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SUMMARY

The effcects of three operating variables; liguid rate,
outlet weir height, and gas rate, on overall plate efficiency
cn a sie#e plate have been studied, using the system ammonla-~
air-water. Ammonlia was absorbed from air into water, using a
single 24-in. diemeter tray which had a perforated area of
0.2150 square feet. The perforations consisted of 2,534 1/5-1n,
di meter holes on 3/8-in. equilateral triangular ocenters and
provided a free area equal to 7.69% of the superficial tower free
area. The superficial tower free area (2.795 £%.2) is defined as
the tower internal area less the area of the segmental inlet
vater down-comer. Liquid rates ranged from 1,740 té 10,700 1ps.
per {hr.)(£t.9); gas rates ranged from 860 to 1810 1bs. ber {(hr,)
(£t.2); and welr heights ranged from zero to 4.70 inches. The
gas and liqu;d rates reported in this thesié are caléulated on .
the same bagis a&s the plate free area calculation, 1l.e., using
the superficial tower free area as defined above in the calcula;

tion of column free area.

Murphree plate efficiencies Tram 60.0% to 94,0 were
observed, Frou these data and analysis of the statissical pro-
gram, a general correlation has been computed to define the
relationship of Murpnree plate efficiency to the three

operating variables,
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The data ard statistically-derived expression show that
plate efficlency can be incrensed by increasging the liguid rate
and/or by 1nqrea81ng the outlet weir helgant. Increasing veir
helght proved to0 have the gireatcest offect on efflciency up to
about 3.7 inches; a¥%. the highest weir helgat, 4.7 inches, 1t was
noted that effiziency did not increase as one would predict from
the derived afficiency cquation. This run points to the 1limit

of use of the equation to regions of stable plate operatien.
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INTRODUCTION AND BACKGROUND

The designer of a sleve plate distillation column
is confronted with three basic problems: '
. " {1) calculation of the optirmum gas and liquid rates
in the column, ‘

(2) Determination of the number of theoretical
stageb required for the separation.

(3) Determination of a suitadble plate efficlency to
determine the number of actual stageé required for the

separation.

Following the. general procedure outlined above, the

designer is évencually confronved with the problem of corre¢lat-

ing available 1itérature data on plate efficiengy %o fhe system
- with which he is concerned and then computing a suitable plate
efficlency far his particular system based on these data,

‘The concept of plate efficlency as defined by
ﬁufphree (11) in terms of the vapor compositions is:

Eyy = ¥in - Youy (1)
Ein - mxout

where migyg Zives the composition of the vapor in equllibrium

with the liguid leaving the tray. ZIFpyy then represents the per- -

cant approagh %o equiiibrium of the outlet gas and the liquid

legving the plate.

Reproduéed with permission of the copyright owner. Further reproduction prohibited without permission.



1"

roint cfficiency, which is probably a nore
fundamental definition of the true equilibrium characteristies
of the plate, 1s concerned with an infinitely small portion of
the plate. In this case point efficlency represents the per-
centage approach of the gas in this small section to equilibrium
with the liguid in the same small section of the plate. Deter-
minatlon of point efficlency for a sieve plate is very 4iffi-
cult as it is almost impossible tc take a liquid shmple from
the plate without simultaneously purgihg gas with the liquid

sample,

To maite use of the more fundamental concept of plate
efficlency, the transfer effieiency is employed, Transfer
effictency (Egg) 13 defined as: |

Epg = 31 - Y2 - ‘ T (2)
e .
‘where mXpy is the composition of the vapor in equilibrium with
the average liquid on thc trey. Egpg then represents the percent
approach to equilibrium of the outlet gas with the average lig-

uld compositicn of the plate,

Transfer erficienoy then rcpresents the mean value of
all the point efficlencies of the plate. The transfer efficiency
and the polnt efficiency are equal 1f the point éfficiency is
constant sverywhere on the plate, This case 1s usually assumed

to he true for sleve plates.
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The relationship of Murphree plate efficliency and
transfer efficiency can easily be secn by referring to equations
(1) and (2}, If the liquid on the plate is thoroughly mixed as
it flows across the plate, then the transfer efficiency on a
vapor basls would be identical wilth the Murphree plate effici-
eney - I§ can also be seen that the tranasfer efficienéy can
rever be greater than 100%, while, owing to cross-fiow and
1pcbmplete mixing of the lliguid on the plate, the Hurphree _
'plate efficlency can be greater than 100%4. The relationships

" between Murphree plate efficlency and tranasfer efficieney for
certain sasges gr lilquld flows across a plate with no mixing have
- heen cémpubed by W. K. Lewis, Jr. (10) with the assumption that
the equilibrium line 18 straight.

GOhBiderable 1e8earch effort has been directed toward
underst&n&ing and éredicting tiay efficlency. Some of the
independent variables consldersd to effect tray efficiency
inglude: liguid depth on the plaﬁe; frdth depth 6m the plate;
iiquid ratc; vapor rate; hole slze; hele spacing; téay Sﬁacing;
cutliet welr helght; and the physical properties of the vapor and
liquid,  Much of the work which hes appeared in éhe literature

| ‘ﬁrior to 1950 ils reviewed by Robiﬁson and Gi1lliland (13) ana by
.Bgarwood and ?igrord (16). Mubh of the eiperimental work
reported in thé literature has been carried out In small dlam-

eter laboratory celumns, in which entrance, exit and wall effects

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



precdominate. The results of these experiments are therefore
difficult to evaluate and extrapolate to the design of

commercial equipment.

From the standpoint of the present work, several of
these earlier investigations merit review. Walter and Sherwood
(17) studied the absorption of ammonia and carbon dicxide in
water using an 18-in, diameter column, They showed that the
rates of' absorption of ammonia in water were determined almost
entirely by the rate of diffusion of ammonia through the gas
film. Drickamer and Bradford (3) correlated plate efficiency
with the molar average viscoslty of the f=ed at average tower
temperatures for a number of commercial colﬁmns. The correla-
tion is limited as only one of the many actual variables entefs

into the correlation.

- In an attempt to find a more theoretical basis for
‘the calculation of transfer efficlency, Geddes (6) presented
an analysis of efficlency as a function of individual film dif-'
fusional rates and based on unsteady-state molecular diffusion.
From ‘the predicted equations he calculated the transfer effici-
ency for a number of systems'for which experimental results
were available, The comparison of the calculated and experi-
mental efficiencies Qere good., Geddes polnts out that this
successful comparison was most fortunate due to the assuaptions

requlired to arrive at the working formulas. Gester (&) compared
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experimental plate efflclencles for hexane dehydration with
those caleulated by the wmethod of (Geddes. In thls case there
was quite a large discrepancy in the calculatved and experiment-
al efficiencles, 1In view of these results and talking into
consideration the assumptions used by Geddes to arrive at his
derivation, it wmust be concluded that this method at best can
only be used to obtaln apptoximations of actual transfef

efficieﬁcies.

West, Gilbert and Shimizu (18) attempted to modify-
Geddes! approach to evaluate mass transfer coeffliclents and
relate them to interfacial area and froth density. To utilize
fhelr approach, one must estimate the fractional volds in the
froth and relate this and average bubble radius of the frqth to
efficieney of the tray. Their study ia'based on‘thé use of, 16
and 33 1/8B-in. diameter hole sileve trays. Extension cf their
data to other 1iteratﬂre data polnts to the hazard in extending
this type of correlation to plates of different design and util-
izing systems other than the one studled in the experimental

work.

