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A mechanistic model was developed to predict pressure drop and flooding in packed 
columns equipped with corrugated packing of the regular type. It was developed after 
considerating the interaction of falling liquid film with the gas phase, based on mass- 
and momentum-conservation equations. Among the most common structured packings, 
the behavior of the Mellapak and BX types was analyzed. The aim of this work is to 
demonstrate how mechanistic models, developed for simple geometry, can also be used 
to compute pressure drops in cases where the geometry is more complex, as with a 
structured packing. This approach, based on the geometric characteristics of the packing 
and measurable parameters such as liquid holdup, enables the development of a basic 
model by limiting the number of adjustable parameters, which are numerous in all the 
available models. Because of its nature, this model is extremely easy to extend to differ- 
ent types of structured packings. 

Introduction 
In the last few years, increased attention has been devoted 

to optimizing the absorption process, due partly to increased 
sensitivity to environmental pollution. Hence, researchers and 
manufacturers have studied and developed new types of col- 
umn interiors. Among these interiors, corrugated packings of 
the regular type, also called structured packings, have re- 
ceived the greatest attention owing to their favorable per- 
formance. It is well recognized, in fact, that regular packings 
make it possible to minimize pressure drop per theoretical 
stage by allowing a reduction in energy consumption 
(Brunazzi et al., 1996). 

Structured packings can be made of plastic or metallic ma- 
terials, depending on the application. From the geometric 
point of view, the packings are made of corrugated sheets or 
gauzes arranged in parallel, successive layers having an oppo- 
site angle of corrugation, as shown in Figure 1. Flow chan- 
nels resulting from this arrangement are inclined at an angle 
of 60 or 45 deg to the horizontal. To promote turbulence the 
surfaces of the layers are often embossed and grooved. The 
particular form of the packing makes it possible to obtain a 
highly specific surface (250 m2/m3 or 500 m2/m3 in the most 
commonly used packings; these values do not take into ac- 

Correspondence concerning this article should be addressed to Ing. A. Paglianti. Figure 1. Structured packing. 
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count the additional area provided by the surface structure) 
with truly minimal reduction in free volume-about 2%. 

One drawback in the use of regular packings is their high 
cost per unit volume and thus the high capital investment 
required for columns equipped with these materials com- 
pared with columns containing common dumped packings. 
Therefore, for correct design it is necessary to evaluate both 
investment and operating costs in order to choose the type of 
interior with the least total cost. While with random packings 
the overestimation in the design of a column results in only a 
small increase in the investment cost, this is not true for 
columns equipped with structured packings. A reliable design 
model is therefore necessary. 

One can find many systematic studies in the literature on 
mass transfer and pressure drops in columns equipped with 
random packings, whereas there are few published reports on 
modern structured packings. This is a serious lack because it 
has been estimated that 25% of all refinery vacuum towers 
worldwide are equipped with this new type of packing. 

Another favorable characteristic of structured packings, 
discussed by Billet (1989) and confirmed in various reports, is 
that, if carefully installed, these packings make it possible to 
reduce problems linked to maldistribution that are often ob- 
served in conventional beds of packings. These characteris- 
tics explain why these packings are applied in most opera- 
tions in the chemical industry, such as the distillation of 
amines, glycols, higher fatty alcohols, acids, and methanol as 
well as in the production of heavy water. 

The potential use of this equipment is really extensive, but 
so far, columns equipped with this type of interior are de- 
signed using semiempirical equations with uncertain limits of 
application. Until now the approach commonly followed by 
various workers has been to develop distinct models to pre- 
dict pressure drop (Stichlmair et al., 1989; Bravo et al., 1986; 
Billet, 1989; Rocha et al., 1993; Robbins, 1991; Spiegel and 
Meier, 1992) and mass-transfer efficiency (Bravo et al., 1985; 
Spiegel and Meier, 1987; Brunazzi et al., 1995; Nardini et al., 
1996). Recently, Bravo et al. (1992) proposed a comprehen- 
sive model that allows global evaluation of the performance 
of columns equipped with this type of interior. The proposed 
model has been used with acceptable results but, because of 
the large number of adjustable parameters, its application in 
ranges outside the tested region can lead to sizable errors. 

In the present work a simple model to compute pressure 
drop in a column in which gas and liquid flow countercur- 
rently, or also cocurrently, has been developed. The model is 
based on estimation of the wetted surface of the packing, in 
accordance with previous works by the present authors con- 
cerning mass transfer, and on the application of momentum 
and mass-conservation equations. 

