for the calculation of normal stresses
in laminar shearing flows of viscoelastic
fluids. Unfortunately, it appears that
the methods have not been used as
carefully as necessary thus causing
aberrations in the results.

NOTATION
D = tube diameter
d, = jet diameter

= length of tube
= d(lnw)/d(In8v/D)

Pij = components of deviatoric stress
tensor

4 = isotropic stress pressure

R = tube radius

r = radius

u = point velocity

\% = average velocity

Vi = jet velocity

xi = orthogonal direction

z = axial direction

7 = component of stress tensor

= wall shear stress
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The Influence of Operating and Static Liquid Holdups on Gas

Absorption Rates in Chemically Reacting Systems

An apparent anomaly which has
been encountered repeatedly in packed
tower studies of gas absorption with a
rapid, irreversible chemical reaction is
the observation of overall mass transfer
coefficients wnich are far greater than
the corresponding gas-phase mass
transfer coefficients calculated from
physical absorption data. Typically,
the overall coefficient increases with in-
creasing liquid-phase reactant concen-
tration, eventually exceeding the phy-
sical absorption value of the gas-phase
coeflicient, frequently by a very con-
siderable extent. Several investigators
have shown that the overall coeflicient
becomes constant when the liquid-
phase reactant concentration is in-
creased sufficiently.

An explanation of these results was
proposed by Shulman, Ullrich, and
Wells (7) who visualized the inter-
facial area of the liquid in a packed
tower to consist of the surfaces of both
rapidly moving streams and quiescent
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accumulations. In the case of physical
absorption, the effective interfacial
area is that of the rapidly flowing
liquid. In the case ‘of absorption with a
rapid, irreversible chemical reaction,
the presence of the liquid-phase reac-
tant raises the absorptive capacity of
the quiescent liquid. This liquid, even
with its low rate of replacement, even-
tually becomes as effective as the
rapidly moving streams at high con-
centrations of the liquid-phase reac-
tant. Then the total interfacial area is
effective for mass transfer. The princi-
pal experimental verification of this
hypothesis is the following relation
which has been demonstrated for
packed tower operation (6):

(kGa) 7,0 he
—_—=C
(kGa) ho

C~10 (1)

The sum of the static holdup, As, com-
posed of the quiescent accumulations
of liquid, and the operating holdup,
ho, composed of the rapidly flowing
liquid, is equal to the total holdup of
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Yale University, New Haven, Connecticut

liquid in the packing, h¢. All the hold-
ups are expressed in units of liquid
volume per unit packed volume. It has
also been pointed out that for vapori-
zation of liquids in packed towers, the
entire liquid surface area should be
effective for mass transfer (7). If the
model is to be consistent, it must pre-
dict an eventual decrease in the gas-
phase mass transfer coefficient when
there is an increase in the rate at
which the quiescent liquid approaches
saturation, regardless of how this in-
crease is accomplished. On this basis,
Shulman, Ullrich and Wells (7) pre-
dicted for cases of absorption with a
rapid, irreversible chemical reaction a
decrease in the gas-phase mass trans-
fer coefficient as the gas-phase solute
concentration is increased. In descrip-
tive terms, as the gas-phase solute
concentration is decreased, the quies-
cent accumulations of liquid in the
packing become increasingly effective
for absorption since they require a
longer time to become saturated. Also,
an increase in the effective interfacial
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area would be expected. Since there
were apparently no data available in
the literature with which to test this
prediction, it remained unverified. The
results reported here were obtained in
the course of a packed tower study of
the absorption of ammonia from am-
monia-air mixtures into aqueous solu-
tions of boric acid. The following dis-
cussion is concerned with the effect of
ammonia concentration in the gas on
the mass transfer rate.

