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SUMMARY

The nass transfer and hydrsulic characteristice of the Kuhni
Distillation Plate have been studied'ubing aqueous systems. The Kuhni
Plate which is of Swiss origin, patented in 1937 has ennular tunnel bubble
caps with radial liquid flow from the periphery inwards to & central
outlet wa2ll, from which the liquid is distributed to the periphery of the

plate below by radisl distribution tubes, giving co-ordinated reflux.

Two sizes of plate wefe studied, 70 end 12 inches in dihmetef.

Maes transfer cherscteristics were stﬁdied using two gss abaofption
systems, the humldification of air as e ges phase resiatant system eand |
the desorption of oxygen from water by eir ac a Iiquid phese resistent
cysten., _.Air rates ranged from 1G0 to 500 pounds per aquare foot of
eolumn aree per hour end water ra£es frﬁm 100 to 1,000 pounds per square
foot of column area per hour,

?he plate efficiency was found to be relatively high and the
releticnship betwezen tﬁe gas phzse maes transfer coefficient and the gas
contact time was of the form predicted by the Penetration Theory rether
than the Two Film Theory of lMass Transfer. The Penetration Theory wes
further substentiated by consideration of tﬁe ratios of gas and liquic
phegse mass transfer coefficients and molecular diffusivities.

In gencral the efficlency of the 12 inch plate was lower than
thet of the 30 inch plete owing to the lower weir height &nd the shorter‘
liquid residence time on the plste. The throughput of the Kuhni Plate

was found to be low in comparison with other plates.



The hydraulic charscteristics studied included plate pressure
drop, clear liquid height, froth height, liquid hold-up, liquid residence
time end the degree of liquid mixing. Flate pressure drops wers found to
be relatively high owing to the high "dry plate” pressure drop. It was
found thet the pressure drop characteristics'éouldkbe improved by
“inereasing the slot ares although there was a corresponding reducticn in
efficiency. The effect of increasing the welr height wes also astudied
and it is suggested that the performance of the plate ecan be improved by
;nereasiﬁg.both.the slot ares end the weir height, Froth heights were
found to be low in comperison with other plates and it is probeble that %
relatively 1ittle discreto Eubbling tékes place owing to the low weir |
height..

Liquid hold-up, residence time and mixing were gtudied by a tracer
injection technique, and a stezdy state dye injection technique was
used to give a qualitative indication of the degree of lateral mixing.

A discrepancy waé obaerved between the liquid ﬁold-up calculated from the
tracer injection method and from the clesr liquid height meisurements.
The degree of liquid mixing was characterised by the Peclet Number and
the "eddy diffusivity". The reletionship betwsen the liquid residence
time distribution function and thec Peclet Number was derived for rsdisl
flow plstes and the Peclet Number used in the deduction of the liquid

phase mess transfer date.

The effects of increasing the liquid viscosity on the gas and
liquid phase mass transfer rates end on the liquid residence time, hold-up

and degree of mixing were studied, The viscosities ranged from one to



aixteen cantiPoise and it was oboerved that the effect of incressing
viscosity was complex, giving rise to raximum efficlencies in the four to
eight centiPolse range.

The density, viscosity; vapour pressure, oxygen-aolubility and
oxygen diffusivity of aquesous solutions of the viscosity increzsing agent
("Cellofas B") were studied to encble a more compleie evaluation to be

made of the effects of liquid viscosity on mess transfer rates,
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Y ¢ 1 General

Demands from design engineers for more relisble predictions of
plate efficiéncy have resulied in.é'considerabie volume of research,
both industrisl end academle, on rmasg transfer rsetes on bubble trays.,
Design ealculations on gaé absorption or distillation columns based on
vapour-liquid equilibrium datz give the number of thesoreticzl platesa
raquired to achieve & glven absorption, desorption or separation. Since
no zetual plate brings the vapecur and llguid sireams to equilibrium, it
i3 necessary to lmow the plate efficiency; thzt is, the degres to which
squilibrium ievspprcachcd, to deduze the number of plates roquired.

&%t present, complete derlvation of these efflclencies froa a
Inowledgze of maess transfer gained in wetted wsll celumns is impossible,
cwing to the complexity of the physical forcesy; and ignorance of tha
properties of the froth whieh exists on a bubbling plete. For progress
to tc m2do boyond purely empirleal co:relations of plafe efficliency,
attempts must be made Yo relsto masz trangfer theory to plate perforzance.

In this work an attempt is made to relate the performancé of a
bubble plate to rmodern theories of meos trancfer and gas liquid dynamies,

The tubble plats used in this Investigation 1g the yadial flcw Kuhni Plete.
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ls 2 Introduétion to Plata Efficiency

The effeztiveness of 2 gas absorption plate as a'mass tranafer stogz
is most commonly expréssed by its plate efficiency, which cen be defined in
three msin weys és follows: |

(1) Oversli plate or column efficlency = E°.

This 1s the retio of the number of theoreticel plates to the
sctual number cf plztes in g column, end elthough widely used is cf
1little theoreticel imporisnce.

(i11) Murphree.point efficiency - Ezv

The apgreach to equilibriuﬁ in 2 zmz2ll element of plate arez
is expreésed by tha "point effleiency?®. This 13 ths ratip of the
changs in composition of the vapour pessing through the element to
tho chengo thst would heve occurred had the outlet vagour rezched
equilibriun with tiie ligquid 1n the element.

(431) YNurphres plete officiency - By

Integratidn of point efflclencizmover the whols plate aresa given
the Murphrase "Plate efficiency®. This is defined &8s the ratio of the
aversgo changalin vapcur ccmposition to the chanée that would have
occurrcd had the cutlet vapour rcached equilibrium with the cutlet
1ligquid.

Ths Murphree efficiencies hsve been expressed ebove in terma of vapour
composition but they esn also ba expressed in terms of changes in liquid
corposition,

Although the Murphrez "point® effisiensy can never excsoed 10073 tha

vapour “plate® efficiency msy do ss. This anomaly arises from the use of
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the cutlet liquid as a source of the equilibrium vapour composition. If the
ligquid composition chenges markecly scross the plate, &s moy occur if there
is-little nixing, the ocutlet vspour mey be enriched to & greater extent than
the egquilibrium value corresgending to the comgosition of the outlet liquid,
In precictions of plate efficiency some knowledge of the degree of mixing
is thus necesssry.

| Meny workers have reported bubble plate efficiencies of distillation
and gas absorption systems and meny correlations of efficiency with ¢olumn
snd system verisbles heve been developed. It heg been recognised that the
plate aofficiency depends on three groupe of verisbles. .

(1) The plate design, c.g. weir height,'}iqu;d path length; the

size, number end specing -of the bubble caps or hole size and pitéh

for sleve pletes. ‘

(21) - The operating conditions, e.g. vapour and liquid rates, column

temperature and pressurae.

(1i1) The physical properties of the system, e.g. liquid and vapour
densitieq,visccsities,'aiffpsivitiea end surfece tensions.

In predicting snd elucidating the effect of these v&riables-it is
necessary to sppreciate thaet the plate efficiency depends ultimately on the
rate of mass transfer through the bubtle wells, and that this rete is
controlled by the resistences existing in the interfacial boundsry leyers
of both phaées. . The overall resistsnce is thus the sum of the resistznces
of both phases snd possibly of the interfece itself. The effect of
opereting variebles oﬁ.a system in which the resisiancé is predominently

in tho gas phese ¢iffera from their effect on a predominently liquid phese
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resistent system. Thus most workers hsve studied the effect of these
veriebles on plate efficiency hy using two systems, one in which the gss

phese provides the entire reszistance to mass tranafer and one in which

- the resistence is provided by the liquid phase. Using such systems

attempts have been mede to explain and predict the efficlency charscter-
istice of systema‘containing resistances in both pheses. For gas phase
resistent systems most workers ha?e used exnonia 4§bsorption in water and
humidificatiqn‘of air; for iiquid rhase resistant systeas, absorption‘of

carbon dioxide in water or desorption of oxygen from water.



1 3 3 Efficiency Correlations

A formidatle amount of data hss been reported on distillation end
gaa gbsorption plete efficiencies. Many éorrelations of these efficiencies
with system physical properties, operating conditions, and plate design
have been produced., These correlations ere foirly satisfactéry when epplied
to systems end concitions similar to those uéed in their development, but
they may give conflicting end erronsous resultis wheﬁ applied to differing
syateas. These disccrdant results mey often Ee truced to s leck of
aporecietion of the factors involved; end to &n insufficient understanding
of the'méss transfer meéhanisn involved. Cornsiderable progress hes been
r3ds, =nd modern cc*relatlons malking uaz of cu““ent theories of me .38
trensfer and 1iquid nixing spnear to be very dependable.

In 1925 {\‘lurphree1 suggestea that efficienéy correlation with‘ﬂystem
varizbles could bz made by using a relationship of the fornm

P - . 4 .
Bt =1 - exp (<A K, t, 4); (1;1)

whers A = & constant,

the interfacisl srea per mol of wapour, (fte/mol)

i

/
a.

i

tG the contaet tims (sec.)

X the mess trensfer coefficient in gss terms (£t/hr)

G

i

This éxponent beers & close resemblence to the "Transfer Unit® of
Chilton. erd Colburnz.

Walter end Sherwood3 derived ean émpirical correletion bésed on
Murphreels equaticn by considerlna efficiencies obtained with & bubble cap

segment in & 2 inch diametex colur.m° Both distillation and ges absorption
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syztema of widely varying properties were used. The correlation is:

Ez? = 1-ex §[(250+037/HP 0768 0-33]} (1;2)

where h = the submergence i.e. the verticesl distence from the
middle of the slot to the weir, (in.)

W= Henry's Law constant (lb.mol/ft. atm)
= total ﬁfé;sufe, (atm) |
/M.* liquid viscosity (eP)
= 3lot width (4n )

Tha ternm u? 33 was obtained from data of Caprsy, Griswold, Lewis
and McAdamgé wno hed determined the effect of slot width on efficiency
using an ethenol - water fectification system. The term 0.37/HP, suitable
for gas abﬁorétion calculations; con ba replsced by 8 term using relative
volatility nore sultable for distilletion. Robinson snd and Gillilend)
suggssted thet the term "h® zhould be replesced by (%3 where W is the
verticsl distence from the middle of the slots to the top of the licuid
erest over the weir, N

Prickamer and Eradford6 pfoduced a graphicsl correlation of plate
efficlency egeinst molal average liquid viscosity for the rectificaticn of
hydrocaerbons, |

O‘Connell7 extended &nd modified thisrcorrelation by introcducing
8 gaé_solubility or reletive volatility term which is combined with the
liquid viscesity. This correlatlon is 8ased on systems of widely varying
propertics end like that of Drickemer and Bfadford containe no terms in

plate design. It is thus an indicstion of the efficiency cbtained on bubbla



pletes of conventionsl design opersting under optimum conditions. There is
no thecoretical justification for the use of the gas solubility - liquid
viscosity product for correlsting purposes but the correletion is widely

used &5 & first epproximation. Slsnislaus & Smithloo

suggested thet the
ratio of solubility to viscosity would give a better correlation then the
product.

Geddeas tried & more fundsmentsl approach besed on mass transfer to
a stream of rising bubbles. It was assumed that bubble diameter 1is
9

determined by buoyency e&nd surface tension eas elucidated by Sugden” and
thet the rising veloclty 1s that predicted by the correietion of O'Brien
end GoéiinelO, From the bubble aize,‘rising velocity and submefgence,

the contact time and interfsacial area cen be éalculated. Mass trsnsfer

11

coefficients for both phuses are derived using Higbies equétion for

12 of Fick's second lew of

the liquid phase, and & solution by Barrar
unsteady state diffusion for the gzs phese. The mass trensfer coefficients
are combined to give an éverall reslstunce and the Murphfee vapour point
effielency deduced. |

The essumption, in this derivation, of bubble diameter being that
which occurs under near—stetic conditions h:s been shownlto be erroneous,
as Sugden’s equation does not apply st the high slot vélocities occuring
in bubbtle caps. (This is discussed st greater length in the section on

Bubble Dynemics). Although this correlstion is good, it is complicated

to use. :
Cbu, Dorovsn, Bosewell end Furmeister 13 in the light of a grezster

knowledge of bubble dynamics, proposed e correlation for Murphree vapour
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efficiency by revising that of Geddes and including aterm in bubble
diamster. This diameter can be estimated from one of two equetions
deéending on the bubbling regime opersting under the reguired conditions.

In tﬁe seme work a correlstion of overall efficiency.based on
O'Connell’s graphicsl ébrrelation is'gi?en anc¢ claimed to be more accurate,
It is expressed as:

o

| /0,245 £ 0,380
= a6 (70000 &) T g

(132)
/Ui Feed ' ?

whore B = the submergence (in.)
/
L = the liquid rate (1b mol/hr)
/
G = the vapour rete = (1b mol/hr)

2 14
Bak@wsk1149 in a sequel to work by himself and Spellslb”lO

an
high speed filming of bubbling &t verticel slots, derived e correlation
besed on the suppozition that mess trznsfer to cheine of bubbles is alkin

to mass tysnsfer to a chennel of vapour. The correlation sgrees wall

with published deta and is given below.

B

| 0.5 [,
= 1-expf -2.303 0:3¢T’7 (b +h) }.

(1:4)
405 £0+25 GBO.25 ,

vhere Ty absolute temperature (OK)

=3
L]

static liquid seal (cm)

=y
3]

slot opening (cm)

E
]

moleculer weight

2]
1

total preesure (atm)

vapour rete per slot (cm}/sce)

12)
ft



Chalysvech and Van Wink1e17 using distillation systems in a 1 inch
dismeter sleve plate column heve suggestad the following correlation of

system properties which, it is cleimed; is better than those of O’Connell7

end Drickemer and Bradfcrd6=

B o= 0,069 %Ef;_ go..6'4 (Sc)o.w (@()0.055 (155)
by, U,
where Oy = spurface tensicn (dyneg/cm)
Ug = column velocity ca/sec
Sc¢ = Schwmidt number (viscosity/density x diffusivity)
| o¢ = raletive vol%fility

Plenov&kizz, using the intultive argument that the rate of mass

trensfer cn a bubtle cap or sieve plate iz a function of the energy

dissipated in the bubbling process, dgveloped a correletion of the number
é of gas film transfer units against the difference bestween the totel
m pressure drop and the "dry plate® pressure drop. Cemperison between
different systems is by a power of Schrldt number retio., The Schnidi
numbsr Se is the ratio of the viscosity to the product of density and
diffusivity and is the mass transfer egquivalent of tﬁs Prandtl numbér.

& correlstion of Murphree liquid plete efficiency hes been given
by Quigley, Johnson end Harrisz3 from studies of gas hold-up and bubble
asize on sievae plateé.

Gilbert, West and Shimzueé, using Higbiehll

diffusion equation for
both pheses and a bubble size end fosm density from correlstions, give sn

eguation for Murvhree point efflclency on bubble cap end slsve plates.
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25526527 .40 en importent contribution

Gerster and his co-workers
to the elucidstion of plete efficiency by éuggesting investigation of
single-phese resistance controlling systems and & cozpariccn of the
performances of these gystems through the Schmidt number. It wes shown
that by evaluating individual resistances and then combining tbem; the
performance of two phase resistant systems could be predicted. It was
aﬁggeated that the number of trznzfer units of each phase was inversely
proportional to the Schmidt number to the power 0.5 for the liquid phase

and 0.67 for the gas phase, & prediqtion which has since been subaténtiated
by Caldefbank28. : _

In 1952 the Amefiean Institute of Chemieal Engineers orgenised e
five yeer research preject, on the efficiency of bubble cap plates. A methed

of predicting plate efficiency was developed, based on experimentsl
data obtsined in distillation and gas absorption equipment, both industrial
and academic. . The complete findings of thé:projeet have been published
18,19,20 with a design msnual2l describing tﬁe rather compliczted methed
of efficiency prediction. The method applies prineipally io binary
diatilla%ion systems or absorption of a component between inert gas and
liquid csrriers, but can be spplied less sstisfactorarily to multicomponent

gystems. A description of the method which is based on Gerstere

individual phase trensfer unit eppreach, is outlined below.

It 15 assumed that the bubble plate deslign and operating conditioﬁa
have been established and the physical properties including vizscosity and
diffusivity of both phsees have been determined either experimentally or

from correlstions. From an estimate of the clear liquid height the mean
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liquid residence time is calculated. JApplicatioh 6f this residence
time in an empirical correlation with liquid diffusivity and column
vapour velocity gives an estimste of the number of liquid phese transfer
unita. Similarily, the.number of gas phase trensfer units is estimated
from & correlation including terms in ges diffusivity, density, viscosity
and velocity, velr height end 1liquid rate and gradient. These transfer
units are combined in the usual way with equlilibrium data to give an
overall number of trensfer units, and hence a point efficiency.

From e consideraticn of the factors influencing liquid mixing an-
"eddy diffusivity®™ is deduced and converted into the dimensionlesa
Peclet number. A graphical presentation of the solution of the diffusion
equation relating point end plate efficiencies with ?eclet number as a
parameter, permits deduction of the Murphree plate efficiency. A
correction can be applied for entrainment.

Compafiaon 6f predicted and actual.efficiencies demonstrates the
reliebility of the method end ita superiority to the less complicated

correlations.
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1 : 4 The effect of Column Varisbles on Plate Efficiency

Summerised below are the effects of column and system veriebles
on the efficieﬁcy o#_bqth liquid and gas phase resistence controlling
svstema,
(1) VWeir Height
This is &n importent varisble, since an increese in iiqpid depth
increases the contact time of the rising bubble, thus tending fo inercese
both gas and liquid phase efficiencies. .The iiquid residence time on the
rlato i3 aloe increascd,with o bgneficial effoct cn the liquid phase
efficiency. Too high & welr, however, causes en excessive pressufe
drop, or lowers the vapour velocity - both undesirable effects.
(11) ’Vapour Velocity |
An ineresse in vspour veiocity causes greater turbulence on the
plate and g greater foém depth (or vapour hold-up). These effects generally
increese liquid phese efficiency through more effective contuct between ths
rhsces but their effect on ges phase efficlency is not so certsin since at
high vapour veloeities there mey be much "jetting", es shown By Spellsls,
with a detrimentsl effect on efficienqy.v A meximum‘efficiency is often
foundz9. Entreinment may lower efficlency at excessive vepour velocities,
(1i1) Liquid Rate
An increase in liguid rate on & plate increases the volume of
liguid on the plet929 with the result thet the greater froth depth
incresses ges chags efficiency., This effect also teﬁda to Increege

liquicd phase efficiency but with the simultenecus reduction in liquid

residence time on the plste, there is usuelly a nett reduction in
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efficiency. "An excessively high liquid rete may set up & lsrge hydraulic
gradient with thé dutcome that "dead zaﬁea“ may occur, or even liguid
"Yumping¥ which is more . serious.
(iv) Column Temperzture and Pressure

In distilletion, the column tempersature and pressuré are releted
and may be varied to sult the required coﬁditiona; for example to
reduce the opersting temperature,‘the distillation ean be done under
vacuum, Changes.in temperature end pressure affect vapour and liquid
dengity, viscosity andldiffusivity with resultant effécts on the molecular
diffusion retes. Investigetions by Ellis, Barker and Contractor30 into
sieve plate performance at recduced pressures, show that the effect of
pressure on efficiency is sm3ll; a conclusion confirmed by other worker331’32
Ho generelisatioﬁs“are reliable, as the effect of reduced pressure derends
-on the system used.

(v) Vapour viscosity hss an effect on gas phese molecular diffusion, &3
ia shown by the successful use of the Schmidt number for comparing
diffusion rates, but it is unlikely to affect the gas = liquid dynsmics of
the plate. Liquid viscosipy has beén recognised &8s being probably the
most important single factor in determining plste effiCiencyG. As with

vapour viscosity, the liquid viscosity affects moleculer diffusion 25
charscterised by the Schmidt number. In eddition it effects the fluig
dynzmics of the plate,:chgnging liquid residence time and flow pettern,

and bubble size and velocity especially at high slot velocities. This has

been shown by Barker and Chcudhuryﬁ33 who found a deterioration in gas phase
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efficiency at viscosities greater than 5 centipoises. Other workers”
have claimed that the effect of liquid viscosity on .efficiency can be
adequately explained in terms of the associated change in diffusivity
for liquid phase resistant systems.
. (vi) Diffusivity

Mass transfer coefficients in both phases are controlled by the
ambient physical conditions in the region of the interface and by the
diffusivity of the mobile component. The relation between the mass transfer
coefficient and diffusivity is discussed laterin Section 1:6.
(vii) Surface Tension

Surface tension affects interfacial area in its effect on froth
properties including the rate of froth breakdown, and possibly bubble size.
Greater froth formation will tend to increase the plate efficiency,
provided that there remains sufficient height for effective wvapour -
liquid disengagement, otherwise excessive entrainment may occur.

The importance of the surface tension - composition relationship #
has been discussed byZuiderwe” end Danckwerts””.

The presence of surface activeagents has been shown to affect

mass transfer rates-* but this is not likely to occur in industrial
columns.
(viii) Entrainment

It has been long recognised that liquid carried in the vapour stream
to the plate above will reduce efficiency. Colburn” established the
relation between the efficiency reduction and the amount of entrainment.

Several workers3#»39*40 reported data on entrainment, and attempted

correlations between vapour velocity and plate spacing. Entrainment is



to explain this anemaly. %

proportionel to aj § wirately the third power of vapour.velocity and
inversely groporticnel to the same power of plateAsgacing.
(1z) Liquid “3u§ping“ “Weepihg“ or “Leakags®
This effest, of more importence to sieve plates than bubble cap
plates’has probably little effect on efficiency provided it 1is not teco

severe., boespite occurring mainly near the inlet weir {where the

hydranlic seal is greatest) the offect on efficiency is minimised by nass

trmsf which must take pla.cn during the fall of the droplet, indeed
conuautlng devices like the murbogpid glato cperate cn this prineciple,
{=) Component Concentraticn
Lnermalons plate efficienzles have been found using systens in
whish the concentration driving fores is very smzll, for exa mple in very
dilute solutions or near azeotrspes. Ven Wijk &nd 'Ih.’L;;sseng5 have

cstab’ishcd that this sffect i3 not gue to inaccurate concentratlon

-1ea”urem nt but that there is a reduction in the 64ffu"10n rate. Hasszlden

and. Suther1ﬂna 7 have observed this effeet with the ammonia-water gystem

and csnclude thgt a study of the thermal effecte of distlllatlon my help

of



1 : 5 Compsrison of Bubble Fletesn

The rrincipsl commercial bubble plates are described individuzlly end
their performances cémpared. An excellent revicw of these pletes is glven
by Frashwateréla |

(1) Bubble Cap Plate

Since its invention in 1818 ty Cellier Blumenthzl, this has been the

most populsr gas-liquid contecting plate. Ths commonest form ic the
circuler cép with vertical slots mbuntad econcentrically above the riser
which 1s sealed into the plate. Many verietions ers possible with cap size
and shepé, and slot helght and width, but they s=eldom result in aﬁy
significant improvement cver the standard design.

(11) " Sieve or Perforated Plate

Nany chentcal engineering texts42 43

give adverse repcrts on sieve
nlate performence, for example a narrow stability renge and high pressurs
drops. Until recently, therefors, when Hsyfield et al. showed the gievo
plate in a more favourable light, its use was confined toya few tradition=l
industries such s aleohol dietilling., Plato design ié falrly standard
with 2/16 or 1/4 inch diameter holes punched on about 1 to 1} inch
triengular piteh. The "shower deck™ plate 1s of similear design but with

no liquid downcomers.

(311) 2.P.V, Wert Plate

This cen be desecribed as a form of tunnel bubble cep plate with a sieve
plzto immedictsly sbove it, Ths licuid flow is by co-ordinated reflizx. It
| ﬂﬂﬂb*?;g the pcrform¢r"ﬂ of the siove plate with the stability of the bubble

cap &t low vapour velocitles,



(v)  Kuhni Plate (See Figures 1 end 2)
This plate, of Swissorigin, petented™ in 1937, is the bubble plate
uﬁed in the principal part of this work.
| The plate consists of spun co-axial rings of tuhnel bubble caps snd
gutters, the wells of sdjecent gutters forming the risers inside the caps.
Vapour bubbles into the liguid from serrstions in the cep skirts, analogous
to bubble csp slots. Distributing tubes rediating from the central
downcomer cenvey the liqﬁid to the périphery of the plate below. Liqﬁid
flow 1s thus radial from the periphery to the central well on every plate
giviﬁg co-ordineted reflux. The slot area is approximately 5% of the
column area.
(v) Kittel Plate
This plate consists of peirs of slotted metal trsys in which, beceuse
of the angle of the slots, the vapour imperts & centrifugel or centripetel
gwirl to the liquid. There are no downcomers, the liquid lesking to the
plate belov at the centrs end periphery alternately,
(vi) Koch Kaskade and Bemturi Plates
In the %"Kegkade" plate the iiquid flows down a series of %steps"
through which the gass blows horizontally,'forcing the liquid against and
through & perforated baffle to the next "step”. The difficulty of fitting
this type of plate in & circular column hag been overcome by modifying the
deslgn to give horizontal plates as in the "Benturi" plate.

(vii)  Shell Turbogrid Plate
This is probebly the simplest ges-liquid contacting 'plste, consisting

of parsllel metal bers up to 1/2 inch apart. There are no downcomers, the



THE 30 INCH DIAMETER KUHN! PLATE FIG T



THE 12 INCH DIAMETER KUHNI PLATE , THE LOWER VIEW
SHOWING THE LIQUID DISTRIBUTERS AND THE CLEAR FIG 2
LIQUID HEIGHT MANOMETER TAPPINGS.
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vapeur and licuid passing ﬁhrough the slots in opposite directions;
(viii) Jet Tray
- This pléte 1s similar to the sieve plate except that there ére
ﬁunched tabs instead of holes, giving the vapour & horizontel velocity in
the direction of liquid flow. ‘There ere no weirs.
(ix) Pletes with Moving Caps

SeQéral plates such as the Koch "Flexitray", the "Ballast" plate and
the Nutter "Float Valve' Plate, have been designed to give s greater rengz
of plate stebility by incorporeting e device which reduces the "slot area®
et low ges retes, thus maintaining the slot velocity. The device is
ususlly a cap {or caps) which is raiszd by the momentum of the gas stream.
The Relstive Performance of Bubble Plates

in recent yesrs much attention has been paid to the siseve plete

and to compering it with the bubble cap plate which is fegarded as ths
ctandsrd plate for ccmparison of performance, Mayfield.ggwg;.44 showed
that the sieve plate csn have a greater efficiency thsn the bubble cap
plate, and that the stability renge is esdeguate providgd the hole
diameter is small enough. Smell holes give a high pressure drop and high
stability; large holes a low pressure drop and low stebility. Jones and
Py1e46-found thet sieve plate pressure drop is lower then thet for a bubble
cap plete, entreinment is 20% less snd the capitel cost 0% less. Garner
Ellis and Freshwat¢r47 found that the liquid phese efficiencles of & sieve
plate are not significantly less then thet of a bubble cap plate, and that

the pressure drop charzcteristico ara botter.
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In genersl it can be stated that the sieve plate, which is.

increasing in pdpularity as more design data become avallable, will give
better performance than the bubble cap plate at reduced cost.

Much less informetion is available on the performance of the other
less common plates, though ﬁuch work hés been done in Birminghsm University
cvaluating &nd compsring plete performznce, gnd much dete reported at
a recent symposium on distillation orgenised by the Institution of Chemicsl
Engimaer.*:ﬂ‘,m‘2 ° |

Garner,g§”§;é8947 found that the Kaskade plate compares favourably
with the bubble cap plate especielly at high vapcur velocities where high
efficiency is maintsined end pressure drop is still relstively low, The

pressure dreop charecteristies of the Kaskade plate are excellent,

The rether complicated gms-liquid flow charzcteristics of the

- Turbogrid plate have been elucldated by Garner, Ellis and Bershadsky49,

who showed that the preséure drop across the Turbogrid plate is very low
and depends on the ﬁhése of operation. In a later stud& Garnefg Ellis

and Freshwater47 found thet ths liquid film efficlency of the Turbegrid

is lower then ﬁhat of bubble cap plate and hes a very narrow range of even
relatively high efficiency. The gas film efficiency is, however, superior
to thet of the hutble cep plate over a fairly wide range. 'Majewesk1105
hes confirmed that in genersl plate efficiencies arevlower, but éh&wé that
this 1s no resl dicedventege; since the permissible plate spacing is much

lesa.,

The Kulnl plete is claimed to glve a very high efficiency maintained

over & wide range of vapour rates because of the high slot velocity and the



coordinated reflux. &t low vepour rates the inner troughs cease to bubble,

' the high slot velocity being maintained near the'periphery. The presaurs

drop is; however, relatively high. _
It is claimed by Poilard50 tﬁat the Kittel plate has & lower

~ pressure drop'than the bubble cap plate with compsrable efficiency, »nd a

- eapital and installation cost about 25% less. Zuiderweg'}OI_gg_gl;

showed thet the liquid flow system could break down, especially with larger
dizmeter plates, with a detrimental effect on effieciency. Stanislaus and

100 suggest that the Kittel plate iz most cuitable for vecuun

Smith
distilleticn owing to 1ts low pressure drop. ,

Robinﬁl, in an essessment of the Glitsch "Ballest" plate, which has
tvo sets of moving caps, Bhewé it to have & greatgr operating rsnge than
the tubblz cep plate. The efficlency and bréSsure drop are comparable to
that of & bubbie cap plete. Stanislaus end Smith;ocana Zuiderweg g&ug;,IOl
chowad that tho “Flexitray" hag slightly bettér efficiency snd pressure
drop characteriétiﬁs then tﬁe bubble cap plate with a longer range of
orerating conditions. - | ‘

-The jJet tray hes been sho.wnl by Forgrieve :98 to give efficiencies
equal to those of & bubb;e cap plate, The advantege of the jef trey is
ite higher capacity, permitting either higher throughpute“in existing
columns or a reduction in cost end size for plenned columns.

Dummetlo4

has shown the performence of the A.P.V. West plate to bs
superior to that of a bubble cap plate. Efficiencies are higher, partly

becauze of the co-ordineted reflux snd preésure drops are eguivalent to
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the bubble cap plate. The prinecipal adventage ig the long range of plate
stebility, The plate is capable of modification for spacisl operating

conditions euch as vacuum fractionation.

Invgeneral it can ba stated thet the performznces of distilleticn
or gau absorptlon plotes with liquid downcomers is roughly equivelent, ths
traditiocnal bubble éap plate being the lecast,and ths sleve plate the most
attractive in both performance and cost,

"Plates without downcomers are not so flexible, but may be excellent
for special purposes, such as vozuum distilletion, where their unique

rerfornance characteristics ars desirablae,
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1l 1+ € Mass Trensfer Theory

(1) Whitman Two Film Theory

In 1922 Whitman52 introduced the "Two Film" theory of mass treansfer, .

which postulates laminar fluid filmes on both sides of the interface. It -

is assumed that equilibrium between the phases exists at the interface,’

which itself provides no resistance to mass trgnsfer. The rete of mass

transfer is controlled by the moleculur diffusion rete through the film.

