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CAPACITY FACTORS IN THE PERFORMANCE OF PERFORATED PIATE. COLUMNS

Charles d'Ancona Hunt
Radiation Laboratory and
Department -of Chemistry and Chemical Engineering
University of California, Berkeley, California

QOctober, 1954

ABSTRACT

A study was made of factors affecting the‘vappr handling capacity
of perforated plate liquid-vapor contacting columns- V?por 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 drop ac?oss dry perforated plates was observed
to follow functional relationships predicted from available information
for single perforations. The presence of liquid on a plate increased
the total pressure drop by the equivaleﬁt clear liquid head plus a small
residue which is nearly constént for a given liquid. This residue was
observed to be about 0.4 inches of water, independent of the properties
of the flowing gas, with water on the plate, decreasing to less than Q.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 functionvéf column gas velocity,
independent of gas velocity in the perforations. ‘Entrainment was also
found to be proportional to the gas density and inversely proportional
to the liquid density and liquid surface tension. For a given system
entrainment was observed to be proportional to approximately the third

power of the gas velocity divided by the distance between the liquid



surface and the plate above.
The stability of perforated plates was observed to be adequate for
many industrial and experimental apﬁlications, as also reported in &
recently published studies, but contﬁary to qualitative statements
found in the earlier literature. Stability was found to inecrease with v
decreasing perforation diameter and decreasing total perforation area
relative to column cross-sectional area, to increase with greater gas
density, liquid surface tension and ligquid Wetting'power, and to be
virtually independent of liquid density and viscosifyo
Operating limits of vapor throughput are shown for some typical

applications of perforated plate'liquid—vapOr contacting columns.
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CAPACITY;FACTORS IN THE. PERFORMANCE OF,PERFORATEbuPLATE;COLUMNS
Charles d'Ancons Hunt
_ Radiation lLaboratory and v
Department of Chemistry and Chemical Engineering
University of California, Berkeley, California

October, 1954

INTRODUCTION
The industfial use of perforated platé.coiumns for countercurrent

contacting of liquids and vapors has, until récently,“been limited
mainly to applications where the liquids contained large quantities of
solid matter. According to general opiﬁion on columh design, the per-
forated piate type of contécting unit hdd a ﬁarrow stable operating
range of gas flow, ﬁhereas a bubble-cap unit had nO'partiéular lower
limit of gas flow except at relatively high iiquid flow rates.

| Recént studies by Mayfield, etval.,l aﬁd.Arnoid, et al.,2 show
that the perforated plate column has‘definite ecoﬁoﬁic advantages
over the bubble-cap plate column and that the possibie rangevof gas

and liquid flows for stable operating conditions is sufficiently wide

for many applications in the chemical processing field. According to

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

CelanesevCorporation for most new applications, and existing bubble-‘

cap plates are being replaced by perforated plates in many ﬁnits.
-The preéent work is an extension of an experimentél pfogram,

5 ith the intent of defining

initiated in 1948 with.the work of Jang
the reputedly narrow range of operating limits of perforated plates.
The first results showed that in 6-inch diameter columns the per-

forated plate was surprisingly stable for many configurations, a

conclusion also reached by Mayfield, et al.,l in later experiments.
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, Jang:s work;was‘concerned_with_pressure drop and plate stability determi-
nations for the airdwater;systema"Claypool's worku.also,considered
pressure_drop with}other systems_hésides airqwater;_but.was restricted
to singleehole plates.to eliminate complicationsvof 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
dlameter was less than 0 8 to0 .0. 9 | W
‘ The present work was undertaken prior to the appearance of Refer~
ences (l) and (2) in order to clear up questlons arlslng from the work
of Jang5 and Claypoolu related to pressure drop and plate stablllty°
Another obgective was to study entrainment in the perforatéd plate
column in 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. 4 The_experimental work_was done in
‘a 6-1inch dlameter colum. | - |
ln columns with liquid flowing across.the plate and over a weir,

the llquid head on the plate in the stable operatlng region is determined
not only by the height of the overflow weir and the head of liquid re-
quired for the flow over the weir but also by the degree of aeratlon of
the llquld on the plate° Thls aeration is the result‘of the flow of
.gas through the body of liquid and is fairly 1ndependent of gas flow
rate in the stable operating region° However, the phenomenon of
aeratlon is llttle understood at this time, and the degree of aeration
can at best be predicted with a poss1ble error of plus or'minus 20%.

| .I.r_l order to eliminate a large share of this wicertainty in bhe
study.ofdpressure drop acrossfperforated plates, the liquid'head on

the plate was maintained by means of a constant-head tank connected

o
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t6 the column just abdve the plate. The head was then measured by means
of a pressure ﬁap located at the plate‘levels In tﬁis way the effect of
many variables upon pressure drop could be determined ﬁithout any inter-
ference from changing aerétion of the liquid dn the plate. Actually the
1iquid head on the plate constitutes an important part of the total
pressure drop for the gas flowing up the column; so a éoﬁpléte prediection
of gas pressure drop requires'an accurate knowlédée‘not only of the effect
of the variables studied in this work but also,df’thé degree of aeration.
The data oé aeration presented in References (1) and (2) indicate that
this question 1s one which neéds considerably-more study.

Because of the unreliability of the performance of liquid overflow
weirs in a 6-inch diameter éolumn this study does not include any infor-
mation on the effect of liquid flow rates across perforated plates. This
work doesvnot include any experiméntal studies of the efficiency of con-

tacting of liquids and vapors.
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THEORY REVIEW

Pressure Drop: (Dry Plate)

The total presgure_drop_foruinCOmpressible fluid‘flow across a
nozzle orforifice is.proportional to the velocity head of the gas flowing .
‘through. the orifice, and the  only ‘other system variables which enter the
. pressure drop function are the‘Reynold'émthber and the ratio of orifiée
‘area to total duct area for circular_symmetrical systems and a given
_ type of Qyifice br nozzle. |

. The total pressure drop across Qrifices_and no;zles of various
types.may be expressed as th¢ sum. of the,lossgs due to entrance of the
fluid into a restricted cross section .of flow and those due to the exit
of the resulting jet of fluid into the normal cross section downstream
of the constription. |

For a pererly designed rounded-entrance brifice (i“¢‘: a nozzle)
the fluid Flows in a sm@othly converging pattern to the minimum diameter
of the orifice, and no vena contracta exists downstream. In such a
casgse, 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 iﬁ fiow from a straight section of duct
into a length of duct of larger diameter.  For such a nozzle then, the

total pressure drop is expressed by the following equation:

v 2 )\ 2] 2 _
M= |1 (= - (1)
2g - : Dd
where MAH = total pressure drop in feet of fluid flowing
-Vo = flow velocity (average) in the minimum cross section

of the nozzle or orifice



g = gravity constant

1t

5 diameter of ductv

D
D
o

minimum diameter of nozzle

For a sharp-edged thin-plate orifiée Wiﬁh fhe vena contracta clear
of the plate experimental work shows that thé iotal pressure drop may
again be expressed simply as the exit loss resulting from the flow of
the jetting fluid into the downstream section of duct, with entrance
losses negligible. TFor this case the appropriate %elocity 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):

(2)

where DO = the orifice diameter
DVc = the minimum diameter of the vena contracta
'Vo = flow velocity (average) based upon cross-sectional area

of orifice

A . _ v 5
. 6] = an experimentally determined function of [—=
D D

v d

Usually the pressure drop is expressed graphically as follows:

;ST ]
2
VO /2g Dd
D5
where @' 5| =2 combination of the two diameter functions in
_d

Equation (2), (Reference 5).



Flow through avsharp—edgedvthickgﬂate 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 oriflce channel before the
ex1t plane is reached. For cases where the vena contracta is submerged
the exit loss is expressed in terms of (1) the flow velocity based upon
the eross-sectlonal area of the orifice andr(2) the ratio of the orifice
diameter to duct diametera ,However the total pressure.drop for such
cases must include the entrance loss associated Wiﬁh the contraction of
flow from a straight‘section of duct to a smaller crossesection° This
entrance loss is also a functionvonly of-the flow velocity in the smaller

sectlon and the ratlo of the dlameters of the two sectlons Thus the

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

AHfotal'z'AHenirance +’AHexit (h)
: VOE - D o |
Or MH oo == .o..u_(1,2§ - = )+ (1 - (La)

| for the case of (DD/Ba)g less than 0.715.

Intermediate cases between tnose-of thin'sharpsedged orifices and
those}ef'definitely thick,sharpwedgedeorifices are not amensble to any
detailed analytical treatment, but the total pressure drop in such inter-
‘-mediate cases may be expeéted to fall in the range between the two
extremes noted above.

. The duestion”of'whether phe.data for single orifices.spaced

~ symmetrically in rOund.ductsvare 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 dianeters upstream and downstream of the individual ori-

fices in a multiple-hole plate, while the total pressure drop can be
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expressed as a functibn;of‘the:total area of thé orifices relative to the
total area of the duct with exactly the same ' function that holds for singlé
orifices. The work on sharp-edged orifices was limited to thin plates
having free vena contractas and negligible entrance losses, and the data
conformed to Equation (3) as predicted by their theory. No data are
availabie 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 resplting from this condition will in general
persist a few column diameters up from a single plate, and plate to plate
spacing is usually less than a column diaﬁeter for large columns; hence
Ehe pressure drop across such non-symmetrical plateS»in'a series may .

deviate somewhat from the simple relationships which have been deter-

mined for symmetrical syste‘ms.2
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Pressure Drop: (Effect of Liquid on.Plate)

The presence of liquid on a perforated:plate creates a static head
of pressure at the plate surface.. This head must be overcome by gas
flowing up through the perforations and the bgdy:of liquidn The action

of the bubbling gas aerates the liquid’y=’9710

to an extent primarily
dependent upon the gas flow rate and thglliquid height. :If the liquid
level on the plate is maintained by flow over a weir, the equivalent
clear liquid head is a funétion of bofh weif.height,and degree of
.aeration (at low liquid flow rates)- The effect of liquid flow rates
upon liquid head is a complex and ;urrently unresolved function of many
variables in perforated plate systems.l’?v 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 is néarly a constant, in-
dependent of gas flow.rate and other system parameters. Thus the
contribution of. liquid head to total pressure drop of gas flowing
across the plate may be dgterminéd readily and subtracted from the
total.to give the portion of pressure drop resulting from turbulence
of the gas phase and bubbling phenomena”ip 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 of 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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Recent papersll have considered the question of the size of
bubbles formed at single orifices. Use of the correlations 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 liquid
region undoﬁbtedly‘has a primary effect upon reducing ﬁhe ultimate size
of bubbles. rising through the liquid. The size of a;bubble formed at
an orifice is a complex function of several factors, as is shown in
the fqllowing analysis:

(1) Formation of a static, nearly hemispherical bubble at an
orificevrequires an excess of pressure in the gas,beiow the orifice
to balance the liquid-étatic 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 liquid

pressures upoﬁ the surface‘of_such a bubble.- The gas bubble is stable
and stationary under these conditions of equal forces upward and downward.

(2) Any slight increase of gas pressure, however small; will create
an excess of force upward at the gas~liquid interface. This unbalance of
fofces can only be restofed by an acceleratioh4of the liquid 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 liquid were motionless at the start of

this action, the bubble shape would change such that buoyant forces due
to static liquid head differences would have upward components over the

portions of the bubble surface belowgthe 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 liqpid moving inward overcomes this unbalance
- of ‘static forces near the surface of the plate, and the resulting motion
of the liquid proceeds until the bubble is'separated.from the orifice.

(6) If the rate of bubble Formation is sufficiently rapid to
create significanf iiquid turbulence and interference between bubbles
rising in the liquid, then the size 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~df the shear
.-andlinertia fofces in the moviné liquid. If local disturbances in the
‘liquid are in the fully turbulent regime, then these two liquid proper-
ties would not entera._Dafa presented by Harris et.al%2 indicate that
density and. viscosity do not enter significantly as variables. Van
Krevelen et al.ll give ddta showing that liquid surface tension enters
as.a variéble in relatively static systems, but the data of Harris et
al.,l2 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 Fformed at any hole is pr@bably
quite unstable and may be feduced to several smaller bubblés 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 speculatioﬁé are presented
later in the discuésionvof the experimenﬁal results.

Regardless of the mechanism of bubble formation, however, a given
pressure drop is required for the generation of bubbles of 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 of a particular»diametef re-
quires the formation of a definite amount of gas-liquid interfacial
area for a given volume of gas. Thus the surface area of a spherical

bubble is:

where d = the diameter of the bubble
AS = surface area of spherical bubble
And the volume of this bubble is
V= w d5/6
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 of the bubble:
6y d°n
&P =Ay/V=-~—— = 679/d

where AP = pressure drop occurring in flowing gas as a result of
bubble formation,

7y = gas-liquid surface tension.
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Pressure Drop: (Fluctuations in measurements of pressure drop)

" The componéht,qf pressure drop due to'faétorS'otﬁer than'équivalent
liquid static seal,oﬁ]a-péfférated-plafe*may'be.determined'by measu}ing .
the totél pressure droP across antopératihg'platé and subtraéting from
this ?alué the measured ligquid head on the plate as shown by a mano-

" meter éénﬁected between the surface of the platé and the static pressure
' tap:abové thé aeféted liquid region'in'the cOlﬁmno' Uhfortunately the
violent turbulence inbthe aefaté& liquid region is of such a character

" that largé>séalé fluctuafioﬁs are observed in the reading of the liquid |
"head méﬁo.xﬁétér° fThe'qnestibﬁ.of what type of avefage or'mean'pressure
to determine From these fluctuating pressures is by no means an easy

one to answer.

