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IETTER OF TRANSMITTAL

To the Faculty of the Graduate School of»Chemistry
Univergity of Cincinnati
Cincinneti, Ohio

 Gentlemens

I herewith submit, in fulfillment of part of the re- -
quirements'for-the degree of Doétgr of Philosophy a thesis
entitled "Gaseous Absorption Phenomena in Packed Towers",

| The purpose of this thesis is to determine the nature
and veriation of the conétants involved with changes in
| flow rates, distribution bf the liquid phase and various
types of packing. As an aid in doing this, tower hold-up,
as a function of liquid velocity up to and including tower
plugging, was studied.

A summery of results is presented in the body of
this thesis.

Resgpectfully submitted,

Earl C. Mirus
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HISTORICAL

"An outstanding example of a unit-process whose apparatns
is designed by Judgment and experience alone is gas ab-
sorption or gas scrubbing. The basic principles of the
process were laid down by Hurter, 1 and 2, during the years
1885 to 1893, but their application continued for many ;
years to be qualitative\rather than quantitative; partly,
it is true, because of lack of experimental data, but
undoubtedly"also because of the apparent complexity of
-the events in the apparatus and doubt as'to how any pertinent
constants could be sorted out of the mass of variables.
| fLunge‘s comments on Hurter's work are a good example of
"the way in which plant designers viewed gas absorption.
‘An article by Heinz 4 appearing in 1913, was written
from the same viewpoint' attention Was directed almost
exclusively to the design of the packing material andA
the only other suggestion that could pe made was that
texperience shows' that sixteen meters per minute is the
best gas;vélocity in a tower.mw* |

. "The first quantitative study of gas abscrption was ;‘
made by Hurter 1 and 2 who made & thorough studJ of
: absorption towers usged in sulohnric acid plants. After

trying three methods of absorption, namely, bubbling ges

% y,B, Ven Arsdel, 12
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through liquid; dropping liquid through soluble gas; passing
gas counter-current to liquid in a packed tower, he reached
the following conclusions: 1. The slower the liquid passed
dovn through the column, the greater the recovery of
soluble ges. 2. The slower the gas velocity, the longer
the time of contaep end subsequent greater recovery.

Lewis, 5, from his studies of a’packed coke column,
- developed a mathematical expression for both extraction
and abserption. He came to the conclusion that the rate
of absorption was directly proportionaldto the driving
force. Further than this, the driving force was eg-

uivalent to the logarithmic mean of the differences in

pr'partial pressures of the soluble gas in liquid and gas

,phases at top and- bottom of column."#
The complieated case of absorption.of nitragen
oxides in water in ‘the nresence of air to produce nitric
acid has been well handled by Partington and Parker, 6,
by the use of certain "over-all' factors. They gave the
theory substiantiating ip with date from experimental
runs and made calculations for the size of towers using
the derived equations and the ruie "height equals five times
the diameter of the tower" | ‘ -
Zeigberg,7, gave a table of values of percent free

space, surface in square feet per cubic‘iooﬁ_and frictional

* J.H. Monaweck and E.lM. Baker,32.
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coefficients for a2 large number of types of packing dis-
tributed three ways in the tower, i.e. dumped, stacked end
packed. He also made calculations of the pressure necegsary
to push & certain volume of ges through certain different
vackings making use of his dérived formula.

Beker,8, divided the absorption of gaises“ in liquids
into three subdivisions. ﬁFirst, the case where the nature
of the gas and ligquid is such that é chemical reaction
takes place so that the gas wiil not exert any appreciahie
vapor pressure after absorption.® "Second the case where
the nature of the gas &nd liquid ig’ such that a chemical &
reaction takes ‘plece, but the compound formed is sufflci- o
ently unstable so that the dissolved gas exerts an: | {
_appreciable vapor pressure." "Third, the case where no |
chemical reaction takes place between the gas and liquid% L
and where the liquid exerts a vapor pressure directly
dependent on the amount of absorbéd gas." He also stated
that the force which causes a gas to be abgorbed by =
liquid is the difference between the partial pressure of
the soluble gas in the gas mixture and the vapbﬁ pressure
exerted by the gas dissolved in the liguid. He further
sfated that absorgtion depends also upon the intimacy -ef
of contact which in turn depends upon the design of ab-

sorption apparatuse.
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On the'assumptions that temperetures are constant
throughout; that the volume changes due to absorption are
negligable; that the vapor pressure of the solvent 1is
negligable; that there is uniform distribution of both phases
~ throughout; that the wetted area of the tower sides is
negiigable compared to the packing wetted area; and that no
chemical reactions take place Donnan and leason,9, derived
an equation for absorption and showed how it might aid in
Atower design.

Van Arsdel,10, reviewed the work of Donnen and Mason
and added simplificetion by the use of heat interchanger
formulee. ]

Jorgensen,ll, presenteditgbiee shewing tteAéaﬁacity
of Tower Packings by Mathematical Analysis. He stated
that the flow of gas must be even and equally distributed
in eall perts of the packing so as to give a perfect balance
between contect surfeces and gas flow. He further stated
that a weakness of most industrial tower packings is that
gas passages are not of equel size.

Van Arsdel,l2, extended his work!with a detailed dis-
cussion of absorption towers by relation to heeat inter- |
changers and by building upon the theeries proposed by
Doﬁnen and Meson. He derived formulee for transfer co-
efficient absorptlon coefflcient absorption factor,

percentage remeval of solute from gas and percentage
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saturation of resulting solution. He made corrections for
changes in volume &and temperature throughout the tower,
showed solute and heat balances and discussed the design
of an absorption system,

| Whitman and Kbats 13, presented the theory 1nvolved
in liquid gas interactlons, gave & summary of Lewig's
mathemetical treatmentAwith modifications, showed the effect
of operating variables on the coefficients for various types
of apparatus and gave experimental proceedure and resﬁlts.
verifying the theory. They .showed the relation between the
general equation for absorption and the equation for heat.
trangfer and stated that the absorption equatlon could also
be expressed in the resistance form given under heat trensfer.
| The general equatians showed that the rate of transfer
veried directly with the active volume and the driving
potential while the effect of other variables is accounted
for by changes in the transfer coefficients. They gave

a table of these transfer coefficients for various types

of equipment.

Haslam, Ryan andJWeber,ls, developed a differential
equation for absorption where the rate of absorption'is
‘proportionsl o the driving force and the overall volume
of the apparatus. They carried out experiments using.
sulphur dioxidé and water with the view of studying the

effect of gas velocity and temperature on the rate of ab-
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 sorption. "They found that the coefficient for the gas
£ilm (reciprocal of resistance) varies as the 0.8 power
of the gas velocity. The liquid film is independent of gas
velocity. Hence, with increase of gas velocity, the overall
absorption coefficient riges rapidly at first, but reaches
an;eSymptoteﬂowing to the liquid film registance.",
"VanvArsdel,l7, neviewed hie previous discussion and
abondoned the assumptions made in the logarithmic mean
formule. He derived a new fundamental equaficn which he
"“checked by. s plant experiment.

Whitman 18, propoaed the two film theory of gas ab-
;sorption.i €. that there are two films, a gas film and a
vliquid-film which offer resistance to ebsorption.

+ Diffusion through the gas film is determined by the partial
pressure gra&ient of the solute and through the liquid film
by a concentretion gradient. He then showed the agreement
between the formule and experimental absorption of HCl. The
work of the subsequent years has been devoted largely to the
examination and extension of this theory, and to the de-
termination of constants that are required‘to permit the use
of the theory in engineering calculations.

"Heslem, Hershey and Keen,2l, working with an ex-
perimental tower of the wetted-wall type, determined the

overall absorption coefficients for sulphur dioxide and

* E,M. Baker, 29
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'ammonia over a range of .gas velocities and temperaturesg."x
They tound that gas velocity is without appreciable effect on
the liquid film, while the gas £ilm coefficient is proportional
to the gas velocity to the 0.8 power. The gas film co-
efficient decreases as the 1.4 power of the absolute
temperature, whereas the liquid film coefficient increases
as the fourth power of the absoiute temperature. Both
individueal film coefficients are proportionsl towthemtwo-
thirds power of the ratio of density to viscosgity of the
liguid film, | | |
Lewis and Whitman,22, further developed the two £ilm
theory and showed how it could be”§iﬁplified when using
gases of high, low and intermediete solubllities. They
concluded that the rate of absorption is controlled by
the rate of diffusion of-the solute through the surface
films of gés andgliquid-at thé gas-liquid boundary.
"Becker,23, studied_the absorption of moderately
soluble gases by stationary water, and presented a table
of date on the initial rates of solution.™, |
" Vhitmen and Davis,70, studied the absorption of HC1,.
éulphﬁr dioxide,'amhonia and:oxygen through a ffée surface
of liquid when the liquid is stirred. Resuifs can be
Lﬂ“adequétely erlaiﬁé@;by the two £ilm theory. -On thékassumption_A

* E.M. Baker,29.
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thet oxygen absorption is controlled by liguid film
diffusion and that ammonia absorption in HCl solution is
controlled by gas film diffusion they stated that the ab-
sorption retes for these gases can be predicted with an
accuracy of fifteen percent or better.

"In 1925 Kowalke, Hougen and Vatson,24, published two
ﬁapers on the abéorption of ammonia in towers. They found
that experimentally determined values of the absorption
coefficient were in agreement with operating conditions in
the gas industry. They advanced the theory’ that the rate of
'absorption of ammonia and'similar gases 1s controlled by the
'&iffﬁsidn fector, and & Wafer distribution factor which is a
_function of'the”packing and the rates of water and gas flow.-
'Théy'gtated that the total surface of the tower packinéﬂisrof

less importance than the pogition of the surfaces and the
lbest packing is that which produces the greatest agitationgﬂ
of the gas in direct contact with the water surface.m*

"Canﬁelo,ZS, developed & sgeries of equations for con-

tinuous counter-current absorption.™*

Greenwalt,26, presented a method. of attack forlprbblems;”'
in the design of absorption equipment based on the principles

of dimensional homogeneity. He showed that the absorption

* §,f. Baker, 29.
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of water vépor in sulphuric acid solutions is limited by
gas film diffusion. He established the assumption that the
turbulence and velocity effects can be expressed as functions
of the resistance to gas flow of an ébsorption tower. He
showed that the gas film coefficienb is proportional tp'the
0.4 power of the pressure drop through the towér’ahd”that.
the entrance turbulence effect is the controlling factor in
abborption in wet-walled towers.

