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A thorough evaluation of the predictive accuracy of the Delft model has indicated
that the predicted mass transfer efficiencies for vacuum and atmospheric conditions are
too optimistic for packings with large specific surface areas, particularly those with a
corrugation angle of 60 degrees. This occurred mainly due to an over-prediction of the
effective interfacial area. To arrive at more conservative predictions in effective area, a
well-known correlation for random packings was adapted to structured packing geome-
try. However this proved to be insufficient, and an additional correction factor expression
was included to account explicitly for observed surface area and corrugation angle re-
lated effect. This resulted in a satisfactory accuracy over the whole range of packings and
process conditions considered. Most importantly, with this addition the Delft model does
not require any adjustable, packing specific parameter, and can be used to indicate opti-
mal packing configuration for specific application needs.
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Introduction

Corrugated sheet structured packings are
well-established and widely used gas/liquid contact-
ing devices which proved to posses more potential
for performance improvement than generally be-
lieved.1 Of a great value in evaluating the hydraulic
and mass transfer improvement potential was an
overall predictive model, developed in parallel with
a substantial experimental effort devoted to reveal-
ing the effects of variations in corrugation dimen-
sions and physical properties.2,3

In the meantime, a consistent set of experimen-
tal, total reflux distillation test data has been used to
validate thoroughly the predictive accuracy of the
so called “Delft model” with respect to observed ef-
fects of the variations in the corrugation angles,
specific surface area, surface design, and operating
conditions. As reported by Olujic et al.4 and Fair et
al.,5 the Delft model appeared to be too optimistic
under vacuum and atmospheric conditions for
packings with larger specific surface areas and gen-
erally predicts too small a difference in mass trans-
fer efficiency resulting from the corrugation angle
effect.

This paper describes the effort undertaken to
alleviate in a practical manner the observed prob-

lems with the accuracy of the Delft model, which
finally led to an overall predictive method that does
not require any adjustable packing parameter.

Background

Here all working equations, used in conjunc-
tion with the Delft model, are presented correctly.
Namely, in previous publications some vital expres-
sions contain serious errors, such as Eq (31b) in a
paper by Olujic2 and Eq(43) in a paper by Fair et
al.5

Packing geometry and flow related
parameters

Outgoing data: �, �, h, b, hpe, npe, MG, ML, �G,
�L, �G, �L, �, DG, DL, and �. In total reflux cases,
the gas load factor, FG, i.e. so called F-factor is
readily available, and therefore it is more conve-
nient to use in model calculations than the mass
flow rates of phases.

Height of the packed bed:

h n hpb pe pe� (1)
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Length of the triangular gas flow channel in a
packing element:
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Total length of the triangular zigzag gas flow
channel in a packed bed:
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Corrugation side length:
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Installed specific surface area of packing:
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V-shaped fraction of the cross section of trian-
gular gas flow channel occupied by liquid film:
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Superficial gas and liquid velocities:
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For total reflux (L/V = 1) conditions:
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The effective liquid flow angle:
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The mean liquid film thickness:
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Liquid hold-up:

h aL p� �� (11)

Hydraulic diameter of triangular gas flow
channel:
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For � = 0 (dry bed) hydraulic diameter expres-
sion reduces to:
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Effective gas and liquid velocities:
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Effective and relative velocity based Reynolds
numbers:
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Pressure drop model equations

Full operating range:
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Pressure drop enhancement factor for the load-
ing region:
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Loading point F-factor, i.e. the point of depar-
ture from preloading conditions:

Form suitable for total reflux conditions (L/V
= 1):
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Form suitable for constant liquid load (L/V �
1) case:
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By multiplying the right hand side of these ex-
pressions with 0.9 a safer value is obtained.

Preloading region pressure drop:
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Overall gas/liquid interaction coefficient:

� 
 �
�GL GL

pb

hG
�

h

d sin
(22)

Gas/liquid friction factor:

�
� �

GL
hG

Grv

hG

Grv
� � � 	2

3 7

5 02

3 7

14 5
log

( )

.

