Phase and Area Contributions

Transfer Kinetics

A relationship has been developed describing quantitatively the factors affecting packed
column performance. The relationship, based on the Colburn equation, is proposed within the
limits of a consistent flow regime in the liquid phase.

Via separation of the effects of packing geometry on diffusion rates and the effect of area
variation with flow rate, single phase transfer rates can be obtained from over-all mass transfer
data. The appearance of g maximum in the relationship of H,¢ vs. G in the range of 60% of
flooding is explained by the large increase of the term H.o/ a: (04./0Gm) relative to the term
1/a; (0Hsa:/0Gn). The ammonig-air-system behavior is analyzed via this relationship. It is
found that the gas phase resistance varies between 72 and 94% of the over-all resistance as a

function of flow rate.

Mass transfer characteristics in
packed columns are functions of the
tollowing behavior factors: physical
properties of the streams, flow charac-
teristics of the streams, and effective
area of phase contact.

The first factor has been evaluated
quantitatively by many investigators,
resulting in the development of the
Schmidt number concept. The second
factor has been evaluated effectively
for many surface shapes for the vapor
phase for conditions of constant area of
interphase contact by Powell and others
(13, 14) and Von Karman (24),
Sherwood (16), and Chilton and Col-
burn (2).

In recent years there has been an
effort on the part of many investigators
to establish the effect of flow mechan-
isms in packed towers on the wetted
area and the area of interphase contact.

It is apparent that these two phe-
nomena are not the same in that the
effective area of interphase contact
consists not only of wetted area but
the surface of rivulets of liquid flow
and that of the dynamic interstitial
holdup as indicated by Sherwood (10)
and Teller (22), the equivalent area
effect of surface renewal described by
Danckwerts (3), and the effective
penetration time of Higbie (9).

The importance of the effect of flow
characteristics of the process streams
and the effective area of interphase
contact that are interrelated by the
geometry of the packing is indicated
by the following mathematical analysis
based on the original Chilton and Col-
burn (1) equation for dilute systems.

MG,
HoG=Ho+( I )HL (1)

Vol. 7, No. 1

If the two film theory is to be utilized
as the interpretive procedure, then via
differentiation of Equation (1) at con-
stant liquid flow conditions

(5&).- (&)
aGm L_—- aGm L
n (me) <0HL> + mH,,
Lm BG,,, I Lm
(2)
From Equation (1)
mHL=HnG_H6 (3)
Lo Ga

Substituting Equation (3) in Equation
(2) one obtains

(G2 ).~ (&)

IGn L= 0Gn /1
(me> (6HL) H,;, — Hq

+ L, IGm L+

Ga
(4)
The height of a transfer unit may be
divided into the effects of the constant
area coefficient and the area for trans-
fer, analogous to treatment of the over-
all mass transfer coeflicient:

Gn 1 1
Hg = — = Hqa, — (5)
ke a. 1
where
Gan
HGal - kG (6)

or the measure of the difficulty of mass
transfer independent of the variation
of area of interphase contact.

From Equation (5)

(aHG) 1
aGm L al
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. HGZc ( da ) (7)
a4 aGm FA
By analogy to Equation (5)
L.\ 1 1
i, = (2) = = (ha) — ®)
k./ a, a.
Therefore
(BHL) . ]. (3HL04>
aG,,. L a a; aC;m L
_ HL?; ( aa; ) (9)
a; GC,,. L

Under conditions of a constant flow
regime the liquid phase mass transfer
coeflicient or its equivalent H:a; is in-
dependent of gas rate. The relationship
developed by Hatta and Katori (8)

- \/E Dot

w p(,B P2

(10)

is indicative of this behavior. Inasmuch
as the flow pattern in packed towers in
the preloading zone is laminar in na-
ture, it is anticipated that the flow
regime is constant in this region of
flow. Substantiation of this hypothesis
is indicated by the fact that k. o« Dy
in this region in accordance with the
prediction of the laminar penetration
theory of Higbie. An additional sub-
stantiation may be obtained from the
fact that the product of H; obtained
from Sherwood and Hollaway (17)
data for oxygen absorption in water at
L = 2,000'1b./hr. sq. ft. and the Shul-
man and de Gouff (19) estimation of
a, for the same 1-in. Raschig ring pack-
ing at L = 2,000 Ib./hr. sq. ft. results
in a constant Hga, for values of G be-
low 500 Ib./hr. sq. ft. and varies only
from 16.0 in the laminar zone to 16.5
in the loading zone. It must be noted
however that these are hased on curve
values of a;.