APPARATUS AND PROCEDURE

The absorption tower consisted of a
6-in. 1.D, Haveg pipe packed with 20 in.
of %-in. carbon Raschig rings. The com-
bined end effects were estimated to be
the equivalent of an additional 4 in. of
packing, The flow rates of the entering
boric acid solution, entering air, and enter-
ing ammonia were determined with cali-
brated orifice meters. The ammonia con-
centration in the liquid leaving the column
was determined by direct titration with
standard hydrochloric acid, with methyl
orange as the indicator (2). Boric acid
itselt is so weak that it has no appreciable
influence on the hydrogen ion concentra-
tion, and the ammonia is titrated directly.
Samples of the entering and leaving gas
streams were analyzed for ammonia content
by removing the ammonia in an absorption
train and measuring the quantity of air
passing through. The absorption train
consisted of two vessels in series, each
containing 4.0% boric acid solution, fol-
lowed by one vessel containing phenol-
phthalein solution to reveal the presence
of any unabsorbed ammonia. The absorbent
solutions were analyzed for ammonia by
the same procedure as that employed for
the liquid leaving the absorption tower.
In no case did the phenolphthalein indi-
cate the presence of unabsorbed ammonia.
The quantity of air associated with the
ammonia was determined by permitting the
air to displace the contents of a vessel
initially filled with- water. The volume of
water collected equals the volume of air
at the measured temperature and pressure
in the vessel. Details of the operating pro-
cedure have been described elsewhere (3).

EXPERIMENTAL RESULTS

A series of runs was carried out in
which the liquid entering the column
was a 4.00 weight percent solution of
boric acid in water and the ammonia
concentration in the entering gas was
varied from 0.01 to 0.09 mole fraction.
The gas and liquid rates were main-
tained constant at G = 400 Ib./br. sq.
ft. and L = 1,000 lb./hr. sq. ft. The
average of the terminal temperatures
of each stream was kept close to 82°F.
Although a temperature rise occurred
in the liquid as a result of the chemical
reaction, this did not influence the inter-
pretation of the results, since the over-
all change in gas temperature was
never greater than 4°F. As it has been
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Fig. 1. Overall mass transfer coefficients for

obsorption of ommonia into 4% uoqueous boric

acid at G = 400 Ib./hr.sq.ft. and L = 1,000
Ib./hr. sq. ft.

shown that k¢ varies approximately
with the 0.09 power of the absolute
temperature (3), the effect of tem-
perature variations on the gas-phase
mass transfer coefficient was well within
the accuracy of the data. The average
total pressure was maintained essen-
tially constant at 795 mm. mercury.
The results are plotted in Figure 1.
The value of kca shown on the ordi-
nate was obtained from the experi-
mentally determined Kea for ammonia
absorption in water (obtained in the
same tower and under the same condi-
tions as were the other data shown in
Figure 1) and kra calculated from the
correlation of Sherwood and Holloway
(5). Equilibrium vapor pressures of
ammonia over its aqueous solutions
were calculated from an equation fit-
ted to the data of Sherwood (4) and
Breitenbach, the latter’s results having
been reported by others (1). The fol-

lowing results were obtained:

Kca = 21.8 Ib.-moles/hr. cu. ft. atm.

kra = 26.1 lb.-moles/hr. cu. ft. (Ib.-
mole/cu. ft.)

kca = 28.4 Ib.-moles/hr. cu. ft. atm.

Under the test conditions, the liquid
phase resistance comprised about 23%
of the total resistance to mass transfer.
The overall mass transfer coefficients
for absorption of ammonia in aqueous
boric acid were calculated by dividing
the mass transfer rate per unit packed
volume by the logarithmic mean of the
terminal driving forces. In calculating
the logarithmic mean driving forces, it
was assumed that the equilibrium
vapor pressure of ammonia over the
boric acid solutions was negligible.
There is evidence to support this as-
sumption for the conditions under
which the value of Kea exceeded kca
(3). Although the assumption of zero
vapor pressure of ammonia is conveni-
ent for expressing the experimental re-
sults in terms of mass transfer coeffi-
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cients, the conclusions to be formed
are independent of it. The salient re-
sult demonstrated by Figure [ is that
the overall mass transfer coefficient in-
creases with decreasing ammonia con-
centration in the gas and eventually
exceeds the physical-absorption value
of kea when the mole fraction of am-
monia in the entering gas drops below
about 0.042.