.

Re
log

( )

.

.

Re

d d


�
��

�

�
��

�

�
�

�

�
�

 
!
"

#"

$
%
"

&"

�2

(23)

Gas/gas interaction coefficient:
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Direction change losses coefficient:
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Mass transfer model equations

Overall, Height Equivalent to Theoretical Plate
(HETP) expressions:
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Stripping factor:
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Gas phase mass transfer coefficient:
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Liquid phase mass transfer coefficient:
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Effective (interfacial) area equations

As demonstrated in a recent paper by Fair et
al.5, by incorporating the original Onda et al.6 corre-
lation for predicting the effective area of structured
packings, the Delft model does not require any
packing specific empirical parameter. It however
makes a distinction between unperforated and per-
forated packings, by adopting following expression
for the effective area:
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where ( (–) represents the fraction of packing sur-
face area occupied by holes, ap (m–1) is the in-
stalled, specific surface area, and the expression in
the brackets represents the well known Onda corre-
lation,6 with characteristic dimensionless Reynolds,
Weber and Froude numbers, respectively, defined as
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where � (N/m) is the surface tension of liquid, �L
(Pa s) is the dynamic viscosity of liquid, �L (kg/m3)
is the density of liquid, and g (m/s2) is gravity ac-
celeration.

For unperforated packings, such as Montz B1
series, ( = 0, and for packings with common size
and pattern of holes (around 4 mm), such as Montz
BSH, Koch-Glitsch Flexipac, and Sulzer Mellapak
packings, the void fraction of the surface area is
around 10 % (( = 0.1). In other words, with this it
is assumed that the perforated packings have
roughly 10 % less installed area for the same spe-
cific surface area. This may be so in case of low
surface tension liquids in conjunction with low liq-
uid loads. It is less probable in aqueous systems, be-
cause at moderate and high liquid loads, as encoun-
tered in near atmospheric applications, the high sur-
face tension liquid will tend to bridge the holes and
thus effectively increase the interfacial area.

With the specific surface area of the structured
packing as the linear dimension in characteristic
dimensionless numbers, the correlation by Onda et
al.6 allows for a more pronounced pressure effect
and consequently ensures more conservative effi-
ciency predictions than the original empirical corre-
lation used previously in conjunction with the Delft
model.

Interestingly, the hydraulic diameter of gas as
linear dimension in the above equations produces
identical values as the original empirical one. Using
the corrugation side and hydraulic diameter of the
liquid phase results in respectively too high and too
low values5, which, if implemented, affect ad-

versely the overall predictive accuracy of the Delft
model.

A thorough evaluation of the predictive accu-
racy of the Delft model5,7 indicated that predictions
are too optimistic with regard to measured values
for structured packings with specific surface area of
around 400 m2/m3. Since the trends in efficiency
curves appeared to be correct, the overestimated in-
terfacial area was considered as the wrongdoer in
this case.

In earlier studies it was assumed that the wet-
ting behaviour of certain packing would be inde-
pendent of the size of specific surface area, i.e. the
size of corrugations. However, from the experience
it is known that larger specific area packings use
less effectively the installed area than the common
size packings.3,8 This may be mainly attributed to
the fact that with the increasing number of corruga-
tions, i.e. flow channels, particularly those with
sharper corrugation ridges, the liquid will experi-
ence more difficulties in its tendency to spread lat-
erally. A thorough discussion of experimental and
modelling issues related to determination of effec-
tive surface area of corrugated sheet structured
packings can be found elsewhere.4,9

Model evaluation

The experimental data used in this study for
model evaluation are the total reflux distillation
data obtained with a number of J. Montz packings
using the 0.43 m ID column available at the Separa-
tions Research Program (SRP) of the University of
Texas at Austin. All experiments have been per-
formed with cyclohexane/n-heptane system at oper-
ating pressures ranging from 0.33 to 4.14 bar using
a high performance narrow trough distributor com-
prising 145 drip points per square meter.

