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EFFECT OF FLUID PROPERTIES ON MASS TRANSFER
IN THE GAS PHASE
.  Edward J. Lynch |
Department of Chemistry and Chemical Engineering
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June 1953 _

, ABS‘I‘RAGT
To determine the effect of fluid properties on the rate of
mass transfer in the ‘ga;s' phé.‘se,‘ water was vaporized ‘into air, helium,
and Freon-12. -Data dbtained froin a series of wet- a.nd dry-bulb
experiments on these systems, in conjunction with similar data
obtained by Arnold (3), Mark (36), Bedingfield and Drew (5), and
Dropkin (16), indicate that the psychrometric ratio is bést eXpréssed
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Since the Prandtl number was very nearly oonstant in the above '
experiments, it can be con cluded that_the mss transfer coefficient
varies with the Schmidt nunber to the ‘-l/ 2’ power for flow perpendiéu—
lar to single cylinders. A | N

-Ih the major phase of the investigation, data were obtained for
water vaporization in countercurrent flow in a one-foot diameter
column packed mth one-inch carbon Raschig rings. At a liquid rate
of 1575 1bs.(m)/hr. ft’?, the gas rates were varied from fifteen percent

of fléoding velocity to the loading velocity for each éf the three gases.

-
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For a.1r the liquid rate was varied from 575 to 3850 lbs.(m)/hr.
ft? at seﬁéral_l. gas rates. Packed heights» of 7 ,1/2, 13 1/2 , and
2 inche‘s were uéed in determining end effects which were found
to be equivalent to 3.51 inches of packing. When the data for
the three gases were compared at a constant value ‘of the gas
Reynolds number and constant liquid rate, it was found that the
height of étré.nsfér unit was proportional to the 0.9 power of
the Schmidt number. When compared at a constant value of thé_
inertia group, /;u;?l, and constant liquid rate, the height of a

" transfer unit was found to *b’e moportional to the 0,47 power of
the Schmidt 'nﬁmber; With the supporting evidien‘ce of the psychro-
metric study, it 'is concluded thét the inertia group is a more
satisfactory correlating modulus thah thé Reynolds number for
mass transfer rates in packed towers, and the height of a
transfer unit ca:n be expressed in terms of the inertia and
Schmidt groups as:

| - 4T

HTU.

3 = function (/oufl) x (Se)

The dependmbeof the HTUy on the liquid rate camnot be expressed
as a simple function, but it may be approximated as being

proportional to the liquid rate to the -1/3 power.,
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INTRODUCTION AND THEORY

Review of Fundamnt.al Mass Transfer 'I‘heor’y

Mass transfer in packed t.owers, and related contactmg equipment,
is of extensive and obvious 1ndustrial importance, and at the present
itlme represents one of the most mpo\r*t.ant. facets of chemical englneer'mg
As a consequence, the pas’c twerxby=f1ve years have witnessed a v
continuous and unrelenting effort on the part of chemical engineer:ing
research organizations to identify and properly evaluate the variables
which govern the rate of mass transfer in this type of .equipment.
The ﬁeriod of time alone bears ﬁute testimeny to the complexity and
dif ficulty of the problem.

The study of mass transfer between flowing gas and liquid phases
was originally approached in a purely empirical manner ,'thati of ob-
serving a similar or identical system with the me under conéideré.tion
in pilot-sized equipment. Little or no effort was made to identify
the controlling variables. The economic ina-dequ;acies of this type
of approa.ch are all too obv:Lous, and yet it is still used by industrial
organlzatlons under the pressure of expediency. It was mt until the
a_xdvent of dimensional analysis, and the proposal of the "two-film"
theory of mass transfer by Whitman (63), that the problem of mass

transfer in flow systems received in some measure the direction,

b=
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clarification, and organizatio.n that its successful solutim warrants.
The fﬁrxiammtal rate equation for the interdiffusion of
vstagnant gases has been developed by Maxwell (37). Im this work,"
'we are particularly interested in the special case of the diffusion
of one gas through a second inert gas, and Maxwell's general

equation reduces to:

nP (1)
pBéX
Ny = rate of transport of gases A - W
D, = molal diffusivity - 1b. moles/hr. ft.
p = partial pressuré - atmospheres
x = length of the diffusion path - ft.

A refefs to'the dii’fusing gas, B to the inert gas..

The practical application of this equation to systems involving flowing

fluids is extremsly dif ficult because of the uncertainty in the value
| of the dif fusion coefficient resulting from the influence of tm'balence;
and .the absence of information on the length of the diffusion path.

For a fluid flowing under such conditions that turbulence e;dsts,"

the flow pattern may be_d:i.vided into two regions, a turbulent zone
and a boundary layer \(herein defined to include those fegions where
viscous forces are important, i.e,the laminar sub-layer and thé
buffer region, The turbulent zone embraces the main port:‘ian‘ of flow
wherein the transfer of momentum is by turbulgnt_ im,erchange, This
same swirling action which causes the presence of eddies is respmsible
for the transfer of material by mass motion anl gives rise to the

term "eddy diffusion® which is used to describe it. As equation (1)
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was uwsed to describe the transfer of mterial by molecular diffusion,

a similar equation can be written for eddy diffusion:

=B apA
pgox o
where . . E_ = eddy diffusivity - lb. moles/hr. ft.

As might be ‘suépecte'd, eddy diffusion is a much molre rapid process
“than mole&ular'? diffusion, so thé.t in thé turbulent core it completely
dominates molecular diffusion and determines the rate of mass
| transfer., | | N

~In the bourdary layer, that region of flow which is adjacent
to the confining arface; the flow picture 4is much.more complicated
in that both the viscous and turtulent forces are. important and
their relative ‘importa.nee varies throughout. -For.a short. distance A
frfa'm the surface the flow may' be considefed lamimr Mth turbulent
eddies entering gradﬁally thereafter through a transition ar buffer
region until the turbulence level of the main stfqa;n is reached at -
the innér edge of the bourdary layer. An exact treatmeimt of
diffusion in this region requires the use of an equation which is a
combi nation of é@ationsv (1) and (2) with the values of'Dm and Ey
properly Weight:ed according to the flow conditions. Such a tréatment
of mass transfer obviously fequires a knowledg; of—the 'felocity
di stribution which is generally unknown aﬁd, results in equation:;
Which are faria"b@é e@fnplex for general use. To dbviate these
difficulties; é.n empirical appreoach has béen taken with the intro-
duction of'a nasé transfer coefficient, kG

In order ’ée ih_clude the resistances to mass transfer imparted
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by both the bou.ndary layer and the turbulent core while retaining
" the s:.mpl:.city of equation (1), it is necessary to visualize a
hypothetlcal model ‘compos ed of a turbulent core which of fers ne
res:Lstance te transfer. ad a completely lamim.r boundary layer
of such th:.ckness that its reszst.ance is identically equal to the
sum of the resitances~of the actual model Wit.h this model,

equat:l.on (1) can be applled in mtegrated form° o

D(P"Pi) ' | | (3)

Ny =
PA T
Bg Ps

where B, = the thickness of the hypothetlcal boundary layer or
" equivalent film thiclmess - ft,

film pressure faetor s @ term wh_:.ch accounts for the

Pg.
; effect of similtaneous diffusion and the presence
of othef eempdmnt s on ‘the dif fusion .o)f component A.
For this pa‘rt'icular case it is equal to the log mean
partial pressure of inert gas - é.t.m'ospheres.

p = partial pressure of component A iﬁ the main stream -

atmospheres. | | '

. -pi'-e rartial pressure of component A at the surface or

| interface -  atmospheres. ) |

If the mass transfer coefficient is then defined as

kg = .?;E&,, | (&)
¢ ° 5, g | |
equation (3) be:comes:‘ | ,
Ny ‘=,kg(P - py) | | (5)

where k, = mass transfer coefficient - 1b. moles/hr.ft? atm.
kg is an experimentally determined coefficient which depends upon

the geometry of the system and the mroperties of the gas involved.
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At the present tlme thez;e is no completely suitable oorrela.t:l.on
ava:.lable for J.ts predict.:.on in a packed column.

A gereral problm in equipnent des:Lgl isto ut.ilize the "point
value® mass transfer coefflcient discussed above in the calculation
of the_apparatusj'size feqﬁired to effect a désired separation. The
foiloWing }developvment. y}ill be made for the absorptipn or desorption
of gases in a packed tower,but the resulting equations are not so
res’_triéted in thieir application. >Consider a cﬁ.fferential element
of height, AH, over which tramsfer is occurring fma#é, gas stream
into a liquid. The liquid and gas are in cbunt_ercv.ﬁ'reﬁt flow

~ through thé packing.

Iii'in A GTout

AH

GTin Llout.
For the gas film trans fer of component A
Ny = kg P(y ~ Yi)
whe;-é ¥y = mole fraction of A in the main st.:fea.m |
T3 = moie fraction of A at ‘the gaséliquid interface
P = total pressure - atmospheres.
For 'steady state operation; 7 |
| kza(y - 73)P LH = -d(Gyy),

where G = molal gas mess velocity based on the total tower cross
section perpendicular to flow - 1v. moles/hr. £t2
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‘mass transfer surface per unit packed volume

a =
££2/5t2
H = tower height - ft.

This equation ms been integrated for the tower height by Wilke (614,)
ey '
apf (1-=~=)(y v,)|

a =moles of gas A diffusing divided by the total moles of
gas diffusing. In this work a = 1. .

‘where ¥, = pf/P

The term in parenthe sis was given the rame "tieigh’h-:" of a transfer

unit" by Chilton and Colburn (10) so thats

kG a pf

and the term in brackets was called the "number of transfer units" '

or

S it
Ja -0 -7
1 a

(8

Mass Transfer in Packed Columns

vSince the geométry of a packed tower is so comj)lex, it is not
possible to use -a simple boundé,ry layer model as the basis of an
anélytical solution for kg (or HTU) which would indicate the
variables or groups that are significant in determining the mss .
transfer rat.esc However, some indicat.ion of the significant greups
can be obta.ined by an ana.logy to the problem of heat transfer in
smooth pipes which has been solved amalytically by Prandtl (46),

von Karman (29), Boelter, Martinelli, and Jonassen (6), and
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Murphree (40). An extension of these solutions to mss tré.nsfe‘r (see
Appendix -.p.age 69) shéwsthat the mass ti'ansfer ra-f.e in pipes is
dependent on the Rey'nolds and Schmidt nunbers. If' it can hé'assﬁmed
that the same forces act in a pa.cked column and in a pipe, then it
can be expect.ed that. the e ss transfer coefflclent for a packed
column is a function of these same groups. The transfer rate in a
column should also be a function of the shape of the packing and the
roughness of the packing surface since these _fecto,rs will obviously
ifxfluerice the flow pa,tterri. However,. it i‘s entirel'y probable that
this _deﬁendence will never be evaluated in a lsatisfa.cto_:'y nannex" “
and in the final analysis it will be necessary to use a sel.;arate‘
correlati_on for each packing, or at least for each packing type. By i
‘ limiting. the experimental investigation to a. single. packing, as has
been dohe.,in t.his ﬁork, .it is possible to eiimj.na‘te;.the effect.e of .
- the shape factar and surface roughness, and to r'ele.gaﬁe_them to a
later et.udy after the effect of the Rcynolds_apd_Schmidt,numbers has
been dei;er'mined.° |

The pressure drop in the flow of a fluid past a complex shape
zﬁay be evaluated in terms of a dﬁg coefficient, Cp» which includes
both the skin friction and the "pres's’_ure difference between vthe front
e.nd the rear of the object' (form drag). It has been found to be a

funétion of the Reynolds number and is defined:

QUL OR

where AP = total pressure drop across the body - lb'.(-'f)»/ftg
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Fig- 1

. Relative rates of mass tfahsfer '
in flow perpendicular to a single
cylinder. R



p = density 1b.(m)/ft3

gra.vit.y constant - 1b. (m)ft /1b, (f) sec%

&

um mean velocity - ft./sec,

'-Stl_xﬁ-.es of né;ss transfer from cylinders (35) show that most of
the ‘t-.re’r‘;si'er takes place in the region of the stagnation point and |
the turbulent wake, with relatively little transfer on the sides. of
the * c'jr““linder. Sime it is the pressure difference between these
same two points which is primarily responsible for the drag, it. might
be suSpect.ed that the two phenomena. enjoy a somevmat gimilar relation- .
sh:Lp : ﬂg-'the flow field. Pressure drop measurements: nade on cyllnders .-
(19) show that the drag wefficient becomes a constam at high |
R,eynolds nunbers. This means thit the drag/unit area is a constant ~
times ,amnz1 and is independent of the Reﬁolds nurber. Sirice mass |
" transfer takes place primarily in those afeas.ﬁhich greatly influence
'the drag, it. seens reasonable to assune that the m ss transfer
,coefflclent, kG’ is also same mnctlon of Fum rather than of 'l;he

Reynolds number. It might be expected then that fer» a single

cylinder _ Loy ) '
. | ky = function (Fum)’ 'V//D)’ o (10)
‘where A = viscosity - 1b.(m)/hr.ft. N '
D = diffusivity - ft%/hr.

Since pressure drop measu;'emms ﬁadebm packed towers alsosheow CD |
to be essentially constant over the usual ré.nge of flow rates below

the loading point, this equation should be equally valid for a paeked
tower, i.e., a group of cyllnders. It can be transformed to the HTU

form by equati on (7):

’ HTUG‘V’EPui)’VM)J o o
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where ¢ =-a function to be determjlned by experiment.