ﬁﬁhitman Long and Weang,27, determined rates of ab-
-sorptlon into a drop of water falling freely through gas.
They found that the coefficients were hlvher than for flat =
surfeces, for bubbles rising through a liquld, or in wetted-;
wall columns. However, the ratio of gas f£ilm to liquid
film coefficients was ebout the same."y |

"Centello, Simmons, Giles end Brill,28, studied the
absorption of carbon dioxide and sulphur dioxide in a tower,
and reported that the solution coefficient is independent‘of
gas velocity and composition of gas, but does vary as the
first power of the rate of flow of absorbing,liqu;a.“*

Tewis and McAdems,30, fully explained the two f£ilm
theory. They offered curves and showed how to meke
calculations and designs on the basis of this theory us-

ing operating equations and operating lines.

* ©.M. Baker, 29.
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Hanks and lMcAdams, 31, developed equations for two film
absorntlon paying particular attention to the gas film.
They gave data on the absorption of ammonia from hydrogen,
~air and buxane by water in a wetted-wall tower. They found
‘that the gas film~ coefficients for a given mass velocity
are greetest through hydrogen, lower through air and lowest
through butane.

lMonaweck and Baker,32, tabulated coefficients of ab-
sorption of ammonie by & still and by & stirred liquid which
agfée’ﬁithvtheJZeWisfequdtidn;for two f£ilm absorption.

7 _quburn,zs,_stated that in processes such as ab-
';Sérpfionfan&_dehuﬁidificétion; the rete of mass transfer

is QQpendent on the rate of diffusion of molecules through
& viscous gas film adjoiﬁing‘the liquid surfece and on eddy
currents in the turbulent portion of the gas stream. He
derived an equation for mass transfer from fluids in both
the viscous film and the turbulent core, similar to the
‘method used by Prandtl and by Taylor in obtaining a ;e-
lation between fluid friction and heat transfer. He

showed by experimental data that both absorpﬁion and
dehumidificetion are in agreement with the derived equation.

Simmons and Long,34, absorbing benzene by straw oil
showed experimental results which indicéted the validity
of Cantelo's derived equaetion where the solute obeys

Raoult'ts Léw.
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Davis and Crandell,35, in their work on absorption in-
volving no irreversible chemical reactions showed how the
effective thickness of the liquid stationary f£ilm depends
upon absprption conditions. They stated thet when a pure gaé
is suddenly brought into contact with a liquid, a gradient
of dissolved ges, tending to uniformity, is rapidly built
up through the film. In well stirred water the gradient
becomes practicelly uniform in & fraction of a second.

They calculated the initial absorption rates per unit area
of surface and thq liquid film diffusion coefficients from
.data~on,gas'absorptigns-by water and a few'organic liquids
for stirred liquids, éas bubbles and shaken liquids. In
tpeir work on absorption. involving irreversible chemical
reé;tions Ehey extended the two f£ilm theory as proposed by
Lewis and Whitmen to cases where rapid chemical reactions
téke place in ﬁhe solﬁtion. The reactiéns between the
dissolved gas and solute appear to occur inside the liguid.

Bennetch and Simmons,36, derived an equation start-
ing with thé Lewis concept of two film absorption and
verified it by experimental runs on benzene in oil and
carbon dioxide in water,

Adams;57;fstudied‘the‘abSorption of sulphur dioxide in
water in a spiral-tile;packed towér with relation to the
effect of liquor velocity, gas.velocity and temﬁerature on

the mechanism of absorption. He obtained data sultable for
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the design of absorption equipment in the brééélcaifdberating

" range of these variables. |
Davis,38, found that the initiﬁl absorption rate of

carbon dioxide by sodium carbonate is much higher than that

forAcarbon dioxide by water. He found also that in towers

sincevthe area of liéuid interface is very great compared

to the 1iquid volume, the laws for batch absorption should be

applied only with the‘utmost caution to tower absorption.
Simmons and Osborn,39, experimented on glass spheres,

raschig rings end coke.padking to determihe fhe effectof

free volume on absorption. Free volume is usually con-

gidered as being constant whereas, they found‘thdt if sééme'

more logical to agsume it to be some function of the;qx-

tractor rate. They found also that for a given extréctor

the free volume is an inverse function of the extractor

rate, this function being independent of the type of filler,

tower size, or gas velocity; that the use of a,cdnstant

free volume under all operating conditions is shown.to bé

impossible in calculations involving design and oﬁération

of absorption systems; that the use of an operating free

volume in the Bennetch and Simmons equation giveg absorption

coefficients which vary linearly with extractor rate.

They also gave data for carbon dioxide-water and benzene-

0ll systems for the three types‘of packing in the same tower.
Hollings and Silver ,40, attempted to restate the two
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film theory ina form which permitted of a more practical - -
applicetion. A }

Chilton and Colburn,4l, proposed that the difficulty of
separation in a packed column be expressed, instead of in
terms of the "number of theoretical plates™, as the number of
'thahsfer unitsg» The éfficiency of a column would then be ex-
pressed, they say, as the "height of a transfer unit" (H. T. U.)
'inéteadlof the "heighﬁ equivaleht to a theoretical plate®
(He E« Te P.)e They showed that for many cases of distill- 
ation the H. E. T. B, and H. T. U. are nearly identical bus
that %here méy be large differences between them for certain
absorption problemsQ |

Hixon and Scott,42, determined overall coefficients for
the absorption of ammonia and sulphur dioxide into & water
sprey, end the absorption ofnbenzene vapor into an oil
spray for an inner "wall-free" section of & spray type ab-
sorption tower. They investigated the effects of variable
fluid flows at three tower heights, developed emperical
equations relating these variables and compared the re-
sults with previous date when possible. They pointed out
the use of these equationg for practical spray tower de-
gign with special consideration of their limitations,

' White,43, found that the pressure drop in & tower ié
substantially independent of tower diameter if the ratio

of tower diameter to packing diameter is six or more.
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He defined the loading point of a column as the gas velocity
at which, for & given liquid rate, the logarithmic pressure
‘,velocity curve firgt deviates from a slope of approximately
two. He defined the flooding point as the gas velocity at
which the same curve: turns abruptly almost vertically up-
ward. He stated that towers should operate just below the
| 1 lbading‘point and certainly beloﬁ'the flooding poinﬁ.
| Yushkevich and Zhavoroﬁkov;44, found that the ab-
sorption coefficient is directly proportional to the in-
fehsity of wetting of the tower. They also showed bthat
when the gas rate is decreaged or the pressure increased,
the rate of increase of the coefficient with intensity of
wetting is legsened and that the coefficient itself is in-
creased by decreasing the gas rate or the pressure.

Chilton, Duffey and Vernon,45, found that with a ratio
of tower diameter to packing diemeter of eight to one or
greater and adequate initial liqﬁor distribution, there is
no substantial effect of tower diameter on final liguor
distribution or absorption efficiency.

At the University of Cincinnati work has been carried on
fqr & number of years under the directidn of Professor
R. S. Tour. However, it remained for Garber,47, to develop
& theoretically correct equation for absorption based on &
material balance over the system. The simplification of

Garber's equation for practical use and the determination,



experimentally, of the constants iﬁvolved, form the nucleus

of this research.
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APPARATUS AND PROCEDURE
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APPALRATUS AND PROCEDURE

The experimental tower used is a‘modification of the
tower constructed and used in 1932-33 by Rose’and Bradt
,(ﬁniversity of Cincinnati Thesis 1933). Numerous additions
to and changes in the previous eqhipment, however, comhine‘
to make the present tower much more complex in construction,
and much more precise in operation. Numbers in parenthesis
refer to humbered perfs on the respective schemeéic
‘diagrams.. .

. The tower, itself, shown in the photographs (Fig. 1 and
 2) and explained schematically in (Fig. 3) consists of six’ |
1~iengths‘of stendard ten_inoh wrought iron pipe, (See Fig. 3)_

' - threaded, flanged and bolted together in the order indicated.

The bottom flange is drilled and tapped for the.1l/2 inch
: gauge-glass, the’ 1-1/2 inch water discharge pipe and the
1 inoh gas inlet pipe.i The gas enters through an inverted
~;"L" bend (20) to prevent entrance of water into the gasv’
lines. The top flange is drilled and tapped for the 1 inoh -
'gas outlet pipe and the six 1/2 inch nressure sprays (44).'
A perforated plate supported on & spider 20 inches |
'above the bottom of the water reservoir, supports the‘ju
naoking which extends upward 10 feet to a level 6 inches

below the end of the sorays. »The packihgs‘useq were:



Foundry, Elmwood, Ohio. They consist essentially of three
1-1/4 inch by 1/8 inch cast iron disks set at ri

to each other. (Fig. 4)

2. 0.008-60 Stainless Steel Textile Knit Tower Packing
made by the lMetal Textile Corporation, Orange, New Jersey.
This packing was made into rolls six inches hi

inches in diameter so as to fit tightly into the tower and

hug the tower walls,
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Preliminary datae teken on these packings showed the follow-

ing characteristics:

‘Type Weight Surface Units % Free
Packing Tbs./cu.ft. Sa.ft./cu.ft. Per.Cu.ft. Volume
Jacks 155 66 1290 56.4
‘Knit Textile 8.1 291% 5.94 98,3 .
1 Inch Rasehig Rings 40M* . 58%* 1350%% 73 .0%* -

* Furnished by lMetal Textile Corporation.
** Chemical Engineering Handbook, Perry.