The accuracy of the values of a: in
the loading zone are also subject to
question, since they were obtained via

Page 129
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Fig. 1. Performance characteristics of 1-in. Raschig rings.

application of the Chilton and Colburn
i factor type of relationship which does
not consider the Nikuradse (I12) tran-
sition from laminar to turbulent be-
havior. Thus the use of k; independent
of the gas rate is limited to flows below
loading.
Under these restricted conditions

( aHLai )
=0
0Gn /.
Substitution of
< aHL) _ HLa¢ < Bat )
GGm L o (liz aGm L
(12)

Substituting Equations (7) and (12)
in Equation (4) one gets

(6H.,G 1 (aHGm)

6‘Gm L—- a; aGm L
Hga, ( da, )
a’ 0G. 7 ¢

me [ HLa; aat ]

L. ai® G

(11)

(13)

HaG —HG
Gm

When one combines terms in Equation
(13), the following relationship results:

( aHoG ) _ HoG - HG
3Gn’1r G
a(h

1 ( oHa, ) (
_|. J— j—
a, Gn 7/ 1 3G,

1 MG,
-, Hea, + Ha,; ]
a’ L

i m

),

(14)
since
M
H.a, = Hcaz + L. Ha, (15)
and
H,a, = H,s X a, (16)

Then substituting Equations (15) and
(18) in Equation (14) one gets
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+ 1 (GHGai> Hoc;( 0a; )
a G, /1 a; NoGw /5

(17)

Thus a knowledge of the behavior of
the quantities 1/a:(0Hc@:/3Gn)1 and
H,o/a.(8a./8Gn) 1, both functions of
the flow behavior in packed columns,
can lead to an understanding of over-
all mass transfer behavior in packed
columns and also the evaluation of the
resistances in each film from over-all
mass transfer data.

For example data relating to H.e
and G, can be used to determine Hg
and therefore H;; the existence of the
term H,s/a.(8a:/9G,): indicates the
reason for the inversion of slope in the
plot Hoq vs. G.. (Figure 1). Apparently
the rate of area increase in this zone
of operation is greater than the rate of
increase of Hga, with G., so that the
over-all mass transfer rate increases.
The mass rate of flow at which this in-
version occurs will obviously be af-
fected by the effect of the geometry of
the packing on the flow mechanism
which in its turn affects (8a:/9Gn):
and (9H,a./0G.) .. Elgin and Jesser

(2) and Teller (13) have discussed
qualitatively the change of flow mech-
anism from a predominantly surface film
flow to that of surface film-dynamic in-
terstitial holdup in the region of the
slope inversion.

The value of (0Hea:/0Gn) . is con-
trolled by the shape factor of the pack-
ing. The exponent n in the equation (f
factor form)

ke Pax (Nsc)ﬂl3

= K NRa "
G (Nr.)

(18)

has been found by many investigators
(6, 18, 19, 20) to be a function of sur-
face geometry under conditions of con-
stant area in the turbulent region.

For a low solute concentration sys-
tem

ke (const L) = G,

(19)

Thoenes and Kramers (23) indicate
that this relationship is not rigorous for
prediction of behavior of packed col-
umns and that the relationship of k.
with Ny, is a function of the relative
degrees of turbulent flow, laminar flow,
and stagnant pockets. However for the
entire range of their experimental work,
where 0.25 < ¢ < 0.50, 40 < Nz, <
4,000, 1 < Ng < 4,000, the relation-
ship Ny, = 1.ON*Ns,”* described the
operation characteristics of their pack-
ings within a deviation limit of 10%.