Packings considered in this study are
B1-250.60, B1-400, B1-400.60, BSH-400, and
BSH-400.60. Numbers 250 and 400 stand for the
nominal specific surface area in m2/m3. It should be
noted that actual areas differ to some extent from
the nominal ones. Extension “60” indicates packings
with a corrugation inclination angle of 60 degrees
with horizontal. B1 is well-known Montz packing
with shallow embossed, unperforated surface, while
BSH packing is made of expanded metal and con-
tains a regular pattern of holes. The experimental
set-up, the test system and the packings tested, in-
cluding all macro geometry dimensions, have been
thoroughly described elsewhere.3

Figure 1 shows predicted effective surface area
for B1-400.60 packing as a function of F-factor and
the operating pressure, as calculated using Eq(41).
Also original curves are added to illustrate the dif-
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ference. It should be noted that with both increasing
operating pressure and, for a given pressure, in-
creasing F-factor (total reflux) the liquid load in-
creases proportionally to the gas load and the ratio
of vapour and liquid densities. In case of original,
empirical correlation these effects are practically
negligible. Although the Eq(41) assumes a consid-
erable loss of effective area at F-factors below 1,
particularly at vacuum conditions, the effect on
mass transfer efficiency is nearly negligible, as il-
lustrated in case of predicted B1-400.60 curves
shown in Figure 2. The experimental curve lies well
above predicted ones, and this is also the case with
B1-400 packing however to a lesser extent. On the
other hand, the agreement between experiment and
prediction for B1-250.60 packing is very well. One
should note that the Delft model was developed for
preloading range only, and does not account implic-
itly for complex phenomena observed in the loading
range, which, according to Figure 2, can lead to op-
posite effects, i.e. improvement (60° packings) or
deterioration (B1-400) in the performance. How-
ever, these effects are difficult to describe, and there
is no practical need for this, because the extension
of preloading curve into loading range ensures con-

servative enough predictions around the design
point, say at 80 % of the flooding limit.

Figure 3 shows the effect of the operating pres-
sure, i.e. the liquid load on the performance of ex-
panded metal packing BSH-400.60. All calculated
efficiency curves have been obtained using Eq(41),
which means a slightly closer approach to experi-
mental ones than with the original empirical corre-
lation for effective area. The deviation from experi-
ment is still large, and is more pronounced at vac-
uum and the atmospheric pressure. Strikingly, in
case of BSH-400 packing (45° corrugation angle),
the agreement between experiment and prediction is
nearly ideal.

In contrast to B1-400, BSH-400 at atmospheric
pressure exhibited a significant improvement in the
efficiency beyond the loading point, which is aston-
ishingly large in case of 60° (BSH-400.60) packing.
In general, at highest operating pressure encoun-
tered in this study, 4.14 bar (with liquid loads well
above 40 m3/m2h) there is no improvement in the
efficiency, rather a steady deterioration exploding
upon reaching the onset of flooding. Certainly, it is
not only the effective area affected strongly by vio-
lent interaction of phases in the loading range, par-
ticularly at the interfaces between packing ele-
ments, but also the kinetics of mass transfer as well
as the driving forces. However, this is too complex
to be described in a fundamental way, and the de-
signers of packed columns avoid generally dealing
with the loading range phenomena by adding suffi-
cient safety factors to preloading range values pre-
dicted usually by a purely empirical method.

Certainly the exhibited accuracy in case of
common size packings is more than satisfactory,
and for larger surface area packings the predictions
are still too optimistic for vacuum and atmospheric
pressure, particularly for 60 degrees packings. Ob-
viously, the challenge here is to improve the accu-
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F i g . 1 � Comparison of predicted effective areas

F i g . 2 � Predictive accuracy with the original and the
Eq(41) for effective area

F i g . 3 � Performance of expanded metal packings, mea-
sured vs. predicted, using Eq(41)



racy of the model on the large specific surface area
side and for the large corrugation angle, without af-
fecting adversely the accuracy experienced with
common size/angle packings.

