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Predicting Mass Transfer in Packed Columns *

Reinhard Billet and Michael Schultes **

Countercurrent-flow columns are widely used in production processes in the chemical in-
dustry and their application in ecological engineering is of increasing importance. A
theoretical model is presented here that allows mass transfer to be described in terms of
packing geometry and physical properties which influence the gas-liquid or vapour-liquid
systems in absorption, desorption and rectification columns. The relationships derived
from the model can be applied to all countercurrent-flow columns, regardless of whether
the packing has been dumped at random or arranged in a geometric pattern.

1 Mass Transfer in the Liquid Phase

The geometry and dimensions of modern packings are the
main parameters that govern the flow of various phases and
thus also the column efficiency. The liquid must flow in the
form of a thin film and be distributed as uniformly as possi-
ble over the entire cross-section of the column in order to
ensure large throughputs, effective mass transfer and
moderate pressure drops. The surface of the packing should
be wetted as much as possible and the countercurrent flow
of gas should also be uniformly distributed over the column
cross-section. Thus, the factors that govern the fluid dy-
namics and mass transfer of a column are the physical pro-
perties of the system, its capacity range and the shape and
structure of the packing [1].

The efficiency of a packing is influenced by the length of
flow path /; which has to be traversed before the surface of
the liquid in contact with the gas is renewed. Since the liquid
is continually remixed at the points of contact with the
packing, according to Higbie, the mass transfer in the liquid
phase occurs by non-steady state diffusion, Eq. (1). Dy is
the diffusion coefficient of the transferring component and
the time 7 necessary for the renewal of interfacial area is
determined by Eq. (2) with liquid hold-up 4y, length of
flow path / and liquid load u; [2]".

(6]

L=hli— . 2
uy

If the packing is regarded as a large number of channels
through which the liquid of density g; and viscosity 7
flows as a film with a local velocity #; ¢ countercurrent to
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a stream of gas, liquid flow can be described by the
equilibrium of forces, Eq. (3), provided that the forces of
inertia are negligible. This equation applies at any given
point 0<s<s, in the laminar liquid film [1 - 3].

di
d <ﬂi ——uL’S>
ds
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Gravity and shear forces in the film are maintained at
equilibrium with the frictional forces by the shear stress 7y
in the gas or vapour flow at the surface of the film, Eq. (4).
In Eq. (4), oy is the gas density, @y the average effective
gas velocity and yq the drag coefficient for the gas-liquid
or vapour-liquid countercurrent flow.

wiovay . (4)

-

Ty = —

Integration of Eq.(3) and substitution of the frictional
force of the gas, acting at the surface of the liquid, by
Eq. (4), lead theoretically to Eq. (5), valid for the liquid
hold-up #; at and below the loading point [2—4]. In
Eq. (5), u;_is the liquid load based on the column cross-sec-
tion and a the total surface area of the packing.

| 1/3
hy = <12-ﬁuLa2> . %)
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Combining Eqgs (1), (2) and (5) gives rise to Eq. (6) for the
volumetric mass transfer coefficient 8 ap, and Eq. (7) for
the height of a transfer unit HTU; on the liquid-side, with
C; being a constant, characteristic of the shape and struc-
ture of the packing [2, 5, 6].
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2 Mass Transfer in the Gas Phase

The theoretical model is based on the assumption that the
gas flows through the packing in different directions, pass-
ing mixing zones as well as those where mass transfer oc-
curs. The theoretical time interval 7y required for the
renewal of the contact area between the phases is defined by
the length of the flow path I, the superficial gas velocity
uy, the void fraction ¢ and the liquid hold-up Ay, cf.
Eq. (8).

1
v=(-h)l,— . ®
Uy

The time of contact 7y corresponding to the flow path /; is
comparatively short in conventional packed beds, and mass
transfer takes place in a very thin sublayer. Therefore, it
can be assumed that, in analogy to the formulation of
Higbie, mass transfer in the gas phase, the law of non-
steady state diffusion described by Eq. (9) also follows.
This equation contains the coefficient of diffusion Dy for
the solute in the gas phase.

