO~EtO~H20 are reported, using the modified 

Oldershaw column (Chapter 4) and the rectangular distillation column (see 

Chapter 5). The intention is to broaden knowledge of the behaviour of 

non-ideal multicomponent system efficiencies. The feasability of using 

small column efficiencies to predict large tray applications is also 

investigated. Furthermore, the middle components of such systems are 

known to exhibit maxima in concentration (Cilianu et. ale 1974; Dribika 

1986), and the adequacy of the Murphree definition of point efficiency 

to represent these conditions has been tested. Lockett (1986), in his 

recent review, has emphasised the need to test multicomponent efficiency 

prediction methods against data from large-scale columns using the 

predictive methods (Diener and Gerster 1968; Krishna et. al., 1977 and 

Medina et. al., 1979) based on the application of the Maxwell-Stefan 

equations for diffusion, the adequacy and accuracy of these methods for 

large tray measurements are tested in this chapter. 

9.2 Vapour Liquid Equilibrium (VLE) Data 

The VLE measurements on the systems MeO~n.PrOH/H20 and MeOH/EtO~ 

H2O were carried out by Ochi and Kojima (1969) and Delzene (1958) respect­

ively, compiled by Gamhling and Onken (1977). The Wilson model, incorp­

orating binary parameters of the pairs constituting each ternary system, 

was used to test the predictions against the reported measurements. This 

comparison is shown in the Table 9. 1• 

Thermodynamically consistant parameters used for the required 

calculation were reported in Chapter 4, Table 4.1, and in addition the 

following thermodynamically consistent Wilson parameters were used as 

tabulated in Table 9.2. 
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Table 9.1 Comparison of the differences between the measured and 

predicted bubble temperature and vapour equilibrium 

c,?mposition 

System 

MeOH/EtOH/H20 

Me oH/Et 0H/H
2

0 

0.43 

0.79 

Table 9.2 Billag_.WHson Parameters 

System Wilson Parameters 

Methanol-Ethanol 

Ethanol-n.Propanol 385.395, 299.258 

9.3.a Equipment 

0.0222 

0.0011 

Reference 

Gembling and Onken 

( 1977 Part 1) 

Dribika and Biddulph 

(1986 ) 

The modified Oldershaw column has been described in Chapter 4, and 

the rectangular column has been described in Chapter 5. The rectangular 

tray details are given in Chapter 6, Table 6.1. 
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9·3.b Experimental 

All the experiments were carried out at atmospheric pressure and total 

reflux, with a superficial F-Factor of about 0.5 mls (Kg/m3)0.5 to ensure 

steady operation in the mixed froth regime. Further details of the 

experimentation are given in Chapters 4 and 6. The samples were analysed 

by gas chromatography, as reported in appendix D, with an accuracy of 

± 0.0043 mole fraction and ± 0.0053 mole fraction for MeO~EtO~H20 and 

MeO~n.PrO~H20 systems. 

9.4 Prediction of Individual Component Point Efficiencies Application 

to the Syst0"': MeO~n.ProH/H20 

These methods are based on interpretations of the Maxwell-Stefan 

equations for diffusion and their application to ternary distillation 

using binary data. The individual component point efficiencies are predicted 

by applying these equations (Diener and Gerster (1968), Krishna et. al., 

(1977), Krishna (1977) and Medina et. ale (1979). A summary of these 

methods is given by Lockett (1986). The following assumptions are made:-

i) Equimolar mass transfer 

ii) No influence of finite mass transfer rates on the mass transfer 

coefficient 

iii) Neglecting thermodynamic correction factors. 

It is also assumed that gas-phase resistance to mass transfer is 

controlling. The following steps are taken to carry out the required 

calculations:-
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a) Evaluation of binary overall, liquid phase and vapour phase 

Number of Transfer Units. These can be obtained experimentally by carrying 

out experiments under the same hydrodynamic conditions. This is the 

approach taken here whereby the binary experimental data in the rectangular 

distillation are used. These binary data can also be calculated using 

standard procedures available (see Chan and Fair (1984». 

b) Evaluation of Equivalent Ternary Transfer Units (Method of 

Diener and Gerster (1968) 

Diener and Gerster (1968), suggested the following equations:-

NTG11 = NG.13 (Y1 NG23 + (1 - Y1) NG12»8 9.1 

NTG12 = Y1 NG 23 (NG13 . - NG12)/8 9·2 

NTG21 = Y2 NG 13 (NG23 - NG12 )/8 9.3 

NTG22 NG 23 (Y2 NG13 + (1 - Y2) NG12 )/8 9.4 

where: 

8 = Y1 NG23 + Y2 NG13 + Y3 NG12 9·5 

Equations 9.1 to 9.5 are used to compute the ternary equivalent liquid 

phase number of transfer units (NTL) using binary liquid phase transfer 

units (NLij), substituting (NTL) by (NTG), and (NLij) by (NGij). Note 

also that a theory has not yet been developed to take into account the 

thermodynamic non-idealities in the liquid phase. This is the main reason 

why the vapour phase resistance to mass transfer is required from the 

binaries,if the above theory is to be used. Finally Krishna (1980 ) 

questioned the work by Medina et. ale (1979) regarding the effect of 

surface tension on mass transfer, as the multicomponent theory does not 
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take this to account. The surface tension of the ternary MeO~n.PrO~H20 

measured at boiling point, Figure 3.6, indicates that the surface tension 

gradients are only significant at a very low water concentration, and will 

not have any significant effects at higher alcohol concentrations. 

c) Ternary equivalent slope of the equilibrium line (mij) are 

calculated from theoretical tray column simulations taken from two adjacent 

trays n + 1 and n: 

m11 
y - y 

1,n+ 1 1, n 
x - x 

1, n+ 1 1, n 

m12 "" 
y - y 

1 I n+ 1 1 ,n 9·7 
x x 2,n+1 - 2,n 

m21 
y - y 

2,n+1 2 , n 
x - x 

1, n+ 1 1,n 

m22 
y - y 

2,n+ 1 2 , n 9.9 
x - x 2,n+1 2,n 

d) Ternary overall-gas-phase transfer units (NOGij) are then 

calculated by combining the ternary gas and liquid phase transfer units 

and incorporating in the same manner as for a binary system using the two 

film theory. Diener and Gerster (1964) give further details of the 

equations used. 

e) Evaluation of the elements of the matrix 
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[ [
-NOG11 

EXP -NOG] ~ EXP -NOG21 

rG11 

LG21 

G121 

G22J 

-NOG12] 
-NOG22 

9.10 

The equations G11, G12, G21 and G22 are derived using Silvester's theorem, 

and are given by Diener and Gerster (1968), with a slightly different form 

by Krishna et. ale (1977). 

Calculations of vapour compositions leaving the test tray, Y1n' Y2n 
and Y

3n
• 

f) Calculations of the individual component point efficiencies 

Eog1, Eog2 and Eog
3

• 

The numbers of liquid phase and vapour phase transfer units were 

available from experiments using the rectangular column for the binaries 

constituting the system MeO~n.PrO~H20 from Dribika (1986) and Table 6.3 

for the system n.PrO~H20. These experiments were all carried out at 

similar hydrodynamic conditions. Table 9.3 summarises the values of NL 

and NG• 

Table 9.3 Values of NG and NL 

System NG NL 

Me mVH2 0 2.56 12.5 

MeOH/n.PrOH 1.61 5.83 

n.PrOB/~o 1.88 7.05 

The vapour phase was controlling the mass transfer for all these binary 

systems. 
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9.4.2 Method of Medina et. ale (1979) 

All the basic steps as indicated by the equations 9.1 to 9.5 and 9.10 

are taken to calculate the overall number of transfer units, replacing 

NOGi j by NGi j • The point efficiencies for the binary systems of interest 

were measured by Dribika (1986), and for the systems n.PrOH/H20 measured 

as reported in Chapter 6. These data were correlated by a least mean-

square polynomiAl method to give the following equations:-

SystCill l'H.I' • i' ,:) 
/ 

Eog = 0.8482 + 0.101 X 

System MeO~n.PrOH 

Eog = 0.6449 + 0.166 X 

System n.PrOH/H20 

Eog = 1.0048 - 1.74 X + 4.4 X2 - 3.19 X3 

Note that all the above binary measurements were carried out under the 

same running conditions as the ter.n~ry measurements. 

The composition of the vapour leaving the test tray was evaluated 

by the following equations:-

* * * y = y + G11 (x 1 - y 1) + G12 (x 2 - y 2) 9.14 n,1 n,1 n, n, n, n, 



y 
n,2 

y 
n,3 
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* * * = y + G21 (x 1 - Y 1) + G22 (x 2 - Y ,) n,2 n, n, n, n,2 

1 - y 
n,1 

y 
n,2 9.12 

The individual component point efficiencies were calculated using 

the Murphree equation. 

Eog . n,l 

(y . - X .) 
n t 1 n t 1 

* (y . - X .) n,l n,l 

9.4.3 Method of Krishna et. ale (1977) 

9.16 

The equations 9.1 to 9.5 and 9.10 were used to compute the ternary 

equivalent gas phase numbers of transfer units, using the NG values as 

tabulated in Table 9.3 

The individual component point efficiencies were then calculated 

using the following equations:-

where: 

= 

= 9.20 
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9.21 

r is the ratio of driving forces of components 1 and 2. 

9·5 Deduction of POint/Tray Efficiencies 

The "Eddy diffusion" model (:Biddulph 1975), described in detail in 

Chapter 7, was used to simulate the ternary experiments carried out in the 

rectangular column. The mixing study data are reported in 6.7. The vapour 

and liquid enthalpy values are given in appendix C. The 'K' values were 

calculated from V.L.E. data computations, taking into account the non­

idealities in both phases (see appendix B). The point/tray efficiencies 

were thus inferred by matohing with the observed composition profiles 

across the tray. 

To predict the composition profiles across the tray for a given run 

using the predicted or measured point efficiencies the same procedure as 

described in Chapter 7 was used. The reboiler and bottom tray conditions 

were simulated as in the experimental runs. The point efficiencies of two 

components were used to predict the composition profiles across the tray, 

ensuring that the component which exhibited the maximum in concentration 

was not one of these, as there are large errors involved in computation 

of Murphree point efficiency for such component (Medina et. ale 1979). In 

an n-component mixture only (n-1) efficiencies can be specified. Note that 

the K-values were computed separately for each run as they were composition 

dependent. 
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9.6 Modified Column Point Efficiencies 

The Murphree equation 9.16 was used to calculate the point efficiencies. 

9.7 Results 

9.7.1 Modified Oldershaw column 

The Murphree point efficiencies for these two ternary systems are 

tabulated in Tables 9.4 and 9.5 as a function of their composition and 

second and third component K values. 

System: MeO~n.PrOE/H20 Results 

The biphase height was closely examined for all the runs. The biphase 

height Varied from 1.5 to 2.5 cm. It was at its lowest and seemed to be 

less bubbly for the runs 202 to 207. Examining these runs reveals that at 

these concentrations the system would have been slightly negative, with 

water transferring from liquid to the vapour phase (see the K-values of 

water in Table 9.4), according to the classification of Zuiderweg and 

Harmens (1958). For the rest of the runs the biphase was bubbling more 

and these were slightly positive according to Zuiderweg classifications. 

The biphase increased in height from 1.5 to 2.5 em as more water was added 

to the reboiler. In Figure 9.2 the point efficiency of methanol is 

plotted against its concentration on the test plate. There is a decrease 

in methanol point efficiency corresponding to the negative runs. This is 

because the plate seemed to have a larger capacity for the positive systems 

than for the negative (Fell and Pinczewski 1977). The work in Chapter 8 
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Table 9.4 Modified Oldershaw Column Point Efficiencies System: 

MeOU!n.PrOHjH2O 

RUN NO. X1 X2 K3 K2 Eog1 Eog2 Eog3 

202 0.2707 0.5911 1.23 0.56 0.60 0.66 1.26 
203 0.2231 0.5454 1.14 0.61 0.56 0.66 1.56 
204 0.1911 0·5139 1.08 0.65 0.56 0.68 2.58 
206 0.1431 0.4784 1.03 0.17 0·57 0·72 -2.81 
207 0.1699 0.4357 0.92 0.75 0.57 0.71 0.08 
208 0.1511 0.4292 0.91 0.78 0.57 0.72 0.20 
209 0.1322 0.4145 0.89 0.83 0.58 0.76 0.29 
210 0.1143 0.4100 0.89 0.87 0.60 0.80 0.42 
211 0.0977 0.3919 0.88 0.92 0.65 0.82 0.56 
212 0.0818 0.3912 0.88 0.95 0.71 0.90 0.65 
213 0.063 0.3986 0.90 0.97 0·78 0.80 0.78 
214 0.0522 0.4032 0.91 0.99 0·77 1 .21 0.73 
215 0.0985 0.3598 0.84 0.97 0.73 1.40 0.65 
216 0.0867 0.3626 0.85 0.99 0.76 2.31 0.71 
217 0.0692 0.3627 0.86 1.03 0·78 0.70 0.77 
218 0.0572 0.3403 0.84 1.11 0.80 0.71 0.77 
219 0.0443 0.2877 0.79 1.30 0.82 0.63 0.71 
220 0.0491 0.3226 0.82 1.18 0.84 0.75 0.80 
221 0.1040 0.2750 0.75 1.16 0.78 0.59 0.72 
222 0.1850 0.2233 0.68 1.08 0.78 0.08 0.71 
223 0.2837 0.1688 0.61 0.98 0.76 3.56 0.71 
224 0.3360 0.1499 0.58 0.90 0.71 0.86 0.73 
225 0.4501 0.1011 0.52 0.74 0.74 0.86 0.73 
226 0·5271 0.0723 0.40 0.67 0.66 0.43 0.68 
227 0·5725 0.0587 0.47 0.64 0·72 0.62 0.73 
228 0.6322 0.041 0.45 0.56 0.73 0.68 0.76 
229 0.6891 0.0256 0.43 0.50 0.75 0.73 0.76 
230 0·7359 0.0156 0.43 0.46 0.78 0.83 0.78 
231 0.7542 0.0110 0.42 0.9 0.69 0.84 0.73 
232 0.7862 0.0062 0.42 0.42 0.78 0.91 0.77 
233 0.7722 0.0221 0.44 0.42 0.73 0.27 0.76 
235 0.7864 0.0403 0.43 0.39 0.87 0.86 0.87 
236 0.8424 0.027 0.44 0.36 0.79 0.81 0·79 
237 0.8651 0.0211 0.44 0.35 0.79 0.80 0·79 
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Table 9.5 Modified Column Point Efficiencies System: MeO~EtO~H20 