This general approach to efficlency is s8till, however,
" the most promising avallable., The primary difficu;ty in utiliz-
ing this approach is in defining terms such as'bubhle radlus.
One cam calculate bubble radius from a single Qrdfice on the

platé, but this really doesn't define the bubble radius in the

rther reproduction prohibited without permission.



frotih, as coalescing ol bubbles occurs at or near the plate
surface and varies throughout the roth. It alsc neglects
the effects of the mass transfer area obtained in the form of

’

liquid drops present in the gas stream above the froth.‘

One of the most promising methods for the
correlation and the determinétion of plate efficlency waszs
presented by Gerster (7). These data are concerned with the
degorption of cxygen from water and the adiabatic humidifica-
tion of air in a 13-in., bubble-cap column., Both of these pro-
cesses measure directly the transfer efficiency for the liquid
film and the gas film, respectively. From these data the over-
all efficlency for systews where both gas and ligquid films are
of importance can be obtained. This experimental approach is
simlilar to tite one used by Walter and Sherwood (17) and to
.date is the best method availlable for predicting plate efficl-
ency. Since the experimental data of these authors deal with
air-water systems, a method for convergion of the individual’
£ilm results of the test system to any system under considera-
tion must hbe made, CQerster suggests that the pure-systens
individual film results be corrected individually by using a
suitable ratio_éf the Schmidt nuwalers of the two systems.
These corrections are:

. N 2/3
Ng = Ng, (CSe, Go) <3 (3)

N3gs G
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Ny, = Npg NSCLNEQl}/E (%)
Ses b
The theoretlieczl basis for the Gerster correlation is
the Lewis-Whitman two-film theory., In the caleculation of the
number of gas-film transfer units, (N;) is calculated on the
basis of the change in gas concentration passing vertiecally

through the liquld on the plate. The point efficlency is then:

Eng = 1 ~ exp - KgaPZv (5)
Gm
The number of over-all gas-phase transfer units is defined as:
Nog = -1n{1-Egg) = KgaPZv (6)
Gy o |
Purther, since
1 mG/L (7)

" then

The relationship between the over-all mass transfer
- coefficient (KGa) and the individual gas (kGa) and liquid (kLa)
coefficient 1s: |

1 .1 . m (9)
KOGa kca Kra

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Since the two resistances (in equation 9) refer to
two different mass transfer mechanisms, i1t is expected that the
two will be affected differently by the variable influencing
efficliency. Since determination of these factors ig nearly
impossible for most systems, Cerater correlates the individual
film resistances in systeme where one phase accounts for all or

almost all of the resistance to mass transfer.

Objectives of the present work. Much of the work

réported in the literature for determining Sieve plate effici-
enceies present elither plate efficiency or the number of trans-
fer units as a functlon of gas rate, 1i§uid rate and weir height.
Rush and Stirba (14) measured sicve plate erficiency for systems
whoa. :esiétance tc mass transfer are in the éas phaée‘ They
find that they can correlate thelr cata by the use of the
Gercter method. Hoss and Gerster (5) correlated plate effici-
ency for a ligquid-film controlled system on sieve trays and
found that the mo3t important factors affecting liquid-film
efficlency were the interfacial area available within the

froth and the time of contact of the liquid with the gas. Jones
and Pyle (9) present efficiency data for bubble-~cap trays and
sleve plates and point cut the cost and operating advantages of
sleve plates over the hubble¥cap tray.

All cof these authors presecnt data for determination

of effliciency, but none of them attempt to present a general
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correlaticn of efficlency as a funecticn cf gas rate, liquid
ratc and weir helght. The experimental program for this study
was therefore established to develop a general correlation of

plate efficlency as a function of the three coperating variables.

hhelce of System. The alr-ammonia-water system was

chosen for thic study as this systen 1s easy ftc handle experi-
‘mentally and offers a system where the gap-film controlc the

mass transfer procesc,

Also, the eqﬁilibrium relationshlp of the system is
well known, &and because of the low values of m, point and

Murphree efficisncles are nearly identical.

Cholce of Equipment. In order to stay within

convenient ammonia concentration ranges, a single sleve tray
was installed in the existing c4-in. diameter coluwmn, avallable
in the University laboratories. Ib was decided‘to use a super-
ficisl perforated area of 7.69%, which was aceoﬁplished by the
use of 2,534 1/8-in. diameter holes on 3/8-in. squilateral tri-
angular centers (a hole area of 0.215 £t.°). It was felt that
the design of this plate would be similar to the general purpose
plate used in industry, thus permitting the use of a wide range

of the aperating variables.

Range of Variables Studied, Liquid rates viere

varted from 1,742 to 10,700 1ba./(hr.)(ft.<), gas rates ranged
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from 860 to 1,810 lte./(hr.)(£t.2) and weir heights ranged from
zero $o 4,70 inches. The gas and liquid rates are based on the

superficial tower free area (2.795 £t.9),

It was felt that these ranges of the operating
variables would encompass a set of conditions which would yield
the maximum efficiency for the plate under consideration. It
was also felt that these condltlons would yleld a general cor-
relation of efflieclency which could be used as a bazis for the
prediction of effiolency at conditicans of aither high or low

gaa and liquid rates.

Experimental Plan. To obtain a general correlation

of plate efficiency as a function of gas rate, liquid rate and
weir height, a statiaticai program was initlated to develop a
second degree polynomial equation which would define the desired
quadratic response surface. The ganebal'form of this second

degree polynomiel, for 2 three varisble system 1s:

Yu = B° + lelu + /32X2u + B3X3u +
2 2 r 2 1
B 11%,° + BaooXa? + BaszXsu® *+ (10)
Blexluxf:‘u + B13¥iu¥sy + B a3XeyXay
In this equatien defining response surface, ¥, {(plate’
efficlency), contalns llnear terms, squared terma and cross

‘producst terms of the varlables X;, X, and X3. These variables

represent iiqnld rate, welir helght and gas rate, respectively.
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The coefficlents in this equation are developed from & series
of carefully planned experiments; in this caae; a rotatable
second order deslgn. Cochran and Cox (1) present a detailed
discussion of this statistical approsch to en experimental

prozran,

It was felt that the equation would relate the
primary variables in such a way that the basic factors affecting

13.

the mags transfer operation oceuring on the plate will be defined

by the Becond ordervpolynomial expression. Thus, any important
interaction termsa such as gas rate and liquid rate, gas rate
and weir height, and liquid rate and uéir'height, should be
establighed by the selected statistical program, '

-The rctatable design 1B carried out in thrde parts.
In the first part of the program, a 23 factorisl experimental
design 18 folibwed to develop the baslc relationship éf'errici—
ency te the lineer terms of equation (10). This design per- n
mits estaplishment of an équation of the following formi

Y = by + b1Xy + bpip + byXy . (11)

Interaction terms of X;X,, X3X3, XoX3 and X3 XXy caé also be
determined from this basic 23 factorisl design.’ Divies (2)
presents the method rof analyzing the 23 factorial experimental
program, These basic experiments indicate the magnitude of the
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linear coefficlents and the pesgitle signif'icance of interaction

teirns,

In the second part of the program, a series of
experiments are run at selected conditions to obtain the

detailed interaction and squared cerm effects.

The third portion of the program is a series of
rerlicated experiments run at the center of the design to
obtain an eatimate of the experimenﬁal error involved in the

program,

The completed progrmm will then permit calculation
of the coefficients (vg, by, ete.) 1n equation (12). The stat-
isticel analysis of these data will then complets the progiam

and define the meanlng of the derived coefficients.

A block plan of the experimental program is shown in

Figure 1.

Zxperimental Measuremernts. At a glven gas rate,

1iqu1d rate and outlet weir helght, measurements were made Qf
inlet and outlet vapor compositions, outlet liquid compositions,
vapor and liquid temperatures, froth height and the pressure
drop acrosé the plate. bver-all plate efficliency was computeéd
directly from the compositions of the inlet and outlet gas and
liquid.
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FPIGIRE 1

e, st S ——

EYPERIMENTAL PLAN

Run Varlable

No. ol ) X3
9 ~1 -1 -1
16 1 -1 -1
i3 -1 +1 -1
L1 1 | 1 -1
14 -1 -1 1
10 1 -1 1
12 -1 1 1
15 1 1l 1
25 ~1.682 G o
26 +1,6582 . -0 0 ,
27 0 -1.682 0
28 0 41,68 0
23 o 0 ~1. 582
24 0 0 F1, 582
17 o o) )
18 0 0 o
19 0 0 "O
20 0 0 0 -
21 2 8] 0
22 0 0 o

In thiz table, the followlng coding syster has been used:
Xy = (L'-35 /15

Xp = (W-1,6d2 in.)