Figure 2 shows the effect of the
entering gas composition on the leav-
ing gas composition (no assumptions
having been made regarding the equi-
librium vapor pressure of ammonia
over boric acid solutions). The dashed
line is a plot of the equation

9 kaahP
L e (2)
yl

which is the relation for physical ab-
sorption in the absence of liquid-phase
resistance for dilute gases. For the ex-
perimental conditions, the exponent in
Equation (2) is — 4.8. The fact that
the experimental data plotted in Fig-
ure 2 fall considerably below the
dashed line at low ammonia concen-
trations is consistent with the proposal
ot a higher effective interfacial area for
absorption with chemical reaction than
for physical absorption.

It is of interest to calculate the ex-
pected maximum value of the gas-
phase mass transfer coefficient, that is,
that which would be obtained if the
effective interfacial area were equal to
the total interfacial area. Substituting
the appropriate values of the holdups
(7) and the proportionality constant
(6) into Equation (1) gives

(0.95) (0.068) (28.4)

(0.0855)
51.7 Ib.-moles/hr. cu. ft. atm.

It is seen that this value has not yet
been reached even at the lowest am-
monia concentration employed.

It is concluded that the experimental
results are entirely consistent with the
model of packed tower operation de-
scribed (6) and verify the predicted
effect of gas-phase solute concentra-
tion. The model, in its present form,
cannot predict quantitatively the effect
of gas-phase solute concentration on
the mass transfer rate for absorption
with chemical reaction in a packed
tower, although it does predict the
maximum rate attainable. The experi-
mental verification of the qualitative
aspects of the model does, however,
provide a firmer basis for the physical
representation proposed. This repre-
sentation, based on the varying ab-
sorptive capacity of quiescent accumu-
lations of liquid in the packing, ac-
counts for the previously unexplained
effect of liquid-phase reactant concen-

(kca) 0 —

July, 1963



005 T 7 . T T

004} g

003 E

Yo

.002F 4

oot e i

000 L 1 4 '
000 002 004 006 008 010 o2

Y.

Fig. 2. Effect of entering gas composition on

leaving gas composition for absorption of am-

monia into 4% aqueous boric acid at G =

400 Ib./hr. sq. ft. and L = 1,000 Ib./hr. sq.

ft. The dashed line is the relation for physical

absorption in the absence of liquid-phase
resistance.

tration on the mass transfer rate for
absorption with chemical reaction.
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NOTATION

a = effective interfacial area, sq.
ft./cu. ft.

C = a constant

G = average superficial gas rate,
Ib./hr. sq. ft.

Gum = average superficial molal gas
rate, Ib.-moles/hr. sq. ft.

h = tower height, ft.

hs = operating holdup, cu. ft./cu
ft.

hs = static holdup, cu. ft./cu. ft.

he = total holdup, cu. ft./cu. ft.
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and at pressures from 150 to 2,000 lb./sq. in. abs. Measurements were made
on methane in this region and used, olong with selected properties from the
literature, to construct a pressure-enthalpy-temperoture chart.

Experimentol enthalpies for nitrogen, Mage, David T., Millard L. Jones, Jr.,
Donald L. Katz, and John R, Roebuck, Chem. Eng. Progr. Symposium Ser. No.
44, 59, p. 61 (1963).

Key Words: A. Specific Heat-8, L.otent Heat-8, Nitrogen-8, Flow Calorimeter-
10, Measurement-8, Pressure-6, Temperature-7. B. Joule-Thomson Coefficient-9,
Measurement-10. C, Pressure-Enthalpy Diagram-8, Temperature-7.

Abstract: A flow calorimeter has been used to measure the latent heat and
specific heat at constant pressure of nitrogen. These values have been com-
bined with previous measurements of Joule-Thomson coefficient to construct a
pressure-enthalpy-temperature diagram. The range of the diagram is from

—320° to +50°F., and from 0 to 3,000 Ib./sq. in. abs.

Solubility of sulfur dioxide in polar orgonic solvents, Albright, Lyle F., Paul
T. Shannon, Sun-Nien Yu, and Ping Lin Chueh, Chem. Eng. Progr. Symposium
Ser. No. 44, 59, p. 66 (1963).