If fluctuations in'a'meaéured vafiable 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 Ffluctuations are of a known characteristic nature; the
differences betﬁeen the various types of averages cannot be interpreted
quantitatively. -

. Thus for example the use of manometers which are primarily viscous
damped yields different fesults 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 dbes nét‘céme iﬁto play until the observed feading begins to <@
change ‘and viscous resistance to motion is encountefed in the manometer
fluid. Inertia damping, on the othér 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 bf'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 type: 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 maximum allowable pressure drop
from plate fo plate; therefore an average liguid 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 Browh6 present a semi-empirical ¢orrelation 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 entraimment. The correlation

‘is in general use in the chemical and petroleum industries and seems to
provide reasonable upper limits of 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
entrainmentrcan ﬁe considered as an upward flow of liquid that reduces
the efficiency of the separation on each plate in a column. Colburn

presents an analysis .of the effect of entraimment per se upon plate

efficiency and shqws that the efficiency is not lowered significantly
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until entrainment reaches values as much as 100 times greater than those
predicfed‘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;,l 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_atAthevliquid-vapor interface. If entrainment uﬁder 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 entraigment for a wide variety of operating conditions in .crder to
provide a framework for a reasonable analysis of the phyéical.situation
involved. Since the analysis must be based upon the observed results
of the present study, presentation of -the discussion concerning the
mechanism.of-entraiﬁment_at‘high vapor rates is included with the later

section .concerned ﬁith the data.
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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.,l 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 uﬁder conditions
- of high wvapor velocity is the result of splashing rather than hydro-
. dyhamic drag, then a correlation of the type proposed by Souders and
Brown Would presumably be ina'pplicafbleo

The purpose of the p?esent work 1s to present gquantitative data
for entraimment for a wide variety of operating conditions in order to
provide a framework for a reasonableaanalysisvof the physical situation
involved.  Since the analysis must be based upon the observed results
of the present study, presentation .of the discussion concerning the
mechanism of‘entraiﬁment at high vapor rates is included Wifh the later

section concerned With the data.

\:“



-19-

EXPERIMENTAL PROCEDURE
Pressure drop, entrainméﬁt, énd stabiiif&.cfifé¥ia‘were studied in
a 6-inch diameter perforated plate cdluﬁh;'ﬁsiﬁé;a ﬁoﬁ-fléﬁ constant-
o head system to maintain.liquid op the plaﬁé aﬁd.é £6tally enclosed gas
circulation system to provide gas flow thrbughlthe ferforated plate.
The variables measured were the following:
(i) total pressure‘drop across the plate,
(2) 1iquid head on the plate,
(5) gas pressure upstream of the plate,
(L) gas temperature upstream of the platé,
>(5) pressure drop in a standard ASME orifice gas-flow measuring
systeﬁ, |
(6) gas pfessure upstream of the ofifice,
(7) eas temperature upstream of the orifice,
(8) émount‘of liquid entrained from the primary plate to a
similar plate above it in the column, and
(9) amount of liquid dumping through plate perforations.
The system parameters investigated were:
(l) gas velocity in the perforations and the column,
'(2) liquid head on the plate,
(3) perforation diameter,

(4) perforation pattern,

- ' (5) +total perforation area relative to column cross-section area,
~, (6) gas properties,
!_J {

(7) 1liquid properties,
(8) damping in manometer systems, .
(9) 1length of perforation relative to its diameter, and

(10) plate spacing and distance From liquid surface to the plate above.
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A diagram of the experimental system is shown in Figure 1. Both the
gas circulation systeﬁv;nd the liquia constant-head system were enclosed
and vented.to'the column’in:order to>éildw the use of other gases and
liquids besides air and water. fPrbﬁisioh:wés made for purging of mano-
meters in the plaﬁé syétem with the liquid1in use. A heaﬁ exchanger
coéled‘by tap water served to‘femove he;t added.from the work of com-~
pression of the gésmcirCulation blower. ,Since'thevorifice measured the
flow of gas between the_biower{and the heatvexchanger, gaé properties at
both the orifice and the plate‘were measured in order to avoid significant
systematic errors in'gas.density determination. The orifiCe was ag-
sembled according to ASME standard-épecificatiOné,‘15 diameters down-
vsﬁream'of flow Straighténiﬁg_screens designed.to provide a 20:1 improve-
ment in the flow distributlon at the entrance of the section. The ori-
fice was 9 diameters upstream of a shdrt.radiusrturh.

Gas entered tﬁe column through a trap designed_to prevent the
liquid which dumped through the pérforati-ons~ from Filling up the gas
ducts, flowed through é set ofﬂstraightening écreené designed to provide
a 15;1 impfovémeﬁt in fiowrdiétribution, énd impinged upén the primary
plate with a fairly unifdfm flow bfdfile in the column. The column waé
constructed of 1/16" thick wall brass with plastic windoﬁs provided for
observation of plate action and dum@ing. Préssure'taps 6 inches below
the plate and 18 inches above the plate were constructéd to avoid any
possibility of drops .of liquid affecting the préséure reading.
| ‘”,The liquid entrained from.the'primary plaﬁe was collected on a
similar plate higher in the column and drained.cdntinuouslyvinto a vented
receiver which was calibrated for determination of the Volume of the
liquid entrained ‘as & function of time. Less than 1% of fhe liquid

™,

reéching this upper plate could be further entrained out of the tapered;\
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baffled column section above this plate. All ‘entrainment data were
taken'under conditions which assured little:or no dumping of liquid 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 of the pressure drop measurements,
the metal portion of the column above the plate was shortened to 8 inches
in order to allow the @etermination of entraimment at small plate spacing;.

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 exéessive leakage of these
gases through the inadequate seal around the blower shaft. Gas flow

velocity was controlled by means of a simple slide valve in the L-inch

- ducting ﬁsed throughout the remainder of the system. Liquid head on the

plate was,maintaiﬁedvconstant within 0.3 inches by means of the adjust-
able overflow weir in the constant head tank. The liquid 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 liquid. The inertia-
damped manometers were 5/& inches in diameter and vertical; the viscous-
damped mancmeters were 5/16 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 of
precision as the narrow inclined mgnometers (namely + .02 inches of HQO),
and with greater reliability. The pressure drop at the orifice was
measured with a standard Uehling Inclined Manometer.

Gas temperatures were measured with unstandardized iron-constantan
thermécouples immersed in the gas stream. Sufficient accuracy for the

purposes of this work was provided by this arrangement.
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JPlateé 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
COhsisted of three concentric .cylinders, about 6 inches long, composed of
-1/16-inch gaugé wire woven into a 1/k-inch mesh screen. The stabilizer

‘had no effect on pressurevdrdp measurements.
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EXPERIMENTAL RESULTS

Dry Plate Pressure Drop:

All the experimental data were obtained with aluminum perforated
plates. The thickness Qf these plates was such that the length of the
perforations was always equal to the diameter, since Claypool's workLL
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 5/8-
inch and l/2-inch diameter perforations show a slightly higher pressure

>drop than do 1/4-inch and l/8-inch diameter perforations. This dis-
crepancy is probably due to the fact that minor differences in the
velociﬁy 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 l/E-inch plate in order to position most of the holes very close to
the wall. The reéults for thié flate 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 fressure drop mey be exﬁressed
as a linear Ffunction ofﬁthe séuafé of the average gas velocity in the holes,
with relative hole area as a parameter. Although the experimental results
were an average of 1h% higher than the predicted values, the discrepancy
was uniform and independen%fof colunin geometry. A quantitative evaluation
of the error involved WOuld‘not.be possible without data on the actual
~veloeity distribution ét the exit plane of the perforations in question.

All data Ffor gasés other than air Followed the same functional re-
lationship as’'did air (Figure 11). This resulf-is in accord with the
theory, since Reynold'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 EigﬁresﬂE through 10 for the system air-water, a plot
‘of Total Pressure Drop minus Measured Liquid Head versus the Square of
the Averége Gas Velocity in the perforation yields'a~function which may
best Dbe déséribed as a straight line somewhat above and nearly parallel
to the dry plate pressure drop line. Even at very>low velocities, this
relationéhipfseémé to hold.

The over-all uncertainty in measured values of the liquid head
varies from O.l-inch of water at léw gas veloéitiés to 0.3-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 platé° 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 éffective. .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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1imits of the long-period fluctuations.

A further systematic discrepancy between average liquid head readings
occurs between data taken with viscous-damped manometers compared to those
with inértia-damping. As shown in.Figuré 3-A for the air-water system with
_l/h~inch perforations, a 6% difference exists between data taken with two
types of manometers. The over-all uncertainty in absolute value of the
liquid 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 liquid 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 averagelof 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 characteriétically
obtained with inertia damping of manometers.

Despite the over-all uncertainty in manometer readings a set of
data for any particular system shows considerably greater precision.

This apparent precision is the reéult 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 Flgures 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 liguid head readings or
are the result of real differences in hydrodynamic phenomena cannot be

answered definitely. High speed photographs (Appendix ITA) of the
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formation of bubbles at the plate and. of the frothing action in the
liquid region inaicate fhat'no.significant hydrodynamic differences.
occur. |

Thus the photographs show that the bubbles as. formed at the plate
are quitevdistofted in-éﬁapé*and obviously very unstable. These large
bubbles. .of a wide varie%y of shapes and.siies, appear to be broken in-
~ to many smaller ones very rapidly, and all pictures of the-froth re-
gion show bubblg size distributions which afe quite independent of
‘perforation diameter, gas velocity, and'totél perforation area rela-
tive to column cross-sectional area. Further, a calCuiaﬁion of the
required pressure drop for the generation of the bubbles as showrd in
“the froth photographs gives a result of 20 to 30 feet of air, as-
suming all the flowing gas ultimately forms bubbles of #he size photo-
graphed. This figure checks quite wellfthe cbserved excess oOf
pressure drep over dry plate requirements.

A defihiﬁe effect of perforation area relati?e to column cross-
sectional area may be observed in Figure 10, with l/hdinch”plates as
shown as the éxample. This effect is not within the absolute un-
certainty of the data; so it is probébly not just due to mantmeter
fluctuations. The photographs, however, show no apparent differences
between the two systems. What neither the photographsznor visual
cbservation can confirm or deny, however, is whether 6r not &ll the
flowing gas forms the small bubbles characteristic of the froth,
since larger bubbles, although unstable, could possibly rise so
rapidly that they would not 5e apparent at the walls of the column.
.Presumably, then, with reiative'hole area of 20% 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 bubbles. The physical explanation
for such a phenomena lies in the fact that the amount of liquid avail-
able for turbulent égitation of the gas flowing in the column is pro-
porticnally 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 viscoéity of %:1 and a range of
density of 8:1. 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.

Ligquid properties were varied in the system in order to determine

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

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

(l) Viscosity, over a range of 80:1, other properties
remaining nearly constant,

(2) Surface tension, over a range of hel,

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

(4) Interfacial tension between the aluminuﬁ plate»aﬁé the
liquid, as measured by the spreading of a given Yolume of liquid
on a level aluminum plate.

- The liquids used were:

(1) water, low wettability,

(2) water, good wettability,
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'“(5) glycerine-water, viSCOsity equal to 10 cp and 80 cp,
(4) n-butyl aleohol,
(5) carbon tetrachloride,
(6) n-hexane,
v
(7) Xkerosene, (approximately €¢-12).
‘The results for pressure drop using these'iiquids are shown in
Figure 12. The uncertainty in the data is indicated on the plot; thus
at low velocities liquid level variationé are about 0.l-inch total,
and at high Velqciﬁies variations from 0.3-inch {for water) to .0Q.h-
inch,(forfGClh)_are noted. Within the over-all uncertainty of the
data the only properties which could have an effect consistent with
the observations are the surface tension of the liduid, possibility
the wettability of the liquid with respect to the plate, and to a
slight extent the density of the liquid. .The viscosity of the liquid
has no clear effect upon the pressure drop. At high velocities the
“data diverge widely, probably because of the large uncertainties in
"1iquid 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 information to confirm or deny the possible
effects of liquid density and wettability, and there are no a priori
reasons, based upon observations of the hydrodynamics involved, for
including these variables in any correlation of the data. That the -
surface tensionéis 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 other liquid

properties affect the uvltimate 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 of excess pressure drop require-
ments shown in Figure 12 are based upon surface tension considerations

only.
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EXPERIMENTAL RESULTS AND DISCUSSION
Entrainment: |

Entrainment data for the system air-water, with l/hcinch diameter
perforations in the plates, are ghown 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 11
ft/sec, daté coincide where the gas velocity in the perforations is
110 ft/sec forvthe i@% hole area plate and 55 ft/sec for the 20% hole
area plate. The plate spacing Ffor these runs was 20 inches with 1.8
inches of liquid head on the plate.

Figure ih shows entrainment data for a variety of plate spacings,
with entrainment again plotted against gas velocity in the column.

. Where possible the gas velocity was inéreased.tO'whatever value was
necessary to achieve an entraimment of approximately 20 weight per-
cent liquid relative fo gas flow rate, but pressure drop in the gas
flow system limited the maximum gas velocity in the column to 11 to
12 ft/sec° ThereAis a very sharp increase in entrainment with de-
creasing plate gpacing, as shown in Figure 15, where entrainment is
plotted against plate spacing, with various gas velocities as constant
parameters.