(NS(:) 2/8

Inasmuch as

Gm
Hgag = (20)
then
N 0)2/3
Hea, = —(—K“—— G, (21)
or via differentiation
[B(Heat) ] = —n(NHC)Q/S Gm_(lm)
0G,, K
(22)

It has been established that the ex-
ponent n varies with the geometry of
the surface involved as shown in Table
1.

WETTED AND INTERFACIAL AREAS
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Fig. 2. Wetted and interfacial areas, 1-in. Raschig rings.
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Inasmuch as packing shapes are, in
effect, combinations of single shapes,
it is anticipated, and thus far corrobo-
rated, that the exponent n for packings
will have a value —0.5 < n < —0.2,
representing the two extremes of sur-
face characteristics: the plane normal
to gas flow and the plane parallel. The
value n for packings is therefore es-
sentially a characterization factor of
the mass transfer characteristics of the
unirrigated packing.

The study of the effect of packing
geometry and flow conditions on area
of interphase contact has not been as
extensive as that of effect of geometry
under constant area conditions. The
effect of packing geometry is signifi-
cant inasmuch as a large number of
contact points among packing units
will affect the relationship of appear-
ance and the magnitude of the dynamic
interstitial holdup (with flow rate). The
presence of curved surfaces rather than
plane surfaces permits greater exposure
of surface to flow changes and there-
fore greater variation of area with flow
changes.

Unfortunately the study of area has
been of two types, wetted area and
area of interphase contact. These two
are not necessarily the same, and this
may explain the disagreement in the
conclusions of investigators in this field
of study.

Historically it was Mayo et al. (10)
who determined the effects of flow on
wetted area with Raschig rings via the
dye wetting procedure. This group
found that a. was independent of gas
rate and proportional to L**. However
only very low gas rates were investi-
gated, G < 67 lb./hr. sq. ft.

Grimley (7) estimated the wetted
area for 3g-in. Raschig rings at gas
flows below 20 1b./hr. sq. ft.

Weisman and Bonilla (25), using ke
data for constant area developed by
Taeker and Hougen (I4) and mass
transfer data for the air-water system
of McAdams et al. (7), proposed that
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Fig. 3. Rate of change of wetted and inter-
facial areas with gas flow, 1-in Raschig rings.
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TasLE 1. EFrFEcT oF SURFACE GEOMETRY ON Gas FiLM BEHAVIOR

Plane surface parallel to gas flow
Plane surface normal to gas flow
Cylinders—axis parallel to gas flow
Cylinders—axis normal to gas flow
Single spheres

Random packed spheres

Random packed l-in. Raschig rings

Random packed 1-in. Berl saddles

for 1-in. Raschig rings where 540 <
L < 2,600 and 350 < G < 1,000.

Shulman and de Gouff (19), using
mass transfer of naphthalene from con-
stant area of naphthalene Raschig rings
and then irrigated rings, determined
the wetted area of a hydrophobic pack-
ing. The a4, was found to be propor-
tional to L®* **** as a function of gas
velocity. The effect of gas flow was
found to be complex, with a slope in-
version that may be related to the slope
inversion observed by Fellinger (5) in
H,s vs. G plots.

Shulman further attempted to find a.
by using Fellinger’s ammonia data.
However the procedure used involved
an assumption of the relative resist-
ances to diffusion of each phase.

Pratt (15) developed the concept of
the minimum effective liquid rate
(MELR) at which the entire packing
surface becomes effective in mass trans-
fer. This effective interphase contact
area was determined relative to a value
obtained by extrapolating the level
portion of the curve relating Koo
(Ns.)® vs. a surface irrigation rate to
the zero rate. Pratt assumed a constant
surface beyond the MELR in contra-
diction to Shulman’s results and re-
corded observations of development of
interstitial holdup. Pratt, because of
limited mass transfer data on single
phase controlling systems, had to as-
sume, as did Shulman, the relative
transfer resistances of the phases.

