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ABSTRACT 

The purpose of this investigation was to study the effect of 

slot velocity., liquid height, plate spacing and slot concentration on 

entrainment for perforated plates in fractionation columns« The study 

was approached first 'by bubble and drop dynamics with the use of high 

speed photography, but this has to be abandoned due to time and facil¬ 

ity limitationso Instead the conventional method for measuring en¬ 

trainment was used for 1/8 in. and l/4 in. holes in 25 and .100 ho3.es 

concentration per square foot plate. 

The results obtained for the variation of entrainment with 

slot velocity were found to form a straight line on log. log. coordi¬ 

nate paper. The individual family of curves of the same plate spacing 

but with different liquid height were found to be parallel with a slope 

of 3.5. By knowing two values of entrainment at two slot velocities 

it is possible to calculate the entire curve for all ranges of slot 

velocity without carrying the experimental work. This was expressed bjt 

E = A (V 
S' 

The values of A are a function of plate spacing and liquid height^ 

n -.11 0 
which were found to vary from 7.8 x 10 to 1.585 x .10 w for the 25 

hole concentration of l./k in. diameter plate with a slope of 3*5° 
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INTRODUCTION 

Entrainment is the liquid carried upward from plate to plate by 

the vapor per unit time«, It results from the dynamic phenomena of the 

interaction of the forces of liquid and vapor on each other, which results 

in disruption of the liquid phase and carries part of the liquid in a 

form of drops with the vapor stream0 Since there can exist several flow 

patterns whenever two phases get ih contact, the analysis becomes a lit¬ 

tle complexo At low vapor velocity the main flow pattern is '’Bubbling”. 

The liquid layer is accelerated perpendicular to its surface by the ve¬ 

locity field of the fast rising bubbles before collapse, and by the ki¬ 

netic energy released by the bubble during collapse 0 The viscous and 

surface forces that hold the liquid layer particles together can no longer 

resist the kinetic forces released by the bubble during collapse;. As a 

result the liquid layer will be disrupted into drops, and those which are 

small enough will be carried by the vapor stream0 

The tendency for some individual drops to coalesce into larger 

drops, which are less readily entrained and may fall back, whereas other 

rising drops breakup and further subdivide, may be influenced by several 

factorso The actual phenomena is a very complex one and requires a study 

based on statistical probability of collision between these dropso These 

collisions are mainly due to turbulence 0 There are two ways for the co¬ 

llisions to occur. First, the collisions are due to the motion of the 

drops with the gas, and second the collisions are due to the motion rel¬ 

ative to the gaSo In the first process the spatial variation of the turb¬ 

ulent motion is responsible for the collisionso In the second, each drop 
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Is moving relative to the gas stream, owing to the fact- that the inertia 

of a drop is different from that of an equal volume of air. It follows 

that neighboring drops of unequal size will have different velocities 

(since the inertia of the drop depends on the size of the drop), and this 

also will lead to collisions. Thus the rate of collision of the drops 
■V ’ 

depends on the size of the drops, the rate of energy dissipation and kin¬ 

ematic viscosity. It is unfortunate that detailed analysis of entrain¬ 

ment based on the dynamics of drops and bubbles cannot be presented at 

the present, despite the tremendous amount of work that has been done on 

it. Instead, the empirical approach which is in line with all previous 

work on this field will be presented. 

Entrainment has very serious effects on efficiency, design, and 

cost of distillation column. It limits the maximum vapor velocity, effects 

the color of the products, and decreases plate efficiency by diluting the 

liquid on the upper plate and reducing the actual amount of reflux. The 

amount of data available in the literature is very limited with severe 

limitations to the system investigated, type of plate and geometry of the 

column. Up till now no satisfactory theoretical analysis was presented 

due to the complex, dynamics involved in the two phase flow. At high vapor 

velocity the analysis became even more complex, due to the mixing action 

on the plate and the hurbulent collisions of drops carried by the vapor 

phase. Entrainment is effected by the flow parameters and physical prop¬ 

erties of the two phases, the geometry and the relative megnitude of the 

two phases. Entrainment is a special problem of a more general problem 

of two phase fluid flow. A satisfactory theoretical analysis may not be 

found until the problem of the dynamic of two phase flow will be solved. 

As for the experimental measurement of entrainment, it is highly connected 
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with, finding a reliable method to measure and count the size of drops and 

drop distribution in the vapor stream*. So far no satisfactory technique 

has been developed to that effect0 Until such technique is developed, en¬ 

trainment along with better distillation column design will suffer a great 

setbacko 

The purpose of this work was to study the effect of vapor ve¬ 

locity, plate spacing*'and liquid height on entrainment for sieve plate *> 

The previous work presented in the literature on sieve plate was very lim¬ 

ited, as most of the work was done on bubble cap trayG An air-water system 

with a 1 fto x k fto column was used for this study0 

The most valuable contribution to the problem of entrainment was 

made by the early workers in this field, including Chillas and Weir (7), 

Souder and Brown (33)> Holbrook and Baker (l6), Underwood (39)> Pyott and 

Jackson (26), Sherwood and Jenny (31) and others*, 

Souder and Brown (33) developed a relationship between plate 

efficiency, liquid to vapor ratio, and mass velocity of the vapor*, Their 

approach was based on entrainment of liquid particles by a gas stream. 

Holbrook and Baker (l6) investigated the effect of vapor veloc¬ 

ity, reflux, plate spacing slot velocity and surface tension on entrain¬ 

ment o The investigation was carried out in an 8-in*, dismeter column, with 

2-3/4 in„ diameter caps0 Brine solution was used as the liquid to facili¬ 

tate measurement of entrainment*, A correlation between the mass velocity 

and entrainment was presented for various plate spacing and column ve¬ 

locities o The following conclusions were made 2 

lo Doubling of vapor velocity increases entrainment tenfold *> 

2. Decreasing the plate spacing ty one-half increased • the 

entrainment by tenfold. 