Fick's First Law53 is assumed to apply, the rate thus being proportional to

concentration difference and diffusivity, end inversely proportional to

film "thicknessa",

Dedustion of the common mass transfer ecustions from Fickis Lsw

can be found in any standerd Chemical Engineering text54. These equations

for gas-liquid mass transfer are given below,

H—"- =K, & ( X, = xi) = Kg'é‘(' ¥y - }'G) (1;6)
Whers NA = mags transfer rate of the diffusing componeni {1b mol/hr)
Fy = 1liquid film mass transfer coefficient (ft/hr)
Kg = gas film mass transfer coefficient (ft/hr)
e = interfacial area (ftoz)
x, = concentretion of the moblile component in the liquid
phase (1v mol/ft3)
Yo = concentration of the mobile component in the gas phase 3
liquid (1b mol/ft~)
y = concentration of the moblle component at the liquid
interfacs (1b mol/ft3)
¥, = Concentration of the mobile comppnent at the gas interfegs

(1b mol/ft”)
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It can be shown that if’yi = .z, , @ being a dimensionless Henry®s Law

1 .
constent, (1b mol/ft.> per 1b mol/ft.o)
N&A‘ = KG g ( ﬁ1‘:‘-[‘ - YG) = H’L 8 (IL ~ yc/f‘i) (1;7)
where KG = M"Overall" ges film mess transfer coefficient fi/hr

K = "Overall® 1fquid film mess trensfer coefficient ft/h=

and 1 = 1 4+ @i, ed ) = 1 4+ 1 (1;8) and
Kg e ST K S ke (1;9)

Thuz X = [ K (1;10)

L G

The gss *Tiln® nass transfer coeffielents cﬁn bes expressed a3 above
ag 1b mol/ft.2 hr. (1b mol/ft.,3 concentration difference)” which reduces
to "f%./hr.". Alternatively tﬁey can be exprezsed in terms of portisl
pressuras of the diffusing ccmpcnent as "lb mal/ft.2 br. ata®, If this
second system is used the Henry’s Law Constent has the dimensions
atm fto3/1b, nol, gas rhase concentraticns being expressed as partizl
pressures.

Confirmetion that the overall resistence to mess trensfer 1s the sum
of %two individuzl resistsncez hes been provided by Sherwood55o

According to the Two Film theory, the mass transfer coefficient
should bz directly proportional to the diffusivity of the mobile ccmponent.
This i1s disproved by experimentel studies on gas {film controlled mass

108, 109

transfer on wetted wall columns and with bubbling systems Iy

has been found that

K, o< DGb whers DG is the gas diffusivity.

o

Gerater®? and Calderbank:28 guggest that b = 0,67
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Studies of ligquid film controlled masss transfer, experimentally
difficult owing to ripples on wet surfaces, heve shown thet a similer

relationship holds as in gas film controlled mass transfer.
’ ’

If K o¢ D", where D is the licuid diffusivity,
10, 111, 95 4, ¢/

il

then severél workers suggest 0.5 to 0.67.
(i1) Penetration Theory | | |
In 1936 Higbiel1 proposed the "Penetration Theory” of mass transfaﬁ
thfough liquid films. This theony, which is based on-the cohtacting of
liguid surface elements with rising bubbles, regards the mass transfer.
Frocess as an’unsﬁeady state bulld-up of diffusing material into regularly
renowed liquid surfece elements. It is claimed that in most geseliépid
contacting operstions, insufficient time is aveilabié'for achievement of
steady state fiim diffusion. The mass trensfer coéffiéient'will therefore
depend on the time of contact of the element snd on the diffuaivity to

the power 0.5.
o D
teee K o [ Lo _, ( 1;12)
o N

whera tc is the contact tim@h(sec.).

Danckwartsés hes since suggested that the contact tims “tc" is

* better replaced By.a rate of surface renewal "s" giving the equation

~K ol D,.8
19¢ VL (1;12)

whore o is the rete of surface remewal.
I¢ has been suggestedls that the Penetration Theory msy apply

to the gas phase end this is supported by gss absorption data.
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Maroudas and SawistowskilBD in a study of 11quid=11§uid ness
transfer have concluded that lecsl gradients of solute concentratioﬁ near
the intérfaée cauge interfacial "eruptions™ with resultant turbulence and
#induced” surface_renawal; This "induced" surfece‘renewal is thought to
centrol tha rate cf naocs transfer rather than random'éddies. Surfacs
‘renewel rates of 100 per second were found. |
(111) Other Developmenﬁo

It hes been suggested that the two theories above are not
inccmpatible, hu£ complementary., Toor and Marchsllo55 suggest that if
the unsteady state build-up of materliel in the interfacial regicn
é@ntinues for long enough, then steady state diffusion may become effectivs.,
Thie will b2z commonest in fluids of low Schmidt number and where contact
time betwesn thé phaggq is long. _

-Thue, the penetration theory will applf initially in the mass
trznsfecr procecs, buﬁ under certsin conditione steady staﬁe diffusien
may follow, giving’én overall valus greater than 0.5 to the power of tha
diffusivity. | |

Kishinevskii and Mochalcvalo3 heve suggested that under the very
turbulent conditions often found in vapour liquid contecting equipment
eddy diffusivity becomes 1mpor£ant in determining mass transfer rates.
Garner & Porter99 have'pointed out that effective diffusivities of 2 to 3

times the moleoulér diffusion ere required to explain scme plats
efficlences. CalGerbank and Korschinekigohave found effective diffusivitice

up to 70 times the molecular diffusivity.
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(iv) Diffucivity

In mass transfer theory, accurate data on gas and liquid
diffusivity ére essential but often scarce,

Thecretical studies of diffusion in the geseous state based on the
Kinetlc theory'havelresulted in succaasful, semi-empirical gés diffucivity
correlationé puch as those proposed by Gilliland57 Hirschfelder58,"Fair
and LsrnerSg and Wilke6o.

Application of simiiar methoda to the liquid stete have not beeﬁ BO
successfui. JDiffusivities have been found gxperimentally by methods such ag

61 62

those of Johnscn and Babb — and Davideon and Cullen ., Correlations havz

been preposed by Wilke and Chang63 and Ibrahim4and'Kuloor64{
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1 : 7 Liquid mixing on Bubble Plstes

The effect of liquid mixing on Murphree plste efficiency can be

congidersble when the liquid composition changes markedly frem iniet to
outlet; indeed, Murphree plate efficiencies of over 100% mey be encountered.

Unleas the degree of mixing is known snd can be expressed
mathemafically,either complete ﬁixing or no mixing must be &ssumed, both of
which will give erroneous results. iflixing slways occurs on ges absorptien
plates end it is, therefore, not justifiable to sssume either complete
aixing or no mixing. |

The value of the Murphree plate efficiency thus depénda on two
separate factors. Firstly, the mass transfer coefficient and the contect
time and areas of the phases control the efficiency at any point. Secondly,
the degree of liquid mixing on the plste controls the liquid concentration
distribution over the plate and hence the distribution of concentretion
dériving forces. 'Thua, sssuming thé point efficiency to be cpnatant over
the whole ﬁlate, the plate efficiency which depends on the oversll mass
. transfer rate, will depend on the point efficiency sné on the distribution
of concentration driving forces as determined by the degree of liguid
nixing.

The first mathematical treptment of mixing on 8 bubtle plate was by
Kirschbauﬁ42 who postulated a numher of hypothetical "perfectly mixed poola"
of liquid, the degree of mixing being characterised by the number of such
pools. A plate with "plug flow"™ would have &n infinite number of pools,

a rerfectly mixed liquid mass, one pool. .

Gstreauxt and (J”C:ormellé6 derived the relationship between the
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nunber of "pools® and the Mufphree plete and point efficlencies., This
"pool"-coﬁcept, although 2 conaidersble edvence on the previous
alternatives of plug flow or complete nixing, does not represent the
trus physical conditions on the plate.

Oliver and Watson67 deyised a liquid recirculation concept, in
vhich 2 fraction of the outlet liquid is assumed to be reéycled to the
inlet. Johnson end MarargOziSés suggested thet the prime cause of
mixing is liquid spleching upstream end downstresa of each bubblingi
centre.,

Another epprecech which has received much attenticn recently is
the eddy diffusion concept of mixing. This hss been developed by
‘Rukinshteir znd Gersterl® and 1s similar in prineiple to theories of fluid
ﬁixing ir plpes snd vessels. The degree of mixing 1s assumed to be:
proportionel to the concentration gradient and an %eddy diffusivity” is
postulated as tho proportionality constant. This concept is more
reslistic than the pool concept but still does not tske into account
stagnant pockets of liquid or "short ecircuiting® which probably exist
on bubbling plates. |

Tracer technicues have been used to determine the degree of

106, 1°7v 19. These methods all give a

mixing on bubbling plstes
residence time distributicn of the liquid from which the degree of
nixing, the liquid held-up and the meen residence time can be calculeted.
Danckwerts7° first elucidated the concept of residence time distributions
and subsequent work by Levenapell and Smith71ﬂhu;\der Laan72ﬁand

VWerner and Wilhelm73 has made it pcssible to cheracterize mixing by a
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dimensionless parameter, the Peclet nmumber, whieh is the ratio of the
tray length td the ®mixing" length or elternatively the retio of the
froth velocity to the "eddy diffusion"™ velocity.

The Peclet number Pe is defined es

2
Pe = YV = Z . ‘ ' (1;13)
‘DE DE tm

whers 2 is the tray length (ft.)
V is the froth velocity (ft./sec.)
. 2
Dy is the eddy diffusivity (ft./sec.)
tm is the mean 1liguid residence time {sec,)
: 2
_For & rectangular plate the equation releting the variance, 0~ of the
conpentration;time curve at the outlet ceused by en injection of tracer

Y

at the inlet to the Peclet number was derived by Vencder Laan'",

cr? = ==g§ (Pe - 1 +.le"Pe ) | {1:14)
Pe : .

The reletionship between the Murphree vepour point and plste
efficiencies and the Peclet number wes derived at the Universlty of
19

Deiaware . It is shown graphicall& in Figure 3.(

On e radiai flow plate the froth velocity 1s not constent end & mean.
Peclet number must be ﬁsed. This is obteined by replacing the froth
velocity by the ratio of path length‘to résidencéutime in the definition
of the Peclet number. No egquations exist in the literature ralating the

Peclet number to fhe veriance for rsdial flow plates and such en

equation wes derived as part of this work
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Consider a gas absorption platé with a liquid rate of
Ly £t.5/hr and vapour rate of G, ft./hr with inlet end outlet liquid
and vapour concentrations of X, and X,end ¥, and ¥, 1b.mol/ft.3
respéctively.' Let the 1liquid path length be Z ft. Assume that ¥, the

inlet vepour conceht.raiion is constent over the plate area. This plute

is shown diggrazmmatically belcw,

A G L,y
p’v2 L 931
o/ ) o)
Yo P
‘ x =g£’"1
. : f —
Lpgzt2 rlg > Gp”yl
< >

Murphree efficiencies ere defined a&s below

(1) Murphree vapour plate efficiency By = 2:2 j :;1" ' (1:15)

a 1

(11) Murphree vepour point efficiency B, = yé‘ !
) My —— {1;15)

ye = yl

(111) Murphree ligquid plate efficiency By = Xy = Xy
- &17)

- 7% -

(iv) Murphree liquid point efficiency E;i,_‘ = 1.1% x;
S (1;18)

X - X

r ?
vhere yoaﬁ.xai‘ap@ Ry = F m,ye-m.xz,’andxe.y?/b‘ 5

and wherem is a dimensionless Henry's Law constent (lb_.rnc:l/:ﬁ'!;a3 gor lb.mol/

/ ’ 4
ft}) end J, , T1 7 end X5 represent the conditions at & bubbling point.



Consider the mass transfer at a bubbling point,

Let the volume of vapour péssing through this point be

az

3
p —, Tte /hr.,

G

Let each bubble have a volume bet..3, an area .abft,? end e

residence timo in the froth Ty seconds.

dz

W g?
A

‘: N
o "OQ
L

Then the total area exist.ing at this point =
(and the total area on the plate = GP &l t‘[,/Vb £1.° = ap ft.2)
Now V.. &y = XK., ab,(;?re - §) db

: s
o o Integrating this equztion between limits of ¥ =¥; t =0 and ¥ =75

t = t-b gives
In i Yo © yl) e
(T * B %y Y
{ Yo = 72
‘e =1ln (1 - y ) = K,e, t
. v 6% by
But a .t _ o .. #, K =a X.a
b b/vb = a5/Gp Seln (1 -By) = 6P . G
GP GV
vhere a = interfeciel ares per ft.2 of plate area.

Gy = vepour rate in ft.3/ft.2 plste arca. hr.

Similerly —=In (1 - E;L) =B o Ka
L

p Ly

where L, 1iquid rate in £t.5/£t2 hr.

(1;19)

Chilton &nd Colburn3 defined the trensfer units, NG and N, ‘-

L
N = dy N =

Q=-yily~v) ’ L | (ljy;)(x =z ) (1329) & (1;

31

21)



These sre "overzll" transfer units and are the combination of
individual "film" trensfer units Ng and Nl. The following reletionships
can be derived: |
X a

noo= % o =52 wo=% § =k

Gy Ly Y Ly
| (1;22) to (1;25)
g = N+ )\/Nl end 1M = 1/ + YN,

[

end N, = ,\NG whers A = . Gy/ Ly

Integration of the equations defining trensfer units is simplified
for diffusion in dilute solutioﬁ gs the terms (1 ~ y) ond (1 - x) may be
taken es unity. This is justifiable for the humidification and oxygen
desorption systems where y and x have maximum vslues of approximately
1,5 x 10™2 and 2 x 1072 mol fractions respectifely, | |

On a gss sbscrption plate three possible liquid mixing conditions
exist,

(1) Complete or Perfect Mixing
(11) Plug Flow or No Mixing,
(11i) Pertial Mixing
" These three conditions will be discussed separately.
(1) Complete Hixing | |

The liquid concentration on the plate is constant et the velue %,

thus all psrts of the plste are equivelent znd yé the outlet point vapour

concentration equals Yo the mean concentration.

*
Thus Byy = By = 1-a7Tg | - (1;26)
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- Expressing the mzps transfer in liquld terms it can be shown that'?
n g | . (1;27)
M, = B/ -8y )

(11) Plug Flow

By integréting conditions at a point over the whole plate the
19

fcllowing equetions can: be derived:

Eﬁ\‘}' = 13y (1=)\EMV) or B = i (e/\EMV - 1)

A *
| AByy
or by expanding the sgeries ©
N | 2

Bv = By * .;).\...E::v‘* 2”_..3;73 + ...... ete.
o al 31 -

&
Thus it can be seen thet Eg > B, and can have values < 10C%

depeﬁding on the value of >\

L
(1i1) Partisl Mixing

Alzo N, = =-1n (1 - EML) (1;28)

This is the condition under which a)]1l gas abéorption plates
operate, the other two conditions of complete mixing end plug flow being
of theoreticsl intefest only as the extremes of liquid mixing.l It 1s
impracticable to use liquid point efficiencies in partiel mixing studies,
indesd the use of such efficlencies is rérely justifisble in view of
their doubtful theoreticel basis. All celculetions sre done using
vepour plate and point efficiencies and it is thus necessary to conveft

vapour efficlencies to liquid efficiencies and vice-versa. This is
achieved by the following equstions which ere derived from mass balances

over the plate,



Bey = BEq // [Eq, + A - E)] end rearranging, (1;29)
By, = )‘Emv/ PEg + (-5 - (1330)
Identical equations hold for point efficlencies i.e.

B = AEy / ey + -5y (1;31)

An oquaticn'raiéting plate erdi point vgpour offioiencies hes boen
dexrived 191n tarms of the Peclet umber. This equation is very complicated

end 1s always used in the graphical form shown in Figure 3.
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1 8 Bubble Dynemics

In elucidating the mass transfer charecteristics of & bubble plate,
a knowledge of bﬁbble dyngm;cs is essentisl in that the bubble dynamics
determines bubble size, shape, velocity, oscillstion snd internel
circulstion,

The earliest work was by Sugden9 whose equation fo;lbubble
diameter was obtained by equating buoyancy and surface tegs;on forces at an
onifice under neer-steztic conditions. It was soon realiaed75’76 that at
.higher gas velocities Sugdents equation did not apply. In 1946 Geddes8
~attempted a correlation of plete efficienecy using bubble sizes based on
Sugden’s stutic ecuation. This aroused interest in bubble mechenics
end much work followed on bubble formstidn, the behavibur-of rising
bubbles end mess trensfer from bubbles.

KReviews of the litersture on bubble formation are given by Hughes,
Handloa; Evans end Maycéck78 and Davidson &nd Schuler’’. The eurrent '
theories cn bubble formction ere outlined belaw,

It is impossible to correlate bubble diameté; end velocity againét
orifice cdizmeter and gas'velocity, compieteiy in one eguation as with
incressing ges velocity the bubbiing mechanicm pesses through several
different phases. At low gas iélocitiee? bubblé diamete¥ is correlested by

9’82’77f84; As the gss velocity increases the bubble

t‘77,80,826

Sugdeﬁ'a equation
frequency increesss, bubble diametef remainiﬁg subst&ntially constan
A critlecsl frequency is resched at sbout 15 to‘20 bubbles per second et
which the frequency remains constsnt end increasing velocity incresses

28,81,82,86

bubble diameter At still higher gas velocities a gaa jet forms
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which brezks up into bubbleg of a varlety of size381’83°

In the constant freguency regime chein bubbling dccurs, that is,_
there is no substantial gap between successive bubbles since the rising
velocity is not sufficiéht to separate them85’28°

The sﬁbmergence of the orifice or slot mzy eaffect bubble formstion
since a bubble may burst at the liquid surfece before having disengaged
from the gas”source thus giving & direct diScharge to the vapour sp§@e15’l6'
o Surfacé tension has little effect on,bubble'formation in the constent
frequency regiméss’23 but is important at lower gﬁs velocities.

Viscosity hss 1little effect at low gas Velocitiessé.but at high
velocitiea the bubble dismeter is lsrgely determined by the discngagsment
pericd during which the bubble ®neck" sesls and whiqh depends cn the liquid
viscosityB?’79. Thus viscous liquids tend to give lerger bﬁbblas.

Orifice diameter plays an importent pert in determining bubble
dismeter., In the lew gas velocity regime the bubble diemeter is
proportionel to the cube root of the orifice diamefer23. Orifice

dizmeter, in determining ges veloéity also influences the regime in
>§perationo Most of the Qork on bubble formation has bsen done on
horizontal circular orifices as in sieve plates. In bubble cap plates the
-Meffective® orifice diemeter depends on the slot opening which in turn
depends on the gas velccity. |
§p§fgpeLA§§a;§q_ngb}e_PlaEgg

Chu‘gﬁug;?z measured the aurface areq and contéct tima of bubbleg

from a slot and elucidated the dependence of these quantities on gas velocit@}

slot slze and submergence end surface tensicn. A high speed ¢ine
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technique was used and the enalysis of the film was very tedious.
Calderbankgl’92 measured the surfaca‘area of-bubblés in an agitated tenk
and on & gieve plate bty & 1light tranemlssion technique. This methed is
guperior to that of Chu permitting guick messurement end assessment of
gurface area, Correlstions for interfacial ares on a  sieve plate ere given.
Celderbank, Evans and Renn1e94-devised & similsy opﬁical reflection methbd
for doterminatlon of surfsce areas &nd a gamma ray absorption technique

95

for measursaent of'foam dénsity. Calcerbank and Moo Young”“ used these
‘meﬁhoda in detéfmination §f interfseial srea on sievs plates,
ernal Cireul _gion of Bubbles o

It hzs been shown by Bond and Newtong8 that beldw g critizal
' diaméterD about 1 to 2 mm, drops or bubble:s behaveliike perfect spheres with
no internal eirculztion. Internel eirculstion affects rising velocity, |
ascillation; sﬁrface reneyal end hence heai end masa.frénsfar to the bubble,

Garner and Hammerton7ﬁ observed intornal circﬁl&tion in bubbles by
traces of ammbnium shloride and showed the importancé cf the presence of
surface aétive agents.

Calderbank and Karchinskigo end later Calderbank92 showed thst rates.'
~of heet and mans treasfer to éirCulating and non-circulating bubblez are
quite different, presumably owihg'to the increased rate of surface renswal
in thé clrculating bubbles,

Garner an§.Hammerton89 in tests on bubbles of diameter up to 0.9 cm.
concluded thet up to a diameter of 0.4 cm;mBSS transfer rates were thosé'

expected of a non-¢circulating sphere. Above 0.4 em the data suggeated internal

circulation of the bubbleg.




1 : 9 .Approach to the Problem - e

*

The aim of this wofk wss to determine the operating characteristics,
including plate efficlency end p;essure drop, of two sizes of Kﬁhni.plate>

and to suggest improvements in design.

Through the generosity of.two local firms, Blairs Ltd, (the
manufacturera) énd the British Dyewood Coy Ltd»two Kuhni plates were
provided of 30 inch end 12 inch diameter. The 12 inch dlemeter plete is
the smallest plate available and the %0 inch plate the largest that could
be comfortably accommodated ig”the available laboratory space. N

Plate efficiency charectéristics can be determired by either
distillation or gas abaofptioq 3ystems; A distillation system would ﬁave
reguired a considersble amount of auxiliary heat ezchangeAequipﬁént and
preferably a colurh with several plates. vIn addition, it was felt that an
investigation of mass transfer on a bubble plete is essier with ges
absorption systems where thermal and other complicating sffects do not
exist to the samé exteﬂt. »

It hss been established25 that plate efficiéncy characteristica
depend on the distribution of mass transfef‘resistance{between the géé
and liquid rhases. 1% was thus decided to use one gas absorption syastem
with the controlling resistance in the gas phase end one with the
controlling resistence in ths liquid phase. |

The humidification of air was chosen ss the ges phage resistant

system principally because the meterials fequired, air and water, arc

readlily aveileble and cheap. The alternative of using a very soluble

ga3,; such ep ammonia ves discarded because of the difficuliy, inconvenience
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and expense of using such & ges on & large scale. o

The choice of & liquid phase resistant éystem is usually confined to
the absorption 6r dssorption of a siightly soluble gas in a liquid. The |
liquid chosen 1is usually water for convenience and in this work oxygen was
chosen as the gas in prefermnce to cerbon dioxide, nitrogen or any other
sligﬁtly Soluble gas owihg to‘the ease with which it ¢an be determined
volumetrically., o _ |

For g complete elucidstion of the liquid phase resistant systenm a
mowledge of the residence time chﬁr&cteristicm of the liquid on the plate
is necessery. The efficiency depends on the degree of liquid nmixing on |
the plate, &nd the liquid hold-up and mesn residence time ere importent
in determining plate efficiency. It was decided to determine the
residence time characteristics by & tracer technique for the 3 inch plate,

The small licuid hold up on the 12 inch plste mekea accurate
residence time determinstion, by trscer methods, difficult, so liquid hold-
upwas meesured by clear liquid height menometers fitted to the plate floor,
As a check on the reliability_of this method for determining -liqpia
hold=up, clear liquid height measurements were made on the 30 inch plete
and compared with the residence time dasta.

Liquid viscoaity has been recognised as a very important factor in
determining plate efficiency éince it sffects both the mass transfér retes
and the fluild dynamics of the plete. It was decided to obtain data on
the dependepce of both 1ligquid and gss phase resistaﬁt system efficienciga

on liquid viscosity and io determine the effect of liquid viscosity on the |

fluic dynamica of the plete by residence time methoda. A viscosity-
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increasing agent wes selected for addltion to water which has little
effect on the other physical properties of wzter. The effects of this
“agent on the solubilit#‘and diffusivify of oxygen in waté;, the density
and “water vepour preasﬁre were also determined,

Plate preasuré drop on the Kﬁhni plate is reputedly high end thié
wags confirmed by experiment. Attempts were mede to 1mprove_p1a£e
performence on the 30 inch blate Ey increasing the sloti ares, ﬁhub
reducing pregsure drop; and by inereasing the weir height.

Vhenever possible teste were designed on e factoriel basis to obtein

the maximum amount of information from the resulte.



SELUTION 2

o

TSCRIFTION AND DESIGN OF THE EXPERIMENTS
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2 3 1 The Hunldification Syzten

This-m@thod fequirea & knbwledgeHof the iniet.and outlet air
humidities and the equilibrium humidity. Two nsthods are generally uvsed,
one describsd by Gerster Bonnet énd Carmody25, the cther by Garper and
FTeshwater29, ‘ |
(3) CGerster's Method, (Outlet hygrometer)

In this metﬁod both the inlet and outlet humiditiés are measured
by wet and dry bulb hygrometers and the equilibrium humidity taken as the
saturation humidity at the water teypéreture,‘which-is constent and ezual
to the inlet air wet bulb temperatufe.

The main criticism of thils method is that the outlet humidity io
artifiecially reised by evaporation of entrained water botwsen the plats
and the hygrometer. A Dbaffle to'remcve the ontrainment provides e watted
surfece to the alr stream causing additional humidificstion. GCerster
introduced o correecticn for this effzct, which smounted to 1% to 2%-in

the effieciency,
(11) Gerner and Freshwater's Mathod (Solution Evaporation)

In this nethcd the inlet bumidity is measurad by & hygrometer and
the equilibrium humidity teken as the sgaturation humidity et the outlet
alr dry bulb tempersturc. Thils temperature wap éhosen since it could not
be zgsumed that conditions uere'adiﬁbatic.

A dilute {2 - 5%) solution of scdium carbchate in water is uged in

the system and the cutlet humidity dzduced by meessuring the amount of =
vater evaporated during the test. The principle is that mater 1s lost by

svaporation but goluticn by entrainmentlhe smounts of water lost by each
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method ean be found from ﬁass balances.

Let Hi and H2 be the initial and finsl weights of solution, (1b)

- €, and C, be the initial and finzl concentrations of solute

1 2
Wy be the welght of golution entrained during the test (1b)

W, be the weight of water evaporated during the tzst (1b)

v
By mags balancez on the water and solute:

Hy =W, = Wp + ¥, (2:1)

1 2

Wl C1 = Wé 02 + QE (C1 + 02)/2 (2:2)

These two equations ¢an be solved for WE and HV

fhe use of the average of Cl and 02 for the effeetive concentration of
the entrainment infers thst the concentretion of the soluticn increases
linearly with time. This assumption is justifiable only if Cl and 02 are
not different by more than 10%. This necessitates using a very large water
regervoir wnless water is added continuocusly to maintain a constant sclute
concentration.

The sdvantages of using this procedure of adding water continucusly
ere that a small reservoir can be used, the effect of the solute on the
3ystem\properties is constant and the solution temperature is more constsnt.
This me£hod;~which was devised in the course of this work,was found to give
greater accuracy.

In calculating the eveporation and entrainmeﬁt the amount of water

added to the reservoir is added to the left hand side of equation (2:1)

- &and the equations solved as before.

Garner and PFreshwater's method is more accurets than Gerateris if
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constanﬁ conditions can be maintsined for about 5 hours, the duration of a
test, ,

It wes decided to do tests by both methods end compare the results.
These are given ianigure 583 where the points represent the sodium
carbonate solution eveporation efficiencies end the lines the outlet
psychrometer efficienciesrand it can be seen thet there is very little
difference. Gerster!s method was chosen for the remaining tests; its main
advantages being thét more tests could be done in a given time and that the
inlet humidity need‘only remain constant for sbout 30 minutes compered with
5 hours for the other method, an important conaideraﬁion since the inlet eir
humidity could not be controlled.
(111) Psychrometric Date

Inlet and ocutlet humidities were measured by forced draught wei and
dry bulb psychrometers. The air velocity of 20 ft/sec. past the wet bulb
was sufficient to make rediation effects negligiblella. The accuracy of
the thermoneters wae + 0.1F.

Humidities were deduced from ihe following ecuation:-

Rely - L72(1,-1) (@3)

where H

]

the air humidity in grains water per pound of dry air

.HS the saturaticn bumidity at the wet bulb temperature (Gr/lb)

]

(found from data in the IHVE Guide 1955112)

Td = the dry bulb tempersture, °r
Tw = the wet bulb temperature, °r

The constant 1.72 is from data of Lewisll3 and is the ratio

0.26 x 7.000
AY
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where 0.26 13 the ratio of mass and heat transfer ecefficients
for oveporation of water, |
AW is the latent heat of evaporation of water at the méan vet
bulb temperature, taken as 1,058 BTU/1b (59°F)

(iv) Calculation of Efficiency

Efficiencles were deduced using the equation,

Byy - B - By
By - H)

vhere H; = the inlet humldity, grains/1b. dry air

(2:4)

H,

H
e

The equilibrium humidity was teken as the saturation humidity at

the outlet humidity, grains/lb. dry air.
the equilibrium humidity, grains/lb. dry air.

the meen water temperature. It was found that once conditions had
stabilised the inlet end outlet vater temperatures differed by leaslthan
0.5°F and the outlet wet bulb temperature differed by less than 0.2°F
from the cutlet water témperature.

(v)  Heat Balance on the Humidification System.

A heat balence readily shows that the inlet air is heated by & to
12° 7 by the blower, depending on the air rate and the émbiént temperature.
Aiso, one of the psychrometers blew the air across the thermometers and a
slight heating effect of the blower was-noted. éince the inlet gir was
sampled before it pagssed through the blower the air enthalpy indicated by
the inlet psychrometer was lower than that of the air entering the eolumm,

Tests on the systems showed conditions to be adigbatiec for both the 12 inck

and 30 inch pletea. A specimen heat balance 1s given in Appendix A:2 .
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2 : 2 The Oxygen Desorption Systenm

It was decided to pass the feed watef to the plate down & packed
column containing oxygen under slight pressure (3 p.s.i.g.) to increases
the‘oxygen content from £he equilibrium concentration of 10 parts per
million (ﬁ.p.m.) to 30 to 40 p.p.m. On the plete this excess oxygen wes
partly desorbsd from the water by the air stream.

The efficlency of desorption was deduced from the equation

Eqy = ig = xg (2:5)
X -X%

¥here Xl = the inlet water dissolved oxygen content (pep.m.)

X2 = the outlet weter dissolved exygen content (p.p.m.)

% = the equilibrium dissclved oxygen cocntent (pep.n.)

_ The equilibrium oxygen content was deduced from data in the

Internaticnal Criticel Tables114 and is taken as the oxygen content in

eguilibrium with eir saturated with water vapcur at the mean water temperature

and the atmospheric pressure. The oxygen solubility date can be given by

the equation.