RUN NO. X1 X2 K2 K3 Eog1 Eog2 Eog3 

281 0.1427 0.1889 1.78 0.56 0.89 0.76 0.82 
283 0.3691 0.1149 1.23 0.49 0.73 0.73 0·73 
284 0.4442 0.0872 1.11 0.47 0.75 0.98 0.76 
286 0.5892 0.0486 0.91 0.45 0.78 0.26 0.79 
281 0.6585 0.0309 0.83 0.44 0.19 0.56 0.19 
288 0.6868 0.0252 0.81 0.44 0.80 0.39 0.81 
289 0.6108 0.1105 0.83 0.47 0.16 0.50 0.19 
290 0.5441 0.1805 0.85 0.50 0.34 0.53 0·18 
291 0.6009 0.1501 0.81 0.49 0.12 0.53 0·11 
292 0.655 0.1219 0·71 0.48 0.14 0.55 0.79 
293 0.6800 0.1102 0.15 0.47 0.14 0.53 0·18 
294 0.6559 0.1215 0.16 0.48 0.69 0.52 0.13 
295 0.6220 0.1578 0.78 0.49 0.12 0.57 0.76 
296 0.550 0.2196 0.81 0.52 0.74 0.61 0.79 
297 0.5120 0.2536 0.83 0.54 0.73 0.62 0·72 
298 0.4631 0.2958 0.85 0.56 0.73 0.64 0.76 
299 0.4401 0.3036 0.87 0.56 0·72 0.64 0·75 
300 0.3910 0.351 0.89 0.59 0.73 0.64 0.76 
301 0.3651 0.3619 0.91 0.51 0.73 0.65 0.97 
302 0.3090 0.4219 0.93 0.63 0.72 0.66 0.74 
303 0.2609 0.4219 0.95 0.66 0.69 0.58 0.72 
304 0.2439 0.4706 0.97 0.66 0.74 0.66 0.75 
305 0.2296 0.4678 0.98 0.66 0.75 0.94 0.74 
306 0.2148 0.464 1.01 0.66 0.73 1.20 0.75 
301 0.2001 0.4641 1.03 0.66 0.15 0.74 0.76 
308 0.1872 0.4628 1.05 0.66 0.71 0.77 0.75 
309 0.1716 0.4598 1.06 0.66 0.74 0.71 0.13 
310 0.1541 0.4534 1.1 0.66 0.76 0.69 0.73 
311 0.1321 0.4316 1.18 0.65 0.76 0.76 0.76 
312 0.1266 0.3883 1.26 6.3 0.76 0.67 0.72 
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also supports this conclusion. The individual point efficiencies for 

this system are also different from each other as expected. This system 

shows maxima in concentration for the middle components (water in case of 

the runs 202 to 207). The point efficiencies of these components were 

found to exceed the interval(O - 1.0). In the Figures 9.3 and 9.4 the 

point efficiencies of n.PrOH and H20 are plotted against their 'K' values. 

These point efficiencies are outside the boundary(O - 1.0)as the volatility 

of the component passes through unity (i.e. its concentration maxima). 

However, at high methanol concentrations these differences in individual 

point efficiencies were found to be rather small for some of the runs, 

(e.g. Runs 229, 235, 236, 237, 238 and 239). This is in support of the 

theory of interaction effects, as at high methanol concentrations the 

number of the polar, i.e. water, and large molecular components, i.e. 

normal propanol, are markedly reduced. 

9·7.1.2 MeCH/ EtCH/ H20 System Results 

The biphase was observed to be bubbly and the height almost constant 

at 2.3 cm throughout the composition range studied. The point efficiencies 

for this system are plotted against the methanol concentration in Figure 9·5. 

The differences in point efficiencies for this system are almost negligible 

at high methanol concentration, as expected, but at low ethanol concen­

tration, the point efficiencies of this component are reduced with the other 

two components showing little change at an average value of 0.75. There 

was one run, 306, where the K-value of ethanol reached unity and its point 

efficiency exceeded the(O - 1.0)region to reach 1.2, which can be explained 

as before. 
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9·7.2 Rectangular Column Results 

9·7.2.1 MeO~n.PrO~H20 System Results 

The composition and temperature profiles across the tray for this 

system are plotted in Figures 9.6 and 9.7. A comparison of the measured 

and observed bubble-point temperatures for this system is also shown in 

Figure 9.8. The measured and observed bubble-point temperatures agree very 

well. Table 9.6 also gives the mean composition of each component, 

calculated as in Chapter 6. The average observed biphase height for each 

run is also included. 

Table 9.6 Average Composition and Biphase Heights 

RUN NO. X1 X2 X3 Biphase Height 
(cm) 

WA 0.1533 0.5213 0.3255 4.0 
WE 0.2847 0.4126 0.3027 4.0 
WC 0.3611 0.3557 0.2832 4.5 
WD 0.2474 0.3927 0.3098 5.0 
WE 0.1460 0.2015 0.6525 7.0 
WF 0.0785 0.1343 0.7870 7.0 
WG 0.2127 0.2103 0.5769 7.0 
WI 0.1572 0.2388 0.6041 7.5 

For the runs WA and WE, water was transferring weakly from the liquid 

to the vapour phase and the system was negative according to the usual 

classification. In runs WC and WD, water had reached its maxima in 

concentration and the system was neutral. For the runs WE to WI the 

system was positive. The froth height of the runs WA to WE were also 

lower, as positive systems are known to encourage greater capacities on a 

seive tray with small holes (Fell and Pinczewski, 1977). 
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The tray efficiencies of the individual components for each run 

were calculated from the inlet and outlet composition measurements. They 

were found to be significantly different (see Table 9.7). The point 

and tray efficiencies were also inferred from fitting the measured comp­

osition profiles to the eddy diffusion model, and are included in Table 

9.8. These individual component point efficiencies were fOlmd to be 

Significantly different for the runs WA, WB, we, WD and WI, whereas for 

the runs WE, WF and WG constant individual component point efficien~i.es 

were operating across the tray. The measured and model tray efficiuncies 

for the components not exhibiting maxima in concentration also compare 

very well. 

The point efficiencies were also predicted using the three methods 

described in 9.4, using the average conditions obtained on the tray. These 

point efficiencies are compared with the predictions from the model in 

Table 9.8. Included are also point efficiencies measured in the modified 

column. For some of the runs the composition in the small column were very 

similar to the average composition, in the rectangular column. These were 

runs 206, 246 and 222 matching with runs WA, we and WG respectively. 

The average deviation of these point efficiencies from the model are 

also included in this table. It may suggest that the methods of Diener 

and Gerster (1968) and Medina et. ale (1979) to predict the point effic­

iencies are more accurate with the modified column and the results from 

the Krishna et. al. (1977) model follow closely. Note that the statistical 

test did not include the efficiencies of the components passing through 

a maximum in concentration, as experimental errors are predominant here. 

These point efficiencies from each prediction method were then 

incorporated into the eddy diffusion model simulating the large column 

experimental runs to predict the composition profiles across the test tray. 

These composition profiles are included in Figure 9.6 and are compared 
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Table 9.7 Comparison of Tray Efficiencj.~~ System: MeOH/n. PrOH/H~ 

Emv1 Emv2 
EmV

3 
RUN Measured Model Medi Diener M.C. Measured Model Medi Diener M.C. Measured Model Medi Diener M.C. 

WA 1.22 1.28 1.27 1.05 0.90 1.16 1·33 0.89 0.95 0.96 1.73 1.42 0.20 0.16 1.01 
WE 1.17 1 .11 1.27 1.09 1.16 1.10 0.94 0·92 1·13 1.29 9.6 6.9 
WC 1.19 1.05 1.22 1.07 0.81 1.21 1.01 0.98 0.93 0.90 1.24 1.24 2.25 1.61 0.15 
WD 1 .19 1.17 1.27 1.08 1.12 1.11 0.95 0.91 1.42 1.18 4.7 2.82 
WE 1.41 1.40 1.88 0.59 0.33 0.34 1.02 0.88 1 .13 
WF 1.50 1 .51 1.18 0.11 0.86 1.22 0.98 1.05 0.98 
WG 1.49 1.54 1.53 1.66 1.40 0.43 0.02 0.22 0.12 -0.25 1.16 1 .11 1.17 1.12 0.93 
WI 1 .5 1.45 1.59 0.31 0.17 0.56 1 .11 0.89 1.14 

Emv.-Emv. 
0.06 0.14 ~ ~ ea 0.13 0.22 0.18 0.25 0.25 0.4 0.18 0.05 

n 
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RUN 

WA 
WB 
WC 
WD 
WE 
WF 
WG 
WI 

(Eog .-Eog. d 1) 
,~ ~mo e 

Table 9.8 Comyarison of Point Efficiencies System: MeOH/n.PrOH/H20 

Eog1 Eog2 

Model Kri Medi Diener M.e. Model Kri Medi Diener M.C. Model 

0.70 0.84 0.72 0.63 0.57 0.92 0.81 0.73 0.71 0.72 2.48 
0.70 0.84 0.76 0.69 0.86 0.81 0.71 0.70 0.13 
0.70 0.85 0.77 0.71 0.61 0.75 0.82 0.72 0.70 0.69 0.6 
0.73 0.85 0·76 0.69 0.84 0.82 0.71 0.69 0.462 
0.7 0.91 0.85 0.7 0.84 0.87 0.70 
0.75 0.92 0.85 0.75 0.85 0.85 0·75 
0.83 0.90 0.83 0.87 0.78 0.83 0.84 1.33 1.33 0.73 0.83 
0.77 0.89 0.82 2.23 0.84 0.96 0.70 

0.14 0.06 0.03 0.08 0.08 0.13 0.16 0.12 

Eog
3 

Kri Medi Diener M.C. 

0.62 0.78 1.27 -2.81 
0.94 0.92 0.64 
0.92 0.91 0.73 0.52 
0.93 0.91 0.69 
0.89 0.84 
0.88 0.85 
0.85 0.90 0.89 0.72 
0.89 0.84 

0.13 0.11 
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wi th the experimental points. This comparJson aea ill n.t~reefl with the 

earlier suggestion that the method of Diener and Gerster (1 ~GO) and 

Medina eta ale (1977) are more suitable. The tray officiencicn infert'l'd 

from the simulations are included in Table 9.7 and compal'l~d with lfl(}a:mred 

and model tray efficiencies, with the Diener and Cerder (1960) dlOwi He 

the least deviation from the measurements. 

9·7.2.2 MeO~EtOH/H20 System Results 

The temperature and composition profiles measured for this ~Yfltcm 

are plotted on figures 9.7 and 9.9 respectively. A comparison of the 

measured and the bubble-point temperatures, including the ones C01"r08-

ponding the inlet and outlet downcomers, are also included. These bubble-

point temperatures, as for the previous system, compare very well with the 

measurements with most of them slightly higher due to the heat tr;1.m:lfer 

from the vapour phase, (see Figure 9.8). 

These composition profiles the same way as before were simulated 

using the eddy diffusion model to infer pOint/tray efficiencies. These 

efficiencies, together with the measured tray efficiencies and the aver<~e 

liquid composition on the tray, are included in Table 9.9. The biphase 

of mixed liquid, froth and droplets had an average height of about 8 em 

for this highly positive ternary system. The average deviation of the 

tray efficiencies predicted by the model from the measured values are also 

given in Table 9.10. The agreement is excellent. 

Table 9.10 Mean Deviation in Modelling Component Tray Efficiencies 

MeOH EtOH H2O 

E . - E . model 0.065 mv~ mv~ 0.084 0.047 
n 



Table 9.9 Exryeriment and predicted results System MeOH/EtOH/H~ 

Runs Mean liquid Experimental Component Predicted component 
composition across component tray point tray efficiencies 
the tray efficiencies efficiencies by the model 

MeOH EtOH H2O MeOH EtOH H2O MeOH EtOH H2O MeOH EtOH H2O 

XA 0.5229 0.0993 0.3778 1.226 0.730 1.190 0.88 -1.20 0.97 1.188 0.726 1.163 
\0 XC 0.4676 0.1084 0.4339 1.157 0.6878 1.116 0.80 -2.80 0.93 1.080 0.705 1.05 
..-- XD 0.4108 0.2193 0.3699 1.244 0.026 1.150 0.86 -0.20 1.02 1.263 0.190 1.174 

XE 0.2595 0.3792 0.3613 1.316 0.694 1 .121 0.86 0.86 0.86 1.442 0.463 1 .115 
XF 0.2283 0.4172 0.3545 1.392 0.774 1.180 0.88 0.88 0.88 1.535 0.487 1 .171 
XG 0.1960 0.4195 0.3845 1·380 0.776 1 .110 0.76 0.86 0.75 1.228 0.621 1.020 
XH 0.2004 0.391 0.4087 1.310 0.784 1 .115 0.75 0.90 0.76 1.209 0.641 1.001 
XI 0.1827 0.4482 0.3691 ~ .302 0.847 1.106 0.80 0.90 0.81 1.340 0.787 1.090 
XJ 0.5614 0.2051 0.2335 1.159 1.325 1.126 0.81 0.67 0.87 1.132 1.437 1.075 
XK 0.5498 0.2266 0.2236 1.170 1.280 1.140 0.81 0.67 0.87 1.132 1.437 1.075 
XL 0.2419 0.2252 0.5329 1.314 0.992 1.168 0.81 0.99 0.85 1.229 0.913 1.097 
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The efficiencies of the components passing through a maximum in concentration 

are excluded from this analysis, (i.e. ethanol runs XA, XC, XD and XE). 

The individual component point efficiencies for this system, as 

expected, were different from each other, but there were some runs where 

equal Component point efficiencies were operating across the tray. These 

differences in component point efficiencies are again attributed to 

different diffusional mobilities of the individual components (Krishna, 

1977; Krishna and Standart, 1979). The middle component, ethanol, point 

efficiencies were found to be composition dependent, taking values also 

outside the (0 - 1.0) interval, when composition maxima occured. This is 

due to the effect of experimental errors in evaluating Murphree point 

efficiencies (Medina et. al. 1979, see also Chapter 10). The individual 

Component tray efficiencies, as expected (Biddulph 1975), were significantly 

different from each other even, with equal component point efficiencies 

operating across the tray, which emphasises the effect of limited liquid 

back mixing on individual component composition gradients (the same as 

f or the sys tem Me OH/n. PrOH/~ 0) • 

An attempt was also made to predict the tray efficiencies and comp­

osition profiles of some of the runs by simulating these runs, but using 

the modified Oldershaw column point efficiencies. Runs 296, 302 and 308 

were found to operate with approximately similar compositions as runs 

(XJ and XX), XE and XI respectively, and their point efficiencies, similarly 

to the previous system, follow the same trend as the inferred values from 

the rectangular column. The deviation of these point efficiencies £or 

individual components are included in Table 9.11. The efficiencies of 

the modified column, as expected, were lower than the larger column (see 

Chapter 8). 
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Deviation Between Modified Column and Rectangular Column 

Point Efficiencies 

(Eog'iRecta - Bog! modil 
Runs MeOH EtOH H2O 

XJ and 296 0.07 0.09 0.08 

X.K and 296 0.07 0.05 0.09 

XE and 302 0.13 0.20 0.12 

XI and 308 0.09 0.23 0.08 

Average Mean 0.09 0.14 0.09 

Deviation 

Slightly higher deviation of the intermediate component is due to 

the effect of experimental error on point efficiencies. The predicted 

composition profiles, using these point efficiencies, are included in 

Figure 9.9. The comparison is very good. Table 9.12 also shows the tray 

efficiencies for individual components and their deviations from the 

measured values. This comparison gives further encouragement to use 

small column point efficiencies in the future design of columns operating 

on multicomponent distillation systems. 