To pack the toﬁer, it was~first filled with water and the
Jack packing was then dumped in through a 8~l/2 by 10 inch hand hole
provided at the top. . “ C -
The packing was removed ﬁﬁrcugh e similcc hand hole et the bcﬁtom;
The units of knit textile pack}ng=were stacked one on top of the
other until the tower was filled. h h i

To provide proper water distribution over the packing the
tower was equipped with six Adjusta-Spray Shovier Heads, (44)
and Fig.5 made by the Speakmen Company, Wilmington, Delaware.
These six sprays were set at equal distances around the
circumference of & seven inch diameter cirele ag this was
thought to give the most even distribution at the top of the

tower.
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SPEAKIAN ADJUSTA-SPRAY SHOWER HEAD, K-7046

Table showing water discharge at various weter pressures with face

6f~head get in different vnositionse.
- o 20 30 40 50 60 Tbs. Pressure

GIOSED ’ 5-1/2 4-3/4 5-1/4 6-1/2 6-3/4 Gal. Per. lfin.
'1/2 TURN OFEN 3-3/4 5 5-3/4 7 7-1/4 noow "
1 TURN OPEN 3-7/8 5-1/4 6 : 7-1/4 7-5/4 n " "o
1-1/2 TURNS OPEN 4 5-1/2 6-1/4 7-1/2 8 n " u4f
2 TURNS OPEN 4-1/2 5-3/4 6-1f/2 171-3/4 8-1/4 " n w o
2-1/2 TURNS OPEN 4-1/2 6 7 8 g~1/2 ot . m  m
OPEN FULL 3-1/2 TURNS 5-1/4 7 8% 10 10-1/2 © " hf

The distribution obtained with these sprays isLShoﬁn in Fié. é;'—ﬂt
To insure even distribution of the water throughout the entire
‘length of tower the tower was provided with four redistfibﬁting -
devices (54) spaced at two foot intervals along its length. These
redistributors ere shown in detail in Fig. 7. They consist of

en annuler ring of 1/16 inch brass plate fitted between the
flanges of the gepareate pieces of pipe and extending out to-

- werd the center of the tower 1/4 inch from the tower wall., Here
they are bent upwerd at right angles so és to parallel the

tower w;ll. Equally speaced around their bottom edges are four
piaces of 1/4 inch copper tubing extending toward the center of

tower for a distance of 1 inch from the toﬁer wall and making
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The tower used in 1933 operated at atmospheﬁic pressure.
It was decided to remove this variable by opérating the
tower at a fixed absolufe pressure, namely 32 inches of
mercury. This was sufficient preésure heed above at-
mospheric pressure for the satisfactory operation of the
analytical absorption cells (described later). In order
to operate at positive pressure 1t was necessary to throttle
both the discharged gas and discharged water. Ordinary
valves were not desirable for several reasons, priﬁcipally-
first, that any fluctuation in flow of the gas and liquld
phases caused changes in pressure which could only be re-
lieved by resetting the valves thus necessitating con-
tinuous manual control; second, that during any series of
runs in which the rete of flow of any one phase was to be
kept constant, the change in rate of flow of the other
phage necessitated readjusting the exit valves on both ges
and water to correspond to the new getting of flow ratio,
a tedious adjustment, especially at low flows sihce the |
time lag then became very appreciable. A |

To overcome thig difficulty, two automatiec self-
adjusting controls were designed. To throttie the gas
flow.a cone seated check valve was disassembled and & -
plunger attached to the valve (49) see Fig. 8. By add-

ing or removing weights to this plunger, the back pressure
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to change the level of the upéer leg was constructed. The
hinged joint consisted of & 1-1/2 inch T fitting with the
bottom of the T fixed and the pipe in the crass bar free to
swing to raise or lower the whole upper part of the device.
" The operation is such that for any_given water flow, tower
-pressure, and barpmetric pregssure the "water level device™
may be sget to give a definite level in the reservoir (23} as
indicated on the gauge glass (21}.

Ax suxiliary drain with a 1-1/2 inch globe valve (25)
was prOV1ded to permit the collectlon of the tower hold-up.
A 1-1/2 inch quick acting valve (26) in the riser of the
;"water level device“ above the auxiliary drein enabled -the
drainage to be stOpped instantly and thus made tower hold-
up data qulte accurate.é

The water supply was from =1 1-1/2 inch feeder at
approximately 50 to 60 degrees Fahrenheit and at 60 pounds
per square "inch pressure. The water flow was set by the
globe valve (30) or for low flows and very accurate ad-
Justments by the needle valve (29).

The water was metered by e 1 inch rotary meter (51)
manufactured by the Netional lMeter Company, New York City.
It could be read directly to O~Ol cubic feet and estimated
to 0.0025 Cublc feet if necessary. |

In order to minimize any pulsations due to the meter

“in the water flow a "Hydraulic Equglizer" (32) was placed
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invthe line immediately after the meter. It was constructed
‘0of a 20 inch length of 10 inch pipe and provided with
petcocks (33) and (34) to drain the watei and release the
air respectively.

From the "Hydraulic Equelizer" the water passed to a
water heater (35) to enable the tower to be kept at constant
temperature., The temperature taken as the fixed value for
the data obtained was 68 degrees Fahrenheit or 20 degrees
Qentigrade.

The water hester consisted of 48-1/4 inch copper tﬁbesf
»29'igch§§£long soldered into headers in e & inch bress pipe.‘
1 fh;~ﬁea§;5 was pleced in & vertical positioh and heatédibéi"
wet steam at 40 pounds per squere inch which entered at the
bottom parallel to the direction of water flow. Thus the
tower water, in the copper tubes, was surrounded by the
steamvcondenséte which overflowed at the top of the heater
and discharged through the "water level device"™ to the
- sewer. Steam feed was controlled by & 1/2 inch globe valve
(36). This heater gave exellent control within 1 degree
Fahrenheit. The temperature was measured by a thermometer
(38) placed just after the water heater.

After leaving the heater the water goes to a 3 way
valve (39) where it may be directed either to the tower or
may be shunted to the sewer while maintaining the flow of

water through the heater. Thig feature is of especial value
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in tower hold-up determinations and in successive rung at
the same water velocity because then it is not necessary
to readjust the steam setting for the water heater when
flow to the tower is stopped.

The constancy and ingtanteaneous value of the water
rate was also checked by two orifices in parallel (40) and
(41) each of which had a manometer across it; From here
the water passed to the top of the tower where it entered
the pressure sprays and ﬁas sprayed into the tower.

The carrier gas used was compresséd air., It was de-~
livered by the compresgsor to.storage at 60 poundgjﬁgg o
gsquare inch and reduced to 45 pounds per saguare incﬁ be-
fore delivery at globe valve (l). From here the pressure
was again reduced by a 1/2 inch Cash Reducing'vaive (3) to
10 pounds per square inch. The line then went to a small
storage tank (5)”t6 smooth out ;ine pressure flﬁcfuatiogs;
The low pressure air was fed to;the tower through a 1 inch
line;passing first to the control valves, a 1 inch globe
velve (6) in parallel with a 1/4 inch needle valve for
vernier control. The instantaneous,air rate . and the con-
spancy_of flqw.weré measured by an orifice (8) in the line.

The carbon dioxide used was obbained in 50 pound
cylinders (9). Immediately‘aften leaving the cylinder it

was heated at tank pressure in a geamless steel tube (10)
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wrapped with & solder sweated copper steam coil before pass4
ing to a 3/8 inch reducing vealve (1ll) where its presSure.
was reduced to 50 pounds per square inch as indicated on a
300 pound gauge (12). This heater prevented the freezing
of the reducino valve and its plugging by dry ice formation.
The carbon dioxide was then cooled in a long spiral of 1/4
inch copper tubing, to room temperature before going to the
needle valve (l4) for delivery to the tower. The instan-
taneous cerbon dioxide raye ag@ the constancy of flow were
meésured‘b§ éh’diifice:(lS) iﬁ the line.

The air and carbon dioxide mixture were passed through
the gas meter (16) The gas meter was of the bellows type
made by the Equitgble lleter Company, Pittsburg, Pennsylvanis
and was caﬁébie'of‘beihgiread directly to 0.05 cubic feet
and estiﬁated to 0.01 cubic feet. Between the gas meter and
the tower was inserted & 1 inch quick acting valve (17) so.
that'gas flow to the.tower could be interrupted instan-
teneously if desired. A pet cock (19) was also provided to
allow for water drainage in case the tower should £ill up
and force water into the gas line.

It was found that when the gas flow to the tower was
gtopped suddenly by closing the quick acting valve, the
increase in pressﬁre which followed emptiéd the manometer

liquids. Also, sincé carbon dioxide was fed in at 50 pounds
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per square inch and air &t 15 pounds per square inch, if left
statically connected, carbon dioxide would flow back into the
air line not only wasting carbon dioxide but contaminating
the air supply and effecting subsequent gas'compositions.

To offset this difficulty & mercury release valve (22) was
designed. It conéisted of an outer housing mede of a 26

inch section of 1/2 inch.pipe capped at the lower end and
coupled at the upper end to a 6 inch section of 1-1/2 inch
piﬁe which was capped in turn., This housing was filled with
mercury, end & 1/4 inch copper tube connected to .the gas
line aheed of the gas meter was immersed in the mercury so
that it would blow off at is‘pﬁunds'per aqﬁghe“iﬁcg. ;Thi§
took care of the pressure'increase incident to the closing
of the quick acting velve and subsequent legkagé throﬁgh;

the reducing valves. '

The analysis methods which were used necéssitated con=-
tinuous, steady sampling of the gas under a slight positive
pressure and free from entrained water vapor. These
limitations coupled with the desirability of having a
truly representative sample made the problem of & proper
gsampling installation an importanﬁ one.