Mechanistic Model 
In columns equipped with structured packings the liquid 

flows on the surface of each layer as thin film, while the gas 
flows through the channels contacting the liquid in such a 
way that it can be considered similar to a wetted wall ar- 
rangement. Due to the geometric and hydrodynamic charac- 
teristics, and according to previous work concerning mass 
transfer in structured packings (Brunazzi et al., 1995; Nardini 
et al., 1996), channels within the packing have been drawn as 
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Figure 2. Flow channels within the packing. 

a bundle of columns with a circular cross section, inclined 
with respect to the horizontal axis by an angle equal to the 
angle formed by the corrugation with the same axis. The 
characteristic dimension of the flow channel, as proposed by 
Shi and Mersmann (1985) and adopted by Billet and Schultes 
(19931, is defined as 

(1) 

where void fraction, e, and specific surface area, a g ,  are the 
geometric parameters of the packing. According to the pack- 
ing scheme just described and shown in Figure 2, friction 
losses arising from the flow of the gas phase through the col- 
umn can be attributed to two terms. The first term takes into 
account distributed losses at the channel walls and at the 
gas-liquid interface, while the second term considers concen- 
trated losses resulting from changes in the flow directions, 

The pressure gradient per unit height of column is then 
given by the sum of the frictional, gravitational, and accelera- 
tion terms, 

The detailed expression for each term in the dry case as well 
in the irrigated case is examined in the following sections. 

Vol. 43, No. 2 AIChE Journal 



Dry pressure drop 

can be expressed as 
Without liquid flowing in the column, the acceleration term 

Besides the operating conditions and geometric characteris- 
tics of the packing, the parameters necessary to evaluate the 
frictional pressure drops, by means of Eq. 12, are the ratio 
between the equivalent channel length of each bend and the 
characteristic dimension of the channel, L,,/d,, the number 
of bends per unit height of packing, N,, and the gas frictional 
factor, f , .  The term L,,/d, is related to the corrugation an- 
gle of the packing; the value given to this parameter must 
decrease, increasing the angle of the bend with respect to the 
horizontal axis. The following values were adopted (Boucher 
and Alves, 1973): 25 for a 60-deg corrugation angle, corre- 
sponding to a bend giving a change in the flow direction of 
120 deg, and 35 for a 45-deg corrugation angle, correspond- 
ing to a change in the flow direction of 90 deg. The number 
of bends in a unit height of packing, N,, depends on the 
packing element height, H ,  and the column diameter, D. Ac- 
cording to Figure 2, if the column has a small diameter (Fig- 
ure 2a), then the number of bends is related to both column 
diameter and inclination angle, whereas if the column diame- 
ter is large (Figure 2b), the number of bends per unit of pack- 
ing height depends only on the element height. According to 
this scheme, it follows that 
if 

dVb (f), = Pg.Usg.-- dr' (4) 

the effective gas velocity in the channel, V,, may be com- 
puted from the superficial gas velocity, Us,, taking into ac- 
count packing void fraction, e, and inclination angle, 6, 

The gravitational term is computed, considering incompress- 
ible flow, by 

(f ), = * P;g, (6) 

where 

mentum balance on the gas flow in a single channel: 

is relative to upward or downward flow. 
The distributed frictional term may be computed by a mo- 

(7) H 
t an6 '  

D I -  

where A ,  is the cross-sectional area of the channel available 
for the gas phase and S, is the channel perimeter wetted by 
the gas. In the dry case, these two terms are given by 

then 

1 
N, = ~ (a) D . t a n 6  p - d ;  

A,=- 
4 '  

(13) 

whereas if 

H 
tan 6 ' 

D>- while 7wg is the shear stress at the channel wall relative to 
the gas phase flowing alone in the channel and is defined as 

then 
1 
2 Twg = - 'f , 'P,' l /dZ, (10) 1 

H '  
N =- 

where the gas friction factor, f , ,  is a function of the Reynolds 
number of the gas phase (see Eq. 15). 

The concentrated term is computed by 
This approach explains the reason for lower pressure drops 
measured experimentally when, operating at constant specific 
gas and liquid loadings, columns with increasing diameters 
are used (Sulzer, 1991). 