1 



3o Reflux had only a moderate effect on entrainment0 

4. Slot velocity had only a small effect on entrainment0 

5 o Surface tension did not appear significant. The authors 

believe a generalized correlation between surface 

tension and entrainment is impractical0 

Ashraf and co-worker (l) presented some data on kerosene- 

natural, gas system obtained in 2-in0 and 12-1/2 in« diameter laboratory 

column. They investigated the effect of velocity., pressure and plate 

spacingo In addition they obtained some data from commercial absorbers0 

The two data were not in agreement0 

Pyott and Jackson (26) investigated the effect of temperature,, 

liquid rates, and plate spacing on entrainment o They used kerosene-air 

and water-air systems. They.concluded that these variable have apprec¬ 

iable effects on entrainment„ 

Sherwood and Jenny (3l) obtained some data on entrainment for 

air-water systems in an l8-in. diamfeter column„ Their results showed 

that gas velocity9 plate spacing and liquid level have considerable effect 

on entrainmento 

Recently Atteridge and co-workers (2),, obtained some data on 

air-water systems to study the effect of liquid loadings,, bubbling area,, 

length of liquid path and slot area on entrainment o The following con¬ 

clusions can be derived from their datas 

lo Entrainment increases with a decrease in the liquid path. 

20 Entrainment decreases with increasing cap spacing. 

3o Decreasing the number of slots while maintaining the bubbling 

area constant produced little effect on entrainment« 
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4 o For any given air rate the entrainment passed through a 

maximum and/or minimum for varying liquid rates. 

Their pressure drop data were presented for varying the vapor and 

liquid rates. 

Uorov's (4o) method was sought for the calculation of the 

quantity of liquid entrained by freely moving gas or vapor. The move- 

ment of an ascending gas bubble in a large liquid volume can be ex¬ 

pressed by equation R - RQ / m( d^Z /dt ). Where Rn 
= force due to 

buoyancy, R0 - force opposing the movement, m - mass of the bubble, and 

a Z/dt*- ~ acceleration of the bubble. Since the velocity of the bubble 

is quite constant, the acceleration is z&ro and.' Rn - R0«. By equating 

the equations for the buoyancy force, Stokes law and the square law of 

resistance for movement in liquids, the following expression is obtained 

for the velocity of a rising bubble: WQ 5/3 3 where 

d - diam. of the bubble, dimensionless coefficient of resistance, 

|/g and - sp. gr. of gas and liquid, respectively. By pursuing a rig¬ 

orous mathematical analysis, a compilerbad expression is obtained for 

the volume of <feffl$raihed liquid, and this expression cannot; be integrated 

A number of simplifying assumptions” are then made which yield an ex¬ 

pression stating that the mass of liquid entrained by a unit mass of gas 

is inversely proportional to a term containing the radius of the gas 

bubble to the 3 A- and 3/2 power. 
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EXPERIMENTAL APPARATUS 

A schematic flow diagram of the experimental equipment is pre- 

seated in Figure 1. Air at pressures up to 150 Ib./sq. in. abs. was 

supplied to the column through 8 ft. x 2 ft. surge tank by model 23.0 uni¬ 

stage centrifieal compressor (Sbramm Inc.). This compressor was driven 

by a 50 horsepower motor at 1,175 R°P°M. The flow of air to the column 

was controlled by a 1 1/2-in. manually operated valve and measured by 

two parallel rotometers, with pressure gauges and thermometers to measure 

pressure and temperature of the air in the rotometers. The pressure was 

measured with Bourdon gauges calibrated with a dead-weight gauge tester 

at frequent intervals during the experiment. Additional 1 1/2-in. valves 

were used on the downstream of the rotometer to adjust the back pressure 

for the rotometer*s measurement. 

The experimental column, shown in detail in Figure 2, was 12 in. 

x 12 in. in cross section and b ft. high, made out of l/2 in. thick clear 

Plexiglass wall. There were three trays in the column made out of l/k in. 

thick Plexiglass also. The bottom sieve tray was fixed in position to 

l/2 in. x 1 in. frame by twelve l/h in. brass bolts. The middle plate 

was exactly the same as the bottom tray, but it was mounted on four l/b in 

rods with 3 in. from the upper plate. The two upper plates were flexible 

and their posit’l^pn from the bottom tray was changed to the desired plate 

spacing. The four rods run through four slots in two steel bars that 

ran across the column at the top and fixed tide in position to the side 

by four bolts. The upper plate, which catches the entrainment, was so 

designed to let no drops escape to the atmosphere. It consists of 2 in. 

high of l/l6 in. thick walls and five longitudinal ri.sers 2 in. high with. 
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120° . caps about l/2 in. apart from 'the top of the riser. These caps 

will reverse the direction of flow and slow down the velocity of the 

drops carried by the air. These were so designed as to lower the ve¬ 

locity of the air, thereby reducing the carrying power of the air. 

The middle plate serves to give the effective entrainment and 

accumulate the transferred liquid which flows by gravity action through 

a rubber tubing l/2 in. diameter, down through l/2 in. diameter opening 

in the side of the column to a graduate cylinder for measurement of the 

liquid accumulated on both the top and middle plate. The pressure drop 
i 

through the bottom tray was measured by water manometer 6 ft. high. 

The outlet pressure tap from the bottom section was 1 in. below the 

bottom tray and the upper outlet pressure tap was 4 in. and 10 in. above 

the bottom tray. The 4 in. high pressure tap was used for plate spacing 

below 10 in. and 10 in. high pressure tap was used for plate spaving 

above 10 in. The pressure of the air just in the bottom section was 

measured by a static mercury manometer through a pressure tap 1 in. be¬ 

low the bottom tray«. 

