= 0. We see that Q/K is the analog of the supersaturation
ratio, while In Q/K is the supersaturation defined according
to {C3) from which one obtains Equation (17):

InQ=hK4o (17)

The form of the dependence of J, the crystal growth rate,
on supersaturation is the province of crystal growth theory, as

discussed by Mandel (5). Thermodynamically, we have only
that J] = 0 when o == 0 and that the sign of J must be equal
to that of .
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Physical and Chemical Absorption in

Two-Phase Annular and Dispersed

Horizontal Flow

CHARLES E. WALES

Purdue University, Lafoyette, Indiano

Overall mass transfer coefficients for physical desorption and chemical absorption of carbon
dioxide in annular and dispersed two-phase flow in a 1-in. horizontal pipe have been measured.
These coefficients have been correlated with gas and liquid flow rates and with the normality

of the sodium hydroxide solutions used.

A new methad of analysis was used to separate overall coefficients into individual gas and
liquid film coefficients. Penetration theory equations were used to calculate the effective inter-
facial surface area and the penetration contact time. Changes in these variables have been ex-

plained in terms of the changes in flow pattern.

Annular and dispersed two-phase flow appear to offer
an excellent vehicle for mass transfer. Both the liquid and
the gas phases are in turbulent flow and the surface area
of the dispersed liquid phase is very high. Research in
concurrent gas-liquid flow has been directed primarily
toward understanding and correlating pressure drop, hold-
up, and entrainment. A comparatively limited number of
mass transfer studies have been reported (I to 3, 18).

TWO-PHASE FLOW THEORY

This work is a study of liquid phase controlled mass
transfer in annular and dispersed two-phase flow in a
horizontal 1-in. pipe. In annular flow some of the liquid
is entrained but a majority of it is turbulently pushed
along the wall. In dispersed flow a majority of the liquid
is entrained as droplets. An increase in either the gas or
liquid flow rate can bring about the transition from annu-
lar to dispersed flow. ‘

Both pressure drop and holdup in two-phase flow have
been correlated with the pressure drop of each phase
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flowing alone (I4). In the range of variables involved in
this work, the holdup is related to the mass flow rates and
the specific volume of the gas by

, (L)213

L= ¢ ———— (1)
(G)2/3(V)113
The amount of entrained liquid has been correlated with
the volume flow rate of the liquid and gas and the critical
Weber number (10).
QL0c¢

E=g = (2)

Gas flow rates of 150 to 300 Ib./hr. and liguid flow rates
of 500 to 2,500 Ib./hr. were used in this work. The change
in flow pattern produced by the change in either flow
rate can be expected to result in a change in the turbu-
lence in both phases and a change in the interfacial sur-
face area, the penetration contact time, the liquid film
coefficient, and the gas film coefficient.
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PENETRATION MASS TRANSFER THEORY

In 1935 Higbie (11) proposed the penetration model
for mass transfer in the liquid phase. Unsteady state
molecular diffusion begins v&’xen a macroscopic element
of the fluid is exposed to the gas phase. As long as the
liquid element remains undisturbed, the solute continues
its peneration of the stagnant surface film. Because a con-
stant driving force is applied to an ever increasing depth
of penetration, the initially high rate of mass transfer de-
creases. If this unsteady state process continues uninter-
rupted for a sufficient f;ngth of time, Whitman’s steady.
state film model becomes applicable. However, Higbie
proposed that the penetration process would be inter-
rupted before steady state was reached by turbulent ed-
dies which bring fresh elements of liquid from the core
to the surface. The equation that describes this process
for physical absorption is

Dy
aT
Danckwerts (4) modified Higbie’s model, but calculations
{(8) have shown that both models give essentially the same
result. The peneration theory equations for physical ab-
sorption have been verified by several experimenters (13,

15, 16).

k 1a° = 2a

(3)

CHEMICAL MASS TRANSFER THEORY

Diffusion through the liquid film is usually the con-
trolling step in the mass transfer process. To increase the
rate of mass transfer, a chemical which reacts with the
solute is added to the liquid phase. In this work sodium
hydroxide solutions were used to increase the rate of ab-
sorption of carbon dioxide from air. When the inequality
VDsk,(OH),/k® >> 1 + C*/(OH), is satisfied, a
pseudo first-order reaction occurs {5, 15, 16). Danckwerts
(5, 8) has shown that when a pseudo first-order reaction
takes place, the liquid film coefficient can be predicted by

4a2D
(kLa)2=a2DAkr (OH)0+ e

(4)

4
When k.(OH), >> — Dankwerts’ model, Higbie’s
T

model, and the Whitman film model all give the same re-
sult, which is

kLa = a\/DA kr (OH)G (5)

When a pseudo first-order reaction occurs, kpe is inde-
pendent of both contact time and the concentration of
carbon dioxide. Equation (5) has been verified experi-
mentally (15).