Assimilation of the flow channels within the packing to a 
bundle of identical columns has led to Eq. 12 for the evalua- 
tion of the friction losses due to the gas flow in the packing. 
This expression is similar to the one usually adopted for flow 
in pipes. The friction factor depends on the Reynolds num- 
ber of the gas and the roughness of the channel walls. Bravo 
et al. (1986) showed that the channel-wall friction factor in 
structured packings, for both laminar and turbulent condi- 
tions, can be correlated by the following general relationship: 

where L,, is the length of the channel giving a pressure drop 
equivalent to that arising from the change in the flow direc- 
tion due to each single bend, and N, is the number of flow 
direction changes in a unit height of the packing. 

Thus, the frictional dry pressure drop for unit height of 
packing may be summarized by the following relationship: 
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(15) 

The same type of dependence on the Reynolds number of 
the gas phase has been assumed in this work by defining the 
dimensionless number as 

where d,  is the equivalent diameter for gas flow 

4*A, 
d, = - 

T a d , ’  

(16) 

(17) 

and it coincides, for the dry case, with the characteristic di- 
mension of the packing. Constants B1 and B 2  appearing in 
Eq. 15 depend on the particular packing type, and their eval- 
uation results from fitting the experimental values of dry 
pressure drop. 

The turbulent friction factor for flow in pipelines can be 
computed by Colebrook’s equation, applied to hydraulically 
rough pipes (Cheremisinoff, 1983), which relates friction fac- 
tor to absolute roughness and pipe diameter. According to 
this equation, in the present work the following relation has 
been derived to compute the friction factor, fi, for a struc- 
tured packing whose equivalent channel diameter is de, from 
knowledge of the friction factor f,, measured using a struc- 
tured packing whose equivalent channel diameter is d ,  

(18) 

It must be underscored that this approach can be followed 
only if both packings display the same absolute roughness. 

Irrigated pressure drop 
In this work a theoretically based approach, similar to those 

developed for simple geometry like transport pipelines, has 
been adopted, making it possible to compute pressure drop 
in packed columns in spite of the more complex geometry. 
The pressure gradient is computed, as for the dry case, by 
summing gravitational, accelerational, and frictional terms. 
The liquid phase can flow cocurrently or countercurrently 
with respect to the gas phase, and in both cases the present 
model assumes that the two-phase flow pattern is separate, 
with the liquid phase flowing on the bottom of each channel 
and the gas phase above it. 

The first problem to solve in the presence of liquid flow is 
identifying the part of the structured packing that is actually 
wetted by the liquid phase. The reason for this is that, ac- 
cording to the present hydraulic model, shear stresses both at 
the channel walls and at the gas-liquid interface contribute 
to the frictional losses, and to evaluate them, knowledge of 
both the gas-liquid interfacial area and of the unwetted frac- 
tion of the channel wall is necessary. As shown by Brunazzi 
et al. (1995) for Mellapak packing, and by Nardini et al. (1996) 

for BX packing, this information is related to the dynamic 
liquid holdup measured in the absence of the gas load. The 
starting point of those models is the assumption that the liq- 
uid phase flows on the structured packing as a falling film. If 
the liquid is Newtonian and the flow is laminar, it is possible 
to compute the liquid thickness, and from this value, together 
with the liquid holdup, the surface of the structured packing 
that is effectively wetted by the liquid phase. According to 
these assumptions, it follows that: 

where ae is the effective wetted surface, a, the geometric 
surface, h, the dynamic liquid holdup (Nardini et al., 1996), 
and Us, the superficial liquid velocity. 

As for the dry case, acceleration, gravitational, and fric- 
tional terms will be analyzed. The acceleration term is re- 
lated to gas expansion effects and can be expressed by Eq. 4, 
where V, must take into account the presence of the liquid 
phase, and can be computed as 

(20) 

where hL,= is the dynamic liquid holdup with reference to the 
channel and is related to the liquid holdup in the column by 
means of the simple relation (Brunazzi et al., 1995), 

h ,  = h,,;e. (21) 

If the gas mass flow is constant, the accelerational term be- 
comes 

this term may be neglected when liquid holdup and gas den- 
sity are assumed to remain constant along the column, as may 
be hypothesized for low values of pressure drop. Since the 
gravitational term can be expressed as shown in Eq. 6, the 
last term that must be evaluated is the frictional one. 