The application of information to the
utilization of Equation (17)

(aHaG) _ He—H,
0Gn 7 & Gn
Y T 1
t o8 /( ‘.\
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Fig. 4. Height of transfer unit gas phase, am-
monia-air-water system.
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n Source
—0.2 (18)
—0.5 (18)
—0.28 (18)
—0.46 (18}
—0.43 (18)
—0.41 ( 6)
—0.41 (20)
-0.35 (19)
—0.34 (20)

I 1 (BHgai) HoG (aat )
a; IGm L a; 0Gn /L
(17)

is as follows.

Shulman and de Gouff (19) in work
with naphthalene Raschig rings (1 in.)
established that for a constant area sys-
tem

ke = 0.0137 G** (Ng)™* (24)

Thus for gas phases consisting pri-
marily of air

ke = 0.122 G, (Ng,) ™ (25)
or
Gn 5
Haai _ _ 82 (NSG)2/8 Gmo.au
ke
(26)
and
H.a. .87 (Nj, )™
(6‘ a ): 2 ( S )' (27)
aGm Gmo.&

It was indicated by Shulman and
de Gouff (19) that Equation (24) is in
agreement with that obtained by
Taeker and Hougen (I4). No other
data of an extensive nature are availa-
ble for mass transfer rate determina-
tions for packed columns under con-
stant area conditions.

The work on contact area variation
with flow and packing geometry is less
consistent than that of mass transfer.
The work applicable to utilization in
the basic equation developed was done
by Taeker and Hougen (21) and Shul-
man and de Gouff (19).

Weisman and Bonilla (25) estab-
lished the mechanism for determination
of area and area variation with flow.
Data for constant area ks taken from
the work of Taeker and Hougen was ap-
plied to mass transfer data in irrigated
packing for the single phase control-
I'ng water-air system obtained by Mc-
Adams et al. (8). Thus for a totally
vapor phase controlling system

kea,
ke

However the data of McAdams (11)
for the air-water system was quite
scattered.

Although Weisman and Bonilla (25)
found the kea obtained from the Mc-
Adams data to vary with L™, Sher-

(28)

:at

Page 131



TABLE 2. INTERFACIAL AND WETTED AREA FOR 1-IN. RascHic RiNcs

G

100
200
300
400
500
600
700
800
*900
#1000

Gm

3.45

6.90
10.35
13.80
17.25
20.7
24.1
27.6
31.0
34.5

L = 1,500 Ib./hr. sq. ft.

Hq ke
(McAdams) kea
0.316 9.18 0.39
0.465 14.8 0.63
0.528 19.6 0.78
0.581 23.7 0.95
0.625 27.6 1.10
0.657 3L.5 1.23
0.680 35.4 1.36
0.680 40.7 1.48
0.670 48.3 1.60
0.643 53.7 1.71

(Shulman) @

23.5
23.5
25.1
24.9
25.1
25.6
26.0
27.5
29.0
314

Gw

26.2
20.8
18.7
16.9
16.1
17.0
17.4
17.7
20.0
23.8

04w

ac’"'

—1.03
—0.667
—0.319
—0.0725
+0.0638
+0.447
+0.566
0.760
0.902

day

0Gm

0.0755
0.0755
0.0755
0.0755
0.0755
0.1305
0.2495
0.4410
0.6910
0.976

© Extrapolated values. No great significance can be attached to these values since the flow regime of

the liquid changes with gas velocity.

wood and Pigford (I8) indicate that
kea is proportional to L*® by plotting
the McAdams data with other mass
transfer data. The McAdams informa-
tion fits the relationship

101 G**
Hy=—— (29)
for the air-water system indicated by
Sherwood and Pigford (11) to be ap-
plicable for G 600 1b./(hr.) (sq. ft.).
For general application therefore

kga — 0.184 Gmo.m? Lo.aa Nsc-2/s
(30)

Beyond this flow rate there is a slope
inversion similar to that obtained by
Fellinger (4). These smoothed ksa
data of McAdams (11) were then di-
vided by k; proposed by Shulman and
de Gouff to fit their naphthalene vapor-
ization data and the water vaporization
data of Taeker and Hougen (21), as
indicated in Equation (25).