Hy = (2.486 + 0.0554 (1-10)) x 107 C (2:6)
2
where HO = the Henry's Law Constant (mm Hg)
2

T - = the temperaturs v

Dissolved oxygen contents were measured by the Winkler method
(Appendix C).
It was found that the oxygen content of the inlet water decreased

ateadily during a test by gbzut 2 p.pen. por hour. This wag attributed to
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nitrogen désorbing from the water in the oxyggnatiog tower and recucing
the partiel pressure of the oxygen. The error thps‘caused by assuming
the nitrogen content of the inlet water to be tﬁat in equilibrium with
air is less than 0.1% and was neglected. |
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2 3 3 Szlection of Viscositly = Increasing Agents '

It wes decided to determine the effect of chenges in licuid viscosity
cn both gas phase snd liquid phase resistance controlling systems srd on
regidence time distributions.. To enable the maximum amount of information
to be obtained a substance wes required that increased the viscosity of
water with 85 little effect as pdséibie on deﬁsify, oxygen solubility or
vapour pressura. "Cellofes 3", the sodium salt of carboxy methyl
e¢clluloze menufsctured by I.C.I.,was chosen in preference to sugar or
glycgrol, the usuel agsents. The effecﬁaof “Gellofaé B" cn the properties
of water wirpexamined and are describe%:Appendix D. As céen be.seen the
effect on deneity end water vapour pressure are negligible so that
*Cellofas B* is thus prefersble to sugar both 28 regards properties end
cost. Jordanl2? has shown thet the oxygen diffusivity characteristics of
both sugsr &nd glycerol solutions ere irregular which would complicatz
the eluecidetion of the effect of viscosity on plate éfficiency‘ In the
liquid residence time tests, dlacussed in Section 214, suger wss used to
change the water viscosity beczuze of the effec£ of the salt trecer on
the viscosity of "Cellofes B" solutions. It was found that even e traﬁé of
electrolyte reduced the viscosity of "Cellofas B" solutions considersbly,
presumably beczuse of the breszk up of the iﬁfer-molecular bonds. The
effect of electrolytes on the viscosity of sugsr solutions on the other
hsnd is very small. Potassium chloride was, however, chosen as the
trecer in preference to sodium chloride which wss used for the tests with

water since the effect of the potassiumion is less thsn that of the

sodium ion,
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2 3 4 Selection of Liquid Residence Time Method

To esteblish the residence time distribution in a fluid syster
some property of the inlet fluid must be changed either suddenly or
continuously &nd this property measured at the outlet. The effect of the
change should be as small as possible on the dynamics of the system. The
commonest_property chosen is conductivity which cen be easily chsnged by
additionvof small quantitiés of electrolyte and hasvthe adyantage that it
is easily convertible to aﬁ electricel output which can be recorded.
Several methods have beén used in determining residence time

distributions. Ths tracer can bs injected instantaneously giving the

familiar skew Gaussian concentration-time graph at the outlet, the
eoncentration rising to & meximum then falling off to the original base line,
A steady flow of trecer czn be fed to the system then auddehly atopped and
the gradual reduction in tracer concentration at the outlet recorded. This
msthodlo6 gives the Yeumulative distribution“‘function direct, that is, the
inteprated form of the concentration = tima curve. Gonvgrsaly a steady flcw
of tracer cen be started and the bulld up to steady.outlet concentration
recorded, & more slaborste methodlo7 is to inject tracer at the inlet with
ainusoidally verying concentration at constant frecuency and record the
concentrztion amplituda at the outlet, Another method is to inject tracer
continuausly néar the outlet and measure the‘trgcef concentration at points

nearer the inlet. Thls method is suituble for plates with a long ligquid

path length,
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It wss declded thet the sihplest procedure, that of injecting a
pulse of trecesy at the inlet; was most sﬁitable. The tracer chosen w2s
-satureted sodium chloride solution and an injector was devised which would
injeet about 1 cc,of this solution over a very short period of time
(<0.1 second) info an inlet to the plate on the peripbeny. The injector
contained a2 peir of platinum wires (suitabyy connected to the recording
circuit) which weuld ensble an input time signal to be recorded.

A clrcuit which recorded the input time signal and the cutlet
conductivity continuously was constructed and is described in Section 335,

Ths problea of mzasuring the outlet conductivity as near to ths
plate outlet es possible was solved by constructing a cell ¢a tﬁe inner
vall of the ocutlet welr, The outlet wster thus flowed over the welr znd
rede irmadiato contac£ with the cell. Two parallel pletinum wirea mounted
1/4 inch apert and mounted round the inside of the weir formed the cell,
Provided the distance between the wires is constant, the relationaship
between the quantity of tracor between the wires and conductivily i3 ez
followss
K = 4 + BQ | (2:7)
vhere K(;is the conductivity, A and B are constants and Q is the mass of
tracer between the wires. This equatioﬁ was confirmed by operating the
plate with solutions of known concentration and measuring the resultant

conductivity.

It is 8 reesonable and necessary assumption that the liguid between

the wires 1s constently changing and has the same concentretien as the
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bulk of the liquid flowing over the weir., The effect of eir bubbles carried
over the weir is to give a "wavy" line on thg chart. The amplitude of
the devietion was normaily less than 10% of the conductivity resading.

It is likely that the number of bubbleg interfering with the
operation of the cell is approximately constant throughout & teat ané
their overell effect can be neglected. It was noted that the "base line"
conductivity depended on both the gas and liquid rates,this effect being

attributed to differing degrees of interference by bubbles. |

Frem the outlet tracer concentration curve the mean residence time
cf the liquid on the plate, the liquid hold-up and the degree of mixing
cén be deduged. Appendix B gives the derivation of ths equations used in
deternining these guantities.

The system selected will therefore record the degres of radial
mixing of the tracer and give the residence time distribution of the liquid
flowing across the plete. It will, however, give no indication of the
degree of lateral mixing. To accomplish this by conductivity mesns would
require & very elaborate apparatus thus a simpler method of continuously
injecting dye at an inlet péint and obsefving the "spread® of dye wes devised.
A 5% solution of "Wool Green" dye in watér wag injected at aﬁout 1 ce.
per gecond at the plate pefiphery through a narrow copper tube. When
conditions hed stgbilised a photograph was taken from a height of‘§ feet

above the plate, using a red filter. Photographs wers taken at a
variety of air rates; water rates and injection points and they are

diszusgaed later in Seeticn 5:5 )
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2 3.5 Alterations in Plate Dasign

By compsrison with other bubble plstes the Kuhni plate has a high
preésura drop and a low weir height,

The total plete pressure drop can be regerded as ths sum of three
compcnent pressure Arops,

(1) Dry plate pressure drop.

(11) Hydrostatie pressure drop or clear licuid height.
(1i1) *"Residusl" pressure drop. |

The "residual® pressure drop iz a combination of the effects of
inertial forces and surface tension. This snalysis of plete pressure drop
1s an over-simplification since all the effects ceusing the pressure drop
do not neceazsarily act simultzneously during the bubbling cycle, but it ie,
however, suffieciently accurate for the purposesiof this work. The Kuhni
plate, despite its low wair height'and correspondingly low clear liguid
height has a relatively high prezsure drop, attributzble to the small slot
area causing a high "dry plete® pressure drop. It was decicded to increase
the slot area of the 20 inch plate and determine the resultant effect on
pressure drop and efficiency. This was achieved by reising the annular
rings of the plate and 1s discussed later in Section 3:10.

The effect of increesing the weir height is generall& to inecrease both
pressure drop and gas phase efficiency. It was decided to determine the
effect of this change én pressure drop and efficiency of the @ inch plates

Since most industrial gas ebsorption and distillation systems ere

fgas film" contreolling, the humidification efficiency was used although a

conplete appreisal of the effect of elterstions in plete design would require

liguid “fiinm" efficiency testo as wsll,
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2 ¢+ 6 Properties of Solutions of Cellofas B in Water

| In the humidification tests the humidities depend on the vapour
pressure of the water on the plete. The addition of & solute such as
'bellofae'ﬁ‘will reduce this vapour pressure and affect thé psychrometric
data, It 1s essential thet the magnitude.pf ﬁﬁis effect be knowﬂ by
measuring the vepour pressure of"Cellofas B“Solutions.

In the oxygen desorption tests the effgct of increasing viscosity
is not only to change the fluld dynamies of the plate but possibly elso to
change the éxygen solubility and the mess trencfer coefficient through a
.chenge in oxygen diffusivity. The effect of "Cellofes B on oxXygert
golubility and diffusivity in water was unknovn and it was décided_to obtain
pome date for this system. The effeet of ‘Cellofza B"on solutien density,
viscosity, vapour pressure, oxygen solubility end diffusi@ity is deseribed
in Appendix D,

The measurement of the diffusivity of such a system iz rather
difficultp'different metheds giving conflicting results., Seversl methods
are avsileble for determining diffusivity. Measuring diffusion rates
through porous discs]'21 iz complicated by the n=cessity to calibrate the
disc at each viscosity with systems of known diffusivity and ecual
viscosity. Other methods such as capillary diffusion123 or diffusion
through quisscent interface3122 suffer from the fime involved for each
determination and the difficulty of analysing such small guantities of
liguid, Wetted wall methods hevs the disadvantage that rippliﬁg hag a

msrked and uncertain effect on mass trensfer rstes. A considerable
aedvance in methods of determining the diffusivity of slightly soluble gases



has been mads by pDavidson &'Cullen62 vho devised a method in which the

liquld flows over the surface of a sphere in an enclosad chamber and the
rete of ges absorptlion measured directly by metering the ges. This method
gives repeatable results and iz relatively quick and caay. I% was thus

chosen for these determinations and ie deseribed in Appendix D.



SECTION 3

DESCRIFPTION OF THE APPARATUS
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The performances of a 12 inch and & 20 inch ciameter Kuhni plate

have been investigated. These pletes were incorporated irn separate plants

which will be discussed individuslly. The genercl design of both plates

and plants is described; followed by the modifications required for

humidification, oxygen desorption and residence time tests.

% : 1 Design of the 20 inch Diemeter Kuhni Plate

Photographs and & drawing of the plate are given in Figures 1 and

4. The plate was constructed in 17 S.W.G. coppar with brass supporting
angle and copper and brase bolts. There were three annular tunnel bubble
capé at dismeters of 13.19, 18.32 end 23,42 inches. These céps were 0.95
inch high and 1.18 inches broad with slots 3/22 inch deep bty 9/16 inch long
spsced 1/8 inch apart. There was a total of 614 slots giving a total slot
area of 30.06 squsre inches which represents 4.25% of the column cross
sectional area.

The outer ring had slots on the inside and was sealed on the ocutside
té the colunn wall. The centrsl weir hsd sn internsl dizmeter of 9.237 inches
and was 2.56 iaches deep &t that diéméter, tapering to & 2.75 inch irternal
diameter downcomer. The weir height was 0,95 inch and the }iquid path
length 10.2 inches., |

The 1nlet distrihuting well which would have scted as a seal pot
for the plate ahove had 12 radial 5/8 inch hore copper tubes sloping down to
the periphery at an sngle of 1° to the horizontal. Flush tappings were
made in the floors each of eéch of the four troughs &nd connected to "clear

liquid height" manometers.
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% 3 2 GCencral Design of the 30 inch Kuhni Flate FPlant

e om—

The general arrangsment of the plant is illustrated in Figure 5.
A Keith Blzelman Puntrifuba‘ fan capable of oeliverin 25,000 cuble feet of

iy o2r hour at 6 inches weter head was driven by & 5 h.p. electric notor.

-

£

was drawvn te the fan inlet through § inch dismeter duecting in which sn

b

]

i
erifice meter end a2 butterfly control valve were fitted. From thé fan
cutlet the air 3 sed- to the bass of the gq1V“n15°d stesl test column
through a steanm heaterlwhich was not used in the present work,

After passiﬁg through the plate thg alr wzs discharged to the
atmosphere outside the laboratory by a length of § inch diamster

flexible ducting. The top of the test column wss constructed in 1/4 inch

thick "Persrex’. A dralnzge hole wes provided in the base plate of ths
columne

Wzter was pumpsd from & 22 gallon galvani. éd steel tank
Turner centrifugsl mumﬂ, cepable of delivering 720 gollens of water per
throucgh a ccntfcl valve to & "Fotameter® reading from
50 to 530 gellona per houvr. Frem the "Rotameter” the wazter wes
the central inlet well of the plata. The outlat water passed down ths
centrel dewncomsT 40 a sesl pot and through the outlet pipe whick
returned it to the water.tank.

The Kuhnl plate was gealed into the test column by asbestes cord end

putty packing. A "Perspex” window wes built into the column wall above thes

plate for obhservation of froth heights, s ccale engraved on windew and

a poale fitted 1n the central well belng viewed cirultzncously to aveid
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rarallax errcrs.

tir flow wss measured by a 4.714 inch diameter.sharp edged ¢rifice
rlate with D and D/2 tespings in the 8 inch diemeter inlet duct. The
preasure differentiel was maaéur@d by an PAgkanis® micromsnomster. The
calibrsticn for thiz meter was token from B.S.1042 (1943).

The Xuhni plate pressure gpeop ves inéicated on & U tube water
msnometer,

On the wzter circuit temperature§ were mezsurec before and sfter
the plete by thormometers aécurate to : 0.1°F.

3 : 3 Modificetions for Humidification Tests (30 inch Flate)

The inlet air humidity wes measured continuously by blowing =
sample stream, taken from the entrance to the inlet duect, ascross the bulbs
of dfy and wet bulb thermometers, both gccurste to : 0.1°F, at a velocity
of epproximately 20 feet per second. A sample ofrtﬁe outlet air was
drawn from the outlet duct &nd pessed through a similer psychrometer,

4 drawing of one of thecs electrically driven psyéhrometers is given in
Figure 6. |

In the humidificetion tests in which sodium cerbonste solution was

evoporated & constent level device wes fitted to the water tenk to

replanish the water as it evaporated ancé thus maintein the sodium

cerbonate solution eechcentration constant., This is shown in Figure 7.
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3 : &4 Mocdificetion for Oxygsn Desorptlon Tests (%0 inch plate)

Drewings of tﬁe oxygenation equipment and sample boitles &re given in
Pigures 8 znd 9.

The feed wétér was sproyed in;o the top of 2 9 inch diameter oxygen
absorption column containing & 4 fbot bed of "Tellerette" polythené
packing. Oxygen wss fed to the tower from a pressure cylinder at a
controlled rate, The oxygen-rich water was raised from_the foot of the
column to a 1 gallon gless settling tenk 4 feet sbove the plate. ?rom this
tank tha‘water flowed through e level-regulating tzp to the central inlet
w2ll of the plate. |

A sample stream of ﬁhe inlet water was siphoned continuously from
the settling tenk through a sample hottle and a "Rotemeter" which read from
0.2 to 2 gallons rer hour. A sample of the outlet water was similarily

taken from the outlet pipe, both sample stfegms draining %a the main

wsater tank,
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3 : 5 Modificetions for Residence Time Tests (30 inch plete)

 As discussed eszrlier (Section 2:4) it was decided to obtain
residence tims distributions by injecting tracer instentaneously at the
plate pariphepy end measuring the conductivity of the outlet water
immediately it passéﬁ over the outlet weir,

The injection device is shown in Figure 10. A hand bulb blower
was connected to the side arm and the device primed with 1 cc, of saturated
selt .solution added by a pipette through the ground glass joint. Wwith the
stopper in position the solution could be ejected By compressing the hand
bulb. As the solution left the device it momentarily nede electrical contsct
between itwo suitably ﬁlaced platinum wires, this registering as the input
time signal on the recorder chart., The design of the devicc prevented
dripring efter ejection.

The conductivity cell is shown in Figure 1l. It consisted of tweo
perallel 24 inch 1engths of 24 S.W.G platinum wire 1/4 inch apart, held in
position by ®Perspex" formers attached to the weir by 8.B.A. bolts. Paper
impregnated wiﬁh "Areldite" epoxy resin adhesive insulated the wires from
the weir. One‘end of each wire was connected to the recording equipment
by screened ezble.

The cell formed one arm of an unbalanced resistance bridge circuit
operating st 10 volts, 1,000 cycles per second A.C. Output-from thig bridge
was rectified, amplified end recorded on a Kelvin-Hughes single channel |
ffefk 5B Feecorder with a chart speed of 2.5 cm per second. Teledeltos chert

pzger 5 cm wide was uged in which the trace was burned by & 200 volt erc

at the point of the psn. A genersl circuit diagrem is given in Figure 13,



B7

TRACER
INJECTOR

TO

HAND
suLB

PLATINIUM DETECTOR

WIRES

——y
[
: 1

FIG 1O

-
>

PLATINIUM
ELECTRODES

CONDUCTIVITY

s \HE’,‘SS%S&EZ& CELL

INSULATION

FIG 11

WEIR EXTENSION

WEIR
EXTENSION

RETAINING
BOLT

JORIGINAL

WEIR

FIG 12




INPUT
FROM
BRIDGE

1 1 B
CONDUCTIVITY INJECTION DECADE -
CELL DETECTOR RESISTANCE
2
O O
° RECTIFIER [] AMPLIFIER
O
Je)
PHILLIPS _ }
CONDUCTIVITY ﬁﬁg.',’;s ol
BRIDGE RECORDER

GENERAL CIRCUIT DIAGRAM

L J

60n

O.JuF

[ ——
—

20 H,

O.luF

A ——T—O
OUTPUT
— 1O

— RECT-
IFIER

RECTIFIER CIRCUIT DIAGRAM

FIG I3

O




A Phillips Conductivity Bridge PR9500 which included & source of
1,000 ¢/5 +4.C. was modified by removing the elegtfonic indicstor vgive
EM 74 snd the input to this value-ampiified by a 6C4 triode. The Aﬁtput fronm
this valve which wea dependent on the "out of balsnce® of the bridge
circuit end hence on the resistance of the cell. This output was stepped
up" by 2 small transformer end rectified by silicon rectifiers. The
circﬁit disgram of the rectifier is given in Figure 12. Output from thie
rectifier (2 volts DC maximum), was asmplified by a Kelvin Hughes Type 6
Amplifier designed for use with the FRecorder.

Zero could be zet on the chert by & bilas control on the amplifier
and sensitivi{4 could be adjusted by controls on both the amplifier end
the bridge. The system could thus record a wide range of cell resistences.
4 decade resistence box (1 to 10,0004V) could be switched into the circuit
for cslibration purposes.

Had the outlet water, containihg galt, been returned to the tenk
" the conductivity "base line" would have changed during the course of a test.
The outlet waﬁer was therefore discharged to the drain and the water in
the main tank continuously made up by water from the main water supply. In
the tests using sugar solution it would have been too expensive to discharge
sugar solution to weste so a second tank was installed from which solution
could be pumped to the msin tenk. This alterstion meant thet during e
test, sugar solution ﬁas pumped from the main tenk, scross the plate, to the
second tank, and on completion of the test the accumulated water was
pumped back to the main tank where it was mixed before the next test by an

electric stirrer,



3 : 6 Design of the 12 inch Diameter Kuhni Plate

Photograrha and a drewing of the plate ere given in“Figures 2’and 14,

This plete wsa alce cqnatructed mzinly in 17 S.W.6. Ccpper?; There |
wag eonly one annulzr tunnel bubble éap at & dlameter of 7.86 inches, As in
the 20 inch plats the outer ring had slotis in the inside and in cdditicn
there was an inner réing of slots on the oﬁtsida of a tunnel eap, the inside
of which formed the weir. The caps wefé 0.82 inches high &nd tho middle
cap 4n 0.79 inchas broad. | |

The total slot area waaVG.SO squere inches which represents 6.017
of the column crees sectional area.

The welr kzd an internsl diametar cf 3,35 inches end a hedight above
tha plate floor of 0.82 inches. -

The inlet distributing well had radial 3/8 inch internsl diemeter
copper tubes sloping down to tho periphory of the plsto,

Two flush teppings wzrec fitted to.the plate floors for meesurement

of clear 1liquid height on external U-tube menomstere.
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3 3 7 Generel Design of the 12 inch Kuhni Plate Flant

The generzl arrangement of the plant is illustrsted in Figure 15.

A Xeilth Blackman forge blower, capable of delivering 5,000 cubic
feet of air per hour et 12 inches water head, was driven by an A.C.
electric motor. Air wes drawn to the fan inlet through 12 feet of 6 inch
diameter flexible ducting. & butterfly velve at the fen outlet controlled
the air flow which was measured by dn grifice heter; The air entered the
base of the 12 inch dismeter copper test column in which the Kuhni plate
was sealed. This coclumn had "Perépex“ windows aboie and beiow the plate,
A length of 4 inch diemeter fleiiﬁle ducting conducted the outgoing air
to the discharge point.

Yater was pumped from & iO géllon tank by a Stuart Turner centrifugal
pump to the plate through one of iyo "Rotameters™ arrsnged in perallel

each with & control valve. Control was alsc g&chieved by & by-pass back

to the tenk, The "Rotameter” range was from 5 to 200 gallona per hour.

The outlet water flowed by grevity beck to the tank.

The sharp edged orifice plate had D an& D/2 tappings with an orifico
diameter of 2,000 inches, the pipe diameter being 4 inches. The calibration
of this ¢rifice plste was taken from B.S.1042 (1943). lanometers indicated
the pressure drop across the ¢rifice plate and the Kuhni plate,

Thermometers accurate to + 0.1°F were fitted in the water circuit

before and after the plate.
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3 3 8 Medificaticns for Humidification Tests (12 inch Plate)

The wet and dry bulb psychrcmeters used in the 70 inch plate tests

were installed at the air inlet and outlet.,

2.3 9 Modifications for Oxygen Desorption Tests (12 inch Plate)

The oxygenation tower end settling tenk ueed in the 30 inchvplate tests

ware uded and the sampling apparatus and procedure repeated.
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3 ¢ 10 Alterations in Plate Design (30 inch Kuhni Plate)

(1) Slot Area

| The slot area of the 30 inch plate is 30,06 1n.2, there being a
totel of 614 slots each with an arca of 0.0489 in.z. Thie area
corresponds to 4.25% of the column cross sectional area. The slot area
can be increcased without permanently altering the p}ate design by reising
the annular rings. Washers were plascad between the shoulder of the
holding bolts and the ennular rings. To prevent the bolts and rings
slipping to their original position the bolt heads were aoldered'tq the
brass angle which supports the rings and troughs.

Detalls of the slot areas formed by adding the 0.040 in thick brass
washers &re given in Figure 16. As ecan be ceen the effect of one washer
18 not to raise the rings by the full 0.0éo‘in. a3 there i3 a gap of
0.030 in. between the bolt shoulders and the rings. The gmount by which
the rings were raised veried slightly (i 0.008 in.)'over the plate, the
figures in Pigurs 16 being averages. Measurements were made by a clock-
gauge micrometer with the plate on & surface plate.

(11) VWeir Height

The weir height of the plate was raised by inserting a copper collar
in the outlet well. The height of the collar above the existing weir
could be veried, the collar being fixed to the weir by bolts as shown in

Figure 12.



Ol

ik 31V1d,0€ 3HLNO ONISIVY dvD ANV
S3LVd INHNM, OEANY, 2l 4O SLOTS ANV SdvD 40 STIvL3a

/69, 6 ~¥34V LO1S /o 2E€L -V3IYVY LOTIS .
(SYIHSVM ITuHL) (SHIHSVYM OML) % STY-VY3YV LO7S
,60°0 A8 Q3SIVY dVD ,50°0 A8 Q3SIVY dVD dv2 IVNIDIHO

3ZIS 1MNd —37VDS

- s e E— v e ey e e e -

3lviduiel NO (S31V1d HLO8) J1V7d WOE NO
dV2 40 NOILD3S 1O1S JO NOILVA3T3 dvO 30 NOI1LD3S




SECTION 4

EXPERIMENTAL FROCEDURE




4 s+ 1 Humidification tests on both Kuhni Plates

~ Ae discussed previously (Section 2:1), two methods were used to

- determine humidification éffiqiency, thé "sodium carbonate solution
evaporetion® method and the "outlet psychrometer" method. A deseription
of both methods is given, the former being applied only to the 30 inch
Kuhni plate. ‘The procedure for the "outlet psychrometer® method.was the
game for both plates.

(1) "Sodiun Carbonate Solution Evaporation Tests"

About 50 1b. of dilute (1) Sodium carbonéte solution was weighed
to an accuracy of : 0.05 1b. A sample'was estimated volumetrically for
godium carbonate concentration by titration against standard acid. The
solution wes added to the weter tank whicﬁ had been previously drained. At
e noted time the air end solution flows were sturted end quickly a&justed to
the required velues. ' The inlet psychrometer waé sterted end checked to
ensure thet the wick was clean ard wet. The constant level device which
added water to the tank to maintain the solute concentration constent was
filled. | |

At ten-minute intervels the following readings were teken:

(e} Inlet wet and dry bulb temperﬁtures.

(b) Solution inlet and outlet temperatures,

(c) Plate Pressure Drog.

In additipn the solutlon rate and the air rate were continually
adjusted to the desired values, the froth height, the weight of water added

to the constant level device and the tarometric pressure noted.
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When sbout 25 1b. of‘watef had been evaporated and replaced through
the constant level device (% 4to8 hours) the test was stopped at a noted time
The'aystem wes completely dreined, the liquid on the plate and in the |
outlet well being syphoned out &nd the combined solution ﬁeighed. A sample
of the solution was estimated volumetricslly. | |

The inean values of the inlet humidity and the solution tempersatures

were cslculated and, with the other data, used to determine the plate

efficiency end entrainment as shown in the specimen cslculation in
Appendix A .
{(11) ™Outlet Psychrometer Tests"

The air and water rates were adjusted to the required values and
the psychrometers checked and started. After a stabilising period of twenty
miﬁutes the following rezdings were teken at one minute intervals for ten
ninutes, | | |

(a) Inlet wet and dry bulb temperatures.

(b) Inlet water temperature.

(c) Outlet wet andvdry bulb temperatures.

(d) Outlet water temperéture. ' |

If fhere had been no significant'chenge (t 0.3°F) in any of thess
variables during the test pe?iod the readings were averaged. If a '
significent chenge head taken place the run was repeated. In addition thé
prifice plete preésure drop; Rotameter resding, plate pressure drop, froth

height, and the barometric pressure were noted. A specimen czlculetion of

the efficiency is given in Appendix A .
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4 3 2 HKumidification Tests on %0 inch Kuhni Plate using HCellofacH

Solutions

The procedure for these tests wzs cinmiler to the "cutlet psychrometer"
tevte with water, but with two modificationa. |
(i) The liquids used were dilute (< 14) solutions of'Cellofes B in
water,of viscosity 2 ¢P, 4 cP, 8 cP and 16 cP. These soluticna vere
prepared by discolving the grenulated solid in hot uater end mixing the
resuitant solution thorourhly by &n electric stirrer with sufficient water
in tho tenk to give ﬁhe required viscosity. For detsils of the Vcont:em:ran;':l.on«°
viccosity relztionchip =23 Appendix D, Samplc3 of thé eolution wero taken
at regular intervels for viscosity datermination,ueiﬁg the procedurs in
BS. 183 (1957) and the solution concentration suitably edjusted when
rc‘:scary to rz2intain the viscosity Qithin 54 of tho required velue,
(11) The Rotameter was celibrated for cach viscosity level snd the
11quid rates suitsbly adjusted to give the required flow,

With these two modificaticna the procsdurs wus 1dcntica1 to that
deseribzd in Secticn 4:1(i1). |
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4:3  Oxygen Desorption Tests on both Kuhni Plates

The Oxygen absorption tower was filled with oxygen from & cylinder
by displecement of weter. The air and water rates were adjusted to the
required values. By trial end error adjustment of the oxygen cylinder
valves the rate of oxygen addition t§ the,absorption.towér was made equal
to the rate of.oxygen absorption in the tower, this equivalence being shoﬁn
by the attainment of & constant water level at the base of the tower.
Adjustment of the tap on the pipe leading from the glsss tank to the plate
kept the water 1e§e1 in the tank constant. ‘ |

The two sample bottles were copnected up énd the inlei and outleat
gstreams sampled continuously. fhe inlet ssmple flow was adjusted to 2
gallons per hour, a rate sufficient to scavenge the sample bottle every 4
minutes; This "bleed off" was compensated for in choosing the water ratgs.

When conditions has-stabilised for about 20 minutes the water inlet
end outlet temperztures were tzken et 1 minute intervals for 10 minutes.
The o:ifice‘plate pressure drop, the"Rotameter’readings, the plete pressure
drop and the barometric pressure were also noted. | |

The sample bottles were disconnected, care being teken to avéid
enclosing s2ir bubbles. Reagents wers added to the bottles and the oxygen
content estimated volumetrically by a modified Winkler method as described
in Appendix C. ‘

The plate efficiency wes dedueed as shown in Appendix A,
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4 : 4 Oxygen Desorption Tests on %0 inch Kuhnil Plate using”CellofaQ'
Solutions

The procedure for these tests wes similar to the oxygen desorption
tests using wsater,

Dilute solutions of Cellofes B made up to and maintained et the
recuired viscosities, (2 ¢P, 4 cP, 8 cP and 16 ¢P),wera used, regﬁlar
viacdsity determinetions belng made.

The dissolved oxygen determinet;on had to be considerably
modified because of the interference of the'Ceilofhs:' This is discussed
in Appendix C, and involved the buffering of the ssmple solutions to a pH
of 8.
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: 5 Licuid Residenece Time Tests on 30 inch Kuhni Plate

Two cerios of tests were done, firstly with vater &nd secondly with
gugar solutions of viscosity 2 ¢P, 4 o¢P, 8 cP and 16 cP. These tests are
deseribed geparotely.

(1) Tests using weber |
The water and alr flows wero started and adjusted to the required

values, Unlikes the prgvious efficiency teste the wster did not flow in
closed circult but wes puhped to waate? the tank being continuously
replenished from the water main. The elestricel recording epperatus wegn
switched on end a "heating up” perlod of 20 minutes ellowsd. DBy switching
the decade resigtance box into circult the pen reading could be adjusted to
the required rangs of condﬁctivitie;. Tﬁis was achieved by setting the
decadé box at {cay) SpéOO cla and bslsncing the bridge circuit to give zero
cutput a2t maximun sensitivity. Zero was set on the chart at this ocutput
and ihe sensitivity sdjusted to give a full scale reading when the
resistanes of the d2 box was zoro. The chart was thus calibrated in
terms of resistence,{or conductivityl Calibration graphs were prepared for
eech balence resistsnce used snd ere given in Appendix F. The belance
reaistence was chosen to be grezter then the¢ell resistence with water
flowing.