The investigation included measurements on three different 

perforated plates with l/8 in. l/k in., and 3/8 in. hole diameters. 

Two different holes’ spacing of 100 and 25 holes per square foot was 

used. Entrainment was measured for each of the above perforated plates 

for 1, 2, 3, 4, and 6 in. liquid height for 8, 12, 18, and 2k in. 

plate spacing - Some of the data for 3/8 in. and part of l/k in. ?iave 

to be thrown away because of unstable pressure during the runs. 
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EXPERIMENTAL MEASUREMENTS 

Liquid entrainment and pressure drop through perforated plate 

were measured at different flow rates of air, at different liquid depths, 

for various plate spaeings, for various size holes and for different 

hole spaeings. The liquid depths used were 0.5* lo5, 2, 3? 4 and 6 in. 

of water for 5, 8, 12, 18 and 2k in. plate spaeings. These measure¬ 

ments were carried for hole sizes of 1/8 In. with 100 holes per square 

foot, l/8 In. with 25 holes per square foot, l/k in« holes with 100 holes 

per square foot, 1-1/4 in. holes with 25 holes per dquare foot and 3/8 in. 

ho3.es with 100 holes per square foot. No other system besides the air- 

water system was used due to the limitations of time and facilities. 

The study would have been mere complete if the effects of viscosity, 

density and surface tension of different systems were investigated. 

Due to the limitation of the capacity of the air compressor, 

it was not possible to maintain the pressure In high air flow rates for 

the 1/4 in. diameter holes for the 100 holes per square foot plate. 

Therefore the high velocity readings are not reliable and should not be 

considered. Other data such as those for 3/8 ine holes with 100 holes 

per square foot were also unreliable due to the same problem with the 

additional difficulty of mainting the liquid heights. It was not poss¬ 

ible, without complete modification of the apparatus, to maintain the 

exact height of liquid on the plate. For this and previous reasons the 

data on 3/8 in. holes cannot be considered« The rest of the data are 

fairly accurate and adequate conclusions can be derived from them. 
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EFFECT OF ENTRAINMENT OH PLATE EFFICIENCY 

Entrainment reduces' plate efficiency fey diluting the liquid 

on any plate due to the addition of weaker material from below, and 

by reducing the amount of reflux. It is necessary to recognize, as 

pointed out by Colburn, that there are two efficiencies. Namely, the 

”true vapour efficiency” based on -1he -expre s s ion given by Murphree 

from the dry vapour compositions and the other is the ^apparent effic¬ 

iency” which is based on the average vapour composition, that is, 

•congjosition of vapour plus entrained liquid. The apparent efficiency 

will, be either equal to of less-than the true vapour efficiency, de¬ 

pending on the amount"of entrainment. 

Underwood (39) was the first to investigate the effect of 

entrainment on plate efficiency. His approach was based on total re¬ 

flux. He presented some experimental data obtained on a 9 in° diamete'r 

column using an air-water system. He used the salt method in deter¬ 

mining entrainment. He stated 'that the effect of entrainment will de¬ 

crease as the reflux ratio and consequently the enrichment'from plate 

to plate decreases; until finally with minimum reflux;, the effect will 

be zero. Trie minimum reflux ratio required would be increased by the 

amount of entrainment. 

Colburn (8) presented a relationship for plate efficiency by 

considering entrainment. The equation iss 



He assumed entrainment increases as the kth power of the velocity, 

and obtained the following expression for optimum entrainment, 

e = R 

3*v 

where: Ey - Murphree efficiency 

E~a ~ Apparent plate efficiency 

R - Reflux ratio 

e - Entrainment 

Unlike Underwood's (39) equation, Colburn's equation can be applied to 

any reflux ratio, while that of Underwood's was based on total reflux0 

Underwood's equation can be shown by: 

1 / e 

Rhodes and S'eackman (28) developed some relationships' to ex¬ 

press the effect of a known amount of entrainment at known reflux ratio, 

on the efficiency of a fractionating- plate in a distillation column. 

They gave the following equation for entrainment. 

E = Rq R2 (A-l) / £RX (l / R2) - R2 A (1 / RjJfJ 

wheres E = Liquid entrained in one mole of vapor from any 

plate, moles 

R - Reflux, fed at the top of the column in unit time, 

moles 

Rp, different reflux 

A = Ap / A2 

Ax = k Rp / Rp /.E (Rp / 1) 

A2 “ k R2 / R2 / E (Rg / l) 

In addition they presented some experimental data on entrainment 

and. plate efficiency using mixtures of ethonal-water and benzene- 

toluene system <, 



Slaekman (3^) studied the effect of entrainment on plate 

efficiency experimentally., using ethonal-water and benzoue- toluene 

systems. The relationship between the over-all efficiency and the 

Murphree efficiency- and entrainment efficiency was given bys 

where A is the ratio of ayerrall efficiency at total reflux 

to over all efficiency at 1x1 

Thompson (38) presented some experimental data, to study 

the effect of vapor velocity on entrainment and on plate efficiency 

using a column operating under total reflux with an ethyl alcohol- 

water •system. He used the salt method to determine entrainments 

He concluded that a critical, vapour velocity existed above which a 

small increase caused a large iaerease in entrainment. He correlated 

the difference between the vapour and apparent efficiencies and the 

amount of entrainment and found the relationship was linear. 