The distributed term derives from the momentum balance 
relative to the gas phase and can be written in the following 
form: 

1 1 
= - .(TW, * s, + - Si) - - (23) A, sin 6 ’ 

where A,, the cross-sectional area available for the gas flow, 
can be computed as 
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and S, is the perimeter of the single channel affected by the 
gas phase, S, is the length of interfacial chord, and ri and rWg 
are the shear stresses at the gas-liquid interface and at the 
wall, respectively. The shear stress at the channel wall is de- 
fined, as in the dry case, by Eq. 10, whereas the interfacial 
shear stress is computed by 

1 
2 

Ti = - . f i . p g 4 V b  f V,)*, (25) 

where f is relative to the countercurrent or cocurrent con- 
figuration and the effective liquid velocity, V,, can be calcu- 
lated as 

As in the dry case, the concentrated term can be evaluated 
by 

where the friction factor f,,, derives from a mean, weighted 
on the wetted area, between the wall friction factor, f,, and 
the interfacial friction factor, fi. 

Finally, pressure drops are essentially functions of the ef- 
fective gas and liquid velocities. Because of the complex ge- 
ometry, to compute these quantities, it is necessary to know 
the superficial liquid and gas velocities, the length of the in- 
terfacial chord, and the thickness of the film flowing in each 
channel. The liquid and gas loads are the working conditions 
of the column, whereas the interfacial chord, Si, and the 
channel perimeter affected by the gas flow, S,, are simple 
functions of the wetted surface a,: 

(28) 

S, = P * d ,  - Si.  (29) 

In the present work we have assumed that the length of 
the interfacial chord is equal to the length of the channel 
perimeter wetted by the liquid. We have also assumed that 
the wetted area is not significantly influenced by the gas load, 
as suggested by Bravo et al. (1992) and Henriquez de Brito et 
al. (1994). Thus Si and Sg depend exclusively on the liquid 
load and can be computed by applying the relation for the 
ratio of the wetted area to the geometric specific area, as 
suggested by Brunazzi et al. (1995) and Nardini et al. (1996), 
and given by Eq. 19. 

The parameter that remains to be evaluated is the thick- 
ness of the falling film. For this purpose, if the gas and liquid 
effective velocities remain constant along the column, the 
momentum equation on the falling liquid film can be written 
as 

(30)  
d%y -= 

chan d z  

where T refers to the countercurrent or cocurrent configura- 
tion. If the liquid is Newtonian and flows in laminar condi- 
tions, it is possible to integrate this equation, obtaining the 
film thickness 

s =  

(31)  

where 

To solve the model it is necessary to compute the friction 
factors f g  and fi. The first factor can be obtained from the 
analysis of dry pressure drops, as described in the previous 
section (see Eqs. 12 and 15), while a detailed analysis follows 
for the second factor. Several works on the two-phase cocur- 
rent flow in vertical pipes can be found in the literature, 
whereas fewer works have been published on the countercur- 
rent scheme. In one of these latter works, Bharathan (1978) 
showed that the correlation developed by Wallis (1969) greatly 
underpredicts the interfacial friction factor when it is applied 
to countercurrent flow close to the flooding point, and sug- 
gested the following relation 

fi = 0.005 . [ 1 + p . ( 5) q ]  , (33)  

where p and q are functions of the pipe diameter, d .  This 
equation has limited validity because it does not take account 
of the physical properties of the working fluids. According to 
the suggestions given by both Willets (1987) and Andreussi 
(19901, it seems more correct to introduce a dependency on 
the physical properties of the working fluids, so in this work 
the relation proposed by Bharathan (1978) has been changed, 
giving the following final form for countercurrent flow: 

s - so 
1 +  B ~ * B O ' . ~ +  B4. 

(34)  

where Bo and We, are, respectively, the Bond and Weber 
numbers for the liquid phase: 

with d ,  the equivalent diameter for the liquid phase defined 
as 
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Table 1. Characteristic Constants of Eqs. 15 and 34 

Typeof Packing Material B1 B2 B3 B4 a 

Mellapak 250Y Metal 0.0178 6.2 0.348 700 0.4 
Mellapak 250Y Plastic 0.023 9 4.4 180 0.4 
Mellapak 250X Metal 0.0178 6.2 0.871 700 0.6 
BX Metal 0.032 4.7 1.741 170 0.6 
BX Plastic 0.042 18 1.741 170 0.6 

d,  = 4.6. (36) 

Values for coefficients B3, B4, and (Y are given in Table 1 
for the types of structured packing that have been examined 
in this work. The second term in square brackets of Eq. 34 
takes into account the presence of the liquid phase for low 
gas loadings, while the third term takes into account the ef- 
fect of increasing film thickness on the interfacial friction fac- 
tor. Experimental observations performed in the countercur- 
rent configuration at constant liquid flow rate show that if 
the superficial gas velocity is raised it induces an increase in 
both the film thickness and, consequently, of the interfacial 
friction factor. By contrast, working cocurrently at constant 
liquid flow rate, if the gas flow rate is increased, a decrease 
in film thickness is induced. In this work, for the cocurrent 
configuration, a conservative assumption of neglecting the 
third term of Eq. 35 is introduced. This implies assuming the 
maximum value of the film thickness and consequently the 
maximum value of the interfacial friction factor. 