The injector wse £illed with 1 ce. of concentreted salt tracer
golution end the stoppsr replsced. The air and water rates wero checked
and o chart motor sterted with the conductivity cell and injection detector
gwitchad into circult. Tracer polubicn weo sjected by compressing the

bhand bulb, the momentary contsct formed in the detector giving s Mlick®
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on the chart treoes,the detsctor vos switched out of circuit to avoid

eny interference with the coll rezding. After a few seconds the.

condustivity of the c6ll increzsed to & maximum then gradually decreaséd to
the original tage lins. ¥hen it was certain that the baée line hzd been
roached the chert motor was gwitched off end the test details noted on the
chart., | |

Each Tun wes repeated three times snd the datz averaged.  This
vas done by teking e minimum of 20 readings from the cherts at constant
time increments, starting with the injection signél as zero time, such
thst these readings covered the vhole geriod of ccnducﬂivity chenge.  The
chart readings from each repeat test were avereged, converted to
conductivities; and the "buse™ line conductivity subtirsetzd from each.

Tho mean residencé tinme snd mixing parameters were deduced as sbown in
Aprpendix A.
(11) Tests using Suger Solutions |
| As explained previously (Section 2:3) it had been hoped t3 do tuese
tests with solutions ofﬁcellofaa B“but the effact of selt tracer solution
on the viscosity of these solutions necessiteted the uso of sugar
zolutions to increasz the liculd viscosity.

The sugar solutions were méde up to the required viscosity and
meintained at that viscositf, & periodic check being made. As with the
“Cellofas’ solutions the Potameter required recalibration for each
viscosity level. The prineipsl difference betwsen the water and suger
golution tests wzs that in the former the outlet water contaminated with

calt trecer wes discharged to the drein whereas for the sugesr sclution

tests; such a procedure would have been prohibitively expensive,
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The outlet sugaf solution wes discharged to s second tank and on
‘completion of each test the collected solution was pumped back to the mein
tsnk where the resultant solution was thoroughly mixed. As a result the
"hage line" conductivity veried from test to test but not during a test.
Potessium chloride solution was used as the tracer, as its effect on the

viscosity of sugar solutions is less than sodium chloride. Apart from

these modificaticns the procedure adopted was identical to that for the
water tests,

Each test was duplicated and the results calculated as for the

weter tests. A specimen calculation is given in Appendix A.
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DISCUSSION OF THE RESULTS
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53 1 Residence Time and Li@uid Hold=Up Tests with Water

The mean residence tima of the liquid on a plate, (tm seé.) and

the voluze of liquid hold-up on the plété (VL gall.) are relafed as followa
V= 0.49 to 111/'3,600, o (551)

vhers L, is the liquid flow rate}(lbﬁ/ft.2 hr) |

Of the two quahtities, recidence time and hold-up, the hold-up is
probabiy the more fundamentsl, in that the volume of liquid cn the plate
depends on the resistence to floﬁ across the plate, the resultant
hydrsulic gradient znd the voiumaﬂof'the gze bubblez in the froth., The
residence time can best bé regérded as a function of the liquid hold-up
and the liquid flow rate, |

From Figﬁre 17, showing the hold-up chéracéefistica_for air end
water, it een be se¢n that the water.ho;d-up is a functicn of both eir énd
water rates; An increaaa‘in watervrate éauses & grester hold-up becsuse

of the increased hydreulic grédient end outlet weir crest height. The

H grater hold-up is a2lso indicated by the plate pressﬁre droﬁ data in
Figurc 23Iand by the clear liquid height measurements in Figure 24, These |
_ elear 1liquid height measurements ere mcan valuea_deducéd frcm’the Belear
1iguid heights® of the four channels between the tunnel céps by weighting
- the four rcadings in proportien as the area of eéch channel, The pefu
céntage areas of the chennels were 36, 29, 22 and 13, reading fron the
periphery lnwards. B |

The offect of en increaae iﬁ air.ratévis generelly a reduction
in water holdaﬁp, due to the increased violence with which the air stream

propels the water eercss the plate.
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Comparison of Figure l7_éﬁowing the water hold-up and Figure 24
shovwling the elear liquid height shows that batween alr rates of ebout 220
and 300 lb;/ft.2 hr, the water hold-ﬁp iﬁcreaaes.an aﬁ average by asbout 5%
while.the clear liquid height continues to fell Aand appsars to be
®levelling cut" at 300 lb./ft.e hr. This anoraly is probebly csused by the
increased volume of water held aé droplets in the space immediateiy above
the froth since this volunme will not ba indicated by the clear liquid
'height rmenometers. It was noticcable that the amount of aater in thig
space increased merkedly at high air rates end the entrainment losses plotted
in Figure 39 support this observaticn.; | |

'.Calculatioﬁ of the volume-of weter on the plate frem élear liqﬁid.
héight'measﬁrements is unrelisble because of this effect and Aaleso bescause
of the difficulty of esiimatiﬁg'the effect cf the cap volume ainée the froth
density mey not be constent in & veftical direétion. The volume of water
on the plate is about 10 to 253 greatef thah the volums estimated frem
clear liquid heigh£ meeaureménté. For eﬁample, at 500 lb./ft.2 hr. water
rate gﬂd 200 lbo/ft.z hr(air rate)the water held-up is 0.62 gall as gzalnst
0.51 gall estimated frem the cleér>liquid height of 0.44 in.

Figure 18 shows the residence time of the water as a function of

8ir rate with wgter rate es pafameter. Tﬁe graph indicates tha.markedr

2 hr. This

increase in residence time at water rates less than 500 lb./ft,
increegse in residence time is of grest imbortaﬁcevin determining the

oxygen desorption sfficiency and will be discussed in greater detail later.

A rough correlaticn is given below for residence timo which applies
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to alr retes ffom 75 to 250 lb./ft.zhr. As an approximatlion residence
timss above 250 lb./ft.2 hr, can be teken as equal to the residence time
at 250 1b./ft.2hr. Hold-up data can be estimated from the equztion below

and the equetion et the beginning of this section, (511),

Correlation
. o, | _
o= 590/4y°%7 - 0.045 Gy (552)
vhers tm = mean residence time (sec.)

vater rate (lb./ft.zhr)

i

Ty
o

air rete (lb./ft.ahn)

o
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5 3 2 Residence Time and Liquld Hold-Up Tests with Viscous Solutlons
. The regidence tizz and hold-up of aquscuz sugar solutions of
viscosity 2, 4, 8 and 16 ¢P were determined at all céhbinationa of four
liquid rates and three cir rates. |
If the viscosity of a liquid flowing across a bubbling plate is
incressed the hydrsulie gradient incresses, the height of the weir crest
increases &nd the smount of aplashing decreases, It i3 to be exbecfed

that more viscous licuids will resist the tendency to be thrown into the

‘air spaco, reducing entrainment and slso the flow dué to spleshing.

Zarker and Chcudhury33 found that the entrained droplet size increase& at
high viscositles and that above 5 ¢P a reduction in entrainment took ﬁlacef
_ The results of the tests are chown in Figurea 19, 20 end 21. Each
figurs gives the hold-up data at one air rste, liquid rate being the
parameter, There is very little difference bétween the 300 lb./ft.zhr
and 200 lb,/ft.zhr. (eir rete) graphs. Both ghow a ateady but slight
inerease in hold-up with increasing viscosity. The graph at an air rate of
100 1b./ft.%hr (Figure 19) is quite different in forn, the liguid hold-up

inereasing more rapldly especially at high liquid rates. The reason for

~ this Irregularity of the hold-up at low air retes is elmost cgrtainly that

the inner trough of the rlate ceased to bubble, no 1iqﬁid being displaced
by air bubbles. Since this air rate is very low by commerciel standards
this effect is of 2cademic interest only, except in demonstrating that
the platelhas & fairly high "turn-down® ratio. , o

The differences in hold-up between viscosities of 1 cP and 16 ¢P, at
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given air ond liquid rates, areyremarkably pinilsr for the conditions
in vhich the fnner ring is bubbling. The increass viries from 0.2, o
0.4 gall. arnd has an everage ?alue of 0.24 gali. This is used leter in
correlating.tﬁe hold=up. v .

It is noticeable from Figures 20 and 21 that the curves at
liquid rates of 250 and 500 lb./ft.2hr, have an'inflexion betwéeﬁ 4 end
8 ¢P. where ihe hold-up increzses sharply. The 100 lb./ft.zhr (air rate)
cirve showa no such inflexion. This sudden riéeliﬁ hold=-up is difficult
%o explain, but it may bo associated with a change in the bubbling
machanisgm. In tﬁe humidification end oxygen desofptidn tests & change
1z efficiency characteristiés vas ncted in this regisﬁ. This 1s.discuaaed'
11 greater dstail in later sections.

Since tﬁe liquid hold=up increases with inereasing viscosity the
re:sidence tiﬁé also increases sccordingly. The increaée in residence
tims is moré”mérked ct high liquid rates ag can beo éeen from Figure 22;
a. the liquid}réte of 1,000 1b./ft,2hr. the increase in residencé time
it negligible., The gsudden increase in residence tima betwezn 4 end B P
i égain noticééble.

Summarising the effects of viscosity on liquid hold-up ﬁnd
residence timé.it hasz been ghown that different characteristies occur
depending oﬁ whether or not the inner trough is ﬁctivé.

If the inner trough is not bubbling, the hold-up increases
€msiderably with increasing viscosity, especially at high liqdid rates.

If the'inner trough is buEbling, the hold-up has been shown to
Ircrease by an average of 0.24 gall. of water for the change in viscosity

frsm 1 cP to 16 cP. Certain anomalieé have bsen observed ir the 4 ¢P to
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8 cP region but their effect is small. The liquid residence time also
increeses but the amount of the incresse varies considerably depending
on the liquid rete.

An approxzimate correlation for the increase in hold-up with
inereasing viscosity is given by equastion (5;3) below. This is applicable

only to conditions when. the inner trough is actives

Vo= vL(l ep) * 0.2 log,&, | (5;3)
vhere V; = volume of liquid hold-up (gall,)

VL(1 ¢P) = volume of liouid hold-up at 1 cP and identical
: operating conditions (gall.)

M= Viscosity (cP)
A correlation for hold-up at 1 ¢P has been given earlier,

(equetions (5:1) & {5:2)

CEr wm cmr e ap s GE wEe e G GRE R Teus G Guh W EAD AN AN GRS IS Gme e G

It is unfortunate thst these tests could not hzve been done with
“Cellofas B“solutions since there are some differences between thev |
propertlies of sugar and Cellofas B"solutionsl The pfincipél difference
is in density where for example solutions of sugar and"Cellofes B'of
viscosity 16 ¢P differ in densit& by 23%. The density &nd viscosity
charscteristics of these two golutions are given in Figures 87 end 90
in the Appendix. |

It is unlikely that the greater density of the sugar solutions
has a marked effect on the hold-up cheracteristics, although the greater

inertis of the sugar solutions may affect the bubbling mechanism slightly.
It chould be noted that &1l viscosities are stated as absolute
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viscozities (centi-Poises) rather than as kinematic viaéositiéé (centi-
Stokes). This is in accordance with current chemical engineering |
practice although in discussions on fluid drag end inertis the kinematic
viscosity is possibly more relevent. 'Cellofas B“Bolutions;°baing 80
dilute with densities close to 1 g/ce. have sbsolute and kinémﬁtic

vigcosities almost exectly numericslly equal.
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5: 3 Preésufe Drop and Froth Height Tests

The plate pressure drop cen be considered as the sum of three

, termé, the "dry plate® pressure drop, the "bydraulic®" pressure drop &nd

thé "residual®™ pressure drop. The'“residual” pressure drop is small

enough to be neglectcd in this analysis; This npodel is en approxiﬁation

since these ccmponént pressure dropé do not necgssarily sct simulteneouély.
Figure 23 shows therpressurendroﬁ characteristics of the 30 inch

plate. The effect of an increaée in sir rate or wster rete is to increase

the plate pressure drop} An'ihcreased Qater‘réte gives a grester voiume Af

water on the plate with a correspondingly higher Phydraulic® pressure drop

" while en increased zir rote gives a greéter "dry‘ pressure 4rop.

A eriticism of the Kuhni Plate haé been that the dry plate
pressure drop is too.high, mainly becauselaf £ﬁe small slot area which
- amounts to only 4.25% of the column grea;"Suﬁéequent tests dlscussed
in Section 5:11 showed that this pressure drop could be reduced by
increaaino the slot ezrea, |

The dashed line in Figure 23 is the differehce between the plate'
pressﬁre drop at a water'raté of 1000 lb./ft.ahr and the dry plate
pressure drop. It caﬁ be seen t6 v%ry frdﬁ 6.7 to 1.3 inches of weter,
This guentity, which approximates to the hydraulic pressure drop is
lower st high air retes owing to the 1ower volume of liquid on the plate
at these eir retes. This is demonstrated by the clear liquid height
gfaph in Figure 24. Anotﬁer fécior ceusing the'high valuea of the .
hydraulic preasure drop et low eir rates is the 1nactivity of ‘the inner

trough, This results in a lower neffective® slot erea and a correspondingly
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higher "dry plate" pressure drop. It is thus mlsleading to subtract the
"dry plete® pressure drop from the plate pressure drop when some of the
slots are lnactive. | )

The froth height cheracteristics for the original 30 inch plate
and the modified pleste with weir heights of 1.5 and 2.0 inches are given
in Figures25, 26 and 27. The froth heigﬁ£ on most bubble plstes dependé
primerily cn the ges rate, increasing considerably with incressing gas
rate. The Kuhnl Flate with its low weir height and d@ifferent slot design
behaves very differently ena the froth.height can be ssen to be |
virtually independent of the air rate end dependent only on the water
rate and weir height. Froth heights afe very difficult to estimste,
different workers obteining different estimates from the same operating
condition, It 1s lergely e matter of opinion where the froth height
ghould be mezgured and it is a,mistake to place'too.much reliance on
these estimates, | |

It 1s Aifficult to explain why the froth height should decrease
with increasing air rate at the higher weir heights but it mey be &
result of & lower water hold-up on the plate. The data at weir heights
of 1.5 and 2.0 inch in Figures 26 and 27 are used later in Section 5sll.

It is convenient to correlate the plate pressure drop (AP (plate))

a8 the sum of the two component pressure drops, dry plate pressure drop

(AP(ary)) and hydraulic pressure drop, (AP(hyd)).
AP(dry) = 1;30 GM1'72 x 10™% inches of weter (5;4)

AP(nyd) = 7.01 603 1,

19'105 inches of water (5;5)
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AP(plate) = AP(dry) +AP(hyd) inches of weter (5;6)

1

Where GM

i

A correlstion is given below for froth height with the oi‘iginal |

air rate (1b./ £t.%hr)

-water rate (1b./ f£.2hr)

plate with a 1 inch welr height.
FH, = 155+ 5. Ly 107 (57)
where F.H. = Froth height (in,)

Ly = Wster rate (lb./ft_.e_hr)
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5 : 4 Liquid Mixing Tests with Water

As has been discussed in the Introduction, equations exist
relating the veriance of the outlst time-conecontration ourve end the Pecle?
nunber, Pe, on rectangular distillation plate. It was necessary to
derive the Qorrespohding equetion for radial flow plates and this is done

in Appendix B. The equation is as follows:

(‘lﬁl m)z__ (1=
2 > | (oo
= ll( 2 (=+2) and Po=4o¢(q-p) = (a=-p)°

q 2 2
[ﬁ—d(ne{)ﬁ- (1-04)] (a+p)  Dgtm

ie. equaticns 615, 636, and 637.

where c%g = dimensionlecs normalized veriance
q = peripheral redius of the plate (ft.)
P = radius of the outlet weir (ft.)
tm = mean liquid residence tima (sec.)
ot = ratlo gy /21)E

end where V; = froth velocity at the periphery {ft./sec.)

Dy = eddy diffusivity (ft.z/aec.)

Using the ebove equations values of the Peclet number and the

eddy diffusivity were calculeted for each tracer injection test snd are

plotted in Figures 28 and 29.
The Peclet Numbers obtsined very from 10 to 30 a fairly, small
veriation, The Peclet Numbers obtained at the University of Delaware

on bubble cep treys veried from 0.4 to 50. Smoothed values of the
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Peclet number téken from Figure 28 were used in calculating the number
of trensfer units in the oxygen desorption tests.

Figure 29 shows that the eddy diffusivity incresses with increasing
air and water rates. At low water rates the-effect of air rate is
negligivle, It hes been éuggeatedl9 that the‘eddy diffusivity is a
function of the froth height only. From Figures 25 snd 29 it appears
thaﬁ froth heighf snd}eddy diffusivity mey well be related, since the
form of the curves is similsr, '

The increese in eddy diffusivity occurring et high eir and water.
rates does not, however, support this theqry since eir rate has very little
effect on froth height on the Kuhnl Plste. Gilbertlo? has conecluded that
gas rate has no significantfefféct on eddy diffusivity apart from its
effect on froth‘density. The Kuhni Plate‘with its very low froth height
end weir height msy be unigie in this respect,

It i3 interesting to compare the values of the eddy diffusivitices
on the Kuhrni Plate with those obtained by other workers. Eddy diffusivities
in this work véried from .0015 to .0075 ft.g/sec. The Delaware testa’
on bubble cap plates geve diffusivities from .02 to .21 ft.z/sec.

Gilbert obtalned diffusivities from .02'£o Jdl ft.?/sec. The explanation
of the much lower eddy diffusivities obteined on the Kuhni plate is that
the liquid and gas rates used are lower than those of bubble cep plates
and the low weir height and froth heights.of the Kuhni plate do not
pernit the same degree of back mixing as on other plates. In &ddition

the design of the annuler caps is such that 1t is unlikely that much

liquid diffusez btack over these caps owing to the relatively high froth
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‘volocities over the czpa. On a bubble.cap plate, liquid is able to flow

back in eddys between ceps whereas on the Kuhni plate the caps act
almost as "non return" valves. | | |

If the A.I.Ch.E, Bubble Tray~Design-Manua12; correlation for
eddy diffusivity is applied to the Kuhni Plate fﬁir'agreemant is obteined
coﬁsidgring that the carrelation_is~not strictly applicable to conditions
on the Kuhni Plate. For exémple, at a water rate of 250 1b./ft.2hr end
en air rete of 300 1b./ft.2hr the observed ed'dy'diffusivity is 0.0033 ft.?/
sec. The figure.qbiained from.the correlation is 0.0620. It is:unfair'
to . apply & correlation to conditions outeide its "terms of reference!
but its appliecation 1in this instance'chows that the low eddy diffusivities
on the Kuhni Plato are probably a resultlof the welr height and the
operating cohaitions and that 2 conventional pl@te operating under
gimilar conditions would give similerily low eddy diffusivities,

The fbrﬁ of the curves in Figure 28 of the Peclei.Number is the

rezult of the irregular form of the residence time {or liguid hold-up)

curvea. The Peclet number is inversely proportionzl to the liquid

residence time which is in turn proporticnal to the liquid hold-up at a

_ constent liquid rete. A4s a result the high values of the liguid hold-up

occurring at low gas rates reduce the Feclet Number under these conditions
forming e maximum in the curve, This meximrum (which corresponds to a
minimum degree of mixing) was confirmed by dyé injection tests on the

degree of lateral ﬁixing. These tests are diseussed in Section 5;5.
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5 ¢ 5 Lye Injoction Tesis Qifh Yater

These tests were done. to study the degree‘ofnléteral mixing on
the plate, Dye was injected continuously into the froth and when
conditiohs had stabilised a photograph wes teken. Some typical results
are shown in Figure 20, A to I.

The first series A, B and C in Figure 30 show the effect of
changing the air rate at a constant weter rate of 500 lb./ft.ahr. 1t
can be seen thet the photos et 300 and 100 lb./ft.ehr (A &C) have a
greater degree of lateral mixing thaﬁ the centre photo at 200.1b./ft.2hr.
This suggestion of & minimum mixing condition is eubstantiated by the
discussion in the previous gection. In Fhato "C" the inner trough is
not bubbling and there is considerable lateral mixing in it, The
“difquBion angle® 13 less than 180°,. It can be seén thet the plate céps
are almost equally visible in the three photos indicating the constancy
of the froth height. |

The second series D, E aﬁd F show the effect of changing the
liquid rste at 2 constent air'rate of 200 lb./ft.2ﬁr. There is very little
'difference in mixing between D ana,E, i.e. 1,000 and 500 lb./ft.zhr
(weter rate). Photo F chows a slightly greater degree of mixing which
is to be expected from the previous mixing discussion. .

It is interesting to note the effect of the ‘increase in froth height,
in mzking the platg features alﬁost invisible in D. The froth height of
D is 2,0 inches, while thet of F is 1.6 inches. B |

The third series, G; H ehd I were taken at a water rate of'500 1b/ft2

bhr. end en air rate of 200 1b./ft.%hr. injeeting the tracer at different



points on the plate. Phcto E of the last series in Figure Z0 shows the
condition with the tréce? injected at the edgs of the plate, G, H and I
show the tracer injected into the troughs, succeasively nearer to the
outlet weir. The injection pipe can be seen as a white lina.on the
photcs. It is immedistely aﬁparent from H and I that very little back
mixing occurs from the inner two troughs. This is probably a result of
the relatively higher ffoth velocity nearer to the centre of the plate
Photo G, however, shows a felr smount of tack mixing, associated‘with

the lower froth velocity nearer to the periphery, which suggests that the

bulk of the liquid mixing on the plate occurs in this region.
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5 3+ 6 Liouid Mixing Tests with Viscous Solutions

As pert of the 4.I. Ch.E. Research Progreamme 19 the effects of llquid
density, viscosity and surface tension on eddy diffusivity were
investigated. Onlynfour tests were done to determine the effect of these
veriables singly and it was concldéed,that eddy diffusivity was
independent of all three. More searching tgsts on tﬁe effect of liquid
viscosity using the steam-weter system ;ed'to the seme conclusion,

‘The results of the series of tests on_the Kuhnl Plate at viscosity
levels of 2, 4,'8 and 16 cP ere shown in Figures 31, 32 and 33 es eddy
diffusivities ﬁnd in Figures 34, 35, 36 and 37 as Peclet numbers.

Figures 31; 32 and 33 show the éddy diffusivity plotted sgainsat
viscosity at eir rates of 100, 200 and 300 1b./ft.2hr. respectively. in
inerease in eddy diffusivity of approximsately 20% between 1 and 2 cP is
apperent end thereafter there is a fall in eddy diffusivity to 16 cP.
The increase is to be expectéd since the eddy diffusivity appears to be
a function of the volume of liquid on the plats. The reduction is
probably due to increasing sluggishnesslslowing down the rate of mixing
of the liquid.

The overell effect is, howevér,rsmall in the range of viscosities
investigated. |

The graphs of the Peclet numbers show that they are slmost
independent of ell the veriasbles investigated. Of the 48 tests only 2
Peclet numbers were ocutwith the rangs 10 to 15. <This result is largely
coinecidental since the conditions under which the eddy diffusivities are

highest sre those under which the liquid residence times are lowest snd
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these two effects, appee,rihg'és' a product in the Peclet number, cencel
out., This constancy of the mi::ing peremeter 1s of some importance in

the analysis of the oxygen desorption results, to be discussed later.
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5 : 7 Gas Phase Efficiency Tests with Water

Figure 33 shows the efficiencies obtained on the 20 inch plate
using the two methods of humidification efficiency determination. The
solution evaporation method gives less accurate results than the outlet
psychrometer method, the points showing a-fbirly wide scatter. It was
hoped that the effect of evéporation of entrained water in tﬁe air streanm
leeving the pleteé would be indicated by higher efficiencies in the outlet
psychrometer tests, especially at high sir rates but the results are not
sufficiently eccurste to draw eny such éonclusian.

Entrainment data obtained in these tests are given in Figure 39.
Thesé data must not be confused with plate to plete entrainment which
would be greater and dependent on the plate spacing. The amount of
entrainmgnt lost during & test is remerkably small and is élways lsess
than 15% of the "gross evaporation" due to evaporation and entreinment.
If the entrainment correlation for & bubble cep plete published by the
A.I1.Ch.E, Keseerch Committee21 is applied to the Kuhni Flate the predicted
entrainmeﬁt is for greater than that actually occurring. It appears that
the Kuhni plate despite 1ts very high slot velocities, corresponding to
the slot erea of 4.25% of the colﬁmn area, hes low entrainment
characteristics. This advantage is probsbly necessary and may be offset
by the very low plate spacings used commercially. For exsmple, @ typical
plete spscing for a 12 inch plste is 4.0 inches and & 30 ineh plate 5.1
inches,

As a result of the low entrainment characteristics the use of the

outlet psychrometer method is more justifiable than it would be for a
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bubble cap or sieve plate, especially éiqce the sir rates used in the
present work ere reletively low by comparison with those used»in bubble
cap cdlumné. |

| The deduction of the meximum probable error for the two
humidification methods is given in Appendix G and the high value of 10.7%
for the solution éveporation method is to be expected from the wide scatter
of the dsta in Figure 38, The reason for this large error is primarily .
that'tbe increasse in humidity is measured indirectly b& & method
involving en accurate knowledge of the air rate. The scatter of the data
can be partly ettributed to the veristion in inlei humidity and temperature
during the test. The inlet eir was drawn from the atmosphere of the
laboretory end varied in ebsolute humidity.by up to 10% &nd in
tempereture by up to 10°F. For these ressons and the greater convenience
end accuracy (maximum probable error 4.53%), the outlet psychrometer
nethod was preferred for the later tests, -

Figure 40 shows the gas phase efficlency characteristics and the
quelitive conclusicns can be immediately cérawn that an increesse in
efficlency is brought about by either increasing the wster rate or
decreasing the air rate. The dashed line indicatgs the conditiong undér
which the inner trough stops bubbling, at conditions to the left of
this line the inner trough is inactive,

The effect of en increase in water rate is to'increase the water
hold-up on the plste as has baen discugsed in Section 5;1. The incressed
hold-up of water ceuses an increase in the froth height with the result
that there is a greater air hold-up on the plate with & corresponding

increase in contact time between the phases. The air hold-up can be
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caleulated by subtracting-the vater hold-up.from the froth volume, taking
into account the volume of the caps. ‘From the air hold-up and the eir
flow rate en estimate can b3z made of the residence timz of the air in the
froth,

To énaiyae the data furtﬁer it is nebessary to convert the
efficiencias to trensfer units snd then to values of KGa, the product
of the gas film mass trsnsfer coefficient and the interfaecial area per
équare foot of column cross sectlonel srea. The quantity "a" is thus
dependent on the froth height and should not be confused with the quantity
" often used in similer work, nemely the interfacial srea per unit volume
of froth., -

Figure 41 shows KGa plotted against air rate with weter rate as
parameter. The velues of KGa show & remarksble variation in the range of
operating conditions studied. It i3 certzin thst thelinterfacial arez
"a®" inereases as.the air hold-up increases and this explains part of the
change in KGQ, but the air hold-up depends relatively little oh the eir
rate vhersas Kga is very dependent on the air rate.

Table(vii) in the Tabulated Results gives air hold-up and residence
time data, end a specimen calculstion éf these quentities 18 given in
‘Appendix A (v). Figure 42 shows this data in graphical form.

It can be resdily seen from this figﬁfe that an incre&se in water

rate results in an increaszd air residence time. For exémple, at an eir

rete of 200'1b./ft;?hn,thg effect of increasing the water rate from 100
to 500 then 1,000 lb./ft.ahr_is to increese the air residence time from
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0.091 to 0,104 then 0,115 seconds,

The effect of &n incresge in eir rate is elways to reduce the
efficiency. This ié 2 result of the lower air residence time st high air
rates and also ﬁrobably of increased "jetting™ or "leakage" tsking plece
at these high air rates. Figure 42 shows that at a water rate of'500 lb./ft.2
hr. the effect of increasing‘the air rate from 100 to 200 lb./Tt.ahr. is
to reduce the eir reaidence time from 0.163 to 0.067 seconds, _

Chugggtg;?3 have shown that at slot submergences less then 2.5 inches
the interfacisl ares per unit volume of vapour in a froth is constant.

Thus it is a fair assumption thzt "a" is nearly proportionsl to
the air hold-up. This would be exsct 1f bubble diemeters and shapes were
constant. Thus the ratio, KGa/(Air hold-up per ft.2 of plate afea) will
be nearly proportionsl to KG and will be & useful quantity in estimating
the effect éf gir and water rates on KG. Figure 43 shows this ratio
plotted against air residence time with weter rete ss parameter, The
residence time was chosen for plotting purposéé éince the Penetration
Theory of mass trsnsfer applied to the ges phase preéicts a relationship
between K, and the residence timo "t of the form.

G

K o< 07 | (5;8)

In Figure 43 the dash line has an equation of the Penetration Theory
form ebove end it can be seen that it follows the data remarkably closely.

The fact that the pasrameter curves do not c¢oincide suggests that
there mey be more "Jetting" at lov water rates, which 1s to be expected

from the observations of Spells and Bakowslkil?»10,
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Other compliceting factors which preclude exact enslysis of the
data are thet mass trenafer must occur in the space immediately ebove the
froth, that mass transfer to the sir stream or jet in the immediete vicinity
of fhe slot may be of the type investigsted on wetted walls and thus
dependent on thé air velocity and friction with the_fésult thet equations
derived-oﬁ the basis of msss transfer from bubbles only will never exactly
describe the very complicated processes teking place on a bubbling plats,
The data in Figure 43 sre, however, sufficiently close to the
“Penetration Theory line" fo add support to the suggestionla that this
theory mey apply to ges phase mass transfer on a bubbling plate.

9

Garner &nd Porter 9, in sn anelysis of ges phese mass transfer from

bubbles conclude thst the relationship between the number of gass phase

transfer units, the diffusivity D,, the contact time tc and the bubble

G’

redius ris es followsa:

N

0.52 + Dg¥T5 8 /% o | (5:9)

Where DG tc end r afe in consistent units. .

This is ﬁased mess trensfer to a sphere un&er unsteady state
conditions. The Kuhni Plate data do not fit an equstion of this type which
is not surprising since the low welr height, the high slot velocity and
the "jetting" largely invalidate the use of the model system on which |
equation 5;9 is based,

A correlation of the transfer units NG ageinst air rate (GM lb./

ft.zhr.) end water rate (LM lb./ft.zhr.) is given below:

| . . |
Ne = 44 Gy S e (5510)
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5 s+ 8 Gas Fhase Bfficlency Tests with Viscous Soluticns

The gas phase efficiency of the 30 inch Kuhni Plate was measured
at viscosities of 2, 4, 8 and 16 cP, tventy tests being done at eﬁch
viscosity 1e§e1. The results are given in Figures 44, 45, 46 and 47.

The water vapour pressure tests on"Cellofas B"solutions described
in Appendix D(ii) showed that the lowering of the vapour pressure was
negligible an& that the psychrometric data for pure water could thus
be used. Any changes in the humidificafion cherecteristics are therefore
not attributeble to chahges in the water wapour pressﬁre.

Comparison of these four graphs shows little echange in the
efficiency "characteristica™ with respect to eir &snd water fates, but
there is, however, a considerable change in the absoclute value of the
efficiency for each viscosity level. There is a steady rise in
efficiency from 1 cP to 8 cP then & fall to 16 cP where the efficiencies
are slightly lower than for weter at 1 eP. The increase in efficiency
from 1 to 8 cP varies fiom 6 to 12% énd is very roughly equivalent to
a2 50% incresse in the numbsr of trensfer units.

