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tower operation.

To the Faculty of the Graduate School
University of Cincinnati
Cincinnati, Ohio

Gentlemen:

I herewith submit a thesis entitled "Studies
on Liguid Distribution in Packed Towers"™ in partial
fulfillment of the requirements for the degree of
Doctor of Philosophy.

The object of this investigation was to study,
theoretically znd experimentally,the distribution of
liquid over tower packing. Such information would aid
in the .understanding of packed tower operation for absorp-
tion, rectiflcation and other ges-liquid interchange
openatlons.

" Distribution equations were mathematically
derived from the Binomial and the Normal Laws of Fre-
quency Distribution to express liquid spread over tower
packing, with and without wall effects, for center and
for area feed. Based on these equations and on exper-
imental data- from sand and liquid distribution set-ups,
the effects of the variables of packed tower construction
and operation. wére discussed. Recommendations were made
for obtaining the best liquid distribution for packed

Respectfully submitted,

Frantl Jonman

-Frank ILerman
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Abstract

A set of equations, methematically derived from
the Normal and Binomial Iaws of Frequency Distributiong,
are presented expressing liquid distribution with and with-
out wall effects.

Experimental runs, using a specially desgigned
sand distributing model and a 20" coke packed tower, gix
feet high, were used. Results from these rung served as
experimental checks for the basic equations of unbounded
distribution from center feed and gave ingights into distri-
bution from a uniform source and into the wall effects on
distribution.

The effects of the various factors of packed
tower consyruetion and operation on liquid distribution are
digcussed in detail. Recommendations, as to operating con-
ditions, type-of packing, and on the use of redistributing
devices, are made for obtuining tie most effective liguid

distribution.
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Introduction

The problem of getting econonic transfer of
material components between gaseous and liquid phases
arises in several important unit operations such-as
absprptipd;zrectification, stripping, and washing. To
accomplish suchh an interchange of materials efficliently
it is necessarv to 6et 1nt1mate contact for a sufficient
lenrth of tlme betveen 1arge areas of the interphase
surface . ‘
\ ‘Plate columnsxand packed towers meet these
requirements for interchange, end both have widespread
applicatio; in industry. Plate columns produce an inti-
mate contact between large areas of the interphase sur-
faces primarily through the use of bubble caps which
break up the gas into small bubbles as they direct it
into the liquid on éach plate. Here the operation is a
controlled~one as both the gas and the liquid are directed
by broper equipment design into paths best suited for the
interchangé.

| On the other hand, packed towers produce the
intimate contact and the large exposed~surface'by counter-'
current fl;w of the twb phases through an enclosure filled
with a large number of fragments or units of some inert
solid, the packing. The interchange surface cannot be

readily controlled since the liquid on flowing downward



over the packin- nicks out favored paths or, at best,

moves randcruiy tuarousgn tie packingzgs. Under such unreg-

ulated conditions, the surface that the liquid presents

is not likely to be tne most effective for interchange.
vany forms of patented packings for towers

have been designed. Practically all are judzed as to

how well a sinzle unit of packingz, or contingent group

of packing units, sgreads tue portion of tue liquid

meeting it ratiner than on how wiformly tne packing as

a wviiole spreads the liquid tiarouzil tie tower cross-—section.

In fact, it has been generally believed in all practical

operations aud in most researci on packed towers tnat tue

liquid is distributed uniformly through tne packing of

tiite tower except for accidental irregularities of flow

known as cuannelling and occurring only in specific cases.

In all design equations for packed towers, it has been

agssumed, usually tacitly, that the liquid distribution is

uniform.,.



Previous Investizations

The uniformity of liquid distribution in
packed towers hés been questioned by se%éral investi-
gators, and in general, conclusions have shown this
assumption to be incorrect.

In 1893, Hurter concluded, from runs. made
on a large coke-packed tower with water distributed
from a center feed, that:

", ...the water spreads over a circular

area of aboul 39 inches diemeter in
descending through a column of coke
14 feet high, end has nearly reached
that distribution after a descent of
~4 feet of coke. The distribution is
not uniform over the whole area of the
circle, the central portions receive .
rather more per square inch of water
than the circumferential part." (9)
After thig initial study and up to the last
ten years, little research was done on this subject.
A series of investigetions starting in 1931 and cearried
out by Kirschbaum and iieimenn (10) (18), showed that
the liquid from 2 point feed spreads in a cone down -
- the pscking end toward.the wall and results in high
liquid flows at the wall and non-uniform distribution ,~
through the- tower cross-section,
These investigators concluded  that increased -
size of packing units increases both the liquid concen-
tration on thne wall and the tendency for channelling, that

increased flow rates . produce only proportionate changes
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in the distribution, that increased tower diameters
give a decfeased difference between center and wall
flows, and that after a given height the distribution
remains practically constent. tieimann has indicated
that a ratiB of 25 to 1 for tower diameter to size of
packing is desireable. On the basis of such studies,
Kirschbaum has developed and petented (11) a redistri-
buting device for correcting this non-uniformity of
liquid spread.

After extensive research at the Du Pont experi-
mental Station, T. H., Chilton and his co-workers nave con-
cluded that:

", ...in sufficiently large packed towers,

the tendency for liquor flow to concen-
trate near the walls, which is quite
marked in sm2ll towers packed with rela-
tively coarse material, is absent, and
that uniform distribution, when once at-
teined, will persist down to any reason-
3 B able depth of packing." (1) . -
e N - 4 - S
Based on this and later research (4) they concluded
that redistribution does hotlappear to be necessary
.vbut that adequaté ihitial water distribution.is essen-
tial to secure maximum absorption efficiency, that there
is no definite effect of depth in the range of 8 to 16
tower diameters, and that there is no effect of the towér
diemeter on the absorption efficiency of the packing wvhen

the ratio of the tower diameter to packing diameter is

8 to 1 or greater. , -




Thormann (17) in his text on distillation
and rectification stated that the distribution approx-
imately followed the normal Probability.Curve. With
this in mind, Scott (16) approached liquid distribution
from the prébability concept and used a -modification of
Galton's apparatus for obtaining tne distribution of shot
falling downward over obstructidns. The - curves from thls
epparatus bear distinct resemblence to the complete set
of liguid distribution g¢urves that Scott obtalned from:
rlous sizes of towers packed with 3" coke, &" coke, or
& Lessin~ rinrs. He concluded that the effect of increas-
ing tune nel5nt of packing to the tower diameter was to
increase the spread of liquid to the walls, the rate of

increase of the spread being greatest for the 3" ring,

" coke, and intermediate for the " coke.

‘5\ el

least for the ;
For all three packings the channelling was most marked.

‘In the early stages of our work on liquid distri-
bution at the University of Cincinnati, experiumental curves
indicated that there was a regular trend in the liquid dis-
tribution in a pecked tower which appeared to be in accord-
ance with a natural law rather than haphazard or due to
chance channelling. After a mathematica; study, the distri-
bution trend appeafad to be a probagbllity function., In
the ensuing investigation, presented as a Master's thesis

(12), mathematical equations expressing distribution where

there is no-wall effects were derived, The dalte obtained.



by Hurter (9) was used for experimental verificetion of
the equatioans. Unbounded distribution was then expressed
as a probebility function in terms of the redial displace-
ment from the tower centerline, the height of the tower
packing, and size of the packing.

Distribution runs were made at tne various
liquid flows in 5' and 10' lengths of a tower 10" in
~diameter, packed with 1" coke, and under both center
and uniform feed. This bounded distribution appears to
be expressible in terms of a probability function eicept
for the dietribution near the walls. At the walls the
flow rate was high ranging from about 304 of the total
feed rate of .5 cu. ft. per min. to about 10% of the total
feed rate of about 4 cu. ft. per min. Center feed gave the
lower wall flows as did the shorterflengths of tower.

4 redistributing device was reconmmended for
correefing'the non-uniformity persisting in most caees of
packed tower operation.
| Later investigators at the University of Cin-
cinnati have made additional distribution runs on towers

10" and 20" in diameter (5) (14).

“



The ilethematics of Unbounded Ligquid Distribution

In the Ilaster's thesis (12), it was shiown
that the spread of 1liquid from a point feed through
unbounded packing was a frequency distribution expres-
sible by thevNormal Law of Distribution.

Any of the several methods used to derive
the Normal Law may serve as & basis for the derivations
df equations for 1liquid distribution, but for our investi-
gations & modified form of Hagen's derivation (13) was
found most sultable. This derivation is based on the as-
sumptions that & final accidental deviation is the summa-
tion of a iarge number of ultimate, minute deviations,
each equally likely of occurring in either of two opposing
directions, The final deviation may be a plus or minus
error in o measurement, the winnings in coin flipping, the
horizontal displacement of a fired projectile to the left
or right of the target center;.or the final displacenent
of a Jiquid portion to the left or to the right of the
center line through the feed point. On such assumptions
the Binomial Law of Distribution is set up from which the
Normal Iaw is derived mathematically as an approximate
form. )

Hagen's method and the analogies it permits
- was found more helpful than the other derivations in
uhderstanding the Normal Law when'applied to liquid
distribution and in extending the law to apply to the

various conditions found in actuel tower operation.



However, other derivations have been équally
effective in applying the requirements of the Normal
Law to actualities. 6utstanding examples in Physics are
Maxwell's elquation for the distribution of velocities of
of molecules .in any perfect gas and Einstein's equations
for the displacement of a particle due to Brownian move-
'ment'-l(S‘), (7).

The Norman Law as applied to liguld distri-
bution is expressed by the equation

AN
7=~ F € (1)

Here yx is ‘the fractional part of the total feed from
the center source that on distribution will be displaced
a horizontal distance X from the centerline and is expres-
sed as a fraction per unit increment of A ; 4’22 is the con-
stant of distribution for a given type and arrangement of
packing units and for a given height of packing,.

The distribution of liquid in they direction,
the horizontal direct;on perpendicular -to the X direction,

is expressed by

g = é e .

= = | (11)
where the symbols are the same as in equation I éxcept

that all horizontal displacements are considered parallel

to the y axls.