In order 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 a£ various combination§ of
liguid head and platemto-plate spacing. Figures 1UA and 14B show the
results of these runs. .The true position of 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 phenomeﬁa of aeration. Quanti-
tative dafa on aeration in multiple hole perforated plate columns is
B,Mayfield et al,,l and,Arnold et alag The data ob-
tained 1n those works scattered a good deal, and‘this scattef would
cause serious uncertainty in the prediction of preésure drop for gas
flow in a perforated plate column. Howevef, for purposes .of estimating
the position of the iiquid 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 welir 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 grester, and was

independent of gas velocity and the nature of gas_used.

Figure 15A shows a replotting of the data of Figure iB/Wit@ the
effective plate spacing plotted as the independent variabie, instead
of the distance between plates. The effective plate spaciﬁg is the
plate distance minus the height of aerated liquid on the plate. .The
average slopg of the straight lines oﬁtainediis 3.1, varying from 2.6
to 3.8, showing that ﬁhe effect of plate spseing is very rearly the
same as the effect of gas velbcity in the column. Theréfore a
reasonably good corrélation of all the air-water systém datavcan be
obtained by plotting the entrainment against an independent-variable
consiéting of the gés velocity divided by the‘effective plate spacing.
Figure 15B shows all the air~wafer data.represented‘in ’;his_.manner°
The abscigsa is arbitrarily multiplied by the ﬁﬁﬁbér 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 veloccity
based upon excessive entrainment determined by the position of this
reference line would give a conserva%ive 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. v

The fact thaf entrainment is such a sharp function bf 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 perfofated 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
anal&sis of entrainment observed under conditions similar to those in-
volQed in the present work should presumably be concerned‘with the
phenomens, related to splashing at the liquid surface aﬁove 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/h inch in diameter. High-speed photographs (Appendix
TI1) of the entraining liquid droplets indicate that the same situation
holds ét larger plate spacings. Figure 16 is a tracing of a photograph
taken across the column, 20 inches above ﬁhe plate, with a gas velocity
in the column of 11.5 ft/sec. .Drag calculations based on the assumption
of spherical droplets showed that the largest drop that .would be carried
upward by the gas fldw at this veloeity is 1/50 inches in diameter. Such 9
a drop is indicated on the tracing, but drops of smallér size show up

only inconsiétently 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 1/5 of the photographs; so about 75%

of the entrained liquid is probably carried up in such lafge drops, which
could only be thrown up by violent splashing. Figure 17 shows & ﬁlot of
drop size distributioh versus drop dlameter for this photograph. The
other photographs'which do not show large drops have similar distri-
butions up to a diameter of 0.1 inch.

That entraimment is a Ffunction 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 ffom the perforations so that
their velocity appéars to be closer to that of the average gas velocity
in the column rather than that in the perforationse 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/k-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 bubbl;ng action discussed in the pfevious.section on
"Pressure Drop". Hence the degradation of the méChanicél energy removed
from the gas as a consequénée 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
involived is quite complex, no detailed accounting of the mechanism can be

presented herej however a calculation of the work required to lift the
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entrained liquid from plate to plate shows that even under conditions of
20 weight percent entrainment less than lQ feet of air pressure drop would
be required fo provide energy for the entrainment process.

The effect of perfbraéion diameter upon entrainment is shown in Figure

18. In.the range éf velocities studied, entrainment with 1/2-inch per-
forations is about_h 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 l/e-inch holes compared to

the action with the other sizes;‘so the relatively larger entrainment
is probably related to this irregularity.

| Figure 19 shows the data for the systems Freon l2-water, air-water
and methane-water. Figure 20 presents the entrainment rgsults for the
;ystgms_air-carbon tetrachloride, air-kerosene, air-hexane and air-water.
,in these figurés the volumetric rate of liquid entrainment is plotted
_ against ga§ velqcity in tpe_colﬁmno _The resuité show that entrainment
is propo;tiénal to gas density and inversely prépoftional to liquid
density and liquid surface tension. ‘ |

AA generél correlation of all the éntrainment data taken with a

given perforation diaﬁeter, plate spacing, and liquid head is presented
in-Figure 21. .The data p;otted as weight percent entfainment times a
relative surface tension ratio versus gas velocity inlthe 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 entrainment defined by-Colburn8
than at conditions of limiting entrainment predicted by Souders and
.quwﬁ6*for cases where entraimment must be kept to a minimum. The
-Souders and Brown equatioﬁ 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 fagtor in design. Theéé.upper limits
may also be imposed by Ffactors such as éxcessive 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 entraimment.
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.DISCUSSION OF RESULTS

Plate Stability:

Perforated plate stability was studied by measoring the quantity of
liqﬁid dumping through the ﬁerforations and observing the effect of column
oﬁerating parameters upon this.quantit&. As sﬂown_in Figures 22 through
28, rfor thevair-water system, the amount of liquid dumping through the
perforations increases sharply in a narrow range of decrease in gas
velocity for any given configuration. The region of sharpest change
in liquid 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 liquid...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 liguid dumping rate.

.The data presented in“Figures 22 through 28 show that increasing
liquid level on perforated plates decreases the plate stability, how-
ever the effect is not consistent. For example, the most stable plate
(11, 1/8-inch diameter perforations, 5% hole area) is .operable down to
less than 5 ft/sec gas velocity in the perforations ﬁith a liquid head
of one inch. vAt hiéher liquid heads however the effect is comparable
to results found for other plate configurations; The effect of liguid
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 formuléted for pfedicting the effect of hole
diémeter, since this effect differs with change in total perforation area.
In general; however, increasing hole diameters decreases the plate stébility.
An exceﬁtion is found with the 5% hole area plates, in which group .the
l/2-inch diameter perforations showed greater stability than did the l/h
inch. Since most of the dumping through perforations occurs in those
nearest the column.walls, a second l/2—inch plate was constructed with
the same hole area bﬁt larger spacing. This spacing placed fhe outer
row of holes withih 1/2 inch of the column walls, as was the case with
the 1/k-inch and 1/8-inch diameter holes. Figure 28 shows that this
modified plate gave stability criteria that fell in line with the general
rule observed on the 1/L4-inch and 1/8-inch plates. .Table IIifA tabulates
the stability results as ; function of perforation diamétef and total
area.

The sensitivity of plate stability with_respeét to pefforatiOn
spacing near the column walls indicates thatvthe 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 aﬁd gas proper-
ties was carried out>entirely with l;8 inch of liquid head on plate III,
with l/h-inch diameter perforations and 5% total hole area.  Table III
presents the data for the systems séudied, and Tableé 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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sqyare.root of the density. Tests with air flowing through n-butyl alco=
hol, carbon tetrachlbride, keroséne, and n-hexane represent a group .of
liquids with about thé.éame suffaée tehsion buf with different wetting
characteristics. Wetting charaétefistics wére determined by noting the
diameter to which a given volume of liquid would spread on a level plate.
A definite cbrrelatibn appearé'between increased wettability and in-
creased plate stéﬁility. A similar set of tests_with_éir flowing through

water and various glycerine-water mixtures represents another group of

liquids wiﬁh apprbximately constant surface tension but varying wettability.

A gimilar cofrelation is obtained.

| There'canube no direct comparison of varying surface tension at
constantvweftability for thesé liguids; however thekfact,that the
glycérine-wafer mixfures gave greaterlplate stébilify than alcohol and
cafbon~£é£raéhlofide despife a lower wettability shows that inéreasing
the surface tension has a direct effect upon improving the plate stability.

The data indicate that liquid density and liquid viscosity have no
notiéeable effect upon stability of perforated plates;

Thé results obtained in.this study prdvide a reasonable basis for
-acce?ting a physical model based on a‘balance of Fforces acting upon the
1iquid in the perforationé atvthe‘cohditiOn of critical stability. .Thus
the effect of gas denéity may bé explained by the féct that impact of the
gés upon the liquid moving in a turbulent manner on the plate tends to
keep the liéuidrfr§m flowing into the perforations: CFfor a given impact
heéd, the velocity‘is related to the reciprocal of the square root of
the gés density. If'liquid does start to fill a perforation and form a
drop below the bottom of the plate, then the Fforce tending to hold the
drop from falling isvpropoftiohal to the surfaée tension of the liquid,

for complete wetting cdnditions. IF the liguid does not wet the plate

«
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well, the positive contact angle between fhe 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 T@ OTHER -STUDIES

Pressure Drop, Dry Plate: '

As a preliminary study to further work on lérge scale equipment .the
preséure drop across perforated plates in a 6-inch diameter columh was
vmeasured by Mayfield et alal The results obtained for the 6-in¢h column
_show that the dry—?late pressure drop is the samevfunctién of gas velocity
in ﬁhe perforations as was found in the present work. However the results
of Mayfield et alo,l lie 14% lower. The relative hole area to column area
-1s not reported; so an exact comparison is not possible. If the hole afea

in that work is .of the order of 5% of the colﬁmn cross section, however,
then those results lie within 1% of the values predicted by the theory
outlined in the present-worko Such discrepancies between two apparently
similar syétems,may be ascribed partly to slight differences in pressure
tap configuration, differences in "standard"” orifice systems used to
meter gas flows, and mainly to small errors in perforaﬁion 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/hminch pefforation diameters.  For the 3/16—inch
diameter holes the pressure drop was approximately a function of the
velocity to the 1.8 power, with values higher than those in the 6-inch
column at low flow rates and lower at high flow rates. For l/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;
s0 no effect of Variab;e ratio of perforation lengfh to diameter (L/D)
can be inferred.

. The measurements of pressure drops made by Arnold et al.2 were
carried out in a l:.5-foot diameter column with plates 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 ClaypoollL 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.l and Claypoolu 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 preséure drop versus veiocity; however Arnold,
et alo2 report that pressure drop is a consistent function of the gas
veldcity in the perforatioﬁs to the 1.8 power, whereas all of the re-
sults of the present work and most of those shown by Mayfield,l,Jang5
and ClaypoollL indicate that the gés velocity enters to the 2 pover as
predicted by the theory. |

The discrepancy between the two functions is probably caused by

the fact .that in the column used by Arnold evt‘al.»2 nearly 1/3 of the

cross-sectional area was occupied by liquld downcomers instead of

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

lence pattern in the flow of gas up the column frbm plate'to plates 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
with those of Arnold et ale,g.but most of the resﬁlts agree with those
predicted by-theofy.~

_Comparing results of Arnold et al.,2 for L/D df‘0.76 to those of
this work shows that pressure-éropsn}n the former caselvary.from 5% to
15% higher than those repérted herein. The difference in values of
L/D between the two systems might account for this variation, according
to-Claypool's.l'L results. A greater uncertainty in thé 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 2/5voccupied
by the perforation paftern° Thus a plate wifh 7.7% hole area in the
perforated region has onl& h% free area based on the entire column .cross
section. A point of question in regard to Certain_éf the data by
Arnold2 is that; whéreas a normal effect of pressure drop as a function
of relative_hole aréa to column area 1is observed for most of the plates,
no effect is noted in changing from 20% perforation area to 30% (based
on the pérforation region). This phenomenon is inconsistent with the
theory_and with the ébservations,reportedvin all other work discussed
here.

.The data for-dfy-plate pressure drop reported by Janngand.Clay—
poollL (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 éf 4% is small enough to be well within the
absolute accuracy of the experiméntal results, since gas f{low measure-

ments are made with standard but uncalibrated orifice configurations.

.Pressuré Drop, Liquid on Plate:
The preliminary study on a §-inch diameter column by Mayfield

et al.l also included measurements of the total pressure drop across
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perforated plates with various quantitiéé 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 heed.  This
equivalent head was assumed to be that height of clear liquid which corre-
sponds 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 cp) 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
uncgrtginty of the results reported here.

The work done with the 6.5-Foot diameter column and reported by
Mayfield et al.l shows that the equivalent clear liquid seal onithe.
plate, calculated as the difference between total pressure drop and
dry-plate pressuré 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 asg the apparent liquid seal divided by the
calculated liquid seal. This aeration factor was found to be a function
of the above parametefs in such a complex way that the effect of any one
of them was in turn dependent upon the other two; so no attempt was made
in that report to draw any conclusions concerning a péssible universal
correlation of the aeratidn factor as a function of column operating
factors. The only system investigated for pressure-drop in the large
column was air-water.

The experimental work reported by Arnold et ala2 includes the
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megsurement of actual liquid seal with manometers for onl& one plate con-
figuration (5% hole area‘aﬁﬁaL/D'of-O¢O9); ~The total pressure drop was-
observed to about 0.3 inches of water greater than the sum of dry-plate
drop plus measured liquid seal, a result in agreement with those obtained
in the present 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 préééure dréﬁtis.cérrelated on the basis of an
aeration féctor vhich is based upon calculated versus observed total
“pregsure drop. There is no indigation of any attempt to separate dry-
plate pressure drop from the liquid aeration phenomena. This aeration

- factor based upén,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 states that efforts
to include in the correlation data taken at larger liquid flow ratés were
uQSucceSSfulo No systems other than air-water were studied.