1
Dy— . ®

2
By =—
Y ]/7; v

Together with Eqs (5) and (8), Eq. (9) gives rise to Eq. (10)
for the volumetric mass transfer coefficient Byap;, and to
Eq. (11) for the height of a transfer unit HTUy, on the gas-
side, in which the exponents 1 = 3/4 and n = 1/3 on the gas
Reynolds number uy/(avy) and the Schmidt number vy/
Dy allow the best correlation of the test results [6, 7].

Byvapn = Cy

1 1/2 1.1[/2 uv aVV ” DV " a
HTUy = — (- h) 252 20 (2 (Zv) (2
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In these equations, apy, is the effective interfacial area for
mass transfer and Cy a constant, characteristic of the
shape and structure of the packing, which has to be deter-
mined experimentally.

3 Results of Experiments on Absorption and Desorption

Results of mass transfer measurements performed in the
Department of Thermal Separation Processes at Bochum
University and those taken from literature [8—37] were
systematically evaluated to check the mathematical model
thus described. They embraced 31 different systems, cf.
Tables 1a — 1 ¢, and 67 different types and sizes of packings,
cf. Tables 2a and 2b. The total number of measurements
evaluated was about 2600.
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A dimensional analysis of the influencing parameters
showed that the volumetric mass transfer coefficients could
be determined most accurately if the characteristic length of
the flow path /; were described in terms of the hydraulic
diameter d, cf. Eq. (12), and the ratio ap,/a were given by
Eq. (13) [6].

I, =d,=4%, (12)
a
-0.2 2 0.75 2 -0.45
®h _ 1 5(ady) O updy ULoLdy uy ,
a 139 aL 8ay
=1.5(ady) " Ref " Wed P Fr[ 04 . (13)

Thus, the factors governing the ratio of the interfacial to the
geometric surface area are the density o;, kinematic viscosi-
ty v and surface tension gy of the liquid, area of the unwet-
ted packing @, hydraulic diameter dj, and liquid load u; .

Table 1a. Physical properties of investigated systems with mass
transfer resistance mainly in the liquid phase.

T o vy 108 o+ 10° Dy -10° Scp.
(K] [kg/m?] (m?%/s] (kg/s?] [m?/s] [-]

Systems with
liquid phase resistance

Carbon dioxide/water 288 1003 1.14 74.0 1.59 713
Carbon dioxide/methanol 298 788 0.70 23.8 3.63 193
Carbon dioxide/ 298 1157 1.22 72.0 1.40 871
buffer solution 1

Carbon dioxide/ 298 1237 1.66 72.0 1.40 1186
buffer solution 2

Carbon dioxide/ 298 1040 1.04 76.0 1.63 641
1.78 molal NaCl solution

Carbon dioxide-water/air 293 997 097 724 1.82 535
Carbon dioxide-air/water 293 998 1.00 72.7 1.82 549
Oxygen-water/air 296 996 094 72,0 240 N
Chlorine-air/water 294 997 098 72.0 1.33 741

Table 1b. Physical properties of investigated systems with mass
transfer resistance mainly in the gas phase.

vy 10° o - 10° Dy, 106 SCV]
[_

Systems with
gas phase resistance

T oy
K] [kg/m®] [m?/s] [kg/s?] [m?%/s)

Air/water 293 1.188 151 72.5 246 0.612
Air/methanol 300 1.162 15.6 22.4 16.5 0.950
Air/benzene 300 1.162 15.6 27.4 9.1 1.720
Air/ethyl n-butyrate 300 1.162 15.6 21.8 + 74 2122
Helium/water 303 0.159  126.2 71.3 874  1.443
Freon 12/water 303 4.797 29 713 109  0.247
Ammonia-nitrogen/water 289 1.167 149 72.8 24.4  0.609
Ammonia-oxygen/water 298 1.291 15.9 72.2 147 1.085
Ammonia-air/4% H,SO, 294 1.180 15.2 594 240 0.632
in water

