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CAPACITY. FACTORS .m THE PERFORMANCE OF PERFORATED PlATE COLUMNS 

Charles d'Ancona Hunt 
Radiation Labbratory·and 

Department of Chemistry and Chemical Engineering 
University of California, Berkeley, California 

October, 1954 

ABSTRACT 

A study was made of factors affecting the vapor handling capacity 

of perforated plate liquid-vapor contacting columns. Vapor phase 

pressure drop across plates, liquid entrainment upward from plate to 

plate, and plate stability were investigated as functions of operational 

and geometric column parameters. 

Gas phase pressure drbp across dry perforated plates was observed 

to follow functional relationships predicted f'rom available information 

for single perforations. .The presence of liquid on a plate increased 

the total pressure drop by the equivalent clear liquid head plus a small 

residue which is nearly constant for a given liquid. This residue was 

observed to be about 0.4 inches of water, independent of the properties 

bf the flowing gas, with water on the plate, decreasing to less than 0.1 

inches .of water for hydrocarbons. Within the over-all uncertainty of 

the measurements the data were reasonably correlated by considering the 

residue to be the result of energy dissipated in bubble formation in 

the liquid . 

Entrainment was observed to be a function.o.f column gas velocity, 

independent of gas velocity in the perforations. E:Q.trainment was also 

found to be proportional to the gas density. and inversely proportional 

to the liquid density and liquid surface tension. For a giv:en system 

entrainment was observed to be proportional to approximately the third 

power of the gas velocity divided by the distance between the liquid 
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surface and the plate above. 

The stability of perforated plates was observed to be adequate for 

many industrial and experimental !3-PPlications, as also reported in 

recently published studies, but contrary to qualitative statements 

found in the earlier literature. _Stability was found to increase with 

decreasing perforation diameter and decreasing total perforation area 

relative to column cross-sectional area, to increase with greater gas 

density, liquid surface tension and liquid wetting power, and to be 

virtually independent of liquid density and viscosityo 

Operating limits o:f vapor throughput are shown for some typical 

applications of perforated plate 'liquid-vapbr contacting columnso 
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CAPACITYFACTORS JN THE-PERFORMANCE QF PERFORATED. PLATE COLUMNS 

Charles d'Ancona Hunt 
Radiation Laboratory and 

Department of Chemistry and Chemical Engineering 
University of California, Berkeley, California 

October, 1954 

INTRODUCTION 

The industrial use of perforated plate columns for countercurrent 

contacting o;f liquids and vapors has, until recently, been limited 

mainly to ~pplications where the liquids contained large quantities of 

solid matter. According to general opinion on column design, the per-

forated plate type or contacting unit had a narrow stable operating 

range of gas flow, whereas a bubble-cap unit had no particular lower 

limit of gas flow except at relatively high liquid flow rates. 

1 2 Recent studies by Mayfield, et al., and Arnold, et al., show 

that the perforated plate column has definite economic advantages 

over the bubble-cap plate column and tha.t the possible range of gas 

and liquid flows for stable operating conditions is sufficiently wide 

for many applications in the qhemical processing field. According to 

Mayfield, et al., perforated plate columns are being used by the 

Celanese Corporation for most new applications, and existing bubble-

cap plates are being replaced by perforated plates in many units. 

The present work is an extension of an experimental program, 

initiated_ in 1948 with_the work of Jang3 with the intent of defining 

the reputedly narrow range of operating limits of perforated plates. 

'lfue first results showed that in 6-inch diameter columns the per-

forated plate was surprisingly stable for many configurations, a 

1 conclusion also reached by Mayfield, et al., in later experiments. 
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Jang~s work was cpncerned w~thpress"\ll'e drop and plate stability deterrn.i-

4 . 
nations for the air-water.system •. Claypool's work also cqnsidered 

pressure drop with other systems besides air-Mater, but .was restricted 

to sirigle-hole plates to eliminate complications of varying plate geo-

metry. ,Claypool also investigated the effect .of varying the ratio .of 

the length .of a perforation to its diameter. .He found that the pressure 

drop in the system depended upon the ratio if the value of length to 

diameter was less than o.8 to 0-9· 

The present work was undertaken prior to the appearance of' Refer-

ences (l) and (2) in .order to .clear up questions arising from the work 

3 4 . 
of Jang and Claypool related to pressure drop and plate stability. 

Another objective was to study entrainment in the perforat@d plate 

column ~n order to determine upper limits of gas flow rate in the 

column imposed by excessive entrainment upward from plate to plate of' 

liquid droplets in the gas stream. The experimental work was done in 

a 6-inch diameter column. 

In columns with liquid flowing across the plate and over a weir, 

the liquid head on the plate in the stable operating region is determined 

not only by the he.ight of the overflow weir and the head of liquid re-

quired for the flow over the weir but also by the degree of aeration .of 

the liquid on the plate. This aeration is the result of the .flow .of 

gas through the bqdy of liquid and is fairly independent of gas flow 

rate in the stable operating region. .However, the phenomenon of 

aeration is little understood at this time, and t~e degree of aeration 

can at best be predicted with a possible error of plus or minus 20%. 

In order to eliminate a large share of this uncertainty in the 

study of pressure drop across perforated plates, the liquid head on 

the plate was maintained by means o£' a constant-head tarik connected 

' 
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to the column just above the plate. The head was then measured by means 

of a pressure tap located at the plate leveL In this way the effect of' 

many variables upon pressure drop could be determined without any inter

ference from changing aeration of the liquid on the plate. Actually the 

liquid head on the plate constitutes an important part of the total 

pressure drop for the gas flowing up the column; so a complete prediction 

of gas pressure drop requires an accurate knowledge· not only of the effect 

of the variables studied in this work but also of the degree of aeration. 

The data OJ?. aeration presented in References (l) and (2) indicate that 

this question is one which needs considerably more study. 

Because of the unreliability of the performance of liquid overflow 

weirs in a 6~inch diameter column this study does not include any infor

mation on the effect of liquid flow rates across perforated plates. This 

work does not include any experimental studies of the efficiency of con

tacting of' liquids and vapors. 
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TEEORY . :REVIEW 

Pressure Drop: (Dry Plate) 

The.total presE\ure drop for incompressible fluid flow across a 

nozzle or orifiee is proportional to the velocity head of the gas flowing 

throughthe orifice, and the.only other system variables which enter the 

pressure drop function are the Reynold's Number and the ratio o;f orifice 

area to.total duct area for circular symmetrical systems and a given 

type qf orifice or nozz.le. 

The total pressure drop ac:ross e,rifices and nozzles of various 

types may be ex:pressed as the sumbf the losses due to entrance of the 

fluid into a restricted cross section of' i'low and those due to the exit 

of the resulting jet of fluid into the normal cross section downstream 

of the constrietion. 

For a properly designed rounded-entrance orifice (i.e., a nozzle) 

the fluid .flows in a smoothly converging pattern to the minimum diameter 

of the orifice, and no vena contracta .exists downstream, In sueh a 

case, entrance losses are negligible, and the exit .losses for the nozzle 

may be expressed in. terms of the average flow velocity based upon the 

minimum cross-sectional area of the nozzle. The exit loss function is 

the same as that for head loss in flow from a straight section of duct 

into a length of duet of larger diameter, For such a nozzle then, the 

total pressure drop is expressed by the following equation: 

v 2 
0 L:iH .=-

2g 

where lsH :::: total pressure drop in feet of fluid flowing 

(1) 

V = flow velocity (average) in the minimum cross section 
0 

of th~ nozzle or orifice 
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g = gravity constant 

Dd = diameter of duct 

D 
0 

= minimum diameter of nozzle 

For a sharp-edged thin-plate orifice with the vena contracta clear 

of the plate experimental work sho~s that the total pressure drop may 

again be expressed simply as the exit loss resulting from the flow of 

the jetting fluid into the'downstream sectionof duct, with entrance 

losses negligible. For this case the appropriate velocity head is that 

associated with the flow at the minimum cross section of the vena con-

tracta. The ratio of the minimum diameter in the vena contracta to the 

orifice diameter is a function only of the ratio of orifice diameter to 

duct diameter; so again the pressure drop may be expressed by an equation 

similar to equation (1): 

where D = the orifice diameter 
0 

D = the minimum diameter of the vena contracta 
vc 

(2) 

V
0 

= flow velocity (average) based upon cross-sectional area 

¢ (::) :ri:c:xperimentany detennined £unction or (::) 

Usually the pressure drop is expressed graphically as follows: 

where ¢' of the two diameter functions in 

Equation (2), (Reference 5). 
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Flow through a sharp-edged thick~Jate orifice is complicated by the 

fact· that the vena contracta formed downstream of the leading edge of the 

orifice may be .swallowed (or submerged) in the orifice channel before the 

exit plane is reached, .For cases where the vena contracta is submerged 

the exit loss is expressed in tepns of (1}. the flow velocity based upon 

the cross-sectional area o.f the or:i.fice and (2) the ratio of the orifice 

diameter to duct diameter, However the total pressure drop for such 

cases must include the entrance loss associated with the contraction of 

flow from a stra:i.ght section of duct to a smaller cross section, .This 

entrance loss is also a function only of the flow velocity in the smaller 

section and the ratio of the diameters of the two sections, .Thus the 

total pressure drop may be expressed as. the sum of two losses: 

&I total 
·~ &I +..l:H. entrance exit 

y2 
Or Mtot8.1 

0 =--a 
2.g 

t-4(1.2~ {~2 ) + (1 -~:r)~ 
. ·. 2 

for the case of .-(D /D ' less than 0,715, 0 d:.l' 

( 4) 

(4a) 

Intermediate cases between those .of thin' shacy.-edged orifices and 

those of definitely thick sharp,.,edged orifices are not amenable to any 

detailed analytical treatment) but the total :pressure drop in such inter-

mediate cases may be expected to fall in the range between the two 

extremes noted above, 

.The question of whether ~he data for single orifices spaced 

symmetrically in round ducts are applicable to symmetrical.multiple 

orifices in a duct was .answered affirmatively by Baines and Petersen, 5 

These observations showed that uniform flow-conditions are found within 

a few orifice diameters upstream and downstream of the individual ori-

fices in a multiple-hole plateJ while the total pressure drop can be 

• 
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expressed as .a .function·o:r the:total area oi' the orifices relative to the 

total area of the duct with exactly the same:function that holds for single 

orifices. The work 6n sharp-edged orifices was limited to thin plates 

having free vena contractas and negligible entiance losses, and the data 

conformed to Equation (3) as :predicted by their theory. No data are 

available in the literature .for flow through multiple sharp-edged ori

fices in thick plates such as those used in the :perforated plate column 

in the present study. 

Thus in :perforated plate columns with symmetrically spaced holes 

the pressure drop across a dry plate can be :predicted. .However space 

.for liquid flow channels from plate to plate (downcomers) requires that 

the perforation pattern be unsymmetrical with respect to column walls. 

The turbulence :pattern resulting .from this condit.ion will in general 

:persist a few column diameters up from a single plate, and :plate to :plate 

spacing is usually less than a column diameter for large columns; hence 

the pressure drop across such non-symmetrical plates-in a series may 

deviate somewhat from the simple relationships which have been deter-

2 mined for symmetrical systems. 
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Pressure Drop: (Effect of Liquid on Plate) 

The presence of liquid on a perforatedplate creates a static head 

of pressure at the plate surface. This head must be overcome by gas 

flowing up through the perforations ancl the b()dY. of liquid. The action 

of the bubbling gas aerates the liquid1/ 2'9,lO to an extent primarily 

depepdent upon the gas flow rate and the. liquid height. . If the liquid 

level on the plate is maintained by flow over a weir, the equivalent 

clear liquid head is a function of both weir height .and degree of 

aeration (at low liquid flow rates). The .effect of liquid flow rates 

upon liquid head is a complex and currently unresolved function of many 

1 2 variables in perforated plate systems. ' Therefore in the present 

work the liquid seal is maintained by means of a constant head tank, 

so that the head of liquid on the plate fs nearly ~ constant, in· 

dependent of gas flow. rate and other system parameters. Thus the 

contribution of .. liquid head to total pressure drop or gas flowing 

across the plate may be de.termined readily and subtracted rrom the 

total.to give tp.e portion or press:u,re drop resulting from turbulence 

of the gas phase and bubbling phenomena .in the liquid region. 

The turbulent expansion loss for gas flow across a dry plate 

would probably be little changed by the presence of a turbulently 

agitated liquid on the plate. .Hence the total pressure drop for gas 

. flow across a plate with liquid present would be expected to be at 

least as great as the sum of the equivalent clear liquid seal and the 

dry plate pressure drop. .If a significant amount or energy must be 

used to .form the gas bubbles in the liquid and generate turbulence 

in the liquid, then an additional contribution to the total pressure 

drop would be observed. 
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11-13 Recent papers have considered the q_ue9:tion of the size of 

bubbles .formed at single orifices. Use of th§ cqrrelations presented 

in these papers allows the calculation of bubble diameters for.single-

hole perforated plates, but .for multiple-hole perforated plates such 

as those used in the present work the violent turbulence in the liq_uid 

region undoubtedly has a primary effect upon reducing the ultimate size 

of bubbles rising through the liq_uid. The size of a bubble formed at 

an orifice is a complex .function of several factors, as is shown in 

the following analysis: 

(l) Formation of a static, nearly hemispherical bubble at an 

orifice req_uires an excess of pressure in the gas below the orifice 

to balance the liq_uid static head at the plate and the surface tension 

.forces'restraining the hemispherical bubble •. The surface tension forces 

restraining the bubble are at the maximum possible value under these 

conditions; and there are.no upward buoyant .forces due to static liq_uid 

pressures upon the surface of such a bubble. The gas bubble is s~able 

and stationary under these conditions of eq_ual forces upward and downward. 

(2) Any slight increase of gas pressure, however small, will create 

an excess of .force upward at the gas-liq_uid interface. This unbalance of 

.forces can only be restored by an acceleration of the liq_uid upward and 

by the pressure drop of the gas .flowing through the orifice into the en-

larging bubble. 

(3) As soon as the bubble size has increased at all, the shape is 

no longer hemispherical. If the liq_uid were motionless at the start of 

this action, the bubble shape would change such that buoyant forces due 

to static liq_uid head differences wou+~ have upward components over the 

portions of the bubble surface below:,;tq.e plane of maximum diameter which 

now must exceed the orifice diameter.' , 
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(4) The bubble·will continue to enlarge, but the neck -of the bubble 

will be under the influence of surface tension forces which act to close 

off the neck in this region of the gas-liquid interface. 

( 5) · , The inertia of the liquid moving inward overcomes this unbalance 

of static forces near the surface of the plate, and the resulting motion 

ot the liquid proceeds·until the bubble is separated from the orifice. 

(6) If the rate of bubble formation is sufficiently rapid to 

create significant liquid turbulence and interference between bubbles 

rising in the liquid, then the s.ize of the bubble becomes dependent upon 

the rate of formation of bubbles .. Whether liquid density and viscosity 

enter significantly would depend upon the relative magnitude-of the shear 

· and inertia forces in the moving liquid. If local disturbances in the 

liquid are in the fully turbUlent regime, then :these two iiquidproper-

.. . ' 12 ties would not enter. Data presented by Harr1.s et .al. indicate that 

density and viscosity do not enter signi.ficantly as-variables. Van 

11 
Krevelen et al. give data showing that liquid surface tension enters 

as a variable in relatively static systems, but the data of Harris et 

12 
al.. show no effect of surface tension for comparable conditions. 

(7) On multiple~orifice perforated plates the liquid turbulence 

is so violent that the initial bubble formed at any hole is probably 

quite unstable and may be reduced to several smaller bubbles as the gas 

flows up through the aerated liquid region •. Since the energy required 

for bubble formation depends upon the ultimate surface area formed 

during the passage of. a given quantity of gas, the ultimate average 

bubble size is the figure of importance in estimating pressure drop 

requirements resulting from-the generation of liquid-gas interfacial 

area. A detailed analysis- based upon the complex hydrodynamic action 

on a multiple perforation plate cannot be made at this time; however 
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the experimental data obtained in the present work lead to certain 

hypotheses concerning this action. These speculations are presented 

later in the discussion .or the experimental results . 

. Regardless of the mechanism of bubble formation, however, a given 

pressure drop is required for the generation or bubbles or a given 

ultimate size. This requirement may be estimated with the aid of 

certain simplifying assumptions, as shown in the following development: 

The generation of spherical bubbles or a particular diameter re-

quires the formation or a definite amount or gas-liquid interfacial 

area for a .given volume or gas. Thus the surface area of a spherical 

bubble is: 

A = s 

where d = the diameter or the bubble 

A = surface area of spherical bubble 
s 

And the volume or this bubble is 

v = 1T d3 /6 

The-work required to generate the interfacial area is equal to 

the product of the area times the surface tension; and the pressure 

drop requirement for the flowing gas creating the bubble is then the 

work required divided by the volume or the bubble: 

2 
LP = A l /V = 61 d n 

d\r 
= 6 yjd 

where LP = pressure drop occurring in flowing gas as a result of 

bubble formation, 

l = gas-liquid surface tension. 



-16-

Pressure Drop: (Fluctuations in measurements of pressure drop) 

.The component qf pressure drop due to factors other than equivalent 

liquid static seal -on a perforated :plateni.a.y be determined by measuring 

the total pressure drop across an operating plate and subtracting from 

this value the measured liquid head on the plate as shown by a mano

meter connected between the surface of the plate and the static :pressure 

tap above the aerated liquid region in the column. Unfortunately the 

violent turbulence in the aerated liquid region is of such a character 

that large scale fluctuations are observed in the reading of the liquid 

·head manometer. The question of what type of average or mean pressure 

to determine from these' fluctuating pressures is by no means an easy 

one to answer. 

If fluctuations in ameasured variable are large compared to the 

total value of the variable, a·significant variation may be obtained 

between average values determined in different ways. Furthermore, 

unless the fluctuations are of a known characteristic nature, the 

differences between the various types of averages cannot be interpreted 

quantitatively. 

Thus for example the use of manometers which are primarily viscous 

damped yields different results than use of manometers which are mainly 

inertia damped .. Viscous damped manometers will react to sudden changes 

in pressure more rapidly than inertia damped manometers, since viscous 

damping does not come into play until the observed reading begins to 

change ·and viscous resistance to motion is encountered in the manometer 

fluid. Inertia damping, on the other hand, acts to resist any change 

in observed reading upon sudden change in pressure, so that a large 

:pulse of short duration may have much less effect in producing a change 

in manometer reading in this type of damping compared to viscous damping. 
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If all the fluctuations in liquid head at the;,plate are of such short 

duration that they may be damped out by suitable; design of the manometers, 

the question must be decided concerning which.tY;pe of average to use in 

·determining the appropriate pressure drop for the design of columns em

ploying liquid downcomers. Downcomers contain a considerable amount of 

flowing liquid when operating near the maximumallowable pressure drop 

from plate to plate; therefore an average liquid head determined 

experimentally in a system without downcomers probably should be obtained 

with inertia-damped manometers, rather than with viscous damped systems. 

