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A NEW CORRELATION FOR MASS TRANSFER IN THE FLOW OF GASES
THROUGH PACKED BEDS AND FOR THE PSYCHROMETRIC RATIO
¢ Edward Jo‘Lynch and Charles R. Wilke

February 10, 1959

ABSTRACT

A new method is proposed for the correlation of mgss transfer in the
flow ofigases through packed beds. This method is based onlan empirical
extension of the equations of Lin, Moulton, and Putnam and von Karman. The
propoSed equation agrees well with data on the vaporizatioﬁ from solids over
a range of ‘Schmidt numbers from 0.24 to 3.15.

Modifications of the proposed equation appear'tp be applicable to méss
transféf in packed’co;umhs with liqpiddflow and‘to psychrometric work. |

More extensive data will be necessdry to confirm thé‘éuitability of these

applications.
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A NEW CORRELATION FOR MASS TRANSFER IN THE FLOW OF GASES
THROUGH PACKED BEDS AND FOR THE PSYCHROMETRIC RATIO
Edvard J. Lynch and Charles R. Wilke

February 10, 1959

* INTRODUCTION AND THEORY

At the present time there is not an adequdte theoretical treatment of mass

transfer in packed beds either with or without countercurrent liquid flow.

Attempts at a semi-theoretical appfoach through analogies ‘and dimensional

analysis have led toﬁequations relating the mass transfer'coefficient to the

- modified Reyﬁolds number and the Schmidt number in a generalized form. The

specific mass transfer equatioﬁs; in the final analysis; have been determined
by application Of‘experimental data. Probably the best known and most widely

used of these 1s-the Junumber form of Chllton and Colburn

_ M .
3= EG—G—I"—Pf (Sc)2/5_=w (Re) (1)

where ¥ (Re) is uéually represented by a simple exponential function of the
Reynolds number or by an empirically determined curve.

Chilton and Colburn's use of the Schmldt number to the 2/5 povwer has
received wide acceptance: The exponentlal functlon was actually based on an
emplrlcal study of heat transfer data in plpes, but it appears to be reasonably
valid also for mass transfer in packed beds with no liquid flows Many of the
experimental studies are of such poor precision as to be inconclusive with
respect to the Schmidt number function.. For example, in the case of mass
transfer with both gas and liquid flow the dependence of the mass transfer

o 17 ‘w10

coefficient on the Schmidt number has been reported from Sc to Sc
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The analytical treatment of the transfer of heat,and/br mass from a
stationary surface to a fluid in turbulent flow has been made by several |
gutho rs 2,6,18,2k for fully developed flow in stralght circulsr pipes. &
A similar direct approaeh for the packed bed has been prevented by a lack |
of knowledge about the flow pattern, the continual disturbance of the @
boundary layer eo that uniform conditions are ﬁever established at the
surface, and the presence of a very large form drag. From the afore-
mentioned analytical treatmente, however, it is possible to make a
qualitative extension to mass transfer from a fixed surface contained
within a ?acked bed. B
Lin, Moulton. and Putnaml8 have recently derlved an equatlon for
mase transfer from the solid wall of a pipe whlch allows for turbulent

penetration of the lamlnar sublayer in proportlon to the third power of .

the distance Prom the wall

£/2

k=i — g(sc) B | (2)
1 +WNf/2 : o
where: _ _
kc = mass transfer coefficient based on concentration gradient
u = fluid velocity
f = friction factor
p(sc) = fl“ 2 ( (e )2/3 F(Sc) + 5 In gl le e e - M?J (3)
F(Sc) = . [1+ 0.345 sc 1/3;2 |
(Se 1/2111[ 345 /3] ‘ —
1 - 0.345 SQ» 4+ 0.119 Sc~
+ 1.73 tan™(0.398 sc'/3 - 0.578) + 0.905 | | ()

A o N
For gases the function F(Sc) becomes approximately equal to Sc /3 and
the value of @(Sc) becomes approximately equal to that derived by Von
KarmanOEh