Sulphur dioxide-air/ 294 1.190 15.1 54.6 12.3 1.224
1.78 molal NaOH in water

Sulphur dioxide-Freon 12/ 303 4.800 2.4 709 5.0 0.480
3 molal NaOH in water

Chlorine-air/ 303 1.150 159 70.9 13.3 1.200
2 molal NaOH in water

Acetone-nitrogen/water 289 1.166 149 72.7 10.8 1.378
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Table 1¢. Physical properties of investigated systems with mass transfer resistance in both gas and liquid phases.
Systems with T oy vy 10°  Dy-10° Scy o v 105 o100 Dp-10°  Sep
gas and liquid phase resistance K] [kg/m’] [m%s] [m%s]  [-] kg/m?] [m?%/s] [ke/s?] [m¥/s]  [-]
Ammonia-air/water 293 1.188 15.1 23.8 0.633 999 1.03 72.7 1.72 597
Ammonia-propane/water 301 1.763 4.7 14.9 0.317 996 0.84 72.0 2.01 418
Ammonia-Freon 12/water 295  4.929 2.2 12.2 0.185 998 0.96 72.4 1.79 536
Sulphur dioxide-air/water 303 1.150 15.9 13.1 1.220 989 0.99 70.0 1.87 530
Sulphur dioxide-oxygen/water 297  1.297 15.6 12.9 1.208 998 0.92 72.3 1.66 556
Acetone-air/water 300 1.162 15.6 10.8 1.452 997 0.86 72.1 1.18 728
Methanol-air/water 300 1.162 15.6 16.5 0.950 997 0.86 72.1 1.44 600
Ethanol-air/water 298 1.168 15.5 12.4 1.246 997 0.89 72.2 1.09 819
Carbon dioxide-air/1 molal NaOH in water 293  1.187 15.1 15.4 0.980 1043 1.20 75.0 1.77 678
Table 2a. Characteristic data of dumped packings and constants C; and Cy in Eqgs (6), (7) and (10), (11), respectively.
Dumped packing Material Size N a C Cy
[1/m] [m%/m?) [m?/m?]
50 mm* 6242 112.6 0.951 1.192 0.410
Metal 38 mm 15772 149.6 0.952 1.227 0.341
35mm* 19517 139.4 0.965 1.012
25 mm* 53900 223.5 0.954 1.440 0.336
Pall rings
50 mm* 6765 1.1 0.919 1.239 0.368
Plastic 35mm* 17000 151.1 0.906 0.856 0.380
25mm* 52300 225.0 0.887 0.905 0.446
Ceramic 50 mm * 6215 116.5 0.783 1.227 0.415
Ralu rings Plastic 50 mm 5770 95.2 0.938 1.520 0.303
50 mm, hydr. 5720 95.2 0.939 1.481 0.341
50 mm 7330 86.8 0.947 1.080 0.322
35mm* 17450 141.8 0.944 0.756 0.425
NOR PAC rings Plastic 25 mm, type A 52356 211.0 0.951 0.862
25 mm, type B 50000 202.0 0.953 0.883 0.366
25 mm, type C 47619 192.0 0.922 0.888
25 mm, 10 webs* 48920 197.9 0.920 0.976 0.410
Metal 50 mm 5000 92.3 0.977 1.168 0.408
25 mm* 40790 202.9 0.962 1.641 0.402
50 mm * 6815 117.1 0.925 1.487 0.345
Hiflow rings Plastic 50 mm, hydr.* 6890 118.4 0.925 1.553 0.369
25 mm* 46100 194.5 0.918 1.577 0.390
50 mm 5120 89.7 0.809 1.377 0.379
Ceramic 38 mm 13241 111.8 0.788 1.659 0.464
20 mm, 4 webs 110741 261.2 0.779 1.744 0.465
Hilflow rings; Super Plastic 50 mm 6050 82.0 0.942 1.219 0.342
TOP-Pac rings Aluminium S0 mm 6871 105.5 0.956 1.326 0.389
50 mm 5990 95.0 0.830 1.416 0.210
38 mm 13275 118.0 0.680 1.536 0.230
25 mm* 47700 190.0 0.680 1.361 0.412
Ceramic 15 mm* 189091 312.0 0.690 1.276 0.401
13 mm 378000 370.0 0.640 1.367 0.265
Raschig rings 10 mm 672000 440.0 0.650 1.303 0.272
8 mm 1261000 550.0 0.650 1.210
6 mm 3022936 771.9 0.620 1.130
Carbon 25 mm 50599 202.2 0.720 1.379 0.471
13 mm 378000 370.0 0.640 1.419
VSP rings Metal 50 mm, no. 2 7841 104.6 0.980 1.222 0.420
25 mm, no. 1 33434 199.6 0.975 1.376 0.405