Entrainment: 

Souders and Brown6 present a semi-empirical correlation of entrain-

ment data for column operation in the region of extremely low entrain-

ment. The entrainment under such conditions is assumed to be dominated 

by viscous hydrodynamic ("Stoke's Law") drag of liquid droplets carried 

upward in the vapor stream. The constants in the published correlation 

are based entirely on qualitatively observed column operating character-

istics, and no attempt is made to propose a detailed physical model 

suitable for calculated estimates of liquid entrainment. The correlation 

·is in general use in the chemical and petroleum industries and seems to 

provide reasonable upper limits o.f vapor rates for cases where entrain-

ment must be kept to a minimum. An example of such a case is the 

distillation of a feed containing solid particles which could impart a 

color to the top-product of a distillation column. 

However, if no special reasons require low entrainment rates, then 

entrainment can be considered as an upward flow of liquid that reduces 

the efficiency of the separation on each plate in a column. Colburn8 

presents an analysis of the effect of entrainment per se upon plate 

efficiency and shows that the efficiency is not lowered significantly 

• 
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until entrainment reaches values as much as 100 times greater than those 

:predicted as allowable upper .limits by Souders and Brown. Many appli

cations of' distillation involve feed streams and :product qualities that 

would not limit operation by the conditions for which the Souders and 

Brown correlation was developed; yet'there are no data in the literature 

that would allow quantitative :predictions of' entrainment under conditions 

approaching the limits :predicted by Colburn. 

Mayfield, et al., 1 :present qualitatively determined upper limits 

of' operation for conditions of' high entrainment and they state that the 

upward flow of' liquid droplets appears to be :primarily due to splashing 

action at the liquid-vapor interface~ .If' entrainment under conditions 

of' high vapor velocity is the result of splashing rather than hydro

dynamic drag, then a correlation .of' the type :proposed by Souders and 

Brown would :presumably be inapplicable •. 

The :purpose· of the :present work is to :present quantitative data 

for entrainment for a wide variety of' operating conditions in order to 

:provide a framework for a reasonable analysis of' the :physical situation 

involvedo .Since the analysis must be based upon the observed results 

of the :present study, :presentation of the discussion concerning the 

mechanism of' ·entrainment at high vapor rates is included with the later 

section concerned with the data. 
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~.L 

• 
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EXPERIMENTAL PROCEDURE 

Pressure drop, entrainment, and stability criteria were studied in 

a 6-inch diameter perforated plate column, using a non-flow constant-

head system to maintain li~uid on the plate and a totally enclosed gas 

circulation system to provide gas flow through the perforated plate. 

The variables measured were the following: 

(1) total pressure drop across the plate, 

(2) li~uid head on the plate, 

(3) gas pressure upstream or the plate, 

(4) gas temperature upstream of the plate, 

(5) pressure drop in a standard ASME orifice gas-flow measuring 

system, 

(6) gas pressure upstream of the orifice, 

(7) gas temperature upstream or the orifice, 

(8) amount· of li~uid entrained from the primary plate to a 

similar plate above it in the column, and 

(9) amount of li~uid dumping through plate perforations. 

The system parameters investigated were: 

(1) gas velocity in the perforations and the column, 

(2) li~uid head on the plate, 

(3) perforation diameter, 

( 4) perforation pattern, 

(5) total perforation area relative to column cross-section area, 

(6) gas properties, 
f 

(7) li~uid properties, 

(8) damping in manometer systems, • 
(9) length of perforation relative to its diameter, and 

(10) plate spacing and distance from li~uid surface to the plate above. 
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A diagram of the experimental s:ystem is shown in Figure L Both the 

gas circulation system and the liquid constant-head system were enclosed 

and vented to the column in order to allow the use of other gases and 

liquids besides air and water. --Pro~risio~ was made for purging -of mano-

meters in the plate system with the liquid in use. _A heat exchanger 

cooled by tap ~ater served to _remove heat added from the work of com-

pression of the gas-circulation blower. _Since the orifice measured the 

flow of gas between the blower and the heat exchanger, gas properties at 

both the orifice and the plate were measured in order to avoid significant 

systematic errors in gas density determination. The orifice was a~-

sembled according to ASME standard specifications, 15 diameters down-

stream of flow straightening screens designed to provide a 20:1 improve-

ment in the flow distribution at the entrance of the section. The ori-

fice was 9 diameters upstream of a short radius turn. 

Gas entered the column through a trap d~signed to prevent the 

liquid which dumped through t?-e perforations from filling up the gas 

ducts, flowed through a set of straightening screens designed to provide 

a 15:1 improvement in flow distribution, and impinged upon the primary 

plate with a fairly uniform flow proi'ile in the colurim. The column was 

constructed of l/16n thick wall brass with plastic windows provided i'or 

observation o.f plate action and dumping. Pressure-taps 6 inches below 

the plate _and 18 inches abbve the plate were constructed to avoid any 

possibility of drops .of liquid affecting the pressure reading. 
. - -

_The liquid entrained from the primary plate was .collected on a 

.,_ 

similar plate higher in the column and drained continuously into a vented ~' 

receiver which was calibrated for determination of the volume of the 

liquid entrained .. as .a function of time •. Less than 1% oi' the liquid 

' reaching this upper plate couid be further entrained. out of the tapered,".____ 
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ba.f.fled column section above this plate. All entrainment data were 

taken under conditions which assured little or no dumping o.f liq_uid .from 

the catcher plate to the primary plate. The plate spacing was increased 

by adding glass spacer sections to the column just below the entrainment 

catcher plate. After the completion o.f the pressure drop measurements, 
- ' 

the metal portion of the column above the.plate was shortened to 8 inches 

in order to allow the determination o.f entrainment at small plate spacings. 

The gas pressure at the entrance to the blower was maintained 

slightly greater than atmospheric pressure in order to prevent in-leakage 

of air in runs using other gases and to prevent excessive leakage o.f these 

gases through the inadeq_uate seal around the blower shaft. Gas flow 

velocity was controlled by means o.f a simple slide valve in the 4-inch 

ducting used throughout the remainder o.f the system. Liq_uid head on the 

plate was .maintained constant within 0.3 inches by means of the.adjust-

able overflow weir in the constant head tank. The liq_uid was continu-

ously circulated .from a storage tank through the constant head tank. 

The manometers connected to the column and plate were assembled 

with glass and transparent plastic tubing in order to make visible any 

gas bubbles in lines which should have been .full of liq_uid. The inertia-

damped manometers were 3/4 inches in diameter and vertical; the viscous-

damped manometers were 3/16 inches in diameter and inclined to a shallow 

angle in order to give a multiplication of 2.5 to the scale reading. The 

large diameter vertical manometers could be read to the same degree o.f 

precision as the narrow inclined manometers (namely ± .02 inches o.f H20), 

and with greater reliability. The pressure drop at the orifice was 

measured with a standard Uehling Inclined .Manometer. 

Gas t~mperatures were measured with unstandardized iron-constantan 

thermocouples immersed in the gas stream. .Sufficient accuracy .for the 

purposes o.f this work was provided by this arrangement. 
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.Plates of 20% relative·perforation·area were so unstable with respect 

to dumping that stabilizing screens had to be installed above these plates 

in order that a suitable liquid head could be maintained. The stabilizer 

consisted of three concentric cylinders) about 6 inches long, composed of 

· l/16-inch gauge wire woven into a l/4-inch mesh screen. The stabilizer 

had no effect on pressure drop measurements~ 



• 
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EXPERIMENTAL RESULTS 

Dry Plate Pressure Drop: 

All the experimental data were obtained with aluminum perforated 

plates. The thickness of these plates was such that the length of the 

perforations was always equal to the diameter, since Claypool's work
4 

showed that consistent results could be obtained with values greater 

than about 0.9 of the parameter defined as length of perforation 

divided by its diameter. Such values of this parameter are of practical 

usefulness, because many perforated plate column designs require the use 

of plates which are self-supporting over a span of a few feet. 

Results for dry plate pressure drop measurements (Figures 2 through 

9). show that the only significant variables are (1) average hole velocity 

of the flowing gas and (2) the ratio of total perforation area to column 

cross-sectional area for symmetrically arranged holes. As shown in 

Figures 5 and 9 there is a slight effect of hole diameter, in that 3/8-

inch and 1/2-inch diameter perforations show a slightly higher pressure 

drop than do 1/4-inch and 1/8-inch diameter perforations. This dis-

crepancy is probably due to the fact that minor differences in the 

velocity distribution in the gas at the exit of the perforations may 

occur between different hole sizes, and such differences would mean 

that gas velocities based upon average flow rates in the perforations 

would not be exactly comparable. The possibility that column wall 

effects might enter was eliminated by changing the pattern of holes in 

a 1/2-inch plate in order to position most of the holes very close to 

the wall. The results for this plate with modified hole spacing with 

respect to the wall were exactly the same as for the plate with holes 

spaced normally. 
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As predicted by the theory, dry plate pressure drop may be expressed 

as a linear function of the square of the average gas velocity in the holes, 

with relative hole area as a parameter. Although the experimental results 

were an average of 14% higher than the predicted values·, the discrepancy 

was uniform and independent' of column geometry. A quantitative evaluation 

of the error involved would not be possible without data on the actual 

velocity distribution at the exit plane of the perforations in question. 

All data for gases other than air followed the same functional re

lationship as did air (Figure 11). This result is in accord with the 

theory, since Reynold 1 s Numbers in all cases were much greater than 100. 

The gases tested were Freon 12, Argon, Carbon Dioxide and Methane. 

Pressure Drop with Liquid on Plate: 

As shown in figures .2 through 10 for the system air-water, a plot 

'of Total Pressure Drop minus Measured Liquid Head versus the Square of 

the Average Gas Velocity in the perforation yields a function which may 

best be described as a straight line somewhat above and nearly parallel 

to the dry plate pressure drop line. Even at very low velocities, this 

relationship seems to hold. 

The over-all uncertainty in measured values of the liquid head 

varies from 0.1-inch of water at low gas velocities to .0.)-inch of water 

at high velocities; hence there is a corresponding uncertainty in the 

pressure drop obtained by subtracting this measured head from the total 

drop across a plate. This uncertainty is the result of fluctuations in 

the level .. of the liquid-head· measuring manometer of such long and ir

regular cycle time that the manometer damping is not effective. .Such 

irregular changes in observed liquid heads introduce into the precision 

of the data an uncertainty of a definite maximum amount, since the aver

age damped liquid level reading may actually lie anywhere between the 

• 
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limits of the long-period fluctuations . 

. A further systematic discrepancy between average li~uid head readings 

occurs between data taken with viscous-damped manometers compared to those 

with inertia-damping. As shown in Figure 3~A for the air-water system with 

l/4-inch perforations, a 6% difference exists between data taken with two 

types of manometers. The over-all uncertainty in absolute value of the 

li~uid head due to the long cycle fluctuations described above is actually 

greater than this 6% difference; so no definite conclusions can be drawn 

concerning this point. An effort was made in all cases however to record 

the approximate average li~uid head during the long-cycle variations which 

do not respond to either viscous or inertia damping; so the difference 

noted in the data obtained with each type of damping is probably the re

sult of reading a different sort of average _of the rapid fluctuations 

which do respond to the damping methods employed. .As suggested in the 

earlier section on Theory, the recommended correlation for pressure drop 

design data is based upon the type of data that is characteristically 

obtained with inertia damping of manometers . 

. Despite the over-all uncertainty in manometer readings a set of 

data £or any particular system shows considerably greater precision. 

This apparent precision is the result of the fact that in taking the 

data, an observer tends to .read some consistent average of the long

cycle fluctuations, although this average may not be the true best 

reading. Thus the differences shown in Figures 5 and 9 between pressure 

drop as a function of velocity for different hole sizes are less than 

the absolute uncertainty in the data .. Whether the differences noted are 

the result of systematic errors in recording of li~uid head readings or 

are the result of real differences in hydrodynamic phenomena cannot be 

answered definitely. High speed photographs (Appendix Il!zO of the 
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formation .of bubbles at the :plate and. of the frothing action in the 

liq_uid region indicate that no significant hydrodynamic differences 

occur. 

Thus the :photographs show that the bubbles as.formed at the :plate 

are q_uite distorted in shape· and obviously very unstable. These large 

• 
bubbles of a .wide variety of shapes and .sizes, appear to be broken in-

to many smaller ones very rapidly, and all :pictures of the-froth re-

gioh show bubble s;tze distributions which are q_uite independent .of 

:perforation dia:m.eter, gas velocity, and total :perforat:i.on area rela-

tive to column cross-s~ctional area. Further, .a calculation of the 

req_uired :pressure drop for the generation of the bubbles as showri in 

the froth :photographs gives a result of ao to 30 feet of air, as-

suming all the flowing gas ultimately forms bubbles of the size :photo-

graphed •. This figure checks q_uite well the observed excess of 

pressure drop over dry :plate req_uirements. 

A def'iriite effect of :perforation area relative to column cross

sectional area may be observed in Figure lO, with l/4-inch :plates as 

shown as the example. This e;t'fect .is not within the absolute un-

certainty of the data,; so it is :probably not just due to manometer 

fluctuations. The :photographs, however, show no apparent dil'ferences 

between the two systems. What neither the :photographs nor visual 

observation can confirm or deny, however, is whether or not all the 

flowing gas forms the small bubbles characteristic or the froth, 

since larger bubbles, although unstable, could possibly rise so 

rapidly that they would not be apparent at the walls of the column. 

.Presumably, then, with relative hole area of 80% a sizeable portion 

of the larger bubbles formed at the plate rise through the .froth 

without being reduced to the ultimate size observed at the wall of 

• 
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the column, whereas with 5% hole area nearly all of the large initial 

bubbles are reduced to typical froth bubbleso .The physical explanation 

for such a phenomena lies in the fact that the amount of liquid avail

able for turbulent agitation of the gas flowing in the column is pro

portionally less for larger hole areas; hence there is a greater 

possibility of proportionally less bubble breaking action • 

. Variation of gas properties in the system was accomplished by 

using different gases with a range of viscosity of 3:1 and a range of 

density of 8~lo The difference between the total pressure drop minus 

liquid head and the total dry-plate pressure drop is shown in Figure 

11 to be nearly a constant loss, independent of gas properties. 

Dividing this difference measured in feet of fluid flowing by the 

density of the fluid yields a value of mechanical energy loss that is 

constant within the over-all accuracy of liquid head determinations. 

The gas viscosity does not appear to enter. 

Liquid properties were varied in the system in order to determine 

the nature of this constant energy loss measured in the water system. 

By suitable choice of liquids, the following properties were changed: 

(1) Viscosity, over a range of 80:1, other properties 

remaining nearly constant, 

(2) Surface tension, over a range of 4:1, 

(3) Density, over a range of 2:1, 

(4) Interfacial tension between the aluminum plate and the 

liquid, as measured by the spreading of a given volume of liquid 

on a level aluminum plate. 

The liquids used were: 

(l) water, low wettability, 

(2) water, good wettability, 
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{3) glycerine-water, viscosity equal to 10 cp and 80 cp, 

(4J n-outyl alcohol, 

(5) carbon tetrachloride, 

(6) ri-hexane, 

(7) kerosene, (approximately C-12). 

The results f'or·pressure drop using these liquids are shown in 

Figure 12. The uncertainty in the data is indicated on the plot; thus 

at low velocities liquid level vari.ations are about .Q.l-inch total, 

and at high velocities variations .from 0·3-inch (for·water) to.0.4-

inch (for CC14).are noted, Within the over-all uncertainty of the 

data the only pro.perties which could have an ef.fect consistent with 

theobservations are the·surface tension of' the liquid, possibility 

the wettability .o.f the liquid with respect to the plate, and to a 

slight extent the density of the liquid. The viscosity o.f the liquid 

has no clear e.ffect upon the pressure drop. At high velocities the 

data diverge widely, probably because of the large uncertainties in 

liquid head observations; so probably the most reasonable correlation 

would be one based upon straight lines drawn parallel to and above the 

dry-plate pressure drop line. 

There is not enough in.f.ormation to confirm or deny the possible 

e.f.fects of liquid density and wettability, and there are no ~priori 

reasons, based upon observations of the hydrodynamics involved, for 

including these variables in any cqrrelation df the data. That the 

surface tension~is of primary importance, however, seems unquestionable. 

Thus the work (and thus the gas pressure drop) required to break the 

gas flow into bubbles of a given size is directly proportional to the 

liquid surface tension. It is quite possible that othe~ liquid 

properties a.ffect the ultimate size of the bubbles formed, ·but since 

• 
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the data can be correlated adequately without considering other properties 

at the present time, the predicted values o~ excess pressure drop require

ments shown in Figure 12 are based upon surface tension considerations 

only. 
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EXPER!ME:NTAL RESULTS AND DISCUSSlON 

Entrainment: 

Entrainment data for the system air-water, with l/4-inch diameter 

perforations in the plates, are shown in Figure 13. These results corre

late very well on a single line when entrainment is plotted against the 

average gas velocity in the column, even though gas velocities in the 

perforations range .from approximately 50 ft/sec to 100 ft/sec .for each 

of the three plates used. Thus at a gas velocity in the column of ll 

ft/sec, data coincide where the gas velocity in the perforations is 

110 .ft/sec for the 10% hole area plate and 55 ft/sec for the 20% hole 

area plate. The plate spacing .for these runs was 20 inches with L8 

inches of liquid head on the plate. 

Figure 14 show.s entrainment data for a variety of plate spacings, 

with entrainment again plotted against gas velocity in the column. 

Where possible the gas velocity was increased to whatever value was 

necessary to achieve an entrainment o.f approximately 20 weight per

cent liquid relative to gas flow rate, but pressure drop in the gas 

flow system limited the maximum gas velocity in the column to ll to 

12 ft/sec. There is a very sharp increase in entrainment with de

creasing plate spacing, as shown in Figure 15, where entrainment is 

plotted against plate spacing, with various gas velocities as constant 

parameters. 

In Qrder to determine whether or not the plate spacing should be 

considered as the actual distance .from the liquid surface (as maintained 

by a weir) to the plate above, runs were made at various combinations of 

liquid head and plate-to-plate spacing. .Figures l4A and l4B show the 

results o.f these runs •. The true position o.f the liquid surface in the 

column used in this work is not indicated directly by the observed 
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liquid head on the plate because of the phenomena of aeration. Quanti-

tative data on aeration in multiple hole perforated plate columns is 

3 1 2 presented by Jang, ,Mayfield et al., and Arnold et al. The data ob-

tained in those works scattered a good deal, and this scatter would 

cause serious uncertainty in the prediction of pressure drop for gas 

flow in a perforated plate column. However, for purposes of estimating 

the position of the liquid surface for a given liquid head used in this 

study, an average value of the aeration factor could be chosen as 0.5 

without causing an average error greater than one inch in the position 

of the surface. As a check on the data referred to above, the column 

used in the present work was modified temporarily to include a liquid-

overflow weir and downcomer system in order to observe aeration effects. 