Finally, to solve the model we need to know the dynamic 
liquid holdup, h,, to define the constants B1, B2, B3, B4, and 
(Y (available in Table 1 for the most commonly used pack- 
ings), and to perform an iterative procedure to evaluate shear 
stress and film thickness. 

Experimental Results and Discussion 
In this work, Mellapak and BX structured packings were 

studied. These types of packings differ from one another in 
some geometric properties (corrugation angle, specific sur- 
face area, void fraction) and in the material they are made 
of plastic or metal sheet for the Mellapak type, plastic or 
metal gauze for the BX type. Experimental pressure drop and 
liquid holdup data were obtained in pilot columns, both in 
countercurrent and cocurrent gas-liquid flows. Moreover, ex- 
perimental data published in the literature were considered. 

Dry pressure drop 
In the present work, experimental data for dry pressure 

drops on a column equipped with Mellapak 250Y metal sheet 
packing (100 mm inner diameter and 2 m packing height) 
were obtained. Analysis of the experimental pressure drops 
allowed computation of the two constants, B1 and B2, neces- 
sary for evaluation of the gas friction factor. The friction fac- 
tor computed in this way has been corrected, taking Eq. 18 
into account, for the prediction of the gas friction factor in 
Mellapak packings with different specific surface areas. This 
is an important improvement over the other published mod- 
els, which are obliged to define different adjustable parame- 
ters for each type of packing. This approach makes it possi- 
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Figure 3. Dry pressure drop vs. F factor. 
Comparison between experimental and computed data. 
(Mellapak-type packings; column diameter 1 m; experimen- 
tal data by Spicgel and Meier (1992).) 

ble to accurately compute dry pressure drops in packings with 
different specific surfaces, as shown in Figure 3, where some 
experimental data generated by Spiegel and Meier (1992) are 
compared with the results obtained with the present model. 
Constants B1 and B2 have also been valuated for other pack- 
ings (see Table l), basing the analysis on experimental data 
performed in the present work and on data reported by the 
manufacturers. 

The present model can be used to predict pressure drops 
in structured packings made both of sheets, such as the Mel- 
lapak type (see Figure 3), and of gauzes, such as the BX type 
(see Figure 4). The latter figure shows that a good prediction 
of experimental data is obtained both by the present model 
and the model suggested by Stichlmair et al. (19891, whereas 
the model of Rocha et al. (1993) tends to underestimate the 
experimental data; the same results have also been obtained 
if experimental data performed by the manufacturer (Sulzer, 
1991) are analyzed. 

Irrigated pressure drop and flooding 
In the present work some new experimental data on irri- 

gated pressure drops were obtained both with Mellapak 250Y 

Stichlmair et al. (1989) 
- Present model 

10 
0.7 7 

F factor ( m/s (kg/mz )".' ) 

Figure 4. Dry pressure drop vs. F factor. 
Comparison between experimental and computed data. (BX 
metal; column diameter 50 mm; experimental data obtained 
in this work.) 
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Figure 5. Irrigated pressure drop. 
Comparison between experimental and computed data. 
(Mellapak 250Y metal; column diameter 100 mm; 
air- Genosorb systems; countercurrent flow experimental 
data obtained in this work.) 

and with BX metal gauze packings. One of the goals of the 
work is to respond to the lack of experimental pressure drop 
data in columns working with liquid phases other than water. 
For this reason, besides water, two high-boiling commercial 
liquids were considered: Genosorb 300, a mixture of polyeth- 
ylene glycol dimethylethers, having a viscosity of about 7.7 CP 
and a surface tension of 38 dyne/cm, and Genosorb 1843, a 
mixture of polyethylene glycol dibutylethers, characterized by 
a viscosity of about 5 CP and a surface tension of 34 dyne/cm. 