Figures 48 and 49 show this maximum plotted as KGa instead of
efficiency, the maxirum being most pronounced &t high 1liquid rates,

A comparable series of tests was done by Berker end Choudhury33
with sugar solutions on a 5 ft. dlemeter bubble cap tray. These authors
found thst the efficiency remained nearly constant up to a viscosity of

4 cP, above which it decreased steadily to the maximum viscosity

investigated, 16.8 cP. The decresse in efficiency from 1 cP to 16 cP was
very lsrge, being from 80% down to 42% or in transfer units from 1.61 to
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0.60, & 63% decresse. This decrease was explained by the larger bubble
size occurring at high viscosities and the reduction in froth helght.

The difference between Barker end Chsudhury‘’s results and the authorts iz
probably attributzble to the éifference in liquid submergence between

the plates. The Kuhni Plate has & weir height of 1 incﬁ compared ﬁith
:3.4 inches for the-S ft. bubble'trdy; This lower 1iquid.sea1 must affect
the bubbling charascteristics, perticularly with regard fo "jetting" or
"leakage" of the air through the liquid. o |

Aa part of the A.I.Ch,E Research Programme on tray efficiencies
at the University of Miéhiganls the efficiency of vapaﬁris&tion of
cyclohexanollinto nitrogen wes determined at viscosities from 12 cF to
25 eP. It was found thst the efficiency inecrecased with ihcreasing
viscosity elthough the froth height remained substantially constant., The

weir height in these tests was 1.5 inches.

4 thorough exsminstion of the effect of viscosity on Eubble
formetion, rise &nd bursting would be necessary to elucidate the rezsons
for these efficiency characteristies. The most convenient method of
ézamining these phenomena is the use of high speed cine filming of &
bubbling slot, as has been done by Spells end Bakowskil5’l6. Some
éxploratory tests of this nature wereAdoné recent1y129 in these laboratories
using a"Perspex"model section of the Kuhni Piate but the technibel
difficulties encountered prevented meny definite conclusioﬁs #eing reached,

These tests were not strlictly compsrable to conditions on an operating

Kuhni Plate since only one slot was used in all but one of the tests. The
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1liquid seal is greater when enly one slot is active end there is also
interferenece between'heighbauring and facing.slots. Diserete bubbling

| was observed et only the lowest air rates, equivelent to about 100 1b./
£t.°hr. The bubble diemeter wes of the ‘order of 2 em. At this air rate
tubble frequency end cizo varied while at higher air rates "gurgihgn
rather than bubbling took place and direct "jettiﬁg" or leakage" was
observed. Interference between facing'bﬁﬁbling‘slotn was observed in the
one film in which two slota were used.

It ie impossible, at pfeaent, to satisfagtorily explain the
efficioncy charaéteristics obtained in these tests but it is interesting to
speeulate on the probable cffects which liquid viscosity has on gaa
phase mass transfer.

Dzzw:h:'k-:@z’x?9 found that at high viscosities bubble size wasilargely *
determined by the time taken for the "neck" of the bubble to close
during formetion, At high viscosities the ”neckﬁ clcses more slowly end mora
ges passes into the bubble before disengagement from the slot. Oﬁ thev
Kuhni Plate it was observed that at high viscoéifies some bubbles grew so

lorge that @héy burst at the surface before diéehgagement, causing
njetting®., It wes also obgerved that at high viscoaities bubbles were
larger and fewer in number.

The rising velocity of bubbles in viscoua liquids is reduced,
giving =2 longer residence time but it is doubtful whether this is appliceble
to the Kuhni Plete with its low liquid seal. Measurements of froth
height at higﬁ viscositles on the'Kuhni Flete showed very little

difference froam the froth heights for water.
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It was observed, by use of the high speed filming technique,
that at high eir rotes on the Kuhni Plete & jet'df air formed at the slot,
which continuously:dischargad eir in "curges" rather then as descrete
bﬁbbles. This may be pecullar to the Kuhni Plate with ita low slot aréa
"end high slot velocities. It may be that at high vigcosities the discharge
from such s jet 1s different in form eince the fluld drag of the liquid is
' greater and the liquid is moving more sluggishly, resisting both tﬁe
expansion of bubbles formed at'the jet and the penetrstion of the jet
through the body of the liquid.

The effects discussed in the last few paragraphs have 2ll dealt
with the gurface area between the pheses and not with the mass transfer
coefficients at the surfsces, It at.first appesrs unlikely that s chahge
in viscosity of the liquid phase will affect the rete of mass transfer from
the surface of the ligquid, there being no liguid "f£4lm" resiétance. if,

7 hoﬁe§ér, the 1iquid and gss ere moving then a change in 1liquid viseosity
must affeet the interfscizl frietion and hence the mass transfer coefficient.
The éate of Pecirculation® of the gas in thevvicihity of the interfuce is
dependent on the corresponding "eireulation” rate in the liquid phase
because of the fluid drag (or fricticn). The rate of "surféce rencwal'

as posﬁulated by Danckwert865 is a function of this “eirculation" rate aﬁd
gince the raté or surface renewal is an importaent factor in determining

the mags transfer coefficient it is to be expected that circulation in

the liquid phase will heve en sffect on the gas "film" mase transfer

coefficient. ‘
Another effect of liquid viscosity will be on the properties of the

froth. It 1s to be expzcted that the viacogity will partly dstermine the
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thickness of bubblé skins and their tendency to burst. No marked effect,
howsver, has been obsefved on froth height and the effect of visecesity on
frcﬁh propertiesz mey thus-be slight.

It aprears thet the only firm conclusion to.ba drawn from the tests
discusced in this section is that the state of knowledge of the effects
of 1liquid viscosity on bubbiing cn a gas absorption plate is not
sufficient to explain the results of these tests or the results of other
workers. Tha differing form of results obtsimed by using different

.8ystems and different plates suggesta that plate efficiency 15 a ¢omplex
funeticn of liquid viscesity. Several mschanisms whersby liquid viscesity
may effeed zas *£iln® reslatant mass transfer havelbeen diséussed end a

combination of these may be responsible for the reéulta obtained.
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5:9 Liquid Phase Efficlency Téstg with Water

Analysis of liquid phase mess transfer on.a_bubbling plate 1is in
many'respects more Gifficult then gas phase mass.transfer. The pfimany
difference is that while the gas;cén be sssumed to move through the
froth in "plug flow" in the form of bubbles or jets, with an estimable
contactﬁtime, the liquid, being the continuous phese in the froth, flows
through the froth relying on chance encounters with gas bubblea for ﬁ;sé

transfer. The contect time of a gas bubble is equivalent to its residence

time in the froth but the contact time of a liquid element is only

loosely related to its residence time in the froth,

The problem is further complicated by the ugcertainty of the
nechanism of liquld flow round s bubblé. .Higbioll assumed that the contact
time of an element of liquid with a bubble is the_buﬁﬁie diameter divided

- by the bubble velocity, that is, the. time for the element to move from

top to bottom of the bubble. Even if this were a proven faﬁt, it is of
little practical use unlesé.bubbie diameters ahd rising velocities are
known. Even then the bubble'diametéra hay not bé'constant and the bubbles
zzy not be sphericzl. |

The Kuhni Plate, with ifs low weir heigbﬁ 15 more Qomplicated
cince the bubbles, being of approximately the aaﬁe diaméter 23 the weir
heightlzg, eah not bé regarded as simuleting Higbie'é modgl.' The prineipal
contact time between liquid elementé and the gas probably occurs during
bubble formation. The concapt of random surface renewal, depending on

liquid eddies as postulated by Danckwerts65, is more reedily epplicable
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since it involves no terms in btubble dlameter. In addition to these
difficultiez ths effect of liquid mixing must be determined and allowed for
in the estimatiocn of ﬁass transfer rates from plate efficiency data., - |

Ag a result of these fectors it is impossible to analysa the oxygen
dezerption results to the same extent as the humidification results without
a more detalled knowledge of bubble dymamics, - |

The approach edopted in this_discussion is teo considef firatly.the
Plato efficiency resultsy; then the effect of liquid mixing on thess
efficien@ies.and finelly the fundamental mass transfer data oﬁtained from
the reduction of plate data to polint datz using the mixing paraﬁater the
Peclet number, obteined in the 1ligquid mixing stﬁdieé;

Discussion of Plste Efficlency Dats .

The plate efficiency datg are shown in Figures 50 znd 51 which are
cress plots of each other, ‘The efficiency at a water ratélpf 100 lb./ft.zhr
is almost independent of szir rate and has a value of appr;ximately 96%.
zlﬁcreasing the water rste alwgys csuses & decrcacs in éfficiency presumably
beeause of the.shorter residénce time_of the water.on the plste, Increasing
the alr rate incfeases the efficiency. probably bgcause of the grester air
hold=up in the froth and ths gfeater turbulence in the froth.

It~wés thought at first that the maiimum value of the plate efficiency
of apprdximétély 96%;towards which the efficiency curves geea to fend',
represented ;he<equilibrium 60nditiqns and that the calculations or anslyses
wvare in error, A.thorough check of all possible errors was made and it was
concluded that the data are correet, the éS% efficiency level being a

meximum value less than equilibrium. Subsequent tests ucing”Cellofag B"
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solutions gave several efficiencies over 96% which confirgs this
conclusion. i .

Efficiency characteristics:of this form are not uncommon in liquid
phase studies, a meximum_efficiency being obtained over a range of gas

ratesla. '

T ey e enms wim e e S e e e Svev S dwmeby  m—"

As has been discussed in the Introduction, the Murphree liquid
plate efficiency depends not only on the mass transfer rates but on the
degree cf.;iquid mixing on the piate. o

| For eiémple,;if the mass transfer coefficient, interfacial area -
and contact tige gavs en aprroach to;equilibrium equivalent to 3
transfer units, then the Murphree plaﬁe efficienéy would be 95% if there
was no liquid mixing (plug flow) butxdnly 75% if there was complete
mixing., The eqﬁatiohs for these conditions have been given in the
Introductién, Section 1;7. It 1s thus essential that information is
available on the degree of liquid mixing if the effect of operating
conditions on mass trensfer rates are to be studied from plate efficiency
data, | |

The process of converting Murphree liquid plate efficiencies to
“transfer units described below is rathér,eomplicated;A
(1) Conversion of liquid plate effiéiency Ey, to Qﬁpour plate
efficlency EMV’ _
This is achieved using équation (1;29)

Eyy = Em/fEﬁ,LA# A (l - EML)] where X = W 'GV/I‘V
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(i1) Conversion of vapcur plate efficiency EMV to vapour point efficiency
2 :

By |
' If the mixing parameter, the Petlet number, obtained from the
residence time distribution data is applied to‘the equation relsting
plate end poirit vapour efficiéncy derived iﬁ the Unlversity of Delaware
Reportw thg point efficiency can be found. In pi;actice it is easier to
use the equation in its graphi'ca]'. form shown in Figure 3. This graph

is & plot of EMV/E;V egainct }\?E;;;v‘with P_eclet nunber as parsmeter and»
is designed for the conversion of Ezv to EMV' The reverse prbcess

(B, to B) is difficult on this graph since Ey sccurs in both ordinate
- and abscissa. To facllitate the conversion of.plate-to point efficiency

the originel data in the University of Delawars Report were replotted in

the form shown in Figure 52, in which E&,/Em is plotted against )\E:TW

(iii) Cenversion cf vapour point efficiency Emr to liquid point
efficiency E.,L° |
This is achicved by equation (1;31)
% ¥ : %%
By )‘Ew/{kzﬁv + (1 - E:,V)]
(iv) Conversion of liquid point efficiency,EﬁL to transfer units NL«
. The data could have been considered in terms of liquid point
efficiencies bﬁt it iz more convenienth and more theoreticali!.j sound to

use trsnafer units as obtained from equation (1;27)

N, = Eﬁl/_(l'EﬁL)
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(v) Convereien of tremefer units N to rass trensfer group K e.

This is echieved by cquatien (13;25)
Ko/l
Oéing to the largo velue of)\,(105) the above equations can ba

gimplified and combined in a form more suitable for application to

)

Figure 52.

The ordinate in Figuro 52 is EMV/EHV and this can be shemn to equzl
N (1 - B )/B, when A is large compared with unity, Also )N BW,
the abscissa equals NL whan}\is'large. These alternativa quantities ara
shown in Figure 52; To obtain a number of tranéfer units éorresponding
to ETL and Pe, a2 line is drawn through the origin of Eigure 52 of graedient

l«EML)/EML The interssction of this line and the Peslet nuzbor

parameter 1line gives on the abscissa the corresponding valuae of NL

The effect of & large Peclet number (corresponding to little

mixing) is to givo a valus of N

y, 8imilar to that in equatien (1;28) tor

plug ﬂGWo
In genersl the values of HL arz betwoen 10 and 303 greater than the
*plug flow® tranafer units as defined above. Thé effeét of the mixing on

H

the Kuhni Plate ig thus to reduce the effictiv.ness of rags transfer by
approximately 20% from the maximum value obtained when no mixing occurs.
The uge of the.equation derived in the University of Delaware

Réport19 and shown graphically in Figure 52 is not strictly correct for the

radial flow Kuhni Plate since ‘the equation was derived for a rectengular

cross flow plate. An attempt was méde to derive and solve thé equation
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for the ¥uhni Plete but it was found that the time required for solution
of this squation would be very conaiderable., It was felt that ths error
in applying the mean Peclet'number-to the existing eqﬁ#tion would be
slight and would not justify the time required for sclution cf the
radial flow equation.
Discussion of Mass Trensfer Data

Figure 53 shows the data in the form of transfer units plotted

agéinst ai§ rate. The curves are of the same form as the efficlency
plo£ in Figure 51 and show the meximum value attained of apﬁroximately
4 transfer units,

It is unfortunate from the experimental point of view thast ths
Kunhi Plate has such high oiygen desorption efficiencies sinca errors
in the datz above an efficiency of 90% becoﬁe magnified in the conversion
to tfansfer units owing to the use of the quantity (1°EML)' For
example an error of 1% at en efficiency of 95% gives an error in the
trensfer units of 26% whereas at 80% the effect of a 1% error is 7i in
the transfer units.v As a result the accurzey of the transfer unit data
is lower st high plate efficiencies. Idezlly, therefore, a Bjatem should
be chosen with an efficlency range below 85%.

A iineor relationship has besq suggestedlg betweén the ﬁumber of
transfer units NL’ and the liqﬁid residence time in the froth, for
residence times below 15 seconds. The theoretical beeis for this suggestion
is that the liquid contaet time with the gas will be & function of its

residenco time in the froth. Figure 54 shows the transfer unit data plotted
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against water residence time with air rate as parameter emd it can be
seen that an increase in residence time is always associated with an
increase in the transfer units, confirming the basis of the above
suggestion. There are insufficient data to prove the suggested linear
relationship below I5 seconds but it appears that there may be a
relationship of this form, the air rate parameter curves show that at
high air rates the rate of mass transfer is greater owing to the more
effective contact between the phases and possibly a greater degree of
liquid turbulence and surface renewal.

At low air rates where the inner trough is not bubbling it is
misleading to attempt to correlate the water residence time with the
transfer unit data since a considerable proportion of the residence time
is spent in this trough with no air-water contact by bubbles.

Figure 55 shows the data In the form of the group K*a. As in the
humidification data the quantity "a" is the interfacial area per square
foot of plate area. The effect of increased air rate on K*a can be

adequately explained in terms of the probable increase in *a" and
possible also in , owing to the greater turbulence.

It is less easy to explain the effect of the water rate on K*a.
It has been shown that an increase in water, rate increases the froth
height and air hold-up with a probable increase in "a", the interfacial
area. This accounts for part of the dependence of K*a on water rate but

it appears that the water rate also influences the value of

For example at an air rate of 200 1b./ft , hi; the effect of
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increésing the water rate frcm 100 to 1,000 lb./ftozh? is to increass
K;a from 6.2 to 33.6 ft./hr., a 4405 increase. The corresponding increase
in air hold-up is 274 which is very unlikely to bo asscciated with a
440% increass in "a%, The increése in Kge under these conditidns is 314,
A pcosible explanation is that the increaced water velocities on
the plate ceuse a greater turbulence in the liquld phage resulting in a
higher rate of surface renawal-gf'the water., Danclwerts has auggested65
that such.an increase in the rate of surface renewal will increase the mass
transfer coefficient KL’ In the above example'the mean water velocity
(fhe path length divided by the residence time) increases fron 0.025 ft./sec.
to 6.14 ft./eec. an incresss of 480%. It is likely that there is
é corresponding increase in the turbulence, rate of internal circulation
and rate of surface renewzl.. Figure 56 zhows KLa blotted against the
‘mean watér velocity and an approximately linear relationship is evident.
| It can be concluded from this discussion that in a 1liquid phase
resistant cystem the effect of an inercase in gas rate is generzlly to
increase the rate of mags transfer and hence the liquid plate efficlency
owing to the more effective contact between the phases. The effect of
an Increase in the liquid raté is more~éomplicated pince it increases
the mass transfer coefficient and the interfacial area but decreases
the contact tims of the liquid with the gas. The overall effect of an -
increase in liquid rate is, however, a reduction in efficiency.
. & correlation of KLa ir terms of alr and water rates 1s given belows
K& = 3-45.( Gy + 133 ).LM°'845>< 1074
Gy, and L, being the &ir énd water rates in 1b./ft? hr,

53110
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5 2 10 Liquid Phase Efficiency Tests with Viscoufl Solutions

Oxygen desorption efficiencies were measured at four viscosity
levels, 2, 4, 8 and 16 cP., sixteen tests being done at each level.
Using the same procedure as in the tests With water, plate efficiency
data were converted to *point" data, allowing for the effect of liquid
mixing. The data are presented in the form of transfer units and as the
group K"a,

It is shown in Appendix D that the addition of "Cellofas B" to water
has no detectable effect on the solubility or diffusivity of oxygen in
water in the range of concentrations used. Any changes in mass transfer
rates due to the addition of "Cellofas B" cannot, therefore, be .
attributed to changes in the molecular diffusivity or solubility of the
oxygen. Although the molecular diffusivity is not affected the eddy
diffusivity at the interface may be affected end a change in the "effective"
diffusivity, as discussed by Kishinevskii and Mochalova””” and Gamer and

go
Porter may result.

Walter and Sherwood”, using the carbon dioxide-water—-glycerol system
investigated the effect of liquid viscosity on liquid point efficiency.
Tt was found that a change in viscosity from 1 to 4 cP. caused a $0% reduction*
reduction in K*. Jordan™"” tias shown that the corresponding decrease in
diffusivity is 43#. The liquid seal in these tests was 1.82 inches.

The Final Report of the University ofMichiganl8 gives data for
the desorption of carbon dioxide from water'at 0.9 cP. and cyclohexonel

from 20 to 100 cP., the viscosity being controlled by the operating
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temperature. It was concluded that at sll but the highqst viscosities,
( 60 eP.), the effect of liguid viscosity could be adeqpateiy
explainéd byrthe ascocieted change in diffusivityoi The variations in

nass tresnsfer rete were corrslated by an equation of the forms

R, ot Dy_',o"s' - | (5312)

From Figures 57, 58, 59 énd'60 it can bghseen that there is no
marked change in the form of the efficiency curves which are similar
to tﬁose ir Figure 51, the corresponding data fér water, Tﬁe same
generel conclusions regarding the effects of gas and liquid‘rates on the
water system casn thus be applied to theéezmore_visccus systems. Some
difference in the absolute values of the efficiéncies are apparént, the
2 and 4 cP graphs having higher efficiencies then the 8 and 16 ¢P graphs.

Figures 61 and 62 show K.s ploited égaingt the viscosity with
air and weter rates as raraneters. Again.thesé graphs sre similar to
the corresponding humidification graphs..~ ﬁé with the humidification_
pystem the maximum value ig difficult to‘explain, The fectors which
igfluence the humidification efficiency, whiqh were discussed in
Section 5;8, i.e. buﬂble slze,riging velocity, formation mechanism,
internal circulastion, froth stability snd jetting will also 1nfluéqcé the
oxygen desorption efficiency thoughvprobably to & different degree and in
a different way. | |

The most obvious reason for'the incréaée in efficiency with
increasing viscosity in the range 1 to 4 eP 1s ihe inerezse in liduid
residence time in the froth, which will be assoclated with an increase in

contact time end hence an increase in the number of transfer units.



4

*0 —000I '+ ~00§ {x —00Z {0—-00I
oot€ ooz 00l
o9 |4
O °_ oL
>0
d29]
|
| - iOm
o
| 1 i
,m,/w{,f J\_ o6
|
x e 3t _ —a__——o
8 — SR |
_ Jool
- 00¢€ ooz ole]

o8

o6

OOl

k3

(/0]

YH 14/97 31vd AINOIT SI Y313WVHvd
42917 8‘v'Z 4O SIILISODSIA 1V
YH .E\m._ 31VY YV 30 NOILONNS V SV % ADN3IDId33 31V1d 4INOIT 33YHdYNIN

0o0c¢

OOl

6Ss 9Ol

o

-

+

!

ca — | oo I8
00¢€ 002 00l

LS 95
o8

| d>¢c

Q

+
| =




| I
/ AIR RATE IS
o 300 LB/FTHR
K.a
I
A0 — e L=t |
FT/HR 4-/ \ 21000
? ’ l
; + |
i 3\ |
20 ——+—- — e ——=4500
x e 4 | %200
| 8 ————5j00
o | |
| 2 4 .8 16
LOG. VISCOSITY — CENTIPOISE
I ,
' - FIG 62
60 et e
| AIR RATE IS
150 LB/FTHR
, |
a7
40;___,/ . . . L‘ e e |
! | \
FT/HR o / +— °|ooo‘
g J] s
2. P e e o e \ ‘1 —
° +/ T ,l( \l— \600
x ' | i x 200
i —— O — o o —_— |
o I ' alO0O
J ] | |
I 2

4 8 16
LOG. VISCOSITY — CENTIPOISE.



109

This incresoe in residensce time is, however, small compared with the
incresse in trensfer units and élthoﬁgh it provides an explanation for part
of the increzse the principal cause of the incresse must lie elsewhere.

" One striking diffefence between the humidification and oxygen
degsorrtion efficiencies is that the maximum values of KGa and KLa occur
at different viscosities. The fect that, between 4 end 8 cP, K2 is still
increasing while KLa is decreasing‘pointé to en effect of viscosity on '
KL which is not acting on KG’ or vice-versa. An effect whicﬁ could explain
this znomaly is the "damping" effect of viscosity on the eddy diffﬁaivity
near the interfece, with a resultant decrease in %the fate of surface -
renewal and the mass transfer coefficient, Increaéing viscosiiyp therefore,
will teﬁd {0 reduce thé rnags transfer ccefficient iﬁ the liquid phése,
the decrease in K a starting at & lower viscosity than‘thét of K.a.

It is, however, unwise to ettempt too detailed an explanation
with the mezgre Infermation avallable at present. Until a ﬁore complete
knowledge of the effecis of liquid viscosity on bubbling meéhanism is
avelleble it is impossible to predict or explain these phenomeha adequately,
It is interésfing to note the absolute vslue of the ratio ‘

KGa/KLa. This dimensionless ratio varies from 100 to £00 in the present
work, It has been suggested19 that if the Penetration Theory applies to
the gas phagse as well as to the liquid phese, as-the results of the
humidificatlion studies scem to indicate, then ths ratio KGa/KLa will be of
the sames order as (DG/DL)O°5. Dats from ammonia‘absbrptiqn and oxygen

dessorption on the szme plate tended to confirm this guggestion. The
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diffusivity of cxzygen in water at 15°C is 6.39 x 1072 fg,?/hr.sa and-that
of water vapour in air st the same tempersture as 0,525 ft.2/hr4114. The
ratio DG/DLhas therefors the value 14,500 end the ratio-..(DG/DL)Q’5 the
value 2.20e This latter value is within the range of KGQ/KLa vgluea
abtéined in this work. It thus appzars that the relationship bétween

KG and DG’ end KL and DL is of the form predicted by the Penetration Theory
applied to both phégesg - |

The two filn steady statc theory would have predicted the KGg/KLa

ratlo to be spproximately

(Liquid ¥£iln" thicknesns)
(ga2 "£11o" thickness)

14,500 x

If this is true then the gas "film" is 25 to 150 times "thicker"

then the liguid film, & very unlikely conditioen.
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5 s 11 Tests with Varying Welr Helght and Slot Area

Az deseribed in Section 2:5 it was decided to detefmine whether
chéngeé in the slot arca would improve the pressure drop characteriéticsand
to determine the resultant effect on efficiené&. It vas also decided

~to investigate the effect of increasing the weir height. The humidificétion
efficiency of the 3Q inch plate was determined at three weir heights and
three slct areaé and'all combinations of these variebles.

The weir heiéhts choseh were,

(1)  Existing weir height of approzimately 1 in. - L.e. 1 in.total height
(11)  An extension in height of 1/2 in. - 1.0, 1% 1n. total height
(111) An extension in height of 1 in. _ - i.e. 2 in, totel height

Thes zlot arsas chosen were,

(1) 4,25% (existing)
(11)  7.32%
(111) 9.76%, the ares being expressed as a percentzge of the column area.

Twenty tests were done &t each combinatioﬁ of the above variables,
that is, on the original plate end eight other plate conditions. The
efficiency results‘are given in Figures 63 to 71.

As was éxpacted en inerease in welr height, by incressing the froth
height and hence'the eir residence time in the froth, incre&sés the pleate
efficiency. Figure 72 shows the increase in the gas phase transfer units
at an air rate of 200 lb./ft.zhr. with water rate as parameter; The

increase is very slight at low water rates. As can be seen from Figure 73
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there 15 an essceiated incresss in plate pressure dfop.

There cen be little doubt thet the increase in efficiency is
attributable to the grezter froth height, with the resultant increase in
'aif residence time end interfacial éréa. The effectrof inbreasing the
weir height is thus similar to the effect of increasing the wafer_rate,
as uss discussed esrlier with reference to the'humiéificatioh efficiency
characteristics of the 30 in. plate. In that discussion it wes shown
‘that the group KGa varied greatly with the operzting conditions and while
changea in the interfacial erea "a" zay eccount for pert of this variation,
the most importsnt contribution to these cﬁanges'came‘from "KG”. It wasl

further shown that K. depende on the air residence time in the froth, az

G
ie predicted by the Penetration Theory and that the relatiopahip between

K, snd the residence time is of the form predicted by thet theory,

G
To teat if en incresse in weir height gives the incréase in m=2ss
transfer predicted by the Penetratiocn Theory it ié negesséry-to estimats
the.air hold-=up in ihe froth snd thus the residence time, The air hold-up
was-cﬁtaihed by subtracting the water hold=-up frcm the froth volume. No
water hold-up data were available from weter residence time tésts 80 an
estimate was meds Sy adding.a volurme of water equivalent to the incrcase
in clear liquid height to the volume of weter on the plete with no Qeir
extension. It was felt that this procedure is likely to be more accurata
than eétﬁmeting the water hold-up from thé:clear liquid height only. It
has been‘shown éarlier that-such a procedure is lisble to give considerable

errorse.,

As in the previous discussicn an attempt was made to show the effect
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of zir recicéence tirme con KG alone, by using the KGa/(air hold-up per ft.2

of plate srea) ratio to eliminate approximately the vériation in "g¥,
Figure 74 shows KGa/(air hold-up) plotted agaihst the air residence.fime.
The curves ore the sams for:m as those for the original plate which |
suggests that the Penetration Theory may well apply ﬁo gas phese resistant
rass trensfer on a gas absorption plate. | |

As with the criginal plate the froth height was found to be
relatively independent of air rate ond primarily dependent on water rate.
The froth height iz generally bztween 0.5 aznd 1.0 inches grester than the
weir height ahd is shown in Figures 25, 26 end 27 in Section 553+

Careyggguggé havo suégested that the'numbor of transfer units cf a
bubble eap plate is inversely rroportional to the cube root of the‘slot
width, This is probebly e result of coarser bubbling, the larger bubbles
having.a eraller gurfece area to volume ratio,

In the tests on the Kubnl Plate the slot area was inereased by
raising the caps and thus increzeing the slot height but it is probable
that thz effect of increasing the slot heisht on the Kuhni Plate is

similar to that of increusing the slot width on a bubble cap plate,

One important difference in this respect between the btubble cap and the

Kuhni Plszte is that the slots of a bubble cap are 'opeﬁ" to an extent

dependent on the ges rate whereas the slots of the Kuhni Plate, being only

3/32 in. high ars protably oither completely open or completely closed.
The most importent feature of the incresse in slot area is the

conaiderable reductien in dry plate pressure drop. If the passage of air

through the plate was frictionless, the pressure drop &t a given air rate
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would be inversely proncrtional to the fourth power of the slot area
thus even @ small increzze in slot arsa causes a marked reduction in
p;essure drop. Figur@ 75 shows the dry plate pressure drops and 1t can.
be seen that the pressure drops at 9.70% and 7.32w ere about 25% gnd
60% reépectively of the pressure drop at 4.25%, the original slot area.
This reduction in dry pressure drop is'Qery desirable and gives a '
considérable reductionbin the plate pressure drop.

It i3 noticesble that the 9,76% line on Figure 75 is still higher
then the 12 inch platc line even although the'lz inch plate has & slot srea
‘of 6.01%. The reason for this im that the riser design is different,
the rissr of the 30 inch plate being cloze to the slot and restricting
the air flow, A.change iﬁ riser design would probébly be beneficial.

Figure 76 shows the efficiency data obtained with the three slot
areas at a water fate of 1,000 lb./ft.zhr. As can be seen the efficiency
tends to drop.to a constent value or even to show a slight minimunm, Ai
an air rate of 100 lb./ft.2 hr there is 2 éontinuous_drOp in efficlency
whereas at 300 lb./ft.zhr there is a minimum vslue, The corresponding
pressurs droéldata in Figure 77-éhow the considerable reduction in plate
pressure drop assccisted with the increase in slot ﬁrea.

It is difficult to explain all these effects without a souﬁder
knowledge of the bubbling mechenism end the effect which slot area changes
have cn that mechanigm. It is stlll more diffiecult to correlate these
changes in efficlency at all eccurately and to predict the efficiencies
at other glot ereas, It appears, howevér, that the efficiency slthough
redused is not seriously reduced and that the benefits with respect to

pressure drsp greatly outwelgh tho dizadvantagss of lower efficlency,
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'An effect of increased slot.eree which was noted but not measured
| was en incresse in entreinuent which possibly gave értificia;ly‘high
efficienciea; especially at high air retes., The questién whether this
effect would necessitate increassed plete spaciﬁg or other msasures to
reduce entrainment ean only be answered by a study of plate to plate
entrainment.