Simultaneous Mass and ‘Heat Transfer

Wet- and dryébulb thermome ter readings are generé.lly used to
determine the vapor coﬁténb gof a gas ~s£ream. "~ When the vapor content
is known, vthe readings can be used tondetexrmim the rela,ﬂiv‘e xfates
of -heat and més transfer. If an e:_cé.ct analogy can be drami b'ef.ween
the two processes, the veloéity ‘term should enter imto both rates
in the same manmer, and the ratio of the mass transfer coefficient
to.the heat transfer coeffic :ient should be a unique function of the
Schmidt and Prandtl numbers. , ‘

_Golburn (12) and Chilton and Colburn (9) set up equations for
heat and mass transfer in terms of the. J number, a quantitj which
is béna'.'logous_to- the frietion factor in momentum transfer. According |

,'——(—p"-‘)zé - (1z>.

‘to this concept,

J
h k
cp G
and .
kg My Py [~ 3 -
g = . (13)
L g \pD o
By assumﬁxg 3, 1is equal to J4» the psychrometric ratio is obtained:
kg M Pr ¢ , ()
pD : :
1.'2 (o]
where h = coefficient of heat transfer - Btu. /or. £¢% °F.
G, = heat capacity of the gas - Btu./lb.(m) °F.
P '
k = thermal conductivity - Btu./br. £t2 OF./ft.

M = 'mean molecular weight of the gas
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Bedingfield .and. Drew (5) accepted the form of the above équatién
but decided that it 'would fit the available data better if the
- exponent on the échmidt and Prandtl numbers was OI.5.6. ~ Heat and‘
m#ss transfer data obtained from studies of packed bedézi%z):dicaté
that 3, = 1,076 3. | |

. ‘I’he fom of the Schmidt and Pranitl nunber . funct.ions given
in equation (14) is that which was developed..empixjica.lly by Golburn-.
Arnold (3) has developed an'_eqﬁation for the. psychrometric ratie
based on the equation of Prandtl (46) for heat transfer in pipes. |
This f.heofy postulates the existence of a ldmirar fiow régibn at
the surface of the thermometer with the remsinder of the flow being

completeiy tnrbulent The resulting e:qaression includes t.he velocity '

"“at the edge of the ' laminar’ layer, g

o ua<c_p£_l)
kG'MmP; ,,““m |
y venfp-a)

- In the above analogies the value of kG is the one determined

(15)

from wet—dry bulb data smce it is multiplied by the t.enn Py which
corrects for the pressure of the inert gas. The values of h are
not the values which would be dtained from the data, but are
rather the true leat transfer cefficients that would be obtainkd
if there..vwex"e no evaporé.tion from the surface. To correct the

wet bulb 'data, it is necessary o include a factor vhiéh will a.llow.
for the heat being carrie.d away from the themometér by the mss

movement of the vapor molecules.
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If a model can be assumed as shown below, such that the transfer
of h_eét and mss through regions (1) and (2) can be neglected (i.e.,
cori'Sidering ‘transfer only in the normal direction), a simple equat.ién

may be written for the heat transfer to the thermometer sﬁrface.v

8

2 (2) v
,

N «—V

o o V4

/

/

y

(1) W
: -

| Fm 'iy

With the surface temperature as a reference, the heat transferred -
- to the surface, g ilvs equal to the 'hea_,t ente;ing the fJ.lm, >qa;,
minus _thé heat belng carried out by the vapor flow, NG, (t, - ts)’-‘
or , : Qg = q, - NC(t, = t), - (16)
where N = number of moles diffusing per unit time, per unit
area -~ moles/hr.,ft% _ N o
G, = molar heat éapécity of the vapoz."_-e_Btp/lb -mole °F.
bty = gas and. surface temperatures réspectiveiy-"F. ‘
If there were no backfloﬁ of vapor, qg would equal q,. |
ag = q, = h(t, - tg) | Qan)
where h = heat transfer coefficient - Btu/hr. £t2 °F., (this is
‘assumed independent' of the mass transfer movemeixt).
Substituting from equations (17) amd ( 5) for q_ and N into equation
(16), | R | |
ag = h(ty = tg) = Cy Kg(Pg = Py)(t, - tg)
= h(tg = t,)(1-Cy kg ap/h) (18)
=h(t, - tg) T |
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where : Y =1=-¢C, ;:G sp/h | : _(1_-;3a)

I a new pseudo-hest transfer coefficient h! is defined as the total
'effeétive coéfficiwt. inclﬁding‘ the conve_étive 'tré.nspért ef heat,
‘then | " Ken Y, ' o | (19)
and the cqrre_ct-psychrbme.t‘ric r#tio is: |

| -
kg Mp Pp .
-—-—*’h'_ _

‘= function of (Sc, Pr) (20)
A treatment similar to that shown above was developed by Célburn
and Drew (13) for correcting the heat transfer coefficient in the
case of condensatiép of mixed vapors. . However, they did:not apply
their équation to the correction of wet- and dry-btulb data, although

it could be so used. -
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EXPERIMENTAL

Plan of Investigation

The purpose of this investigation was the detefmirﬁtion of the
‘effect of the fluid properties on the rate of zass trénsfer in
packed tpwers. (The .role of the Schmidt number Waé of rarticular
interest.) In order to do this, a twofold plan was‘i‘ollowed.- The
‘most direct method was the actual measuremernt of gas film mass
tra.nsfér coefficients in a ;aqked tower. In arder to avoid the
uncértainfcies experienced by ol;hér investi gators, it was decided to
evaporate ]a single pure liquiid into ineijt gases. Tbe gases chosen
were air, helium, and Freon-12. | This gave a -th:fit}fb]d’ variation
in density, a twofold variation in viscosit&,_and'sfanéighbfold variaf,ion
in Aiﬁﬁsivity; with water as the liquid, These b:joperties ccmbined
to give a four-ard-ome-half fold varia"c.ion. in Schmidt number. |

The second method of approach was the use of wet- and'dry—bulb‘
measm'emént,s to determine the ﬁsychromet’ric fati_o. If the Prandtl
number'is’.very‘ nearly c'on_star;t; this method will give the variation
of the mss.transfer coefficient with Schmidt n@mber in evaporation
from si'ngle cylinders. It has the advantage of pq; requiring a '
| hlwledge of the effect of the mass velocity tefm provided the
analogy between heat and mass transfer can be'assu;ned valid.  While
it is not nécessary’that the same Schmidt number effect will hold
Afor single cyl‘inders and packed towers, the expected effect should
be of similar magnitude and the results should serve as an indication
to confimn t.hé results obtained by the mare .direct method.

Equipment »
To carry out this experimental program, equipment was'set up as
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¢

shown in the acéompanying'diagrams. Gas circulation was provided
by a positive displacement Roots-Connersville‘bloWer which was
capable of a maximum.outpuy of 700 cfm. The gas temperature was
maintained by steam hedated coils, the sapply.fof which was controlled
by a Browh Electronik témperature recarder—gontrol;er. In general,
it was possible to kéep the temperature fluctuations within Z 1/2 °F,
at the control point (no.3, Fig,2); (The metal of the flow cabinet
and ductihg rovided a démping_action vwhich limited-fluctuations to
% 0.1 °F. at the tower inlet.) The heated gas emtered a 20 inch
diameter section (Fig.5) containing straightening yane.s'a.nd a flow
;nozzle made to the specifications of Bean, Buckingham, and Mnrph&
(4). For low flow rates,‘a calibrated orifice was placed over the
end of the nozzle. The éalibration for ﬁhié orifice, as well as a
calibration_of the nezzlé at very 1ow flow rates; is included in
the appendix. The gas next passed to the wet- and dfy—bulb sét-up.
An orifice was placed in the ducting, (Fig.9), greceding the
thermonmeters fo provide a uniform high velocity flow‘across the

the rmometer tulbs., A thermocouple was also inserted in the duct
wall adjacent to the thermometers to determine the wall temperature
for the raﬁiaﬁion corrections. From here the gas passed into the
gas distributor (Figs. éand 7) where it was sampled armd then
entered the tower through the risers which discharged about one

inch from the bottom of the packing. The temperature at the riser
discharge was measured by a thermocouple inserted in the gas stream.
The temperature was measured again about six inches above the
packing. The gas leaving ﬁhe tower passed throuéh a series of four

mixing baffles in the exit duct before being sampled again. The
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General equipment lay-out.
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Fig. 3

Photograph of the absorption
tower,
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Fig. 4

Photograph of the instrument
board.



=2y

water was removed from the exit gas by’;ﬂssiné it through a water-
cooled coil, the condensate being returned periodically to the
liquid system. A heating coil was provided on the return line to
the blower to slightly superheat the gas ard to eliminate the
possibility of condensation in the blower. Variable gas rates were
obtained by the use of a variable speed drive on the blower and a
by-pass on the circulation system.

Tﬁe large section at the bottom of the tower (Fig. 6) served
as a liquid reservoir with circulation being provided by a centri-
fugal pump. After leaving the pump, the liguid passed through a
double pipe heat exchanger which controlled the inlet temperature
to the tower. The flow rate was measured by a calibrated rotameter.
The liquid discharged into the tower through a 44-point distributor
which discharged within one-half inch of the top of the packing.
Each of the tubes in the distributor delivered liquid at a rate which
was within ten percent of the average rate for a single tube. The
temperature of the inlet liquid stream was measured by a four-couple
thermopile. The themocouples were inserted into rubber sleeves
which replaced the last three-and-one-half inches of four of the
copper distributing tubes. The liquid temperature at the bottom
of the packing was measured by a single couple located in a small
cup. The cup had a smll drain hole in the bottom to insure liquid
circulation. In addition, the ligquid temperature was measured by
thermometers placed. in the line prior to its entry into the tower
and in the reservoir. These served solely as a check on the
thermocouples.

The tower was one foot in diameter and was packed by wet
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Fig. 8

Photograph of the liquid
distributor.
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dumping ﬁﬁhverssinéh'carbm Raschig r'ings. The packing was
suppoi'ted '.by-av.-'one\-'-.ir;ch me sh vstee'!. screen which was in turn

' ,suppox_'-t'_.ed-- by a metal grid 1/8 mc{x thick. The tower was .wra}:ped
- with a one-...inc.h'thicklg‘lsss wool insulstion which was covered by
two layer‘sv of veorméated'asbestos paper.. The ex:'Lt section of the
| tower was wrapped with a heating coil to eliminate.the pessibility
‘of condensata.on ot water in the exit gas prior to sampllng.

’» The sample b.lines were .covered with appro:d.mately 1/2 inch

6f»h:ag'1é31a"' im’m'iio:{"'a.’na»-double traced with heating coils. The

m01sture content was detemined by pass.mg the sample through two

, .drying tub es in series fi]led wlth Drierite. The junction of

the sa.mple lins ani t.he d.rying tube took pla.ce ina hea.ted box. A
tee _was_ ;_a_]_.s‘o-b plac‘_ed in the ,sampls: line at this point to permit a
small gas pump to continﬁqus_lj dx:aw a sample through the lines ria'c,
the approxinaf,e sa,_mplin'g_;ra‘t_e ﬁrhiler '»sampli_r'xg was not actually in
progfe‘ss,’ A sanxial'e, ﬁas-dram by ;srm_i.tt.ing water to flow from a.
boﬁtle of laioﬁn frolum »To insure s. consta.nt tower pressure when
operat.:.ng with gases othsr t.han air, the water was run into a second
bottle filled m.th ga.s, forcing the gas into the system at the same
rate a_t. which the sample was .being drawn.

| Tihe: p;".es_sdz_"e at --ﬁhe_ top of .th'e tower aml the pressure drop
across the pasked section.‘we_re read' on a U~-tube manoneter and a
- -two-inch dra.ft- gage re spectively. The draft gage reading could be
estimted to 0.005 inch of water. The static pressure preceding
the nozzle and the difference in head between the impact tube and
the static pressure at the nozzle discharge were read on a five

inch draft .gage. The reading could be estimated to 0.01 inch of
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water. _ ,

‘The wet-dry bulb"a.ssembly is 'shcxin in Fig. 9. The thermometers
used were‘precisilon thermometers with 0,1° C. graduations. These
were calibrated to the nearlest, 0,01° C. agairst a Bureau of
Standards' thermometer. The wet bulb wick wa.s mde from a cotton
‘sleeve which was carefully'sewn closed at ore end to fit snugly
over the thermorxeter; Windows were provided in the ducting at the
point where the thermometers were imserted so that the positioning
and wétting .of' thé wick could bbe observed during a run. The |
windows ﬁere natie sufficiently smal 1 so: tha t they would not affect
the radiation correction. The ducting at this point was covered
with a one-inch thickness of mgnesia insulation.. o

The the_rméoouples used in determining the gas and liquid
t:enperattﬁ"és in the tower were calibrated against a Bureau of
‘Standa.rds'- thermoneter. The emf,.,s were read 01;1 a Leeds and
Northrup K2 Potentiometer. Tﬁe inlet liciuid tempe rature céuld be
rea& to £ 0.01° C. and the other_ temperatures to Z0.04° C. The
ou’olet-gés temperatures were found to be in error at the low flow
rates due to radiation and conduction losses in the thermocouple
and oonse&;uem_ly were noi used in the final c¢alculations.
Procedure

