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- ABSTRACT
Water was vaporized inﬁo'air, helium, and Freon-=12 in turbulent'
gas flow over a wet-bulb thermometer and through a 1 ft. diameter tower
packed with 1 in, Raschig rings,

- The wet—dry-bulb measurements indicate that the gas film mass

.transfer coefficient varles w1th the Schmidt number to the wl/2 pewer

for flow perpendlcular te single cylinders,

Heights of a transfer unlt, HTU; were measured in the packed
tower for flow of the gases countercurrent to water over a range of
gas and liquid rates.: When compared at equal gas flow Reynolds
nﬁmbers at constant liquid-rate, HTU varied as the 0,9 power of the

Schmidt :group., When compared at equal values of
pug(p = gas density, u = velocity),

HTU varied as the 0,47 power of the Schmidt group, By reference to
the psychrometrlc study, the latter method of comparlson of HTU®s
seems preferable, and 1ndleates that further study of criterla fer

dimensional similitude in packed columns may be needed.
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" INTRODUCTION

According to the two=film theory of Wﬁitﬁah4(ﬁé),"tﬁé»}ésisﬁdhéé.
to mass transfer between a gas and liquid stream can be divided inteo
two additive resistances which result from hypothetical films of
stagnant gas and iiquid on either side of the interface, T‘hev 1iquia
film resistahce:ih a packed column has been evaluéted by Sﬁefwood and -
Hollowéy-(ho) for the commonly used packings; but as &ét a‘satisfactoffi
correlation of gas film absorption coefficients has not been médeQVﬁA

It was the purpose of this investigation to clarify théﬂiélé of
the gas film resistéhce by determining the effect of the fluid prGQJA -
perties on the rate of mass transfer in a packed téﬁer; :To dorfﬁié;fy'-l
a twofold plan was followed. The mdét:direet'meﬁhod washﬁhe actual = o
measurement of mass transfer coefficients in a tower packéd wiih.l‘ino"
Raschig rings, To‘eliminate any influence from the liguid properties;
it was decided to vaporize a single pure liquid into inert gases. The '
gases chosen were air, helium, and Freoﬁ=l2,v These gasés, with water
as the liquid, gave a thirtyfold variatibﬁﬁih densityg a twofold vari-
ation in viscosity, an‘eightfbld variation in diffﬁsiﬁity, and a four-
and-one-half fold variation in Schmidt mumber.

As the Schmidt number effect was of partiéular interests; the second

method of approach utilized wet and’dryabuib ihéfmometef measurements
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'té determine the psychrémetric ratio, Sinqe thé Prandtl ﬁﬁmber of the -
gases i$ nearly constant, this method will givevthe variation of the
mass transfer coefficient with the Schmidt number in evaporation from
single cylinders, .While it is not necessary that the same Schmidt
number effect will hold for single cylinders and packed towers, tpe
effect'shduld’be of similar magniﬁude and should serve to confirm the

results obtained by the more direct method,

THEORY

Approximatevanaljtiqal solutions'for the ratg of mass trapsfer;
from an interface to # fluid moving in forced convection in a straight
circularvpipe have been developed by various authors (5, 10, 33; 39)
through the use of the analogy between heat, mass,and momentum transfer.
These solutions have indicated that the mass transfer coefficient, kG’
for this case, is a function éf the Reynolds number, (dubA@), and the
Schmidt number, (p/PD). The Reynolds nnmber.ordinarily_enters as a
function replacing the friction factof° These solutioné can be expressed

generally by the equation: -

kaMype/G = @1 (dup/p)s (w/PD) o (1a)

where

some mathematical function

.¢9
kg

mass transfer coefficient - lb.moleé/hr,-ftog

d = diameter of the tube in ft.
D = diffusion coefficient in ft.%/sec.
u = velocity in ft./sec.
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P = density in lbso(m)/ft.3
p = viscosity in lbs (m)/ft.wsec. ﬂ
1GY= mass veloclty of the gaa)ln lbso(m)/hro=ft02
Mp = mean molecular weight in lbs,{m)/mole
P = fllm.pressure factor (50)., This term accounts for _

‘the presence and movement of the inert fluid.

This equation can be expressed alternately in terms of the transfer

unit defined by Chilton and Colburn (8)s

" aH'?UG \V‘(dup/u)s (WPD)'” SR ()
where » , "H?UG the helght of a transfer unlt G/kGaprhfft.,
and S . a = packing area/cu.ft. of packing- ft. 2/e6.3.

These equations do not include theé effeét of the relative roughness
on the'mass“transféf'rétéfan&“conSéQuently’are limited to the particular
p1pe geometry for whlch the fUnctlons g and\yﬂ are experlmentally

evaluated.

Mass transfer in Packed Columms

Equations (la) and (1b) have been frequently used to satisfy a need

for some theoretical framework for the correlation of packed column data.

However, this extension of the functional_relationship devéibpéd‘fcr ‘

simple pipe flow has never been subjected to adeéuate experimental
investigation to justify its general use., In attempting to correlate
the results of this work, it was found that equatidns.(la)>and (1b) were
nét satisi‘ac’éory° Therefore an alternate‘methodvof correlation was

developed which is based on the following qualitative analysis,
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In the study of mass transfer rates frombsingle cjlinders placed
perpendicular to the flow stream (29), it has beén found that the bulk
of the maés transfer taking place occurs in the ﬁidiﬁiﬂy'of the stag-
nation point'and'in the fegion.ofvtﬁe turbuiéﬁt'ﬁéke; These same two
sections of the cylinder are of primary concern in the loss of momentum
of the gas stream as manifested by the pressure drop. Consequently, it
ﬁight be expeéted that the ﬁwb phenomené; transfervof mbmentuﬁ and
transfer of mass; are to a large eiient'functions of the same‘propertiés
of the flow field, particularly for gases invwhichythe diffusivities for
mass and momentum are of similar magnitude. Pressure drop measurements
made in flow paét sinéle cylindérs.(ls) show that the drag coefficienfn'
becomes rélatively'constant at high.values of the Reynolds number, |
Therefore, as a first approximation, the drag coefficient 1s independent
- of the Réynolds‘number and the_pressure,dfop is dependent only upon the
inertia of the gas stream, pué.' Since it is postulated above.that the
rate of mass transfer will depend on the same flow properties as_the
. pressure drops, it may foilow that the mass tpansfer ceefficient will
also be a function of the inertia force and not the Reynolds number at
 high flow rates., With this modification, equations (la) and . (1lb) may
be rewritten for application to single cylinders for conditions of high

turbulence in the fluid:

kpe/G = B( Pud), (/P D) L (2a)

QHTUG =¥ (pud), (w/PD). . (2b)

where W, = mean velocity of the flowing fluid in ft./sec. Pressure drop

measurements made in packed absorptiom towers (36) have also shown very



7 UCRL~2057
o (Rev,)

little dependence on the Reynolds number over the usual operating range.
Since a tower packed with Raschig fings may be considered in a broad
sense as a group of cylinders, the extension of the above reasoning

(équations 2a and 2b) to a paéked tower would,appear to follow,

-Psychrometry

'Ifbthg_vabor‘cqntent:of_a gas_streamr;s.knqu, the psychrometer
‘can serve as afuseful instrumenp fer,msasuripg phe“reiative _r?a,tes»of’_,j
heat and_ﬁass transfer frqm singlg cylinders, If_has a distinct
adjantagexavgr other_mephods fgr thermininglthe dependence‘of'kg:op_
Schmidt number in that no\knqyiedge(of:the vglocity tgrm_qépendenqe:;é
required, If an exact apaiogy can be drawn between the;two prpcés;egﬁ
of heat and mass transfgr,,the velgcity‘term shouldlenter_inyo bothw_
rates in the ;ame,manner,?and‘ﬁhe ratiq of the mass transfe: gqeffi— o
cient to thpzhegt transfgrvegefficignt should be a unique_function_qf Lo
the Schmidt and Pyandtl'gumbers,_ . . '

Colburn (10), and Chilton and Colbgrn:(ﬂ)_have developed equations
for the correlation of heat aﬁq_massvtransfer data in terms of the J
number; a quantity'whieh is analngus to the friction factor in momentum

transfer. According to this concept,

ST . IDSERIY-75 R S ey
I = [0/68] (Cpn/e) | (3)
3q = [kGMmpf/ﬂ (p/p D)2/3 (4)
where - : h = heat transfer coefficient - Btu.,/hr.,fto2 °p,
Gy = heat’cabacity:of the gas = Btu./lb.(m) OF,
k = thermal conductivity - Btu./hr.ft.> OF/ft.
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Ir J;, is assumed to be equai gb Jgs the'ijchrdmetrié réfib.ié“‘

obtained: |
(kgpe/n)Cy = | —— | T (5)
A

It has been found (19) that j = 1.08 j, for heat and mass transfer
in packed beds and it might be expected that a similar felationship will
hdld for simultaneous heat and mass transfer from a-Wetabulb‘thermometer.'