The aeration factor in the 6-inch diameter column consistently lay in 

the range 0.4 to 0.6 at liquid levels of 4 inches and greater, and was 

independent of gas velocity and the nature of gas used. 

Figure 15A shows a replotting of the data of Figure 15 with the 

effective plate spacing plotted as the independent variable, instead 

of the distance between plates. The effective plate spacing is the 

plate distance minus the height of aerated liquid on the plate. -The 

average slope of the straight lines obtained is 3.1, varying from 2.6 

to 3.8, showing that the effect of plate spacing is very nearly the 

same as the effect of gas velocity in the column. Therefore a 

reasonably good correlation of all the air-water system data can be 

obtained by plotting the entrainment against an independent variable 

consisting of the gas velocity divided by the effective plate spacing. 

Figure 15B shows all the air-water data represented in this manner. 

The abscissa is arbitrarily multiplied by the number 16 in order to 

have a reference line that coincides with the data for the column 
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configuration used most frequently in this study. A limiting velocity 

based upon excessive entrainment determined by the position of this 

reference line would give a conservative value for use in column design. 

The maximum error would be 25%, and the average would be 10%, with all 

errors in the safe direction. 

The fact that entrainment is such a sharp function of effective 

plate spacing shows conclusively that hydrodynamic drag of liquid drop

lets by the upward flowing gas stream is not the major contributing 

cause of entrainment in a perforated plate column. Such a drag would 

be constant, at constant gas velocity in the column, independent of 

plate spacing; yet there is little indication that entrainment is ap

proaching a constant value as plate spacing increases .. Thus any 

analysis of entrainment observed under condit.ions similar to those in

volved in the present work should presumably be concerned with the 

phenomena related to splashing at the liquid surface above the plate • 

. Considerable visual observation of the column action confirms 

the fact that at plate spacings of 8 inches and 12 inches the entrain

ment is largely due to irregular splashing upward of drops of liquid 

approximately l/4 inch in diameter. High-speed photographs (Appendix 

!I·U of the entraining liquid droplets indicate that the same situation 

holds at larger plate spacings. Figure 16 is a tracing of a photograph 

taken across the column, 20 inches above the plate, with a gas velocity 

in the column of 11.5 rt/sec. Drag calculations based on the assumption 

of spherical droplets showed that the largest drop that would be carried 

upward by the gas flow at this velocity is l/50 inches in diameter .. Such 

a drop is indicated on the tracing, but drops of smaller size show up 

only inconsistently in the photographs. 
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The largest drop present is 0.2 inches in diameter, and its volume 

accounts for 90% of the total volume of liquid visible in the photograph. 

Drops of this size occur in about 1/3 of the photographs; so about 75% 

of the entrained liquid is probably carried up in such large drops, which 

could only be thrown up by violent splashing. Figure 17 shows .a plot of 

drop size distribution versus drop diameter for this photograph. The 

other photographs which do not show large drops have similar distri

but"ions up to .a diameter of 0 .1 inch. 

That entrainment is a function of gas velocity in the column rather 

than in the perforations is probably due to the fact that the splashing 

of liquid at the surface above the plate appears to be the result of the 

sudden rupture of large (ca 2 to 3~inch diameter) bubbles rising through 

the froth. These bubbles are far enough from the perforations so that 

their velocity appears to be closer to that of the average gas velocity 

in the column rather than that in the perforations. Visual observation 

of the column action, plus examination of many high-speed photographs of 

the liquid surface, indicate that the. frothy surface of these larger 

bubbles ruptures with sufficient violence to cause even 1/4-inch diameter 

liquid drops to be thrown as much as 24 inches above the plate. 

The energy for this process is presumably available in the form of 

potential energy stored up in the liquid-gas interfacial area that is 

generated by the bubbling action discussed in the previous section on 

"Pressure Drop". Hence the degradation of the mechanical energy removed 

from the gas as a consequence of the formation of gas-liquid interfacial 

area probably involves a step in which some of this energy is transformed 

briefly into kinetic energy of liquid droplets •. Since the physical action 

involved is quite complex, no detailed accounting of the mechanism can be 

presented here; however·a calculation of the work required to lift the 



-34-

entrained liquid .from plate to plate shows that even under conditions of 

20 weight percent entrainment less than 10 feet of air pressure drop would 

be required to provide energy for the entrainment process. 

The effect of perforation diameter upon entrainment is shown in Figure 

~8. In the range of velocities studied, entrainment with l/2-inch per-

forations is about 4 times greater than that.with the smaller perforation 

diameters. Visual observation of the surface of the liquid indicates 

that the splashing is quite irregular with 1/2-inch holes compared to 

the action with the other sizes; so the relatively larger entrainment 

is probably related to this irregularity • 

. Figure 3:.9 shows the data for the systems Freon 12-water, air-water 

and methane-water. Figure 20 presents the entrainment results for the 

systems air-carbon tetrachloride, air-kerosene, air-hexane and air-water • 

. In these figures the volumetric rate o.f liquid entrainment is plotted 

against gas velocity in the column. The results show that entrainment 

is proportional to gas density and inversely proportional to liquid 

density and liquid surface tension. 

A general correlation of all the entrainment data taken with .a 

given perforation diameter, plate spacing, and liquid head is presented 

in Figure 2J .. The data plotted as weight percent entrainment times a 

relative surface tension ratio versus gas velocity in the column fall 

on a single line with a maximum deviation of 35% and an average devi-

ation of 15%· The data show that the gas flow rate in a column may be 

much greater at conditions of limiting entrai.nment defined by Colburn
8 

than at conditions of limiting entrainment predicted by Souders and 

Brown
6 

.for cases where entrainment must be kept to a minimum. The 

Souders and.Brown equation is generally used at present, however, in 

a modified .form in which the empirical constants employed are such 

• 
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that a satisfactory upper limit of operation is obtained, even though en

trainment may not be the limiting factor in design. These upper limits 

may also be imposed by factors such as excessive pressure drop and loss 

of contacting efficiency of liquids and vapors. Furthermore the equation 

is applicable to bubble-cap trays only, whereas no data has been published 

concerning perforated-plate operational upper limits resulting from factors 

other than excessive entrainment. 
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DISCUSSION OF RESULTS 

Perforated plate stability was studied by measuring the ~uantity of 

li~uid dumping through the perforations and observing the effect of column 

operating parameters upon this. ~uantity. As shown in Figures 22 through 

28, for the air-water system, the amount of li~uid dumping through the 

perforations increases sharply in a narrow range of decrease in gas 

velocity for any given confjguration. The region of sharpest change 

in li~uid dumping rate as a function of gas velocity is noted on each 

curve, and this region is used as the lower limit of the perforated 

plate stable operating range.• A complete specification of lower 

operating limits would have to include a study of plate efficiency 

drop with reduction in gas velocity, since the lower operating limits 

determined by dumping criteria are visibly associated with relatively 

poor contacting between the gas and li~uid. Plate efficiency was not 

studied in this work,.however; so lower limits of plate stability will 

be specified by the average gas velocity associated with a sharp change 

in liquid dumping rate . 

. The data presented in Figures 22 through 28 show that increasing 

li~uid level on perforated plates decreases the plate stability, how

ever the effect is not consistent. For example, the most.stable plate 

(II, 1/8-inch diameter perforations, 5% hole area) is .operable down to 

less than 5 ft/sec gas velocity in the perforations with a li~uid head 

of one inch. At higher li~uid heads however the effect is comparable 

to results found for other plate configurations. The effect of li~uid 

head upon plate stability becomes more marked with increase in total 

area of perforations for a given hole diameter, as may be seen by 

comparison of Figures 22 and 23 and also Figures 25 and 26. 

.... 
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No exact rule can be formulated for predicting the effect of hole 

diameter, since this effect differs with change in total perforation area. 

In general, however, increasing hole diameters decreases t~e plate stability. 

An exception is found with the 5% hole area plates, in which group .the 

1/2-inch diameter perforations showed greater stability than did the 1/4 

inch. Since most of the dumping through perforations occurs in those 

nearest the column walls, a second 1/2-inch plate was constructed with 

the same hole area but larger spacing. This spacing placed the outer 

row of holes within 1/2 inch of the column walls, as was the case with 

the 1/4-inch and 1/8-inch diameter holes. Figure ?8' shows that this 

modified plate gave stability criteria that fell in line with the general 

rule observed on the 1/4-inch and 1/8-inch plates. Table III-A tabulates 

the stability results as a function of perforation diameter and total 

area. 

The sensitivity of plate stability with respect to perforation 

spacing near the column walls indicates that the design of perforated 

plate columns should take this factor into account. More random dumping 

across the plate will occur if the holes are at least two diameters away 

from the wall of the column, and this random dumping will usually occur 

at lower operating limits than will edge dumping. 

The investigation of the effect of changing liquid and gas proper

ties was carried out entirely with L8 inch of liquid head on plate III, 

with 1/4-inch diameter perforations and 5% total hole area .. Table III 

presents the data for the systems studied, and Tables III-B and III-C 

present cross tabulations to show the effect of specific variables. 

Tests with methane, air and Freon-12 show that gas density appar

ently affects the stability, in that the gas velocity corresponding to 

the stability criteria is approximately inversely proportional to the 
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sq_uare root of the density. Tests with air flowing through n•butyl alco

hol, carbon tetrachloride, kerosene, and n-hexane represent a group .of 

liq_uids with about the same surface tension but with different wetting 

characteristics. Wetting characteristics were determined by noting the 

diameter to which a given volume of liq_uid would spread on a level :plate. 

A definite correlation appears between increased wettability and in

creased :plate stability. A simi.lar set of tests with air flowing through 

water and various glycerine-water mixtures represents another group of 

liq_uids with approximately constant surface tension but varying wettability. 

A similar correlation is obtained. 

There can be no direct comparison of varying surface tension ~t 

constant wettability for these liq_uids; however the fact.that the 

glycerine-water mixtures gave greater plate stability than alcohol and 

carbon-tetrachloride despite a lower wettability shows that i.ncreasing 

the surface tension has a direct effect upon improving the :plate stability. 

The data indicate that liq_uid density and liq_uid viscosity have no 

noticeable effect upon stability of :perforated :plates. 

The results obtained in this study :provide a reasonable basis for 

accepting a physical model based on a balance of forces acting upon the 

liq_uid in the :perforations at the condition of critical stability. Thus 

the effect of gas density may be explained by the fact that impact of the 

gas upon the liq_uid moving in a turbulent manner on the :plate tends to 

keep the liq_uid from flowing into the :perforations: for a given impact 

head, the velocity is related to the reciprocal of the sq_uare root of 

the gas density. If liq_uid does start to fill a :perforation and form a 

drop below the bottom of the :plate, then the force tending to hold the 

drop from falling is :proportional to the surface tension of the liq_uid, 

for complete wetting conditions. If the liq_uid does not wet the :plate 
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well, the positive contact angle between the suspended drop and the inside 

of the perforation reduces the effectiveness of the surface tension forces, 

in proportion to the cosine of this angle. The data indicate that the 

contact angle of wetting is of considerable importance in its effect upon 

plate stability, as is the nature of the liquid circulation on the plate 

in the vicinity of the column walls. Since these two factors will depend 

upon column design and materials of construction to a large extent, pre

diction of exact stability criteria for new designs is not possible. 

Pilot plant data on fairly small scale equipment such as was used in 

the present work should provide fairly reliable information, however. 
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COMPARISON TO OTHER STUDlES 

Pressure Drop, Dry Plate:· 

As a preliminary study to further work on large scale equipment the 

pressure drop across perforated plates in a 6..,inch diameter column was 

1 
measured by Mayfield et al. The results obtained for the 6-inch column 

show that the dry-plate pressure drop is the same function of gas velocity 

in the perforations as .was found in the present work. However the results 

1 
of Mayfield et al., lie 14% lower •. The relative hole area to column area 

. is not reported; so an exact.comparison is not possible. I.f the hole area 

in that work is of the order of 5% of the column cross section, however, 

then those results lie within 1% of the values predicted by the theory 

outlined in the present work. Such discrepancies between two apparently 

similar systems.may be ascribed partly to slight differences in pressure 

tap configuration, differences in 11 standard" ori.fice systems used to 

meter gas flows, and mainly to small errors in perforation diameters. 

The continuation of pressure drop measurements on a 6.5-foot 

diameter column show the same results as those obtained with the 6-inch 

diameter column, for l/4~inch perforation diameters •. For the 3/16-inch 

diameter holes the pressure drop was approximately a function of the 

velocity to the L8 power, with values higher than those in the 6-inch 

column at low flow rates and lower at high flow rates •. For 1/8-inch 

perforations, the pressure drop was the same function of velocity as 

in the 6-inch column, but values were 50% high, a discrepancy attributed 

to .worn drills and burrs around the holes in the large tray. A re-

duction of drill diameter of .013 inches would be required to account 

for this difference, providing the holes were appropriately sharp-

edged •. Since this much wear seems unlikely, burrs on the perforation 
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edges must account for some of the error. The plate thickness is not 

reported for the one large tray which was used for all the data taken; 

so no effect of variable ratio of perforation length to diameter (L/D) 

can be inferred. 

. 2 
The measurements of pressure drops made by Arnold et al. were 

carried out in a 1.5-foot diameter column with pla-~~es of a single thick-

ness, 0.29 inches; hence values of L/D vary as hole diameter changes. 

The range of L/D covered in that work is 0.76 to .0.09, compared to the 

value of L/D of 1.0 used in the present work and to the minimum value 

of 0.9 found by Claypoo14 to be a requirement for consistent results 

independent of L/D in a given system. The results of the studies 

reported by Mayfield et al. 1 and Claypool4 both show inconsistent effects 

of L/D in the region of L/D less than 0.9; so no proper comparison of 

such data can be made with that obtained in the present work for L/D 

of 1.0. Neither study reported any influence of variable L/D upon the 

functional relationship of pressure drop versus velocity; however Arnold, 

et a1. 2 report that pressure drop is a consistent function of the gas 

velocity in the perforations to the 1.8 power, whereas all of the re

sults of the present work and most of those shown by Mayfield, 1 Jang3 

and Claypoo14 indicate that the gas velocity enters to the 2 power as 

predicted by the theory. 

The discrepancy between the two functions is probably caused by 

the fact.that in the column used by Arnold et .a1. 2 nearly l/3 of the 

cross-sectional area was occupied by liquid downcomers instead of 

perforations, a condition which creates a non-uniform over-all turbu-

lence pattern in the flow of gas up the column from plate to plate •. No 

reason is apparent for the fact that some of the results reported by 

1 
Mayfield et al. for the 6.5-foot diameter column (which does contain 
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downcomers occupying about 25% of the column area) agree functionally 

2 with those of Arnold et al;, but most of the results agree with those 

predicted by theory., 

2 . 
. Comparing results of Arnold et al., for L/D of 0.76 to those of 

this work shows that pressure.drops in the former case vary from 5% to 

15% higher than those reported herein .. The difference in values of 

L/D between the two systems might account for this variation, according 

4 to Claypool's results. A greater uncertainty in the validity of com-

paring the two systems lies in the fact that no definite relative hole 

area can be chosen for a column whose cross-section is only 2/3 occupied 

by the perforation pattern. Thus a plate with 7·7% hole area in the 

perforated region has only 4% free area based on the entire column .cross 

section. A point of question in regard to certain of the data by 

Arnold2 is that, whereas a normal effect of pressure drop as a function 

of relative hole area to column area is observed for most of the plates, 

no effect is noted in changing from 20% perforation area to 30% (based 

on the perforation region). This phenomenon is inconsistent with the 

t~eory and with the observations reported in all other work discussed 

here . 

. The data for dry-plate pressure drop reported by .Jang3 and Clay

pool4 (for values of L/D greater than 0.9) lie about 10% higher than 

the theory, compared to .the 14% found in the course of the present 

work. This difference of 4% is small enough to be well within the 

absolute accuracy o.f the experimental results, since gas flow measure-

ments are made with standard but uncalibrated orifice configurations. 

Eressure Drop, Liquid on Plate~ 

The preliminary study on a 6-inch diameter column by Mayfield 

1 et al. also included measurements of the total pressure drop across 

0 
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:perforated :plates .with various quantit.ies of liquid :present. The report 

states that the total :pressure drop was very nearly equal to the sum of 

the dry-plate :pressure drop :plus the equivalent clear liquid head .. This 

equivalent head was assumed to be that height of clear liquid which corre-

s:ponds to the known quantity added to the column. The data for the system 

air-water shows the total :pressure drop to be about ·0.2 inches of water 

greater than the .sum of dry~:plate drop :plus .assumed liquid head. Data 

for the system air-absorption oil (specific gravity of 0.83) shows the 

total to be within 0.1 inch of water of this sum, and for the system 

air-glycol-water (viscosity of 8 c:p) to be equal to this sum. These 

results are within 0.2 inches of water of the :pressure drop data ob-

tained in the :present work, a difference within the over-all absolute 

uncert~inty of the results reported here. 

The work done with the 6.5-foot diameter column and reported by 

. 1 
Mayfield et al. shows that the equivalent clear liquid seal on the 

:plate, calculated as the difference between total :pressure drop and 

dry-plate pressure drop, was a complicated function of overflow.-weir 

height, assumed liquid head over the weir (calculated on the basis of 

the Francis weir formula for clear liquid flow), and gas flow rate. An 

aeration factor was defined as the apparent liquid seal divided by the 

calculated liquid seal. .This aeration factor was found to be a function 

of the above parameters in such a complex way that the effect of any one 

qf them was in turn dependent upon the other two; so no attempt was made 

in that report to draw any conclusions concerning a :possible universal 

correlation of the aeration factor as a function of column operating 

factors. The only system investigated for :pressure-drop in the large 

column was air~water. 

The experimental wo.rk reported by Arnold et a1.
2 

includes the 
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measurement of actual liquid seal with manometers for only one plate con-

figuration ( 5% hole area and- L/P of 0.09). The total pressure drop was 

observed to about 0.3 inches of ·water greater than the smn of .dry-plate 

drop plus measured liquid seal, a result in agreement with those obtained 

in the pre~ent study. Apparently these measurements were restricted to 

this particular plate, for no other observations of this type are reported. 