X:.\) = u8-65)/15
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APPARATUS

A 24-in. inside diameter, single-plate column was
employed for this study. The sieve plate was bolted besween
two flanged seciions of the column. A segmental downecomer was
weldsd into each of these sections to handle the plates' ieed
and effluent water atbeams. The lower gection, 38-15. high,
was fitted with two small Tuelite windows to permlt observation
of plate ieakage. Tﬁo 12-in, by 19-in. Lucite windows, scribed
at l1-in. intervals above the plane of the tray, were installed

1n the upper section of the column to permlis acasuresient of

- froth helight.

The 24-in., 1/8-in. thick plate wae perforated with
2,534 1/8-in., diameter holes on 3/8-in. equilateral triangular
centers, An inlet weir, 2-1/2 in. high anc 20 in. long, was
located directly in front of the inlet downcomer. The outlet
weirs, 18 in. long, were bolted in the plane of the outlet down-
comer. The distance between the inlet welr and the first row
of perforations was 1/2 in,; between the last row of perfora-
tions and the outlat welr, 1-1/4 in, Ths length of liguld

travel across the actlve perforated area was 13-1/0 in.

A flow dilagram of the eqguipment 1s shown in Flgure 2,
and a detsiled plate layout in Figure 3.
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FIGURE 3
PLATE LAYOUT
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19.

Clty vater was fed to the column from the bullding
constant-head system. Twe brass orifices (1.60 in. and 0.696
in, diameter) for metering water flow were mounted in 18-£t.
runs of 2-in, and 1-in. dlameter pipe, respectively. The calilb-
‘ration of these orifices is reported by Scriven {15)., Flow rates
were controlled by means of a 2-in. gate valve and a l-in,

Hancock flow control valve arranged ln parallel.

Alr ﬁas supplied by two Spencer turbo-compresaors,
each rated at 550 cu. £t./min. at 20 oz., mounted in parallel
and connected to ‘the column through a 10-in., diameter galvanized-
iron duct. Air rléw was controlled by bperabion of either one
or both of the compressors, and by use of a damper installed
downstream of the gas metering orifice plate andé Just upstream
of coclumn gas entry port;_ A 4.900-1n, d;amgter orifice plate
was installed im the feed ailr duct. The orifice was installed
4 tt.'from.the downstresm end of a 17-ft. run of the duct; a
3-ft. length filled with 1-in. straightening vanes was located
5.5 ¢, upstregmiof the orifice. Vena contracta taps were
located 10 in. upstream and 6.8 in. downstream of the orifice.

A stat¥ic pressure tap was located 7 in. upstream of the orifioce.

Liquid ammonia was drawn from & steam chased
comuereial cylinder and metered as liquid through a rotaneter.
The flow rate was controlled by means of a needle valve down-

gstream of the rotameter. The liquid ammonia was then vaporized
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in & stesam-heated falling—film flagher, cperating at the air
supply duct pressureQ The vapor passed through an electrically-
heated, packed surge chamber where any entrained liquid collected
~bn the packing énd was vaporized. The ammonia was injected into
the air supply duct at an elbow 2 ft. upstream of the straighten-

“ing vanes,

Iniet and ocutlet gas samples are drawn through

- individual acld-bubblera where the ammonia was abgorbed and the
residual alr was collected over watepr. Tha inlet gas—sampling
arrangement congisted of: (1) an aluminum probe with several
small holes along'ita length, and saaleq at one end; (2) e
15-in. long acid-bubtbler comtaining a Lfritted gas 4ispbrsion,.
tube; (3) a 4-liter ﬁSpirator bottle eﬁuipped with a‘thenmo-
meter and manometer; (4) 'a calibrated 2-liter flask; and (5)

. an aspirater, The probe was insersted in the air supply duct
Just ubstream of~its entry into the éolumnt';The various compoh-.

‘ents were conmected in the order listed with Tygon tubling, with
a‘bypaas between the aspirator and a point Jjust upstrgam of the
ac164bubh1er. The bypass was installed to permié purging of
the sampling system. The outlet gas-sampling train was ldenti-
cal to that used for the inlet gas, with the followlng excep-
tions: (1) the outlet gas sample was drawn from d tap mounted
flush with the top of the duct wall; and (2) a 2-1/2-liter
aspirator bottle was used instead of the 4-liter bottle used 15
the-inleﬁ sampling line.

Figure 4 18 a flow diagram of the gas-sampling system.
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The outlet water-sampling tap was located on the
drain pipe leadling Ifrom the colum at a sufficlent distance
from the coluan Lo pexrmit complete mdxing of the eflfluent,
Six plate prorez were installed at vzrlous posltions on tue
plate. It was origirally anticipated that these proves would
serve as a ncans of obtalning l1Imulé peirt sawples., Ag the work
progressed, it was found to te an impogsitiliity to obtain a 1liq-
uid sample from these point probes, It was felt that vlanking
of f & portion of the plate around these probes was not a feas-

- 1ble solution to this Sampling problem since there was no area
in the active bubhbling length of the plate which contained any-
thing resembling a clear liquid seal. Another sct of thiee
sampling points was located 1n the outlet downccomer Jjust below
the upper edge and in the plane of tne sieve tray.

Thermometers wefe proviéed for chtaining the
teperatures ol the gas entéring, of the licquid entering and of
the liquid leaving the cclumn., The pressure drop cof the air
passirg through the tray vas measured by means of a manometer
across the plate., 7Two other manometers were installed above
and below the plate to measure the static pressure in tue upper

and lower sections of the column,
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RUN PROCEDURE, ANALYSIS AND
EXPERIMENTAL MEASUREMENTS

In order to carry cut a run, the predetermined air
and water flow rates were establishsd. After having established
these rates, the ammonla rate was set to glve 8 1% to 2% by vol-
ume amménia goncentration in the inlet gas stream. The system
was then allowed to come to equilibrium, a period which was at
least 5 to 7 minutes (15). In most cases, sampling was started
10 to 12 minutes after starting the ammonia feed. :The gas-
sampling lines were purged continucusly and were ready for samp-

ling after the ten-minute equilibration period.

The inlet and outlet gas streame were sampled by
passing a 2000 cc., portlon of each stream through about 8% cc,
of acld-scrubbling solution. The acid was contained in the 15-1in.
long acld-scrubbing tube; sufficieét acld was added t¢ the solu-
tion to provide a¥% least a 2007 excessz of the acid actually
required -¢o neutiralize all the ammonia in the sample. The
ammqnia-free alr wvas then collected over water in the aspirator
bottle, vhich had originally been completely filled with water.
The volume of alr was measured by the amount of water drawn
from the bottle into the calibrated two-liter flask. After
shutting off the feed to the sampling traln, the temperature
aind pressure of the alr in the aspirator were recorded. An

excess of dilute caustic was then added to the acid from the
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acld-serubbing tube. Thies =ample was titrated with dillute acid

to the bromphenol vlue indicator end point. Previous werk by
Seriven {15) shows that ammonia absorption was complete when
using the aforementioned procedurs, In all of the experimental
runs the outlet gas samples were free of entrained liquid, for
1t was observed that no moisture appeared in the gas-sampling

iine at any time.