The previous tower used in 1932-33 had sampling tubes
‘ingerted in the vapor space a few inches above and below .
the packing. However, this method introduces the serious

question of end effect, and the problem of determining the
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amount of fhis variable is in itself & separate problem in
absorption and should, 1f possible, be avoided. For thig
reason the tower was equipped with two sampling tubes (45)
ingerted directly in the packing at guitable diétanees from
the ends es shown on the schematié drawing. They consist
of 5/6 inch pipe passing from the wall to the center of the
tower where they expaﬁd into 1/2 inch elbows which are
turned down to prevent the entrance of water into the lines.
The expansion effect reduces the sampling velocity at the
inlet of the sampling tube and minimizes entrainment. The -
_tower was operated at a constant pressure of 32 inches of
mercury, providing sufficient pressure head for?the,:
saméling. The external connéctions of the sampling lines
vere of 1/4 inch copper tubing connected into pet cocks
(50) and thence to the absorption cells. In order to in-
sure that the gas being analyzed was representative of that
in the tower and nﬁt stagnant gas in the sampling lines
which might:be of entirely different composition due to the
length of the lines, bleeding pet cocks were provided be-
fore the absorption cells. Thege kept the sampling lines
well flushed at all times. The pinch clamps (51) were for
regulation of the gas sampling velocity to the gas ab-
sorption cells. Tower pressure drop was measured by a

manometer (46) across the top and bottom sampling connections.
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GAS ANALYSIS

In the University of Cincinnati Thesis (1932-33) on
"Gagseous Absorption Phenomena' Roge and Bradt pointed out the
absolute necesgity for accurate gas analysis due to the
nature of the theoretical expressions for materiel trans-
fer through films. It was shown that an error of one per-
cent in the value of the ges analysis might produce an
error of 20 to 60 percent in compuxatidns for certain ranges
of absorption.  When the problem was- first studied it was
found that the various known methods of analyzing for cearbon
dioxide could be clagsified as follows;i:?l'j' i

(1) Gravimetric Methods.

(a) Carbon dioxide absorbed in strong solutions
or solid absorbents of alkali dispersed on
asbestos fibers and the increase in weight
determined.

(vb) Carbon dioxide absorbed in diluted solutions
of sodium hydroxide or potassium hydroxide
and weighed as carbonate. '

(c) Carbon dioxide absorbed in strong barium
hydroxide end weighed as carbonate or con-
verfed to barium sulphate.

(2) Titrimetric lMethods.

(2) Carbon dioxide dissolved in dilute sodium
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hydroxide or potassium hydroxide and de-
termined by double titration with phenolphthalein
and methyl orange as indicators.

(b) Carbon dioxide absorbed in barium hydroxide
end titrated directly.

(c) Carbon dioxide absorbed in sodium hydroxide,
an excess of barium chloride added and the
excess alkali titratéd.

(d) Carbon dioxide absorbed in strong barium
hydroxide, the precipitatefiltered, washed,

. @issolved in standard acid and back titrated.
(3) Gasoﬁetfic Methods.

.+~ (a) Cerbon dioxide dissolved in strong alkali
and deorease in volume read;Aor dissolved
and regenerated by excesg acid and volume of
carbon dioxide read.

(b) By manometric methodf carbon dioxide dis-
solved at constant volume and decrease in
pressﬁre noted.

(4) Electrometric Methods.

(a) Electrolytic registance: carbon dioxi&e ab-
sorbed in standerd alkeli end electrolytic
conduetivity measured.

(b} Thermal conductivity: resistance of‘wire
heated by a constant current varies with the

composition  of the enclosing atmosphere due to
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veriation in thermal conductivity of the gase.

(5) Colorimetric lMethod.

Carbon dioxide absorbed in a golution of the

sodium salt of phenolphthalein and its con-

centration indicated by the resulting color.

Of all the above methods it seemed that the directly

titrated barium hydroxide method was by far the most suit-
able, accurate and convenient., It is clean cut and rapid
and therefore very suitable for work in which a great
number of sucessive determinations must be made. It may
also be easily adapted to the problem of taking a conp
tinuous comnosite analysis of a flowing gas stream over
a period of-time. ,mhis tyne of analysis weas necessary be-
cétserthe towér ﬁés operated for a 15 minute period at
eonstant values of the variables so that absorption data
might be teken. | ) '

. The deteils of the unit used are best shown in the
diagram (Fige. 10). It is unnecegsary to discuss the de-
tails involved in the design. The unit was designed for
tenth normal barium hydroxide operating continuously at &

sempling rate of 150 c.c. per minute of a gas containing

approximately ten percent?carbon dioxide. The apveratus has

been tested for absorption efficiency by connecting two of
cells in series. At 150 c.c. per minute there is no de-

tectable leak of carbon dioxide past the cell until over

the
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95 percent of the barium hydroxide is used up. The cells
~were never used past 80 percent of the barium hydroxide used
up. The absorbers have & capacity of 200 c.c. of fenth
normal barium hydroxide equivalent to an absorption
capacity of 224 c.c. of carbon dioxide at S.T.P. The units
were febricated from Pyrex Glass by the Scientific Glass
Apperatus Company, Vineland, New Jerseye.

The inert gas leaving the absorbers was metered by
Sargent Wet Test Meters which could be read directly to
0.001 cubic feet and estimated to 0.00025 cubic feet. ‘The-
me terg were provided with thermometers for recording the

temperature at which the gas wes being meféreﬁ;,
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PROCEDURE

The correct procedure for meking an experimental ab-
sorption run on ﬁhe tower is as follows: Adjust the water
rate to the desired value by timing it on the water meter with
a"stop watch. Adjust the steamAvalve for a temperature of
68 degreés Fehrenheit., Set the gas and carbon dioxide valves
to the desiﬁed value of gas flow by means of the manometers
which have been previously calibrated. Adjust the "water
level device" and the exit gas valve so that the total
absolute pﬁessure in the tower ié 32'ihches of mercﬁiy and
the water in the sight gless shows that’its level is some- =
‘where in the water reservoir. Open tﬁe bleeding stép cocks
on the gas sampling tubes so that a fresh sample of gas is
alweys in the lines. After the tower has ettained steady
conditions, a minimum of 15 minutes, the run is started and
allowed to continue for 15 minutes. The following data
are taken: water meter readings before and after 15 minute
run, gas meter readings, readings on the wet test meters
for both inlet and outlet tower gas, c.c. of HCl used for
back titrating the barium hydroxide, pressure drop across
the tower and temperature.

The correct procedure for the analysis unit is as
follows: Pipette 200 c.c. of the tenth normal barium

hydroxide into each absorber and put the stopper in place



tightly. Now'take the initial reading on the wet test
meters, first making sure that the meter is full of water,
Read both volume and temperature to note whether the tem-
perature changes during the run. Next open the bleeding
stop cocks to the absorbers and adjust the pinch clamps so
that the sampling rate is not over 150 c¢.c. per minute.

Stop the sampling before 80 percent of the barium hydroxide
is used up. As soon as sempling is stopped read the wet test
meters volume and temperature, Drain the barium hydroxide
barium carbonate sblution from the absorbers and rinse well
with distilled water cetching the washings with the rest of
the solution. Titrate the excess barium hydroxide with
tenth normel HCl using pgenélphthg‘le__iﬁ' as indicator. This
procedure will give unifébm‘and dbngistént fésﬁlts capable of
an accuracy of about 0.15:percent of the carbon dioxide de-
termined.

The correct procedure for making a run on tower hold-
up is as follows: Set the water and gas rates and temper-
ature as in an absérption run. When steady conditions have
attained in the toﬁeb shut off the inlet and outlet water
and inlet gas simultaneously, by meaﬁs of the gquick acting
valves, noting at the same time the level of the water in
'the sight glass. Drain the wéter off the packing and 6ut
of the bottom reservoir until the level in the sight glass
is the same ag before shutting off the quick acting valves.
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After allowing the tower to drain for 5 minutes (this gives
consistent results with 98 percent or more of the water

drained) the water is weighed to determine tower hold-up.
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TABLE OF SYMBOLS

Area of cross section of tower.

Conductivity of transfer path; defined as the volume
of solute, measured at tower conditions, transferred
per unit time per wnit area of solvent surface ver A

wnit concentration driving force.

Fracotionel volume content of soluble constituent in

the gas stream at-any point in the tower.

Fractional volume solute concentration in the inlet gase
Fractional volume solute concentration in the eiit gas.
Absorption efficiency; defined as the rationofisolnte .
absorbed to the total solute introduced into the tower.

. Solution or saturation"efficiencj; defined as the

ratio of eoiute concentration in the exit liquid to the

maximunmtheoretlcal evit liquld solute concentratlon.

" Solute volume concentration of the liquld which is in

equillbrium with. a gas of eolute volume concentration

c-tmm e~cH.’

‘Fraction of free space or ‘voids in the tower.

Concentration driving force of the solute which

w accomplighes absorption.

Gas volume velocity et any n01nt in the tower. (cu. ft. .

:_per min.)

Gas volumefvelocity of the carrier or‘inerttgae et any

é‘:point'in tne_tower;:(cu.:ft;"per min.)
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TABLE OF SYMBOLS (continued)

Ges volume velocity of the gases being fed to the tower.
(cu. Tt. per min,)
Gas volume velocity of the gases leaving the to:er.

(cu. ft. per min.)

Apparent lineal veloclty of the gases leaving the tower;

Goa= G2
AT ‘

Henry's coefficient; defined as the volume of solute,
measured at partial pressure ¢ soluble in a unlt volume
of liquid in equilibrium wvith gas of soluﬁe partial
pressure c. . - 4
Packing coefficient; ﬁefiued:asifhe»trausfer surface
presented per unit volume of dry packed tower.

Constent depending on the type of materials used.

Length of backed tower.

Pressure drop per foot length of tower, (inches of Hg)
Solute concentration of liquid at any point mithiu

the tower volume of gas, megsured at tower conditionsg

at the 901nt in question, dissolved in a unit volume of

absorbent.

‘Actusl surface: presented for solute transfer.

Flou ratio (Gi/v), ratio of inert gas volume velocity

toAthe,liquid volume velocity.
Flow ratio at the tower. bottom (G /y)



5t.

' TABLE OF SYMBOLS (continued)

R, TFlow ratio at the tower top (Gz/y) o
Liquid volume velocity through the tower. (cu. f£t. per min.)
Ve Apperent lineel liquid velocity through the tower. .

(ft. per min.) o o
W  Volume of liguid held up per cubic foot of packing.
,'(cu. £t./cu. .ft.) |
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THEORY
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THECRY

The essumptions which were made in the derivation of
the fundamental absorption equatioﬁ ere ag follows:

(1) "During operation, all factors on any chosen plane
within the tower are constant. This assumption embraces
geveral dependent assumptions, viz.,

() The tempereature and pressure throughout the
tower are kept wniform and constant.

(b) The flow rate per unit area and the com-
pogition of the two flulds at any area on a given plane
remain constent during the perlod of operation.:

(c) The area of interface for solute transfer
per unit packed volume»of¥ﬁdwe¥'is éveryWheré the same'
througho&t the tower.