For all mﬁs irade with gases other than aif, it was necessary
~ to first purge the system before each series. The size of the
equipment and frailty of the ductwork mde it unwise to either
purge with t.he gas to be studied or to attempt to remove the a:"Lr
through evacuation; Gémequently, a steam purge system was chosen

since the presence of water in the system was ne_cessary anyway.

o
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To accomplish this, the blower was operated and live steam injected
at the inlet, forcing the air ahead of it as it moved through the |
System. The butterfly valve on the by-pass was closed and the air
exhauéted through the vent valve (no. 13, Fig. 2),' Since some

mixing of the steam and air wgs inevitable, the steam injection was
continued until such time as a themometer in the return line .to the
blower indicated a temperaﬁuré of approximately 100° C. At this ‘time,
the vent and steam valves were clesed'a.n.d the gas to be studied was
ihtzpdnced, filling the system as the steam cgr;densed. During the
steam purging, all auxiliary lines were also purged with the gas,

The steam purgi;ng took an average of about ten minutes and resulted
in essentially complete reﬁové.l of the air. Air concentration was
checked by means of an Orsat anal.ys is for oxygen whicﬁ was sensitive
to X 0.05‘ pér-cent. After purging was complete,_ condensed steam was
removed from the lines and the ne{:essar;r adjustments were made to
br:"i.ng' the equipment on stream. T§ preventrintrodustion' 'bof impurities,
ihé equipment was operated with a slight positive pressuré at the

" blower inlet. ) B : ' -

At least three hours were required between start-up énd the
first run to obtain steady-state conditioné. Subsequent changes
required from one-half to one.-a.nd-ene-half hours for the attainment
of steady-state as indicated by canstant gas and liquid temperatures.
Then samples were drawn si'.multaneously from the top and bottom of the
tower through Drierite tubes for about‘twenty minutes, The amount
of water co]lécted by the Drierite was determinéd by weighing and
was récorded to 0,000l grams. The temperature and pressure of the

gas in the aspirator bottles were also recorded. ' The temperatures
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of both gas amd iiquid streams were measured and the inlet water
tempe rature was “closely watched and contfolled by varying the flow’
ofiaoooli..'ng water through the liquid system heat exclanger. In
general, it was possible to operate with the inlet and exit liquid
 temperatures less than 0.5° C. apart, with the variation of the
inlet temperature during a run of less than £ 0.05° C. .All flow
rates and pressures Wére recorded,

Immediately follpw:‘i.ng sampling, water from an overhead ‘supply
was introduced to the wet-bulb wick and allowed to ‘th‘eroﬁgh‘ly soak
_the cloth. The water supply rate was then reduced until a pehdant
drop could be ob served on the tip of the wick. The w“et- and dry-;
bulb tempe rétures were then recorded. The water supply was stopped
and the wet bulb' temperature checked for any _ﬁn‘the.r cha'ng»es. |
(Conseclmive runs made at the same gas r-ate.indicate that the
7 méist.ure content of the gas stream remmined essentially constant
over long periodé of time once steady-state _ccndit.ions had been .
attained.)

A1l packed bed data were taken with a Sevenea.rd-one-half inch
depth of packing with the exception of the runs ﬁade at the end
with heighﬂs of thirteen-and-one-half inches and two incheg which
weré used to determine the amount of tfa.nsfer taking place outside
the pécked section. Caution was-always exercised to avoid flooding,
~~which had been observed in éarly experiments to cause a rearrange-
ment of 1;1f1e‘pau3kingo All runs were made at a liquid rate of
1575 1bs.(m)/hr.ft> with the exception of those mde with air to

check the effect of varying_ the ligquid rate. Since the type of
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di stributor used gave erratic liquid distribution below rates
of 1000 1bs.(m)/hr.ft%, only three runs were mde below this

rate.

RESULTS .

Wet- and dry—bulb' Tempefatm‘e Measurement s

The three values of the psychrometric ratio, 1_(.0_.__13{_:’ Cp ?
Rt

obtained in this work are shown plotted against the ratio Sc¢/Pr .
in F_ig., 10. These results alone would indicate a function having
a slight curvature, but within the precisionl of the data, it can
be approﬁmted by a stfaight line having a slope.of -1/2. ' Thig‘
graph has been extended to inclule the work of Arnold (3)', Mark (36),
Be&ingﬁéld (), and Dropkin ('16).’ Making allowance for the fact
that the results of Mark have not been cor rected féf radiation and
are consequently low, a best line has been dré.vm tﬁfough the
points. This line also has a slope of —/2. Since the value of
the Prandtl group is ﬁéarly constant, the heat transfer coefficient
may also be considered constant. The curve then represents the
va_rié.tion of the mss transfer coefficient with Sehmidt number for
the flow of gas perpendicular to single cylinders, i.e., kg is
pro;;ortioml to Sc? °

The curve drawn is best suited by the  j number analogy if

3! = 1.10 §' where: - '

n Jg vhere \ A |

i = h P4 .

h, C,G k:/ (12a)

P

| o 1/%
. j'".i - kg Mp Pp ¥ //
~d G \p D

- (13a)
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The psychrometrlc ratio as
a function of S¢/Pr. -
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: Thls is in good agreement with the results obtaiﬁned I:rom packed
beds v;:rﬁez;é it' has been foﬁxﬁ empirically (22) that the ratio of
jh to J d is 1.98. Neither the curve based on the 'equality: of the
Chilton an:l Colburn j numbers (equation 14) nor the modification
of Bedingfield-Drew fit the data very well, particuia.rly at the
1dwer‘va1ues of the Schmidt number. |

| An altemate thegret.icai tmreatment has. beep 'pr"ésented by
-Arnold (equation 15). An attempt was made to apply this method by
evaluation of tke ratio uB/‘um fmm_ the data of Bedingfield and Drew
and this work: |

Veiocity . Average

m C gft.(sec,k uB/um
air-naphthalene . 31 to 87 ohly
np-didllorobenzene 28 to 84 .52
~camphor : l;6 to 86 55
-p-dibromobenzens 45 to 90 W55
~water 56 to 115 =22
heliumwater Ttols .8k
Freon 12-water 35 to T4 .57

A'vélue of \-zB/um = 0.52 seems to give thé closest fit of the data. |
This_ agreés well with the average value of G',.56 suggested by A’rnold.v
However, it is not possible to notice a tremd in the value of the
ratio with Reynolds numberwithin the precision jof the data as has
been suggested vby Arnold. F‘igm‘é 11 shoiws the "{curves obt.ained,v
using the value of 0.52(sol:|.d iirie)"and the value of 0.56 (dashed
line). Neither curve satisfies the data very well. The theoretical

requir ement that the curve pass through the point (1,1) results in a
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serious disagreement with the available data for the system air-water.

Oniy t.hvé experimental resﬂt of Arnold agrees with the Armold theary.

- The results of Mark, Dropkin, and this work indicate that the curve

is approximately ten percent too high. Dropkinfs work, in particular,
musvt'bg given special comideration since it was a #ery carefully
performéd investigation ‘with every pfecauti‘on takén.‘ to elixﬁiriate'
thermometric and fadia.tion errors.

It is concluded that the curve of Fig. 10, where j; = 1.10 ;j;, o
represents a superior correlation of the availéble data to b'those
suggested by either Arnold, the extension ‘of Colburn's j number
analogys or the modific ation of Bedingfield and Drew.

Packed Columh Measurerments

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

instead.'of kG“ To caleculate the HTU, the number of transi‘er units

was first obtained from equation (8) by taking Y and (1 -y)at

the arithmetic mean values in the tower, and using as the driving

farce, (y - yi), the logarithmic mean of the terminal values. The '

~ apparent value of ‘the height of a transfer unit, HTU&, was then

obtained. by dividing the length of the packed .section by the number
of transfer units.

Figure 12 shows the apparent HTU as a function of the group
Géu which is directly mopprﬁonal to the Reynolds number. Since
only one pa.éid.ng size and shape was studied, it was felt that the
inclusion rof. a length dimension in the group was not warranted.
The peaks of the curves correspond approximately to the flow rate
at which the pressure-drop phenomenon k_nowri as "loading" occurs.

This was determined by the simultaneous measurement of pressure
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drép across the packed section. The cin*wrjeé indicate tlat below the
loading point thé HTU can be represented as varying with the mass
velocity to the 0.33 power, with the power ‘decreasing thereafter as
the floing point is approached. Whether .lfhis decrease is the
result of fthe' agitation of the li‘qui‘d sm‘féce, increased wetting of
the surface of the packing, er some otﬁer cause is not known. I-t is
believed that the straight line portion of the se curves could be
represert ed more truly‘ by éent.le curves (convem upward) but the data
are not 'sufi‘icientl‘y predse to Jjustify such a procedure. 'It will
be noted that there is a slight difference in the slope for the three
;ét_rves, but the differmceé are insignificant in view of the precision
| bf't.helb data.

 The more obvious difference among the ﬁhree carves is the lateral
separation of the point of maximm HTU. The vertical separation of
the curves might be eﬁcpected and explained by the Schmidt number
differéncés, but the lateral sepa.ra;tior; wuul_d-iead one to snspéct
that the Rejnolds number may not bé the roper correlating modulus
in this case. If instead, the group suggested by .equation (11) is
us’ed, i.e. ,I P unzl, the curvés ‘of Figp;re 13 are obtained.. (The group
Fuli/léngth has the dimensiomal significance of inertia force per
unit volume of ﬂuiﬂ (6L), and therefore the group F“xi will be
designated tk;é""irxéz’-tia group",) The square root of the inertia
greap has 'béen used in plotting in order to retain the first power
dependence on the velocity that exists in Figure 12. Similar usage
in the correlation of flooding velocity (53) and pressure drop (48)
~data in packed oclmm;s would seem o justify the procedwre. This

group has also been used in the correlation of plate efficiences (23)
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where it has been given the name F-factor. Thé e:m'ves, of Figure 13
are identical in shape with thése of Figure 12, 'but with the inertia
group aé the correlating modulus, the lateral separation has now .
:d‘isappeared and the pesaks of all three curves appear at the same
value of the inertia group within the limit_s of experimental error.

Cross plots of the HTU versus Schmidt numﬁer at a constant
value of G/u*of 4,000 in Figure 12 ard at a constant value of\/,;_ué— |
of 1,006 in Figure 13 are presénted in Figure 14. The cross plots
indica_te the Schmidt number function by which the HTU musﬁ be divided
to cause a vertical aliénmmt éf tpeﬂf,l‘}r‘e_g curves of Figures 12 and
]‘.3‘. The plét baséd on the R_eynolds numbér would require_this function
'9. This would indicate that the méthod of transfer in the
tower was almost pure molecular dif fusion, a conclusion which can
_ hai-dly be justified in viéw of the known high mrbﬁlence level
which exists in a packed tower at the flow rates studied. Correlation
__byb the i.nerfia group plot, on the cther hand, fequires an exponent
of oﬁly 0.47 on. the Schmidt group to align the t.hfee curves, This
exponent is in good agreemént with that obtained in the psychrometfic
st}ldy (section a) and with some results cbtained in the vaporization
of liquids and organic solids in packed beds (11), (54). A simple
 power function of the Sch_midt group appears to be satisfactory for
correlation over the mresent range of syst.em__prelperties and experi-
mental conditions.