The compositions of the liquid sampies leaving the
plate were found to be constant (maximum deviation noted was
T 1) after steady state operations were aoh{fyed on the plate,
Three instantaneous ouvlet liquid samples were taken from the
drein pipe during the gas-sampling operations. Sufficient
sample was takén to £111 a 250 cc. ground-gloss stoppered flask,
Theae samples vere anglyzed immediaﬁely by titration with dil-
ute acid to a bromphenol blue indicator end poilnt. |

During the gss-sampling periocd, the various msnometer
and thermometer readings were recorded. Spray and froth height,
observed as the average heightf{ above the tray, were élso

recorded at this time,.
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Teble IIT in the Appendix presents a summary of the

experimental data and the somputed Murphree plate efficien-

cies for all aceepiable runs.

‘Material Balaqces. A meterial balance Tor ammonis

hasvbéen calculated for each run as pounds of ammgnip abscrbed
in ﬁhéw&ter leaving theftray per unit time divided by‘pquéﬂsﬁof
ammonia stripped from the gas pasains through the tray per:ﬁai%
time, expressed as percent. The average material balance is
about 90%. R

41l but one of the materisl balancea ranged from 88%
to 94%. These balances were sonsidered acceptable as eome water
is always in the space below the tray. The inceming gas cen-
taining ammonla contacts this liquid before passing shrough the
tray and thereby loses a small portion of the ammonia. The
liquid in the bettom of the tower is continuocusly replenished
by plate leakage. . In all cases this leakage was =mall ocompared
to the bulk of liquid flowing across the plate. This loss of
amuonia is reflected in the material balances obtained., It

accounts at 1east for a part of the deviation of the balance

from the 100% expected value. The remailning portion of the 4if-

ference is undoubtedly due to amnalytlical errors.
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Murphree Plate Efriclencies. Plate efficilency on a

vapor basis has been ocalculated by the formula:

E = ¥in - Youg ‘
Y . - (12
' Yin Aoyt N )

where-Yin denotes the experimentally measured inlet gas
composition. It wes considéred to correct the lnlet gas com-
position to a psBeudo value where the pseudo value represents a
value calculated from the outlet gas and iiquid compositions,
This method of caiculation wug tesved, but the moderate varia-
tion in the iniet cumposition had littlie effect on the'effici-
ency, owing %o the nature of equation {12) and to the ligh |

solubility of ammonia in water,

The slope of the equilibrium curve, m, was evaluated
at tJa average temperature of the liquid on the tra&, using the
ammonis-air-water equilibrium data taken from Scriven (15).
“hese data are plotted in Figure 15 and are presented in the

sample calculaticn sectlion in the Appendix.

Point and Transgfer Efficiencias. The experimental

program was concerned with the measurement of Murphree plate
efficiency; however, it is of interesi to relate these measured
efficiencies to the more fundamental point elficiency {or trans-
fer efficliency, in the case of sieve trays). W¥. {. Lewis, Jr.
(10) has snown that the point efficiency is identlcal to the

plate efficiency when the vapor beneath the tray 1s of uniform
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composition and when the liquid on the tray is well mixed. The
other extreme condition of plate behavior is "plug flow", 1i.e.,
there is no back mixing of liquid in the direction of liquid
travel, 1In this case the largest difference between point and
plate efficlency is observed. 1In the case of plug flow {10)

the two efficiensies are related by:
Eom = 1 1n( 1+EyymGry/Lay) - (13)
oG M
ahy/Iyy _

Hence, for the limliting case,

Eog = By (14)
as mGy/Ly -0

It can be seen that for sufficiently small values of mly/Ly, the
two efficlencies will be very nearly equal regardless of the mix-
ing Situation. At all experimental conditions of liquid and gas
fiows, 1t was apparent that mixing was teking place in the bulk
of the 1iquid on the tray. Since the value of mGy/Ly ie small
for all the runs, and since mixing of froth was observed in the
experiments, 1t 15 concluded that the measured plate efficiency

and point or transfer efficlency are 1dentica1.

Selection of the Range of Operating Variables. Before

planning the statistical program, a Beries of runs were made to
select maximum and minimum gas and liquid rates which would
result in stable tray behavior. The so-called stable tray con-
| ditiona wvere dehermined by arbltrarily observing plate leakage
and 1iquid entrainment in the outlet gas at several welr heights
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while varying the gas and liqulid rates. For the tray used in
this study, the lower limit of gas rate was at a slot velocity
of about 40 ft./sec. At this conditicu, plate leaitage was
falrly large but was not considered to be severe enough tc re-
quire the use of a larger value for minimum gas rate., The upper
gas rate, apprcximately a slot velocity of 100 ft./sec., was
Limited by the capacity of the Spencer Turﬁo-compressors. At ‘
this rate, a fair amount of Ilne spray was entrained in the out-
let gas stream. These drops were observed to be coalescing in

. the canvas portion of the outlet duct. The upper limit of gas
rete was therefore set at a value of 90 ft./sec., where little

or no coalescing of spray was noted in the outlet duct.

Liquid rates in the column were determined by the .
effects of welr height, gas rate and outlet down-comer froth
handling capacity. Thus,'at a2 zero welr height, sufficlient lig-
uld had to be passed escross the tray te prevent the tray from
“blowing dry'. This condition occurs at low liquid rates when
the gas rate was maintained at condltions near the center of
éesign gas rate (a slot velocity of 65 ft./sec.). It was found
that liquid rates of about 25 to 35 gpm would prevent the tray
from blowing dry at the zZero weir height condition. A water flow
rate of 35 gpm was then established for the center of design con-
dition, The upper limit of iiquid rate, 60 gom, was determined
by the head éf water avallable in the constant head water

E systemn,
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With the gas range limlts set at slot velocities
ranging from 40 to 90 ft./sec., and liquid rates of 35 gpm at
the center of design and 60 gpm at the upper flow limit, weir
heights were varied to determine the range of stable operation.
Buring this evaluation specific sets of conditions were found
where froth bullt up in the ocutlet liquid down-comer and resulted
in an exaggerated froth depth on the plate, It was further found
that, 1n some cases, the froth on the plate and in the downe
comer sould be reduced to permit normal operation when ammonia
was fed to the inlet gas stream., Since it was of interest te
include zero welr helght in our experimental design (representing
'a'ccnditian of mintimum froth height and liquid hold-up on the
plate), weir heighte for the statistical progrém were varied

from zero to 3,36 inches.

H

Measurement of Froth Helght. The characteristic of

the froth was observed at all operating conditions. It was 4if-
ficult to define the froth height to better than %11 inch in
most of the runs, The reason for placing this limit on froth
height is due to the physical appearance of the aerated mass of
liquid above the tray. In all cases the froth on the tray can

be broken down into three zones:

(1) Zone 1 represents an -area of froth directly
above thq tray.

(2) Zone 2 represents an area of large entrained

drops of liqpid ripped out of Zone 1 by the
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gap sbream, These dropa tend to drop baqk
on the platae, but usually at a point down
the tray and along the path of liquid
travel.

(3) Zone 3 represents an area of fine spray
droplets that sre carried at least 21
inches above the level of the tray and
which, on coalescing with themselves or
the column's interior surfaces, return te
the liquid on the tray.

The froth heights reported in Table III of the Appendix
are an attGpr te differentiate between Zones 1 and 2, This
attempt was made bécause Zone 2 spra& helight was found to vary
greatly at Aifferent éés rates. This zone consisted of liguid

.. drops riding in a Eontinuoua air stream while Zone 1 was con- .
| sidered éo be an area of aerated liquid where a continno&s'liqﬁ
uid film contained gas bubbles of varying sizes. B8ince we could
not estimate the amount of liquid, the size orF number of the
drops in Zone 2, this area for mass transfer doesh't offer a
means of correlation to the operating variables. The froth
height (Zone 1) can be related to the operating variables; how-
éver, it should be realized that it was very difficult to find
a sharp interface between Zones 1 and 2 ané therefore, froth
height varies over a fair ransé to include what appeared €0 be

the zone iaterface condition.
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Statistlcal Design. In planning the statistical

program, the rotatable design was selected for the experimental

work. This plan (shown 1n Figure 1 of the previous Introduction

And Background Section) permits ready calculation of experimental

error and permits easy determination of the coefficlents of the

linear and second order terms in the proposed polynomial equa-

tion.