Table 2a. (continued)
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Dumped packing Material Size N a C. Cy
(1/m] [mz/m3] [m3/m3]
80 mm, no. 3 2000 60.0 0.955 1.603 0.257
Envi Pac rings Plastic 60 mm, no. 2 6800 98.4 0.961 1.522 0.296
32 mm, no. 1 53000 138.9 0.936 1.517 0.459
50 mm* 6278 121.0 0.966 1.721 0.302
Metal 35mm* 18200 155.0 0.967 1.412 0.390
Bialecki rings 25 mm* 48533 210.0 0.956 1.461 0.331
25 mm 436096 419.5 0.901 1.431 0.288
Plastic 50 mm 3900 100.0 0.972 1.798
Tellerettes Plastic 25mm 37037 190.0 0.930 0.899
Spheres Glass 25 mm 66664 134.5 0.430 1.335
13 mm 561877 282.2 0.400 1.364
38 mm 24928 164.0 0.700 1.568 0.244
Berl saddles Ceramic 25 mm 80080 260.0 0.680 1.246 0.387
13 mm 691505 545.0 0.650 1.364 0.232
Intalox saddles Ceramic 13 mm 730000 625.0 0.780 1.677 0.488
Abbr.: hydr. = hydrophilized; * = likewise investigated for rectification.
Table 2b. Characteristic data of regular packings and constants C; and Cy in Eqgs (6), (7) and (10), (11), respectively.
Regular packing Material Size N a E C. Cy
[1/m’ [m%/m3] [m*/m?] -1 -1
Pall rings Ceramic 50 mm 7502 155.2 0.754 1.278 0.333
Hiflow rings Plastic 50 mm 7640 131.3 0.916 1.374
50 mm, hydr. 8150 140.1 0.911 1.437
Blalecki rings Metal 35 mm 20736 176.6 0.945 1.405 0.377
Ralu pack Metal YC-250* 250.0 0.945 1.334 0.385
Metal 250 250.0 0.975 0.983 0.270
Impulse packing 50 55.0 0.806 0.939
Ceramic 100 91.4 0.838 1.317 0.327
100, n 102.7 0.816 1.170 0.383
Metal B1-200 200.0 0.979 0.971 0.390
B1-300 300.0 0.930 1.165 0.422
Montz packing
Plastic C1-200 200.0 0.954 1.006 0.412
C2-200 200.0 0.900 0.739
Euroform Plastic PN-110 110.0 0.936 0.973 0.167

Abbr.: hydr. = hydrophilized; n = new stacked; * = likewise investigated for rectification.

If the constants Cy and Ci of Eqs (6), (7) and (10), (11) are

assigned to a specific packing, cf. Tables 2a and 2b, the

mean relative deviations of the calculated mass transfer coef-
ficients from the experimentally determined values for ab-
sorption and desorption processes are 8.3% for the liquid-
side and 12.4% for the gas-side. This is evident from Figs 1

and 2.