& requirement of the Normal Law is that the X
component of a displacement does not in any way effect the
é‘ component of the displacement. This requirement perudts
the application of the multiplication theorem of probability
for the simueltaneous occurence of independent events.
Multiplying together equations I and II on the basis of
this theorem gives an expression for the fraction of the
total liquid feed that will have a final d;ispi!:acement of
both X and éé or the freaction per unit area that will fall
at (aijy); that is | .

RN S M LR Y
¥y =€ = = o (II1)
Since 'K-z*"; G RL v:herei\) is the horizontal radial dis-
placement from the centerline, equafbion III becomes
pr AR
7o 052y = 7 Rt

In the derivai:ion of the Normal Law, it was
“shown that ,4?2"5"/52‘ where § is the number of d:_’fsplacenentg
‘the liquid portions undergo on encountering paéking in th‘e'“
downward path and A is the average horizontal length of
the displé.dément in either the+¥ or-¥directions (or in
the +oq or "; directions). Here S and A are constant for a
gifren packing set-up where the liquid feed rates are low
enough so as not to fill the interpacking crevices appre-

clable., At these feed rates S is proportional to% and



A is p;c'oportioﬁaltob, wherel and Dare the height of
packing and the diemeter of a packing unit, respectively.
Then /A); Z%where c ié e constent dependent ohly on the
arrangement and the shape of the packing.
| At high feed rates, because of unequal plug-
ging effects of the liquid in the interpacking crevices
at the various parts of the tower, Az{necomes a function
of the flow rates, of the displacement X , and of the phy-
sical constants of the packing and of the liquid used.

In terms of the packing dimensions the equation
for radial distribution (V) applicable to low flow rates

becomés o
_¢c _-~io R*
90 = 7o €

where ?R is the fraction of the total feed that will fall

on a unit area, or the fractional concentration, at a dis- =

tance L downward and a distance R rediaslly and horizontally

outward from the point feed.
B . The fractional concentration at K fed from a
point sotirce, displaced & norizontal radial distance
from the center line at the top of the packing, may be
derived by use of the cosine law of trigonometry to give

~/£,2(RL+sz2R,rCO—v/5)

the equation
p
? = -’—éi (4
R T

10

(v)
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where & is the horizontel angle between tﬁe redius of the
displacementRand the projection of ‘the radius ! upon the
‘horizontal plane through R

The 1liquid concentration a‘c/? for distribution
from an anriulaf feed may be set up from equation VI in the
form of an intsgral

Q f/e Zrl "JZ(ﬁzfrz~2er5)

rd0dr  (yi1)

where QR is the actual quantity per unit area at R due to
feed from an annular feed area bounded by concentric circles
of radii /; and r; . Here y( is the liquid feed per unit area
or the feed concentration at the annular source, and it mnay
or may not be a function of For 8 .

In the following integration M is assumed to be
a constant throughout the annular area. Integration of
equation VII could onlj be ccanlplished by expanding the
factors of the J.ntegral into a product of two power series
and n.ntegrating the product term by term. A complex bub

converging series is obtan.ned, exoress:.ble in condensed
mathematical form as ) 2 2
R AR Lt
© _ _ L e /
QR "/“‘2 e - F
2
4,?/ 4 K/\’Z(’IM’) 1(m‘k} z(.”g))
20 i )]
J n-/r;[(,(_,,,] (viz1)
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For ocircular feed, the special case of annular feed where

K= and /=0, equatlon VIJ.I beco'nbs

é 7 /? » / &/e/“? (£ }z(nm) ]
QR = ue : 2 (rz—k)[(A' I |
(IX)

For small values of /4 and of the redii, the sum-

mation terms are negligible. Then

Q 'ue’/éﬁ(é z+e"«£ /’,'2)

and Q)S:Me-/é’-,? (__e-,zzr:_/‘)_

| (xT)
In such case, the. terms in the parantheses are constant when
the area of the feed is-fixed. Therefore, for uniform an-

nuler or circular feed,
- A" .
k . . . - . Lot EEC 3 (}C[I)
where K is constant for a given feed area.
Thus the Normal Law of Distribution again appeaﬂs in a modi-

fied forn as an equata.on for liguid distribution from an

-

area feed.: = °



The llathemnatics of Bounded Distribution

In the Mester's thesis ( 12), the theory of
bounded distribution waes discussed only in a qualitative
manner since mathematical expressions for such distri-
bution had not been derived at that time, In tnat discus-
sion, a tower wall was concelved as having two effects on
liquid distribution, one cffect collective and the other
redistributive.

| The irregular, curved surfaces of the boundary
packing, resting against the smoother and less curved sur;
feces of the wali, form crevices or openings whose sizes
and,shgpes depedd on the size and the arrangement of the
packing units and on the curvature of the}wall. These
bodndary crevices permit ready flow down the wall. Liquid
poitions reaching the wall will tend to cling to it and to
run down it at a more rapid rate than the portions would |
through the packing itself. This retention on. the.wall of
liquid portions distributed to- 1t is denoted as the collect-
ive effect of the wall.

Since the 1liquid quantity at any'region~dn the
packing depends on liquid feeds from all sides above and
adgacent to ‘the region, the decrease. in feed from the wall—
side due to this collective effect will result in a decrease
-in thet 1iquid quantity. The decrease in liquid quantities on.
the pécking due to this wall effect becomes progressively

less as one approaches the centerline of the tower and progres-
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sively greeter as one moves down the tower.

In ﬁhe redistributive effect, liquid flowing
dowvn the wall is shunted back to.the packing by the pack-
ing units adjacent to the wall. As the liquid éollects
on the wall, it begins to £111 the boundary crevices and
to increase the redistributive effect. This effect opposes
the collective effect since it increases the liquid gquan-
tities on the packing, progressively less an one approaches
the centerline of the tower and progressively greater as
one moves down the tower.

At -the upper part of the tower, the collectlve
effect is most prominent, but as the liquid moves downward,
the redistributive effect compensates for and soon overbal-
ances the other effect. The closer the wall to the feed
source and the larger the size of the packing units, the
greater will be the eollective effect. The smaller the
packing Siée, the SOOner‘will the redistributive effect
come into play. ) _

The speclal cese of bounded distribution where.
there 1s no 11qu1d return from the wall is first considered
mathematlcally. The redistrlbution effect is zero, and the
difference between the liquid concentration on the packing
due to bounded distribution and that due to unbounded distri-
bution will be a measure of the collective effect of - the wall.

In the condiuding parts of the Master's thesis,
a Binomial equation for distributlon from a. feed a fixed

distance from a straight boundary wall was developed through
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analogy with the following coln problem:

The probebility that a person, gambling
with unlimited funds, will attain a given
win (or loss) after a given nunber of flips
of & coin is expressed by the following
Binomial Lew of Distribution:

S
/7):== (?j; (éé) 3%

where S is the number of flips of the coin
and M is the number of losses in S flips
wvhich result in the given win (or loss).

If his{funds are limited, the decrease
in his chances of attaining that glven win
(or loss) is expressed by the modified
Binomial equation

P~ ,.,w(/)

where & is the excess of losses over wins
he has to attain to go broke in § flips
or less (19)

Reworded for the condltions of .liquid distribu-

tion, the analogy becomes complete:

The probgblility that a liquid portion,
- moving downward in an unbounded region,
filled with packing, will attain a given
horizontal displacement from its source
after a certain number of horizontal
shifts gither to the left or right is
expressed by the Binomial ILaw

/21 =:(:i; (:%))5

-

Sk

s | - ' K7,
C)n is identlcal with- the factorlal quantity(;j;;7;;7

“,is identlcal Wlth the factorlal quantity.__fi_. - '
. (s- »z-w)’(mmr)/

7
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where S is the number of horizontal shifts
either to the left or right of the liquid
portion in its peth down the tower and m

i1s the nuuber of shifts to the left in S
shifts which are required for the given final
displacement.

If the distribution is bounded by a
straight wall at the left, the decrease is
the chances of the liquid portion attaining
the given horizontel displacement is expres-
sed by the modified Binomial equation

Pr= Gy (2)5

where @ is the excess of left snlfts over

right shifts that the liquid portion must

receive in order to attain the wall in §

shifts or less.

>The probebility that tihne liquid portion attains
a given displaceneht is equal to the fraction of all the
portions from the feed source (the fraction of the total
feed) that will actually reach this-displaéement.

Then the Binomial equatlons are exowessed as
11qu1d fractlons,‘dlsUrlbuted d;scontlnuously "and concen=
trated at p01nts of 246 1ntervals in the - dlrectlon of the
dlsplacenent, where-A is the. norlzontal d;spl cement either
to the 1eft or right per shift, The final displacement, if
only direchions pérallel to‘thﬁiliaieé.are cohs?dered, would
be at ¥=(5-2m)A, ana the wall in the bounded case would be
at-l;r=‘AV;“’A.

A continuous Wormal equation was obtained from

the Binomial Iaw for unbounded distribution by means of a

modification of Hegen's derivation (13). Only recently,
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however, as an equivalent Normal equation becen Jerived
for bounded distribution (see Appendix I for bthis deri-
vation)., This Normal equation for liquid distribution
bounded by one straight- wall from which there is no liquid

N 3 . 2 2

return :Ls?= :é_e"/ﬁzjﬁi _/é_g __’4 (2 W_.x)
T far (XTII)
where 7 is the frectional quantity per unit increment of X
at the displacement X , and w’r;ereh/ is the distance from
the feed source to the straight wall perpendiculer to the
axis. ‘fhe feed to obtein such a distribution may be from
& point source at '}370 or from a horizontal line source at
X =0 and parsllel to the well.

The fractional quantity i in equation }C[iI ié |
expressed by two terms, the first, the fractional quantity
at X for wnbounded distribution, and the second, the de-
‘cregs_e in Vj:he‘}. fractional quantity at dis pl’acéen}en’_cjx due
t_,q‘the collective effect of the walls.