In the above j-number analogy the value of kG is determined direcﬁly
from the wet-bulb data since it is multiplied by the term pf, which |
corrects for variations in the partial pressure of the inert gas. The
vaiue of h, 6n the othef haﬁd, is the true heat transfer coefficient'
which would be obtained if there were no evaporation from the surféCe.

To correct the wet4bulb data it is necessary to include a factof which
will allow for the heat being carried away from the thermometer by_the
mass movement of the vapor'moleéules,

Consider a model as shown in Fig. 1 such that the transfer:of heat
and mass occurs only in the ndrmal direction, With the surface temper-
ature as a‘reference, the heat transferred to theAsufface, dgs is edﬁal
to the heat entering the film, Qgs minus tﬁé heat being carried out by

the vapor flow, NC,(t, - ts), or

qs = qa = Ncm(ta .“' ts) V (6)
where N = number of moles diffusing per unit time per unit area -
moles/hr.ft.2, | |
Cp = molar heat capacity of the vapor ~ Btu./1b.mole °F, and

gas and surface temperatures respectively - °F,

s tg
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Fig. 1. Schematic representation of heat - -
- .and mass transfer taking place at

‘a wet-bulb thermometer
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If there were no flow of vapor, qg would équal'qa; |

ag = q, = h(t, - t.) | | (7
where h = heat transfer coefficient, assumed independent of the mass
transfer movement,

The number of moles diffusing may be defined in terms of the mass

transfer coefficient as

N = kG(psé_ Pa) = kGA?’. . ®

Substitufing from équétions-(g)»and (7) into 7qn§tion (é),_ .
ag = B(ty - tg) = Cykgap(t, = t5)
- h(ta - tg)(1 ~ Cgkghp/h)
) ,.~ | ‘=gg_tgf o - )
where Y = 1 --Cm#GAp/h; ,» o . - (9a)

. . .\
If a new pseudo-heat transfer coefficient, h', is defined as the

total effgctive heat transfer coefficient inciuding the convective

transport of heat, thén !
h' = hY ' | (10)

and the correct psychrometric ratio is:

kP Y

T C. = function (p/f‘JD),' .(C'.; p’,/k). ' (11)

p
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Phxsicaiaend Thermodynamic Pfoperties'of Materials®
Viscosity | N

The viscosities of air, water vapor, and helium were taken from a
review article by F. G. Keyes (27) in Whichmthe:availeble_literatgre‘1
data for several gases are collected. and formulatedrbysgeansdof.en;m 
empirical equation. The'viscosityﬂof Freon=12 was taken‘from4e pepef:?WM

by Buddenberg and Wilke (6) on the measured viscosity of several gases..

It was extended over the desired temperature range by the use of the

equation of Hirschfelder, Bird, and Spotz (21)
Thermal conductlvltg , o

The thefmai‘coﬁdﬁctivity of air, water Vapof,“and helium was
takec from the reeiew e;ticleiby'Kéyési(é?)‘qﬁoted aboveo Tﬁe tﬁefmel
conductivity of'freon=lévis.thet fepofted by Sherratt and Griffiths
(38) over the range from 33 '3 to 216 20 C} ‘ o |

Heat capacltyg Qp '

The heat. capacity of air and water vapor was taken from the book by |
Keenan (26) on the thermodynamic properties of airo The heat capacity T
of Freonwlz was calculated from the work of Justi and Langer (25) who
reported the heat capacity at constant volumeo The heat capaclty of
helium is reported in Perry“s Handbook (35) as constant for all tempera=

tures,:

lefu51v1ty ‘
‘The dlffu31v1ties used were those measured by C Y. Lee (28)

*Properties of pure'gases were modified.for the presence of water .

vapor by established methods.
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The measured values were corrected to the desired temperature by the

equation of Hirschfelder; Bird, and Spotz (21).

Gas specifications

The helium used was supplied by the U, S. Navy. It was 99.9% pure.
The major impurity was water vapor., The Freon-12 used was supplied by
Kinetic Chemicals, It was 99.95% pure., The major impurities are

Freon-l1ll and Freon=13,
squipment

- The equipment is shown in Fig¢.2. Gas circulation was provided by
a positive displacement Roots-Connersville blower, Variation‘in gas
rate was obtained by the use of a variable speed drive on the blower gnd
a bypass on the circulation system. The gas flow rate was measured by
means of a nozzle made ﬁoAthe specifications of Beang Buckingham, and"
Murphy (3) which was placed in a 20 in. diameter section of the ductingo‘
For low flow rates a calibrated orifice was placed over ‘the end of thé
" nozzle, |

Gas entered the tower through a gas distributor which discharged

through risers about 1l in, from the botitom of the packing, The gas was
sampled in the distributor and?its tempefature measured at the top of |
one of the risers. The exit streém from the tower passed through a
series of four mixing baffles in the exit duct before being sampled,
‘Gas entering the tower was heatéd by steam coils, Theisteam supply waé
controlled by a Brown‘Electronik temperature recorder-controller. In
general it was possible to keep the temperature fluctuations within
_4:.1/2o F, at the control point, The metal of the flow cabinet and

ducting provided a damping action which limited fluctuations to
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' 3
4
6
e 7
2
1 J12 ]
. /|
.18 — L
1-Blover . %%b&thaumMy"lyhﬁvdﬁl_
2-Heater . 8-Absorption tower : 14~Liquid heat exchanger
3-Thermocouple " "9~Cooling coil ; 15-Liquid flowmeter
4~Temperature recorder—controller 10-Condensate receiver © 16=Liquid pump © -~
5-Motor valve 11-Superheating coil 17-Condensate return pump
é-Flow measuring c¢hamber 12-Butterfly valve - 18-Steam line for purging
by-pass control - -
MU-4646

Fige 2. General equipment layout
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Mixing baffles
Sample tube-
S P :

' % Gas outlet

- -
i i - Pregsure tap

—=G0as and liquid thermocouples

Liquid distributor

35

Packed section

o .
r u L!l =Ga§ and l;quid thermocoup}es
— Pressure tap

20"

’L T —— Samplé tube
: i I~ Gas distributor
— = ' 1 Pistributor shield '

Liquid reservoir

/8"

_MU-4644

Fig. 3. Absorption tower
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Fig. 4. Photograph of the liquid distributor
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+ 0.1°F at the tower inlet. The gas leaving the tower was dehumidified
by a'water—cooledteeii beféfé Beiﬁé“reeireﬁleted,'V” £

The large sectlon of the bottom of the tower: served 5; a.llquld
reservoir, quuld clrculatlon was prov1ded by a centrlfugal pump° The
flow rate was’ measured by a callbrated rotam.eter° The llquld entered
the tower through a hh-p01nt dlstrlbutor whlch dlscharged w1th 1/2 in,
of the top of the packlng. Each of the tubes in the dlstrlbutor
_ delivered 11qu1d at’ a rate whlch was w1th1n 10% of the average rate for
a single tube, ‘ | |

The temperature of the llquld stream was controlled by passing
it through a double plpe heat exchagger, The temperature of the 11qu1d
entering the tqwer‘was meaéurediby'e fpur—coup&e.thermop;le.-The thermo-
couples were inserted into rubter eleeres which replaCed the last 3 l/2_A
in, of four of the copper dietributing tubes,_ The liquid'temperatqre_at
the bottom of the packing‘was meesured'by_aAsingletthermoeouple located
in a small cup. The cﬁp had a small drain hole in the bottom to ensure
liquid circuletion; Iﬁ additien, the liquid-temperatureiﬁee heasured by
thermometers placed in the reservdir.apd in the line direetly prior to
its entry into the toﬁer. These served solelyvas a check on the thermo-
couples, | . |

The thermoeoﬁﬁles used_intdetermining the gas and'I£§uid tempera~-
tures in‘the tower'were eoprer;constantin and were~calibrated against a
Bureau of Standerds thermometer. The potentials were read on a Leeds and
Northrup K2 potentiometer. The inlet liquid temperature could be read to
+ 0.01° C and the other temperatures to # 0.04°C. |

The absorption tower was 1 ft. in diameter and was packed by wet

dumping with 1 in. carbon Raschig rings. The'packing was supported by
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1
_Wet-b\ilb thermometer .
! v y " wicek :length exposed 2 "
' bulb length 1%
o ' ‘ bulb diameter 0,29"
T Wet-bulb I Vo ' TN
_l " Dry-bulb .
. . v P T H Kl
j;u " Orifice plate ’
e ’ “
23 ’ Dreire M
39 ’ Dry-bulb. b
%) 4 thermomoter 3
K - %
K 3
149 - Kb
49 e
% 1]
\ B s B
oo > | IR | AR N ‘15
.’«’»’.| ' :: ;
A5 X
— - ow . Window
' H
2" —t
2
¢
’
. X

