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NOGMENCLATURE

Fraction of free volume in pacled tower, ou. f‘h./ou. ft.
tower volume.

Acceleration of gravity, ft./seo.z

Superfioial mass veloolity of gas (based on empty column),
lb.,’(sec.)(ft.a cross=gectionel erea).

Superficial mass velooity of liquid (based on empty column),
1b./(8600) (£t.2 oross~sectional area)e

Surface area of paoking, f'b.a/ft.3 tower volume,
Temperature of air, °F,

Pressure drop aoross the packed seotion, inohes of water.
Superfiolial gas veloolty based on entire column oross~section,
f-b./sao.

Density of gas, 1be/fte>

Density of liquid, 1b./ﬁ=.3

Liguid visocosity, centipoise.

Correotion faoctor for gas density, ( PG)% where foa is
a
the density of aire.
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ABSTRACT

In packed columns used for countercurrent ocontact of a gas and
& liquid, the ospacity of the equipment is limited by the tendenoy of
the column to f£lood when the gas or liquid rate reaches a certain
velooity ocalled the flooding velooity. In this investigation, using
Raschig rings as the paoking material, the variation of flooding veloci-
ties with the packing size, packed height, and column diemeter were
studied. The effect of shaking treatment applied to the packing was
also noted. Rasohig rings of one=fourth, one~half, three-fourths,
and one inoch sizes were packed in glass columns varying in diameter
from two to eight inohes. Packed heights of from one to seven feet
were studied,

Procedure in making determinations of flooding velooities con-
sisted in passing air and water in counterourrent flow through the
column. The liquid rate was held to an arbitrary wvalue while the air
rate was lnoreased in step-wise increments until the flooding condi=
tion developeds At sach air rate, the pressure drop aoross the ocolumn
was allowed to reach a oconstant value, and readings were then taken of
this pressure drop and of the flow rates.

Flooding velocities were best correlated by the method of Sher=-
wood, Shipley end Holloway as modified by lLobo, Friend, Hashmall and
Zent. By this generally acoepted oorrelation, no effeot of column
diameter or packing size was noted on tests in ihioh the diemeter to
size ratio was equal to or greater than eight to one. Tests on packed

seotions with a smaller ratio showed deviations from the other correlated
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values, but these deviations were inconsistent with regard to direotion.

Flooding velocities and the per cent free volume both showed a
deorease with the amount of shaking applied to the paokinge However,
the application of the Lobo modifiocation of the Sherwood correlation
resulted in good agreement between unshaken and gently shaken paoked
seotions, The violently shaken packed sections did not oorrelate well
with the other tests, and showed lower flooding velocities and therefore
lower capacities.

Variation in height of the packed section had no effect on the
oorrelated values of the flooding veloocities with the exception of ome
test using one=half inch rings in en eight inoh columne This was the
only test having & column diemeter to packing size ratio of over eight

to one in whioch the effect of height was studied.



AN INVESTIGATION OF FLOODING VELOCITIES

IN COLUMNS PACKED WITH RASCHIG RINGS

INTRODUCTION

Although the use of packed ocolumns 1s widespread for the
ohemioal engineering unit operations of absorption, extraction, and
distillation, all of the faotors affeoting their design have not
been oompletely defined. In designing packed towers for counter-
ourrent contacting operations involving a liquid and a gas phase,
the dismeter, and therefore the capacity of the equipment, is
largely determined by the liquid and gas rates to be employed.

Thess rates are limited by the tendency of the equipment to flood.
The point at whioh flooding ocours is a function of both the liquid
and the gas rates. As either the liquid or the gas rate is inoreased,
the liquid hold=up in the paocking increases, the free area available
for gas flow deoreases, ami the pressure drop across the column in=-
ocreases, At a ocertaein velooity, termed the flooding velooity, &
point is reached when the liquid retention so reduces the available
area for gas flow that the pressure drop inoreases sharply with a
slight inorease in gas velocitys A layer of liquid builds up on the
top of the packing, and the liquid phase is oarried mechanically out
of the ocolumn, Operating above the flooding point, while possible
in some ocases, is impraotioal for economio reasons, since the high
pressure drop inoreases the pumping costs.