Another goal of the present work is to generate some data 
for columns working cocurrently, because, despite several re- 
lated advantages, no data have ever been published for this 
configuration. The new data obtained with systems different 
from air-water are reported in Figure 5. This figure shows a 
parity plot for irrigated pressure drop made with the two dif- 
ferent types of liquids in a column working countercurrently 
and equipped with Mellapak 250Y packing for liquid loads 
ranging from 6 to 30 m3/(h.m2). The comparison between 
experimental and computed data has been limited to the 
present model and to the results obtained with Sulpak, that 
is, a special software package used to design columns 
equipped with structured packings. This choice was compul- 
sory because the model proposed by Stichlmair et al. (1989) 
has been tested only on air-water systems, while the model 
proposed by Rocha et al. (1993), applied by the authors to 
distillation service as well, uses the liquid holdup as a funda- 
mental parameter, but for the liquid holdup gives a relation 
tested only with air-water systems. Note that the present 
model predicts the experimental data with good accuracy 
(mean square errors of about 20%), while Sulpak systemati- 
cally tends to overestimate the experimental values. 

The present model can also be used to predict pressure 
drop in columns working with air-water systems, and in this 
case the results can be compared with the results obtained by 
applying other published models. Figure 6 shows experimen- 
tal data obtained in this work using air and water as working 
fluids, with liquid loads ranging from 8 to 16 m3/(h - m2). The 
tested column has an inner diameter of 0.1 m and is equipped 

5 ’  I 
0.2 2 

F factor ( m/s (kg/m3)0.5) 

Figure 6. Irrigated pressure drop vs. F factor. 
Comparison between experimental and computed data. 
(Mellapak 250Y metal; column diameter 100 mm; air-water 
system; countercurrent flow experimental data obtained in 
this work.) 

with metal Mellapak 250Y structured packing. Comparison is 
made between the present model, the model suggested by 
Stichlmair et al. (1989), that of Rocha et al. (19931, and the 
results obtained using Sulpak. Also in this case the proposed 
model enables estimation of the experimental data with good 
accuracy, whereas the other models introduce systematic er- 
rors. In particular, these experimental results show that the 
Sulpak package tends to overestimate the experimental pres- 
sure drop data, while the models suggested by Stichlmair et 
al. (1989) and Rocha et al. (1993) overestimate the maximum 
capacity of the column. 

The experimental data obtained in the present work have 
been plotted in the preceding figures, and it has been shown 
that the proposed model allows good prediction of the exper- 
imental data. This behavior has been confirmed by analyzing 
experimental data generated in different laboratories with 
columns of different diameters. In particular, Figure 7 com- 
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Figure 7. Irrigated pressure drop vs. F factor. 

Comparison between experimental and computed data. 
(Mellapak 25OY metal; column diameter 300 mm; air-water 
system; countercurrent flow experimental data by Meler et 
al. (19791.) 
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Figure 8. Irrigated pressure drop vs. F factor. 
Comparison between experimental and computed data. 
(Mellapak 250X metal; column diameter 1 m; air-water sys- 
tem; countercurrent flow experimental data by S u e s  and 
Spiegel (1992).) 

pares computed and experimental data performed by Meier 
et al. (1979) in a test column with a diameter of 0.3 m, with 
liquid load ranging from 5 to 60 m3/(h - m2), and shows a good 
prediction of the experimental data. Same good results can 
also be obtained if experimental data performed by manufac- 
turers in columns equipped with plastic Mellapak 250Y 
(Sulzer, 1991) are analyzed. 

The experimental results have shown that the present 
model enables good prediction of pressure drops in columns 
equipped with Mellapak Y structured packings. It will now 
be shown how the ssme model can also be used to predict 
pressure drops in columns equipped with different structured 
packings. Figure 8 shows a comparison between experimental 
and computed values relating to a column equipped with 
Mellapak 250X for liquid loads varying from 25 to 125 m3/(h. 
m2). This packing differs from the previous type of Mellapak 
by the corrugation angle. The figure shows that in this case 
the present model can also be used to predict the pressure 
drop and the flooding conditions while maintaining high ac- 
curacy. The comparison has been limited to the present model 
and the Sulpak model because both Stichlmair’s and Rocha’s 
models can be applied only to columns equipped with the 
Mellapak 250Y packing. 