Table I presents a summary of the meaning of the coding

symbols used in the statistical program;

TAELE I
SUMMARY OF STATISTICAL CODING

Variable
Coding Symbol Liquid Rate, = Weir Height, Gas Rate,
X3, Xp or X3 gpm inches ug, fpa.
0 35 1.682 65

+ 1 50 . 2.682 80

-1 20 Q. 682 50

+ 1,682 60 3.364 90.23

- 1,682 9.8 0 39.7T
§Q§§:

The resulting code 1s therefore:

Liquid Rate: X, = (L'-35 gpm)/15
Weir Height: X, = (W-1.682 in.)

Gas Rate: Xy = (ug~65 ft./sec.)/15
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The experimental data were correlated very well by the
proposed second degree polynomial equation., The final form of

the equation was:

Eyy = 79.43 + 2.37Xl + 6.76X2 - o.lux3
+ 1.75x1x2 - 1.33% X3 + 1.52XX4 (15)
- o.aele - 1.53%,% + 0.42x32

The coding symbols for gas rate, liquid rate and welr height
are used in the derived expression to keep working values of

the variables ag small numbers,

Several terms in equation (15) have little
significance when compared to the mean square of the experi-

2 ana X5°. They have,

mental error. These terms are the X3, X
hewever, been used in all calculations utilizing the derived
correlation. The statistical program calculations are presented

in the Appendix.

Equation (15) was utilized ‘to prepare a series of
efficiency contours at gas slot velocities of 50 ft./sec.
(X3 - -1, 65 £t./sec, (X3 = 0) and 80 ft./sec. (X3 = +1), ‘These

efficiency contours are presented in Pigures 5, 6 and 7.
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FIGURE C
MURPHREE PLATE EFFICIENCY CONTOURS
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FIGURE o e
PHREE PLATE EFFICIENCY CON
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FIGURE 7

MURPHREE PLATE EFFICIENCY CONTOURS
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The foregolng figures present lines of coﬁstant
Murphree plate efflciency as a function of the fixed gas rate
and various combinations of weir height and liquid rate. The
ridge line presented on the plot represents the turning point of
a parabolic equation, and solutlons of equation (15) above this
line are discarded as belng unreal values, Various pointe of
the experimentai plan are included on the figures in order to
present the range of the experimental datas used to derive the
contour maps., The various experimental point efficiencies rep-
resented on these figures fall on efficiency conbour lines which
lie between the lines that have been plotted. The close agree-
ment of the experimental data and equation (15) calculated
efficiency is presented in Table VIi of the Appendix. The maxi-
mum deviation noted 18 less than I 2.55%-effic;ency units,
which is the maximum deviation expected By experimental error.

Thé individual efficiency contour presénts a line
which can be interpreted to represent the affect of liquid hold-
up and ?roth height on efficiency, and, of courae; relate these
factors to the particular condltion of welr helght and liquid
rate required to attaln these conditlens. The most effectlive
way of increasing the liquid hold-up 18, of course, by increasing
the weir height on the tray. Changing welr height also increases
the frothing action on the tray at any glven set of liquid and
gas rates. DBecause of tnis general relationship we find small
ehanges 1n welr height ét conatant liquid rates result 1in a

rapld increase in efficlency.
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Increasing liquid ratejat constant weir height and gas
rate primariliy increasee the froth height on the tray and thus
resulta in an increased contact time of the gas and liquid on the
plate., We, therefore, find that liquld rate has a smalier effect
on efflciency than does the weir height.

The elffect of gas rate cannot be seen by inspection of
any single efflciency contour map, However, if the three contour
maps are examined as a serles, it can be seen that the ridge line
displaces wpwards and the efficiency contours to the left ag gas
rate is inecreased by moving from Figure 5 to Figure 6 %o Figure
7. 'The terms in equatien (15) which are responsibleAfor this
effect afe the interaction terme of gas rate and liq:id rate
(X1X3) and gas rate and weir height (X,X3) as the linear and
sguared gas rate térms aré small,

At constant weir height and liquid. rates the interactlon
term XpX3 has more significance than the term‘xlx3, i.e., the XpX3
'eoeff;cient it + 1.52 and the coe}ficient of the X;X;3 term, - 1.33.
These two terms represent the erfect of the interaction terms on
gas-liqudd contact time and avallable ;nterfaeial area for mass

tranafer,

Eeuation (15) has also been utiilzed to prepare a
series of curves which present efficlency as a function of weir
height at various liquid and gas rates. These figures, Figures
8, 9 and 10, are eross-plots of efficlency. sontours preseﬁted in

Figures 5, 6 and '
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FIGURE -
MURPHREE PLATE EFFICIENCY AS A FUNCTION
OF WEIR HEIGHT AT

GAS SLOT VELOCITY | ug = 80 fps
AND INDICATED LIQUID RATES
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FIGURE O
MURPHREE  PLATE  EFFICIENCY AS A FUNCTION
OF WEIR  HEIGHT AT

GAS SLOT VELOCITY, ug = 65 fps
AND INDICATED LIQUIC RATES
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FIGURE i~
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The gensral features of Figures 8, 9 and 10 require
some Iinterpretation, The Interesting aspects of these plots are
the prediction of an optimum efficiency at the larger values of
weir height, and the convergence (actual cross-over) of the

efficliency curves at the lower welr heights.

The cross~over of efficiency lines shown on Figure 8,
occurs at a welr height of about 1-1/4 in, and indicates a
decreased efficiency at lower welr heights as the liquid rate is
increased., This appears to be an anomalous effect as one would
expect to obmerve 1incrcased froth height and{ there.'ore, increased
gas~liqulid contact time and increased efflciency as the liguid
rate 13 1increased, To explain the actual results, one rust
éxamine the experimental data fo: two rune at a gac slct veloeity
of 30 f£t./sec. and a weir height of 0.682 in. The liquid rates
for these runs3 were 20 and 50 gpw, respectively. In the 50 gpm
‘czse, a stable G to 8 in, liquid froth height was observed,
while at the 20 gpm rate a violently agitated 5 to 8 in, frqth
height was noted. Efficiencies were 70.80% for the 50 gpm run
and T1,46% for the 20 gpm run. One other experimental observa-
tion that is significant 1z the cheracter of the liquid epray
above the tray. At the 20 gpm rate, large diameter liquid drops
were carried by the gas as much as 21 inches above the tray, while
at the 50 gpm rate, these large diameter drops were confined to a
normal height of about 12 inches above the tray. It can be con-

cluded that the greatzr amount of large diameter liquid drops

—
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observed at the 20 gpm liquld rate afford an increased mass
transfer area and gas-liquid contact ¢time which results in a net
increase 1n plate efficlency ebove the value one would expect if

a stable liquid froth had been developed on the tray,

At the 80 ft./sec, gas sIét velocity and weir heighté
of 2,682 in., a stable froth was observed at both the 20 and 50
grm liquid rates, In this case, an excess amount of large diem-
eter liquid drops were not observed at the lower liquid rate,
and one observed a significantly higher plate efficiency at the
higher liguid rate.

The cross-over or convergence of efficlency lines is,
therefore, attributed to a conditioh of unstable plate opera-
tion; in this case, the fallure to establish sufficient liquid
head on the ﬁlate to cause‘attainment of a stable liquid froth.