It is not possible to meke a direct application of this eqdation to

mass transfer in packed beds. In the first place the derivation
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assumed the existence of a uniform.velocity distribution throughout
the region of mass transfer whereas a éoﬁtinually_interrupted flow
pattern exists in a packed bed. 1In the second placeithe friction
factor in a packed bed accounts for only a small fraction of the
energy transferred. Both‘of these effects would tend to give much

"~ higher values of the mass transfer coefficient in a packed bed than-
that indicated by equation (2). It is conceivable, however, that
while the equation would nof give the correct magnitude of kc, it
may be quite correct in determining the form of the Schmidt number
depeﬁdence. It was therefore assumed that the equation which will

correlate mass transfer data in packed beds should be of the form:

1 kGMhPf C

m
a @0 - G = By lc e . (5)
v _ m
" where:
B = a constant which is greater than 1.
Cm = a factor which is dependent only on the Reynolds number.

From the study of a complete set of experimental data covering a
range of Schmidt numbers the value of the constant B can be determine@.-
The factor Cm is used here insteadvof'the friction factor of equation
(2) because it is virtually impossible to evaluate a true friction
factor in a packed bed. The de@endence of Cm on the Reynolds number
can be determined from a single set of reliable mass transfer data.
According to equation’(S) thé mass transfer coefficient is dependenf
on thé Reynolds number thrqugh'the factor Cmo Since me appears in the
denominator as a multiplier of the Schmidt function, however, the depen-
dence of the mass transfer rate on the Reynolds number will not be
 common for all systems; but will depend on the magnitude of #(Sc). Also,
since Cm is not a constant, the variation of the mass transfer rate with

Schmidt number will not be the same for all Réyndlds'numbers°
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EXPERIMENTAL

Physical and Thermodynamic Properties of Materiels

Viscosity: The v150031t1es of air, water vapor, and hydrogen were
taken from a review article by F. G. Keye816 in Whlch “the avallable
literature data for several gases are collected and formulated by
means of an empiricel equation. ’The'viscosity of Freon-12 was taken

3

from a paper by Buddenberg and Wilke~ on the measured viscosity of

several gases. It was extended over the des1red temperature range
by the use of'the equatron of Hirschfelder, Bird and Spotz 12

Thermal Conductivity: The thermai conductivities of air, water
vapor, and hydrogeﬁ were taken from the review article by‘Keyes guoted
above. The thermal conduct1v1ty of Freon-12 is that reported by
Sherratt and Grlfflths°23

Heat Capacity: The heat capacities of eir and water vapor were

15

taken from the book by Keenen on the thermodynamic properties of air.

The heat capaqity of hydrogen is from the API Tahles} The heat capa-
city of Freon-12 was calculated from the work of Justi and La.ngerllL
who reported the heat capacity at constant volume.

Diffusivity: The diffusivities for the systems air-water, sir-
nitrobenzene, and Freon—lz - water are thoqe reported by Lee gnd
Wllke,lT The dlffu51v1t1es for the systems hydrogen—nltrobenzene,
and Freon-12 - naphthalene were calculated by the equation of
Hirsahfelder, Bird:>end SPotz 2 The dlffu51v1ty for the system air-
naphthalene was taken from the I.C.T, 13 ,

Denelty Gas den51t1es were taken from the Phy81cs and Chemistry
Handbookll with 1deal gas preseure and temperature corrections.

Vapor Pressure: The vapor pressure of nitrobenzene was measured
by the authors and'reported in detail elsewhere;ao The vapor pressure
of naphthalene is from the I. c.r.13 -

Gas Spec:Lf:Lca,tlons° The hydrogen Was supplled by the Stuart Oxygen
Co. and was made electrolytlcally The Freon-lE was eupplled by
Klnetlc Chemicals with a purity of 99f95%;> The ma Jjor impurities were