SURFACE AREA AND PENETRATION CONTACT TIME

Danckwerts (8) has verified Equation (4) and has
shown that mass transfer coefficients for a system in which
a chemical reaction takes place may be used to determine
the effective interfacial surface area and the contact time.
The graph of Equation (4) with (kpa)2 as ordinate and
Dak;(OH), as abscissa is a straight line with a slope equal
to a2 By using the value of effective interfacial area thus
determined and the intercept of the line, it is possible to
calculate the penetration contact ime T. Danckwerts and
Roberts (7) measured the chemical absorption of carbon
dioxide in a packed tower. Equation (4) was used to de-
termine values of a and T, which were used to predict the
mass transfer coefficients for the physical absorption of
carbon dioxide in sodium chloride solutions. Experimental
data from the tower verified the calculations.
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AIR SUPPLY
TEST SECTION EXIT GAS
SEPARATOR
ROTAMETERS EXIT LIQuID

WATER SUPPLY

Fig. 1. E'xperimentul equipment.

CO, SUPPLY

EXPERIMENTAL EQUIPMENT

Mass transfer rates in two-phase annular and dispersed flow
were measured with the equipment shown in Figure 1. The
test section was a horizontal tube 24 ft. long, constructed by
joining 6-ft. lengths of 1-in. ID. extruded polymethylmeth-
acrylate tubing. Negligible flow disturbance resulted from the
cemented joints. :

The entrance section was a standard 1-in. screwed pipe tee
connected on the run to the test section. Water (or sodium
hydroxide solution) was drawn from a storage tank by a
centrifugal pump which forced it through a calibrated rotam-
eter and into the side entrance of the mixing tee. The water
entered the tee from directly below and at a right angle to
the test section, because this arrangement has been shown to
produce higher entrainment and a lower pressure drop (10).

Carbon dioxide was supplied by a standard carbon dioxide
cylinder. The high pressure carbon dioxide was heated to
avoid the formation of the solid phase during decampression.
The pressure was reduced to 35 Ib./sq.in.gauge by a sténdard
gas regulator before the gas was passed through a calibrated
rotameter and mixed with air from the building supply. This
mixture was metered and fed to the mixing tee.

The test section contained two sample probes located 16 ft.
apart. The first probe was 7 ft. downstream from the mixing
tee, far enough downstream to eliminate entrance effects (1).
A probe consisted of a Y4-in. polyHlow tube cut off at a 45-
deg. angle. This was inserted through the bottom of the pipe
facing upstream with the tip of the probe at the centerline of
the pipe. Each probe was connected to a receiver below the
test section. Each receiver was in turn connected to a pressure
gauge and back to the system. This arrangement allowed the
sample to be collected and withdrawn under the pressure of
the system. This was especially important during the work
with pure water to prevent the loss of carbon dioxide from
the sample.

EXPERIMENTAL PROCEDURE ¢

A series of desorption runs was started by saturating pure
water in the feed tank with carbon dioxide. The air was turned
on and then the water. Flow rates and the pressure were ad-
justed to the desired level, samples were taken, and the levels
were changed. A liquid sample was collected by allowing it
to flow slowly down through capillary tubing and up through
a 25-cc. pipette, overflowing into a test tube which was con-
nected back to the system. After approximately 50 cc. had
passed through the pipette, flow was stopped, and a 25-cc.
sample was withdrawn into a measured quantity of standard-
ized barium hydroxide in a test tube. Samples were titrated
with standardized hydrogen chloride with a pH meter to de-
termine the end-point.

Sodium hydroxide solutions were also collected with the
water recejving system. However, because there was no danger

. of the carbon dioxide escaping from the sodium hydroxide

solution as there had been with water, the system was rede-
signed to allow both gas and liquid to flow directly into the
receiver. Measurements from the two receiver systems were
comparable. The liquid accumulated in the receiver test tube
while the gas recycled back to the system. About 50 cc. of
liquid were discarded before flow was stopped and the 25-cc.
sample was withdrawn into a test tube. An excess of barium
chloride was added to each sample to precipitate the carbonate
anion as barjum carbonate. Samples were titrated with stand-
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Fig. 2. Physical desorption. Effect of gas and liquid flow rates on
the overall coefficient Kra®.

ardized hydrogen chloride to a phenolphthalein end point.
Total sodium normality was determined by titration with methyl
orange as the indicator.