- -Fig. 5. Wet.and dry-bulb thermometer_arrangement.
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‘a1l in. mesh steel screen which was iﬁ turn supported by a metal grid
1/8 ine thick, The tower was wrapped with a 1 in, thick glass wooi
insulation which was covered by two layers of corrugated asbestos paper,
The wet and dry-bulb thermometers for the psychrometric measurements
were placed in the ducting immediately before the tower and‘were preceded
by an orifiée which ensured a uniform high velocity flow across the bulbs,
Windows were ?rovided in fhe duct wall so that positioning and wetting of
the Wi¢k could be observed. A thermocouple was also inserted in the wall
adjaeent'to'the thermbmeter; so that the wall temperaﬁure could be deter=-
mined for';adiation correctionso The thermometers»qsed were-precision
thermometers with O.iowc‘:graduatibﬁs,._These weré caiibfatéd_£o the
nearest 0,01° C again#t a Bureau of Standards thermometer, 'Tﬁe wet-bulb
wick was made from a cotton’sleeve which was carefully sewn ciosed at one

end to fit snugly over the thermometer,

Procedure

For all runs made with helium and Freon-12, it was necessary first
to remove the air from the system. It was foundvthat‘essentiaiij complete
removal could be effected by a singlg steam purge. The air coﬁcentration
was checked by means of an Orsat analysis_fér o#ygen which was sensitive
to + 0.05%, When purging was complete, condensed steam was removed from
the lines and the necessary adjustments made to bring the equipment'on
stream., To prevent introdﬁction of impurities into the gas stream; the
equipment was operated with a slight positive pressure at the blower
“inlet,
Aftervsteady;sﬁate conditions.were attained; gas samples were with-

drawn simultaneously from the top and bottom of the tower by means of
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- aspirator bottles of known voiume. The'npisture content was determined
gravimetrically by drawing the samples. through tubes filled w1th Drierm _
ite, During the sampllng period the temperature of the 1nlet llquld va' :
stream was carefully controlled° In general 1t was p0331ble to operate
with the 1nlet and ex1t 11qu1d temperatures 1ess than 0,59 C apart, and
with a varlation of the 1nlet temperature durlng the run of less than
: +0 050 C. TR N . - R : :
Immedlately follow1ng samplang, water from.an.overhead supply was
1ntroduced to the wet-bulb wick and allowed to soak the cloth thoroughly.
The water supply rate was then reduced untll a. pendant drop could be
observed on the tip of the w1ck. The wet and dryhbulb temperatures were
read. The water supply was stopped and the, wet—bulb temperature checked
for any further change. (Consecutlve runs made at the same gas rate |
1ndlcate that the m01sture content of the gas stream remalned essentlallyhm
constant‘over longvperlods_of t;me;once steadyestate,cond;tlons:had been
attained;)\ | | | |
A1l packed bed data were taken with a 7 1/2 in, depth of packing .
with the exeept;f_Lon_ of the runs made with air at heights of 3 in. and
13 1/2-ih. whdéh were ueed{to deterﬁﬁne the amount of tranefer taking
place out51de the packed sectlon, All runs were‘made at a liqu;d;rate:
of 1,575 lbs, (m.)/hr.ft,2 exeept those made with air to check the effect

of varying the liquid rate,
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RESULTS .

Psychrometric

The values of the psychrometrlc ratio obtalned in thls work for the
three gases are shown plotted agalnst the ratlo Sc/Pr 1n Flg. 6.' Thls »
graph also 1ncludes the results of Arnold (2), Bedingfleld and Drew (4),
Mark (30), and Dropkin (13). These data can best be approx1mated by a
straight line having a slope of -1/2, This 11ne_satlsf1es a modified j

number analogy if J! = 1.10j! where
= _ 'n !

* - . C.w . . . . e

% = .02‘} | ( 7 ) N (12)
_ L 1/2

k L | |

3 = ¢ e ( B ) : (23)

This feSﬁlt>is in good agreeméht with the results obtaihéd ffém packéd
beds (195 where it has been found that the average ratio of j to jd‘is
1.08. | I

Since the valﬁe of the Pranatl groﬁp is nearly constant for the
results Shown'here,'the:héét transfer coefficient may also be considered
COnstant.  The cﬁrve as'plotﬁed théﬁ reﬁfesénts,thebﬁériation 6f the
mass tranéfer coefficient with Schﬁidt numbef fbf fiow of gés perpénQ

dicuiar to sihgie‘cylinderé, i.e.s kG is-proportibnal to'Scil/Z.

- Packed Column

The packed tower results are presented here in terms of the HTU

instead of kG‘ In order to calculate the HTU from the data, the

following equation was used:
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T T 1 T SELIE ! LAY |
\ COLBURN (jh = Jq) vl
\ BEDINGFIELD-DREW - MODIFICATION
R - THIS_ WORK (Jj = 1.1d)
DROPKIN B = .980 -
THIS WORKG: 971
® ARNOLD
. D BEDINGFIELD AND DREW . -
© MARK -
s THIS WORK
1 | I I . | 1 1 I |
3 8 10 . 20 a0 €0 80 100
) ,
D) “
. MU—4840.
'Fig, 6." The psychrometric ratic as

a function of Sc/Pr
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y - ¥ - T \|
H, - H) = HTU, x | -—-2-) ‘ 1n (—-l-——l- (14)
: GTI\1-5/ av, . Vo~ 7

where y = mole:fraction and Tp = pf/?; The expression'in brackets is
the number of transfer units and its value can be computed from the data
on the vapor concentrations at the inlet and exit of the tower and the
temperature of the liquid stream. The height of the packed section,

Hy - Hl, when divided by the number of transfer units; gives the -
apparent height of a transfer unlt. ,

Flg. 7 shows the apparent HTU ‘as adfepéilon of the group G/p;whlch
is dlrectly proportlonal to the Reynolds number for a given packlng.
Since only one packlng size and shape was studled, it was felt that the _
inclusion of a length dimension-in the group was not warranted. The- |
peaks of the curves correspond approx1mately to the flow rate at whlch
the pressure drop phenomenon known as "loading" occurs., This was
determined by the simulteneous,measurement of pressure dnep%across the
packed sectien; The curpes indicape tﬁ;%“belowlthe loading point the
HTU can be represented as varying with phe msss velocity'po the 0,33
power, with the powep decfeésihg'thereafter as the flooding point is
approached. It will'be hefedvphat there is a slight'differeﬁce in the
slope for phe three curves, but the differences are insignificant in
view of the precision of -the data,

The more obvious difference among the three curves is the lateral
separation of the poigt ef_msxigum HTU. The vertica;;sepSration of
the curves might‘bevexpected aﬁd‘eiplained'en“the basis eﬁ equation
(1b) by the Schm%ﬁt numbep éifferences, bﬁt the lateral s;paration

would lead one to suspect that the Reynolds number may not be the proper
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correlating modulus in this case. If, instead; the group suggested by

equation (2b) is used, i.e., pﬁ;,'the curves of Fig. 8 are obtained.

(The group bui/iength has the-dimensionalisignificance of inertia force
per unit “vrolume @f£~fluid.(h7), andvtherefore the group_Pui will be
designatedfthé "inertia group.") The square root of the inertia_gfoup
has been used in plotting iﬁ order to retain the firét power dependence
on the velocity that exists in Fig. 7. Similariusage in the corrélation
of flobding velocity (41) and pressure drop (36) data in packed columns

would seem to justify the procedure. This group has also been used in

the cqrrelatibn of plate efficiencies (20) where it has been given the

name F-factor. The curves of Fig. 8 are identical in shape with fhoge

of Fig. 7, but with the inertia group as thé correlating modulus,:the ‘

lateral separation has now disappeared ahdxthe peaks of all threescurves

appear at the sa@e_value_éf_the inertia.group within the limits of experi-

mental error, | . .
Cross plots of the HTU vgrsusAScbmiqt_numberrat a c@nstégt value of

G/w of 4,000 in Fig. 7 and at a consﬁant. va_],ﬁe of N puﬁ | of 1,000 in

Fig. 8 are presented in Fig. 9o The cross plots indicate the Schmidt

‘number function by which the HTU must be divided to cause a vertical

- aljignment of\the three curves of Fig. 7 and Fig.'B. The plot based on

the Reynolds number would require this function to be Sél9. .This would

indicate that the method of transfer in the tower was almost pﬁre molécular
diffusion, a conélusion which can hardiy be'justified"in view of the known
high tﬁrbulenée'levelighich éxisﬁsjih é‘péékéd_tdWer.é%‘tﬁe flow rates
studied, Correlation by the inertia grouﬁ:plot, oﬁvtﬁé other hand,

requires an exponént of 0,47 on the Schmidt grbup to align the three curves.,
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This exponent is in good agreement withiéhai obtained in the psychrometric
study and'with some results obtained in the vapogization of liquids and
orgahic'solids in packed beds (9, aé); A simple power function of the
Schmidt group appeérs to be satisfactorj for correlation over the present
range of system properties and experimental condi:tions°

