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BUBBLING FROM PERFORATED PLATES 

Robert .S. Bro.wn 

.Lawrence Radiation Laboratory and· Department of Chemical Engineering 
University of California, Berkeley, California 

December 1958 

ABSTRACT 

A 6-inch-square column .was used to investigate certain operating 

characteristics of perforated plates. The amplitude and frequency of 

the pressure fluctuations in the chamber_c. under the plat.es were studied. 

The time,-average pressure drop across a plate and dumping rate of liquid 

through the holes were also investigated. Various gas-liquid systems 

were used to .study the effects of the physical properties of the system. 

The effect of a plate having single 0. 25-itn .. -.,diam.,,._;holeiland muiL.tiihdii'i:t: .. ; ",.... . .... :,,:·~ ,. .............. . . . . "4·~- -~~ . ...-: .·: _, 

plates:.with holes of 0.25-, 0.375-, and 0.50-inch diam. on 2-, 3-, and 

4-diam. triangular spacings were studied. .The frequencies varied from 
-1 . I 2 10,000 to 100,000 hr. and the amplitude ranged from 0.8 to 18 lbsf ft • 

The total pressure drop minus the clear-liquid head varied from~O.B to 

13 lbsf/ft2 . Time-average dumping rates with all the holes assumed to be 

operating rangedfr.,0m)0.001 to 0.1 ft/sec, and time-avergge gas velocities 

covered the range from 5.0 to 100ft/sec. 

Correlations of the frequency and pressure drop were obtained. No 

theoretical or empirical approach gave an adequate correlation for the 

amplitude, however. 

The dumping .data from single-hole plates were correlated in terms 

of the frequency, amplitude, and pressure drop by the application of the 

theory of flow through a sharp-edged orifice. The multihole dumping was 

found to result from a complicated interaction of the bubbling .from 

neighboring holes. However, no theoretical or empirical approach ade

quately C'(Jrrelated the data. 
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Some dumping data were obtained on a 2- by 2-ft tower) and a 

possible method of correlation proposed. 

, 
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BUBBLING FROM PERFORATED PLATES 

I. INTRODUCTION 

In recent years there has been a considerable revival of interest 

in perforated=plate trays equipped with downcomers for use in distillation 

and absorption columns. Until recently, it had .been thought that the 

operative range of gas velocity was too narrow for flexible operation. 

However, the recent .studies o:f Arnold et al. / Ma&~:teld et al., 2 Zenz, 3 
·. 4 ··. 

and Hunt et al. show that .this is definitely not .the case.. A compara-
' tive study of bubble-cap trays and perforated=plate trays equipped with 

downGomers was performed by Jones and Pyle. 5 Their results show somewhat 

lower pressure drop, definitely lower entrainment, and higher efficiency 

for the perforated-plate trays. These results are also substantiated by 

the results of Arnold,1 Mayfield 7

2 and Hunt. 4 Thus, as Jones and Py)Le., 

have pointed out, 5 perforated~plate trays have definite economic 

advantages over bubble-cap trays. 

In these studies of the operating characteristics of perforated-
1~4 plate trays, little effort has been applied to the prediction of how 

much liquid will dump through the holes. A more detailed review of these 

reports and others appears in a later section •. However, it suffices to 

say·lJ.ere that all the previous efforts have been directed toward defining 

some minimum vapor velocity. Below this velocity, the tray dumps liquid, 

and its op.erat:ilpn is generally unsatisfactory. 

However, as Hunt6 and Umholtz7 have pointed out, there is a three

fold change in gas velocity from the point when .the holes firs-t; begin to 

dump liquid to the point when they are running full of liquid. Thus, 

one could arbitrarily define the minimum vapor velocity anywhere in this 

region although the usual definition .is the point where dumping first 

occurs. 

The question that is of greater interest and which has a more 

meaningful answer in terms of column operation is~ what is the dumping 

rate under a given set of geometric and flow conditions'l .The purpose 

of this work then, is to answer in so far as possible the above question 

through an investigation of the bubbling and other flulld-mechanical 

factors which influence the dumping. 
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A. Literature Review 

Frequency of Bubbling 

In the past ten years; many articles .have appea:red dealing .with 

bubble formation from single~hole plates and rising .of bubbles through 

liquids. 8-12 Most of these studies have been directed toward predicting 

.the bubble diameter and its terminal rising velocity in terms of geometry 

and the various physical properties of the system. 

The principal path of attack has been to determine the frequency of 

bubble .formation. Then, fbr a known volumetric gas-feed rate, the bubble 

volume was aetermined by the use of the relation 

(1) 

0 
where VB is the bubble volume, Qg .the time-average volumetric gas flow, 

and F the frequency. The bubbles were assumed to be spherical, and the 

diameters thus obtained Mere empirically correlated against the gas and 

liquid physical properties and the geometry of the sys tern. 

The .frequency was determined in a variety of ways. van Krevelin and 

Hoftijzer12 used low flow rates and actually counted the bubbles. 

Davidson, 8 Calderbank,9 and Quigley. et a1. 11 used a "Strobotac" to deter

mine the.bubbling frequency. Calderbank9 used a second method which 

involved the use of a platinum wire probe. One lead was inserted in 

the liquid pool; the other lead Mas placed in the bubble path, and the 

probe was connected to a _pulse counter. Thus, by counting the number of 

pulses over a known time interval, the fr~quency was determined. 

Robinson
10 

took high=speed movies of the bubbles. A timing mark was 

placed on the film and by counting the bubbles between the timing marks 

the frequency was obtained. Hughes determined the frequency of the 

pressure fluctuations which is the same as the bubbling frequency for a 

single-hole plate. 1 3 

.Robinson proposes that there are three bubbling mechanisms. 10 The 
J; . first is valid at low gas-flow rates less than 0.01 ft hr into chambers 

3 of 0.01 to 0.1 ft . The surface .forces are in balance with the buoyancy 

., 
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forces and the frequency ,.is a linear function of gas weloci ty. The second 

mechanism is a transition region where the frequency is a function of the 

gas aQd liquid properties, chamber volume 7 and orifice size. The third 

mechanism applies at gas flows greater than l ft,:/hr into chambers of 0.01 

to 0.1 ft3 which is the region of real interest. Here Robinson proposes 

that the frequency is independent of the liquid properties and depends 
10 only on .the geometry of the apparatus and the sonic velocity of the gas. 

For this .third region 7 Robinson proposes a correlation for the 

bubbling frequency in terms of tb,e resonant .frequency for the chamber

orifice system, volumetric gas=flow rate, and orifice diameter. The 

expression for the resonant frequency deriyed by Lord Rayleigh is used. 14 

He finds the frequency to be independent of the liquid physical proper

ties. No mention is made of any effect ?f the liquid head. The 

resulting correlation is 

l/2 

-F = 0.0316 (2) 

.where D
0 

= diameter of the hole, A
0 

= area of the hole, L = th{Ckness of 

the plate 7 and V = volume of the chamber under the plate. 
c 

Amplitude of Pressure Fluctuations 
8 . 13 

Davidson and more recently Hughes and.co-workers have pointed 

out.that the volume of the chamber under the plate is a very important 

factor in .the formation of a bubble. This effect can also be seen by_ 

combining Eqs. (l) and (2). This fact had been overlooked by several 

investigators.9Jll,l2 Hughes carried this ob~ervation several steps 

further by placing st.rain gauges on the side of the chamber. l3 Thus, he 

was able to measure the pressure fluctuations in this chamber. Data at 

low gas-flow rates were taken on single-hole plate~. Under these con

d~tions, Hughes finds the maximum pressure change in the chamber to equal 

4y/D
0 

where y is the surface tension. However, at higher flow rates, the 

amplitude of the fluctuations is greater because the pressure difference 

across the interf@:ce, ·.d.s greater than the equilibrium surface-tension 
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presure difference .. This is a result of the dynamic nature of the gas

liquid interface.;:,;c:However, Hughes presented no data on .the amplitudes or 

frequencies of the pressure fluctuations at these higher gas flows. 

-B. Experimental Studies 

The Present Problem 

From these discussions of the work that has already been reported, 

it is apparent that there is still much to be understood. · In particular, 

frequency,amplitude, and pressure-drop data on plates with small numbers 

of holes are not available at the higher flows (greater than 5 ft./sec. 

through the holes). Therefore, these variables were investigated in the 

hope of obtaining; .a better understanding of the bubbling process. 

Experimental Apparatus and Procedure 

The apparatus, shown schematically in Fig. 1, was designed to obtain 

information on .tthe. bubbling process and dump1ng mechanism. The main 

test section consisted of a lucite box l/4 inch thick, 6 inches on a 

side, and 19 inches high. The plate was located 6 inches ;ab.ove the .floor 
I 

of the column. Lucite was used to allow visual observation of the 

bubbling and d~ing. The front of the column was removable so -that 

different plates could be inserted. This feature also made it possible 

to place lucit.e blocks in the chamber below the plate, and thus the 

effect of chamber volume on the dumping rate could be determined. '' The 

plates were also made of lucite, and all holes were drilled and reamed to 

si~e, thus assuring square edges. 

Gas was supplied from the building compressor in the rese of. air and 

from cylinders in the cases of helium, argon, and freon 114. The gas 

flow was determined by the pressure drop .across a previously calibrated 

orifice. Diameters of l/8, l/4, l/2, and 3/4 in. were used .. Several 

manometers were connected in parallel to give a greater range of flows 

for a given orifice. The smaller diameter orifices were .used wherever , 

possible to define the volume of the chamber under the plate more 

accurately. The temperature of the entering gas was measured by a copper

constantan thermoct>:uple inserted in the gas line just beiiow the .orifice. 

' 

' 
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Fig. 1. Schematic diagram of 6 -in. column. 
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The exit gases were vented to atmosphere and were not recirculated. 

The liquid on the plate was supplied by a constant-head system 

which is shown in Fig. l. The head of liquid on the p~ate was controlled 
' 

by the height of the stand pipe in the center of the constant-head tank. 

The head was measured by a sight gauge which could be flushed out to re

move any gas bubbles trapped in the lines. 

Samples of the liquids before and after use in the equipment 

(except water) were taken and their physical properties determined. The 

surface tension was determined with a standard tensiometer, the viscosity 

with a calibrated Ostwald viscometer; and the density by weighing a known 

volume of material. These properties are reported in Table I. There 

were no appreciable differences in the properties of the liquids before 

and after use, and the values reported are· the average of the two 

measurements. 

The dumping rate was determined by collecting the il,.,iq~id in one of 

the four ~alibrated collecting ta~ks. By measuring the level change 

over a known period of time and knowing the area of the tank, the time 

average dumping rate was calculated. These tanks had volumes 6.2J 11, 

99, and 275 in. 3 and.were alll4 in. high .. The level in the tank could 

be read to ±0.2 in. 

The liquid seal, as shown in Fig. 1, was required to seal off the 

tanks from the chamber volume. Therefore, the volume of these.tanks 

was not considered in calcuJa ting the chamber volume. 

The fluctuations of the gauge pressure in the chamber under the 

plate were determinedby measuring the change of the strain on a 0.0025-

in.-thick aluminum diaphragm stretched tightly across a 2-in.-diam. hole 

in the side of the chamber. Two Baldwin-Lima-Hamilton Corp. SR-4 Type 

C-5 strain gauges) with a resistance of 350 ohms, were glued to the 

diaphragm and were connected in a Wheatstone-bridge circuit as shown in 

Fig. 2. Resistors A and D were on the diaphragm and B and C were used 

for temperature compensation. Using two resistors on the diaphragm 

.... 

• 

gave a bridge with twice the sensitivity.of a one-resistor diaphragm. f 
The bridge output was arnffilii'ied twice and then recorded on a Brush recorder. 
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Tab.le I 

Physical Properties of Liquids 

(All measurements at 25 ,± 0.2° C) 

Density Viscosity 
(gr/cc) (cp) 

• '•<;:\,'""" 

1.0 0.90 

0.795 1.71 

1.15 8.10 

1.21 52o2 

lJl,l-Trichloroethane 1.31 Oo79 

.~ 50% K2co
3 1.53 7.71 50% H 0 2 

Surface tension 
(dynes/em) 

72.5. 

27.9 

53o 7 

54.5 

29 

31.9 
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BRUSH 
AM PL. 

35o n 

350 n 

BRUSH 
RECORDER 

MU-16667 

Fig. 2. Pres sure -fluctuation measuring circuit. (Bridge 
powered by 7 M_allory 4 RM-4R batteries.} 
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Thus, pressure ch~nges of ±0.2 lbsf ft c~uld be detected. The .10-ohm 

balancing resistor provided a means of bucking out the time-average 

pressure,; .and thus a higher amplification could be used and the fluc

tuating ,component recorded with greater accuracy. The entire circuit, 

including the strain gauges, was shielded, and this shielding was 

groundEbd to minimize the effect .of 60 cps pickup. 

All the manometers were constructed of 3/8-in. o.d. Tygon tubing 

and were connected.to 5=in.=diam. reservoirs. The high-pressure line 

was connected to the reservoir and the·low-pressure side to the other 

end of the manometer. Thus, all the pressure difference could be measured 

by the change in liquid level in the. Tygon tubing .which could be read .to 

±0.2 in. This arrangement made it more convenient to mount the manometers 

on a panel board. 

With plates having .less than 29 h~les, liquid flowed violently from 

one side of the column to the ot.her. . The dumping was greatly increased 

as the liquid sloshed over a particular hole. This type of action does 

not occur in columns with a large number of holes in the plate, and 

therefore is an undesired .effect. In order to eliminat.e this effect, a 

sheet of copper with a 4, 5-in. =diam. hole in the cent.er and rriany small 

holes around the outside edge was placed in the liquid pool. The height 

of this copper sheet was adjustable and was pl'~ced as close to the liquid 

surface as possible. However, the distance from the sheet to the liquid 

surface had no effect on the dumping rate, provided the sheet was at 

least one inch above the plate. Also, the dia'in~ter of the center hole 

did not affect the dumping rate, This arrangement essentially guided 

the bubbling column and put a damper on the side-to-side liquid flow. 

Thus, the action of plates with a small number of holes approximated the 

operation of plates with a large numb'er of holes . 

. Fig. 3 shows an over-all:_.;picture of the apparatus. The test section 

with the diaphragm .holder can be seen in the upper left section. The 

collecting tanks are directly below the test section. The .constant

head tank and manometer system are shown on the papel board to the right. 

The box at the-base of the panel contains the batteries, temperature-
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ZN':"2115 

Fig . 3. Over-all view of 6-in. column. 
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compensating resistors and balancing resistor for the diaphragm circuit. 

The .Brush recorder and amplifier are shown .at the extreme right. 

Fig. 4 shows a close-up of the chamber under the plate. The larger 

pipe on..Cihhe right feeds liquid to the plate; and the others are pressure 

taps. .The diaphragin can be seen on the:Lleft. The plate and gas inlet 

pipeare also visible. 

· The column Mas started up by first turning on the gas flow. Then 

the liquid was fed to the constant-head tank, and the head on the plate 

allowed to build up to the desired value. Ten minutes were allowed for 

steady st.ate to be reached. The weep collection tank, which would give 

the maximum level change over the 4-min. collection period was selected 

and. the proper valve settings made. The level in the tank was recorded at 

the start, mid-point, and end of the collection period. The .t9tal pressure 

drop across the plate, liquid head, gas temperature, average chamber".· 

pressure,and gas flow rate were also recorded at each of these points. 

At some .convenient point during the run, the pressure fluctuations were 

recorded for approximately.4 sec. The amplifier gain and chart speed 

were also recorded. At the conclusion of the run, the weep.-collection 

tank was emptied and the gas flow changed to the next desired point. 

Five minutes were allowedfor steady state to be reached between points. 

In this way, a series of five to ten points was obtained .for a given 

geometry and liquid=gas system. 

Upon completion of a series of runs, the column :was shut down. The 

liquid phase,. gas phase, or geometry was changed as desired, and a new 

series of runs were made according to the procedure outlined above. 

In this way, the following variables were investigated: 

l. Gas velo'city. 

2. Liquid head on the plate. 

3· Hole diameter. 

4. Hole spacing. 

5. Ratio of total hole area to column area. 

6. Gas properties. 

7. Liquid properties. 

8. Volume of the chamber under the plate. 



-17-

' 

ZN-2114 

Fig. 4 . Close-up of test section in 6-in . column . 



Table I shows the range of liquid properties covered experimentally 

and Table II shows the physical properties of the various gases. The data 

on the various geometries used are .shown in Table III. The time-average 

gas velocity through tbe holes was varied from 4 ft/sec to 100 ft/sec. 

The head of liquid on the plate was varied from 2 to 4 in~ because 

Hughmark .arid 0 1Connell recommended this range as good design limits. 15 

Gas 

Helium 

Air 

Argon 

Freon=ll4 

Table II 

· Physical Properties of Gases 

(All data at ,68±2°F) 

Densitya Viscosity 

lbsrfft3 lb/ft secxl03 

0.0103 0.132
16 

0.0742 0.123
16 

0.103 0.149
16 

0.445 0.077
18

. 

a 
Calculated from ideal gas law. 

Sonic velocity 

ft/sec 

318o17 

113017 

101017 

424b 

b Calculated from adiabatic expansion of ideal gas at constant 

temperature assuming :c ;jc·. ::::: 1.15 
p y . 
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Table III 

Dimensions of Geometries Used 

Plate "" 
Hole diam. thickiiess, Hble .. ,$.pacing Number.c...: ······ .' 

Chaiinber 
(in.) (in.) (in.) of holes volume(in3) • 
1/4 l/4 l --). 

j 262 

l/4 3/4 l 3 262 

l/4 l/4 1 3 91.5 

1/4 1/4 1 7 262 

1/4 l/4 1 7 91.5 

1/4 l/4 1 
.. 

142 :7 

1/4 1/4 1 3 142 

3/8 3/8 1 1/2 3 262 

1/2--. 1/2 2 3 276 

1/2 1/2 l l/2 3 276 

3/8 3/8 l l/8 3 262 

1/4 1/4 3/4 3 262 

3/8 3/f3 3/4 3 262 

1/2 1/2 1 3 262 

1/4 l/4 1 29 276 

1/4 1/4 1/2 3 262 

1/4 1/4 3/4 41 290 

l/4 1/4 3/4 49 290 
i 

Same as 49-hole plate with baffle around edge of holes added. 

~~ 
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Theoretical Interpretation of Results 

Hughes and co~workers have presented ~n .excellent .simplified 

picture of the bubbli~g process. 13 Their approach is to· describe the 

pressure and flow changes during "bubble formation in terms of an 

electrical analog. This analog is shown in Fig. 5. It consists of a 

constant current source which.represe:D.ts the gas flowing into the chamber 

below the plate. The capacitor is made analogous to the chamber under-::~ 

. t.he plate and the resistor represents the resistan.ce of the plate to gas 

flow. Currents are similar to flows and voltages are analogous to 

pressures. 