5 and;Claypoolu present data which show that the total pressure

Jang
drop for the system air-water exceeds the sum 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. OTHER STUDIES

. Entrainment and Plate Stability:

None of the published studies on pgrforated plate performance include
any quantitative information on entrainment rates or liquia weeping rates;
however the report of Mayfield et ala,l tabulates a qualitative estimate
of the range of stable‘plate operation for two plate configurgtions° For
5/16-inch diameter perforafions of T% hole area relative to column area,
they report an upper limit of 7.5 ft/sec air velocity (with water és the
liquid) in the column (109 ft/sec in the perforations) and a lower limit
of 2.2 Ft/sec in the column (33 ft/sec in the ﬁerforations). They define
the lower limit as the gas velocity 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
by;Colburn°8 The lower limit of velocity of 33 ft/sec in the perforations
is difficult to compare to data obtained in the present work, since the
minimum column velocity is stated to be that at which liquid just starts
to weép through the perforations. This condition is not necessarily the
appropriate one for defining a lower limit of operation, as may be seen
in the comparable data shown in this work (Figure 26), for there may be
a significant difference between the gas velocity at the condition of
incipient 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

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 approximately twice
the hole area, is larger than would be expected if the lower limit ﬁere
specified in the manner recommended in the present work. .Reference to
Figures 25 and 28 shows that as hole area is reduced, the lower limit
specified by Mayfield gt alo,l éﬁproaches more closely the limit deter-
mined by the sudden increase in dumping rate; so the discrepancy-iﬁn
dicated above is probably explained by this change in the nature of the
liquid dumping curvess L

Althougthayfield et alo,l,report no significanﬁ change in lower
operating limit with increase in calculated liquid head on the particular
try reported on in detail, the geﬁeral results of both their study and
the present work shows a definite and important relationship between
liquid head on thé plate and lower limit of operation. Figure 29 shows
the correlation of Mayfield et alm,l 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 talculated ligquid depth on the plate. The data of tﬁe present
work are shown -on the same graph and show a wide variation in slope of
dry-tray pressure drop versus liquid le&el, 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
designlcauses,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 thréﬁéh the
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perforations. These points occur at gas velocities in the perforations
of about 40 ft/sec, but show no consistent reélationship to hole size,
total hole area, or ligquid 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

9

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

1 for the air-water system, and by Peavy and Bakerlc for the

and Jenny
alcohol-water system. Holbrook and Baker used an 8-inch dismeter 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 megni-
tude and directionfupon 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 Baker dindicates
that the liquid level on the plate was probably about 2 inchés;‘thereu
fore their data for a plate spacing of 18 inches should have the same
effective spacing as that of the present study for an effective spacing
of 16 inches. Also shown in Figure %0 is a plot of entraimment versus
plate spacing and also versus effective spacing, at constant velocity.

Sherwood andﬂJennéremployed an 18-inch diameter column with 7
bubble caps per plate. They observe some effect of slot velocity, but
the effect is no more than that shown by Holbrook and:Bak.er.;9 Their
data for various plate spacings is shown in Figure %1, and a comparison
to the data of the present work is shown for an effective spacing of

16 inches. Again, Figure3l) shows a plot of entraimment versus plate
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spacing and also versus effective spacing, at constant velocity.
,Peavy<and.BakerlO used an 18-inch diameter column and present entrain-
ment data at one liquid level and.aﬁsingleipiate spacing. .The data are

\,shdﬁqtiﬁ_Figgrgﬁiﬁg'gﬁdz¢ompéred iovthe &ata,of.khé present study for a

éoﬁﬁéfaglevéffééfife spacing.

Figure 3% presents_a comparison of representative data from these

. three references with comparable d;tayfrom the present work. The data

of Sherwood and.JEnny7 and of Peavy and Baker,le'both for an lB-inqh

- diameter column, compare closely, and they lie above the data of the
. present work by a factor of about six. The data of Holbrook and Baker9
- 1lie qloser to those of this study, and thé entrainment is a steeper
function of gas velocity than for any of the other cases. The Ffact that
columns of different diameter were used makes. comparison difficult be-

cause- of the uncertain magnitude of the wall effect, but the fact that

. the éntrainment'increases with increasing column diameter is in
S qualitative agreement with the expected,directioh-of any wall effect.

The disagreement in slope between the data4of.Holbr00k4andABaker9
and all the rest of the data is probably due to the fact that only two
bubble caps were used in that study, an experimental condition which
could have a serious effect upon the uniformity of surface splashing
across that particular 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 stpdy
on perforated plates and that observed in the work on bubble-cap plates
may be due to a difference in the splgshing actioﬁ at the surface of the
liquid on the two types of plates. Thus, Mayfield et al.,l'report that

bubble-cap plates appear to be entraimment-limited at a lower gas
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velocity than do perforated plates inxan-otherwise_identical column. No
quantitative information accompanies that statément however.

vFigﬁre 3% also presehts a comparison of the date of thé present work
with those avaiiable for bubble-cap plate studies wﬁich éhoﬁs that en-

trainment is nearly the same function of'effective spacing for all cases

reported.
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APPLICATION OF PERFORMANCE DATA TO COLUMN DESICN

The data presépted_in thislstudy were all,obtéined wifh‘a six-inch
diameter perforated plate column; however, extrapolafion-of‘the data to
the design of largér columns is,probably well justified in view of the
agreement of the results presented here with those presented by Mayfield
et al.,l_and,Arnold_et al..2 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.predetermined framework .of policy decisions with respect
to such factors, however, the 6perating 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 purposes to as great a degrée as the a priori "policy"
assumptions regarding such factors as liquid density in downcomers
for a given system.

As noted previdusly in this work the largest degree of uncertainty
lies in the prediction of plate stability with respect to liquid Qeeping
throuéh the perforations. .This uncertainty is- the 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 applicaticons 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 convénient method of presénting_éolﬁmnsopérating limits in-
volves a simple plot of vaporvvélocity (based’Upoh plate area not in~'
cluding downspouts) as a function of 1iquid flow per unit length of weir.
" For a given ligquid flow éh'allowable>upper'and lower limit of vapor flow
‘can be calculated, while maximum and minimum liquid flows can also be
épecifiéd.

As shown in Figure 3% (and all subsequent figures), a simple
graphical picture of column operating characteristics is the result.

The construction of each graph requires the specification of thé following:l
(1) Column Diameter
(2) Weir Length
(3) Relative area of perforations to plate area (minus downcomers)
(%) Plate Spacing
(5) Weir Height
(6) Downspout Outlet
(7) Vapor Density
(é) Liquid Density
(9) Liquid Surface Tension
(10) Perforation Diameter

Operating lines for given ratios,of‘liQuid to Vapér flow may also
be shown.  One éraph can .conveniently be used for moré’than»one ratio
of weir length to plate area; so e?chibperating line*reﬁresents_a
different ratio of liquid to vapor flow for each value of the ratio of
welr length to plate area.

_Calculations of operating limits are made as follows:

(1) Maximum vapor flow limited by entrainment:
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An upper limit of percent entrainment is arbitrarily chosen for‘the
particular case (e.g., 20 wt. percent liquid relative to vapor flow). As
shown in Figure 21 and Figure 15B, the upper~limifing vapor velocity can
be determined if the effective spacing between liquid surface and plate
above is known. The spacing is calculated as the plate spacing.minué.the
sum .of weir height and liquid crest .over the weir {as predicted by the
standard Francis Weir Formula)« ‘Thus for each liquid floﬁ in a given
column there is a particular effective spacing which controls,tﬂe allow-
;blé_upper iimit of vapor flow for the entrainment limiting cond:".tions°
This limit is independent of perforation area relative to plate area but
is a function of plate spacing, weir height, gas density, liquid density,
and liquid surface tension, as well as liéuid flow rate;

(2) ,Maximum-vépor Flow limited by flooding:

-The flooding limit is defined as that point where_the gas phase
pressure drop across the plate is equal to the driving force of liquid
head availabie in the downcomer for overcoming this pressufe drbp. .Thus
the expression for this condition is:

AP AP, +h _+&X=C(S+H ) -h,, -h

“total T TDP T “lig weir lig ~ "a
.Where

APDP = gas pressure drop across the dry plate

APy = P tal ~ hliq - &Ppp

APtotal‘= total gas pressure drop, liquid on plate

C = an arbitrary constant to allow for foaming in the downcomer

S .= plate spacing

Hweir'= welr height
hliq = head of llquld_on_plate

. (hliq - EHWGiI' + Hw..c.] @) R
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,HWQC° = height of liquid crest over weir according to Francis
Weir Formuls
hd~= liquid head loss for'flow 6ut'downspout outlet
-« = 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 functioﬁ 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
perforations: |
This point is defined as the vapor velocity in the perforations

corresponding to the sharp change in ligquid weep fate as a function

of gas velocity. Figures 22 through 28 present the data obtained in
the six-inch diameter coiumn for the air-water systeﬁ, and Table III
(Appendix V) 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 3Lk through 48 may require revision in the light of
pilot plant data obtained for a given system under investigation;

The position of this line is aifunction of gas and liquid densities,

liquid surface tension, perforation diameter, and relative area of per-



=5l

forations to area of plate.

(4) Maximum liquid flow, limited by weir capacity:

.This .flow rate is defined arbitrarily here as the liquid flow
corresponding to 2 1/2 inches of calculated liquid crest height over
the weir. At sufficiently 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»bf the gas
and liquid densifies.

(5) Minimum liquid flow, limited by splashing of liquid over the
weir:

In order to.maintdin the designed head of liquid on the plate to
maintain contacting efficiency, a minimum liquid flow is required to
ovércome that thrown over the weir by splashing resultihg_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 1limit is shown tentatively as independent .of vapor
velocity, but in any case'thisvlimit need never be a factor of importance
in ne& column design, since a reduction in weir length in a given column
can be accomplished éagsily. Where a column already in existence is
being checked for usejwith a new system, more accurate knowledge of
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 piate efficiency is only a slight function of wvapor
“velocity at moderate to high rates of vapor flows. The work is part of

the, as yet, unpublished Ph.D. thesis of R. D. Lee.

According to Mayfield et alo,l hydraulic gradient is not significant
in the operation of perforated plate columns-

As a typical case for a general exposition of the effect of the
variables to be ponsidered in the design of perforated plate columns,

a system characteristic of hydrocarbon distillation is taken first.
Figure 3% shows the graphical presentation of the operating limits of
. the column used as the example.

.Of particular interest is the fact that the flooding limit cuts
ofF sharply at liquid flow rates considerably less than the maximum
allowable flow over the welr. .This condition is caused by the rapidly
increasing head loss involved in liquid Flow out the downspout opening
which is only 5/h inches high. Figure 35 shows the effect on the
flooding limié of increasing the weir height frqm'l inch‘to 2 inches
in order to increase the height of the downspbut outlet to 1 and 1/2
inéhesc Thé head loss for liquid flow out .the downspout no longer
provides an undesirably limiting factor in the operating limits of the
column.

The increase in plate stability in changing from,l/Awinch.diameter
to l/8minch diemeter perforations is shown in Figures 3k and %5. Since
the use of the smalleriperforations involves greater Ffabrication cost
for the plates, the choice of small perforations over large ones would
présumably be made only when plate stability is important in column

operation.
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.The particular column gonfiguration used for Figure 35 results in a
flooding limit 20% lower than the entrainment limit. Figure 36 presents
.operating limits for the same column 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.upén.vapor
velocities in the perforations,‘tﬂe.relative positions of the entrain-
ment and flooding linesg shift with change in percent perforation area.
The stability limit is also a function of vapor vglocities in the per-
forations as well as percent perforation area; éo the stability lines
change markedly. .Hence as percent perforation area increases, the ratio
of ﬁaximum to minimum allowable operating limits significantly decreases
after the flooding limit exceeds the entrainment limit.

Figure 37 shows the operating limits For the standard column of
Figure %5 with different platg spacings. .Both the entrainment and (
flooding limits change with change in plate spacing, but the stability
1limit remains the same. Of interest to note is the fact that the flooding
limit is less éensitive to,changes in plate spacing than is the entrain-
ment limit. Increasing the plate spacing not only increases the éapacity
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,caﬁ be ac=~
éomplished.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-oﬂ the
‘chart for the appropriate relative rates of gas and liquid flow and
relative length of welr 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_eﬁidentvthat 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 chart makes clear the fact
that with an increase in liquid deneity the greater driving force avail-
:able in the downcomer for overcoming vapor phase pressure drop raises the
flqoding 1limit significantly. The entrainment limit remains constant
because of the fact that weight pefcent 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 surface tension. The flooding limits are
changed only slightly, but the entrainment limit increaeesvmarkedly with
the threefold change in surface tension. An impoftant increase in plate
stability also accompanies an increase in surface tension.