Table 9.12 Tray Efficiencies of Rectangular Column using Modified 

Column Point Efficiencies 

Tray Efficiency Deviation 

Simulation E . E E 1 2 3 
Run mvl. mv2 mv3 

XE 1.12 0.38 0.88 0.20 0.31 0.24 

XI 1 .11 0.67 0.91 0.21 0.18 0.19 

XJ 1.00 1.19 0.96 0.16 0.13 0.18 

Xl{ 1.00 1.24 0.96 0.170 0.04 0.18 

Average Deviation 0.19 0.17 0.20 
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9.8 Discussion 

a) As expected, the individual components in these two ternary 

systems showed different point efficiencies due to the diffusional inter-

actions arising from different molecular structure and polarity. However, 

there were some runs where equal component point efficiencies were 

operating across the t~~y, for both of the distillation columns used. 

This behaViour could rG a result of the interaction effects of reverse 

diffusion, difLls :.)n barrier or osmotic diffusion, due to large non-

idealities and the very different diffusional characteristics of alcohol/ 

alcohol and alcohol/water systems (see Figure 9.1). This is in agreement 

with the theory of Toor (1957), Krishna et. ale (1977) and Krishna and 

Standart (1979). 

b) The intermediate components, ethanol in the case of MeO~EtOH/H20 

system and either H20 or n.PrOH in case of the MeO~n.PrOH/H20 system, were 

capable of transferring from vapour or liquid or could exhibit a concen-

tration maxima in the composition profile across the tray. In most of the 

runs the intermediate component showed the highest point efficiencies. 

The point efficiencies of the intermediate component were also found to 

go outside the interval (0 - 1.0) when concentration maxima occurred. 

This is the direct result of errors in evaluating the Murphree pOint 

efficiencies. However, these values will not have any effect on the 

prediction of the composition of that component (Medina et. ale 1979). 

c) As expected, there were larger non-idealities in the system 

MeO~n.PrO~H20, as the structure of the components constituting this 

system are different from those in the system MeOH/EtOH;H20. 
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d) '?he syst€I:J XeOH/noPrOH/H2o was capable of exhibiting both 

posi tive and ne/s-ati ve surface tension behaviour, although the surface 

tension driving force w:ts fairly low for the composition ranges studied 

(see Fi~~e 3.6). ~he biphase in the positive runs seemed more bubbly, 

whereas for the ne~1tive rw1S less bubbling but more spraying was observed. 

These observations are in ae~eement with works of Zuiderweg and Harmens 

(1958) and BainbrLjge and Sawistowski (1964). However, the foamy biphase 

suggested by 7,uiderweg Clnd I!Clrmens (1958) was never observed. The biphase 

in the negative runs was generally smaller in height than the positive 

system runs, which exrlains why lower point efficiencies were obtained. 

In Chapter 8 the effect of biphase height on the point efficiency is 

described in detail. If the surface tension behaviour of the ternary 

system MeOH!n.PrOH!H 0 can be assumed to be similar to the binary n.PrOH/ 
2 

H20 and the ternary XeOH/EtO~H20 similar to MeOH/H20 (see Chapter 3), 

this means that there are larger surface tension gradients in the latter. 

The higher, measured point efficiencies for the MeO~EtO~H20 system, 

especially for the non-interacting component methanol in the rectangular 

column, is probably due to greater surface renewal effects. The measure-

ments in the modified column give a more confused picture due to the 

smaller gas and liquid contact (see Chapter 8) on the test tray. 

e) The eddy diffusion concept (Biddulph 1975) was found to model 

the differences in component tray efficiencies, including the higher and 

the lower efficiency values. This model is flexible and requires n-1, 

component point efficiencies. This means that the component which shows 

a maximum in concentration can be left out, as its concentration is 

independent of the point efficiency to carry out the simulation. 
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f) One of the most important features of the work carried out in 

this chapter, is the illustration of differences between component tray 

efficiencies, despite the fact that equal component point efficiencies 

were operating across the rectangular tray. This is a result of the 

limited back mixing on the tray. This influences the individual component 

composition gradient across the tray. Similar predictions were noted in 

a study of an air distillation column and an aromatic column, Biddulph 

(1975), Biddulph and Ashton (1977) respectively. These experimental 

findings confirm such predictions. The fact that component tray 

efficiencies can val7 widely from one another in multicomponent systems, 

due to the thermo~rnic non-idealities or the effect of back mixing, can 

obviously casts serious doubts on the validity of the normal design approach 

of using constant and equal component tray efficiencies. 

g) Individual component pOint/tray efficiencies and composition 

profiles were predicted using the methods of Krishna eta ale (1977), 

Medina eta ale (1979) and Diener and Gerster (1968) respectively. From 

these methods the largest deviation from the measured values was obtained 

with the Krishna eta ale (1977) method. This is due to using the number 

of gas phase transfer units (N
Gij

) in the original computations to fulfil 

the assumption of no liquid phase resistance to mass transfer. The other 

two methods are also based on the same assumption, however as the overall 

number of transfer units (NOGij) take into account the number of liquid 

phase transfer units (N
Lij

), better predictions were obtained. An 

attempt is also made to model the rectangular column distillation runs 

using modified column point efficiencies. These efficiencies were chosen 

from a number of runs made using this column with approximately similar 

compositions on the tray. The deviations of the tray efficiencies and the 

composition profiles obtained were similar to those using the prediction 
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methods. However, the work on this column indicated (see Chapter 8) 

that better point efficiencies may be obtained using this column fitted 

wi th a 12.7 mm outlet weir. Tbc se efficiencies may be scaled up to values 

very clo;)e to the c;,es operatir~ ,-,cross the rectangular tray. 
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CHAPI'ER 10 

EFFICIENCIES OF A QUATERNARY SYSTEM 
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E:'7ICIF~JCIF:S OF A QUATERNARY SYSTEM 

10.1 Intrc~uction 

The n'~Jber of efficiency studies in IDulticornponent distillation is 

limi ted. 'I'he !ll8.jori ty of these studies concern te.l"nary systems and even 

less attention ~qS been p8.id to systems with more components. (Gelbin 1965, 

Young and ~eber, 1972). 

In this crEpter a distillation efficiency study of a thermodynamically 

non-ideal quaternary system of r-reOH,/EtOH/n.PrOH/H
2

0 is introduced. For 

the first time the effect of liquid back mixing on the tray efficiencies 

of such a system is studied. This system was especially chosen to extend 

the knowledge of l1!ul tlcooponent distillation efficiencies where large 

non-idealities are present. This is due to large differences between the 

molecular sizes and polarities of these components, hence different point 

effiCiencies were expected to operate due to the presence of interactions 

in both liquid and vapour phases. Figure 9.1 compares the binary gas 

diffusivities of the components constituting this system. As there are 

large differences between the diffusional mobilities of the alcohol-water 

and alcohol-alcohol pairs, according to Toor (1957), Krishna et. al. (1977), 

Significant interactions are expected in this system in the vapour phase. 

In addition, the point efficiencies in this system are also expected to be 

composition dependent due to a greater liquid phase resistance associated 

with aqueous systems (Mostafa, 1979, Dribika, 1986). The middle components 

of this system are also expected to have maxima in concentration the same 

way as in the ternary systems (Cilianu et. al., 1974, Chapter 9). The 

adequacy of the Murphree definition of point efficiency to account for such 

behaviour has been tested. In Chapter 9, it was implied or demonstrated 

that some prediction methods can be used to estimate point efficiencies 

for the ternary system, from first principles, or if enough binary data 
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were available. These methods had their deficiencies as the non-idealities 

in the liquid phase were not known and hence not taken into account in the 

equations. It was also demonstrated that using point efficiencies measured 

in the modified Oldershaw column, predictions of the same order of accuracy 

as the predictive methods available were possible. In this chapter the 

same strategy is used to compare the point efficiencies obtained from a 

comparison of the small and large rectangular distillation columns. 

Distillation runs were carried out in three plate-type distillation 

columns. Firstly the familiar rectangular column, secondly the modified 

Oldershaw column and thirdly a ten plate bubble cap column (the only non­

sieve tray distillation device used for this thesis). 

10.2 V.L.E. Data 

The vapour-liquid equilibrium data for this system were not available 

in the literature, but binary measurements had been carried out and 

thermodynamically consistant Wilson parameters have been established (see 

Tables 4.1 and 9.2). In order to study the feasability of using these 

parameters, it was decided to measure the V.L.E. data for this system 

and to compare these with the predictions from the Wilson model using 

these parameters. An Ellis-Froome (1954) still was used to carry out the 

experiments at atmospheric pressure (see appendix B). A statistical test 

comparing the measured and predicted equilibrium data established the 

applicability of these parameters (see Table 10.1). 

A computer model taking into account the non-idealities in the phases 

(Prausnitz et. ale 1967) was used to carry out the required computation 

of the vapour equilibrium composition (see appendix B). 



Table 10.1 

Component No. 

1 
2 
3 
4 

rT-T!n 

I T-Tpl ma:x 

I T-Tpl min 
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statistical Analysis of Measured and Predicted Equilibrium 

Data 

= 

r (X. - X. )/n 
~ ~p 

± 0.0115 
± 0.0058 
+ 0.0117 ± 0.0109 

0.0284 
0.0342 
0.0111 
0.0199 

x. - x. 
~. ~p 
m~n 

0.0003 
0.0019 
0.0008 
0.0004 

10.3 Eguipment 

The details of the modified Oldershaw column and the rectangular 

columns are given in Chapters 4 and 5 respectively. The outlet weir of 

the 1.8 mm hole size tray was 25.4 mm in height (see Table 6.1). 

10 Plate Bubble CaP Column 

The stainless steel column has 10 bubble cap plates, and a window is 

fitted above each plate. Each plate is provided with sample points and 

thermocouple points, the latter being located slightly above the plate in 

such a way as to allow temperature measurements of the biphase. Each 

elliptical tray contains 1 bubble caps and the tray spacing is 22.9 cm. 

The column and the bubble tray arrangements are shown in Figures 10.1 and 

10.2. Further details of the column are given in Table 10.2. 
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The stainless steel reboiler is provided with an external steam 

jacket and an internal heating coil. The reboiler, having a capacity of 

40 litres, was three-quarter filled with the test mixture. The condensers 

connected in series provided a total cooling area of 2 m2, the reflux 

returning to the column via a calibrated rotameter. The column was 

insulated with glass wool and aluminium cladding to minimise heat losses. 

Table 10.2 Tray Details of the 10 Bubble Cap Plate Column 

Total Plate Area 197.4 
2 cm 

Plate Spacing 20.5 cm 

Weir Height 2.54 cm 

Downcomer Area 7.8 cm 2 

Riser Diameter 3.1 cm 

Total Riser Area 54.0 
2 cm 

10.4 Experimental 

The experiments were carried out at total reflux and atmospheric 

pressure. Sufficient time was allowed to reach steady state conditions, 

the boil up rate and temperatures being noted in regular intervals. The 

operation of the columns was carried out at a vapour F-Factor of about 

0.5 m/e (kg/m3)0.5, which provided stable hydrodynamiC conditions on the 

tray. A wide range of composition was covered, and samples were collected 

into prechilled bottles and analysed by G.L.C. techniques giving an 

average error of ± 0.0045 in mole fraction, (see appendix D for further 

analysis details). 
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Theoretical Model 

The eddy diffusion model (see Chapter 7) was used to match the comp­

osition profiles across the rectangular tray and along the bubble cap 

column. 

10.5 Results 

Observation of the biphase behaviour on the tray indicated steady 

hydrodynamic operation, with negligible entrainment and weeping. The 

main results from the studies in the three different columns were as 

follows: 

10·5.1 Modified Oldershaw Column Efficiencies 

The Murphree point efficiency, defined below, was calculated for 

the individual components. 

E == og 
Yi,n+1 - Yi,n 

'* 
Y i, n+ 1 - Y i , n 

10.1 

where y. , is the vapour inlet and y. 1 is the vapour outlet mole 
~,n ~,n+ 

fraction. The point efficiencies and the compositions are presented in 

Table 10.3. A wide range of composition was investigated and Figure 10.3 

illustrates the variation of the point efficiency of methanol in the 

quaternary mixtures. These efficiencies are composition dependent and 

exhibit similar trends to those shown in the binaries methanol-water and 

methanol-n.propanol, (Chapters 4 and 7), that is a decrease in point 

efficiency at low methanol composition. The scatter in these results is 
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Table 10. 3 Experimental Heasurements of ModifIed Oldershaw Column 

RUN NO Xl X2 X3 X4 Eog1 Eog2 Eog3 Eog4 

249 0.2610 0.0414 0.3415 0.3502 0.69 0.64 0.78 0.53 
250 0~2584 0~0863 0~3232 0~3322 o ~61 0~55 0~71 0~44 

251 0~2154 0~2216 0~2118 0~2853 0~60 0~5lj 0~69 0~38 

252 0~1953 0~2995 0~2411 0;2581 0~56 0~73 0~66 0~36 

253 0~1662 0;3842 0;2216 0;2281 0~60 0~81 0~70 0~30 

254 0~1423 0~4456 0;2039 0;2082 0;63 L05 0~11 0~44 

255 0~1116 0;4151 0~1811 0;2922 0~63 0;68 0;12 0~54 

256 0~1010 0;4635 0; 1639 0;2115 0;58 0;83 0;71 0;56 

251 0~0864 0;5330 0; 1398 0;2407 0;61 0;74 0:11 0:52 

258 0~0762 0~4980 0;1533 0~2725 0~93 0~64 0~84 0~75 

259 0~2019 0;3897 0;1291 0;2793 0;64 L 13 0~13 0~60 

260 0~3607 0~2731 O~ 1 060 0;2602 0~66 0~62 0~73 0~63 

261 0~3795 0;2303 0; 1 018 0; 2887 0~68 0~60 0;79 0;66 

262 0~lj496 O~ 1891 0;0916 0;2698 0;70 0~61 0.76 0~70 

263 0~4782 0; 1641 0;0938 0;2638 0;54 0~73 0:75 0;43 

264 0;5331 0;1191 0; 0981 0;2498 0~62 0;48 0;70 0;61 

265 0~5321 0;0957 0; 1057 0;2665 0:69 0~61 0;71 0:69 

266 0;4539 0;0883 0;1293 0;3284 0;71 0;46 0;75 0~71 

267 0.-3968 0;0825 o ~ 1521 0;3686 0;70 0~21 0:75 0:67 

268 0~3381 O~ 1 071 0;1650 0;3892 0;68 0;75 0;76 0;66 

269 0;3157 0; 08"9 0;1986 0;4031 0;66 0;70 0;80 0;63 

270 0~3527 0~06~3 0; 1924 0~3906 0~69 0;72 0;76 0;66 

271 0;4406 0~0491 0;1514 0;3589 0;73 0;36 0:78 0:72 

272 0;J4101 0;0488 0;1603 0;3808 0;73 1~23 0;77 0;72 

273 0~3343 0'-0~78 0;1851 0;4328 0:77 0;67 0:92 0;72 

274 0;3859 0;0805 0; 1451 0~3905 0;72 0;97 0~79 0;71 

275 0; 3228 0;0782 0;1634 0;4356 0;73 0;66 0~80 0;70 

276 0.2894 0;0753 0;1134 0;4619 0;71 0;71 0;90 0;68 

277 0;2148- 0;2723 0;1002 0;4127 0;74 0~71 0:85 0:11 

278 0.1786 0;3647 0;0692 0;3875 0;69 0;78 0;86 0;69 

279 0;1450 0;4401 0;0469 0;3680 0;67 0;78 0;90 0;68 

280 0; 1293 0;4799 0;0367 0;3540 0;67 0;79 0.87 0;89 
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caused by the influence of varying composition of the other components. 