' The maximum values obtained in the curve at the .
greater value of weir height is felt to be real-and not due to a
fault of the statistical program. One might expect that increas-
ing the depth of liquld on a plate would always result in
ihcreaaed gas-liquid contact time and, therefore, inecreased
efficiency. This would be true 1f the plate were always in
stable operation at the higher welr depth, but we noted that as
weir height increased (in the 3 to 5 in. weir height region),
the froth on the tray surged violently across the plate. This
surging action created some lliquid depths greater than the

Further reproduction prohibited without permission.
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average froth height, end others rmch lower. Streams of'gas
could be seen Jetting through the plate at these coperating con-
ditions an¢ undoubfedly reduced gas-liquld contact time by gas
short circuiting. The exact upper applicabllity limit of these
curves should be considered to be about 3 to 4 inches, At this
welr helght 1t 1s fclt that the plate 1s still in stable

operation.

Extension of Experinmental Deta. Three runsg were

conducted at gas slet velocities of avout 80 ft./sec. and three
combinations of welir héights and liquid rates to see 1f the sta-
tiétical equation ‘would successfully predict efficiencies out-
side the range of the origlnal experimental design. Table II

pregents a summary of run conditions, predicted and observed

efficiencies.
TARBLE II
TEST OF STATISTICAL EQUATION
Murphree
Variable Efficiency
Predicteld By Observed
X X, Xz Equation {15), & Efficlency, % Run
1 3,00 1 G06.7S 91,28 31
1 2.05 1 94,81 $3.58 29
Q 2.05 1 930.26 Sl1l.33 30

The agreenent of the predicted and experimental data

are rather good forrmuns 29 and 30, and 1t 1s safe to say that tue
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equation can be used to predict efficlency values at points

which are not far removed from the range of the variables covered
in the originel experimental design. The comparison of predicted
and observed efficiency for run 31 shows a difference which is
significantly greater than one would expeet from experimental
error, The results of this run ﬁight have been predicted to
show a decrease 1in efficiency as the plate was operating at'what
appeared to be & rather unstable condit{on. This combination of
gas rate, welr height and liquld rate gave an operation which was
characterlized Ey'surges of liquid in the direction’pf gas flow
which probably resulted in short circuiting a fair portion of

the gas, on'a time basis, through a shallower depth of 1liquid, .

and therefore resulted in a decrease in efficlency.

Prom these experiments, the statistical study, and
preliminary experimental work, 1t is concluded that the statis-
tically derived equation 1s valid in the range of operating vari-
ables studied and may be used at other operating conditions, if
thege conditlons do not represent a reglen of unstable plate
oparation, It 18 also concluded that this equation 1s specific
for the particular plate design used in this study. Additional
experimental work is required on the effects of variations in
plate deslgn to enable development of a more general equatlon
that couid be used succeasfully to predlet plate efficienéy for
any of the many possible plate designs.
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The statistical program followed in this worl: leads
one to the conclusion that weilr helght and liquid rate are the
two most important factors in determining plate efficiency.
It was originally hoped that sufficienﬁly consistent data on
froth helght could be obtained from this work to develop z sec~
ond order polynomial expression which would have correlated
froth height t¢ the operating varlables as has been done for
plate effieclency. However, since the physical characteristics
of the froth are different at nearly all combinations of the
operating variables, 1t is now felt that this type of quantita- |
tive treatment 1s not possible, It 1s still, perhaps, valid ¢o %
compare the géneral trends in froth height and plate efficien- |
cles to various comblnations of the operating variables, This
appreoach has been used to prepare Figures 11, 12 and 13, vhilch
present predlcted plate efficlencies, froth helghts and experi-
mentai efficlency at the center of the experimental design,
Fach figure, therefore, has two of the operating variables fixed
and shows the effect of the other voriable on efficlency and
froth height. The curve representing froth héight in each case
presents a smooth curve through the ¥ 1.682 and 0 coded value

observed conditions,
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 Pigure 11 indicates the efiect Cf'gas slot velocity,
varied from 40 £t./sec. (X = -1.682) to 50 r£¢./sec, (X; - +1,682),
on plage efficiensy. The most atrilcing condition that prssenis
itself harg iz the deviation of the experimental pointe from
the pradicted efficiemcy ourve, Althcugh the difference between
the experimental points and preflieted curve 18 within the maximum
deviation expectod by experimental error, it 1s felt ﬁhatﬂat the
extreme values of gase rate a conditidn of higher than usual
plate leakage {at 40 £i./sec.) and greater than usual entrainmant
of 1iquid (at 90 ft./sec.) cause the expcrmantal pointe to be
diaplace@irrom the position they would occupy if these afore-
mentioned operating problems @414 not exist, Thus, ir'piate
léakage were less, 1% would be expectad that one would obsérve a
decrease in efficiency (40 ft./sec.); and, if entraimment were
less, one would expect to cbeerve ah increasse in efficiency (90
ft./sec.}, The curve for Proth height shows a steady increase
in froth a8 the gas rate iz increased. 3Sinee the liquid rate
and welr height are constant, one would anticipate a slightly
increased gas-iiqulid ocantact area as the frothing action of the
plate increases and therefore, péedict an increase in efiiclency.
Thé baslc assumption in the last statement is: one mgst traly
generate more interfacial area for mass transfer Uy incereasing -
the gas veloelty. Ancother way of stating this argument is: at
higher gas rates, one should cbgerye gn increase in the number,
but not size, of the gas bubbles rising through the liquld phase,
thusg méintaining a high intezrfacial area per unit volume of gas,
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In actual operation, however, we find that at the higher gas
rates we observe a greeter coalescing of the gas bubbles. This
effect leads to increasing the surface area of a bubble, but not
to an increese in the surface to volume ratio of the active .
bubbles. It might, therefore, be expected that increasedigas

' rates, although increasing froth height, do¢ not increase mass
trahster area and, therefore, we should not anticipate an in-
crease in efficiency., Decreased gas~liqﬁid contact time at higher
gas rates would also tend to decrease plate efficiency.

Siatistically, we would predict that~sae'rate 1tsé1f
does not contribute_ﬁo’place érriciency. but combination of gas
rate and liquid rate, and gas raée and weir height, do contribute
significantly to plate efficiency.

figure 12 presents the efflciency curves and froth
height curves as welr height was varied from zero in. (X, = -1.682)
to 3.364 in. (X, = +1.682) at constant gae and 1liquid rates, The
efficiency ourve and froth height surves increase maixedly ae
weir helght 13 increased. Thls increased froth height primarily
represents a large increase in gas-liquld contact time, and there-
fore, fesults in increased plate efficiency. The nature of the
Tfroth in this case changed less markedly than i1t did in the vary-
ing gas rate example, larger diameter gas bubdbles were formed
ag the depth of liquid on the plate lncreesed but these bubblew
always had an increasing contact time for mass transfer, which is

not the case as one increase¢s the gas rate.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51.

Figure 13 presents the efficlency ocurve and froth '
height data as liquid rate was varled from 9.8 gpm (X; = -1.682)
to 60 gpm (X; = 41.682). In this case it was observed that the
gas bubbles tended to be swept along in the direction of liquid
travel and appeared not to coalesce as~had been observed as the
gas reate and weir height were ;ncreased. It appeared that ‘the
shearing actlion of the 1liquid decreased the average gazs bubble
sige; thus, one obtains a larger gasg surface area to volume ratio
‘a8 1iquid rate increases. This effect and the increased froth
height results in increased efficlency.

In this discussion, we have not faced the problem of
reciroﬁlation which occurs at higher gas rates, or the'problem.
of the large liquld drops carried away from the bulk of the
froth, It 1s rather difficult to estimate these effects and,
therefore, no attempt has been made to characterize them as vari-

ables in the mass transfer operation,

The determination of gas film transfer efficiencles
for the sorresponding overall plate efficiency has not been com-
pPuLed as no experimental data of the ligquid film efficiency were
taken durling thls study. 3ince we Observed large variationg in
froth characteristics at the varlous cperating conditions, it was
felt that Ny data for the tray should be determined experiment-
ally and not by the use of correlations of the type presented by

Rush (14) or West {(18).
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CONCLUSIONS
_ The principal conclusion to ve drawn from this vork
1s that the plate efficlency of a gas;film contreolled nass trans-
fer operation is primarily a function of the welr heignt and 1lig-
uid rate, It 1s feit that increased efficlency 1s cobserved as
one lncreases these variebles because of a complicated relation-
shlp of 1ncreasecd gas-liquid contact time and increased inter-

facial area for mass transfer.