FACTORS EFFECTING ENTRAINMENT 

It is extremely difficult to know exactly how different para¬ 

meters in distillation column effect entrainment. There is no mean to 

study the absolute effect of each parameter without the interference of 

the others. For instance, in studying-the effect of slot velocity on 

entrainment, it is not possible to ignore the column velocity which is 

indeed responsible for the actual carrying of drops, nor is it possible 

to study the effect of linear velocity without the interference of the 

slot velocity. The slot velocity is responsible for the formation of 

drops and their initial velocity. Other closely related factors are the 

surface tension and froth or foam power and their height. These two 

factors are so closely interrelated that it is not possible to study one 

without the other. 'The analysis of entrainment becomes even more com¬ 

plex if turbulence gets into the picture. With all the work that has 

been done on-entrainment, there is no single acceptable correlation or 

concept that treats the general problem in a satisfactory manner. It 

Is highly unlikely to find such a solution with the continuation, of the 

present empirical approach of investigation. It is very essential that 

this problem be approached from the essential of its dynamic phenomena 

and consideration of the precise sequence of events that lead to en¬ 

trainment . 

After an approximate evaluation‘ci il)L the data in the lit¬ 

erature, it may be possible to state how different parameter effect en¬ 

trainment without a cofraf'ete analysis to that effect. The most widely 

recognised factors are vapor velocity, slot velocity, jjlate spacing, 

liquid height, slot spacing and others. These factors will be briefly 
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discussed as they were presented in the literature 0 

EFFECT OF COLUMN VELOCITY 

Several investigators reported experimental data in the 

literature concerning the effect of column velocity on entrainment. 

Only Souder and Brown (35)> Carey (6) and Kirchbaum presented math- 

ametical expressions for entrainment in terms of vapor velocity and 

liquid and vapor density 0 Later several investigators applied these 

equations to check their experimental data; none of these equations 

check these data perfectly. Kirchhaum?s equation/w£s reported to be 

the closest. These equations along with other work will be summar¬ 

ized briefly in the following sections. 

Souders and Brown (35) have developed a relationship be¬ 

tween the allowable mass velocity of a rising stream of vapor and the 

densities of liquid droplets and vapor fluid. By equating the upward 

force given to the droplet to the downward pull of gravity^ the fol¬ 

lowing expression has been obtained. 

Where W - Mass velocity of vapor 

c ~ A constant 

&2Z Density of fluid or vapor 

dj_- Density of liquid droplets 

Carey (6) offers another equation which is a simplification 

of Souders and Brora’s equation and should give substantially the same 

result-, except for high-pressure fractionating equipment or whenever 

the value of d.^ is sufficiently large in Relation to to have an ef¬ 

fect on v^lud of the expression, (d^-dg) s 
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U = K (—1 ■ )2 

d2 

Where U = Linear velocity, ft./sec. . 

K s A constant 

Kirschbaum (20) correlated the data obtained on ethanol-water 

and came out with an equation to %ive the permissible vapor velocity 

for different vapor densities and plate spacings. This equation was 

given by: 

TJ = 4 (~^—)2 

d2 
Kirehbaum’s equation suggested that entrainment is independent of 

liquid density. 

Pyott (26) points out that the amount of entrainment does not 

increase very rapidly with low mass velocities up to a certain point. 

However after this point is reached, the increase is marked. He con¬ 

cluded that mass velocities may be increased without a great lowering 

of eff iciency up to a certain ;critical point at which point a further 

increase is undesirable and will prove decidedly so„ His experimental 

data was based on kerosene-air and water-air systems. 

Sherwood’s (31) experiment on air-water system indicated 

that at low vapor rates entrainment is primarily a function of super¬ 

ficial velocityo He compared the results of several investigators, 

but with no successful correlation. This may be due to the variation 

in the type and arrangement of the caps, the gas liquid system and 

other condition varied from one set of data to another. 

Holbrook and Baker’s (l6) results indicated that doubling 

the mass velocity results in slightly more than a tenfold increase in 

the amount of entrainment. 
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Thompson (38) investigated the effect of vapor velocity on 

entrainment when the alcohol content varied within the range of 62$ 

to 2$ . His data indicated that beyond a certain point for each al¬ 

cohol content, a small increase in vapor velocity causes a very large 

increase in entrainment. Furthermore, for any given amount of entrain¬ 

ment, the vapor velocity can be increased to a-much greater extent; 

when the alcohol content is low than when it is high. 

Many other recent workers merely presented some experimental 

data without any new concept, which can be considered a solution of 

problem of entrainment. 

EFFECT OF SLOT VELOCITY 

Entrainment increase with an increase in slot velocity as 

the creation of drops of liquid will depend on slot velocity. These 

drops have higher velocity than the surrounding vapor at the instant of 

separation, on rising upward they lose some of their velocity and many 

of them, being- too large to be sustained by rising vapors, began to 

fall back after reaching the crest of their upward movement. It is 

difficult to say in what exact manner slot velocity effects entrain¬ 

ment as it is obvious that the formation of drops depends on slot ve¬ 

locity but the transport of these drops from one plate to the next 

depends on column velocity. 

Souder and Brown (35) recognize that the throwing of drop¬ 

lets by vapor jets is related to the density, the slot velocity and 

the depth of the "liquid seal". 

Holbrook (l6) showed that entrainment is a function of 

slot velocity. He studied this effect by changing the slot width. 

He showed that for a plate spacing of 18 in., the entrainment was 
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somewhat greater for narrower slot width (greater slot velocity), 

whereas, at 31 l/V ia., the entrainment was smaller for the narrower 

slot width (greater slot velocity). He could not give a good reason 

for this behavior but he indicated that if unass-drop size distri¬ 

bution data were available for the different conditions, interpre¬ 

tation of this behavibr may be possible. He concluded that the real 

importance of his data lies ifir the fact that they prove the slot ve¬ 

locity does not play as important a role in influencing-.entrainment 

as do column velocity and plate spacing. His data indicated that more 

than a twofold increase in slot velocity at the most only doubled the 

entrainment, other conditiDfflS being equal. His data also indicated 

that under certain conditions, increased slot velocity may actually 

decrease entrainment. 