The middle component, ethanol, shows the largest variation in point 

efficiency, due largely to errors occurring in the calculation as the K­

value approaches unity, (Figure 10.4). Medina eta ala (1979) showed that 

experimental errors can be very significant under these conditions, since 

the numerator and the denomenator of equation 10.1 are of the order of the 

experimental error. As expected, the individual components of this non­

ideal system were also shown to exhibit different point efficiencies. 

The K-values required were provided from the V.L.E. data. The liquid 

and vapour enthalpies were available from steam tables and Chopey Hicks 

(1984), (see appendix C). A Peclet number of 39 was used, as before, 

incorporated into the model to account for the liquid back-mixing on the 

rectangular tray. For the simulation of the ten plate column, complete 

liquid mixing was assumed and hence a Peclet number of zero was used. 

This is reasonable as the tray bubbling area in the bubble cap column is 

small. The biphase height was also measured to be approximately 2.2 cm 

throughout. 

Bubble Cap Column Efficiencies 

A few experimental runs were made using the 10 plate bubble-cap 

column to establish concentration profiles along the column when large 

changes in individual component concentrations occurred. The active area 

of the tray is small enough to assume complete mixing in the liquid phase. 

A total of four runs were made at atmospheriC pressure and total reflUX, 

the resulting composition profiles being presented in Figure 10.5. The 

profiles could be satisfactorily simulated by using equal component 

efficiencies for runs A and B, whereas runs C and D required unequal 

individual component point efficiencies in some composition regions. The 
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consequence of using the best equal component point efficiencies is shown 

in Figure'~, run C (dashed line), and this resulted in significant 

deviations from the measured composition profiles. The experimental 

component point efficiencies are compared with the computer predictions 

(using unequal and equal (dashed lines) point efficiencies for run C) 

of point efficiencies, in Figure 10.6. These experimental component 

point efficiencies vary from one tray to another, probably due to the 

errors involved in sampling, and so no definite conclusion regarding the 

comparison of component point efficiencies can be reached using these 

data. However, the computer simulation of these runs does indicate that 

unequal individual component point efficiencies do best represent runs 

C and D. It can also be seen that for these two runs point efficiencies 

greater tr~none were required for water on some trays, but these values 

were strongly dependent on the choice of efficiencies for the other three 

components. 

Rectangqlar Column Efficiencies 

The measured concentration profiles were matched with those predicted 

using the eddy diffusion model to infer point efficiencies. This involved 

guessing and re-guessing component point efficiencies until a good match 

was achieved. Table 10.4 summarises the results of all these meas~ments. 

Figures 10.7 and 10.8 illustrate the composition and temperature profiles. 

A comparison is also made (Figure 10.9) between the measured temperatures 

and computed bubble point temperatures for this system, showing a tendency 

to values slightly above the bubble point temperature. This is probably 

the result of heat transfer from the vapour phase. Table 10.5 also compares 

the deviation between the measured and predicted values of tray effic­

iencies. As before, it appears that different individual component point 



TABLE 10.4 Experimental and Predicted Results of Rectangular Column 

MEAN COMPOSITION 
TRAY EFF IC I ENCY POINT EFFICIENCY MEASURED MODEL RUN Xl X2 X3 X4 Elnvl Emv2 Emv3 Emv4 Emvl Emv2 Emv3 Emv4 Eog1 Eog2 Eog3 Eog4 

VA 0.1959 0.0455 0.4067 0.3518 1.32 1.21 1.39 -11 .60 1. 1 4 1.16 1. 31 -11.98 0.68 0.95 0.90 0.16 VB 0.2373 0.0668 0.3229 0.3733 1.26 0~97 1~40 '0~92 L18 1.07 L37 '0~74 0~71 0~88 0.94 0~34 VC 0.2712 0.0804 0.2854 0.3629 1.27 0.87 1.38 1~09 1.23 0.89 1. 36 1.03 0.74 0.82 0.92 0~56 VO 0.2824 0.0898 0.2649 0.3629 L27 0~88 L43 L06 L02 0~83 L41 0~96 0~74 0~82 0~95 0~53 VE o ~ 1076 0.0649 0.2092 0.6182 1.59 1.42 0.44 L03 1. 75 1.27 0.46 1.07 0.80 0~80 0.80 0~80 VF 0.1646 0.0776 0.1985 0.5593 1. 31 1.16 0~04 L03 L27 L05 0~001 0~94 0~72 0~80 0~30 0.79 VG 0.1710 0.0702 0.1885 0~5703 1.21 1.03 -0.39 0~99 1.09 L05 -0~24 0.80 0;65 0.79 0.60 0.69 VI 0.3049 0.1640 0.1011 0.4300 L34 0~82 2~52 L15 L26 0~77 2~88 L03 0~78 0~98 0~80 O~79 
r-
0'\ ..-
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efficiencies were operating across the tray for the majority of the runs. 

The measured individual component tray efficiencies were significantly 

different, with equal or unequal point efficiencies operating across the 

tray. The average froth height on the tray was about 7 cm throughout. 

Table 10.5 statistical Comparison of Measured and Model Tray Efficiencies 

Component 

1 

2 

3 

4 

10.6 Discussion 

10.6.1 

~ (E . measured - E . model)/n 
~ mv~, mv~, 

+ 0.11 

± 0.07 

± 0.03 

+ 0.12 

The study of this highly non-ideal system highlights the possible 

effects of diffusional interactions which, according to Toor (1957) and 

Krishna eta ale (1917), arise from the presence of reverse diffusion, 

osmotic diffusion or diffusion barrier. It is assumed that these effects 

must be responsible for such large variation in individual component point 

efficiencies. The system used here is particularly interesting as there 

are two "middle" components which can transfer from the liquid to vapour 

or vice versa. These middle components also reach maxima in concentration 

where their mass transfer reach minima. In the majority of the tests 

n.Propanol was transferred from the vapour to the liquid and its point 

efficiencies were in general higher than the other components. Ethanol, 
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however, showed a more confused picture. There were some experiments, 

(A, Band VE), where approximately equal component point efficiencies 

appeared to be operating across the tray. The maximum variation in 

individual component point efficiencies was obtained when one of the 

middle components reached its composition maximum. In this region errors 

become very significant. 

10.6.2 

The Murphree definition of point efficiency clearly has its limitations, 

especially for the components reaching a maximum in concentration. Under 

these circumstances the magnitudes of the numerator and the denominator 

of equation 10.1 become comparable with the experimental errors (Medina 

et. ale 1979), and meaningless values of point efficiency are obtained 

for that component. By using the mathematical model over a range of 

composition, more reliable point efficiencies can be obtained for the 

component which has reached its maximum in concentration (Figure 10.6). 

However, it is also important to note that when a component reaches a 

maximum in concentration, its vapour composition becomes independent of 

the point efficiency and the efficiency obtained by equation 10.1, although 

possibly unusual, has little influence on the evaluation of the vapour 

composition. 

10.6.3 

The component tray efficiencies in this system are significantly 

different from each other. Run VE shows large differences between ind­

ividual component tray efficiencies despite approximately equal component 

point efficiencies operating across the tray. These differences result 
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from the effect of limited backmixing (Biddulph, 1975 and Biddulph and 

Ashton, 1977). 

10.6.4 

The eddy diffusion concept was found to model and predict the profiles 

and the differences in component tray efficiencies. Table 10.5 shows 

the deviation in measured and predicted component tray efficiencies. 

The efficiencies of the components which exhibited a maximum in comp-

osi tion were excluded from this evaluation as errors had infJ .,~ ,. -,d, the 

computation of the tray efficiencies (Medina et. ale 1979). L ,:a.11 be 

seen that these deviations are reasonable. 

10.6.5 

The point efficiencies were found to be composition dependent, as 

in the case of some of the constituent binaries, namely ethanol-water, 

methanol-water, n.Propanol-water and n.Propanol-water (see Chapters 4 

and 6). 

10.6.6 

The measured tray efficiencies, shown in Table 10.4, indicate that 

high efficiencies can be obtained if the detrimental influences of flow 

non-uniformities and stagnant zones, which are known to reduce the tray 

efficiency, are eliminated. This provides further evidence for the high 

efficiencies available to the design engineer if these effects can be 

eliminated to improve the hydraulic behaviour of conventional circular 

trays. 
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10.6 .7 

The point efficiencies measured in the modified Oldershaw Column are 

lower than the point efficiencies deduced from the rectangular column 

experiments. This is the result of shorter contact time between the 

vapour and liquid in the smaller column (see Chapter 8). The individual 

components follow similar variations in point efficiencies in both columns. 

Table 10.6, compares these differences for three pairs of similar comp­

osition experiments. The more and least volatile components demonstrate 

the least differences in point efficiencies. The middle components show 

larger differences which are the result of the experimental errors on the 

computation of point efficiencies for these components as they exhibit 

either neglibible or small volatilities. If a small column is to be used 

for direct measurements of point efficiency for the design of a multi­

component distillation column, it will involve a number of experiments 

covering a wide range of composition, identifying the components exhibiting 

maxima in composition and measure point efficiencies for these components 

on the other side of the maximum. This will reduce the possibility of 

experimental errors in point efficiency measurements. 

These point efficiencies were then incorporated into the eddy diffusion 

model to simulate their corresponding runs, and hence predict composition 

profiles across the tray. The lines are included in the composition 

profile diagram (Figure 10.7) for the runs VI, VD and VC. The prediction 

seems very reasonable considering the low liquid hold up and hence lower 

point efficiencies obtained in the modified column. The tray efficiencies 

predicted for individual components are also included in the Table 10.6, 

together with their deviation from the original rectangular tray measure­

ments. 

The improvement in the liquid hold-up, and hence the point efficiencies, 

measured in the modified column (Chapter 8) may suggest that even better 

results are possible with relative ease and accuracy. 



Table 10.6 Deviation between the Modified Oldershaw Column and Rectangular Column POint/Tray Efficiencies 

and Tray Efficiencies of the Rec~angular Column Using the Modified Col~_~Qg's 

Runs Eog, . t -Eog . Emv,. Modif EEv,. t -Emv.. dif ~rec a ,~modif ~ ~rec a tmo 

1 2 3 4 1 2 3 4 1 2 3 4 

VI and 268 0.1 0.23 0.04 0.13 1.03 0.61 2.52 0.83 0.32 0.21 0.01 0.32 
\,() 
0"- vn and 250 0.13 0.21 0.29 0.09 0.92 0.53 0.95 0.83 0.35 0.34 0.47 0.23 

VC and 249 0.05 0.18 0.14 0.03 1 .11 0.64 1.08 1.06 0.16 0·34 0.30 0.04 
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CHAPI'ER 11 

EFFICIENCIES OF THE EXPANDED ALUMINIUM 

TRAY (EXPAMEr 607 Al 
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EFFICIEZjCIES OF THE EXPANDED ALUMINIUM TRAY (EXPAMEr 607 A2 

11 .1 Introduction 

Porter and co-workers in 1972 and 1973 pointed out the existence of 

flow non-uniformities on large circular sieve trays and their detrimental 

effects on tray efficiencies. Although many years have passed since this 

revelation little work has been carried out to actually remove the stagnant 

zones and improve the liquid flow across the tray. The only flow improving 

tray currently in operation is designed by the Union Carbide Co., (Smith 

and Delnicki, 1975; Weiler and Lockett, 1985). This slotted tray, which 

uses the vapour momentum to shift the slow moving liquid at the sides of 

the tray, is reported to have improved the tray efficiency. However, this 

tray is proprietary and not generally available. 

The Expamet tray material tested here was chosen from a wide range 

of material samples, and is believed to be the first material of its type 

to have been used as a distillation tray. In this chapter the Expamet 

tray is discussed in detail and the results of distillation tests under 

different hydraulic conditions to measure its efficiencies are reported. 

Haselden and Too (1985) used a different flattened form of the Expamet 

tray for their baffled tray tests, but this was used for a different 

purpose. 

11.2 Expamet 607 A 

This aluminium material is produced by a slitting and deforming 

process which generates diamond-shaped holes and also corrugates the 

sheet. The length of the sheet increases because no metal is rejected. 

This corrugation forms diamond-shaped holes (see Figure 11.1 and 11.2) 

at an angle to the sheet. The material has a thickness of 0.56 mm and a 



Figure 11.1 A View of the Expamet( 607 A) Material. 
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Figure 11 . 1 A View of the Expamet( 607 A) Mate rial . 
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weight of approximately 1.37 kg/m2• The material has a free area of 

approximately 51%. This was calculated from individual hole measurement 

at approximately 450 to the normal using a travelling microscope. The 

average dimension of a typical hole is shown in Figure 11.2. Figure 11.1 

also shows a photograph of a section of this material. It is hoped that 

this tray will actually direct the liquid on the tray as the vapour is 

forced to change its direction by about 45°.in the direction of the biphase 

flow on the tray. 

11.3 Experimental 

The rectangular tray (Chapter 5) was used to test this material using 

the system methanol-water. The pressure drop was measured by using a 

water manometer. In addition, froth heights and boil-up rates were 

measured as before. The samples were analysed by using a G.L.C. technique 

(see appendix D). The samples were collected in the pre-cooled bottles. 

11.4 Results 

The high percentage free area available on this tray meant that increased 

F-Factors were required to achieve a satisfactory biphase on the tray. 