: - v':l".The. uore general.“appr_oach to the mathematical
expression for bounded dist;::i‘bution, as used in the
deriva’cions below, becane obvious only aft;’er sjsgdying the -
signi.fic ance of equ'ttz.cn /:LII. )

Covxsider in I‘igure l, the Normal distrlbu’clon
_cur’\fe (?1’" ?X 72:,) set up by dlstributlon from feed a‘c xX=0
and down througn an unbounded reglon in accordance with

L - ALx*

the equation 7)( = A



p & RO N

)(': LW-YX ¢

3 -~
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/
at W e This barrier will collect the quam;::;le&;-..?;..;g-.‘gn;‘;

Tw, and will diminish the final quantit.g Re ;‘::.'.L‘:':Qj;l: ?k.:

t by th = . u‘s iy m bl-e
0 Gy~ ?k, or e amount 7w B f e .LO F

unbounded distribution curve is expressed bj—-—-—

_ AL —4rw-X)* 1

= . Therefore, with a barrier at W,, the

fractional quantity at?fper unit increment of X is
AL AL*x* AL - L 2w -x)?
717 ¢ rr € ’2
2
L e-,z?—xz[/ _e-f% W, ,,5;\,,]
T ¢

which checks equation XIITI.

In place of the barrier in the previous case,
1eﬁ there be introduced a barrier which immediately returns
for‘ redistribution a fraction f of all liquid portions at-
‘oaihing it. The barrier will collect the quantities ?'ani .
?w', but.will return the quentity 7[(? f"?,y) As & resultb, ‘
it will diminish the final quﬂntitj at X by ?W and :mcrease .

it by 7((? ?w)’ a net increase of. 7[(? +?W) i

Since ? Zw,s the net increase is Z;‘i‘ f 2F - /)?

Setti ? ’1 t e ¢ x)z for ti P tity et:
('r — -

etting 7 equal to = gives for the qu?.n ity e

X due to the barrier, the expression .

i:_«%e - A x* ,(2{-}’4 ~AL(2w- X)

_ /Z'é-j 1[ @7-1)e ‘ﬂW %ZIWJK]

i (xxv)
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where the fraction f.expresses the degree of rédistribution
froﬁ the wall,
For two walls, one at a distance “6’ to the right,
and the other at U, to the left of the feed,
AR L% -f&€1%%49f§%:z ~YLW 4l
7°=¢€ /'/'(27‘-/)[6 (4 +0 ‘o z ]
(xv)

Vhen W,=W,:=W, that is, when the feed is centered between
the two parellel wells, 2 2 2
Ly AW AL Wy 4L W
Té—;e S E 1+ (251 e (e "% e /

_prr 403>
== ¢ 175[77‘2[27‘-/)6 (csol 6’41%437 (1)

In these equations for two walls, wall reflections
of the second order or greater are neglected, that is, no

liquid portion redistributed fron ’che: well is assumed to

.- reach the other wall for further redistribution. If these

. . becomes

higner order refiections be considered, the equation XVI

LAKF E ity
¢ [;1-222{"/)@ #L W(f/ zc'Wﬂf)]
| -

(XvII)

4
7=

where ( 1is tie order of reflection.
For a feed displaced a distanceX from the center-

line between the two walls at Wangi.~,\/V,- the fractional



el

qua ntltj &t X lS

; -‘,Z {x‘X) 2 afr.
g-£e” zZsz P AW, L [-2) % Xf

iz/

{/ft W[('I) ;’-X]l.]

(KVIIL)

‘Feed from an area between any two linits Xland Xrlithin the
walls gives distribution to. a displecement in accordance

witn 't"he integral of equatiori’ XVIII

/fr[ +222f/]e 1( W-,lszllyr)(] [;/‘ [71)1)14}0{)(

- (XIX)

.*v*ﬂlere}"» is the feed quantity atX per unit increment of'X ,
. hnd 1t may or may not be a function of X |

o  Yiien f= /2’ that is for 504 redlstribution from
the wa 11, all rellectlon terms in uhe bounded dlstrlbutlon
:eqmuatlons fov* b0u11 centered and area feed drops out since
the factor (Zf-l) becomes zero. Under such red:.stribution,
'the quentitles m.thin the wall linits 1is tne same as though
the distribution were unbounded . »

{menf=/, or at 1003 wall return, distribution

s‘q_ar’cing as an area i‘ee'dx between-Wan& W  and imd‘.iforni .
with respect to 'remiﬁs uniform and constant thrbﬁgi;out

; _’Gh_e length of the.packing. The quantities reflected from

e



the wall can. be considered as though they come directly
from feed points beyond the wall limits were the distri-
bution unbounded. The summation of these reflected
gquantities is as though the feed comes from a uniform
source of infinite limits in unbounded distribution;
such feed pfoduces uniférm distribution at any packing
depth. Therefore, for this case, equation XIX is a
constant equal to}*-for 21l values of 23between the
wall limits.

The redistribution fractionf?has been assumed
vconsﬁant. This would noﬁ bé the usual cese in actua;’
operation. vIn general,‘f would vary in some menner from
vééro to unityras_the liquid moves down tihie tower and as-
the wall flow increases. |

In all the bounded dlstrlbutlondequatlons, tne
wall flow can be expreosed as the total ;eed quantlt;
mlnus the 1ntegral of the dlstrlbutlon equatlon betweenq
the 11m1ts set by the boundarles. The 7a11 flows, expres-
sed. in this manner, can be made a functlon of L the

R

distance down the tower, Sane/K.ln the dlstrlbutlon equa-

ﬁlons is 1nve;squ proportional to L for low flows. The

i #ariotion of ¥ with.L is then a function of the wall flow
~and perhaps could be eValuated througn a study of “the dhan—

- nel ‘or orifice flow of the liquid at the wall through the

crevices between the wall end the boundary packing.

i
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An Extension for Bounded Distribution -

The derivation of equations applicable to
distribution bounded by cylindrical walls presents dif-
ficulties which have nol as yet been overcome. The
- approach likely to be most effective for such a derivation
is through 2 Binomliel sequation. This equation has not yet
- been obtained, but the concepts »for the solution are clear
and will be stated belovr.

Under unboundéd conditions, the equation
ﬁ,v.:- C’:;W(Z)S expresses the probsbility that = liquid
portion from a feed at 'X=0 will at;bairi e displecement
%";X at least once during the distribution and then attain
after the S shifts a displacement % , where ¥=wA and

X = (S -2 m)A s the displagement being measured parallel to
the horizontal X axis. | ‘ o .

Likewise ‘the equ’ation/’z,f C:jv (,/Z)S expresses
the. probab.il_ity that a liquid portion from 2 .feed at 7 =0
will attain a idisiﬁlzicemeh“c Y at least: once“‘;iuring the
distribution, end then after S shifts attain a displace-
ment ; , where Y= VA ar;d y =(5-2n)A, tlifé : disp’.‘abemehts: |
beiné; measured parallel to the horizontal y,axis which is
perpendicular to the ¥axis. -

The productpf, A "'CVS CS (?)zsexpﬂesses the
. W I S e V2 -

‘probability that the liquid portion from e point feed, at

x=0, J =0 , vill attein a displacenlep*c{;:‘fxffj'x&nt least

\
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once and a displacement7= Yat least once during its
distribution and then attain after $ shifts the dis-
placement to the point (1/;,) '
The problem is to f£ind a Binomial equatn.on
expressing the probability that a liquid portion from
a point feed at X=0 ; O will attain a displacement
x= X and a. displacement; V simueltaneouclv, or the .
_ displacement (X )Q at least once during the distribu-

tion and then attain after the 5 shifts the displacement

“to the point (J(,’) .
On letting X % 4 Y 1? and ¥ +; =F%, this last
Binomial equat:_on if obtained, would then be integrated
with respects to 9 between the limits ©=0 and O = 27 ,
_where © ig the horizontal central angle between the x )
axis and R « This integral form will give the proba;nilvit,y
that the liquid portion will attain & hox'-i‘zontal-radie.l
displacement R in any dlrection from dts point. feed at
least once during the distrlbutlon and then attain the
, 'dlsplacement to a given po:.nt a horizontal distance r.

" from the centerline through the feed point. R :' 
- &fter considering the equationg as expreselons
for the fractlon of all the liguid portions fpom a Teed . -
instead of for the probability of a single portion from
that feed, this sought-for discontinuous Binemial equation
for the liqﬁid frac@:’ion, concentrated at points 2A intexn-

vals apart in both tgie'yland. tk_leg, directions, need be expreg-
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sed as a contiﬁuous Normal equetion.
This Normal equation, could it be obtained,

- would express the collective effect of a eylindrical
wall of radius f(, that is, the decrease in unbounded
liquid concentrations on the packing when the cylindrical
’wall,'from which there is no liquid return, is introduced.

' Once this egquation for the collective effect is
_obtéined, the effect of redistribution should follow read-
ily, perhaps through reasoning similar to that for atraight
wells as applied to the set-up indicated by Figure I.
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Distributlon Studles using a Sand Dlstributing Model

(2) Shot Distrlbutinv hodels )

The usual demonstration and eiperimental models,
used in obtaining frequency distribution curves for veriiy-
ing the theoretically derived Normal and Binomial Laws of
Distribution, are some modified forms of the original
"Quincunx for the Illustration of the Law of Errors"
designed by Francis Galton in the latter part of the eight-
eenth century. | | |

~ Galton's Quincunx is an inelined board into which
about lOOdnails are driven forming a pattern known as the
quincunx,'where every nail is at the vertices. of equileteral
triangles marked off on and covering}the total distribution
afea. Small sphericaiishot roll downward from a hopper et
the top of the boand and around the nails in a zigzag path;
each shot being deviated either to the right or to the left
_for every encounter W1th a nail. _The shot are collected in
and1d1stributed through a bank of comoartments in accord-

ance with the distrlbutlon laws.

-

; .

In a research conducted by Gruber (8) with such
a model using two sizes of shot ‘and two slopes of the board

;the experimental curves obtained correspond well wlth Gaus-

" sien Error curves having the same mean dlvergences as those

for experimental runs when the shot in the outer compart-
A;ments near the boundary were neglected -Gruber also found

that for larger shot size and larger slopes of the board
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& larger average divergence arises.