‘To obtain the true HTU, it is necessary to corfect for "end effects,"
i.e.s; that émount of transfer takiﬁg place outside the packed section,
-In the system under stu@y, the amount of transfer is'dependent primarily
on the area of 1iquid exﬁosed to thp'gasﬁ'which in.tﬁﬁn depends on the
liquid distribution and thé mannervin which the>;iquid.dfips'from_the
bottom of the.packing. ‘This should be'reésonablyjindepeﬁdent of the gas
being used so that the séhe eﬁd effect.cbrréCtion éhpulq1apply to all
three gases, If it can also be assumed thét thé effecflofﬁthe gas pro-
perties on mass transfer is the same iﬁ the end section and in the packed
sectiony then the end effééﬁ’cﬁﬁ 59 expressed in terms of an equivalent
length of packing which should be constant for all gases and independent
of the packed height, This procédure has been used by previous investif
gatoré (185 44)., If the end effect}is constant, the apparent HTU Qélues
obtained at a given packed height need only be multiplied by a constant
value to obtain the true HTU values., Therefore; the preceding analysis
of the Schmidt number effect is not. dependent on the use of true HTU
values since all the data used WEre obtained at a singlé packed length.

It is possible to solve for the true HTU if two apparent values
HTUé3 and*HTU&h are known for two packed leggths, 223 and ZZh' 2Consider
a tower as shown in Fige '10 where the number of-transfer‘units have been

and 22 and with a constant end éffect

2L

measured with packed lengths of 223

of the equivalent length le.
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‘substituting (c) into (b),

=2 o : ' UCBL;2057
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Then it i known that:
(b) NTUy3 = NTU; 5 + NTUg

(c) NMUp3 = NTU,,(Z33/Z5,)

subtracting (d) from (a) and rearranging,
1-2 3/z

‘(e) NTU,, =

N‘l‘Uzl+ is not a value that can be direcﬁlyameasured, but the correaponding
value HTU24 is a true HTU, Substltuting the values of the HTU for’ the

NTU in equatlon (e), NTulh = Zza/HTUzh’ NTU 4 = Zzs/hTU239 and

NTUp, = Zop/HMg — = - - o
24 = 2o /Ky, o Ly, o
T, ~ ATy

R T

rearranging,
HTUY, HTUbg (Zp, = Zp3)
HIU,, = Zy, W03 ~ Zp3 HIUY,

To evaluate the end effect in this work, bed lengths of 13 1/2 in.,
7 1/2 in., and 2 in, were used, The 13 1/2 in, data sca%tered badly
because the normal analytical errors were so greatly magnified by the
approach to saturation at the top of the tower, Therefore these data
were not used in'determining the end effect The;eqﬁivalant packed
height was found to be essentially 1ndependent of gas rate (see Fig, 11)
w1th an. average value of 3 51 1n,« This value was}used to~correct all of

the data for end effects.,;a
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‘A1l of the HTU data taken at a'eonstéht liquid rate of
1,575 lb.(m)/hr;ft.2 may be correlated by the single curve of Fig; 12
which shows the effect of both gae veloeity eﬁd gas properties on the gas
film HTU, The average deviation of the data points from the line repre-
senting the mean.is.h.QS% with a maximum deviation of 12.5%.

" The curves of Fig, 13 shew‘thefeffect»of the liquid rate on the HTU
at several air rates. It is rether interesting thet'the‘HTU does not bear
‘a simple functional relationship to the llquld rate° It might be expected
that as the llquld rate was- 1ncreased the HTU would decrease due to the
increased wetting of the packing. This would explain the shape of the
curves at liquid rates beiow.960‘lts. and above 1,500 lbsb(m)/hr,ft.2 _
The sudden reversdl of the liquid rate dependence between these fiew'rates
is difficult to explain on the,basis.of‘eur present knowledge effflow‘
distribution in a packed tower, ‘Oneipessibility‘is that the iﬁcreased
- liquid flow orer this range resuits in the blocking of some of tﬁe |
smaller flow passages; thereby preventlng gas flow through these regions.
This would effectively reduce the surface area available for transfer and
result in higher values of the HTU.

It was observed that the average siope of the best straight line
that could abpreximete each of the curves in Fig. 13 is_appreXimately the~
negative value of the slope of the curve of the HTU versﬁs gas‘rate (below
the loada.ng point.) This suggests that the group ( ) / (-\/—T )L
might serve as a parameter for general correlatlon as illustrated 1n Flg.
14, This modulus has been used extens;vely for the correlation of flood—
ing data. The:average detiation of the‘data from.the liﬁe repré%enting

the mean is 6,29 andjthe maximm deviation is 24%. In view of the limited
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scope of.the liquid variableeseovereé in this work, it is not possible
- to attach a final sighifieance to this correlation. The influence of
liquid density could enter in other ways, end the effect of other

‘properties such as viscoeity end surfaee tension‘remeins to be consi-

dere,de

,DISCU?S;ON Sy (}

In spite of the-largevﬁelﬁme of previous work on the{SUbjeet, no
completely relleble data exlst for the re91stance to mass transfer in
the gas phase in a packed tower, From the numerous studles whlch have
-been mades; a number of works have been selected to show the variatlon
among 1nvest1gators that hes resulted»even,t@ough they all used the
same packing (1 in. Raschig:ringe);;fheese@e‘iﬁert Carrier'gaei(air),
and directed the experimeﬁte eﬁecifically teeard the determineeion of
gas film data, The results plotted on. the graph, Flg. 15, for gas
film HTU have been corrected for Schmldt number effect to the system
studied_in this work (air-water) assuming the HTU to be proportlonal
to Scl/é. No eorrectiqnfwesﬁmede'forgelight'variations ip*packing_
properties since many of the investigaiore eié not report these

quantities. A list of the studies is 1ncluded here. - For a more

complete descrlptlon, reference should be made to the original papers,

Dwyer and Dodge (14) - absorption of NHB'in water,
Fellinger (18) = absorption of NH3 in water and stOh,‘
Houston and Walker (22) - absorptlon of NHB’ acetone,

methanol and ethanol 1n water,‘
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Johnstone aud.Singh (24) = absorption of SO, in-NaCH,
McAdams, Pohlenz, and St.. John (31) - vaporization of water,
Othmer and Scheibel (3&)_7 atsorption of acetone in water,
Striplin (43).- absonption of water. in phosphoric acid, ,
Surosky and Dodge (44)- = vaporization of water, methanol, .. -

. benzene, and,nfethyl,butyrate, e

- Taecker and Hougen: (45) - vaporization of water from porous

Vivian and Whitney (48) - absorption of 50, in water;.

,-Yoshidatand_Tanaka;(Sl)v ~vapprization_of water, .

Van K;eveliu,‘ﬁeftiJZef; éha Van Hooren (46) rev1ewed a numter of |
gas filﬁ‘maSS.trausfef’stuﬁiesito obtain n a general equatlon° Slnce H
theif'equatiou isibased:laféelyien[the'absorétien%of NHjlin'water;dit -
gives results on the order of those found by Dwyer and Dodge, Vivian
and Whltney, and Felllnger, The curve of Taecker ‘and Hougen pertains |
to systems w1thout llquld flow and is not 1ntended to be comparable to.
the other systems. | | | | o |

It w1ll be noted that the technlque of absorblng NH3 and 802 in
water has ymelded much hlgher values of the HTU than elther ‘the vapor—‘
ization of llqulds or the absorptlon of NH3 and SO in strong chemlcalZ"
solutions (absorptlon followed by a rapld chemlcal reactlon.) Felllnger
found that absorptlon of NH3 1n.H28 gave HTU'S whlch were 1 5 to 2. 5 ‘
times smaller than those for the absorptlon in water.A These acld data
scattered somewhat and were not publlshed, but these results would seem

to 1ndicate that the nature of the llquld phase re31stance to mass

transfer in the NH —water system may have been improperly evaluated.