The results of all the runs including, the Murphree tray efficiencies, 

F-Factors, froth heights and pressure drops are tabulated in Table 11.1. 

These pressure drops are also compared with an equivelant 1.8 mm hole size 

tray at the same F-Factors, calculated using the Bennett et. ale (1983) 

correlation. It is evident that this tray provides much lower pressure 

drops under distillation conditions compared with a standard sieve tray 

due to its lower hole velocities. The composition and temperature profiles 

are also presented on the Figure 11.3 and 11.4. 
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Hydraulic Tests and Observations 

Run: ZI, No Outlet Weir 

At vapour F-Factors about 0.4 ~s (kg/m3)~, the first half of the tray 

was bubbling irregularly, the second half was dominated by very fast 

moving liquid. On lowering the F.Factor irregular bubbling increased 

with some stagnant liquid present. On increasing the F-Factor fast moving 

liquid was encouraged and dominated a larger proportion of the tray. 

Run: ZJ, 6.4 mID Outlet Weir 

The reverse of the Run ZI was observed with irregular bubbling 

dominating the second half of the tray from the inlet and fast moving 

liquid on the first half. A larger proportion of the irregular. bubbling 

was dominated by fairly stagnant liquid. 

Run: ZK, 12.7 mm Outlet Weir with Four Equally Spaced Intermediate Weirs 

of the Same Height 

The main purpose of this test was to avoid local accummulation of the 

liquid. At an F-Factor of about 0.75 reasonably bubbling biphase enclosed 

by the intermediate weirs was observed. That accounted for 3/5th of the 

tray. The other 2/5th of the tray was dominated by the fast moving liquid. 

Runs: ZL, ZM and ZN 2/;hof the Tray Active Area was Blanked 

A bubbling area enclosed by four equally spaced 12.1 mm intermediate 

weirs was left in the centre of the tray. This was to encourage higher 

vapour hole velocities as low rates were thought to be the reason behind 

bad bubbling on the tray. This tray has hole velocities of about 2ryfo 

of the conventional sieve trays. This change created a biphase with 

better bubbling characteristics. The optimum bubbling was found for the 
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runs ZL and ZN. Run ZM was carried out at lower F-Factors where a larger 

proportion of the tray was bubbling irregularly. On increasing the F­

Factor above the conditions of the runs ZL and ZN, fast moving liquid was 

encouraged at the expense of poorer bubbling. 

Runs: ZO, ZP and ZQ, 37.5 rom Outlet Weir 

The intermediate weirs were kept at the same height as before. This 

change was made to ensure a larger liquid resistance against the vapour 

momentum. The fast moving liquid region was completely eliminated or 

obscured as a result of this change, with much better biphase behaviour. 

The biphase also showed some recirculation of the liquid from the outlet 

weir which resulted in a peaked biphase on the tray. 

11.5 Discussion 

1. Although the biphase stability on the tray was successfully improved 

a lot of work still remains to be done to find the best loading conditions 

under which this tray may operate. One of the limitations of using the 

rectangular column was operation at total reflux, where there 

is no control over finding the best liquid and vapour ratios. In addition 

higher boil up rates were not possible. 

2. The observation of the biphase, especially when low outlet weir 

was used, showed that the liquid on the tray was moving very fast from 

inlet to outlet as a result of vapour being deflected at an angle. This 

is the main objective of using this tray. However, the fast forward 

movement of the liquid meant a very short contact time between the liquid 

and the gas in the tray as a result of smaller biphase residence time on 

the tray. 
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3. In order to reduce the fast forward movement of the liquid on the 

tray intermediate weirs were used with subsequent partial blanking of the 

tray. This improved the gas and liquid contact on the tray as the inter­

mediate trays reduced the fast movement of the liquid. In addition the 

liquid hold up on the tray also seemed to have increased, which presumably 

helped to reduce the fast liquid movement. 

4. In further increasing the outlet weir the fast forward movement 

of the liquid disappeared as a result of the further increase in the 

liquid hold up, or was obscured. The biphase also seemed to be recir­

culating after hitting the outlet weir. This observation is in agreement 

with composition profiles shown on the figure 11.3, as a negligible change 

in composition is observed. We may also note that the sharp reduction 

in composition from the inlet downcomer to the tray is due to its long 

path before entering the tray, as a result of blanking the first part of 

the tray, and also some liquid from the tray was recirculating back on 

the blanked part. 
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Table 11.1 Expanded Aluminium Tray (607 A) 

Efficiency Tests by the Rectangular Column 

RUN - h~em liquid) x EmV F-Factor Froth Height 
m/s(~/m3)0.5 (em) measured) Bennett 

ZI 0.63 0·74 0.40 2.5 2.4 4·2 
ZJ 0.63 0.70 0.67 2.5 2.4 4.3 
ZK 0.25 0.70 0.76 2.5 2.2 4.1 
ZL 0.63 0.70 0.93 3.0 2.2 5.7 
ZM 0.63 0.69 0.78 3.0 2.4 4.6 
ZN 0.54 0.69 0.83 3.0 2.4 4.8 
ZO 0.53 0.82 1,01 4.5 3. 1 6.5 
ZP 0.45 0.82 1.00 4.5 3.8 6.3 
ZO 0.20 0.91 1.10 4.5 4.1 7.0 
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P2NCLUSIONS ~~ RECOMMENDATIONS 
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CONCLUSIONS AND RECOMMENDATIONS 

12.1 Conclusions 

a) A series of experiments was conducted to study the effect of the 

outlet weir height and hole size on tray and point efficiencies under 

similar hydrodynamic conditions. Composition and temperature profiles 

were measured in the absence of stagnant zones, flow non uniformities and 

problems of wall supported froth. The composition profiles were then 

matched against the predictions by an eddy diffusion model taking into 

account the effect of the liquid back mixing on the tray, to infer point 

efficiencies. The measurements indicate that there is an increase in the 

tray/point efficiencies with increasing outlet weir height from 2 to 12.6 

rom. The study of the effect of hole size on tray/point efficiencies 

included a 1 mID perforated tray for the first time. It was found that 

there was an increase in tray/point effiCiencies, with decreasing perforation 

size. This difference was however narrowed at high methanol concentrations. 

It is suggested that the slight increase in tray liquid hold-up and froth 

heights accompanied by a marked increase in the initial bubble formation 

rate which provides extra interfacial area are responsible. These effects 

are magnified by the steep slope of the equilibrium line and Marangoni 

surface renewal effects at the lower methanol concentrations. The pressure drop 

and liquid hold-up were also measured under these conditions. There is an 

increase in pressure drop on decreasing the perforation size due to the 

surface tension forces. Economic considerations will dictate the hole 

size used in tray design. 

b) The modified column designed and developed here appears to be suitable 

for point efficiency measurements for any distillation system, including 

high surface tension positive and negative s~stems. It eliminates the 

surface tension induced "wall supported froth", and minimises the wetted 
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wall effects. The column appears to provide steady operating conditions. 

This develop~ent is a useful step in the simulation of conditions i.e. 

mixed flow regime of liquid, froth and spray, on a large tray. 

c) In order to improve the contact between the gas and liquid on the 

modified column tray, its outlet weir height was increased from 2 mID to 

12.7 mm. This increased the biphase height, and consequently the point 

efficiencies, without encouraging wall effects to occur. These efficiencies 

were about 10 per cent lower than the point efficiencies measured on a 

similar large rectangular tray under similar hydrodynamic conditions. Using 

the recent model of Dribika and Biddulph (1986), the modified column point 

efficiencies were scaled-up. This led to a marked improvement in predicted 

tray efficiencies to within 2 to 4% of actual measurements. This means that 

the modified Oldershaw column, with a 12.7 mID outlet weir height, can actually 

measure point efficiencies very similar to those on a larger tray operating 

under similar hydrodynamic conditions. 

d) The surface tension study of the positive, neutral and negative 

systems suggests that highly surface tension positive systems exhibit 

higher point efficiencies due to Marangoni effect. 

e) An important feature of this work is the high point and tray efficiencies 

obtained for different hole size, large rectangular trays. Point efficiencies 

of 85 to 95% indicate that there is only very narrow room for improvement. 

This provides further eVidence for the higher tray efficiencies available 

to the design engineer, if the detrimental effects of stagnant zones and 

flow non-uniformities were eliminated. 

f) t 
Two highly non-ideal ternary systems and a quatenary system were 

A 

studied using the modified Oldershaw and the large rectangular tray 

columns. Considerable differences between the individual component point 
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efficiencies were obtained, either by direct measurement using the modified 

column, or by matching the composition profiles obtained from the rectang­

ular tray column with an eddy diffusion model. The differences between 

the component point efficiencies are probably caused by the interactive 

nature of mass transfer in these systems. These systems also exhibited 

equal component point efficiencies in some composition ranges. The point 

efficiencies were composition dependent. 

g) Significant differences between component tray efficiencies were 

also observed, even when equal component point efficiencies existed across 

the tray. The eddy diffusion model, taking into account the extent of 

the liquid back mixing, simulated these differences in individual component 

tray efficiencies confirming previous theoretical expectations. 

h) The composition profiles for the system MeOEjll.PrOH/H20 were predicted 

across the rectangular tray column using three methods derived from the 

Maxwell and Stephen mass transfer equation. The composition profiles were 

in good agreement with the measurements. However, as the comparison is 

only based on a one metre flow path, the actual design of a distillation 

column using these methods is conservative. The prediction of the 

composition profiles using the point efficiencies measured in the original 

version of the modified Oldershaw column also gave similar observations 

for both of the ternaries and the quaternary system. 

i) The preliminary work on the expamet 607 A tray showed its main 

characteristic of directing the liquid flow using the vapour momentum. 

This tray has low pressure drop characteristics due to its high free area. 

The narrow diamond shaped holes also avoid weepage despite high free area 

due to the capillary surface tension forces. 
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12.2 Recommendations 

a) The improved form of the modified column was shown to provide experi­

mental point efficiencies for the system MeOH/~O very close to those 

operating across the large rectangular distillation tray. Further work is 

required to test other systems and seek further improvement of the liquid 

and the gas in the biphase. 

b) It was shown in the original version of the modified Oldershaw column 

that multicomponent point efficiencies can be measured using this arrange­

ment. Further work is required using the improved form of the modified 

column to measure multicomponent point efficiencies more confidently. 

This is a very important step forward as there is no prediction method 

available to predict point efficiencies for the systems comprising more 

than 3 components, and the methods for ternary systems are restrictive 

and complex. 

c) It was shown that multicomponent systems can exhibit different comp­

onent point efficiencies, possibly due to interaction effects. It was 

also shown that the individual component tray efficiencies are also 

different, due to the effect of the limited liquid back mixing, with or 

without equal point efficiencies operating acress the tray. This casts 

serious doubts on the validity of the normal design approach of constant 

tray efficiencies. New measured data must be taken to incorporate unequal 

point and tray efficiencies into the design procedure for multicomponent 

systems. 

d) The study of the effect of the hole size in point efficiencies of 

the system MaoH/H20 revealed a rather small increase in point efficiencies 

as a result of the decrease in perforation size. The tray pressure drop 

increased. For clean and low liquid rate operations, a 3.2 mm hole size 
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tray seems to be more economical than smaller perforation size trays, as 

its point efficiencies are comparable with the 1.8 mm hole size tray and 

they can provide lower pressure drops than do 1.8 mm and 1.0 mm trays. 

Further work into the economical aspects of using these trays is required 

for a clearer picture. 

e) Another feature of the results obtained, using the rectangular tray 

column, is the high tray efficiencies in virtually all the systems studied. 

This provides evidence for the higher tray efficiencies available to a 

design engineer, if the effects of the flow non-uniformities and stagnant 

zones which are known to reduce the tray efficiencies of larger circular 

trays. Thus studies of the hydraulics of circular trays should be extended. 

f) The work on the expamet 607 A tray was introduced in Chapter 11. 

Further hydraulic tests are required to find the hydraulic condition 

under which a more hydro~ically stable biphase can be obtained. It 

would also be worthwhile to look at other Expamet material to consider 

as possible tray material, in particular numbers 801 A, 604 A, 605 A and 

606 A. 
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APPENDIX A 

1) All the results of the Oldershaw and Modified Column. 

2) All the results of EtOH/H20, n.PrOIVH20 runs with rectangular colwnn. 

3) All the results of hydraulic studies. 

4) All the results of the improved modified column. 
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T3ble A.1.1 MpOH/H
2

0 Experimental Results using the Standard 

Oldershaw Column 

* RUN NO. ~ ~ YB p(atm) H
f 

Eog1 
(em) 

73 '~'. 9841 0.9909 0.9932 0.9921 5.0 0.75 
74 '.9662 C.9841 0.9856 0.9939 7.0 0.92 
75 !;.Cl4,:)7 0.9771 0.9768 0.9971 10.0 1. 01 
76 ':'. 9;~63 0.9700 0.9686 0.9970 12.0 1.03 
77 (\.9088 0.9637 0.9612 0.9900 13.0 1.05 
78 0.8e,07 0.9537 0.9492 0.9890 4.0 1.07 
79 0.8560 0.9388 0.9388 0.9736 13.5 0.99 

80 0.8393 0.9355 0.9317 0.9736 14.0 1.02 

81 0.7687 0.9161 0.9012 1.0110 14.0 1.11 
82 0.7098 0.9072 0.8756 1.0110 14.0 1.19 

83 0.6971 0.8864 0.8702 1.0020 14.0 1.09 
84 0.6841 0.8748 0.8645 1.0000 14.0 1.06 
85 0.5714 0.8203 0.8135 0.9997 14.0 1.03 

86 0.6841 0.8748 0.8641 1.0000 14.0 1.16 

87 0.5448 0.8369 0.8009 0.9997 14.0 1.14 

88 0.3487 0.7499 0.6953 0.9961 14.0 1.18 

89 0.2956 0.7094 0.6586 1.0105 14.0 1.24 

90 0.2315 0.6718 0.6060 1.0105 14.0 1.18 

91 0.1809 0.6418 0.5528 1.0105 14.0 1.06 

92 0.1553 0.5863 0.5195 1. 0132 14.0 1.14 
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Table A.1.2 EtOH/H
2
0 Experimental Results Using Standard Oldershaw 

Column 

RUN * P(atm) X1B X1T Y1B Hf(cm) Eog 

39 0.9968 0.9601 0.9641 1.0150 6.0 1.12 
40 0.9386 0.9379 0.9330 1.0150 7.0 0.13 
41 0·9195 0.9092 0.9144 1.0037 7.5 1.95 
42 0.8742 0.8030 0.8737 1.0037 7·5 0.89 
43 0.8296 0.8520 0.8379 0.9807 9·5 2.70 
45 0.8117 0.8291 0.8246 0.9914 10.0 1.35 
46 0.7867 0.8410 0.8070 1.0013 11.5 2.67 
47 0.7649 0.7853 0.7922 1.0039 13. 0 0.75 
48 0.7224 0.7902 0.7653 0.9934 13·5 1.60 
49 0.7007 0.7596 0.7524 0.9908 15.0 1.14 
50 0.6700 0.7334 0.7351 0.9849 15.0 0.97 
51 0.6554 0.7247 0.7272 0.9848 15.5 0.97 
52 0.6296 0.7207 0.7135 1.0016 15·5 1.09 
53 0.6095 0.7116 0.7032 1.0095 15.5 1.09 
54 0.6108 0.7083 0.7039 1.0082 15.5 1.05 
55 0.5884 0.6878 0.6928 1.0111 14.5 0.95 
56 0.5826 0.6967 0.6900 1.0076 13.5 1.06 
57 0.5694 0.6829 0.6838 1.0076 14.0 1.00 
58 0.0776 0.4134 0.3770 1.0076 2.0 1.12 
59 0.1476 0.5456 0.4719 1.0076 11.0 1.23 
60 0.2212 0.5676 0.5254 1.0020 12.0 1.14 
61 0.2581 0.5725 0.5456 1.0014 12.0 1.09 
62 0.2667 0.5871 0.5500 0.9971 12.0 1.14 
63 0.3470 0.6030 0.5870 0.9922 12.0 1.07 
64 0.3948 0.6072 0.6073 0.9940 12.0 1.00 
65 0.3987 0.6078 0.6087 1.0092 12.0 1.00 
66 0.4257 0.6107 0.6205 0.9895 12.5 0.95 
67 0.4240 0.6229 0.6198 0.9882 12.5 1.02 
68 0.4652 0.6380 0.6371 0.9974 12.5 1.01 
69 0.4913 0.6409 0.6484 0.9974 12.5 0.95 
70 0·5033 0.6574 0.6546 0.9975 13.0 1.02 
71 0.5422 0.6633 0.6712 0.9892 13·0 0.975 
72 0.5382 0.6737 0.6694 0.9892 13. 0 1.03 
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Table A.1.3 n.ProH/~O Experimental Results Using the Standard 

Oldershaw Column. 