A modification of Galton‘s model, designed by
XK. Pearson (15) was further cheanged by Scott (16) to
permit & study of shot distribution under bounded condi-
tions. Triangulap wood obstructions fastened in horizontal
rows on sliding~strips of wood are held on a wooden easle
and covered by a glass plate to'serve asg the,distpibution
area. Below this section a glass panel containing & bank
of compartments rests on the easle.r

Scott 1ntroduced vertical walls boundlng the
distribution area and then made runs on thls model to gee.
if such dlstribution, believed to be in accordance with
‘the laws of érobabilify, were eomparablelto the distri-
bution curves obtained from experiments on the Spreaa,of
water in packed towers. His results showed a rough cor-
respondence between the two types of distribution and
hence indicated that liquid distrlbution in packed towers
was of a probablllty nature. He concluded from & study,
of the shot distrlbution curves that the wall effect is
less noticeable on decreasing the: ratio of packinn height
to tower diameter and on increasinﬂ the number of obstruc-
tions between the walls. ‘He stated that changes in-slope:
of the distribution area, changes in the welacity of the
shot fall, and COlliSlonS between the shot themselves did‘

not appear to change the dlstribuxlon.
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F. Bernsteiln (2) (3) aleo used a shot distri-
buting device for distribution studies and devised a new
type of model for studying bounded distribution for appli-

cation to tortion problems.

(b) The Sand Distributing Model

» The sand distributing model built in the shops
of the Department of Ghemieal Engineering at the University
of Cincinnati{&veide:many:e£;thevinhereng'ingccurécies of
the'Galton type of model‘used for verifying experimentally
the laws of frequency distribution. .. -
» In model I, used in this research, the distri-
:bution unit is a single 1ayer of accurate 5/8" steel balls
'regularly axrranged between»two vertical plates of glass
Z thick. The distribution area between the glaee plates
is 26%" (or 54 bell diameters)lwide and is bounded at’the '
sides byﬁmetal stripe separated from the glass by lengths
of rubber. The’lower 1ayer-ef steel.balls rests in a
 slot between two parallel strips of metal running across
"the“bottomlwidth oflthe_distribution area. By putting
' 55 balls in the bottom row and 54 balls in the next. row
above and then alternating 53 and 54 balls per horiT'
‘zontal rou, 107_rows of steelrballe are arranged in the
quincunxlpattern and £i11, almost to the top, the three=.
foot high distribution area. | |

Fine sand, cerefully screened ‘between 35 and 48

AJ



oL desired head in the sand chamber and passes through the i

- on the top row of steel ball to direct the sand toward

29

mesh, i1s stored in the hopper at the top of ehe‘model |

,and.flpws into ﬁhe,Sand chamber through;four:slotsi -

at the hohﬁom oirfhe"hopper. There'ﬁhefflow is controlled}

‘by a sliding strip moved by a crank through a worm gear.
The sand chamber is a 20" by 1" compartment

1 foot high, open at the top, and glass covered. in front.:

‘The ‘bottom 15 bounded by a fixed metal strip with 27 holes‘;ﬂ

1" in diameter drilled along its length at 3/4" intervals.

Another»identically drilled metal strip is construcfed

to slide horizontally and laterally across the bottom sur-c,--z

_face of the frxed strip._ The openinas formed by the- over- .

_Vlapping of the holes on each strip can be . closed instantly‘l
by moving the sliding strip, or. the size of ‘the holes can g
be adjusted by changing the extent of. overlap of the holes |
by means of a thumbscrew.r Nine metal tabs, one. for each of
) -three adjacent openings, canbe slid across the openings
_;to close any or all of the groups of three onenlngs.

| Sand flowing from the hopper builds up the

‘-‘Openings into the distribution area’ throu gh the onen end A S

at the top of ‘the plates of glass., A steel rod is placed
Athe front nlate of glass. The sand flows downward in a ;
7zivzag path through the crevices bounded by the steel balls -
'7and the front_glass plate. It leaves the distribution '
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area.at<the bottomdthrough the slot between the'parallel
- metal strips supporting the lowerfrow of balls and fills
“the compartment bank below. - h: o
The compartment bank consists of strips of :

sheet metal With one edge inserted into vertical slots
spaced 3/4 inches apart in the wood backboard and with
~ the other edge against the plate glass 1n front thus
forming an adgacent series of compartments 5/4 1nches
B wide, 1 inch deep, and 1 foot nigh. S

| One of each of these sheet metal~strips; i |
forming the compartment sides, ig directly under “the cen-‘bl
ter of every other ball in the bottom row of the distri-,
bution area so that each compartment collects sand flow-
. 1ing from two openings between the balls in uhe lower row.
The height of sand collecting in each of these 27 compart- :
ments 1s measured to determine the quantities distributed_
to each comnartment displacement. A hinged trap door at A
T the bottom of the compartment bank permits a rapid empty-
-Aeing of the compartments.

Since all parts of the model are painted black

"etcept the glass nlates and the steel balls, the fine

i:ﬁ{white -sand. against the .black backgrounds become. quite

’*in the compartments.; Such contrast makes the ‘model. ideal
‘;for demonstration purposes. c;;‘qujl
Steel balls of hardware grade (accuracy,dz OOl)

ii were used in the first set up and were found satisfactory

;?visible at the' various parts of the model and oarticularly_i,.'
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lnfor centerffeed but gave too,irregularjcurves'when uniform
“lﬂfeedVWas used. Therefore steel balls of standard grade

‘1(eccurecy :h.0601)'were”used and gsve more setisfactory

,,curves." In this thesis, ‘the first balls used were lsbbled

’.‘No. 1 and the second No. 2.

(c) Data from the Sand- Distributing Model

o " Bach compartment was calibrated in turn by adding
l'5°’ 100, and 150 cc. of sand and them measuring the height

tof sand in the compartment. It was’ found that 1 mm. height

- Was equal to O, 568 cc.'of sand. Also the following correc- u

fltions to be added to. the readings were found necessary.
.uCompertment 6, add 5% of the reading, v, 6%, 11, 5%, 12,
‘iSA, 16, 13%, 17, 7%, and 25 5%; where the compartments are
- “numbered from 1 to 27 from left to right. In the compartments
'3not mentioned, the corrections were not considered sinoe o
lpthey were within 3% # | “
To make a run,‘the hopper outlets and the chamber

outlets’ are adjusted to the desired sand flow rate, keeping

'“.ra'constant head of sand in the ehamber. For ‘uniform flow,

';,all of the metal tabs at the bottom of the ‘sand chambers are
= pulled out, unblocking all Openings.; For center reed only
' the center tab is pulled out leaving the middle group of.

vd?three openings unblocked. The outer tuo ‘of these three
.openings is olosed with ‘a piece of tape leaving a single -

opening for trne center feed.- ';g



~ The gand flow is continued for a wh?le with

, the trap door at the'bottom*of’the compartment banlk left
open'until dynamic equilibrium is established. Then the
trap door is clogsed at the same instant that a stop-watch
is clicked to time the run. After a sufficient quentity of
sand is collected in the compartments, the openings at the

bottom of the sand chamber aPQ"Qlosad* and the time read-

"ing 1s recorded.

The height of sand in each compartment is measuredlg__

in. mm. and then tabulated. The readlng for each compart-
ment is calculated in cc. of sand and totaled for each run,
' This total divided by the time of flow gives the total rate
per minute for each run.
The fractional quantlty per unit compartment is

calculated by dividing the cc. of sand per compartment
by the total flow.
(d) Conclusions for Center I'eed Sand Distribution

- | For center feed, if the sand distribution follows
the Normal Law equatlon I applies since the wall effects
ere negligible for thig feed On taking the natural
logarithm of both sides of the equation, it becorﬁes

Lp e -
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If the sand distribution follows this Normal Law, plot-
ting the logarithm of the fractional quantity against the
“square of the displacement should rectify the curve giving
a straight line having a slope./( and an intercept &Z:v/k
‘ Data for center feed runs on Model I, are tabu-

lated and then plotted in the above;manner to give the
rectified curves. (Appendix II). For low total flows

(below 30 cc. per min. ), the curves are straight lines
whose slopes and whose intercepts are tabulated in Appendix
II as Agw and in,/( » respectively. It is shown that the
ratio f;£~‘ closely checks with unity, proving that l(
| ‘closely approximates~§é%=, a beautiful verificationwof‘ther

theory with experiment, , B S
| -an intermediate and high flows, the curves appear
to be composed  of two straight lines of»different slopes
connected by a curved line. The primary N'orniial’ curve
extending from the centerline of the compartments, one- ;
third of the distance to the outer boundary in each direc-
tion, is flatter than the Nornal curve for low flows.,~A
transition occurs within the next third of the distance
from the ceter toward the wall. At the outer thirds of -

the distance from the center to the: boundary walls, secondaryfgff

Normal curves, steeper than the primary curves,'exist.
_ In Figure 4, the primary and the secondary slopes}
of the rectified Normal curves are plotted against the total |
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flow rates, and in Figure 5, the values of K, the antilogs
of the primary intercepts, are plotted againat the total
flow rates, the antilogs of the secondary intercepts being
too irreguler for plotting.

In each casge, the primery values give a straight
line except for‘ the low flow values. Tﬁe equation of thesge

streight lines are

A= 00860— 4000525F

2 . . .
where A is in l/0m-2, and F is the total flow rate in cc.

per min., and

K=.08552-.000/80F

where A is in 1l/cm. »
The empirical eq_uation, applicable to inter-
mediate and high flows for the given set-up in lodel I

becomes ‘ .
. -(0a5¢0 —-.oooo.s"zsﬂx
g (0552 —.000/80F) @

. 3
where X is in cm.%,

and for low flows the equation
LA
] F¢ )

(%)
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whére ng'équals .00860, applies.