Sherwood (31) indicated that at low vapor rates the effect 

of slot velocity becomes unimportant, and entrainment is a function 

of superficial velocity alone. At high vapor rates, however, entrain¬ 

ment is a function primarily of slot velocity. 

EFFECT OF PLATE SPACING 

Entrainment increases with a decrease in plate spacing, when 

other variables are constant. Holbrook (16) showed that the curve of 

the logarithm of entrainment versus the reciprocal of the plate spacing 

is a straight line; they deviate from straight line only at a plate 

spacing greater than 20" and then only when the vapor velocity is rel¬ 

atively low. The plot indicates that the entrainment increases more 

rapidly for the same increase in plate spacing at higher vapor veloc¬ 

ities . At high plate spacing and low vapor velocities these curves 

deviate somewhat from straight lines. Ashraf (l) showed by plot the 
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relationship between entrainment and plate spacing for lines of constant, 

linear velocity. These curves showed that a certain amount of entrain¬ 

ment takes place regardless of the distance between plates. Similar re¬ 

sults on plate spacing were reached by others. 

EFFECT OF STATIC SEAL 

Liquid level has considerable effect on entrainment. En¬ 

trainment decreases with an increased liquid height above the plate to 

a certain height which may be considered the critical height. If the 

.liquid is increased beyond this height the entrainment starts to in¬ 

crease rapidly. This can be explained as the increase in liquid height 

will decrease the distance between the liquid level and the upper tray. 

Not many investigators have recognized this point., due to the low range 

of level height they tested. 

EFFECT OF SURFACE TENSION 

Surface tension has a definite effect on entrainment, but it 

is not possible to correlate it with entrainment for various liquid- 

vapor systems. Surface tension not only effects the diameter of the 

drops but also the foaming power. These properties cannot be univers¬ 

ally correlated. Since both properties effect entrainment, it is not 

possible that complete correlation between surface tension and entrain¬ 

ment can be attained. Brown (35) said that the tendency for individ¬ 

ual drops to coalesce into larger drops which are'less readily en¬ 

trained may be influenced by surface tension, spacing between plates, 

or time, which may have a bearing on the probability of collisions 

between drops. 



EFFECT 'OF FOAMING POWER AND HEIGHT 

The foaming or frothing action in liquid is partially caused 

by the mixing action of vapor with the liquid which tends to decrease 

the free space between the plates. The height of froth is a function 

of vapor velocity and therefore of entrainment. Entrainment increases 

with an increase in froth height or foaming power. No attempt was 

made to correlate froth height with entrainment. 

EFFECT OF VAPOR AND LIQUID DENSITY 

Entrainment is a function of vapor and liquid density, but 

there is no agreement among the early workers to that effect. Brown 

d-d - 
(35) claims that entrainment is some function of v/ £ .)2, while 

d_ 
2 

j X 
Carey (6) said it is some function of v/(~JL. .)2, and Kirschbaum (20) 

*2 

said it is a function of v/(—i—)7>, which is independent of liquid 

*2 

density where d-^, dg, and v are liquid density, vapor density and 

vapor velocity respectively. Peayy (25) showed that Kirschbaum*s 

equation correlated their data best.. The same correlation was reached 

by Ashraf (l). 
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DISCUSSION OF RESULTS 

The object of this study was to obtain the effect of linear 

velocity, slot velocity, plate spacing, liquid height and hole spacing 

on entrainments. The results obtained on 25 holes per square foot of 

l/8 and l/4 in. holes are tabulated in Table 2 and 3 respectively. The 

results obtained on 100 holes per square foot of l/8 in. holes are tab¬ 

ulated in Table 1. The results of Table 3 are plotted in Figure 3 as 

logarithem of entrainment versus the logarithem of slot velocity. It 

is obvious from Figure 3 that the individual curves are straight lines 

and approximately parallel. They can be represented by the following 

equation for straight lines: 

E = A (Vs)“——  —   (l) 

Assuming these curves are approximately parallel with a slope n of 

3.5 then the equation becomes: 

E = A (Vs)
3*5   —— (2) 

The constant A is a function of plate spacing and liquid height, which 

can be determined from the intercept of the lines with the coordinate 

axis at Vg equal to unity. It can be represented by the following 

equation: 

A = fn (H,L)   —   (3) 

Where H is plate spacing and L is liquid height0 

••11 —8 
These values erf A vary between 7*8 x IQ to I.585 x 10 o Another 

attempt was made to obtain the values of A.graphically without the 

assumption of parallel curves; they were found to vary from 8.0 x 

-17 “IQ 
10 ‘ to 2o75 x 10 o These sharp variations of the constant are 

very sensitive to the slope. When the calculated values of A were 
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plotted to develop an equation for the curve, it was found that no 

simple egression can express these curves. 

In the case of the results obtained on the 100 holes per 

square foot plate of l/8 in. size holes, the curve results from log¬ 

arithmic plot of entrainment versus slot velocity were also straight 

lines, but it is obvious in this case that they are definitely not 

parallel and they cross each others quite often. Again an attempt 

was made to represent these curves with a common expression but with 

no success as the resulted equation did not check the values and it 

is not possible to be considered. 

The slot velocity effect on entrainment as shown from 

Figure 3 and 4 are very much influenced by the parameters of liquid 

height and plate spacing. In almost every plate spacing, it takes a 

higher slot velocity for higher liquid height to obtain the same 

amount of entrainment. But after the liquid height reaches a certain 

critical point, the slot velocity required to give the same entrain¬ 

ment is much lower. This is very clearly demonstirated by the five 

curves of 8 inch plate spacing;wiiere the curves for 0.5, 1, and 2'in. 

are to the left of each other respectively up to 2 inches but for the 

3 inch and 4 inch the slot velocity- required to give the same entrain¬ 

ment is much lower, where the curve lies to the right of each other 

c ons-ecuti-vely, In most cases the curves for ihe same plate spacing 

are parallel for different liquid heights and not so parallel if they 

belong to different plate spacing. 