Model improvement considerations

Although there is no strong interaction between
phases in the preloading range, the relationship be-
tween effective area, geometrical features of pack-
ing, physical properties of the system, and operating
conditions is very complex, and not yet understood
good enough to enable development of a purely
fundamental model. So we need to proceed along
the well-established empirical approach to arrive at
a predictive model that will enable a closer ap-
proach to reality.

In general, Eq(41) contains already all relevant
dimensionless numbers and could hardly be im-
proved from inside to account for such a loss of sur-
face area as experienced in our studies with both
large surface area and corrugation angle packings.
Therefore, the observed excessive loss of effective
area is accounted for by adopting an empirical cor-
rection term, added to right hand side of Eq(41).10
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where �L (°) is the effective angle of the liquid
flow, described by Eq(9), and the exponent n ac-
counts for the effects of other relevant factors.

According to the theoretically derived Eq(9),
the liquid driven by gravity will flow under an ef-
fective angle larger than the corrugation angle,
which affects the efficiency adversely, but not in a
strong manner. Presence of the apertures in the sur-
face such as holes and other shapes, particularly
those slit-like could force liquid to leave a channel
and go to the other side of the sheet, i.e. to flow un-
der an effective angle steeper than that of an unper-
forated packing. This becomes more probable with
decreasing surface tension and generally it is more
pronounced at low liquid loads. Water, which is
mostly encountered in near atmospheric applica-
tions is capable of bridging over the common size
holes, which implies that with water the above
equation may be more or less valid also for
packings with perforations such as BSH, Flexipac
and Mellapak.

Surface area reduction related effects are
lumped together with other governing variables in
an empirical expression for the exponent n in the
correction term on the right hand side of Eq(41a).
Here, the common size, specific surface area of 250
m2/m3, the corrugation angle of 45° and the atmo-

spheric pressure are taken as reference points. The
working, empirical expression for n is
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where pop (bar) is the operating pressure.
Effectively, the correction term on the right

hand side of Eq(41a) with the exponent n described
by the above expression, reduces the size of effec-
tive area predicted by Eq(41), to the extent corre-
sponding to the observed effects.

Results and discussion

Figure 4 shows the situation from the Figure 2,
now with efficiency curves calculated using the
Eq(41a) in conjunction with the Eq(45). Obviously,
a much better accuracy is obtained for large surface
area packings than before. The predictions deviate
appreciably from the experiment in the lower region
of F-factors, but match fairly well with the experi-
ment around the design/loading point.

Figure 5 shows the comparison of experimental
and predicted curves for B1-400.60, at three differ-
ent operating pressures. Here, the deviation from
the experiment is still considerable in lower F-fac-
tor region for atmospheric and the vacuum condi-
tion case. Certainly, this is due to a correspondingly
low liquid load, and the related difficulties in the
spreading of liquid over the corrugations of this size
of B1 series packing. At relatively low liquid loads
(low F-factor), the sharp corrugation ridges and
unperforated surface force the liquid to follow the
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F i g . 4 � Performance of sheet metal packings, measured
vs. predicted, using Eq(41a)



channel. At higher F-factors, the liquid is forced by
the vapour flow to mix thoroughly and spread later-
ally at transitions between packing elements. This
improves substantially the active wetting and con-
sequently the performance of packing. Because of
the design of corrugated sheets, the effect of operat-
ing pressure/liquid load is much more pronounced
in case of B1-400.60 packing than in the case of
similar 60° BSH packing (see Figure 6). The per-
formance of the later one is predicted with an aston-
ishingly good accuracy, and this is reached, as illus-
trated in Figure 6, without bringing any damage to
the accuracy in case of BSH-400 packing.