Start at .tbe point .when .tre bubble first begins to form. The 

pressure in the chamber under the plate rises because the flow out of 

the chamber is less than the flow into it. Another way of viewing this 

period in the cycle is to say that, .-.initially, the rate of bubble growth 

is small, but it increases with time. Thus, as the bubble grows, more 

and .more gas is required to continue its grcWth. At some point the flow 

out of the chamber becomes greater than the flow into it, and the chamber 

pressure falls. This decrease in pressure continues until there is no 

potential remaining .to support bubble growth. At this point, the bubble 

breaks off,.and liquid seals off the hole. Because the flow into the 
I 

chamber is consiB nt and there is no outflow, the chamber pressure rises, 

and the process is then repeated. 

Ideally, the solution to this flow problem would be to solve the 

force-balance, mass-balance, and analog equations for the chamber pressure 

.and bubble volume as functions of time. The boundary condition wouiLd be 

to equate the pressure in tbe bubble to some theoretical break-off pressure. 

From such a solution, the minimum point in the pressure wave and the final 

bubble volume -could be .calculated. The frequency could then be calculated 

using Eq. (1). By integrating the pressure wave, the time-average pressure 

could be determined. 

However, this .solution cannot be obtained analytically for three 

reasons. First, the force-balance e,quation .as developed by Hughes con

tains two nonlinear terms. 13 Also, the flow through the plate is in the 
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Fig, 5, Electrical analog to bubbling. 
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turbulent region 'f<Dr part of the cycle .which introduces another nonlinear 

term. Secondly, it must be assumed that individual spherical bubbles are 

formed. However, this is not the case in actual practice. Thirdly, the 

prediction of the break-off pressure is not possible in such a violently 

moving system. Therefore, prediction of the amplitude and frequency is 

not possible from purely theoretical considerations because the equations 

are too difficult to solve. 

The next .logical step, then, is to examine the data for an empirical 

correlation. 

Frequency 

Correlation of frequency data. Fig. 6 shows the effect of the cham

ber volume and the number of holes on the frequency of the pressure 

fluctuations. This plot .clearly shows that the volume per hole is the 

correct correlating parameter. There is no effect of the number of 

neighbors a particular hole sees as might have been expected for plates 

with a small number of holes. The data for the 29-hole plate are slightly 

low when the volume-per-hole criterion is used. There is no explanation 

for this anomaly. However, the effect is small andican be neglected for 

all practical purposes, as will be shown when the correlation of the data 

is developed. 

When different gases were used, the frequency data shown in Fig. 7 
were obtained. These data indicate a slight effect of the gas properties 

on the frequ~ncy, although the specific property is not immediately 

apparent. Cross plots of frequency vs gas density and frequency ;!!!_ gas 

kinematic Viscosity, both at .constant gas flows, were made. However, no 

definite conclusions can be drawn from these plots, either. Both para

meters appear applicable. This point will be .discussed further when the 

general correlation is developed. 

Thought was given to a compressibility effect which is measured by 

the Mach number. However, since the velocities found in the system . ~ 

are· low compared to the sonic velocity, this effect was neglected in the 

further analysis of the data. 
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In Fig. 8, data for holes of different diameters and different 

spacings are presented. This plot shows that the frequency is practically 

independent of the hole diameter and .depends almost entirely on the 

distance between holes. The data for 0. 50-in. -diam. holes on l. 5-in. 

spacings fall on top of the data for 0. 375-in. -diam. holes ;Qn 11-5-:in. 

centers. The same is true for 0.25-in.-diam. and 0.375-in.-diam. holes 

on l. 0-in. centers o This really says that the characteristic dimension 

of the system is the distance that the gas "bubbles" can expand horizontally. 

Fig. 9 shows the data .obtained when different liquids were pla~ed on 

the plate. When these data are compa!'led with the table of measured liquid 

properties (Table I) it is apparent that the significant liquid property 

is the density. The viscosity has no effect, since~:, the data for the 

glycerine-water solutions are very close to the pure-water-data. Surface 

tension appears to have little if any effect on the frequency, although 

this is not obvious from these results. 

To develop a correlation of the frequency data, consider the 

electrical analogy of the bubbling1;Pir10Cess()8SJ!P:ifesented by Hughes et al. 13 

Also, assume tl:B t the bubble breaks off JJ;:tom the plate when the pressure 

in$.ide the bubble reaches a certain level. It seems logical to assume 

that this break=off pressure is independent of the chamber volume. Also, 

since the volume of the bubble increases with increasing 'bhamber volume , 13 

the time required for the pressure to build up to the release pressure 

is longer for ]_._arger chambers. Hence, fewer 1?ubbles can form in a given 

period oftime and thus the frequency goes down.as the chamber volume is 

increased. Therefore, it seems reasonable .to say that the ratio of the 

total volume of all the bubbles to the chamber volume .is an important 

variable in determining the frequency. This"volume number", <I>, can be 

expressed by the dimensionless group 

0 
<I>~ n A V"' /v F 

0 g c J 

where n is the number of holes andV0 is Q0
/nA 0 

g g 0 

The frequency is also affected by the resistance presented by the 

plate to gas flow. Suppose there are two plates with different pressure-

• 

I 

/ 
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(6) 

Substituting Eq. (6) into Eq. (4) gives the expression 

·DF 
-.=A vo 

g 

The constants in Eq. (7) ·Were .det~rmined by the method of least 

squares. Substituting these constants into Eq. (7) gives the relation 

Discussion of frequency correlation_. 

experimentally measured frequency number, 

Eq. (8) is shown i~ Figs .. ll through 14. 

A comparison of the 

DF/V
0 

vs that calculated from g-
The results of this .comparison 

show th~t 95% of the total variation in the frequency number has been 

accounted for by Eq. ( 8). The .remaining 5% must be explained by some 

other 'effect, such as a variable that was omitted from the analysis, 

experimental error, or a combinatio!F;di' both. Further analysis of this 

comparison shows that the average de':Viation is ±lOr{o when based on the 

calculated frequency number. These figures are b;ased on 215 points. 

On the basis of this comparison, Eq. (8) can be used with _some 

confidence to predict .the frequency of the pressure fluctuations for 

multihole plate~. However, for single-hole plates the effective dist_ance 

between holes goes to infinity. Under this condition, Eq. (8) predicts 

~ frequency of zero. Therefore,_ Eq. (8) does not have a sufficient 

theoretical basis to allow extrapolation to the limiting condition of a 

single=orifice plate. 

Because of this failure of Eq. (8) for single-hole plates·, a com-, 

parison with Robinson 1 s correlation10 is not really valid. However, tit 

is of interest to note the different -effect of the chamber volume in 

J.] 
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these t.wo cases. Robinson found the ex:Ponent to be -0::25, and Eq. ( 8) 

predicts =0.46 even though the same range of volumes was covered 

experimentally. 

As was mentioned, some single-hole frequency data were obtained;and 

the results are shown in Fig. 10. It is apparent from these results 

that the volume -effect predicted by Robinson's correlation10 does not agree 

with the volume effect found in this work. Howe~er, Robinson used smaller 

chambers than were used in the single~hole portion of this work. On 

the basis of the Hughes' analog13 it seems reasonable to expect the volume 

effect to tlecrease and eventually drop out for very large chambers. 

Therefore, the failure of Robinson 1 s correlation at higher chamber 

volumes is not unreasonable. 

Sufficient single-hole data were not taken to check Robinson 1 s 

suggestion that the frequency is independent of the.liquid physical 

properties. Nevertheless J. Eq. ( 8) show.s that this theory is in error 

for the multihole case, It is possible, however, for the liquid density 

effect to come in as a result of using two or more~ holes. 

Conclusion .about frequency. There are two main conclusions that 

can be drawn from this frequency work. The first is that Eq. (8) 

predicts the frequency of the pressure fluctuations for multihole 

plates with good accuracy. However, this frequency is not necessarily 

the same as the bubbling frequency. Secondly 7 more theoretical_under

standing of the bubbling from single-orifice plates is required before 

the differences:between Robinson's correlation10 and the data obtained 

in this study can be reconciled. 

Amplitude of Pressure Fluctuations 

Correlation of pressure-fluctuation amplitudes. Because of the 

emphasis on dumping in this work, the .amplitude is defined here as the 

average maximum dip of the chamber pressure below the time-average 

pressure. The reason for this definition will be obvious when the 

dumping is considered theoretically. To calc~ate these amplitudes, the 
' 

time-average pressure was determined by integrating the pressure waves. 

.. 

,., 
"' 
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{ . 

Accurate measurement of the time-average pressure with the diaphragm 

circuit was impossible because of drift in the bridge resistance over a 

period of time. Therefore, the integration procedure was used. The 

verage minimum point in the pressure wave was obtained by averaging 

approximately 40 individual points. This average was then subtracted 

from the time average to obtain the amplitude reported here. The time 

average was determined to ±l char:~ division, and the average difference 

was approximately 7 chart divisions. The average expected accuracy of 

the results, therefore, :is ±15%. Naturally, the uncertainty increases as 

the average amplitude decreases and can go to ±30% for amplitudes in the 

region of 1.0 to 2.0 lbsf/ft2 . 

Let us first consider the a¥erage amplitude, and the variations 

about the average later. The data obtained using different gases are 

shown in Fig. 15. It is rifficult to draw any definite conclusions.about 

the effect of gas properties on the amplitude from this plot. It seems 

possible to make either of two conclusions. The first is that the 

average amplitude, Pf, is a function of gas flow and independent of gas 

properties. The second is that the amplitude is independent of gas flow 

and depends only on the gas properties. The scatter is just too large 

to draw any definite conclusions. Other than by measurement errors, no 

explanation for this scatter can be found. 

The effect of the liquid head on the average amplitude is shown in 

Fig. 16. This plot indicates that the amplitude is independent of the 

head but increases with increasing gas flow. 

Figure 17 shows the data obtained when different liquids were used. 

Comparison of these data;•with the frequen~y data obtained at the same 

time indicates that the amplitude increases as the fr1equen~y decreases. 

This suggests that the ratio of the average amplitude to the maximum 

possible pressure change in the chamber, p <r:
12 Q

0 
/ g V F, is one possible 

g g c c 
correlating parameter. Here, pg is the average gas density, c is the 

sonic velocity in the gas, and g is the gravity constant. Figure 17 
c 

also indicates that the average amplitude increases as the gas flow 

increases. 
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The data obtained when different .chamber volumes were used are shown 

in Fig. 18. This plot sho.ws that the average amplitude is -related to the 

chamber volume} although it is not a simple functional relationship. 

This suggests an interaction between the frequency} chamber volume} and 

·the number of holes to give the resultant effect shown in Fig. 18 . 

The sllingle-hole amplitudes are shown in Fig. 19. This plot shows 

the amplitude to be a function of volume at the higher flows but inde

pendent of volume at the lower flows. Thus} the effect of volume on the 

amplitude is a function of the gas flow. This effect does not appear in 

the multihole data shown in Fig. 18. 

Fig. 20 shows the data obtained when a large number of holes were 

used and fbr comparison the three- and seven~hole plate data are shown. 

There is no consistent effect -of the number of holes. Rather} there is 

apparently a change in mechanism or controlling parameter. This causes 

the 29-J 41-J and 49-hole data to be grouped together and the three

and se.ven-hole data to be in a different group. 

The results that were obtained when different hole diameters and 

hole spacings were used are shown in Fig. 21. These variables also se:em 

to have an effect on the amplitude which is apparently a diameter-spacing 

interaction. Certainly no simple functional relationships are apparent 

from this plot. 

Variations in amplitude. Figure 22 shows a typical pressure trace 

that was obtained under a single-hole plate. It can be seen from this 

figure that the pressure fluctuations do not ha:v'eca constant amplitude. 
~ ~ . '• -

There is considerable variation ;lnliits value. This is caused by the lack 

of uniformity in .the bubbling process. Actually, except at low rates of 
0 ' 

feeding gas into the chamber (~ /A < ~10 ft/ sec), single bubbles are not g .p 

formed. The situation is more one of f3. ;gas column which oscillates in 

the horizontal direction in the liquid. Upon occasion} these oscillations 

are so large that the gas column collapses and dumping occurs. These 

ocsillations have a random nature and thus cause the random pressure 

fluctuations. For contrast, Fig. 23 shm..;s a typical pressure trace in 

the region where single bubbles are formed. 
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From the data shown in Fig. 22, the cumulative frequency distribu

tion was determined. The results of this calculation show a linear 

relationship on probability coordinates (Fig. 24). Thus, it appears that 

these variations are normally distributed about the average. Therefore, 

the standard deviation of the amplitude can be used to characterize 

these variations. 

Figure 25 shows a typical pressure trace that was obtained when a 

multihole plate was used. As in the single-hole case, these amplitudes 

are not constant but fluctuate quring the run. Since the variations in 

the single-hole amplitudes follow the normal probability distribution, 

the cumulative frequen,~y distribution was calculated for these multi

hole data. The results give a straight line on probability coordinates 

as Fig. 26 shows. Several other checks were made and all showed good 

linearity on probabilityrpl,'iper. Therefore, the assumption of normality 

is valid for the multihole data, also. 

Hence, the standard deviation of each amplitude was calculated. 

The results of some of these calculations are shown in Figs. 27 through 

30. Comparisons of these plots with the similar plots for the amplitudes 

show the standard deviation to be 20r{o to 50% of the amplitude. This can 

be explained in terms of the normality assumption. It seems reasonable 

to say that most of the minimum points in the pressure wave must be below 

the time-average pressure •. Expressing .this mathematically gives the 

relationg 

Pf- Tl .cr =-0; (9) 

where cr is the standard deviation and Pf is the average :amplitude. 

Then; if the percentage of points below the time average is known, 11 

can be .calculated from the normal probability distribution. Table IV 

shows 11 as a function of the percentage of points below the time average. 

~-· 
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Table rv19 

Percentage of points below zero vs .. 11 

Percentage _l_ 

68.3 1 

95.4 2 

99.7 3 

99.99 4 

On the basis of this table, it seems reasonable to assume that 2,< T] < 4. 
Substituting this range into Eq. (9) and rearranging gives: 

0.25 < £_ < 0.50. 
pf 

(10) 

The quantity (cr(Pf) was calculated from the data and, within the 

accuracy of the data, was found to give fair agreement with Eq. (2). It 

;_'•should be pointed out that this approach breaks down as the tendency for 

individual; uniform, bubble formation incre.aSE;!5. In this region, the 

standard deviation goes to zero, but the amplitude remains finite. Thus, 

the quantity cr/Pf must approach zero as the gas flow is decreased. Hence, 

if this estimation procedure for the standard deviation is to be used at 

low gas fl:ows, values of 0.1 or less for cr/Pf should be used. 

One possible approach to the problem of predicting the average 

amplitude is to write the differential equ,~tions and then derive the model 

laws from these equations. Next, the functional relationships of these 

dimensionless groups would be determined from the data. At this point, 

it is apparent from the data that this procedure breaks down. The data 

indicate that the functions required to properly fit the experimental 

results are very complicated. With no theoretical framework from.which 

to start and so many variables and interactions between t.hem, this approach 

becomes too unwieldy and must be discarded. 
. . . 

' ....... _._ 

--
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Another possible attack is a purely empirical approach. Again, 

because of these compliceted functional forms and interactions, a purely 

empirical attagk on the problem is very difficult. Also, one can never 

be sure just how general a correlation results from this approach. 

Therefore, this attack was discarded • 

Summary of amplitude results. Because of the difficulties that have 
• 

been pointed out, no correlation for the average amplitude is presented. 

However, this failure points up the need for more theoretical and 

experimental investigations on the form of the pres~ure waves under the 

plate. Only after more understanding of these waves has been obtained 

can .the problem of ~redicting the.average amplitude of the ;pressure 

fluctuations be solved. 
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PRESSURE DROP THROUGH ;PERFORATED PLATES 

A. Literature Review 

No data on the pressure drop across single-hole plates have been 

reported. However, the pressure drop .across plates of industrial size 
• 

has been one of the chief subjects for study in several recent . 

articles .1 ' 2 
> 

4' 5" 20 The general approach to this problem has been: ·.to 

·first correlate the pressure drop across the plate with no liquid 

present. Then, pressure drop data for plates.with liquid present were 

obtained. 

If we assume tbat the dry-plate pressure drop is not affected by 

· the presence of liquid on the plate, the expression :fcir the total 

pressure drop .. is 

(ll) 

where 6 PDP is the dry-plate pressure drop based on the time-average 

gl3,s velocity through the ;holes. The 6 PR term is then·calculated from 

the wet~plate data . by the use of Eq . (l). This residual or extra 

pressure drop is a result of energy losses required to form bubbles and 

produce additional turbulence in the liquid. However, no successful 

correlation for 6PR has been rEported. 

Arnold, using only the air~water system, found the residual 
2 l pressure drop to vary from 1.0 to 3.0 lbsrfft . His data indicate .that 

6 PR is independent of the liquid head and depends only on the average 

kinetic energy of the gas. 

Mayfield took some wet-plate pressure-drop:data using water, 50% 

propylene glycol-water mixture, and absorption oil as liquids and air as 

the gas. 2 Residual pressure drops from 0.25 to 1.0 lbsf/ft2 were found, 

and some effect of liquid properties noted. However, Mayfield concluded 

that these differences do not exceed the accuracy of the data and 

therefore, are negligible. 

Hunt et al. made an extensive investigation of t:he residual 

pressure drop using water, glycerine-water solutions, kerosene, carbon 
.. 
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tetrachloride, n-hexan$: and butyl alcohol as liquids. 4 Air, argpn, 

F::reon ~12, methane, and carbon dioxide were used for the gas phase. 

Hunt found .the residual pressure drop increased with an increase :i:il. the 

kinetic energy of the gas. The surface tension of the liquid, gas 

molecular weight, and plate geometry were also found to be important 

variables. ·No effect of the liquid head was found. Attempts to 

rationalize this residual pressure drop in terms of bubble-formation 

theory were unsuccessful, Therefore, no general correlation was 
2 

pr.~sented. However., Hunt recommended using 6. PR ;;;: . 2. 5 lbsf/ft for 

design purposes. 

Lee20 obtained residual pressure drops for eight gas-liquid systems 

and found an aver~ge value o:f 4,2 lbsf/ft2• He also found the residual

pressure drop to be independent of the physical properties of the gas

liquid system and of the geometry of the plate. The head of liquid also 

had no effect on the residual-pressure drop. No explanationt::f.or this 

drop was presented. 