The cross-plot of Figure 13 and 4 was made for several slot 

velocities. The results-were plotted on Figure 5 and 6 as entrain¬ 

ment versus plate spacing. The individual curves in Figure 5 and 6 
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are flat and many are straight lines. It is obvious from all these 

curves that entrainment decreases with an increase in plate spacing 

for the same slot velocity. Again the curves for smaller liquid 

height are to the left of higher liquid height. 

In Figure 7 entrainment curves are compared for different 

slot spacings. Part of the results of Table 1 were re-plotted on 

the same Figure as those for Table 2. The curves indicated that for 

the same slot velocity the entrainment was much higher for the 25 

holes per square feet than for 100 holes per square foot of the same 

hole size. This leads to the conclusion that a decrease in slot 

spacing or slot concentration will increase entrainment by several 

fold for the same slot velocity. 
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CONCLUSIONS 

(1) The variation of entrainment with slot velocity for any plate spacing 

and liquid height can he represented hy a straight line on log. log. coordinate. 

(2) The equation 

E = A(Vs)
3"5 

reproduces the data obtained on a 25 hole concentration of ^ in. in diameter 
1 1 Q 

vith A varying between J.8 x 10“ to I.585 x 10“ depending on plate spacing 

and liquid height. 

(3) The slot velocity has the same order of magnitude in effecting entrain¬ 

ment as linear velocity. The difference between them is a more multiplying 

constant factor. 

(k) The variation of plate spacing and liquid height cannot be represented 

by a mathematical^ expression. 

(5) The constant A was found to be a function of plate spacing and liquid 

height, but it was not possible to develop a precise mathematical expression 

for it. That is 

A = fn(H,L) 
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LIST OF SYMBOLS 

A Constant 

C Constant 

d Bubble diameter 

d 
1 

Liquid density 

a2 
Vapor density 

E Entrainment 

e Entrainment used by Colburn and Underwood 

E 
a 

Apparent plate efficiency 

E 
V 

Murpbree efficiency 

g 

E 

Acceleration due to gravity 

Plate spacing 

K Constant used by Carey 

k Constant used by Kirschbaum 

L Liquid height 

m Mass of bubble 

n Slope 

R Reflux ratio 

*n Force due to buoyancy of bubble 

Ro 
Force opposing bubble movement 

U Linear velocity 

Vs Slot velocity 

¥ Mass velocity 

*6 Velocity of rising bubble 

GREEK LETTERS 

Dimentionless coefficient of resistance 

Specific gravity of gas and liquid respectively 
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SUMMARY OF ENTRAINMENT RESULTS 

Table 1 - 100 -1/8 in. Holes Per Sq. Ft. Plate 

Plate Liquid Air Slot Entrainment Pressure 
Spacing Height Flow Velocity Lbs/Lb oT Drop 
Inches Inches SCFM Ft./Sec. Dry Air Cm. of Hpo 

5 0o5 35 67.5 0.0333 6.5 

43 83 0.0822 9.2 

54.2 106 0.1825 10.6 

6o 116 0.283 15.5 

5 1.0 43 83 0.0328 11.0 

48.5 94 O.O855 13.0 

52 99 0.1040 14.3 

54.2 106 0.1390 15.0 

57-5 110 O.I675 16.3 

6o 116 0.225 17.3 

5 1.5 6o 116 0.035 18.5 

65.5 127 0.0603 20.4 

71.5 137.5 0.0687 24.3 

77 148 0.084-5 28.0 

85.5 165 0.1475 33.0 

88 172 0.167 34.0 

94 183 0.217 38.0 

8 0.5 47.3 ' 02.6 0.0248 10 

54.2 106 0.0389 12 

61.2 120 0.0740 16 

67.8 132 0.0985 20 

76 14-7 0.1495 23 

81.6 160 0.215 27 
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SUMMARY OF ENTRAINMENT RESULTS 

Table 1 - Cont'd 

Plate 
Spacing 
Inches 

8 

Liquid 
Height 
Inches 

' 1.0 

8 1.5- 

Air 
Flow 
SCFM 

Vf.3 

5*4-.2 

61.2 

67.8 

76 

81.6 

8l 06 

88.5 

95.6 

102.5 

110.2 

118.2 

125.2 

l4i.8 

110.2 

125.2 

134 

l4i.8 

162 

177.2 

67.8 

76 

Slot 
Velocity 
Ft./Sec. 

92.6 

106 

120 

132 

147 

160 

160 

173 

187 

201 

219 

234 

245 

288 

219 

245 

267 

288 

317 

347 

132 

147 

Entrainment 
Lbs/Lb of 

Dry Air 

0.0102 

0.0217 

0.0452 

0.0782 

0.135 

0.223 

0.0022 

0.0195 

0.0245 • 

0.0344 

0.0532 

0.0958 

0.0935 

0.139 

0.0048 

0.007 

0.0191 

0.0259 

0.0796 

0.116 

0.0087 

0.0176 

Pressure 
Drop 

Cm. of HpO 

11.5 

15 

17 

.21 

• 25 

29 

30 

34.5 

4o 

46 

50 

59 

64 

82 

50 

64 

75 

80 

100 

115 

22 

26 

8 
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SUMMARY OF ENTRAINMENT RESULTS 

Table 1 

Plate Liquid Air 
Spacing Height Flow 
Inches Inches SCFM 

95-6 

102.5 

114 

118.2 

125.5 

134 

8 4 37.5 

40.3 

47.3 

52 

54.2 

57.5 

12 0.5 61.2 • 

65»5 

67 08 

71.5 

76 

81.6 

88.5 

95-6 

1.02.5 

Cont*d 

Slot 
Velocity 
Ft./Sec. 