RESULTS AND DISCUSSION

Values of the overall coefficient for physical absorption
were calculated with the equation

Kpao = — 2% (6)
e =e)v

Because there was essentially no carbon dioxide in the
gas phase, y, = 0 and C* = 0. The effects of changes in
liquid and gas rates on the overall coefficient Kpa® are
shown in Figure 2. Bollinger (3) reports Ki° data for this
system in annular flow with comparable liquid flow rates
but lower gas flow rates. When these K;° data are multi-
plied by the constant annular area used by Bollinger, the
resulting Kra° data are in substantial agreement with those
reported here.

Mass transfer in this system is liquid film controlled. As
- the gas flow rate increases, the flow pattern changes from
annular to dispersed flow, the entrainment increases, the
surface area for mass transfer increases, but the holdup
decreases. The entrained droplets move at a velocity near
that of the gas and as a result the turbulence in the liquid
film of the droplets should be lower than that of the an-
nular liquid. This effect apparently offsets the increase in
the surface area and Kpa° falls as the gas rate increases.
This reasoning will be supported later by calculated values
of surface area, liquid film coefficient, and penetration
contact time.

When the liquid flow rate is increased, the entrainment,
the holdup, and the surface area increase. A thicker, more
turbulent annular film is apparently produced and K:;a°
increases. Equations (1) and (2) show that increased sys-
tem pressure increases the holdup and decreases the en-
trainment. As a result, a pressure increase produces a sig-
nificant increase in the overall coefficient (19). These data
have been corrected to an average test section pressure of
25 1b./sq. in. abs. The usefulness of physical absorption in
concurrent flow is limited by equiIIJibn'um, but if two-
phase How is used the highest physical mass transfer co-
efficients occur in annular flow.

Values of the overall coefficient for chemical absorption
were calculated with the equation

L Ax

KG(Z = m (7)
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Fig. 3. Chemical absorption. Effect of gas and liquid flow rates on
the overall coefficient Kga.

Because the carbon dioxide which enters the liquid reacts
with the sodium hydroxide, C, is zero and y* = 0. The
overall coeflicient is reported in terms of Kga because it
has been common practice in the past to report data for
this system in these units (9, 12). Stutzman (18) has re-
ported Kga data for concurrent two-phase flow in a packed
tower. While it is not possible to make a direct compari-
son between a packed tower and the horizontal pipe used
in this work, it is worth noting that Stutzman’s coeflicients
are the same order of magnitude as those reported here.

Although a significant gas film resistance does exist in
this system, mass transfer is liquid film controlled. For the
concentrations of carbon dioxide and sodium hydroxide
used in this work, the reaction in the liquid phase is
pseudo first-order. Equation (5) shows that when a
pseudo first-order reaction occurs neither turbulence in the
liquid film nor penetration contact time affect the liquid
film coefficient. Therefore, in this system the interfacial
surface area plays the dominant role and the sodium hy-
droxide concentration sets the level at which it operates.
The effect of liquid and gas rates on Kea is shown in Fig-
ure 3. Data for 0.1, 0.5, and 1.5 N sclutions show similar
patterns (19). Because the surface area is highest in dis-
persed flow, this pattern produces the highest mass trans-
fer coefficients in a chemical absorption system.

As the gas flow rate increases and the flow changes from
annular to dispersed, more of the liquid is entrained and
the holdup is reduced. As entrainment increases, the sur-
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g. 4. Effect of sodium hydroxide normality on the overall coeffi-
cient Kga.
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face area increases and Kga increases. As the liquid flow
rate increases, entrainment, holdup, and surface area in-
crease and Kga increases. An increase in the system pres-
sure reduces the entrainment and the surface area and Kga
decreases. The gas composition was varied from 1.4 to
459, carbon dioxide with no apparent effect on the value
of Kga. Sodium hydroxide normality was varied from 0.05
to 1.5 N. These concentrations are well above those neces-
sary to ensure a pseudo first-order reaction (6 ). The con-
version of sodium hydroxide to the carbonate ranged up to
309 but these data have been corrected to approximately
09% conversion by using data reported in the literature
(9, 12).

Figure 4 shows an example of the effect of sodium hy-
droxide normality on Kca. The overall coefficient increases
until a normality between 1.5 and 2 is reached and then
the coefficient begins to fall off. This is the same effect
noted in other experimental work. It has been attributed
to the increase in the viscosity of the solution (9).