Jones and Pyle reported finding a significant residual pressure 

drop;.5 · However, an ·extensive investigation of pressure drop was not 

performed in their study, and no further development of this subject was 

presented. 

Hughmark and ouconnell have proposed a correlation for the wet-plate 

pressure drop. 15 They have combined the actual clear-liquid height plus 

the residual pressure drop into one term called the effective head. This 

effective head is then empirically correlated against the total sub

mergence. 

B. Ex;perimental. Studies 

Theoretical Interpretation 

Consideration of Eq. (ll) reveals that it is exact only if the gas 

flow through the plate is constant and not a function of time. If this 

were true, then the residual pressure drop would have some meaning in 

terms of bubble-formation energy losses. However, as HGghes has pointed 

out,13 the gas flow is definitely not constant over the bubbling cycle. 
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Therefore, the dry-plate pressure drop based on the time-average gas 

flow has no real meaning when the wet-plate pressure drop is considered. 

Hence, the residual pressure-drop data in the literature are meaningless 

in terms of the actual operation of the bubbling system. It is no wonder 

that no correlation of this parameter could be obtained. 

Hughes and co-workers13 have considered this problem from a more 

realistic point of view, and the following analysis is based primarily 

on their work. 

Consider the force balance on the bubble at any arbitrary point in 

the bubble growth cycle. The force balance becomes 

n~t 
buoyancy + 

excess 
pressure 

surface 
tension 

d(momentum) 
drag ;: g. dt 

c 
(12) 

The excess pressure term accounts for the fact that the gas pressure 

inside the bubble exceeds the equilibrium pressure difference .across the 

interface. The drag force considers the effect of liquid being dragged 
! 

along with the growing.bubble. The drag force also considers the fact 

that some liquid is moved away as the bubble grows and therefore, ther.e 

is an additional acceleration effect. 

Expressing this mathematically, we· have 

b 
(13) 

where Af is the frictional surface) Pt is the pressure inside gas 

bubble, Pp is the pressure in the J;'i.quid outside the bubble, 1\ is the 

bubble diameter, b is the mass of liquid being dragged Mith the bubble, 

CD is the drag coefficient, g is the acceleration of gravity, 6p is 

pL - p g' and t is the time. The terms in Eq. (13) are J_.isted in the same 

order as they appear, in Eq. (12.) 
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From Fig. 31 we obtain 

p· = p + PL ~ p 0 
(14) 

0 2 
~ pg_(V ~) 

PT = p 
c ' 2 gc 

(15) 

.P - p = ~ PT c 0 
(16) 

where C is an orifice coefficient and ~ is the liquid head on the plate. 

Combining Eq. (13); (14), (15), and (16) results in the expression 

p VB d2 Db .6Qg.\fB. 1 
Qp (v )2 

g 
= . ,.;, A.·.+ (& - PL~) 

g g 
gc Af 2 T 2g dt gC' f c 

CD (dd:r= P,L VB 
2 

1\ - 4y PL d 
- 7 (17) 

D 2g A gc . b c f 

Hughes combined Eq. Cl7) ·with the electrical .analogue equations and 

an integral equation for the bubble volume .as a function of time. 13 By 

introducing certain linearizing assumptions, he ~was then able to solve 

these equations in closed form. However at higher flows, tbe concepts of 

separate bubbles and laminar flow through the plate is not valid. Also 

Hughes' solutiori13 is extremely complicated to evaluate, and therefore the 

more empirical approach of using model laws for the process will be 

developed. 

Before deriving the model laws from Eq. (17), it is necessary to 

decide upon the characteristic velocity, dimension, and time for this 

system. It seems reasonable to assume that the characteristic time is 

the reciprocal of the frequency, since this is the period for one com

plete cycle. The characteristic velocity is the time average gas velo

city through the holes, because this quantity governs the over-all 

speed of the process. Since Fig. 29 shows very little effect of hole

spacing, the only reasonable characteristic dimension is the hole 

diameter. 
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Fig. 31. Schematic diagram of single-hole bubbling. 
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Now; to form the model laws from Eq. (17), divide each of the terms 

by the inWrtia term pg v!f 2gc. . This res11l ts in the expression 

(6FT - Pr,~)Ji 1b,p· VB g ] 
2 = f 2 

p (V ) /2g p V Af g g c g g . 
1 ) 

Consideration of the term ( dh/ dt)
2 

.reve.als iJ.hat the substitution 

can be made. Also, the substitution 

__ b cx:V F 
(

d D~ · 
dt g 

helps to simplify Eq. (18). Next, the substitution 

VB 
-cx:D A o 

f 

(19) 

(20) 

(21) 

.can be made in ·Eq. (18). Thus, combining Eqs. ( (18) through (21) gives 

=f {[~(:;)~] ' 

(22) 
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Note that the time-average values for the pressure drop and gas 

velocity have been substituted in Eq. (22) for the instB.ntaneous values 

in Eq. (18). 

The gas velocity through the hole .filuctuates between zero and some 

ma:i:cimum which is in the turbulent flow region and thus, it seems logical 

to let the orifice coefficient .be a function of Reynold's number based 

on the gas properties. By the same reasoning, the drag coefficient is 

a function of the Reynold's number based on the liquid properties, 
0 

· PL V g. :PillL" where I-LL is the viscosity of the liquid. 

(Vo)2 
pg g 

Eu = (LPT - PLlJ..)/ .....sol-2--g....__ 
c 

Also, let 

D (Vo)2 
We d 

0 pg g 
= 2g 

c 

FR• = Dogj(v;)2 

Combining Eqs. (22) through (26) and in view of the above con

siderations on the Reynold 1 s numbers results in the equation 

·Eu 

(23) 

(24) 

(25) 

(26) 

(27) 

This equation shows the functional groups required to correlate the Euler 

number. However, the proper functional relationship must be determined 

from the data. 
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Correlation of Pressure-Drop [)a.ta 

In addition to pressure-fluctuation data on the 6-in.-square column, 

pressure-drop data were also taken. The results, are shown in Figs. )2 

through 35. 

Figure 32 shows the results obtained for different hole diameters 

and hole spacings. The data for plates with 0.25-in.- diam. holes are 

definitely higher than for 0.375-in. and 0.50-in.-diam. holes. It is 

also of interest to note the changing exponent on the gas velocity. At 

the h~h~r velocities (greater than 60 ft/sec), the slope on log-log 

coordinates is two, but as the velocity decreases, the slope decreases to 

one. It is also interesting to not~ce the effect of the hole diameter on 

the slope. This suggests that the Reynold 1 s number based on .the gas 

properties is a significant parameter. 

The resul t.s of changing the number of holes and chamber volume are 

shown in Fig. 33. It can be concluded from this plot ·that these are sig

nificant parameters. This suggests that the term EfT - pL~ is related 

to the frequency of the pressure fluctutations. This is perfectly 

reasonable when one considers the transient nature of the gas flow through 

the holes. 

The use of different liquids resulted in the data shown in Fig. 34. 

From this plot, it is clear that no one particular physical property 

stands out as the controlling factor. Ralther, the data indicate that the 

density, surface tension, and perhaps the viscosity are all significant 

parameters. 

Figure 35 shows the data that were obtained using different gases 

with water. It is interesting to note that the data for argon fall 

dH:.'ectly in line with the air data. Since argon has a higher viscosity 

and a higher molecular weight, this suggests a gas Reynolds -number effect. 

In order to develop a 'correlation for the pressure-drop term, 

61\ - pL~' thought must be given to the functional relationship of the 

dimensionless groups in Eq. ( 27). In particular, the Reynolds .>number 

term needs consideration. The Reynolds number is a measure of the ratio 

of the inertia forces to the viscous forces. At higher Reynolds; numbers 
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(higher velocities), $lie viscous forces become negligible and thus the 
j 

Reynold~-" ·number effect can be ignored. This decreasing importance of 

the Reynolds number can be expressed ~s 

b 

Eu ex: (l + R: ) 
g 

(28) 

The other parameters are assumed to be exponentia~~y related to the 

Euler number. This results in the equation 

a b (PL)c Eu = A(l + Re ) -'-:-r. 
g pg 

(29) 

The method of least squares was then used to evaluate the constants 

in Eq. (29). Actually, the procedure was to apply the linear regression 

theory to the logarithmic form of Eq. (29) using various values of the 

constant ·"a 11
• 

Substituting the set of constants which gave the best correlation 

coefficient gives the equation 

o 8? . ~0.08 ( J-0.32( D F)-0.3.6 . 
Eu =:9~29+(1 + 10,000) . (We)O.ll (IlL PL . _e._ FR0.24.(30) 

Re ll p Vo ... ' ~ g g ' g g 

Discussion of the Correlation 

By the use of Eq. (30), a comparison of the calculated vs. the 

experimental Euler number is obtained, as shown in Figs. 36 through 39. 

Further analysis of this comparative :calculation shows that ·Eq. (30) 

accounts for 81% of the total variation of the Euler number. The other 

19% is due to experimental error, unconsidered variables, or both. This 

calculation also shows that the average deviation is ±19%. 

At first glance, the figures mentioned.above sound high. However, 
. I 2 the expected accuracy of the pressure drop lS ±0.5 lbsf ft . Since the 

. /f 2 ;. average velocity fuead is on tfu.:order of 0. 5 lbsf t , the e~pected 

acc;:.uracy of the Euler number is ±l. With the average Euler number 
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Fig. 38. · Effect of liquid head on Euler Number. (Air-water 
system, Vc = 262 in3., D

0 
= 0.25 in., D = 1.0 in., n = 3.) 
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approximat.el.y equal to 5, this means that an average deviation of ±20% 

is not unreasonable. 

There is no theoretical justification for using the exponential form 

for the dimensionless groups. The possibility of obtaining a better 

correlation with other- forms was considered. However, improvements in 

Eq. (30) .would be marginal, "1£1''--they could be obtained .at all, because of 

limitations in experimental accuracy. The~efor e, Eq. ( 30) i.s the final 

form of the correlation. 

Figure 36 shows the calculated vs. experimental Euler number for 

t4e various gas~liquid systems used. The agreement is good over the 

entire range of variables covered ~ith the possible exception of the -Freon 

114-water data at high Euler numbers. However, this iB the region of 

low-pressure drops, and therefore .the accuracy of the data is lower in 

this region. Thus, the scatter is attributed to experimental error. 

By the use of the data obtained on plates _with different hole 

diameters and hole. spacings, a comparison of Euler number was made; this 

is shown in .Fig. 37. The scatter is high in the low Euler number region. 

No explanation for the scatter can be found. 

Figure 38 shows that ~here is no effect of liquid head on the 

pressure drop 6FT • ~~· 
4 2tJ ings of Hunt and Lee. 

This is in complete agreement with the -find-

Figure 39 Shows the calculated .vs. experimental Euler numbers using 

the data for different chamber volumes, different number of holes, and 

different free-area ratios. The data for the 29 .. hole ard 41-hole plates 

show considerable deviation from the correlation. However, the 49-hole 

data are in good agreement with the correlation. Thus, there is no 

apparent trend in this deviation. 

However, this does bring up the subject of the effect of free-area 
4 20 ratio on the orifice coefficient. Hunt and Lee uS:ed free-area ratios 

-··' 

from 0.04 to 0 .• 20 and found that the orifice coefficient (as used in Eq. 

(15)) decreased by 40%. In ·this study; however, free-area ratios from 
. 4 

approximately 0.001 to 0.07 were used. Under these conditions, Hunt and 

Lee
20 

predict only a 10% change. Thus, sufficient data are not available 

to justify including .the free-area ratio in the correlation. 
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One factor which has been ignored in this analysis is the fraction 

of the holes which are not passing gas durin!?; ,the dumping portion of the 

cycle. ·During the other portion of the cycle} all the holes pass gas, rt 

and therefore this effect must be considered only during part of the 

cycle. Because this fcactor was not measured experimentally, there is no 

way to include this effect in the correlation. However, it seems 

reasonable that this fraction is a function of the average gas flow and 

therefore has already been included in the corn~lation. It is also 

possible that this factor causes part of the deviations between the cal

culated and experimental Euler numbers. 

Conclusions about Pressure Drop 

Equation (30) predicts the pressure drop term ;ABT - Pr;~ in the dump

ing region to within ±20%. More data should be obtained to investigate 

the effect of free-area ratio. Also, data at higher gas' flows should .be 

obtained to check the validity of Eq. (30) in the more useful operating 

ranges. 

· .. 
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·LIQUID DUMPING ~BROUGH PERFORATED PLATES 

A. Literature.Review 

The publication of the papers by Arnold1 and Mayfield
2 

in 1952 were 

the first recent studies aimed at defining in a reasonably accurate manner 

the operating characteristics of perforated plate trays. Both studies 

considered, among other things, the problem of dumping and the minimum 

gas velocity for stable operation. 

Arnold and co-workers, 1 using the air-water system, ~cst.udied the 

effect of hole diameter, ratio of total hole area to column cross

sectional area (free~area ratio), weir height, and liquid flow rates on 

the minimum vapor velocity. This minimum velocity was determined in two 

ways. The first method was to visually observe the point where dumping 

first bel5ins. The second method was to note breaks in the curve of 

pressure drop versus gas ;velocity. Arnold found that increased liquid 

heads require increased vapor flows. 'The free area ratio also affects 

the minimum velocity but the effect of hole diameter cannot be deter

mined from the data. No attempt was made to present a generalized 

.correlation. 

Mayfield et a1. 2 used essentially the same approach as Arnold.
1 

The effects of free-area ratio, liquid flow rate across the tray, and 

outlet weir-height on the minimum gas velocity were determined for the 
/.j . 

8:ht-water system. Plates with 3/16-in. -diam. holes were used. The 

minimum gas velocity was defined as the ·minimum flow required to prevent 

any liquid back-flow through the holes and was determined visually. The 

results show that the minimum velocity' is a function of the free area, 

liquid flow, and weir height. The data indicate that the dry-plate 

pressure drop at the minimum vapor flow is a function of the calculated 

clear liquid head on the plate. Therefore, a plot of this type is 

presented. Although the data scatter, there is a definite correlation 

between the two parameters. 

Kamei and co-workers in Japan have attacked the problem from a 
21 different angle. The approach ;,takenawas to determine the relationship 

between the vapor velocity and the total pressure drop across the plate 
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when all the holes are passing 'gas. Then, f~r a plate with only a 
\ 

fraction of the holes passing gas, a second relation between the 

pressure drop and gas velocity was d'e~~rmined. This second relation 

was then extrapolated to the point where all the holes are passing gas. 

At this point, the pressure drop given by the two expressions can be 

equated. This results in an €lquation for lihe gas ·velocity at this 

equivalence point. This velocity is defined as the $::lrl!j_mum vapor 

velocity for stable operation. Experimental work was done using the 

air-water system and hole diameters of 1, 2, and ~!mm. The liquid head, 

liquid flow, weir height, and plate geometry were varied. The results 

of five tests are presented and the proposed correlation predicts the 

m1n1mum va
1
por velocity to within ±10%. 

· Zenz3 proposed the development of a series of design charts. Each 

chart .would show the operating characteristics of a given tray and liquid 

on the tray. He suggests plotting the quantity F & V0 ~~ versus the 
0 . g g .o 

liquid head, where V is the gas velocity and p the gas density. Lines 
g g 

of constant froth height and lines of cons~~nt weeping rates would be 

plotted. Several of these charts are presented in the paper. Data on 

the air-water and the air-methanol systems are presented. However, no 

information on the actual dumping rates is reported. Zenz gives some 

general thoughts· on the effectsrdf,l'various parameters, but no ,generalized 

correlation using these parameters is presented. 3 

Hunt et al. have taken a different approach to the minimum vapor 

;elocity problem. 4 They measuredthe dumping rate as a function of gas 

velocity, liquid headJ liquid and gas properties, and plate geometry. 

As the gas rate was decreasedJ the dumping rate increased slowly at 

.first, then more and more rapidly, giving curves with more or less sharp 

breaks. The vapor velocity at the break point was defined as the.minimum 

. vapor velocity. A table of these minimum velocities for the various gas

liquid systems and plate geometries used is presented. However, no 

generalized correlation of the results is shown. 

Hughmark and O'Connell have also considered the minimum vapor-
20 velocity problem. Their correlation .for the minimum velocity is a 

plot of the F factor :versus the wet~plate pressure drop, both quantities 
g 



being measured at the minimum velocity. The minimum velocity is 

defined as the velocity at which the holes first begin to dump liquid. 

Two lines are shown. One applies to hole diameters of 0.375 in. and 

less when high surface tension liquids are used. The other line applies 

to holes of 0.25-in. diam. and larger with free-area ratio of 0.18 and 

larger. This second line also applies to holes with diamet<ers less 

than 0.125 in. when used with liquids having low surface tension. A 

comparison of the available data in the literature with this correlation 

shows that 90% of the ppints are within ·±30% of the proposed correlation. 

It .should be noted that data for the air-water and air-methanol systems 

are the only data used. 

Leibson et al. have also presented a paper on general design pro-
22 

cedures. Their correlation for the minimum vapor velocity is a 

modification of Mayfieldns approach.
2 

Leibson
22 

plots the dry-plate 

pressure drop versus the measured clear-liquid head instead of the 

calculated head as :Mayfield suggests. This re$i!11t:s in a plot with less 

scatter. No new data are presented, however. 

Foss and Gerster in their study of tray efficiency have presented 

some information on the effects of free..:area ratio on the mini:g!I.Um vapor 

velocity. 23 However; this part of their work was of seconda-Fy interest 

only, and so no general correlation of the data was presented. 
20 

Lee has proposed a slightly different approach to the problem. ' He 

proposes plotting the dry-plate pressure drop at the minimum velocity 

versus the liquid head on the plate minus the head r·equired to overcome 

the surface-tension force; ... However, the proposal has not been checked 

experimentally. 

Hwang and Hodson have also presented a summary of recommended design 
. 24 2 

methods. For the minimum velocity, they propo.se using Mayfield 1 s c 

correlation. HoweUJ'er, they point out that a better approach to this 

problem would be to determine an optimum dumping rate in much the same 

way as an optimum entrainment rate has been ·,derived by Colburn. 25 

Because sufficient data were not available, 'this approach was not carried 

further. 
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24 
In view of the remarks of Hwang and Hodson, a search of the 

literature on tray efficiency was made. Only three papers that discuss 

the effect of dumping on efficiency has been presented. 

Umholtz and Van Winkle26' 27 have measured the over-all average tray 

efficiency as a function of vapor velocity and.column geometry. Their 

. results indicate that the efficiency drops markedly as the dumping rate 

increases. 

·· L. 20 h d · d · f' th t 1 11 M hr ,. ee as er1 ve an express1on or . . e ac ua over-a .. urp ee. 

efficiency in the dumping region 1\tri terms of the fraction of the total 

liquid flow dumping through the holes and the efficiency.to be expected 

if' there were .no dumping.,; J However, this relation has not. been tested 

because of the lack of experimental data. 