‘The effect on the standard column (Figure 55)Ao£ 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 poeitien of the operating line with change in this
ratio. Three diffefent operating lines are shown, and each:one is valid

for a particular relative liquid to vapor flow for each value of the
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ratic of plate area to weir length. _Increééing the weir length in a given
column moves the operating line counterclockwiée, while increasing the
liquid flow reletive to vapor flow shifts the position of operating line
clockwise. | |

,Figure'MQ shows the operating limits for a typical double-weir
modification of the standard column operating with a high ratio of liquid
flow to vapor flow (tyﬁical1rectified absorber operation). -The 10% per-
'foratidn afea configuration is seen to provide a narrow range of maximum
to.minimum_allowable.flows,in this column under these columns; so
additional operating limits are shown Ffor 5% and 2 1/2% perforation area
désigns, The relative stability of the cdlumn increases with decreasing
ferfdration area; so considering the 5% column design to be sufficiently
stable, axset of operating limits for this column with differentvplate
spacings is presented in Figure 3. -

These cufves demonstrate the reduction in flooding limit with
vreduction in plate spacing, and the concomitant decrease in relative
plate stabilityg The ultimate column design will depend upon policy
decisions with respect to general column proportions .of height and/or
diameter‘as,weli_as with respect to sﬁability considerations; ‘hence
such graphical presentations assist in\the rapid analysis of the problem
of cost estimating .and sizing the possible column configurations fitting
the over-all policy 1iﬁitations°'

\Figufé 4l 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 éhown, and the effect of changing from
a single to a double weir configuration is illustratedo..To be noted

here is the fact that the change to a double welr 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 ares, Whlch more than compensates for the increased
vapor throughput based upon net plate area) Here.agaln use of such
charts assists in the rapid analysls of the problem of optimizing the
design of a perforated plate column

The des1gn characteristlcs of a typical vacuum column is illustrated
in:Figure)gi whlch presents the operating limits_forbthe standard column
»operating with a gas of oneﬁsinteenth the density of the former case
shown in Figureiﬁk The column is entrainment limited at all the plate
spacings considered, and the effect of the lou gasidensity upon the
position of the operatingvline for & typical rectifying section (i,e.,
equi«weight.flons) isvsuch that staole operation indicates the use of
1/2 or l/h the length of a maximum single weir.

A problem of.importance in the distillation of light hydrocarbons
under pressure is the.design of the stripping section of such:columns.
Here the gas density is so high that the liquid density may be only 6
tines as great as‘that of the gas. Naturally, flooding problems be-
come critical. With bubble caps the solution reportedly lies in the
use of largevplate spacings, however, as shown in Figure 46 and Figure
k7, satlsfactory perforated plate designs lie in the same general
region of column characteristlcs For operation w1th less crltlcal
conditions of relative gas and liquid densityo The extrapolation;of
the‘data obtained in tne present work to:the.design‘probIEm discussed
above represents a‘é5~foldvincrease in densityvof.vapor above the
maximum used in this s'tud.y° Desplte the magnltude of thls extrapolation,

the conclus1ons to be drawn from this dlscus31on are probably quite
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valid,wsince flooding limits areknot.susceptible to any changes of a
funaamental nature just because of changes in vapor density.

As an éxampie of a design for which column proportions are of major
importance, operating conditions typical of ligquid air distillation are
illustfated in Figure 48, .The éolumn_is similar to the standard column
except for the very small plate spacing .of 6Ainches, consistent with the
b-réquirement that liquid air coiuﬁns be relatively sqﬁaﬁ in over-all
proportions in.order to optimize the design with respect to heat leak.
Operating limits fof three values .of pefcent perforation area are shown,
as are 6pera£ing lines for maximum length,of‘single weir and one-half
_this lengthvof siﬁgle weir.  The 5% perforation area with the latter
weir length ﬁrdvidé a-éolumn configufationIthat,appears to be quite
useful.  Thé ratio of makimum to minimum flows is threé, a figure which
ought to be quite adeqpate fdr a systeﬁ like a liquid air distillation
‘ﬁﬁit Qﬁich must'éperate near a given designed fhfoughput in order to
obtain designed-over—éil energy efficiencies.

.Pérﬂaps the ﬁost striking factor in the design of perfqrated
vplate éolumns evidenced in the above discussions is thé simplicity of
désigﬁ-methods based upoh the data obtained in the present work and in
other studies on the same sub;ject° Elimination of problems reélated to
bubble cap design, hydraulic gradient, loss of contacting efficiencies
between vaporvand liquid, énd general uncertainties related to factors
.limiting,&appr throuéhputs'in bubble cap,columns'reduce the problem of
perforated plate column design to a fapid process .of optimization-of
design within policy limitations, using‘graphical techniques illustrated
.above as a guide to a clear.understanding of thevimportant;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% hole asea).
Pressurc drop (minus head of liquid on

plate) vs hole velocity sjquared.
Air—HZO.
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Fig. 3. Pressure Drop Across Perforated
Plates. Plate III 1/4 inch holes at about
4 diameter spacing (5. 4% hole area).
Pressure drop (minus liquid head) vs
hole velocity, squared. System Air-HZO.
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Fig. 3a. Pressure Drop Across Perforated
Plates. Plate III 1/4 inch holes at about
4 diameter spacing (5. 4% hole area).
Pressure drop (minus ligquid head) vs
hole velocity squared. System Air-HZO.
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Fig. 4. Pressure Drop Across Perforated
Plates. Plate V 1/2 inch holes at about
4 diameter spacing (4, 9% hole area).
Pressure drop (minus liquid head) vs
hole velocity, squared. System Air-H,O.
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Fig. 5. Pressured Drop Across Perforated

Plates. Effect of Hole Sizc (1/8 inch-

1/4 inch-1/2 inch diamecter holes at about

4 diameter spacing) (approximately 5% hole
area), Pressure drop (minus liquid head
on plate) vs hole velocity, squared. System
Air—HZO. Viscous-damped Manometers.
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Fig. 7. Pressurec Drop Acrocss Perforated
Plates. Plate IV 1/4 inch holes at about
2 diameter spacing (19.0% hole area).
Pressure drop (minus liquid head on plate)
vs hole velocity, squared. System Air-HZO.

Viscous-damped Mancmeters,
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Fig. 8. Pressure Drop Across Perforated
Plates. Plate VI 1/2 inch holes at about
2 diameter spacing (21.5% hole area).
Pressure drop (minus liquid head on plate)
vs hole velocity, sguared. System Air-HZO.

Viscous-damped Manometers,
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Fig. 9. Pressure Drop Across Perforated
Plates. Effect of hole size (1/8 inch-
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20% hole arca). Pressurce drop (minus li-
quid head on plate) vs hole velocity, squared.
System Air-}1,0. Viscous-damped Manom-
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Fig. 13. Entrainment vs Average Velocity of
Vapor in Column, Air-H,O System, 1/4-
inch diameter perforations, 1.8-inch liquid
head on plate, 20-inch plate spacing.
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14, Air-Water Entrainment Data for
Various Plate Spacings (1. 8-inch liguid
head on plate); entrainment vs column

vapor velocity.
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Fig. l4a. Effect of Lijuid Level on Entrainment
at Various Plate Spacings, Plate III, Air-
HZO System. Entrainment vs Vapor Velocity
in column.
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16. Tracing of Photograph of Entrained
Liquid Drops, Air-H,O System, Velocity =
11.5 ft/sec; Liquid level = 1.8-inch on
plate; Bottom of picture 20 inches above
plate, approximately 1/4 of column cross
section is included in this picture. En-
trainment rate = 20% by weight. Drops
less than 1/50-inch diameter do not show
up consistently in photograph.
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Fig. 18. Eiffect of Hole Size on Entrainment,’
Air-H»O System, Plate III, 1.8-inch
liquid on plate, 5% hole area. Entrainment
vs. Vapor Velocity in Column. :
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19. Effect of Gas Density on Entrainment,
Plate 1II, Air-H,O System, 1.8-inch liyuid
lcvel, 20-inch plate spacing. Entrainment
vs Vapor Velocityin Column.
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Fig. 20. Effect of Li juid Propertics on Entrain-
ment, Plate 111, 1.8-inch li juid level, 20-
inch plate spacing. Entrainment vs Vapor

Velocity in Column.
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Perforations. Air-H,O. 1/8 x 2 D (Plate I)
20% hole area.
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Fig. 23, Wt. % Dumping vs Gas Velocity in Per-

forations. Air-H;O. 1/8 x 4 D (Plate 11)
5% hole-area.
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" Fig. 25. Wt. % Dumping Rate vs Gas Velocity

in Perforations. -Air-H0. 1/4x 3 D
(Plate VIII) 10% hole area.



% DUMPING

WT.

-93-

60

50

D
(@)

[
(@)

20

LIQUID LEVELS *
A=10"
e = [.8"
m=238"
&= 38"

20 30 40 50 60 70

V, FT. / SEC. .
MU-85ii

Fig. 26. Wt. % Dumping Rate vs Gas Velocity

in Perforations. Air-H,O. 1/4 x 4D
(Plate 1II) 5% hole area.
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Fig. 27. Wt. Jo Dumping Rate vs Gas Velocity
in Perforations. Air-H,0. 1/2x 4D
(Plate V) 5% hole area.
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Fig. 28. Wt. /% Dumping Rate vs Gas Velocity
in Perforations. Air-H,O. 1/2x6D
{Modified Plate V: holes next to column
wall) 5% hole arca.
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Fig. 29. Comparison of Stability Data to that
of Mayfield, et al., I.E.C. 44, 2238 (1952)
for "Weep Point"" Correlation, 6.5-foot-
diameter perfor. tray, air-HZO System,
3/16-inch diameter holes.

. Note: Dotted lines show total scatter of
Mayfield's data; Solid line same as May-
field's recommended line.
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Fig. 30. Holbrook and Baker, IEC 26, 1063 (193k).
Entraimment vs. Column Velocity. Steam-Water.
2-inch Liquid Level. .
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Fig. 317 Sherwood and Jenny, I.E.C. 27, 265
(1935). Entrainment vs Column Velocity.
Air-Water. 4.5 cm Liquid Level.
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Fig. 32. Pecavy and Baker, I.E.C.29, 1056

(1937). Entrainment vs Column Velocity.
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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. '
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Fig. 34. Perforated Plate Column Operating

Limits.
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Fig. 35. Perforated Plate Column Operating

Limits.
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Fig. 36. Perforated Plate Column Operating

Limits.
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Fig. 37. Perf_drated Plate Column Operating

Limits.
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F.ig. 38. Perforated Plate Column Operating
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Fig. 39, Perforated Plate Column Operating
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Fig. 40. Perforated Plate Column Operating
Limits.
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Fig. 42. Perforated Plate Column Operating
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Fig. 43, Perforated Plate Column Operating
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Fig. 45. Perforated Plate Column Operating
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Fig. 46. Perforated Plate Column Operating
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Fig. 47. Perforated Plate Column Operating

Limits.
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Fig. 49. 1/4-inch diameter perforations, 1/2-
inch spacings, Air-Water System, Air vel-
ocity 50 ft/sec (3-1/2 x Magn.)
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Fig. 50. 1/4-inch diameter perforations, 1/2-
inch spacings, Air-water system, air velo-
city 50 ft/sec (3-1/2 x Magn.)
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Fig. 51. 1/8-inch diameter perforations, 1/2-
inch spacings, Air-water system, air velo-
city 40 ft/sec. (3-1/2 x magn.)
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ZN-1050

Fig. 52. 1/8-inch diameter perforations, 1/2-
inch spacings, air-water system, air velo-
city 40 ft/sec. (3-1/2 x magn.)
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ZN-1051

Fig. 53. 1/4-inch diameter perforations, 1-
inch spacings, air-water system, air velo-
city 40 ft/sec. (3-1/2 x magn.)



-121-

ZN-1052

Fig. 54. 1/4-inch diamcter perforations, 1-
inch spacings, air-water system, air velo-
city 40 ft/sec. (3-1/2 x magn.)
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Fig. 56. Entrained Liquid Region, 1 inch
above froth surface, Air-Water System,
Column Gas Velocity 3 ft/sec (full scale).
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Fig. 57. Froth, Air-Water System, Column
Gas Velocity 3 ft/sec (full scale).
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Table .I

LConfiguration of Perforated Plates

(All Holes in Equilateral Triangular Spacing)

Ares Total Percent
R Thick- Hole Hole Per Hole of Total
Plate ness Diam. Spacing Number Hole . Area Column

Number (Inches) (Inches) (Inches) Holes (sq.ft.) (sg.fta) Area

I 1/8 1/8 1/k 433 0000852  .03%69 18.8
II 1/8 1/8 1/2 109  .0000852  .00929 4.9
111 1/k4 C1/k 1 © 31 .0003k1 .01056 5.k
v 1/4 1/4 1/2 109  .0003L41 0372 19.0
v 1/2 1/2 2. 7 .00136 00954 4.9
VI 1/2 1/2 1 31 ,001%6 ,0L4226 21.5
VII  3/8 3/8 11/2 13  .000767 .00997 5.1
VIII 1/4 1/4 3/h 55  .000341 .0187 9.5

IITA  1/8 - 1/8 1/2 109  .0000852  .00929 k.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/cm)  Wettability
Water 150(20) 1(20) _ 75(29) | 1
Glyc-water 1.202(20) __34(20) - g9(20) 2.0

o w 1.14(20) N80(20) 65(20) 2..0
Water - 1.0(20) 1 (20) 75(20) ~ 2.0

(Wetting plate )

because of

residual glyc.) ‘
n-Butyl Alc. .0.81(29) 5,0(20) 2u,6(2°)- k.o
cc1, 1.60(20) g g7(20) | 27.0(20) 4.2
n-Hexane 0.67(20) 0.5(20) 18.u(2°) 5.7
Kerosene 0.71(20) f‘xl(BO) /\125(29) 6.0

(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 ITI
Plate Stability Data

(1.8" liquid head on plate)

‘Gas Velocity at Critical gtability

In Perforations In Column
Plate - Liquid . Gas ft/sec ft/sec
I Water  Air 35 7.5
II " " 25 © 1.3
IIT d " ) 1.5
v " " 50 Y10
v " " 27 ' 1.4
VI " " >60 12
ovio - o w0 4.0
IIT Water (wetting | | |
the plate) " 21 1.1
IIT Water-Glyc.
_ (Visc. 80 cp) " 21 1.1
IIT Water-Glye.
(Visc. 10 cp) " 21 _ 1.1
IIT n-butyl alcohol " - 23 1.2
III carbon tetrachloride " ook 1.2
III kerosene (C-12) o 15 0.8
17T n-hexane " 1k | 0.7
III Water . Freon-12 15 0.8