PREDICTION OF FILM COEFFICIENTS AND SURFACE
AREA

These data suggest a method of analysis which makes
it possible to separate the overall coefficient into indi-
vidual gas and liquid film coefficients. It is assumed that
neither the gas film coefficient nor the flow pattern is af-
fected by changes in sodium hydroxide concentration be-
low 1.5 N. Danckwerts (5) has confirmed that the series
resistance concept, Equation (8), is still valid with pene-
tration theory analysis:

1 H 1

K(;a k La kG(Z ( )

This equation is combined with Equation (5), which re-
lates the liquid film coefficient to the properties of the
solution, to give

1 1 H 1
= —— + (9
Kea g \/Dsk,(OH), kea

Values of k, and D,, and corrections for the effect of
sodium hydroxide concentration were taken from the liter-
ature (I35, 16). Values of H were also taken from the
literature (17) and checked experimentally. These values
were corrected for sodium hydroxide concentration by
using the saturation concentration of the gas reported in
reference 15. The values used in this calculation may be
determined by using the equations shown in Table 1.

Figure 5 shows how the data fit the relationship pre-
dicted by Equation (9). The gas film coefficient kca is
equal to the reciprocal of the intercept of each line. The
interfacial surface area is equal to the reciprocal of the
slope. These lines were determined by a least squares fit
of the data with an IBM 7094 computer.

INDIVIDUAL FILM COEFFICIENTS

The values of interfacial surface area determined with
Equation (9) are shown in Figure 6. These curves follow
the pattern predicted earlier. Values of kce determined

TasLE 1. EQuaTIONS FOR PROPERTIES

Da = 1.833 x 10-67T — 4,717 X 10—% — 1.042 X 10—5N
log H = 0.149 N + log (15.4T — 3996.2)

—3.56 x 103
log kv = ——————— - 15.8494 + 0.1315 N
where T = °K,, ks = cu. ft./(Ib.-mole ) (sec.), H at 25 1b./sq.
in. abs.
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Fig. 5. Regression lines used to predict kgo and a.

with Equation (9) were divided by the corresponding
area values to determine the values of the gas film co-
efficient kg shown in Figure 7. As shown kg decreases with
increasing gas flow rate. This may be explained by recall-
ing that as the gas flow rate increases, the entrainment
also increases. Increased entrainment results in lower rela-
tive velocities between the gas and the entrained liquid
phase. With less turbulence in the gas film around the
entrained droplets, the gas film coefficient k¢ can be ex-
pected to decrease as it does. This is of course directly op-
posite to the effect in countercurrent flow, where an in-
creased gas flow rate results in higher turbulence and an
increased gas film coefficient.

sho i
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300 //’?/AA/,/A»
g//‘ﬁv/ —
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Fig. 6. Effect of gas and liquid flow rates on the interfacial surface
areq.
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Figure 7 also shows that k¢ is increased by increasing
the liquid flow rate from 500 to 1,500 1b./hr. Higher
liquid rates result in increased holdup, which reduces the
area for gas flow. This in turn produces higher gas veloci-
ties, and increased gas film coefficients are expected. At
liquid flow rates between 1,500 and 2,500 Ib./hr., the
flow pattern apparently changes from annular to dispersed
and k¢ decreases. It should be noted that these values of
ke do not agree with the values of K¢ for ammonia ab-
sorption reported by Anderson, Bollinger, and Lamb (2).
Their work is based on a constant annular area but after
the data are corrected for this assumption, their values of
K are still greater than these values of k¢ by a factor of
10 to 100. The effect of pressure is not mentioned in their
paper, but it does not seem likely that this correction will
account for all of this large difference.

In physical absorption the gas film resistance is small
compared to the liquid film resistance. Therefore, Kipa°
is approximately equal to kLa°® and the value of the liquid
film coefficient k;° may be calculated by dividing values
of kra® by the effective interfacial area. At a gas flow rate
of 150 Ib./hr. and a liquid flow rate of 500 Ib./hr., en-
trainment is low and holdup is high. Most of the liquid is
in the annular film and k.° has a value of 0.55 ft./hr.
When the gas rate is increased to 300 Ib./hr. essentially
all of the liquid are entrained and the value of kr° falls to
0.048 ft./hr.

When the gas flow rate is 150 Ib./hr. and the liquid
rate is increased to 2,500 1b./hr., the annular film is thicker
and more turbulent and the value of k.° is 2.16 ft./hr.
When the gas rate is increased to 300 lb./hr. the thick-
ness and turbulence of the annular liquid are decreased
and k.° is reduced to 0.27 ft./hr. These results support the
earlier conclusions concerning the importance of turbu-
lence in the annular flm to physical mass transfer.