4 Results of Rectification Experiments

During rectification, the physical properties of the liquid and
vapour phases change along the height of the column. If the
surface tension in the liquid phase varies from the top to the
bottom of the column, surface tension gradients occur which

influence the interfacial area of the liquid film. Systems with
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Fig. 1. Comparison of the volumetric mass transfer coefficient in the
liquid phase, calculated from Eq. (6), with experimental results.

5 810"

increasing surface tension along the liquid flow path are
referred to as positive systems whereas, for negative systems,
surface tension decreases. If it remains more or less constant
throughout the process, the system is regarded as neutral
[35].

The shear stress caused by the surface tension gradient 7,
cf. Eq. (14), is in equilibrium with the shear stress in the li-
quid film 7y [38, 39], cf. Eq. (15), which theoretically leads
to the Marangoni number Ma; , defined by Eq. (16) [6]. In
Eq. (14), H is the height coordinate from the top to the bot-
tom of the column and x the mole fraction of the more
volatile component in the liquid phase. The Marangoni
number describes the differential change dg; /dx in surface
tension along the column, with the composition of the li-
quid phase determined by a concentration difference Ax
from the bulk of the liquid to the surface.

do dg; dx
o =—Lt=—F—, (14)
dH dx dH
daLs
N =L, (15)
N L ds
A
May = 39L_2&% (16)
dx DLnLa

Since the liquid phase equilibrium concentration at the sur-
face xpp cannot be measured, Ax has to be calculated by
Eq. (17) from the mass transfer resistance distribution on
the liquid-side HTU; /HTUg,, cf. Eqs (18) and (19), and
the overall concentration difference (x — x*). The latter can
be determined from the operating and equilibrium lines, cf.
Fig. 3.
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Fig. 2. Comparison of the volumetric mass transfer coefficient in the
gas phase, calculated from Eq. (10), with experimental results.
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In Eqgs(17), (18) and (19), HTUy is the height of an
overall transfer unit on the liquid-side, my, the slope of the

L
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Fig. 3. Determination of liquid mole fraction x* for calculating the
concentration difference between liquid bulk and surface (x—xpy) by
Eq. (17).



Table 3. Physical properties of systems investigated for rectification.
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Systems for rectification Dy T, oy vy 106 Dy-10¢  Scy gy v 105 oy 10° Dy, 10°  Sc.
[mbar] [K] [kg/m’] [m?%/s] ms]  [-1 kg/m’]  [m%/s] [ke/s?]  [mP/s]  [-]

Chlorobenzene/ethyl benzene™ 33 314 0.140 52.4 64.8 0.809 956 0.59 28.5 2.33 255
Chlorobenzene/ethyl benzene™ 67 329  0.268 28.7 35.8 0.803 941 0.52 26.9 2.85 181
Chlorobenzene/ethyl benzene™ 133 345 0.510 15.8 19.9 0.793 926 0.45 251 3.50 128
Chlorobenzene/ethyl benzene” 267 364  0.967 8.8 11.1 0.791 908 0.39 23.2 4.33 89
Chlorobenzene/ethyl benzene™ 533 385  1.827 4.9 6.3 0.785 887 0.34 211 5.41 62
Chlorobenzene/ethyl benzene™ 1000 407  3.241 2.9 3.7 0.780 866 0.30 19.0 6.67 45
Toluene/n-octane™ 103 321 0.373 19.1 21.0 0.908 779 0.53 23.1 2.33 195
Toluene/n-octane™ 133 327  0.473 15.3 17.0 0.904 774 0.50 22.5 2.53 171
Toluene/n-octane™ 267 345  0.900 8.5 9.5 0.894 758 0.43 20.7 3.18 118
Ethanol/waterP 1000 352 1.294 8.2 14.5 0.567 787 0.53 25.7 3.42 82
Ethyl benzene/styrene™ 133 350 0.483 15.9 19.9 0.798 835 0.45 21.0 3.64 123
trans-Decalin/cis-decalin® 13 336 0.066 105.8 120.0 0.881 846 1.24 26.0 1.04 1019
Methanol/ethanol™ 1000 343 1.303 8.4 9.1 0.929 739 0.54 17.2 4.75 113
1,2 Dichlorethane/toluene™ 1000 365 3.200 3.2 4.0 0.806 968 0.35 22.3 4.86 70
Abbr.: n = negative system; p = positive system.
equilibrium curve and M; and My the molar masses of the  For positive and neutral systems:
phases.