RlTN NO. * XB 113 XT p(atm) H
f

( em) Eog1 

1 0.0474 0.3124 0.2433 1.0147 2.5 0.74 
2 0.0970 0.3609 0.2515 1.015 3.0 0.59 
3 0.0686 0-3396 0.3135 1.0084 3.0 0.90 
4 0.0819 0.3518 0.3365 1.0080 5.0 0.94 
5 0.0733 0.3438 0.3318 1.0085 5.5 0.98 
7 0.0985 0.3617 0.3403 1.0131 6.5 0.92 
8 0.1179 0.3704 0.3504 1.0131 7.2 0.92 
9 0.1365 0.3769 0.3635 1.0107 8.5 0.94 

10 0.1789 0.3883 0.3655 1.0066 9.0 0.89 
11 0.2048 0.3940 0.4192 1.0066 10.0 1.13 
12 0.2044 0.3939 0.2299 0.9993 11.0 0.97 
13 0.1936 0.3916 0.3835 0.9993 12.0 0.96 
14 0.2291 0.3989 0.3818 1.0036 13.0 0.90 
15 0.2076 0.3946 0.3866 1.0067 13.0 0.96 
16 0.2414 0.4014 0.3890 1.0033 15.0 0.92 
17 ').2031 0.3936 0.3923 1.0033 15.0 0.99 
19 ~ . ?; 29 0·3997 0.3846 0.9998 13.0 0.91 
20 0.L?41 0.4116 0.3918 0.9998 14.0 0.83 
21 0.3254 0.4178 0.4010 1.0019 14.0 0.82 
22 0.8531 0.6778 0.7656 0.9895 2.8 0.50 
23 0.7546 0.5807 0.6431 0.9854 2.5 0.64 
24 0.6825 0.5335 0.5680 0.9854 2.5 0.77 
25 0.5930 0.4908 0.5147 0.9863 2.5 0.85 
26 0.5513 0.4760 0.4872 0.9863 2.5 0.96 
27 0.5186 0.4653 0.4672 0.9908 2·5 0.96 
28 0.5034 0.4607 0.4672 0.9908 2.5 0.99 

29 0.4829 0.4549 0.4509 1.0055 2.5 1.14 

30 0.4656 0.4502 0.4519 1.0055 2.5 0.91 

31 0.4597 0.4487 0.4373 1.0122 2.5 2.03 

32 0.4403 0.4437 0.4479 1.0142 6.0 2.25 

33 0.4433 0.4444 0.4389 1.0132 8·5 -3.95 

34 0.4424 0.4442 0.4341 1.0132 8.0 -4.65 

35 0.4407 0.4435 0.4467 1.0147 9.0 1.95 

36 0.4359 0.4425 0.4348 1.0197 11.0 -0.167 

37 0.4331 0.4419 0.4316 1.0197 13.0 -0.17 
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Tab le A. 2. 1 MeOH/H
2

0 Experimental Resul ts Using the Modified 

Oldershaw Column 

* RUN NO. XB x YB 
P(atm) Eog

1 r 

93 0.4159 0.6147 0.7344 1.0178 0.62 
94 0.4647 0.6666 0.7607 1.0151 C. 08 
95 0.4957 0.6887 0.7764 1.0151 ( . "~8 
96 0.5140 0.7003 0.7857 1. 0151 C.68 
97 0.3742 0.5856 0.7105 1.0095 0.62 
98 0.2766 0.4924 0.6444 1. 0072 0.58 
99 0.2479 0.4519 0.6213 0.9986 0.54 

100 0.2113 0.3923 0.5870 0.9980 0.48 
101 0.2267 0.4739 0.6021 0.9964 0.65 
102 0.1608 0.3852 0.5282 0.9922 0.61 
103 0.3936 0.6057 0.7226 0.9922 0.64 
104 0.6772 0.8174 0.8614 1.0029 0.76 
105 0.6557 0.8027 0.8518 1.0046 0.74 
106 0.6182 0.7893 0.8350 1.0046 0.78 
107 0.9169 0.9822 0.9856 1.0072 0.81 
108 0.9529 0.9682 0.9799 1. 0072 0.56 
109 0.9272 0.9591 0.9689 1. 0073 0.76 

110 0.8909 0.9422 0.9535 1.0073 0.81 

111 0.8554 0.9225 0.9383 1. 0133 0.81 

112a 0.8356 0.9084 0.9299 1.0133 0.74 

*112b 0.8268 0.9267 0.9261 1.0211 1.0 

ll3 0.7950 0.8942 0.9124 1. 0211 0.84 

114 0.7728 0.8746 0.9029 1. 0211 0.78 

ll5 0.7395 0.8548 0.8885 1. 0211 0.77 

116 0.7153 0.7153 0.8779 1.0211 0.81 

* 112b, by Standard Oldershaw Column. 

NOTE: Froth height was about 2 em throughout all the experiments with the 
modified column. 
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Table A.2.2 EtO~H20 Experimental Results Using Modified Oldershaw 

Column 

* P(atm) RUN X1B X1T Y1B Eog 

159 0.1590 0.4001 0.4819 1.0105 0·75 
160 0.2140 0.3689 0.5209 1.0105 0.51 
161 0.2190 0.3735 0.5244 0.9947 0.51 
162 0.2439 0.4192 0.5383 0.9947 0.60 
163 0.2620 0.4492 0.5472 1.0145 0.66 
164 0.2816 0.4515 0.5483 1.0145 0.64 
165 0.3469 0.4936 0.5864 1.0184 0.61 
166 0.3701 0.5144 0.5964 1.0184 0.64 
167 0.3933 0.5351 0.6063 1.0171 0.67 
168 0.4373 0.5709 0.6246 1.0328 0.71 
169 0.4703 0.5989 0.6388 1.0328 0.76 
170 0.4897 0.6127 0.6473 1.025 0.78 
171 0.4981 0.6187 0.6510 1.025 0.79 
172 0.8641 0.8685 0.8654 1.016 3·51 
174 0.8366 0.8478 0.8434 1.0065 1.65 
175 0.7786 0.8026 0.8013 1.0040 1.06 
176 0.7455 0.7738 0.7296 0.9986 0.83 
177 0.7128 0.7520 0.7595 1.0128 0.84 
178 0.6834 0.7308 0.7425 1.0128 0.80 
179 0.6602 0.7168 0.7297 1.0026 0.81 
180 0.6408 0.7055 0.7194 1.000 0.82 
181 0.6150 0.6891 0.7061 0.9921 0.81 
182 0.5933 0.6756 0.6954 0.9927 0.81 
183 0.5787 0.6686 0.6884 0.9796 0.82 
184 0.542 0.6472 0.6711 0.9895 0.81 
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Table A.2.3 n.PrOH/H20 Experimental Results Using the Modified 

Oldershaw Column 

RUN .x1B * X1T Y1B P (atm) Eog1 

117 0.1540 0.2768 0.3820 0.9927 0.54 
118+ 0.11898 0.2401 0.3708 0.9947 0.48 
119+ 0.1785 0.2580 0·3882 0.9868 0-38 
120- 0.1410 0.2639 0.3784 0.9829 0.52 
121+ 0.2342 0.3011 0.3999 0.9895 0.40 
122 0.2179 0.2940 0.3967 0.9934 0.43 
123+ 0.2894 0.3462 0.4107 1.0019 0.47 
124 0.2731 0.3593 0.4975 1.0019 0.64 
125+ 0.3369 0.3693 0.4202 1.0105 0.39 
126 0.3285 0.3966 0.4185 1.0105 0.68 
127+ 0.3595 0.3995 0.4190 1.0029 0.61 
128 0.3487 0.3840 0.4221 1.0053 0.48 
129+ 0.3856 0.4056 0.4306 1.0053 0.45 
130 0.3724 0.4086 0.4278 1.0131 0.65 
131+ 0.3887 0.4073 0.4314 1.0112 0.44 
132 0.4005 0.4075 0.4340 1.0112 0.21 
133+ 0.3926 0.4024 0.4322 1.0092 0.25 
134 0.3934 0.4164 0.4329 1.0092 0.59 
135+ 0.3957 -.4201 0.4329 1.0105 0.59 
136 0.4057 0.4184 0.4348 1.0105 0.35 
141+ 0.8720 0.7795 0.7040 1.0000 0.55 
142 0.8695 0.7809 0.7005 1.0000 0.52 
143+ 0.7849 0.6854 0.6050 1.0092 0.44 
144 0.7918 0.6969 0.6114 1.0092 0.53 
145+ 0.7231 0.6343 0.5593 1.0197 0.54 
146 0.7207 0.6363 0.5576 1.0197 0.52 
147+ 0.6816 0.5976 0.5340 1.0227 0.57 
148 0.6898 0.6080 0.5387 1.0227 0.54 
149+ 0.6445 0.5801 0.5148 1.0229 0.50 
150 0.6479 0.5704 0.5164 1.0229 0.59 
151+ 0.6098 0.5504 0.4991 1.0226 0.53 
152 0.6138 0.5593 0.5008 1.0226 0.48 
153+ 0.5808 0.5094 0.4872 1.0132 0.76 
154 0.5869 0.5105 0.4894 1.0132 0.78 
155+ 0.5424 0.5206 0.4734 1.0145 0.32 
156 0.5448 0.5194 0.4792 1.0145 0.36 
157+ 0.5293 0.5237 0.4748 1.0186 0.19 
158 0.5314 0.5031 0.4686 1.0186 0.45 
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Table A.2.4 MeOH/n.PrOE Experimental Results Using the Modified 

Oldershaw Column 

* RUN NO. XJ3 YB XT P Hf Eog 
{em) 

188 0.8788 0.9573 0.9342 1.0053 2.0 0.71 
189 0.8593 0.9501 0.9243 1.0053 2.0 0.72 
190 0.8081 0.9305 0.8953 1.0079 2.0 0.71 
191 0.7706 0.9155 0.8711 1.0079 2.0 0.69 
192 0.6887 0.8807 0.8211 0.9947 2.0 0.69 
193 0.6209 0.8484 0.7768 0.9921 2.0 0.69 
194 0.5576 0.8146 0.7307 0.9921 2.0 0.67 
195 0.4776 0.7656 0.6648 0.9763 2.0 0.65 
196 0.4095 0.7160 0.6007 0.9763 2.0 0.62 
197 0.3616 0.6742 0.5548 1.000 2.0 0.62 
198 0.3122 0.6251 0.5040 1.0138 2.0 0.61 
199 0.2785 0.5876 0.4599 1.0138 2.0 0.58 
200 0.2273 0.5226 0.3991 1.0151 2.0 0.58 
201 0.202 0.4851 0.3628 1.0151 2.0 0.57 
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Table A.3.1 Retmlts of 1.8 mm Hole Size Tray Experiments: 

System MeOH/H2O 

Emv 
RUN x Measured Model Eog Hf(cm) 

MRA 0.6569 1.07 1.03 0.85 8.5 
MRJ3 0.6887 1.14 1.08 0.89 8.0 
MRC 0.6801 1.16 1.13 0.92 6.0 
MR.D 0.6500 1.16 1.13 0.92 6.0 
MRE 0·5668 1.19 1.14 0.90 5.5 
MRF 0.4960 1.21 1.19 0.90 5.0 
MRG 0.3720 1.33 1.29 0.87 4.5 
MRH 0.2607 1.64 1.62 0.87 4.5 
MRI 0.2256 1.66 1.62 0.84 4.5 
MY 0.5048 1.25 1.21 0.92 5.0 
MW 0.1981 1.56 1.61 0.78 4.5 

Table A.3.2 Results of 1.8 mm Hole Size Tray at an Outlet Weir Height 

of 2 mm Experiments! System MeOH/H2O 

Emv 

Run x Measured Model Eog Hf(cm) 

ML 0.3926 1.05 1.03 0.79 4.0 
MM 0.2420 1.15 1.10 0.72 3.0 
MN 0.291 1.12 1.08 0.14 3.5 
MO 0.1326 1. 71 0.60 2.5 
MP 0.8300 1.10 1.08 0.92 6.5 
MQ 0.1135 1.03 1.09 0.92 6.0 
MR 0.1 148 1.02 1.07 0.90 6.0 
MS 0.6459 1.15 1.03 0.86 6.0 
MT 0.5785 1.09 1.04 0.85 5.5 
MU 0.4532 1.02 1.03 0.79 5.0 



- 238 -

Table A.3.3 Results of 1 mm Hole Size Tray Experiments: 