Key Words: Solubility-8, Correlation-8, Complex Formation-8, Heat of Mixing-8,
Sulfur Dioxide-1, Tetraethylene Glycol Dimethyl Ether-1, N,N-Dimethylaceta-
mide-1, N,N-Dimethylformamide-1, 2-Octonone-1, Ethy! Laurate-1, Nitroben-
zene-1, n-Heptyl Alcohol-1, Solutions-2, Temperature-6, Composition-6, Pres-
sure-7, Heat of Mixing-7, Functionality-7.

Abstract: The solubility of sulfur dioxide in polar organic solvents probably
results from complexes being formed between the positive sulfur atom in sulfur
dioxide and the electronegative polar group of the solvent. The solubility
characteristics of sulfur dioxide in polar solvents are very similar to those of
chlorofluoromethanes containing a hydrogen atom. Three solvents, tetra-
ethylene glycol dimethyl ether (best on mole basis), dimethylacetamide and
dimethylformomide (best on weight basis) are excellent solvents for sulfur
dioxide,

Analysis of the data in terms of activities and activity coefficients based
on o modification of the approach of Mastrangelo was found to be o good
method for correlating the data even though the same correlating equation
was shown to result from different mathematical models. Heats of mixings
calculated from the solubility data were found to be maximum ot a mole ratio
of solute to solvent very close to the functionality values of the solvents,
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ABSTRACTS AND KEY WORDS

Methods of estimating the thermodynamic properties of halogenated ethylene
compounds, Beckwith, William F., and Raymond W. Fahien, Chem, Eng. Progr.
Symposium Ser. No. 44, 59, p. 75 (1963).

Key Words: Property, Thermodynamic-2, Entropy-2, Heat Capacity-2, Normal
Boiling Point-2, Statistical Mechanics-4, Group Contribution Method-8,
Tetraiodoethylene-9, Halogenated Ethylenes-9, Wave Numbers-1, Interatomic
Distances-1.

Abstract: A group contribution method was devised to estimate ‘the ideal gas
thermodynamic properties of halogenated ethylene compounds. The method,
which is based on the statistical mechanical equations, divides the total
property into contributions due to translation motion, vibrationa! motion, and
external rotational motion. The method was used to predict the properties of
tetraiodoethylene. Values of entropy, heat capacity, critical properties, normal
boiling point, interatomic distance, and wave numbers for the halogenated
ethylene compounds are tabulated.

The specific heat of o natural gas and methane ot 69 and 103 atmospheres,
Hujsak, K. C., H. R, Froning, and C. S, Goddin, Chem. Eng. Progr. Symposium
Ser. No. 44, 59, p. 88 (1963).

Key Words: Natural Gas-1, Methane-1, Specific Heat-8, Pressure-6, Tempera-
ture-6, Calorimeter-10, Prediction-9, Extrapolation-9.

Abstract: Specific heats at constant pressure {Cp) of a naturel gas and pure
methane were measured at 69 and 103 atm. at temperatures between —20° and
80°F, in a flow calorimeter. Several prediction methods based on PVT re-
lationships and an equation of state were found to reliably predict specific
heats of these gases at these conditions. Published extrapolations of ex-
perimental dota were found to contain large errors.

Thermodynamics of solutions: YIll. An improved equation of state, Redlich,
Otto, and A. K. Dunlop, Chem. Eng. Progr. Symposium Ser. No. 44, 59, p. 95
(1963).

Key Words: Equation of State-1, Compressibility Factor-1, Fugacity-1, Fugacity
Coefficient-1, Gaseous Mixtures-1, 1BM 7090-10, Computer-10, Thermody-

naomics-1,

Abstract: An improvement of the equation of state of Redlich and Kwong
furnishes the compressibility factor, fugacity, and fugacity coefficient(s) for
single components or gas mixtures. Required dota are the temperature, pres-
sure, and composition in addition to the critical temperature and pressure and
the acentric factor @ of Pitzer et al for each of the components. Use of an
IBM-7090 for the calculations is desirable.