B. Experimental Studies 

Sing1e-Hole Plates 

Theoretical development. On the basis of the general discussion of 

the bubbling process, one can srg.y that dumping must occur in the period 

between the release of one bubble and the start of the formation of the 

next bubble. Therefore, a closer examination of this portion of the 

bubbling process se~ms necessary. 

There are three possible mechanisms for liquid flow,;through the 

plate. The first considers the possibility of liquid running d9wn the 

side of the hole and gas passing simultaneously up through the center of 

the hole. This mode of~low would be governed by the nature of the 

surface of' the .hole's side .and by the surface tension and wetting proper

ties of the liqu'id. However, from the :;visual observation of the dumping 

phenomenon, it .can be seen that the holes are completely full of liquid 

while dumping, except at low dumping r~tes. Accordingly, this mechanism 

could not apply except in the region .of low dumping rates and correspond

ingly high gas flows. 

The second and third possible mechanisms for liquid flow involve a 

consideratik>noof the pressures on the liquid. Consider the schematic 

representation shown in Fig. 40. The .nomenclature is as follows: 

· .... 
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Fig. 40. Schematic diagram of single-hole dumping. 
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P -- pressure in the gas chamber above the liquid 
0 

-~ -- head of liquid on the plate 

L-- plate thickness 

PB-- time _average pressure in the chamber under the pla'~e 

P.£.-- instantaneous fluctuating ,component.of pressure in the chamber. 

P.f has a time average value of zero. 

The downward pressures acting on the .liquid in the hole are 

where pL is the density of the liquid. 

-The upward pref:isures are given 'ny the expres-sion 

(31) 

(32) 

.Subtracting Eq. (32) fromEq. (3i) gives the net downward pressure, 

~' that would cause liquid flow through the hole. Thus we have 

. Recalling tlfliit the time-average total pr.essure drop .across the 

plate, .6FT' is given -by the expression 

.6P =P -P, T B o 

we can simplify Eq. (33) to 

Thus if we have 

-P'> [& - p (b_ +L)], 
f T L -L 

there is a potential for liquid .flow through the plate. 

(33) 

(34) 

(35) 

Now in the second model for d~ping, Newton 1 s Sec·orid Law is applied 

and~ equated to a mass-times-acceleration term. However_, if;the mass 

being accelerated is approximately equal to the mass of liquid required 

to fill the hole, the accelerating mass .is small. In other words, assume 

that only the liquid in the immediate vicinity of the hole experiences 
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the effects of the acceleration. Also, the liquid velocities are small, 

and so probably the acceleration•times-mas.s term is small, and this 

model is not adequate to describe the process • 

The third model for dumping is to assume that the liquid flow is 

governed by the .orifice e.quation. This amounts to equating 

where 

(38) 

and C I iS the Orifice C0ef'.fic.ient defined by the equatiOn 

V. C' J·2· .. lP = . g.,··,-. . . ,~; p . (39) 

Thus, the equation for the instantaneous dumping rat.e is obtained by. 

combining Eqs. (35) and (37) to yield 

(40) 

Now during the dumping portion of the cycle, .the hole is completely 

full of liquid, and·therefore, no gas can escape from the chamber. 

However, the gas feed rate to the chamber remains unchanged, and so the 

pressure in the chamber must rise. Hughes and co-workers1 3 have 'shown 

that the expression for the pressure build-up .rate in the acoustical 

capacitance (the chamber) is 

' .j2 
d pf pg c 

Qo --- ( 41) dt ei~, v g c 

where c is the sonic velocity of the gas,Q0~ is the volumetric gas feed 
. g 

rate to the chamber, V is the volume of the chamber, and p is the 
c g 

density of the gas ·at the average chamber pressure. 

Equation (41) can be integrated by the use of the boundary con

dition that, at t = o, 
( 42) 
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where pf is the amplitude of the pressure .f.~uctuation. 

Equation (41) then integrates to 

pi . = - p + [ p g ~
2 

Q; ] t 
f f . g v . 

c c 
( 43) 

If it :is assumed that the bubble breaks off at the minimum point 

in the pressure wa\fe, and that the:t:e• are no acceleration effects on .the 
" . 

liquid, Eq. ( 43) can be substituted into Eq. (10), resulting in the 

expression 

' ( ·~ ~Jl/2 
- t,pT + ":r,(~ + L) - ~-'\' Q;t .(44) 

c c 

The first assumption really says that the gas flow does ·.not 

decrease appreciably as the bubble~reaks off. The traces of the 

pressure fluctuations show the minimum points in the pressure waves to 

be very sharply pointed .and·"ll6t 'rounded. Also, the :Jnaximum rate of 

pressure increase appears to occur in the first stages of the rising 

pressure period. In view of these fac·ts, the first assumption is 

justified. 

The second assumption states that the liquid reaches the maximum 

rate of dumping.right at the start of weeping. From visual observations 

· of· the dumping, it appeared that the .liquid attained the maximum rate of 

dumping almost .. instantaneously. As the cycle progressed, the rate of 

flow decreased slowly to zero. In view of these observations, the second 

assumption is justified. 

The time-average dumping rate, VL' is given by the equation 

t 

VL = F J 0 

VL dt ' 
0 

(45) 

where -F is the frequency of the pressure pulses and t is the time when 
0 

VL = 0. 

Substituting .Eq. ( 44) into Eq. ( 45) and performing the integration 

yields the equation 
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In evaluating Eq. ( 46), a value for the ord:f'ice coefficient must be 

chosen. Examination of the .flow patterns in the liquid reveals that 

there can be little effect of viscous forces within the liquid. There-
28 fore, the liquid can be considered as an ideal fluid. Streeter has 

shown theoretically that C = 2.68 for these conditions. 
0 

It should perhaps be pointed out at this point that Eq. (46) predicts 

the dumpip,g rate to be independent of the liquid head on the plate. 
4 

Hunt has shown that 

( 47) 

where DPDP is the pressure drop through the plate with all holes runping 

full of gas and no liquid on the plate, and ~R is the residual pressure 

drop. Substituting Eq. (47) into Eq. (46) gives 

which shows VL to be independent of ~ if 6PR is independent of ~· 

Hunt has shown this to be true. 4 

However, Eq. (46) is the preferred form, since it contains all 

easily measurable quantities. 

Correlation of results. Because of the variation in the amplitude 

of the pressure fluctuations, Eq, (46) must be modified to account for 

this fact. In order to do this, the f~rct that th_!iJse variations follow 

the normal probability distribution cari be used. This distribution is 

expressed by the equation 

p 
r 

( 49) 

where Z is the (Pf - Pf)/cr, Pf is the average amplitude, and cr is the 

standard deviation. 
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Also, let 

. zo = ull PT = pL(~ + L) - pf] /a . (50) 

Then combining Eqs. (46), (49), and (50) and rearranging terms gives 

J_oo 

z 
·o 

2 
(Z-Z )3/2 e -z /2 dZ. 

0 

The lower limit of Z on the integral can be determined by an 
0 

examination of Eq. (46). This equation says that, for VL to have a 

(51) 

meaningful value, - P:f must be greater than L'PT- pL(~ + L). This in 

turn means that·Z must be greater than ·Z and, hence, a lower ;limit of 
0 

z . 
0 

Equation (51) cannot -be evaluated analytically, and thus recourse 

to numerical methods is required" In fact, this integration was pro

grammed for the IBM-650 computer" The upper limit of the integration 

_ was chosen to be 4. The probability of Z > 4 is 0. 003 2%. Thus, terms 

where _z > 4 have a negligible contribution to the numericaLya·lue of the 

integral. 

In some cases, as has been mentioned, the amplitude of the pressure 

fluctuations is constant, which means a = Oo Since .Eq. (51) cannocp be 

evaluated under this condition, the program :was arranged to use .Eq. ( 46) 
to calculate the dumping rate whenever a = 0. 

A plot of the results of these calculations is shown in Fig. 41. 
The calculated dumping ;rate is the value obtained by evaluating Eq. ( 46) 
or ( 5],. ), whiche~er applies. This plot shows an apparent change in the 

flow mechanism in the.low dumping region. The dumpip,g in this region is 

probably controlled by the nature of the side of the hole and the wetting 

characteristics of the liquid. Since this region is of secondary interest 

for column-design purposes:, .and because a theoretical treatment is 

extremely difficult, no further analysis of this region will be attempted. 

The accuracy of these calculations is inherently low. The total 

pressure drop and head;are each based on two manometer readings. The 
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Fig. 41. Single ,..hole dumping correlation. 
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manometer readings are each within ±0.025 in. of water or ±0.13 lbsrfft
2

. 

This means that the term l::PT - Pr,(~ + L) has a possible error of ±0.5 

lbsf/ft
2

. The accurac.y of the mean pressure fluctuation is appr.o.;ximately 

±0.5 lbsf/ft
2

• The problem here is to determine the time-average 

pressure line on the traces (i.e., F:!.g. 22 and 23). The variance has 

essentially no error sint:e its calculation is based only on the values 

of the minimum points in the pressure wave. The point of reference one 

chooses on which to base the numbers is immaterial. The term 

~P -
f PT + P.L(~ + L) takes 

2 
on typical values of 1 to 5 lbsf/ft and has 

lbsf/ft
2

• Thus; the high scatter in Fig. an:expected accuracy of ±1.0 

41 is to be expected. 

In preparing.Fig. 41, the value of the orifice coefficient was 

taken to be 2. 68. However, it apperas that if a value of l. 68 were used, 

a better correlation would be obtained. In view of the low accuracy of 

the calculations and the theoretical basis for using c'" = 2.68, this 
0 

change is not justified. 

Dumping Through Multi)}:ole Plates 

Theoretical interpretation. In contrast to single=hole plates, 

rriul tihole plates can operate in twu different ways. The .first is for 

all the holes to act in .complete unision, that is, completely in phase 

with each other. Ih this type of operation, all the holes dump together 

and therefore no gas can flow out of the chamber during the dumping 

portion of the cycle. Hence, .the equations develop,ed for single-hole 

plates apply with equal validity to multihole plates operating .in this 

fashion. 

In the second type of operation;. some of the holes dump liquid and 

the rest simultaneously pass gas. This type of operation is shown 

schematically in Fig. 42. Following .the same analysis used in the single

hole development for a hole dumping liquid, it .can be shown ·that if 

(52) 

then the pressure above this hole is greater than the pressure below. 

Thus, there is a driving .force for dumping under these conditions. 

.. 
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Fig. 42. Schematic diagram of type -2 multihole dumping. 



-88-

However, during this portion of the cycle where Eq. (52) applies, 

gas is flowing upwards. Thus, it appears that gas is flowing from a 

low-pressure region to a high-pressure region. A possible explanation 

for this can be found in .an examination of the rising bubbles. As these 

bubbles rise rapidly, liquid is dragged .along. Because of the liquid 
' motion, the effective head at the plate surface is reduced. Also} the 

plate .thickness term is negligible because gas is flowing .through the 

hole. From Eq. (52) it is,apparent that higher amplitudes are required 

if the head term is reduced and the thickness term .drops out. Therefore, 

these .effects can .account for the gas flowing .upwards while .liquid is 

dumping from different holes at the same .time. 

From this discussion, a model for the dumping from multihole plates 

can be developed. The characteristic of this second type of operation 

is that -the holes do not operate in unison. Therefore, if hole A is 

just starting to bubble, the rapidly expanding .bubble from hole.B can 

force liquid to cover and fill":tlble A. Equation (52)- then .applies to 

hole A, but hole B sees the reduced head and no thickness term and 

therefore does not dump. The chamber pressure then builds up to the 

point :where the dumping stops. The liquid is ejected from the hole, and 

the cycle then repeats itself. 

Thus, in addition to the effects that were considered in the single

hole development, the effect of reduced liquid .head and the phase differ

ence .in bubbling .f'rom neighboring holes must be brought into the analysis. 

Since there is no way to get at these quantities theoretically, an .exact 

treatment of the data is not possible. Therefore, an examination of the 

data is required to check. the possibility of an .empirical correlation. 

Correlation of' data. Figure 43 shows the ;>'data obtained for differ

ent gases. The large effect .of' the gas density can be explained f'rom the 

behavior of' the amplitude, frequency, anO. pressure drop. The frequency 

and pressure drop .are not greatly af'fected by the gas properties, but 

Fig. 15 shows high.amplitudes for helium and low amplitudes for Freon 114. 

Thus, on the basis of Eq. ( 46), the higher dumping rates for helium .and 

the lower rates for Freon 114 are to be expected. 
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Fig. 43. Effect of gas properties on multihole dumping rates. 
(Water as liquid, V c = 262 in3 ., D

0 
= 0.25 in., D = 1.0 in., 

n = 3, hL = 2 . 0 in. ) 
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Of course, Eq. (46) does not apply to multihole plates. However, 

it seems reasonable to say that the multihole equation must reduce to 

the single-hole equation. Ther@fore, the trends predicted by Eq. (46) 
can be used to explain the effect of certain variables on the dumping. 

rate. 

The data obtained when different liquids were used are sho~ in 

Fig. 44. Again, the amplitude, frequency, and pressure-drop measurements 

explain the behavior shown on this plot. For rexample, high liquid den

sities (i.e. 50% K2co
3

-water solution) give higher amplitudes, lower 

pressure drops, but only slightly lower frequencies. Therefore, the 

results shown in Fig. 44 can be expected from the trends predicted by 

Eq. ( 46). 
The liquid viscosity is also important in determining.the dumping 

rate. This is apparent from the change in dumping with the different 

concentrations of glycerine in .water. The effect of the surface tension 

is not ap:parent because it is hidden by the density and viscosity 

effects. A least-squares approach is the only way to determine ~he 

surface-tension effect if there is one. 

The data obtained by the use of different hole diameters and 

spacings are shown in ·Fig. 45. Two facts stand out. The first is that 

the data for 3D and 4D spacings are essentially independent of the 
0 0 

spacing and (depend only on the diameter. The second fact is that for 

2D
0 

spacings, there is a large spacing diameter interaction. 

The effects of hole diameter and spacing on the dumping rate are not 

easy to interpret in terms of the amplitude, frequency, and pressure drop. 

The frequency is a function of the spacing .and the pressure drop .depends 

primarily on the diameter. As Fig. 21 shows, the amplitude is a com:-:

plicated function of both the diameter and spacing. When these three 

parameters are combined in ·Eq. (16), it becomes very difficult to follow 

the effect of diameter and spacing through and see their effect on .the 

dumping. However, it seems reasonable that .these two variables do 

affect the dumping through the amplitude, frequency, and pressure drop. 

Also, the ,plate thickness probably enters in some complicated manner as 

discussed in the section on .multihole theory. 
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It is interesting to compare these data with the data for plates 
6 with large .numbers of holes reported by Hunt. He reports high dumping 

rates for 0.25-in.-diam. holes on 2D centers indicating a spacing 
0 

rather than free-area effect. HoweverJ comparing the data for 0. 50-in.-
.• l 

diam. holes on 2D centers results in exactly the opposite conllusion. 

Hunt's data show ~igh dumping rates under these conditions, 6 but Fig. 45 

shows comparatively low dumping. Hence, it appears that the effect of 

free area depends on the hole diameter. There may also have been a wall 

effect ~which influenced Hunt's results differently in the two cases. 

It .seems reasonable to say that plates with small hole spacings and 

therefore high free-area ratios are poorly designed from a stability 

standpoint. This view is also held by Hughmark and O'Connell. 15 There

fore, the 2D spacing data will not be considered in the correlation. 
0 

Figure 46 shows that the dumping rate is independent of the head 

of liquid for these three:..hole plates. This is in direct contrast to 

the results reported by Hunt, 6 Mayfield, 2 and Arn~ld. 1 These .authors all 

report increased dumping rates with increased heads. Since their data 

were obtained .on plates with large numbers of hole9, it is apparent that 

the effect of head depends on the number of holes. 

The fact that the dumping rate is independent of the liquid head 

can also be explained by an examination of the frequency, pressure drop, 

and amplitude. All these parameters are independent of the head, and 

hence there is no reason for the dumping rate to be a function of the 

head. 

The data obtained when different.chamber volumes and different 

numbers of holes were used are shown in Fig. 47. It is obvious from 

this plot that the volume-per-hole is not the correct parameter as would 

be predicted by the single-hole theory. At the lower flows, dumping 

tends to be influenced by the volume-per-hole parameter. This is to be 

expected since more uniform bubbling occurs at the lower flows, and hence 

the single-hole type of action is being approached. 

At the higher flows, the effect appears to be one of restricted 

flow to the dumping hole or holes. One-hole plate can draw liquid from 



·-94-

10-l r I I 
- -
~ 

-
-
1-- -

1-- • • head =2 in. -• • head =3 in . 
-

'"' head =4in. 

• • 
- • -

-(.) 
Q) 
(J) • ::: 10-2 - • -- - -

- .A -
.:.J > - -• - -• 
~ 1-- -

'-- -

• • - -

- • -
-, • 

10-3 I ~--------~--_.:.JI __ _.:.JI ___ I~~I_.:.JL~~-~1 

10 vo 100 
9 

( ft /sec) 
MU-16723 

Fig. 46. Effect of head on multihole dumping rates. (Air -water 
system, V = 262 in3., D = 0.25 in., D = 1.0 in., n = 3.) 

c 0 



-95-

I.Or------r----,--,-----,---.-,..,--,-.--,---'-r-----r-.----.---.-,---rT"'l 

0.1 r-

(.) 
Q) 
en 

........ ·--
>...J 

h Vc (in3 ) 
0.01 I-

A I 262 

• 3 262 
0 3 142 
0 3 91.5 
... 7 262 

• 7 142 
<> 7 91.5 

• 29 276 

0.001 I 
I 

A 
•• eA • 

4.A 

_i 

•• 
0 ' ... 

0 • ... 0 <> ... o. 
... ... 

!t 
<> ... 
• 
o• 

_i _l l 
10 

V
0 

(ft /sec) g 

' . 

A 
A 

00 

• 0 e 
0 

• <> 

• 

·~ 

~ 

~ 

-

AA 

~~ 
AA 

~A~ A -

0 .• 

_i _i _i _i _l _i 

100 

MU- 16738 

Fig. 4 7. Effect of chamber volume and number of holes on 
multihole dumping rates. (Air-water system, D == 0.25 in., 
D = 1.0 in., hL = 2.0 in.) 