Interaction between Slot Area and ¥Weir Height

D G e St s eneas M NGNS e  Gwmm.  Gemmes  wwr e e o e > e

The previous discuszsion in this mection describes the effect of =
chenge in elther slot area or welr neight. It is genérally ihadvisable
to assums that the effect of & combination of variables of this type is
a simple addiﬁion cf the two effects,

A gtatisticel anelysis was done using data.from’allfnine plate
conditions, The daté wvere taken from the efficliency graphs and were four
effieiencies taken at the combinations of water rutes of 100 and 1,000 .
1b./ft.%hr end air rates of 100 and 300 1b./ft.°hr. The efficiencies
were converted into tranéfef units and the data analysed st#tistically
to test for interactions:between the four varisbles, air rste, water rate,
welr height and slot area, | |

The'results indicated thst there isanimtefaction b@iﬁaen air rate
slot ares and weir-height which cén be interpreted as méaning that
changing the slot area hess e differentleffect on efficiency with different
air rates and with different weir heights.h The variable effect of air
rate was noted in the previous section end investigationAof the graphs
shows that for gxample at a weir height of 1.5 in. and increese of slot
area from 4.25% to 7.32% has vory little effect wheress a further

increase to 9.75% produces e norked reducticn in efficiency eapecially'at
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low wafer rates.

The gtatistical ahalysis and study of the grapha suggest that the
- bubbling mechanism may depend on the air raté, the slot area and the
gubmergence znd that tranaitiona’frcm bubbling to jetting may occur under
conditions dependent on these three varisbles.
anclufislz.? on Plate Alterations

The reason for determining»the“effect'of‘changea in weir height
and Blot area on the performance of the Kuhni Plate was that it might
be possible to suggest improvements in design, eséecially with regard
to these two design variables. In deciding whether & particuler change
in design ié beneficial, both efficlency and pressure drop must be
considered. A useful quantity in thie respect is the “presaufe-drop per
theoretical plate“ (P.D.P.T.P.)'which is equivalent to the ratio of
pressure drop to efficiency. It would, however, be,mislégding to use

this quentity alone in dotermining the desirability of a given design

sinée the capital~008t of a distillation or gas absﬁrptich column
depends largely on the number éf:plafes required which is a function of
efficiency a}one for & given throughput. Thue a béfticﬁlar design ﬁith a
'1ow "P.D.P.T.P." méy be precludéa by virtue of the>nﬁmbéf.of plates
required. | o ., |

Figure 78 shews the "P.D.P.T.P." plotted againstweir height with
slot area as paremeter at operating conditions of lOOO.lb./'ft?hr° water

rate end 200 1b./ft.%hr air rate. The 7.32% and 9.76% slot ares curves

arz far lower than that of the eﬂisiing plate lhowing the desirability of
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increzzing thes slot area, At lowsr alr rates where the dry plats
pressura drop is less it con be shown that the curves are closer but the
higher slot ares 1s still desirable. )

It cen be seen from Figurs 78 that weir height has no mérked effect
on the "P.D.P.T.P.", This ir not unexpectod since an increase in weir
height causes increases in both efficiency and pressure drbp.}

Figure.79 showas the desirability 6( using & higher ﬁe;r height
in a plot of the reciprocal of effiqiéncy'againét weir height. The
ordinate, the reciprocal of efficiency can be regarded as the nunber of
plates required to effect & separation corresponding to.IDO theoretical
plates, assuming that operating conditions are identical tﬁfoughoui the
column end that the column efficiency equals the'pléte-efficiency. It
is Apparent from this figure that there is & steady drop iﬁ the number
of pletes required with increaéiﬁg'weir heiéht; a véry Beneficiél effect.,

In conclusion, it has been shown that & considerable improvement
in plate design could be made by increasing the slot area to ebout 10%
of the column sres., An incresse in weir height is also desirable to
cémpeQSate for the reduction in plate efficlency gaused by the increased
8lot area and to reduce the number of plates required. Further tests
are necesssry to determine tﬁé effect of these chenges on liquid “f£ilm"
efficiency and it is probable'that inéreased slot ares willireducg.the
| liquid "film" efficiency owing to the coarser bﬁbbling and that increased
welr héight will increase the liquid "film" efficiency owing to ihe
inereased liquid residence time on the plate. It would also be adviseble

to establish the magnitude of any changes in pleate to plate entrainment end

if this beccmes excessive to redu@e_entrainment by increasing the plate

epecing end/or the liguld sesl.
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5 ¢ 12 Tests cn the 12 inch Disrmeter Kuhnl Plata

The efficiency of the 12 inch plate was determiﬁed using'humidification
and oxygen desorptlcn systems together with pregsure drop and clear:
liquid height date. N6 residsnce time or mixing tests were doné on the
12 inch plate,.owing to the difficulty of measuring such short residence

times. Some tests were cerried cut by Dunn128

on the effect of changing
the outlet weir height end the surfece tension of the water on the |
humidificaticn efficlency. The results of thess tests are also discussed.
(1) Pressuro Drop, Clear Liguld Height and Froth Helght

Figure €0 shows the pressure drop data plotted egainst air rate
with watsr rate as parameter. The dry plate pressure drep is shown in
this figure and also on a log=log plet in Figure 75. Comparison Qf the
dry plate preésure drope in Figure 75 shows the 12 inch plate to have &
dry pressure drop of approximately 12% of the eriginsl 30 inch plate at
equivelent eir rates. The recasons for this lower pressure drop are that
the slot erea of 12 inch plate is greater (601% against 4.25%) end that
the design of the rigers of the 12 inch plate offers leas resistance to the
passage of air, This latter effect.is shown in Figure.16 where the caps are
comparéd. Ae ean be seen, the riser of tﬁé 12 inch plate is clear of the
slot whereas the riser of the 30 inch plate is very close to the slot.

The "wet® plate pressure drop lines are seen to be substantially
parallel; the higher pressure drops being essociated with highér
hydraulic gradients and weir crests. The resson for the tendency for ths

pregsure drop to fall frem air rates of 100 to 200 lb./ft.2 hr is that in
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this reglon enly tho cuter trough is bubbling, the effective air

veloeity through the slots wﬁich are active being higher than is indicated .
by the dry pressure drop curve. Above 250 1b./ft.2 hr (eir ifate) the dry

. pressure drop curve is nearly parallel to the "wet" preasure.drcp curves
which suggests that correlation of the "wet’ pressure drop sﬁbuld’be
possible by sumaing the dry pressure'drop and & water seal, dependent on
the water rate. Such a correlation is given below,

1.92

Dry pressure drep = 4.56 x x Gy "7" x 11072 in water ' (5;13)

Water seal = 0,325 + 0.315« Lﬂ.lo'=3 in water - {5;14)

Where G is the air rate in 1b /ft. hr and LM the vater rate in
1b /ft.zhro ‘ "
The total preasure drop is thé sum of‘the twdlcémpénenﬁé correlated
gbove,. . - S
The clear liquid height measureménts wvere convefted to a mean
value by weighting the individusl readings in proportion to the area of
the respectivertrouvha. The resultant data afé Qhééh’in Figuré 81,
The sharp increage in clear liquicd heights belew an air rate of 300
1b /ft. hr is attributable to the fleooding of the inner trough. The
curves ars similer to the data for the 30 inch plate.: It is interesting
to compare the liquid hold-=up per unit area for the two plates. Owing
to the lower weir height of the 12 inch plata (0.79 in. againat 0.99 in.)
the hold-up is leas. For example at 1,000 lb./ftg hr water rate and
30 lb./ft.zhr elr rate the hold-up on the 30 inech platé calculated from
the ¢lear liquid height is 4.9 1lb. er 1.06 lb./ft.z.whereas the hold-up

on the 12 inch plate is 0,68 1b. or 0,865 1b./ft.2. The respective clear
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liquid heights are 0.43 inches (20 inch platz) and 0.42 inches (12 inch
plete). The differenes in liquid holdcup pef unit ares ia thus not
gubstantial. The impsrtance of this fest will be diccusacd later in thic
section,

It proved very difficult to maks froth helght rcasurexments cn the
12 4inch plste, Estimations of the froth height indicated that it _
rerained fairly constent at about 0.3 inches above tko weir height. Ko
gtablc froth formed, the air paasing through the water aa jets éather than
&s bubbles, |
oz Phazs Efficienzy |

Figure 82 ghows the humidification efficiené} rééultg plottiod
ggainst air rate with water rete as paraneter, The»two dashad.linés show
the ecosrrcaponding efficiencics on thz 30 inch plate. “In general ths
efficiency of the 12 inch plate is lower and less variable than that of
tho 30 inch plate. The lower efficiency ray be attr;butad to the lozer
welr height but the previous diccuzsien in this section has ghown that tho
liquid hold-up differcncea between the plateslare not substantiel. |
Probebly the lovwer officiencies are due to the lower froth height with
tho mgsociated reduction in alr rosidence time in the froth.‘ The -
bﬁbbling mechanism appeared to be different, more "jetting" taking place
end this moy eleo kave ceuscd tho lowsr efficiencies. Thé rélative
consteney of the efficiency with air rate is probably‘a fesult of the

tjetting" tendeoncy end the inactivity of the inner trough at alr ratca
less then 250 1b./ft.ohr, |
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Liguid Phaze Bfficiency

The plaﬁe efficienc? fesults.are shown in-Figuré“83. Sinee no
nixing data were availsble for the 12 inch'pléte it wes impsésible to
convert the piate efficienciéa to point effic;ehcies, The effieianqyl
characteristics ere plightly different from ﬁhe‘éhargcterispiés of the
20 inch plate. The efficiencies show a slight quimuﬁfat'éoo }b./ft.zhr
(air rate) but ere substsntially constant in tbe‘:ggioﬁ 306 to 500
1b./ft.2hr, There is a gharp drop iq_efficiency aasopiated with the
inner trough ceasing to bubble at 250 ibﬂ/ft.2 hf; At the highest water
rate of 1,000 lb,/ft.zhr the maximum efficiency‘is Svéf 10% iowér than
the maximun efficlency ot the‘ldwest water rate of 100 lb;/ft.2hr. This
is in sharp contrast to the 30 inch plate where the plate efficiency at
300 1b,/f£02hr (air rate) is almost iﬁdepehdent?of wétéffrate; The
efficiencies are, in general, lower than those of tﬁé 20 inch plate.

Thers ean be little doubt that the reasons for the lower
efficiencies are that the 1iquid hold-up on théfﬁlate is léss;‘the vater
flowing over only two bubbling troughs (or only one at &ir rates less
than 250 1b./ft.°hr) compered with four on the 30 inch plate. The less
effective gas=1liquid cont?cting as indicated by the lower humidification
efficiencies will also contribute to the lowering of efficiencies.
gfgggg_qg_xgpggagipg_the Welr Height

The humidification efflciencies obtained by Dun%zgre generally
higher than thoss obtained by the author and several efficiencies greater
than 1004 were obtained. This discrepency has been attributed to the
systém being non-gdlabatic and to a eertain amounﬁ of humidification

taking place in the air ducting. Welr height extensions of 0.5, 1.0,



122

1.5 end 2.0 inches wers used. The froth hoights were again low,varying
from 0.2 to 1.0 inchss above the weir.

Figuro BS zhows tho data obtained at a water rate of 400 lb./ft.ahr
and demonstrates the expected riae in efficiency. Pressure drop &nd clear
liquid height slso inerez=ged by an.amount suggesting & froth density of
approximately 0.5.

Effect of Docreasing Surface Tonsion

Dunn determined the humidificaticn effieiency of the 12 inch plate
at surface tensions of 50, 60 end 72 dynes per cm. using "Teepol*
solutions. Conpiderable difficulty was encountered in keeping the surfece
tension constant., At surfacc tensione less then 50 dynss per cm,
excessive foaming occurred and even at 50 dynes per cn., the froth height
wan often gremter than the normal plate spacing of 4 inches. Figure 84 shows
the increass of efficiency with curfece tension decfease. The reaszon for
the increase in efficliency is the greater froth stability and height.

The inereased purface area presumably overcomes any increase in mags transfer
regsistance due to the surface esctive agent. It was found that the pressure

plate drop was higher at low surface tensions probably as a result of

the considerable froth volume generated.
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5 ¢ 13 Cenparative Perfermence of the Kuhni Plate and Other Bubble Plates

(1)  Throughput and Pressure Drop -

'The %0 inch Kuhni Plate was tested at water ratea up to 1,000 1b./
£t.%nr, (490 'gau./hr.) and air rates up to 320 lb./ft.?_hr (1.2 f£t./sec.)
while‘the corresponding figures for fhe 12 inch plate We;ell,ODO 1b./ft.2
hr, (79 gall./br) end 5d0 lb./ft.zhr (1.8 ft./sec.). ihasé maximun
throuéhputs'wére limited.ﬁy the outpuiSOfvthe blowers and pumps, the
plate prezsure drop and the ﬁermiasible throughput of,ihe'liquid
downcomers and diétributeré.- | o | |

| The water rate of 1;000 1b./£t.2h¥ yas the maxtioum flow.wpiqh
the distributers could handle, which is low ;n comperison with:other
bubble plates which can hﬁndle liquid ra@es.gxceéding 10,000 lb./fﬁ.2hr.‘
Sinee only cne plafe of each diameter was gtudied no informat;on is
availeble on the éolumn flooding liquid flow rate. Wark>is at present
being done on this‘problem and the results indicate tﬁat the meximum
liquid flow rete for the 12 inch column is 1,500 1b./ft.%hr,

The air rete cn the 30 inch plate of 1.2 ft./sec. was the maximum
obtainable with the present blower and at this air velécity the plate
pressure drop varied between 3.6 and 3.3 inchés of water depending on
the water rate. A typical préssure drop for & bubble cap or a sisve
plete is between 1 and 2 inches Qf.water29. Aa;has been discussed in
Ssction 5;11 tho high pressure drop of the Kuhni plete can be reduced
by altering the slot design and thisa is-very desirsble to bring the

pressura drop characteristics of the Kuhni Plate into line with other

plates, The 12 inch Kuhnl Plate showed much better pressure drop
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characteristics but even then ths vapour velecitiee‘are low,

It is desirable, from the point of view of capital cost of a
eolumn to keep the diesmeter as small e&s possible by having a high
vapour veloccity. Bubble cap and sieve plate colums operate at vapour
velocities up to 5 ft./sec. and & recent Russian publication131 describes
a columm with vapour velocities up to 13 ft./sec, The maximum vepour ‘

velocity is usuelly limited by the entrainment charscteristics but no

information is at present available on plste to plate entrainment

characteristics of the Kulini Plate,

At present therefors, the Kuhni Plete comparee unfavourabﬁy
vith other bubble plates a3 rsgerds throughput eand pressure drop.
Alterations in plate design will almest certaihly7improve its performance
but even then it is unlikely that it will be as aetrective a3 the cheaper
sieve plate, | |
(11) = Efficiency |

The efficlency characteristics of the ﬁuhni Plaée-ere very good
in the range of operéting conditione studied,A This is ﬁrbbably
attributable to the high slot velocity giving very effective contact
between the phases.” The low weir height would be expected to give a low
efficiency and tests showed that higher efficiencies could be obtained
with higher weir heights. It is probable that the high slot velocity
compensates for the low weir height but unfortunatelv it is obteined at
the expense of a high plate pressure.drop. For example a typical pressure
drop per theoretical plate.for a bubble.éep.platezg is 2.2 inches of water
at a vapour velocity of 1.0 £%./sec, while the figure for the Kuhni Plate

uder zimilar conditicns ir 3.7 inches,
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APFENDIX A

(1) Specimen Calculation of Solution Evaporestion Teat No.Al

—— .~ ettt g - g ——— -—--——- —— m—— e G .

Test Dets ,
BAT TBEE wuveeeerennnninns ot reere eeevies 30742 1b./£t.2hr
Water rate R E R R R R R R PR R 1,000 lb./ft.zhr
Luration ........ Cereticeaansanaraans «+es 300 minutes
Initisl weight of solution Wy eoeeens vese 52,3 1b

Final weight of solution w2 ceseccorense .. 49.2 1b,

Welght of water added W, s ... 27.1 1b,

Initiel titration €3 eveverveanennnn. e 20.23 cc. acid
Final titration 02 ..........‘..' ....... o 29.71 cc.aci&

hverage inlet humicity Hy ....vvvvnn.eiss 52,13 gr er./1b. dry eir
hverage inlet water temperature s........ 61.75°F

A#erage outlet water temperature ........ 61.60°F

Solution of the following eaquations for WE’ the weight of weater

entrained and wv the welght of weter evaporated (1lb.) gives the values

below,
wl - Hz + WA = HE + WV :' (2;1)
By G4 = W, 0, + Wy (c1 + 02)/2 (252)
fe MWy = 3.931b. W, = 26,31 1b, = 184,200 grains

Total weight of air used during test = 307.2 x 300 x 4,90/60 = 7,526 1b,
Welght of moisture in this air = 52,13 x 7,526/7,000 = 56.03 1b,

L. Toel waight of dry adr = 7,470 1b,



.". Incresse in humidit.y( Hy ~ H]) = 18420°/7470 = 24.66 gr/1lb.dry air

Mean solution temperature = 61.68°F
Corresponding saturstion humldity He = 82,21 gr/lb'diy air.
.*« Average humidity difference H - H, = 30,18 gﬁ/lb dry air

.°. Efficiency E,, = H, - Hi/He -0 = 81.7

Entrainment = 3,93/7.526 = 0.522 1b/1,000 1b air
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(IT) Specimen Calculatien of Outlet Psychrometer Test

Test Data (Test No.23 on 30 3** Kuhni Plate)

Orifice plete pressure drop (P.D.) ........... 0 .203 In* water
WAter Tate «ooeeeeeeeee 245 0all/hr
Barometric pressure (P) ............iiiii.. . 30.25 in.mercury
Mean inlet air dry bulb temperature....... . 77*%02
Mean inlet air wet bulb temperature .......... 58*96
Mean outlet air dry bulb temjperature ........ . 61.22
Mean outlet air wet bulb temperature ...... 59*23
Mean inlet water température .......... 1...... 59*30 *F
Mean outlet water temperature ................ 59*%20

(1) Air Rate

From orifice plate calibration (BS 1042;1943)

53.03fé jPlb. = 53*03» 5.50, 6.451 = 131.5 Ib/ft.*hr

G1j
G, = 131.5/0.0755. = 17423
(11) Water Rate

245 gell/hr, o Ig = 500 Ib/ft.”hr
(IIT) Efficiency

H = Hg - 1.72 (Td - Tw) (Equation 2“]

H, =, 75.42 - 1.72 (18.06) '= 44.36 gr/lb dry air

Hg = 76.15 - 1.72 (1.99) = 72.73 gr/lb dry air
M«in water temperature = 59*25 ®F
H - 76.20 gr/1b dry air
. . - ) 112
Saturation Humidity data from IHVE Guide 1955

Hg - Hi , 89.10¢



¢ = -log (1-Ey) = 2.22

K = NIUG x G, = 3,868 ft. /v

Heat Balence cn the 30 inch Plate.

—— emmesmn agEe—

N

St o Sotvn, B By Y

Test No.23 (Outlet psychrometer test)
Dzta as on previcus page.

Mr rate = 131.5 1b./ft.°hr = 644.4 1b./hr.

Water rate = 245 gsll/hr 2,540 1b./hr
(1)  Alr Enthalples -

Air Enthelpy = 0,241 (Td - 32) + H.U/7,000 BTU/1b dry air.

Where Td = dry bulb. temperzture °F

H = bhunidity gr/lb dry air

U = water vapour enthalpy BTU/lb.
Inlet air : Td, 5_77.02 H, = 44,36 Uy = 1095.2
Outlet air : Td, = 61.22 H, = 72.73 U, = 1088.2

o%o Inlet eir eﬂihalpy = 17.79 BTU/1b dry sir
Outlet sir enthalpy = 18,35 BTU/1b dry air
(11)  Voter Enthalpies =
Inlet water temperaﬁure = 59.20 .'. Enthalpy = 27.3 BIU/1b
Outlet water tempéfatufe = 59,10 Enthelpy = 27.2 BTU/1b
Weter evaporated (H - H2) 644.4./7,000 = 2,612 1lb/hr
' Inlet water;; 2,540 1b. Outlet water = (2,540 - 2 61) 1v
(1131) Hest balance on“ifhéur basis
Heat input = Inlet air enthelpy +IInlet veter enthelpy
| = 644.4 % 17.79 + 2540 27.3 = 80806 ' BIU.
Heat output = Ouﬁlet air enthelpy + Outlet water enthslpy

= 644.4 x 18,35 + (2540 - 2.61) .27.2 = 80B42 BTU
. .Heat abrorbed by the system = 36 BTU /hr. (1.5% of ths heat ticnsfex)



(111) _§pacimen Calculetion of Oxygen Desorption Test

Test Data, (Test No.19 on 0 in. Kuhni Plate) _
Orifice plates pressure drép () ........0:478 in water
Main rotameter Teading covvieoresresovesss247 gall/hr
Samplo rotameter resding .......;....,.;;... 2 gall/hr
Mean inlet water temﬁerature ,,?;,,,t,,,,13,65 %
Mean cutlet water temparature,,,,,,,;,,,,13.55 °C
Inlet éample titration (v 250 cc sgmple)t,,38,§6 cc
Outiet samﬁle titretion (v 250 cc,samplg) .. 13.97 cc.
"Normallity cof thiosulphate solution ......1.028 N/40
Barometric pressure (P) .................29.35 in Hg or 745.2nm Hg
(1) Air Rate L _ N
From crifice plete calibration (BS,1642;1943) .
¢ = 53.03[F j?:i; = 53,03, 0.690, 5.41 = 198'1b/ft.2hr
{(i1) Vater rete o
(247 - 2) gell/br = 245 x 30/4.90 = 500 1b/rthr
L, = 500/624 = 8,01 £t.5/rt.%hr |

(111) Efficiency - Inlet | butlet .

’ 110_?8 X 38556 and 1.028 JC 155022 .
Normality of 250 cc ssmples = 250 % 40 250 x 40

0.003964 N snd 0.001436 N

il

Dilution due to &ddition of 13 cc of reagente to 547 cc flasks

1+-22 - 1,003
547 e

.'s Copraoted normalities

L

it

0.002964 x 1.0238 end 0.001436 x 1,0238
0.C04058 N and 0.001470 N

i
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A normsl solution of oxygen has sn oxygen content of 8 g/litre or B0GOg.p.m.
«'o Oxygen contents of sample = 0.004058 x 8000 and 0.001470 x 8000
= 32,47 p.p.n. and 11.76 p.p.m.

Thus X = 11,76 p.p.m,

1l 2
Mean water tempersture = 13.60 °C

= 32,47 p.p.n, 8nd X

.*. Henry's Law ConstantHy,= (2.486 + 0.0554 (13.60 - 10)) x 10’ =
| 2.686 x 107 m He
Water vapour pressure et 13.6 % = 11.7 mm Hg
.°. Partial pressure of the oxygen = 0.21 (745.2 - 11.7) = 154.0 mn Hg

.*. Equilibrium mol fraction = 154.0/2.686 x 107 = 5.733 x 1070

o's Equilibrium weight frsetion = ‘%% X 5.733 x 10“”6 = 10,19 P.P.M.(Xe)
X, - %, '
Now EML = e = 92095% = 93,0%
5 - X%

Conversion to NL end KLa
The Psclet number for these operating concditions is 19.03
(see Specimen Calculstion in Appendix 4, iv)

The quantity (1 - EML)/EML = 0.0758
Substitution in Figure 52 gives N

L = 3.01

L, = 8.02 £t.5/2t.%nr
. Ka o= NpoxLp = 2401 ft./hr.
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(1v)  Specimen Calculeticn of Hesidence Time and Mixing Tests

LA e ewsenay e em— — S Gmer st w——— —— — c— — etumes

Test Data (Test NoF15)

BIr 7880 worriienenennnnn veeeeeses 200 1b./f6%Rr
WAtEr TBLO wevernenerueesensenensess 245 gall/hr or 500 1b/ft.%kr
Belence resistance ..........cc..n . 5,600 ohm
Chart Bpecd eceeeeeennes crressescasen 2.5 cm/cee,
Chart length (em) (t)- | © 3 6 9 1 12 15 18 21 24
Chert reading (mm) 7.2 7.2 9 2% 280 289 260 288 279

Conductivity micromhos ]254 254 277 559 803 1045 1060 1027 900

Conductivity inerezse (C) [C O 23 05 549 91 806 773 645

27 P 33 3% 39 42 45 48 51 54 57 60
270 255 244 213 175 151 120 120 93 84 75 72
B0z 687 620 494 406 360 330 316 281 269 258 254

549 433 366 240 152 106 W 62 27 15 4 0
For conversion chert of chert reeding to conductivity see Appendix F,

Chart length is proportional to time "t" and conductivity incresse to

tracer concentration "CW,
From the sbove data.

Jo =6 + Cy + Gz weeeee 28 = 5,923

20t = Gyby +Cp by ¥ ouiienen, C v = 135,303

Sot? = ot 2 Hen.f il T8 ¢ = 3,598,119
2ot

. 28t | 1BZT 55 84 om time unito = 22:8% - 9,14 gec
-
e o Z..C 5923 . ) 2 * 5
oo Mean residence time = 9,14 Bec., = tnm

.*. Liquid hold-up = 9.14 x 245/2600 = 0,622 gall water
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Zet?2  (Zeow)? 2
092 = T - (o )/tm = 0,164 (dimensionless)
Peclet Number Pe from Figure 86 = 19.03 = (q - p)°
| e

Eddy Diffusivity D, = (p - 8)°/Pe tn = 0.7225/19.03.9.14

0.00415 (ft.%/sec)
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Speeimen Calculation of Froth Volume and Alr Residence Time

. ‘ 2
Test at air rate of 200 lb/ft.zhr and water rate of 500 1lb/ft. hr.

Weter hold-up = 6,22 lb.

-

= ,6_;22, - 6.0997 f‘b.3-

62.4
Froth height = .1.80 inches |
"Volume® of plate up to the weir height of 1 inch‘= 0,1825 £t.5 .
Bubbling area of plate _ ) _' | :} = 4;41.ft.2
*o Each inch of froth atove the'yeir = 0.3675 ft.5

+*: Volume of froth = 0,1825 + 0.3675 (Froth height’ -1)
= 0.1825 + 0.2940 |
= 0,4755 £
.*. Volume of air hold-up = 0,4765 = 0.0996 = 0.3769 ft.>
Air rate = 200 lh/ft.zhr | |
= 200 x 13,3 x 4.90/3600 = 3.621 ft.%/see.
+*s Alr residence time in the froth = 0,3769/3.621 = 0,104 sec,

A T E——
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APPENDYX B

Dorivaticn Qf~liquid rosidense time and mixing @quaﬁiéasg .

Under a glven =2t of cezditicns lot the voluma ofwliduid ¢ca a2 tubbling
plate be VL ft3° Lst the liquid flow rate be v ft3/§?9o Lot a quentity of
tracer Q 1b. ko inja@toﬁ at the 1ﬁlot at ticz ¢t & O, Tha cukzaquent chéngea
in concentration at the outlet c&n be expreased as the function o(t) 1b/%t3,
vhich will have the form c3 showm in dlagrzm (1). Let the cimulative funstien
I'(t) be defincd as the fraotion of the tracer which has left the plate at

tirs ¢ saconds. Its form is given in dizgrem (ii).

0 dias. (1 (R bbbl EE Rttt
o(t) ez (1) F(t) //-
’/’////// diag.(11).
7 |

t—»  t=Vfv t—>  taV/jv
By tho Law of Ccnezorvaticon ¢f Moss,
c2 ¢
vjo(t).dto al aad F(t) = %fc(t)odto (6s1) & (6:2)

Q
[+ o
Itcan be chowan that tho rczn roclidense time of thae trmcer in the system is

%:-7[1'- E(t)] dt. | (613)
[/} .

Restating thia integral in terma of dF(t) inotead of dt,

Yo [tuar@),  (614)
(<]
Subatituting the differcntiated form of equation (632) in equaticn (634)
’ &9,
v yj(t)oc(t).dt. | (615)
g @
o]
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If equaticns (6:1) and (635) arve combined to eliminnte v/Q,

?hcn tho m:an rocideaes timog tm a %'- OZ‘t.cm.m, | o (635)
/c(t).dt. ‘ -
. o
Tha peon residencs tima econ thuz o dadugcd mmmzrically by finding a numbsx

of valdes of o(?) at equal inorsments of % and deducing the ratio
Y e(t)at |
- Selt).
The minimum number of valucs of ¢(%) and ¢ tzken wan 20.
The vazian:e_df thoe timewpéncontraticn ou;va'in dlagren (1), normaliged
w.Tst. the mean residence time to give.the'dimenéionleas var;ance cen be
deduced frem equation (6i6) bolew.
2

o2 -l:Z'o(Q.tz - _/Zc(i).t\? 2o(t):t
!-Zc(t)o \Zet) || /| St

2 2
o~ = 2c(t).t Sé:o(t). -1

(Zo(t)et.)

— GNP A GWEI SRF SRS G WM  MEm AL GETE Meen IS Guam e  eEme e aees BN mw GRas emew  em  wm

Consider the flow of liquid radially inwards from tho pariphery of
the Kuhni Distillaticn Plato. Let there be an injection of tracer at the
periphery at tine ¢t = 0 = to and at an angla © = eo. Lot the masc dencity
of tho trzcer b9 moarsured ct ths outlet well '

Let r = any radius on tho plate,(ft.),
q = th> plato peripheral rediue (£t.),
p = the cutle? well rodius (ft.),
Vi« the inlet froth volocity,(ft./ssc.)
D= the eddy diffusivity (£15/seco )y 3
¢ w tho mzos density of the tracer (1b./ft”.).
S = the Dirce delta funotion.

= functions defined as they appear in
ABEFLK o, 0,9, 8v, &S ¥ app
the derivetion.
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From a pass balanoe cn an elczent of froth,

20 _ a2 (bfi L L 28, ) \/.S(f-%)é(e-ea)%(t -t,)

I T * ¥+t 26

' ) ‘on application of a Laplace iraneform in time to the above equation,

A d'd 28 . 1 4 V, 5(r-q)§(e-6, éSt°
s¢ —'7“"—3?=p(a-ﬁ+ b‘r+'r‘c)9’)+ ,3. )
: 7 v
Lot ’}U =’/¢e c£9
| T o
. ne =5,
A AN oY (6‘70 L dy o ) v, Str-g)e
S 'rc‘)'r'"DE E)»r"—'ri)‘r*-‘?"y/‘%_ ' -
in B, - st
Ly avildw _ (w" v. € "
T oda? *(,‘}’DE)M ("' DE v=- De v i(r‘z,)

equation (6 1)
v =As" I, (¥-)+B + Ky (¥2) ) T 2T
=F & L,(X*r) +F'>:AKV(X~') 9 T Ly
vhero ‘%3% & V:-\/o("-i-hz &X:%
Tow @ is finite at T=0,<0
L= B+~ KY(XT') *>¢
v =Er" "I (¥y) "<
At ™~ =q @ io continuous, .. B Ky (X‘L): E.Iv(yct)
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Intogration of eguation (61l1) wer.t.7” frem § to 1,civea:-
q2

dy v, »@-sle
4T = - e

Co= e B K8+ ¥BE UK (Y T < BT ()

— - A / - v’ L‘HQO'Sto
PESH TN = Y e

", E["‘" 7Ky X@)I (%) +¥ K:}(K%)Iv( J@) ""‘f-d-‘fv(x%)’(‘fw‘z)
Z{AI Xq)K X(L)] - m:- ecm9o -stoKY( q)
LT, () - T 08 K, )] = - ™0k

[ . ¢ D
L Edq” [gz’ﬂ:i‘% em StoKv(?)