3
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An alternate explanation ef~the<discrepaeey'is the existence of an
interfacial resistance postulated by some authors (11, 12, 16), " Resis-
tance to mass transfer usually has been considered to exist only in a
gas film and a liquid £ilm with a condition of equilibrium existing at
the interface between them (49)., However, it is possible that the large
mass transport'in one direction might result in.an incfeasesin the con-
centration'ef vapor molecules at the interface if the acconmodation
coefficient were very different from unity. Thus, the actualvpartial
pressure at the inteffaee could be much higher than the equilibrium value
and this would result in a lower transfer rate'from that which would be
expected. Only fundamental experlments on the rate of NH3 absorptlon in
water will determlne whether elther or both of these factors is 1nvolved
in the wide dlfference in results obtalned from the two types of experi-
ments, - | | | | R o o

The dlscrepancy between‘the various studies basedlon the vaporlza—
tion of water 1s probably the result of the analytlcal dlfflcultles
1nvolved in thls type of 1nvest1gatlon. Saturatlon of the carrier gas
with water occurs very rapldly so that 1t is dlfflcult to determine the
driving forces for ma.ss transfer at the tower ex1t w1th the requlred
precision. To allev1ate this condltlon, it is necessary to use very
short packed sectlons. ThlS 1ntroduces large relative errors in the
measerement of the‘bed length and also magnlfles the effectlof_the |
transfer which takes place out51de of the packed section, ‘

Although there is a. wide varlatlon in the absolute value of thev
HTU, most of the 1nvest1gators lndlcate that 1t}w1ll vary w1th'approx1—

mately the O.3\power of the velocity at flow rates below the loading
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point. There is also the growing realization that this pertion of  the
curve is not exactly a straigﬁt_line aﬁdﬁthat above the loading point.
the value of the HTU undergoes a marked decrease for reasons which are
not yet entirely clear. the‘data“of,Sherwood and Holloway (40) show
that the liquid film HTU is independent of the gas rate untilgihe loading .
point is reached. At the loading point there is a rapid improvement in
the rate of mass transfer, This would indicate that at this point there
~1s a marked change in the liquid flow'paﬁtern which results in an
increased'contact area, It is not known whether this change is simply
an increase in the wetted area of packing caused by increased gas
pfessure drop, ‘2 rippling of the,liquidhsurfaceg or a more severe
disintegraﬁien of the liquid streams, but it seems reasonable;tovassume“
that the effect.is also responsible for the improved ﬁasentransfer rates
in the gas film. Fig., 15 gives some indication ef the.impqrtance of the
area effect. The curve of Taecker and Hougen was obtained by using
completely wetted porous packing ﬁithout liquid flowing, .The values of
the HTU that were obtained by this procedure are approximately one-half
those obtained in. this work. This also suggests that there,would.be‘a .
great dependence of the gas film HTU on~the”liQuid:beieg used since the
fraction of the ‘total available.area that is wetted will depend on the
characteristics of the wetting fluid, .

The dependence of .the gas.fiim HTU on the liquid-rate ae determined
by several investigators is shown ip Fig. léov All of the curves show a
decrease in the HIU with increase in liquid ratevbut the dependence on
-liquid varies widely, Dwyer and Dodge, Yoshida and Tanaka, and Vivian

A ‘ . =0,
and Whitney indicate that the HTU varies as approximately L zjover‘h
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the entire range of liquid rates ieasiired. The curve of McAdams, Pohlens,
and St. John is taken from their heéat transfer results since their mass
transfer results scattered excessively, The data of Surosky and Dodge
scatter too much to warrant the assumption thét'tﬁe HTU is independent :
of liquid rate above a value of 1,200, " Actually their data might'ﬁe; B
fitted as well by either a sloping line or an S=shaped curve, The curve
of Fellinger based on liquid rates of 500,'1,500, ahd‘hQSOO‘shOWS the
greatest dependence on liquid rate, the HTU varying with Lfo°7 at low
flow rates and changing gradually to L?O°3vat high-ratés.  The shape“t
of the curve is almost'idéntical with that suggésted by Van Krevelin,‘J
'Hoftijzer, and Van Hooren, Fellingerts three values could also be
fitted bj a curve of the type found in this work. It is difficﬁituto‘”
draw a general ‘conclusion from these studies or to say whether‘they‘
offer either supporting or contradictory evidence for the unidue liQuid'
rate dependence found by the authors. .

' The number of works devoted to the determination of the Schmidt
number effect is considerably more limited. Hodston and Walker (22)
absorbed,NHB, acetone? meﬁhanol,Aand ethanol from air into water and
found that the HTU was proportional to the diffusivity to the -2/3
power. Scheibel and Othmer (37) absorbed acetone and methyl ethyl
ketone from air int§ water and obtained data which indicated that the_"
HTU was proportional to the diffusivity to the -1/2 power. However,:'
in trying to ceorrelate their data with the data of other-investigatoré‘
(14) on the absorption of NH,, they were led to the final conclusion
that the correct exponent on the diffusivity was -1, The results of

both Houston and Walker and Scheibel and Othmer have possiblé sources



%

T ) ' UCRL-2057

(Rev,)
3 1
HTUg
(ft.)
1.0
91
.84
T4 s
61
.5
| ' 8w
4 MCADAMS, PONLENZ AND ST.JOHN Ry
~ : : .»mom‘mos
.3 o : .
200 300 400 500 600 700, 9001 T - 2000 3000 4000 50'00600910'00
i L (1b(m)/he.t¢?) ' c
MU-4850 . -

Fig. 16. HTUg as a function of liquid rate for .
’ ' ~ various investigations. G = 200



lim UCRL-2057
i (Rev») )

of uncertainty in that it is necessary to correct for the liquid fiim
resistance which is presént; In addition, the variation in diffusivity
is small, | |

These difficulties can be avoided by the tecﬂnique of vaporizing
pure liquids into air. Mehta and Parekh (32) vaporized water, methanol,
benzene; and toluene and found that the HTU was proportlonal to D O 17
Surosky and Dodge (44) used water, methanol, benzene, and ethyl butyrate
as the liduids and found that thelr data could be correlated u31ng HTU
proportional to D~ °l5, The data of Simkin (42) and Chrlsney (9) on the
vaporlzatlon of Sollds and liquids from packed beds in the absence of
liquid flow indicate that the HTU 1s proportlonal to D"0°36 'Thls
suggests that in the vaporlzatlon of - pure llqulds w1th llquld flow there
are complications belng 1ntroduced by the manner in which the various
liquids wet and flow" over the packlng.i The poséible error f:dm this
source has been discussed prev1ously.

It 1s p0351ble to av01d the above dlfflcultles by the technlque
used in thls work of using a s1ngle llquld for vaporlzatlon and varying
the Schmidt number through the use of different carrier gases, However,
it is necessary to ascertain that the various géses do not have different
effects on the:liquid flow pattern and effective mass transfe# suffacec
If the gas does cause a change in the liquid flow, it should do so pri-
marily by the pressure it exerts. Elgin and Weiss (17) and Jesser and
Elgin (23) have found that the llquld hold=up 1n a packed tower is inde-
pendent of the gas: flow rate at constant llquld rate up to the floodlng

point. In addition, it was found in this work that the pressﬁre drop

across the paéking was the same for all three gases at the same value of
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the inertia group, Therefore,‘with:this'gféﬁﬁ as the correlating modulus
the relative mass transfer rates should be independent of the influence

of the pressure drop on flow pattern and effective surface,.. .- . - .



_Summary of Wet-bulb Data for Various Investigations® . ..

. Investigator

and System _ = . Pr‘ ' Sc___Se/Pr ne

- atr-benzens - - o702 171 2.44 - o532
~chlorobenzens - J704  2.17 3.08 502
.;oluéne a0k 186 2,64 | o511

—carbon tetrachloride . 700  1.87 2.67 w499

-ethylene tetrachloride o704 2°15 3,05 . o4Th o i

-ethyl acetate S G709 1.83 2,58 o514
~water S 704 o602 | 855 | .955
air-water - S .,'.704 4602 - 855 1,049 |
 methamol 706 970 1.37 800
-propandl - | 705 1.30 185 642
';toluené B , .'704 1,86 2.64 | .71537
-chlorobenzer;e_v . 704 2,17 3.08 o531
-m-xylene 04 224 3.18 oL
Bedingfield and Drew | -

'air-naphthalene o o704 2‘556 3.0.64 | ' o49%
~p-dichlorcbenzene 704  2.22 3.15 0509

~camphor O JT04 2465 3476 o448

/

-p-dibromobenzene ' , .704‘, .41 3042 ,.487

- Dropkin »
air-water : 2704 602  .855 4980



- N TABLE I (Continued) _ L "
Summary of Wet.-bulb Data for Various Investigations*

et T %pY
and System ‘ - Pr Se Sc/Pr — "‘ho'f Cp
This Work | _ . N
air-vater g .602 858 .97
helium-water . 687 1, 15 -1.673.  .650
Freon-lZéwater | ) - 740 0248 .335. 1?482

The physical properties used in the Schmidt and Prandtl numbers

were evaluated at 25°Go Diffusivities for the systems studied by

VBedingfie]d and Drew were recalculated by the method of Arnold (2). |
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TABLE II

Ex-perimental and Galculated Results for. Wet and Dry Bulb ..
Thermometer Measurements .