0 



-96-

all directions. With only one-hole dumping in a three~hole plate, the 

other holes partially block the liquid .flow with the column of' rising 

gas. This~..is :iUso true to a greater ·extent .with a seven-hole plate and 

is carried to the limit with the 29-hole plate. Figure 47 shows that 
' this ·blocking ef'f'ect levels out and eventually becomes independent of' the 

number of' holes, which seems intuitively correct • 

. An examination of' Figs. 43 ,through 47 indicates that the dumping 

might.be expressed as a function of' the variables shown in the equation: 

(53) 

where E is ·alrt'l:icmor that accounts f'or the blocking of' liquid flow to a 

hole. 

The single-hole appraoch_hes shown that the pressure-drop term, 

~T - pL ~' and the f'requenc;y a~e important variables in .determining .the 

dumping rate. Therefore, it .seems reasonable to also include these 

variables in the development of a correlation for multihole plates. Thus, 

Eq. (53) becomes 

Since the effects of' all the variables except l were investig~ted on 

three ... hole plates, E is constant under these conditions. Therefore, con

sideration of' this effect .will be postponed until the effects of the 

other variables ha:ve :been .considered. 

From.Figs. 43 through 47, it appears that the most reasonable 

functional form for Eq. (2) is 

It is apparent from the data that the exponential dependence of the dump

ing rate on the gas velocity breaks down in the high dumping region . 

. Since this region is small and .of lesser interest in .design problems, the 

error made by assuming the exponential form is small and unimportant. 
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The constants in Eq. (55) were determined by the method of least 

squares using only the three-hole data. Substituting these constants 

into Eq. (55) gives 

VL = 15.35xl0-16(APT .. PL~)-0.48 F-0.74 (V~)-2.25 PL 2.8 pg-1.63 

-2.25 -0.78 D 8•;61 (
5

6) 
~g r o 

where VL and V~ are in ft/sec, F is in hr .. 
1

, (.6FT - ~~) in lbsf/ft
2

, 

pL and p g are in lbs ,/ft3, r is in lbsf/ft, ~g is in lbs'f/ft sec, and 

D is in inches. 
0 

The least-squares analysis showed that the exponent on the liquid 

viscosity was not significant at the 95% confidence level. Hence, this 

term has been dropped from the correlation. However, the liquid viscosity 

is significant in determining the pressure drop and therefore is really 

a hidden variable in the dumping correlation. The correlation coefficient 

calculated from this analysis is 81%. The average deviation is ±55% if 

Eq. ( 8) is used to estimate the frequency and Eq. ( 30) is used to estimate 

tP,e~e:pites~ung 'dtl.o;p .• : 

Now, the E effect can be included in this analysis by modifying the 

constant in Eq. (55) for plates with different .numbers of holes. Thus, 

Fig. 47 indicates that a good value for the constant for the seven- or 
-16 29-hole plates is 5.6 x 10 . 

The next step in the development of a correlation is to rearrange 

Eq. (56) into dimensionless groups. However, this approach does not 

work. A gas-velocity term and a gas-de~sity term remain after all the 

other variables are combined into groups. Therefore, the dumping pro

cess cannot be described by such a simple combination of effects. -Thus, 

no general correlation in dimensionless form is presented. 

Comparison with other investigations. It is interesting to compare 

the results of this work with some of the correlations that have been 

proposed by other investigators. From these comparisons, it is possible 

to obtain some idea of the dumping .rates that are found at the minimum 

velocity as calculated from these correlations. Thus, an evaluation of 
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these correlations can be made. For these comparisons, consider a 

system comprising a plate wi,th 0.25-·in. -diam. holes on 1..0-in. triangular 

centers, a 2~in. head of water on the plate, and air as the gas. 

Under these conditions, Mayfield et al. 2 predict the dry plate 

·pressure drop at the minimum flow to be 2 lbsrfft2. If Hunt's equation4 

is used .for the .dry plate pressure drop, the minimum gas velocity is 32 

ft/sec. From Fig. 47, the dumping rate is only 0.0022 ft/sec or 0.058 lbs. 

liquid per lb. gas. However, .Mayfield 1 s correlation2 fails to account 

for the effects of different liquid and gas properties and for different 

geometries. Also, higher dumping rates have been found at 32 ft/sec when 

different systems were used. Therefore, this correlation should be used 

with caution when untested systems are used. 
4 Hunt et al. report the minimum velocity to be 30 ft/sec .through 

the holes under these conditions. This figure is in good .agreement with 

the 32ft/sec calculated from Mayfieldis correlation. 2 Hunt considers 

the effect of ~he system's physical properties -which is an improvement 

over Mayfield's proposal. However, extrapolation of Hunt's results to 

other systems. is difficult because no general correlation is presented. 

The correlation of Hughmark and O'Connell}:~ predicts a minimum gas 

velocity of 45 ft/sec under the conditions stated above. This is con

servative in comparison to the results of Hunt's work, 4 .and Mayfield's 

correlation. 2 Hughmark~s correlation is also relatively insensitive to 

the system 1 s physical properties. Sj_nce it gives a higher minimum 

velocity, this prop0sal is recommended over Hunt's or Mayfield's method 

for design purposes when untested systems are being .considered. 
. 22 . 20 3 24 Le1bsor1 et .aL, Lee, Zenz, and Hwang and Hodson· all use 

Mayfield's approach or some slight modification of it .as their 
,• 

recommended method .of predicting_the minimum gas velocity. Therefore, 

no really nevT information can be' obtained -by an examination of these 

proposals. The correlation of Kamei .and .co-workers21 was developed for 

very small diameter holes.. Surface-tension eff~cts become very impor

tant under these conditions and therefore their correlation is not 

applicable for 0.25-in.-diam. holes. 
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Conclusions about mul tihole .dumping. Because of theoretio'ikl and . 

empirical difficulties that have been pointed out, no general correlation 

of the dumping .data is presented. However, this analysis shows the need 

for more theoretical and experimental investigations of the decreased 

effective head because of the l:i.q uid being dragged upwards by the rising 

gas. 

Equation '(56) may be of scime .limited use in estimating .the minimum 

velocity for design purposes. 

Large-Column Investigations 

Since one of the objectives of this study is to develope a method 

of predicting dumping rates in industrial-size columns, a column of this 

type was constructed. This equipment is shown schematically in Fig. 48. 
Apparatus and procedure. The dural test section had a .rectangular 

cross section.which measured 2 ft by 2.5 ft and was 10 ft high. The 

rectangular cross. sectd.:on was<used. to eliminate the effect of expansion 

and contraction of the liquid as it moved across circular towers. The 

plates were 2 ft on a side and also made of dural. All the holes were 

drilled and.reamed to size to assure square edges and no burrs. 

The dumping rate was determined by collecting in a calibrated tank 

the liquid that dumped through the ,holes. The level change over a known 

period of time was noted, and from_the known tank area the time-average 

dumping rate was calc-plated. The collection tank was ~de in two 

section.s. One section was 2 by 2 by l ft and the other was 3 ft long and 

6 in. in diam. This arrangement made it po~sible to obtain reasonable 

level changes in reasonable times and still 1maintain good accuracy. 

Gas was pumped to the column by a Sutorbilt blower, model 1436, and 

the blower was driven by a U.S. Electrical Motors 20-hp. motor. Thus, 

by adjusting the speedof the blower and the setting of the by-pass valve, 

good control of the gas flow was achieved. 

From the blower, the gas passed through a water cooler to remove the 

heat of compression and the heat supplied by the steam heater. The gas 

then entered the test section and passed up through the plate. Since the 

gas cir~ulated in a closed system, it sooncbecame;:saturated with liquid. 
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Fig. 48. Schematic diagram of 2-ft. column. 
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At the exit of the test section, the ~s was·heated to approximately l00°F. 

~is heating prevented the liquid from condensing in the return line 

and, thus, from reaching the blower, where rust formation would cause 

contact between the rotating lobes and the fixed case. In other words, 

.this heater was designed to protect the close tolerances of the blower. 

The gas flow was determined by placing an impact tube at the center 

of a nozzle throat. Bean et al. have shown that the velocity is essen

tially uniform over the entire cross-section. 29 Thus, the velocity 

determined from the impact-tube reading .times the cross-sectional area 

of the nozzle gave the volumetric flow of gas through the test section. 

The impact tube was used since its alignment in the direction of gas flow 

is not as critical as the alignment of a pitot tube. The nozzle used in 

this equipment .had the dimensions of Bean's C-2 nozzle. 29 
The temperature of the gas was measured with copper-constantan 

thermocouples connected to a Leeds and Northrup student-type potentio

meter. These thermocouples were located in the gas chambers above and 

below the plate, at .the nozzle, and at the blower intake. 

The liquid was pumped from the sump in the bottom of the test 

section through a standard ASME flow-measuring .orifice to the test sec

tion. After passing through a distributor, the liquid hit the baffle and , 

flowed down to the plate, across it, and back to the sump. 

The head of liquid on the plate was measured at six points. Two 

taps were located just downstream of ~he inlet weir, one in the center 

of the plate, one three-quarters of the way across the plate, and one 

just upstream .of the outlet weir. All of these taps were on the center 

line parallel to the direction of flow. The sixth tap was located on the 

center line perpendicular to the liquid flow and 6 inches from ,one of the 

tower sides. 

The head manometers were arranged in such a way that the lines could 

be flushed out to remove any gas bubbles and thus insure accurate read

ings. These gauges could be read to ±0.03 in. The liquid-orifice 

manometer was arranged so that its lines could also be flushed out. The 

readings on this manometer were within ±0. 05 in. of the t.rue value. 



-102-

An over-all picture of this apparatus is shown in Fig. 49o The 

test section can barely be seen .near the top of the picture to the right 

of center. The windows (the top .one is very bri@lt because of a li@lt 

dtl:rectly behind it) were located above and below the plate so that visual 

observations of the bubbling and dumping _co~d be made. The blower can 

be plainly seen in the foreground. 

A close-up of the test section is shown in Fig. 50. The liquid 

entered the test section from the left, and the outlet weir and do1rmcomer 

were on the right. The window in the foreground was large enough so that 

the plates could be removed through it. 

For a given series of runs, the desired weir and plate were placeD. 

in the column and the windows bolt.ed down. The blower, cool.ing wa'ter, 
'T 

steam, and then the .liquid pump were 9tarted. The ga.s flow :was adjusted 

to the desired value and then the liquid flow was adjusted to give the 

desired head.. The apparatus was then run for 10 minutes~ after which 

the weel(•collection tank was emptied and the run started" The run lasted 

from four to six minutes, but data were taken every two minutes to 'be 

sure steady state had been reached. After the run, the weep-collection 

tank .was emptied and the gas flow changed to the next point. The l·iquid 

flow was then changed to maintain a constant head of liquid. After four 

minutes, the data at this second point were obtained. 

By the use of this procedure, a sertes of six to ten points covering 

a reasonable portion of the dumping region was obtained. Upon. completion 

of a series, the apparatus was shut down, the necessary changes.:·.:kni:i,W:eh' 

height and plate geometry were made, and the above procedure was repeated 

for these new conditions. 

Before any ·dumping data vter~ takenJJ the gas velocity at .various points 
'"' on the plate was measured. No effect of position was found- and thus it 

.can be concluded that the velocity profile below the plate was flat. 

Therefore, no areas of the plate dumped because of a poor velocity 

distribution. 

By the use of the procedure described above, the effect .of the follow

ing variables was studied: 
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Fig. 49. Over -all v iew of 2-ft. column. 
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1. Time-average gas velocity ~~om 10 f~jsec to 60 ft/sec. 

2. Liquid head from 1.0 in. to 4.5 in. 

3. Weir heights from 1.0 in. to 5.0 in. 

Only the air-water system ,was used in this equipment. The only plate 

used has 450 holes of 0.25 in. diam. on 1 in. triangular centers. The 

free area ratio was 0 .• 0418. 

Correlation of data. A limited.amount of data was obtaip.ed on the 

large column. These data are shown in Figs. 51 .and 52. Figure 51 shows 

the data obtained when the equivalent clear liquid head on t:Q.e plate was 

greater than the weir height, and Fig. 52 shows the data when the liquid 

head ,was equal to or less than the weir height. Comparison of these two 

plots shows that the dumping rate depends on the weir height as well as 

the liquid .head. This fact has not been reported by other investigators.
1

' 2 ' 4 

. Figures 51 and 52 also show the effect of gas velocity depends on 

the relation between the weir height and the liquid head~ It seems that 

the dumping is a function .of the gas flow rate, liquid head, and weir 

height. These three variables interact to give the resultant effect 

shown on these two plots, An explanation for these interactions becomes 

apparent from the correlation of the data, and .therefore further dis

cussions on this point will be postponed to the next section. 

Unfortunately, this apparatus was constructed and the data obtained 

before the importance of the pressure fluctuations was discovered. Prior 

to this discovery, it had been thought that tbe pulsations put out by the 

positive displacement blower were small and unimportant. After the 

importance of the pulsations was realized, the diaphragm was attached to 

the.chamber below the plate and measurements taken at a constant gas flow 

and varying blower speeds. The blower frequency was measured with a 

"Strobotac". The following·table shows the results of these measurements. 

Table _v 

Comparison of blower and chamber frequencies 

' -1 
Blower frequency (sec ) 

Pres sure frequency ( sec-l) 

Run 1 .Run 2 

10.2 

10.1 

Run 3 

14.1 

1J.8 
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hL(in) hw(in.) 
6. 1.5 r.o 
• 2.0 1.5 
<> 2.5 2.0 
• 3.25 3.0 

V0 
( ft /sec) g 

MU-16737 

Fig. 51. Dumping data for 2-ft. column. (Air ..:.water system, 
hL > hw). 
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c 

hL (in.) hw(in. 
!::. 1.0 1.0 
0 1.5 1.5 
• 2.0 2.0 
c 3.0 3.0 
• 4.0 5.0 
• 4.5 5.0 

v; (ft /sec) 
MU-16714 

Fig. 52. Dumping data for 2-ft. column. (Air-water system, 
hl. <: hw) .. 
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Tliis table shows the fr~quency of the pressure fluctuations is 

completely controlled by the blower speed. Therefore, these data do not 

necessarily model the:operation of an industrial tower. However, a 

correlation for these data was obtained which explains some of the inter

actions previously mentioned. Also, &he form of the correlation suggests 

a possible form for correlating industrial-column cdata. 

Correlation of Data 

Consider Eq. (46) which was developed for single-hole plates and 

neglect the plate thickness term. Now; on the basis of the small column$· 

fluctuation measurements for pla.tes with large numbers of holes, Fig. 53 

shows it is reasonable to assume a linear relation between the amplitude 

and the pressure drop term L'PT - pt,I~; On this basis, then, Eq. (46) 

predicts that the dumping rate is proportional to the pressure-drof term;

'b.PT - PL ~' raised to the l. 5 power. Since the dumping rate is al~o a 

function of the gas velocity and the liquid head, a least-squares analysis 

of the equation 

(57) 

was made. The exponential form for the velocity and head dep.endence 

was chosen purely on the ·basis of the data. Figures 51 and 52 indicate 

that these forms are·:_.the most reasonable to use. 

Substituting the least~squares constants into Eq .. (57) gives the 

.final correlating.equation 

Discussion of correlation. Figure 54 shows the experimental dumping 

t l tt d · t th *'' t (An - o..h_. )1.5 (V0g._)1:·;;~'6 (h_) 2 ·5 wh1.'ch ··.ra e p o e aga1.ns e <f'~rame er U!;'T . L-·L --r, 

is essentially the calculated dumping rate. An analysis of this plot 

shows that 96.8% of the total variation in the dumping rate has been 

accounted for by Eq,. (58). The other 3. 2% was caused by errors and effects 

that were not considered. 

This plot shows that the corre.lation is in good agreement with the 

data for all conditions except for the LO ... in.-hea,d data. However, for 
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o n = 29 
[J = 

1.0 2.0 

~pT 

. 2 
pLhL ( lbsf/ft.) 

MU-16683 . 

Fig. 53. Comparison of average amplitude and pressure drop 
in six-in. column for plates with large numbers of holes. 
(Air-water system, V = 276 in3 ., hL= 2.0 in.) . c 
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such low heads, peculiarities in the bubbling process might occur which 

would affect .the dumping rate. Therefore, these deviations are not too 

surprising. 

The deviations from the curve at the higher dumping _rates are also 

to be expected. Equation (58) predicts that the dumping rate goes to 

infinity as the gas flow goes to zero. Of course, the dumping rate 

cannot go to infinity Ytl"ut is limited by the head of liquid on the plate. 

Therefore, deviations from the equation are to be expected at the higher 

dumping rates. 

It is also interesting .to note that the use of the_ pressure=drop 

term, .LPT - pL~ in the correlation removed the interaction effects 

noted in Figs. 51 and 52. Therefore.; Fig. 55J which shows the pressure

drop term ::;as a function of the time-average gascvelocity, was prepared. 

This plot shows that the pressure drop is a function of the parameter 

(~ - fiw)/hw. This factor is a measure of the height of the foam over 

the weir. Thus it seems reasonable that this parameter (~ ~ hw)/hw is 

then .a mea sure of the turbulence in the liquid·, The higher this turbu

lence, the higher the pressure drop across the plate, which agrees with 

the results ·shown in Fig. 55. 

One possible explanation for this might be a li·~uid-flow effect. 

This possibility was checked, and it was found that, for the data where 

~ ~ hw' the liquid flow required to maintain a constant head i,s a 

function of the gas flow and inqependent of the weir height. Thus this 

possibility is ruled out. Therefore, if this really is a turbulence 

effect, it is related to the foam height over the weir. 
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MU-16731 

Fig. 55. Pressure-drop d'ata for two-ft-colurnn. 
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GENERAL CONCLUSIONS 

From the results of this work, an increased understanding of the 

bubbling process has been obtained. A correlation for the frequency of 

the pressure fluctuations under multihole plates has been developed. - .· 

The force-balance equatio~ for a growing bubble has been used to explain 

the previously reported .residual pressure-drop data and also used as a 

basis for a correlation of the pressure-drop data obtained in this study. 

The amplitude of the pressure fluctuations under the plate was measured, 

but no theoretical or empirical correlation for these data was obtained. 

An equation that predicts the dumping rate from single-hole plates 

was derived and shown to be in good agreement with the experimental data. 

A model for the dumping from multihole plates was proposed, but the 

fluid dynamics involved are too complicated to be expressed in mathematical 

terms. An empirical correlation of the data was attempted, but the 

resulting equation does not reduce to a dimensionless form. 