Freon-11 and Freon-l3o
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Liquid and Solid Specifications: The nitrobenzene was Eastman
Kodak's White Label grade. This was distilled in an Oldershaw column
and the center cut retained for the vaporization experiments. Naph-
thalene was used directly as supplied by Baker Chemical Co., C.P,
grade . Thevmeltihg point was measured and found to be in;agreement

with accepted values.ll

Eguigment

The equipment is shown schematically in Figure 1. The flushing
box ﬁas a large glove box connected to the flow system. It coﬁld be
filled with the same gaé being used in the experiments. This made iﬁ
possible to remove the packed bed from the flow system and weigh it
without removing it from the gas atmospheré. The water cooled and
refrigerated sections removed condensables from the gas stream so that
the gas could be recirculated. The packed tee served as an equilibrium
contact surface for the gas and liquid (or solid). The temperature
measured at this point determined the concentrgtion of the transfer
material in the gaé.stream enteriﬁg the bedov (In the case of air-
water runs this stream was also sampled and the water vapor deter-
mined gravimetrically. There was very good agreement between the two
methods.) Temperature measurements were also made at the locations
indicated in the figure, i.e. before the packed bed (l), foliowing the
packed bed (2), and on the surface of the tube (3) adjacent to the
location of thermocouple (2). No. 30 copper-constantin wire was used
with an L and N Portable Precision Potentiometer for all measurements.

A detéil of the packed section is shown in Figure 2. -The béd,
which was approximately 1" deep and 2%& in diameter was held in place
by a spring clamp mechanism. ‘Tapered; smoothly machined surfaces
served to align the bed and provide a seal; the bellows provided
sufficient play for insertion and rembval. The packing was composed
of Y x " néphthalene cylinders or 4" alundum spheres sogked with either
nitrobenzene or water. . : '

Procedure

-

The system was first brought to an equilibrium condition through
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a period of prolonged re01rculat10n with a blank section in place of
the packed bed. The packed bed was then Welghed and inserted.
Pressure drop readings were taKen across ‘the orlflce and “the bed and
absolute pressure regdings were taken before the orifice and the bed.
Temperatures were taken at the four p01nts indicated in Flgure 1.
After a predetermined perlod the bed was removed and rewelghed, When
the alundum pellets were used, the run was always‘restrlcted to the
constant-rate drying period. . | )
When gases other than air were used, it‘was necessary to first
?ﬁrge the air from the system and the flushing box. Purging was con-
tinued until the concentration of air was reduced.to less than 2%. A
continuous flow of gas into the system was then maintained thr oughout

all experiments and the concentration was checked at regudar intervals.

RESULTS:

The experimental results of this study are shown in Figures 3 and
Lk, Six systems were studied, having a range of S?hmidt numbers'from '
0.24 for water-Freon-12 to 3.15 for nitrobenzene-hydrogen. The results
are plotted as the modified Reynolds number, DpG/h(l—e), versus a HIU.
This method of gr&phical representation was selected on the basis of
the conclusions drawn in reference 7 and the work of other investi-
gaﬂ“orq5 »9,22 E '
' Since the dats for the nitrobenzene-air system are the most con-
sistent and extensive, they were selected to serve as a basis for the
semi-theoretical equations fov correlation of mass transfer data in
packed beds. In Figure 3 the line for Schmidt nuﬁber3ln79 was drawn
through the points for this system. The lines for the other Schmidt
numberg werée located in acéordance with the j—humber théofy, i.e. all
" lines were drawn parallel to the base line but spaced vertically accord
ing to the Schmidt numbér to the'2/3‘powere‘ This type of correlation
gives a good it of the data for the higher Sehmidt numbers. For
Schmidt numbers less than'lo79, however, the agreement becomes pro-
gressively worse, reaching a condition of essentially no agreement

between the calculated line and the data for the Water—Freon~l2 system
/«
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which has a Schmidt number of 0.2L.

Figure U4t was drawn with eﬁuation (5) of the théory as & basis.
By means of a trial procedure it was determined that the Vélue of
the constant B should be approx1mately 20, so that equation (5) then
becomes:
1 o
s HIO ~ Eovl ¢ g(5c)

(6)

. The nitrobenzene-air data were again selected for the location of

a base line and the factor, Cm’ was evalusted as a function of the

modified Reynoldsvnumber frdm this line. This relationship is plotted

in Figure 5. Equation (6) was then used in conjunction with Figure 5

.to locate the lines drawn on Figure 4 for the other Schmidt nunbers.

For the higher Schmidt numbers this correlation is comparable with

the conventional j-number correlation using the Schmidt number to the

2/3 power. For Schmidt numbers lower than 1.79, this correlation
appears %o be superior to the former methods.