To dbtain the true HTU, it is mecessary to correct for "end
effects," i.e., that amount of transfer taking place outside the
packed section. In the system under stuly, the ’amount. of transfer is

V dependent primarily on the area of liquid exposed to the gas, which
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in turn depemis on the liquid distribution and the mamer in which
the liquid drips from the bbttom of the packing. This should be
reasonably independent of the gas being used‘so that the same end
effect’correction should apply to all tﬁree'gases. If it can also
be assuned that the effect of the gas préperties on mass transfer
.is ‘the same in the end section and in the packed section, then the‘
end effeet can be expressed in terms of an equivalent length of
packing which should be constant for all gases and independent of
| the packed height. This ﬁrocedure has beeﬁ:used'by previous
' investigators.(Zl), (57). If the end effect iS»constant; the
apparent HTU valwes obiainéd at a given packed height need only be
multiplied by a constant value to obtain the true HTU values.,
Thereforé, the precedigg analysis'of the_thpidt number effecf is
ho£ dependert on the use of true HIU values since'all the data used
were obtained at a singlepacked length.
It is possible to solve for the true HTU if two appafeht values,

HTU;B and HTU;h, are known for two packed lengths 223 and ZZA'
Consider a tower where the number of transfer units Inve been measured

and Z., and with a constant end effect of

with packed lengths of Z 2

23
the equivalent length Zqoe

Packed
sections

End‘effect
sectlion

-
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fl‘hen it is known that:
a) MU, =NTU, + NTU,,
- + NTU
b) NTU13 NTUlz NTU,

- e) NTU,, = NTUzz,(Z 23/z‘%)
substituting ¢) in b),

" d) NTU, , = NTU,, + N_TU%(ZZB/Z?A)

subtracting d) from a) and rearranging,
= NGy, - NIUp3

 e) NTU ,
1 - Z33/2y,

2%

NTU,, is not a value tlat can be directly measured, but the

2L
corresponding value HTU% is a true HTU since the end effect

section is not included in the length 2 Substituting the

21‘-‘
values of the HIU far the NTU in equation e),
NTUy, = z%/nm%, NTU, 5 = ZZB/HTU23’ NTU,, = 2o, /M0,
" - Z 7. '

HWU2 1 = Zp5/2,,

rearranging, '
' 1 '

HTUy, = ENU2HTU23(22,-223) (27)
Zyy, B = ZpgHTUg,

 To evalmate the end effect in-this work, bed lengths of 13 1/,

7 1/2, and 2 inches were used. The 13 1/2 inch data scattered

badly because .the normal analytical errors were so greatly magnified

by the _a.pprqa.ch to sa,turatlon at the top of the tower. Therefore,

these data were not used in determining the end effect. The equivalent

packed héight was foumd to be essentially independent of gas rate
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(see Figure 15) with an average value of 3.51 inches. This value
~ was uSedfoo correct all of the data far end effects.
All of the HTU data taken at a constant liquid rate of 1575
1bs (m)/hr. ft? may be correlated by the single curve of Figtre 1.6
which shéﬁs the ‘effect.af both gas veiocity and gas propertiés on
the gas film HTU. The average deviation o‘f the data points from
the line representing the mean is 4.25 percent with a maximum
deviation of 12.5 percent.
The curves of Figure 17 show the effect of the liquid rate
on thé HTU at several gas rates. It is rather interesting that
the HTU doeé not bear a simple functional relationship ’oo the
liquid rate, It might be expected that as the liquid rate was
increased, the HTU would decrease due to the increased wetting of
the packing. Ths would explain the shape of the curves at liquid
rates below 900 and above 1500 1lbs.(m)/hr. £ The sudden reversal
of the liquid rate dependence between these flow rates is difficult
to explain on the basis of our present knowledge of ' fléw distributibn
in a packed tower. One possibility is that the imfeased liquid
flow over this range results in the blocking of some of the smaller
flow passages, the‘rét;y preventing gé.s flow through these regions.
This would effectively reduce the surface area available for transfer
ard result in higher values of the HTU: | B
It was observed that the éveragev slope of 'g.he best straight line
that ooulc} a.pp_mximate each of the curves of Figure 17 is approximately
the négat.ive value of the slope of the curve of the HTU versus gas
: rate (below the foading point). 'I'l'_ais suggests tlat the group
(,/In;g) G/ ( )/,;12)1, might Serve as a single parameter far the general
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correlation as illustrated in Figure 18. This modulus has been used
e_xftensively, for-the -éorrelat;.ion of flooding data. The average devia-
ti’bn‘6f.jv.;the.;:d_ata;,;;{?mmsth‘ie;" line representing the mean is 62 percent

‘and the maximm deviation is 24 percent. In view of the nmited"

, scope of the liquid variables covered in this work, it is not possible
to attach a fim.l si.gnificance to this correlation. In fact, a
qualitatlve consideration . qt the problem would .lead to the conclusion
that the forces of gravity gnd viscosity are more import.ant in the
| case of the liquid than the inertia force. If this is the case, then |

| the correlat:.ng modulus would involve the ratio o the gas mertia. .

f,orceA to the liquid gravity and visCos_lty forces and wouldv give

e
m 'x length

(“/")1.

m X 1ength2
as the co¥relating groups. . A cunbination of these groups gives

g m x length 2
‘This shows the same deperdence on liquid a.rh gas velocities as the
flooding modnlu,é, but thedsnsity of the liquid appears in the
numerator instead of the denomimtor. On the other hand, the work
of Dukler and Bergelin (17) indi cates tha.t. wave formation in falling
liquid films is d:.rectly deperdent on the liquid deisity. _Since the
HTU would decrease with increasing wave motion, this would suggest

that the HTU would be inversely pro portio__;al to the’ liquid density.
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Since neither the ﬁiensity nor the viscosity of the liquid were
. varied in this investigation, it is not possible to test either

. of these theories,

. DISCUSSION

-In‘ si)ite of the iafge volume of mevious work -on the subject,
no .oon}plétely reliable data 9Jd.st for ﬁhe resistance to mass
transfer in thé gas phase in a packed tower. From the ‘numerous
studies which have been madé, a number of works have been selected
to show the variation among investigatozjs ‘that s resulted even
though all used the same packi:ng (one inch raschig i-ings), the -.
same irert carrier gas (air), and directed the experiments
specifically toward the ;ie'termination of gas film data. The results
plotted on the graph, Figure 19, for gas film HTU have been
corrected for Schmidt number m the sysf.e’m studied in this work. .
.(air-water) assunt}ng ~the HTU to be proportional to Scl/ 2, No
~correction was made for slight variations in packing properties'
si.nc"ev many of the irxvestigators did not report these qua'nt.itiesi.
A list of the stuﬁies is included here; A more complete descriptimm
will be found in the appendix. |

Dwyér and Dodge (18) - absorption of NHB in water.

Feiiirger (21) - absorption of NH3 in water and stoh'.

Houston and Walker (25) -',absor;.:tiori of NHB’ acetone,
methanol and ethanol in water.

Johnstone and.Singh (27) - absorption of S0, in NaOH .

McAdams, Pohlenz, and St. John (38) - vaporization of water.

Othmer and Scheibel (42) - -absorption of acetone in water.
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Strip]iﬁ (56) - absarption of water in phosp'horic; acid.

Surosky and Dodge (57) - vaporization of water, methanol, _
benzene, and n-ethyl butyrate. | ' |

"T:a.e-cl:{erv am Hoﬁgen (58) - vaporization of water from porous
solids. |

Vivia.n and Whitnegy (62) - absorption of S0, in wate‘r :

Yoshida and Tamka (65) - vaporization of water, .

Van Krevelin, Hofti jzer, and Van Hooren (6@) revie;w_ed a number
of v.g‘a's film mass transfer studies to obtain a gereral equation.
Since their equation is based largely on the absorption of NH3 in
water,“it gives results on the order of those found by Dwyer and
Dodge,: Vivian and Whitney, and Fellinger. _ :

It will be noted that £he technique of absorbing NH4 and S0,
in water has yielded muck higher values of the HTU than either the
vaporization of ligquids er the absorption of NH3 and 802 in stfong
clemical solutiens (absorption followed by a rapid chemical

3
HTUs which were 1.5 to 2.5 times smaller than those for the

reaction)., Fellinger found that absorption of NH, in stfo L gave

absarption in water. These acid data sca.ttered someﬁxat amd weré..
not published, but this would seem to indicate that the mture .
of the iiquid phése resiétance to mss transfer in the NHB-water
system méy have been improperly evéluated. |

An alternate explanation of the discrepancy is the existence
of an inﬁerfacial resistance postulated by some authors (lh)., (15).
Mass transfer resistance usuallj has been considered to éxist
only in a gas film and a liquid film with a éonditi on of equilib;rium

existing at the interface between them (63). However, it is '

~
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possible that the large mss transport in one direction might result
in an increase in the concentration of vapo‘r. molecules at the
interface if the accamodation coefficient were very different from
unity. ‘fhus the actual partial pressure at the interface could

be much higher than the equilibrium value with the consequent
lowering of the transfer rate from that which would be expected.
Th;s would give values of the HTU which were too high. Only
fundamentél experinents on the rate on NH3 .absorpt ioﬁ in water will
determine whether either or both of these factors is involved in
the wide difference in results cbtained from the two types of

| experiments.

.‘I"he discregaﬁcy Beﬁween the various studies based on the
va.porizétion of water is probably the result of the analytical . .
difficulties involved in this Atype of investi.g‘ation., Saturation
of the ¢arrier gas with water occurs very rapidlj so that it is
difficult to determine the driving forces for mass transfer at
'the" tower exit with the rvgquired precision. To alleviate this
condition, it is necessa.'rq t.o. use very short packed sections.

This irt roduces lé.rge relative errors in the measurement of the.
bed length and aiso nagni__t_‘ies the effect of the transfer w_hich-
takes place outside of the mcked s;ection. '

Al‘l‘hdugh there is a w;i.de va.ria;tien' in the absolute wvalue
of the HTU, most of the iﬁestigators indicate that it will vary
with apﬁroxiﬁately the 0.3 power of the velocity at flow rates
below the loading ‘point. | 'Ifhere is also the growing realizétion
that this porticn of the cﬁ;ve is not exactly a straight line

and that above the loading point the value of the HTU undergoes a
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ng:ked decrease fu' reaséns which are not yet entirely clear. ‘fhe
data of Sherwood and Holloway (52) show that the liquid film HTU
is iddependert of‘ the gas rate until the loading point is reachqd,'
after which the rate of transfer rapidly improves. ‘fhis, would
indicate that at the loading point there is a marked change in the
liquid flow pa_.ttern which results in an increased contact area. |
It is not knéwn‘whethgy‘this'éhangé is simply an increase in the
wetted area of packing caused by incréaséd gas p'e'ssuré,eﬂrbp, a
rippling of the ligquid sm'faée, or a more severe disintegration
of the liquid streams., But it seems reasonable to assume that
'the. effect is also responsible for the improved nﬁss transfer rates
in the gas film, Figﬁre 19 gives some indication of how important :
the area effect can be. The curve of Taecker and Hougen was
obtained by using completely wetted porous packing without liquid
flowing. The values of the HTU that were obtained by this
procedure are approximtely one-half those obtained in th:’Ls work .
This also suggeétsltha.t there would be a great dependehce of the
gas film HTU on the liéuid being usgd since the. fraction of the
total available area that is wetted will depend on the d’xaracterisﬁijcs
of the wetting fluid. | _ |

The dependence of the gas film HTU on the liguid :x,_'f_iteas
determined by several investigators is shown in Figure 20. All
of the curves show a dgcfease in the HTU with increase in'liquid
rate but with widely vainng ‘dependence. Dwyer and Dodge,
Yoshida and Tamka, and Vivian and Whitney indicate that the HTU
varies as approximaf.ely i_°2 over the entire range of liquid rates

measured. ‘The cur#e of McAdams, Pohlenz, and St. John is taken _
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ffcm their heat transfer results since their mass transfer results
scattered excessiw}ely, The data of Surosky and Dodge scath:r too
much to warrant t.he assumptlon that the HIU is :Lndependent of
liqu:Ld rate abeve a value of 1200. Actually their data might be
fitted as well by either a sloping line or an S-shaped curve. The
cufve of Fellinger, based on liquid rates of 500, 1500, ‘and 4500,
shcas the greatest depéndence on liquid rate, the HTU #aryin-g with
L =7 at low flow rates and ctangl.ng gradually to L” -3 at high rates°
The shape of the curve is almost identical with that suggested by
Van Krevelin, Hoftijzer, and Van Hooren., Fellinger's three values
could also be fit‘t‘ed by a curve of the type found in this work,
It is difficult to draw a general conclusion from these studies.
Nor is it possibleAt.o say whether they éffer either supporting or .
contradictory evidence f‘of the unique liquid rate dependenée
found ‘by the author.

»The‘number of works devoted to the determination of the
Schmidt nunber effect is considerably more‘li..mited. Houston and

‘Walker (25) absorbed NH;, acetone, methanol, and ethanol from air

3
into water and found that the HTU was proportional to the
diffusivity to the ...2/3 'power. Scheibel and Othmer .(h9) ‘absorbed
acetone and methyl ethyl ketone from air into water and obtained
data which indicated that the HTU was proportioral to the
d:.ffusivity to the -1/ o pover. However, in trying to correlate
their data with the data of other investigators (18) on the
absorptio.‘n't‘of NHB; 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 possible sources
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of uncertainty in that it is necessary to correct for the liquid
film resistance which is present, and in addition the variation |
in diffusivity is small. These_ difficulties can be avoided by

" the technique of _rv-aporizing pure liquids inte air. Mehta and
.Pa.'rekh (39') va.pérized water, methanol, benzene, and toluere, and
found thgt the HTU was proportional to D-'l7. Surosky and Dodge
(57) -use-d' water, methanol, benzene, and ethyl butyrate as the
liguids and found that their data could be correlated using HTU
proportional to D™*1%, The data of Simkin (54) and Chrisney (11)
on the vaporization of solias and liquids from packed beds in

the absence of liquid flowA indicate ﬁha.t the HTU is propoftiona;
to D_'Bé. This suggests that in the vaporization of pure liquids
| with liquid flow, ﬁhere are complications being introduced by the
‘mmer in which the various liquids wet the packing. The possible
error from this source has been discus sed pcévibusly. :

Ivt is possible to é.véi.d the -above difficulties by using a
single liquid for vaporization and varying the Schmidt »number
through the use of differenb carrier gases. However, it is
hecessary to ascertain that the different ga.se.é do not influence
the 1iq;1id flow pattern in;differe‘nt way's. If the gas does éause

a change _in the liquid flow, it vsho.uld do so primarily by the
| pressure it exerts. Elgin and Weiss (20) and Jesser and Elgin
(26) have found that the liquid holdup in a packed tower is .
independent of the gas flow'-rate at constant liquid rate up to
the flooding ‘poin‘t, In addition, it.was found that the pressure
dfop across the packing was the same .férv all three gases at the

same value of the inertia group. Therefore, with this group
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as the correlatiﬁg modulus the relative mass transfer rates
should be irxiependent, of the influence of the pressure dro§ Von
wetting. B ‘ | | ‘
It is concluded that the inertia group"is the correct
._correllating modulus for mass transfer in packed t owers with
countercurrent 'vflow of gas and liquid, and that the Schmidt
 number dependehce found in this work, i‘.ev.,' HTU proportional to

Sc'm, is valid within the limits of experimental error.
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NOMENCLATURE

area available for mss transfer per unit volumeof
packing - ftz/ft3

distance from the center of the pipe to the Murphree boundary

layer ~ ft.

hypothetical film thickness ~ ft.

coefficient of discharge .

coeff:.c:.ent of drag def.med by equat.ion (9)

molal heat capacity at constant pressure - Btu./lb.fmle OF.
hea,t capaclty at constant pressure - Btu. /lb (m) °F.
diffusivity - ftz/sec.

diameter - ft.

molal diffusivity - lb.moles/hr. ft.