4ph _ [ %n @n
Test results obtained in rectification columns at BASF [36, a - a :

Rect. Eq. (13)

37} and the Department of Thermal Separation Processes at
Bochum University indicate for negative systems a reduc-
tion of the effective interfacial area apy, while, for positive
systems, the liquid film becomes stabilized. The total num-
ber of measurements that could be applied in these studies
was 665, including 14 different rectification systems, cf.
Table 3, and 20 types of packings, cf. Tables 2a and 2b.
These evaluations led to Eq. (20) for describing the ratio
apy/a for negative systems and to Eq. (13) for positive or
neutral systems, cf. Eq. (21) [6].

For negative systems:

<fﬂ> =<®> (1-2.4%x10"%Ma |>%) . (20)
a / Rect. a /Eq.(13)

10 .
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= (5 9
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2 03

/
01
0.2 0.3 04 0506 0,8 1.0

Calculated HTUg [m]

Fig. 4. Comparison of the overall mass transfer unit on the gas-side,
calculated from Eqgs (20) — (22), with experimental results.

For rectification columns, the calculated height of an
overall mass transfer unit on the gas-side HTUgqy, cf.
Eq. (22), can be compared with experimental results, if the
constants Cy and C of Tables 2a and 2b are used. This is
shown in Fig.4. With an average relative deviation of
14.1%, the cited equations are again more accurate than the
previous methods for calculating mass transfer in rectifica-
tion.

HTUgy = HTUy + AHTU; = —2Y. “

()
+ myx—, .
Bvapn L) By apy
(22)

5 Conclusions

The equations presented in this paper permit the prediction
of mass transfer in absorption, desorption and rectification
columns, up to the loading point. For the determination of
mass transfer, physical properties, packing geometry and a
specific shape constant for the packing, cf. Tables 2a and
2b, are required. Table 4 lists the capacity range, test
facilities and physical properties relating to the investiga-
tions.

6 Example

Separation of ethyl benzene-styrene mixture into a top
product containing xp = 99 mol-% of ethyl benzene and a
bottom product with xy = 99.9 mol-% styrene. The pro-
cess is operated under a reflux ratio of r =6 and at a top
pressure of 66.7 mbar, with an average relative volatility of
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Table 4. Capacity range, test facilities and physical properties relating
to the investigated systems.

Fy [m~2kg"257 )
Uy, [m3/m2 h]

0.0029-2.773
0.2563-118.20

Gas capacity factor
Liquid load

Column diameter d [m] 0.06—1.40
Column height H [m] 0.152-3.950
Total surface area a [m%*/m’] 55.00-711.9
per unit volume

Void fraction ¢ [m3/m3] 0.40—0.98
Liquid density oy, [kg/m3] 758 — 1237
Liquid viscosity vy [m?/s] 0.30—1.66
Liquid-side diffu- Dy [m?/s) 1.04 -6.50
sion coefficient

Surface tension o [kg/s?) 17.2-74.0
Gas density oy [kg/m?) 0.066 —4.929
Gas viscosity vy [m?/s] 2.2-126.2
Gas-side diffusion Dy [m%/s] 3.7-87.4
coefficient

Schmidt number of Sep [-] 45-1186
liquid

Schmidt number of Scy [-1 0.185-2.122
gas

Number of investigated packings 67

Number of measurements for absorption and 2605
desorption

Number of measurements for rectification 665
Investigated systems for absorption and 31
desorption

Investigated systems for rectification 14

a = 1.37. The column is filled with Montz sheet metal pack-
ing type B1 —200. The height of an overall transfer unit on
the gas-side HTUgqy has to be calculated.