System MeOII/H2O 

Env 
- Hf(cm) RUN x Measured Model Eog 

BOA 0.5345 1.21 1.22 0.94 7.0 
BOB 0.4950 1.22 1.27 0.93 6.0 
BOG 0.3660 1.36 1.46 0.94 6.0 
BOD 0.2355 1.36 1.59 0.92 5.0 
BOE 0.6040 1.14 1.17 0.93 7.0 
BOF 0.4878 1.27 1.30 0.94 5.0 
BOG 0.3090 1.48 1.50 0.92 4.0 
BOH 0.0867 1.26 1031 0.65 4.0 

Table A.3.4 Results of 3.2 mm Hole Size Tray Experiments: 

System MeOH/ISO 

Emv 
- Er( em) RUN x Measured Model Eog 

SA 0.6840 1.07 1.05 0.88 6.0 
SB 0.3870 1.30 1.25 0.88 4.5 
SG 0.5693 1.09 1.09 0.89 4.5 
SD 0.0875 1.39 0.35 4.5 
SE 0.2515 1.44 1.45 0.85 4.5 
SF 0.0294 1.77 0.25 4.5 
SG 0.7940 1.15 1.07 0·91 7.0 
SH 0.7770 1.13 1.06 0.91 6.5 
SI 0.7650 1.11 1.02 0.87 6.5 
SJ 0.5350 1.13 1.14 0.89 4.5 
SK 0.0101 1.31 0.3 4.5 
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Table A.3.5 Results of 6.4 rum Hole Size Tray Experiments: 

System MeOH/~O 

Emv 
- H/cm) RUN x Measured Model Eog 

RA 0.7036 1 .13 1.07 0.88 6.0 
HE 0.6378 1.08 1.08 0.88 5·5 
He 0.5642 1.08 1.04 0.84 5.0 
RD 0.5111 1.07 1.09 0.86 5.0 
RE 0.3898 1.15 1.15 0.82 5·0 
RF 0.2920 1. 31 1.46 0.86 5·0 
RG 0.0760 1.38 0.34 5.0 
RH 0.1495 1·37 0.50 4.5 
RJ 0.8020 1.11 1.06 0.89 7.5 
RIC 0.7414 1.13 1.07 0.89 7.0 
R1 0.6754 1.10 1.03 0.85 6.5 
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Table A.3.6 Pressure Drop and Liquid Hold-up for 1.8 mm Diameter Hole 

Size Tray with 12.7 mm Outlet Weir Height: System MeO~H20 

~ em liquid hL em ·liquid hoC em liquid) 
-Test x Measured BENNErT Measured BENNErT BENNErT 

A1 0.81 2.2 3.16 1.6 1.34 1.16 

A2 0.75 2.4 3.19 1.6 1.34 1.16 

A3 0.7 1 2.0 3.18 1.6 1.34 1.14 

A4 0.60 2·3 3.19 1.5 1.33 1.113 

A5 0.50 2.3 3.23 1.6 1.32 1 .11 

MV 0.36 2·3 3.3 1.6 1.29 1.10 

MW 0.23 3.5 1.27 1.10 
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Table A.3.7 Pressure Drop and Liquid Hold-up for 1.8 rom Hole Size Tray 

wi th 2 mm Outlet Weir Height: System MeOH/~O 

~ (em liquid) hL (em liquid) h (em liquid) 
- 0 

Test x Measured BENNEPI' Measured BENNETr BENNEI'T 

MX 0.59 2-39 2.46 1.20 0.57 1.12 

MY 0.53 2.35 2.47 1.41 0·57 1.12 

A6 0.78 2.635 2.40 1.26 0.58 1.15 

AS 0.63 2.41 2.43 1.21 0.58 1.13 

A9 0.59 2.39 2.45 1.31 0.57 1.12 

0.37 2.58 0.9 1.12 

0.24 2.74 1.00 1.13 
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Table A.5.8 Pressure Drop and Liquid Hold-up for 1.8 rom Hole Size Tray 

with 25.4 mm Outlet Weir Height: System MeO~H20 

~ (em liquid) hL (em liquid) ho (em liquid) 

Test x Measured BENNEl'T Measured BENNErT BENNErT 

T1 0.87 2.95 4.11 1·93 2.30 1.20 

T2 0.77 3.00 4.11 2.00 2.28 1.15 

T3 0.71 2.83 4.11 1.85 2.28 1.14 

T4 0.61 2.80 4.12 1.95 2.26 1.13 

T5 0.67 2.58 4.14 1.83 2.26 1.13 

T6 0.51 2.69 4.15 1.87 2.23 1.11 

T7 0.34 2.57 4.20 1.79 2.18 1.11 
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Table A.3.9 Pressure Drop/Liquid Hold-up for 1 mm Hole Size Tray with 

12.7 mm Outlet Weir Height: System MeOH/H20 

~ (em liquid) hL (em liquid 
ho (em liquid) 

-Test x Measured BENNEI'T Measured BENNErT BENNErT 

1 0.71 2.96 3.42 1.34 1.39 

2 0.49 3.14 3.48 1.38 1.35 

3 0.44 3.60 3.49 1·30 1.34 

4 0.27 3.70 3.62 1.27 1.40 

5 0.09 4·7 3.92 1.23 1.36 

BOA 0.53 3.45 2.0 1.32 1.35 

BOB 0.49 3.47 1.97 1·30 1.34 

BOC 0.37 3·55 1.93 1.29 1.34 

BOD 0.24 3.68 1.96 1.26 1.37 

BOE 0.60 3.45 2.20 1.33 1.35 

BOF 0.48 2.44 3.48 1.86 1.31 1.33 

BOG 0.31 2.24 3.60 1.57 1.28 1.33 

BOH 0.09 3.49 3.94 1.60 1.23 1.41 
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Table A.3. 10 Pressure Drop/Liquid Hold-up for 3.2 rom Hole Size Tray 

with 12.7 rom Outlet Weir Height: System MeOH/H20 

~ (em liquid) hL (em liquid) h (em liquid) 
6 -Test x Measured BENNErT Measured BENNEPI' BENNETT 

SA 0.68 2.20 2.97 1.83 1.34 0.94 

SB 0.38 2.49 3.09 1.70 1. 31 0.91 

sc 0.57 2.25 3.01 1.78 1.33 0.92 

SD 0.08 2.86 3.50 1.59 1.25 0.95 
SE 0.25 3.20 1.30 0.91 

SF 0.03 3·70 1.24 1.05 
SG 0.79 3·02 2.96 1.76 1.40 0.95 

SH 0.78 2.51 2.96 1. 75 1.40 0.95 

S1 0.77 2.37 2.98 1.87 1.34 

SJ 0.54 2.35 3.03 1. 76 1.33 0.95 
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Table A.).11 Pressure Drop!Liquid Hold-up for 6.4 mm Hole Size Tray 

with 12.7 rom Outlet Weir Height: System MeO~H20 

~ (em liquid) ~ (em liquid) h 
6 

(em liquid) 

Test x Measured BENNEJ1T Measured BENN1TT BENNETT 

RA (:.70 3.07 2·78 1.96 1.34 0.70 

RJ3 0.64 2.55 2.8 1.70 1.33 0.74 

RC 0.56 2.96 2.8 1. 78 1.33 0.74 

RD 0.51 2.81 2.85 1.64 1.32 0.73 

HE 0.38 2·73 2.9 1.59 1.30 0.72 

RF 0.29 2.88 3.00 1.64 1.29 0.77 

RG 0.07 3.3 1.23 0·73 

RR 0.14 3.1 1.24 0.74 

RJ 0.80 3.41 3.1 1.89 1.25 0.75 

rue 0.74 3.70 2.78 1.97 1.34 0.75 
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Table A.4.1 Point Efficiencies of the Modified Oldershaw Column with 

6.5 mm. Outlet Weir Height, System: Methanol-Water 

* RUN xl y1 Eog Hf (em) 

320 0.5541 0.8054 0.73 2.5 
321 0.5381 0.7978 0.74 2.5 
322 0.5339 0.7956 0.76 2.5 
323 0.5128 0.7853 0.72 2.2 
324 0.4938 0.7759 0.71 2.2 
325 0.4653 0.7613 0.74 2.2 
326 0.4397 0.7483 0.75 2.2 
327 0.3741 0.7112 0.74 2.1 
328 0.3559 0.7001 0.73 2.1 
329 0.3157 0.6738 0.75 2.1 
330 0.2882 0.6519 0.76 2.0 
331 0.2429 0.6174 0.75 2.0 
332 0.8013 0.9153 0.75 2.6 
333 0.7838 0.9079 0.81 2.5 
334 0.7593 0.8973 0.80 2.5 
335 0.7269 0.8833 0.81 2.5 
336 0.7186 0.8796 0.77 2.5 
337 0.6839 0.8644 0.78 2.5 
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Table A.4.2 Point Efficiencies of the Modified Oldershaw Column with 

_1~2~.7 __ m_m~0~u~t_l~e~t_W~e~i~r~H~e_i~gh_t~S~y~s~t~em~:~M~e~0~H~/~H2Q 

* RUN XB YT Eog Scaled Hf 
Measured (em) 

338 0.6289 0.8395 0.81 0.92 3.5 
339 0.6129 0.8325 0.83 0.92 3.5 
340 0.5952 0.8244 0.83 0.92 3.5 
341 0.5641 0.8100 0.79 0.91 3.5 
342 0.5381 0.7972 0.87 0.91 3.5 
343 0.5100 0.7835 0.81 0.91 3.5 
344 0.5339 0.7952 0.79 0.91 3.5 
345 0.4917 0.7744 0.84 0.91 3.3 
348 0.3877 0.7184 0.79 0.91 3.2 
349 0.4078 0.7300 0.84 0.91 3.0 
350 0.3964 0.7235 0.82 0.91 3.0 

351 0.3610 0.7023 0.82 0.91 3.0 

352 0.3312 0.6833 0.83 0.91 3.0 

353 0.3049 0.6652 0.82 0.96 3.5 

355 0.8491 0.9359 0.87 0.96 3.5 

356 0.8325 0.9286 0.87 0.95 3.5 

357 0.8176 0.9223 0.87 0.94 3.5 

358 0.7864 0.9088 0.87 0.94 3.5 

359 0.7691 0.9013 0.85 0.94 3.5 

360 0.7426 0.8899 0.84 0.93 3.5 

361 0.7215 0.8807 0.84 0.93 3.5 

362 0.6934 0.8686 0.84 0.93 3.5 

363 0.6661 0.8565 0.82 0.92 3.5 
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APPENDIX B 

B.1 Calculation of Vapour-Liquid-Equilibria and Volumetric Properties 

The computer programme was provided by Prausnitz et. ale (1967), in 

Fortran language and applied previously by Dribika (1986). The programme 

using accurately the thermodynamic non-idealities in the vapour and the 

liquid phases, was capable of computing the bubble point and volumetric 

properties for n components. It involved the following steps:-

For two phases which are at the same temperature, the equation of 

equilibrium for any component i, is 

* if. Y. P 
~ ~ 

B1 

This is the key equation for the calculation of n. component vapour-

liquid Equilibria (VLE). 

a) Computation of vapour phase fugacity coefficient iO 

1n CPo = ,g 
~ \J 

n 

Y. B .. - 1n Z 
~ ~J 

The compressibility and the molar volumes are related by:-

L 
Z = RT = 

Bmix 
1 +-

\J 

(Truncated Vi rial Equation of state) 

B. = 
mll 

N 
L 

i=1 

N 
L 

j=1 
Y. Y. B .. 
~ J ~J 

(Second Virial Coefficient) 

B2 

B3 

B4 
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Method of the computation of B .. , was the only modification to this 
l.J 

computer programme. It was calculated using the correlation of Tsonopouls 

(1974) for polar-polar systems. 

B .. 
l.J 

RTC" [ ] P l.J F(O) TR +w.F (1) TR + F(2) TR 
Cij 

6 * 8 F ( 2 )TR = Ct • ./TR - S .. /TR 
l.J l.J 

B5 

B6 

B7 

Be 

The values of Ct and e ,the parameters polar contribution tem to 

F(2)TR in equation B8 were provided by the author as given in Table B1. 

Table B1 Parameters of Polar Contribution 

Compo 

cr • * 
1 

* ~ i 

~O 

0.0279 

0.0229 

MeOH 

0.0878 

0.0560 

EtOH 

0.0878 

0.0572 

n.PrOH 

0.0878 

The cross coefficient B.. is calculated using the equation B5 by 
l.J 

making the following simplifying assumptions:-
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TC' . 
~J 

w- . 
~J 

PCij 

* a 
ij 

* ~ ij = 

= 0.5 (w. + w . ) 
~ J 

[Pc' \I ci 
4 TC' . ~ 

~J Ci 

0.5 (a * ~) i + a J 

( * *.) 0.5 P i + ~ J 

Te' critical temperature 

PC' critical pressure 

+ ,J CJ PC' \.I • ] 

TCj 

W i'j acentric factor for polar components 

and TR, reduce temperature = T;, 
TC 

B9 

B10 

/ (\J 
.1. .1. 3 :3 

Ci + \I Cj:3) B11 

B12 

:813 

The critical properties and physical chemical quantities of pure components 

are given by R€id et. ale (1911) and tabulated in the Table B2. 

Table B2 Critical properties and physical-chemical quantities of pure 

components 

Property MeOH EtOH n.PrOH H2O 

TC OK 512.06 516.2 536.1 641.3 

Pc atm 19·9 63.0 51.0 211.6 

\.I
C 

cc/mole 118.0 161.0 218.5 56.0 

Zc 0.2240 0.248 0.253 0.229 

W· 1 
0.551 0.635 0.624 0.344 
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b) Computation of Liquid Phase Fugacitl 

The fugacity of any component i in the liquid phase F~ (right hand 
1. 

side of the equation B1), is given by:-

~ = Y i x. F?L 
1. 1. 1. 

o(po) 
~ or y x. F. EXP 

1. i 1. 1. 

where 

F. (PO) 
1. 

~.s P.S EXP (-
1. 1 

Substitute B15 in B14 

L 
P \) . 

( RT 1. ) 

L S 
v. P. 

1. 1. 

RT 
) 

~; , is calculated using equation B2, PiS from Antoine equation: 

S 
1n P. 

1. 

B14 

B14 

B15 

B16 

B11 

The values of Antoine constants were provided by Boublik et. ale (1913) 

as given in Table B3:-
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Table B3 Antoine Eguation Constants 

Component C1 C2 C3 

MeOH 8.08097 1582.71 239.726 
EtOH 8.11220 1592.866 226.184 
n.PrOH 7.74416 1437.686 198.463 
H2O 8.07131 1730.630 233.426 

Liquid molar volumes v " at three different temperatures were correlated 
~ 

from the following equation:-

Where: 

t 

v L 
i 

s = 

r = 

2 
= r + sT + tT 

v L) _ t(T 2 _ T 2) 
121 

v L _ S T _ t T 2 
111 

The molar volume data were provided by Prausnitz et. al. (1967) as 

tabulated in Table B4. 