The rest of the data on pressure drop-is co.rrelated on the basis of an 

aeration factor which is based upon calculated versus observed total 

• pressure drop. _There is no indication of any attempt to separate dry

plate pressi.ll::-e drop .from the liquid aeration phenomena. This aeration 

factor based upon totai pressure drop was observed to be a function-of 

gas flow rate-and weir height, for low liquid flow rates involving 

negligible calculated head over the weir. The report state_s that efforts 

to include in the correlation data .taken at larger liq_uid flow rates were 

unsuccessful. No systems other than air-water were studied. 

Jang3 and.Claypool4 present data which show that the total pressure 

drop for the system air-water exceeds the smn of dry-plate drop plus 

measured liquid head by 0.3 to 0•4 inches of water. This result is in 

good agreement with that found in the course of the present work. 
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COMPARISON TO OTBER STUDIES 

Entrainment and Plate Stability! 

None of the published studies on perforated plate performance include 

any quantitative infor.mation.on entrainment rates or liquid weeping rates; 

1 however the report of Mayfield et al., tabulates a qualitative estimate 

of the range of stable plate operation for two p~ate configurations. For 

3/16-inch diameter perforations of 7% hole area relative to.column area, 

they report an upper limit of 7·5 ft/sec air velocity {with water as the 

liquid) in the column (109 ft/sec in the perforations). and a lower limit 

of 2~2 ft/sec in the column .(33ft/sec in the perforations). They define 

the lower limit as the gas velpcity at which liquid begins to weep 

through the perforations .. The upper limit corresponds to an entrainment 

rate (estimated from data obtained in the present work) of only 0.2 weight 

percent entrained water relative to air flow. According to the results 

obtained in the present work a maximum air flow rate of 10 or 11 ft/sec 

in the column would not cause excessive entrainment by standards proposed 

8 
by.Colburn. The lower limit of velocity of 33ft/sec in the perforations 

is difficult to compare to data obtained in the present work, since the 

mi.nimum column velocity is stated to be that at which liquid just starts 

to weep through the perforations. This .condition is not necessarily the 

appropriate one for· defining a lower limit of operation, a::; may be seen 

i.n the comparable data shown in this work (Figure 26), for there may be 

a significant di.fference between the gas velocity at the condition of 

inci.pient weeping and that at the condition of a sudden increase in the 

quantity of liquid dumping through the perforations. 

For a plate with 3/16-inch diameter perforations but with 4.5% hole 

1 
area, Mayfield et al., tabulate the same upper limit as for the other 
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configuration but a minimum velocity for stable operation of 17 ft/sec 

gas velocity in the perforations. The marked difference in lower limit 

for this plate compared to that for the plate with approximat~ly twice 

the hole area) is larger than would be expected if the lower- limit were 

specified in the manner recommended in the present work. Reference to 

Figures 25 and .86 shows that 9;s hole area is reduced, the lower limit 
. .. 1 .,. 

specified by Mayfield et al., approaches more closely the limit deter-

mined by the sudden increase in dumping rate; so the discrepancy in-

dicated above is probably explained by this change in the nature of the 

liquid dumping curves. 

1 Although Mayfield et al., report no significant change in lower 

operating limit with increase in calculated liquid head. on the particular 

try reported on in detail, the general results of both their study and 

the present work shows a definite and important relationship between 

liquid head on the plate and lower limit of operation. Figure ~9 shows 

1 the correlation of :Mayfield et al .. , for weep point on the plate with 

3/16-inch perforations; they get a fair correlation plotting dry tray 

pressure drop for the gas velocity at the point of incipient weeping 

versus -calculated liquid depth on the plate .. The .data of the present 

work are shown on the same graph and show a wide variation in slope of 

dry-tray pressure drop versus liquid level, although some of the plates 

show the same type of function. The fact that the phenomena associated 

with liquid dumping are very sensitive to slight changes in column 

design causes difficulty in making any absolute _comparison of data 

between different systems. 

Entrainment is not considered in the report published by Arnold 

et al.-2 However they do indicate qualitatively-determined operating 

conditions corresponding to incipient weeping of liquid through the 
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perforations. These points occur at gas velocities in the perforations 

of about 40 ft/sec, but show no consistent relationship to hole size, 

total hole area, or liquid head on the plate •. There is no quantitative 

information presented concerning plate stability. 

A large amount .of data for entrainment from bubble~cap plates is 

reported by Holbrook and Baker9 for the steam-water system, by Sherwood 

7 10 and Jenny for the air-water system, and by Peavy and Baker· for the 

alcohol-water system. Holbrook and Baker used an 8-inch diameter column 

with only two bubble caps per plate, but they do not indicate the liquid 

level on the plate. They report no significant .effect of slot velocity; 

in fact, the effect of slot velocity was found to depend both in magni-

tude and direction.~upon the plate spacing •. Data are presented for en-

trainment as a function of gas velocity in the column, as shown in 

Figure 30, for several .different plate spacings. Entrainment data from 

the present work is also shown for comparison, although lack of infor-

mation on the actual effective spacing makes exact comparison difficult • 

. The detailed drawing .of the equipment of Holbrook and B.aker indicates 

that the liquid level on the plate was probably about' 2 inches; there-

fore their data for a plate spacing of 18 inches shouldhave the same 

effective spacing as that of the present study for an effective spacing 

of 16 inches. Also shown in Figure 30 is a plot of entrainment versus 

plate spacing and also versus efi'ective spacing, at constant velocity .• 

Sherwood and Jemr} employed an 18-inch diameter column with 7 

bubble caps per plate. They observe some effect oi' slot velocity, but 

the efi'ect is no more than that shown by Holbrook and Baker.9 Their 

data for various plate spacings is shown in Figure 3J., and a comparison 

to the data of the present work.is shown for an effective spacing of 

16 inches. Again, Figure 3J:.> shows a plot of entrainment versus plate 
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spacing and also versus effective spaci.ng, at constant velocity. 

10 .Peavy and Baker used an 18-inch diameter column and present entrain-

ment data at one liquid level and a single plate spacing .. The data are 

shown.in F~gure-:;2, and compar~d to the data of the present study. for a 

comparable effective spacing. 

Figure 33 presents a comparison of representative data from these 

three references with comparable data from the present work. The data 

. 7 . 10 8 . of Sherwood and Jenny and of Peavy and Baker, · both for an 1 -J.nch 

diameter colUID.I;I., compare closely, and they lie·above the data of the 

. present work by a factor of about six. The data of Holbrook and Baker9 

lie closer to those of this study, and the entrainment is a steeper 

function of gas velocity than for any of the other cases. The fact that 

columns of different diameter were used makes comparison difficult oe-

cause of the uncertain magnitude of the wall effect, but the fact that 

the entrainment increases with increasing column diameter is in 

qualitative agreement w.ith the expected directie.n of any wall effect. 

The disagreement in slope between the data of Holbrook.and Baker9 

and all the rest of the data is probably due to the fact that only two 

bubb~e caps were used in that study, an experimental condition which 

could have a serious effect upon the uniformity of surface splashing 

across that part.icular tray compared to trays with several caps. 

·.Whether all of the difference between the various sets .of data is the 

result of wall effect in the columns is not known; however, a portion 

.of the difference between the entrainment observed in the present study 

on perforated plates and that observed in the work on bubble-cap plates 

may be due to a difference in the splashing action at the surface of the 

1 
liquid on· the two types bf plates. ·Thus, Mayfield et al., report that 

bubble-cap plates appear to be entrainment-limited at a lower gas 
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velocity than do perforated plates in an otherwise identical column. .No 

quantitative information accompanies that statement however . 

. Figure .):5 also presents a comparison of the data of the present work 

with those available .for bubble-cap plate studies which shows that en

trainment is nearly the same function of effective spacing i'·or all cases 

reported .. 
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APPLICATION OF PERFORMANCE DATA TO COLUMN DESIGN 

The data presented in this study were all obtained with .a six..,inch 

diameter perforated plate column; however, extrapolation of the data to 

the design of larger columns is _probably well justified in view of the 

agreement of the results presented here with those presented by Mayfield 

l 2 et al., and Arnold et aL Actually, the allowable upper limits of 

operation of columns cannot be defined accurately without the aid of 

pilot plant information on the particular system involved because of 

lack of knowledge beforehand on such questions as foaming .of the liquid 

phase, density of the liquid in the downcomer; maximum allowable liquid 

crest over the weir, etc. 

Within a predeter.mfned framework-of policy decisions with respect 

to .such factors, however, the operating characteristics of perforated 

plate columns as presented here may be used to define operating limits 

of column operation.· The data used for this purpose are undoubteDly 

valid for such purpos~s to as great a degree as the ~ priori "policy" 

assumptions regarding .such factors as liquid density .in downcomers 

for a given system. 

_As noted previously in this work the largest degree of uncertainty 

lies in the prediction of plate stability with respect to liquid weeping 

through the perforations .. This uncertainty isthe result .of the 

sensitivity of this factor to minor changes in the distribution of 

perforations at the periphery of .a plate, and pilot plant data would 

be required in cases where the stability limits are of importance in the 

design. For many applications stability .is of secondary importance in 

column design, as can be seen .in many of the examples illustrated below. 
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A very convenient method -of presenting column operating limits in

volves a simple plot of vapor velocity (based upon plate area not in

cluding downspouts) as a function. of liquid flow per un.it length of weir. 

_For a given liquid flow an·allowable upper and lower limit of vapor flow 

can be calculated, while maximum and minimum liquid flows can also be 

specified. 

As shown inF'igure ,?l,t; (and all subsequent figures), a simple 

graphical picture of column operating characteristics is the result. 

The construction of each graph requires the specification of the following: 

(1) ,Column .Diameter 

( 2) Weir Length 

(3) Relative area of perforations to plate-area (ntinus downcomers) 

( 4) Plate Spacing 

(5) Weir Height 

(6) Downspout Outlet 

(7) Vapor Density 

(8) Liquid Density 

(9) Liquid Surface Tension 

(10) :Perforation,Diameter 

Operating lines for given ratios .of liquid to vapor flow may also 

be shown. , One graph can conveniently be used for more than one ratio 

.of weir length to plate area; so each operating line represents a 

different ratio-of liquid to vapor flow for each value of the ratio of 

weir length to plate area • 

. Calculations of operating limits are made as follows: 

(1) Ma,ximum vapor flow limited by entrainment~ 
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An upper limit of percent entr~inment is arbitrari~y chosen for the 

particular case (e •. g., 20 wt. percent liq_uid relative to vapor flow). As 

shown in Figure 2:1 and Figure .15B, the upper limiting vapor velocity can 

be determined if the effective spacing between liq_uid surface and plate 

above is known. .The spacing is calculated as the plate spacing minus the 

sum of weir height and liq_uid crest .over the weir (as predicted by the 

standard Francis Weir Formula). Thus for each liq_uid flow in a given 

column there is .a particular effective spacing which controls .the allow-

able upper limit of vapor flow for the entrainment limiting conditions • 

. This limit is independent of perforation area relative to plate area ·but 

is a function of plate spacing, weir height, gas density, liq_uid density, 

and liquid surface tension, as well as liq_uid .flow rate. 

(2) Maximum vapor flow limited by flooding: 

The flooding limit is defined as .that point where the gas phase 

pressure drop across the plate is eq_ual to the driving force o.f liq_uid 

head available .in the downcomer f.or overcoming this pressure drop. .Thus 

the expression for this condition is: 

~total = 6PDP + hliq_ + 6Px = C (s + Hweir) - hliq_ - hd . 

Where 

6PDP = gas pressure drop across the dry plate 

6P =Q -h -tiP x. total liq_ DP 

6Ptotal = total gas pressure drop, liq_uid on plate 

C ,= an arbitrary constant to allow for foaming in the downcomer 

S.= plate spacing 

H . = weir height weJ.r 

h1 . = head of liq_uid on plate J.q_ 

Ur . + H J a)_ weJ.r w.c. 
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H = height of liquid crest over weir according .to Francis w.c. 

Weir Formula 

hd = liquid head loss for flow out downspout outlet 

a = aeration factor 

Figures 2 through 12 present the pressure drop data from which the 

vapor velocity in the perforations.may be obtained. Vapor velocity based 

on plate area is then calculated, knowing the ratio of perforation area 

to plate area. 

For every liquid flow rate, then, there is a maximum allowable 

vapor flow rate limited by flooding. 

The position of this line is also a function of perforation area 

relative to plate area, plate spacing, weir height, downspout outlet, 

gas and liquid densities, and (to a very slight degree) liquid surface 

tension. 

(3) Minimum vapor flow limited by liquid weeping through the plate 

per !orations: 

This point is defined as the vapor velocity in the perforations 

corresponding to the sharp change in liquid weep rate as a function 

of gas velocity. Figures ~- through~ present the data obtained in 

the six~inch diameter column for the air-water system, and Table III 

(AppendixlV) presents the data for systems with other liquids and gases. 

The data show that minor changes in perforation spacing near the edge 

of the plate makes considerable difference in the performance of the 

column in the unstable regions of operation; hence the lower limits 

shown in Figures 3~ through:'.Y-8 may require revision in the light of 

pilot plant data obtained for a given system under investigation. 

The position of this line is a function of gas and liquid densities, 

liquid surface tension, perforation diameter, and relative area of per-
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forations to .area .of plate. 

(4) .Maximum liquid flow, limited by weir capacity: 

. This flow rate is defined arbitrarily here as the liqui.d flow 

corresponding to 2 1/2 inches of calculated liquid crest height over 

the weir. At sufi'iciently high vapor rates, where liquid entrainment 

rates become significant, the liquid load caused by cycling of liquid 

upward by entrainment reduces the allowable net flow of liquid down the 

column •. The position of this curve is a function of the ratio of weir 

length to plate area, but only rarely is this fact of any importance in 

column design •. The position of the line is also a function or the gas 

and liquid densities. 

(5) Minimum liquid flow, limited by splashing of liquid over the 

weir~ 

In qrder to maintain the designed head of liquid on the plate to 

maintain contacting efficiency, a minimum liquid flow is required to 

overcome that thrown over the weir by splashing resulting from bubbling 

action •. The figure of 10 gpm per foot of weir is an estimate based upon 

semi-quantitative observations on a small weir installed in the six-inch 

diameter column •. The limit is shown tentatively as independent or vapor 

velocity, but in any case this limit need never ·be a factor of importance 

in new cbluznn design, since a reduction in.weir length in a given column 

can be accomplished easily. Where a -column already in existence is 

being checked for use with a new system, more accurate knowledge or 

this lower limit may be required. In such a case pilot -plant data would 

be required~ as this limit would be expected to be some function of 

column layout. 

· Contacting efficiency is frequently a limiting factor in the design 

of bubble-cap plates; however the preliminary results of a study parallel 
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to the present work and concerned with contacting efficiencies of perforated. 

plates show that plate efficiency is only a slight function of vapor 

velocity at moderate to high rates of vapor flows. The work is part of 

the, as yet, unpublished Ph_oDo thesis of Ro D. Leeo 

According to Mayfield et alo,
1 

hydraulic gradient is not significant 

in the operation of perforated plate columnso 

As a typical case for a general exposition of the effect of the 

var:iables to be considered in the design of perforated plate columns, 

a system characteristic of hyd.rocarbon distillation is taken firsto 

Figure ):J4, shows the graphical presentation of the operating limits of 

the column used as the exampleo 

Of particular interest is the fact that the flooding limit cuts 

off sharply at liq_uid. flow rates considerably less than the maximum 

allowable flow over the we:i.ro _This condition is caused by the rapidly 

increasing head loss involved in liq_uid flow out the downspout opening 

which is only 3/4 inches higho Figure 35' shows the effect on the 

flooding limit of increasing the weir height from l inch to 2 inches 

i.n order to increase the height of the downsp~ut outlet to l and l/2 

incheso The head loss for liq_uid flow out the downspout no longer 

provides an undesirably limiting _factor in the operating limits of the 

columno 

The increase in plate stability in changing from 1/4-inch diameter 

to 1/8=inch diameter perforations is shown in Figures }4 and ~5o _Since 

the use of the smaller perforations involves greater fabrication cost 

for the plates, the choice of small perforations over large ones would 

presumably be made only when plate stability is important in column 

operationo 



The particular column configuration used for Figure 3D results in a 

flooding limit 20% lower than the entrainment limit. .Figure 36 presents 

operating limits for the same cOlUnin with different .values of perforation 

area relative to plate area .. Since the entrainment limit is independent 

of this parameter, while the flooding limit is dependent upon vapor 

velocities in the perforations, the relative positions of the entrain

ment and flooding lines shift with change in percent perforation area. 

The stability limit is also a function of vapor velocities in the per

forations as well as percent perforation area; so the stability lines 

change markedly .. Hence as percent perforation area increases, the ratio 

of maximum to minimum allowable operating limits significantly decreases 

after the floodi.ng limit exceeds the entrainment limit • 

. Figure 3'J shows the operating limits for the standard column of· 

F-igure !)5 with different plate spacings •. Both the entrainment and 

flooding limits change with change in plate spacing, but the stability 

limit remains the same. .Of interest to note is the fact that the flooding 

limit is less sensitive to changes in plate spacing than is the entrain

ment limito Increasing the plate spacing not only increase-s the capacity 

of ·a column but also increases its relative stability. _Comparison of 

Figures ;;6 and 37 shows that the determination of optimum column design 

with respect to plate spacing and percent perforation area can be ac

complished rapidly and easily with the aid of such graphs •. Furthermore, 

the relative stability of the column for a given operating condition.may • 

be determined readily by means of the operating line superimposed on the 

chart for the appropriate relative rates of gas and liquid flow and 

relative length of weir to plate area. 

Figure ·38 presents the operating limits for the standard column 

operating with gases of various densities. Since the weight percent 
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entrainment is independent of gas density, the entrainment limit is un

changed; however the flooding limit and stability limit change approxi

mately in proportion to the inverse square root of the gas density •. Thus 

as the gas density is reduced, the flooding limit becomes less important. 

In general, then, columns with light gases will be more likely to be en

trainment limited than will columns handling dense gases. The effect of 

gas density upon the position of the operating line is also shown on this 

chart, with the conclusion evident that columns handling light vapors 

might have too much weir length even if the column were properly designed 

in that respect for dense vapors • 

. The effect of liquid density upon the operating limits of the 

standard column is shown in Figure ,39. The char:t makes clear the fact 

that with an increase in liquid density the greater driving force avail

able in the downcomer for overcoming vapor phase pressure drop .raises the 

flooding limit significantly. The entrainment limit remains constant 

because of the fact that weight percent entrainment is independent of 

liquid density. The data on plate stability obtained with the six-inch 

diameter column showed no effect of liquid density upon plate stability. 

Figure 40 presents operating limits for the standard column showing 

.the effect of a change in s.urface tension. The flooding limits are 

changed only slightly, but the entrainment limit increases .markedly with 

the threefold change in surface tension. An important increase in plate 

stability also accompanies an increase in surface tension. 