" nozzle throat diameter - inches

eddy viscosity at the centerline of a pipe - 1lb.(m)ft.hr.
molal eddy diffusivity - 1b. moles/hr. ft. | |
fricti‘oné.l force per unit area - 1b.(£)/£82

coefficient of frict;'i.on (frictionz:.factor)

mass velocity of the gas stream based on fhe superficial
area = 1b.(m)/hr. f£t2

molal mass velocity of the gas stream based on the super=
ficial area - 1b .moles/hr. £t2

universal gravity cmstant - 1b.(m)ft./1b.(£) Sec’?
height - ft. |

heat transfer coefficient - Btu./hr.ft2 °F,

- pseudo-heat transfer coefficient defined by equation (19)

height of a transfer unit for the gas film - ft.

heigh£ of a transfer unit for the gas film - not corrected
for end effects - ft. '
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Apm

“max

Ave_locity - ft.‘/se‘c. .

b2

pressure drop across the flow measuring orifice -
inches of water S

mass transfer factor defined by equation (13)
heat t.ranéfér factor defined by equation (12)
mass transfer factor defined by equation (13a)
heat transfer factor defined By equation (12a)

thermal conductivity - Btu./hr. £t2 OF./ft.

gas film mass transfer coefficient - 1b. moles/hr. -

£62 atm. -

liquid flow rate based on the superficial tower area -
1b.(m)/br. £t

mean 'melecularf weight of the gas stream - 1b.(m)/1b, mole
rate of transport of vapor - 1lb. méles/hr. ft?

total pressure - atm.

partial pressure - atm.

- film pressure factor - atm.

2
pressure drop - 1b.(f)/ft.

ratio of the maximum partial pressure difference to the
mean partial pressure difference

heat transfer rate - Btu./hr. ft?

universal gas constamt - atm. f£t/lb. mole °F.

' pipe radius - ft.

absolute temperatwre - °R.
temperature - °F., °C.

avefage velocity based on the total cross-sectional area -
ft./sec. 4 ’ '

velocity at the centerline of a pipe - ft./sec.
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w - weight rate of flow - 1b.(m)/nr.
x - 1engtr_afaj& diffusion path - ft.
y - mole fréétién

Jeo - Pe/P

Y : - eompressibility fa.cior

z - packing 1eng£h - ft.

Greek letters

a - the number of moles of gas A ciifi‘using divided by the total
nunber diffusing

N - k. M ¥
P ke Bph- Pe ¥ c,
a heat transfer factor defined by equation (18a)

-2
|

- surface roughness - ft.

- .viscos.ity'- 1b.(m)/ft. hr.

density - 1b.(m)/ft>

EERNC RV |
~a function to be determined _exp_ex;imentally

~ sy Y ®
|

Dimensionless groups

‘Re - Reynolds number .-'dup//l-,
Sec ~ Schmidt number - /t/f»n ‘
Pr - _Pra.ridt.l number - Cp/‘/k

Su‘bsérigts
A -~ refers to gas A
4 - main stream

av

average

o
'

refers to gas B
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T, t

—6ly~

refers to boundary condition

convection

dry bulb

refers to mass transfer
refers to gaé-film

gas |

refers to heat.transfer_
interface

mean

ﬁolal"

radiation

room

surface

- total

wet bulb
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APPENDIX

Mass Transfer Theories for f‘orced Convection in Pipes
o eﬁrect theoretical treatment of the prob]".em of mass transfer
- in forced convection .is possible if the veiocity distrib)utioh is
known for the beundary layer. Howéver, in arder to intégi'ate the
- equations it is necessary to mke certain simplifications in
setﬁing up the model that represents the floiv conditiéns in the
boundary layer. Since the smooth straight pipe remresents the
enl; case whe rev extensive experinental work has been done, a.nd L
sindé it is a fairly simple case, i.e., essentially a flat piate.,
all :'of the theoretical developn'ents‘ha.v'e taken the smooth pipe as
a basis, | A | _ |
‘I‘h.é simplest developihent was that of Osbourne Reynolds (h7)
' who made the assumption that there was no boundary léyér and that
the turbulent region extended to the pipe wall. ~Refynoldé"' intépéét
was in heat transfer, and for this he postulated that heat transfer
and momentum transvfér were analogous brécesses and that the ratio
of t;he momentum transferred to the wall divided by the total
momentum of the étream was equal to the heat transferred to the
wall divided by the total heat of thé stream above the wall:
temperature. A similar s_tat.ement may be made regarding the _::in’aloéy
between momenium transfer and mass transferf, While‘ this a-naidgy |
compietely ignores the role of the boundary layer, it will give
the same result as the more elaborate analogies for the singular
case of the Schmidt number equal to one.’ It has also served
succeeding analysts in setting up equations to refrese_nt the

turbulent core,
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Colburn (12) s approached the problem.of mss transfer by
means of an ‘analogy to momentum transfer similar to that used by
,Prandtl (46) and Taylor (59) for comparlng heat transfer with
momentum transfer. In this derivation it was assumed that the
bulk of the fluid is in turbulent flow while a thin laminar flow

region exists adjacent to the phase boundary.

edge of laminar region

i

<—'—1———int. erface

Thé'trahsport of mss through the laminar region is considered to.

oceur by pure molécular dif fusion. In the turbulent core,'
Reynolds“v analogy is assumed to be valid. By equz-iting the two
tra.nsport rates at the bourdary layer, the following general

: equata.on was obtained ,
F

S, Ny (@)
Uy Pr My 4 "
and for a smooth pipe, |
kg = (£/2) G - . - (2a)

Py 1, 9

f/2= coeéfficient of friction

where ¢4 =1+ (uB/um)(Sc -1)
F = frictional force per unit area at the wall -
1b.(£)/£t3
M = mean molecular weight of the gas - 1b.(m)/1b. mole

mean gas velocity - ft./hr.

o
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gas velocity at the boundary between the turbulent
and laminar regions - ft./hr.

Schmidt number =( /;%) .

 Because of the oversimplifi cation of the bourdary layer model,

:

Se

equation (il.) cannot be expected to give a correct Schmidt number
deperence for values of Sc¢ very fa;r from unity.

To avoid the llmn.tato.on on the val:l.dlty of the Prandtl number
function imposed by assuming a completely lamimar boundary layer,
von Karman (29) has divided the boundary layer into a laminar sub~
layer anml a buffer layer in which both viscous and turbulent forces
are important.- Rejnolds! amalogy was assumed to hold as before in
the turbulent region. The data of Nikuradse (41) on the velocity
gradient in flow through a pipe served as a basis for determining
the variation of the eddy comductivity in the film. While von
Karman's derivation was for the heat transfer case, it can be

readily exterded to mass transfer (51) to give:

(f/2) u .
ko = - . (22)
RT [+5/7 {Sc-1+1n.l_:6.is.e}]
whe re '
R = gas constant
T = absolute temperature.

Boelter, Martj.helli, am Jonaslsen-(gg‘cbendedvvo.n "'I‘_‘{‘arma.nfs:
derivation to account for the effects of the varié.tién.,of fluid .
properties due to heating and cooling of the fluid, ’_In doing so,
they also rederived the isothermal case, using the data of

Nikuradse for the turbulent core. Because their equation for the



=72

heat transfer coefficient was ba.se‘d on the centerline temﬁerature
whereas thé mean temperature of the fluid is usually used in heat
transfer work, they multiplied their integrated exj:ression by
Atm, which :“Lé the ratio of the mean temperaturve dif ference to the
max:Lmum temperature difference. Their isothermal case in the

equivalent mass transfer units is:
- J£/2 (opy) uy

S (23)
5 E‘S‘c + 1n(l + 55¢) + 1n %% )/i7§:|RT

kG=

. where
o Apm = maximum comentration difference divided by the

‘mean concentration difference.

Re = Reynolds number.

Murphree (40) also attempted to avoid the oversimplification
of a laminar boundary layer by assuming that the eddy conductivity
entered the bourdary layer to a degree proportional to the cube of‘ A
the distance from the wall while rema.ining constant over the mainv
turbulent core. By using Lees (33) equation for f in round f,ubes,
and Stanton's (55) déta. for umax/“m’ a géneral;elationship is
obi;ained_ between the eddy viscosity, the film thickness, and the
»Re;;rnolds. ﬁumben The re_s;xlting equation for heat 't,;'ansfer can
agé.iﬁ be extended, to mass transfer to give;

kg = (1 + b/r) g(®) D | (24)
(L-1b/r) 3077 RM

1/3)2 + -1 2077-1, 8
yhere 2(0) = ;_/2111 §_1.=+g%/3)+ 2/ | J3 tan % + g >

24a
0 = (E/n)se (24a)
E = eddy viscosity at ’c.he'pipe center
r = pipe radius
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b = distance from the pipe center to the edge of the

turbulent region
'd = pipe diameter.
Because of the complexity of the mathenatical expression, Murphree
considered only the resistance of the film in deriving the equaﬁien
for heat transfer. '.It was also found that this gave‘bettevf'agree-
ment with the literature data.
) Smce the factor f/2 is known to be a function of the Reynolds
number, it may be said t.hat fmm the precedlng analogies the mass.
transfer coefflcient is a functlon of the Reynolds number and the..
Schmldt nunber. From equation (7) the HTU can then be expressed .
1n a general form to sa.tisfy all of t.he analogies as: - |
| aHTUG functicn (Re) x functlon (se).

In J..ts simplest farm, i.e., Chilton ard Colburn's (l‘l) empirica.l
oorrection of the Prandtl—Tayler ‘analogy, thls equation becomes:.

aHTUG function (Re) X (80)2/3

A similar result can be obtained from dimensi'enal arxalysis
based on our partial knowledge of the sstem. From measurements
made on turbulent flow in pipes, it is known that the factors
inﬂueﬁcing the ..flow pattern are the deneity. P> viscosity -

) velocity, diameter, and relative rbughm ss €/d. In addition to
the terms which influence the flow pattern, it is necessary to
include the molecular diffusivity which influernces mass transfer.
If it is assumed that the forced convection completely domimates
free convection, ‘a.nd there is no compiication introduced by the
presence of a flowing liquid, the variables listed should

describe the system, and dimeneional analysis can be applied to
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give the equation:

aaty

G_‘= function (%?”)9 (;)%)’ éd‘)

or in the form of equation (12) for a smooth pipe,

(e S '
aHTUg = func§iQn (7) x function (ﬁ)
where | : ' 2
= gas mss velocity - 1b.(m)/hr. ft.
D = molecular diffusivity -~ ft./hr.

A'Reviev;r of Mass Trans féf Studies of Interest to the Present Research

A) Vaporization of Pure Liquids
| C“hrisne‘ s J. B. (11)

This is an extension of the work of Simkin using water,
naphthalem s aniline, and nitrobenzene in t,he same apparatus. Gas
rates were varied from 400 to 2000 lbs./hr.-ft2. Combined with the .

work of Slmkln, a Schmidt number dependence of Sc'36 was obtained.

McAdams, W. H.; Pohlenz, J. B., and St. John, R. G. (38)

Gas film coefficients for one inch carbon raschig rings
were determined in adiabatic is§£hermal water vaporization rﬁns
exﬁploying a four inch diavmet‘,er tower with packed heights of | si#, o
.nine., and twelve inches. ’TheA end effect was found to be ecjuivalent
tc; 7.2 inches,fr?m heat transfer data. G was #,aried from 356 to
1000 and L from 500 to 2600. The mess transfer data scattered -
badly, -bu,t a line drawn through the mean of their data can be
assigned the equaﬁon:

9 L.O?

kg

The author suggests an exponent of 0.7 on G based on the heat

a = 0.083 G

transfer results which were far superior.