ﬁ?:o gb _ gﬁ;b. Wall . G . Pe. ..y Eﬁyfgﬁ- -
5 50,93 29.49 48.67 11,604 .967  .985 3,99 '4 :
6 5191 29.98 49.25 13,271 .965 .986 4,09

7 5133 30,27 49,01 15,010 965 986 4000
8 5166 30,72 ,48;83 17,460 2963 1986 3499

“1H 50,04  '30006'- 46590 = 3;52;&  §9655“”9985f ;, T G562 -
28 5075 jjq.95 4912 by9Th 96k ,.984]_' 521
3H 50,29 31.32 49.48 | 6,175 '?962 f‘,985 o519 -
re 51,02 130.69 49440 4y246 2965 984 o521
5H 50023 31,37 49.14 5,631 962 o985 | o511
G 5001 3L79  49.19 6,672 961 986 . 530
LF 5133 32.17 iB.54 20,090 o962 981 11.26

1SF 48449 31.33  46.38 27,780 964 1983 10.69

16F 48,19 3177 46,30 35,180 963 .982 10,08

17F 18,608 .96 .981  10.59

48,20

30.74

45.86

G

- Pr

Y

A1l temperatures in 9C.

= gas flow rate over the thermometers - lbo'(.m)/hr o_-ftozo'

ﬁ.lm pressure factor -

hea.t transfer factoro

atmospheres.
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TABLE III

Experimental and Caleulated Results for Vaporization. |

~in Packed Towers

Expo o
Noo . L

kN

TaB

TuB

- YT

‘lyiB”"'

1,575

1,575

N

1,575
1,575

© ® N o wm o W

nooLms
2 1,575
13 1,575

1 1,575
15 1,575
16 1,00

17 1,995
18 1,995

19 3,850

20 1,010

1,575
1,515
1,575
fff31,575 )
1,575 :
101,575

357.2
| 24646
177.6
123.2
496.9 -
5710
6482
7572
292.9
2155
150,9 -
- 366,1
8.2

154

93449
13529

135.9

176.7

176.7

255.3

34466
32,79

31.23

30076

39.84

40.97
40,39
' 40.39
34014

32,48

3130

135,45

© 40.81
40486

'41510

29072
’g‘29,6i‘
30.39
30,50
32,71

29.00

28,88
. 29.16
30.87
31.30

»31Q51

28,69

28,57
28.59

.‘29§O6'

30,87
- 31.4

31,66
27.62

27,74

28,05
28.52

29,01

31,45-

28,00

28.70
28,88

28.86

29443
o | 31002

31,44

" 31.54
31;46.
'.23;62'
28,15
‘-i58,83
29@095f'
30,89
s
315
27079v'
27,42

27,58

‘28013_
28,52

* See nomenclature at end of table for units.

‘063981}
403986
03938
04022
04435

204540

004574
204583,
403907
03862
03888
03988
:;04437"
04567
04619

.03691

03717
«03773

+03784

03887

o
03955
03950
04084
o049

04573
0459
',;04564, ?

03891

.03788

.o3942
0399
" 0438
o2t
04578
03728
.003648 k |
03685
',;03802 |
0»3887 |
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TABLE IIT (continued)

Experimental and Calculated Results for Vaporizatlon »

in Packed Towers

30

’,V;33

577.2

004451 N

No. 'L G T8 Twr - Tup yiT VB
21 1,995  255.3  32.58 28,37 28,62 ;63853 :f_;djéoé'
22 3,850 ',,255’3 32}24' 28,34 J'2$,44 'f63846 03868
23 1,000 3543 3487 28.85 2880  .03963  .03950
24 L,95 3543 3464 28.62 2888 03956 03969
25 3,850 35403  34.48  28.80 28,88 .03951 03968
26 1,150 33145 34,98 28.31 ‘27087 . .03822 _§,b37251
'}27 1,340 '330.6' ‘34.87 28,34 '27q92 003829 | ;53736.
28 1,500 3297 34,61  28.62  28.10 ',03892 3775
29° 1,750 3287  34.61 '28.64 2841 03896 03849
1,00  350.0 3602  29.17 2870 04020 .03912
311,995 350.0 3492 20.07  28.94  .03997  .03966
32 1,010 350.0 36,17 29.33 2027 L4054 04042
1,280 254.8- ,Bé;sv" 29.06 28.88  .04002  .03960
3 1,995 2548 32,66 2884 2841  .03951 03854
.3'35 _,-2;935 254;8, ';3.48 - 28,82 128;70 063947’ 203919
36 575 2548 33,52 29440 2920 L0401 04034
37 L1250 577.2 39.69  30.95  30.94 0456 04451
3 L340 52 39.56 309 3089 04453 04435
39 L,95 5772 39.56 30,86 30.78 OLOT 04385
40 ié;§35 5772 38.78 30.95  30.86 204456 04430
3,850 38.57 30,3 30,73 '

004396 ’



TABLE IIT (Contimued)

P

Experimental and Calculated Results for Vaporization
in Packed Towers ' :

- Expo

Kq.

L

G

Ty -

Ty

TuB

YiB~f~’

3

46
47

49
50
51

53
54

 3m

5H
e
7H

8

820
S5
1,010
s L
1,575
_=.1,575'_
. -

1,575

1,575
1,575
1,575
1,575
L5575
1,575
1,575
1,575
”'1,575

1,575

1,575 -
1,575

1,575

1,575

57702
5172
772
*281;5;
2258
“ 18151_
349.7
' 209.2
21746
272.1
‘177,5,
1339.5
: 436;4-:
137.5 .
202.1
- 255.5
16907
23133

277 .6

' 79 003
58.85

40021

w13
38,88
30,65

32,71

317

32,01
:33631
V3157o

40.21
42,53

41,64
41,75
42437

34277

33036

30024

36151
138,78

42.24

3104
31;13
30041
27,88
"27050,
128,12
28,49
“28.15
"29.27

12956

129.37

31,39
32.26

29,07
29,93
30436 -
29.62

. 30053 ‘.

31.11
= 28,70
2849

«30;53
30,70
"29.98
27,35
27.32
2758
2815
2745
28,96
'292§6"
29.53
31,10
*32024 ,-ﬁ
28,94

29.79

3002

29,72
30,19
30.84
28,02
2784

4°4479.'
04512
04313
03733

203739
.03788
°03877

0379

.04052
L0117
04075
‘;64579
04807
403990 | 03959
L0481 L0AL6

<04277

04106
504315

004451
.03898

03851

‘064393"'
04390
’0042065'
"7003618
1 003614‘
03670
03800
03643
.03980
a7
Lo
04504
04802

KAV

o042U4h

04129

" 204230
04379

«03747

03708
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TABLE II1 (Continued)

Experimental and Calculated Results for Vaporization L
in Packed" Towers o

No. L 6 Ty  Tw T v v
IF 1,575 Vl;dsé - 4;:30\ f33;95 34;08-;, ;OSééOVi,‘sO5284 :
<F 1,575 1,301 4143 33.88 34;05 205238 ul;od5273 : :
3F 1,575 1,51 ALS9 34016 3408 .053L .05302
F 1,575 L5 42,26 3439 34037 L05375 . .05349

SF 1,575  807.8  40.26  33.65  33.79 L0517 = .05204
€F 1,575  796.7  38.52  33.25  33.58  .05060  .05142

TEL5T5 5050 38.91 3255 3278 L0875 04926

8F | 1,575 306.1 37.50 - 32.31 31.27 . .04813 204528
© OF »1,575A - 203.8  35.76 32}31' 32.67.  o04813  1,04898
10F 1,575 472.6 v35.65A» 133.00 321 04981 .05040 -
WP 1,575 32944 3474 3348 33057 LOSLLL | .05137
LF 1,575  688.0 37.81  33.90 34,04 05234 05271 |
13F - 1,575 872.9 }46.21 34020 34.59 ».05328 605451
LUF 1,575 8742 43.00 35,09 3590 05592 08844
15F ";;575 1,216 41010 34406 34412 .05292  .05306
16F 1,575 1,55 40073 33098 33.96 L0523  .05251
17F 1,575 f;§68.3' ¢39.51' 33076 :33.83' 05207 ..05225




Experimental and Calculated Results for Vaporization;

TABLE III (Continued)

" 51 .
B ?