Conclusions

The Delft model described in detail here
proved to be a versatile conceptual design tool for
columns containing structured packings. With the
proposed empirical extension of the Onda et al. cor-
relation for the effective area, the Delft model en-
ables also a fairly accurate prediction of the mass

transfer efficiency of larger specific surface area
packings, employed in separations of fine chemicals
and cryogenic distillation of air. More importantly,
it does not require any adjustable parameter to pre-
dict reliably the effect of geometry on the mass
transfer performance of corrugated sheet structured
packings in the wide range of process conditions.
As such it may be used to tailor the packings to spe-
cific needs.
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N o m e n c l a t u r e

ae – effective (interfacial) area, m2/m3

ap – specific surface area of packing, m2/m3

b – corrugation base length, m
DG – gas phase diffusion coefficient, m2/s
DL – liquid phase diffusion coefficient, m2/s
dc – column diameter, m
dhG – hydraulic diameter for the gas phase, m
FG – uGs(�G)0.5 = gas load factor, m/s (kg/m3)0.5

FG,lp – loading point gas load factor, m/s (kg/m3)0.5

Fload – loading effect factor, –
FrL – Froude number for the liquid, –
g – gravity acceleration, m/s2

HETP – height equivalent to a theoretical plate, m
HTUG – height of a gas phase transfer unit, m
HTUL – height of a liquid phase transfer unit, m
HTUGo – height of an overall gas phase related transfer

unit, m
h – corrugation height, m
hL – operating liquid hold up, – (m3 liquid/m3 bed)
hpb – height of the packed bed, m
hpe – height of the packing element, m
kG – gas phase mass transfer coefficient, m/s
kL – liquid phase mass transfer coefficient, m/s
L – molar flow rate of liquid, kmol/s
lG,pb – total length of gas flow channel in a packed bed,

m
lG,pe – length of gas flow channel in a packing element,

m
MG – mass flow rate of gas/vapor, kg/s
ML – mass flow rate of liquid, kg/s
m – slope of the equilibrium line, –
n – exponent in Eq. (41), –
npe – number of packing elements (layers) in a bed, –
p, pop – operating pressure, bar
ReGe – effective gas phase Reynolds number, –
ReGrv – relative velocity Reynolds number, –
ReL – Reynolds number for the liquid, –
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F i g . 5 � Effect of the operating pressure on the perfor-
mance of sheet metal (B1 series) packing, mea-
sured vs. predicted, using Eq(41a)

F i g . 6 � Effect of the operating pressure on the perfor-
mance of expanded metal (BSH series) packing, measured vs.
predicted, using Eq(41a)



ScG – Schmidt number for gas, –

ShG – Sherwood number for gas, –

s – corrugation side length, m

uGe – effective gas velocity, m/s

uGs – superficial gas velocity, m/s

uLe – effective liquid velocity, m/s

uLs – superficial liquid velocity, m/s

V – molar flow rate of vapor, kmol/s

WeL – Weber number for the liquid, –

xlk – mole fraction of the light component in liquid
phase, –

G r e e k l e t t e r s

� – corrugation inclination angle, 0

�L – effective liquid flow angle, 0

�lk – relative volatility of the light component, –

� – liquid film thickness, m

� – packing porosity, m3 voids/m3 bed


 – fraction of the triangular flow channel occupied
by liquid, –

�G – viscosity of gas, Pa s

�L – viscosity of liquid, Pa s

� – m/(L/V) = stripping factor, –

�G – density of gas, kg/m3

�L – density of liquid, kg/m3

� – surface tension, N/m

�DC – overall coefficient for direction change losses, –

�GG – overall coefficient for gas-gas friction losses, –

�GL – overall coefficient for gas-liquid friction losses, –

�bulk – direction change factor for bulk zone, –

�GG – gas-gas friction factor, –

�GL – gas-liquid friction factor, –

�wall – direction change factor for wall zone, –

( – fraction of packing surface area occupied by
holes, –

' – fraction of gas flow channels ending at column
walls, –

S u b s c r i p t s

G – gas or vapor
L – liquid
lam – laminar flow
turb – turbulent flow
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