The influence of the mixture’s composition is taken into ac-
count by dividing into sections of height or concentration.
The first section shall be defined by the liquid concentration
from the top xp = 99 mol-% to x = 80 mol-% with an aver-
age slope of the equilibrium line of my, = 0.7737.

The physical properties in this range are:

My = 105.98 kg/kmol
M; = 105.95 kg/kmol

oy = 0.290 kg/m?

oL = 840.1 kg/m>
Viscosity of vapour nv =7.31x10"%kg/ms
Viscosity of liquid nL = 0.426x 10 kg/ms
Diffusion coefficient in vapour Dy =31.9x 10 %m?/s
Diffusion coefficient in liquid D; =3.154x10~°m?%/s
Surface tension of liquid oL =24.01% 1073 kg/s2

Molar mass of vapour
Molar mass of liquid
Density of vapour
Density of liquid

The characteristic data of packing and constants follow
from Table 2b:

Total surface area per unit a =200m%*/m’
volume

Relative void fraction e =0.979m’/m?
Constants Cy =0.971; Cy =0.390

Operating conditions in the first section:

Vapour velocity
Liquid load

Molar vapour flow rate 14
Molar liquid flow rate L

uy =4.57m/s

u, =1.36x% 10~ m®/m?s
= 423.96 kmol/h

= 364.40 kmol/h

The hydraulic diameter &, and the liquid hold-up »; are
calculated from Eqs (12) and (5):

dy = 422 _0.01958m |
200

173
p [ 120:426x 107 x 1.36x 10~ x 200?
9.806 x 840. 1

=0.032m%/m’ .

Since ethyl benzene-styrene is a negative system, cf. Table
3, a surface tension gradient is present. At the top of the
column, xp = 99 mol-%, the surface tension is g; = 0.0248
kg/s2 and, for x=80mol-%, the surface tension is
o =0.0232 kg/s>. The gradient is therefore:

doy _Agp _ 0.0248-0.0232
dx Ax 0.99-0.80

=0.00842 .

The driving concentration difference Ax can be determined
according to Fig. 3 from the operating and equilibrium lines
for the mean liquid concentration x = (0.99+0.80)/2 =
0.985 in the section. The vapour concentration correspond-
ing to x results from the operating line at reflux ratio r = 6.

6 0.99
yo iy 2D 0.985 + —2~ = 0.9086 ,

CretT i1 641 6+1

and the liquid concentration x* in equilibrium with that of
the vapour y is obtained from the equilibrium line at a
relative volatility of a = 1.37.

y 0.9086
x* =

= = =0.87884 .
a—y(a—1) 1.37-0.9086(1.37—1)

The resistance distribution follows from Eqgs (18) and (19):

HTU, X

14X

e 0.390%0.7737 x 105.95 X 0.290(0.507 X 10~5)!/6(31.894 x 10~ 6)>3
0.971x 105.98 % 840.1(25.168 x 10 6>12(3.154 x 10~ %) /2

20012 4.57%4

X =0.437 ,
9.81'/5(0.979—0.032)/2(1.36 x 103!/
HTU; 0.437
= =0.304 .
HTUg 1+0.437

The driving concentration difference Ax from the bulk to
the surface of the liquid



Ax =0.304(0.985 - 0.87884) = 0.004913

allows the Marangoni number Ma; to be calculated by
Eq. (16):

0.004913 ~
3.154%x 1079 % 0.426 x 103 x 200

Ma, = 0.00842

=1.53%x10° .