’
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Simkin, D. J. (54)

Pellets were used to evapofate water, naphthalene, and
p~dichlorobenzene into a flowing a.irl stream in order to study the
effect of the diffusivity on the mass t.ré.nsfer eoeffici_ent. The
apparatus used was a p;acked-bed‘ having the dimensions 1.97 x 2.-26
inches by 1 inch deep. A Schmidt number dependénce of Se'38 was
established. , |

Surosky, A. g and Dodge, B. F. (57)
' This work was int ended pi'imarily to determine the effect

J

of Schmidt number by the vapofization of three arganic liquids and
water in an eight .inéh tower packéd with one inch carbon rings..
Packed heights of 4, 6, and 12vinches were used. End effects ‘
: Ga was foleJ.nd to vary as
G172 and DL, G was varied from 140 to 500 at a value of L of

were found equivalent to 2.2 inches. k
1600. The di ffusivity was varied 3.7 fold. k,a was found tc;
_ increase with liquid rate until a value of L = 1200 was reached
where it became independent of liquid rate. | |
Taecker, _@.Q. and Hougen, 0. A. (58)

The authors studied the drying rate of water from a
number of poreﬁs solids of common shapes in a packed tower.
In this manner they attempted to present a completely wetted
 surface and :emové the effect of liquid rate on the gas'ﬁ.lm '
coefficient. Actual measurements were made on thé heat transfer
coefficient, the mass transfer rate being determined by the j
.number_ analogy, usiné the‘ empirical relationship of Gamson, :
Thodos, and Hougen (22) that -

jh = 1,076 Jg-



The resulting mass transfer equation mesented for one inch rings

. . -.h}-
| G A
g = 1.070 (7/:19_)

where Ap = area of a particle - ft?

is-

G was varied from 18 to 1520 1bs /hr. £t°

| Yoshida, F. and Tanaka., T, (65)
| The authors ran air-water contact operatmns.of three |
k:Lnds, constant water tanperature humldlflcatlon, wa.ter coolmg,
' ancl dehum:.dlflcatlon in a tower 10 1nches in diameter pa.cked to a 3
d“e”'pth of 12.5 inches with 15, 25, and 35 mm. ceramic rlngs. -They '
found the gas film coefficient proporta.onal to the gas rate a.'n'd |
the 0.2 power of the l:.qu:.d rate. No correction was made for

end effect. In the conétanh temperature runs they found

k.a = 0. 0155 GL'2

with no effect of packing size., G was varied from 137 to 586
‘a:hd L from 201 to l.lé@'lbs/hr. ft%

B) Abso rption of Soluble Vapors from an Inert Gas Strea.m

Dwyer; 0. E. and g , B F. (18)

The rate of. absorptn.on of ammonia from air by water was

studied in a one foot diameter t.ewer packed with carbon raschn.g
rings. The effect of humidi ty and redumping of the rings was

. found to be minor. Temperature incr,eaée‘ éecreased both the .

overall and the gas film coefficients - The effect of flow rate

for one inchbrings is correlated by the equation:

1 _ 2 + 1

Kga TOLT HPLT
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where

Y = 0.036, n = 0.77, r = 0,78, m = 0.20, § = 0,103
at 85° F.
The equatlon indicates that both gas and 11qu1d rates affect the
gas film coefficient, but only the liquid rate is important in .
the case of the liquid film, The equation for the gas film

coefficient is given as:

kga = 9;127"Gf77 (L = 500)
= k12 L.ze (G = 500)
combined, k.a = 0.036 677120

- Variation in G was from l@Oto' 1000, and L from 160 to 1050.
i‘he packed height used was‘four feet. No corréctions were made
for end effects. |
Fellinger, L. (21) i |
This work on the absorption of ammonia in water 1is

reported in Perry's Hgndbo ok, Data were taken on various paékings
in a tower one-am-oneahalf feet in diameter at gas rates up to
1000 1bs/hr. £t2 and at liquid rates of 500, 1500, and 4500. M1
data were corrected for end effects. Values of kGa were obtamed
by subtracting Sherwood and Holloway's (ll) liquid film
resmtance vfrem the overall value. An attempt to obtain gas
film data by absorption in HZSOA was not eptirely suécessful,

the mass transfer coefficient being 1.5 .to ‘2.5 times as high as
the watef absorption data.- The water é.bsorpfion data probably
represent t.he:best anl most complete Wefk #vailablg at present.

Houston,'_lg., ]I_I and Walker, C. A. (25)
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Overall coefficients for the absofpbion éf NHB, acetone,
ethanol, and methanol in water were measured,and the Sherwood and
Holloway (ll) liguid film coefficients were subtracted out.
Measﬁrements were nade in a twelve inch eolﬁmn rrcked to a height
of two feet, with one inch raschig rings. At liquor rates of 500,
1000, and 2000 lbs./hr. f£t2 and gas rates up to 600 lbs./hr. ££2,
__the various systems were correlat,ed by the 2/3 power of the
‘diffusivity., At the high_er 1iqﬁor rate of 3000, there was much
less dependence on the gas diffusivity. No correction was made - .
far end effect,s. | ‘

. Johnstone, H. F. and Singh, A. D. (27)

The authors absorbed 50, in diiute NaOH in a rectangular
tower of 0.555 £t2 cross-section' p‘e_.cked-t.o a depth of 0.5 feet
with one inch rihgs ard sev‘gral other packings (flat and ‘corrugat.ed
plates, grids‘), No correction was mde fo.r end effect. At a

liquid rate of 1080 lbs.,/hr.,ft?, they suggest the correlation

kGa = 0.107 G°95 .

G was varied from 625 to 2410. The data do not indicaf;e any
variation from a straight line, although the maximum gas ra.té
reported would appear to be beyohd the flooding velocity for this
system and packing. ‘ |

- Othmer, D. F. and Scheibel, E. G. (42)

Acetone recovery from air by scrubbing with water in a
‘ten inch diameter column nineteen feet 'high gives the following

equation: 1

kacs T T30
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The packing used was oné inch raschig rings. The liquid rate
varied up to 700 and ﬁh‘é gas rate varied up to 500 lbs./hr. £t2
The authors method of interpreting the data is questionables

Scheibel, E. g and Othmer, Ap_. F. (49)

A four inch i.d. column packed to a height of 37 inches

with 10 mm., glass raschig rings was used to absorb acetone,
methyl ethyl ketone, methyl isobutyl ketone s and methyl n-an;yl
ketone in water. Thg data on the systems aeetone and methyl
ef.hyi ketone were used to give the correlation for the gas f:.lm ofﬁ

k; = 0.188 p*? g8

R _ = 780 and 445
Where‘the gaé fiiﬁi resistance was determined by plotting
]./kG Vs, H/Gr"so In trying to fit data of other investigators
(18) for the absorption of 0, and NHy, the authors were led to
use a value of 1 as the exponent oﬁ the diffusivities. The
authors? methodé éf interpret.’ihg‘ their data are open to questiono
 striplin, M. M. (56) o -

- The author dried air with 95 to 99 percent H3P0 in a '
ten inch diameter tower packed to a. height of seven feet with
one inch raschig rings. A plot of l/kGa vs. l/G lea.ds him to '
the conclusion t.hai; the liquld film resz.sta.‘nce is ne_gllgible.
';'he equa.tiofx presented as'_bés;“rgp:esenting the data 18

kea = 0.0L G SR
The liquid rate was 460 and the gas rate was varied from 128 to

556 1bs. /hr° 12
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Van Krevelin, Q. W., Hoftijzer, P. J., and Van Hooren, _Q; J. (60)
| Amlysis: ef various literature data was made by the
auﬁhors from overall gas film céeff;i.cie‘nts., They assumed that
the equilibrium curve was straight and that the gas film coefficient
was a ‘function of the gas'yveiocityb to the 0.8 power, | This permits
- plotting 1/kGa. vs. (l/GV)“’8 to obtain kea. The authors assumed
, kGa iz;déi)endént of the liquid rate but dependent on the wetted area
w-hiehbwas'a function ofvliquid ra,t'e. as
| . a/'aé»‘= 1 - e~k

Empirical examimation of the data available then gave

RTd - e\8 1/3
*{E)”

It is interesting to note that the' expression for a/a gives a

liquid rate dependence almost identical with that. reported by
Felllnger for one inch rings.
Vn.vian, d. E. amd Whitney, R. P. (62)

| Overall coefficients were measured for the absorptn;on
of 302 in water in an eight inch diameter t.ower macked to a height.
of two feet with one inch raschig rings. The otverall coefficients
‘were broken down by asswnptlons ba.sed on a prekus work and by
plotting l/kLa vs. 1/G. The »equatlon represerrhing thg gas _f:.lm
is: | | |
kea = 0,028 6*7 1'%
A unique feature of the work was the introduction of t_h_e_;_gas_.
through five upcome rs diréctiy intb'-ﬂle packing.,v L was varied

from 900 to 12000 and G from 65 to 850 lbs./hr. ft2
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) Psychrometric Studies

Arnold, J. H. (3)

The author's work is reported in two parts. The first
is a study of wet b;]:f) depressions of water, methanol, propanol,
and toluene using a gle.ss side-arm U-tube with a f.hermometer
inserted in each branch of the U. Dried air _from a laboratory
supply was introduced and left through the side-arm. The wick
was supplied with liquid by dipping i in an external supply
which was held near the wet bulb temperature. The results were -
corrected for rad:at.lon, In this paper the authdr also develops
a theor'y for the wet bulb depresﬂon whlch is similar to Prandtl's
and shows a dependence on the velocity. The second study of the
depressions of toluene, chlorobenzene, and m-xylene was designed
to show the velocity dependence., For this the thermometers were
inserted in a four imh "sc-zuar.e :d1ct pe‘rpencﬁ.cular to the flow
di rection. A‘ variation with the 0.07 power of the velocity was:
sﬁown, but because of ﬁhe‘ use of a very short wick, it_ could
well be the result of conductien losses by the thermometer.

These data were also oorre.cted for radiation losses. In no

case were the results eoxi'ected for either the film pressure

factor; v'pf, or the heat transfer factor, Y. |
Bedingfield, C. H. and Drew, T. B. (5)

Psychrolﬁetric' measurement s were made "by.using solid
*naphthalene, Camphor, pmdlchlorobenzene s and p-d:.bromobenzenm
The solids were cast as a cylinder around a thermmocouple. The

cylinder was mounted in a 1 x 1 foot 'squa,re duct as were the two
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shielded thermocouples used for me asuriﬁg the air temperatures.
‘ The wall temperature was also me asured, presumably for a radiation:
correction. The results wefe also corrected for the film pressure
factor; but not for the heat tfansfer factor. _By assuming tﬁa’s
the curve used to fit the data had to go through a semi-theoretical
point of Se¢ = 0.70; kgM po/h = 4o16, the authars were misled inte
using an exporent of =,56 on the Schmidt number.

Dropkin; 20 (16) ’

In this very carefully perfofméd'wwk, the author was
primarily interested in measuring the differemce between the
adiabatic saturation temperature and the wet bulb temperature. .
Consequentlys the humidities of the air stream passing the
thermometers were not measured. But from the reported values of
the saturation temperature it is possible to calculate the variatioh
of the psychrometric ratio fmm the specific heat of the gas. The
thermometers were covered with wicks 8 inches long to make conduc-
tion erfor_s negligible. The results show no variation with either
tempe rature or Rey.n'c‘alds‘ mimber° | |

Mark, J. G. (36) |

Psychronétric measurements were made employing water,
benzehe N chlorobenzené, toluene; carbon tetrachloride, ethylene
tetrachloﬁde, ‘and ethyl acetate with air as the 'inert gas. The
results are quite cénsistent, ‘but were not corrected for .film
pressure féeter’,‘ heat transfef factor, or radiaﬁion, Mark was
aware of the ra.diation‘ cor‘rection, but because of the physical
set=up, he was unable to do more than esti‘ma.te that it amounted

te 1 to 4 percent.,
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--Phyéical and Thermodyriamie .Properties of Materials

Viééosiﬁx.

The viscosities of air, water irapér, and _kzelinm.were taken
“fpom 'a review article by F. G. Keyes (31) in vhich the available
literature data for several gases are oolleéted and formlated
by means of an empirical equation. The viscosity of Freon-12 was
’cakén from a paper by Buddenburg and Wilke ‘(8) on the measured |
visoosit& of several gases., It was extemded c&er the desired
temperature range by the use of the equation of Hirschfelder,
Bird, and Spotz'(zh)o

The rmal conductivity

The thermal cqnductivity of air, water vapor, a;t::«d helium
were taken from 'ghe review a.rt.icle by Keyes (31) quoted above,
The thermal conductivity of Freon-12 is that reported by
Sherratt and Griffiths (50) over the range from 33.3 to 216,2° C.

Heat capacity, 'Cp

The heét capacity of air and water‘vape_'r were taken from the
book by Keenan(%) the thermodynamic properties of air., The heat '
capacity of Freon-12 was calculated from the work of Justi and
Langer (28) who reported ﬁhe heat capacity at constant volume,
The heat capacity of helium is reported in Perry!s Handbook (44)
as constant for all tempe;ratures.

Diffusivity

The diffusivities used were thésé measured by C. Y. Lee (32)

The measured values were eorrecfed to the desired tempefature by

the equation of Hirschfelder, Bird, and Spotz (24).
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-Gas specifications

The'helium used was supplied by the ﬁ; S. Navy. It was
99.9 percent pure. The ﬁajor impurity was water vapor. The
Freon712 used was supplied by Kinetic Chemicals. It was
99.95 percent pure. Tﬁe ma jor impurities aré Freon-ll and

Freon-13.
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Calibration Procedures and Results

A) Nozzle at Low Flow Rates

The Rejmolds nunbers for the lowest flow rates with helium
were below those for which the nozzle had been calibra£ed by Be'a.n,
Buckingham, and Murphy (4). To get the discharge coefficient at
these rates, pitot traverses were made with helium in the system.

" The impact tube used had a smoothly tapered tip with an opening

of 1/16 inch diametef. The pressure tap was located oppfosiﬁe the
'endv of the nozzle in the wall of the flow measuring chamber.
.Differential heads were read on a draft gage and could be estimated
to 0,001 inch of water (see Figure 25).