The effect on the standard column (Figure 35) of changes in the 

ratio of plate area to weir length is shown in Figure '41. There is a 

minor effect upon maximum weir capacity, but the most important effect 

is the change in position of the operating line with change in this 

ratio. Three different operating lines are shown, and each one is valid 

for a particular relative liquid to vapor flow for each value of the 



ratio of plate area to weir length. Increasing the weir length in a given 

column moves the operating line counterclockwise, while increasing the 

liquid flow relative to vapor .flow shifts _the position of operating line 

clockwise. 

Figure ~2 shows the operating limits for a typical double-weir 

modification -of the standard column operating with a high ratio o_f liquid 

flow to vapor .flow (typical rectified absorber operation). -The lO'{oper

foration area configuration is seen to provide a narrow range of maximum 

to minimum allowable flows .in this column under these columns; so 

additional operat1ng limits are shown .for 5% and 2 1/2% perforatiq_n area 

designs. The relative stability of the column increases with decreasing 

perforation area; so considering the 5% column design to be sufficiently 

stable, a set of operating limits for this column with dif.fererit plate 

spacings is presented in Figure 43· 

These curves demonstrate the reduction in .flooding limit with 

reduction in plate spacing, and the concomitant decrease in relat.i ve 

plate stability. The ultimate column design will depend upon policy 

decisions with respect to general column proportions of height and/or 

diameter as well as with respect to stability considerations; ·hence 

such graphical presentations _assist in the rapid analysis ~f the problem 

of cost estimating _and sizing the possible column configurations fitting 

the over-alL policy limitations. 

Figure 44- presents operating limits for another variation of the 

original conditions illustrated in Figure 35· In this case a gas .four 

times as dense as in the former case is considered. Operating limits 

for different plate spacings are shown, and the effect of changing from 

a single to a double weir configuration is illustrated •. To be noted 

here is the fact that the change to a double weir column markedly 
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increases the relative stability of the column at only a small cost in 

reduced maximum throughput (the reduced throughput results from the re

duction in net plate area which more than compensates for the increased 

vapor throughput based upon net plate area). Here again use of such 

charts assists in the rapid analysis of the problem of optimizing the 

design of a perforated plate column . 

. The design characteristics of a typical vacuum column is illustrated 

in Figure ~5i which presents the operating limits for the standard column 

operating with a gas of one-sixteenth the density of the former case 

shown in Figure ~5 , The column is entrainment limited at all the plate 

spacings considered, and the effect of the low gas density upon the 

position of the operating line for a typical rectifying section (i.e., 

eq_ui-weight flows) is such that stable operation indicates the use of 

l/2 or 1/4 the length of a maximum single weir. 

A problem of importance in the distillation of light hydrocarbons 

under pressure is the design qf the stripping section Of such columns. 

Here the gas density is so high that the liquid density may be only 6 

times as great as that of the gas. Naturally, flooding problems be-

come criticaL .With bubble caps the solution reportedly lies in the 

use of large plate spacings; however, as shown in Figure l/+6 and Figure 

4:7, satisfactory perforated plate designs lie in the same general 

region of column characteristics for operation with less critical 

conditions of relative gas and liquid density. The extrapolation of 

the data obtained in the present work to the design problem discussed 

above represents a 25-fold increase in density of vapor above the 

maximum used in this study. Despite the magnitude of this extrapolation, 

the conclusions to be drawn from this discussion are probably quite 
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valid; since flooding limits are not susceptible to any changes of a 

fundamental nature just because of changes in vapor density. 

As an example of a design for which column proportions are qf major 

importance, operating conditions typical of liquid air distillation are 

illustrated in Figure ~. . The column is similar to the standard column 

except for the very small plate spa~ing .of 6 inches, consistent with the 

requirement that liquid air columns be relatively squat in over-all 

proportions in order to optimize the design with respect to heat leak. 

Operating limits for three values of percent perforation area are shown, 

as are operating lines for maximum length of single weir and one-half 

this length of single weir. The 5% perforation area w.ith the latter 

weir length provide a column configuration tl).at .appears to be quite 

usefuL The ratio of maximum to minimum flows .is three, a figure which 

ought to be quite adequate for a system like a liquid air distillation 

unit which must operate near a given designed throughput in order to 

obtain designed over-all energy efficiencies. 

Perhaps the most striking factor in the design of perforated 

plate columns evidenced in the above discussions is the simplicity of 

design methods based upon the data obtained in the present work and in 

other studies on the same subject. Elimination of problems re'lated to 

bubbl:e cap design, hydraulic gradient, loss of contacting efficiencies 

between vapor and liquid, and general uncertainties related to factors· 

.limiting vapor throughputs in bubble cap .columns reduce the problem of 

perforated plate column design to a rapid process of optimization .of 

design within policy limitations, using graphical techniques illustrated 

above as a guide to a clear understanding of the important_limiting 

factors in each design problem encountered. 
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Fig. 2. Pressure Drop Across Perforated 
Plates. Plate IIA 1/8 inch holes at about 
4 diameter spacing (4. 9;·1v hole a .. ·ea). 
Prcssurl' drop (minus head of liquid on 
plate) vs hc,le velocity s.1_uared. System 
Air-HlO. 
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Fig. 3. Pressure Drop Across Perforated 
Plates. Plate III 1/4 inch holes at about 
4 dian:o\:'t(•r spacing {5. 4~o hole area). 
Pressure drop {minus liquid hea.J) vs 
hole velocity, squared. System Air-H 20. 
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.QOMPARISON OF RESULTS J 
FOR VISCOUS- DAMPED VERSUS 
INERTIA- DAMPED MANOMETERS 
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VISCOUS DAMPED 
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Fig. 3a. Pressure Drop Across Perforated 
Plates. Plate Ill l/1 inch holes at about 
4 diameter spacing (5. 4% hole area). 
Pressure drop (minus liquid head) vs 
hole velocity squared. System Air-I:I 20. 
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Fig. 4. Pressure Drop Across Perforated 
Plates. Plate V l/2 inch holes at about 
4 diameter spacing ( 4. 91o hole area). 
Pressure drop (minus liquid head) vs 
hole velocity, sqhlared. System Air-H20. 
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Fig. 5. Pressured Drop Across Perforated 
Plates. Effect of Hole Si ~c ( 1/8 inch-
1/ 4 inch.:.lj 2. inch di;nnctcr holes at about 
4 diameter spacing) (<tppro>;imatel y 5% hole 
area). Pres,-;ure drop (minus liquid head 
on plate) vs hole velocity, squared. System 
Air-H,O. Viscous-damped Manometers. 
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Fig. 6. Prcssurt> Drop Across Perforated 
Plates. Plate I 1/8 inch holes at about 
?_ Jid.rnetcr spacing ( 18. 8~o hole area). 
Pressure drop (minus liquid head on plate) 
vs hole velocity, squared. System Air-H

2
0. 

Viscous -darnped Ma-nometers. 
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Fig. 7. Pressure Drop Across Perforated 
Plates. Plate IV l/4 in.ch holes at about 
2 diameter spacing ( 19. O% hole area). 
Pres sure dror (minus liquid head on plate) 
vs hole velocity, squared. Systern Air-H

2
0. 

Viscous -damped Manometers. 



200 

160 

--
:I: 

-71-

• DRY PLATE 

• 1.9" H20 ON P~ATE 

• 2.6" H20 ON PLATE 

t 3.4" H20 ON PLATE 

<J 120 

80 

40 

3,000 6,000 9,000 

2 2 2 
V ,ft/sec 

MU-8489 

Fig. 8. Pressure Drop Across Perforated 
Plates. Plate VI l/2 inch holes at about 
2 diameter spacing (21. 5o;'o hole area). 
Pressure drop (minus liquid head on plate) 
vs hole velocity, squared. System Air -H20. 

Viscous-damped Manometers. 
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Fig. 9. Pressure Drop Across Perforated 
Plates. Effect of ho1c si:;~e (1/8 inch-
l/L1 inch-3/8 inch-1/2: inch di<uncter holes 
a\ about 2 diameter sp;lcin:.;)(ap[Jroximately 
ZO% hole ar<"'Cl.). Pressure drop (minus li
quid hea.d on plate) vs hulc velocity, squared. 
Systcn1 Ai1·-Jl,O. Vi:>cuus-.darnpcd Manom-
----------- L"- --·-···---------------

eters. 
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Fi::·. 10. p,·L'SSllt"(' Drup Acr·uss PcrfcJ[iitcd 
Pl2.tcs. Effect of Hole Arc<.L {Usint~ l/4-
i n c h h o 1 c s a s ex d n1 p l e ) . P r c s s u r c ..1 r CJ 1) 

(minus li.iuiJ hl'ad on plate) vs hole ··iclocity 
{s.;uared). System Air-H)O. Viscous-
darnt=JCll 1\1anon-.ctl'rs. ~·-
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SYSTEMS: FREON-12,CO.,ARGON,AIR,CH4 - H.O 
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Fig. ll. Pressure Drop Across Perforated 
Plates. Effect of Using Various Gases. 
Pressltre drop minus liyuid head vs hole 
velocity squared. 
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SYSTEMS: 
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Fig. 12.. Pressure DrofJ Across Pvdorated 
P-lates. Effect of Using Various Li,tui.ds. 
Pressure drop -minus li.,uid head- vs 
hole velocity s.,uar<;d. 
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Fig. 13. Entrainment vs Average Velocity of 
Vapor in Column, Air -H20 System, 1/4-
inch diameter perforations, 1. 8-inch liquid 
head on plate, 20-inch plate spacing. 
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Fig. 14. Air-Water Entrainment Data for 
Various Plate Spacings (1. 8-inch liquid 
head on plate); entrainment vs column 
vapor velocity. 
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Fig. l4::t. Effect of Li . .tuid Level on Entrainment 
at Various Plate Spacings, Plate III, Air
H

2
0 System. Entrainment vs Vapor Velocity 

in column. 
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Fig. 15. Effect of Plate Spacing on Entrain
ment, Plate Ill, Air -H 20 Systen1, l. 8-inch 
li,1uid level, at <Lbout variGus vapor velocities 
in colun1n. Entrainm~'nt vs Plate Spa,cing. 



z 

::::> 
0 
.....J 

u 
u .. 
I-z 
w 
~ 
z 
<( 
a:: 
I-
z 
w 

0.11 

-81-

AVERAGE SLOPE 

0 F 4 Ll N ES IS 3 .. I 

10FT. I SEC. 
7 FT./ SEC. 

5 FT./ SEC. 

3 FT./SEC. 

2 4 6 8 12 16 24 

EFFECTIVE PLATE 
SPACING, INCHES 

MU-8499 

Fig. l5a. Effect of Effective Plate Spacing on 
Entrainment, l. 8 -inch liquid head, Air
HzO System. Entrainment vs Effective 
Plate Spacing. (At constant vapor velocity 
in colurnn) 
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Fig. 15b. Correlation of Entrainment Data for 
Different Effective Plate Spacings. 
Entrainment vs Column Vapor Velocity 
Divided by Relative Effective Spacing. 
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Fig. 17. Drop Size Distribution of Entrained 
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Fig. 18. Effect of Hole Size on Entrainment,· 
Air -HzO System, Plate III, l. 8 -inch 
liquid on plate, 5% hole area. Entrainment 
vs. Vapor Veloc~ty in Column. 
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Fig. 19. Effect of Gas Density on Entrainment, 
Plate Ill, Air-HlO System, l. S-inch li,-tuid 
level, 2.0-inch plate spacing. Entrainment 
vs Vapor Velpcity'in Column. 
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Fig . ..'.0. Effect of Li 1 uid Properties on Entrain
ment, Platl' Ill, 1. 8-inch li 1uid level, 2.0-
inch plate spacing. Entrainment vs Vapor 
Velocity in Column. 
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Fig. 2.1. Gen<.'ral Entrainment. Correlation for 
1/4-inch holes, with l. 8-inch li_1uici on plate 
and 2.0 -inch 9late spacing. Entrainment vs 
Column Vapor Velocity. 
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Fig. 22. Wt. ?o Dumping vs Gas Velocity in 
Perforations. Air-HzO. l/8 x 2 D (Plate I) 
20% hole area. 
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Fig. L 3. W t. /u DumjJing vs Gas Velocity in Per
£orations. Air-HzO. l/8 :-.:_ 4 D (Plate II) 
5''/o hole· area. 
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ARE UNSTABLE. 

a:: 40 
::?! 
::::> 
0 

20 

10 A 1.0" LIQUID LEVEL 

10 20 30 40 50 60 
V, FT. /SEC. 

MU-8509 

Fig. 24. Wt. % Dumping Rate vs Gas Velocity 
in Perforations. Air -H~O. 1/4 x 2 D 
(Plate IV) 20'fo hole area. 
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LIQUID LEVELS 

""= "1.0" 
• = 1.8" 
• = 2.8" 
• = 3.8" 

30 40 50 

v, FT. I SEC. 
6.0 70 

MU-8510 

Fig. 25. Wt. ~~Dumping Rate vs Gas Velocity 
in Perforations. Air-HzO. 1/4 x 3D 
(Plate VIII) l 0% hole area. 
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60 LIQUID LEVELS 

A= 1.0" . : 1.8" 
• = 2.8" 

50 •= 3.8" 

40 

30 

20 30 40 50 60 70 

V, FT./SEC. 
MU-8511 

Fig. 26. Wt. % Dumping Rate vs Gas Velocity 
in Perforations. Air-H 20. 1/4 x 4D 
(Plate III) 5'/o hole area. 
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60 

50 

(.!) 

z 
0:::40 
:iii 
:::> 
0 

~30 

....,: 
3: 

20 

10 

20 25 

LIQUID LEVELS 

• = 1.0" 
0 = !.8" 
11:1 = 2.8" 
• = 3.8" 

30 35 40 

V, FT./SEC. 
45 

MU-8512 

Fig. 2 7. Wt. Yo Dum ring Rctte vs Gas Velocity 
in Perforations. Air -HzO. l /2 x 4 D 
(Plate V) 5J/o hole area. 
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70r-----~----~----~----~------~-------, 

(.!) 

z 

60 

50 

a: 40 
~ 
::::> 
0 

~ 0 30 
t-= 
3: 

20 

10 

20 30 40 

V, FT./ SEC. 

LIQUID LEVELS 
... = 1.0" 

• = 1.8" 

• = 2.8" 
• = 3.8" 

50 60 

MU-8513 

Fig. 28. Wt. Yo Dumping Rate vs Gas Velocity 
in Perforations. Air-HzO. l/2 x 6 D 
{Modified Plate V: holes ne~:t to column 
wall) 5% hole area. 
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1.2 • Y8
11 x 2 0 

• ~~~~ x 4 0 

A Y4 11 
X 2 0 

1.0 v Y411 
X 3 0 

• y4''x 40 • 
• y2 ''x 40 

.8 )t Y2 '' X 6 0 

"'I 
. 6 , . )t 

/ / / )I / 

"' / / 
A / / .,. .,. 

/ 
. 4 .... .,. 

/ 
I //0 • I / 

I / Ill 
I )Y/ • • I ....... , 

e • ~_, ...... • II 

t 

0 2 4 6 8 

CLEAR LIQUID DEPTH, INCHES 
MU-8514 

Fig. 29. Comparison of Stability Data to that 
of Mayfield, et al., I.E. C. 44, ll38 (1952) 
for "Weep Point" Correlatioi1,"""" 6. 5-foot
diameter perf or. tray, air -H20 System, 
3/16-inch diameter holes. 
Note: Dotted lines show total scatter cf 

Mayfield's data; Solid line same as May
field's recommended line. 
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ACTUAL PLATE SPACING 

EFFECTIVE 

SPACING) 

SMOOTH CURVES 

RECOM MEN OED 

BY AUTHORS 

EFFECT OF PLATE SPACING: 

3FT./ SEC. 

.OIL-----~2--~~4~-6~~8----------~--~I0-1~2-1~5.-5-2~0--3~1~.2-5~--~I0--13~.5~18---2-9~.2-5~ 

v, FT. I SEC. ACTUAL SPACING, EFFECTIVE SPACING, 
INCHES INCHES. 

Fig. 30. Holbrook and Baker, IEC 26, 1063 (1934). 
Entrainment vs. Column Velocity. Steam-Hater. 
2-inch Liquid Level. 