From these data the interfacial area
for 1-in. Raschig rings was determined.

The wetted area was obtained by
multiplying the wetted area for naph-
thalene rings of Shulman and de Gouff
(19) by 1.12. The authors indicated
that mass transfer rates over napthal-
ene rings were lower, by this quantity,
than they were over ceramic rings.
This is reasonable inasmuch as the
naphthalene is hydrophobic and there
is a tendency for rivulet flow rather
than film flow. In fact this behavior

can explain the unusual decrease in
wetted area for the range 300 < G <
600 indicated in the paper by Shulman
and de Gouff.

The data representing a., a:, 8a./
0G,., and 9a./8G. are indicated in
Table 2 and Figures 2 and 3.

1t is to be noted that the wetted and
interfacial areas are essentially equal at
G = 100 Ib./(hr.)(sq. ft.). The interfacial
area is almost constant below G = 600
Ib./(hr.) (sq. ft.} and then rises in the
same range where the wetted area
rises. The slopes of both curves (Figure
3) are of equal magnitude during the
zone of rise in area. It is possible that
this phenomenon- is reflective of the
development of a dynamic interstitial
holdup proposed by Elgin and Jesser
(4) and Teller (22).

The interfacial area data indicated
in Table 2 and the H,; data indicated
in Figure 1 were combined with ke
data from Equation (25) to calculate
H, in the ammonija-air-water system.
The results of the calculation are shown
in Table 3 and Figures 4 and 5.

Examination of Table 8 and Figure
4 indicates that the rate of variation of
interfacial area significantly affects the
mass transfer phenomenon at gas flows
above 500 Ib./(hr.) (sq. ft.).

This quantity (@./Gn): has a nega-
tive value in Equation (17)

(an>  He—H,
ac’m I B Gm
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Fig. 5. Fractional resistances of liquid and gas
phases in the ammonia-gir-water system.
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(17)

and contributes to the slope inversion
in the plot of H, vs. G. Thus the rate
of area change in this zone overcomes
the anticipated loss in transfer effi-
ciency described by the relationship
under constant area conditions where
H ¢ @ Gmo'as.

In the preloading, where the antic-
ipated decrease in H, occurs owing to
a rapid increase in interfacial area,
there appears to be an increase in H:.
Although the area increases and sur-
face renewal increases, the holdup of
liquid also increases rapidly (Figure

TabLE 3. DETERMINATION OF He Anvp Hri ¥rom EQUATION (15) Ammonia-Air-Water System—1 in. Raschig rings L = 1,500

dHoe
Hoa
G G (Figure 1) 0Gm /1
200 6.90 0.72 0.0480
300 10.35 0.86 0.0398
400 13.80 0.97 0.0282
500 17.25 1.05 0.10185
600 20.7 1.10 0.0106
700 24.1 1.12 0.0020
800 27.6 1.10 —0.0054
*900 31.0 1.08 ~0.0111
21000 34.5 1.04 —0.0163

* Extrapolated values only.
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(aHoac‘)
8Gm /1

1 /dHgas HoG( dai ) Hoo—Hg
[Equation — —

?19)] ai\ 0Gm Jr @ \8Gm /L Gm
0.589 0.0241 0.0022 0.0261
0.453 0.0184 0.0026 0.024
0.375 0.0151 0.0029 0.0160
0.314 0.0125 0.0032 0.0092
0.294 0.0115 0.0056 0.0035
0.261 0.0099 0.0107 0.0028
0.239 4.0088 0.0178 0.0046
0.222 0.0077 0.0250 0.0083
0.207 0.0066 0.0322 0.0093