(d) The conduéti&ify‘bf-ﬁhe fréhgfer,pafh;-de4:
‘fined es the amount of solute transferred per unit time
per‘ugit'area of solvent surface per unit coneentratién
driving force, is constant throughout the tower,"*

(2) "The vapor pressure of ‘the scrubbing liquid is
small and is of negligible cheracter . "*

(3) "The carrier gas is inert, that ié, its solubility
2'in the extréctob'is zero,w* '

(4) "The system obeys Henry's Iaw."™™

In an 1ndustr1&l tower -operating at constant rates of

. * Garber (47)
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flow & true steady state is always obtained. In an in-
dustrialvtower also the temperature and pressure, once con-
stant conditions have. obtained, are essentially constant.
.Thig. does not imply that temperature does not effect ab-
sorntion but merely that, for a given towsr operating at
constant conditions, there is a definite fairly~constant
temperature obtained. Temperature would influence ab-
 sorption to a marked extent. At higherxremperatures there
would‘be_less solubility of the gas in the liquid and the
Afanor pressure’of the liquid would also be increased so that
the gas would carry with it an appreciable amount of solvent
vanor. In opnos1tion to this the viscosities of the fluids
are decreased the thickness of films are decreased and thus
“ithe conductlvity of the transfer path increases considerably;
Distribution of the liquid phasge throughout the- tower is
a very 1mportant item.; It has been shown by Ilrschbaum,r
Scott Lermen and other investigators that the ligquid does’
not distribute itself evenly throughout the towver. They
have shown.that ‘the liquld tends to build up along the
tower. walls once 1t hlts there. This gives the same effect
as uging less Water than ig actually used or of decreasing

the effective volume of the tower. However, the derivation

" of the equation aSsumes even distribution of the liquid

~ throughout the cross section of the tower. Sinee‘uheven
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distribution greatly decreases the efficiency of a tower
steps will be taken to make for even distribution in towers
in the future. |

In the derivation of the general absorption equation
C is agsumed to be a constant for each spécific case. This
is true for most indﬁstrial towefs operatiﬁg at coﬁstant
conditions., However, C is not a constant but same.unknown
function of densities, viscosities, fluid velocities, etc.
Since, for a perticular tower operating at constant con-
ditions these variables are at the moméht qonstént, Cc
;s;qpnstant. The conducﬁivity, however, will increase as
fiuid velocities increase because of the decrease in £ilm
. thickness and aiffusional resiéténce'and the increase in
furbulénce and intimacy of contact. Because of present
.ignorance as to hqw‘theéevvariables affect the conductivity
ié‘éégﬁot be~expressed ésfﬁ function of them and must be
treated as-a éonstant during integration Of the eQﬁétibn.'
However, as expleined above for industriel towers operating
at constant conditions C is a éonstant and the equation will .
hold. | St

Tpe assumption that'tﬁe vapor:ﬁréésure of:ﬁﬂé:liQuid is
smell and negligeble is justified in the case of absorption
" where the gases have veﬁy:low Héats of solution; If the heét
of solution is high the £¢mgerature and con§équently vapor

‘pressure of the liquid increases and in this cage appreciable
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}amounts of liquid would be‘carriéd out the tower top. How-

| ever, for geses having low or negligable heats of solution with

the to&ér operating at constantvﬁemperature and the gas be-
ing satuﬁated with the liquid before entering the tower,
there will be negligable amounts of liguid carried out the
tpwer top.
| The essunption that the solubillty of the carrier or ‘

inert gas in the liquid is zero is not a bad one. The errar.
~;which thls assumntion introduces is & function of the amount
of carrier orlginally in the liquid. If the liquid is
_Asaturated W1th resnect to the carrier gas before it enters
| the towe; the error due to this assumption 1is negligable.

) Henry s law like most of the physical laws of so-
 lut1on is not exact except in very dilute solutions. How-
ever, it holds within 3 percent for many gases and it is
for theée gases that the equation will strictly apply. If
Henry's coefficient varies-with the concentration of the
solute in the solution the assumption may be made that thé
variation is linear and the average value of the coefficient
may be used. ‘

The main steps of Garber's original derivation are as
follows: .
Starting with a material balance over an infinitesimal

area of tower the'following equation will hold:
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(1) -dG=-d(Ge)=KfCas

B This states that the change in gas volume, or absorption,

1is proportional to the conductivity of the transfer path,
the surface presented and the concentration driving force
causing solute transfer from the gas to the liquid. It is
a modifled Ohms Taw. ’
The gas volume velocity at any point in the tower‘is

expressed by

G=GL
1-c
and
(2) daG=Gi _\_dc . .
| (l-C) ' ‘

Thls implies that the inert gas is 1nsoluble in the
liquid, assumption (5). _ ‘

The solute driV1ng force C&USLng absorption may next
be evaluated in terms of the varlables affecting it. The |
initial driving force causing solution for pure liqnld in
contact with gas of concentration ¢c is c. However as so-
A_lutlon of the gag into the liquid takes place this dr1V1ng
force 1s lessened due to the tendency of the gas to escape
from“the liquid. This esceping tendency is given by r/H.and
an& thus thevsolute.drivingvforce being the"difference‘be-
tween solution and escaping tendency is:

(3) f=c- r
H
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ror saturated solutions, the equilibrium concentratlon-

3
~ of gases above the liquid is f{—:e:c, and thus £=o0.

A solute balance from the tower top to any point with-
. in the tower gives:

V(r-r) = G-G. = fi- &

|—< /"'Coa

For fresh liquid always being fed to the tower ro,= o0 and,
r.__ 64-("""‘2) - _R;a_(f__“iz_}_ -
V(=< Xi~<2) (1= _
- Insertion of this value of »r 1nto equation (3) gives:
f,_ < (I-c)-Z (< -<2) - _
I—< - e -
The transfer surface dS, may.be replaced by its equiv-

alent dS J&dL.

Substitution of the expresswns i‘or ae, £, and dS into
equation gives: ) : o
(1] -dc = MJL‘ ,"
E/—,cj[:c(l—,c)-z (< ‘42)) - G

Integration of this "eq_ua‘.tion between L=L and IL=0 and

¢y and Co by means of the standard form found in Pierces

Table of Integrals gives the general absorption equetion.

' 2
(4) —-3KCTAL _izn ‘l(/‘él)'f(&l‘»cg) [—<>
-———-——6_2 = R Ca(I-2) =y
| Z+l
— N1 4202 |
e<, +(f.-/) \ﬁ?-/) +#Zco L 2<a +@-0+\[E-Fr4z< @0

262 +(2-D— V(Z P+ 4ZEc2 "2 +(Z-D t)z- l)z+4zoz

It can-readily be seen that this equation is too long
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and cumbersome ﬁo lend itself to engineering calculations
so that for practical use éome manner of simplification must
be found. After trying numerous simplifying aSsumptions the
'following was found to involve the least approximations and
to give the simplest equation.

Expanding the above equation and writing it as the sum

of three log terms gives:

(4)
-2KCJAL (1~ c)-Z(er<2) s
HV ,&1[ <Ca(1-<2) J +2'Z’z[/ Ll] +

21l g foerC M ET L | pcrse-dNETriZE
e V'W 2e#EDVEIprAz< |

Since the terms in the second bracket of the third log
term are all addltive and since they, in order do not differ
much from each other except as cg differs from c,, the
numerator is practically equal :to the denominator for all
values of cq and Co actually encountered in operating obn-
‘ditions.

Mi It caﬁ be seen by inspecting this term that the num-
erator will differ from the denominator most for low values.
of Rg and where cp and ¢, are as far apéﬁ$1as pdséible.  |

= ,_ ,
© Using & set of data where Ry is low and where cy is far

from ¢, and evaluating the "term will serve to show how close

the.numérétor eand denominator actually are.
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Z=213; <,=983; <:=598

2<etEDVETH42<” 25896
2y tE VY (7= )7 +4Z <z 2,6666

= 0.974

¥hen inverted this becomes 1.026
Cn teking the ln and multinlying by the quantity in -
front of the 1ln, Z+1

W§+f}424a

gives for the reo'ular term" -0.06

=234

and for the 1nverted. term 0.06

Whe KCJ for this value is 0,931 and the error in XKCJ

 0.06+0.06
04931

The maxinum erro:., introduced then, by 1nvert1ng this

‘=.15 f’t‘oo low

part of the ln term 1s 13 and it will tend to make KCJ
alvzays too low. Slnce the numerator and denominator are )
practically equal the. bracket may be inverted. If now,
 the two brackets be multiplied together and the results
simplified the third term of the absorption equatibn will Dbe:

, .' Z + I- - ’%[L,(/‘C:) —Z(C/ “nféj
_ V(Z“ V+42 <z <g(1-<2)" .

But the expression here within the log is the same as

the first log te::m, so that combinlng terms gives- |

VE=2+42<2' 424z | | <ali~<2) [~<;

(5) aKCJ'AL [2+ Z+l ~»}£”l2,(/—cz) - 2(< Ce)]+2jn /- 42] |
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Re ./

-

Working on the term, - 2]
(- =

in order to gsimplify

it and letting,-%:Z we have:

Z+1

V6502+4242

By expanding the term under the radical, adding and

subtracting 4Z, recombining terms, and taking the quantity

(Z+1) outside the radical the term becomes:

(6) ’
V/ AZ(1-<D
. (Z+1?

Slnce cz is always very small compared. to 1 it may be
neclected in the term (l—cz) in the denominator of the log
term :in (5) with very little error.

The error introduced by melklng this assumption will be

shown’ here. The e\:nression may be written asg follovs~

/&4 -,c,(l—-.c,)—?:(crca). . /&4@-42)

<z

Obv:.ously the greatest error will be introduced wb.en
IC/(/"'CI) 2(‘1’63) ,

. Cpg is. large and: the expression 1n: < —~1ig small.

: Taking & set of data where this condition prevalls and
evaluating the express:Lons will serve to show the meximum

error attained by assuning (l-—cz) = l.



62.