PENETRATION THEORY PREDICTION OF SURFACE AREA

The effective interfacial surface area was determined
with Equation (9). It may also be determined with the
penetration theory, Equation (4). In this work, the left
side of the inequality \/Dak,(OH,)/k® >> 1 + C*/
(OH), varies from 2.3 to 5,000; the ratio is above 10 for
almost all the data. Because (OH), >> C¥, the right
side of the equation is equal to one and the inequality is
satisfied. When chemical absorption occurs, the value of
the second term on the right is negligible and Equation
(4) reduces to Equation (5)}. When the hydroxyl ion con-
centration is zero, the first term on the right is zero and
Equation (4) reduces to Equation (3).

Values of k.a were determined with Equation (10) by
using measured Kga data and the values of kga previously

calculated.

H
kLa = -—l—-—l— (10)

K(;a k(;a

As predicted, the relationship between kra and the square
root of the group DAk,(OHi, Equation (5), is a straight
line, Figure 8. The intercept of each line represents the
physical absorption coefficient for the given conditions,
Equation (3). The experimental values of the physical ab-
sorption coefficient Kpa°, shown in Figure 2, are predicted
by these lines. This fact supports the accuracy of these
data and this method of analysis.

The slope of each line in Figure 8 represents an effec-
tive interfacial surface area. The values of surface area
calculated with Equation (5) agree with the values cal-
culated with Equation (9), which is a further check on
the adequacy of equations used.
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Fig. 9. Effect of gas and liquid flow rates on the penetration con-
tact time.

PREDICTION OF CONTACT TIME

Values of the effective interfacial surface area from
Figure 6 and the corresponding values of Kpa® for the
water experiments were combined in Equation (3) for
physical absorption to calculate the penetration contact
time. Calculated values of contact time are shown in Fig-
ure 9. This figure confirms the predictions made earlier
for physical absorption. As the liquid flow rate is in-
creased, the holdup is increased, the gas velocity is in-
creased, annular turbulence is increased, and the contact
time decreases. When the gas velocity is increased, more
of the liquid is entrained. Because the relative velocity
of the liquid phase is reduced, droplet turbulence is re-
duced and the contact time increases.

USE OF AREA AND CONTACT TIME

The values of effective interfacial area and contact time
that have been determined should apply to any gas-liquid
system which has similar physical properties. Thus, these
values may be combined with a value of molecular diffu-
sivity in Equation (3) for physical absorption to predict
the liquid film coefficient for the absorption of other gases
in two-phase flow. The values of surface area may also
be used with Equation (4) for chemical absorption to
predict the liquid film coefficient for other systems in
which a first-order reaction occurs.
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NOTATION

a

effective interfacial surface area, sq. ft./cu. ft.
C,

bulk concentration of the solute in the liquid
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phase, Ib.-moles/cu. ft.

equilibrium concentration of the solute in the

liquid phase, Ib.-moles/cu. ft.

molecular diffusivity of the solute in the solvent,

sq. ft./hr,

pounds of the liquid phase entrained

mass flow rate of the gas phase, Ib./hr.

Henry’s law constant, (atm.) (cu. ft.)/lb.-mole
as film mass transfer coefficient, 1b.-moles/(atm.)
(br.) (sq. ft.)

gas film mass transfer coefficient, 1b.-moles/(atm.)
(hr.) (cu. ft.)

Kga = overall mass transfer coeflicient, lb.-moles/(atm.)

(hr.) (cu. ft.)

I

FoFmam 5 oQ
o

k. = liquid film mass transfer coefficient, ft./hr.

kre = liquid film mass transfer coefficient, 1/hr.

Kira = overall mass transfer coefficient, 1/hr.

k, = reaction rate constant, cu. ft./(Ib.-moles) (hr.)

L = flow rate of the liquid phase 1b./hr. or Ib.-moles/
hr.

Nwe = critical Weber number

(OH),= initial concentration of the hydroxyl ion, lb.-
moles/cu. ft.

P = system pressure, atm.

QL = volume flow rate of the liquid phase, cu. ft./hr.

Qc = volume flow rate of the gas phase, cu. ft./hr.

R;, = fraction of the pipe filled by the liquid phase

T = contact time of the two phases, sec. or hr.

V= volume of the mass transfer equipment, cu. ft.

A% = specific volume of the gas phase, cu. ft./Ib.

Ax = change in concentration of carbon dioxide in the
liquid phase

Yo = mole fraction in the bulk gas phase

y* = equilibrium mole fraction in the gas phase

Superscript

o = physical absorption coefficient
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