B) Nozzle Orifice

For low‘flow rates with air and Freon-12, it was necessary.
to usev aﬁ arifice p_late with ‘a one inch diameter opening to get a
suf ficiently high draft gagé readiﬁg. This was calibrated by
injecting CO, at a known rate and then analyzing the gas streanm
by means of an Orsat 'apparatus. The place where the gas was
sé,mpled was gufficiently far downstream to provide adequate mixing ‘
of the (302 and the air (see Figufe 26). |

C) Wet Bulb Velocity

It was necessary.tov know the velocity across the wet bulb
the;'momete'r to be able to make the radiation correction. The
thermometer was replaced by a glass impact tube and a Tressure
t;ap was located in the duct wall directly eppositeb to it; At
known flow 'ra.tes,‘-a pitot traverse was made across the portion

of the duct normally occupied by the thermometer. The variation
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over the iast one-ard-one-half inches of the thermometer was only
'3 percent v(see Figure 27).
D) Rotameter

The rotameter was calibrated by weighing the amount of ﬁater

flow for a measured period of time (see Figure 28).

Sa.mplé ‘Calculations

A) Flow Rates
Calculation of the gas flow rate was made with the use of
equations taken from the Am., Soc. Mech., Eng., 1949 (1), Fluid

Meters Report. vThe weight rate of flow through a nozzle is

given as:
| W = 0.5250 D3YC /58P, Ibs./sec.
where D, = nozzle diameter in inches
C = discharge coefficient - (see Figure 25)
APy = impact head minus pressﬁre head at nozzle discharge
in 1bs./in2 |
: Y = compressibility factor.

| The values of C were obtained from the work of Bean, Buckingham,

and Murphy (4). The weight rate of flow through the orifice is

given by:
w = 0,06479 Y /p, 0H 1bs./sec. ,
where Y = cqnpi'essibili:t,y factelz: =1 -0.41(p - pz)l/plgg
. : v
AH = pressure drop'acress'the qrifice in inches of water

Py

For air run no. 13, which will be used throughout as the sample,

density at upstream conditions.



the nozzle equation can be simplified to

w = 24542 C.,/ P2APt7Tl lbs,/hr., where T-l = %
w = 24542 x 0.983 / 14.625 x 0.00964/326.7

24125 x 0,02077 = 501,08 1lbs./hr,

This value must be corrected to include the average amount of water

evaporated in the tower.

wy = 501,08 (1 + 00089 x 18/29) = 503.9
where 0,0089 is one<half the number of moles of water evaporated
per mole of gas passing through the tower. ‘The average gas properties
are evaluated at the average températuré and pressure in the tower.
These are:

pav. = 0.0700 1bs. /542

]/Pavo = 0.2646

M= 0,04496 1bs./ft. hr.
/l'is properly evaluated for the mixture of air and water by using
the equation of Buddenburg and Wilke (7):

A Ve

/“av.,f T+ 138545/ 13 + 17 1.3_85/u2x2/]f)‘-2x2

where D

~diffusivity and x = mol fraction.,
The values of the correlating moduli used in representing the

results are now obtained simply as:
o)
/Pum = 2450.

Values for the liquid flow rate were taken directly from the

14,17

calibration chart.
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' B) Height of Transfer Unit

Using the properties of air listed in Perry's Handbook (43),
the weight of gas in the aspirator bottle was calculated at the

témperatwe and pressure recorded:

weight of air = 0.6868 x 4O01.25 '-O 04926 top sample
o 13.740 x 4071k

_ 0.6833 x 490.75
13,740 x 407,14

= 0.04895 bottom sample,

where the values 0.6868 and 0.6833 are the bottle volumes, From
this the 1lb. moles of gas could be.calculated by dividing by the

molecular wei‘ght

' 0.04926 = 0.0016986
29

O, 0&895 0.00L6879
29

The moles of water are obtained by taking the'weight of water in
grams removed from each of the above gas samples and. dividing by
18 and 453.6.

0.5945 = 0.00007261

18 x l+5373 _

0.3977 - 0.00004871

18 x 4530 ' N
The mole fraction in the gas stream enterirg and leaving the

tower is obtained by division:

, o, 00007261
5.0016986 + 0. 00007281 = 0.04110

" 0.00004871L _ - 0.02805
0.001L6879 + 0,00004871
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The measured inlet and exit water temperatures give vapor prr;essures
‘of 33,446 mm, and 33.484 mm. Dividing these values by the tower
pressure at the top and bottom respectively; the interfacial mole

. fractions of water are obtained:

M8 - 0.0 3.8 _
7557 31 T5halid 0.04438
The number of transfer units was taken as -
NTU =|1n Ti1 = ﬂ(yf ) R " where 1 refers to inlet
Yip = ‘Ygl 1-y/ . and , refers to exit.

NTU 1 0:0438 - 0.02805] (0.956
~ || 0.04437 - 0.04110] \0.965
- (m u.994)(0,992) - 1.609

The height of a transfer unit is the packed length divided by NTU:
HTU‘= 0.625 = 0,388
. 1,609 38

C) Calculation of the Psychrometric Ratio From the Wet Bulb Depress:an

- The data requlred for this calculation are the wet bulb, dry
fmlb s wall, and ambient air temperatures, the gas velocity,; water
coﬁcentration in the gas, and the total pressure. The thermometer
readings were first cérrectéd for the calibration and for the

emergent stem. The emergent stem correction was:

correctlog = Kn(tg - tr)
whére K = 0,000L6, n = degrees emergent, tg = gas temperature, and
Sty = ambient air temp(araimré° For run no.5, this correction was

0.18° C. for the dry bulb and 0.03° C. for the wet bulb. The
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corrected temperatures were then:
50.93° C.
29.49° C.

tp = 50.70 + 0,18 + 0.05

=3

295®+003-00h

ct
w
n

48,67 (obtained from a ’chermocouple embedded in
the duct wa.ll) v

ct
1

r = 25.9°

The gas _zhass'v_e_locity was obtainé_d from a previously prepared
ca.libré.t,ion chart. The cha.rt was na.de by making pitot t.raverses
across the wet bulb and plotting the average against the mass
veloclty measured at the nozzle. For. thls run, the va.lue of G
at the wet bulb was 11,604, ThlS same value was used in calcula.—
iioﬁs invelving the dry bplb. For gases other than air, ‘it was ..
necgssa.ry to calculate the ‘Reynolds and Prandtl numbers tb‘ gét. -
fhe_ hea.t transfer coefficient._‘s, for the two thermometer.s_fro_m' :

the equat.ioni (45)¢

b

k v
h, =50 26 Re*® pre3

Egr‘ air this simplifies to: |

h, = 0.026 @/q-k
wheré d’. is the diameter of the thérmometer. The diameter of
the wet bulb was 0.29 inch amd the dry bulb was 0,23 mch. For
this run h for the wet bulb is 33 2 and for the dry bulb is 43.2.
The radiation coefficient hr'was calculated for both thermometers
using the Stefan=Bol£zman relationship with emissivities of 0.94
.for the thermometer and 0.90 for the wetted wick. The radiation
coefficients wefe 1.26 and l.il for the dry and wet bﬁlb

respectively. By applying the radiation correction, the true
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| temperature of the gas wés; found to be 5'_1;.'00Q C. At tﬁe wet bulb
- temperé.ture, the vapé-r pressure of the water is 30.905 mm, | The
partil pressﬁre in the gas is 19.910 mm. The difference is 0.01447
atm. The latent heat of wfaporization at the wet bulb temperature
| is 1045 Btu. ‘The film préssure faétor, Pps Was taken as the log
‘mean average partial pressure of dry air and is 0.9669. The heat
traﬁsfér factor, Y, as described in the theory (p. 18) was 0.985.

The péychronatric ratio-.is given by the equation:

GMpeY - ty) {1+ 2- [ts _ b”]_}m pgY

ht - (pw -PA M,
_38.72 (1 + 0, 030) 28,60 x O, 9669 X 0 985
- 0.01447 (101»,5) ‘ 18
= 3-99

In the calculations of the Schmidt and Prandtl numbers,v the
‘average values of the heat capacity and density were used. The.
viscosity of the mixture was calculated, using the equatlon of
Buddenburg and Wilke (7). The thermal corductivity of the mixture
was éa.lculated, using the equation of Lindsay and Bromley (34).
| The diffusivities were t.hoée measured by Chen Ying Lee (32)
corrected for temperature by the equations of Hirschfelder _ei . a_i. ‘
(24)
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TABLE I

© Summary of Wet-bulb Data for Various Investigations*

Investigator = . : kagMnpeY C

and System — __Pr Sc ' Sc/Pr __h' p
air-benzene | L0z LT 2444 0532
~chlorobenzene - _v:. ' 0704 '2.17 3.08 2502
etoluéne ol o704 1.86  2.64 2511
—carbon tetrachloride LS700 1.87  2.67 499
-ethylene tetrachloride o704 2,15 _.3;05 | T4
—ethyl acetate " 709 183 2.58 o514
-water . 704 .602 | .855 «955
Arnold | |
air-water 704 .602  .855 1,049
-methanol | 2706 970 1.37 .800
~propanol 7 »705 i°30 1.85 o642
~toluene 704 186 2,64 537
~chlorobenzene 04 2.7 3.08 531

~m-xylene ' 704 2.24 3,18 o514

AABedingfield and Dréw‘

. air-naphthalene - S04 256 3464 4%
-p-dichlorobenzene 04 2,22 3.15 /509
-camphor <704 2;65' 3.76 | o448
~p~dibromobenzene . | =704 _.2041 342 487

. Dropkin’ |

air-vater | S04 J602 855 .980
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. TABLE I (Continued)

:Sﬁmmary of Wet-bulb Data for Various Investigations#.

Investigator B A B o kgMppeY
and System Pr Se  Se/Pr ———-3-.-2——%
Ihis Work
air—waﬁer ' _ 2702 602 858 971
helium-water - L 687 1,15 1.673 © 650

Freon-lZéwater, ' .740. o248 2335 1.482

»}?Tﬁhe'physical,prcpé;ziés'used“in‘ﬁie Schmidt and Prahdtl-nﬁﬁiers
were evaluated at 25°C. Diffusivities for the systeﬁs studied by

Bedingfield and Drew were ?ecalculated by the method of:Arnold (2).
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- TABLE II

Experimental and Calculated Results for Wet and Dry Bulb
Thermometer Measurements

_§§?° gng | gﬁib Wall G Pf Y Eﬁﬁ%ﬁﬁl_
5 50,93 20.49 48.67 11,604 .967 .985 3.99
6 51,91 29.98 49.25 13,271 .965 986 4,09
7 51,33 30.27  49.01 15,010 .965 .986 4200
8  51.66 130}72: ,48.83 17;466 0963 986 399
I 50.04 30,06 46,80 3,521 ..965 4985 562
2K 5075 30.95 4972 4,974 964 984 .527
3H 50.29 - 31.32 49.48 6,175 .962  .985 .519
4H 51,02 30.69 49.40 4,246 .965 984 0521
SH 50.23 31.37 49.14 5,631 962 985 511
6 5011 3179 49.19 6,672 .961  .986 +530
LF  51.33. 32,17 48.54 20,000 .962 .981  11.26
15F 48.49 31.33 46.38 27,780 .964  .983 10.69

16F 48,19 3177 46.30 35,180  .963 . 982 10.08

'17F 48,20 18;608 966 981 10.59

3074

45.86

A1l temperatures in ©C.

G

P

Y

£

gas flow rate over the thermometers - lbo(m)/hr.=ft52.

film pressure factor - atmospheres.-

" heat transfer factor.
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TABLE III™

Experimental and Calculated Results for Vaporizaetion
' in Packed Towers :

Exp. . .
No. L G Tap Ty TyB 3T YiB

1,575  357.2 3466 29,00 28,70  .03961 +03912

2 1,575 246.6 32,79 29,01  28.88  .03986  .03955
3 L5715  177.6  31.23  28.88 - 28.86 03938  .03950
4 1,575 123.2 30,76 29.16  29.43  .04022  .04084
5 1,575'  496.9  39.84 30,87 31,02 L0M35  +04469
6 1,575 571.0  40.97  31.30  3l.k4 04540  oO4ST3
7 L575 6482 40.39 3145 3L5L L0ASTA  .049%
8 i,575  757.2 40,39 :31.51 31046 “.04583 004564
9 1,575 292.9 34.14 28,69 28.62  .03907  .03891

10 1,575  215.5  32.48  28.57  28.15 ..03882 .03§8§
11 1,575 1509 3100  28.59  28.83 03888 .03942
12 1,575”171366:1"‘ 35.45 29,06 | 29.09°  .03988  .0399%
13 1,575 648.2  40.81  30.87  30.89 04437 04438 -
U 1,575  775.4 . 40,86  31.41  31.28 04567 .04527
15 1,575  934.9  41.10  31.66  31.54 .04‘6)19 04578
6 1,010  135.9  29.72  27.62  27.79  .03691  .03728
17 1,995 1359 29.61  27.74  2T.42  L03717 _.03648
18 1,995 1767  30.39 28,00 - 27.58 03773 03685
19 3,850 176.7 30,50  28.05  28.13  .03784 . 3802
20 1,010 255.3 32.71  28.52  28.52 03887  .03887

~

#* See- nomsnclature at end of table for units.
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~ TABIE III (continued)

Experimen'bal and Calculated Results for Vaporization
in Packed Towers

35

Jo. © G T T Tw  viT  ViB
21 1,995 2553  32.58 2837 2862  .03853  .03909
22 3,850  255.3 32.24  28.34  28.44 03846  .03868
23 1,010 354e3  34.87 28,85 28,80  .03963 03950
24 1,995 3543 34064 28,82 28,88 .03956  .03969
25 3, 850 3543 34048 28,80 28,88  .03951 ,03968
26 1,150 - 331.5  34.98 28,31 27,87  .03822  .03725
27T 1,340 330.6 © 34.87  28.34 27.92  .03829  .03736
28 1,500 3297  34.61 28,62 28,10 03892 03775
297 1,750 3287  34.61 28,64  28.41  .03896  .03849
30 1,010 350.0 36.2  29.17 2870  .04020  .03912
31 1,995 350.0 34,92 29.07 - 28.94  .03997 03966
32 1,010  350.0 36,17  29.33  29.27  .04054  .04042
33 1,280 2548 32,97  20.06 28,88  .04002  .03960
34. 1,995 2548 32,66  28.84  28.41  .03951  .03854
2,935  254.8  33.48 28,82 28,70 ‘.03947f - .03919
36 '575 254.8 33,52  29.40  29.20  .04081  .04034
371,150 577.2 39.69  30.95 . 30.94 04456 04451
38 1,340 577.2. 39.56  30.9 3089 04453 04435
30 1,995  577.2  39.56  30.86 3078 .07 104385
40 2,935  577.2 3878 30.95  30.86 04456 04430
41 3,850  577.2  38.57 30,93  30.73  L04451 L0439
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(TABLE IIT (Continued)

‘Experimental and Calculated Results for Vaporization
in Packed Towers

Exp.