Z=59.0; ;=930 ; «<2=9.20
—hn(I-c))= +0.097
A, cllme)-2leD __0g

<2

The error then is 0.097 _ 7‘6%‘too high,
: 2 '

The meximum erfor,.introdueed then by assuming

(lécé)='l isk7 6% and it will tend to make KCJ always oo

high. Also, snnce cl 1s nearly equal to Co in most cases

the term 2 ln l-clen (5) may be’ neglected except where 02:

is qulte dlfferent from cl J;<g icb%}‘.:‘ﬂ:_' :

In the case of dro in the ex ression 2 1n l‘°2 the
pping D ﬂT1T‘

largest error will develop when °2 dlffers mogt from °l’

Taking a set of date where this condition prevails

and evaluating the expression will serve to show the largest

error obtained here.
°l= 8.91; 02=6.4’7

2 1n 1-¢2 _ . 055
l—cl

The KCJ for thisg data point is 0.785 and the error
in KCJ 1is 9.%%%. 7% too high. Therefore, the errar in

L]

dropning 2 1n (1=¢€2) will always tend to.-make KCJ too hlgh.

l"bl
In order to show Aow these errors concel two setg of
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data for widely separated conditions will be calculated:

(1) Run #2-5-2 (2) Run #1-1-4
Rp=2.18, c,=9.83; c,=5.98 Rp = 12.97, ¢y =10.07, cg =9.38
H .
KCJI= 0.931 ' KCJ = 0.390
Z+l 5 2ce *'(2‘/)*@?0%4242-]:
@T'ﬁ‘*i‘(«t ZJC""(Z"‘/D'PV(Z_D‘&MZQJ
2.5896  _ . -l6n241076= .
224 1n 2.6666 9,,‘06 Lo s 24,1714 0
. J06x2 0
. Error= m 13‘”‘9 rlmy o Errqfc ‘_ 0.59’0 01 low
- 1n (1-c2)= 0.004 - In (l~cg) *0 099
) (I-c,)—Z[cl-Ca)
' €2 o
2.20 | 4.44
. . . _ 0.099
. Error= .g%%-: 4.3% high . Error"» %—E—i—?g.z-o high
w l=0 . | : l-cC
2 1ln 2 =0.084 . 2 ln 2 _ 0.021
l-cy . 1l-c;

Error-g 82]4_“9 0% hlgh

- Total error in KCJ=0. 36{ high Total error in KCJ=7.6% high
'Maklng these s:.mpl:.f:.catlons, substitutn_ng in (6) above and
- inverting the term ins:.de the log to take care of the - s:Lgn ;
. gives the General Absorption Equatlon°'
( KC‘] ~2AL. [l * ZZ(-%<2) ',@nl..c,(/-c:) 2(61”42)

_ / CEWE
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The sign befare the radical above depends upon the value
of 2. If Z is lerger than i the sign is positive. If Z is
less than 1 the sign is negative., This may be proved by go-
ing back to Garber's differential equation and finding the
part from which the radicel originated. Upon extracting the
root of this part of the equation the signs of the radical

become obvious.

Garber (47) says, "The absorption efficiency of a
tower may be defined as the ratio of the amount of solute
ébsbrbed in the liquid compared to the amount of total |

solute enteringrthe tower.n
‘Q L A‘—‘z -
(8) Ed = (<)
' He defines saturation efficiency as the ratio of

solqte concentration in the exit liquid to the maximum

theoretical exit liquid solute concentration.

=. R ‘ = / < L2

These above equations (7), (8), and (9) were used

dlrectly in computing 2ll derived absorptlon data.

In industriel towers where recovery of golute is of
prime importance, the more concentrated the exit liquid is
with respect to the solute, the more perféct'iaythe op-

eration of the tower. In the perfect tower far securing
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saturated exit liquid, the flow rates would be regulated so
that the driving force causing solubtion would become zefp
Just as the liquid reaches the tower bottom. Such a con-
dition is equivalent to requiring the exit liquid to be sat-
urated with solute and in equilibrium with & gas whose so-
lute composition is Cqe In the actual tower the driving
force never vanishes but may be made to approach zero as a
‘-limit. In orde: to make this driving force as low as
p;ssiblgfénd at the same time make the absorption efficiency
as“high as possible low fiow rates‘br very long towers must

be used.

be improved by 1ncrea31ng Rz/H to a2 maximum of 1nfinity. On
the other hand, if the saturation efflclency,Es, is unim-
nortant ,E£a may be 1mproved by decreesing RE/H t0 a minimum of

zero. Thls 1s to say that high saturatlon effieienc1es are.

*robtalned when the llquid flow is very small as compared ‘to -

the gas flow, and high absorption eff101encmes when the gas
flow is small as compared to the llquid flow. ' 7

In d631gning an 1ndustrial tower the inlet and outlet B
gas cgncentraglons are usuallv known. l”hese~f1x the ab- H
éorption éffidieﬁcy. Then for any desired satLratlon
;efficlency the flow ratlo Rz, may*be calculated. Houever
this does not glve the 1ndiV1aual values of either the gas’;

or 11quid flow,

If the absorptlon efllclency, Ea, is unimoortant Es, ‘may f,;ffi
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It vwill be shown how to celculate these individual flow
rates based on experimental data in another section of this

thesis.



GENERATIZED RESULTS AND CURVES
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<
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- TOWER HOLD-UP

"Power hold-up is defined as the weight of solvent
held up, et any instant, on the packing of the tower, under
actual operating conditions. It 1s determined by shutting
off all the flows and weighing the liquid which drips from
the packing in & specified, sufficient time. It would,
therefore, be a.fﬁnction,of the vigscosity end density of the
eolvent. Furthermofe, due to the effect of temperature on
the two properties @entioned, it would also be dependent
vupon-temperature. ﬁut for a giveﬁ tower, with a given
"éolvent flowing over a fixed amount of packing at some fixed
temperature, tower hold-up would be merely a funetion of the
rates of flow of the two fluids in the tower. Such were |
the conditlons under which these experiments were ran. Wk

‘ Tower hold-up is 1mportant becauge it gives the

noint of tower loading and flooding. The point of loadi@g
will be where the logarithmlc tower hold-up vs..liquid
velocity begins to deviate from & straight line. The flood- -
ing point will be ﬁhere the same curve turns sharply upward.

The surface presented by the.packing under any flow con-
ditions will be given by the dry surface multiplied by some
- function of the hold-up. . Before exact expressioné for the

vacking surface under.operating'conditions=ean‘be developed

* Bradt and Rose (46])
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this function muét be determined. Until then the dry pack-
ing surface,J, will have to be used and any variation due to
old-up will have to be absorbed by the absorption co-
efficient,Ce.
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TOWER HOLD-UP vs. APPARENT VELOCITY

Curves 1 and 2 show that tower hold-up is independent of
gas velocity and dependent only on liquidAvelocityfup to
tower loading. At- or above loading more water than is
theoretlcally called for is held up due to the gas actually
hold ing back .some of the water in the form of ripples which
adhere to the packing. The points of loading are where the
curves fbﬁ*thé”given“highef ges féiocities begin to deviate
from the curve for very low gas velocity. For the Jack Pack-r
ing both with and w1thout distributors, the tower begins to
load at & liquid velocity of 4 to 5 ft. per min., and the
highest attainable gas ye;pcity,“‘

Curve 3 shows that loadiné did not occur with the et
Packing at the highest gas and liquid velocities attainable,
Heré again the tower hola-up wes independent of gas velocify
and dependent only on liquid velocity. o

Curve 4 shows that loading did not occur with the Raschig
Rings. Here however, the gas and liquid velocities used were
amall as compared to those used for the Jack and Net Eacking
so-that the curve for Raschig Rings is not direcﬁly cOm-ﬁ
parable to'the others mentioned. Again however, tower hold-
 up was 1ndependent of gas velocity and dependent only on -

liquid velocity.

These curves show that for Jack Packing with and without
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distributors and for Raschig Rings the tower hold-up is
proportional to the 0.57 to 0.58 power of the liquid velocity.
This is interesting because it checks with the value 7/12= 0.583
thich Professor Tour found to be the power to which the quantity
of water flowing must be raised to give the thickness of a
turbulent film flowing down an inclined plane. Since the towe
hold-up is directly proportional %o the thickness of fiim, |
ﬁhé}chééking of these two vealues proves that the liquid is -
in turbulent flow over the packing in’theicase'of Jack Pack--
ing and Raschig Rings. ‘However, in the case of the Net Pack-
ing, (curve 3), the tower hold-up was found to be pro-~>; L
portional to the 0.68 power of the 1iquid velocity. |

The equations for tower hold7up fqr'the;vgnious,pgck; .

ings used are ag follows:

Jack Packing with Disﬁributors

W = 0.63 V%8 = 0,058,

Jack Packing without Distributors.

W= 0.56V%%® = 0,05/,

Net Packing without Distributors

W= 032V°8 - 0.039V,%%

Raschig Ring without Distributars

W=032V°7 = 0035V4
The higher value of the tower hold-up for Jack Pack-

057

ing with distributors over Jack Packing without dig-



tributors proves that the distributors did replenish the
-packing with the weter that ran to the tower walls and stay-

ed there until it was redistributed.
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PRESSURE DROP vs. APPARENT GAS VELOCITY

Curves 6, 7, and 8 show pressure drop along the tower
length plotted against ges velocity. White (43) found that
"the pressure drop in & tower is sunbstantially independent

of tower diameter if thé ratio of tower diameter to packing
diameter ié six or more. (In the tower used with the Jack

Packing this retio was 8 to 1.) He defined the loading

8l.

point of & column as the ges velocity at which, for a given

liquid‘rate, the logerithmic pressure velocity curve first

deviates from & slope of gpppoximately two. He defined the

flooding point as the gas velocity et which the same curve

turns abruptly almost vertically upwerd. He stated that

.

towers should operate just béidw 5E; load;égtpoihﬁ‘and'
certaihly below the flooding‘béint: '

In the curves shown the tower packed with. Jacks with
distributors shows & loading point at a gas velocity of 20
to 256 £t. per min. while the tower packed with Jacks with-
out distributors has not reached’the loading point at a gas

velocity of 50 ft. per min. This is because ip.the‘ibrmer'

cagse there is more water on the packing eand it is more evenly

distributed thus cutting down the chances of channeling. 1In

the Jack filled tower without distributors the water runs ¢
the walls and most of it remains there thus depleting the

supply on the packing. With less water on the packing ther

o

e
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is more free space and consequently less resigtance to the
gas flow. This condition was also notieed under tower hold-
up when it was shown that the Jaek filled tower with dis-
tributors held up more'water than the Jack filled tower with-
out distributors. O0f course, the‘Net Packed tower with its
large percentage of free volume ig not neer the ‘loading
point at the gas and liquid velocities attainable. ”he Jack
filled towei with distributors should then according to White
run most efficiently at a gas velOCity somewhere below 20 u,
ft. per min. The Jaok filled tower without distributors isg
-uncertain but will probably run most, efficiently somewhere
below 50 ft. ner ‘min, (The pressure drop vs. gas velocity
curves at the highesfwater velocities showwsigns of chang-
ing slope at about SO‘ft.éoi gas»pé:’pin.)) The Net packed.
tower shows no sign of loading so;it probably hes not reach-

ed & point of maximum efficiency.