A limited amount of data was obtained on ~ column of industrial 

proportions, and a possible method of correlation proposed. However, 

pulsations in the gas flow produced by the positive-displacement blower 

dominated the bubbling. . 
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APPENDICES 

Appendix L Calibrations of Small Column Components 

Diaphragm ,Calibration 

The diaphragm used to determine the pressure fluctuations in the 

gas chamber below the plate was calibrated with the e~ipment shown . 

diagrammatically in .. Fig. 56. The diaphragm, and its holder! B" were 

placed inside the large cylinder A of known cross-sectional area a 

known distance from the closed end. The small piston C was moved by 

turning the wheel D to the position of maximum volume. Valve F was 

opened to allow the chamber to come to atmospherdc pressure, then closed, 

and the motor was started. The sinusoidal output from the Wheatstone 

bridge was recorded on the Brush recorder; 

If ideal gas behavior is assumed, the pressure change in the 

enclosed chamber is given by the relation2 

p 
a 

!5P = V b.V. 
c 

(59) 

Since the area and .stroke length of the piston C are known, the 

maximum volume displaced by the piston is known. From this volume, 

the maximum pressure change in the chamber can be calculated by the 

use of Eq. (59). This pressure change corresponds to twice the am

plitude of.the bridge output. Thus, by the use of various diaphragm 

positions, a plot of pressure vs. output voltage can be obtained. 

The frequency of these pressure pulses could be changed by 

rearranging the gears connecting ~he motor to the wheel D. Fre

quencies from 1 to 9 cps were used but had no effect on the bridge 

output. The results, which are sho~m in Fig. 577 show a slight curva

ture when plotted as the bridge output voltage vs. pressure change. 

Since the average pressure ,in the chamber was approximately 4 in. of :u . 

water, the slope ·:at that pressure was used as the conversion factor. 

The .calibration was repeated several times during the life of the 

batteries, and no effect'of time was observed provided the surface 
' charge on the batteries had been drained off. 
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Fig. 56. Schematic diagram of strain-gauge calibratiotJ 
apparatus. 

MU-16684 
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Fig. 57. Strain-gauge diaphragm calibration. 
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Figure 58 shows an over-all picture of the equipment. The piece to 

the left is the diaphragm holder. The main cylinder is in the center, 

and the piston C and :gea·l7 · D are shown on the left. Figure 59 shows a 

close-up of the :motor 1 gear train, and eccentric wheel. 

Gas-Orifice Calibration 

The four orifices used in this equipment were calibrated.against a 

50 ft3/hr Precision wet-test meter (Model 3118) for the low-flow ranges. 

For air velocities greater than 50 ft3/hr, the orifice flows were 

measured by ''8' calibrated Brooks dual-float rotameter (Type llll). 

Weep-Collection Tanks .. 

The four weep-collection tanks were calibrated by simply adding a 

known volume of water to the tank and noting the level change. The tanks 

were filled in small increments and an average area obtained. 
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ZN-2112 

Fig. 58. Over-all view of strain-gauge calibration apparatus. 
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Fig . 59 . C l ose -up of pulsing piston on diaphragm calibration 
apparatus . 

ZN-2113 
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Six-In. Column Data 
. ·-··--·~ ....... -~---·~--~-- ·-------·-------

Air-Water System 

D ·= OoZ50 in. D = 1o00 in. L = OoZ50 in. n =3 v = Z6Zli.D3. 
0 c 

Run vo vt ., 
N- pt~ pf a v ~ g 

(sec -l) (lbsr/ft2 ) No. (ft/sec) (ft/sec) (lbsfjft2) (lbsr/ft2) (in. liq.) 
811 13o8 Oo0431 BoB Zo4 Zo7 1o7 ZoO 
807 ZZoB Oo0084 10o6 3oZ 3o9 1o7 ZoO • 
BOB 34o7 Oo0019 1Zo3 5ol l ... 6 lo9 ZoO 
806 29o 8 . Oo00Z8 llo7 4oZ 4o5 lo5 ZoO 
803 lBol Oo0l72 9o8 3o2 3. '+ 1e5 2e0 
801 16e0 Oo0Z72 9o3 2.6 3.2 le6 z.o 
BOZ 1Zol Oo0633 8o2 2o4 3oH lo6 z.o 
804 2lo3 Oo0103 l0o4 3o0 3e7 le9 z.o 
805 Z5e7 Oo0042 llol 3e6 4e2 le7 z .• 0 
809 Z4o6 Oe0056 lleO 3 o6. 4o4 lo6 ZoO 
814 lleB Oe0650 Sol lo9 z.s l• 5 2e0 

Helium-Water System 

D = OoZ50 in. D =1e00 in. L z Oe250 in. n = 3 vc = 262 in~ 
0 

Run vo 
VL 'II ~ - Pr.~ pf a ~ g 

(sec -l) (lbsf/ft
2

) No, (ft/sec) (ft/sec) (lbf:/ft2) (lbstft
2

) (in. liq.) 
ii61 60ol Oe0148 lleB o7 .o 3o5 2e0 
96Z 50.3 0.0273 11.3 Zo7 lOel 3eo z.o 
963 39el Oe0345 lOaD Ze4 l0e7 3o4 ZoO 
964 74e9 Oo0098 1Ze8 3e6 7ol 3o4 ZoO 
965 29o 5· Oe0636 9o5 z .. 1 7e2 4e1 ZoO 
96o 56eZ Oe0Zl6 1 i. 3 3o5 11el 4e4 2.o 
971 79e8 Oa0106 12o5 4o3 8o3 3oZ z.o 
972 9Ze0 Oe0051 13o5 5o0 lZoO 4e4 ZoO 
973 99o4 010044 13e3 5e4 l3e5 3el ZoO 

Argon-Water System 

D = OaZ50 in. D = loOO in. L z Oe250 in. n = 3 V = Z6Z in~ 
0 vo ~ - l't,hL pf c ~ Run VL l1' a 

g 
(sec -l) 2 

No. (ft/sec) (ft/sec) (lbsf/ft2) (lbsrfft
2

) (lbsf/ft ) (in. liq;) 

991 1Ze3 Oe0147· 1le5 2el 3o3 lo7 ZoO 
992 l5o0 Oo009Z l2o0 2o5 3e5 loB z.o 
995 l0o2 Oo0Z62 l0o5 loS 3e8 1•5 ZoO 
996 Sol Oo0398 10e5 lo6 3o4 lo8 ·z.o 
997 6e6 Oo0484 8o5 1· 5 4o0 le7 ZoO 
081 14e8 Oo0066 u.s Zo5 2.2 Zel z.o 
082 l7o5 Oo0040 12o8 Zo7 Zo3 leZ ZoO 
083 2lo3 Oo0022 l4o3 3o3 3o6 le5 ZoO 
084 20.0 ooooz7 13.5 3.1 Ze4 lo Z z.o 
085 18o6 Oe0032 13.3 Ze9 Ze7 lel ZoO 
086 13e4 Oo0106 1lo5 Ze3 3.7 1e9 z.o 
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Freon 114~water System 

D= Oo250 in. D = loOO in. L = Oo250 in. n·=3 v = Z62 in~ 
0 c 

Run vo VL 'F LIP. - P.r.hL pf (J ~ g 
(ft/sec)(sec-1 ) 

. 2 
{1bsijrt

2
) (1bs£/ft

2
) No. (ft/sec) (1bs),"ft ) (in. liq.) 

061 6o5 Oo0074 lOoO o9 o8 0 5 ZoO 
062 6ol Oo0Z95 9o8 ZoO Zo4 Oo9 ZoO 
063 7o0 Oo0033 llo 3 lo6 Oo9 Oo5 ZoO 
064 5o7 Oo0895 9o5 2o7 3o0 Qo4 2•0 
069 4o4 Oo20SO 8o8 2o3 lo4 l.o3 z.o 

Air-Kerosene System 

D
0

= OoZ50 in. D = loOO in. L = Oo250 in. n = 3 vc = Z62 in~ 
Run vo VL F 6f- PI.~ pf a ~ g 

(sec-1 ) No. (ft/sec) (ft/sec) 2 2 2 (in. liq.) (1b"i/ft ) (1bsrjft ) (1bstft ) 
381 l9o9 Oo0169 13o0 oZ 0 l .a lo9 
382 23o9 Oo0077 l2o8 Zo6 lo7 Oo8 ZoO 
383 29.0 Oo0029 l3o0 3o2 Zo3 o.a lo9 
384 34o5 Oo0015 l3o0 4o0 lo9 Oo7 lo9 
385 15o6 Oo0378 12o3 2o3 z.o Oo7 lo9 
386 llo5 Oo076Z 1lo5 z·, z 2e6 Oo5 lo9 

Air-58% Glycerine System 
3 

D = OoZ50 in. D = loOO in. L = OoZ50 in. n = 3 v = 262 in. 
0 c 

Run vo VL F lif! - P,r.hL pf (J ~ g 
No. (ft/sec) (rtf sec) (sec-1 ) (lbsrfrt2) (~bsr/rt2 ) (lbs~rt2 ) (in. liq.) 

391 Z9oZ Oo0061 lZoO 4o6 4. 5 • 6 z.o 
39Z 35o0 OoOOZ6 llo8 5o0 4o7 lo8 ZoO 
393 24o4 Oo0197 llo 5 4o5 4oZ lo6 lo9 
394 ZOoO Oo0517 l0o5 4oZ 3o9 lo8 2o0 
395 38o0 OoOOZO 12o0 6o3 4o7 ZoO ZoO 
396 27o5 Oo0096 10o8 4o8 4,Z lo3 lo9 
397 · 46 ol Oo00Z5 llo 3 6o7 6o2 lo9 3o8 
398 19o9 Oo03Z8 l0o8 4o3 3o8 Zo5 3o8 

Air-81% Glycerine System 

D z0o250 in. D =loOO in. L .;o,z5o in. n = 3 v z262in~ 
0 

vo 
c 

Run v1 F tf- P.r.hL pf (J ~ g 
(1bsr/ft2) No. (ft/sec) {ft/sec) (sec-1 ) (lbsr/ft2) (lbsr/ft2) (in. liq.) 

401 28o2 Oo0039 llo3 4o9 5o5 loZ lo9 
402 23o3 Oo0098 lloO 4o4 4o7 lo5 lo9 
403 18o9 Oo0278 lOoO 3o8 4o4 J. 5 lo8· 
404 32o6 Oo00Z7 llo 3 5ol 4o6 ;..7 Zol 
405 l6ol Oo04Z4 9o8 3o4 3o6 lo4 loS 
406 28o6 Oo0086 llo5 4o0 4o2 Zo4 4o4 
407 17o4 Oo0245 9o5 Zo8 4o3 lo7 4o2 
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Air-81% Glycerine System 

D
0

=0o50Uin. D = lo50 in. 1 =Oo50Q in. n = 3 

Run V0 

g 
No. (ft/sec) 
411 39o2 

VL 
(ft/ sec) 
Oo0015 

F 

(sec -l) 
11.3 

~ - '~L Pf a 
(lbsr/ft2) (lbsr/rt2) (lbsr/rt2) 

5o0 llo3 2o4 

Air-1, 1, 1-Trichloroethane System 

D = Oo250in. D = 
0 

lo 00 in. L = Oo250 in. n = 3 

·Run vo VL F ~- Pr.~ pf a 
' g 

(sec -1 ) No. (ft/sec) (ft/sec) (lbsr/ft2) (1bsrfrt2) (lbsr/rt2) 
431 30o6 Oo0204 llo5 3o7 5.2 2oO 
433 40o6 0.0064 l2o0 4o5 5o0 lo9 
434 52ol oooozz 11.3 6o6 3.9 2o3 
435 45o5 Oo001+3 l2o3 5o5 4o7 lo6 
436 59o4 o.ooo6 12.3 7oB 5o0 loS 
437 24.'+ Oo0497 10.8 2o9 4o8 loO 
438 l8o9 Oo091+8 l0o3 Zo9 4o4 2•3 

Air-5o% K2co
3 

System 

V = 276 in~ c 

v 

~ 
(in. liq.) 

2o0 

c =262 in~ 

~ 
(in. 1iq.) 

2o0 
2o0 
ZoO 
2·0 
ZoO 
ZoO 
ZoO 

D
0
=0o250 in. D = lo 00 in. L = Oo250 in. n = 3 V c = Z6Zin~ 

Run v~ VL F /df - p Lll:r. pf a ~ 
(sec -1 ) (1bsr/ft2) 

2 
(1bsr/rt2) No. (ft/sec) (ft/sec} (1bsf/ft ) (in. liq.) 

441 30ol Oo0258 BoO 3o0 9o0 lo8 · 2ol 
442 38o0 OoOl61 s.e 4ol 9o7 2o4 2o2 
443 45o0 Oo0156 9o0 5o2 llo 5 2o7 2ol 
444 56o9 Oo0048 9 .• 3 7o7 14.7 loS 2ol 
445 70o9 Oo0013 l0o3 l2o3 l3o0 3o2 2ol 
446 43o9 Oo0168 8o8 5o7 17.3 2o8 2ol 
447 25o9 Oo0656 7o8 4o2 l0o7 2e2 2ol 
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•-2 

Air-Water System 

D = Oo250 in. D= OoOO in. L Oo250 in. n = 1 v =09lin~ 
0 c 

Run yO 
VL F ~ - WL pf a ~ g 

No. (ft/ sec) (ft/sec) (sec -1 ) (1bs:ifft
2

) (1bsr/ft
2

) (1bs£"rt2 ) (in. liq.) 
721 23o8 Oo0425 10o5 o5 5o5 o9 ZoO 
7ZZ 3lo0 Oo0497 l2o3 4o9 6•L+ loS ZoO 
723 36o7 Oo0462 1Zo3 5o7 7o0 ZoO z.o 
724 26o5 Oo0466 lloO 3 ··9 5o4 Zo2 z,o 
725 ZOo9 Oo0524 9o5 3o7 5o7 lo 3 ZoO 
7Z6 43.5 Oo0309 l3o0 7. '~ BoZ ZoO ZoO 
7Z7 48o9 oooZ41 13o5 8o8 8o7 lo4 2o0 
7Z8 55oZ Oo0l8l l4o0 l0o2 8o6 lo6 ZoO 
731 6lo6 Oo0184 l4o0 l2o5 9o4 lo Z ZoO 
73Z 50o8 Oo0Zl3 14o3 9o0 7o5 loB ZoO 
733 Z4o0 Oo0463 lloO 4ol 5o4 loZ ZoO 
734 l6o7 Oo0676 BoB 3o3 4o8 OoO ZoO 
735 l5oZ OoOB75 8o5 3ol 4oB OoO z,o 
736 llo 5 OolZ30 BoO 2o9 4o3 OoO z.o 
737 l5o6 Oo0Bl5 8o8 3ol Sol Oo7 ZoO 
738 lZol 0 oll50 BoO 2o5 l~. 0 o.o z,o 
739 45o7 OoOZ78 l3o5 7oS 8ol lo4 z.o 
761 lOoO 0 0 1190 7o8 Zo3 3o2 Oo9 ZoO 
76Z BoO Oo.0915 BoO Zol 3o3 OoO ZoO 
763 6o4 OoZZ90 6o0 loZ 3o8 OoO ZoO 
764 4o9 Oo3340 4o8 loZ 3ol OoO ZoO 

Air-Water System 

D = OoZ50 in. D = 
0 

OoOO in. L = OoZ50 in. n = 1 v = 14Z in~ 
c 

Run vo 
VL F !'i - P:Lhr, pf a ~ g 1' 

(1bs:;f:i't
2

) (1bstft
2

) (1bsr/ft
2

) No. (ft/sec) (ft/sec) (sec- ) (in. liq.) 
676 3lo8 Oo038Z llo7 o4 o9 :...o ZoO 
677 Z7o4 Oo0387 !Oo4 4o6 3o8 Uo6 ZoO 
678 4]05 Oo0275 13o7 6o9 5.1 1 0 3 ZoO 
679 53o7 Oo0198 13o7 9o7 5o7 loS ZoO 
755 6o9 Oo3Z90 5o5 lo4 3o6 OoO ZoO 
756 9o8 Oo0930 7o3 Zo9 3o7 OoO ZoO 
757 7o3 OoZ960 5o8 lo6 3o4 OoO ZoO 
758 8o4 OoZ410 5o8 Zo3 4o0 OoO ZoO 
759 4o9 Oo36ZO 4o7 Oo6 3o0 OoO ZoO 
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Air-Water System 

• Do= 0oZ50 in . D = o, 00· in. L = OoZ50 in. n = 1 v =ZOZ in~ 
vo 

c 
Run VL F 6J? - Prh pf a '\ g 

(sec-1 ) No. (ft/sec) (ft/sec) (lb"!/ft
2

) (1bst{ft
2

) 
2 

(in. uq.) (lbst!ft .) 
671 l8o3 o.Oo65 7o7 .o ~o7 .a ZoO 
67Z l4t2 0. 1090 a.o 2t6 3o5 1 ..• 5 z,o 
673 l5o9 Oo0795 BoO 3o0 3o3 Uo6 ZoO 
674 44o7 Oo01Z9 l3o3 7o5 3o8 1· 1 ZoO 
675 5Zo8 Oo0120 l4o3 9o3 Sol z,z z,o 
751 9oZ 0o3670 5,3 1 I 8 3.3 o.o z,o 
75Z 6o6 0.4060 s.o loZ 3.1 o.Q z.o 
753 4ol Oo 4060' 3o3 Oo6 2o7 o. ZoO 
754 5o6 Oo4000 4o8 loO 3o3 o.o z,o 

Air-Water System 

D = o· Oo250 in. D = o,oo in. L = OoZ50 in. n. = 1 v = Z6Z in~ 
c 

Run vo 
VL F ~-·- PJ..hL pf a '\ g 

(sec-1 ) (1bsr/rt
2

) 
2 

(1bsr/ft
2

) No, (ft/sec) (ft/sec) (1bs./ft ) (in. liq.) 
690 Z3o5 Oo0506 8o3 4o0 •4 o.s ZoO 
701 34o7 Oo0191 llo3 5oZ 3o5 Oo9 z,o 
702 Z5o4 Oo0379 9o3 4o4 3.8 0.7 ZoO 
704 l7o9 Oo0885 BoO 2 0 8 3o2 Oo9 ZoO 
705 zz,o Oo0636 8o3 3o6 3·ol Oo7 ZoO 
706 Z4o9 Oo0409 9t0 4 . .3 4'.1 Ot7 z,o 
707 37.9 Oo0170 lZoO 5o9 3oZ o.s z.o 
708 19.1 Oo085Z a.o 3o3 3.2 o.s z.o 
709 15.5 OolOJO 7o0 2o6 3t6 leO z.o 
700 14t5 Ool350 6o5 3t4 3.8 Ot6 z,o 
711 1Zo8 Oo28SO 5o8 2o4 3.9 Oe9 ZoO 
71Z llo7 Oo3900 5t5 Zol 3o4 o.o z,o 
713 45.7 Oo0107 13·· 0 7o3 3.1 Oo9 ZoO 
714 41t0 Oo0127 l2o7 6.5 2o8 lo5 2t0 
715 53t8 Oo0103 13.0 9t5 3.1 lo5 ZoO 
716 54o7 Oo0090 l4o0 9o4 '~. 3 loZ ZoO 
718 45.0 o.o1.11 l2o5 7o2 3o5 Oo9 ZoO 
719 6lo6 OoOlOO l3o8 l0o8 3o6 lo3 ZoO 