MU-8515 
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EFFECT OF PLATE SPACING: 
ACTUAL SPACING 

~23om 10 
EFFECT I 

. SPACING~ 30.5om 
THIS 

'::,,:~38om WORK 
AT 20" 

~~~ 
PLATE 

SPACING (16" 

33.5 em 61 EFFECTIVE 
SPACING) 

69em 
0.1 43.5 om {j 76 om 

48.5 em 
56.5 em 
64.5 em 
71.5 em 

.01~~----~--~--~~~~~----~~~--~~~~-L--~--~~~-~~~ 

2 4 6 8 10 20 40 60 80 20 40 60 80 
v, FT. I SEC. ACTUAL SPACING, EFFECTIVE SPACING, 

em 

Fig. 3L Sherwood and Jenny, I.E. C. 27, 265 
(1935). Entrainment vs Column Velocity. 
Air-Water. 4. 5 em Liquid L~vcl. 

em 
MU-8516 
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18
11 

PLATE SPACI N(3 
( EFF. = 16") 

THIS WORK 
@ 20 11 PLATE SPACING 

( E FF. = 16 11 
) 

0.1 ~--------~~u_~~~~~~~----------------~ 
2 4 6 8 10 

v, FT. I SEC. 
MU-8517 

Fig. 32. Peavy and Baker, I.E. C. 2.9, 1056 
(1931). Entrainment vs ColumnYe1ocity. 
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2 4' 6 8 10 4 6 8 10 20 30 

VCOLUMN, FT./SEC. EFFECTIVE SPACING, INCHES 

Fig. 33. Comparison of Data on Entrainment. 
All at 16-inch effective spacing between 
liquid surface and plate above. References: 
Holbrook and Baker, Peavy and Baker, 
Sherwood and Jenny.· 

MU-8518 
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10% PERFORATION AREA 
6' DIAM. COLUMN 

18" PLATE SPACING 
I" WEIR HEIGHT 

.75" WEIR OUTLET 

ENTRAINMENT Ll MIT 

5.2' WEIR LENGTH 

Yuau 10 =20 DYNES jcm 

PLIQU10=44 LB.jFT.
3 

PGAS =0.3 LB.j FT.
3 

MAX. L 
FOR WEIR 

0o~~--~2~o--~-74o~~--s~o~~~8~o~~~~o~o~l-~12~o--~~~4o 

L,GPM/ FT. WEIR 
MU-8519 

Fig. 34. Perforated Plate Column Operating 
Limits. 
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10% PERFORATION AREA 
6' OIAM. COLUMN 

18" PLATE SPACING. 
2" WEIR HEIGHT 

1.5" WEIR OUTLET 

5.2' WEIR LENGTH 

)"LIQUID= 20 OYN ES j c m 

pL1ou1o =44 LB./ FT>' 
PGAS =0.3 LB./ FT.3 

LINE FOR.b.=IJ:k v lb 

MAX. L 
FOR WEIR 

0o~~---727o---~-740~~---6~0~~~8~0~~~10~0~~~12~0---~~140 

L, GPM I FT. WEIR 
MU-8520 

F . 35 Perforated Plate Column Operating lg. . 
Limits. 
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MAX. V FOR 

5°/c~ AREA OF PERFORATION 
10% RELATIVE TO PLATE AREA 
20% (MINUS DOWNCOMER AREA) 

FLOODING, 20% AREA 
6' DIAM. COLUMN 
1/s" DIAM. PERFORATIONS 
18" PLATE SPACING 
2" WEIR HEIGHT 
1.5" WEIR OUTLET 
5.2' WEIR LENGTH 
PL1QUI0=44 LB./ FT.3 
PGAS = 0.3 LB.! FT.3 

Yuou10 =20 DYNES /em 

MAX. V FOR ENTRAINMENT 

20 40 60 80 100 

L, GPM I FT. WEIR 
120 140 

MU-8S21 

Fig. 36. Perforated Plate Column Operating 
Limits. 
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lis" DIAM. PERFORATIONS 

10% PERFORATION AREA 

6' DIAM. COLUMN 

2"WEIR HEIGHT 

1.5"WEIR OUTLET 

5.2' WEIR LENGTH 

Yuou 10 =20 DYNES/em 

Puoulo=44 LB./FT.'3 

PGAs=0.3 LB./FT.
3 

MAX. V FO 
R ENTRAINMENT 24" 

12'} 
18" ·PLATE SPACING 
24" 

MAX. V FOR 

MAX. V FOR 

24" SPACING 

0~~--~~--~~--~--~~--~~--~~--~~ 
20 40 60 80 100 120 140 

L, GPM I FT. ·WEIR 
MU-6522 

Fig. 37. Perforated Plate Column Operating 
Limits. 
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6' DIAM. COLUMN 
10% PERFORATION AREA 
1.5"WEIR OUTLET 
5.2' WEIR LENGTH 

2" WEIR HT. 
Puoulo=44 LB./ FT.

3 

Y~IOUID=20 DYNES/em 
18 I PLATE SPACING 
1/8" DIAM. PERFORATIONS 

{

.075} 
PGAS .300 ·LB./ FT~ 

l":~c-+;.:EN~T:_-R ·A IN M ENT . 200 

40 60 80 100 

L,GPM/FT. WEIR 

p=l.2 

120 140 

MU-8523 

Fig. 38. Perforated Plate Column Operating 
Limits. 
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1/8" DIAM. PERFORATIONS 
10% PERFORATION AREA 
6' DIAM. COLUMN 
18" PLATE SPACING 
2" WEIR HEIGHT 

1.5"WEIR OUTLET 
5.2' WEIR LENGTH 

YL1ou1o= 20 DYNES/ em 
PGAS =0.3 LB./FT.3 

PLIQUID =~:}LB./ FT.3 

20 40 60 80 100 120 140 

L, GPM I FT. WEIR 
MU-8524 

Fig. 39. Perforated Plate Column Operating 
Limits. 

.. 
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1/8" DIAM. PERFORATIONS 
10% PERFORATION AREA 
6' DIAM. COLUMN 
18" PLATE SPACING 
2" WEIR HEIGHT 

1.5"WEIR OUTLET 
5.2' WEIR LENGTH 

PLIQUID = 44 LB./ FT.3 

PGAS =0.3 LB./FT.
3 

Yuou1o=~~}DYNES /em 

0o~~--~2~0--~-4~0~~--6~0--~--8~0--~~I0~0--~-1~20--~~140 

L' G PM I FT. WEIR 
MU-8525 

Fig. 40. Perforated Plate Column Operating 
Limits. 
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10% PERFORATION AREA 
1/8" DIAM. PERFORATIONS 
6' DIAM. COLUMN 
2" WEIR HEIGHT 
18" PLATE SPACING 

'2. 
f~. 

0~'?1~· 
~~'?If 

1.5" WEIR OUTLET 

YLIOUID = 20 DYNES/ em 

PLIOUID = 44 LB.j FT.3 
PGAS = 0.3 LB./ FT.3 

PLATE AREA ={~} FT.
2 

WEIR LENGTH g FT. 

\j 
0o~~--~2o--~~4~o--~--6~o--~~8~o--~-~~o~o~~~~7270~~~~4o 

L, GPM/ FT. WEIR 
MU-8526 

Fig. 41. Perforated Plate Column Operating 
Limits. 
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l/8" DIAM. PERFORATIONS 

18" PLATE SPACING PERF. AREA XIOO= 5 % U
2.5% 

PLATE AREA O% 
6' DIAM. COLUMN 
2" WEIR HEIGHT 
1.5" DOWNSPOUT 

2 
DOUBLE-WEIR COLUMN (PLATE AREA =I FT. ) 

- I 3 WEIR LENGTH FT. 
PGAS -0.3 LB. FT. 
PLIOUI D = 44 LB./ FT.

3 

YLIOU1o=20 DYNES/em 

ENTRAINMENT 

~lOODlNG 10% '-

~ 
FLOODING 5% 

40 60 80 100 

L, GPM I FT. WEIR 
120 140 

MU-8527 

Fig. 42. Perforated Plate Column Operating 
Limits. 
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5% PERFORATION AREA 1.5" DOWNSPOUT OUTLET 

1/e" DIAM. PERFORATIONS Yuou 1o = 20 DYNES/ em 
6' OIAM. COLUMN PLIOUID = 44 LB./FT.3 

2" WEIR HEIGHT p645 =0.3 LB./FT.3 

DOUBLE-WEIR COLUMN (PLATE AREA =I FT.
2
) 

ENTRAINM · \WEIR LENGTH FT 
ENT 24" SPACING 

1· 12'} 

I 
18" ·PLATE SPACING 
24" 

ENTRAINMENT IB"s I PACING 

t ENTRAINMENT " 
12 SPACING 

FLOODING 24" SPACING 

40 60 80 100 120 140 

L, GPMjFT.WEIR 
MU-8528 

Fig. 43. Perforated'Plate Column Operating 
Limits. 
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1/e" DIAM. PERFORATIONS 

10% HOLE AREA 
6' DIAM. COLUMN 
2" WEIR HEIGHT 
1.5" DOWNSPOUT OUTLET 

PGAS = 1.2 LB./ FT.3 

PLIOUIO = 44 LB./ FT.3 
J'LIOUID= 20 DYNES /em 

ENTRAINMENT 18" . 
SPACING 

ENTRAINMENT 12" 
SPACING 

12u· 18" ·PLATE SPACING 
24'' 

SINGLE AND DOUBLE WEIRS 

( 3 FT.
2

) (I FT.
2

) 
FT. FT. 

.L llb./ 
v lb. 
AT I FT.2 

FT. 

.b.=3lb. AT I FT.2~ v lb. rr. 
DOUBLE WEIR 

L1.1R: AT 3FT~ 
V lb. FT. 
SINGLE WEIR 

40 60 80 100 120 140 

L , G PM I FT. WEIR 
MU-8529 

Fig·. 44. Perforated Plate Column Operating 
Limits. 
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1/a" DIAM. PERFORATIONS 

5% HOLE AREA 

6' DIAM. COLUMN 

1.5" DOWNSPOUT OUTLET 

12'} 18" ·PLATE SPACING 
24" 

AND SINGLE WEIR COLUMNS 

20 40 60 80 100 120 140 
L, G PM I FT. WEIR 

MU-8530 

Fig. 45. Perforated Plate Column Operating 
Limits. 
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1/8" DIAM. PERFORATIONS 

18" PLATE SPACING 
5% ·= REL. PERF. AREA 2.5°/.J 

IO% PLATE AREA 
6' DIAM. COLUMN 

TYPICAL DOUBLE WEIR 

2" WEIR HEIGHT 

1.5" DOWNSPOUT OUTLET 
_ I 3 ( MAXIMUM DENSITY IN THIS)· 

PGAS -?.2 LB. FT. 25 X EXPERIMENTAL WORK 
PLIOUID = 44 LB./ FT.3 

YLIQUID = 20 DYNES I em 

2 
1.:3..!:.2:. AT I FT. 
V Lb. FT. 

40 60 80 
L, GPM/ FT. WEIR 

MU-8531 

Fig. 46. Perforated Plate Column Operating 
Limits. 
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1/e" DIAM. PERFORATIONS 

5% PERFORATION AREA 
6' DIAM. COLUMN 
TYPICAL DOUBLE WEIR 
2" WEIR HEIGHT 

12'} 18" ·PLATE SPACING 
24" 

1.5" DOWNSPOUT OUTLET 
p =72 LB/FT3 (25 X MAXIMUM DENSITY IN THIS) 

GAS .44 . I . 3 EXPERIMENTAL WORK 
PLIQUID = LB. FT. 
YLIQUio=20 DYNES /em 

2 
.!:. = 31£:. AT I FT. 
V Lb. FT.' 

120 140 

MU-8532 

Fig. 47. Perforated Plate Column Operating 
Limits. 
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1/8" DIAM. PERFORATIONS 

6" PLATE SPACING 5% · PERFORATION AREA 
2.5°1.} 

6' DIAM. COLUMN 
2"WEIR HEIGHT 
1.5" DOWNSPOUT OUTLET 
PGAS =0.3 LB./FT.3 

PLIQUID =44 LB.jFT.3 

rLIOUID = 20 DYNES I em 

2 
!:. = I Lb. AT 3 FT. 

10% RELATIVE TO PLATE 
AREA WITH 

MAXIMUM SINGLE WEIR 
AND 1/2 MAXIMUM 
SINGLE WEIR. 

I v Lb. FT .. 

~0 2 
Oolfll .!:.. I~ AT sFT. 

G V lb. FT. 

40 60 80 100 120 
L, GPM/ FT. WEIR 

140 

MU-8533 

Fig. 48. Perforated Plate Column Operating 
Limits. 
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Fi g. 49. l/4-inch diameter perforations, 1/2-
inch spacings, Air- Water System, Air vel
ocit y 50ft/sec (3-1/2 x Magn.) 

ZN-047 
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Fi g . 50. l/4-inch diamete r perforations, 1/2-
inch spacings, Air -water system, air velo
city 50 f t/sec (3-1/2 x Magn.) 

ZN-1048 
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Fi g . 5i . 1/8 - inch di a m e ter perfor a ti on s, 1/2 -
inch s p a c in gs , Air - w a ter s y stem , air ve l o 
cit y 40ft/s ec . ( 3 - 1/2 x magn. ) 

ZN-1049 
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Fig. 52. l/8-inch diameter perforations, 1/2-
inch spacings, air-water system, air velo
city 40ft/sec. (3-l/2 x magn.) 

ZN-1050 
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ZN-1051 

Fig. 53. 1/4-inch diameter perforations, l
inch spacings, air - water system, air velo
city 40ft/sec. (3-1/2 x magn.) 
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ZN-1052 

Fig . 54. l / 4-inch diameter perforations, l
inch spacings, air -water syste m, air velo
cit y 40ft/sec. (3-1 /2 x magn.) 
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ZN-1053 

Fig. 55 . Surface of Froth, Air - Water S ys tem . 
Column G as V e locit y 3ft/sec (full scale) . 
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Fig. 56. Entrained Li q uid R e gion, l inch 
above froth surfac e , Air- Water System, 
Column Gas Velocity 3 ft/sec (full scale). 
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ZN- 1055 

Fig. 57 . Froth, Air- Water System, Column 
Gas Velocity 3ft/sec (full scale). 
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Table I 

Configuration of Perforated Plates 

(All Holes in Equilateral Triangular Spacing) 

Area Total Percent 
Thick- Hole Hole Per Hole o.f Total 

Plate ness .Diam. Spacing Number Hole Area Column 
Number (Inches) (Inches) (Inches) Holes (sq.ft.) (sq.ft.) Area 

I 1/8 1/8 1/4 433 .0000852 .0369 18.8 
II 1/8 l/8 1/2 109 .0000852 .00929 4.9 

III 1/4 1/4 1 31 .000341 .01056 5.4 
rv 1/4 1/4 1/2 109 .000341 ~0372 19.0 
v 1/2 1/2 2. 7 .00136 .00954 4.9 
VI 1/2 1/2 1 31 ,00136 .04226 21.5 
.vii 3/8 3/8 1 1/2 13 .000767 .00997 5.1 
VIII 1/4 1/4 3/4 55 ,000341 .0187 9·5 

II A 1/8 1/8 1/2 109 .0000852 .00929 4.9 
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Table II 

Properties of Liquids ,Used 

(At Temperatures (°C) Noted by Each Value) 

Surface 
Density Viscosity Tension Relative* 

Liquid gm/cc (cp) (dynes/em) "Wettability 

Water 1.0(20) 1(20) 73(20) 1 

Glyc-water 1.22(20) -....10(20) 69(20) 2.0 

II II 1.14 (20) /"V80(20) 65(20) 2.0 

Water L0(20) 1(20) 73(20) ""'2.0 
(wetting plate 
because of 
residual glyc.) 

n-Butyl Ale~ o.81(2o) 3.0(20) 24.6(20) 4.2 

cc14 
1.6o<2o) 0.97( 2o) 27·0( 2o) 4.2 

n-Hexane 0.67(20) 0.3(20) 18.4(2o} 5·7 

Kerosene 0.71(20) (20) ___, 1 . ,_,25(20) 6.o 
(approximately 
C-12) 

*Arbitrarily defined here on the basis of the diameter to which .a given 
volume of liquid will spread on an aluminum plate •. Water is the reference 
liquid. 

'•' 
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Table III 

Plate S.tabili ty Data 

(1.8" liquid head on plate) 

Gas Velocity at Critical Stability 

.In Perforations In Column 

Plate Liquid Gas ft/sec ft/sec 

I Water Air 35 7·5 

II II' !I 25 1.3 

III II !I 30 1.5 

IV !I II >50 )10 

v !I !I 27 1.4 

VI !I !I )6o 12 

VIII !I !I 40 4.0 

III Water (wetting 
the plate) !I 21 1.1 

III Water-Glyc. 
(Vise. 80 cp) !I 21 1.1 

III Water-Glyc. 
(Vise. 10 cp) !I 21 1.1 

III n-butyl alcohol II 23 1.2 

III carbon tetrachlqride 11 24 1.2 

III kerosene (C-12) " 15 0.8 

III n-hexane ti 14 0.7 

III Water Freon-12 15 0.8 

III Water methane 32 1.6 
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Table Ill-A 

Plate Stability .Data, Air-Water System 

(1.811 liquid head on plate) 

Ef'f'ect of' Perf'oration Diameter and Total Perf'oration Area: 

5% Total Area . 20%. Total Area 
Perf'oration Gas Velocity at Perf'oratJon Gas Velocity at 

Diameter, Critical Stability Diameter, Critical Stability 
Inches f't/sec Inche.s ft/ sec 

1/8 
1/4 
1/2 (normal) 