The recognized need for an adequate method of predioting the



1limiting flow rates in packed columns has led to a considerable
smount of work on this subject in recent years, A number of publioca=-
tions whioh give experimemtal data have appeared. Although an econo=
mioc balance should determine the best operating condition to be utile
igzed in a packed column, & knowledge of flooding velooities is neces=-
sary to oaloulate the maximum rates of flow. In cases where it is
not possible to meke an exaot economic balance, flooding velooities
must be kmown before the optimum liquid and gas rates can be estimat-
ode

Although several correlations of flooding velocities have been
developed, and considerable work has been done with Raschig rings, it
was felt that there exists a meed for a systematio study of the effects
of packing size, column diameter, and packed height in oolumns packed
with Raschiz Rings., This investigation was undertaken to obtain data
for oolumns two, four, and eight inches in diemeter packed with
various heights of one-fourth, one~half, threse-fourths, and one inch

Raschig rings,.



REVIEW OF LITERATURB

Chilton end Colburn (1) investigated the pressure differen=
tial across various types of materials in packed coclumns, both in
the dry and wet condition, Baker, Chilton and Vernon (2) studied
the distribution of liquid flow throughout the oross section of
packed towers, These latter found that a high gas veloocity assists
in obtaining uniform distribution, and they developed suiteble equa=
tions for predioting the perfomance of such towers. Flooding in
the investigetion of these workers was detemined visually.

A graphioal method of determining the flooding point was
presented by White (3). He plotted, at a constant liquid rate, the
pressure drop aoross the packed column versus the gas rate. Placing
the logaritim of the pressure drop along the ordinate and the logae
rithm of the gas rate along the abscissa the resulting ocurve was
represented by two or three straighte=line segments., The point at
whioh the slope of the curve beoames greater than two is defined es
the loading point, apnd the point at which the slope becomss nearly
infinite is ocalled the flooding point.

A genoral correlation for predioting flooding velocities was
developed by Sherwood, Shipley and Holloway (L)e They varied ges and
liquid density and liquid viscosity in a two inch diemeter column
packed with one~balf inoh Raschig rings to a height of four feet and

correlated the results by plottings

es 0,2 L /P
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whers UG is the superfiolal gas velooity, g is mooceleration of gravi-
ty, S is the surfece area of the packing, F is the fraction of void
space in the packed column, PG and PL are gas and liquid densities,
}A. is the liquid viscosity, and G and L are gas and liquid mass velo-
cities. All ratios involved in the correlation are dimensionless with
the exception of the visocosity factor, which is expressed in centi=
poises Data for flooding in larger dismeter packed columns, teken from
the literature, was shown to give higher flooding points than the data
taken in the two inoh column, and the ourve recommended is based on
data from the literature. Sherwood et al, state that their measure-
ments camot be used for gemeral design purposes because of the large
odge effect in a two inch column with one-half inoh packing.

Elgin and Weiss (5) oconducted tests on four different packing
materials in a three inch diameter column using air and water as
fluids and found fair agreement with the correlation of Sherwood et
8l, They presented an empirioal linear relationship between the square
roots of the superfioial gas velooities and the superficial liquid
veloocities at flooding. However, this method of correlation gave
different ocurves for each sisze of packing used.

The effect of hysteresis on ths flooding point was investigate
ed by Sarchet (6), using an air-water system in an 8 and 21/32 inoh
dismeter column. Operating at oomstant liquid rates, he approached
the flooding point both by inoreasing the air rate from below the
flooding velooity and by deoreasing this rate fram & higher velooitye

These air rates checled within two per cemnt.



A semi-theoretical equetion for flooding velooities was pre-
sented by Bertetti (7)e However, Bain and Hougen (8), who investi=-
gated three oils of different viscosity and three gases, using five
different packings in an 8 and 21/32 inoh dismeter column, could nob
ocorrelate their results by the Bartettl equation. Bain and Hougen
developed the following linear relationship based on the Sherwood,

Shipley and Holloway correlation:

%S 0.16 }(p.11/8
(B - -anle)

The walue of b appeared to depend on the type of packing., The data
of Bain and Hougen were ten per cent above the line given by the
Sherwood, Shipley and Holloway correlation at low walues of -;-'- /;%
and forty per ocent below the line at high values.