in Packed Towers

N
=

O v m sl of
1 03686 02257 1725 .36 532 615 7,99 1,340
2 ;03718' (02240 1.856 337 495 628 5,529  925.6
3 .03709  L02117 °080 300 ';441'2: 560 3,978 663.6
b L03849  .02153 2453 "§255 o375 476 2,764-”1'461 4
504092 02639 1.675 373 548 695 11,057 1,877 J
6  J04168 .02759 1.585 394 o579 735 12,686 2,158
7 '004196 .02851  1.529 .409 601 763 2,404 :2,448
8 .04230 .02068° 1.509 .4i4 609 773 | 15,822 2,858
9 0690 02354 L958 319 469 595 6,559 1,099
10 .03701  J02305 2.104 297 437 555 4832 "89707 |
11 .03750 .02303 20475 253 ;372 a2 3,385 | 56602_:
12 L0372 .02477  1.950 321 472 .59 8,190 1;374,
| 13 ;04110 °62805 ” 1.609 ;388 o571 .725"i14,417 é;450 |
14 204255  .02980 1.601 390 o573 727 1?,227 2;936
15 04377 03134 1.787 350 515 654 20,780 3,531
16 03586 .02347 2.577 .243 .,3‘51;‘ 453 - 3,060  508..9
17 03643 02351 2.864 218 320  .406 l.\3,960.A 508.9
18 03670 02322 2.583 o242 0356 452 3,974 662.5
'19 03702 02354 72 872 .218  .320 406 3,974 :662 5 “
20 §0§734 .02363 2,300 272 400 508 5,724 958.7
03718 02387 2.423 .258 379 481 5,724 <95877
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_TABLE IIT (Continued)

ExPerimen*t;za.l and Calculated Results for Vaporization
' in Packed Towers S IR

Exp.

o47

b

No. yT'f ¥B NIU  HTU® HTU HTU/Se”’ G/u
22 03739 J02365 2.643 o236 o347 k40 '5,724’ _. 958.7 N
23 L3771 L0279 2.037 319 469 595 7,940 1,333
2, 03799 02491 2243 279 410 520 7,940 1,333
25 .03823 .02502 2438 257 '5378 480 7,940 1,333
26 .03546 02352 1,605 .389 52 ,726’ 7,429 1,243
27 .03583 ‘,02362 71;720’ ,363 534 _'v,678 ‘_7,409 '.‘1,2_40
28 03632 02354 1.699 o368 o541 687 '17,389 1,237
20 .03652 02378  1.797 348 512 650 7,366 1,233
30 03786 02448  1.834 341 501 636 7,844 1,317
31 .03809 02465 "2,078l 301 o4d2 '_:;561 .‘7,844 1,317
32 .03839 02487 1,965 318 487 % 7,844 1,317
33 _' .0137805 002404 2,067 302 obbd ,563 _' 5,712 956.8
34 20'3_‘797, 02394 2.250 278 <409 - o519 5,712 956.8
'35 ,03805 402360 _'2;397 261 384 8T 5712 956.8
36 03770 02357 1685 .71 .545 692 5,Ti2 9568
37 "‘.0'407‘5 02817 - '1;456.’,429“_ 631 801 12,824 _‘2,_182
38 L04083 (02831 L.467 o426 626 19 12,824 2,182
39 L0423 02835 1.697 368 .54l 687 12,82 2,182
40'."..\'04420'7' 02859 '7_1.4'842.' _,'339v 2498 632 12, 824 2_,182
4L J04276 02869 ./'2,167 .288 423 537 12,824 2,182
42 04155 102855 :.1.561 o400 588 46 12,824 2,182



| TABLE 111 (Continued)

=53

Experimental and Calculated Results for Vaporlzation

in Packed Towers

48

54

H

- IF

g:;p ‘yp oy NIU HTUY HTU HYU/See4T G [fuy
43 504121'1 .02837 10380A~,453 666 WBuS 12,824 2,182 fv"
L 03966 02704 - L.46b 426 w626 9% 12,824 2,182
45 .03686 ".02897' 2,731 416 '.,524"' 665 6,350 1,053
46 L0369 02667 - 2,983  .380 o478 ’*;607‘ 5,690 B4holy
m,mmw&mﬁsmw£% mé.mvnw&1mm"
03832 .02586° 3.296 344 o/;_.-335 549 7,871 1,312
) 03784 02634 4od33 0256 .322 o409 47 783.5
50'1',03510”,‘,0224ofl 1,044 0160 442 .56l 4,868 817.4
51 L0352 02537 . 1;023 62 448 569 6,022 1,023
52 .03569 02461 1183 1141 390 495 3,960 666.5
53 03709 .02393  .886 168 ;520';' 660 7,543 1,282
203957 02830 514842 198 oS4T 694 9,670 1,654
1H  .03691 ;02749_;=1.398 kT 65T .615'] _2,923- 1,312
2H °63819 02851 1.275 o490 J720 674 4283 1,928
3H 03924 03000 1.252 499 JT34 687 5,420 2,431
B 03729 02754 1.294 .483  TIO o665 3,508 1,€21
5H. 03916 ) ;02998 1128 .55 J8l4  J7€2 4,904 2,201
C6H L0408 03193 1,165 536 788 738 5,891 2,634
(03661 102472 1.683 371 o545 o510 1,683 7541
8H .03627 .02359 ,'1.796 348 512 479 1,252 S62.1
004986f",02712 2;240-',279" ,410  2790 ',33,750 1,966
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. .. TABIE III (Continued) .= .
Experimental and - Calculatéd Results for Vaporization
in Packed Towers .

Exp. ' : | s
No.  yp yp__ MIU HIU' HTU HTU/Se4T Gl fpuy

2F 04942 .02531 2.230 281 - .413 . .796 41,420 - 2,424
3F 204998  .02634 2.250 - W277 o407 G784 48,200 2,,8‘20'
& .05128 02706 2,370 264 . o388 - JT48 55,430 - 3,257
5F 204993 02359 -2.739. .228 .335 | .646 25,780 1,504
6F 04885 .02225 2,810 222 326 .628 25,460 1,480
TF 04783 02146 - ‘3.409 ?1_83__.{_.269,,1 o518 16,152 :  938.7 ..
8F LO4773 02143 4.088 153 225  .434 9,827 .- 568.5
F 04776 02148 4.309 W45 .213 _.4_10‘_ 6,538 - 377.9
1P L0912 02409 3.506 178 262 505 15,10 8762
10F 05045 .02399 3.726 168 247 476 10,574  610.0 -
12F  ,05067 ‘A 02574 2,780 .225 331 - 638 21,990 1,279
C1F 05138 - 02584 2,715 2230 0338 Q.,'..‘651 27,790 ?._.1,_6_;29 
- L4F v.b\5395 02836 2»;726'.-.229' 0337 649 27,725 1,635
15F .05049 02738 2,358 o265 390 752 38,730 2,269
16F .¢5036, ', 202841 2,362 265 «390 - -7,752". ‘49,190 2,880
17F  L04993 02511 2,540 246 o362 698 25,800 1,506
Note: ALl runs ﬁade at a packed lenéth»ofvj-l/é"’qxcept'Nos,;45f .

49 which were made at 13-1/2"{ and Nos. 50-54 which were made at 2",
*Nomenclature

L

liquid flow rate - 1b.(m)/hr-ft?
G

gas flow rate - 1b.(m)/hr-ft2

Ty - gas temperature at the bottom of the packed section, °C.
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SR )
=55 ORT w0y
i o . PACRAEE SRR
T : T =

water tenperature at the top of ‘the’ packed section, oC.-
water temperature at the bottom of the packed sectlon,OC o
interfaclal mol fraction of water at the top of the |
packed sect:.on. R _ ”
interfacial mol fraction of water at the bcttom of the
packed section. | R '

bulk mol fraction at the top of the packed sectiono
bulk mol fraction a.t the bottom of the packed sectlono
nnmber of transfer units. | o

apparent height of a transfer unit - fto A

height of a transfer unit corrected for end effects - ft,

Schmidt number - (ﬁ—)

value proportional to the Reynolds No., - l/ft. ) T

inertia group / 1b. (m)/ft.,-h:r:2r



B

TABLE IV -

:“P'acking ﬁP.mpéBties PR

I

- carbon hacehte age
_ Nominal size- | | linch
*Outsn.de diamt.er - o vl 005 inches
*Inside dia.meter - » 0 735 inch | ,
*Length - o . 0 996 inch ) -
Nunber per cubic foot - | 316 | | -
Area per cubic foot - : 56 5 sq. ft /cu. ft.: ;
Dry voids - 'Hv .716 |
| Drain voids - 'o 710 to o 7o7

#The dimensions above weré obtained ‘from the measuremgxtof 200

'rings.._-
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> B - - B

Q-

!
HTUg
HTUL

==

~ heat transfer coefficient - Btu./hr.ft;z’on;‘ft“ ‘

-57- . UCRL-2057
- ' (Rev.)

NOMENCLATURE

area available for mass transfer“béf’unft‘vﬁiﬁme*dfipacking
- £6.%/et,> B
molal heat capacity at édﬁéﬁaﬁt5§fessuré:;*3£ﬁi/ib.maie °F.
heat capacity at constant freséure';aBﬁﬁ;/ib:(ﬁ) OF;?i
diffusivity - ft.%/sec. |

didmeter = ft, -

mass velocity of the gas stream based on the superficial area

- 1be(m)/hr.fte?