Entrainment 
Lbs/Lb of 
Dry Air 

187 ' 0.0492 

201 0.0803 

224 0.101 

234 0.124 

245 0.1355 

267 0.1685 

73 0.0139 

79 0.0259 

92.6 0.0753 

99 0.170 

106 0.273 

110 0.432 

120 0.0169 

127 0.0252 

132 0.0412 

138 0.0497 

147 0.0627 

160 0.0958 

173 0.106 

187 0.147 

201 0.1835 

Pressure 
Drop 

Cm. of H0o 

39 

44 

50 

54 

60 

70 

19.5 

20 

21.6 

• 22.5 

23.0 

23.9 

16.5 

■17.5 

19.0 

20.5 

23 oO 

26.5 

32.0 

35.5 

42.0 



SUMMARY OF-ENTRAINMENT RESULTS 
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Plate 
Spacing 
Inches 

Liquid 
Height 
Inches 

Table 1 

Air 
Flow 
SCFM 

- Cont’d 

Slot 
Velocity 
Ft./Sec. 

Entrainment 
Lbs/L'b of 

Dry Air 

Pressure 
Drop 

Cm. of H20 

12 i 67.8 132 0.0117 20.5 

71 = 5 138 0.0167 21.5 

76 147 0.0313 25.0 

81.6 160 0.0448 27.5 

88.5 173 0.071-2 33 

95 06 187 0.1045 38 

102.5 201 0.172 44 

12 2 118.2 234 0.00745 58 

125.5 245 O.OO817:.; 64 

134 267 0.0269. 72 

l4l 08 288 0.0453 82 

3.62 317 0.1015 96 

12 3 110.2 219 0.0022 50 

125.5 245 0.00583 64 

lifl.8 288 0.0145 76 

151.5 297 0.0213 88 

162 317 0.029 98 

177.2 347 0.04l4 116 

12 If 95.6 I87 0.0168 41.5 

102.5 201 • 0.0315 45.0 

110.2 219 0.04 48 

118.2 234 0.0693 58 

125.5 245 0.08l 6k 



SUMMARY OF ENTRAINMENT RESULTS 

C-5 

Table 1 - Cont*d 

Plate Liquid Air Slot Entrainment Pressure 
Spacing Height Flow Velocity Lbs/Lb of Drop 
Inches Inches SCFM Ft./Sec. Dry Air Cm. of H20 

12 6 40.3 79 0.00363 33 

47-3 92.6 0.0332 35 

52 99 0.0578 36 

54.2 106 0.1085 36.5 

57.5 1.10 0.124 38 

61.2 120 0.1915 40 

67.8 132 0.295 46 

18 1 81.6 160 0.0077 28 

95.6 187 0.0354 39 

110.2 219 O.O758 50 

125 0 5 245 0.1285 64 

134 267 0.232 72 

18 2 125.5 245 0.0115 62 

134 267 0.0157 71 

l4i.8 288 0.029 80 

151.5 297 0.0243 92 

162 317 0.029 96 

177.2 347 0.0465 108 

195 381 0.0588 12.4 

214 4i8 0.0973 1.44 

18 4 . l4l.8 288 0.00725 78 

162 317 0.0127 102 

177.2 347 0.0266 1.18 

195 381 0.0316 .130 
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SUMMARY OF ENTRAINMENT RESULTS 

Table 2 - 25-1/8 in. Holes Per Sq. Ft. Plate 

Plate Liquid Air Slot Entrainmen 
Spacing Height Flow Velocity Lbs/Lb of 
Inches Inches SCFM Ft./Sec. Dry Air 

8 1 26.9 211 0.1845 

35.8 281 0.3525 

46.7 32O 0.475 

46 oO 360 O.765 

56.3 443 1.855 

8 2 26.9 211 0.270 

30 08 242 O.363 

35 08 28l 0.5 

40.7 320 O.690 

46.0 360 1.05 

56.3 443 2.2 

12 1 26.9 213. 0.0655 

35.8 28l 0.1145 

46.0 360 0.25 

56.3 443 O.494 

62.6 492 O.658 

3.2 2 26.9 211 0.0492 

25.8 28l 0.119 

46.0 360 0.182 

51.8 4o6 0.291 

56.3 443 0.37 

62.6 492 0.507 

Pressure 
Drop 

Cm. of Hgo 

42 

62 

80 

90 

1.30 

42 

52 

65 

76 

90 

150 

43 

60 

100 

146 

160 

43 

62 

95 

13.6 

152 

180 



SUMMARY OF EKTRAINMEMT RESULTS 

C-T 

Table 3 - 25 •
 

*
H

 

1 Holes Per Sq. . Ft. Plate 

Plate Liquid Air Slot Entrainment Pressure 
Spacing Height Flow Velocity Lbs/Lb of Drop 
Inches Inches SCFM Ft./Sec. Dry Air Cm. of Hpo 

8 1.0 42.5 85.8 0.0842 9.5 

56.4 114 0.312 16.0 

70.7 145 0.59 21.5 

84.0 172 1.6 30.0 

8 2.0 4.1.7 81.7 0.0572 H.5 

92 0.1855 13.0 

55.0 108 0.24 15.0 

63.4 124.2 0.422 20.0' 

71.5 140 0.748 27.5 

85.9 168.5 1.79 32.0 

12 1.0 46.2 90.6 0.0507 12.5 

56.3 110.2 0.0833 16.5 

65.7 129.0 0.1345 21.0 

76.2 149.2 0.247 27.0 

87.3 171.0 0.367 34.0 

107.6 211.0 0.952 42.0 

12 2.0 46.2 90.6 0.04-13 15.0 

56.3 110.2 0.0575 18.0 

76.2 149.2 0.1535 28.0 

97.5 191.5 0.367 42.0 

125.0 245 1.22 62.0 

12 3.0 97.5 191.5 0.023 43.0 

111.5 218.5 0.0462 56.0 

125.0 245 0.08 68.0 
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SUMMARY OF EHTRAIMMEMT RESULTS 

Table 3 - Continued 

Pl.ate 
Spacing 
Inches 

Liquid 
Height 
Inches 

Air 
Flow 
SCFM 

Slot 
Velocity 
Ft./Sec. 