Note: All gas velocities plotted are apparent gas velocities
i.e. G2a==G2 and that ell water velocities are apparent

AF |
water velocities i.e. Va=Y_.

AF
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ABSORPTION COEFFICIENT vs. APPARENT GAS VELOCITY

Curves 9, 10 and 11 show C (absorption coefficient)
.plétted against gas velocity. It may be seen that as the
gas velocity}increases there is an increase in C to & max-
imum and then a gradual decrease in C. In the case of the
Jack filled tower with distributors this maximum occurs at
a low gas velocity, i,e. 7 to 9 £t. per min. whereas in the
‘Jack filled tower without distributors the maximum occurs at
a gas velocity of abqﬁ_.t 22 to 28 ft. Per min. The reason -
for the early maximum in the former case is that the dis-
tributors keep most of the water on the packing and thereal
is thus a very intimate contact between gas and liquid.
This would seem to indicate that towers using distributors ﬂ
should be of greater cross gsection and of lesser heighykthan
towers of phe saﬁe volume not using distributors. The data
indicates that for maximum efficiéncy the ﬁower using dis-
tributors ghould be about 3 times the cross section and 1/3'
the helght of a tower of the same volume operating wlthout
dlstrlbuxors. In other words the tower using distrlhutors
should haeve been about 18 inches in diameter and 3 feet high
- in order to handle the same volume of gas as the 10 inch h
‘diameter and 10 feet high tower operating without dis-
tributors., These dimensions are not meant to be quantitative
but are given so that the reader may get an idea quentitatively

of a qualitative generalization.



The Net packed tower (curve 1ll) shows no maximum 7'Cs
but the shape of the curves indicate that it is to be ex—

pected at a gas velocity of about 36 f£t. per min.

874

Qualitatively everything that was predicted in the discussion

of pressure drop vs. gas velocity (curves 6,7 énﬁ 8 has been

borne out here. The Net Packing shows no sign of loading

and no maximum C for the gas rate used. The Jack Packing

with distributors shows a loading velocity of 7 to 9 ft. per

min. The Jack Packing without distributors loads at a
velocity of 50 ft. of gas per min. and has a meximun C at
a gas velocity of 22 to 28 ft. per min.

‘The valuevof;c was obtained from the general ab- -

<¢sorptlon equatlon (7) by substltutlng etoerlmental values

of cl, Co, Z H, V, A, L and agsuming X=1 and J constant.

K, mey be assumed equal to 1 because it is a constant | .

depending on the type of systém used. Since, throughout"

this work the system was carbon dioxide. water the constant,

K, will be assumed to be 1 and any veriation will thus be

thrown upon C.

J, is assumed constant and equal to the dry surface =

fpresented-by the packing. This is not strietiy true be-
cause with liquid flow;ng in turbulent flow over the pack-

~ ing the actual surface presented may be more or less than

E the dry surface. However for a maximum operating value of

C and Jack Dacklng the maximum amount of water hold-up by
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the packing is 15% of the total volume of the tower. How
much this will effect the transfer surface is hot known and
cannot be easily determined. As a first approximation then
it will be assumed}in this work that the transfer surface
is constant and equal to the dry surface presented by the

packing.
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ABSORPTIOKN COEFFICIENT vs. APPARENT LIQUID VELOCITY

Curves 12, 15, and 14 show C plotted against liquid
velocity. The curves for Jeck Paecking with end without
distributors show a maximum at a vélocity of about 6 ft. of
water per min. However, the datarfof'ldw gas,velocity on
the Jack Packing.without'distribufbré is so scattered that
nohattempt,wasrmade'to draw & curve through it. This
irregulérity is probably due to channeling of the gas giqqe .
the same thing does not hold true with distributors where =
there is even liquid distribution and thus little chence
for cﬁanheling. The Net Packing shows thé%*aﬁsbrptibﬁ ﬁéé
not reached a meximum with the flow rates attainable but
indications are that such & maximum may be iééqhed'gﬁ.a
liquid velocity of about 6 to 7 £t. per min. As mgy be
seen, especially with the Jack Packing without distributors,
the data for very low aﬁd;very high liguid velocities is out
6f line with the rest of the data. This is because of
channeling at the low liquid velocities and partial plugging
at the high liquid velocities. | |
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ABSORPTION EFFICIENCY vs. APPARENT RECIFPROCAL GAS VELOCIQX

Curves 15, 16 and 17 show the relationship between
ahsofption effiéiency and.rééiprdcal gas velocity. It will
be noted that in the case of Jack Packing with distributors
and;Net~Packing the curves are approximately straight'lines
throughout the range studied, with ebsorption efficiency
increasing with a decreasing gas velocity. In the casé of
Jack Packing without distributors where the ligquid is not

‘zevenly.distributed the curves are no'longer gtraight linés
and the efficiency is considerably leés at lower gas
i??iﬁelocitieé‘%han where there is even distribution. This is :
'due to éhanneling of the gas at low velocities., It will
beinétea also that where there is uneven distribution of the

5liquid phase the data for low liquid velocities is some-

what irregular,
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ABSORPTION EFFICIENCY vs. APPARENT LIQUID VELOCITY

Curves 18, 19 and 20 show the relationship between ab-
sorption efficiency and liquid velocity. 1In the two cases
_ of Jack Packing, the efficigncy reaches a maximum at &
l{quid felociﬁy of”apgroximately 10 £ft. per min. The
efficiency of:  the Net Packing did not reach & maximum but
indicetions are that & maximum Would have been reached at

a liquid velocity of 8 to 10 ft. per min. also.
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ABSORPTION EFFICIENCY vs. FLOW RATIOS

Curves 21, 22 and 23 show the relationship between
absorption efficienéy and ratio of liquid to gas velocity.
These plots show thaﬁ‘absorption efficiency is a function
of'v/G2 up to tower plugging.v

This function of absorption efficiency and V/Gs is
stated approximately as follows: |

Jack Packing with distributors:

() Ea=76(3)

' Jack Pecking without distributors:

e C e [V \ 088 ‘
9 Eq=350(%)

et Packing without distributors:

i)  Ea= 48

The values for V.= 7.7 £t. per min. do not. £2ll on
- ] a B

( _612_)0-8/

the curves for either case of Jack Paéking, because at this

© liquid velocity there is partial plugging of the tower. e

However, for Net Packing all points fall on the curve be-
géusefﬁhe ﬁoWer has nbt,as yet approached plugged con- 3

ditions.

[ 4 r'.i{_f o
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SUMMARY
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SUIMIIARY

Tower hold-up was investigated £rom very low liquid flows

up to partial tower plugging. For all values of 1iduid flow

" the hold-up was found to be ‘proportional to some,poWer of

the liquid velocity.; Where the flow is turbulent this

e~

nower—uas found to be 0.57 %o O 58 and where viscous, O 68, l;‘f?f;ti

\ These velues agree within 2% of the values found mathemat-

'*j‘ically by Drofessor Tour for flow of fluids down an in-

© clined plane. TFor Jacks and Rascnig.Rings, the flow5was

shown to be turbulent end for Net Packing, viscous.

Tower hold-up was found to he independent of gas
velocity up to the loading point cf the tower at which point
the liquid began to be held. bach(by the gas. After the load-
ing ooint is reached hold-up increases greatly With in-
creased gas rate,

Wor the same packing with and without distributors, the
hold-up was found to be more with the. distributors present
‘ Abec use they Lept the water from running down the walls in
& sheet by putting it back on the nacking at regular 1ntervals.

A Sllee engineering equation for absorption was ob—::
tained,from'Garbers more complex equation making:nse of
certain aptrbximations*and simplifications. The ebsorpticn
ccefficient,c, Was“calculated from the experimentel data
by meens of.this‘einétion*end the values of C plbttedlegainst

gas end liquid velocities. Also valucsrof absorption efficiency
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were calculeted aod olotted against verious functions of
gas and liquid velocitiese.

The C curves indicated that there is & meximum gas and
e maximum liquid velocity above which it is not feasible %o
operate. These values of gas. and liguid veloc;ty ere de-
pendent on the type of packing and the distribution of the
liquid phase, other things being constant. The experiments
show that‘When the liquid phese is evenlyodistributed:the
maximﬁm 3G is obtained withoa.leSSer volue of gas velocity
than vfheﬁ the 11@&1& pné.s‘é"is ar;evenly distributed. "This
shmws in a qualltatlve way that shorter towens of greater
cross section may be used uhere the llquld phase ‘ig evenly
distributed than.where it is not. '

‘ Distributors were shm&&'to have most effect aﬁ’low gas
and liquid veiocities because it is here that channeling is
mos t llkely to occur. Thls may ‘be seen by observ1ng how
erratlo the data is for low gas and ligquid flows. wlthout
distributors., At higher flom rates dlstributors are not so
'essentlal becouse the packing begins to get flooded wmth
'liquld and the rapid gas flow. Leens it well mixed eand dlS—
tributed fairly uniformly.
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APPLICATIONS
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APPLICATIONS

In-designing a tower for industrial ﬁse certain in-
formation'is usually known. This ﬁay be: |

.Case l. The volume of gas to be hapdled per unit.
time and its iﬁlet and outlet concentrations. |

Case 2. The volume oF gas to;ﬁe'heﬁﬁiedﬁéef‘ﬁnit,

time and its initial concentration and the desired conQ

centration of the exit liquld. » A. o

In cage 1, the absorptlon efficiency is 1mnortant and

is SPeleled by equation (8).Zse- ‘Kkﬁ;) The most

.economical gas veloclty w1ll be found by referrlng to the
curves of’absorptlon coefflclent vs. annarent gas: veloclty.
The gas velocity at which the absorption coefficient is a
moximum is the most economical gas velocity because a
maximum absorption coefficient meens & minimum volume of
tower and»thue5m1nihum initial cost. The free cross-sectional
aree of the tower is given by dividing the total volume of
gas to be handled per minute by the gas velocity obtained
from the C vs. Gg& curves. The true_cross section of the
tower is then equal to this free cross sectional area
divided by the fractional free volume of the packing. The

diameter of the tower, in feet, will be given by:

(12} ~_. _ v
0—2 —— = /3 Gea

TGeaF
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Where Gz 1s the most economical gas velocity as

~ obtained from the meximum of the C vs. GZa curves.