III - Water . methane 3 1.6




-128-

Table III-A
Plate Stability Data, Air-Water System
(1.8" 1iquid head on plate)

Effect of Perforation Diameter and ‘Total Perforation Area:

- 5% Total‘Area' 20% Total Area _
Perforation . Gas Velocity at Perforation .Gas Velocity at
Diameter, Critical Stability Diameter, Critical Stability
Inches ft/sec Inches : £t/sec
1/8 25 1/8 35
1/4 30 /4 > 50
1/2 (normal) o7 1/2 7 60

1/2 (modified) 35

Table ITI-B
Plate Stability Data, Gas-Water System
(1.8" 1iquid head on plate) (Plate III)

Effect of Gas Density:

Gas Velocity at

.Bpecific Density Critical Stability
Gas (relative to air) ft/sec
‘Methane 6.55 . 32
Air ' 1.0 30 -

Freon-12 .0 15
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Table III-C
Plate Stability Data, Air-Liquid System

(1.8" 1iquid on plate) (Plate III)

- Effect of Liquid Properties:

Surface Tension of 70 dynes/cm. Surface Tension of 20 dynes/cm
_ 4 Relative Gas Vel. , ,Relative Gas Vel.
Liquiad - Wettability  Crit.St. Liquid Wettability Crit.St.
Water 1 30 n~-butyl h.2 23

' : ” alcohol
Water plus 2 .21 carbon tetra- 4.2 24
Glycerine, chloride
Viscs 1 cp
Water plﬁs 2 21 kerosene 5.7 15
Glycerine, -
Visc. 10 cp
Water plus 2 21 n=hexane 6.0 14
Glycerine, -

Visc. 80 cp
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Table IV

Entfainment Data

Plate Gas Velocity Entrainment
Run Spacing  Column Hole Rate -
No. System Plate (Inches) (ft/sec) (ft/sec) (ce lig/min) Notes
1 Air-CCl, IIT 20 4.9 97 15.3 (1) (air + w
cely, vapor)
2 " " " 45 89 11.3 density = 3
117 1b/£t7.
5 n. 1" 1" - )4_.“‘2 85 8 . 5 .
(2) Evap-
N n M " "~ 3.8 76 4.5 losses cause
v approx. 2cc/min
5 n " " 3.5 69 2.8, error in
. entrainment.
6 " " " 3.2 65 1.3 . :
: , , (3) 1.8" 1iq.
T " " " 2.7 53 0.5 head -
1 Air-Hexsme  TIT 20 5.1 101 70 (1) (Air +
o Hexane'vapor)
2 " " " 4.8 95 plte) density = 3
.100 1b/ft
5 1" 11} n )_1_ o )-l- 88 29 . 5
{(2) Evap.
L " " " - hoo 80 12 losses cause
: ‘ - approx. 3 cc/
5 A " " 3.6 72 7.5 min error in
' entrainment
6 " 1t 1"t 3 52 65 3 . 5 ‘
( 5) 1 -.8"
7 " " " 2.7 53 0.8 1liq. head
1 Air-Kerosene III 20 5.3 105 72.5 (1) 1.8" 1igq.
' head
2 " " " )+ . 9 98 !4-7 . 5
1t 1 " )+ 5 90 55
)+ 144 1 11 )4_ 2 . 83 25 .
5 1" 1" 1 - 5 °7 ‘ 7)_4_ 15 . 5
6 1"t " 1 5 2 6)4‘ 9 ]
7 " 1 1 2 8 55 5
8 v " " " 2.2 Ll 2
9 ' 1t 1 1" 1 7 55 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 lig/min)  Notes

1 FreonH0 III 20 3.3 6.5 8.8 (1) 1.8"
' ' Liqg.
2 - " " 3.0 59.6 6.5 Head
5 " 14 n 2.75 55‘0 4.5
N n n n 2.5 50.3 2.5
5 1 1t n 2.2 ‘ 46'5 l°8
1 Air-EJQ IIT 20 3.0 67 2.8 ) (1) 1.8"
' ) Liqg. -
2 : " L H " 5 N 9 77 5 ‘._8 g Head
5 o 1 1 )4_.)4. 87 8_3 ;
h_ " 1 " l|-08 95 11.0 ;
5 Rl [H] i ' 1 S'l 101 | 15.5 )
6 " 44 " 5.5 67 8.3 g
7 . 1t 1 ' 1 5.8 76 l)-|-o5 ? (2) 5°9l!
o ‘ Liq.
8 n " " 4.3 85 22.5 ) Head
9 1" " n lq..'? 9)4_ ’ 20 )
| )
10 " " " 4.3 85 16 )
. ) (3) 2.9"
11 Ri " ] 1" 3.8 76 ‘10‘5 ) Liq_a
) Head
12 " " " 3.3 67 5.8 ) :
15 n ' n i 3‘5 67 )'4"5 %
l)-l- oo " on 5 ‘18 ’ 76 ’ 7 ) '
._ | | ) (&) 2.3"
15 o " oo 4.3 85 11.6 ) Lig.
- ) ‘Head
16 n ] v " b, 7 9)+ 16. 3 )
1 Air-Hzo IIT 20 4.8 9k.5 1%.5 (1) 1.8"
z : Liqg.
. Head
2 & n " 5.1 101 20 (2)stabi-
lizing screens
3 | M " " 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 lig/min) Notes
b Air—HgO I1T 20 3.4 67 5.3
5 n " i )4_.6 91 28.5 )
)
6 1" 1" n 4.2 83 2u.5 )
‘ )
7 1 n " 3.8 7 18.5 ) (3) 3.8" Liq.
) Head
8 " " " 3.6 71 13.0 g
9 | l:.l " 1 5.2 65 9'5 )
10 3] 1 1" 5.2 65 7_0 g
11 .n 1" " 3°6 71 . 10.0 ;
12 " " " 3.8 77 14.0 ) (4) 3.1" Liq.
) Head
13 " " " 4.2 83 18.5 )
)
l)-l- 3] 1 1 )_4_.6 9l 22.5 )
15 " 3] " )4--6 91 17.0 g
16 A n " 4.2 83 13.5 )
)
17 " " 3.8 7 11.0 ) (5) 2.4" Liq.
’ ) Head
18 i 1" ] 5.6 71 8_0 )
, )
19 H 1 n 5.2 65 6.5 )
1 . " ol b3 86 7.5 ) (1) 3.9" Liq.
) Head
o 1t 1" " 5'8 77 4-5 g
5 " " " 5.1“ 67 5.0 )
4 " " " 3.4 67 1.2 ) 1.8" Lig.
) _Head
5. R 1" " 5.8 77 . 2.0 ;
6 n " 1" l"'B 86 3.5 )
)
7 ] " " 4.8 95 505 )
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_ Table IV -
(Page L)
Plate Gas Velocity - Entraimment
Run Spacing _Column  Hole Rate

No. System Plate (Inches) (ft/sec) (ft/sec) (cc lig/min) Notes

1 Air-E0 I 28 5.3 86 2.5 ) (1) 3.9" Lig.
. : ) Head
2 1" " " 5‘8 77 105 g
5 " 1" n 5.)4_ 67 lao )
)-l- 1 " 1" 304 67 0.5 ) 108" \Liqo
) Head
5 o " 1" 5«8 77 0.8 g
6 " " " 4.3 86 1.k )
' )
7 " %8 95 2.4 )
1 " VII 20 5.3 111 11.5 1.8" Liqg.
‘ : ' Head
2 " " " 4.8 101 10.0
3 n v " i )4_’5 92 7‘4
i " " " 3.8 82 5.6
5 1" n " 30)4_ 71 2.5
1 v - 3.0 7l 7.0 (1) 1.8" Lig.
‘Head
2 " " " 3.8 85 18.0
'5 n " t 405 96 50‘5
N " 1 " 4.8 105 l‘_8°0
1 " II 5.3 120 20.5 (1) 1.8" Liq.
: ‘Head
2 M " " 4.8 108 17.5
3 M " " ' .3 99 10.8
i " 1 ' 1 508 88 6. 2

5 n " " 5.)4_ 76 5.5
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Table IV
(Page 5)
Plate Gas Velocity Entrainment
Run Spacing -Column - Hole Rate

No. System Plate (Inches) (ft/sec) (ft/sec) (cc lig/min) Notes

1 Air-H50 ViI 20 3.4 71 5.0 (1) 1.8" Liq.
- Head
2 3 " " 3.8 83 10.0  (2) Stabilizing
] screens on
) " " " L.3 101 19.8 plate
)_“ 1 1" it 5 ) 110 26 . 5
1" v 20 3.4 Th 6.0 (1) 1.8" Lig
: ' - Head
2 " " a 3.8 86 36,5 (2) Stabilizing
screens on
3 M " " 4,3 104 68.5 plate
1 " I o 5.2 117 - 18.0 (1) 1.8" Liq.
" - Head
2 " " " 4.8 107 14.0 (2) Stabilizing
SCreens on
3 o " " 3.8 88 8.5 plate
A " 1" " 5.4 76 565
1 " VIIT " 6.1 62 2k .0 (1) 1.8" Liq.
. ' Head
2 T . n n 9‘ l 95 125
3 n 1 1 8.6 5 87 ‘ 90
L " " " 8.0 82 67
5 1 1 11 7 . 0 71 )+5 . 5
6 " i 3 11.0 112 600
1 . v o 12.1 6l 1090 (1) 1.8" Liq.
" Head
2 " " " 11.8 62 827
5 4] 1" 1 11’5' '60 6&8
X n n " 11.2 58 545
5 " " " 10.8 56 370
6 " " " 10.2 5k 270
7 " " " 907 51 .205

8 n b " 8.6 . )-I-S 110
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Table IV
 (Page 6)
Plate Gas Velocity  Entraimment
.Run Spacing Column Hole Rate

No. System Plate (Inches) (ft/sec) (ft/sec) (cc liq/mln) Notes

1 CHA~H 0 IIT 20 4.05 81 2.5 ) ( ) 1.8" Liq.
) Head -
2 " " " 3.95 9.2 2.5 %
3 11 .n nA ) l;..? 9)4_'5 | )_‘_oo . %
4 " " " k15 - 82.8 3.0 %
5 " " | " 506 | 72 105 %
6 W 2.95 59 0.9 )
1 Air-H0  VIII 16 7.2 72 95 ) (1) 1.8" Liqg.
) Head
o) 1 1 " 8 .0 80 . 165 %
3 : " "nooe 1 8.4 : 8l 2ho %
)+ k] " " 809 89 510 )
1 " " 12 8.0 40 840 ) (1) 1.8" Liq
. ) Head
o 1 1" 1" 702 28 550 ;
5 1" " " 6 °1j 2’4— 2)4,0 )
1 i 11T 8 3. 68 580 ) (1) 1.8" Liq.
) Head
2 " " " 3.2 S 340 %
3 " " " 3.0 60 260 g
)_“ - " 1" 1 2075 55 ) 170 ;
" " " 2.4 48 105 )
6 " " 1t lba8 56 55 )
1 " " 12 2.8 56 . 13 ) (1) 1.8" Liq.
) ) Head
2 " " " 3.2 6L 21 %
3 1 I 1" 304 68 50 ;
Ll- 1 1" 11 509 78 62 %
5 1 " 1 )'l'o)-l' 88 85 g
6 " " " 4.8 96 110 g
7 " 1"t 1"t 5 04 108 155 )
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.Table V-1

Pressure Drop Data
System - Air-He»O
Plate - I

Run Series -~ I

Peas V Hole APt h liq AP dyn  AH
Run (plate% o
No. 1b/ft” ft/sec cm E,0 x 2.50 cm H)0 x 2.50 1b/£t° ft gas
1 OTTT 32.8 14.00 10.75 2.62 3%.8
2 " 27.0 13.40 10.70 2.20 28.4
3 " 21.1 13.20 10.70 2.04 26.3
in " 16.4 13%.05 10.70 1.92 24 .8
5. " 32.8 11.25 7.85 2.77 35.7
6 " 26.9 10.65 7.85 2.29 29.5
T " 21.0 10.45 T7.85 2.12 27.3
8 n 16.3 10.30 7.85 2.00 25.8
9  .0768  33.9 9.95 6.35,. 2.94 38.3
10 " 33.6 10.00 6.35 2.98 38.8
11 " 27.1 9.30 6.35 2.41 31.4
12 " 21.3 8.80 6.40 1.96 25.5
13 M 160 8.70 6.35 1.92 25.0
14 .0755 33,1 16.55 13.35 2.61 . 33.7
15 " 26.9 16.10 13.35 2.24 28.9
16 " 20.9 15.95 13.35 2.12 27.3%
17 " 26.9 16.05 13.35 2.20 28. 1
18 A 32,2 19.20 15.85 2.7k 35.3
19 " 27.0 18.50 15.85 2.16 27.9
20 " 20.9 18.10 15.85 1.83% 23.6
21 0775 30.9 21.90 18.85 2.49 32.1
22 " 26.9 21.55 18.85 2.20 28.4
23 " 21.2 21.05 18.85 1.79 23.1
24 " 30.1 24 .65 21.85 2.29 29.5
25 - 26.7 24,55 21.85 2.20 28.4
26 " 20.8 23,90 21.85 1.67 21.5
27 " 28.9 27.65 24.85 2,29 29.5
28 e 26.9 27.50 24.85 2.16 27.9
29 M 21.1 27 .00 24 .85 - 1.75 22.6
30 o775 37.3 2.30 1.88 25.1
31 0748 34.1 1.95 1.59 21.%
32 " 28.6 1.45 1.18 15.8
33 u 2h.1 1.10 0.90 12.0
3l " 20.8 0.90 0.Th 9.9
35 " 17.2 0.67 0.55 T4
36 " 32.54 1.77 1.4k 19.3
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Table V-1
(Page 2)