'A cross-plot has been made from Figure U4 at modified Reynolds
numbers of 400 and 4000 and is presenfed in Figure 6. The trends
with Schmidt number which aré shown here open the way for a discussion
of somé of the anomalous results that have been noted in other mass

transfer studies.

DISCUSSION

Equation §6) is plotted as a HIU versus modified Reynolds number
in Figure U4 with Schmidt number as the parameter and as avHTU versus
Schmidt number in Figure 6 with the modified Reynolds number as the
parameter. Figure 5 defines the relation between Cm and the modified
Reynolds number. .

The lines of constant modified Reynolds number on Figure 6 show that
when the Schmldt number is greater than 2, the effect of Schmidt number
on mass transfer approximates Sc /3 regardless of the value of the
Reynolds number. For hlgh values of the Schmidt number, therefore,

equation (6) becomes approximately:
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1 2oley,

| aVHTU ) ch/3 | ‘ e

This relation is of the form predicted by:the j-nunber analogy and
probably explains why that analogy has received such wide support.

For values of Sc less than two, the effect of Schmidt number is
greatly-infiuenced by magnitude of Cm‘and consequently by the magnitude
of the modified Reynolds number. For a Re' of 400, the effect is
greater than Sc‘2/3 gand for a Re' of 4000 the effect is less than Scz/g.
At a modified Reynolds number of 600, the effect of the Schmidt group
is approximately ch/éo Since this latter value of the Reynolds
number corresponds to the'region in which most of the mass transfer
work has been done, it has been very easy to assume that the j-number
analogy is valid for all values of Schmidt and that discrepancies are
the result of experimental error. ' . _

The anomalous change of the HTU with Schmidt number at the lower
"value of Schmidt number results in lines of gradually inéreésing slope
when HTU is‘plottéd,agaihst Reynolds number as in Pigure L, This
anomaly also explains the disagreement among investigators concerning
the dependence of jD'on.the Reynolds nuﬁber. One o# the firig iﬁvest-
igations in the field was that of Gamson, Thodos, and Hougen™ who
vaporized'water from various porous packings. They concluded that-jD
varied as Re—o°ulo Although the line for water-air in Figure L is
curved, the average slope of the line over the region in which Gamson,
Thodos, and Hougen worked is 0.45. On the other hand, Shulman, Ullrich,
Proulx, and Zimmerman22 have recently reported that jD varied as Reh0°36°
_Their work was with the naphthalene-gir system, however. rom Figure L4
it can be geen that theudependence on Reynolds number for this systéﬁ
~0.3

is approximately Re The difference between the two investigations,
therefore, would seem %o be consistent with the present method of
‘correlation. ‘A comparison of the data of this work with these two earlier
correlationé is shown in Figure 7.
In prior work by theva,u[thorsl9
with liquid flow it was found that a correlation of HTU with Reynolds

number required that the Schmidt number enter to the 0.9 power. (A
5

on mass transfer in a packed column

later investigation by Ybshida2 appeared to confirm these results
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provided that the same_diffﬁsivity is used for the helium-water system.)

. In the light of the known turbulence in a packed column, such a correl-

ation did not seem reasonable at the time. A correlation with the
inertia group, on the other hand, requlred only a O 47 exponent on the
Schmidt number and also served to align the floodlng points. This
was also in agreement witha psychrometric study which was conducted
concurrently and which 1ndlcated that the mass transfer rate should
vary with Sc '5. At the time it was noticed that the slope of the

water-Freon-12 curve was somewhat greater tlan the other two, but

_ straight parallel lines were drawn through all three sets of data and

the results correlated as:

[y

= gpu®) for 0.24 < Sc < 115 (8)

Sc

On the basis suggested by’equatlon (5), however, it is possible
to make a different 1nterpretatlon of these data,, Figure 6 shows
that at low Reynolds numbers and low Schmidt numbers the Schmidt number
dependence approaches the first power. On this basis an exponent of
0.9 for Schmidt numberé between 0.24 and 1.15 would be gquite reasonable.
An attempt was made, therefore, to use equation (5) to correlate these

data. The constant B was found to be 3.5 for this case:

= S (9)
s HTU ~ 3¢5 TWC_#Ase) - 9

Cm'was evaluated as a function of the modified Reynolds,nﬁmber by
using the data for the air-water system. This equation is plotted as
the solid lines on Figure $. It gives an excelleﬁt correlation of all
data up to the loading points where the HTU decreases sharply (as indi-
cated by the dottéd lines) because of changes in the liquid flow pattern
within the column. Equation (9) allows not only for the large Schmidt
numbervdepéndence'which wés observed for these systems, but alsoc for
the fact thaf the Freon-12 system shows a différent dependence on
Reynolds number. ' ' |
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Figure 8‘shoﬁld not be construed as supporting the use of
the equlvalent packing dlameter or the por051ty in the Reynolds number
for the case where there is liquid flow. In fact, it does not
deflnltely establlsh whether ‘this correlation method or that indi- _
cated by equatlon (8) is to be preferred. Final determination df the
_proper method will requlre dats similar to that given in this paper
and reference 7. An unfortunate aspect of any similar investigation
will be the llmltlng condition imposed on the Reynolds number by the
_ loading and flooding of the column.
In the psychrometric study mentioned above the relatlon obtalned

1
was:

M p.C v : 5 . : ‘
feMnPr T , <%§ 0.24 < Sc < 2.65 (10)

™
I
f
o
\O
!_l

‘h' l

lThe‘facﬁor‘Y which corrects the heat transfer coefficient for the

effect of mass transfer was ineorrectly defined in the previous paper

by the authors.™” However, the error was minor for the systems studied.

A preferable fonmfor Y is the Ackermann correctlona which was verified
experiméntally by Mickley and: Assoc1ateeb for heat transfer at a flat

plate with blowing or suction:

T o= 4
e’ - 1
N, C ’
Vhere:' A DA = @
. h
NA = Trate of evaporation from the wet bulb.
CpA = heat capacity of the evaporating liquid.
h. = heat transfer coefficient in absence of mass transfer.

®Ackerman, G., Forschungsheft, No. 382, 1-16 (1937).

bMickley, H.S., Ross, R.C., Squyers, A.L. and Stewart, W.E., N.A.C.A.
Technical Note 3208 (July, 195k4). :

€
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Since the Prandtl number is approximately constant for all gases, this

equation indicates that the mass transfer rafe will be proportional

' to the Schmidt number to the Y power.

' It is customary in psychrometrip studies to operate with very
high velocities over the thermometers in order to reducé the radiation
‘correction. This condition should correépond to the packed bed at
very high Reynolds numbers. -Reference to Figure 6 show that for Re' =
4000 and 0.2k < Sc < 2.65 the dependence of the mass transfer rate on
the Schmidt number is approximately proportional to Séé. This agree-

ment with the above conclusions from the psychrometric study suggests

a correlation for the psychrometric ratio based on equation (5):
k, M c B'[1 - VC g(Pr
G m Pr D v - hg( )] (11)
n' B [1 - Ve _g(5c)] |

B =

The best it to the available data is obtained with B'/B = 0.91 and

cm; ch = 0.056 so that:

: k.M p.C 71
6 m fTp _ 1+ 0.056 g(Pr)
= . = 091 75,056 g(Sc) (12)

Equation (12) is plotted in Figure 9. The data are those reported in
Table I of the earlier Work;l9'

The applicability of the correlation method to systems of high
Schmidt number was checked by using the data of Gaffney and Drew8 for
theAsysfems acetone-succinic acid (Sc = 170), benzene-salicylic acid
10960 ), and of McCune

and Wilhelm"T for the naphthol-water system (Sc = 1385). These data
and equations (1) and (6) are plotted in Figure 10. Neither equation
satisfies the data although equétion (1) appears to be superior.
Equation (6) is not recommended, therefdre,'for,liquid-solid systems.
The design chart presented in Figure 11 is a plot of equation (6)
for selected values of tle Schmidt numberf‘ The height of a transfer
unit can be obﬁained directly from_the'ohart once the Schmidt number
and modified Reynolds number are known. The range of Schmidt numbers

given should cover gaseous systems normally encountered in practice. -

2



-1k UCRL-8602

CONCLUSION

It is believed that Equation (6) represents a useful method of
interpretation of mass transfer in packed beds where there is mno
liquid flow. It also appears that other equations of this same form
may be useful forithé cofrélation of data obfained on packed columns

with liquid flow and_the correlation of psychrdmetric data.