Comparisons of visual and graphical flooding points were made
by Schoenborn and Dougherty (9)e In studying the flooding velooities
of air and three different liquids, inocluding water, and using five
different paokings, inoluding one inch and one=half inch Raschig rings,
they found the visually detemined flooding point approximately equal
to the graphical flooding point as defined by White. Schoenborn and
Dougherty used a ocorrelation suggested by Colburn to present their
data, They plotted

4 Le
® Yersus gF

where @ is & gas density factor equal to unity when air is used.



To bring the date for the different ligquids into closer agreement,
the & term was multiplied by a faotor involving the kinematio visco-
sity of the liquid.

Iobo, Friend, Hasimall and Zenmz (10) comcluded that the major
discrepancies in the flooding data reported in the literature were
due to incorrect packing characteristios rather than to fundsmental
differences in experimental techniques. They recaloulated all availe
able deta by using their experimental values of the S/F term and
obtained muoh oloser agreement with the Sherwood, Shipley and Holloway
correlation., The method of peacking was found to be most significant,

An apalogy to flow of wvapors through orifices and valves was
made to counterourrent flow through packed columns by Zenz (11). 4n
equation is derived which, however, is not walid for high liquid
rates,

Lerner and Grove (12) developed & new theory of the meohanism
of loading and flooding in packed columns, The mechsnism by means of
whioh the gas flowing ohanges from & continuous into & disocontimuous
phase 1s said to be wave formation at the liquid-gas interface. An

anelogy is mede to the phenomenon of two phase flow in pipes,



DESCRIPTION OF EQUIFMENT

The main equipment used for the experimental work oonsisted
of glass columns, packing material, water pumps, air compressors,
verious metering instruments, amd storage tanks. Figure 1 shows a
schematioc diagram of the apparatus.

Three different gless oylimdrical columns were used in this
work, The inside diemeters of the columns were 1 7/8, 3 7/8, and
7 5/8 inches. The columns will be referred to by their nominal
sizes of two, four smnd eight inches, respectively. Since the oyline
ders were available in sectlions four feet high, two sectlions were
mounted together when pecked heights of seven feet were desired.
A wire mesh soreen was used to support the packing. Iiquid seal on
the bottom of the column was meintained by means of a U=tube through
whioch water from the column returned to the reservoir. Water was
pumped from the reservoir through one of three calibrated rotsmeters
to the distribution head. The rotameters covered ths range from
one-tenth to over fifty pounds of water per minute. Three different
distributor heads were utilized. Single metal oaps with holes drilled
in a oconcentrio oiroular pattern were used with the two and four inch
columns, For the eight inech column, & four prong distributor wes used
ae shown in Figures 2 and 3, The distributor was placed approximste=-
ly two inches above the top of the packing on all runs,.

Air wes supplied by the laboratory ocompressor. For experiments
on the eight inch ocolumn, the oapacity was increased by the installa-

tion of an auxiliary ocompressor. The air passed through a pressure



regulator, a oyclone separator, and was metered by one of three
staderd orifices, which permitted measurements to L5 pounds per
minute, the maximum oapacity of both compressors. The three orifices
oonsisted of 8 1/5 inch orifice in & 3/l inoh pipe, a 4 inch orifice
in & one inch pipe, and a 1 3/16 inoh orifice in a two inch pipes The
pressure drop across the orifice in use was measured by a water mano-
meter and the upstreem pressure by a mercwry manometer. Both mano=
meters covered a range of 30 inches and were graduated intoe tenths
of an inche A glass thermometer was located in the air line below
the orifice,

Two pressure taps situated in opposite sides of the column
Just below the packing support weres used to obtain the pressure
drop aoross the packed section. These taps were joined and led to
one leg of a water manometer, the other leg being open to the atmos=
phere. The pressure just above the packing inside the top of the
colunn was found to be indliscernible from atmoepheric pressure.