As for the dry case, the same experimental analysis can be 
applied not only to metal/plastic sheet packing but also to 
gauze packing. Figure 9 shows a parity plot of pressure drops 
where the experimental data were generated in this work and 
were obtained in a column equipped with BX metal struc- 
tured packing [inner diameter 50 mm, liquid load ranging 
from 7.4 to 25 m3/(h.m2)]. This figure compares the present 
model and the models suggested by Rocha et al. (1993) and 
Stichlmair et al. (1989). It can be seen that the model sug- 
gested by Rocha et al. (1993) greatly underpredicts the exper- 
imental values of pressure drop, the present model slightly 
underpredicts the same data, and the model suggested by 
Stichlmair et al. (1989) presents a good fit of the experimen- 
tal data. The situation changes if a larger column is analyzed. 
Figure 10 shows the experimental data obtained in a column 
with an inner diameter of 508 mm, and experimental data 
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Figure 9. Irrigated pressure drop. 
Comparison between experimental and computed data. (BX 
metal: column diameter 50 mm; air-water system; counter- 
current flow experimental data obtained in this work.) 

were fitted by the empirical equations suggested by Robbins 
(1991). In this case the model suggested by Stichlmair et al. 
(1989) tends to overestimate the experimental data, while the 
model suggested in this work and the model proposed by 
Rocha et al. (1993) give a good data prediction. 

Analysis of Figures 9 and 10 shows that the models sug- 
gested by Rocha et al. (1993) and Stichlmair et al. (1989) are 
not able to predict the influence of the column diameter. The 
model proposed by Rocha et al. (1993) tends to underesti- 
mate pressure drops in small columns, while the model sug- 
gested by Stichlmair et al. (1989) tends to overestimate pres- 
sure drops in large columns. Figures 9 and 10 also show that 
the present model is able to account for the effect of column 
diameter if a gauze metal packing is used. Moreover, good 
predictions have also been obtained analyzing experimental 
data performed by the manufacturer (Sulzer, 1991) with 
packings made with plastic materials. 

Finally, a comparison can be made between the available 
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Figure 10. Pressure drop. 
Comparison between experimental and computed data. 
(BX metal; column diameter 508 mm; air-water system; 
countercurrent flow experimental data obtained by Koch 
and interpolated by Robbins (1991).) 
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Figure 11. Irrigated pressure drop (countercurrent 
flow). 
Comparison of experimental measurements with: ( a )  
present model; (b )  results of Sulpak package; (c) models 
proposed by Rocha et al. (1993) and Stichlmair et al. (1989). 

models, with changing liquid physical properties, structured 
packing, and column diameter. Figure 11 shows a parity plot 
of pressure drops: in Figure l l a  the calcvlated values are 
obtained by applying the proposed model; the experimental 
values refer to various gas-liquid systems, column diameters, 
and packing types. Figure l l b  compares experimental pres- 
sure drop data with results obtained by applying the Sulpak 
package, showing systematic overprediction of the experi- 
mental value. Finally, in Figure l lc,  the computed values are 
obtained by applying the models suggested by Rocha et al. 
(1993) and Stichlmair et al. (1989) (only experimental data 
regarding air-water systems and the Mellapak 250Y and BX 
packing types were considered). It will be noted that the 
model suggested by Rocha et al. (1993) systematically tends 
to underestimate, whereas good agreement is shown between 
predicted and experimental values with the model of 
Stichlmair (1989). However, the following limitations of these 
two models must be remembered the adjustable parameters 
are given only for air-water systems, no diameter effect is 
taken into account, and the models can be applied only to 
BX and Mellapak 250Y packings. 

As pointed out by Billet (1989), no generally useful theory 
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has yet been developed to correctly predict the flooding point 
in absorption columns. The industrial design of the columns 
is left to the use of semiempirical diagrams based on evalua- 
tion of the flow factor Us,/Us,~(pJpg)o~5 as suggested by 
Sherwood and Pigford (1952). There is no doubt that this 
method is suitable only for rough estimations whereas the 
present model makes it possible to compute the flooding con- 
ditions by taking into account the flow rates and physical 
properties of the working fluids. Figure 12 shows compar- 
isons between various experimental data and the semiempiri- 
cal relations available in the literature. 