ILet it be assumed that each sand particle,
analogous to & ligquid portioh in liquid distributioh,
falls from the top of each ball that it strikes to the
top of one of the two balls supporting it in the hori-
zontal row below. Then the totel number of shifts of a

'éarticle, S, eque.ls the total ni_imber of horizontal rows

.. it meets, 107 for the set-up used, end the horizontal

d:.splacement per shift A , in the+%x or-X direction
’equals the radius of the ball, which for the 3/8" ball
uged is /2(3/6’ ) :2.5¢= 476 cm. Then from theory

.;42. /. /

'2';: = 2)(/07) (~'/7«4)2 02// -

The much smaller ve.lue of/{ i’rom the experi-
mental curves, indicate a greater spread of the gsand particles
end s longer actual len th oi‘ particle displacement per row
than would: be exnected from theory. '

This larger displacement per shift is believed
caused by the rebound of the sand particleg from the :ne.llsj'
and by the tendency for the sand to continue movihg in
the direction of motion. Both the elastic effect and the o
inertia efi‘ect ot the sand. narticles were noticed in the -
‘model during the runs. v |
| ‘ Since/‘, '—Efor low flows, C ma.y be calculated
»from the model data taking the experimental value :
/4. = ;00850/1— L= /07£ 3/8 *'3‘/9 5’7]:,.,and. D= / 95 2ecm -
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Subgstituting these values in the equation C '—'/Z 7—10
gives ¢=.7/8. o o

Therefore, the general equation for unboundeéd
gand distribution from a center feed at low flow rates and
through a quincunx arrangement of balls is

78 e “zZ s -
?X Vil D , - =)

where ?xis the fraction of the total flow per increme‘nt of
X at d:.splaoement}f , and L and Dare the height of the
: -distribution plane and the diameters of the balls, bobh
in the same units as X .

If the theoretical assumptzens as to number
’ﬂ-and 1ength of shifts are made as previously, )

'[CB :;;/Z;'é )( 2 0p C 1’3’ =. /'73 ‘

e

a value 2, 41 tlmes the expenimental value of C .
(e) Conclusions for Uniform Feed Sand Distribution

In Appendix ITI, date and graphs are presented
for sand distrlbutlon by liodel I at various unlform feed
A}-rates £rom 170 to 859 cc. _per minute total feeqd.
: The fraction per compartment of the total feed
"is plotted against the compartment displacement from the
,'centerline of dlstribution. The\fractions for pairs of

_compartments, equally distant from the centerline, one to
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the left ani'the other to the right are plotted at the
same compartment displacement.

The,data‘is too irregular and the flow rates
too high for accurate application of the derived mathematical
equations for uniform flow and wall effects to these experi-
mental curves. However, these curves are satisfactory for
verifying and studying, in a qualitetive way, the wall ef-
fects on distribution.

Since there are 27 compartments collecting sand
from equal widths across the distribution plane, the fraction
of_the total feed that would be collected in each.oompart-
rnent, if the distribution remained uniform, is{7 or .037,
This average fraction is”used as thé basis of comparison
for the curves, ‘the fractions in the compartments being
expressed as percent of the: average.ai:,‘f';z‘ .,i

The distribution as shown.by the curves in
Appendix ITT agrees well with the qualitativé deseription
of distriontion with wall effects given previously. These
experimental curves show an inversion of distribution from
predominatingly collective at the wall to predominatingly
redistributive from the wall as the flow rate passes through
& range somewvhere between 400 and 560 cc. per minute total
feed. | '

~ Below this inversion range almost all of the

xsand reaching the boundary walls during the distribution,
‘collects tnere with little return. Thus high wall flows
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are rapidly built up, and there is a progressive de-
creage from uniformity as one moves outward from the
centerline to the wall. At these total feed rates the
frection at the center cdmpartment is little ohanéeﬁ and

remains at aboutb lOOo of the average fraction for uniformity.

"~ As one moves outward from centerline,.the fractional quan-

titles decrease progre351vely and uniformly from 100%
until at the compartment next to the wall compartment the
fraction is about 90 of average for ‘2 feed rate of 170 cc.
per minute, and progre381vely smaller for hivher feed rates
Lup to 400 cec. per minute where the fractlon is about 80p.
The large fractions in the compartments at the wall in-
crease repidly with feed rate fromfdboﬁt;lGO%-oﬂ everage
at l70 cc. per minute to about 2400 of average ‘at 400 cc.
per minute. _ -

Above the inversion range; thehfraotiom in the
genter compartmentfhas.dropped off sharply from the }OO%
at the lower feed rates end decreases as the feed rate '
ie-increased. As one moves from the center toward the wall
the fraetional quentity increases'progressively becausemof
‘the redistributive effect of the Wali; This increase.from
“the center compartment to the oompartment nemt to the wall
' oompartment ranges from about 80% to 94% at 560 cc. per min-.

ute.total feed to about 60% to 130% at 859 co. per minute.
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The frections in the wall'compartments vary_slowly with
inereased feed rates inereasing from about 270% of the
average for unifonmity’at 560 od. per minute total feed
to aboub 300% at 859 cc. per minute. \

It has been shown in the study of center feed
that the,dist:ibution constant,,)ZLj decreases as the feed
rate is incressed. Also, it is known that the distribution
4contant decreases with the height L, , of the distributing
‘section. nhen, it may be assumed with some justification
that & series of curves, obtained. for a given value of L
;by increasing the feed rates,’ roughly approximates, at
least qualitatively, & series of curves obtained for a
given feed rate but by increasing the values of L

Therefore, the series of curves in AppendixVIII m
mey be considered, qualitatively, ag distribution curves at
various distences down a long distributing unit filled with
the steel ball when the feed rate is constant. Through
this approach it is seen that on moving down the tower
length the ouantities of sand near the wall decrease pro-
.vressively as the. quantities at the wall increase progres-

' sively because of the collective effect at the walls. After
passing an inversion range of length downward, the sand
quentities at the wall increase more slowly but feed back

to the steel ball enough sand to make the send quantities |

progressively less.ag one moves toward the center line.



Water Distribution in Packed Towers

(a) Various Experimental Packed Towers for Distribution Studies.
The numerous set-ups for packed tower digtri- |

bution studies, as used by the various investigators of

- this subject, vary greatly in tower dimensions, type of

‘packing, method of feed, and kind of® collecting compart-

ments. o o~ m e o

Hurter (9) used a 14°7 towehgof'cross'sectiod o

4t py 47 packedhwith coarse and with fine coke at various

heights; Feed wag from e point source and'at”low flows;‘f» -

and the water was collected in a bank of eight straight

troughs each 6" wide. The datae, obtained under such

‘conditions has been found usefci in studies of low flow,

center feed, unbounded.distrihUtion,as"exphessed in equa-

tion I. T
Kirschbaum and Weimann (lO),LlB);used towers of

110 and 300 mm. (4.3" and ll.8") in cross section with pack-

.ing heights of 4 meters and‘less, using 8 by 8 mm. and 15

by 15 mm; Rashig rihgs. Center feed was used and the water

wies collected in four annular compartments. :

‘ Chilton. and hig co-workers (1) (4) made runs
using towers of. diameters B, 6", 11.5" and 24" packed
at various heights up to 8 feet with various pachinos

particularly several small sizesg of crushed stone and of

clay spheres. Liquid feea was from one, four and more points



43

et the top of the tower at a total feed rate of one gallon
per minute per sq; ft. of packing cross section. Water was
collected in four concentric annular compartments of equal
area. In some runs air or air-smmonia mixtures were intro-
duced for counter-current gas flow.

| Scott (16) used a 4" tower packed at various
heights from 15" to 15" with %" coke, with 4" coke, and
Witn~%" Lessing rings. A center feed, varied from 10
vto 50 pounds‘of water per minute per sq. ft. of cross
section, was used.' The water wes collected in o bank
'of 30 octagonal comoartments grouped in three zones.

In the research at the Univer31ty of Cincinnati
the flrst set-un was a tower lO" in diameter packed with
1" coke (12) and with 1" Rashig rings (14) at several
heights up to 10 feet. Both center and uniform feed were
used and water was collected in five concentric annular

,comnartments‘of equal area. The feed rates were varie&
from to 4 cu. £t. per minute by increases of % ‘ cu. ft.
per minute. "

The second set-up wasg a tower 20 "'in‘dianeter”
and 6' high with 16 annular collecting compartments at the
bottom,(rigure 6) 4

(b) Descrintion of the Twenty Inch Tower A .
The irregularities of data obbained from the'
“vtwenty inch tower vhen to 1" coke was used (5) made

it appear advisable to use smaller packing, Therefore,



e 36 hour metallurgical ceke weas finely crushed and screened.‘
The portions between.%ﬁ>end %ﬁ were retained. This coke
was carefully poured in the tower keeping the increasing
packing heightsilevel to pretent any size segregation w
threughirolling of the coke érem high levels of the packing

.. toward the lower levels. A three foot packing height was

thus built up and was supported in the tower by a wire

‘screen lying on the top edges of the walls of the collect-/"..

ihé‘ceﬁPEEfmentsi Por later-runslthe tower was emptied and'
then repacked to a six feet pacLing height in the seme man-
ner as before.

Water ig led throubh a 3" valve controlled pipe
into the feed head, suspended just above the top of the

,packing by chains. The feed head is a cylindrical shell

of sheet metal 15" high and of diameter to £it closely and
yet freely againsﬁ the inner walls of the tower at any

‘level. TFitting tightly on a narrow,'rubber-lined rim at

the  bottom edge of the shell is any one of a set of inter-
changeable discs of 2" beakelite, serving as the bottom of
the cylindrical shell. .
For uniform feed five discs are available, each
drilled ‘across the face with about 250 holes of a given
size equally spaced at the corners of l" squares. In the

low feed discsg the holes drilled With a No.55 twist drill

" are each .0519" in diameter ‘and in the high feed dlSCS,

“bhe holes drilled with No. 17 twist drlll are each .173"

in_Qiamete:. The other discs for uniform feed have holes
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of intermediate size. A three inch layer of 1" Rashig
rings is built ug on the uniform feed discs when in use
to breek the force of the water flow from the 3" pipe.

For center feed, a gingle 3" hole wag drilled
in the center of a similar " thick bakelite disc. A 6"
ring was screwed on the disé concentric with the hole.

‘Into the ring and above the 3" hole, any one of & set of
interohangable discs of 1/8" bakelite can be fitted tightly.
-Each disc contains & single centered orifice. The orifice
Sizes of the four disecs prepared are approximatedly 3/16,
5/8, 8/4, and 13" in dicmeter. A splash plate, an 8"
circular digc of sheet metal, is supported tWo'inches above
the bakelite disc to break the force of water flow from the
centered 3™ inlet water pipe.

The head of water in the feed head is controlled
by a vecumn pump; & suspended 1" pipe is adjusted to the
desired height of head and the excegs water 1s constantly
"v removed from the feed head through this pipe which is con-
nected by & rubber hose o the vacumn pump.