The packing oonsisted of porcelain Raschig rings manufaotured
by the United States Stoneware Companye. Ome=fourth, one=half, three=
fourths, and one inch sigzes were utilized, heving wall thicknesses

of 1/52, 2/32, 3/32, and 1/8 inch, respectively.
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EXPERIMENTAL PROCEDURE

In the experiments described below each column was packed by
dropping the Raschig rings individually into the water=filled tower.
The rings were added slowly, so that each piece ocould settle inmto
place without being influenced by the motion of any other piece. In
the ocase of the one=fourth inch rings, the pieces were added from &
suall vibrator rather than by hand. These precsutions seemed justi-
fied in view of the aseertion of Lobo et al. (10) that the method
of pecking was a signifiocant variable,

Although same runs wers made on packing as added, in most
cases the paoking was stabilized by partly filling the column with
water and passging &ir up through the column at such a rate that the
height of the water reeched almost to the top of the packing. This
resulted in a mild shaking action applied to the packing simultansous=
ly throughout its entire height. This procedure, referred to in this
investigation as standerd packing procedure, was followed to guard
against shifting of the packing occurring during subsequent runs, and
algo to allow a closer application of the data to industrial condi-
tions, In two instances, after flooding velocities were determined
on the stabllized packing, the packing was violently shaken by a more
vigorous application of the above method and another series of flood=
ing tests made,

Flooding deteminations were made in essentially the seame
manner as that used by previous investigations (3, L, 9, and 10),

The liquid flow rate was adjusted to an arbitrary value and the gas
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velooity iporessed in small increments until a ocondition of absolute
flooding developed. At each ineremental gas rate, the pressure drop
aoross the column was allowed to reach a comstant value. Readings
were then taken of this pressure drop, the liquid rete, the pressure
drop aoross the orifioce, the upstream statio pressure and the ges
temperatures, Simce the water temperature was substantially constant
and since small wvariations did not affect the caloulations, this
measurenent was not recorded on all runs.

Since most investigators have found the graphiocal method of
determining the flooding point as suggested by White (3) to be more
reliable then the visual method, the former was used in this worke.
However, the two methods agreed olosely, perhaps due to the mmall
inerements by which the air velooity was increased in the test pro-
cedure,

The flooding oondition was oharacterized by violent entrain=-
ment and a build-up of liquid level above the paocking. Preliminary
tests showed that if the air veloocity was inoreased beyond this
point, the uppermost layer of packing would be severely shaken and
subsequent runs on the same packed section would indicate lower
flooding velocities dus to the ohanged arangement of rings in this
top layere Henoe, tests were not oconduoted beyond this point, All
tests were carried out at atmospheric pressure, which was recorded.

The apparatus was flushed out deily and fresh water added to
the reservolr,

For tests in whioch the pressure drop across the column reached
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s velue of over two feet of water, the height of the liquid seal on
the bottom of the column was inoreased by closing the normal over=
flow valve.

At the completion of each series of flooding velocity deter=
minations on a packed seotion, air was blown through the column for
several hours until the packing was completely dry. The free gas
space or void per ocent was measured by the addition of water to the
dry packing, Since some variation in the inside diemeter of each
oolumn was noted, the empty volumes of the oolumn were also measured
by water additions,

Two different methode of measuring the fractional void spece
were noted in the literature. The method of addition of water to the
dry packing gives a value of F commonly referred to as "dry wvoids".
The other method consists of measuring the smount of water drained
off a previously filled packed section. This latter method, based
on "drained wet voids", gives & lower value of F due to same of the
liquid being retained on the paocking, Tests were oonducted on one-
half inch rings by both methods. The “drained wet voids" basis gave
& value of F lower by 0,03 than that found by “dry voids"™. This was
in agreement with measurements made by Summers (1) on ome=half inch
Berl saddles. Since the majority of other investigators have used
"dry voids", and since more consistent results were obtained by this
method, it was chosen for this work.

Values of S were caloulated from a lmowledge of the surface
ereas and volumes of the individwal rings and fram the values of F

for the partiouler packed sections,
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VISUAL OBSERVATIONS

Raschig rings, particularly in the smaller sizes, exhibited
a tendency to paock oclosely against the walls of the oolumn. The
individual rings showed a tendency to assume & position with as
large a portion of their surface against the column as possible.