The interfacial area for mass transfer without the influence
of Marangoni effects is calculated by Eq. (13):

3 -0.2
90 _ 1 5200%0.01958)% 1.36x 107 % 0.01958 "
a 0.507 %107

0.02401
1.36x 10742 \ ¥
s —=2x 0 ) = 0.416 .
9.806 % 0.01958

Taking into consideration the effect of surface tension gra-
dients, the interfacial area must be corrected by Eq. (20):

_32 0.75
g <(1.36>< 1073 840.1x0.01958> y

ZPh _ 0.416(1 - 2.4 x 1074|1.53x 10°|°%) = 0.377 .
a

The height of a transfer unit in the liguid phase is obtained
from Eq. (7):

_6 176 1/2
1 0.507x 10 0.01958
TUL = 9 X
0.971 9.806 3.15x10™

136x107 3\ / 1
(L ~0.149m
200 0.377

while that in the vapour phase is obtained from Eq. (11):

,0.0195872  4.57
3/2 -6X
2002 31.9x10

_e\ V4 _g\ 1/3
200%25.17x 10 31.9% 10
X _— X
4.57 25.17x107°
1
x| ——]=0.307 .
0.377

The stripping factor A relates the slopes of the equilibrium
and operating lines

1
HTU, = ——(0.979—0.032)"/
0.390

14 423.96 kmol/h

A=my—=0.7737 ———=0.903
L 363.40 kmol/h

and allows the height of an overall transfer unit in the
vapour phase HTUqy to be calculated by Eq. (22):
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HTUqgy = 0.307+0.903 X 0.149 = 0.441m .

The number of theoretical stages per unit height n,/H can
be finally obtained as follows:

Ny 1 A-1_ 1 0903-1

Pun _ = =2.151/m .
H HTUgy InA  0.441 In0.903

Of course, this number is strictly valid only for ideal
operating conditions and must be correspondingly scaled-
up for a larger column.
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Symbols used

a [m?/m?] Total surface area per unit packed volume

apy, [m2/m?] Effective interfacial area per unit packed
volume

C [-] Constant

dy [m] Hydraulic diameter

D [mz/s] Diffusion coefficient of transferring compo-
nent

g [m/ ] Gravitational acceleration

H [m] Height

hy (m’/m3] Liquid hold-up

HTU  [m] Height of a mass transfer unit

HTUgy [m] Overall height of a mass transfer unit

L {kmol/h] Molar flow rate of liquid

. [m} Length of flow path

M [kg/kmol} Molar mass

myy [kmol/kmol] Slope of equilibrium line

n,m [-1 Exponents

Ny [-1] Number of theoretical stages

N [1/m? Packing density

r [-1 Reflux ratio

s [m] Film thickness

T [K1 Temperature

Uy [m?/m? 5] Liquid load

ags [m/s] Local liquid velocity

Uy fm/s] Superficial gas or vapour velocity

ity [m/s] Average effective gas or vapour velocity

14 [kmol/h] Molar flow rate of gas or vapour

B [m/s] Mass transfer coefficient

X [kmol/kmol] Mole fraction in liquid phase

y [kmol/kmol] Mole fraction in gas or vapour phase

«a -1 Relative volatility

B [m/s}] Mass transfer coefficient

J [%0] Relative error

€ [m3/m3] Void fraction

n [kg/m s} Viscosity

A [-1 Stripping factor

v [mz/ s] Kinematic viscosity

) [kg/m3] Density

o [kg/szl Surface tension

T [s] Duration of contact

T [kg/m 52] Shear stress

W [-1 Drag coefficient

Dimensionless numbers

Froude number of liquid
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do; Ax .
Ma; = — Marangoni number
dx Dy npa
Uy dy -
Rep = Reynolds number of liquid
VL
Uy
Rey =— Reynolds number of gas or vapour
vya
VL . -
S¢p =— Schmidt number of liquid
Dy
Vy .
Scy =— Schmidt number of gas or vapour
Dy
2
u d
We, = L% Weber number of liquid
IaL
Subscripts
D Top product
L Liquid
o Surface
Ph Interface
s Film thickness
\% Vapour
w Bottom product
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