Vapor-liquid equilibrium in the helium-nitrogen system, Buzyna, George,
Robert A. Macriss, and Rex T. Ellington, Chem. Eng. Progr. Symposium Ser.
No. 44, 59, p. 101 (1963).

Key Words: A. Natural Gas-1, Helium-2, Nitrogen-3, Cryogenic-5, Phase
Equilibrium-6, Distillation-7, Design-8, Column-10. B. Natural Gas-1,
Helium-2, Nitrogen-3, Cryogenic-5, Temperature-6, Pressure-5, Phase Com-
position-7, Thermodynamics-8, Phase Apparatus-9, Phase Apparatus-10.

Abstract: Helium is recovered from natural gas using phase equilibrium be-
havior at cryogenic temperatures. Experimental vapor-liquid equilibrium data
for the helium-nitrogen system are given for —233° to ~320°F. and 170 to
1,000 Ib./sq. in. abs. Disagreements in literature daota are reconciled. Sig-
nificant detail is added to liquid-phase information important to cycle design
regarding heliumiost in waste nitrogen separator bottoms.

The integral isobaric heat of vaporization of mixtures, Stein, Fred P., and
Joseph J. Martin, Chem. Eng. Progr. Symposium Ser. No. 44, 59, p. 112 (1963).

Key Words: Heat of Vaporization-8, Latent Heat-8, Integral Isobaric-8, |sopropy!
Alcohol-8, Water-8, Acetone-8, Latent Heat Equation-10, Enthalpy-8, Binary
Mixtures-8.

Abstract: The integral isobaric heats of vaporization of the isopropyl alcohol-
water system and the acetone-water system have been measured in an adiabatic
flow calorimeter at atmospheric pressure. The data obtained have been used
to construct accurate enthalpy-concentration diagrams for the systems studied
and to serve as the criteria for evaluating methods of predicting integral
isobaric heats of vaporization. An equation has been developed which relates
the integral isobaric heat of vaporization to the heat of vaporization of the
pure components at the bubble-point temperature of the mixture, the ideal-gas
specific heats of the pure component, and the bubble-and-dew-point tempera-
tures of the mixture.
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kea = gas-phase mass transfer coeffi-
cient for physical absorption,
Ib.-moles/br. cu. ft. atm.

(kea)rn = gas-phase mass transfer co-
efficient for absorption with a
rapid chemical reaction at
high liquid-phase reactant
concentrations or for vapori-
zation, lb.-moles/hr. cu. ft.

atm.
Kca = overall mass transfer coefli-
cient, 1b.-moles/hr. cu. ft. atm.
kra = liquid-phase mass transfer co-

efficient for physical absorp-
tion, Ib.-moles/hr. cu. ft. (Ib.-
mole/cu. ft.)

L = average superficial liquid rate,
Ib./hr. sq. ft.

P = total pressure, atm.

y1 = mole fraction of solute in en-
tering gas

y2 = mole fraction of solute in

leaving gas

ERRATA

The ordinate scale (hydrogen sul-
fide capacity) in Figure 7 of the article
“Adsorption of Normal Paraffins and
Sulfur Compounds on Activated Car-
bon” by R. J. Grant, Milton Manes,
and S. B. Smith, which appeared on
page 403 of the July, 1962, issue of
the A.I.Ch.E. Journal should be multi-
plied by a factor of ten.

In Equation (12) of the article
“Mass Transfer and Effective Inter-
facial Areas in Packed Columns” by
Fumitake Yoshida and Tetsushi Koyan-
agi, which appeared on page 309 of
the July, 1962, issue of the A.I.Ch.E.

ML
pL DL

( dp3 gPLZ )—1/6
pL?

12
) is missing before

Journal, (

The captions for Figures 1 and 2 of
the article “The Rate of Glycerol Ab-
sorption by Ion Exchange Resins” by
Richard P. Griffin and J. S. Dranoff,
which appeared on page 283 of the
March, 1963, issue of the A.I.Ch.E.
Journal, should read as follows: Figure
1. Correlation of data from elution ex-
periments; Figure 2. Correlation of
data from saturation experiments.

July, 1963