In the case of one=fourth inoh rings, when the packing was dumped
fram the column, the attraction of the rings for the wet glass wall
was suoh that the rings nearest the wall remained in place while the
other rings dropped oute This effect was in contrast to that ob=
served in the experiments of Metoalfe (13) with Berl saddle and
Intalox saddle packings. In spite of this effeot, some channeling
of the liquid at the walls was noted, inoreasing as the ratio of
column diemeter to ring size deoreased,

The shaking aotion desoribed above in the seoction "Experi-
mental Proocedure", had the effect of deoreasing the height of the
column, tius decreasing the void per cent. The deorease in void
per cent, as oan be seen from the data, was a funotion of the ampli=
tude of the shaking aotion.

The shaking action, in combination with the attraotion of the
paoking for the wall, increased the orientation of the individual
rings relative to sach other. When the violent shaking action was
applied to the one-half inch packing, several sections next to the
wall were observed with all the rings lying with their axis paral-
lel to each other.

Az the alr velooity waa inoreased in the flooding tests, a
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fluttering condition was noticed at points where the air bubbled
through the liquide This fluttering began from a mumber of points
distributed up and down the column. With further increases in the
air rate this fluttering effeot inoressed in violence until at some
one height, it completely enciroled the column. From this height
the flooding spread upwards until it reached the top of the packed
seotion,

Due to the care taken in paocking the columns, random distrie
bution of the paocking was assured, and as a result, no one height

was noted as the point where flooding first ocourred.
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DISCUSSION OF RESULTS

The reproducibility of the date was good. Several duplioate
tests were mades During each set of runs at no time was there a
change in the air velocity at which the column flooded, although om
some occasions there was & change in the pressure drop across the
ocolumn at flooding of from one=~tenth to three-tenths of an inoh of
water.

As noted by Lobo et al. (10), the major disorepancies in
published flooding velooity data correlated by the method of Sherwood,
Shipley, end Hollowsy (L) are dus to the wide range of wvalues report=
od for S/Fj. (S is the surface area of the paoking and F is the frace
tion free gas space in a packed column)e Since the surface area is
proportional to the factor (1 = F), the value of the $/‘I~‘3 term is
quite sensitive to changes in F. For example, for any given paock-
ing, a deorease in F from 0.650 to 0,640 causes S/F> to increase
7485 per cent above its former value. For this reason, partioular
oare was taken in packing the column as mentionsd above in "Experie=
mental Procedure”,

Two correlations of all the dats presented in this work are
givens The first ocorrelation is by the method of Colburn (Figure L),
and the second by that of Sherwood, Shipley, snd Holloway (Figure 5).
This latter method was chosen to illustrate the effects of shaking
treatment, paocled height, column diemeter, and packing size on flood~
ing velooities (Figure 6 to 12 inolusive)s In presenting & correla=

tion showing the effect of any given one of the variables mentioned
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above, an effort was made to hold the other wariables constant,

Application of the Colburn correlation to the data (Figure L)
resulted as expected in a general trend of higher flooding velocities
ooourring with the larger paocking sizes. Rather than generalize this
correlation by displaeing the nearly parallel flooding curves in a
vertical direction, the more genersally accepted Sherwood ocorrelation
was usede

This latter method, modified as suggested by lLobo et al. (10)
using the actual experimental wvalues of S and F, correlated the data
well., (Figure 5). Curves of Sherwood, Shipley, and Holloway, and of
Lobo and his co-workers, teken from the literature, are given on this
figure, and show that the experimental data is better represented by
that of lobo., The Lobo modifiication of the Sherwood correlation was
used to study the effects of packed height, shaking treatment,
column diemeter, and paoking size.