‘ The geneQal correlation develcoped by the statiastical
program 1s valid over the range of variables studied and can be
extended to other operating condlitions brovided one does not
have an operating condition which produces unstable plate opera-
tion. The correlation is undoubtedly specific for the plate
used in tne study. It is obvious that a general corrilation of
the avallable mass transfer area in the froth 1s deslrable in
order to prepare a more general correlation vhich could then be
used to predict efficiencles as a function of operating varlables

as well as a funcilon of che plale deslgn.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

[\



NOMENCLATURE

b =  general coefflclents of statistical equaticn,
subserlpts refer to a specific combination
of varlables

c = orlrlce coefficient

d.f, = degrees of freedom

D = diffusivity, om.%/scc,

Epr = [Hurphree plate efficiency, %

Egg =  Transfer efficicency, %

F = gas c¢olumm F-factor = uﬂf) s Tt./sec, \llb./ft.j

Fg = gae slot F-factor = us\lp , £t./zccc. Q 1v./ .5

£ =  conversion conetens, (ft.)(lb.mass)/(1b.force)(sec.)(sec.)
G = gas superficial wmass velecity, 1b./(hr.)(fc.3}
Gy = @as superficlal molar mass veloclty, lb.males/(hr.)(ft.a)

) (£4.3)

“gd = gas fila itransfer coeffilcient, lb.moles/ghr.
nit mole fraction)

u

kea = liquid film transfer coefficilent, ik.moles/(h=.){(f%.3)
(uriit mole fraction}

Kgeé = overall gas aess transfer coefficlent, lo.moles,/(hw.)(ft.3)
(wiit mole fraction)

Lt = licuid fate, gal./min.,

L = 1llquid superficlal mass veloelty, lb./(hr.}(ft.z)

Lpg = liquid superficlal molar aess veloclty, lv.moles/(hr. ) (£5.2)
n = slopc of equilibrium curve

M, 5, = mean squire

Ng = nunker of gac tranzfer unite
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i

muiber of 1iguid transfer units
nunber of overall gas transfer units
Schmid¢ number, H/ P D

Zas pressure, atmosphceres

orifice pressure drop, in. Hy0 or in, Hg,

2

orifice area, rt,.
sunl of squares
superficial colwun gas velocity, ft./sec.

gas velocity through perforated area, ft./scc.

. outlet welr height, in,

ges rate, 1lbL./min,

code¢ liquid rate, (L'-35gpm)/15
coded welr height, (W71.682'in.)
coded gae rate, {ug-65)/15
average tray liguid composition
outlet tray liquid composition
column inlet gas composition
coluin outlet gas compositlion
orlfice expansion factor

point inlet gas composition
polint outlet gas composition

effective liquid cdepth, ft.
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Greek Letters

= general correlating coefficient 1n general statistical
eguation

]

M = viscosity, centipoises
p = density, 1h./I¢.”

= guwmnation sign
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Calibrations

Thce celibration of the water orifices i roported by
Seriven (17) and therelore caliration curves for water flow

rates will aot ke incluaed in the prosent work.

The air {low rotes Tor tine standard 4,.900-in. diameter
orifice 1In the 1lU-1n. duct were calculated by uclng the standard

crifice cquation reported hy Pervy (12).

W= CY¥Sp | 28 P1 APy g (12)
J’|
1-(3*
The ailr rat~gs detemmined by uge of tile a2guatlion were thon

converied te hole velocitics and hole F-factors, and ploatted az

a fun:tica of dry plate nressure droy. IFlgure 14 chows Jrry plate
pressure drop asg a functicn ol ¥ =zad coupares the Jota of thils

Corls to that of Jones and Pyle (9). In both casces, the data are

for 1/8-in. dinmeter holcez on 23/%-in, centers witnh o 1/3-in.

o

RN P e ¥ - - 8- - . de fm [, - i .- T -
plate thleoimness uced for our 2roceont study zZnd o L/le-1a, Dia

thicimicos in the Jones and Pyle woris,

late prrecssure drop a3 o function
4 compares this worls to a gene-cl corrclation

of dry plate sressuite dren ceveloped by Foss (4). The dry plate
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Statistlcal Program

[5]

The basic experimental progrom was pglanned to permlt
correlatlion ol cxpcecelmental date by a sceond degree j ol"“omial
sguatlion, A geoneral correlation of plate efficiency as o func-
tlon of gas rate, liquid rate and welr helght was thnen developed.
The analyslis of this baslc program 1t discussed in detail by

Cochran and Cox (1).

4
s
C_‘J

NN

Table V presents the statistical program, measure

lusphree efflclencles, and equatlons for the solution of the
coerflcierits in the second degree polynomial equation, fTable VI
presents a summary of the regression coefficlents, analysis ol
variance and the derlved polyucomlal egquation. ‘fable VII compares
efficlencies calculated from the derived equation and the actual

cXperimental results.

T

Pron the analysls of variance (Table VI) and the
cempurison of the measured exgerimental efficiencies to the pre-
dlctel c¢fficiencies (Teble VII), 1t can be seen that %he derived
second dezrec polynomial ecuation is a good rerrescntation of

tne expc-iaental dava,

The maxinmum deviation one can expect by use of the
equation is T 2,55 efficiency percent. This 1s alco the largest
deviatlion observed in the six replicated experiments at the center

Fa)

of' the experimental design.

yright owner. Further reproduction prohibited without permission.
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The gmall mean square value obtaihed for the six
replicated experiments indicates the accuracy of the experimental

meapurements.

It should be noted (sce Table III) that the desired
gas slot velocity was not Sbtained in any of the ruas. The maxi-
mum devliation between the desBlired and actually-obtained slot vel-
ocity was 0O%; the average deviation vas about 2.5%. Since the
linear and squared terms of gas hole velocity.are unimpeortant
in comparison to the ligquid rate and welr heiéht, no correction
facor waps employed to account for these deviatiocons. The devia-
ticn is obviocusly accounted for by the small lack of fit me&n

square cbtalned in the variance analysis.
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TAELE V

STATISTICAL FROGRAN AND MEASURED EFFICTENCISH
X |y Xp X3 X X3X T 2
‘me X K1 X X3 KXy XXy XXy HT BT Xf°
9R 1 el 1 =2 2 | | 1 1 1.
16 3 W el =2 -1 -1 | 1 i 1
13 i IS S, RS | -1 13 -1 1 1 1
1 1 <3, +1 <1 q -l -1 i 1 1
~1h i =1 &1 +3 +4 -1 «3 i 1 1
10R X} 5 S, R -1 =t -l 1 1 1.
12 1 -l +3 +1 -1 el +3 i i l
LT U R e T | Y -1 2] 1 1 1.
2§ 1 <l.682 © 4) 0 0 o g.88 o o
- 263 1 1.6 0 o ) 0 0 2,88 ¢ (s
gg 1 0 -1.682 ¢ 0 o 0 o 2.828 0
: 3 o 1,682 0o o) 0 0 0 2.828 Q
’:EB 1 0 0 -1.62 o ) ¢ o ) 2.828
] 1 0 0 4“91.682 0 o ¢} 0 (¢} 2.828
172 o ¢ a o 0 0 o © o
18 1 4] 0 fa ¢ o 0 o] 0 G
19 1 o 0 o 0 ¢ ) (r] 0 o}
20 b} 6 © o} 0 o 9 o 0 ()
2 by O © G 0 e 0 o 0 o
28 1 0 o 0 o 0 0 0 ¢ o