”
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Fig. 1. Schematic d»iagram of the apparatus.
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Fig. 3. Experimental data and calculated curves based on the
jD number analogy.
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Ep LRt B
Re'=DpG/p (1—¢€)
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Fig. 5. Relationship between C__ and Re' for packed beds.
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100 T 1 T T

50

L
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Fig. 6. Equation (6) as a function of Schmidt number with Re'
as a parameter.
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Fig. 7. Clompar‘ison of the data of this work with other
correlations.
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Fig. 10. Experimental data at high Schmidt numbers compared with
Equations (1) and (6).
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Fig. 11. Design chart developed from Equation (6) for mass transer

in packed beds. e T T
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Table 1
Mass Transfer in Packed Beds:
For Several Systems at Atmospheric Presgsure
Air-Water
Run EEHG 4 avgggé v Sc dp Re'’ —Emf-
1 1.763 7.837 .60 .0907 643.9 . 00465
2 1.978 6.985 " .1018 51k.2 .00511
3 2.29k 6.02k4 " -1180 387.1 00578
4 1.178 11.72 " L0607 171k .00328
5 1023é 11.21 " .0634 1489 .00342
6 | 1.hs52 9.36 " .0760 1237 .00k0o1
T 1.547 - 8.93 " .0796 887.4 .00k16
Air-nitrobenzene
1 1.134 12.18 .79 1211 bok.0 . 00621
2 1.0k5  13.21 " o .1116 509.1 .00564
3 .945 1h4.61 oo ,1009 619.9 .00501
i .906.. 15.24 . " .0968 - 687.4 .00476
5 .72h 19.07 n L0773 1162 .00366
6 . 705 19.58 " .0753 1477 00355
7 661 20.89 " .0706 1752 .00329
8 617 22.38 " .0659 1910 .00305
9 .968: 1h.27 - .1033 Sh7.h4 . 00490
10 841 16.42 " .0898 - 8h2.2 .00L36
11 750 18.k1 ” .0801 1102 .00382
12 .688 20.07 " .0735 1357 .00345
13 651 21.21. " .0695 1643 .00324
1k L7111 19.h2 " ~.0T760 1359 .00359
15 683 20.21 n .0730 1677 .003k42
16 682 20.2Lk " .0729

1397

.00341
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Nomenclature

area per unit volume, sq-ft/cu-ft
a constant defined by Equation (5)

heat transfef factor similar to Cm

- mass transfer factor defined by Equation (5)

heat capacity at constant pressure Btu/(1lb-mass)(°F)

~equivalent particle diameter for packing (ft)

friction factor'\

mass velocity of the gas stream based on the superf101al area,
lbmmass/(hr)(sq-ft)

apparent heat transfer coefficient, see reference (19)
height of a transfer unit, ft

mass transfer factor defined by Equation (2)

mass transfer coefficient based on a concentration gradient

gas film mass transfer coefflclent, lb~moles/(hr)(sq-ft)(atm)

“mean molecular welght of the gas stream, lbamass/lb-mole

,£ilm pressure factor, atm

C u
Prandtl number, "

' ' DPG
modified Reynolds number ETTTE)
Schmidt number-—E—

PD

‘mean velocity, ft/sec '

a function of Schmidt number defined by Equation (3)

psychrometric ratio defined by Equation (10)

factor which accounts for effect of mass transfer on'heat transfer

por051ty

viscosity, lbamass/(ft )(hr)
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

W&

- ' A. Makes any warranty or representation, express
or implied, with respect to the accuracy, com-
pleteness, or usefulness of the information
contained in this report, or that the use of
any information, apparatus, method, or process
disclosed in this report may not infringe pri-
vately owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any
information, apparatus, method, or process dis-
closed in this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the
Commission to the extent that such employee or contractor
prepares, handles or distributes, or provides access to, any
information pursuant to his employment or contract with the
Commission.