. height bl ft.

hed

- pseudo-heat transfer coefficient defined by equation (10)., .. .. .

height of a transfer unit for the gas film - ft. )
height.of a transfér unit for the gas film -’hofmcsr}éétéd for
end effects - foo .

mass tranéfef.factorciefined by-?quaﬁi99‘(4). .
heat transfér factor defined by equg@iop;(3)3,_
m#ss trénsfer factor defined by equation (13).

heat transfer factor defined by equation (12).

. thermal conductivity — Btue/hrefte> OF./fte

gas film mass transfer coefficient = lb.molés/hr.ft;z'atm;
liquid flow rate based on the superficial tower area =
1b,(m) /hr.ft.2 . |

mean molecular weight of the gas stream ->15.(m)/1b.mole.

. ) 2
rate of transport of vapor - lb.moles/hr.ft.
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number of transfer units

= total pressure - atm,

- partial pressure - atm.

film pressure factor - atm,

- heat transfer rate - Btu./hr.ft,2,

- temperature - °F.,°C.

veloéity - ftf/sec.

average velocity based on the total_cfoss-sectiqn area -
ft./sec.' |

ﬁole fraétion

pe/P

packing 1ength.-.ft-:.

 Greek letters

P

At P

k.M p.Y
G m c

a heat transfer factor defined by equation (9a)
viscosity - lb.(m)/ft.hr.

density - 1b.(m)/ft.3 =

Dimensionless groups

Re
Sc

Pr

- Prandtl number - C whk

~ Reynolds number - du p/p

- Schmidt number - /PD

p



Subseripts
e - main stream

av .- average .

- refers to mass tranafer; '*"

d

G oreferstogesfiln
h - pefers to héaﬁ,t}gn_s'fér‘f .

i |

‘= interface

m -mean . . o

m - molal

s - surface

\ UCRL~2057
(Rev . )



1.
2.

3.
1*.

'59

8.
9.
10.
1l.

12,
13.
1he
15,

16,

17.

~Boel’cer, L. M. K., Ma.rtlnell:., R. E., and Jonassen, F., Trans.

—60=  UCRL-2057
o (Rev,)

BIBLIOGRAPHY

Arnold, J. He, Ind. Eng. Chem.. 22, 1091 (1930).

Arnold, J. H., Physics, 4y 225, 334 (1933).

‘Beam, H. S., Buckingham, E., and Murphy, P. S., J. Research Natl,

Bur. Stds., 2, 561 (1929).
Bedingfield, C. H., and Drew, T. B., Ind. Erig. Chem:; 42; 1165

Am, Soc, Mech. Eng., 63, 447 (1941).

o

Buddenburg, J. W., and Wilke, C. R;», Jour. Phyé.‘ and Colloid Chem. ,
55, 1491 (1951). . -

Chilton, T+ H., and Colburn,A. P., Ind, Eng. Chem., 26, 1183 (1931;).
Ibid., 27, 255 (1935).

Chrisney, J. ‘B.s M. S. Thes:Ls, University of California, (1948).
Colburn, A. P., Trans. Am, Inst, Chem. Eng., 29, 174 (1933)
Danckwerts, P, V., Ind. Eng. Chem., 43, 1460 (1951).

Drickamer, H. G., Scott, E. Ja, and Tung, L. H., Jour, Chem, Phys.,
19, 1075 (1951).

Dropkin, D., Cornell Uniw}.vEng.' Expt. Sta., Bull. 23, July (1936).
Dwyer, O. E., and Dodge, B. F., Ind. Eng. Chem., 33, 485 (1941).
Eisner, Das Widerstandsproblem, Third Int. Cong. App. Mech.,
Stockholm (1930). |

Emmert,R. E., and Pigford, R. L., Pa.per presented at Toronto meeting
of Am. Inst. Chem. Eng., April (1953).

Elgin, J. C., and Weiss, F. B., Ind. Eng. Chem., 31, 435 (1939).



1= . _UCRL-2057

18. : Felllnger, Lo’ SGQD. TheslS, Mass. Inst. TBCho (19l|l)g -
vl-9.' Gamson; B. Way Thodos, G., and Hougen, 0. A., Tra.ns. Am. Inst. '

Chen, Eng., L: 1 (1943).

‘20. Gerster, Je A.s Colburn,- A. P., Bonnet E.g andcarmody, T. W._. |
Chem. Eng.. Prog., 14.5, 6 (191;9). - T ‘- 7 |

2. H:Lrschfelder, de _O., B:er, R. B., and Spetz, E. L., Trans. Am. Soce
' Mech, Eng., L, 921 (1949).,‘4 o S .. .
22, Houston, R. W, and Walker, C. Aoy Ind. Eng. Chema, l|.2, 1105 (1950). .
23, Jesser, B.. W., and Elgln, Jo C., Trans. Am Inst. Chem. , ._, 39
277 (1943). N Ay

24. Johnstone, J. F., and Singh, A. D. ,_'1_54. Eng Chen.,. 29, ,2486;‘_1(_123:7)‘.( L
25, Justi, E., and Langér, F.,Z. 4,'1"_e'c:hﬁ.-Physik_,_._ A, 189 (19L;0). o

26. Keenan, Jo H..., Themodyx}a};nig' Prope_x"‘ti_esv_ 9_1__' Air, *W:Lley and S}qn_s",_ Inc., .
New York (l9h5)o , | A.; | o

27. .‘_Keyes, F. G., Trans, Am. Soc. Mech. Eng., _2, 589 (1951). _}

| 28, -Lee, C. Y., M. S. Thesis, Un:.versity of Gal:.fornia (1952)

29, Lorisch, Forschungsarbeiten, 322, 1;6 (1929). o

30. Mark, Je Gy Trans. Am. Inst. Chem. Eng., 28, 107 (1932) o

31. McAdams, W. H., Pohlenz, J Bey and St. John, R. C., Chem. Eng. Prog.,

| _2,21.1(1949).“_ e |

32, Mehta, J. J., and Parekh, R. H., M. S. Thesis, Mass. Inst. Tech.,
(1939). R T

33. 'Murphree, E. Vo, Ind Eng. Chem., _2_4, 726 (1932) |

31;. Othmer, D. F., and Scheibel, E. G., Trans. Am. Inst. Chem,. E‘n_g.,,

37, 21 (1941)s



35.

36.
37.

38.
39.
40.

T

13,

L5,
46,

LT,

L8.
49,
50,

51..

b2 | UCRL~2057
: (Rev,)

Perry, J . H. , Chemical Engineers Handbook, 3rd. ed., McGraw-Hill

Book Co.; Inc.; New York (1950)y p.-220. '

Sarchet, B. R., Trans. ‘Am. Inst: Chem. Eng., 38, 283-(1942)s ="~
Scheibel, E. G., and Othmer, E. F., Trans. Am; Inst. Chem. Eng.,
40, 611 (1944). | T e

Sherratt, G. G., and Griffiths, E.s Phill Mag.i. 27, 68 (1939)s
Sherwood, T. K., Trans, A, Soc., ‘Chem, 'Eng., ‘}__, 817 {1940) 4"
Sherwood, T. Koy and Holloway, F. A. L., Trans. Am. Inst. Chem,”
“Eng., 365 39 (1940). ’ :

Shérwood; T. K., Shipley, G. H., and Holloway, F.:"A. L., Ind. Eng..
Chem., 30, 768 (1938). :

Simkin, D. J., M. S. Thesis, University of California (1948)e = -

Striplin, M, M., Ind.'Eng. Chem.; 33, 910 (1941)s -

" Surosky, A: E.;and Dodge, B.F.; Ind. Ehgs Chem.,. 425 1112-(1950).

Taecker, R. G., and Hougen, O. A., Chem. Eng. Prog.; 45, 188 (1949)
Van Kreveliﬁ;"{ﬂ. W, ’ ’ﬁ&ftijzer; P Jes “and’Van Hooren, Ce Joy Chem, -

Eng. Prog.; hks 529 (1948).

Vennard, J. K., Elementary Fluid Mechanics, John Wiley and Soris,
-Inc., New' Yofli (19475 pe Lo

V1v1an, JIE .s and’ Whltney, R. P., Chem:’ Eng. Proges 1.;5, 329 (1949)s

'Whitman, W. G., Chem. Met. Eng., 29, No. 4, 146 (July 23, 1923).

Vilke, C. R., Chem. Bng. Prog.; 46, 95 (1950)

Yosida, F., and Tanaka, T., Ind. Eng. Chem., 43, 1467 (l951)o _



~63= _ UCRL-2057
g o (Rev,)
ACKNOWLEDGMENT |
The authors are indebted to"‘.t.he Shell 0il Company for financial
air in the course of this study and to .thldtii;_.s..Atolﬁic Energy Com~ -
mission under whose spo.nvsorship'the' work was completed,

/