Plate - I

Series - VI

peas V Hole APt .h 1iq - AP dyn PaY;

Run (plat%) . o - :
No. 1b/ft ft/sec cm H0 x 2.50 cm H0 x 2.50 1b/ft ft gas
1 0734 92.3 13.85 . . 11.34 154

2 0733 79:k4 10.65 o 8.68 118

3 0727 69.1 8.05 6.60 90.8
L -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 h1.1 16.90 11.80 4.18 55.1
9 0761 51.3 18.90 " 5.82 76 .4
10 0763 61.8 22.20 " - 8.51 112
11 0764 71.0 24.90 " 10.7 o140
12 0770 66.2 31.80 19.70 9.91 129
13 .0769 55.4 29.10 19.80 7.61 99
1k 0769 45.5 26.40 " 5.41 70.2
15 0768 30.9 23.70 " 3.19 41.8
Series - XIT

1 OT45 70.8 23,4 10.2 10.81 145.1
2 SOThh 63.6 21.9 10.5 9.3 125.4
3 0745 54,7 20.2 11.2 T7.37 98.9
L L0745 h5.2 18.1 11.1 5.73 76.9
5 0745 3h.2 15.8 11.3 3.69 49.5
Beries - XIII
1 0745 T71.5 13.3 10.89 146.5
2 0745 1.3 13.2 10.81 . 145.5
3 0745 54.6 8.3 6.76 91.1
4 Noygn 63.6 10.8 8.83 119.0
Series - XIV
1 0756 72.9 11.5 151.4
2 .0756 T0.7 11.06 145.9
p) 0755 68.9 10.56 139.5
L L0755 67.8 - 10.07 133.5
5 0754 66.% 9.70 128.2
6 .0T5k4 62.9 8.97 118.5
7 0736 61.% , : 8.27 112.4
8 0736 - 57.7 745 101.2
9 0739 54.2 6.67 90.3
10 Noygite: 49,1 5.69 76.6
11 Noygion 45.7 , 4,91 65.9
3

12 0Ty 40.3 3,89 ' 52,
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Table V-1
(Page 3)

Series - XIV {continued)

peas V Hole APt h lig AP dyn Ja\: |
‘Run (plat%) 5
No. 1b/ft ft/sec em B0 x 2.50 em H,0 x 2.50 1b/ft ft gas
13 0Tkl 3L.6 3.24  43.5
1k 0746 28.9 2.7 36.7
15 -OTALT 23.5 - 2.33 31.2
16 0754 62.k . 8.89  117.9
17 0754 58.1 778  103.2
18 0754 51.1 6.55  86.8
19 0753 Ly .6 5.32 70.6
20 0752 36.1 k.01 5%.3
21 0752 29.5 3.03  140.3
22 0749 45.6° 5.28 70.5
o3 0TS 41k 475 63.4
2 0745 45.0 4L.6T  62.7
25 L0745 41.8 4.30 577
26 0745 36,9 3.52 47.3
27 0746 4k, 3 4.83 6L.7
28 0746 40.0 4.30 57.6
29 0745 35.0 3.60 48.3
30 Roygite 66.0 9.42  125.8
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. Table V-2
Pressure Drop Data
System - Air~H20
. Plate - II

Run Series - II

peas V Hole APt h liq AP dyn
Run (plat%) o
No. . 1b/ft” ft/sec cm H,0 x 2.50 cm H,0 x 2.50 1b/ftS £t gas
1 L0755 78.4 11.25 9.18  121.6
2 o T0.4 9.35 7.63 101.1
3 " 60.8 6.95 5.67 75.1
L " 51.8 5.05 .12 5k.6
5 " 43.9 3.65 2.98 39.5
6 " 34.8 2.35 1.92 25.4
7 " 25.8 1.30 1.06 14.0
8 - 18.1 0.75 0.61 8.1
9 L0757 78.2 22,80 6.35 13.42 177-3
10 0757 654 18.20 " 9.67 128.1
11 0755 5403 14.90 " 6.98 93.0
12 0753 43.8 12.55 " 5.06 67.%
13 .0752 32.3 10.80 " 3.63 48.0
14 o757 21.7 9.80 " 2.81 37.2
15 0754 13.1 9.25 M 2.37 31.5
16 .0760 77 27.05 10.85 13.22 173.9
17 L0760 6L.3 22.55 " 9.55 125.

18 0759 5%.8 19.40 " 6.58 92.6
19 -O757 3.k 17.25 M 5.22 69.0
20 .0756 31.7 15.50 " 5.79 50.1
21 L0756 22.9 14.65 10.85 3.10 41.0
22 L0756 13.1 14.00 " 2.58 3.1
2% . L0756 6.0 32.40 16.85 12.69 166.%
24 0763 64.8 28.90 " 9.83 129.0
25 L0762 53.3 25,65 " 7.18 9Lk.3
26 0761 Yoo 23 .45 ,“ 5.39 70.9
27 0760 32.0 21.65 " 3,92 51.5
28 0760 21.6 20.80 " 3,22 2.2
29 0763 12.7 20.35 " 2.86 3.75
30 0762 67.8 38.15 24.85 11.08 1%8.8
a0778 57-0 550 20 " 801‘-5 108-5

32 o777 47.9 32.80 " 6.49 83.6
3% o776 37.8 30.70 " .77 61.4
3k o776 29.7 29.50 " 3.79 48.8
o776 22.1 28.70 A 3.1h 405

36 0776 1%.0 28.20 " 2.Th 35.3
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Table V-2
(Page 2)
Dgas V Hole APt h lig AP dyn MH
Run (plat%) o
Nos 1b/ft ft/sec em B0 x 2.50  cm B0 x 2.50 1b/ft ft gas
Plate-IT

Beries - VIII

1 Nojgiv 188 59.4 48.6 65%

2 -0739 155 bo.7 33.3 451

% 0735 12%.5 25.5 20.9 284

i 0732 91 1h.2 J11.6 158
Plate - II-A
Series - IX

1 .0740 93.8 18.55 , 15.19 205

2 -0740 85.3 -15.70 12.85 174

3 .0740 4.8 12.10 9.91 134

4 .0739 63.7 8.85 7.25 98.1

5 -0739 47.0 4.9 k.01 54.3

6 .0739 29.0 2.05 1.68 22.7

8 L0745 93.5 35.h 9.80 21.0 281

9 Noygmi 8h.6 31.8 " 18.0 242
10 0743 Th.? 29.5 " 1k.5 195
1l Neyes) 63.2 23.5 - " 11.2 151
12 ~0T46 49.8 18.7 " T7.29  97.7
13 L0745 35.5 15.4 " k.59  61.6
1k 0749 93.% 47.5 22.7 20.3 271
15 0748 83.5 4%.8 M 17.3 231
16 L0746 75.0 40.1 " 14.3 191
17 0745 62,5 35.1 N 10.2 136
18 0752 49.0 31.0 22.6 6.87 91.k
19 0748 35.3 28.0 " 4. 42 59.1
Plate - II-A
Series - XVII

1 0736 93.8 35.6 9.70 21.2 288

2 0736 86.8 32.9 9.65 - 19.0 258
) M - 81.1 30.3 9.70 16.9 229

I " 73.5 27.3 9.75 1.k 196

5 " 67.2 24,7 9.85 12.1 165

6 M 59.8 22,0 9.9 9.87 134

7 " 51.3 19.3% 10.0 7.62 104

8 " hoky 17.1 10.1 5.73 77-7
9 " 31.8 15.2 10.1 4.18 56.6
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Table V-3

Pressure Drop Data
System - Air—HéO
Plate - II

Run Series - III

' pees V Hole APt h 1lig - AP dyn NH
Run (plat%) _ o
No. 1b/ft”  ft/sec em H)0 x 2.50 cm B0 x 2.50 1o/ft ft gas
1 .0763 68.0 20.30 5.55 12.03  157.7
2 0760 54,7 16.15 " 8.65 113.8°
3 .0758 41.9 1%.10 o 6.16 81.3
L L0757 31.9 11.00 " L.45 58.8
5 0757 26.0 9.80 " 3,47 45.8
6 L0757 18.7 9.00 " 2.81 37.1
7 0757 13.0 8.70 " 2.57 33.9
8 0757 16.3 8.95 " 2.77 36.6
9 .0756 68.0 25.30 11.05 11.63 153.8
10 0753 55.2 21.80 " 8.77 116.5
11 .0753 42.8 18.70 " 6.25 83.0
12 -0753 31.5 16.50 " .45 59.1
13 -0760 24,7 15.50 " 3.6% 47.8
14 -0759 20.2 1k.90 "o 3.1k 1.k
15 -0759 18.1 1%4.85 " 3.10 40.8
16 .0759 15.3 14.70 " 2.98 39.2
17 0755 67.5 31.10 17.05 11.46  151.7
18 L0754 54.6 27 .60 " 8,61 1ikhk.2
19 0756 41.9 24 .60 " 6.16 81.5
20 0756 31.1 22.50 " 445 58.9
21 0767 2h.6 21.50 " 3.6% 7.7
22 0768 19.5 21.00 " 3,002 41.9
23 - L0772 16.3% 20.70 " 2.98°  38.6
24 0751 6%.8 36.55 24.05 10.21  136.0
25 0750  52.6 34.15 r 8.24  109.9
26 0749 3.7 31.90 " 6.41 85.6
27 0749 35.0 30.15 " 4,98 66.5
28 0761 26.9 28.80 " 3.88 50.9
29 L0761 20.5 28.05 2L.05 3.27  43.0
30 LOThh 69.8 10.90 8.90 119.6
31 . 55.8 6.95 5.67 76.2
32 . - 46.0 4.75 3.88 52.1
33 o 38.8 3.40 2.77 37.2
34 " - %0.8 2.15 1.76 23.7
35 M 25.6 1.55 1.26 16.9
36 " 20.8 1.15 0.94% 12.6
37 " 15.6 0.88 0.72 9.7
38 - 11.5 0.67 - 0.55 Tk




=1};2=
Table V-4
Pressure Drop Bata
System - ‘Air-HQO

Plate - IV

Series - IV
peas  V Hole APt h lig AP dyn LH

Run (plat%) ' 5
No. 1b/ft ft/sec cm B0 x 2.50  em B0 x 2.50 1b/ft ft gas

1 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

L 073k 54.8 5.15 _ L4.22 57-5

5 073k hh.o1 3.35 ‘ : 2.7h4 37.3

6 .0733 34.9 2.10 1.72 23.4

T 0733 24.0 0.90 0.7k 10.1

8 0755 28.0 13.6 11.0 2.1 28

9 <0755 39.5 15.5 " 37 49
10 0756 51.1 17.8 3 5.6 Th
11 L0754 58.2 12.55 " 7.0 9%
12 0754 69.2 22.2 " 9.2 122
13 .0758 66.7 29 .k 18.8 8.7 115
14 0758 60.6 27.9 i T4 98
15 .0756 51.4 26.1 " 6.0 79
16 0754 40.0 2%.8 " h.1 55
17 0754 27.9 21.9 " 2.5 33
Series XTI

1 0746 69.4 21.35 < 10.h4 8.96 120

2 0745 61.6 20.0 10.9 T.45 100

3 0745 52.8 17.9 10.5 6.06 81.3

L OT745 43.7 16.1 10.8 4,34 58.3

5 0746 32.5 1k.0 11.0 2.45 32.8
Series XV

1 0746 59.9 18.85 10.45 6.88 92.2

2 0746 73.0 22.20 - 10.55 9.54 128

3 L0745 T1i.1° 21.65 10.40 9.21 124

k Noygn 66.9 . 20.10 9.95 8.31 112

5 L0746 62.4 19.85 10.75 T.45 98.5

la 0742 60.2 18.45 9.85 T.0k 94.8

2a, Noy¢! 73.9 21.95 10.15 9.66 130

3a, 0740 71.9 21.50 10.00 9.42 127

g, .0T46 67.0 19.9 9.65 8.39 112

5a L0746 62.7 19.8 10.35 T.Th 104
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Table V-4
(Page 2)
pPeas  V Hole APt ' h liq AP dyn MH

Run (platg)’ ' o o
No. 1b/ft ft/sec em H,0 x 2.50 cm H;0 x 2.50 1b/ft ft gas

6 0747 59.8 18.65 9.95 7.13 95.3
T L0745 56.3 17.65 9.80 6.43 86.3

8 0746 52,5 17.10 10.05 5.77 174

9 LOTLT 418.8 16.00 9.65: 5.20 69.6
10 0745 44,5 15.05 - 9.65 h.42 59. 4
11 0746 39.8 14.35 9.80 5.73 49.9
12 0745 33.2 1%.60 10.05 2.91 39.0
13 - L0746 28.3 12.85 - ‘9690 2.k2  32.4
1k .075k4 63.9 31.05 21.15 8.11 108
15 L0753 59.9 30.4 21.25 T.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 Wr.2 28.0 21.40 5.41 72.3
19 0748 40.8 26.25 21.15 4.18 55.8
20 L0747 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 17.45 708 94.6
23 0747 58.3 23.45° _ 14.95 6.96 93.2
24 LO7hT 58.8 20.15 11.65 6.96 93.%
25 0745 58.8 17.5 8.95 T.02 9.2