E - -‘B\-/-'—' Qot evh 90 Sto KY(XQ)

4 ;meovf)to
Y= (2K ()L 00

€ , A L”@o" to-ime
Pomm)Zae K )T, (%)

NS

RN CNTY o ()T N Yo K, (0.1, 00)
| ne-c0 [ t”(e‘@o)*ew(@’é‘ag

el 2 KL (5 3L K BIT LYoo

nsl



L3t {thko average vzluo of ¢ et o radius 4~ from the plate centre be ¢

- —' 'm
o P = ]dde

, o - =sto
1]’!‘(:) :\;E ¢ K«(XQ)I.#(X?)
= 3!? j: OL% K-< (X‘l) IA(X"‘) es $,=0.
..'_(q)‘* W[@)_ s [+ - 4; +

T oam{rl Dg| ax 2D Lkun(wa)q“' _4—4,’"24(1—
sa_f'v""”c i . ~ L 0.8
3:951 QSCL“(Q.MLXHA)O& 2‘.%‘-2(5-&14”-},() :qu:‘ ﬂ?;—;Xp,(),( )
. | Q) Vi @ = '
= —|=] —= = = o
. .,@;=° 1w(¢ De 2a /@ dt  provided that o« > 2
0
¢ - |
sz0 — Mg equation 632

» "

Let the radius at the point of measurcient (the outlet well) be b

,E4¢) _ 1V P + q b P2+‘1’
'T ds =0 an 9D:?'d(l+ol> .g(l-'al) T ama 4Dg (H'A) (""")

equation €13

((fa::.. I-p“ L 29 <t
\d_éz e 2ma 16DF (25 (14D (1=aX1+a) (Z-JXP-()

{‘_

2 .
Fow A7 7 io $tho dimonsicnleso variance of the time-concentration curve

& equatica 6:4.

gt tho cutlst wzll, normalized w.r.t, the meon rosidence time.
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05 ———-—(%{)M - (Cgi:(%kj’ _ ( j;: 520 . 520
' — — l o2, 2 p—— . -
- 5‘?5-"0 (%T’D) - (g’g:)%o (dd:f)::o

Then

i

1

Substitution of oquations 6:2, 6313, 6:4. in the above equation givee on

‘ rearrangemsnts—
(;z_)“(:+«<)z _ ="
OJJ = P (dL -2) (:“'4) whers A = .f‘_!‘_

2 2 -

equation 6315 |

Ncw 1t oan bo chown that thore t‘m ic tho mean residence time

2z r
- 4 =P
t, =
2Viq
R 2
Eu%t the Peclet Kumber Pe = M (Q_P) QV’ A - Zo-a(/ct-P)
D¢ Tm (¢~ P‘) 2D; (Q¢p)
equations 636 and 637
Calculated Values of the Variance and Peclet Number from
Equations 6315, 636, & 637, for the 30 inch Kuhni Plate.
Variance &< Peolet o Variance o Peclet No
1.1116 3 66183 0,1965 8 16.488
0.5676 4 | 8.244 0,1690 9 18,549
0.3831 5 (104305 0.1484 10 20,610
0,3306 5051114335 0,1326 11 22,671
0.2908 6 112.366 0.1193 12 24.732
0.2593 6.5]13.396 0.1088 13 26.793
0.2341 T 114.427 0,0999 14 28.854
0.2135 75115457 0.0923 15 30.915 -

The above data are given graphically in Figure 86.
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APPENDIX C -

Oxygen Determination by the Winklér Method

The dissolved o:xygen content of water was determined by the
Vinkler method es described in B.S. 1427;1949™'7, The method snd quantities
described in.B.S. 1427 ere suitable for oxygen contents up to 10 parts
per million (p.p.m.) in water. It waé'fbynd:thgt the method required
modification to deal with "Cellofas B" solutions snd with oxygen
concentrations up t& £0 p.p.ﬁ.
(1)  Theory of the Winkler Method |

The water ssmple is collected in & special bottle and kept from
direct centzet with air, A gufficlent quantity of msngenous sulphate
solution is added to the sample followed by sqlutions of potassiunm. iedi@g
end potaszsium hydroxide. The mznganous kydroxide formed,reacts
quantifatively.with the dissolved oxygen precipitating brown mangani¢
hydroxide. Excess sulphuric scid is then a&ded where—upoh the menganie
valency state réierts to the stable manganous, sxidiaing iogide on to
iodine. The iodine i3 titreted sgainst standard sodium thiosulphate
solution, |
(1) B.S. 1427 Method |

A 250 cc,sample of the water 1s tested for interfering substances ‘
by ecid penmanganate'solution. No inﬂerfering substances were found in
the water used in these tests. . | |

A 550 cc ssmple of the water is collected in & sample flask (ses

Figure 8). 1 cc of menganous sulphate solution (480 g per litre) is

added to the funnel and e¢arefully run into the flask. The funnel is rinsed
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and the flask shaken. 3 éc of alkaline potassium iodide solution

(7bO~g potassium hydroxide and 150'g'potassium icdids per litre) is then
added end the flask shsken and left for 2 minutes. 3 cc of sulphuric
acid solution (500 ce concentrated'sulphuric acid per litre) are added
and the flask ghaken till the precipitate dissolves.

The solution cen now be exposed to air and duplicate 200 cec
samples titrated agsinst standard N/40 sodium thiosulphate solution
using stesrch as indicator; The sodium thiosplphate soluticn was
standardised égainat standard potessium iodete‘solution.

(iii) HModifications for coneentrations up to 40 p;p.m. 

The high concentrstions of dissolved oxjgen obtalned in the
oxygen degorption tests necessitated the use of larger qﬁahtities of
reagents. The reagents added were ﬁhose given below.,

2 cc mengenous sulpbate solution, (480 g per litre),
1 ce potassium ilodide solution, (500 g per litre),

5 ce alkaline pdtassium iodide solution (700 g potassium hydroxide and
150 g potessium iodide per litre),

5 ecc sulphuric acid solution (500 ce cone sulphurie acid per litre).

The final titratione were done as in (ii)
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(iv) Modifieations in the prezence of "Cellofas B®

In the Winkler method the final titretion is done in ecid solution.
In gecld soluticns "Cellofas B" appears vo cetalyse the reactioﬁ,

O, + 217 +HQ =» I, + 200

Thus cxygen dissolving in the solupion‘dgring titiation oxldises
- lodide to iodine. This reaction does not take plece in alkaline solution
~ but in such solutions the iodine tends to complex with potéssium icdide
and the tiiration is inaccurate. Verious methods of overcomiﬁé this
difficulty were tried-including precipitation of the "Cellofas B and
chielding ths solution frem the etmosphere., It wﬁé decided that the
best method is to do the titration at a pH of 8, in a bufferred solution
of sodium bicarbonate having préviously pertially neutrslised the
- polutien with potassium hydrc:ide end s&ﬁium carbonste.

'The modified reagents were added in the order given belcw.
2 ec of mangznous sulphate solution (480 g per litre)
1 cc of potassium iodide golution (500 g per litre)

5 e¢c of alkaline potessium icdide solvtion (400 g pbtassium hydroxide
and 400 g potassium iodide per litre)

5 cc of sulphuric ecid solution (300 cc cone. sulphuric acid'pér'litre)
1 cc of saturated potessium hydroxide solution (810 g per litre)

5 ec of zaturated sodium carbonate solution (200 g per litre)

5 cc of seturated sodium bicarbonate solution (100 g per litre)

The final titretions were done as in Section (ii).
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APPE?-.’DIX’ D

The Properties of Solutions of"Cellofae‘B’(Medium Grede) in Vater

Cellofas B the scdium salt of carboxj méthyl celluloze is an
I.C.I. product used rainly in the paper industry and which is availzble
in four viscosity grades, "Low", "Medium", "High" end MExtra Hight Viscosity.
To obtain a 100 ¢P solution in water the concéntrétigns reguired are,:zg,“' |
1.5%, 0.6% and 0.2% respectively. The "Medium" viscosity grade was
used in this"work, end since little relisble dgta were available on thz
physical properties of "Cellofzs BY .solutions the followihg propertiss
vere studie@. | | | |
(1) Density of céllbfes B solutions in Water.

The densitj of Cellefss B solutions varies linearly with
.concentration up to a 1% solution. A 14 soluti§n et 15°C has a density
of 1.60356, (wvater 13 0.99862), an increase of d.5%. The dat# arc chown
graphically in Figure 87.
(11) Lowering of Vapour Pressure

Thia effect; of importence, in humidification tests, was gxamined
by mezsuring the freezing point depression of 0.1% end 1.0% solutibna.
The respéctive depressions wers 0,093 % and 0.135 % whieh cbrreapond
to a lowering in water vapour pressure’of 0.09% and 0,1%3%. This e;fect is
thusvso small as to be negligible,
(111) Viscosity |
| A graphvof visccsiiy againct concentraticn is given in Figure 87.
Viscosities were determined by standard Ostwald viscometers at 15°C in

a thermostatic tank using the procedurs deserited in E.S. 188(1957)120”
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(iv) Oxygen Solubility
" The solubility data of oxygen in water were obtained from

114 |1t no dsta wero availeble on the golubility

International Critical Tables
of oxygen in solutions of”Cellofas Br A khowledge of the solubility of
oxygen in these solutlons was necegsary for both #he oxygen desorption
efficiency ceterminations and the cxygen diffuaivity méasurenents. Some
tests were done, bubbling humidified air through'CellofasrB“sdlutions.
under thermostatic conditions and these tests reveﬁled no difference in
oxygen solubility between water and'bellofas’B“solutions of 0.6%
concentration, (18 cP) '

It was declded that more accurste deterﬁiﬁations could be made
u3sing purc ciygen instead of air, the dissolved oxygen concentretiona
being higher than for air. Humidified oxygen was paésed through de-cerated
vater and 0.6% solutions of 'Cellefas' B for 24 hours at 20°C, The
golutions wers snelysed for d%ssclved oxygen by the Winkler method anad
no significant difference in dissolved oxygen éonceniration wes found.

This procedurs of tresting samples of uater and”Cellofas B'solutions
under identicel conditions is advisable since the effect of éhanging
atmospheric pressure on the system can be neglected. | |

lIt can be concluded, therefore, that the solubility of oxygen
in"Cellofss B"solutions is not detectably different from the solubility

in water.
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(v) Oxygén Diffusivity

| As discussed in Section 2;6, 1t was &ecided'to'deﬁefminé the
diffusivity of oxygeﬁ-in Cellcfasz B solﬁtibns using thekﬁethq@iof
Davidson end Cullen620 | |
(a)  Theory | | o

" From a consideretion of the fluid mechanics of flow over a sphere

of radius R it can be shown thst it is équivalent, in‘gas absofpéion, to
a cylindrical wetted wall of height 1.68 R, The solup;oha py’Pigford124
and Vyazevovlzs of.the-abaorpticn equations for a ¢ylindrical wefted
wall ere used. fwo solutions are possible, the simpler being'aﬁplicablé
when the outlet liquid concéntraticn is less then 40% of the s;turaticn
value, the other being applicable at greater approesches tp‘gatﬁrationn

The equations are given below.

(1) For outlet concentrations less than 403 saturation

Gy = (12x 1.68)+/2 (2mﬁ/3;a)1/6(55)1/2 Ld1/3 37/6(6‘@ -€) (658)

(11) For cutlet concentrations greater than 40% saturation

G

a L

d(ﬁe - El) (1 -0.786 e%p (-3.4148) - 0.100 exp (526.21£9
- 1035 exp (=70.43p) - 0,018 exp(-136.58))

vhere B = 2 x 1.68 (&K Y3 .ﬁGR'%' S o o
:p = = (39) T3 - (6510)
Gy = corrected gas absorption:rate (g;/seé.)‘.
g = acceleraticn due to gravity (cm/sec.z).
~ = kinematic viscosity of the liquid (cmg/sec.)
ﬁG = diffusivity of gas (cm?/sec.)
Ly = liquid flow rate (cm}/sec.)
R =

vadius of sphers {em)
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saturation concentration of the gas (gmfc:B)

QY
[] i

inlet concentration of the gas (gﬁ/cmB)__‘

(b) - Appsratus
| Drawings of the apparatus are given in Figure 88.»

A controlled flow of oxygen-free water was pasged over the surface
of a 1.498 inch diameter sphere (table-tennis ball) mounted vertically
cn'@ 1/8 inch diemeter stsinleas stoel rod.in & Percpex absorption chamber.
Oxygen wac fed to the chamber st a rate exactly aﬁffiqient to maintain
the pressure in the chamber constant, oxygen input Seiﬁg balanced by
ebaorption, '

The absorption chembsr was thermostaticallycontrolled et 20°c.
Water flowed into the top of the chamber past a thermomefar(to.lpc) and
through the distributer bléck which g1so served to aiign the rod. The
sphere was nounted 3 cn from the base of the distributor block and 1.5
cm. - obove the level of the water in the take-off tube. This level was.
‘reintainsd by a constant lsvel device. Oxygen-fres water was'obtained
by repsatedly spraying hot water intd & vecuum, It w;s stored in an
overhead tenk, a plestic sheet floéting on the surfece preventing
absorptioﬁ of oxygen from the atmosphere. The Qater was metered by a
"Rotameter" reading to 20 litres per hour and passed through copper coi}s
irmersed in e thermostatic bath béfore cntering the ebsorption chambar, .

Oxygen from a cylinder passed through rggulating valves, a soap
film meter and a copper tube packed‘with copper gauze, td bring the

tenperature to EOQC,tefore cntering the ebaorption charber. An inclined
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concmeter indlcated the pressure ingide the chamber and en cutlet top

was provided fqr purging the chamber of nitrogsn,

(¢) Ex erimantalvProcedurek
The thermostati¢'bax;containing the absorption chember, and tie
tenk cbntaining the water-temperature controlling colls were adjusted to
20°C and maintained at thet temperature. By passing a current of oxygen
through the absorﬁticn chember any traces 6f-n1trogen wers removed.
Yeter flow over the ophesre was started end adjusted to the required
raete, care being iaken to ascertain that the whole sghere was wett.ed°
Tha water level in thé,takaeoff tube vas adjusted to the rgquired height.
Oxyeen vas passed ihtavtha chambar end its rate adjusted by trial
and error till the pressurs insideithe chamber, as indicated on the
inclined m2nometar, renained constanto When pteady conditions had been
&*hieved tha cxygen flowrate was meegured by the goap film meter. 7The
ba1ometric preasurs was noted,
Winkler exygen enclyces wsré'done oﬁ the inlst vater before and
artur the test run.

A specimen ealculetion is given in Part (e) of this Appendix.

(@) Rszults and Ccnclp:ions
| Fifty two determinstions of the absorption rate of oxygen in
'Cellbfag B':oluticné,of viscositiez renging frea 1 to 16 cP, wore done
using the apraratus and procedufs déacribe& eaflier. _
To compare‘the sbsorption rate end determiné the effect of

"Collofas B"concentration on the oxygen diffusivity two corrections were
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rode to tho obzeorved ab:orption'rato.'
(1) The absorpticn rata was corrected to an oxygen partial pressurs
of 760 mn Hg, thus eliminating any variation due to etmospheric pressure,
(11) The ab;orption rzto 1o inversoly proportional to the cixth reot
of the liquid kinematic viscosity because of the effect of viscesity cn
the flow over the esphere. Each absorption rate was thus multiplied by
tha slxth root of the viscesity to correct all absorption retes to that
at 1 ¢S, : , | |

Thz tests in pert (iv).of’this Appendix showodlthat the‘solubiliﬁ&
cf oxﬁgen in Qellefas B soiution of tbe concentretions under discussion
is constent end equel to the éolﬁbility 1n wator. Sources of varistion
in sbsorption rate due to pressure, fluid dynamlca and solubility hava
therefore been removed &nd any remaining variation in ebsorption rete
must be attributable to e change in diffusivity. . |

The rosultent dsta are shovn in Figure 89, cech viscosity being
denoted by & different symbol. The line drawn through the data is the
beat line for water. Deviations in absorption rate Qere measured for
each peint ond summad for eoch viscosity level &nd for the whole series,
The deviations were sumned both by teking the sign of the devietion into
account and by nsglesting tho sign. Th2 nesn devieticno were deduced

and are presented in the tsble below,
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Vigcosity . - Number - Mean deviation Mean deviation
lavel of tosts ._"including sign® dexcluding sizn®
le.8 14 - +0.000x1070 g/mes.  0.043x1070 g/sec.
2¢8 . 10 - 0126 0172 "
4 .8 7 - 0.065 " 0148
8 cus 1 - -0008 *  oam n
16 ¢.8 10 Csoam ot o249

Total s © dow0z v . o0.49

Consideration of Figure 89 end of the above table showsthat the
cxperimental accurzcy is poor, the mean error being ebout 123. Davidson.
‘and Cullén ¢laim an sccuracy of 1‘5% for the method, but their epparzius
and proce&uréhﬁera nore refined. The protable reasons for ths differsnce
in accurac;~ére listed below; _ |
(a) Thoe de-sersted water in this work had an air content of 4 PeP..
which was found to be constent since ell thé déoaerated water was ﬁrepared
under identical conditions. Davidson'@nd‘Cﬁlieg used water with en air
‘content of abou£ 0.5 p.p.m. The efféct'of using the water with 4 p.p.n.
of alr is thet the diésoived nitrogen desorbs into the pure oxygen
otmoaphere snd tends to reduce thé partial pressure of the oxygen
especially in the vieinity of the intérfécé. This was partly ob;iateé
by ﬁurging botween tests. -

(b) Great difficulty was experienced in céntrolling the oxygen flov at
such low flow ratecs, i.e. 0.01 ec/sec.

(e) . Occasionally a dry spot formsd on the sphere and this was difficult
to dotzet.
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"Although the deta ere fairly scattered they are sufficiently
accurzte to permit'the conclusioﬁ to be drawn that the addition of
"Cellofas B‘to water ha3 a negligible effsct on oxygen‘diffusivity within
the range of concentretions used. Certainlﬁ‘itfis very'unlikeiy that
.the diffusivity changes by more than 10%. To have obtained data of
aecurscy equivalent to that of Davidson and Cullen it would heve been
necessary to spgnd e conéiderable length of time on the tests and it
uas felt that this was not justified.

It nay be at first surprising thét é sixteen fold change in
viscosity producas no detectable change in diffusivity, ‘since these two
properties are normally closely related. The_diffusion.characteristica of
dissolved materiel in liquids of high viscosity due to & ’gelling“ agent
are, however, quite different from the ch&racterlstics in a liquid of
naturally high viscosity such &5 a heavy oil. Stiles and Adau}26
observed that the diffusivity of elpctrolyte.in a 2% gel of gelatin in
w;ter ic only 4% lecso than the diffﬁsivity in.water. Sinca"Cellofes B
is a viacoaity-incrcasing’agent_bf the same type es gelatin, the
independence of the diffusivity f:om viscosity is not really surprising.

Surmarising the conelusicns f:om thinlwqu, it hap been shown
that the diffusivity of oxygen in sﬁlutions st"bellofﬁs B"up to a viscosity
of 16 ¢.S mey be tzken os constant and equai to the diffusivity in water.
Thisz is in eccord with other obscrvati&ns of diffusion in "gelled¥ liquids.
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_(e) ‘Specimen Calculation
Run Ho.16 4
Run Data - Viscosity of colution ........00000 2.69 c.3
| Baromstric Presgure .ceecvesesceces 759.0 mm Hg
Sczp film mater reading eeececeecse 33.0 cec
Liguid rate sesveesessccincseanaess 1,762 cofsec,
Temperature eesersesessossesensenss 20 °C

Vater vapour precsure ceecesscccsss 17.5 0

Partial pressure of oxygen in absorption cha.mber = 759.0 - 17.5

Volume of soap film meter = 0,2682 ce
«'s Flow rate = 0.2682 8,127 x 1073 cc/sec
33.0

Density of oxygen at 759 mn Heg and 20% = 0.001297 gefce

»'o Mese flow rate oflo,xygen = 1.055 x 10"5 g./sec

.°. bAbsorption rats cenncetsd to 780 B = 1.055 = 107 x 260
741.5

= 1,081 x 1077 g./8eC,
L |
Viccosity 9 = 2.09 e.S Ce Y = 133

'« Absorption rate corrected to 1 ¢.8 = 1,131 x 1,081 x 11.0"5

1,222 = 1072 g./ese.
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APPRIDIX &
[fzsimem Preotabls Errorc

(1) Humidification Efficiency by Outlet Hygrcmater Mothod

The efficiency is dedueced entirely from tempersture measurements.
All the therczomsters used wers cheékad and fcund to be sccurate to within
0.1 °F. The sum of errors in caiibwatién end errors in reading should
never exceed 0.15 éF. Cenversion of temper raturea to faturatien humiaities
should introduce no additional error as the greph could-be read easily
to 0.05 °F. An error of 0.15 “F 1o equivalent t§ an everage humidity .
crror of 0,33 grainz per 1b on the caturation humidity graph. :Humiditieg
were deduced frqm £he equation.

E o= 0, = 1,72 (Iw - Td) : (2;3)

Error in Hy, = 0.33 gz/lb B

fw end Td = 0.15 of gach = 0.3 °F totél

o*e leximum error = 0,33 + 1.72x0.03 = 0,84 gr/1b

Tha'cfﬁciansy Ey w25 found from the cquaticn H, - 1/He - By

Thus the maximun error in H, - H 1s 0.84 + 0,33 = 1.17 gr/1b
| or 53
Sinco II1 appezrg in the numerator and denominstor,and the error.
in it ects in the sams direction in both, the errors can not bz addod in
the usual menner sinco thia weuld indicate en overgensitivity of EMV cn Hl'
Tha error in & group cf the forz A +4/B +A where the error "A" is

added or subtractesd in both numerator and donominator can be shown to bo

A(B - 4)/B
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| The error in A is the error in H, 1.c. 0.8 ‘gr/1b while the error
in B ia the error in He l.e¢ 0,33 gr/lb. . The totel error in the ratio
A/B ip thus o .
0.84/A + 0.33/B + 0.84 (B - A)B° gr/1b
Teking typical values of & and B as 27 and 30 respectively the
total maximum protzble error 1e '
031 + 011 + 0,003 = .045 or 4.5%
. Since the number of spufcea of error is 6 the probable.error will

b2 approzizately 4.5/[6 = 1.9%.



(11) Huntdificstion Efficiency by Solution Evaporation

The meesured quentities which contribute an érrqr to the

'dfficiancy are listed balow with the maximrs probable crror in measursment.

Welght of Solution (about 50 1b.)

Titrations
Gas réte

Temperatures

I .051b. 0.5
(about 3n'c¢) toa ce 0.3%
o L 4
2 0a5%F

' The error in the gas rate is a 2% tolerance in the orifice plats

(B.S.1042) and a 1% error in the squsre root of the pressure differentiel.
o +C
Wy Gy - ¥, C%/Cl 2
2

1500 T 6.0 - 1400 £ 5.6/20 T 01

Entrainment ==

4

Ll
™

Thus owing to the nature of the subtraction Wy Cl - ¥

10 ¥

11.6/20 + 0.3%

3% 11.9%

2 02 the

maxioun prebable in the entrainzent i3 approximately 12%.

Evaporation =

20 1b.
17 1b

+

+

Assuming that time is measured

0.10 1b. - 31b I 0,36 1b.
0.46 1b, or 2,7%

exactly and that the ges rate is accurate

t0 3% then the incresse in humidity calculated by dividing the evaporetion

by the gos rate has & maxirwm prokzble error of 5.7%

Hy - Hy hss been shown (Section (1)) to be accurate to 54

Tho total rarimun probable error is thus 10.73.

Since there are 9 sources of error, the probable error is

approxirately

10.7/ [§



(111) Oxygen Desorption Efflciency

The equsticn used to calculata EML given below contains two terms
(x1 end X ) deduced from titrations and one (x ) deduced £rom temperature
end pressure ncasurexn 3ntso ' .

By = (4 =X/ - X

The errora in Xi and xz‘aretderived from :-

Titration error, .O3iccuin 10 cc to 0.1 ec in 40 ce, i.e. 0.3%,

standard solution norrality error - not more than 0.14,

errors in'measuring solution volumes and introducing dissolved

oxygen 1n reagenta, - less than O. 5%. |

Thuz the total error in Xl or X will be 0.3 + o. l1+0.,5 = 0.9%

2

This is equivalent to .36 p.p.n. in an xl of 40 p.p.m.

The accuracy of temperatura measurement is greater than 0.1 %
which corresponds to & change in Henfy's Law Constant of 0.22% The
barometric pressure end water vapour pressure were kpown to 0.1 mm Hg
in ?66 mm Hg i.e, 0,013%. Thus the maximua error in X is 0.24% or
024 p.p.m. in 10 p.p.m.

Again the occurrence of ﬁl in both numerator and denominator gives
fise to the use of the relationship used in Section (1).

The total errcr in EML-ia thus 0,908 + 0.24%'+ .36(B - A)/82
taking typical values of A and B ac 27 and 30 p.p.n. the total error is

0.90 + 0,24 +0.0012 = L.153. | |
There are 5 main sources of error thus the probahle error will be

- approximately 1,15/ ﬁ = 0.52%.
It ehould be noted that no allowance has been made for unrepresentative
sampling, since this error is almost impossible to estimate.



TAEULATED RESULTS.
e it AR b ey

(1) Humidification Tests using the Solution Evaporation Method; (30 inch plate)

Test No Weter Air Humiditiea m Efficy. Entrain-
rets rate  inlet cutlet eguil cant
L, &, K 4 H, BEn®  13/1000 1b...

Al 1000 307 52.1 76.8 82.3 81.7 0.522
A2 1000 217 56,7 82.0 85.8  B87.0 0.285
A3 1000 124 55.8 B0.3 8l.2 96,2 0.025
Ad 500 312 51e5 T5.6 80.6 83.0 0.466
A5 500 217 58.0 T9.8 84.3 82.9 0.353
A6 500 122 57.5 8l.1 84,1 88,5 - 0,060
AT 200 314 50,2 T79.9 89,4 T5.6 0.417
A8 200 215 53.7 82.1 88.1 82.6  0.209
A9 200 126 49.5 83.9 60,3 84.4 0,184
AlO 100 315 479 T9.T 90,7 T4.3 0.603
All 100 214 51.4 T9.2 8T.4 ey 0. 300
A12 100 126 53,2 81.5 86.1 85.9 0.148

(11) Hunidification Tests using the Outlet Poychremster Mothed, (30 inch plate)

Teat No Water Air Humiditiss Effoy NTUG '
rete  rate inlet outlet equl™ , o K.a
L, G B n, ® 0wt % ;

[ 2]
Bl 1000 313 5702 7600 8005 8008 ' 1065 6870
B2 1000 302 6l.1 78,3 82,3 80,9 1.66 €570
B3 1000 277 56.4 T4.8 78,7 82,7 1.75 €450
B4 1000 244 58,4 78.1 81.8 84.1 1.84 5970
B5 1000 212 " 57.9 77,1 ©80.3 86.2 1.98 5580
B6 1000 183 53,7 83.4 87.1 88.9 2,20 5350
BT 1000 154 47.4 78.0 8l.4 89,7 2.2T 4650
B8 1000 132 44,0 72,3 T5.2 90,5 2.35 4130
B9 1000 108 51l.6 83.0 85.9 91,7 2,49 3580
Rl0 1000 104 42.0 73.5 T6.0 92.7 2.62 3620
B11 1000 92 41.8 T4.0 T6.4 93.1 2.67 270
B12 1000 85 42,4 T4.6 TT.1 92,7 2.62 2980
Bl13 1000 75 42,7 75.3 T7.6 93.3 2,70 2690
Bl4 1000 61 42,6 76,0 T78.3 93.5 2.73 710
B15 1000 58 41,9 T75.9 T8.5 92,9 2.64 2040

B16 500 315 52,4 72,7 18.3 178.3 1.53 6410
B17 500 300 S51l.1  T2.1  77.8 78,5 1.54 6140
B18 500 269 54.2 T76.1 80.1 £0.5 1.63 5830

B19 500 246 58,5 77.6 81.9 B81.5 1.69 5530
B20 500 213 57.2 T77.4 81,3 83.7 1.81 5130
B2l 500 185 53,1 B82.0 86.6 86,5 2.00 4920
B22 500 156 48.1 77.4 8l.5 87.9 2.12 4400
B23 500 132 44.4 T2.7 6.2 89.1 2,22 3870
B24 500 108 51.4 82,9 86.5 B89.7 2,27 3260

B25 500 105 48.4 69.1 Tl.6 89,3 2.23 3110
B26 500 94 49.4 T0.4 12,9 89.4 2.24 2800
B27 500 85 51.6 Tl.8 T74.3 89.1 2,2 2510
B28 500 73 52.8 73.1 75.9 88.1 2,13 2070
B29 500 €3 53.3 750 77.3 88,7 2.18 1820



(i1) continued.