M. L 6 - Tag  Tyr TB  ¥sr VB
42 820  577.2 40,21  31.04  30.73 0479 04398
43 515 57,2 4073 3117 30,70 04512 04390

44 1,000 577.2  38.88  30.41  29.98 ,04313 04206
25 1,575 281;5 30.65 27.88 27.35 . .03733 .03618
46 1,575  225.8 30,24 27,90  27.32  .03739 °03614
47 1,575 181.1 29.53 28.12  27.58  .03788 °03670 -
48 1,575 349.7 3271 28,49 28.15 03877 03800
49 1,575 . 209.2 31,57 28.15  27.45 03796 03643
50 1,575  217.6  32.01  29.27 28,96  .04052  .03980
51 1,575  272.1  33.31 29,56 29,56  .04117 04117
52 1,575  177.5 31;70 29,37 29.53 04075 04113
53 1,575  339.5  36.51 3139 31.10 (04579 .04504
54 1,575 4364 40.21  32.26  32.24  J04807 04802
H 1,575 137.5 38.78  29.07  28.94  .03990 | 03959
2H 1,575  202.1  42.53  29.93  29.79 204181 04146
3B 1,575 255.5 42,24 30636 30,24 J04R77 04244
B 1,575  169.7  4lebh  29.62 29,72 04106 .04129
SH 1,575 23133 41.75 - 30.53 30,19 04315  .04230
61 1,575  277.6  42.37 311 30.84 L0451 04379
TH 1,575  79.03  34.77 28,70 28,02 03898  .03747
84 1,575 58.85  33.36 28049 27.84 .03851  .03708
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TABLE III (Continued)

Experimental and Calculatéd Reét'iits for Vaporization
in Packed Towers

Ho, L G b Twr  Tw - Ysr  Vip

—— " o " ~ ——

IF 1,575 1,056 41.30 33,95  34.08° 05260 05284

2F 1,575 1,301 41043 33.88 34,05 .05238 205273
S 3F 1,575 1,514 41.59 34016 34018 05314 .05302
F1,575 1,745 42016 3439 34s37 05375 .05349

5F. 1,575  807.8  40.26 33,65 = 33,79 05177  .05204
6F 1,575 . 796.7  38.52  33.25  33.58 05060 05142
7F: 1,575  505.1  38.91 32055 i_ 32.78 04875 . .04926
8F 1,575 306.1  37.50 32,31 - 31.27 . .04813  .04528
oF 1,575  203.8  35.76 32,31 32,67  .04813  .04898
10F 1,575  472.6  35.65 33,00  33.21  J04981  .05040
'113 L,575 3294 34074 33.48  33.57 L0511  .05137
12F 1,575 688.0  37.81  33.91  34.04 05234 05271
13F 1,575  872.9  40.21  34.20  34.59 05328  .05451
UF 1,575 87442 43.00  35.09  35.90 205592 105844
15F 1,575 1,216 4130 34,06 34012 05292 05306
16F 1,575 1,545 40.73  33.98  33.96  .05263 05251
17F 1,575 808.3  39.51 33.76  33.83 05207 05225
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. TABIE IIT (Continmed)
Experimental and Calculated Results for Vaporization
in Packed Towers

E ° Ll .
No . NTU  HTU' HTU HTU/Sc°4T G/ Jp
0 ¥ o ¥yp MW 3 e AR P o

1 03686 02257 1.725 .362 .532  J675 7,996 1,340

2 .03718 02240 1.856 .337 495 ~ .628 5,529  925.6 |
3 03709  L02117 2,080 300 441 .560 3,978  663.6
4 J03849 L0253 24453 .255 375 .476 2,764 46l
5 04092  J02639 1.675 373 . o548 .695 11,057 1,877
6 04168 02759 1.585 3% 519 135 12,686 2,158
7 204196 02851 1.529 409 .60 763 14,404 2,448
8 :04230°  ,02968 1,509 .4Lh 609 773 16,822 2,858

9 03690 .02354 1.958 319 469 o595 6,559 1,099
100 .03701 .93305 2.104 297 437 .555 4,832 807.7
11 .o3750 02303 29475 253 372 472 3,385 566.2
12 .03772  L02477 1.950 321 472 599 8,190 1,374
13 04110 02805 1.609 .388  L57L  L725  Luy4l? 2,450
14 J04255 02980 1.601 .390 .573  .727 17,227 2,930
15 .04377 .03134 1.787 2350  .515 ',654 20,780 '3,531
16 .03586 02347 2.577 243 0354 453 3,060  508.9
17 .03643  .02351 2.864 .218  ,320 406 3,060  508.9
18 .03670  .02322 2.583 242 356 .452 3,974 662.5
19  .03702  .02354 2;872 218 320 406 3,974  662.5
20 .03734  J02363  2.300 .272 G400 G508 5,724 958.7
2L .03718  .02387 2.423 258 379 .81 5,724 995837
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Experimental and Calculated Results for Vaporization
in Packed Towers ,

Exp.

47

b

«04155

No. yp . ys NIU HIU' HIU HTU/Sc’ G/
22 .03739 .02365 2.643 236 347 440 5,724 958.7
23 J03771 L0479 2,037 2319 469 .595 . 7,940 1,333
24 03799 02491 2.243 279 410 520 7,940 1,333
25  .03823 02502 2.438 .257 .378  .480 7,940 1,333
26 03546 02352 1.605 o389 572 J726 7,429 1,243
27  .03583  .02362 1.720 .363 °534 678 7,409 1,240
28 .03632 .02354 1.699 .368 .541  .687 7,389 1,237
20 .03652  .02378 1797 348 .512  .650 7,366 1,233
30 .03786 02448 1.834 341 J5OL 636 7,844 1,317
31 .03809 .02465 2.078 301 442 561 7,844 1,317
32 .03839 02487  1.965 318 467 593 7,844 1,317
33 .03805 .02404 2,067 <302 444 563 5,712 956.8
34 03797 02394 2.250 278 409 519 5,712 956.8
35 .03805 .02360 2.397 .261 384 487 5,712 9568
136 .03770  .02357 1.685 371  .545  .692  5,Th2  956.8
37 W04075 02817  1.456 G429  .631  .801 12,824 2,182
38 .04083  .02831 1.467 426 626 794 12,824 2,182
39 .04123 02835 . 1.697 .368 .54l 687 12,824 2,182
WO 04207 02859  1.842 .339 498  .632 12,824 2,182
41 04276 02869 2.167 288 423 .537 12,824 2,182
2 02855 1,561 .400 o588 746 12,824 2,182
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TABLE III (Continued)

Experimental and Calculated Results for Vaporization

in Packed Towers

Exp.

1F 004986  ,02712 ° 2,240 .279 .410 o790 33,750

Noo wp  yy WU muSed? G Ju
43 .04121 3 .02837 01,380 .453 666 o845 12,824 2,182
L J03966 L2704 1.466 426 626 19 12,824 2,182
45 03686 02897 2.731 .416 524 . J665 6,350 1,053
46 J03691 02667 2.983 380 | .478 607 5,090  8ik.4
41 .03764 02602 3.796 299 376 4TT 4,083 677;3
48 03832 ,02586 3.296 o344 433 549 7,871 1,312
49 - 03784 02634  4e433 o256 G322 .409 _ 4;714» 783.5
50 03510 .oézio 1.044 160 k2 561 4,868 817.4
51 .03552  .02537 1.028 .162 448  .569 6,022 1,023
52 .03569 .02461 1.183 141 .390  .495 3,980  666.5
53 .03709 .02393 886 .188  .520 660 7,543 1,262
54  .03957 .02830 ,842' 198 .547 © .694 9,670 1,654
IH .03691 02749 1.398 44T 657 615 2,923 1,312
2H .03819 .02851 1.275 .490 720 674 4,283 1,928
C3H .03924 .03010 1.252 499  JT34 687 5,420 2,431
B .93729-' 02754  1.294 483 710 .665 3,598 1,621
5H ,03916 ,02998_ 1.128 o554 .814  .762 4,904 2,201
H .04081 .03193 1.165 .536 .788 738 5,801 2,634,
CTH L0366 J02472 1.683 ,,371 o545 <510 1,683 "'75451
8H .03627  .02359 1796 348 512 479 1,252 se2.l
1,966
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‘ TABI_E III (Continued)

Experimental and Calculated Results for Vaporlzatlon
in Packed Towers

Exp,
NOo

Y

3F
5F

7F
8r
9%
10F
- 1IF
12F
13F
IAF
15F
16F

17F

yo.  ys NUU_ EIU' HTU HTU/Se¥T G/ Jpw

(04942 02531 2,230 281 o413 796 41,420 2,424

204998 .02634 2.250 277 407 2784 48,200 2,820
: 005128 no2706 20370 0264 0388 . 0748 55,430 3,257

«04993 .,02_35_9 2.739 228 335 646 25,780 1,504
(04885  .02225 2,810 .222 .326.  .628 25,460 1,480
04783 L0246 3.400 183 269 518 16,152 938.7

+04773 '1;_02143 4.088 ,153  ,225 434 9,827 ‘56’8..5_ N

04776 L0RUS  4.309 4245 213 .410 6,538 377.9

04912 02409 3.506 .178 262  .505 15,140  876.2
05045 02399 3.726 .168 247 | 476 10,574 610.0
05067 - 02574 2,780 .225 331 .638 21,99_0 __1,279 |
05138 .02584 2.715 .230 .338 .51 27,790 1,629
(05395 (02836 2,726 .229 337  .649 27,725 1,635
05049  .02738  2.358 .265 .390 o752 38,730 2,269
05036 02841 2,362 265 ..,3éo 752 49,190 2,880
[04993 02511 2.540 .246 .362 698 25,800 '1 506

‘NOte

All runs made at a packed length "of 7~1/2" except NOSe 45=

49 which were made at l3=1/2", and Nos° 50=54 which were made at PALS

 *Nomenclature

L
G

Typ

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

gas flow*rate’-%1b°(m)/hr~ft2'

gas temperature at the bottom of the packed section, ©°C.
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vater temperature at the top of the packed section, oC.
water temperature at the botton of the packed ssction, oG
iﬁ@erfagigl mol fraction of water at the top of the
packed section.

interfaq}al mol fraction of water at the bottom of the
pgcked éectiop. ) - o
bp;k:mol,fraction_at the top»of the packed section;. ,

bulk mol fraction at the bottom of the packed section.

vnumber of transfer units.

.apparent heigbt of a transfer unit - fto

height of a transfer unlt corrected for end effects - ft.

Schmidt number - (7§E—)

value proportional to the Reynolds No. - 1/ft. |

inertia group y/rlb.(m)/ft.—hrga
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TABLE IV

Packing Properties

Type - ' carbon Raschig rings

Nominal size - 1 inch
*Qutside dianéter - | ' ’1.005 inches
¥Inside dianieter'- 0.735 inch
*Length - 0.996 inch

Number per cubic foot - 1,316

i‘Area per cubic foot - 56.5‘sq. ft./cu. ft.
Dry voids - . 0.716 .
Drain voids - 0.710 to 0.707

#The dimensions above were obtained from the measurement of 200

rings.
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TABLE V

Mi scel laneous

Volumes aof aspirator bottles for withdrawing samples:
top sample .~ - 0.6868 cu. ft.

bottom sample ~ 0.6833 ciz. ft.

Wet bulb diameter - 0.29 inch

Length of thermometer ‘bulb - 1 inch'

Length of wick exposed -~ 2 inches

' Dry bulb diameter - 0.23 inch

Flow nozzle - Be-a.n, Buckingham,‘.ard Mur'phy .desigziation A-1

Flow origice - squaré edge, l.QOQJ_:;inch' in diameter.

v
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