B18 

B19 

B20 

B21 
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Table B4 Molar Volume Data 

Component T1 v T2 v 2 

MeOH 273.15 39.556 373.15 44.874 
EtOH 273.15 57.141 323·15 60.356 
n.PrOH 293.15 74.785 343.15 78·962 
H2O 277 .13 18.06 323.15 18.278 

B.1.b.1 Computation of Activity Coefficient, y. 
~ 

T3 v 3 

473.15 57.939 

373.15 64.371 

393.15 84.515 

373.15 18.844 

The activity coefficient was calculated using the Wilson equation:-

1n Y. 
~ 

where 

/\ ij .::. 

1 - 1n[ ~ 
j=1 

x. 
~ 

L 
v . 

J 
v L 

i 
[

(L. - tV .. )] EXP _ ~J ~~ 

RT 

B22 

B23 

~ ., and ,I ••• are the Wilson parameters given in Chapters 4 and 9. 
~~ ., ~J 

B.2 V.L.E. Measurements for the Quaternary System MeOH/EtOH/n.PrO~H20 

The V.L.E. measurements were carried out using an Ellis Froom (1954) 

still. The experimental details of the measurements are given by the 

authors. The main purpose of this investigation was to study the feasa-

bility of using the binary Wilson parameters (see Chapters 4 and 9) to 
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predict quaternary V.L.E. The details of analysis of the samples were 

given in appendix D. ~he details of using the Wilson model was given 

earlier in this appendix. Table B5 shows the maximum and minimum absolute 

deviations between the prediction and measurements of the vapour equil-

ibrium values. Within experimental accuracy these deviations seem 

reasonable. Further details of the V.L.E., and bubble point measurements 

and predictions are given in Table B6. 

Table B5 Statistical analysis of measured and predicted equilibrium data 

Component No. 

1 
2 
3 
4 

T-T!n 

T-T 
P 

T-T p 

ex. - X. )/n 
1 lP 

± 0.0115 
± 0.00587 
± 0.0117 
± 0.0109 

a = + 0.8 C 

max 2.1 oC 

min = O.OoC 

x. - x. x. - x. 
1 max lp 1. lp mln 

0.0284 0.0003 
0.0342 0.0019 
0.0171 0.0008 
0.0199 0.0004 
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Table B6 Quaternary V.L.E. Measurements/Predictions 

RUN X1 Y1 MEAS Y1 BUB X2 Y2 MEAS Y2 BUB 

Q2 0.0515 0.1124 0.1186 0.2170 0.2920 0.2882 
Q4 0.0204 0.0402 0.0394 0.2073 0.2640 0.2595 
Q6 0.2960 0.4547 0.4725 0.1448 0.1549 0.1423 
Q8 0.3104 0.5016 0.4846 0.1244 0.1320 0.1279 
Q10 0.3168 0.5089 0.5007 0.1008 0.1053 0.0995 
Q12 0.4399 0.6378 0.6301 0.1103 0.1006 0.0972 
Q13 0.4982 0.6950 0.6852 0.0998 0.0858 0.0838 
Q14 0.5073 0.7029 0.6922 0.1203 0.1005 0.0986 
Q15 0.5007 0.6989 0.6867 0.1209 0.1022 0.0996 
Q16 0.5358 0.7278 0·7171 0.1131 0.0928 0.0906 
Q17 0.5201 0.7052 0.6959 0.1676 0.1364 0.1336 
Q18 0.4817 0.6619 0.6663 0.1610 0.1370 0.1355 
Q19 0.4874 0.6671 0.6649 0.1390 0.1228 0.1189 
Q20 0.2651 0.7432 0.7331 0.1193 0.0972 0.0957 
Q22 0.4200 0.6111 0.6035 0.1444 0.1416 0.1397 
Q25 0.3749 0.6209 0.5925 0.0894 0.0982 0.0982 
Q26 0.3610 0.5952 0·5700 0.0865 0.1025 0.0992 
Q27 0.2301 0.4677 0.4614 0.0569 0.0990 0.0958 
Q28 0.2645 0.5202 0.5074 0.0536 0.0890 0.0847 
Q29 0.2389 0.4423 0.4311 0.1310 0.1916 0.1882 
Q30 0.2852 0.5137 0.4989 0.1127 0.1617 0.1552 
Q31 0.2383 0.4886 0.4592 0.0964 0.1590 0.1548 
Q32 0.2813 0.5285 0.5166 0.0872 0.1372 0.1305 
Q33 0.2596 0.4719 0.4552 0.0833 0.1160 0.1110 

Q34 0.2435 0.4165 0.4168 0.1296 0.1998 0.1656 

Q35 0.2284 0.3891 0·3775 0.1995 0.2368 0.2395 
Q36 0.2112 0.3481 0.3415 0.2627 0.3084 0.3012 

Contd. 
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RUN X3 Y3 MEAS Y3 BUJ3 X4 Y4 MEAS Y4 BUJ3 
TMEAS TBu:B 

°c °c 

Q.2 0.6489 0.4362 0.4464 0.0825 0.1594 0.1469 86.5 86.5 

Q,4 0.4735 0.3365 0.3443 0.2989 0.3767 0.3568 84.9 84·8 

Q,6 0.3310 0.1636 0.1899 0.2282 0.2268 0.1953 78.0 78.0 

Q,8 0.2301 0.1241 0.1482 0.3351 0.2422 0.2394 77·2 77 .6 

Q10 0.3195 0.1609 0.1881 0.2629 0.2249 0.2177 78.0 77·34 

Q12 0.2340 0.1052 0.1225 0.1564 0.1941 0.1502 75·2 14·4 

Q,13 0.2079 0.0877 0.1034 0.1941 0.1315 0.1276 74.4 73·2 

Q,14 0.2110 0.0851 0.1006 0.1115 0.1626 0.1082 74.0 73·0 

Q,15 0.2158 0.0866 0.1034 0.1125 0.1518 0.1103 74. 0 73. 1 

Q,16 0.1993 0.0792 0.0929 0.1518 0.1002 0.0993 73·2 72.4 

Q,17 0.1798 0.0682 0.0822 0.1326 0.0902 0.0884 73·2 72.4 

Q,18 0.1706 0.0736 0.0840 0.1867 0.1274 0.1142 73.8 73·0 

Q19 0.1489 0.0666 0.0768 0.2247 0.1435 0.1394 73. 6 73. 1 

Q,20 0.1252 0.0493 0.0601 0.1904 0.1103 0.1111 72.0 71.5 

Q,22 0.0981 0.0517 0.0608 0.3374 0.1956 0.1980 74·5 74·2 

Q25 0.0606 0.0438 0.0499 0.4751 0.2370 0.2532 74. 0 73. 1 

Q26 0.0918 0.0635 0.0732 0.4607 0.2388 0.2577 76.9 75.4 

Q27 0.0602 0.0796 0.0818 0.6528 0.3537 0.3610 77 .8 76.1 

Q,28 0.0559 0.0691 0.0699 0.6259 0.3217 0.3379 78.9 79·3 

Q,29 0.05 18 0.0516 0.0553 0.5786 0.3135 0.3255 78.0 78.3 

Q,30 0.05 26 0.0526 0.0436 0.5593 0.2836 0.3025 79. 2 78.1 

Q,3 1 0.0361 0.042 0.0452 0.6292 0.3183 0.3407 78.4 78.1 

Q,32 0.0326 0.0346 0.0375 0.5989 0.2996 0.3154 78.6 77 .3 

Q,33 0.1151 0.0941 0.1112 0.5420 0.3173 0.3225 80.0 78.3 

Q,34 0.1151 0.0889 0.1032 0.5112 0.2948 0.3144 79.5 78.3 

Q.35 0.1070 0.0758 0.0867 0.4552 0.2983 0.2912 77·8 78.0 

Q,36 0.1010 0.0639 0.0759 0.4251 0.2796 0.2814 77 .8 77 .8 
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APPENDIX C 

PHYSICAL PROPERTIES 

C.1 Diffusion Coeffiecient of Binary Gas Systems at Low Pressure 

The derivation of the Chapman or Enskog equation as described by 

Reid et. ale (1977) was used to calculate D ..• 
g~J 

where, 

D .. glJ 

T 

P 

F 

M 

= 

DD 

0 temperature K 

Pressure atm 

Characteristic 

.l. 

( (M. +M . ) 1M. M. ) 2 
1 J ~ J 

2 0 
P F.. D 

~J 

length, A 0 

Diffusion collision integral 

Molecular weight 

2 
D ., = Binary Diffusion coefficient (m /Sec) 
glJ 

And 

F .. = F. + F. 
~J 1 J 

2 

D = D 

CD -=--* + 
~DI?I' 

GD 

* KT/E .. T = 
lJ 

1 

E .. = (E. * E.)~ 
lJ 1 J 

where 

E = Characteristic Energy 

C1 

C2 

C3 

C4 

C5 
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From R~id et. ale (1977):-

AD == 1.06036 

DD = 0.4764 

GD== 1.76474 

MeOH 

EtOH 

n.PrOH 

H
2

O 

BD == 0.15610 

CD == 1.03589 

H] == 3.89411 

F 

3.626 

4.53 
4·549 
2.641 

CD==0.1930 

FD == 1.52996 

Elk 

481.8 

362.6 

576.7 
809.1 

The calculated diffusion coefficients for the binary combination of 

the above components were calculated using equation C1 as shown in the 

Figure 9.1, Chapter 9. 

C.2 Calculation of the Vapour and Liquid Enthalpies 

The heat of vapourisation of a pure component at normal boiling point 

can be estimated with an average error of 2.2 per cent using the Riedel 

equation as given by Chopey Hicks, (1984). 

f Tb x 1 (p - 1) ] 
A 9 .r n c 

/oJ HVb "" 1.0 3 R Tc 0.93 - Tb •r 
C6 

The critical properties were given in appendix B. 

reduced temperature at boiling point. 

The heats of vapourisation at reduced temperatures are calculated 

using the Wilson correlation:-
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=: (~::----:T="R""-._2 )0. 38 
TR• 1 

C7 

Where ~ Hv1 and ~ Hv2 are the heats of vapourisation at reduced temperatures 

and TR• 1 and TR• 2 are the reduced temperatures. 

The heat of vapourisation is:-

C8 

As Hv ' the vapour enthalpy and ~ liquid enthalpy are arbitrary values, 

suitable values describing the change of the heat of vapourisation at 

different temperatures were chosen by trial and error. For water the 

vapour and liquid enthalpies were provided by the standard steam tables. 

These values are tabulated in the Table C1 and C2. 

Table C1 Vapour Enthalpies 

~ BW/lb.mole 

0 
Temp C MeOH EtOH n.PrOH H2O 

66.0 18918 18189 20081.2 20289.0 

75.0 19050 19220 20150.3 20413.0 

100.0 19148 20482 20200.8 20130.0 
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Table C2 Liquid Enthalpies 

H1 13TJ/1b.mole 
0 

Temp C MeOH EtOH n.PrOH H2O 

66.0 2518.0 2100.0 1200.0 2138.0 
75.0 3620.0 2340.0 1600.0 2432.0 

100.0 4095 3000.0 2627.0 3247.0 

C.3 I.Jluid Densities 

Pure component liquid densities at different temperatures were 

provided by TRe tables (1981) for the alcohols and water as follows:-

p (g/cm3) 1 

Temperature MeOH EtOH n.PrOH H2O 

60 0.7546 0.7550 0.7704 0.9832 

70 0.7448 0.7459 0.7614 0.9778 

80 0.7347 0.7362 0.7522 0.9718 

90 0.7242 0.7260 0.7426 0.9653 

100 0.7132 0.7151 0.7326 0.9584 

These data were subject to a least mean square polynomial fitting for 

suitable equations of the following form: 

p 
i EXP (Hi - q i 1 n T) C9 
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H. q i 1 

MeOH 0.1704 0.1098 

EtOH 0.1446 0.1033 

n.PrOH 0.1421 0.0979 

H2O 0.1884 0.0499 

The mixture density P M was calculated using the following equation:-

P ::: 
M 

n 
L 

i=1 
P w. 
i 1 

C10 

Where Wi is the weight fraction of the component, i in the mixture. 
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APPENIlIX D 

ANALYSIS OF TEE SAMPLES 

D.1 Gas-Liquid-Chromatographl 

The samples containing up to four components at times were analysed 

by gas-liquid-chromatography technique. A Varian Vesta chromatographer 

with an automatic injection equiped with a thermal conductivity detector 

(TeD) was used. The column ready packed with "Porapak Q" was 290 cm long, 

operated isothermally at 150°C for the samples containing methanol, other­

wise 1600 c and 3 bar pressure. The TCD detector and the injector 

° temperatures were at 200 C. These conditions were found to provide an 

excellent reproducibility, with non-overlapping peaks. Each sample was 

analysed twice and saved for further re-analysis, if required. 1~1 

of the sample was injected each time with nitrogen as carrier gas at a rate 

of 30 ml/Mln. Figure D.1 shows the peaks and details of a typical quart-

ernary and binary analysis. 

D.2 Calibration 

20, 30 and 40 samples were made for the binary, ternary and quarternary 

calibrations respectively, covering a wide range of composition. Each 

sample was weighed up on a balance with 5D accuracy. Fisons AR grade 

alcohols and distilled deionised water were used to make up these samples. 

The samples were then analysed by G-L-C technique described in D.1. The 

area ratios AR., and weight ratios 'vi. were correlated by a least square 
J J 

method to yield a calibration equation of the form:-

'vI
j 

= EXP (- e + f 1n ARj) D.1 
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Where Wj and ARj are the ratios of the component i to the standard 

component. These weight ratios were then translated in terms of the mole 

fraction. 

The accuracy of each calibration was calculated by the following 

equation:-

n 
ACC ~ (XiMEA S xiCALIB) D.2 

n 

Where xiCALB is the mole fraction calculated by the equation D.1, and n 

is the number of calibration samples. Table D.1 summarises the coefficients 

of the equation D1 and its accuracy ACC for the systems used in this work. 

Note: these calibrations were subject to regular checks, and were repeated 

if necessary. 



- 264 -

Table D Coefficients and Precision of the Equation D.1 

System W. e f ACe 
J 

n.PrO.HjMeOH W1 0.9342 1 .1032 + 0.0020 

MeOH/H2O W1 0.7284 1.3081 .± 0.0038 

EtOH/~O W1 0.7291 1.4089 + 0.0028 

n.PrOH/~o W1 0.4930 1.3987 ± 0.0034 

MeOH/EtOH/~O W2 0.2370 1.4611 ± 0.0043 

W3 0.6946 1.3130 " 
MeOH/n.ProH/~o W2 0.6069 1.4789 .± 0.0053 

W3 0.7924 1.3648 II 

MeOH/EtOH/ W2 0.2016 1.377 ± 0.0045 

n.PrOH/~o 

W3 0.6406 1.429 II 

W4 0.6713 1.3067 " 
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