Test No LM ' Gﬂ H1 H2 He EMV
B30 200 319 6l.5 77.2 82,1 76.2
B3l 200 302 6l.1 76,5 8l.1 76.9
B32 200 285 59.1 74,1 78.6 76,7
B33 200 263 59.2 T73.5 774 78¢5
B34 200 247 58.5 T77.4 82,0 80.5
B3 200 215 55.3 755 80.3 081.0
335 200 - 187 5?09 80:5 85a9 8305
B37T 200 - 158 47.9 76,3 81.5 84,7
B38 200 133 449 13.6 78,6 85.3
Bl 200 110 5l1l.2 82,8 87,5 87.2
B4O 200 106 60.9 8B3.8 86,9 87,8
B4l 200 97 59.7 82,5 85.8 87.3
B42 200 80 59.2 81,3 84.5 87.4
B43 100 318 56.1 76.3 83.2 T4.6
B44 100 304 568 T77.1 84.2 T4.0
Ba5 100 271 55,9 T5.6 8Bl.7T 76.2
Ba6 100 248 55.8 75.0 80.8 76.8
B4T 100 215 55.7 75.5 81.0 178.3
B48 100 188 52,3 79.3 86,1 T79.7
B4 100 158 48.3 175.8 82.0 81.8
B50 100 134 45.5 74.0 8B0.1 82.5
B51 100 110 51.,2 83,1 88.0 86.5
BS2 100 104 56.9 78.5 81.8 86.7
353 100 T 98 57.8 7902 8?07 85&8
B54 100 81 %59.2 80.5 83.9 86.1
(i11) Platc pressure drop, froth helght and

LM GM P.D. (ina) FQH.(inB) COL.
100 00 3.08 1,60 0.25
100 250 2.3 1.60 0.27
100 200 1.82 1.60 0.35
100 150 1.58 1,60 0.53
100 100 1.32 1.50 0,68
250 00 3.10 1.70 0.30
250 250 2.35 1.70 0.30
250 200 1,88 1.70 0.37
250 150 1.63 1.70 0,55
250 100 1.42 1.70 0.71
500 300 315 1.80 0.33
500 250 2,38 1.80 0.34
$00 200 1.9? 1.80 0«44
- 500 150 1.70 1,80 0.61
500 100 1.48 1.70 0.73
1000 300 3,22 2,00 0.43
1000 250 2.47 2.00 0.43
1000 200 2.00 2.00 0.53
1000 150 1.79 2,00 0.73
1000 100 1.62 1.90 0.93
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Mo Kga
1.44 6110
1.46 5860
1.46 5530
1.54 5390
1.63 5350
1.66 4750
1.80 4480
1.88 3950
1.92 3400
5,06 3010
2,10 2960
2,06 2660
2,07 2200
1.37 5790
1,35 5460
1.44 5190
l.46 4820
1.53 4380
1,60 4000
1.70 3570
1.74 3100
2,00 2930
2.02 2790
1.95 2500
1.98 2130

clear liquid height(30in.Plats)

H.(mean), (ins)



(iv) Humidification tests using viscous solutions (30in platg)
Viccozity 2¢P

Water
Trate

LH

1000

1000
1000
1000
1000

500
500
500
500
500

200
200
200
<00
200
100
100
100
100
100

Waterx
rate

Ly

1000
1000
1000
1000
1000

500
500
500
500
500

200
200
200
200
200

100
100
100
100
100

Alr
rate

Gy

300
250
200
150
100

300

250
200
150
100

300
350
200
150
100

300
250
200
150
100

Alr

rate

GM

300
250
200
150
100

300
250
200
150
100

300
250
200
150
100

300
250
200
150
100

Toat

nb

g

c2
C3
C4
C5
6
C7
c8
c9
€10

Cil1
C12
€13
Cl4
Cl5

C16
C17
c18
C19
Cc20

Teat
To

Cc41
C42
C43
c44
C45

€46
C47
C48
C49
€50

c51
C52
C53
€54
€55
C56
C57
c58

€59
céo

Em.

N

G

83.3 1.79
85,7 1.94
89,2 2,723
92,8 2.63
94.0 2,81
79.0 1.56
82,5 1.74
87.9 2.11
G0e3 2433
91,6 2.48
77.6 1.50
80.1 1.62
85.6 1.94
B8.9 2.20
89.3 2.23
75.1 1.39
787 1.55
82.2 1.73
85.5 1.93
85.7 1.94

Viscosity
Bv T
91.9 2.51
93,0 2,66
94,6 2.9?
95.9 3.20
98.8 4.42
89.1 2.22
92,7 2,62
93.7 2.76
94,6 2.92
9T.6 3.73
87.6 2.09
90.3 2.33
92.9 2,65
93.4 2,72
04.6 2.92
85.2 1l.91
88.1 2.13
88,8 2,19
91.1 242
91.7 2.49

KGa

1140

6450

2930
5250
3740

6220

5780

5610
4650
3300

6000
9390
5160
4390
2970

5550
5150
4600
3850
2580

8eP
Kéa
10010
8840
1770
6380
5880

8860
8710
7340
5830
4960

8340
1750
7050
5430
3880

7620
7080
5820
4830
3310

Toat
Ho'

cal
ca2
€23

- C24
¢25

c26
c21
c28
C29
€30

Ccil

-C32

€33
€34
€35

36
C37
38
€39
Cc40

Teat
No

cél
c62
Cc63
Cé64
C65

C66
C67
c68
C69
Cc70

cTl
€12
€73
C74
CT15

c76
CT7
c78
c79
c8o

Vicoozity 4cP

Fyy

N

G
88.8 2.19
0.6 2.36
91.3 2.44
93.0 2.66
‘96,1  3.24
‘85.1 1.90
85.9 1.96
905 2635
T 92,7 262
-94.1  2.83
83.0 1.77
88.5 2.16
90.2 232
92:.7 2.62
80.2 1.62
) 8203 1.73
84,2 1.8
87.8 2,10
90.9 2.40
Viscosity
v %
79,7 159
82.9 1.77
87.6 2.09
89.1 2,77
89.1 2.22
78.3 1.53
80_0-3 1.62
82.% 1.74
85.7 1l.94
86.0 1.97
74.6  1.37
7.7 1.50
80,0 1l.61
83.3 1.79
84.9 1.89
72,2 1.78
75.1 1,39
7.1 1,49
80.1 1.66
84.8 1.88

KGa

8740
7850
6490
5310
4310

7580
6520
6250
5230
3760

7060
5780
5750
4630
3480

6450
5750
4890
4150
3190

16¢P

g

6340
5890
5560
4430
2950

6100
5390
4630
3870
2620

5470 .

4990
4280
3570
2510

5110
4620
3930
3310
2500

158



D1
D2
D3
D4
D5
D6
D7
P8

D3y

D10
D11
D12
D13
D14
D15

D16
D17
D8
D19
D20
D21
D22

D23
D24
D25
D26
D27
D28
D29
D30

LM

100
100
1C0
100
100
100
100
100

200
200
200
200
200
200
200

500
500
5C0
500
500
500
5C0

750
150
750
150
750
750
750
750

D31 1000
D32 1000
D33 1000
D34 1000
D35 1000
D36 1000
D37 1000
D38 1000

Gy

310
300
250
200
150
100

76

52

310
300
250
200
150
100

15

315
300
250
2C0
150
100

53

314
300
250
200
150
100

82

50

308
300
250
200
150
100

76

58

irfx%g

X

45,8
1504
43.7
42.2
41.2 °
5.1

T

45.8
43.7 .
42.9
41,0

39.0

3642
%8

38.1
4l.1
3608"
32¢5
25.5
23.8
224

44.8
38.5
41.4
36.8
33.3
30.9
26,0
28.2

38.5
35.7
30.0
29.6
27.6
27.3
22.8
2l.1

47.9 "

S2.8TRE k8 v
X X
2 e
10.9 9.7
'11.0 9.7
11,2 9.6
11.0 95
' 10.8 904
10.8 9.3
1006 9.2
10.9 9.2
.11.5 10,0
11.7 10.0
11,5 10.0
11.5 9.9
11,2 9.8
11.3 = 9.7
12.0 9.6
11.6 10.1
11.4 10.2
11.8 10,2
11.8 10.?
11.T 10.0
12.3 9.9
13.0 9.8
12,3 10.2
12,0 10,2
12,4 10,1
12,2 9.9
12.3 9.9
13.8 908
13.5 9.6
15.1 9.1
11.4 9.9
11.5 9.9
12.0 9.8
12.5 9.6
12.2 9.5
13.6 9.4
13.3 9.3
13.6 9.3

(v) Oxyzen deaorption tests (20 inch plate ).
585t Jagr M%.

Bffi CYe NTU
LML “Ni
96,8 4,35
96,2 . 4.15
95.4 3,80
95.6 3,88
95.7 3.91
95.5 3.90
95.4 3.87
94.1 3.53
96.1 4.04
95.0 3.68
95.4 3.T2
94.8 3.50
95:3 3465
94,0 335
90,7 2.79
94.7 3,61
96.1 4,01
94.0 3.29
93.0 3.01
89.0 2.44
82.5 1.93
T4.4 1.50
93.9 3,38
93,8 3.30
92.6 . 2.94
91.6 2.75
8%.4 2.46
80.86 1.8
T76.7 1.59
T0.7T 1.33
94.7 3.48
93.7 3.22
88,9 2.42
85.6 2.10
84.9 2.04
76.5 1.55
70.3 1.3
63.2

1.06

K .

6.97
6.64

6.08 "
6.22" .

6.26.
6.25.
6.20

p 55”

12,9 -
11.8

11,9
11.2
11.7

10.7,ﬂ

8-94

28.9
32,1

26.4 ..
2401-:
195
15.5.

12.0

40.6
39.7
353
33.0
29.6
21.7
19.1
16.0

55.8
51.6
38.8
33.6
32.7
24.8
21.0
17.0

159
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(vi) Oxygea desorptica tests using viscous soluticns (30 inch plate)

ater
rato
Ly
1000
10060
1000
1000

500
500

500
500

200
200
200
200

100
100
100
100

Vater
roate

LH

1000
1000
1000
1000

500
500
500
500

200
200
200
200

100
100
100
100

225

Air

rate
GM

300
225
150
15

300
225
150

15

300

150
15
300
225
150
15

AMr
rate

M

225
150
5

300
225
150

75

300
225
150

15

225
150
75

‘Tost
Yo

El
E2
E3
E4
E5
E6

E7
E8

£9

E10
E1l
E12

El3
£l4
E15
E16

Tost
Ho

E33

E35
L36

E37
£38
E39
E40

E4L
E42
E43
£44
E45
E46
E4T
£48

Visooelty 20P

B,

N

L

06,2 4.08
95.1 3.63
93,9 3.356
83.0 2,03
97.6 4.86
97.9  4.97
92.2 3.03
89,8 2,73
99:1  5.55
99,1 5.60
99.2 5.71
95.3 3.90
99.1 6.70
99,2 6.83
g8.8 6,02
98.% 5.82

Visoosity
B %
88.8 2,97
83.4 2.51
89,0 2.56
1.8 2.07
93.4 3.4
92.4 3.13
90.3 2.83
75.1 1.56
97.7 5.00
98.1 5.25
97.9 5.04
95.0 3.74
98.5 5.90
08.9 6,10
98.2 5.35
97.6 4.90

Kia

65.4
56,6
53.8
3265

38.9
39.8
2443
21.9

17.8
17.9
18.3
12.5

10,7
10.9
9.64
9.32

BOP
Kia
41,2

40,2
41.0

33.2

26.7
25,1
22,7
12.5
16.0
16.8
16,2
12,0
9¢45
9.87
8.57
7.85

Test
* No

E17

E18

(E19

E20
E21

' E22

EZ3
E24

- E25

E26
E?7
E28
E29
E30
E3l
E32

Tost
Yo

E49
E50
E51
£52

153

¥54 .

E55
ES6
L57

758
E59

E60

E61
E62
E63
Fé64

Visconity 4cP

EML,
95+7

96,8

94.6
79.7

97.9
97.4
96.4
S0.3

98,7
98.2
98,3
95.7

99.0
99.0
93.0
97.9

L

L

3.90
4,26
3.52
1.80

.07
4.66
4,10
2078

5.91

. 5038

2+45
3.99
6.35
6.20
6033

2015

Kia

62,5
68.2
56.4

28,8

40.6

373

32,8
2.3

18,9
17.2
17.5
12.8

10.2
993
10.1
8.25

ViucoaitylléoP

B,
83.9
84.8

8345
€9.2

87.9
89.9
8645
1.1

9542
9548
94.8
86.0

97.8
97.8
96.1
959

,

2.09
2023
2.02
1.27

2449
2472
2,18
1.34
3,87
4.06

2429

5.16
5.00
4.04
4405

KLa

33.5
357
3204
2044

20.0
21.8
17.5
10.7

1204 '

13.0

11.0.

T34

8.26
8.01
6.48
6.49



181
(vii) Recidence time, hold-up and mixing tests (30 inch plate)

VWater Air : .
rate rate Resid. Ldggid Variancepeclet gggy ﬁiia Air.d
Test time  holdup No | fty.holdup resid.time

Ho L, G tn gll. O Pe D 10° £t> + (sec)
FI 100 300 34,1 0,464 0.320 11.60 183 0,329 0,061
F2 100 250 32,8 0.446 0.304 11,97 184 0.331 0.073
F3 100 200 33.8 '0.461 0.300 12.08 177 0.329. 0.091
F4 100 150 43.8 0.597 0,334 11.25 147 0,207 0.113
F5 100 100 40.0 0,544 0.362 10.72 169 0.279 = 0.154
F6 100 75 4l.4 0.564 0.349 10,97 159 - -
FI 250 300 17.4 0.594 0.285 12,54 33

F8 250 250 16.8 0.574 0.275 12.87 335

F9 250 200 16.0 0.546 0.298 12,13 372

FIO 750 150 16.9 0.579 0.200 16.25 263

F11 250 100 18,5 0.632 0.265 13.21 296

FI2 250 75 26,4 0.901 0.321 11,55 237 |

F13 500 300 10.2  0.694 0,283 12,62 561 0,366 - 0.067
F14 500 250  9a4 0.639 0.200 16,25 473 0.375 0.083
FI5 500 200 9.1 0.622 0.164 19.03 415 0.377 0.104
F1I6 500 150 9.7 0.661 0.142 21,43 348 0.371 0.137
FIT 500 100 13.3 0.905 0.198 16.36 332 0.295 0.163
F18 500 75 14.6 0.993 0.746 13.93 356 - -
F1I9 750 300 7.8 0.795 0.254 13.62 680

F20 50 250 6.6 0.672 0.153 20.13 544

F21 750 200 T.4 0.752 0,185 17.31 564

F22 750 150 8,0 0.816 0.125 23.75 381

F23 750 100 11,5 1.180 0.223 14.98 419

F24 50 75 13.2 1.350 0.222 15.05 364

F25 1000 300 6.1 0.824 0,205 15.98 T4L 0.418 0.0717
F26 1000 250 5.9 0,805 0.134 22,48 541 0.421 0,093
F27 1000 200 6.1 0.824 0,148 20,61 575 0.4.8 0.215
F28 1000 150 6.6 0,902 0.117 25.11 436 0.405 0.149
F29 1000 100 9.6 1,302 0,180 17.66 426 0.304 0.168
CF30 1000 75 10,2 1.394 0,204 16,03 442 = -
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(viii) Reeidence time tests using viscous solutions (30 inch plate)
Test VWater Alr Resid, Liquid Variance . Eddy 5
No  rpte rate time holdup o> Ps: diffusivity(DE-ft /sec)

Gl 100 300 32,6 0c444 0,377 10.43 0.00212

G2 100 200 34.8 0.374 0,303 12,01 0.00173

G3 100 100 43.6 0.5¢4 0.351 10,75 - 0.70154

G4 250 300 19,1 0.650 0.337 11l.20 0.00337

G5 250 200 17.4 0.593 0.323 11,52 @ 0.003€0 Viscosity
66 250 100 3.2 1.063 0,319 - 11,61 0,00199 2cP
G7 500 300 10,3 0.704 0.324 11.5 0.00610

68 500 200 11.6 (.791 0.209 11,86 0.00525

G9 500 100 19.6 1.331 0.354 10.88 0.00339

Gl0 1000 300 .6.26 0.852 0,302 12,02 0.00960

Gll 1000 200 6447 ©0.881 0.270 13,04 0.00856

612 1000 100 1l.4 1.548 0.321 11,56 0.00549

Gl3 100 300 38.1 04518 00335 11,26 0,00163

Gld 100 200 387 04527 0,303 12,00 0.00156

Gl15 100 100 42.0 0.571 0.328 11,40 0.00151

Gl16 250 300 19.4 0.661 0.354 10.88 0.00342

Gl7 250 200 1B8.5 0.632 0.272 12.98 0.00301 Viscosity
Gi8 250 100 3.4 1.172 0.300 12,07 0.00174 4¢P
C19 500 300 10,8 0.737 0,315 11.71 0.00571

G20 500 200 12,5 0.854 0.289 12,42 0.00465

G21 500 100 22.4 1,526 0,255 12.21 0.00264

22 1000 300 6.74 0.917 0.310 11.85 0.00905

G23 1000 200 6.47 0.880 0.251 13.74 0,00812

G24 1000 100 13,9 1.890 0.301 12.05 0.00432

G25 100 300 40.6 0,552 0.429 9,62 0.00185
26 100 200 43.6 0,593 0.286 12.52 0.00132
G27 100 100 41.8 0,569 0.340 11.15 0.00155
Ge8 250 300 25,5 0,871 0.325 11.47 0.00247
G29 250 200 27.0 0.97 0.326 11.45 0,00234 Viscosity
G30 250 100 3643 1.239 0.324 11.50 0,00173 .8¢cP
G31 500 300 12.0 0.814 0.290 10.18 0.00591
632 500 200 13.0 0,881 0.294 12.27 0.00453
G33 500 100 25.1 1 305 0.323 11.52 0.00250
G34 1000 300 8.46 1,151 0.341 .12.14 000767
G3% 1000 200 7.10 0.966 0.311 11,81 0.00861
.036 1000 100 14.3 1.940 0.249 13.82 0.00366

637 100 300 43.9 0,598 00423 9.75 0.00169

G38 100 200 45.8 0.623 0.314 11,80 0.00134

G39 100 100 57.5 0.783 0.325 11.47 0.00110

C40 250 300 26.8 0.915 0.365 10.47 0,00257

G4l 250 200 28,8 0,984 0.371 10,57 0.00237 Viccoaity
G42 250 100 32.9 1.124 0.313 11,76 0.00187 160P
043 500 300 13.7 00933 00335 11.25 0,00469

C44 500 200 13.5 04919 0.287 12.49 0.00428

G45 SO0 100 24.0 1.630 0.207 15.87 0.,00190

G46 1000 300 T.44 1.012 0.242 12,37 0.,00788

C47 1000 200 T.05 0.959 00233 14.46 0.00709

G48 1000 100 13.3 1.808 0,737 14.75 0.00081



(ix) Humidificatica tests with varying welr height (slot areca 4.25%),

Water Alr
rate rate
By %y
100 300
100 250
100 200
10 150
100 100
250 300
250 250
50 200
250 150
25 100
500 300
500 250
500 200
500 150
500 100
1000 300
1000 250
1000 200
1000 150
1000 100

Humidn.Press. Froth Clear

(30 inch plate).

Humidn.Press. Froth Clear

effic’ drop ht. 1q.ht. efficY.drop ht. 1lq.ht.
Eyyy (4ns) (ins) (ims) By (4ns) (1ns) (4ina)
750 3,17 1.9 037 [ 764 335 24 0.5
791 2.50 3.9 0041 [80e3 2465 2.4 0655
80.4 2.09 2.0 0.49 |81.5 2.08 2,5 0.68
83.0 1.89 2.2 0.83 84,0 2,06 2.7 0.97
84.2 1.8 2.2 1.18 |82.5 2,20 2.8 1.5
78-4 3015 2.0 0'43 8‘008 . 3032 ?07 0061
82.4 2.56 2.0 0046 82.0 “ 2060' 2-7 0066
82,0 2.14 2.2 0.55 |84.5 2.27 2.7 0.80
8501 20'02 203 0095 8707 2018 208 1015
88,8 1.99 2.4 1.28 |91.7 2,96 2.9 1,63
85.4 3.20 903 0053'. 85.5 3040 208 0¢71
86,0 2,65 2.3 0.54 |87.0 2,75 2.8 0.72
8703 2015 203 0061' 9000 ?038 208 0990
88.7 2,10 2.5 1.00 |91.0 2.33 3.0 1.29
92,1 2,02 2.5 1.33 |92,7 2,30 3.1 1.69
88e1 3.25 206 0a66 9305 3o45 300 0.89
90.5 2.70 2.6 0.70 |92.4 2,86 3.0 0,95
90.4 2,28 2.7 0.81 |92.0 2.52 3.1 1.1l
92,0 2415 207 Lel3 | 940 247 3.2 145
‘94.0 2,05 2.7 1.317 ’193.8 2443 3.3 | 1»71'

Weir Haight 105 ins,

¥elr Helght 2.0 ins.

Dry plate prescure drop with varying slot area

Mr rate Slot area Slot area Slot!area
7.32%

1.55
1,00
0.67
0.40
0.20
0.15

Cy

300
250
200
150
100

(&

4.25%

245
1,70
1.15
0.73
0.35
0.27

94 76%

0.70
0.47
0.30
0.18
0.10
0.07

Pressure drops in
inchee of wnter.
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(1z) Humidificzticn testo with varylng elot arca ard weir height (30 inch plate)
Vater olr VWelr Height 1 in. Wedr Hi.1.5 in. YWsir Ht.2im. .
rave  rate , ' ! ' : ‘
L,. Gy By AP(n) B AP(in) Eror OP(in) -
1¢ 300 62.0 1.90 73.5 2.10 72.0 2,30 .
100 250 64,2 1.52 | T7.1  1.80 T74.9  2.00
1C0 200 | 65.T  1.40 T79.1 1.65 79.8 1,85
1C0 150 | Tl.2 1.20 80.4 1.65 84.6 1.95
100 100 T2+4 1.10 84.7 1.60 90.3 2.00

250 300 | 645 1.98 76,8  2.15 | 9.4  2.40

250 250 | 67.9 1.65 80.0 1.85 82,9  2.10 _

250 200 | T72.8 1.50 81.6 1.80 83,0 2,00 |

250 150 76.6  1.30 84.2  1.75 89,5 2.05 .{sLOT

250° 100 | 81.0 1.18 88.0  1.65 94.1 2.10 AREA
2

1

500’ 300 69t1 905 8102” 2020 8203 '2045 7°3
00 250 73.4 1,70 85.5  2.00 85.5 2,20 I
500 200 77.8  1.50 86.2 1.85 85.5  2.10
5¢0 . 150 82.8  1.40 87.0. 1.80 91.1  2.20
50 100 88,4  1.30 0.6  1.75 94.6  2.20

1000 300. 76.0 2,10 3.0 2035 88.1 2.60
1cC0 250 82.0 1.80 £9.9 2.05 gl1.5 2.40
1000 200 82,9 1.60 0.7 1.55 2.0 2,30
1000 150 8501 1050 9005 1090 9600 2.30
10C0 100 87.3 1.40 93.3 1.80 94.7 2030

Welr Ht. 1 in. Weir Ot l.5in. ¥eir Hi 2in.
by Gy By AP By &OF By OF
lOO 300 6709 . 1515 . 6601 1020 6809 1030
100 250 68.4 1.02 67.2 1.10 "M1.0 1.10
1C0 200 8.0 0.95 69,3 1.00 T2.2 0.95
1CC 150 69.0 1.10 T72.0 1.40 5.7 0.90
1c0 100 6%.7 1.02 17.6 1,40 75.1 0.90

250 300 | 72,0 1.22 73.9 150 | 77.9 1.70
250 250 | T4.5 1.10 75.6  1.35 82.3 1.70
250 200 73.5  1.05 79,0  1.32 80.4  1.75 SLOT
250 150 78.4  1.20 78,2  1.45 85.9 1.75 AREA

250 100 17.8 1110 83.8 1.45 83.8 1.7% 9.76%

500 300 76.0 1,30 79.8 1.60 83.4 1.90
500 250 78.4 1.20 82.2 1.50 85,1 1,90
500 260 77.1 1.15 81.8 1.50 85.1 1.90
500 150 80.7 1.25 86.0 1.50 87.3 1.8

500 100 ! 78.6  1.20 89.6 1,50 85.6  1.90
100 300 | 80.5 1.40 | 857 1.70 | 87.0 2.10
1 250 8l.4 1.3 87.6 1.65 | 88.0 2.05
1000 200 83.5 1. £8.2 1.60 | 89.0 2.00
1000 150 83.8 1.30 ! 90.8 1.60 ' 92.3  1.90
1000 100 86,5 1.25 92.4 1,55 90,0  1.92




(x) 12 inch Euhni plate efficiencies pressure drop and mean clear liquid height.

Test No

O O=~IO0N UNhw O+

Water Alr
LM GM
200 500
200 400
200 300
200 200
200 100
400 500
400 . 400
400 300
400 200
400 100
00 500
600 400
600 300
600 200
600 100
800 500
800 400
800 300
goo 200
800 100
1000 500
1000 400
1000 2300
1000 200
1000 100

Humid®, 0,Des" Pressure Clear
rate rate efficy. efficy. drop

EMV

72-8
73.5
5.0
7547
80.6

T5e1
772
T6.1
177
81.2

7.6
7845
£0.0
82.1
85,1

78.3
79.8
81.5
83.9
84.6

78.3
79.6
83.2
84.2
86.4

B

96.3
97.2
96,2
89.2
87.4

91.4
93.4
92,6
81.3
157

90,2
9045
89.6
755
69.5
85.7
87.8
87.9
68.9
63.2

B84.4
84.7
82.8
63.4
5945

liquid hto

AP(in) ~(in)

1.02

0.9

0.74
0.63
0.61

1.11
0.91
0.80
0.68
0.70

1.18
0.96
0.82
0.T1
0.77

1.25
1,02
0.88
0.80
0,82

1.28
1.08
0.91
0.83
0.88

0.22
0.24
0.35:
0.53:
0.64

0,26’
0,28
0.37
0.60°
0,71

0.30;
0.39;
0.57
0.79°

O. 37
0.40
0.43
0.67
0.82

0.38
0.39
0.42
0068
0.84
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(1) Latin Symbols

A = An arbitrary ocnatant .

= Interfacial area in the froth per ft2 of colum area (ft2/?t )

= Interfacial areca (ft )

= Interfacial area per mol of vapour (ftz/bol)

ap = Surface area of a bubble (ftz)

B = An arbitrary conatant:

B4t = Arbitrary constents

Concentration of a diffusing component (lbemol/Tt3)

= Cencentraticn of coluto in eolution ovaporatics tosts (any units)

o}

b, ®f

o o
~
e

T = Concentration of diséolvéd oxygen in diffusivity tests (ge/cc.)
D, = Moleoular diffusivity in the ges phase (ft /hr)

D, = Holecular diffusivity in the 14quid phaso (i’te/hr)

Dy = Eddy diffucivity in tho froth (ft /beo)

ﬁ; = lolecular diffusivity of oxygen in water f{cm /sen)

E® = Overall column efffcienqy

L 3

= [Hurphree vcopour roint efficiency

EMV' Yurphree vapour platc efficicacy

Egb- Lurphree liquid point efficiency

EML' Murphree liquid plate efficlency

¢ = The bace of natural logarithms

Mass gas rate in the column (lb/Tt column ares.hr)

= Volumetrio gas rate in the column (ft3/Tt column area.br)
« Cas rate (ft3/hr) '

Cas rate in equation 1:3 (1b.mol/hr)

= Cas rate per slot (cmB/Eeo)

Cas absorption rate in the oxygen diffusivity tests (g./sec)
= Aocceleration due to gravity (cm./heo?)

Pubble cap slot cubmergence (in)

= Height of the liquid orest above the slot centre (in)

= Static liquid seal (cm)

= Slot opening (cm)

2]
L]

M

Dc: cqbc:<§:
[ §

(2]
[ =1
L]

o Mm
)

.

= ~ S = O
g

o]
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Hunidity of air ,( grainz water / 1b of dry air)

H =
K = Henry's Law constant ( 1b mol / ft3.atm.)
H02- Henry's Law constent for oxygen in water (mm.of meroury)
KG = Oversll mass transfer coefficient in gas terms.(lb.mol/Etz.hr.lb.mol/Tt3 )
KL = Overall mass trancfer coefficient in liquid terms(lb.mol/ft?hr.1bsmo&/Tt3)
Kg = GCas "film" maso transfer coefficient (1b.mol/?t2.hr.lb.mol/Tt3)
Kl e Liquid "film" masstransfer coeffiocient (lb.mol/fta.hr.1b.mol/?t3)
K = Conductivity (reciprocal ohms ox.mhos ) .
L, » ¥aso liquid rato ia the colum (1b./ft°colum area.br.)
y = Volumetrio liquid rate in the column (ft3/ft2column arca.hr.)
o= liquid rate (283 /hr. )

= Liquid rate in equation 1313 (lb.mol/hr.)
q = Liquid flow rate in the. oxygen diffusivity tests (cc./coc.)
1l = Molecular welght.
n = The dimensionlees Henry's Law constant ( mol fraction per mol fraction)
T = A dimensicnlees Henry's Lew conatant[llb.mol/?t3) yer (1b.mol/ft3ﬂ
NG = Overall number of transfer units in gac texras
H. = Overall number of transfer unite in liquid terms
= Number of gas "film" transfer units
« IMuzber of liquid "film" transfer unlits.
« Rate of mass transfer (1b.mol/hr.)
= Pressure (atmospheres)
= Radius of the outlet well of the Kuhni Plate (ft)
Pe = Peolet Number as defined in equation 1:13 Pe = Z.V./B;
q = Peripheral radius of the Kuhni Plate (ft)
Q@ = Quantity of tracsr (1bv.)
R = Radius of the absorption sphere in the oxygen diffusivity tests (ca. )
r © Any radius on the Kuhni Plate (ft)
Sc = Schmidt Number /U'G/@G'DG or A, /G Dy,
8 « Rate of surface renewal (sec )

= Temperature (°F)

Td = Adx dry bulb temperature (°F)
Tw = Alr wet buldb temperature (°F)
Ty = Absolute temperature (°K)
t = Time (esescs)

L= -l o B



= Mean rosidence time of the liquid on the plato (sec.) 168 -

= Residence time of a bubble in the froth (ssc.)

= Contoot time (esc.)

= Column vapour veloolty in equation 1:5 (cm./sec.)
= Enthalpy of water vapour (ETU/1b.) |
= Froth velocity ( f£t/eec.)

= Volume of a bubble (ftB‘).

= Volume of liquid hold-up (gall)

= Weight of solution in solution evaporation tests (1b.)
= Weight of water evaporated (1b.)

« Teight of aclution lost by entrairment (1b)

e UWoight of water added (1b.) -

= Slot width (ins)

= Dissolved oxygen content ( parts psr millien )

= Concentraticn in the 1liquid phase (1bamol/ft3)

= Concentration in the gae phase ( 1b.mol/?t3)

= Tray length (£%)

(11) Subsoripts and superscpipto

= Inlet condition. |

= Qutlet condition

= Equilibrium

= Gas phase

=1 = & o o
N H g:bimkléé !:"‘dd< < c:mco o =

= Gag phase

Intexfacial condition

= Liquid phase

= Liquid phese

- Mean

Saturation . ,

Conditions at a point on a plate; also the derivative in Appendix B
Greok Symbols

Relative volatility in equation 1315, also function defined in equation 635
Quantity defined in equation 6310

Plate pressure drop (ins of water)

Angle

)\W’a Latent heat of evaporation of water (BTU/1bv.)

The function .G/ Ly. |

b= Absolute viscosity: (cenii~Polca)

N2 B r Bra Qo N -
]

B

ckwrg
] ] (-] [ ] :

>
]



Kinematic viocosity" (ceati~Stokes)

Density (1b. /ft3 ) also mase density of tracer (1lb. /ft3)
Dinzasionless varience

Surface tension (dynes/cm.)

@){,¥& 7 = Functions defined in Appendix B (liquid mixing)

RQM’BZJ

1€9
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