System.~_Air—H20

Plate -V

.Series - V

V Hole

Sl -
"Table V-5

AP

Pressure Drop,Data

h ligq

gas & AP dyn JA\:
Run (plat%) ‘ 5
No. 1b/ft ft/sec cm B0 x 2.50 cm HO x 2.50 1b/ft ft gas
1 L0764 4.3 24.55 5.95 15.18 198.7
-2 .0761 59.2 18.85 "o 10.53 138.4
3 .0759 49.9 15.65 " T7.91 104.2
i L0757 41.3% 1%.35 " 6.0k 79.8
5 .0759 34.9 12.00" " L.k 65.1
6 -0759 27.7 10.55 " 3.75 494
7 0759 = 23.0 9.95 " 3,27 h3,1
8 0767 70.8 . 27.90 12.00 12.98 169.2
9 L0766 58.7 23%.90 " 9.71 126.8
10 0763 48.5 20.90 " 7.27 . 95.3
11 0752 41.3 19.05 . " 5.75 . T6.5
12 .0761 34.3 17.65 " 4.61 60.6
1% 0760 2L.8 16.05 " 3.31 43.6
14 L0767 70.9 33,55 18.00 12.69 165.4
15 .0766 58.6 29.80 " 9.63 125.7
16 .0765 7.9 26.55 A 6.98 91.2
17 Noy (I 40.9 2h .65 " 5.43 71.1
18 0763 32.4 23.25 o k.29 56.2
19 0762 28.2 22.45 " 3.63 47.6
20 .O770 66.5 37.65 24.05 11.10 14h.2
21 .0769 56.8 34,85 " 8.81 11%.6
22 .0768 7.3 32.05 " 6.53 85.0
23 .0768 40,0 30.55 " 5.31 69.1
2 L0768 32.6 29.10 " .12 5%.6
25 0767 26.9 28.05 " 3,27 42.6
26 .0753 76.3 14.00 11.42 151.7
27 0753 62:1 9.35 7.63 101.3
28 .0753% 52.5 6.50 5.31 70.5
29 0753 43.3% L.32 3.52 W6.7
30 .0753 344 270 2.20 29.2
31 .0753 27.4 1.75 1.43 19.0
32 .0753% 21.9 1.20 0.98 1%.0
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Table V-6

Pressure Drop Data

Systenm - Air-HQO

Plate - VI
Series - VII
@eeas V Hole APt h liq AP dyn LH
Run (plat%) o
No. 1b/ft ft/sec cm HQ x 2.50 cem H0 x 2.50 1b/ft° £t gas
1 .0730 - 78.8 11.0 9.01 123
2 -0730 67.3 8.25 6.76 92.%
3 .0729 58.3 6.20 . 5.08 69.6
i 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 3.1 17.95 12.65 .3l '57.8
3 L0752 48.9 19.0 12.40 5.41 T1.9
L 0753 54.1 20.1 12.60 6.14 81.5
5 .0753 58.3 20.85 12.40 1 6.92 91.8
6 .0753 62.0 - 22.1 12.80 7.62 101.2
T 0753 39.2 20.85 16.50 3.56 ho.2
8 .0753 43.9 22.40 17.00 L.42 58.6
9 0753 47.8 23,10 16.80 5.16 68.5
10 0752 51.8 2h.h : 17.20 5.90 8.4
11 L0754 55.6 25.3 17.3%0 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=T
Plate - VII
Series - X '
1 .0738 911 18.9 15.5 210
2 0737 82.6 15.55 12.7 173
5 -0736 75:0 11.9 9-75 132
L 0736 62.0 8.65 - 7.08 96.2
2 -0735 47.8 5.15 4.22 57.4

073k 30.3 2.10 . 1.72 23.4
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Table V-8

Pressure Drop Data

System - Freon

© Plate - III
Series - IIT
© gas V Hole AP N h 1liqg AP dyn MH
Run (plat%) o
No. 1b.ft ft/sec cm HEO cm.HeO lb/ft ft gas
1 .321 65.7 16.02 32.8 102.1
2 320 58.3% 13.26 : 27.1 ©8h.7
3 .319 5%.7 11.16 22.8 - T1.6
Ly .318 48.9 9.22 18.9 59.3
.5 317 13.9 7.32 15.0 47.3
6 .316 4O .4 6.12 12.5 39.6
7 .316 32.7 3.82 7.82 2L, 7
8 .316 26,1 2.4 4.99 15.8
9 .316 20.5 1.50 3.07 9.7
10 31T 56.0 19.32 ° 6.45 26.% 82.9
11 .31k 50.9 17.00 6.48 21.5 68.5
12 .313 hr.2 15.42 6.51 18.2 58.2
13 .313% 39.8 12.86 6.46 13.1 41.8
1L 312 33.4 10.92 6.40 9.25 29.6
15 .312 27.1 9.36 6.36 6.14 19.7
16 31k 20.0 8.16 6.38 3.81 12.1
Table V-9
System - 002
Plate - III
Series = IV
1 .1038 110.8 15.42 31.1 304
2 .10%5 104.9 1%.80 27.8 273
3 .1033 97.0 11.62 23 .4 230
4 s1031 88.3 9.56 19.2 190
5 .1032 80.2 T.76 15.5 154
6 .1030 69.% 5.80 ©11.5 115
7 .1028 58.2 4.06 7.90 80.8
8 .1025 48.1 2.76 5.2k 55.1
9 .1029 38.3 1.80 3,27 35.8
10 .1029 28.7 1.06 1.76 21.1
11 .1023 - 97.5 18.16 5.03% 26.5 259
12 1022 89.5 16.16 " 22.4 219
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Table V-9
(Page 2)
@ gas V Hole AP, h 11;1 AP dyn OH
~ Run (plat%) - 5
No.. 1b/ft ft/sec cm HJ0 cm H,0 1b/ft ft gas
13 .1021 81.6 14.26 ' 5.03 18.5 181
1k .1019 73.6 12.42 5.0% 4.7 1kl
15 .1017 64.5 10.76 4.98 11.h 112
16 .1020 55.7 9.46 4.96 8.80 86.3
17 .1023 45.5 8.26 L.96 6.34 62.0
18 .1023 27.0 . 7.46 4.96 L.71 46.0
19 .1021 27.9 6.80 k.96 3.3%6 32.9
Table .V-10
System - Argon
Plate - IIT
Series -:V
1 L1037 9k, 7 10.60 21.7 - 209
2 .1035 88.8 '9.20 18.8 182
3 .1031 80.3 7.40 15.1 147
L -1030 2.7 6.10 12.5 121
5 .1029 65.8 5.00 10.2 99.L
6 .1028 57.8 3.86 7-90 76.8
7 .1027 50.9 2.94 6.02 58.6
8 .1025 hi.2 1.98 4.05 39.5
9 .1025 32.7 1.20 , S 2.46 24.0
10 .10%5 9Lk.8 17.06 4.95 24h.8 239
11 .1031 88.9 15.50 4.88 21.7 211
12 .1028 80.7 13.72 4.o8 17.9 174
13 .1026 73.1 12.22 Li93 14.9 145
1L .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 81.7
17 .1025 40.7 7.96 - L4.86 6.34 61.9
18 .1025 31.9 7.20 4.87 LT 46.5
Table V-11
System -'CHh
Plate -IIX
Series ~. VI
1 0377 11y 5.96 12.2 323
2 .0378 106 5.14 10.52 278
3 L0377 101 4.56 9.33 ekt
L 3.96 8.10 215
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Table V-11
(Page 2)
P egas V Hole APt h liq AP dyn AH
Run '(plat%) _ o
No. 1b/ft ft/sec cm H 0 cm H 0 1b/ft ft gas
5  .0%77  85.5  3.28 6.71 178
6 L0376 78 2.70 5.52 147
7 .0376 68 2.08 k.26 113
8 .0376 57-3 1.48 3.03 80.5
9 0375 6.5 0.96 1.96 . 52.3%
9a . .0375 35.2 0.60 1.23 30.7
10 .0378 100 10.16 k.75 11.07 293
11 0377 ol 9.6k k.73 10.05 267
12 .0378 87 8.98 b.71 8.7k 231
13 0377 17k 8.3h L. 70 7.45 198
14 0377 68.6 7.76 4,69 6.28 167
15 L0377 58.0 7.16 k.69 4.87 129
16 L0377 46.3 6.60 4,69 3.91 104
17 L0377 3h.1 6.10 k.66 2.95 78.1
' Table V-12
System - Glycerine (u 80 cp)
Plate - III
Series - A
1 .0759 107 9.8k 20.1 265
2 .0759 9%.1 7.34 15.0 198
3 .0756 73.3 L4.50 9.21 122
L 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 15.7h 6.18 19.6 255
8 0765 93.1 14.20 6.25 16.3% 213
9 .076L 87.0 13.28 6.26 1h ok 188
10 .0761 79.3 12.22 6.27 12.2 159
11 0760 70.2 11.28 6.27 10.3 135
12 L0761 <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 T7.28 5.86 2.91 38.2
Table V-13 -
System - Glycerine (p = 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

s
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 Table V-13
(Page 2)
oeas YV Hole APt h liq AP dyn M
Run (plat%) 5
No. 1b/ft ft/sec cm HL0 em H,0° 1b/ft ft gas
L .0756 85.0 11.72 5.17 13.4 177
5 .0756 75.4 10.32 5.14 10.6 140
6 .0756 68.3 9.46 5.14 8.84 117
T 0756 59.1 8.68 5.1k 7.24 95.8
8 .0755 49.9 7.82 k.99 5.79 76.6
9 L0757 40.9 S T7.16 4,96 4.50 59.4
10 L0756 28.2 5.96 bl 3.11 41.1
| JTable'V-lM |
System - H,0 (wetting plate)
Plate - IIT
Series ~ C
1 .0758 108 15.56 448 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 L0754 76.7 10.06 k.23 11.9 158
5 L0753 - 62.6 8.46 L.23 8.65 115
6 0753 7.4 7.12 -1t 5.87 78.0
7 L0754 38.1 6.46 4.08 RIS 59.2
8 .0753 26.9 5.76 4.23 3.13 41.5
MTable V-15
System = n-Butyl Alcchol
Plate - IIT
Series =D
1 L0771 107 14.64 3,06 23,3 302
2 .0768 100 13.24 3.28 20.4 265
3 0767 90.1 11.4k 3.26 16.7 - 218
L L0767 83.9 10.kk 3.24 1h.7 192
5 0767 “Th.l 8.88 3.22 11.6 151
6 0766 . 63.0  T.34 3,22 8.43 110
7 0766 55.3 6.2h 3.35 5.91 83.0
8 .0765 43.5 5.6l 3.43% h.52 59.0
9 .0765 32.8 L.76 3.35 2.88 37.6
' Table V-16

System "CClu
Plate - IIT

Series -~ E
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Table V-16

(Page 2)
- eas V Hole APt ' h 1iq - AP dyn LH
Run - (plat%) : ' : - o o o :
No. 1b/ft ft/sec emEO0 © °  em HPD - 1b/£% X ft gas
1 .118Y 96.9  21.24 6.85 29.4 2L8
2 .1194 89.3 - . 19.24 7.09 24.9 - 208
3 .1186 83.2 . 17.62 7.09 21.5 182
4 .1191 76.% . .. 15.90 6.85 18.5 .. 156
5 1176 69.2 - - 1k.34 - 6.85 - 15.3" 130
6 1167 63.3 12.78 6.61 12.6 108
7 <1152 53.% 11.00 6.45 9.31 80.8
8 L1140 k5.9 9.5k 6.29 6.65 58.%
-9 1133 36.1 8.10 - 6.05 4.19 37.0
Table V-17
System - Kerosene
Plate - IIT
Series - F
1 0778 105 12.84 2.95 20:2 260
2 OT7TT 98.0 . 11.50 . 2.95 17.5 225
3 0775 90.0 10.0L . 2.95 k.5 187
4 O7Th 82.5 8.94 T 2195 12.3 158 -
5 0772 7%.5 T-Th 2.95 9.80 127
-6 0772 6h.1  6.60 .. 2.95 7.47 96.7
T 0772 5h.7 5.6k : 2:95 5.50 1.3
8 0771 43.5 )y .8L 2.91 - 3.95 . ~ 5l.2
9 0770 33.0 L.ok 2.91 2.72 35,3
Table V-18 .
System -~ n-Hexane
. Plate - IIT
Series - Gr
1 .0999 101 1h.b 2.56 ol 243
2 .0999 95.1 . 12.98 . 2.56 21.3 213
3 .0999 87.5 11.L0 2.43 18.4 184
L .0999 79.5 9.8k 2.43 ¢ 15.2 152
5 .0995 72.1 8.50 2.36 12.6 126
6 .0993 63.3 7.08 2.%6 9.66 97.3
7 .0992 53.1 5.60 2.23 6.90 69.6
8 .0989 40.8 Lok 2.26 4L.05 41.0
9 2.26 2.4 24k.5

098k 29.5 3.0

L&
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