1/2 (modified) 

25 

30 

27 

35 

1/8 
1/4 
1/2 

Table III..,B 

Plate Stability Data, Gas-Water System 

{1.811 liquid head on plate) (Plate III) 

35 

) 50 

) 6o 

Effect of Gas .Density: 

Gas 

Methane 

Air 

Freon-12 

Specific Density 
(relative to air) 

0·55 
1.0 

4.0 

Gas Velocity at 
Critical Stability 

ft/sec 

32 

30 

15 



.. 
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Table III-C 

Plate Stability Data, Air-Liquid System 

(1.8" liquid on plate) (Plate III) 

Effect. of Liquid propert.ies: 

Surface Tension of 70 dynes/em Surface Tension of 20 dynes/em 

Relative Gas Vel. 
Liquid Wettability Crit .st. 

Water l 30 

Water plus 2 21 
Glycerine, 
ViSCo 1 cp 

Water plus 2 21 
Glycerine, 
Vise. 10 cp 

Water plus 2 21 
Glycerine, 
Vise. 80 cp 

Liquid 

n-butyl 
alcohol 

carbon tetra-
chloride 

kerosene 

n-hexane 

Relative 
Wettability 

4.2 

4.2 

5·7 

6.0 

Gas Vel. 
Crit .. st. 

23 

24 

15 

14 
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Table IV 

Entrainment Data 

Plate Gas Velocity Entrainment 
Run Spacing Column Hole Rate 
No. System Plate (Inches) (ft/sec) (ft/sec) ( cc liq/min) Notes 

1 Air.,.CC14 rn 20 4.9 97 15.3 (1) (Air+ '•' 
cc14 vapor) 

2 II II II 4.5 89 11.3 density = 
.117 lb/ft3 .. 

3 II II II' 4.2 83 8.3 
(2) Evap. 

4 II II It 3.8 7-6 4.5 losses cause 
approx. 2cc/min 

5 II lt. t.l 3·5 69 2.8 erro.r in 
entrainment. 

6 11 II II 3·2 63 1.3 
(3) 1.811 liq_ .• 

7 II II II 2.7 53 -0-5 head. 

l Air-Hexane !II 20 5·1 101 70 (1) (Air+ 
Hexane vapor) 

2 II II u 4.8 95 40 density = 
.100 lb/tt3 

3 II II II 4.4 88 22·5 
(2) Evap. 

4 II II II 4.0 so 12 losses cause 
approx. 3 cc/ 

5 It It It 3.6 72 7 ·5 min error in 
entrainment 

6 It II It 3·2 63 3.5 
(3) 1.W' 

7 1'1 II II 2.7 53 0.8 liq. head 

l Air-Kerosene nr 20 5·3 105 72·5 (1) 1.811 liq_. 
head 

2 It It II 4.9 98 47-5 

3 II II It 4·5 90 33 

4 II II II 4.'2 83 23 
t 

5 II II n 3-7 .74 15·5 

6 II II II 3.2 64 9 • 

7 II -II II 2.8 55 5 

8 II II II 2.2 44 2 

9 It II It 1.7 33 1 
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.Table IV 

(Page 2) 

Plate Gas Velocity Entrainment 
Run Spacing Column Hole Rate 

· No. System Plate (Inches) (ft/sec) (ft/sec) ( cc liq)min) Notes 

1 Freon-H 0 III 20 3-3 64.5 8.8 (1) 1.8" 2 Liq_. 
2 fl It II 3·0 59·6 6.5 Head 

\;'j,·, 

3 II II It 2·75 55-0 4.3 

4 n If 11 2.5 50-3 2.) 

5 II II 11 2.2 46.3 1.8 

1 Air-H20 III 20 3.4 67 2.8 ) (1) 1.8" 
), Liq_. -

2 tf It It 3·9 77 5-8 ) Head 
) 

3 II ,,, It 4.4 87 8.3 ) 
) 

4 ,,, II II 4.8 95 11.0 ) 
) 

5 It It II 5·1 101 13·5 ) 

6 It II If 3·3 67 8.3 ) 
). 

7 II II II. 3·8 76 14.3 ~ (2) 3·911 

Liq_. 
8 " II It 4-3 85 22.5 ) Head 

9 It 1'1 II 4.7 94 22 1 
10 II II II 4.3 85 16 ~· (3) 2.9n 
11 .II " II 3.8 76 10.5 ) Liq_. 

) Head 
12 II II II 3·3 .67 5·8 ) 

13 .II 11 II 3·3 67 4.3 ) 

14 11. f.l f.l 3~8 76 7 ~ 
) (4) 2.)n 

15 11 u It 4~3 85 11.6 ) Liq_. 
) lie ad 

16 II It It 4.7 94 16.3 ) 

1 Air~H20 III 20 4.8 .94·5 1'+.5 (1) 1.8" 
Liq_. 
Head 

2 If II It 5-l 101 20 (2)Stabi-
lizing screens 

3 If It II 3·9 78 9·5 above plate on 
.all runs of this 
series (1-19) 
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Table IV 

(Page 3) 

Plate Gas Velocity Entrainment 
Run ,Spacing Column Hole Rate 
No. .System Plate (Inches) (ft/sec) (ft/sec) ( cc liq}min) Notes 

4 Air,-H20 III 20 3.4 67 5·3 
L·.-.J 

5 II II II 4.6 91 28.5 ) 
) 

6 II II II 4.2 83 24.5 ) 

• ) 
7 II II II 3.8 77 18.5 ) (3) 3.811 Liq. 

) Head 
8 II II II 3.6 71 13.0 ) 

) 
9 t) II II 3·2 63 9·5 ) 

10 II II II 3.2 63 7·0 ) 
) 

11 II II II 3.6 71 10.0 ) 
} 

12 II II II 3-8 77 14.0 ) (4) 3·1 11 Liq. 
) Head 

13 II II II 4.2 83 18.5 ) 
) 

14 II II II 4.6 91 22.5 ) 

15 II II II 4.6 91 17.0 ) 
) 

16 II II II 4.2 83 13.5 ) 
) 

17 .II II II 3.8 77 11.0 ) (5) 2.411 Liq. 
) Head 

18 II II II 3~6 71 8.0 ) 
) 

19 II II II 3.2 63 6.3 ) 

l II II 24 4.3 86 7·5 ) (l) 3·911 Liq. 
) Head 

2 II II II 3-8 77 4.5 ) 
) 

3 II II II 3·4 67 3.0 ) 

4 II II II 3-4 67 1.2 ) 1.8" Liq. ~ 

) Head 
5 II II II 3.8 77 2.0 ) 

) ~ 

6 II II II 4-3 86 3·5 ) 
) 

7 II II II 4.8 95 5·5 ) 
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Plate Gas Velocity .Entrainment 
Run Spacing Column Hole Rate 
No. System Plate (Inches) (rt/sec) (ft/sec) ( cc lig}min) Notes 

l Air-H20 I.n 28 4.3 ,86 2.5 ) (l) 3·911 Lig_. 
) Head 

2 II II u 3~8 77 1.5 ~ \i 

3 II II II 3.4 67 1.0 ) 
'· 

4 II II II 3·4 67 0.5 ) 1.8" Lig_. 
) Head 

5 " " " 3.8 77 o.8 ) 
) 

6 it " II 4.3 86 1.4 ) 
) 

7 " II " 4~8 95 2.4 ) 

l " VII 20 5-3 lll 11.5 1.8" Lig_. 
Head 

2 " " " 4.8 101 10.0 

3 It " " 4.3 92 7·4 

4 " " " 3-8 82 5.6 

5 II " II 3·4 71 2.5 

l II v f) 3.4 74 7·0 (l) 1.811 Lig_. 
Head 

2 " It 11 3.8 85 18.0 

3 It II It 4.3 96 30·5 

4 " II It 4.8 105 48.0 

l It II It 5·3 120 20.5 (1) 1.811 Lig_. 
Head 

2 It II " 4.8 108 17·5 

3 .II It It 4.3 99 10.8 

4 It It It 3~8 88 6 .. 2 
., 

5 It It It 3-4 76 3·3 

... 
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Plate Gas Velocity Entrainment 
Run Spacing .Column Hole Rate 
No. System Plate (Inches) (ft/sec) (ft/sec) ( cc liq}min) .Notes 

1 Air-H20 VII 20 3.4 71 5.0 (1) 1 .. 8" Lig_. 
Head 

2 " " II 3.8 83 10.0 (2) Stabilizing ') 
screens on 

3 11 " " 4.3 101 19-8 plate 

4 II II il 5.2 110 26.5 

1 II v 20 3.4 74 16.0 (1) 1.8" Lig_ 
Head 

2 " " " 3·8 86 36·5 (2) Stabilizing 
screens on 

3 " " 11 4.3 104 68.5 plate 

1 II n " 5.2 117 18.0 (1) 1.8" Lig_. 
Head 

2 " " " 4.8 107 14.0 (2) Stabilizing 
screens on 

3 " " " 3.8 88 8.5 plate 

4 II II " 3.4 76 5·3 

1 II VIII II 6.1 62 24.0 (1) 1.8" l.ig_. 
Head 

2 II " II 9·1 93 125 

3 " II II 8.5 87 90 

4 " II II 8.0 82 67 

5 II It " 7·0 71 43·3 

6 II If " 11.0 112 600 

l II .IV " 12.1 64 1090 (1) 1.8" Lig_. 
Head 

2 It " II 11.8 62 827 

3 " " " 11.5 60 648 

4 " n " 11.2 58 545 

5 rt " " 10.8 56 370 ~ 

6 II " " 10.2 54 270 

7 II II It 9·7 51 203 

8 II " II 8.6 45 110 
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Plate Gas Velocity Entrainment 
.Run Spacing Column Hole Rate 
No. . System Plate (Inches) (ft/sec). (ft/sec) ( cc lig)m.in) Notes 

1 CH4-H20 III 20 4.05 81 2.5 ) (1) 1.8" Liq. 
) Head 

2 " fl fl 3·95 79·2 2·5 } 
w ) 

3 " " " 4.7 94-3 4.0 ) 
) 

4 .II '' 11 4~15 .. 82.8 3.0 ) 
) 

5 " " " 3.6 72 1.5 ) 
) 

6 " " " 2-95 59 0-9 ) 

1 Air-H20 VIII 16 7·2 72 95 ) (1) 1.8 11 Liq. 
) Head 

2 II " " 8.0 so . 165 ) 
) 

3 II " •. II 8.4. 84 24o ) 
) 

4 !1 " " 8.9 89 310 ) 

1 II " 12 8.0 4o 84o ) (1) 1.8 11 Liq. 
) Head 

2 " " " 7·2 28 550 ) 
) 

3 II " II 6.1 24 240 ) 

1 II III 8 3.4 68 580 ) (1) 1.8" Liq. 
) Head 

2 " It JJ. 3.2 64 340 ~ 
3 !1 " !1 3.0 60 260 ) 

) 
4 " " II 2.75 55 170 ) 

) 
5· " " " 2.4 48 105 ) 

) 
6. fl Jl II 1.8 36 55 ) 

1 !1 " 12 2.8 56 13 ) (1) 1.8rr Liq. 
) Head ,, 2 II II fl 3.2 64 21 ) 
) 

3 II fl fl 3.4 68 30 ) 
c< ) 

4 fl fl fl 3·9 78 62 ) 
) 

5 fl fl " 4.4 88 85 ) 
) 

6 fl If " 4.8 96 110 ) 
) 

7 " " " 5.4 108 135 ) 
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Table V-1 

Pressure Drop Data 

System - Air-H 0 2 

Plate - I 
"' 

Run Series "" I 

pgas_ V Hole APt h liq ~ dyn M <;.) 

Run (plate~ 
No. lb/ft ft/see em H20 x 2.50 em H

2
0 x 2.50 lb/ft2 ft gas 

1 .0777 32.8 14 .. 00 10.75 2.62 33.8 
2 It 27.0 13.40 10.70 2.20 28.4 
3 It 21.1 13.20 10.70 2.04 26.3 
4 It 16.4 13.05 10.70 1.92 24 . .8 
5 It 32.8 11.25 7.85 ·2·77 35·7 
6 It 26.9 10.65 7.85 2.29 29.5 
7 It 21.0 10.45 7·85 2.12 27.3 
8 It 16.3 10.30 .7.85 2.oo 25.8 
9 .0768 33·9 9·95 6.35«< 2.94 38.3 

10 II 33.6 10·00 6.35 2.98 38.8 
11 It 27.1 9·30 6.35 2.41 31.4 
12 It 21.3 8.80 6.40 1.96 25-5 
13 It 16.4 8.70 6.35 1.92 25.0 
14 .0755 33.1 16.55 13.35 2.61 33·7 
15 It 26.9 16.10 13.35 2.24 28.9 
16 It 20.9 15.95 13.35 2.12 27.3 
17 It 26.9 16.05 13.35 2.20 28.4 
18 It 32.2 19.20 15.85 2.74 35·3 
19 It 27.0 18.50 15.85 2.16 27.9 
20 n 20.9 18.10 15.85 1.83 23.6 
21 .0775 30·9 21.90 18.85 2.49 32;1 
22 It 26.9 21.55 18.85 2.20 28.4 
23 It 21.2 21.05 18.85 1.79 23.1 
24 It 30.1 24.65 21.85 .2.29 .29.5 
25 It 26.7 24.55 21.85 2.20 28.4 
26 It 20.8 23.90 21.85 1.67 21.5 
27 IT 28.9 27.65 24.85 2.29 29·5 
28 It 26.9 27.50 24.85 .2.16 27.9 
29 It 21.1 27.00 24.85 1.75 22.6 
30 .0775 37·3 2.30 1.88 25.1 
31 .0748 34-1 1.95 1.59 21.3 
32 It 28.6 1.45 1.18 15 . .8 
33 It 24.1 1.10 0.90' 12 .. 0 
34 It 20.8 0.90 0.74 9·9 
35 II 17.2 0.67 .0.55 7.4 
36 1,1 32.4 1.77 1.44 19.3 

-~-
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Plate - I 

Series -VI 
pgas V Hole APt . h liq bP dyn M 

Run (p1at3) 
lb/ft2 No. 1b/ft ft/sec em H20 x 2.50 em H20 x 2.50 ft gas 

('"') 

1 .0734 92·3 13.85 11.34 154 
2 .0733 79·4 10.65 8.68 118 
3 .0727 69.1 8.05 6 .. 60 90.8 
4 .0723 55-5 5.25 4.30 59·5 
5 .0723 45.3 3·55 2.91 40.2 
6 .0716 32.0 1.85 1.51 21.1 
7 .0761 27.4 14.65 11.85 2.29 30.0 
8 .0761 41.1 16.90 11.80 4.18 55·1 
9 .0761 51.3 18.90 II 5.82 76.4 

10 .0763 61.8 22.20 II 8.51 112 
11 .0764 71.0 24.90 II 10.7 . 140 
12 .0770 66.2 31.80 19·70 9·91 129 
13 .0769 55·4 29.10 19.80 7.61 99 
14 .0769 45.5 26.40 II 5.41 70.2 
15 .0768 30.9 23-70 II 3·19 41.8 

Series - XII 

l .0745 70.8 23.4 10.2 10.81 145.1 
2 .. 0744 63.6 21.9 10.5 9·33 125-4 
3 .0745 54·7 20.2 11.2 7·37 98·9 
4 .0745 45.2 18.1 11.1 5·73 76·9 
5 .0745 34.2 15.8 11.3 3·69 49·5 

Series -XIII 

l .0745 71.5 13.3 10.89 146.5 
2 .0745 71.3 13.2 10.81 145.5 
3 .0745 54.6 8.3 6.76 91.1 
4 .0744 63.6 10.8 8.83 119.0 

Series - XIV 

1 .0756 72·9 11.5 151.4 
2 .0756 ·70-7 11.06 145·9 
3 .0755 68.9 10.56 139·5 

\t 
4 .0755 67.8 10 .. 07 133-5 
5 .0754 66.3 9·70 128.2 
6 .0754 62.9 8.97 118.5 
7 .0736 61.3 8.27 112.4 .. 8 .0736 57-7 7·45 101.2 
9 .0739 54.2 6.67 90·3 

10 .0742 49.1 5·69 76.6 
11 .0744 45.7 4.91 65·9 
12 .0744 40.3 3·89' 52·3 
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Table V-1 

(Page 3) 

Series - XIV (continued) 

pgas V Hole APt h liq l::!P dyn AH 
Run (plat3) 

ft/sec em H20 x 2.50 em H2o x 2.50 lb/ft2 ft gas 
\.,.I 

No. lb/:ft 

13 .0744 34~6 3·24 43·5 
14 .0746 28.9 2.74 36·7 
15 .0747 23.5 2.33 31.2 
16 -0754 62.4 8.89 117·9 
17 .0754 58.1 7·78 103~2 
18 .0754 51.1 6.55 86.8 
19 .0753 44.6 5·32 70.6 
20 .0752 36.1 4.01 53·3 
21 .0752 29·5 3·03 40.3 
22 -0749 45.6 5.28 70·5 
23 .0749 41.4 4-75 63.4 
24 -0745 45.0 4.67 62.7 
25 .0745 41.8 4.30 57·7 
26 .0745 36·9 3·52 47·3 
27 .0746 44.3 4.83 64.7 
28 .0746 40.0 4.3() 57-6 
29 -0745 35.0 3.60 48.3 
30 .0749 66.0 9-42 125.8 

,' 
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Table V-·2 

Pressure Drop Data 

System - Air-H 0 2 
. Plate - II 

Run Series .. II 
w 

pgas V Hole APt h liq .61' dyn M 
Run (p1at3) 
No. 1b/ft ft/see em H20 x 2.50 em H20 x 2.50 lb/ft2 ft gas 

1 .0755 78.4 11.25 9-18 121.6 
2 rr 70.4 9·35 7·63 lOLl 
3 It 60.8 6.95 5-67 75·1 
4 It 51.8 5·05 4.12 54.6 
5 rr 43.9 3.65 2.98 39·5 
6 n 34.8 2.35 1.92 25.4 
7 II 25.8 1.30 1.06 14 .. 0 
8 II 18.1 0.75 .o.6l 8.1 
9 .0757 78.2 22.80 6.35 13.42 177·3 

10 -0757 65.4 18.20 II 9·67 128.1 
ll .0755 54-3 14.90 " 6.98 93·0 
12 -0753 43.8 12.55 rr 5.06 67-3 
13 .0752 32-3 10.80 rr 3.63 48.0 
14 .0757 21.7 9-80 rr 2.81 37-2 
15 .0754 13.1 9-25 II 2-37 31.5 
16 .0760 7'1·7 27.05 10.85 13.22 173·9 
17 .0760 64.3 22.55 rr 9·55 125. 
18 .0759 53.8 19.40 rr 6.58 92.6 
19 -0757 43-4 .17 .. 25 II 5.22 69.0 
20 .0{56 31.7 15·50 rr 5·79 50.1 
21 .0756 22.9 14,65 10.85 3·10 41.0 
22 ~0756 13.1 14.00 rr 2.58 34.1 

. 23 .0{56 76.0 32.40 16.85 12.69 166.3 
24 .0763 64.8 28.90 rr 9-83 129.0 
25 .. 0{92 53-3 25?65 rr 7-18 94.3 
26 .0761 42.{ 23.45 It 5·39 70-9 
27 .0760 .32.0 21.65 I'! 3·92 51.5 
28 .0760 21.6 2().80 It 3~22 42.2 
29 .0763 12.7 20.35 fl 2.86 3·75 
30 .0762 67.8 38.15 24.85 11.08 138.8 
31 .0778 57,!0 35•20 It 8.45 108.5 
32 .0777 47·9 32.80 " 6-49 83.6 ~:, 

33 .0776 37·8 30-70 It 4.77 61.4 
34 .0776 29·7 29.50 II 3·79 48.8 
35 .0776 22.1 28.70 rr 3-14 .~~5-·" 36 .0776 l3 .. Q 28.20 It 2.74 35·3 
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p_gas V Hole .6Ft h lig_ .6P dyn M 
Run (plat3) 

lb/ft
2 No. lb/ft ft/see em H20 x 2.50 em H20 x 2.50 ft gas 

Plate-II 

Series - VTII 
<...1 

1 .0744 188 59·4 48.6 653 
2 .0739 155 40.7 33·3 451 
3 .0735 123·5 25·5 20.9 284 
4 .0732 91 14.2 11.6 158 