Whore:
X3 o (1*-35)/35
Xy = (W1.682 ia.)
Xy & (6=63)/13

Solutions:
by ® 0.166338 (Ty) -0.056791 2 (ity)
by = 0.07322% (1)
byy = 0.0625 (ity) - C.006889 Y {isy) - 0.056T91 (Qy)
byy ® 0,225 (84¥)

e
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X ¢ Y0

Lhcx ar ¥y
RXARSXWBNTAL FRECK
——

1387
<3083

22,19
el

m.ﬁ‘xv
196,63

70136
9%.59

£r.27
8.8

&28.10

vl

33

ofs
?
é
5

-2

S

Mlsn

T Ay

233.79
1630
o5
.73

% 2 w.&, to,?xl + 6‘7&2 ch&xg 4 lomlw - 1-3&1:3
+ 1.92%o%5 - 0.28%, 8 -xmeﬂwm3
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C Euie Sommew s Beeties
oY Brs ¥ Bers $ ' B
1 -1 ...1 0 B
i ; . T%.19 -
a1 % ™6 o2
: - , 3 72.33 - ﬁ ' -
- 1 v '8
! i X %:g i g‘g 0.5
dm: oz &5 2% 4B
. _‘g 6 o g:w 'ﬁ - 0, 7
. -1.688 o 63.7T3 a 1
Q 1.@ . ﬁ‘ﬂ .;.ﬁ
o o TR X  82.65 ot
S - £ n& 8
) o 4 19.43 76.08 pry
o] ”.‘3 : ‘”
0 0 9.08 0
2. 23 5%
TOIAL .03
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SAAPLE CHLOULATION

RUN ¢

.....,.....——

DESIRED CORDITIONS: | o

Ges Rate, X, « J; 0% Pps

Welr Ioight, i, « -1,082; ¢ incnes

EXPERIMENTAL DATA:

§
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Temy. water in, 7.
Temp. wabdr out, °&.
Temp, vapoy in, °C.

Water rete mmnometer reading, in. E,C
1. vOi-;un dlametoy ori q80 in 2-in. pipe

Gas Orifice ﬂsnomete‘ =eaﬁing, in, DDP
Static Proosure Manwaeber rwading, 1n, Mgz,
Paromevey reoading, @, Hg., ~750. )
Hg. ~ Drasg correstiosn it 22°C, -2.7
Baromeryic Prespure oorrected, ma, Hg.
Presgure Urap acrogs plote and frolh, in. Vgﬁ
Stavle Pregavww awove plabe and fvoth, Lo dipgh

Static Precaure velovw tegy, -, o,

L. Fe e ta .

Eelght of 2ot o plete
¥ithout Nkz in vazer sitregm, Lo,
A 4= { 3 - - 2
With M. i vapor gvresx:, L,

Wiy Rotameter reading
Inies Qs osapic:

Mibbler charge - 21.30 =1, of 000000450
NOHCY plus I0 wml. HoS

13.9
5.2

G500

e

T72.

B T




;
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2000 @i, of water displaced from aspirator bottie
Tomp. of inerts cellected over uwater = 15°C,
Inerts eollection pressure =-54,0 mm., Hg,

Caustie reguired Bo reutrallze the. aeid
bubbler contents = 34,00 ml. of 0.,040%26 N NaOH

Cutlet Gas Sanpl=z:

Bubbler cherge - 52.30 ml. of 2.048940 ¥ Ho
plus 20 nl. HEO

2000 m»i, of water d‘&placed fram aspiratar bnttla
Temp, of insris eolleoted over water = 45‘3.
Inerts -eollestion pressure = -5&,0 s, BEg.

Caustic required to neutralize the actd
bubbler comtents = 52,00 ml, of O, ok05°6 ¥ MalH

autlet Liguid Sample:

samplie No. 1322 1% 1328
ml, of O,048944 N HOL = _ 185 —
to nquvralize 2% nmi, _ , ' L

Calculasien of Inlet Gas Scmposition: | |
Absolute presaure &t vhiah imiel gas inerts weye
coilecied = bavometric PIESBUre + gage pressure

of callection - vapor praussure of water at :
collection temperature ¢ 7565.3 « 54,0 ~ 12,8 =

L\B o,-’m E{g’;
Fole Irsetion H33 in Ssmple = noles NH«

ﬁﬁIEE‘Hﬁg ¥ polés InorF“

868.5)(2) "= 0,076445

= O, 014417

B3 AME TR ST IR T T e




T,

Ca}.culabion ef Outlet Ges Cumposition:
Absolute preagure at which lnlet ga
: % imrts were
collected = haprometric presgur &
e M T Ko ;an@ % ¢ + ZBRLE Dresfure =

MWwlesd kMo = (452419 X 197

Holes laerty = 276 56
) i’H &}'
- B adey 103

> G, OOJ:S@G

' + 3,0757565
Caloulation cf Compasitiovn of Jutlet Liquid Sample:

Boles RMHz/liter HyC = (N ?%id)(ml.za-c)iid}
. . : * &

Average acid tiver = 30,05 + 29.95 + 29,85 = 30.15 ml

Caleulation ef Vaper Flow Rate:

Vapox» [low rate it ealculated by the formulé

W = CYS5, \lage Pi1AZ L 0

W in ibk./min,

AP = 5.41 Ah, 1b./£%,2

An = pressure drop, in. DB?, = 3.95
B = %9710 = v.49
3p =T /B)(%9/12)% = 0.1308 £, 2
C = 5.614

Y = 0.9957

p1= ;?éi”if-ffii’z.‘“ﬁ i"%ﬁ.ﬁ;‘ﬁ e o Gho sas 15

35°0., its pressure IB 755.3 + (25,54 53(2.5) =

302,00 . fg. Iv convaiuvs 0.014417 ol
- Ll P €
fraction rmg, tiie balance ia alr,
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pi = ((0.0144173(0.0b52) + (0.985583)(0.0808)7

AZTAIRsE « 0.074537 1bu/rs.3

Then W = (,0614)(0.9957) (5. 1309)

= 61,52 ib-./mn.
1%./min. WH; Entering Colunmn in Gas Stream:
ib. /min, Ny - '

;"1.% %éo ‘714,\17)!17} « 0.5230 1b,/min.

(0.0 BUITY(T 505324 ) 230 - / *‘-

lo. /uin. iuests in Iniet Gas = 4. 52 - 0.52830 - 50, e .
| 11;.?‘97

lb./min. KHy Leaving Col\m‘m‘in gas Strm;

sb./min. Wty o (3pfatn inept) (mf HH3)(17) =
alF Sy o

€D, o) 0, 00585
{L—"%g Iy 9‘)

1B /min, @y Lo av*rb Column in Liquid Sireem:

17} = 0.2108 1b. /min.

1

ib./min, xﬂis a {1b, /min, HoO) (N NHg )(l:’) e

‘-

1000
(291.55){0,05903)(17) = 0.2926 1b./min,
TIOOT /miz.
FMaterial Dalance, as:
%= 109 X ) ib,/min., NHR in liquid
TEU/mn, Bz fa Inlet ges-IT./min. Wi 1R
outlet Fas
.LOD Z o&‘-giv = 5307‘3]& '

- I: POC WIS Ml.)u

-
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Caleulation of overall Plete IRficiency on a Vapor Pasia:

= Yin - Vc‘ut
TV e
% YH LOULn

.-’y" At de o v -
m...._(;u.:. average ilquid temperature on plote = 1&.5"\ .
Henry's iaw coustant, X, frosm Figure 16 7.763

Zquilibriwm arslal pressurs of Ly = ()(H M )
= (7.76330.05903) = 0, 45825 3
nX out = (eguil. p.p. JS) = O.85855 = 3, 000606
Tharonetric pressure) 7555
E,. o= 9 11441{ - 0.005850
lﬁ\?' bl % J{ - y . P o
%0\4 [} m A 1(‘\{, = 52""-}{.“5“
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