;The 16 ‘annular collectinb compartments are formed.
by rings of sheet metal strips ahouﬁ .015" thick and two: |
.inches high. set on a brass plate. Each of the eight 1nner-
vmost comnartments subtend an annular cross sectlon area
of tower of about 13 sq. in.- whiie the eight outer compart-

ments subtend about double that area. A dlscharge tube for
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Figure 6 -- The Twenty-Inch Tower, Six Feet
for Digtribution Runs.

-:lsl;,
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~each compartment passes tprough the brass plate, tapering
from an annuler segment at the bottom of the compartment.
to a»short'lcngthlcf i" pipe. The tubes are numhercd from
1 to ls.consecutivelylfrom the centcr to the wall. |

A rubber hose may be attached to any‘compart-
ment outlet to lead the water into one of gix 30 gallon
’collectlng cans. rach can has a lw" outlet pipe-at the
~bottom which may be closed by a threaded plug or a rubber
stopper. A full lengbth gauge glass at the side of égch
cen is calihratéd:fog'each of the 4 cubic feet contents
of the can. |
 Plumb bobs are used to get the tower exactly |
*verﬁical, an- essentlal condition in cbtaining;dlstributlon

date.

(c) ﬁctcrmination.and Plotting of‘Data |

To make a run, the a631red spray disc is placed
in She snray head which is then set Just above the top of
the packing. Lhe 1" pipe, controlli;nb the water head by ‘

f:vacump,ciS.then adjuatcd to the proper height and the

o vacumn‘bump is staftédl- The inlet water valve is set. to

»;feed at a flow rate somewhat higher than the desired flow
"through the tower.* VWhen. the water head is built up, the
excess 1s continually removed by the vacumn nump, thus

‘keeping a.ccnstanthwater heaq in the:Spray.
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When dynamic equilibrium is attained in the
tower, lengths of rubber hose are slipped over six.of the
water outlets at the bottom of the compartments. The free
. end of one of the hcse lengtns‘is placed in a.collecting‘“
can ag & stopiuetch”clicked to time the water flow. The
other free ends of the hose lengths are placed succes-.
-gively in their respective cans at 15 second intervals.
The starting time for each can is recorded against the
number of the outlet feeding 1nto the can, Also recorded
againgt the outlet number is the time When the water level
in.each ecan reaches each of the ‘successive calibration
marks on the gauge glass. Flows from the ten remaining

ompartment outlets are meagured in a similar ‘manner to
complete the run.

The difference in seconds of the time for
attaining the highest level reading (usually the cu. ft.
level) in the can and the starting time divided by the
‘level reading gives the time of-flow 1n sec. per cu. ft.
The time readings for the intermediate levels serve as
& check on the constancy of<flow. Sixty times the reci~g
'procal of the flow time (in sec. per cu. ft ) gives ‘the
flow rate for the outlet in . cu. f£t. _ber minute. For a
- given run the sum of the flow rates for the 16 compart~
ments gives the total feed- rate for that run. Each
outlet flow rate divided by the known annular crogs-

section area of that ccmpartment in sguare inches"gives |



i*the average concentration. of water for that compartment in
jcu..ft. per min. per aq. in.

V’hen the water flow is low for an outlet the
water issuing from it in a- measured period of time is
4l?collected in a one-liter graduate calibrated to lO cC.
intervals.p Several readings are made~for~each outlet S0
‘measured jAF’r‘om-:1‘:he time in seconds required to collect

. given quantityﬂof Water ln cc., the water concentration
ofor the compartment is calculated in cu. ft. per min. per
sq: in. - ‘ : S

The concentrations at each total feed. rate are .
uabulated against the compartment numbers and the mean
compartment displacements, that is, the.radlal distances
from the tower centerlineoto the circles diuiding‘each of
the compartments into;equaldareas;

Curves plotted from such data give fluctuations
jwhich conceal the general trend of dlstribution. An ex-
planation for such fluctuations may be made based on the
observed fact, noticed bJ several investlgators of liquid
distrlbution.in packed towers, that the water flows through
the packinu 1n.a deflnlte number of streams. If the areas
',Of the collectinb comuartments are small the number of
. Streams per compartment are few, and an accidental divergence xw
hiof a single stream from & given compartment to an adjoining |

comnartment may cause an appreciable fluctuation in the general
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distribution trend as meagured.

- Such fluctuations are similar to those obtained
uin uhe limited measurements of a quantity when the frequency
of the occurrence of an error of measurement in a very
small interval of divergence is plotted against the diver-»
gence of the measurement from the true value. The frequency
of an error occurrino in a very small interval is low,'when
the number of measurements are limited and the fluctuations
“in the nlotted curve mey conceal the trend of the curve.r
which 1is in accordance With the Normal Law of Wrrorsf' Obvious;'
ly, increasing the interval of divergence over which the fre-
quency'is counted decreases the localized fluctuations and
gives a smoother » more continuous curve, consistent with the
Normal Law.,; o o

likewise in the pagked tower,. increasing the com-
partment areas increases the number of streams collected and

thus should decrease the localized fluctuvations and sive a .
_smoother curve showing the true distribution trend.,

Therefore the measured flow rates for adjacent
bairs of compartments are added together and divided by the
total area of the comnartment pair. to give combined data for |
wauer distribution as in Appendix IV. Such distribution data

for 8 annular areas instead of the previous 16 gives the

' .less fluctuatin" curves shown in dppendix IV.: However at the

higher total feed rates for both center and uniform feeds the
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‘ curves were not plottéd as tho.dist?ibuf&op,Aalthough tend-
ingftoward~uniformity; beoomesoorraﬁio‘as fhe p;gggingf
‘ffcondiﬁions in\thefpaé@}ng are approached.. o

- By.plotting.fho water concentrations against the
_displacement squared on semi-log paper for all.centersfééd
-runs except those at the high flow rates, rectified surves

are. obtalned as shown .in Appendix IV.

-(d) Discussion of Results A _ -
o fhe series of-distribuxion_curves for both packing |

heights at center feed appear to. give Normal curves but with

the oentor section somewhat flattened out as the feed ratés

. are increased above 1 cu. ft. per min. Such lowé?ed con~

oonﬁrations at the oentervare caused by the Shuntiﬁg oth&rd'

of ligquid quantities from'thejtop center of the tower due

tooplugging and splashing as the feed fromitho centeredr

orifice strikos'the'oop'of the packing. As the feed rate

is inoreased this pluggiﬁg and splashing effect inereasges

until, at high flow rates, the feed approaches an equiva-

lence in- distribution to uniform feed.o In fact except :

-for- very low flow rates, the feed is as from an.area source

o of radius increa31ng with the feed rate. -,

| nhe rectified curves for feed rates at Z Clu. ft.‘

per minute and lower give a set of straight lines of constant

Slope. At the intermediate flows, the rectified curves move,
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away from centerline with inCreasing slopes until the slope
appro*cimatinb that of the straight lines for low flows is

attained. These constant slopes persist as straight lines
'throubh the intermediate radial distances from the centerline,
Near the wall there is a deviation from the straight. lines
in both low and intermediate flows, the deviation uending
upward for the three feet packing heights end downward
for the six feet heights.

A The straight lines indicate that the durves -
follow the Uormal Taw of Distribution. Since the distri-
bution is measured at radial displacements, equation IIT,

%‘ - ARE
Ik T

logarithms of this equations gives

| D 9 = ,ﬁ./gl A *x
R

,~where fk is the fraction of the total feed that falls on

should apply, Taking natural

a unit ares at a radial displacementi? . Plotting.AZu/;ae
'against f gives a straight line of slope /Z and intercept
L A -

o From the rectified curves, the values of ,45
"for each straight line is obtained as the difference of the
natural lOgarithms of the quantities at two pOints on the
;straight line divided by the difference of the squared dis-
:olacements of the points. The intercept on the centerline ol
ﬁis exoressed -as the fraction of the total feed per square

h;inch of. tower.-_
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The slopes and the.'intercepts so obtained a.{:-e

tabuleted in the date sheets at the end of Appendix III as

2 2 . Py
/4 and A , respectively. There also, the values of ’ﬁ;’_’-
are tabulated for all low flow runs. If Normal equation IIT

KAl

he close check of the tabulated values With

'appl_ies strictly, and* i(zfr?‘- ecioals unity.
unity is another exoerimental verlfication that water dis-
tmhution follows the Irormal Law, The first verlfication
for water dlstribution as an’ express:.on -of the Norme.l Law
was obtained in the Master's thesis using equation T applied
to Hurter's de.ta (9) f.'or water distribution :f.‘rom a point

“ feed and collected in a bank of straighj; troughs.

The average experimental values for the "distri-
bu{:ion""factor A¥ for the low flows at the three iv“eetpacking}_
height are: | |

From the slopes of the rectified curves*-/z 087/
| 1?'J:orn the intercepts of the rectified curves-—"/f ",l)' F09¢¢%.
For six i'eet packing height:
J*= .03 56

I'rom the interceots - /£ /(77-

From the slopes —
.03 74‘

The ratio of the factors /4 for 3 feet and 6 feet
nacking ig as 2.45 is to 1 or approximately as 5 is to 2 when
data from slopes are used, or as 2. 53 is to 1l or approximately
as 5 ls to 2 when data from intercepts are used.. From theory 3

/é is inversely proportionzl %o the packing heigh’os L or the
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ratio above should be as 2 to 1 or as 6 is to 3. The dif-
ference between theory and experiment is believed ceaused by
the lack of precision and the lack of sufficient low fl;ﬁx:
runs in the experiment for averaging values of ,Z with great
accu.racy.

From the four averaged values of A ,:cabu;ated
above, the constant C which from theory eqﬁ.als/?z"o mey
‘be calculated on expressing L, the. packing height)gnd D ,‘
the diameter of the packing units (en averlage value'of
. 3/8" is Vtal'ct.a,n)} in inches of length.

' The calculated velues of C are: .