The flow ratio will be found by’reference to the Ea

VS. va/Gza curves oi‘empirical equations (L1a), (b), or (c}.
Jack Packing with Distributors
. - v
(11ea) £q= 76 (@)
Jack Packing without Distributors
' 0.88
(11b) Ea = 50(52) |
Net Packing without Distributors
. .8/
VA
(llc) Ea = 4'8( Ge -

Know1ng Ea the corresponding value of Va/Gzé can be

found and 31nce Gz is known Va is readily calculated. The}

value of J the surface presented by ‘the dry oacking per
cubic foot, will usually be available from handbooks or .

mey be easily approximated from the geometry of the nacking. o

 Also Henry!' s coefflcient is usually found in handbooks. A1l
the varlables in equation (7), the general absorption
equation, are now. known except L, the length of tower, Wthh

mey- be solved for dlreotly.

/\/Cf" 2AL [i @]%[1,1(1-01)3266,-4:)]
(At -




111.

In case 2, the saturation efficiency is important and is ,>
given by the ratio of the solute concentration degired in
the exit ligquid and the maximum theoretical exit liquid
'solute concentration.

The theoretical exit liquid solute concentration is
merely the concentration of the liquid when saturated when
the concentration of the solute in the vapor phaée above
_ the liquid is Cy. It's value can be found in handbooks
ob can be computed from the value of Henry's coefficient
for the solvent.and solute.

The values of Ro /u and Eg can be found by solving
equation (9) and empirical equation (lla), (b), or (c)

simultaneously.

(9) Es_ﬁfq-— /—«Cz ZEQ 2'1&2

Lift1-C0)

Subsﬁiﬁuﬁingvthe’value of Ea in equation (8), gives
the exit gas concentration directly.

The diamete; of the tower is found as before by ob-
taining thé most ecanomical gas velocity ffom the C vs.
Gog curves and substituting this value in equation (12).
Thekiengtﬁ of tower is found by means of equation (7) as |
before.

Similarly any proolem of aboorptlon tower design may
_be solved by means of equations (7), (8}, (9), (12),7
;'(lla), (b), or (c) depending unon the tyne of packlng used., _"
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The type of packiqg,aéide‘from distributional effects
changes the design of a tower in two ways. It changes'
first the value of.J, the dry packing surface per cubic
foot of tower, énd thus the total tower volume and second
"~ the value of the most economical gas velocity and thus the
tower'diameter;, |

‘The distributors increase the absorption coefficient
greatly at low gas andrliquid flows where there 1is a good
 chancé of chaﬁneling but have very little effect at'higher
flow rates. Distributors also shift the value of the max-
"imumiC; and thus the most economical gas velocity is changed.
Other things being the same distributors.will cause the
maximumn C, to be shifted to & lower gas velocity and the
diameter of the towsr will thus be increased. This in-
creased-diamefer ﬁill gerve to décrease the length in order
to keép the same tower volume and thus the same packing»
surface. However, it is more economical both from the
standpoint of iﬁitial cost and of opergtiﬁg‘coét to build .
& short fat tower than a long thin‘one. The ihitiél cost
of & short tower is less then a long one because less wall
material is used and because of its Greater stabllity, easge
of construction and'the nged of fewer gupports. Also smaller
bloﬁers, pumpg and»other:auxiliary equipment may ﬂe used

_ because of the smaller overall pressure dfops due both to
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decreased lineal velocities and to decreased tower height.
Also the liquid does not need to be pumped to as great a
height. Operating costs are cut down also because of the

gmeller egquipment used.
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Tower Holdfgg Data

Jack packing with distributors. Temperature 68° F.

HHold-up .
Gas velocity Vater velocity -~ cu.ft. water ..
ft./min. ft./min. per cu.ft. packing
3.12 0.623 . 0,0415
3.08 1.725 . 0.0803"
3.05 3.250 0.113
5.02 4.550 0.153
2.92 5.435 0.146
3.05 7.850 . 0.172
10.95 0.604 0.0401
10.93 1.686 0.0803
10.95 3.190 0.112
10.97 4.650 0.135
- 10.81 5.955 0.155
10.75 8.430 0.181
21.8 0.540 . 0.0401
21.7 1.782 0.0820
21.6 " 3,240 0.113
215 4.692 0.135
21.7  5.940 - 0.155

21.6 8.010 0.184
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Jack packing with distributors continued. Temperature 680 F.

4 Hold-up
Gas velocity Water velocity cu.ft. water
£t./min, ft./min. | per cu.ft. packing
B4.9 0.553 0.0415
34.9 1.693 0.0803
35.0 5.210 0.112
34.8 4.630 o 0.155
B4.7 . 6.030 0.156
34,5 8.453 ' 0.220
52.5 g 0.585 | 0.0401
52.3 1.810 - - 0.0820
52.3 ‘ 3.250 , o 0.113
52.0 4.655 0.135
52.5 - ¥ 5.900 | 0.155
50.5 8.270  0.229
60.3 0.566 0.0415
60.4 1.759 0.0820 )
60.3 5.276 0.115
60.5 4.710 0.138
60.6 6.150 0.172
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Jack pecking without distributors. Temperature 68° F.

Hold-up
Gas velocity tlater velocity - cu.ft.water
ft./min. - ft./min. per cu.ft. packing
2.74 0.598 0.0387
2.86 1.502 0.0629
2,93 3.180 0.100
2.99 4.720 0.119
2.99 6.070 0.142
3.02 7.960 0.156
9.79 0.610 0.0387
9.22 1.508 0.0645
9.15 5.260 - 0.100
8.39, 4.730 Q.120
8.26< . 6.300 0.144
8.26 7.85 0.161
21.6 0.626 0.0387
21.7 1.566 0.0645
21.7 3.220 0.102
21.7 4.720 0.119
21.7 6.100 0.142
8.030 0.166



Jack packing without distributors continued. Temperature 68° F.

Gas velociﬁy Yiater veloclity Hoi&:%%. water

??}/min. ’ ft,/min. _per cu.ft. packing
| 535.0 0.636 7 0.0886 '

4.8 . 1.598 0.0629
54,8 3.242 0.0992

34,3 4,860 0.119

54.8 6.520 | 0.145

54.8 7.890 0.175

52.2 0.637 0.0387

52.2 1.598 0.0645

52.4 5.200 0,100

52.5 4.740 0.120

5340 6.380 0.143

51.5 7.730 0.179

6044 0.605 0.0387

60.5 1.598 0.0645

60.0 3.260 0.0992

60.2 4,750 0.120

60.3 64350 0.142

60.3 | 7.700 . 0.186



1

" Net packing without distributors. Temperature 68° F,

Hold-up
Gasg velocity Vlater velocity - cu.ft. water
ft./min, ft./min. per cu.ft. packing
5.75. - . 0,473 v 0.0244
5.28 0.910 0.0358
»L%siaé v 1.820 0.0575
s5.90 2780 0.0775
5.72 . 5.540 0.0919
5.15  a.900 0.126
11.0 0.474 0.0244
11.2 0.917 0.0346
11.4 ' ~ 1.840 0.0575
110.7 A 2.770 0.0775
10.6  3.478 0.0919
a1 4,706 ~ 0.125
15.2 ©0.470 0.0244
16.7 0.915 " ~ 0.0358
16.4 1.827 | 0.0575
16,9 2.700 0.0761
6.2 5.e60 © 0.0919

16,3 . 4,890 s 1 0.125
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Net packing without distributors continued. Temperature 68° F.

Hold-up

Gas velocity Water velocity . cu.ft. water
f£t./min. £t./min. perrcu.ft, packing
22.9 0.477 o __7o.déégx
22.2 0.921  0.0358
25.4 1.841 o 0.0560
22.6 2.745 . 0.076L
22,2 3.440 . 0.0919
22.6 4,900 . ouzs

30.1 0.474 0.0229
28.7 | 0.921 0.0346
5l.1 . 1.835  0.0575
50.1 21680 | ~70.0761
30.2 - .505 | 0.0919
29.4 | 4.200 0.125
39.5 0.474 0.0229
42.4 © 0.926 | 0.0346
42.8 - .1.838 ~ 0.0560
a2.6 . 2.600 ~ 0.0761
41,5 . B.5E8 ~ 0.0919

40.6 44890 . oael
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Data of Bradt and Rose (46), teken on 7'-7" of 10"

pipe, using 1" Rashig Rings. Temperature 68° F.

Hold-up
Gas velocity Vlater velocity cu.ft. water
. ft./min. ft./min. per cu.ft. packing

0.00 0.343 0.0190
0.00 " 0.557 0.0245

0.00 0.726  0.0285
0.00 0.888 | 0.0322
0.00 ~ 1.160 - 0.0388

£ 0.00 "1.331 | 0.0408

0400 - 1.486 0.0455

70,00 1.613 0.0446
0.00 1.785 | 0.0475

- 7.35 . 0.370 - 0.0190
7.35 0.692 ' 0.0278
7.35 0.770 0.0294
7 .35 1.080 - '0.0560
7 .35 . 1.453 0.0426
7.35 1.638 0.0464
7 .35 1.764 | 0.0475
7.35 1,311 ; 0.0388
7,57 0.982 | | 0.0540
5.49 0.982 _ : 0;0540

0.2 ~ 0.982 .  0.0333
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