A.L.Ch.E. Journal

€% Phase resistance

Ho¢—Hi He L Vapor liquid
0.18 0.54 5.42 75 25
0.25 0.61 5.07 71 29
0.22 0.75 3.3 77 23
0.16 0.89 1.93 85 15
0.07 1.03 0.71 94 6
0.07 1.05 0.61 94 [i]
0.13 0.97 Q.98 88 12
0.19 0.89 1.27 83 17
0.32 0.62 1.93 60 40

March, 1961



6). Only a postulation of behavior can
be made for this region of flow. It may
be that the rate of increase in holdup
exceeds the rate of increase in area and
surface renewal resulting in an over-all
increase in H, due to a greater effec-
tive depth of penetration required.
This hypothesis is based on the obser-
vation of columns in this zone of opera-
tion where the gas tends to channel
and bubble and where large masses of
liquid flow in a laminar regime.

The change in the relative contribu-
tions of the gas and liquid phases to
mass transfer kinetics is highly depend-
ent on the variation of interfacial area
with gas flow at constant liquid flow
at rates below loading. The increase in
H, with gas flow is moderated by the
rate of increase of interfacial area in
the preloading zone. This phenomenon
is causative of the slope inversion of
the plot of H., vs. G generally en-
countered in systems where the gas

phase provides a major portion of the '

resistance to mass transfer.

NOTATION

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

a, = interfacial area

A = wetted area

Br = thickness of liquid film, ft.

D = diffusivity, sq. ft./hr.

G = gas phase flow rate, Ib./(hr.)
(sq. ft.)

G. = gas phase flow rate, Ib.
moles/(hr.) (sq. ft.)

H = height of transfer unit, ft.

k = transfer rate, 1b. moles/(hr.)

(sq. ft.) (mole fraction driv-
ing force)

ke = liquid phase mass transfer
coefficient

L = liquor flow rate, Ib./(hr.) (sq.
ft.)

Lo = liquor flow rate, Ib. moles/
(hr.) (sq. ft.)

m = slope of equilibrium curve
y*/x

7 = unirrigated packing charac-

terization factor

Ns, = Schmidt number, dimension-
less

Nz, = Reynolds number, dimension-
less

P;y = log means partial pressure of
inerts, atm.

z = length of surface, ft.

p = density, 1b./cu. ft.

T = linear rate of liquid flow,
Ib./(hr.) (ft. of wetted per-
imeter)

Subscripts

i == interfacial

G = gas phase

L == liquid phase

oG = overall based on gas phase
compositions or equivalent

13 = total physical dry

w = wetted
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Vapor-Liquid Equilibrium in Ammonia

Complex Systems

C. H. MUENDEL, H. B. LINFORD, and W. A. SELKE

The vapor-liquid equilibrium in ammonia complex systems has been studied with a view
toward design methods for separational and leaching processes. It is felt that the previously
reported equilibrium constants for these systems are subject to considerable question with
regard to the method used to measure the activity of the free ligand, or coordinating species.
It is shown how this difficulty can be surmounted by the use of ammonia vapor pressure
measurements and fugacities. A method of correlating complex equilibrium data from measure-
ments of over-afl metal concentration and free metal ion concentration is proposed. Vapor liquid
equilibrium measurements have been made on the systems copper hydroxide, ammonia, water,
nitrogen and nickel hydroxide, ammonia, water, nitrogen at 40° ond 60°C. under 1 atm. total
pressure with a continuously recirculating batch contactor. The correlation method is illustrated

with the data of these measurements.

It has long been known that aqueous
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complex systems with volatile ligands,
or complexing groups such as ammo-
nia, involve equilibrium not only within
the liquid phase but also between the

A.1.Ch.E. Journal

Columbia University, New York, New York

solution and the vapor over it. When
an excess of an insoluble compound of
the complexed metal ion is present,
equilibria in three phases are involved.
Systems of this type are becoming in-
creasingly important in the metallurgi-
cal industry. In order to study the be-
havior of such systems and develop
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