Plate -II-A 

Series -IX 

1 .0740 93·8 18.55 15.19 205 
2 .. 074o 85.3 . 15.70 12.85 174 
3 .074o 74.8 12.10 9·91 134 
4 .0739 63·7 8.85 7·25 98.1 
5 .0739 47.0 4.9 4.01 54.3 
6 .0739 29.0 2.05 1.68 22.7 

8 .0745 93·5 35·4 9.80 21.0 281 
9 .0744 84.6 31.8 11 18.0 242 

10 .0743 74.3 29·5 11 14.5 195 
11 ,0743 63.2 23·5 11 11.2 151 
12 .. 0746 49.8 18.7 11 7·29 97·7 
13 .0745 35·5 15.4 11 ~·59 .61.6 
14 .0749 93·3 47·5 22.7 20.3 271 
15 .0748 83-5 43.8 11 17·3 231 
16 .0746 75·0 40.1 rt 14.3 191 
17 .0745 62.5 35·1 11 10 .. 2 136 
18 .0752 49.0 31.0 22.6 6.87 91.4 
19 .0748 35·3 28.0 II 4~42 59·1 

Plate - II-A 

Seri.es - XVII 

1 .0736 93·8 35.6 9·70 21.2 288 
2 . 0736 86.8 32·9 9·65 . 19.0 258 
3 11 81.1 30·3 9·70 16.9 229 
4 11 73·5 27·3 9-75 14.4 196 
5 II 67.2 24.7 9-85 12.1 165 
6 .11 59·8 22.0 9·9 9·87 134 '• 
7 II 51.3 19·3 10.0 7.62 104 
8 II 42.4 17-1 10.1 5·73 77·7 
9 II 31.8 15.2 10.1 4.18 56 .. 6 
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Table V-3 

Pressure Drop ,Data 

System - Air-H20 

... Plate - II 

.Run Series - III 
~ 

M p_gas V Hole .6Ft h liq .6P dyn 
Run (p1at3) 

1b/ft2 No. lb/ft ft/see em n2o x 2.50 em H20 x 2.50 ft gas 

1 .0763 68.0 20.30 5·55 12.03 157·7 
2 . 0760 54·7 16.15 !I 8.65 113.8 • 
3 .0758 41.9 13.10 !I 6.16 81.3 
4 .0757 31.9 11.00 !I 4.45 58.8 
5 .0757 26.0 9.80 !I 3·47 45.8 
6 .0757 18.7 9.00 !I 2.81 37·1 
7 .0757 13 .. 0 8.70 II 2.57 33·9 
8 .0757 16.3 8.95 II 2.77 36.6 
9 .0756 68.0 25.30 11.05 11.63 153.8 

10 .0753 55·2 21.80 II 8.77 116.5 
11 .0753 42.8 18-70 !I 6.25 83.0 
12 .0753 31.5 16.50 !I 4.45 59.1 
13 .0760 24.7 15.50 II 3·63 47.8 
14 .0759 20.2 14.90 !I 3.14 41.4 
15 .. 0759 18.1 14.85 f1 3.10 40.8 
16 .0759 15·3 14.70 !I 2.98 39·2 
17 .0755 67.5 31.10 17.05 11.46 151.7 
18 .0754 54.6 27.60 tl 8.61 114.2 
19 .0756 41.9 24 .. 60 f1 6.16 81.5 
20 .0756 31.1 22.50 !I 4.45 58-9 
21 .0767 24.6 21.50 f1 3.63 47·7 
22 .0768 19·5 21.00 f1 3·22 41.9 
23 .0772 16.3 20.70 !I 2.98. 38.6 
24 .0751 63.8 36.55 24.05 10.21 136.0 
25 .0750 52.6 34.15 II 8.24 109·9 
26 .0749 43·7 31·90 It 6.41 85.6 
27 .0749 35.0 30.15 It 4.98 66.5 
28 ,0761 26.9 28.80 It 3.88 50·9 
29 .0761 20.~ 28.05 24.05 3·27 43.0 
30 .0744 69.8 10.90 8.90 i19.6 
31 It 55.8 6.95 5·67 76.2 
32 II 46.0 4.75 3.88 52.1 

\'. 33 It 38.8 3.40 2.77 37·2 
34 !I 30.8 2.15 1.76 23·7 
35 It 25.6 1.55 1.26 16.9 

~ 36 !I 20.8 1.15 .0.94 12.6 
37 .II 15.6 o.88 0.72 9·7 
38 .II 11.5 o.67 . 0.55 7·4 
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Table V-4 

Pressure Drop .Data 

System - Air-H20 
\-1 

Plate - rv 

Series - IV .... j 

p_gas V Hole l::Pt h liq AP dyn &I 
Run (plat3) 2 
No. lb/ft ft/see em H20 x 2.50 em H20 x 2.50 lb/ft ft gas 

• l .0738 90·9 14.15 11.60 157 
2 .0736' 79·6 11.05 9·05 . 123 
3 .0736 68.5 8.15 .6.66 90.4 
4 .0734 54.8 5·15 4.22 57-5 
5 .0734 44.1 3·35 2-74 37-3 
6 .0733 34-9 2.10 1.72 23-4 
7 .0733 24.0 0.90 0.74 10.1 
8 .0755 28.0 13.6 11.0 2.1 28 
9 .0755 39·5 15·5 II 3·7 49 

10 .0756 51.1 17.8 It 5.6 74 
ll .0754 58.2 12.55 f.t 7·.0 93 
12 .0754 69~2 22.2 It 9·2 122 
13 .0758 66.7 29.4 18.8 8.7 115 
14 .0758 60.6 27·9 .It 7·4 98 
15 .0756 51.4 26.1 It 6.0 79 
16 .0754 4o.o 23.8 II 4.1 55 
17 .0754 27·9 21.9 II 2.5 33 

Series XI 

l .0746 69.4 21.35 10.4 8.96 120 
2 .0745 61,6 20.0 10.9 7~45 100 
3 .0745 52.8 17·9 10-5 6.o6 81.3 
4 .0745 43·7 16.1 10.8 4.34 58-3 
5 .0746 32-5 14.0 11.0 2.45 32.8 

Series XV 

l .0746 59·9 18.85 10.45 6.88 92.2 
2 .0746 73·0 22 .. 20 ' 10.55 9·54 128 
3 .0745 71.1 21~65 10.40 9.21 124 
4 .0744 66.9 20.10 9·95 8.31 112 .2 

5 .0746 62.4 19.85 10.75 1·45 98-5 
1a .0742 60.2 18.45 9·85 7:.04 94.8 
2a .0741 73·9 21.95 10.15 9.66 130 'il 

3a .074o 71.9 21.50 10.00 9.42 127 
4a .0746 67.0 19·9 9.65 8.39 112 
5a .0746 62.7 19.8 10.35 7·74 104 
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Table ·Y-4 
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.fJgas V Hole APt h liq !:::;p dyn .t:H 
Run (plat3) 

lb/f't2 No. lb/ft f't/sec em H2o x 2.50 em JI20 x 2. 50 f't gas 
. .., 

6 .0747 59.8 18.65 9·95 7·13 95·3 
7 .0745 56.3 17.65 9·80 6.43 86.3 

~ 
8 .0746 52·5 17.10 10.05 5·77 77·4 
9 .0747 48.8 16.00 9-65j:. 5.20 69.6 

10 ·0745 44.5 15.05 9·65 4.42 59·4 
11 .0746 39-8 14.35 9.80 0·73 49·9 
12 .0745 33.·2 13.6o 10.05 2.91 39·0 
13 .0746 28.3 12~85 ·9 .. 90 2.42 32.4 
14 .0754 63-9 31.05 21.15 8.11 108 
15 .0753 59·"9 30.4 21.25 7·49 99·4 
16 .0753 56.6 29.-9 21.30 7.04 93·5 
17 ,0750 52.3 29 .. 0 21.45 6.18 82.4 
18 .0748 47-2 28.0 21~40 5.41 72-3 
19 .0748 4o.8 26.25 2Ll5 4.18 55·8 
20 .0747 36.2 25·5 21·10 3.60 48.1 
21 .0747 30-7 24.85 21.40 2.83 37·9 
22 .0748 58·3 .26.1 17.45 7·08 94.6 
23 .0747 58.3 23.45 14.95 6.96 93-2 
24 .0747 58.8 20.15 11~65 6.96 93·3 
25 . 0745 58.8 17·5 8.95 7.02 94.2 .. 





-145-
Table V-6 

Pressure Drop Data 

System - Air-H20 

Plate - VI 

Series - VII 

., f'gas V Hole APt h liq_ AP dyn bH 
Run (plat3) 

lb/ft2 No. 1b/ft ft/sec em H20 x 2.50 em H2o x 2.50 ft gas 

1 -0730 . 78.8 11.0 9~01 123 
2 .0730 67·3 8.25 6.76 92·3 
3 .0729 58.3 6.20 5.08 69.6 
4 .0728 45.3 3.60 2-95 40.5 
5 .0727 30".:6 1.70 1.39 19-1 
6 .0727 24.2 :1.20 0.98 13·5 

Series XVI 

1 .0752 35·9 15·7 12.2 2.87 38.2 
2 .0751 43.1 17·95 12.65 4.34 •57.8 
3 .0752 48.9 19.0 12.40 5.41 71.9 
4 .0753 54.1 20.1 12.60 6.14 81.5 
5 .0753 58·3 20.85 12.40 6.92 91.8 
6 .0753 62.0 22.1 12.80 7.62 101.2 
7 .0753 39·2 20.85 16.50 3·56 42.2 
8 .0753 43·9 22.40 17 .. 00 4.42 58.6 
9 .0753 47.8 23.10 16.80 5.16 68.5 

10 .0752 51.8 24.4 17.20 5·90 78.4 
11 .0754 55·6 25.3 17.30 6.55 86.8 
12 .0754 59-5 25·75 16.95 7.21 95·6 
13 .0756 53·3 29.40 22.10 5·98 79·1 
14 .0756 57.6 30-1 22.40 6.31 86.4 

Table V-7 

Plate - VII 

Series - X 

1 .0738 91.1 18.9 15·5 210 
I 

8.2.6 G 2 .0737 15·55 12.7 173 
3 .0736 79;·o 11.9 9·75 132 
4 .0736 62.0 8.65 7.08 96.2 
5 .0735 47.8 5-15 4.22 57·4 

f.' 
~ 6 .0734 23.4 30-3 2.10 1.72 
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Table V-8 

Pressure Drop Pata 

System - Freon 

Plate - III 

Series - TII 
~ 

pgas Y Hole ~t h liq AP dyn D.H 
Run (plat)) 

1b/ft2 No. 1b.ft ft/see em H20 em H20 ft gas 

1 ·321 65.7 16.02 32.8 102.1 
2 .320 $8.3 13.26 27.1 84.7 
3 .319 53·7 11.16 22.8 71.6 
4 .318 48.9 9.22 18.9 59·3 
5 .317 43·9 7·32 15.0 47.3 
6 -316 40.4 6.12 12.5 39·6 
7 .316 32·7 3.82 7~82 24.7 
8 .316 26.1 2.44 4.99 15.8 
9 .316 20.5 1.50 3·07 9·7 

10 ;317 56.0 19.32 6.45 26.3 82.9 
11 .314 50·9 17.00 6.48 21.5 68.5 
12 -313 47.2 15.42 6.51 18.2 58.2 
13 ·313 39·8 12.86 6.46 13.1 41.8 
14 .312 33·4 10.92 6.40 9·25 29.6 
15 .312 27.1 9·36 6.36 6.14 19·7 
16 ·314 20.0 8.16 6.38 3.81 12.1 

'rable V-9 

System - C02 

Plate - III 

Series - IV 

1 .1038 110.8 15.42 31.1 304 
2 .1035 104.9 13.80 27.8 273 
3 .1033 97·0 11.62 23.4 230 
4 .1031 88.3 9·56 19.2 190 
5 .1032 80.2 7·76 15·5 154 
6 .1030 69·3 5-80 11.5 115 ) 
7 .1028 58.2 4 .. 06 7-90 80.8 
8 .1025 48.4 2;76 5.24 55·1 
9 .1029 38.3 1.80 3·27 35.8 

10 .1029 28.7 L06 1.76 21.1 ") 

11 .1023 97·5 18.16 5-03 26.5 259 
12 .1022 89·5 16.16 II 22.4 219 
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Table V-9 

(Page 2) 

ro gas V Hole APt h liq_ lfP dyn &I 
Run (plat3) ,,. No. lb/ft ft/sec .em H20 em H20 lb/ft2 ft gas 

13 .1021 81.6 14.26 5o03 18.5 181 - 14 .1019 73.6 12.42 5·03 14.7 144 
15 .1017 64.5 10.76 4.98 11.4 112 
16 .1020 55·7 9.46 4.96 8.80 86.3 
17 .1023 45.5 8.26 4.96 6.34 62.0 
18 .1023 37·0 7.46 4.96 4.71 46.0 
19 .1021 27·9 6.80 4.96 3·36 32·9 

Table V-10 

System - Argon 

Plate - III 

Series - V 

l .1037 94·7 10.60 21.7 209 
2 .1035 88.8 9·20 18.8 182 
3 .1031 80.3 7.40 15.1 147 
4 .1030 72·7 6.10 12.5 121 
5 .1029 65.8 5.00 10.2 99·4 
6 .1028 57·8 3.86 7·90 76.8 
7 .1027 . 50·9 2.94 6.02 58.6 
8 .1025 41.2 1.98 4.05 39·5 
9 .1025 32·7 1.20 2.46 24.0 

10 .1035 94.8 17.06 4.95 24.8 239 
11 .1031 88.9 15.50 4.88 21.7 211 
12 .1028 80.7 13.72 4.98 17·9 174 
13 . 1026 73·1 12.22 4s;93 . 14.9 145 
14 .1030 66.0 11.06 4-93 12·5 122 
15 ;1028 58.1 9.86 4.86 10.23 99·5 
16 .1027 50·9 8.96 4.86 8.39 \31.7 
17 .1025 40·7 1·96 . 4.86 6.34 61.9 
18 .1025 31.9 7.20 4.87 4.77 46.5 

Ta;b1e V-11 
(l 

System - cn4 

. ~~ Plate -III 

Series - VI 

1 .0377 114 5·96 12.2 323 
2 .0378 106 5.14 10.52 278 
3 .037.7 101 4.56 9·33 247 
4 .0377 93 3·96 .8.10 215 
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Table V-11 

(Page 2) 

.~gas V Hole l:;Pt h liq_ ~ dyn M 
Run (plat3) 

lb/ft2 
No. lb/ft ft/sec em H20 em H20 ft gas 

5 .0377 85·5 3-28 6.71 178' 
6 .0376 78 2.70 5-52 147 ~ 
7 .0376 68 2.08 4.26 113 
8 .0376 57·3 1.48 3·03 80.5 
9 .0375 46.5 0.96 1.96 52·3 
9a .0375 35·2 o.6o 1.23 32·7 

10 .0378 100 10.16 lf-75 11.07 293 
11 .0377 94 9.64 4.73 10.05 267 
12 .0378 87 8.98 4.71 8.74 231 
13 .0377 77·4 8.34 4-70 7-45 198 
14 .0377 68.6 7·76 4.69 6.28 167 
15 .0377 58.0 7-16 4.69 4.87 129 
16 .0377 46.3 6.60 4.69 3-91 104 
17 .0377 34.1 6.10 4.66 2.95 78.1 

Table V-12 

System - Glycerine (fl 8Q cp) 

Plate - III 

Series - A 

1 .0759 107 9·84 20.1 265 
2 .0759 93-1 7·34 15.0 198 
3 .0756 73-3 .4.50 9-21 122 
4 .0754 55.8 2.56 5.24 69-5 
5 .0755 38.3 1.22 2.50 33-1 
6 .0768 106 16.78 6.17 21.7 282 
7 .0767 101 15.74 6.18 19.6 ·255 
8 .0765 93·1 14.20 6.25 16.3 213 
9 .0764 87.0 13.28 6.26 14.4 188 

10 .0761 79·3 12.22 6.27 12.2 159 
11 .0760 70.2 ll.28 6.27 10.3 135 
12 .0761 '62.6 10.50 6.22 8.76 115 
13 -0759 54·5 9.68 6.26 7-00 92.2 
14 .0762 45·7 8.68 6.16 5-16 67·7 
15 -0760 35-1 7-78 5·99 3.66 .48.1 
16 .0761 29.6 7-28 5.86 2.91 38.2 ) 

Table V-13 
System -.Glycerine (fl = 10 cp) 

.,_ 

Plate - III 

Series - B 

1 .0760 106 15.52 5·37 20.8 273 
2 .0758 98.6 14.08 5·43 17·7 234 
3 .0756 90·7 12.62 5-20 15.2 201 
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Table V-13 

(Page 2) 

f?gas V Hole APt h liq bP dyn &3: 
Rnn (plat3) 

lb/ft
2 

No. lb/ft ft/sec ·em H20 em H20 · ft gas 
·..-· 

4 .0756 85.0 11.72 . 5-17 13.4 177 
5 .0756 75-4 10.32 5-14 10.6 14o 

• 6 .0756 68.3 9·46 5.14 8.84 117 • 

T .0756 59-1 8.68 5 .. 14 7.24 95·8 
8 .0755 49·9 7.82 4.99 5·79 76.6 
9 .0757 40.9 7.16 4.96 4.50 59·4 

10 -0756 28.2 5·96 4.44 3.11 41.1 

Table V-14 

System - H20 (wetting plate) 

Plate - III 

Series - C 

1 .0758 108 15.56 4.48 22.7 299 
2 .0756 95·4 13.00 4.18 18.1 239 
3 .0756 86.6 11.46 4.18 14.9 197 
4 .0754 76·7 10.06 4.23 11.9 158 
5 .0753 62.6 8.46 4.23 8.65 115 
6 .0753 47.4 7.12 4.25 5·87 78.0 
7 ~0754 38.1 6.46 4.28 4.46 59·2 
8 .0753 .26.9 5·76 4.23 3·13 41.5 

Table V-15 

System .. n-Butyl Alcohol 

Plate - .III 

Series - D 

1 .0771 107 14.64 3.26 23·3 302 
2 .0768 100 13.24 3.28 20.4 265 
3 .0767 90.1 11.44 3-26 16.7 218 
4 .0767 83.9 10.44 3·24 14-7 192 
5 .0767 74.1 8.88 3.22 11.6 151 
6 .0766 63.0 7·34 3.22 8.43 110 

(· 7 .0766 55·3 6.24 3·35 5·91 83.0 
8 .0765 43.5 5-64 3·43 4.52 59·0 
9 .6765 32.8 4.76 3·35 2.88 37.6 

:' 
'tl 

Table V-16 

System - CC14 
Plate - III 

Series - E 
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Table V-16 

(Page .2) 

pgas V Hole .6Pt h liq_ !::P dyn L:iH 
Run (plat3) .... 

. 1b/ft2 '-.( 

No. lb/ft ft/sec em H20 em H20 ft gas 

1 .1184 96·9 21.24 6.85 29.4 248 
r't"_, 

~ 
2 .1194 89.3 19.~4 1:09 24.9 208 
3 .1186 83.2 . 17.62 1·09 21.5 182 
4 .1191 76-3 15-90 6.85 . 18.5 . 156 
5 .1176 69.2 .• 14.34 6.85 15·3· 130 
6 .1167 63-3 12.78 6.61 12.6 108 
7 .1152 53·3 11.00 6.45 9-~1 8o.8 
8 .1140 45-9 9-54 6.29 6.65 58-3 
9 .1133 36.1 8.10 6.05· 4.19 37-0 

Table V-17 

System - Kerosene 

Plate - III 

Series ... F 

1 .0778 105 12.84 2.95 20:2 260 
2 -0777 98.0 11.50 2·95 17·5 225 
3 -0775 90.0 10.04 2-95 14.5 187 
4 -0774 82.5 8.94 . 2;L95 12.3 158 
5 -0772 73-5 7-74 2.95 9-80 127 
6 -0772 64.1 . 6.60 2.95 7-47 96-7 
7 -0772 54-7 5-64 .2·95 5-50 71.3 
8 .0771 43-5 4.84 2.91 3·95 51.2 
9 .0770 33-0 4.24 2-91 2·72 35-3 

Table V-18 . 

System - n-Hexane 

Plate - III 

Series - G 

1 .0999 101 14.44 2.56 24.3 243 
2 -0999 95·1 12.98 2-56 21.3 213 ! 
3 -0999 87-5 . 11.40 2.43 18.4 184 
4 -0999 79·5 9-84 2-43 15-2 152 
5 -0995 72.1 8.50 2.36 12.6 126 y 
6 .0993 63.3 7.08 2.36 9-66 97·3 
7 ·0992 . 53-1 5-60 2.23 6.90 69.6 
8 -0989 40.8 4.24 2.26 4.05 41.0 
9 .0984 29.5 3-44 2.26 2.41 24.5 
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