The effeot of packed height on flooding velocities is illus~
trated in Figures 6 and 7. Using one-half inch rings in a four inch
oolumn, paocked heights of one, two, thres and one-half, and seven
feot woere studiede No trend was noted, although for low values of

é‘ /_c.ﬁ the two foot seotion gave lower flooding velocities than
fL

the other heights,
A small height effect was observed in the ocase of one~=half inch
rings in an eight foot column pasked to two and three and one=half

foot helghts. The two foot seotion gave inoreasingly higher flooding
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points as the valus of -3[——2??: deoreasede While the three and
one=half and seven foot packed sections of one~half inch rings in a
two inoh column did not show s height effect, the points deviated
somewhat from the ourve of Lobo et al. (10). This point will be
oonsidered later.

With Berl saddle paoking, an effect of height was noted by
Metoalfe (13), the higher paocked sections giving lower flooding
pointse The lack of this effeot with Rasohig rings except in the
oase mentioned above of one=half imoh rings in an eight inch column,
might be caused by the tendensy of the rings to pack olosely to the
walls of the column as noted in "Visual Observations", This wall
offect could possibly conceal the effect of heighte As the ratio of
column dismeter to packing size inoreases the peroentage of rings
near the wall decreases and this tendency of the rings to pack tight=
ly against the column wall becames relatively less important. In
these cases the packed section may show a similar height effeoct to
Berl saddle peckinge This theory is in accord with the experimental
fact that only at a colunn diemeter to pecking sire ratio of sixteen
to one was there any height effeoct noteds This particular test on
one=half inch rings in an eight inch column was the only one having
& ratlo of over eight to one on whioch the effect of height was stud-
ied, Thus no definite statement oan be made on the theory outlined
above.

The variation of flooding velooities with shaking treatment

is presented in Figure 8, The data are for one-half inoh rings
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packsd one foot high in & four inch column, Although the unshaken
section required higher gas rates for flooding than the seotion
paoksd by the standard packing procedure, the higher vold space in
the former caused the factor Sﬁ'a to bring the two seoctions into good
agreement. In the case of the violently shaken section, although
the fractional void space deoreased by 0,05 from the stabilized seo=
tion value, the resulting inorease in the S/'F5 factor was not enough
to bring the data into sgreement with the unshaken and the gently
shaken sectionse In other words, for nmo shaking and for mild shaking
(standard packing procedurs), the S/F? factor throws the data in line,
but for violent shaking the results are off the correlation ourve of
Iobo. Comparison of date for the ssme liquid rates shows that, due
to this violent shaking, the gas rate at flooding was reduced to
seventy per cent of its former wvalue. Similar tests, made with two
foot packed seotions, but with some reduwtion in the samount of vioe
lence, show that the gas flooding velooity was deoreased to eighty=
four per ocent of normal.

The effect of column diemeter is presented in Figures 9 and
10 and that of packing sise in Figures 1l and 12, The one~half inch
rings in a two inoh column (Figures 7 and 10), as mentioned above,
and the one inch and threeefourths insch rings in a fouwr inch column
(Figure 12), show a deviation from the curve of Lobo. The data falls
beneath the ocurve except for the oase of the one inoh rings. It is

considered signifiocant that all of these disorepancies ocourred on



the only tests in whioch the column dismeter to packing size ratio

was less then eight to one,

21
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31
CONCLUSIONS

From the results of this investigation the following con=
olusions are drawn:

1. The lobo, Friend, Hashmall and Zenz (10) modifioation of
the Sherwood, Shipley and Holloway (L) correlation is & valid represen=
tation of flooding velooities in Rasohig ring packed columns in which
the colunn diemeter to packing size ratio is equal to or greater than
eight to ones Columns with a smmaller ratio should be designed with
a greater safety allowance of limiting flow conditions.

2. The genaral correlation recammended by Sherwood, Shipley,

and Hollowsy (L) does not £it the experimental data et the extreme
high and low wvalues of L /.f.ﬁ &
¢V fL

3e Excessive shaking action applied to Raschig rings in
paoked columns will give a considerabls deorease in allowable flow
rates.

Le In oolumns in whioh the diameter to packing size ratio is
equal to or less than eight to ome, the height of the packed seoction
does not influence the Sherwood correlation of the flooding velooi=
tiess In columns with larger ratios it is possible, but not certain,
that an inorease in packed height will cause the ourve representing

the correlated data to bs lowered.
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