Entrainment 
Lbs/Lb of 

Dry Air 

Pressure 
Drop 

Cm. of H0o 

12 3 143.0 280 0.175 84 

163.0 320 0.415 115 

.18 1 76.2 149.2 0.042 24 

87.3 171.0 O.O638 30 

97-5 191.0 0.0962 37 

111.5 218.5 0.163 46 

125.0 245 0.376 63 

143 280 0.554 76 

18 2 76.2 149.2 0.01915 27 

97-5 191.5 0.0602 4o 

111.5 218.5 0.1052 52 

125 245 0.1715 6k 

143 280 0.35 84 

163 320 0.78 100 

18 3 125 245 0.0349 94 

163 320 0.0668 108 

181.2 355 0.115 128 

198.7 390 0.1825 150 

24 T 
JL 97.5 191.5 0.042 35 

111.5 218.5 0.092 45 

125 245 0.134 . 60 

143 280 0.205 78 

163 320 0.335 102 

181.2 355 0.552 124 

2 111.5 218.5 0.0211 50 
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SUMMARY OF ENTRAINMENT RESULTS 

Table 3 - Continued 

Plate Liquid Air Slot Entrainment Pressure 
Spacing Height Flow Velocity Lbs/Lb of Drop 
Inches Inches SCFM Ft./Sec. Dry Air Cm, of R 

:24 2 125 245 0.053 64 

143 280 0.1 84 

163 320 0.241 100 
181.2 355 0.271 128 
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FLOW MEASUREMENTS 

The air flow rate to the column was measured with two 

Fisher-Porter flow meters in parallel ~bo cover the entire range. 

The large meter utilized a $139-27-10 tube with a BSVT-93 stainless ■ 

steel floaty and the smaller meter utilized a $B7N-25 tube with a 

BL-70-10 N stainless steel float also„ These meters were calibrated 

with water at 70° F. and the flow converted to air by the method 

suggested by Fisher-Porter Company. (See Fisher-Porter Handbook, 

Catalog $ IO-A-90). The calibration curve for the big meter was 

linear and the indicated flow of air at l4.7 psia was obtained by 

merely taking the percentage of the maximum air flow of 128 SLFM 

corrected to the gauge pressure and temperature by using the correc¬ 

tion factor manual. As for the smaller meter, a calibration curve 

based on water to calculate the-Ylow. To convert these capacities 

into air, it is merely necessary to multiply GPM of water x 4.12 to 

arrive at SCFM of air measured at 14.7 psia and 70° F.. Similar 

correction for pressure and temperature can be made as indicated 

above. The factor 4.12 was given by Fisher-Porter Company. 
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OPERATING PROCEDURES 

ENTRAINMENT MEASUREMENTS 

The operating-procedure used in measuring entrainment can be 

summarized as follows; 

The exact height-of water on the bottom-plate was measured 

quickly with no air bubbling-through the plate-. Then a low amount Of 

air was allowed to bubble through the liquid to keep the water from 

falling down through the plate- The valve on the upstream of the roto- 

meter was adjusted to allow a back pressure for an adequate reading on 

the rotometer with reasonable pressure and stable rise of the float 

without violent bouncing- After these proper conditions were set, the 

valve on the upstream of the rotometer was opened quickly and then 

gradually until the float and pressure gauge, read the desired amount. 

Then the time was set quickly'by a stop watch for 15 to 60 seconds- • 

After the run was completed, the upstream valve was closed quickly, but 

not all the way, to allow a little air to bubble through to prevent 

the water collecting on the middle plate from falling down, and to 

allow it to run through the rubber tubing to the graduate cylinder for 

measurement. 

Rotometer pressure and temperature in the rotometer, pressure 

drop and column pressure were recorded during, the run time. The time 

allowed for the run was based on the.height of the liquid and air flow 

rate. 15 seconds was allowed for; 1 to 2 in. water height for high.air 

rate flow, and 30 to 60 seconds should be allowed for a higher water 

height and lower air rates. It is important to allow not more than 10 

to 20 per cent of the liquid to be entrained. If more entrainment is 
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allowed,, the measurement may not be accurate due to tbe large amount of 

decrease in tbe liquid height investigated. Attention should be given 

to the amount of air to he used, which should not allow the pressure to 

decline during-the time of the run. This will cause a major error in 

the flow quantity evaluation-. 

After one run was completed for a certain flow rate for a 

particular liquid height and a plate spacing, the above procedure was 

followed exactly again in setrting the conditions Tor the second run at 

a higher air rate Which should yield a higher measurement of entrain¬ 

ment. After a maximum allowable air rate was completed, a new liquid 

height was measured and the same procedure was followed. When all de¬ 

sired liquid heights were completed, the plate spacing was changed to 

the next position where the complete procedure was followed again. 

Having completed all desired runs for several liquid heights 

for each plate spacing^ the bottom plate was changed to the next size 

hole for the same number of holes per square foot. - After these runs 

again were completed, the next plate with different hole spacing was 

installed and the same procedure was followed. 

The possibilities of incorrect measurement of entrainment 

are very great, therefore it is advisable to calculate and plot the 

data during the measurement time. This will facilitate checking some 

of the points which are out of line. 