From 3 f£t. - From 6 £t.

p o packing packing
A% from slope 1.175 - 0.961
A" from intgarcépt 1.285 1.010

The arithmetic average of these values gives C:.:"-'_//'/07 ,
or approximately l.l. . | b g
A general eq_uat:.on for distribution from center

i‘eed th.rough coke on the ‘bagis of thls value ofc vgould

: - L/ 2
1= 712 e w T,
R wlD -4

_ (JC{I)
- where ?R is the i‘raction of the total feed dlstributed ber
-‘>u,nit area to & disnlacement/\’ after a packing height L zor
| " coke of size D , where the length’ uni tg of Lo, and D are
,7 .the same as of R . This equation' should apply to all casges .
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for coke where the boundery effectq on the distribution

are negligible and where the feed rate is sufficiently.

low so that no'plugging occurs to effect the distribution.

The uniform feed data for low end intermediate flows

- give an unusuval set of curves in that maximum concentrations
ﬁoceur et madial'disPlacement part vay between the centerline
and thg;Waii.) The water concentretion remains fairly con-

' stant or increases slightly ;or about 4 inches outxard

from the centerline, then the concentration increases ranld—

‘ ”7~il1y to & maximum at about & radial distance of 6 inches then

'ffdrons sharply toward the wall (curves in Appendix 4). The
-hall flows a"e generally low, roughly half thet at the
';cenper and one:fourth that of maximum. Similar curves
were‘obtained'by Scott ( 16) for some set-ups using "
~coke.,

In.ﬁhe runs on the tower using %-l" coke made
by Cuzner and Fischer ( 5 ) the distribution curves do
not show this intermediate maximum but give the general

curve for uniform feed at averége packing heights, that is,
a curve decreasing from a maximum at the center to a mini-
mum at an intermediate point then 1ncreasing to high flow
rates et the wel;.

The intermediate maximum on the distributiom
curve fqr L - %" coke appears associated with:the small
size of the coke used and with the low Wall flows.-Appar-

- ently, due to the small crevices between the wall and
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the boundary packing, the collective effect of the wall is
low end the redistributive effect sets in rapidly to build
up & maximum at the intefmediate diSplgcement; ‘This explana—
tioh is not fully satisfying and is open to criticism. Ac-
cidental channeling is‘not believed an expianation)for

after the three foot runs were mede, the tower wes emptied
and cerefully repacked for runs at fhe gix foot height;

yet the series of curves were very similar to those for

the,three foot runs.
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General Conclusions

(2) Summary'of Liquid Distribution Laws

The study of liouid distribution for packed towers
has been approached tnrough mathematical derivations from the
:. Pormal Iaws of Distribution. The t\o basic laws eytended for
acked tower distribution.from.center feed where wall effectsf

' are neglinible, are- e L z

C.
F/e——a
and
2
.-7 e e-_-TE?\’
"’°_7rlo * ,

~, where 7;( is

the fraction of the total feed that falls on a unit increment )
of X at displacement 7( andfgis the i‘raction of the total
feed that falls per unit. area at radisl displacement 7?
L and D are the packing he ight and the diameter of;the gin-
>gle_packing,inespectitely. WThen all_lengths units in
each equation are the same C is a cnnstant independent
of the units nsed. It depends chiefly on the arranoe- |
ment of tbe packing and to some extend on the type and shape
of nackino.i For ooke, the constant is 1, l.

These two hasic equations -have been extended
mathematically'to apply to area feed distribution and to
Special cages of bounded distnitntion‘fnomjcenter and from

aree feeds. However, mbst of these equations need be Simpli-



fied'and modified for general use. y

Sand ‘distribution over steel balls;§es cerried S
; out in Model I, described previously, acts analogously to'
1iqu1d distribution over packing. The constant ¢ for sand
distribution down a quincunx arrangement of steel balls |
in a layer is equal to .718, giving the equation, applicdble

to center feed distribution at low flow rates,

, 775
X
Fx ™ ’#—:’Z e "'

AL higher flow rates the empirical equation for
center feed distributing down 107 rows of S/B" steel balls

4arranged in a quincunx layer, is g
-( 0o 8"66—— ooooS‘Zs‘F)x

T = (05".5",2 OOOIE’OF)Q

_where /:-18 the total feed rate in cc. per min, and 1s
q“.the displacement in cm. '
B A study of the boundary effects on distribution
: was made using the concept that: the wall has two effects-on -~ -
E’:the distribution. The first effect is collective. The 1iquid, - o
pread to the wall, ‘tends to cling thereas it flows down-‘
| ward at a rate believed more rapid than the flow down the
- packing itself.. The second effect is - redistributive.i Thei"
? -1iquid, after building up at the wall, tends to return in
tpart to ‘the packing for further distribution.q . g‘ _ '_f:f
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o “imbhematical equations developed from the
-_>Binomialjand Nornal Laws oi'Distribution using such a concept,
involvesia'redistribution_fraction;1ﬁ,which is assumed con-
-.stantifor‘the derivation; Actually in most distribution runs,
{:varies as the liquid flows down the length of the wall from -
~:—zoro to unity by some functions nrobably dependent on the'
equations for channel and orifwce flow of the packing down

*ithe wall..

_;E_Xb) The Effects of Tower Variables on.: Distribution

- _ Lany factors in packed tower construction and
oneration effect the ligquid spread through it. These
factors include nacking height tower diameter the size
shane and arrangement of the packing, the type of feed

Athe feed rates, the effects of the wall, channeling effects,~
o and the gas flow rates up through ‘the tower. ‘

| | Viewed from the Binomial and Normal Iaws ‘and
‘Atheir derivations and from the concent effects, conclusions'
Hmay be drawn, from results of previous 1nvestigations and -
from the research presented here which show the effect of
these tower variables on liquid distribution.» ‘

;j An increased tower diameter increases the time
.required for the liquid to attain the wall and delays the
;effects'of the wall on the-distribution=at cross-sections
- further down the tower. AS the 1iquid moves down the tow-

er the distribution‘of liquid from.center feed becomes mor e
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uniform and can be represented by-increasingly flatter
\probability curves. These curves are modified by fhe wall
effecté’first through a lowering'near the‘wail becauae of
the oollectlve effect and then- through an increase from the
walls inward becauge of the redlstributive effect. vFigure,7_(§;ax
shows typical center feed distrlbution curves at varlous
. lengths down the tower under wall effects., The broken llne
curves show what the dlstrlbutlon would be were the liquid
_spread through unbounded packing. ) R
| The effect of the increased distance ‘down tﬁ§
tower on uniform feed ig first to cause nrooressively lowered - .
concentrations toward the wall and . then, farther down the |
tower, to cause prqgressively increasged concentrations toward
the wall.. In nhe last case, inverted dlstrlbutlon ourves,g
51milan ‘$0 those shown at the lower part of Figure 7 for ]
~_center feed, are obtained butzatn;evelsnn}ghenpup the tower.
Increased paoking gizes cause more rapid liguid
~ spread toward the‘Wall.h For center feed, the~probability ‘
curves become’ more flattened at shorter lengths down the A
tower than when' smaller packing is used._=However, tne larger
”>lpacking gizes form large crevices next to.the- wall resultlng 4
in nigh wall flows and lowered concentratlons near the wall :
both for center and for area feed. The redlstributlve effect
is delayed not taking place until great lengths down the tower. :
' Small_sizesvofrpaeking, 1ying closely against the
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wall form small wall‘crevices resulting in small wall flows, .
'little.collective effect, and a redistributive effect setting
in quickly after liduid reaches the wall,

Center feed leaves unwetted packing surfaces at
the top of the tower but delays the wall effects until sone
distance down the tower. In uniform feed, wall effects set
in af the start. Increased £low rates (until olugging is
approached) do not affect the distribution, as far‘as the
packing spread is concerned, except in direct broportion.
“However larger actual quantities attain the wall and high
wall flows set in’ sooner With the accompanyinp redistributivei“
effeéts. Still higher wall flows load the pacLing With liquid,
bresulting in increased effective packing diameters with in-
creased length of ‘ghift’ and greater spread toward the walls.
When plugging sets in, a change from liquid flow over packing
surfaces to channel and orifice -flows occurs with large '
liguid’ quantities being shunted awvay from the "nlubved" re-
o'ions. The effects of channeling is not known but it is
believed that distribution for the most pert occurs through
the downward flow of a numbéx” of streams of liquid taking
erratic, random naths in accordance with the laws of probabil-
'i_ity..' | R LT
, ‘The upward flow of gas is not believed to affect
'?the liquid spread ‘except at high ges velocities and near
pluoginb conditions .of liquid flow._In such cases, turbulence

is set up at the internhase surface, and the tendency is for



[thnt large horizontal shifts ma.y be obtained.

the liquid to be gpread into thinner layers over the

packing, promoting uniformity.

(c) Recommendetions for Actual Operation

The following criteria are accepted for judging

best tower operation from the standpoint of liquid distribu~

tion:

(1) The best tower operation occurs when ‘the distri-

.bution is uniform, The correct liquid concentration for

maximum liquid-gas interchange will be constant through-

out the c"oss section, requiring uniformity of distri~

bution.
(2) It is desirable to have large horizontal shifts of
liquid portions per unit length of vertical drop. Increased

horizontal movements of- the liquid exposes more liquid sur-

. faces for intcrchange and increases the length of time of

the liquid passage through the tower. Targe horizontal

spreads a2lso promote uniformity. |
(3) Jall flows ere undesireable. The liquid is be= -

lieved to collect at the wall in relutively thick streams

;'and to flow downward rapidly with little horizontal dis-~

lacements. The time for contact with gas in the tower is

tbus lessened and the llQUld surface exposes for interchange

is decreesed.~

On the basis of these eriteria, uniform feed is

iﬁ deai;uible at the top and large packing units are preferable

However



both conditions set up ﬁhe-undesiraﬁle high wall £lows
rapidly; and largé wall crevices formed with large pack-
ing sizes do not promote redistribution. The collect-
ive effect also cauges decreases from-uniformity at
the regions nearest the wall, R | P
Small packing will promote redistribubion

from the wali; the'iiquid returﬂ*févogingithefregioqg
neer the wall, The method used by sbme‘men in iﬁdﬁsﬁry
for packing towers with two dlfferent sizes of packing
units, the smaller lining the walls and the- larger units
£illing. the bulk of the tower “has a sound theoretical
.justiflcatlon.u 7

| An. ideal packing for good liquid distribution
is one composed of units of large dlameter, specially de-
51gned to fit closely ageinst the wall and whose shape
and arraqgement give’ low valugsﬂof,c, This d;strlbution
constant, ¢, for a packing mayrbé determined by apply-
ing thelmodified bagic Normal Iaws of Distribution (given
in part & of this section) to experimental daté ohtained
for center feed unbounded distribution through the glven
,,packing. »