No model can be found in the literature that makes it pos- 
sible to compute pressure drops in columns working cocur- 
rently, and no experimental data obtained for this configura- 
tion are found, despite the advantages (high gas loadings and 
smaller equipment with low pressure drops) derived from ap- 
plying the cocurrent configuration in some particular cases, 
such as the abatement of some acid gases with caustic solu- 
tions. The model presented in this article can be easily imple- 
mented for this configuration as well. Figure 13 shows the 
experimental and computed data vs. F factor for a column 
equipped with BX structured packing using air and water as 
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Figure 12. Gas velocity at flooding point. 
Comparison between experimental and computed data ob- 
tained by using: ( a )  present model; ( b )  results of Sulpak 
package; ( c )  models proposed by Rocha et al. (1993) and 
Stichlmair et al. (1989). 
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working fluids, whereas Figure 14 shows the comparison be- 
tween computed and experimental data by changing the 
structured packings, BX and Mellapak 250Y, and working 
fluids. As can be observed from these figures, the proposed 
model also gives an acceptable overall fit to the experimental 
values for columns working cocurrently. 
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i 

i 

Liquid holdup 
The suggested model allows, with an iterative procedure, 

the evaluation of the dependence of film thickness on liquid 
and gas flow rates. Since the wetted surface is a function of 
liquid load and does not depend on the gas flow rate over a 
large range of values of this parameter, it is possible, from 
Eqs. 31 and 19, to evaluate the behavior of the liquid holdup 
with changing gas and liquid loads. Figure 15 shows a com- 
parison between computed and experimental data with two 
different systems, air-Genosorb 300 (Figure 15a) and 
air-water (Figure 15b), respectively. We can see that the pre- 
sent model is able to evaluate the dependence of liquid 

10000 
E 

a, 
E 

1 m 

a 
-u g 1000 

E 
B .a 

'2 100 

B 

v1 v) 

m 
M 
.- 

m 

V 

d a 
+ 

10 
10 100 1000 10000 

Experimental irrigated pressure drop (Pa/m) 

Figure 14. Irrigated pressure drop (cocurrent flow); 
comparison between experimental measure- 
ments and the present model. 
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Figure 15. Liquid holdup vs. f factor. 
Comparison between experimental and computed data. ( a )  
Mellapak 250Y metal; column diameter 100 mm; 
air-Genosorb 300 system; countercurrent flow experimen- 
tal data obtained in this work. ( b )  Mellapak 250X metal; 
column diameter 1 m; air-water system; countercurrent 
flow experimental data obtained by S u e s  and Spiegel 
(1992). 

holdup on the F factor with changing Mellapak packing, liq- 
uid physical properties, and column diameters. It must be 
stressed that the present model can predict both experimen- 
tal data performed in the present work and experimental data 
available in the literature. 

As shown for the pressure drop, it is also possible to apply 
the model to predict the experimental trend of the liquid 
holdup in columns working cocurrently. Figure 16 shows a 
comparison between experimental and computed trends of 
liquid holdup vs. F factor for two different types of packing, 
Mellapak 250Y (Figure 16a) and BX (Figure 16b), in columns 
with different diameters. The proposed model allows good 
prediction of the experimental trend in both cases. 

Conclusion 
In this work a mechanistic model based on mass- and mo- 

mentum-conservation equations has been developed to pre- 
dict pressure drops and liquid holdup in columns working 
both countercurrently and cocurrently and equipped with 
packings of the structured type. The predictive accuracy of 
the proposed model has been tested by considering not only 
the experimental data obtained during this study but also ex- 
perimental data reported in the literature. Experimental data 
on systems other than air-water were also obtained, together 
with previously unpublished data for cocurrent gas-liquid 
flow. 
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Figure 16. Liquid holdup vs. F factor. 
Comparison between experimental and computed data. ( a )  
Mellapak 250Y metal; column diameter 100 mm; 
air-Genosorb 300 system; cocurrent flow experimental 
data obtained in this work. ( b )  BX metal; column diameter 
50 mm; air-water system; cocurrent flow experimental data 
obtained in this work. 

The new model is based on a very fundamental approach 
and because of its nature can be used in all the operating 
regions encountered, from dry gas flow to flooding point, and 
can be easily extended to different types of structured pack- 
ing. 
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d ,  =equivalent diameter 
F = u sg ( ?.s )0.5, gas-capacity factor 
g =gravitational constant 

H, =height of a gas-phase transfer unit 
=pressure 

W =volumetric flow rate per unit cross-sectional area 
x =axial coordinate 
y =coordinate in a plane normal to z and oriented as liquid flow 
z =coordinate normal to channel wall 
S =liquid film thickness 

6, =liquid film thickness measured in the absence of gas flow 
p = viscosjty 

r =3.14159.. . 
p =density 
u =surface tension of liquid 

pl,, =viscosity of water at 20°C 

Subscript and superscript 
chan =channel 

fr =flooding 
1 =liquid phase 

TOT =overall 
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