Air-Water System 

D = 
0 

Oo250 in. D=loOOin. L = 0,250 in. n = 3 v 
c =142 in~ 

Run vo 
VL F ~.- PLhr, pf a '\ g 

{sec-1 ) No. (ft/sec) (ft/sec) (1bs/rt
2

) (1bsr/ft
2

) (1bsr/rt
2

) (in. 1iq.) 
041 ZOo4 Oo005Z l2o5 oO 4.8 £oZ ZoO 
042 20o9 Oo0061 12o8 2o9 4o4 lo6 ZoO 
043 Z5 ol oo·ooz7 14t0 3o3 4o7 lo 8 z,o 
044 28o5 OoOOZO 14o0 3o7 5oZ loS z,o 
045 17o6 Oo0089 12.0 2o7 4o5 loB 2o0 
046 l5o3 Oo0l51 llo 8 2o4 3o7 loR z,o 

.. 
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Air-Water System 

D = 0,250 in. D;. 1,00 in, L = 0,250 in. n = 3 y = 091 in~ 
0 c • Run yO 

YL F N- Pr.~ pf (J ~ g 
(sec-1 ) 2 

No, (ft/ sec) (ft/sec) (1bt:/ft
2

) (1bs/ft
2

) (1bsf/ft ) (in. liq.) 
901 17.8 0.0193 15.5 ·6 .3 2t4 z,o 
902 21o2 Oo0101 16o3 Zo9 5o7 z,z z,o 
903 29.3 0,0028 17.8 3o6 6.5 2.7 z,o 
904 25o4 0.0059 17.3 3,2 6.4 2t7 z.o 
905 14o6 0.0285 15o0 z,z 5.5 2.4 z,o 
906 10.9 0.0451 14o3 1o8 5o5 3o1 z,o 
907 12.3 0.0358 14.5 2.1 5.4 z.o z.o 
907 8·1 Oo0630 13o3 1o7 5.3 z.o z,o 

Air-Water System 

D = Oo250 in. D = 1oOO in. L = Oo250 in. n =7 Y =262 in~ 
0 c 

Run yO 
YL F 4' - Pr.~ pf (J ~ g 

(sec-1 ) (1bsr/ft
2

) No. (ft/ sec) (ft/sec) (1bsrfrt2 ) (1bsr/ft
2

) (in. 1iq.) 
911 12.2 0.0216 12.3 1o6 4,0 2.1 z.o 
912 9t7 0.0349 11o8 1o3 4.9 z,z z,o 
913 14·· 8 Oo0108 12o8 ZoO 4o4 1•9 z,o 
914 17t8 Oo0042 13o3 z.z 3.1 1o7 z,o 
915 zz,z Oo0012 14o0 2o6 3o6 1o 8 z,o 
916 11o2 o.OZ76 12.3 1o4 3 •. 8 1·7 z.o 
917 14.0 0.0179 12.5 z.o 4.6 2.1 z.o 
918 22.'+ 0,0016 14.0 2o6 3.7 z,z z.o 
919 10o8 Oo05ll 11o 5 1o5 7o2 2o3 z.o 

Air-Water System 

D = 
0 

Oo250 in. D = 1o00 in. L = Oo250 in. n = 7 v c = 142 in~ 
Run yo 

YL F tf - Pr.~ pf (J ~ g 
No. (ft/sec) (ft/sec) (sec-1 ) (lbs~/ft2 ) (lbsrjft

2
) (lbsf/ft

2
) (in. liq.) 

931 16.8 0.0039 18.8 • 1 .7 .9 z.o 
932 19.9 Oo0028 20o3 2o3 3o9 2t9 z,o 
933 22o4 Oo0015 21o3 2o5 4.3 z,z z,o 
934 12·6 Oo0094 18o3 1·8 4.3 2o4 z,o 
935 14·5 Oo0069 18.7 1o9 3t3 Zo5 z.o 

Air-Water System 

D =· 
0 

0,250 in. D = 1o00in. L = Oo250 in. n = 7 y = 091 in~ 
c 

Run yO 
YL F ~- p~ pf (J ~ g 

(sec-1 ) 
L2 2 

(1bsr/rt2 ) No. (ft/sec) (ft/sec) (lbsf/ft ) (lbsf/ft ) (in. liq.) 
921 15.6 Oo0042 23o8 1o7 4o6 2o1 z.o 
922 18,6 0,0029 25.3 2.1 4,4 2.4 z.o 
923 13.8 0.0062 22.3 1.6 3.9 2o5 ZoO 
924 20o9 Oo0019 25.8 2o3 4o6 3o1 z.o 
925 11o3 o.o111 22o5 1o7 3o9 2•2 z,o 
926 22o9 Oo0013 26.0 2o4 4o2 2o5 z.o 
917 7o4 0.0264 19.3 1o5 4o6 1o9 z,o 
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• 
Air-Water System 

D
0 

= 0,250 in. D = le 00 in. L = Oe250 in. n = 29 V = 276 in~ c 
Run V0 

VL F "'f - Pr,hL pf a ~ g 
No. (ft/sec) (ft/sec) (sec-1 ) (1bsr/rt

2
) (1bsr/ft

2
) (1bsf/rt

2
) (in. 1iq.) 

271 21.4 Oe0016 25•0 1. 5 1.7 Oe9 2·0 
272 17·5 OeOllB 23o5 Oo9 1.2 o.e lo9 
273 19.6 o.0022 24.0 lo3 1.6 Oe7 2o0 
274 18.7 Oo0038 23.5 lo3 1.3 Oe7 2. 1 
275 l6e0 0.0156 23.5 0.9 1.3 0.7 2.1 

Air-Water System 

D =0.250 in. D,=O, 75 in. L = Oe250 
0 

in. n = 41 V =290 in~ c 
Run vo VL F ~- Pr.~ pf a ~ g 

(sec -1 ) (1bsrfrt
2

) (1bsr/ft
2

) (1bsr/ft
2

) No. (ft/sec) (ft/sec) (in. liq.) 
453 ?.1. 9 Oe0021 28·5 1. 8 loB lo4 2o0 
454 19.5 Oo0069 28o0 lo4 lo9 Oe9 2o0 
455 17.9 0.0227 27.5 lo2 1.7 lo 2 2o0 
456 l7e0 0.0261 26.5 .1. c 1.8 leO 2e0 
457 14.5 Oe0352 26o0 1. 8 1.8 lo 5 2.0 
458 20.7 o.0036 28o0 le6 2e2 lol 2e0 

Air-Water System 

D
0 

=0.250 in. D = 0, 75 in. L = Oe250 in. n = 49 v = 290 in~ c 
Run V0 

VL ll' ~- PLhL pf a ~ g 
(sec-1 ) (1bsr/rt2) (1bsl(ft2) (1bs~/ft2 ) No. (ft/ sec) (ft/sec) (in. liq.) 

471 21.4 0.0173 18.6 loB .6 .• 3 2o0 
472 27e4 o.oos8 21· 0 2e9 1.3 i.eO 2.0 
473 33.0 Oo0047 25e0 4.1 1ol lo2 2e0 

Air-Water System 

D = Oe250 in. D = Oe75 in. L = Oe250 in. n = 49 v - 290 in~ 
0 

vo 
c 

Run VL F ~ - Pr.~ pf a ~ g 
(sec-1 ) (1bf:/ft

2
) (1bsr/ft

2
) (1bsrfrt2) .No. (ft/sec) (ft/sec) (in. liq.) 

481 21.6 Oe0063 28.0 .3 1.6 lo2 2e0 
482 24e2 Oe0030 29e5 2·7 lel leO 2·0 
483 26.0 0,0020 32e0 2·7 loO o.a 2.0 
484 19.4 0,0103 27.5 le9 le6 le3 2e0 
485 16.2 0.0204 26.0 lo 6 o.s Oe9 2tl 
486 13,9 0,0316 24,5 leO 1.7 lt3 2e0 

... 
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• 
Air-Water System 

Do :OoZ50 in. Dz loOO in. L = OoZ50 in. n 3 v Z6Z in~ c 
Run vo 

VL F fiP - Pr.hL pf IJ ~ g 
(sec -l) 2 2 

(lbsr/ft
2

) No. (ft/ sec) (ft/sec) (lbstfft ) (lbs[/ft ) (in. liq.) 
891 l9o4 Oo0378 l0o7 o4 o9 1·4 loO 
89Z l3o9 Ool050 9o4 2o8 8.6 Oo7 loO 
893 Z5o7 0.0049 llo9 4oZ 5.8 lo5 loO 
894 zo.'7 Oo0265 l0o9 3o6 6o7 lol loO 
895 23o0 Oo0123 llo4 3o9 6oZ lo9 loO 
896 26o6 o.oot,3 12.0 4.3 5o7 ZoO loO 
897 l6ol Oo0075 lOoO 3.0 7o8 lo5 loO 
898 Z8o5 0,0027 12.3 4o5 5,4 Zo3 loO 
131 17o4 OoOlll ll~. 8 z. 5 2o5 lo4 loO 
13Z 20o7 Oo0070 15.7 Zo7 Zo3 lo3 loO 
133 15o3 0. 0179 l4o7 Z.3 ZoO lo3 loO 
134 13o0 Oo0365 12.3 z 0 1 z.s lo 5 Oo9 
135 l0o7 Oo0795 BoO loS 4o6 Oo5 loO 
136 26o4 0.0048 l5o8 3ol 2o3 1•2 loO 
137 29o2 0.0041 l8o3 3.7 2o2 loO loO 
311 20o9 Oo0278 l0o3 3.9 4o6 Oo9 lol 
312 17ol Oo0696 9oS 3o5 5o0 Oo9 loO 
313 14.8 Ool090 9.0 3.1 6 .• 4 lo 1 lol 
314 26o0 0.0048 l2o0 4o5 3o4 lo2 lol 
315 3lo0 0.0016 12.8 4.3 3o4 lo3 lol 

Air-Water System 

Do •0,250 in. D = loOoin. L =0,250 in. n = 3 V = 262in~ c 
Run vo 

VL F fiP - P_r.hL pf IJ ~ g 
(sec-1 ) (lbs/rt

2
) No. (ft/sec) (ft/sec) (lbsrfrt

2
) (lbsr/ft

2
) (in. liq.) 

lll l7ol Oo0079 l0o8 2ol 3o4 lo4 lo5 
112 2lo2 Oo0036 llo 5 2o5 3o'7 2o3 lo5 
113 13·2 Oo0318 9o3 Zol 4o6 lo4 lo5 
114 l4o7 0.0170 9o5 . 2. 1 4,8 2o4 lo5 
115 25o6 Oo002l l2o5 3.3 4o8 z.o lo5 
116 lloO Oo0484 8o5 loS 5oS lo5 lo5 
117 l9o7 0.0036 11. 3 2o5 3o7 lo2 lo5 
331 20o5 Oo0398 10.0 3o5 5o8 Oo8 lo5 
332 30o6 0.0017 llo 8 4.3 4o3 lo4 1·5 
333 24o3 0.0074 10.5 3.9 5.5 lo3 lo 5 
334 26ol Oo0045 10o5 3.9 4o2 1·9 loS 
335 22o3 Oo0210 l0o3 3.7 6o0 ;,,4 lo4 



" 
D = 

0 

Run 

0,250 in. 

vo 
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Air-Water System 

D = loOO in. L = Go250 in. Ii. = 3 V = 262 in~ 
c 

No. 
881 
882 
883 
884 
865 
886 
887 
321 
322 
323 
324 
325 
326 
327 

g 
(ft/ sec) 

1'7.<3 
21o2 
13e9 
30o0 
38.4 
25o4 

VL 
(ft/sec) 
Oo0173 
Oo0ll1 
Oo0375 
o. 001+9 
Oo0033 
Oo0069 
Oo0908 
0.0197 
0.0297 
Oo0093 
Oo0045 
Oo0026 
Oa0020 
Ool160 

F 

(sec-1 ) 
lOeE 
llo 6 

6P - PLhL pf a 

(1~•;(rt2 ) (1bsff~2 ) (~b~rf:t2 ) 
~ 

(in. liq.) 
3o0 

9o6 
l9o6 
16 ol 
25o7 
33o1 
39o4 
43o5 
l0o7 

9.9 
13o2 
14o6 
12o4 
eos 
9o0 
SoH 
9e5 
9.8 
9el3 

l0o3 
7o8 

2o9 
2. 1 
4·0 
5.2 
3o5 
1.9 
3·3 
2o9 
3o9 
4o7 
5. 5 
6ol 
2 0 5 

Air-Water System 

3.7 
2o9 
4ol~o 

5o0 
4o0 
2o4 
4o6 
4o7 
4oS 
5o4 
6o6 
4o9 
5.9 

D :Oo250 in. D =loOO in. L = Oe250 in. 
0 

Run 

No. 
861 
862 
863 
S64 
865 
S66 
871 
S72 
873 
874 
S75 
S76 
121 
122 
123 
124 
125 
302 
303 
304 
305 
306 
307 
30S 

vo 
g 

(ft/sec) 
17.3 
20o9 
1lo9 
25o4 
14o6 
30o0 
17,3 
20o7 
30o0 
26o7 
35o0 
45o6 
l8o6 
2lo0 
15o8 
l0o7 
26o2 
l9o6 
l3o3 
2Zo0 
29o3 
35o7 
40ol 
'•P o 9 

VL 
· (ft/sec) 

Oo0104 
Oo0074 

'Oo023l 
o.0055 
Oo0144 
Oo0045 
Oo0l15 
Oo0070 
Oo0042 
Oo0060 
Oo0G35 
Oo0025 
Oo0130 
Oo0108 
Oo0135 
Oo0219 
o.o067 
Oo0133 
Oo0307 
Oo0ll6 
Oo0067 
Oo003S 
Oo0025 
Oo0018 

F 

(sec-1 ) 
1lo4 
12o2 

9.9 
13ol 
10o8 
13o9 
1lo4 
12ol 
13o9 
13o 3 
lli-1'1 8 
l6o3 
1lo8 
12o5 
lloO 

9o5 
13o0 
l0o3 
8o8 

lOoO 
10.3 
10o3 
10o3 
10o5 

2·9 
loS 
3o3 
2ol 
3o8 
2o5 
Zo9 
3o8 
3o4 
4o4 
6o0 
lo6 
2o3 
lo6 
lo 4 
3ol 
2o5 
loO 
3ol 
3.9 
4o7 
5o3 
6o6 

3o6 
2o7 
4o0 
3o0 
4.4 
3o3 
3.6 
4o4 
4ol 
4o7 
5o4 
2.8 
2o9 
2 o\8 
2o6 
3o5 
4ol 
3o5 
4ol 
5.3 
6ol 
5.5 
6o7 

lo7 
2. 1 
2o4 
3o0 
3o0 
3o0 
2o0 
2o4 
2o3 
J .4 
;. • 3 
lo7 
o.·7 

n = 3 

2o2 
ZoO 
2o4 
2o2 
2o6 
loS 
2o0 
2o2 
1o6 
3o2 
3ol 
1·2 
ZoO 
lo7 
lo7 
lo2 
ZoO 
loS 
2ol 
2o3 
2ello 

2. 1 
2o5 

3.0 
3o0 
3o0 
3o0 
3o0 
3.0 
3.0 
3o0 
3o0 
3o0 
3o0 
3o0 
3o0 

V = 262in~ 
c 

~ 
(in. liq.) 

4o0 
4o0 
4o0 
4o0 
4o0 
4o0 
4o0 
4o0 
4o0 
4o0 
4o0 
4o0 
3o9 
3o9 
3o9 
3o9 
3o9 
3o9 
3o9 
3o9 
3o9 
3o9 
3.9 
3o9 
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"' 
Air-Water System 

Do =0o250 in. D = Oo75 in. 1 = o.zso in. n = 3 v =Z62 in~ c 
Run vo 

VL F l:f - Pr.hL pf 0 ~ g 
(sec-1 ) No. (ft/sec) (ft/sec) (lbsr/rt2) (1bsrfrt2) (1bsr/ft2) (in. liq.) 

231 31.9 0 oOOZ'+ lOoS 3o6 4o9 lol lo9 
Z3Z 26.4 0.0070 10.0 ZoB 3o8 loS lo9 
Z33 19o6 Co01S1 9.5 z.z 4.6 1ol lo9 
234 23.1 Oo0107 9oS Zo6 3o9 1.3 lo9 
Z05 Z8o7 0.001~5 lOoO 3o4 Sol loZ lo9 
Z36 17 ,lr ~oOZ22 9.3 2o4 3,1.;. loS le9 
Z37 14.3 OoOZ93 8 ? o.- 1. 9 2o8 loZ lo9 

He1ium-llater System 

D = Oo250 in. D 
0 

0 0 50 in. L = OoZSO in. n = 3 v = 26Z in. 3 
c 

Run vo 
VL F l:f - Pr.hr. pf 0 ~ g 

(sec -1 ) No. (ft/sec) (ft/sec) (1bsr/rt2 ) (1bsr/rt2) (1bsr/rt2) (in. liq.) 
Z81 48o6 Oo07Z9 l0e3 6.9 8oZ Oo7 lo9 
282 S5ol Co0504 10o3 8o5 9o6 Oo9 ZoO 
;>53 60o4 0.0365 10e5 10.3 9ol lo3 lo9 
281+ 6So0 Oo0278 11o0 12o4 8.9 lo 4 1o9 
zss 74o2 Oo0061 llo S 16d 8.1 ZoS ZoO 
286 83o1 0 0 0077 lloO 18 o3 9o4 lo6 ZoO 

Argon-Water System 

D = 0 o37S in. D = le50 in. L = Oo37S in. n = 3 v = Z62 in.3 
0 c 

Run vo VL F l:f - PLhL Pf 0 ~ g 
(sec-1 ) (lbsl/ft

2
) No. (ft/ sec) (ft/sec) (1bsr/ft2) (lbsr/ft2) (in. liq.) 