A packing unit designed ana arranged in the.
tower so that the horizontal units are large and the ver-
tieal dimen31ons are. small Nlll favor desirable d*stri-
butlon in that a larde horlzontal snread is obtalned per

unit vertical length of fall of the liguid.
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| Instead of specially designed packing,vthe use
of any standard large size packing in conjunction with liquid
redistributing devices at intervais down the tower would.
give good liguid distribubion. |

‘Kirschbaum has developed and patented (11) a
Aredistributinv device for leading water back from the tower
1iwall to uhe inner nortions of the tower. It consists of

a conical shell of ‘the same diameter as the tower to be

" placed point downward at intervals down the length of the

toﬁér. ‘Perferations are made through the inner parts of
the shell for pessage of the liquid. Other perferations,
ridged at the top to cause liquid to flow around not
through them, permit the unobstructed flow of the gas
phase., ’

Using euch devices he obtained improved heat
'transfer coefficients in the condensation and reeveporation
of vanor 'in a rectification process in a ndcked tower(lo)
A redistributing device recommended in the Master g uhe51s |
(12), consists of & narrow annul r channel flush againsgt
the wall to collect the wall flows. Narrow'bore tubes,
’extending ffom the»bottom of:the-channei inward and down-
ward, serve to lead the collected wall liquid to low con-
centration areas intermediately between tne wall and the
centerline of the tower. - |
| These deVices do not obstruct the natural liquid

"adwstribution of the packing, does not increase the pres-

Sure drop across the tower length, ang leadsvliquid quan-



tities from the undesired position eb the wall to the low‘v
concentration areas where it is: needed. “
Such devices were tested in a 10" fower 10 feet
long used at the Univer51ty of Cincinnati for research on
absorption of COg wmth water. The redistributing devices
when placedbat_tyo foot;intervals downwthertower length .
resulted'in narkedly inereased:Qdantit;es'of:coé absorbed'
ag compared W1th quantities absorbed in the same set-up
and under the same‘ooerating conditions but without the
devices. N _
Summerized briefly, the requirements for good‘
liquid distribution are uniform feed, large sizes of
pvacking units, and redistributing devices, properiy de-

sxgned and oronerly olaced at intervals down the tower

length.
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Appendix I

Derivation of & Normal Equation

Applicabl@‘td‘Bounded Distribution:



Appendix T

Derivation of a Normal Equation
Appliceble to Bounded Distribution

The Binomial equation

B | y
P = *’1+w' (/) (5—m-p—)l(m+w)’ ( )

represents the .fraction of the tqtal feed, starting

from a point source at X=0, which will attein at least
once during the distribution the displacement X and £in-
ally attain the displacement X . Here S is the total
humt}er of shifts, A is the horizontal displacement of
the shift in either the +% or-)fq.irection,’ and i is the
number of the § shifts which are in .the ~X direction that
the displecement x=(5 -2m)A may be attained;wis the ex-
cess Qfshifts in the+X direction over the shifts in the
~¥direction that the displacement X-4 may be attained.

| As M is increaged by unit values fromm=0 to
m=35 , the equétion gives a dis;c‘:ontinuous cPurve-ivith
liquid i‘fe.ption concentrated at 24 intervals along the
axis of disnlacemenf. \ | | o

To get e continuous eu.rve representlng llquid

quantities per unit increment of 71 for all value of )4 R
first plot the values ofﬁ,as,ordinates_ at the con_cen_-'
“tration points'al_png the K axis. Then draw }straigk‘it‘ lines
. cdqnecfihg_ tﬁe adi.j‘aéeht Aorc}inat_kes giving & distribution
"cu_rve made up of segménts _of'.straiéht lines. Draw & con-

"tim‘lous distribution curve téngent fo“the' si’crai‘ghfc line



gegments at their midpoints. »
The slope of the stralght lines segments and

hence of the curve tangent:to them is given by
£y '
24 = Z — P ﬁ
=z ax 24 (x-x’)
~where b/ a.nd.fyA are adjecent ord.inates and 9is the

ordinate of the tangent point. Since ? bigects the -
straight line segment between the adjacent ordinates,
oty
g = /24 +PAA = /e"f'/b,

2 4A
Then the function

o[z _ ,;_‘Pl . /b / ) )
-2 (x-X
 gax 7 za(x YEZE prp’
Let h1 be the nu.mber of negative shifts to attain dlsplace-
ment X , and (m+/) be the number to attain X .

.;Then ; s/ ' VEAY e
R P = (st =) (mr+u)! (2) oo ¥=[s-2m]a

glsop,: s/ (7)_)5 and, z’:‘[S-Z("’"")JA-
(5°m~/fw),’(m+lf“’)!

Then %2 - %' =2A and
S [ . s/ _ s/
P"bﬁ{___ (é;h"w)-/('%w)" (517 - /”“")/(*’71'/*60’) (2)
7 M — |

] )
| (S‘M~ar),/(m+@f),l- ~ (Sf'h~l-w).’(m*/*“’)":I‘(Z

¢



/o /
p-b  _  som-w Tpprlter

) ’ -
Vel LA, d
S ~m-r e Tl A

by factoring

or

and cancellation. On multiplying, combined terms, and then

neglecting the negligible unity values, is obtained

/

.f—:—é—-:: ,,,,,(.w--/-/—s'-/'”?’f“’:3m+2“"5+’_;—(5-2m)1‘2a;
pFP b gl s ome s+ 1 s

since X=(s-2 wJ)A  ana X = @ A, substitution gives

pr’ _ —E 42 _ _ysrws _ _ x-2X

pep s sA | sa
~Substitution in the function gives

’_i?___. 2 o 2(x2X)

g oAx p,«p [x x) s A 24

Integration gives

g L2l L

1 / _ .
Letting /z = 2sA* end putting the above equation into

Le2X)"

its exponential form gives
? = Ne

To de’.c-er\mine the ‘cohstanf K, caongider the spec-
ial case where X = X In thls case the liquid fraction
attamingXat some tlme during the dlstribution and final-
1y ending at & is the seme liquid fraction that finally

ends at)(wlthout other ignposed restrictions, or expressed



mathematically,

CLx-2X)T AL Lt
_ -/(l/'ﬂ'Z’J‘)L,Z_. —-17'757' .
Then /f@,e = 7‘_7,7_‘(? " when X—X,j.

A e-/g (-x) :_,’é_' e-'( (x)

r7r , and

’4"’,*7:""—‘

The:: equation for the general case is then

_ . _zz(¢—ZX)L
?-—’é VA .



Appendix IT

Data Sheets and Graphs for

Sand{Diét;;bution from Center Feed

~(a) Data for Send Distribution
(b) Rectified Curves for Sand Distribution

(c) Data Calculated from Rectified Curves
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DATA CALCULATED FROIM RECTIFIED CURVES
for Sand Distribution from Center Feed in ilodel I

(a) Low Flow Retes

IFlow Rate | /{ . K /( rﬁ’

2

in cc/min. .in 1/cm® Ain 1/cm. T ‘
645 .00848 .0530 ~ 1.020
w0 7.7 ©.00810 0519 1.022
| 10.3 . .00880 ' .0541 1.021
11.5 - .oosss 0546 ©1.026
11.9 .00880 .0540 1.020
%129 ©.00806 .0520 . 1.027
20.6 .00844 - Loss2 1.063
22,5 .00833 © 7 .0519 " 1,006

24,0 - .007695 . ‘ .0509 1.032

3 Steel ball #2 used.for this run, #1 for the others
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Appendix ITI

Data Sheet and Graphs for .

Sand Distribution from-Uniform Feed

(a) bata for Sand Distribution .

(b) Graphs‘for Sand Distribution
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Appendix IV

. Data Sheets and Graphs for Vater Distribution

“in_thej?wenﬁy Inch waer
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2. Combined Data

lé._cﬁ;vesvﬁor»Water Distribution ,
4. Rectified 6urve9‘for Center Feed

5. Data from Rectified Curves
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DATA CALCULATED FRO.M RECTIFIED CURVES
for jiater Distribution from Center Feed
in the Twenty Inch Tower

Three Feet Packing

(&) Low Flows

L 2 V"
Total Flow v K fS:_ZZT Flow at
Rate in . o 4 Centerline o
cu.ft./mn. 1/in. 1/in.? cu.f£t/min.in .
159 . .0857 .0287 1.026 .0040
.265 ‘ 0904 .0319 1,052 .0084
564 .0854 .0301 1.053 .0170
" (b) Intermediate Floﬁs_ _ :
Total Flow 7j4£ o ) ’ K
Rete in . - o - /in .2 extrapo- Flow at
cu.ft./min. 1l/in.*  1/IN.®  3.4ed”  Centerline
'* R SUUR © - cu.ft/min.in .2
1.06 .0900 0164  .0468 .0175
1.65 .0935 .0124 .0876 .0205

-

5.24 1.0945 .00801 0203 .0260



DATA CALCULATED FROM RECTIFIED CURVES
L » for Viater Distribution from Center Feed

Six Feet Packing

" (2) Low Flows

Total Flow A b , /\/7-— | _/f_______ﬁf

Rate in - :
Ccu.ft./min,  1/in.? 1/in.2 L

259 .0346 L0112 1,042
579 .0406  .0135  1.021.

(b)'Intermédiate Flows

L U et Flw . ALE 0 kE K

.- :'Rate in _ o ) -extrapo-
cu.ft./min.  1/in.2 - 1/in.R lated

1.100 L0414 .01026  .0146

1.5 .0413  .00914 . .0185

3.25 0386 .00706  .01B15
w.95 - .0277  .00641  .01155

in the Twenty Inch Tower

Flow a’i; .
Centerline

-~ cu.ft/min ,in.z‘ '

.0016
’ .0031

fE}ow,étA“
.Centerline’
‘ca.ft/min.in .2
.0113 .
.0160
.0240
.05%
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