161 2Zo4 Oe0153 14oS loS 3o7 o7 ZoO 
16Z Z6o9 Oo0085 14o3 2.3 3.1 loZ ZoO 
163 31 ol 0.0046 15o3 3.0 3.5 lo7 lo9 
164 35o5 Oo00Z7 15.3 3.7 4.1 lo 8 ZoO 
165 17o7 o. OZ71,--- 13.7 lo4 3o5 loS ZoO 
166 l5o9 0.0331 13o0 lo3 3.7 loS ZoO 
167 14o0 .').0421 l2o 5 1 0 2 3o6 lo 8 lo9 
371 35e7 o.oozs lOoO 3o3 6o6 ZoZ 3o0 
372 Z7o5 0.0050 lOoO z.s 7ol Zo5 3o0 
373 20o2 Oo0203 9oS lo6 6o6 Zol 3o0 
374 15o4 Oo0430 9o5 1 0 2 6o2 Zol 3o0 
37S 34e0 Oo0026 lOoO Zo5 6o8 3o3 3o9 
376 Z6o4 Oo0118 lOoS loB 7o4 Zo3 3o8 
377 l8oS Oo0410 lOoS Oo8 6o9 Zo4 3o8 
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•jj, 

Air-Water System 

D = 0.375 in. D = 1.1Z in. L = Oo375 in. n = 3 vc = 26Z in. 3 
0 

Run vo VL F t:f • pthL Pr a ~ g 
No. (rt/sec) (rt/sec) (sec "1 ) (lbsr/rt2) (lbsl/rt2 ) (lbsr/rt2) (in. 11q.) 

221 2,. ~. Oo0077 llo 0 Zo1 ,4 2o5 ZoO 
zzz Z9o6 Oo0040 11o5 Zo5 7o8 2o7 z,o 
ZZ3 32o6 o.ooz1 11oB 3ol 9o3 2o5 ZoO 
224 Z2o1 0o0136 11.0 loB BoA 2o7 2o0 
ZZ5 18o1 0o03J.A lloO lof Ho? Zo4 ZoO 
226 ,1L>o 9 o. 0'>9Z l0o8 1· 'J· AoO Zo8 ZoO 
Z27 20o5 Oo0206 llo 5 1o6 8oZ Zo6 ZoO 
Z94 12t8 Oo0707 10o5 lo4 llo 7 2o6 ZoO 
Z95 10o0 Col'>20 9o8 1o2 1Zo0 3ol ZoO 
Z96 11 o3 Oo0943 10.3 lo2 l1o3 3 ol ZoO 

Air-Water System 

D = Oo375 in. D =0o75 in. L =0o375 in. n = 3 v = 26Z in.3 
0 

vo 
c 

Run VL F !if • pthL Pr a ~ g 
(sec"1 ) (lbsr/rt2) (llbsr/rt2) No. (rt/ sec) (ft/sec) (lbsr/rt2 ) (in. 11q.) 

241 Z5o3 OoOZ48 lOoO 1.9 7o7 1o 2 . 2o0 
Z4Z Z8o2 Oo0147 10o0 2.4 7.1 lo6 2o0 
Z'+3 3lo3 Oo0098 9oS Zo8 7.7 lo6 2o0 
Z44 33o9 Oo0058 10.3 3o2 s.z 1o 1 ZoO 
245 36o9 Oo0033 10o6 3o6 6o4 2o4 ZoQ 
246 2lo0 Oo0331 9o8 lo3 7oS lo3 2•, 
247 1Bo2 Oo04Z7 9o5 1o4 7o4 1o'l 1o9 
2 1+8 14o5 Oo0610 9o5 0.9 6o0 1oZ ZoO 
297 13o0 0.1Z10 8.8 o.s 9o5 1o0 Zol 
298 l5o9 Oo1070 9e0 1o0 8o6 loZ Zol' 
341 25o4 0.0406 9.-J 2o9 14 ol 2o7 3o0 
342 34o8 Oo0171 9o5 4ol l4o4 ZoO 3o0 
343 29oG 0.0312 9o8 3o3 12o7 3oZ 3o0 
344 41o2 Oo0081 iOo3 4o9 l3o6 3ol 2o9 
3'>5 44o5 o. 00l>6 10.5 5o5 13ol 3o8 2o9 
346 50o3 0.0~21 l0o5 6,R 14o2 1o9 Zo9 
351 40o6 ').0049 <),8 2. 1 12 ol 4o0 3o9 
352 44o5 o.ooz& 9o8 2.3 13.3 5t0 3o9 
353 36.2 Oo0078 9.3 1.6 15o1 ~ .• 5 3o9 
354 29o6 0.0195 9.3 1.0 12o9 4o2 3o9 
355 25o3 Oo0345 9o0 o.z 11o8 3o8 3o9 
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.... 

Air-Water System 

D = 0 • 5GO. in. D = z,oo in. L = 0. 500 in. n = 3 v = Z76 in. 3 
0 c 

Run vo 
VL F !:if - P:LhL pf a ~ 

~· 

g 
(sec-1 ) (1bsr/ft

2
) No. (ft/sec) (ft/sec) (1bsr/ft2) (1bsr/ft2) (in. 1iq.) 

191 35el o.oozs l7o5 3o4 6.3 2o3 z.o 
192 ~9.4 Oe0083 l7o0 2. 7 5e8 Zo4 1.9 
193 23o3 C'le020l ] G_&5 ).7 6o6 ZoG z.o 
194 3lo9 c;, C'.C43 )6,5 3o0 6,4 2o7 ZoO 
195 l9o6 Oo033Z l5e5 l. l 7.5 Zo5 1.9 
196 l6o7 Oo0408 l5e5 0.9 6o5 3. 1 z,o 
201 31·3 0.0034 l5e0 3' 3 8o6 3o2 z,o 
zoz 3Lr • 7 Co0020 )6.0 3o6 7o6 ?·9 ZoO 
Z03 2De4 0.0067 )4.8 Zo7 8.2 ~ .• 1 lo9 
Z04 25o7 OoOlll 1'+· 3 Zo5 9.7 L•B lo9 
Z05 20o5 Oo023l 13.5 Zo3 9e9 3o0 1.9 
206 l7o0 8o0353 13.0 le /1 7o2 Zo7 lo9 
361 33el o,ooJ7 l0o5 4.7 9,? 3o4 4.1 
36Z 28e6 Oo0033 10o3 3o5 )0o7 3o6 4.1 
363 25o5 0.0057 9e5 3.3 s.r. 3e2 4ol 
36Lf Zlo3 0o01G5 9e8 ?.o7 9e() 3ol 4.1 
365 16o5 Oo02J8 9.0 2o7 9.7 3o6 4.1 
366 13o7 0(1 050'+ J.Oo3 2·3 7.6 3o8 4ol 
367 25o9 Oo0080 9o8 3e5 9o2 3·6 3o0 
368 l9e4 Co0176 10o0 3. l 9o2 o.o 3o0 
369 27e8 Oo0053 10.8 3o7 9o9 3o6 z,g 

Air-Water System 

D = Oo500 in. D = loOO in. L=Oo500 in. n = 3 V
0 

=Z76 in. 3 
0 

Run vo 
VL F q - P:LhL pf a ~ g 

No. (ft/sec) (ft/sec) (sec-1 ) (1bs/ft
2

) (1bst/ft2) (1bsr/ft2) (in. 1iq.) 
261 25o3 Oo0050 l0o3 1o 5 8o7 lo9 ZoO 
262 Z9o2 Oo00Z3 J0o5 1o7 8o3 1o7 ZoO 
263 22~1 0.0076 10o0 1· l 9o2 2o5 z.o 
264 l7o6 0.0179 9,8 lo3 8.7 le6 ZoO 
265 l4o5 0.0305 9.8 1· 1 8. l 1o2 1o9 
266 31o3 Go0010 1Co5 2o2 10e3 1o6 lo9 
267 lleO Oo0582 9oG lo 1 5.5 ZoO 1o9 
291 12•7 Oo0550 9.5 OoR 9o4 1o3 lo9 
Z92 l0o8 Oo0665 9.5 loO eoJ lo2 1o9 
293 9o3 Oo0779 9.0 1o2 7o8 lo9 2.0 

Air-Water System 

D = 
0 

o.zso in. D= loOO in. L=Oo750 in. n = 3 v = 262 in. 3 
c 

Run vo 
VL F /SP - P:LhL pf a ~ g 

No. (ft/sec) (ft/sec) {sec -1 ) (1bsr/rt2 ) (1bsr/ft2 ) (1bsr/ft2 ) (in. liq.) 
841 19o9 Go0075 12 o3 z,z 3e5 loB z.o 
842 26 .J 0.0023 13.6 2o7 4ol ?oO ZoO 
843 22o7 0.0029 l2e9 2·5 3o8 ; .• 3 ZoO 
847 25o3 OoOOZ4 l3o4 2·7 4.Q lo9 ZoO 
851 18ol o.ou.z 12o0 2 0 1 3.4 2o1 2.o 
853 20.9 Oo0075 12·6 2. 3 3.6 2ol ZoO 

• 
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Two-ft Column Data 

Air-Water System 

D
0 

= 0.25 in. D = 1.0 in. L = 0. 25 in. n 450 v 25 ft. 2 
c 

VL vo 
ISP - PL~ ~ hw 't g 2 (rt/sec) (ft/s~c) (lbsr/ft ) (in. liq.) (in.) (gpm/ft weir) 

Oo0013 22•9 Oo2 loO loO 30 
o. 0217 16•7 0.2 leO loO 30 
Oo0041 20ol Oel loO loO 30 
Oo0124 18o3 Ool loO loO 28 
Oo0016 2le6 Oo2 'leO loO 28 
Oo0534 l2o7 Oel leO loO 28 
o.oo3o 32e4 Oo4 lo 5 loO 94 
Oo0054 ?.6e6 Oe3 le5 leO 71 
Oe0159 21·9 ·0 .3 1. 5 1.0 60 
0,0078 21> ol 0,3 lo 5 leO 65 
C1 • 0040 29•9 0.4 1· 5 loO 87 
Oe0064 26•7 Oe3 lo 5 leO 73 
0.0053 30.0 Oo4 lo 5 loO 89 
Oo0028 32 ol Oe4 1·5 1·0 90 
Oe0182 21•6 Oo3 1· 5 loO 62 
Oo0923 12 ol Oe2 1. 5 loO 40 
Uo0088 24o5 0,3 ; lo 5 loO 65 
6.oo34 29o9' Oo4 lo 5 loO 80 
Llo0423 11 o·o Oe2 lo 5 leO 50 
0.0266 1Se8 o,z lo 5 loO 50 
0;0634 14•3 o.? lo 5 1·0 45 
Oe0019 27o0 Oo2 lo 5 lo5 34 
o,oo67 22o0 fl,2 1· 5 loS 32 
Oo0033 24e3 o.z lo 5 1.5 32 
Oo0202 17e4 Oo2 loS l'oS 30 
OeOS-69 13o0 Ool lo 5 loS 29 
Oo0017 27•4 Oo2 lo·5 loS 32 
Oo0094 21·4 0.2 loS loS 27 

• 
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·-· 

VL 
yO ~ - Pr.h:L ~ ~ ~ g 

(ft/ sec) (ft/ sec) {lbsr/ft2) (in. liq.) (in.) {gpm/ft weir) 

Oo0049 3lo7 0.4 2o0 lo 5 92 
C:o0028 33e9 Oo4 2o0 lo5 92 
0.0215 22o2 0,2 2o0 loS 62 
Oo0514 l7o5 Do2 ZoO loS 54 
Oo0985 l3o4 Dol 2o0 lo5 47 
o.ooa4 27 ol Oo3 2o0 lo5 68 
c.o075 28o9 0.3 2o0 lo 5 81 
Oo0131 <4.4 0,2 2o0 lo5 66 
.c. 0334 19,5 Oo2 2o0 loS 51 
Oo0783 15e0 Dol 2o0 lo 5 49 
0o0075 25o8 Oo2 2o0 2o0 39 
Oo0107 23o3 Oo2 2o0 2.0 37 
Oo0049 28o0 Oo2 2o0 2o0 45 
Oo0026 31 ol Oo3 2o0 2o0 34 
Oo0654 16.1 Dol 2o0 2o0 35 
Oo0307 18.9 0,2 2o0 2o0 37 
Oo0174 2lo0 Oo2 2o0 2o0 35 
o.ooa2 33.3 Co4 2o5 2.0 102 
Oo0053 35o6 0,4 2o5 2.0 102 
Oo0083 30o6 Oo3 2o5 2.0 95 
.Oo0042 38o4 Oo5 2o5 2.0 128 
Oo0088 29o8 Oo3 2o5 2o0 90 
Oo0154 25o7 Oo3 2o5 2o0 72 
Oo0398-.., no9 Do2 2o5 2o0 64 
Oo0668 18 0 3 Oo2 2o5 2o0 59 
Otl060 15.3 Dol 2o5 2o0 53 
Oo0449 20o4 0,2 2o5 2o0 62 
Oo0250 23o4 Oo2 2o5 2o0 68 
Oo0114 27o6 0.3 2o5 2o0 78 
0,0867 16o4 Dol 2o5 2o0 57 
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\;>' 

VL 
vo tiP - P[.hL ~ ~ "r. g 

(ft/sec) (ft/sec) (lbsf/ft
2

) (in. liq.) (in.) {gpm/ft weir) 

Co0026 39.8 0 a L~ 3oO 3o0 81 
C'o004J 37e0 Oa4 3o0 3.0 78 
0e0081 32o2 Oe3 3e0 3o0 87 
De0324 25o4 Oe2 3o0 3e0 66 
Oo0174 28o0 Oo3 3o0 3o0 57 
Oe0804 19e9 o.z 3·0 3·0 60 
Co0024 40e5 0,4 3o0 3o0 86 
Oo0036 37o6 0,4 3o0 3o0 80 
Oe0015 43o6 Oe4 3e0 3o0 69 
Oe0080 3le9 Oe3 3oO 3e0 52 
o.nso 25e3 o.z 3o0 3.0 59 
Oe0153 26·2 o.z 3o0 3.0 49 
o.oo6o 39.7 0,4 3e2 3.0 122 
Oe0085 32a8 Oa3 3a2 3.0 93 
Ot0153 28o2 o.z 3.~ 3o0 74 
(), 0309 Z'f• 9 (J. 2 3e2 3.0 74 
Oe0849 19t4 o.z 3o2 3.0 64 
Oe0057 39e8 0.5 3·2 3o0 122 
Oo0081 32ol (1,3 3o2 3.0 93 
Ge0209 33o9 0,3 4oO s.o 62 
Oo0135 38o6 Oo4 4o0 5o0 70 
Oe0077 lf3 o 6 o.s 4oO 5oO 82 
Oo0053 47o7 Oo6 4oO 5o0 94 
Ce0045 51o6 0,7 4oO 5.0 110 
Ge0033 57 •.4 0,8 l~. 0 5.0 124 
Oo0423 28o2 Oo2 4o0 5.0 48 
Oe0764 23o3 Oo2 4o0 5o0 35 
Oo0181 35o9 o.,4 4o5 5.0 108 
Oe0161 40o2 a·, 5 4e5 s.o 127 
Oo0141 43o5 Oa6 4o5 5.0 128 
Ge0315 3le6 0.3 4o5 5o0 85 
Oe0277 33e2 Oo3 4e5 5o0 97 
Oo0461 28o0 o.z 4o5 5.0 76 
C:o0788 23e4 Oo2 4o5 5.0 65 

.•. 



A -f 
A -o 
b--

NOMENCLATURE 

. 2 
frontal area of the bubble, 1 . 

hole area, 1 2 

carried mass of liquid, M. 

c~- sonic velocity, L/fi. 

C-- modified .orifice coefficient defined by P = C(V
0

)
2j2g . 

g c 
CD-- ·drag coefficient.-

C -- modified orifice coefficient for ideal fluid. 
0 

D--

Db-

D -o 
Eu--

F--

distance between the holes, L. 

diameter of the bubble, L. 

diamet~r of thehoie, 1. 2 
Euler number, (~~ - P1~)/ ( pg V~ /2gc) · 

frequency of the pressure fluctuations in the chamber under the 

plate, l/9. 

vo J; . 2 
g g 0 

Froude number, D g/V 

F -- flow factor g 
FF·---

. 0 g 2 
g-- acceleration of gravity, L/G . 

. 2 
gc-- conversion factor, ML/FG . 

~--

h -w 

head of. liquid on the plate, L. 

height of the overflow weir, 1. 

1-- thickness of the pl:ate}' L .. 

n-- number of holes. 

p -a 
p -
B 

p -c 
P'-

f 

p -
f 

p _.;, 
f 

p --
0 

p -
p 

p -
t 

tiP--

2 atmosphereic pressure,F/L. 

time-average pressure in the chamber under the plate, F/12• 

instantaneous pressure in the chamber under the plate,.F/12. 

instantaneous fluctuating component of the chamber pressure, 
. I 2 Pc - PB' F 1 . 

maximum drop in chamber pressure below the time average, F/L
2

• 

average maximum drop in chamber pressure below the time average,F/1
2

. 

pressure in the chamber above the plate, F/12 . . 

pressure in the liquid at the plate 

pressure inside the bubble, F/12. 
. 2 

pressure change, F/1 . 

2 
surface, P

0 
+ ~' F/L . 



.. 

NOMENCLATURE (cont'd.) 

.6P'l'-- .$V~rage .. total~.p:res,su~.~ drop across the plate, PB- P
0

, F/1
2

. 

~±-- instantaneous total pressure drop across the plate, P - P , FjL2
. . 

3
c o 

tJ Q -- average volumetric gas..;flow rate into the chamber, 1 /9. 
g 
~--volumetric liquid flow rate to the plate 13/9. 

Reg-- Reynold's number based on gas properties, D0V~ pgjfl;~. 
Re1 -- Reynold 1 s number based on liquid properties, D

0 
V~ p1,/IJ.'r.· 

t~- time, 9. 

VB-- volume of the bubble, 13. 

V --volume of the chamber under the plate,/13. 
c 

v•-- instantaneous gas velocity through the holes with all holes 
g 

0 v -g 

V'--
1 

assumed to be operating equally, 1/9. 

time-average gas velocity through the holes with all the holes 

operating equally, Q;;nA
0

, 1/G. 

instantaneous dumping rate with all the holes operating equally, 

LjG. 

V -- time-average dumping rate with all the holes operating equally, 
1 

1/G. 

!::N -- volume change, 13. 
2 

We-- Weber number, 4yjD 
0 

( p V
0 

/2g ) . 
g g c 

z-- (Pf - Pf)/cr. 

z-- (~~'- P1 ~ - p11 - Pf)/cr. 

€-- a factor that depends on the number of-holes and measures the 

blocking effect of neighboring holes. 

p-- volume number (defined by.Eq. 3). 

Y-- surface tension, .F/1. 

fJ. -- viscosity of the gas, M/19. 
g 

fJ-1 =- viscosity of the liquid, M/19. 

T}-- a number of standard deviations. 

p --density of the gas, M/13. 
_g 3 
pg-- average density of the gas, M/1 . 

p --density of the liquid, M/13 . .L 
6p-- density difference, M/13, pL - Pg· 

cr-- standard deviation of Pf' F/1
2

. 
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